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Abstract

In the last years, experimental evidences have demonstrated a link between the overload
of metal ions inside nervous system cells and the onset of severe and eventually lethal neu-
rodegenerative diseases, such as Parkinson and Alzheimer disease. This has prompted the
investigation of the structural and functional properties of transporters responsible for the
uptake and regulation of metal ions inside cells. In particular, members of the Nramp/SLC11
("natural resistance-associated macrophage proteins"/"solute carrier 11") family of trans-
porters tightly regulate the influx of divalent transition-metal ions across cellular membranes
thus contributing to the preservation of cellular homeostasis. In these secondary active trans-
porters, the translocation of divalent transition metal ions from the extracellular matrix to
the cellular cytoplasm is coupled with transport of protons in the same direction (symport).
The co-transport is realized by using an "alternate access mechanism", in which the protein is
alternately open towards the extracellular matrix, (“outward facing conformation”) or towards
the cellular cytoplasm (“inward facing conformation”).

Although a wide range of functional studies as well as the crystallographic characterization
of prokaryotic members of the family provided fundamental insights to the comprehension
of this proton-coupled transport, most mechanistic details are still unknown. As an exam-
ple, the identification of the complete coordination sphere of the divalent transition-metal
ion in the protein binding site represents a crucial information for the understanding of the
transport mechanism. However, the coordination sphere of the metal ion in the inward-facing
conformation of the protein has only been partially resolved by crystallographic experiments
and later attempts to provide comprehensive descriptions led to contradictory models. Fur-
thermore, several experimental evidences proved that proton uniport in the absence of the
metal ion substrate, is also possible. This suggests a noncanonical symporter behaviour for
Nramp transporters, in which the two substrates are not tightly coupled. Despite these recent
advances in the comprehension of Nramps proton transport, the underlying mechanistic
details remain still ambiguous, as demonstrated by different and inconsistent mechanistic
models proposed during the last years.

In this thesis, computational methods have been used in order to provide new molecular level
insights in the proton-coupled divalent transition metal ions transport performed by Nramps.
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Chapter 0

Thanks also to the rapid growth of computer power, computational biochemistry has become
nowadays a very useful tool able to provide fundamental details on the mechanistic nature
of many biological processes and assist experimental techniques in an new advantageous
synergistic approach to research.

In particular, a combination of classical molecular dynamics (MD) and quantum mechan-
ics/molecular mechanics (QM/MM) ab initio Born-Oppenheimer and Car-Parrinello MD
methods have been applied in order to refine the partially resolved coordination sphere of the
Mn?" ion in the binding active site of Staphylococcus Capitis Divalent Metal-ion Transporter
(ScaDMT), which represents the only available crystal structure of a substrate-bound member
of the family in an inward-facing conformation. This QM/MM multiscale approach, using an
accurate quantum treatment of the active site at the density functional theory (DFT) level and
a classical treatment of the surroundings, allowed for state-of-the-art calculations of the entire
system that led to the unequivocal identification of the metal’s coordination sphere.

Furthermore, MD simulations have been performed for both the inward-facing conforma-
tion ScaDMT and the other prokaryotic member of the family Eremococcus Coleocola DMT
(EcoDMT), whose crystal structure has been obtained in an outward-facing conformation.
Since experimental evidences proved that proton transport can occur even in the absence
of the metal ion substrate, we performed simulations of both proteins in their apo forms. In
particular, in order to assess the potential role played by a conserved histidine residue in the
proton transport, for each of the two proteins we performed MD simulations in unprotonated
and protonated state of this residue. These simulations allowed us to characterize four amino
acidic residues identified as likely key players in the proton transport process and to determine
which role they assume in the process. Finally we were able to identify the likely primary
proton acceptor and proposed a potential route followed by protons in their influx toward the
intracellular cytoplasm.

Key words: Nramp transporters, secondary active transport, transition metal ions, proton

transport, symport, uniport, alternate access mechanism, molecular dynamics, QM/MM,
Car-Parrinello, Born-Oppenheimer, coordination sphere
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Abstract

Negli ultimi anni, molteplici evidenze scientifiche hanno messo in relazione I'accumulo di ioni
metallici all'interno delle cellule del sistema nervoso con l'insorgenza di malattie neurodegen-
erative gravi e talvolta letali, come ad esempio il Morbo di Parkinson e il Morbo di Alzheimer.
Cio ha dato un forte impulso allo studio delle proprieta funzionali e strutturali dei trasportatori
responsabili dell’assorbimento e regolazione di ioni metallici all'interno delle cellule. In parti-
colare, i membri della famiglia di trasportatori Nramp/SLC11 ("natural resistance-associated
macrophage proteins"/"solute carrier 11") regolano strettamente il trasporto di ioni divalenti
dei metalli di transizione attraverso le membrane cellulari contribuendo cosi al manteni-
mento dell’'omeostasi cellulare. In questi trasportatori attivi secondari, il trasferimento di
ioni divalenti dei metalli di transizione dalla matrice extracellulare al citosplama cellulare &
accoppiato col trasporto di protoni nella stessa direzione (simporto). Il co-transporto & realiz-
zato attraverso un meccanismo di "accesso alternato" in cui la proteina ¢ alternativamente
aperta verso la matrice extracellulare ("outward facing conformation") o verso il citoplasma
("inward-facing conformation").

Nonostante un’ampia gamma di studi funzionali e la caratterizzazione cristallografica di alcuni
membri procariotici della famiglia abbiano fornito indizi fondamentali per la comprensione
di questo trasporto accoppiato, molti dettagli meccanicistici restano ancora sconosciuti. Ad
esempio, 'identificazione della completa sfera di coordinazione dello ione divalente dei met-
alli di transizione nel sito attivo della proteina rappresenta un’'informazione cruciale per la
comprensione del meccanismo di trasporto. Tuttavia, la sfera di coordinazione dello ione
metallico nella conformazione inward-facing della proteina é stata solo parzialmente risolta
attraverso le tecniche cristallografiche e i successivi tentativi di fornirne una descrizione
completa hanno portato alla formulazione di modelli inconsistenti tra loro. Inoltre, alcune
osservazioni sperimentali hanno provato che, in assenza del substrato metallico, anche un
fenomeno di uniporto protonico € possibile. Cid suggerisce per i trasportatori Nramp un
simporto non canonico in cui i due substrati non sono strettamente accoppiati. Nonostante i
recenti passi in avanti nella comprensione del trasporto protonico, i dettagli meccanicistici
rimangono sinora ambigui, come testimoniato dai constrastanti modelli meccanicistici pro-
posti negli ultimi anni.
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In questa tesi abbiamo utilizzato vari metodi computazionali allo scopo di fornire nuovi indizi
a livello molecolare riguardo al trasporto di ioni metallici accoppiato con trasporto protonico
effettuato dai trasportatori Nramp. Anche grazie alla rapida crescita delle prestazioni dei
computers la biochimica computazionale rappresenta ad oggi uno strumento molto utile,
capace di fornire fondamentali dettagli sulla natura meccanicistica di molti processi biologici e
in grado di assistere le tecniche sperimentali in un nuovo vantaggioso e sinergistico approccio
alla ricerca.

In particolare, una combinazione di dinamica molecolare (MD) e QM/MM basato sulla dinam-
ica molecolare ab initio Born-Oppenheimer e Car-Parrinello sono stati utilizzati allo scopo di
perfezionare la sfera di coordinazione, solo parzialmente risolta, dello ione Mn?* nel sito attivo
del trasportatore Staphylococcus Capitis Divalent Metal-ion Transporter (ScaDMT) che rapp-
resenta ad oggi la sola struttura cristallina di un membro della famiglia nella conformazione
inward-facing e con il substrato legato. L'approccio multiscale del QM/MM, che utilizza
un’accurato trattamento a livello DFT nella zona del sito attivo e un trattamento a livello di
dinamica classica per il rimanente sistema, ha permesso calcoli all’avanguardia sull’intero
sistema che hanno portato all'inequivocabile identificazione della sfera di coordinazione del
metallo.

Inoltre, simulazioni di dinamica molecolare sono state eseguite sia sulla conformazione
inward-facing di ScaDMT sia sull’altro membro procariotico della famiglia Eremococcus Coleo-
cola DMT (EcoDMT), la cui struttura cristallina & stata ottenuta nella conformazione outward-
facing. Dato che molteplici evidenze sperimentali hanno dimostrato che il trasporto protonico
puo avvenire anche in assenza del substrato metallico, noi abbiamo eseguito simulazioni di
entrambe le proteine nella loro forma apo. In particolare, allo scopo di individuare il poten-
ziale ruolo giocato nel trasporto protonico da un residuo istidinico conservato nella famiglia,
per ciascuna delle due proteine abbiamo eseguito simulazioni MD nella forma protonata
e deprotonata di questo residuo. Queste simulazioni ci hanno permesso di caratterizzare
quattro residui amminoacidici identificati come fondamentali nel trasporto protonico e deter-
minare il ruolo da essi giocato nel processo. Infine € stato possibile identificare il probabile
accettore primario del protone e il probabile cammino seguito dai protoni nel loro influsso
nel citoplasma intracellulare.

Key words: trasportatori Nramp, trasporto secondario attivo, ioni dei metalli di transizione,

trasporto protonico, simporto, uniporto, meccanismo ad accesso alternato, dinamica moleco-
lare, QM/MM, Car-Parrinello, Born-Oppenheimer, sfera di coordinazione
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1§ The Nramp family of transporters

1.1 The crucial role of Nramp transporters in living organisms

Transition metal ions are essential to all living organisms. They are mainly used as cofactors of
enzymes catalyzing a wide range of chemical reactions fundamental for cellular metabolism
and respiration. In particular, redox-active ions, such as Fe™?, Mn*2, Cu*? or Co*?, are usually
bound to enzymes involved in catalytic reactions while the redox-inactive ion Zn™? plays major
roles in the stabilization of protein secondary structure. Nevertheless, excess or shortage of
transition metal ions, as a result of genetic disorders or malnutrition, can induce the onset
of severe eventually lethal diseases [1-3]. As an example, an excess of iron uptake has been
proved to cause the hereditary disease hemochromatosis [4-6], while, on the contrary, a
poor absorption of the same metal causes anemia [7]. Furthermore, recent studies claim
the overload of transition metal ions in nervous system cells to be involved in the onset
of neurodegenerative diseases such as Alzheimer, Parkinson or Huntington disease [8-14].
Therefore, metal ion homeostasis, achieved through a set of tightly regulated processes of
uptake, storage and secretion, is crucial for the maintenance of regular cellular metabolic
functions [15, 16].

Cellular uptake of a nutrient against a concentration gradient represents an entropically un-
favourable process. To overcome this thermodynamic challenge, living organisms developed
two distinct transport mechanisms, known as primary and secondary active transport, respec-
tively [17]. In the first one, membrane proteins perform the translocation of the substrate
across the lipid bilayer by coupling the transport process to an unrelated energetically favor-
able chemical reaction (in most cases ATP hydrolysis). Several primary active transporters
use the energy provided from ATP to establish gradients of common ions such as H*, Na™,
K*, or CI". The combination of these gradients with selective ion-specific channels creates
a net charge separation between the two sides of the membrane, referred to as "membrane
potential".

Secondary active transport is instead performed by membrane proteins harnessing these
preexisting electrochemical gradients to power the thermodynamically disadvantageous trans-
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port of a desired substrate, which is, in most cases, a scarce micronutrient [18-21]. The
difference in the two active transport mechanisms is shown in Fig. 1.1.

o

— ADP)+ Pi

Primary active transport Secondary active transport

Figure 1.1: Schematic representation of primary (left) and secondary (right) active transport. The lipid bilayer
(gray) represents the cellular membrane while the primary and secondary active transporters are depicted in blue
and violet, respectively. The primary active transporter powers the transport of its substrate (yellow spheres) by
using an external source of energy (e.g. the energy released from the ATP hydrolysis reaction). The electrochemical
gradient created by the transport of the driving ions (yellow spheres) is harnessed by the secondary active trans-
porter to realize the cotransport of the intended substrate (green spheres).

Two types of secondary active (co)transport exist: symport and antiport. In symport, the
driving ion and the intended substrate are translocated across the membrane in the same
direction, as shown on the right side of Fig. 1.1 and in Fig. 1.2. In antiport instead the protein
moves the driving species and the intended substrates in opposite directions. The difference
between simple uniport, and symport and antiport cotransport is illustrated in Fig. 1.2. The
mutual dependence between primary and driving substrates in both mechanisms of secondary
active transport (i.e. symport and antiport) has the purpose to prevent harmful events, such
as the backwards flux of the primary substrate down its concentration gradient or purposeless
cycles consuming the driving substrate gradient without stimulating the uptake of the primary
substrate [22, 23].

Differently from channels, in which substrate movement is completely free, both primary
and secondary active transporters usually work through some type of alternating access
mechanism in which the protein exposes its substrate binding site to one side of the membrane

2



The Nramp family of transporters Chapter 1

\.
symport antiport
_ J

~

cotransport

uniport

Figure 1.2: Schematic representation illustrating the difference between uniport, symport and antiport mecha-
nisms. In uniport a single substrate is transported across the membrane in a unique direction. When two different
substrates are instead transported simultaneously through the membrane we refer to as cotransport. Cotransport
is typical of secondary active transporters and can be of two types: symport and antiport. In the first one, the two
substrates are transported across the membrane in the same direction while in the latter they are transported in
opposite directions.

at a time (i.e. the protein is alternately open towards the extracellular matrix or towards the
cellular cytoplasm) [24].

Recently, researchers posed remarkable attention on metal ion transporters present in eu-
karyotic and prokaryotic cells and on the genes encoding them. As a result, it was discovered
that, from bacteria to man, the family of Natural resistance-associated macrophage proteins
(Nramps) plays a crucial role in the transport of divalent transition metal ions across cellular
membranes [25-30]. These secondary active transporters enable therefore the uptake and traf-
ficking of these micronutrients fundamental for the survival of all living organisms. Nramps
work through an alternate-access mechanism in which the transport of the primary substrate
(the transition metal ion) is coupled with the transport of H" ions (in this case the driving
substrate) in the same direction (i.e. from the extracellular matrix to the cellular cytoplasm).
They are therefore symporters.

Functional studies have been conducted on numerous Nramp homologs of bacterial species
[31-44]. The most important substrate in prokaryotic members of the family resulted to
be the Mn?" ion scavenged from the environment. This evidence is supported by the fact

3
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that bacteria often make use of alternative mechanisms for the uptake of iron and zinc and
justifies the commonly used name for bacterial Nramps, MntH, that stands for H* -driven
Mn?* transporter.

Eukaryotic organisms use Nramp homologs for two main purposes. Along with the principal
function of uptake and distribution of divalent transition metal ions Nramp proteins also act
at the immune system level, through the so called "metal-withholding strategy" [45-47]. This
defence mechanism is performed by restricting the access to these nutrients to pathogens.
The resulting metal starvation impairs pathogen growth and makes them more susceptible
to damages from the simultaneously released reactive oxygen species (ROS) [48-50]. These
two complementary roles have likely been developed already in the earliest mono-cellular
eukaryotic organisms, as found in the amoeba Dictyostelium discoideum [27, 51-53].

Fungi use multiple Nramp homologs for the adsorption and intracellular storage of environ-
mental metal ions, including primarily Fe?* and Mn?* [54-58].

Several Nramp homologs are expressed also in plants [59, 60]. They allow for the uptake, along
with the other transition metal ions, of Mn?*, which represents undoubtedly the most impor-
tant substrate, due to the key role that this metal carries out in chlorophyll photosynthesis.
Metal ions, once adsorbed from the soil, are distributed to various tissues or stored so as to
ensure survival under low metal conditions [60-66]. Simultaneously to these functions, also in
plants, Nramp homologs help in defence against pathogen agents through metal-withholding
mechanism [67, 68]. In some cases, plants adapted Nramp genes in order to enable the
transport of the non-transition-metal ion AI** [69, 70].

Fish and many invertebrates express a single or two almost identical Nramp homologs per-
forming both the immune and the metal-uptake roles [71-73].

In higher vertebrates instead, the two roles are exerted by two distinct paralogs, namely
NRAMPI1 (also known as SLC11A1), and NRAMP?2 (also known as SLC11A2 or Divalent Metal
Transporter 1, i.e. DMT1). The first one is specialized in the innate immune system’s metal-
withholding response to the attack of pathogens [30, 47, 74, 75] while the second is responsible
for the dietary uptake of essential metal ions and their subsequent distribution to tissues,
respectively [76-79].

In particular, mammalian NRAMP1 is expressed solely in phagocytes, where it helps in the
killing of engulfed pathogens [80-84]. Mutations in NRAMP1 have indeed been proved to
increase the susceptibility to pathogens [29, 45, 47, 81, 85, 86]. On the other side, mammalian
NRAMP?2 is expressed in many different tissues. However, it carries out its biological function
mainly in the small intestines where it is particularly abundant. Here, indeed, it transports the
iron ion Fe?* introduced in the body through the diet across the apical membrane into the
enterocytes cytosol, thus starting the cascade of reactions leading this metal, fundamental for
cellular respiration, into the bloodstream [87-93]. It is furthermore involved in the systemic
distribution of iron supplying red blood cells precursors, such as bone marrow erythroblasts.
As might be expected, harmful mutations in NRAMP2 typically cause microcytic anemia in
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rodents and humans [94-101]. However, it has been shown that mutations in NRAMP2 may
also lead to liver iron overload [102-104].

In this paragraph the fundamental role of Nramp transporters in all living organisms has
been described. In the following section, the current knowledge of structural and functional
properties of Nramps as well as the hypotheses made regarding the transport mechanism will
be outlined.

1.2 Structural and functional properties of Nramps

1.2.1 Substrate selectivity

In the landmark study that definitively established Nramps as transition-metal ion trans-
porters, Gunshin et al. [26] proved that Mn?*, Fe?*, Ni?*, Cu®*, Co?*, Zn?*, as well as Cd**
and Pb?* ions were able to stimulate inward currents, due to intracellular cation import, in
Xenopus oocytes expressing rat NRAMP2 protein. Furthermore, they were able to directly
observe Fe?* transport using radioactive labels. The study also showed that the alcaline-earth
metal ion Ca®* was selectively excluded from transport [26]. A large number of functional
studies followed, in which different Nramp homologs from a wide range of prokaryotic and
eukaryotic organisms were used [105-115]. The results coming from these studies can be
summarized as follows. The essential micronutrients Mn?* and Fe?" represent the principal
substrates for most organisms [33, 116-124]. Nramp transporters show high-affinity (K, =
1 uM) for these two substrates likely exceeding the concentration of the ions themselves
by an order or magnitude or more in many environments [26, 46, 107-109, 114, 122, 125,
126]. This evidence seems plausible if one considers the biologically important roles of iron
and manganese with respect to other transition metal ions. However, a substantial group of
other divalent transition metal ions are also transported by Nramp transporters, including
the biologically useful Co?*, Ni?*, Cu?* and Zn?* as well as the toxic Cd**, Pb?* and Hg?*
ions [126-134]. This indicates a high promiscuity of these transporters in the choice of the
substrates, which likely reflects the difficulty to design a highly selective Mn?*/Fe?* binding
site [26, 107-109, 135]. The absence of an evolutionary thrust towards a unique binding site
finely tuned in its geometry or amino acid composition to selectively transport only Mn?* and
Fe? is likely due to the the lower concentration of other transition-metal ions with respect to
Mn?* and Fe?". In contrast, alcaline-earth divalent metal ions Ca?*, Mg?*, Sr?* and Ba?" have
been proved in several studies to be selectively excluded from transport. These metal ions
are quite abundant in most environments and, therefore, the strong discrimination exhibited
by most Nramps againts these non transition-metal ions is reputed to reflect the evolution
promoted adaptation to obtain scarce micronutrients [26, 107-109, 135].
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1.2.2 Structural features

Nramp transporters usually contain 11 or 12 transmembrane (TM) a-helices with the N-
terminus located in the cellular cytoplasm [25] as confirmed by the currently available crystal
structures of Nramp transporters obtained from prokaryotic members of the family Staphy-
lococcus Capitis (ScaDMT) [121], Eremococcus Coleocola (EcoDMT) [122] and Deinococcus
Radiodurans (DraDMT) [123, 124]. These crystal structures also confirmed for this protein
family a LeuT-like fold [136] previously predicted based on distant sequence homology [27,
137, 138]. This fold, shared by many secondary transporter families, consists of 10 TMs a-
helices divided into two pseudosymmetric and intertwining repeats of 5 consecutive helices,
namely 1-5 and 6-10 in Nramps. The first helix of each subdomain (i.e. a-helices 1 and 6,
respectively) are broken into two helical segments by unwound regions in which the substrate
binding site is located, as shown in Fig. 1.3 [139]. However, some structural features can vary
among different Nramp homologs. As an example, EcoDMT [122] as well as many eukaryotic
homologs, possess a twelfth helix which is missing in ScaDMT [121], DraDMT [123, 124] and
in most prokaryotic members of the family. Moreover, the N-terminus and the loop regions
connecting the helical segments can considerably vary in length among homologs, especially
those between a-helices 5-6, 7-8 and 9-10.

Figure 1.3: Nramp secondary structure displaying the characteristic topology of the Leu-T fold. The two pseu-
dosymmetric and intertwining repeats composed by a-helices 1-5 and 6-10 are represented in magenta and green,
respectively. The 11th helix, excluded from the Leu-T-like fold, is represented in orange while the possible 12th
helix is represented in gray. The unwound regions of a-helices 1 and 6 host the metal ion binding site, represented
as a gray sphere.

1.2.3 Currently available crystal structures

As mentioned above, the currently available crystal structures of Nramp proteins have been
all obtained from prokaryotic members of the family. In particular, the Staphylococcus Capitis
Divalent Metal-ion Transporter (ScaDMT) was crystallized in 2014 by Ehrnstorfer and co-
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workers in its inward-facing conformation (IFC), both in a substrate-bound form, in complex
with a Mn?* ion (IFC-ScaDMT-Mn?"), and in a substrate-free (apo) form (IFC-apo-ScaDMT)
(PDB IDs: 4WGW and 4WGYV, respectively) [121]. In 2016, the same authors deposited refined
crystal structures of IFC-ScaDMT-Mn?* and IFC-apo-ScaDMT (PDB IDs: 5M95 and 5M94,
respectively). However, the latter differ from the original ones only for a small number of
amino acid residues located in the 11th a-helix, close to the C-terminus, that were not yet
resolved in 4WGW and 4WGYV, while the rest of the crystal structures, including the metal-ion
binding site region, are identical. Successively, in 2017, Dutzler and co-workers provided the
crystal structure of the Eremococcus Coleocola DMT (EcoDMT) protein in its apo outward-
facing conformation (OFC) (OFC-apo-EcoDMT) (PDB ID: 5M87) [122]. Furthermore, Bozzi
et al. obtained crystal structures of the Deinococcus Radiodurans DMT (DraDMT) prokary-
otic homolog in four different conformations. An apo IFC of DraDMT (IFC-apo-DraDMT),
equivalent to IFC-apo-ScaDMT, was initially crystallized in 2016 (PDB ID: 5KTE) [123]. In 2019,
along with a new version of IFC-apo-DraDMT (PDB ID: 6D9W), a G223W mutant of DraDMT
was resolved in its OFC, both in the apo form (OFC-apo-DraDMT), equivalent to OFC-apo-
EcoDMT, and in a Mn?*-bound state (OFC-DraDMT-Mn2*), representing the first crystal
structure of a substrate-bound outward-facing conformation, (PDB IDs: 6D91 and 6BUS5,
respectively). Lastly, a novel inward-facing substrate-free intermediate conformation between
the apo inward-facing conformation (IFC-apo-ScaDMT and IFC-apo-DraDMT) and the apo
outward-facing conformation (OFC-apo-EcoDMT and OFC-apo-DraDMT) was crystallized
for the G45R mutant of DraDMT. In this latter conformational state, the metal ion binding
site results to be inaccessible to solvent from either the extracellular and the cytoplasmatic
sides and, for this reason, it is usually referred to as "inward-occluded conformation" (I0C)
(I0C-apo-DraDMT), (PDB ID: 6C3I) [124]. The currently available crystal structures of Nramps
are listed in Table 1.1.

1.2.4 The proton-coupled alternate-access mechanism

The transition-metal ion transport is performed in Nramp secondary active transporters via
a proton-coupled alternate-access mechanism in which the two susbtrates are translocated
across the membrane in the same direction, i.e. from the extracellular matrix to the cellular
cytoplasm (symport) [121-124, 140, 141]. The currently available crystal structures of Nramp
proteins, described above, capture five distinct conformational states of the alternate-access
mechanism: metal-bound OFC (OFC-DraDMT-Mn?") [124]; metal-bound IFC (IFC-ScaDMT-
Mn2*) [121]; apo IFC (IFC-apo-ScaDMT and IFC-apo-DraDMT) [121, 123]; apo OFC (OFC-apo-
EcoDMT and OFC-apo-DraDMT) and, lastly, the apo inward-occluded conformation (IOC-
apo-DraDMT) [124]. The presence of an apo I0C suggests for the transport cycle the presence
of atleast 6 distinct conformations, with the sixth one being a metal-bound "outward-occluded
conformation" (OOC) occurring between the metal-bound OFC and the metal-bound IFC
and in which, like in the apo IOC, the metal ion binding site (filled with the substrate) is not
accessible from both sides of the membrane. However, such a conformational state has not
yet been directly observed and, therefore, it remains for the moment only hypothetical. A



Chapter 1 The Nramp family of transporters

Homolog Conformation Ligand  Resolution (A) PDBID Reference

ScaDMT Inward-open None 3.10 5M94 [121]
ScaDMT Inward-open Mn2* 3.4 5M95 [121]
ScaDMT Inward-open None 3.10 AWGV [121]
ScaDMT Inward-open Mn?* 3.4 AWGW [121]
EcoDMT Outward-open None 3.3 5M87 [122]
EcoDMT Outward-open None 3.6 5M8K [122]
EcoDMT Outward-open None 3.7 5M8J [122]
EcoDMT Outward-open None 3.9 5M8A [122]
EcoDMT Outward-open Inhibitor 3.8 6TL2 [140]
DraDMT Inward-open None 3.94 5KTE [123]
DraDMT Inward-open None 3.94 6DIW [124]
DraDMT Outward-open None 2.35 6D91 [124]
DraDMT  Outward-open Mn2* 2.4 6BU5 [124]
DraDMT Inward-occluded None 2.95 6C3I [124]

Table 1.1: Currently available crystal structures of Nramps. For each of the crystal structures the homolog,
conformational state, the substrate, the resolution of the X-ray structure and the PDB IDs, as well as the references
are given. 5M8K, 5M8] and 5M8A represent crystal structures containing the E129Q, H236A and E129A mutations
with respect to the wildtype OFC-apo-EcoDMT protein (5M87), respectively. 6TL2 represents instead the crystal
structure of an OFC-EcoDMT protein in complex with its inhibitor benzyl-bis-isothiourea.

schematic representation of the putative transport cycle is represented in Fig. 1.4.

In the outward-facing conformation the substrate (i.e. a divalent transition-metal ion) can
access the metal-ion binding site through an extracellular matrix water-filled vestibule formed
between a-helices 1b, 3, 6a, 8 and 10 while tight side chain packing seals the internal vestibule,
thus preventing contacts between the cytoplasm and the binding site [122, 124]. On the
contrary, in the inward-facing conformation, the internal vestibule formed between a-helices
1a, 2, 5, 6b and 7 and filled with cytoplasm enables the substrate release into the cell while the
external vestibule is in turn sealed in order to avoid contact between the binding site and the
extracellular matrix [121, 123]. In the occluded conformation found in DraDMT, the metal-ion
binding site results to be inaccessible to either the extracellular matrix and the cytoplasm, as
already discussed before [124].

A comparison between the OFC observed in EcCODMT and DraDMT and the IFC observed
in ScaDMT and DraDMT structures reveals that a-helices 1a, 4, 5, 6a and 10 are mostly
involved in reorientations when the protein undergoes a conformational change. In particular,
starting from the outward-open state, a-helices 1b and 6a tilt towards a-helices 3 and 8 while,
simultaneously, the top half of a-helix 10 bends at the position of a conserved proline thus
forming a ~ 20 A long barrier composed of mainly hydrophobic residues above the metal-ion
binding site, concurring in the process of sealing of the external vestibule. At the same time,
the rigid rearrangement of a-helix 5 (suggested to be linked to the displacement of a-helix
6a through the 5-6 linking helical segment) and the consequent unhindered movement of
the helical segment 1a rotating upward perpendicularly to the membrane, contribute to the
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Figure 1.4: Schematic representation of the putative transport mechanism of Nramp transporters. The membrane
bilayer is represented in gray, the extracellular matrix and the cellular cytoplasm are colored in light blue, the
two proteic subdomains are represented in magenta and green while the transition metal ion (Mn2* in this
case) is depicted as a gray sphere. Structure 1 represents the metal-bound outward-facing conformation (OFC)
(DraDMT-Mn?*, PDB ID: 6BU5 [124]); 3 represents the metal-bound inward-facing conformation (IFC) (ScaDMT-
Mn2+, PDB IDs: 4AWGW/5M95 [121, 122]); 4 represents the apo IFC (apo-ScaDMT and apo-DraDMT, PDB IDs:
4WGV/5M94 [121, 122] and 5KTE/6D9W [123, 124], respectively); 5 is the apo inward-occluded configuration (I0C)
(apo IOC-DraDMT, PDB ID: 6C3I, [124]); 6 represents the apo OFC (apo-EcoDMT and apo-DraDMT, PDB IDs: 5M87
[122] and 6D91 [124], respectively). Structure 2, framed by a dashed line, is the hypothetical outward-occluded
conformation (OOC) for which a crystal structure is still missing [124].

complete opening of the internal vestibule. The described conformational change from the
OFC to the IFC is schematically depicted in Fig. 1.5 [141].

1.2.5 Metal-ion binding sites

Nramp transporters possess a highly conserved metal-ion binding site, located within the
unwound regions of helices 1 and 6 and representing, as already mentioned, a conserved
feature of the Leu-T fold [136, 139].

The first snapshot of a Nramp metal-ion binding site was provided by the IFC-ScaDMT-Mn?*
crystal structure obtained in 2014 by Ehrnstorfer and colleagues [121]. In this structure, still
representing the only X-ray structure of a substrate-bound Nramp protein in the inward-
facing conformation, the Mn?* ion is coordinated by the side chains of an aspartate and an
asparagine residue located on helix 1 (Asp49 and Asn52, respectively), and the backbone
carbonyl oxygen of an alanine and the side chain of a methionine residue both located on
helix 6, (Ala223 and Met226, respectively) (Fig. 1.6). While Asp49, Asn52 and Ala223 coordinate
Mn?* through oxygen atoms, acting as hard ligands, Met226 coordinates it through the thio-
ether sulfur atom, acting as a soft ligand. However, the low resolution of the crystal structure
(3.4 A) as well as the highly distorted pseudo-planar coordination geometry does not allow to
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Figure 1.5: Schematic representation of the main rearrangements of a-helices during the conformational change
from the OFC to the IFC states. a-helices undergoing more significant reorientations (i.e. 1, 5, 6 and 10) are
represented in orange while the relatively stationary ones (i.e. 2, 3, 4, 7, 8 and 9) are represented as light blue
blocks. The metal-ion substrate is represented as a gray sphere.

either confidently consider the coordination sphere as completed nor to identify any possible
further ligand.

In crystals soaked with other transition-metal ions, Fe?*, Ni>*, Co?*, Cd** and Pb?" all bind
at the same binding site as Mn?* while Cu?* binds at a slightly shifted site, still holding a
tight interaction with Met226 [121]. Surprisingly, the Zn?* ion binds in a completely distinct
site, where it closely interacts with a H residue (H233) located on helix 6b [121]. As expected,

2+ 2+
, Sr

the alkaline-earth metal ions Ca and Ba?* do not bind even when soaked at high

concentrations (200 mM) [121].

The OFC-DraDMT-Mn?* crystal structure obtained by Bozzi and colleagues in 2019 provided
the first (and, so far, the only) snapshot of a substrate-bound metal-ion binding site in the
outward-facing conformation for a Nramp protein [124]. Here, similarly to the IFC binding
site, the substrate (Mn2" ion) is coordinated by side chains of an aspartate and an asparagine
residue located on helix 1 (Asp56 and Asn59, respectively), by the side chain of a methionine
residue (namely Met230) located on a-helix 6 and the backbone carbonyl oxygen of an alanine
(Ala53) located on a-helix 1, and, therefore, not corresponding to Ala223 of IFC-ScaDMT-
Mn?*. The two ordered water molecules additionally coordinating Mn?* and Asp56 acting as
bidentate ligand lead to a total heptahedral coordination, as shown schematically in Fig. 1.7.

Several mutagenesis studies confirmed the fundamental roles played by the conserved metal-
binding amino acid residues for the primary substrate (i.e. transition-metal ion) transport. The
substitution of the a-helix 1 aspartate and/or asparagine with an alanine or more conservative
residues was proved to impair metal ion binding in the active site and, therefore, eliminate
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Figure 1.6: Metal-ion binding site of a metal-bound Nramp protein in its inward-facing conformation, as obtained
by Ehrnstorfer and colleagues in the IFC-ScaDMT-Mn2* crystal structure [121]. The picture has been obtained
with VMD.
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Figure 1.7: Schematic representation of the metal-ion binding site of a metal-bound Nramp protein in its outward-
facing conformation, as observed by Bozzi and colleagues in the OFC-DraDMT-Mn?" crystal structure [124].

or severely reduce the metal transport in many investigated homologs [115, 121, 122, 135,
142, 143]. The conserved methionine residue on a-helix 6 similarly was proved to play a
crucial role both in metal transport and in the modulation of Nramps substrate selectivity
[141, 143]. The substitution of this methionine with several different amino acids (among
which alanine, cysteine, glycine, glutamine, and lysine) leads in most cases to the loss or
reduction of metal transport [141, 143]. Furthermore, the substitution of methionine with
some residues, such as alanine or threonine, enabled the transport of alkaline-earth metal ions
such as Ca®* and Mg?", suggesting that the coordinating thio-ether sulfur group of methionine
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undergoes semi-covalent interactions which preferentially stabilize transition-metal ions [141,
143]. This explains why alkaline-earth metal ions, establishing solely ionic interactions and
thus preferring hard ligands, such as oxygen atoms, become possible Nramp substrates only
when methionine is replaced by alanine (that due to its reduced size, leaves space for a water
molecule to coordinate the metal ion) or by hydroxyl-bearing residues such as threonine.

The metal-ion coordination sphere in the inward-facing conformation of Nramps: an open
issue

As already mentioned, the crystal structure of ScaDMT in its inward-facing conformation and
in complex with a Mn?* ion (IFC-ScaDMT-Mn?"), obtained by Ehrnstorfer and colleagues
in 2014, still represents the only available snapshot of the metal-ion binding site of a Nramp
tranporter in the inward-open conformational state [121]. The Mn?* ion resulted to be coordi-
nated by 4 amino acidic residues: namely Asp49, Asn52, Ala223 and Met226. However, the low
resolution of the X-ray structure (3.4 A) and the highly distorted pseudo-planar coordination
geometry (see Fig. 1.6 ) raised many doubts about the completeness of the metal ion coordina-
tion sphere.

A theoretical study from Pujol-Giménez [144] and colleagues (2017), performed on the IFC
ScaDMT protein and using Cd?* instead of Mn?* as the bound substrate, provided quite a
different description of the metal ion coordination sphere with respect to that observed in the
crystal structure. Indeed, in the resulting model, along with the 4 amino acidic residues already
identified by the X-ray structure, the backbone carbonyl oxygen of a glycine residue located
on a-helix 1 (Gly46) and the side chain of a glutamine residue located on a-helix 10 (GIn389)
coordinate the metal ion, thus leading to an octhaedral coordination geometry. However, as
evident in the left panel of Fig. 1.8, the major discrepancy with respect to the crystal structure
consists in the fact that Met226 does not coordinate the metal ion and its coordination site is
occupied by the second carboxylic oxygen of Asp49 which acts as a bidentate ligand.

More recently, Bozzi and colleagues postulated a heptaedral coordination with two water
molecules filling the two axial coordination sites left empty by the crystal structure and the
aspartate Asp49 acting as a bidentate ligand for the IFC-ScaDMT coordination sphere (right
panel of Fig. 1.8 [124].

The three different descriptions of the metal ion coordination sphere in an IFC Nramp trans-
porter (i.e. the crystal structure from Ehrnstorfer at al. [121], the theoretical model obtained
by Pujol-Giménez et al. [144] and the putative model provided by Bozzi et al. [124]) prove that
the precise nature of the metal binding site is still an open issue that needs to be further inves-
tigated. In this thesis, we addressed this problem by performing classical molecular dynamics
(MD) and mixed quantum mechanics-molecular mechanics ab initio molecular dynamics
(QM/MM MD) simulations of the IFC-ScaDMT-Mn?* protein (represented in Fig. 1.9), as we
will extensively discuss in Chapter 3.
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Figure 1.8: Schematic representation of the metal ion coordination spheres for IFC-ScaDMT as obtained from the
theoretical study of Pujol-Giménez and colleagues [144] (left) and as speculated by Bozzi and colleagues [124]
(right). The Cd®* and Mn?" ions are represented as pink and gray spheres, respectively. In both panels TM stands
for transmembrane a-helix and the O, N, and S atoms are represented in red, blue and orange, respectively.

1.2.6 Proton transport in the Nramp family of transporters

As previously described, in Nramp secondary active transporters, the translocation of divalent
transition metal ions (representing the primary substrates) against their concentration gradi-
ent (i.e. from the extracellular matrix to the cellular cytoplasm), is coupled with the transport
of protons (driving ions) in the same direction (symport). However, transport of protons and
metal ions is not tightly coupled and their respective stoichiometry can vary depending on
several factors, such as the metal ion itself, the pH gradient or the transmembrane voltage [26,
55,122, 124, 141, 144, 147].

A first evidence of the unconventional proton transport occurring in Nramps was provided in
the seminal work of Gunshin and colleagues [26]. In particular, the application of a lower exter-
nal pH and a negative membrane potential to Xenopus oocytes cells expressing rat NRAMP2 led
to the observation of an inward current, indicating cations influx, even in the absence of metal
ions, while the simultaneous drop in the intracellular pH confirmed that the inward current
was due to a proton uniport phenomenon. The addition of Fe?* to the system enhanced
both the inward current and the intracellular acidification, suggesting therefore a coupled
proton-metal cotransport.

A plethora of functional studies, performed on a wide range of eukaryotic and prokaryotic
homologs, followed [26, 55, 110, 115, 117, 119, 122, 124, 125, 131, 135, 137, 144, 147-150].
These studies altogether seem to point to the same general features for Nramp transporters:
protons are transported from the extracellular matrix to the cellular cytoplasm, down their
electrochemical gradient, either in the absence or presence of the metal-ion substrate ("proton
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Figure 1.9: MD snapshot of a configuration of the IFC ScaDMT protein in complex with its substrate (a Mn2*
ion) for which we performed a combination of classical MD and ab initio QM/MM MD simulations. The protein
a-helices are represented as magenta ribbons, the Mn?* ion is represented as a gray sphere while the four amino
acidic residues identified as ligands in the X-ray structure [121] are represented as sticks. The picture has been
obtained using VMD [145, 146].

uniport" or "proton-metal symport", respectively). However, it is important to underline that,
in most cases, the presence of metal ions seems to enhance the proton transport and vice-
versa.

Recently, several attempts to outline Nramps proton transport mechanism have been made.
In this regard, fundamental insights were provided from the crystallographic characterization
of Nramp prokaryotic homologs, such as ScaDMT [121], EcoDMT [122] and DraDMT [123,
124], referred to as ScaDMT, EcoDMT and DraDMT, respectively. Although crystallographic
experiments in general do not allow to directly observe protons, the derived structural data
represented a good starting point in the understanding of the process as it allowed for the
identification of the ionizable amino acidic residues potentially involved in the process.

In particular, Nramp transporters feature a conserved network of protonatable residues located
in the core of the protein which is absent in structurally related LeuT-fold outgroups, including
those known to perform proton transport [121, 122, 124, 141]. Within this network, a trio
composed of an Asp residue located on a-helix 1 (TM1), a Glu residue on TM3 and a His
residue on TM6b connects the metal binding site (exposed to the bulk solvent from both the
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IFC and the OFC), with a pair of salt bridges linking TM3 and TM9. These two salt bridges
occur between an Asp and a Glu located on TM3 and two Arg located on TM9 and are placed
at the center of the lipid bilayer and close to the cytosol, respectively. Furthermore, a group of
conserved polar and charged residues flanks TM3, TM9 and the close TM4 and TMS8 helices
so as to form a narrow hydrophilic channel likely filled with water molecules and, therefore,
suitable for proton transfer. The conserved network of ionizable residues potentially involved
in the proton transfer mechanism is schematically represented in Fig. 4.1. It is also important
to mention that the Asp residue on TM1 is the same that also coordinates the transition metal
ion substrate. For the sake of clarity, the specific residues forming the hydrophilic network in
ScaDMT, EcoDMT and DraDMT are listed in Table 1.2.

Residue ScaDMT EcoDMT DraDMT
Asp on TM1 Asp49 Asp51 Asp56
His on TM6b His228 His236 His232
Glu(l) onTM3  Glul27 Glul29 Glul34

Asp on TM3 Aspl24 Aspl26 Aspl31
Glu(2) onTM3  Glull7 Glul19 Glul24
Arg(l) onTM9  Arg355 Arg368 Arg352
Arg(2) onTM9  Arg360 Arg373 Arg353

Table 1.2: Ionizable residues forming the hydrophilic network of residues potentially involved in the proton
transfer in ScaDMT [121], EcoDMT [122] and DraDMT [123, 124]. The Asp residue on TM1 is also involved in the
coordination of the divalent transition-metal ion. The Asp and Glu(2) residues on TM3 (lines 4 and 5) form two
salt bridges with the two facing Arg residues on TM9 (lines 6 and 7), thus linking these two a-helices to shape the
narrow hydrophilic channel mentioned above.

Proposed proton transport mechanisms

Ehrnstorfer and colleagues were the first to formulate a hypothesis on the proton transport
mechanism, based on the functional and structural information obtained from the ScaDMT
and EcoDMT crystal structures [121, 122]. As possible primary proton acceptors, they identi-
fied two EcoDMT protonatable residues, Glu129 and His236, both of them close to the metal
ion binding site and expected to be susceptible to changes in their access to the substrate-
binding region when passing from the IFC to the OFC and vice-versa. However, while the in
silico computed pKa value for His236 resulted to be in a suitable range to accept and release
a proton, the estimated value of Glul29 was too low. In order to obtain new insights, they
also performed transport assays on EcoDMT mutants. While the conservative mutant E129Q
seemed not to affect both Mn?* and H* transport, the H236A mutant displayed remarkably
altered transport properties, with robust Mn?* transport but no detectable H* coupling. This
led them to indicate His236 as the primary proton acceptor.

In EcoDMT OFC [122], His236 is placed in close contact with the aqueous cavity connecting
the metal ion binding site with the extracellular matrix, whereas in ScaDMT IFC, this residue
is located at the crossroad of two potential proton release pathways [121]. On one side the
residue is indeed exposed towards the wide inward-directed cavity constituting the metal
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ion release route, while, on the other side, it faces the narrow hydrophilic channel formed
between TM3 and TM9, as shown in in Fig. 1.10. Summarizing, Ehrnstorfer and colleagues
formulated the following hypothesis for the proton transport mechanism: the H residue
represents the primary acceptor that binds the proton in the OFC (top panel of Fig. 1.10). After
the conformational change to the IFC (bottom panel of Fig. 1.10), the proton is released either
through the wide inward-directed cavity, taking the same exit pathway as the metal ion, or via
the narrow side channel.
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Figure 1.10: Schematic representation of the proton transport mechanism as hypothesized by Ehrnstorfer and
colleagues [122]. In the OFC (top), Asp51 and His236 are both in close contact with the aqueous cavity (represented
in light blue). The proton (represented in orange) binds to His236, which acts as the primary proton acceptor. After
the conformational change to the IFC (bottom) the proton bound to His236 can be released into the cytoplasm
either directly, through the wide inward-directed aqueous cavity or via the narrow channel. The two possible exit
pathways are indicated as orange dashed arrows. TM1 and TM3, belonging to the first protein subdomain, are
represented in magenta while TM6 and TM9, belonging to the second protein subdomain, are represented in
green. The metal ion (Mn2*) is represented as a gray sphere. Within the amino acidic residues, O and N atoms are
represented in red and blue, respectively, while C and H atoms are represented in black. The residue numberings
correspond to those of EcCODMT and ScaDMT in the top and bottom panel, respectively. The pictures have been
obtained with Biorender [151].
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A second hypothesis for the proton transport mechanism was proposed in 2017 by Pujol-
Giménez and colleagues, based on a combined computational and experimental work [144].
Amino acidic residues potentially involved in proton binding were assessed through in silico
pKa predictions performed on ScaDMT crystal structure. Among residues owning remarkable
pKa shifts, Glu127 was selected also due to its strategic position, in close contact with the metal
ion binding site and the intracellular water-filled cavity. Independently of their pKa values,
three other residues were selected. Asp49, which is a metal-ion binding residue conserved
within the whole Nramp family, was chosen based on both its position and its theoretical
ability to receive a proton. Despite their low pKa values, His228 and His233 were chosen as
they were previously proved to be closely connected to proton transport [114, 122]. In order to
verify whether protonation of any of the four selected residues (Asp49, Glu127, His228 and
H233) would lead to structurally relevant conformational changes, molecular dynamics simu-
lations were performed on ScaDMT X-ray structures in which each residue was individually
protonated. Secondary structure analysis showed loss of helicity in transmembrane a-helix
TMB8 in those conformations in which Glul27 was deprotonated, while this effect was not
observed in presence of protonated Glul27. This evidence further pointed to this residue as
being involved in relevant structural rearrangements of the transporter. For this reason, the
conservative E127D and the detrimental E127A mutations were enginereed. Iron transport
assays revealed for both of them an affinity for Fe?* similar to that of the wild-type (WT)
protein, although with a much slower transport kinetics. In proton transport assays, the I-V
relationship obtained from the H* -evoked currents was found to be almost identical for WT
and E127D while in E127A mutant the current was much lower. This suggested a crucial role
for the negative charge, present in both the WT protein and the E127D mutant, for the proton
transport process.

The overall transport mechanism proposed by Pujol-Giménez and colleagues can be sum-
marized as follows [144]. Glul27 represents the most likely proton acceptor. Both protons
and metal ions bind in the OFC, in the high-pKa state of Glul127, as illustrated in Fig. 1.11(a).
Immediately after, a conformational change leads the system to an inward-occluded state, in
which Glul27 switches to a low-pKa state thus releasing the proton into the narrow channel,
as shown in Fig. 1.11(b). The authors suggest an allosteric coupling between Glul27 side
chain and Asp49, established through direct Coulombic interaction. The signal triggering
gate opening is the return of Glu127 to the negatively charged state. Simultaneously with the
intracellular gate opening a partial unwinding of TM8 occurs, conferring high flexibility to
Glu127 side chain (Fig. 1.11(c)). Once the gate is open and the system is in an IFC, the metal ion
is released, (Fig. 1.11 (d)) and Glul27 side chain reorients into its high-pKa proton-acceptor
state, (Fig. 1.11 (e)). Finally, the initial outward-open state is recovered (Fig. 1.11 (f)).

In 2019, Bozzi and colleagues formulated a new hypothesis for Nramps transport mechanism
[124]. From in silico pKa predictions performed on DraDMT and ScaDMT X-ray structures, the
metal-ion binding residue Asp56 (DraDMT numbering) resulted to have pKa values shifted
upwards with respect to the reference values, consistently with the expected behaviour of
amino acidic residues located at protein’s core. The calculated pKa values for Asp56 (6.7
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Figure 1.11: Schematic representation of the overall transport mechanism as described by Pujol-Giménez and
colleagues [144]. (a) Both substrates bind in the high-affinity OFC, where Glul27 is in a high-pKa state and accepts
the proton. (b) After a conformational switch to an inward-occluded state, the proton is released by Glu127 likely
along the narrow water-filled channel established between TM3 and TM9. (c) The consequent negative charge on
the Glul27 is the signal that triggers intracellular gate opening while, simultaneously, a partial unwinding of TM8
confers high flexibility to Glu127. (d) In the IFC, the metal ion is solvated and released to the cytoplasm. (e) Glul27
reorients itself into its high-pKa state and the gate closes, thus recovering the initial OFC state (f). The proton and
the divalent transition metal ion are represented as orange and gray spheres, respectively. Their respective charge
is also indicated. TM1 and TM3 and TM8 and TM9 are represented in magenta and green, respectively. The solvent
accessible region of the protein is represented in light blue. The pictures have been obtained using the Biorender
software [151].

and 6.8 in DraDMT and ScaDMT, respectively) were in an optimal range for rapid protona-
tion/deprotonation at physiological conditions. Furthermore, in transport assays performed
on D56A and D56N DraDMT mutants, both H™ uniport and Mn?*-H* symport were removed,
while, in transport assays conducted on EcoDMT (expressed in proteloliposomes) and in vivo
EcoliDMT, the corresponding mutations were found to interrupt the Mn?* -stimulated proton
transport. Such evidences are consistent with the hypothesis of a crucial role of Asp56 in H*
transport, and, therefore, Bozzi and colleagues proposed this residue as the primary proton ac-
ceptor. They proposed a model in which protonated Asp56 is able to optimize the binding site
for the incoming metal ion by forming a hydrogen bond with the metal binding Asn59 residue,
which, in turn, due to this interaction orients its carbonyl oxygen opportunely to bind the
metal ion. Furthermore, in proteoliposomes transport assays, the H232Q mutant was proved
to preserve metal ion transport while H* transport, as well as any kind of pH dependence
in Mn?* transport kinetics, was eliminated. Therefore, Bozzi and colleagues hypothesized
for this residue a role both in stabilizing the proton transfer from Asp56 to Asp131 and as the
hinge point for the conformational switch from the OFC to the IFC.
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Summarizing, the following mechanism for Nramps metal-proton cotransport was proposed
[124]. Residue Asp56 represents the likely primary proton acceptor. Its protonation in the OFC
likely optimize the binding site through an hydrogen bond with the Asn59 residue that, in turn,
reorients opportunely to bind the incoming metal ion. The proton, displaced from Asp56 by
the metal ion binding, is transferred to Asp131 either via Glul34 or via His232. From Asp131
it is finally released, presumably into the water-filled narrow channel formed by TM3 and
TMO. In this model, the two key residues involved in proton transport are therefore Asp56 and
Asp131, that sequentially protonate and depronate, while Glu134 and His232 only stabilize the
proton shuttle from Asp56 to Asp131. The simultaneous metal binding and proton transfer
trigger the conformational switch from the OFC to the IFC, resulting in intracellular gate
opening and metal ion release to the cytoplasm.

Further information were obtained from functional studies performed on conformationally
locked DraDMT mutants [124]. In particular, in outward-open locked DraDMT mutants
proton uniport was observed, contrarily to metal ion transport. In analogous inward-locked
DraDMT mutants such kind of transport was instead not observed. These evidences suggest
that while metal transport needs the transporter to undergo conformational change from the
OFC to the IFC, proton transport does not necessarily require sampling of the IFC with proton
uniport eventually occurring also directly in the OFC as shown in Fig. 1.12. Furthermore,
according to this mechanism, the two cosubstrates likely enter the protein through the same
wide cavity connecting the binding site to the extracellular ambient but take two distinct
pathways to the cytosol: while the metal ion is indeed released through the wide vestibule
connecting the binding site to the cytosol, protons likely exit trough the narrow side channel
formed by TM3 and TM9, which is open in both the IFC and the OFC (Fig. 1.12).

Despite the fundamental structural and functional evidences provided by a wide range of
experimental studies, the proton transport mechanism occurring in Nramp transporters
remains still unclear, as evidenced by the three different and inconsistent mechanistic models
proposed by Ehrnstorfer et al. [122], Pujol-Giménez et al. [144] and Bozzi et al. [124]. However,
the understanding of such mechanistic details would be of fundamental importance in order
to explain the reasons underlying the highly variable proton/metal transport stoichiometry
and the still undetermined thermodynamic coupling between the two substrates. In this
thesis, we addressed this issue by performing classical molecular dynamics (MD) simulations
on both ScaDMT (IFC) and EcoDMT (OFC) proteins in their apo forms (represented on the left
and right panels of Fig. 1.13, respectively), as we will comprehensively discuss in Chapter 4.
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o H*
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H-+-
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Figure 1.12: Proton uniport (top) and metal ion/proton symport (bottom) as hypothesized by Bozzi and colleagues.
In proton uniport, H* enter via the external vestibule and are released through the narrow side channel, without
the need for the intracellular gate to open (i.e. without the need for a conformational change from the OFC
to the IFC). The metal ion/proton symport requires instead the opening of the gate, and, consequently, the
conformational switch from OFC to IFC. In this case the two substrates enter both via the external vestibule but,
after binding, take two distinct routes towards the cytoplasm. The two proteic subunits are represented in green
and magenta, the membrane is represented in gray while the metal ion and the proton are represented as gray and
black spheres, respectively. The picture hasv been created with Biorender [151].

Figure 1.13: MD snapshots reporting two configurations of the IFC apo-ScaDMT (left) and the OFC apo-EcoDMT
(right) proteins used for classical MD simulations [121, 122]. As before, the a-helices of the two proteins are
represented as magenta ribbons. The two pictures have been obtained using VMD (145, 146].
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Y4 Theoretical methods

In this chapter, the main theoretical methods used in this thesis will be presented together
with their underlying theory.

2.1 Density Functional Theory

Density Functional Theory (DFT) differs from wavefunction based electronic structure meth-
ods in that it uses the electron density p(r) as the central quantity. For a system containing N
electrons, it is defined as

p(r):f-nfIW(rl,rg,r3,...,rN)|2dr2...drN 2.1)

where U(ry,12,13,...,7y) is the (suitably normalized) many-electron wavefunction in the po-
sition representation. p(r) determines the probability to find any of the N electrons at the
position r. It is a non-negative function of only three variables (x, y, z) and integrates to the
total number of electrons:

f p@)dr=N (2.2)

The main advantage of using the electron density over the wavefunction is the major reduction
in the dimensionality of the problem: regardless of the number of electrons contained in
the system the density is always three-dimensional. This allows for the description of large
systems (containing up to thousands of atoms) that ab initio methods would not be able
to treat. Partly because of this, DFT has become the most widely used electronic structure
approach today. For authoritative and extensive discussions on DFT, the author can refer to a
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wide range of review articles [1-4] and textbooks [5].

2.1.1 Hohenberg-Kohn Theorems

Density Functional Theory was born in 1964 with the seminal paper by Hohenberg and Kohn
[6]. The two key results of this paper are known as "Hohenberg-Kohn theorems" and are at the
basis of the DFT method. The authors start by considering an arbitrary number N of electrons
moving under the influence of an external potential v(r) (due to the nuclei) and of the mutual
Coulomb repulsion.

The first theorem states that the external potential v(r) is uniquely determined by p(r), apart
from an additive constant. This can be proved in a simple yet extremely elegant manner by
using the principle of reductio ad absurdum. We start by assuming to know the exact ground-
state electron density of the system p(r) with an external potential v(r), the Hamiltonian H
and the associated wavefunction V. Let’s suppose that another external potential v/ (r), with
Hamiltonian A’ and ground-state wavefunction ¥, determines the same electron density
p(r). Now ¥ and ¥ cannot clearly be equal since they are solution to different Schrodinger
equations. If we denote the eigenvalues associated to ¥ and ¥’ with Ey and E|, respectively,
we have:

Eo < (W|H|\W) =W\ H' W) + (W' |H - H'|W)
=E, +fp(r)[v(r) - v'(r)]dr (2.3)
Similarly, we can get:
Ey < (W H'|W) = (W H|Y) + (P H' — H W)
:&—fpmwm—mer (2.4)

Now, by adding eq. 2.3 and 2.4, we get the absurd result:

Eo+Ey<Ej+Ey (2.5)

Therefore, there are no two different external potentials v(r) and v/ (r) that can give the same
electron density p(r), that is p(r) uniquely determines v(r) (up to an additive constant), the
associated Hamiltonian and ground state wavefunction and thus all the related ground state
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properties.

Now the total energy can be expressed as an explicit functional of p(r) as follows:
E[P] = T[P] + Vne[p] + Vee[P]
=fp(r)v(r)dr+FH1<[p] (2.6)

where, for the correct p(r), E[p] yields the ground state energy Ey. The functional Fy:

Frxlpl=TIpl + Veelpl 2.7

is independent of any external potential and, therefore, is a universal functional of p(r).

The second Hohenberg-Kohn theorem states that the ground state energy can be obtained
variationally, with the electron density that minimizes the total energy being the exact ground
state density:

Eplpol = Elp] (2.8)

It can be proved as follows: let’s assume that the ground state wavefunction ¥ and its related
electron density is p, uniquely define the external potential v(r). If we now consider a new
wavefunction ¥, different from ¥, and whose electron density is p’, then we obtain:

W EN) = f o' ® v + Fuxlp'1 = E1p'1 > Eolpol 2.9

2.1.2 Kohn-Sham Equations

From the Hohenberg-Kohn theorems we know that it is possible to obtain the ground state
energy of the system by minimizing the energy functional:

Eplp(x)] =ﬂ%(fp(r)V(r)dr+FHK[p(r)] (2.10)
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Although with their theorems Hohenberg and Kohn proved that in principle the total energy
of a system can be obtained from its ground state electron density, it was still unknown how to
evaluate both p(r) and Fyx[p(r)]. The issue was addressed in 1965 by Kohn and Sham [7]. They
realized that the main failure of the seminal Thomas-Fermi model [8, 9] mainly arises from a
bad description of the electronic kinetic energy. To solve the problem, they introduced the
idea of a fictitious system of non-interacting electrons generating the same electron density as
the real system of interacting particles and that can be expanded in terms of single-particle
orbitals:

N
pm =Y |¢pX5w|* 2.11)
i=1

These considerations led them to the development of a set of N single-particle, Schréodinger-
like equations:

p()

r—r|

(— %v? +u(r) + dr' + vxc(r))gbi(r) =£;; (1) (2.12)

where ¢; represents the energy of the KS single-particle orbital while the terms on the left
side of eq. 2.12 represent the kinetic energy of the non-interacting electrons, the external
potential, the Hartree potential and the exchange-correlation potential, respectively. The
latter includes the non-classical contributions to the electron-electron interactions and the
difference between the real system kinetic energy and that of the non-interacting fictitious
one. The exchange-correlation potential v,.(r) is defined as:

Vye(®) = M (2.13)
p(r)

with Ex.[p] being the so called exchange-correlation functional.

If we now define an effective potential v, as:

/
%dr’ + U () 2.14)

l/eff= v(r) +f

eg. 2.12 can be rewritten in the compact form:
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1
(— SVi+ veff(r))@(r) =i (1) (2.15)

Similar to the case of the single-particle Hartree-Fock equations, this set of coupled KS single-
particle equations has to be solved iteratively. The total energy can be finally determined from
the resulting single-particle eigenvalues and the density through the equation:

N !
=Y e ff p(r)p(r)d dr +Exc[p1—fvxc(r)p(r)dr (2.16)
i=1

r—r

2.1.3 Exchange-Correlation Functionals

If each term of the Kohn-Sham energy functional would be known we would theoretically be
able to compute the exact ground state electron density, total ground state energy as well as
all other ground state exchange-correlation term E, is not yet known. Therefore, since the
birth of DFT, approximations for E. have been used and nowadays a seemingly endless list of
approximated exchange-correlation functionals with varying levels of complexity have been
developed. In the following, some of the most commonly used types of exchange-correlation
functionals will be briefly presented. A comprehensive treatment of the topic can be found in
ref. [10, 11].

Local Density Approximation (LDA)

The Local Density Approximation (LDA) already proposed by Kohn and Sham represents the
simplest approximation for the exchange-correlation functional. In its general formulation,

ELDA can be written in the following form:

ELPAp(n)] = f p®eLLA(px))dr 2.17)

where ££04§

is the exchange-correlation energy per particle of a uniform electron gas of density
p- The exchange-correlation energy of an inhomogeneous system is approximated at every
point in space as that of an uniform electron gas with the same local density p(r) . The
exchange energy of a uniform electron gas is exactly known while the correlation energy
is usually obtained by fitting to Quantum Monte Carlo results on uniform electron gases
with various densities [12, 13]. Strictly, the LDA is valid only for uniform or at least slowly

varying densities and LDA functionals work indeed surprisingly well for metals. Modern LDA
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functionals tend to be quite similar, differing only in how their correlation contributions
have been fitted to the many-body uniform electron gas data. A partial explanation for the
surprising success of the LDA even for rather inhomogeneous systems is a systematic error
cancellation between an overestimation of correlation and an underestimation of exchange
contributions. Furthermore, for any density, the LDA satisfies a number of so-called “sum
rules” [14-16]. Among the most famous LDA exchange-correlation functionals we can list the
PZ81 [17], the PW92 [18], CP [19] and the VWN [20].

Generalized Gradient Approximation (GGA)

It was realized very early on that the local uniform density of a homogeneous electron gas
(HEG) does not always represent a reasonable approximation for the rapidly varying electron
densities of many materials and molecules, and that the gradient of the density Vp(r) needs to
be included as well. A first attempt to include the density gradient resulted in the so-called
“gradient-expansion approximations” (GEA) [6]. Although it was found not to work well in
practise, it provided the basis for the birth of the "generalised gradient approximation" (GGA)
semi-local functionals, whose general formulation is:

EZFApm)] = f pm)eSCA (p(@)Vp(r)dr. (2.18)

Here the gradient of the density as well as the density itself is taken into account at each
point in space, thus providing a correction to the LDA and at the same time ensuring the
fullfilment of some of the above mentioned "sum rules". For geometries and ground state
energies of molecules and solids, GGAs work better than the LDA. Some of the most used
GGAs functionals are the PW91 [21-23], the PBE [24, 25] and its several off-springs: revPBE
[26], RPBE [27], PBE-WC [28] and PBEsol [29]. The so called meta-GGA functionals use as
additional degrees of freedom the second derivative of the density V2p(r) or the kinetic energy
density:

1
o= Y Ve )] (2.19)
i

An example of a meta-GGA functional is TPSS [30].
Hybrid functionals

In principle, the exchange-correlation energy could be obtained by simply combining a density
functional for correlation with the Hartree-Fock exact exchange energy. This is the principle
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behind the development of the so called "hybrid functionals" in which the exchange energy
is obtained as a mixture between the exact HF expression and a DFT contribution while
the correlation energy is evaluated at the DFT level. Usually, both the non-HF contribution
to the exchange energy and the correlation energy are treated at the generalized gradient
approximation level. A general formulation for this latter case is the following:

phybrid _ o EHF 4 (1 - c,) EGGA + EGGA (2.20)

As an example, the hybrid functional PBEO [31] is using the GGA functional PBE. Undoubtedly,
the most popular hybrid functional, especially among the quantum chemistry community,
is the B3LYP functional composed of the Becke’s 3 parameters functional for the exchange
energy [32] and the Lee, Yang and Parr (LYP) functional for the correlation energy [33].

2.2 Classical Molecular Dynamics

Molecules are composed of interacting electrons and nuclei and chemical bonds can be
described as electronic clouds formed by electrons shared and delocalized between nuclei.
However, the large time scale difference of nuclear and electronic motions due to the high ratio
between their masses, justifies the separation of electronic and nuclear variables. The electron
cloud equilibrates quickly for each instantaneous configuration of the nuclei, which results
to be quasi-static on the time scale of electronic motion. The nuclei, in turn, move in the
field of the averaged electron densities. This is known as Born-Oppenheimer approximation.
In principle, assuming that the Born-Oppenheimer approximation is valid, we know how to
exactly determine the potential energy surface of the system. We need indeed to solve the
time-independent electronic Schrédinger equation on a dense enough mesh of points in
configuration space R. Subsequently, we need to fit the set of numerical values in order to
get an appropriate analytical form. However,it is easy to understand that such a procedure is
practically unfeasible for systems containing more than few atoms.

Classical molecular dynamics (MD) is based on empirically parameterized potential energy
surfaces, referred to as “force fields”, in which the essential physics underlying interatomic
interactions is captured and condensed into a simple analytic form. The parameters are
derived as much as possible from experimental data or ab initio calculations, so that the
empirical potential properly mimics the ab initio Born-Oppenheimer surface [34] . As a
consequence, the construction of a good force field represents a nontrivial task [35]. On the
other side it leads to tremendous computational simplifications. A force field typically used
for classical molecular dynamics simulations has this form:
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k k,
Ury..otn)= Y 2Ui-li)+ Y —20;—6i0)?
bonds 2 angles 2

+ ) kgll+cos(nw; -y

torsions
(Uij)lz (Uij)G]
I’,’j rij

qiqj
4neori]~

+ Z 451’]

atompairs

+
atompairs

(2.21)

where U(ry,...,ry) represents the potential energy of N interacting atoms as a function of
their positions r; = (x;, yi, z;)-

The first three terms of the equation describe the so called "bonded interactions" and the
summation indices run indeed over all the bonds, angles and dihedrals defined by the covalent
bonds existing in the system, respectively. In particular, the first two terms describe the
potential energies for the deformation of the bonds lengths /; (bond stretching) and angles
0; (angle bending) from their respective equilibrium values [;y and 6;¢. The harmonic form
of these two terms, with force constants for bond stretching and angle bending k; and kg
respectively, describes chemical bonds but does not allow for the description of events such
as bond breaking or formation. The third term defines a torsional potential for the twisting
of two adjacent planes of atoms against each other. It has a periodic form with periodicity
characterized by n and heights of rotational barriers k.

The last two terms of eq. 2.21 describe the so-called "nonbonded interactions". The sum-
mation indices run over all the pairs of not directly chemically bonded atoms separated by
distances r;; = |r; — rjl|. In particular, the fourth term describes the van der Waals repulsive
and attractive interatomic interactions by using a Lennard-Jones 12-6 potential. The fifth
term describes instead the Coulomb interactions, with g; and g; representing effective atomic
point charges and r;; their distance. Effects due to specific environments can be taken into
account using properly modified values for the partial charges as well as for the dielectric
constant and the Van der Waals parameters ¢;; and 0.

A schematic representation of the bonded and nonbonded interactions described in common
force fields is given in Fig. 2.1.

Force fields used for simulations of biological systems can be classified in "all atom" or "united
atom". In "all atom" force fields all atoms are explicitly treated while in "united atom" force
fields only heavy (non-hydrogen) atoms and polar hydrogens are treated explicitly. Nonpolar
hydrogen atoms are instead included into the description of the carbon atoms to which they
are bound to by using an augmented Van der Waals radius [38]. Among all atom force fields
we can list CHARMM [39, 40], AMBER [41, 42] and OPLS [43, 44]. An example of a united
atom force field is instead GROMOS [45, 46]. Despite the continuous advances in the accuracy
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Figure 2.1: Schematic representation of the bonded and nonbonded interaction terms comprised in molecular
mechanics force fields. The picture has been obtained using VMD. [36, 37].

electrostatic interactions

of force fields one of the major pitfalls is represented by the failure in the description of
polarization effects since atoms described by fixed effective point charges. For this reason,
recently a huge effort has been devoted to the development of polarizable models such as
AMOEBA [47-49].

The force acting upon the ith particle (i.e. atom) of the system at time ¢ is given by the negative
gradient (i.e. first derivatives vector) of the potential U(ry,...,ry) with respect to the particle
position at that time r; (¢) = (x; (1), y; (1), z; (1)), as shown in eq. 2.22:

¢ v U ) (8U ou 8U) (2.22)
==V, Uky,....tN)=— |7, —, =— .
! fi ! N 8xl~ ay,- 8Zi
At the same time, F; is given by Newton’s equation of motion shown in eq. 2.23:
d?r;(1)
fi=mi——— 2.23
1 4 dt2 ( )

with m; being the ith particle mass.

In MD simulations, the time evolution of the particles composing the system is followed by
solving Newton’s equations of motion in eq. 2.23. Such second order differential equations
are commonly integrated and solved numerically by finding expressions able to define the
positions r; (¢ + At) at time (¢ + At) in terms of the already known positions at time ¢. In
particular, due to its simple and stable form, the Verlet algorithm [50] is heavily used in MD
simulation software. The basic formula for this algorithm can be derived from the Taylor
expansion of the particle position around time . Once At is defined as a sufficiently small
integration time step, r; (¢ + At) can be defined as:
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f;(t AL
ri(t+AD =1 (D) +vi(D At + 21( Y T1‘r‘l-‘+p(At4)... (2.24)

i

and similarly, r;(t — Af) can be defined as:

f; AL
ri(t— A =r;(t) —v; (D At + L) AT i+ (At (2.25)
2m; 3!
By adding eq. 2.24 and eq. 2.25 we obtain:
fi(t) 2 4
rﬂt+Aﬂ+¢At—An:2nU)+’n At°+p(At7) (2.26)
i
fi(t) 2
r;(t+At) =2r;(t) —r;(t — At) + — Ar”. (2.27)

1

Eq. 2.27 is the Verlet algorithm to compute the new position of each particle of the system at
time (¢t + At), with At being the integration time step [50]. This expression is accurate up to
At* and does not use the velocity to evaluate new positions. Velocities can be derived from
the positions, as shown in eq. 2.28 and 2.29:

ri(t+ At —ri(t— At =2v;(1) At + p(AL?) (2.28)

r;(t+At)—r;(t—Ap)

2
AT + (A7) (2.29)

v; (1) =

The expression in eq. 2.29 is only accurate up to the A¢?. However, it is possible to compute
velocities, and therefore kinetic and total energy, directly with alternative schemes like the
Velocity-Verlet [51] or the leapfrog algorithms [52].

By directly integrating Newton’s equations of motion a simulation in the NVE (microcanonical)
ensemble is produced, in which the number of particles N, the volume V and the total energy
E are kept constant. However, experiments are often conducted at constant pressure and/or
constant temperature. For this reason, several thermostat and barostat algorithms have been
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developed in order to perform MD simulations in the canonical NVT ensemble (in which the
total energy is allowed to change in order to maintain volume and temperature constant) or in
the isothermal-isobaric NPT ensemble (in which temperature and pressure are simultaneously
kept constant, thus allowing for changes in volume). Examples of thermostats currently used
in MD simulations are the Nosé-Hoover thermostat, the Berendsen weak-coupling scheme
and its improved version the Parrinello-Bussi thermostats, Langevin dynamics,and Andersen
thermostat. Exhaustive details regarding the theoretical background and the implementation
of the mentioned thermostats are given in references [53-58], [59-61], [62], [63] respectively.
Among the barostats used in MD simulations, it is possible to list instead the Andersen barostat,
the Nosé-Hoover one (which is an extension of Andersen’s approach) and the Parrinello-
Rahman barostat. Once again the reader can refer to the following literature for further details
[63], [64], [65, 66].

When setting up an MD simulation it is necessary to choose suitable boundary conditions.
If these are not specified (open system) particles can indeed freely move without limits in
space, thus making the simulation unfeasible. On the other side, if the computational system
is closed inside a limited size box (closed system) a substantial portion of particles will be
placed close to the box surfaces, thus leading to unphysical boundary effects on the dynamical
behaviour of particles. The most commonly used strategy to overcome such artifacts is to
impose periodic boundary conditions (PBC). When PBC are applied, the actual simulation
box (central box) is replicated infinitely in order to form an infinite periodic lattice filling the
whole space, as shown in Fig. 2.2. Periodic images of particles move in each of the replica
boxes exactly as the original particle moves in the central one. In this way, when a particle
leaves the central box from one of its faces one of its replica will enter the central box from
the opposite face, thus ensuring that the number of particles of the system remains constant
all over the simulation. It is noteworthy to underline that the box surfaces are only fictitious
and, therefore, no particle lays on a surface [67-69]. Because of their simple geometries cubic
and rectangular boxes are the most widely used. However other space-filling geometries that
can reduce the system size can be used. As an example, rhombic dodecahedron or truncated
octahedron boxes are more suitable to be used in the simulation of nearly spherical systems,
since the number of solvent molecules required to fill the box is lower [34].

The very high frequencies of bond vibrations, in particular the ones involving light hydrogen
atoms, would require the integration time step to be extremely short. However, since these
bond vibrations are usually not particular interesting when exploring configurational space,
molecules are typically treated as rigid or semirigid bodies characterized by fixed bond lengths
(and also fixed bond angles sometimes). For this reason several constraint algorithms have
been developed to remove fast degrees of freedom and resulting in remarkable speed-ups of
all-atom classical MD simulations. One of the most famous algorithm to impose holonomic
constraints is the SHAKE algorithm [70]. It iteratively adjusts the atomic coordinates until each
of the imposed constraints is satisfied within a given tolerance threshold. RATTLE is a revised
version of SHAKE designed for the velocity Verlet algorithm [71]. SETTLE is a constraint
algorithm for imposing rigid water where contraints are solved analytically [72]. Another
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Figure 2.2: Two-dimensional schematic illustration of the Periodic Boundary Condition (PBC) scheme. The purple
and green spheres represent the static and moving particles, respectively. The green dashed sphere represents the
arrival point of the green sphere and the black arrow represents the movement direction. As it is possible to see,
the same system in the central gray-shaded box is replicated in each of the mirror boxes.

constraints algorithm used in biomolecular simulation is LINCS (LINear Constraint Solver).
Its major feature is that it is non-iterative and bonds are reset to their imposed values after
each unconstrained propagation step without the need of calculating the actual constraint
forces making the algorithm more stable and faster than SHAKE. However, its use is limited to
bond constraints and isolated angle constraints [73-75].

2.3 ADb Initio Molecular Dynamics (AIMD)

2.3.1 From the full quantum problem to AIMD

A complete description of physical phenomena implies that the quantum nature of both
electrons and nuclei has to be taken into account. The dynamic evolution of a quantum system
composed of M nuclei and N electrons, with the nuclear and electronic degrees of freedom
represented as R= (R}, Ry, R3,...,Ryy) and r = (11, 1,13, ..., 1), respectively, is described by the
time-dependent Schrodinger equation:

ih%@(r, R, 1) =#P(r,R, 1) (2.30)
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where @(r, R, t) is a many-body wavefunction depending on 3(M + N) geometric coordinates
and time:

@(l‘, Rv t) = ¢({r1)r27r3r ce er}; {RI»R27R37 oo )RM}: t) (231)

and / represents the electronic-nuclear Hamiltonian, given by:

M h2 N h2 1 N1 N 62
H==) Vi) Vit — )

= 2M; i-12Me dmeo i3 jia Ivi 1l

1 M1 M eZZ[Z] 1 MY e/

Y imes & 2 R -R) inee = R - (2:32)

TEO I-1 J=I+1 4meo 15710

W~

where m, and —e are the mass and charge of the electron and M; and Z; are the mass and
charge of the I-th nucleus while ¢ is the vacuum permittivity. In the Hamiltonian in eq. 2.32 the
first two terms represent the kinetic energy of nuclei and electrons while the third, fourth and
fifth term represent the potential energy associated with electron-electron, nucleus-nucleus
and electron-nucleus interactions, respectively.

If we consider an infinitesimally small instant of time in which the nuclei are frozen (clamped
nuclei approximation), the time-independent electronic Schrédinger equation can be solved
since the wavefunction results to depend only on electronic degrees of freedom and only
parametrically on the nuclear degrees of freedom:

JE (R Y (5R) = EjR)y;(5R) (2.33)

The repetition of the same procedure for each instant in time and for each corresponding set
of nuclear coordinates allows for the expansion of the time-dependent coupled electronic-
nuclear wavefunction in eq. 2.31 in a complete set of electronic wavefunctions {y;} in which
the time-dependent nuclear wavefunctions are included in the form of expansion coefficients
[76, 771

Or,R0=) ¥R R D) (2.34)
=0

By inserting eq. 2.34 into eq. 2.30, we obtain:
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zh Zw,(r Ry:/(R, )= Jc’zwl(r R)y:(R, 1) (2.35)
=0

The multiplication of eq. 2.35 from the left by ¥, (r;R) and integration over the electronic
coordinates r leads to a set of coupled differential equations for the time-dependent nuclear
wavefunctions y (R, t):

n _,
-y — V24 ER)
[ gzM, 1Tk

0
Xk+ ) Crixi= lha){k (2.36)
I

where:

Cri= f‘//k[ V2
1

is the nonadiabatic coupling operator whose first term represents a matrix element of the

1//ldr+—2{f1//k zhv,]q/,dr}[ invj (2.37)

nuclear kinetic energy operator while the second term depends on the nuclear momenta.
The so called "adiabatic approximation" to the nonadiabatic problem presented in eq. 2.36
consists in considering only the diagonal terms of the coupling operator since they depend
only on a single adiabatic wavefunction y:

h? .
Ckk:_zz_lewkv%wkdr (2.38)

while the second therm of eq. 2.37 is equal to zero when the electronic wavefunction is real.
This leads to a complete decoupling of the set of coupled differential equations in eq. 2.36, as
shown below:

12 0
_ZZM V2 + Er(R) + Cr(R) )(k_zha Yk (2.39)

The above eq. 2.39 indicates that the dynamical evolution of the nuclei proceeds without a
change in the electronic quantum state (k-th in this case) and, thus, the coupled electronic-
nuclear wavefunction (eq. 2.31) can be decoupled as the direct product of a nuclear and an
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electronic wavefunction:

PR )=y R xR D) (2.40)

Itis important also to notice that this means considering a single term of the expansion defined
in eq. 2.34.

The last simplification of the problem consists in further neglecting the diagonal terms of the
nonadiabatic coupling matrix. This is justified by the fact that these terms (eq. 2.38) represent
just a constant shift to the adiabatic eigenvalues of the electronic Schrodinger equation for a
given state. From this approximation we obtain:

2

—Z—h V2 + Ex(R) —ihé (2.41)

which represents the exact definition of the already mentioned "Born-Oppenheimer approxi-
mation" [78]. Assuming the Born-Oppenheimer approximation (which is the case for a wide
range of physical systems), is the first step towards a treatment of the nuclear dynamics
in a framework of classical point particles. In the following, the motivation for this will be
illustrated.

We can start by rewriting the nuclear wavefunction in terms of the amplitude factor Ay and
the phase Si, both of them real and with A;>0 [79-81]:

iStR, 1)

2.42
7 (2.42)

Xk(R, 1) = Ap(R, 1) exp (

By inserting eq. 2.42 into eq. 2.41 and separating real and imaginary parts, we obtain the
following two coupled equations:

98k ) re 1 ViAL
e +Z (v,sk) +Ex=h ZZMI " (2.43)
8Ak 2

— ViSk) = 2.44
¥ ;M (VIAk)(VISk)+Z oM, Ar(ViSi) = (2.44)
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By multiplying the amplitude equation (eq. 2.44) from the left by 2A; we can rewrite it as

follows:

0A? 1

k 2

—54+) —V(A7V[SK) =0 2.45

ot &M 1(ALVrSk) (2.45)
or:

0

P, > Vilki=0 (2.46)

ot 5

where pj = |y«|* = A is the nuclear probability density and Ji ; = A7 (VSk)/ M is the related
current density. This equation is independent of 77 and ensures the conservation of the nuclear
probability density | yx|? in the presence of a flux.

Some considerations need to be made also regarding the phase equation (eq. 2.43). If we apply
the classical limit 7 — 0, the term of the equation directly depending on 7 goes to zero and

we obtain:
—+Y —(V;Sp)“+Er=0 2.47
5 ;ZM,( 1SK)” + Ex (2.47)

The above equation is isomorphous to the Hamilton-Jacobi formulation of classical mechanics
[82] for a given conserved value of the total energy dE IZ‘” /dt=0:

% + Hy(R,V;Sp) =0 (2.48)

where the classical Hamilton function is given by:

Hi(R,P)=T(P) + Vi (R) (2.49)

Hence:
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ISk tot
E:_(TJFEk):_Ek =constant (2.50)

Now, by considering that:

P=V;S: (2.51)

the equations of motion can be rewritten in their Newtonian formulation:

P;=-V;Vir(R) (2.52)

can be written as

& -_V,E (2.53)
dt = 1Lk .
MR (1) = -V VEOR(D) (2.54)

2.3.2 Born-Oppenheimer Molecular Dynamics

As just shown above, in the classical limit # — 0, the nuclei can be treated as point particles
that move according to classical mechanics over an effective potential V,fo given by the
Born-Oppenheimer potential energy surface Ej (R) for the k-th electronic state for every set
of nuclear coordinates R, as described in eq. 2.54. An efficient approach to simulate this
dynamics consists in calculating the potential energy surface Ei(R) on-the-fly by solving the
time-independent Schrédinger equation (TISE) for each nuclear configuration R(#) visited
during the dynamics. The TISE is firstly solved for an initial set of nuclear coordinates R(¢ = 0)
and the forces acting on the nuclei are calculated and used to propagate the system to a
new configuration R(z + A¢) according to classical mechanics. The iterative repetition of
this procedure over time leads to what is commonly called Born-Oppenheimer Molecular
Dynamics (BOMD) [83]. Born-Oppenheimer MD can be defined as:
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MR(1) = —vzrp//ion{wowfawo» (2.55)

Eowo = Aeyo (2.56)

for the electronic ground state. In order to solve the nuclear equations of motion a minimum
for the electronic ground state has to be evaluated by diagonalising the Hamiltonian in eq. 2.56
at each time propagation step. It is important to notice the coupled dependence between
electrons and nuclei. At each MD step the nuclear propagation depends indeed on the
electronic state determining the potential energy to which they are subject and, at the same
time, the electronic state parametrically depends on the nuclear configuration.

Such a Born-Oppenheimer MD scheme was initially performed using semiempirical ap-
proximations to the electronic structure problem [84, 85]. Only few years later the ab initio
Hartree-Fock (HF) theory was implemented within BOMD [86]. In the HF method a single
Slater determinant ¥ = \/Lde et{¢;} is used to represent the electronic wavefunction with
the condition that the one-electron wavefunctions (i.e. the orbitals) ¢; are orthonormal:
(Pildpj) = 0; j [87]. The variational minimum of the expectation value of the total energy with

respect to the orbitals (HF approximation) is:

I{rli?{(WOIer|W0>} (2.57)
¢ epilpy=5:3}

Eq. 2.57 can be rewritten with the Lagrangian formalism:

L =—(WolHelwoy + Y Aij(Pildpj) — i) (2.58)
i,j

where the associated Lagrange multipliers A;; are needed to impose the orthonormality
condition. From the Hartree-Fock equations:

H'F¢i=Y Aijg; (2.59)
J
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we obtain for the equations of motion in the HF-BOMD scheme:

MR (1) = _vlr{%i_?{(llfdjffl: o)} (2.60)

0=—F"F P+ Nijh; (2.61)
j

However, towards the late 1980s and the early 1990s the combination of BOMD with DFT
[5, 88] started to gain popularity and it is currently the most widely used among the BOMD
schemes [89]. A set of equations similar to eq. 2.60 and 2.61 for the BOMD-DFT scheme is
available:

MR (1) = —Vzr{rtlpi_?{wolfffs o)} (2.62)

0=—ffeKS(/)i+Z/1ij(,bj (2.63)
J

being #XS the Kohn-Sham effective one-particle hamiltonian. For more details regarding the
Density Functional Theory (DFT) please refer to paragraph 2.1.

2.3.3 Car-Parrinello Molecular Dynamics

An alternative and elegant approach to ab initio MD, which represented a real breakthrough
in the field of first-principles molecular dynamics simulations, was introduced in 1985 by
Car and Parrinello [83, 90]. The basic idea behind the Car-Parrinello method was to take
maximum advantage of the adiabatic time scale separation between the fast electronic and
the slow nuclear motions in order to integrate the equations of motion on the long time scales
set by nuclear dynamics and, simultaneously, profit by the smooth time evolution of the
electronic degrees of freedom. They achieved this goal by transforming the adiabatic time
scale separation in an adiabatic energy scale separation. The coupled quantum-classical
problem was indeed converted into a purely classical problem with two separate energy scales
at the expense of losing the physical time information of the quantum subsystem dynamics.

In Car-Parrinello Molecular Dynamics (CPMD), electrons are included as active degrees of
freedom by performing a fictitious classical dynamics to propagate them along the nuclear
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motion. The method is based on the extended Lagrangian £¢p describing the temporal
evolution of a fictitious classical system in which electronic degrees of freedom as well as the
nuclear ones are treated as dynamic variables:

ZLcp=TNn+ Te — Epo + constraints

(2.64)

1 . 1 .
:; 5M1R§ +2 5H|9bi|2— (YolHoelpo) + ) Aij [{ fﬁbf(l‘)%(l‘)dr} —0ij
N i — > ij

_—

~ N\ ~

Eput \ p)

~~

Vv
Ty T, constraints

where Ty and T, represent the kinetic energy terms for the nuclear and electronic degrees
of freedom respectively, E),; is the potential energy, the Lagrange multipliers A;; ensure the
orthonormality of one-electron orbitals ¢;. p is the fictitious mass (also referred to as "inertia
parameter") assigned to the one-electron orbitals representing the electrons. By using the
Euler-Lagrange equations it is possible to derive the Newtonian equations of motions:

i aﬁ _8;% (265)
dt aR[ _8R[ '
dlez] sz .66
dt|6¢r | 6} .

In eq. 2.66 the derivation of the Lagrangian has to be done with respect to the one-electron
orbitals ¢; (r), representing the electronic coordinates.

From eq. 2.65 and 2.66 we obtain the Car-Parrinello equations of motion:

U('b. (1) =— (WolAelpo) + {constraints} (2.68)

When one-particle Hamiltonians, such as those from DFT theory in the Kohn-SHam formula-
tion are applied to the CPMD scheme together with position-independent constraints, the
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Zcp becomes:

1 . ..
Lep=Y. 5M1R§ + 3 il — wol XS lwoy + Y. Aij (il ) — i) (2.69)
I i i)j

where the orthonormality of KS one-electron orbitals (¢;|¢ ;) = §;; is imposed by Lagrangian
multipliers /; ;. By inserting this Lagrangian into eq. 2.65 and 2.66 we obtain the corresponding
Car-Parrinello equations of motions:

M R(1) = —V1<1//0|JQKS|1I/0) (2.70)

Hﬁbi(t)=—%"§s¢i+z/1ij¢j (2.71)
j

2.4 Hybrid Quantum Mechanics/Molecular Mechanics Simulations

The size and complexity of typical biological systems as well as the long time scales that need
to be spanned require the use of classical molecular dynamics. However, as already mentioned
above, electrons are not explicitly treated in molecular mechanics force fields and their effects
are only included by empirical parameters. As a consequence, all physical processes involving
electronic rearrangements, such as chemical reactions with bonds breaking and forming or
photochemical processes, or systems in which electronic effects play a major role, such as
those involving (transition)metal ion complexes, are not properly described by classical MD.
These kind of processes and systems would rather require a quantum mechanics description
able to take the electronic degrees of freedom explicitly into account.

In order to overcome the limitations imposed by both full quantum mechanics (QM) and
molecular mechanics (MM) treatments, multiscale hybrid approaches have been developed
in which only a small portion of the system is treated at the QM level while the rest of the
system is treated at a lower level method, usually a molecular mechanics method based on
empirical force fields (MM) [91-96]. This mixed Quantum Mechanical/Molecular Mechanical
(QM/MM) strategy was introduced by Warshel and Levitt [97] (developping former ideas by
Warshel and Karplus [98] and Birge et al. [99]) with the publication of a seminal paper in which
a semiempirical QM/MM approach was used for the first time to describe the enzymatic
reaction of lysozyme. The partitioning of the system into regions treated at different levels
of theory is based on the fact that electronic effects have, in most cases, a local character
[100]. As an example, reactions in solution involve in most cases only the reactants and
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the first few solvation shells while the rest of the bulk solvent is not affected by the reaction
(even if it can influence it through long-range interactions). By using a QM/MM approach
the computational resources can be concentrated on the portion of the system in which the
electronic rearrangements take place (i.e. the "reaction centre") while the rest of the system
that does not explicitly participate to the reaction is treated at a computationally cheaper level.

The QM/MM total energy contains three interaction terms: (i) interactions in the QM region,
(ii) interaction in the MM region and (iii) interactions between QM and MM regions. While
QM-QM and MM-MM interactions are quite straightforward to describe, that is at the QM and
MM levels, respectively, interactions between the two subsystem (QM-MM) are more difficult
to treat. Most of the current QM/MM methods use either a subtractive or an additive coupling
scheme.

In the subtractive scheme the QM energy is calculated for the isolated QM subsystem whereas
the energy of the MM subsystem is evaluated at the MM level of theory as the difference
between the MM energy of the entire system (QM+MM) and the MM energy of the QM
subsystem. The total energy of the embedded system is therefore:

Eomimm = EM QM) + EMM(QM + MM) — EMM QM) 2.72)

where E9M and EMM represent the total energies evaluated at the quantum mechanics and
molecular mechanics levels of theory, respectively. It is important to highlight that in eq. 2.72 it
is assumed that the change in energy from the MM to the QM level of theory is fully transferable.
The forces acting on the nuclei are derived by direct differentiation with respect to the nuclear
coordinates:

_OEQumimm OEM QM) ~ OEMM(QM + MM) . OEMM QM)

FI==—"%R, IR, OR; IR,

(2.73)

where F; is the force acting on the i-th nucleus at position Rj.

In a standard subtractive scheme the so called "mechanical coupling" between the QM and
MM regions is typically used [101]. In this scheme the electrostatic interactions between QM
and MM atoms are described fully at the lower (MM) level as Coulomb interactions between
classical point charges and, therefore, the electrons of the QM subsystem do not feel the
electrostatic field generated by the MM environment. This represents a good approximation
only if the difference between the lower and higher level calculations is sufficiently small. One
of the main advantages of the QM/MM subtractive scheme is that the implementation results
to be quite simple since no communication is required between the QM and MM routines.
Furthermore, it is straightforward extendable to multiple regions treated with as many levels
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of theory as in the ONIOM approach introduced by Morokuma and colleagues [102, 103]. On
the other hand, as already mentioned, the absence of polarization of the QM electron density
by the MM environment represents a major drawback. This is the case of enzymatic reactions
in which the active site is treated at the QM level and the rest of the protein at the MM level but
the electrostatic background created by the latter is however capable to positively or negatively
affect the reaction. A realistic description of such kind of processes requires a more advanced
treatment of the interactions between QM atoms and the surrounding environment.

In the additive scheme, at the basis of most of the QM/MM approaches currently used, the
system is described by a total Hamiltonian:

S = Hom + oy + QMMM (2.74)

where Hgy and Hyyy are the Hamiltonians describing the QM and MM regions respectively,
while Hqnmum is the Hamiltonian describing the coupling between the two regions. As a
consequence, the total (ground state) energy of the hybrid QM/MM system is the lowest
eigenvalue of the Hamiltonian in eq. 2.74:

E=Eqm+Evm+ EQmimm (2.75)

and results to be just the sum of the QM, MM and QM/MM coupling energy terms. In contrast
to the subtractive scheme, here the QM calculation is performed in presence of the MM
environment. The QM/MM electrostatic coupling can be described at different levels of
sophistication.

In the most basic approach, referred to as "mechanical embedding", similarly to what has
already been discussed for the subtractive scheme, the electrostatic interactions between
QM and MM atoms are treated as classical point charge Coulombic interactions [101]. The
electronic wavefunction is evaluated for the isolated QM subsystem and, therefore, the MM
environment is not able to induce polarization of the electron density. An improvement
is represented by the so called "electrostatic embedding" scheme, in which QM atoms feel
polarization effects induced by the MM environment [101]. Here, the electrostatic interactions
between the two subsystem are indeed handled at the level of the QM wavefunction compu-
tation by including the MM point charges into the QM Hamiltonian as an additional part of
the external potential. A further improvement in the treatment of the QM/MM electrostatic
coupling consists in the use of a polarizable MM environment and the two subsystem are
able to mutually polarize each other ("polarizable embedding") [101]. Most of the additive
schemes currently used are based on the "electrostatic embedding" scheme.
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The main advantage of the additive formalism is the high flexibility in the use of different
levels of theory for the description of the QM, MM and specially the QM/MM interface regions.
The main drawback consists instead in the creation of an abrupt boundary between the QM
and MM regions. This leads to a discontinuity in the description of the electrons ceasing to
exist when crossing the boundaries that need to be dealt with in an appropriate way.

2.4.1 Theoretical background of QM/MM

In the following, the theoretical framework of an additive QM/MM scheme where the QM
region is described at the DFT level is illustrated [104]. We start by considering the whole
system (QM+MM) as described at the QM DFT level. The first approximation consists in
dividing the total system in two parts, A and B, represented by the densities p4 and pp,
respectively, such that the total density p is the sum of the two:

p) =pal) +pp() (2.76)

Similarly to eq. 2.75 the total energy of the system is given by:

E=Ep,+Eg+Exs_p (2.77)

or, using the energy functional in eq.(2.6):

E=Tlpal+Tlpsl + TNL+fQ Vex(r)pA(r)dr+fQ Ve (r)pp(r)dr

f pA(r)pA(r’) / pp@®)pp ) pEWpp)
S re-r| [r—r'|
+ Ef %drdt'+&w[pf;] + Eyelpp] + ENE+
Z1Z;
1 (2.78)
ZZIRI—RJI

where the terms TN and EN! account for the nonlinearity of kinetic energy and exchange-
correlation functionals:

TNE=T[pa+ppl—(Tlpal + Tlpgl) (2.79)
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ENL—Eoclpa+pBl = (Exclpal + Exclps)) (2.80)

These terms become negligible (or zero) only when p 4 and pp are spatially far from each other
and non overlapping.

Since we want to describe A and B at different levels of theory, it is convenient to separate the
external potential V' as the sum of two contributions coming from the nuclei located on the
A and B parts, namely V{* and V;* respectively:

V@) = V) + Vit(r) (2.81)

The terms E 4 and Ep of eq. 2.77 can be rewritten as:

Ey=Tlpu] + fQVex(r)pK(r)dr+ f &p’(/l(r)drdr’
717
+Exclpi] + = ZZ R (2.82)

IEK]EK

where x=A, B.

By expanding the nuclear charges into Gaussian charge distributions of the form:

V4 —~Ry?
ZI:[p?uclear(r_RI)dr:fQR_;T[—Z/S exp [_ Ir 1l (2.83)

2
c Rc

where R, describes the width of the Gaussian, the three electrostatic terms of eq. 2.82 can be
summarized into one term depending on the total (electronic and nuclear) charge density

pel+nuc:pel +pnuc:
d VAV
fQVex(r)PK(r)dr+ ff _pK(r)pKTr) Z Z R - I]{ |
IEK]EK I~y
el+nuc el+nuc ./
ff Px l(r)p ;‘, (x )drdr’ (2.84)
r
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The term E4_p of eq. 2.77, accounting for the interactions between the two regions A and B, is
described by the remaining terms of eq. 2.78:

Epp=TNF+ f{) v () pa®dr+ fg vy (@) ppT)dr
N %f pa®pp)

r—r'|
1 Z17;

2 IeAJeB IR —Ryl

NL
drdr' + E,;

(2.85)

We are now considering the particular case in which A is treated at the QM level while B at the
MM level, so that in:

el+nuc el+nuc 4./
(r) (r)
Ee=Tlpxl + = ff Pr |r_p 5 drdr’ + Exelpy] (2.86)

if x =A, then E, = E4 = EQM while if x =B, then Ex = Eg = Eppy.

Despite the fact that the terms of eq. 2.86 do not directly match those contained in common
force fields, the latter are designed in order to mimic most of the physical effects described in
the equation and, therefore, several approximations can be done. Primarily, in force fields,
electronic effects are described only implicitly. This corresponds, from an electronic point of
view, to a frozen density decomposition, and, therefore, the kinetic energy term T[p /] can
be considered as a (composition-dependent) additive constant and not be directly taken into
account. The exchange-correlation term Ey.[p ] is approximated by a pair-additive van der
Waals term, in the form of a 12-6 Lennard-Jones potential:

2 ) 4ey

IeMM JeMM

12 6
g g
Exclomm) = Evaw = sz ) —(R—Ij) ) (2.87)

where Ry = |[Rr —Rj|. The second term of eq. 2.86, describing the electrostatic interaction

N | =

energy arising from the combined electronic and nuclear charge distribution is approximated
in most commonly used force fields by effective fixed point charges:

el+nuc el+nuc 4./

(1) () 1

/fp p, drar'~~ Y Y A9 (2.88)
r'| 2 iépimgémim IR =Ryl
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While the approximations made so far are valid for the treatment of non-bonded interactions
between the atoms contained in the MM region, they are obviously not able to reproduce
the highly directional and overlapping electron density distribution characterizing covalent
chemical bonds. Most biomolecular force fields handle interactions between covalently bound
atoms through explicit bond, angle and torsional terms, as in the equation below:

1 1
Ebonded Ekd(dn—do)z+§§k9(9”’<_90)2

=2
d

+3° 3 knll + cos(nryxr + o (2.89)
([) n

where the first term, describing bond vibrations, runs over all bonds d, with harmonic force
constant k; and equilibrium bond length dj; the second term, describing angle bendings,
runs over all bonding angles 8, with harmonic force constant ky and equilibrium angle 6.
The last term, describing dihedral torsions, includes all dihedral angles ¢, with multiplicity n,
force constants k;, and phases ¢. The total Ejsps energy is therefore given by the sum of the
three terms given in eq. 2.87, 2.88 and 2.89.

The interaction energy between QM and MM regions Eqy- M is therefore given by:

IR; —r|?
12 6
org org
+ dep| | — - —
;; ((RI’I) (RI’I) )

1 1
+ Z Ekd(dl’l - do)z + Z Ekg(epr]/rKu - 00)2
d 0

EQM_MM:Zf ar pgx/[nuc(l‘)dl‘
1

+ 33 knll+cos(ngyrxrir + Po)) (2.90)
(P n

Here, I runs over all MM atoms and I’ over all QM atoms, while (I”, J”, K”) and (I1”,]J”, K", L)
represent the triple or quadruple bonded set of atoms in which at least one atom belongs to
the QM region while the other to the MM region.

2.4.2 Pitfalls of the QM/MM method

QM/MM boundaries

Most times, especially when dealing with biological macromolecules, the QM/MM partitioning
is defined in such a way that it intersects covalent bonds existing between QM and MM
atoms, thus creating in the QM region one or more unpaired electrons. These are, in nature,
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chemically reactive and would therefore cause severe artifacts in the QM/MM simulation.
Several approaches have been developed in order to properly treat these "dangling bonds"
and resolve the problem [91-96].

One method consists in introducing a monovalent link atom at a proper position along the
bond vector in order to saturate the cut covalent bond. In principle, each link atom introduces
three additional degrees of freedom to the system. However, in practice the link atom is
placed at a fixed position so that these additional degrees of freedom are removed again.
These "dummy atoms" are generally invisible to the MM atoms and interact via the force field
only with the border QM atoms. However, in some cases they need to be taken into account
also from the MM region, specially in case of non-negligible polarization effects. In most
cases hydrogen-like link-atom are used to cap the QM subsystem, but fluorine atoms or even
complete fragments, like methyl groups, are also possible. It is noteworthy that link-atoms
need to be placed far from each other in order to avoid spurious interactions [105-107].

An alternative consists in replacing the broken chemical bonds by frontier orbitals ¢ ro. In the
localized self-consistent field (LSCF) method, the added atomic orbitals are localized at the
QM atom of the broken bond. The hybrid orbital pointing towards the MM atom is occupied
by two electrons while the other orbitals are each occupied by a single electron and, during
the SCF optimization of the QM wave function, the double-occupied orbital is kept frozen,
while the other hybrid orbitals are optimized together with all orbitals of the QM region [108].
In the alternative generalized hybrid orbital approach (GHO), the atomic hybrid orbitals are
instead localized at the MM atom of the broken bond and, contrarily to the LSCF method, the
orbital pointing towards the QM atom is optimized while the others are kept doubly-occupied
and frozen [109].

Another way to deal with the problem is represented by the use of boundary pseudopotentials
located at the first covalently bound MM atom at the QM/MM interface. The method is based
on Effective Core Pseudopotentials (ECP), written as the sum of a local and a non-local term:

VEP e, t) = VI ms-r) + Y v (xr) (2.91)
l

Z.
yloe () = 28 erf[
r

r
rloc\/§

2 4 6
r r r
c1+Co +c3 + 4 (2.92)
Tloc Tloc Tloc

X
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+1
Vi) = Y Vi@

3
pin(N b jpr )Y, &) (2.93)
m=—1 j,h=1

where Y}, are spherical harmonics, p;j(r) o ri+2h-1) exp (—rz/(2r12)), r = |[r— R;| with Ry
being the position of the Ith nucleus and # is the unit vector in the direction of r. The set of
parameters {ry,, €1, C2, €3, €4, hypj, 71} are optimized by iteratively minimizing the difference
between the electron density pgps of the QM subsystem and a reference density p,.r obtained
performing a preliminary QM/MM simulation with a larger QM region. From the optimization
process the set of parameters and, consequently, the Optimized Effective Core Pseudopotential
(OECP) are derived [110].

Electron Spill-Out

The so called "electron spill-out" is an artifact that represents a common pitfall in QM/MM
simulations, especially when fully delocalized basis sets (such as plane waves) are used. This
phenomenon arises from the fact that, due to the absence of electrons in the MM region, the
electrons of the QM region do not experience any Pauli repulsion effect from the MM atoms.
This may lead to a localization of electron density on nearby positively charged classical point
charges, that is effectively a "spill-out" of electron density into the MM region. This artificial
effect can be avoided by using smeared-out charges instead of the traditional point charges. A
convenient way for smearing the charges is to use a Gaussian distribution centered at the MM
atom:

2™ =

MM _ 2
U exp [ _le—R)I (2.94)

masd 2a2

where I_QZIVI M r)|2 represents the charge density at the point r originating from the MM atom I
located at position R; and having a charge g; while a is a parameter controlling the width of
the distribution.

Alternatively, it is possible to screen the electrostatic interactions at short-range [111]:

E(e)lf/l/MM: Z Cllfdl‘p(r)vj(lr—Rll)
IeMM
4_ 4
VI(|1‘—R1|)=VI(r1)r§—15 (2.95)
-

c
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where g is the classical point charge at position R; while r, is the covalent radius of atom I.
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Chapter 3 Coordination of Mn(II) in SLC11/NRAMP transporters by QM/MM

3.1 Abstract

The SLC11/NRAMP transporters are responsible for the proton-coupled transport of divalent
transition-metal ions across cellular membranes. They provide micronutrients fundamental
for cell functionalities and contribute in preserving cellular homeostasis. Recent studies have
demonstrated that malfunction of SLC11/NRAMP transporters can lead to an overload of
metal ions in nervous system cells in turn leading to a severe impairment of cellular metabolic
functions and eventually to the onset of neurodegenerative diseases. Despite recent advances
in the comprehension of the structural basis of transport, most mechanistic details remain
obscure. A crucial information needed to understand the transport mechanism is the identifi-
cation of the complete coordination sphere of the divalent transition-metal ion in the protein
binding site. Unfortunately, in the only available crystal structure of the substrate-bound in-
ward facing conformation, the metal binding site is only partially resolved presenting a 4-fold
coordinated Mn?* ion in a highly distorted geometry, largely different from the one found for
the outward facing conformation. In this work, QM/MM molecular dynamics simulations
have been used as a general tool to assist the refinement of partially resolved metal binding
sites in the case of the prokaryotic member of the family ScaDMT in complex with a Mn?* ion
in the inward facing conformation. This multiscale procedure, using an accurate quantum
treatment of the active site and a classical treatment of the surroundings, allowed for state-
of-the-art calculations of the entire system. Our findings suggest a nearly perfect octahedral
coordination geometry with two additional water molecules filling axial coordination sites
unresolved by the crystallographic experiments.

3.2 Introduction

Metal ions transporters are trans-membrane proteins able to transfer metal ions in and out of
the cell and are therefore fundamental to maintain cellular homeostasis [1, 2]. They recently
gained special attention because of their possible implication in the onset of neurodegenera-
tive diseases such as Alzheimer Disease (AD), Parkinson Disease (PD), manganism and others,
as indicated during the last decades by several medical studies [3-11]. Their malfunctioning
can, in fact, lead to an abnormal concentration of metal ions in nervous system cells, which in
turn leads to a severe impairment of cellular metabolic functions.

The influx of divalent transition-metal ions (Fe2", Mn2*, Cu?*, Zn2", etc. ) across cellular
membranes is in particular regulated by members of the “solute carrier 11” (SLC11) or “natural
resistance-associated macrophage proteins” (NRAMPs) family of transporters [12, 13]. These
proteins are widely expressed in both prokaryotic and eukaryotic living organisms with a
high degree of sequence conservation [14] (with sequence identities/ similarities with respect
to the mammalian homologs of 28%/46%, 40%/58% and 55%/73% for yeasts, plants and fly
proteins, respectively) [15]. All the characterized members of the family have been found to
carry out coupled divalent transition-metal ion/H™ transport [16]. Furthermore, they display
remarkable selectivity towards Mn?*, Fe?*, Co?* and Cd** while Ni**, Cu?>" and Zn?* are
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weaker substrates and divalent alkaline-earth metal ions (Ca?*, Sr?*, Ba®*, etc.) are selectively
excluded from transport [17].

The human genome, in particular, encodes for two SLC11 transporters: SLC11A1 (NRAMP1)
[18-21] and SLC11A2 (NRAMP?2) [22-25]. The latter, better known as DMT1 [26-29] (Divalent
Metal-Ion Transporter 1) is the best characterized member of the family because of its expres-
sion in a wide range of human tissues such as brain, kidney, testis and placenta [30]. Point
mutations in DMT1 have been found to cause anemia in humans and rodents [31-41].

NRAMP transporters work via an “alternate access mechanism”, in which the protein is al-
ternately open towards the extracellular matrix, from where the metal ion approaches and
binds to the active site (“outward facing conformation”, OFC) or towards the cellular cytoplasm
where the ion is finally released (“inward facing conformation”, IFC) (Fig. 3.1) [42-45].
Several crystal structures of SLC11/NRAMP transporters are nowadays available. All of them
are derived from prokaryotic members of the family: Staphylococcus Capitis DMT (ScaDMT),
Deinococcus Radiodurans DMT (DraDMT) and Eremococcus Coleocola DMT (EcoDMT). In
particular, Dutzler and co-workers crystallized ScaDMT-IFC in both its complex with a Mn?*
ion as substrate and in a substrate-free (apo) form (PDB IDs: 4WGW/5M95 and 4WGV/5M94
respectively) (2014) [46] while EcODMT-OFC was crystallized in an apo conformation (PDB
ID: 5M87) (2017) [47]. Bozzi et al. derived instead crystals of DraDMT in four different con-
formations based on the apo IFC (PDB ID: 6D9W) (equivalent to the apo form of ScaDMT)
crystallized in 2016 [48]. In 2019, a G223W mutant of DraDMT-OFC was resolved in the apo
form (PDB ID: 6D91) (equivalent to EcoODMT), and in a Mn?"-bound state (PDB ID: 6BU5)
(the first substrate-bound outward-facing conformation). Moreover, a novel inward-facing
apo structure in which the active site is not in direct contact with the aqueous cytoplasmic
vestibule, referred to by the authors as “inward-occluded” form (I0C) was crystallized for the
Dra-G45R mutant (PDB ID: 6C3I) [49].

The latter is reputed to be an intermediate conformation between the apo IFC (structure 4
Fig. 3.1) and the apo OFC (structure 6 Fig. 3.1) conformations. The five distinct conformations
observed for SLC11/NRAMP transporters thus outline an alternate access metal-ion trans-
port cycle likely consisting of at least six conformational states, as schematically depicted in
Fig. 3.1. The sixth conformational state of the supposed cycle, that has not yet been identified,
is likely a substrate-bound intermediate form between the substrate-bound OFC and the
substrate-bound IFC (structure 2 Fig. 3.1).

The structural information obtained from these studies revealed the general architecture
of SLC11/NRAMP transporters and provided a framework for the conformational changes
underlying the metal ion transport via the alternate access mechanism. Despite of this,
many mechanistic details about the proton-coupled transport of divalent transition-metal
ions remain obscure. Such knowledge would be of crucial importance in order to develop
therapeutic strategies for the regulation of metal-ions homeostasis in cells with many potential
applications in medicine.

In particular, in this work we focus on the metal-ion binding site of ScaDMT in the inward-
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Figure 3.1: Schematic representation of the putative metal ion transport alternate access mechanism [49]. It
involves at least six distinct conformational states, five of which have been identified and (at least partially)
crystallized for different systems: (1) Mn2*-bound outward-facing conformation (for DraDMT with a G223W
mutant) [49]; (2) Mn%*-bound outward-occluded conformation (no crystal structure available) ; (3) Mn?*-bound
inward-facing conformation (ScaDMT) [46]; (4) apo inward-facing conformation (apo ScaDMT [46] and apo
DraDMT [48]); (5) apo inward-occluded conformation (DraDMT as G45R mutant) [49]; and (6) apo outward-facing
conformation (apo DraDMT as G223W mutant [49] and EcoDMT [47]). The conformational state (2) is still missing.
The two symmetrically related halves of the protein (a-helices 1-5 and 6-10) are colored in green and magenta,
respectively while the Mn?* ion is represented as a blue sphere. The cellular membrane is represented in light
gray whereas the extracellular matrix and the cytoplasm are represented in light blue.

facing conformation. As already mentioned above, the X-ray structure of ScaDMT-IFC was
determined in 2014 by Dutzler and co-workers, with a resolution of 3.40 A in a substrate
(Mn?")-bound state [46]. The observed partially resolved active site and the cytoplasmatic
vestibule in contact with it are shown in Fig. 3.3.

The protein structure, containing 11 trans-membrane a-helices, some of which bent or inter-
rupted by short loops, revealed a pseudo-symmetric relationship between two structurally
analogous sub-domains formed by a-helices 1-5 and 6-10, with the N terminus located in the
cytoplasm and the C terminus on the periplasmatic side (Fig. 3.2). This protein fold, conserved
among all the previously mentioned members of the family [46-49], is shared with several
other transporters[50-55] including the amino acid transporter LeuT [56]. Furthermore, the
disease-linked mutations observed in DMT1 were all but one observed also in ScaDMT and,
similarly to the human protein, they are scattered in different parts of the protein, located in
trans-membrane helices remote from the ion-binding region. The Mn?* ion in the ScaDMT-
IFC binding site is coordinated by the carbonyl oxygen of Ala223 (Ala223:0) and the side
chains of Asp49 (Asp49:0%2), Asn52 (Asn52:0°!) and Met226 (Met226:S°) (Fig. 3.3, right panel).
The coordinating atoms are thus tree oxygen atoms acting as hard ligands plus a soft thioether
sulfur ligand and are located in the unwound regions of a-helices 1 and 6, at the center of the
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lipid bilayer. However, as shown in Table 1a, the determined Mn?*-Asn52(0°!) bond length
appears to be unusually long (2.90 A) [57]. Furthermore, as shown in Table 1b and in Fig. 3.3,
the four ligands are arranged in a highly distorted pseudo square-planar geometry with highly
dissimilar ligand-metal-ligand bond angles ranging from 72.8° (Asp49(0?%2)-Mn?*-Asn52(0%1))
to 108.5° (Met226(86)-Mn2+—Asp49(052)) and a far from planar dihedral angle formed by the
four coordinating atoms Asp49(052) -Asn52(061)—Ala223(O) -Met226(S5) of 46.5°. The highly
distorted geometry in conjunction with the limited crystallographic resolution (3.4 A) sug-
gest that the metal binding site might have only been partially resolved. This conjecture is
strengthened by the fact that Mn?" is often found in an octahedral coordination geometry
[58, 59]. All this evidence seems to point to the fact that structural model of the active site is
incomplete and suggests the need for further investigations for a definitive characterization of
the nature of the coordination sphere of divalent transition-metal ions in the binding site of
SLC11 transporters.

Figure 3.2: ScaDMT-Mn?* topology (a) and structure (b). Protein helices are represented as cylinders while the
Mn?* ion is depicted as a blue sphere. The two halves of the protein related by a pseudo-symmetric relationship
are colored in magenta (a-helices 1-5) and green (a-helices 6-10) respectively; the additional a-helix 11 is colored
in orange. The helix numbers are labeled in (a) in order to schematically show the protein fold. The representation
of the structure in (b) has been obtained using VMD [60, 61].

In this work, we performed quantum mechanics /molecular mechanics (QM/MM) molecular
dynamics (MD) simulations of the ScaDMT-IFC in complex with Mn?2*, in order to shed
light on this issue. In this multiscale approach atoms close to the Mn?* binding site (as
suggested by prior classical MD simulations) were treated at the quantum level, while the
rest of the system was treated at a classical force field (FF) level. In this way, amino acid
residues and water molecules near the active site are left free to coordinate or exchange in the
metal coordination sphere. Anticipating our results, we find that after ca. 68 ps of DFT-based
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Figure 3.3: Structure of ScaDMT-Mn?* in its inward-facing conformation (left) and detail of its metal ion binding
site (right) as obtained from X-ray crystallography [46]. The protein a-helices are colored in magenta, Mn?* is
represented as a blue sphere and the four coordinating amino acid residues are represented in licorice style. C
atoms are colored in cyan, O atoms in red, N atoms in blue, S in yellow and H atoms in white. The water accessible
volume close to the active site is represented as a cyan mesh. Both pictures have been obtained with VMD [60, 61].

QM/MM MD, the coordination sphere of the Mn?* ion reaches a stable equilibrium state in
which the coordinating four amino acid residues suggested by the X-ray experiments rearrange
themselves into a nearly ideal octahedral coordination geometry with two additional water
molecules occupying axial positions.

3.3 Computational Details

To equilibrate the initial structure in a realistic environment, classical molecular dynamics
simulations of the ScaDMT-IFC-Mn?* protein-ion complex were performed in a lipid bilayer
mimicking the nervous system cell membrane surrounded by a water solution with ClI~ and
K™ ions in physiological concentration (96.03 and 91.35 mM, respectively). For the protein
we used the crystal structure determined by Dutzler and co-workers [46] and available at the
RCSB Protein Data Bank [62-64] (PDB ID: 4WGW), resolution 3.40 A). The N- and C- termini of
the protein were capped with N-acetyl (ACE) and N-methyl amide (NME) groups, respectively,
in order to neutralize their charge. Protonation states of all ionizable residues of the protein
were calculated at the physiological value of pH 7.4, using the H** web-server [65, 66].

Since ScaDMT is a transmembrane protein, we computed its initial orientation with respect to
the hydrocarbon core of the lipid bilayer with the help of the OPM (Orientations of Proteins in
Membranes) database [67, 68]. For this, the protein is treated as a rigid body able to freely float
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in a hydrophobic slab of adjustable thickness. Its spatial arrangement is calculated through
the minimization of the free energy needed for the transfer from the bulk water to the lipid bi-
layer. The three-component membrane containing POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine), POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine)
and CHL (cholesterol) was created using the MemBuilder II web-based graphical user inter-
face [69, 70]. A symmetric structure of the membrane (i.e. same number of lipids in the two
leaflets) with a square base length of 105 A and thickness of 51 A has been used. Initially, (i.e.
before insertion of the protein) it contained a total of 450 lipid molecules: 190 POPC, 152
POPE and 108 cholesterol molecules [71, 72]. Some of the lipid molecules (24 POPC, 15 POPE
and 9 CHL molecules, respectively) have been removed to incorporate the protein by using
the gmx membed tool [73] of the Gromacs software [74-76]. At the end of the embedding
process the membrane was thus formed by 166 POPC, 137 POPE and 99 CHL molecules (402
lipid molecules in total) with a final percentage composition of roughly 41%, 34% and 25%
respectively. The system was then solvated using the gmx solvate option (with 71161 H,O
molecules) and K™ and Cl~ ions (117 and 123, respectively) were added with the gmx genion
option, both of them included in the Gromacs package [74-76]. The final system contained a
total of 266706 atoms and is shown in Fig. 3.4.

We used the Amber99SB-ILDN force field [77] (FF) for the protein whereas the Amber lipid 14
FF [78] has been used to describe the membrane lipids. To treat the solvent, the 3-site rigid
TIP3P water model has been used [79]. K™ and CI~ ions were instead described using the
parameters from Joung and Cheatham [80]. Mn?" force field parameters used to describe the
cation have been taken from the AMBER parameter database [81, 82]. However, due to the
limited accuracy of classical MD force field parameters in reproducing metal ion interactions,
harmonic position restraints (force constants fy = f;, = f; = 100000 kJ mol~! nm~2) have been
applied during the entire classical MD simulation for the Mn?* ion and its coordination sphere
(amino acidic residues Asp49, Asn52, Ala223 and Met226) in order to retain the active site as
close as possible to the experimental data. In addition, harmonic position restraints (force
constants f, = f), = £, = 10000 k] mol~! nm™2) have initially also been applied on the protein
heavy atoms (i.e. protein backbone and side chains, excluding hydrogen atoms) and were
subsequently slowly removed in order to thermalize the system. Classical MD simulations were
performed using the Gromacs package (version 2016-4). After a long equilibration run of 600
ns, a production run of 1.0 us was then performed using an integration time step of 2 fs with
all covalent bonds involving hydrogen atoms constrained with the LINCS algorithm [83]. The
Particle Mesh Ewald (PME) method [84, 85] was used to account for long-range electrostatic
interactions. A switch function with a real space cutoff of 1.2 nm was used to account for van
der Waals interactions. Simulations were run in the isothermal-isobaric NTP ensemble using
the Parrinello-Rahman barostat [86] (1 bar) and the Nose-Hoover thermostat[87-89] (310 K).

From the end of the classical MD trajectory a single representative frame was selected to per-
form hybrid quantum mechanics/molecular mechanics (QM/MM) MD simulations [90]. Here
we used the fully Hamiltonian QM/MM scheme introduced by Réthlisberger and coworkers
[91] and implemented within the CPMD package [92, 93]. In this approach, a properly mod-
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ified Coulomb potential is used to explicitly take into account the short-range electrostatic
interactions between the QM and MM regions within a certain radius around every QM atom
(r = 10.58 A) while the long-range QM/MM interactions are taken into account via a multipole
expansion. We refer the reader to the review in reference [94] for a detailed description of the
QM/MM MD approach.

Met226

Figure 3.4: Frontal view of the whole computational model comprising the three component CHL-POPC-POPE
membrane, the ScaDMT-IFC protein embedded into the lipid bilayer and in complex with the Mn(II) cation and
the pool of solvent (H»0) and monovalent ions K and Cl~ around the membrane (left); zoom into the membrane-
embedded ScaDMT-IFC-Mn2* protein (top right); magnification of the Mn2* active site region (bottom right).
All the pictures have been obtained using VMD [60, 61].

In this study, the metal-ion binding-site, representing the active part of the system as well as
the region of interest around the active site, has been treated at the QM level. The QM part was
described at the Density Functional Theory (DFT) level [95-97] using a BLYP [98, 99] GGA (Gen-
eralized Gradient Approximation) exchange-correlation functional. A plane-wave basis set
with a cutoff of 90 Ry was employed for the expansion of the single-particle wavefunctions and
the core electrons were described through norm-conserving pseudopotentials of the Martins-
Troullier type [100]. For the solution of the Poisson equation for the periodically-decoupled
QM system the Hockney method [101] was chosen. A spin-unrestricted formalism was used
since the ground state of the system is a sextet (for further details please refer to table S1 in the
SI section). The rest of the system was included in the MM region and treated using the same
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force fields as the ones mentioned above for the classical MD simulation. The dangling bonds
at the QM/MM boundary were saturated using a monoatomic pseudopotential for Csp3 on C
atoms placed in nonpolar environments [102]. QM/MM ab-initio Born-Oppenheimer and
Car-Parrinello MD simulations were performed using the CPMD software [92, 93] (version 4.1).
A hydrogen bond network analysis was performed using the VMD specific plugin [103] and
providing as criteria for the formation of a hydrogen bond a donor-acceptor cutoff distance
equal to 3.5 A and a donor-hydrogen-acceptor angle cutoff equal to 30° [104].

3.4 Results

Classical and QM/MM molecular dynamics simulations have been used to determine the
coordination structure of the Mn?* metal ion in ScaDMT. Already from classical MD (in
which the 4 coordinating ligands identified in the crystal structure were kept fixed at their
crystallographic positions) we observe that water molecules participate to the coordination of
the metal ion. This is evident from the time-dependent analysis of the distances between the
manganese ion and the molecules approaching its coordination sphere (Fig. 3.5). The average
values of these distances are given in SI.

Figure 3.5 shows that three water molecules coordinate Mn?* during the entire classical MD
simulation (1.6 us) (including thermalization of 600 ns followed by a production run of 1000
ns). In particular, three water molecules (WAT24524-light blue line, WAT1701-red line and
WAT56324-blue line) enter the Mn?* coordination shell already during the thermalization
phase of classical MD. While WAT56324 and WAT1701 keep their positions until the end of
the simulation, WAT24524 exchanges with WAT3067 at around ~ 1100ns. WAT3067 (purple
line) approaches the active site around 650-700 ns, keeping a distance of ~ 4-5 A. When
WAT24524 leaves its coordination site (around 1088 ns) WAT3067 takes its place and remains
there until the end of the simulation. Further details regarding the access of waters to the
Mn?* coordination sphere, the exchange between WAT24524 and WAT3067 and the average
values of distances between Mn?* and the four mentioned water molecules are given in SI.
The presence of water molecules in the ion coordination sphere seems reasonable considering
that the protein active site in its inward facing conformation is in direct contact with a pool of
bulk water. As a result, classical MD simulations predict seven ligands to participate to the
Mn?* coordination: three water molecules and the four amino acid residues (Asp49, Asn52,
Ala223 and Met226) already observed by X-ray crystallography.

It is also interesting to observe that distances between Mn?* and GIn389, Gly46 and Asp49(0%!)
(predicted as metal ligands in the computational study by Pujol-Gimenéz and co-workers
on ScaDMT in complex with a Cd?* ion [105]) clearly never drop below 4 A, thus indicating
that those ligands never enter the first coordination shell of the ion. Similarly, our results
are in contrast with the coordination sphere hypothesized for ScaDMT-Mn?* by Bozzi et
al. in ref. [49] who suggested a heptacoordinated Mn?* coordination sphere composed of
Asn52(0%1), Ala223(0), Met226(S%), Asp49 acting as a bidentate ligand (0% and 0%2) and
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Figure 3.5: Distances between Mn?* and the molecules approaching its coordination sphere during the entire
classical MD simulation (thermalization: 600ns + production: 1000 ns). Distances are reported in A, time is
reported in ps. The distances between Mn%* and the four ligands identified in the crystal structure Asp49, Asn52,
Ala223 and Met226 are represented in orange, yellow, turquoise and magenta, respectively. The fluctuations in their
bond length values are smaller with respect to that of the other molecules as these four ligands were kept restrained
in their positions during the entire simulation. The four water molecules WAT56324, WAT1701, WAT24524 and
WAT3067 are represented as blue, red, light blue and purple lines, respectively. Lastly, distances between Mn?*
and GIn389, Gly46 and Asp49 (0%1) are represented as green, pink and dark violet lines, respectively.

two water molecules. It is also important to notice that both models are not in agreement
with the experimental data. In the reference crystal structure indeed Asp49 was observed to
coordinate Mn?* with only one of its carboxylic oxygens, Met226 was observed to coordinate
Mn?* and GIn389 and Gly46 were instead not observed to coordinate the metal ion. The Mn?*
coordination sphere models proposed by Pujol-Giménez et al. and by Bozzi et al. are shown in
Fig. 3.12.

The unusual heptacoordinated structure we obtained is probably an artifact due to the lim-
itation of the classical force field in describing the metal ion-water interactions. It suggests
nevertheless that there seems to be a strong tendency for water coordination and an extension
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of the coordination sphere beyond the 4 ligands detected in the crystal structure. To probe this
further, we performed DFT based QM/MM simulations. We choose the last frame of classical
MD (shown in the left panel of Fig. 3.6) as a representative configuration to start the subse-
quent QM/MM simulations. For this, the metal-ion, the Asp49, Asn52, Ala223 and Met226 side
chains and the three water molecules in the Mn2* coordination sphere (WAT56324 = WAT1,
WAT1701 = WAT2 and WAT3067 = WAT3) were included in the QM region with a total charge
equal to +1. A cubic cell with an edge length of 40.0 A was used to ensure that the electron
density of the QM atoms was completely contained inside the QM simulation box. To obtain
the most representative structure from the QM/MM trajectory, we extracted the frame whose
atomic coordinates were closest to the average coordinates calculated over the whole QM/MM
MD trajectory (shown in the right panel of Fig. 3.6).

o WAT1 I
AsnSZXa

Ala223

Figure 3.6: Snapshot of the Mn2* coordination sphere as obtained from the classical MD simulations (left) and
from QM/MM MD simulations (right). In both cases ScaDMT a-helices are depicted as magenta ribbons. Asp49,
Asn52, Ala223 and Met226 are represented as sticks, water molecules as balls and sticks model while Mn?™ is
represented as a blue sphere. C atoms are colored in cyan, O in red, N in blue, S in yellow and H in white.

In a first equilibration phase of the QM/MM simulations the system has been gradually
thermalized to a temperature of 310 K by ab initio Born-Oppenheimer molecular dynamics
(BOMD) (38.7 ps). During this step we observed a gradual yet remarkable rearrangement of
the four amino acidic residues coordinating Mn?*. In particular, we noticed that the four
amino acid residues reorganize compared to the crystal structure to have the four coordinating
atoms (Asp49:0%2, Asn52:0°1, Ala223:0 and Met226:S%) arranged in a nearly perfect planar
configuration. Simultaneously with the rearrangement of the four amino acid residues, WAT3
leaves the Mn?" coordination sphere thus leading the system into a stable and geometrically
favorable octahedral coordination geometry for the Mn?* active site (Fig. 3.6, right panel).

This coordination pattern was retained during the entire 29 ps of ab initio Car-Parrinello
molecular dynamics (CPMD) simulation performed after the initial BOMD (as shown by
the time evolution of characteristic distances in Fig. 3.7). The horizontal lines represent the
average values for every bond length, reported also in Table 1a. Mn?*-Asp49(0%?) (orange)
and Mn?*-Asn52(0°!) (yellow) bonds fluctuate in a very narrow range of values proving that
these two residues are always bound to Mn?*, with average bond lengths values of 2.07 + 0.09
and 2.13 + 0.10 A, respectively. Mn?*-Ala223(0) (turquoise) and Mn?*-Met226(S°) (magenta)
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bonds fluctuate over wider ranges of values but they never leave the Mn?* coordination sphere,
as highlighted by average distances of 2.46 + 0.40 and 2.76 + 0.25 A, respectively. Fig. 3.7 also
highlights the constant presence of WAT1 and WAT?2 in the two axial coordination sites: Mn?*-
WAT1 (blue) and Mn?*-WAT2 (red) bonds oscillate in narrow ranges of values with average
bond lengths of 2.27 + 0.14 and 2.35 + 0.19 A, respectively. On the other side, the distance
between Mn?* and WAT3 (purple) never drops below 3.2 A and reaches maximum values of
around 5.6 A, with an average value of 4.02 + 0.38 A. This suggests that this water molecule
does not directly participate to the first coordination shell of Mn?*.

Mn-Asp49 Mn-Ala223 — Mn-WAT1 — Mn-WAT3
Mn-Asn52 — Mn-Met226 — Mn-WAT2
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Figure 3.7: Fluctuations of the bond lengths for each of the six Mn2* -coordinating ligands: Mn2* —Asp49(052)
(orange), Mn?*-Asn52(0%1) (yellow), Mn?*-Ala223(0) (turquoise), Mn%*-Met226(S%) (magenta), Mn%* -WAT1
(blue) and Mn?*-WAT2 (red). Mn2* -WAT3 distance is also represented in purple. The straight lines in the same
color of the corresponding curve represent the average values during the whole 29 ps long CPMD QM/MM
trajectory.

In Tables 3.1 (top panel) and 3.2 experimental and average QM/MM values of bond lengths
and angles formed between Mn?* and its ligands are presented, respectively. The obtained
theoretical values of bond distances and angles are averaged over the whole QM/MM trajectory
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and are presented together with their standard deviations. In Table 3.1 (top panel), the average
value for the distance between Mn?* and the non-coordinating WAT3 water molecule is also
reported.

The results of the QM/MM simulation confirm the discrepancies already highlighted between
our model and those presented by Pujol-Gimenéz [105] and Bozzi [49]. Although the former is
in line with the prediction of an octahedral coordination geometry, it predicts different ligands
(with Asp49 acting as bidentate ligand instead of Met226(S%) and GIn389(0¢!) and Gly46(0) as
axial ligands instead of water molecules) coordinating the metal. On the other hand, Bozzi et al.
propose a binding site model in which both Met226(S?) and two water molecules coordinate
Mn?*, in agreement with our model, but at the same time they propose Asp49 to coordinate
the metal ion as a bidentate chelating ligand, thus suggesting a heptacoordinated Mn?*.

It is important to notice that these predictions disagree with the experimental data, that in-
dicates a coordination pattern more similar to our findings. All these observations support
our results. In fact, while crystallographic experiments may miss the identification of water
molecules, especially for difficult crystallization conditions such those required for transmem-
brane proteins and in the presence of strongly scattering metal centers, they are quite accurate
in the characterization of amino acidic residues.

To additionally validate our results, we traced Mn?*-GIn389(0¢!), Mn?*-Gly46(0) and Mn?* -
Asp49(0°!) distances during the whole QM/MM CPMD trajectory (Fig. 3.8). The Mn?*-
Asp49(0°1) distance (dark violet) oscillates in a range of ~ 3.1 to 4.4 A, with an average value of
3.84 + 0.22 A (Table 3.1, bottom panel). Mn?*-GIn389(0¢!) (green) and Mn?*-Gly46(0) (pink)
distances are even larger with average values of 4.72 + 0.18 and 5.14 + 0.27 A, respectively
(Table 3.1, bottom panel). These values confirm that these three atoms do not participate in
the first coordination shell of Mn?*, as already suggested by the experimental crystallographic
structure.

From this analysis, we are quite confident to conclude that the coordination present in the
active site of the ScaDMT protein is octahedral with the Asp49(0%?), Asn52(0°!), Ala223(0),
Met226(S?%), WAT1(0) and WAT2(0) atoms participating in the direct interaction with Mn?*.

To further characterize the proposed structure of the Mn?* coordination sphere, we also per-
formed an analysis of the hydrogen bond network linking the first and the second coordination
shells during the QM/MM MD simulations. In particular, we found that most of the hydrogen-
bonding interactions existing between the ligands that interact directly with Mn?* and the
molecules of the second coordination shell persist during the main part of the QM/MM MD
trajectory of 29ps. This is evident for instance for the hydrogen bonds connecting WAT1 to
GIn389(0%1) and WAT41196(0) which persist respectively for 91.6% and 68.5% of the total
time (see Fig. 3.9a). WAT41196 is substituted for a certain period of time by Asp49, as shown
in Fig. 3.9b. In total WAT1 stays bound either to WAT41196 or Asp49 for 82.3% of the whole
trajectory.

WAT?2 is also involved in the formation of hydrogen bonds. In particular, one of its hydrogen
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Figure 3.8: (a) Expanded view of the region around the protein active site. The position of the three atoms
GIn389(0¢1), Gly46(0) and Asp49(051) with respect to the Mn?* ion is highlighted by the labels and the black
dashed lines. (b) Oscillations of Mn2+-Asp49(051) (dark violet), Mn?*-GIn389(0%1) (green) and Mn?*-Gly46(0)
(pink) distances over the whole QM/MM CPMD trajectory (29 ps). Horizontal lines represent the average values.

BOND EXPERIMENTAL QM/MM
2.26 2.07 + 0.09
2.90 2.13+0.10
Mn(II)-Ala223(0) 2.10 2.46 + 0.40
Mn(II)-Met226(S°%) 2.66 2.76 +0.25
Mn(II)-WAT1(0) 227 +0.14
Mn(II)-WAT2(0) 2.35+0.19
Mn(II)-WAT3(0) 4.02 +0.38
Mn(II)-GIn389(0¢T) 4.49 4.72+0.18
5.59 5.14 + 0.27
Mn(I)-Asp49(0°?) 4.27 3.84 +0.22

Table 3.1: (top) Experimental and average QM/MM values of bond lengths for each bond formed by Mn?* and
its six ligands. The average distance between Mn%* and the non-coordinating water molecule WAT3 is also
reported. (bottom) Experimental and average QM/MM values for the distances between Mn?* and GIn389(0¢1),
Gly46(0) and Asp49(051) atoms. QM/MM values are presented in A, together with their standard deviation errors.
Furthermore, each bond is indicated in the same color with which it appears in Fig. 3.7 and in Fig. 3.8b, respectively.

atoms is bonded to the Val45 carbonyl oxygen (90.6% of the total time) while the other interacts
with either WAT5 (71.3%), WAT9704 (6.0%) or WAT4458 (10.1%) (Fig. 3.10). In total WAT2
remains bonded to a water molecule for 87.4% of the simulation. The formation of long-
lasting hydrogen bonds is a further confirmation of the crucial role played by WAT1 and
WAT?2 in the Mn?" coordination sphere. It is important to highlight that at difference from
what has been predicted by Pujol-Gimenéz and co-workers in ref. [105], in our simulations
GIn389 seems to coordinate WAT1 (91.6% of the total time) instead of directly interacting
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ANGLE EXPERIMENTAL  QM/MM

Asp49(0%2)-Mn(II)-Asn52(0°%) 72.8° 95.0° + 7.4°
Asn52(0%1)-Mn(I1)-Ala223(0) 95.2° 88.2° +7.3°
Ala223(0)-Mn(II)-Met226(S?) 101.0° 87.4° + 6.3°
Met226(S%)-Mn(II)-Asp49(0?%?) 108.5° 89.5° + 6.3°
WAT1(0)-Mn(II)-WAT2(0) 166.8° + 7.0°
Asp49(0%%)-Mn(II)-WAT1(O) 80.8° + 5.9°
Asn52(0%1)-Mn(I1)-WAT1(O) 93.3° +9.1°
Ala223(0)-Mn(II)-WAT1(0) 93.2° +7.3°
Met226(S?)-Mn(I1)-WAT1(0) 91.1° + 8.0°
Asp49(0%2)-Mn(II)-WAT2(O) 97.1° + 9.6°
Asn52(0%1)-Mn(I1)-WAT2(0) 91.7° + 6.7°
Ala223(0)-Mn(II)-WAT2(0) 88.5° + 7.3°
Met226(S?)-Mn(II)-WAT2(0) 82.9° + 6.4°

Table 3.2: Experimental and average QM/MM values of angles formed between Mn?* and its six ligands (in
degrees). The QM/MM values are presented together with their standard deviations.

a b
GLN389 v
WAT41196 GLN389
1

91.6%

WAT41196 1 l

s 68.5%
a—ﬂ“ ~ /

MET226

AWATZ AWATZ

Figure 3.9: (a) Representation of the hydrogen bonds linking WAT1 hydrogens with GIn389(0¢!) and WAT41196(0).
Hydrogen bonds are indicated as blue and orange dashed lines, respectively. (b) Representation of the hydrogen
bond between WAT1 and one of the Asp49 carboxylic oxygens as a turquoise dashed line. The percentages of
persistence of each of these hydrogen bonds are also given in the same color. Mn2* is represented as a gray sphere
whereas all other molecules and amino acidic residues are represented in licorice style.

with Mn?*. In the same way, also Gly46, expected to directly bind Mn?* in ref. [105], seems
to interact with Asn272 and WATS5 for respectively 93.1% and 58.5% of the total simulation.
These results are shown in Fig. 3.11. Previous studies (ref. [105] and [49]) also proposed that
Asp49 might coordinate the Mn?" ion in a bidentate configuration. This situation never occurs
in our simulations in which the Asp49 residue appears to be coordinated via O°! to either
Gly51 (46.5%), WAT41196 (58.3%) or WAT1319 (34.6%) during the whole QM /MM trajectory,
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as represented in Fig. 3.11.

ALA223

. WATa458

Figure 3.10: (a) (b) (c) Representation of the hydrogen bond linking WAT2 and Val45(0) as a red dashed line with
the persistence percentage expressed in the same color. Representation of the hydrogen bonds linking WAT2 and
either WAT5 (a), WAT9704 (b) or WAT4458 (c) as coral, steel blue and light sea green dashed lines respectively,
together with their persistence percentages in the same color. Mn?" is represented as a gray sphere whereas all
other molecules and amino acidic residues are represented in licorice style.

\ WAT41196
WAT1319 “ 46.5%

WAT42740

WAT2

Figure 3.11: (a) Representation of the hydrogen bonds connecting Gly46 to Asn272 and WATS5 as violet and light
blue dashed lines, respectively. (b) Representation of the hydrogen bonds formed by the two carboxylic oxygens of
Asp49. In particular, Asp49 (092) forms hydrogen bonds with either WAT41196 or WAT42740 (magenta and green
dashed lines respectively) while Asp49(0°1) forms hydrogen bonds with either WAT41196, WAT1319 or the Gly51
residue (magenta, brown and purple dashed lines, respectively). The persistence percentage of each hydrogen
bond is given in the correspondent color. Mn®* is represented as a gray sphere whereas all other molecules and
amino acidic residues are represented in licorice style.

3.5 Conclusions

In this work, the ScaDMT protein in complex with a Mn?* ion has been investigated by a
combination of classical and first-principles QM/MM MD simulations. The obtained results
suggest an octahedral coordination geometry for Mn?*. The four amino acidic residues pre-

88



Coordination of Mn(II) in SLC11/NRAMP transporters by QM/MM Chapter 3

Ala223

HoN GIn389

Asn52 NH, ([)l

(o] NH> OH.

Aspd9 Asns2 u,, ‘ R

©

O ///,, " ‘ . \\\\\0 @
\\< I, & ' @0// \ Met226
o / \ O \%
‘ = Ala2zs 0

ZINTN
Asp49 H20

(0]

Glya6

Figure 3.12: Schematic depiction of the Mn?* coordination sphere as described by Pujol-Giménez and co-authors
[105] (left) and Bozzi and co-authors (right) [49]. In the former, the Cd2* metal ion has an octhaedral coordination
with the four residues observed in the X-ray structure (namely Asp49, Asn52, Ala223 and Met226) plus the side
chain of GIn389 and the backbone carbonyl oxygen of Gly46 acting as ligands. In the latter instead, besides the
four residues observed in the crystal structure the metal ion is coordinated by two water molecules. However,
Asp49 acts as a bidentate ligand imparting therefore a heptahedral coordination. The transmembrane a-helices
are represented in light gray, the Cd>* and Mn?" ions are represented as pink and gray spheres while N, O, and S
atoms are represented in blue, red and orange, respectively.

dicted to coordinate Mn?* in the crystallographic structure (Asp49, Asn52, Ala223 and Met226)
are confirmed by our findings and occupy four equatorial coordination sites. The two axial
sites left empty in the experimental structure are filled with two water molecules that never
leave the first coordination shell during the whole QM/MM trajectory.

At difference to previously proposed coordination geometries [49, 105], our model is in agree-
ment with the experimental crystallographic data. Our simulations are not only able to
reproduce the experimental findings but they could also propose refinements for the coordina-
tion sites missing in the crystallographic measurements and readjust the small displacements
in the location of the coordinating ligands present in the 3.40 A resolution data to enable a
nearly perfect octahedral geometry. Both classical and ab initio QM/MM MD indicate that
GIn389 and Gly46 do not participate to the coordination of the Mn?* ion, in disagreement with
previous theoretical calculations [105]. Our simulations also exclude a possible coordination
of Asp49 as a bidentate chelating ligand. These evidences are further strengthened by the
analysis of the hydrogen bond network connecting the first and the second coordination shell
during the QM/MM MD. We find indeed that GIn389 and Gly46 and Asp49(051) are involved
in the formation of hydrogen bonds that last for the main part of the dynamics. Furthermore,
the two water molecules coordinating Mn?* are also involved in the formation of permanent
hydrogen bonds, further establishing their high stability in the coordination shell.

Notice that the coordination geometry proposed by Bozzi and colleagues (Fig. 3.12, right
panel) is merely a hypothetical model based on the coordination sphere observed for the
crystal structure of DraDMT in the substrate-bound OFC. On the other hand, the structure
proposed by Pujol-Giménez et al. (left panel of Fig. 3.12) has been obtained through computa-
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tional studies at the classical force field level. The theoretical model obtained in this way is
clearly different from the one we obtained here using a more sophisticated QM/MM approach.
However, this does not explain why we did not observe the same coordination pattern during
the classical MD simulation. A possible explanation to this could be the fact that they used
Cd?" instead of Mn?* in their simulations. The different size and electronic properties/pa-
rameterization of the investigated metal ion could affect the nature of the interactions and,
therefore, the composition of its coordination sphere. For this reason, the application of the
same computational protocol used here to other metal ions would be important to understand
whether the predicted binding mode is conserved for all metal ions or the protein binding site
is capable to adapt itself according to the nature of the substrate.

The identification of the complete composition of the Mn?* coordination sphere of ScaDMT
represents a key piece in the puzzle about the mechanistic details regarding the proton-
coupled divalent transition-metal ion transport mechanism of SLC11/NRAMP transporters.
This information could serve in fact as starting point for the study of the mechanism of metal
ion release and the subsequent conformational changes. In this regard, it could be possible
that the presence of water molecules in the coordination sphere of the metal ion could facilitate
its release into the cellular cytoplasm and the associated conformational switch from the OFC
to the IFC. In these conditions in fact water can solvate the metal ion inducing the transport.
On the contrary, the presence of solely amino acidic residues in the coordination sphere of the
metal ion could make the solvation process more difficult hindering therefore the release of
the substrate. The application of enhanced sampling techniques might help addressing this
issue.

Since ScaDMT represents the only currently available crystal structure of a Nramp/SLC11
transporter in a substrate-bound IFC, the application of the same computational procedure
to another member of the family in the same conformational state is not possible. However,
because of the high degree of sequence conservation between the members of the family
(percentages already reported in section 3.2) the binding mode can hopefully be generalised
to other transporters of the family.
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Chapter 4 Computational studies provide new insights into Nramps proton transport

4.1 Abstract

In Nramp/SLC11 secondary active transporters the transport of divalent transition metal
ions across cellular membranes is coupled with that of protons in the same direction (i.e.
from the extracellular matrix to the cellular cytoplasm), resulting therefore in a symport
phenomenon. However, experimental evidence proved that proton uniport, in which the
proton transport occurs in the absence of the metal ion substrate, is also possible. This
suggests a noncanonical symporter behaviour for Nramps in which the two substrates are not
tightly coupled. In the past years, different and sometimes inconsistent interpretations of this
unconventional proton transport mechanism have been proposed. In this work, we performed
molecular dynamics (MD) simulations on both Staphylococcus Capitis and Eremococcus
Coleocola Divalent Metal-ion Transporters, whose crystal structures have been obtained in
an outward- and an inward-facing conformation, respectively. Since proton uniport in the
absence of bound metal has been reported in several works, the apo (substrate free) form of
the two proteins was used for the simulations. Furthermore, in order to assess the role played
by a conserved histidine residue indicated as potential key player in the proton transport
process, both proteins were simulated in the unprotonated and protonated form. Our findings
suggest a conserved glutamate residue close to the metal ion binding site facing a narrow,
presumably water filled channel formed by a-helices 3 and 9 as the likely primary proton
acceptor. We also identified the likely pathway followed by water molecules during their
transport into the cytosol and found that it involves four amino acidic residues belonging to a
conserved hydrophilic network connecting the binding site to the above mentioned channel.
The protons need to pass through at least three of this four residues, thus explaining why upon
mutation of these residues, the proton transport is interrupted or severely reduced.

4.2 Introduction

Nramps (“natural resistance-associated macrophage proteins”) also called SLC11 ("solute
carrier 11") are a family of secondary active transporters responsible for the controlled influx of
divalent transition metal ions (such as Fe?*, Mn2*, Cu?*, Zn%*, etc.) across cellular membranes
[1-6]. In these proteins the transfer of divalent transition metal ions (primary substrates) from
the extracellular matrix to the cellular cytoplasm is coupled to a proton transport in the same
direction (symport) [3, 7]. However, unlike in canonical symporters, protons and metal ions
are not tightly coupled and their respective stoichiometry can vary as a function of metal ion
nature, pH gradient and transmembrane voltage [3, 7].

In the past years, several experimental studies outlined some consistent general features for
Nramp prokaryotic and eukaryotic homologs: the transport of protons from the extracellular
matrix to the cellular cytoplasm, down the electrochemical gradient, can occur either in the
presence or absence of the metal ion substrate, thus leading to "metal-proton symport" or
"proton uniport" phenomena, respectively. However, in the majority of cases, the presence of
metal ions seems to enhance the proton transport and vice-versa [3, 8-24].
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The crystallographic characterization of Staphylococcus Capitis Divalent Metal Ion Transporter
(ScaDMT) [25], Eremococcus Coleocola DMT (EcoDMT) [22] and Deinococccus Radiodurans
DMT (DraDMT) [23, 26] provided fundamental insights of the proton transport mechanism
since they allowed for the identification of some amino acidic residues potentially involved in
the process. From structural analysis, it was indeed possible to identify a network of conserved
protonatable residues that are located in the core of the protein and which are not present in
structurally related LeuT-fold [27, 28] outgroups [7]. Within this network three amino acidic
residues (an aspartate on a-helix 1 (TM1), a glutamate on TM3 and a histidine on TM6b)
connect the metal binding site to a pair of salt bridges linking TM3 and TM9. This hydrophilic
network allows water molecules to pass from the binding site, exposed to the bulk solvent in
both the inward-facing conformation (IFC) and the outward-facing conformation (OFC), to
the pair of salt bridges formed between TM3 and TM9. These latter bind an aspartate and a
glutamate on TM3 with two facing arginines on TM9 and are located at the center of the lipidic
bilayer and close to the cytosol, respectively. Moreover, a group of polar and charged residues
flanks TM3, TM9 and the closeby TM4 and TMS8, forming a narrow hydrophilic channel
likely filled with water molecules and, therefore, potentially suitable for proton transfer. The
conserved network of putative ionizable residues involved in the proton transfer mechanism

is schematically represented in Fig. 4.1.

For the sake of clarity, the specific residues forming the hydrophilic network in ScaDMT,
EcoDMT and DraDMT are presented in Table 4.1.

Residue ScaDMT EcoDMT DraDMT
Asp on TM1 Asp49 Asp51 Asp56
His on TM6b His228 His236 His232
Glu(l) onTM3  Glul27 Glul29 Glul34

Asp on TM3 Aspl24 Aspl26 Aspl31
Glu(2) onTM3  Glull? Glul19 Glul24
Arg(l) onTM9  Arg355 Arg368 Arg352
Arg(2) onTM9  Arg360 Arg373 Arg353

Table 4.1: Ionizable residues forming the hydrophilic network in ScaDMT [25], EcoDMT [22] and DraDMT [23, 26]
crystallographic structures. Notably, the Asp residue on TM1 is also involved in the coordination of the divalent
transition metal ion. The Asp and Glu(2) residues on TM3 (lines 4 and 5) form two salt bridges with two facing Arg
residues on TM9 (lines 6 and 7), thus linking these two a-helices to shape a narrow hydrophilic channel.

Recently, experimental and computational studies provided different and sometimes inconsis-
tent hypotheses about the mechanism behind the unconventional proton transport occurring
in Nramps. In particular, Ehrnstorfer and colleagues indicated His228/236 (ScaDMT and
EcoDMT numbering, respectively) on TM6b as the most likely primary proton acceptor [22].
In their mechanistic model, this residue binds the proton in the OFC and, after the conforma-
tional switch to the IFC, releases it either via the wide inward-facing vestibule connecting the
metal ion binding site to the cytoplasm or through the narrow hydrophilic channel formed by
TM3 and TM9. The proposed mechanism is illustrated in Fig. 4.2.

In a subsequent computational study, Pujol-Giménez and colleagues identified Glu127/129
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(ScaDMT and EcoDMT numbering, respectively) on TM3 as the most likely proton acceptor
[10]. They hypothesized that, after the release of the proton through the hydrophilic side
channel taking place in the OFC, an allosteric Coulombic interaction occurring between the
deprotonated negatively charged Glu127/129 residue and Asp49/51 triggers the conforma-
tional change from the OFC to the IFC and the subsequent metal ion release via the wide
inward-open vestibule, as shown in Fig. 4.3.

In a more recent work, Bozzi and colleagues proposed Asp56 (DraDMT numbering) as the
most likely proton acceptor [23]. In their mechanistic model, the incoming metal ion binds to
Asp56 displacing the proton and transferring it to Asp131 via either Glu134 or His232. From
Asp131 the proton is finally released through the narrow side channel. The binding of the
metal ion and the simultaneous displacement of the proton triggers the conformational switch.
Furthermore, they also speculated that, at contrast to the metal ion, whose release requires
the intracellular gate opening (i.e. OFC to IFC conformational switch), the proton transport
can eventually occur completely in the OFC. More details about these mechanistic studies can
be found in Section 1.2.6 of Chapter 1.

C
Arg (1)
Asp
T™M9
Glu (2) S
\ N Arg(2)

| ' \7'

Figure 4.1: Schematic representation of the conserved network of protonatable residues potentially involved in the
proton transfer [7, 10, 22, 23]. Transmembrane a-helices TM1 and TM3, belonging to the first protein subdomain,
and TM6 and TM9, belonging to the second protein subdomain, are represented as magenta and green ribbons,
respectively. Amino acidic residues are represented in a stick style, with C, N, O and H atoms represented in cyan,
blue, red and white, respectively. The Asp residue on the unwound region of TM1, together with the His residue on
TM6b and the Glu on TM3 connect the metal biding site, located at the unwound regions of TM1 and TM6, with
the narrow hydrophilic channel formed by TM3 and TM9, linked together by two salt bridges between Asp and Glu
residues located on TM3 and two Arg located on TM9. The figure has been obtained using VMD [29, 30].
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Although a wide range of experimental studies have provided fundamental structural and
functional evidence, Nramps proton transport mechanism remains still ambiguous, as illus-
trated by the different and inconsistent mechanistic models described above [10, 22, 23]. Such
knowledge is however of crucial importance to rationalize the reasons of the highly variable
proton/metal transport stoichiometry and the still undetermined thermodynamic coupling
between the two substrates.

In this work, molecular dynamics (MD) simulations have been used to identify the primary
proton acceptor as well as to determine the possible pathway taken by protons during the
release into the cellular cytoplasm. Both the inward-facing conformation of ScaDMT [25]
and the outward-facing conformation of EcoDMT [22] have been investigated. Information
about the proton transport have been extracted by a comparison of the results obtained
for the unprotonated and protonated forms of His228 and His236 while, among the other
residues belonging to the hydrophilic network, Asp51/49, Asp126/124, and Glul119/117 are
deprotonated and Glu129/127 and Arg368/355 and Arg373/360 are protonated. Since Nramps
can also transport protons in the absence of the metal ion primary substrate, only the apo
form of these proteins have been studied. Since Glu129/127 resulted to be protonated in both
of the two investigated proteins, we will refer to this residue from now on as Glh129/127.

In our analyses, we mainly focus on the four amino acidic residues belonging to the hy-
drophilic network that could be potentially involved in the proton transport, namely Asp49/51,
Glh127/129, His228/236 and Asp124/126 in ScaDMT/EcoDMT, respectively.

4.3 Computational details

Classical molecular dynamics simulations of four selected systems (apo-ScaDMT-IFC with
His228 in both its unprotonated/protonated forms and apo-EcoDMT-OFC with His236 residue
in both its unprotonated/protonated forms) were performed in a lipid bilayer of composition
CHL (cholesterol) ~ 25%, POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine) ~
41% and POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine) ~ 34%, mim-
icking the nervous system cell membrane surrounded by a water solution containing Cl~ and
K™ ions in physiological concentrations (given in Table 4.3). For the ScaDMT [25] and EcoDMT
[22] proteins, the crystal structures determined by Ehrnstorfer and co-workers available in
the RCSB Protein Data Bank [32-34] (PDB IDs: 4WGW [25] and 5M87 [22], with resolutions of
3.40 and 3.30 A, respectively) have been used. In all four systems the N- and C- termini of the
proteins were capped with N-acetyl (ACE) and N-methyl amide (NME) groups respectively,
in order to neutralize their charge. Protonation states of all titratable residues of the two
proteins were evaluated at the physiological value of pH 7.4, using the H** web-server [35,
36]. However, protonation states of apo-ScaDMT-IFC His228 respectively apo-EcoDMT-OFC
His236 were assigned independently from the results of these in silico pKa predictions by
performing explicit MD simulation for both protonation states.

Since ScaDMT and EcoDMT are both transmembrane proteins, we estimated their initial
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His236

TMé6b

His228

TM1a

Figure 4.2: Schematic representation of the proton transport mechanism as hypothesized by Ehrnstorfer and
colleagues [22]. The residue numbering corresponds to those of ECODMT and ScaDMT [25] in the top and
bottom panel, respectively. In the OFC (top), Asp51 and His236 are both in close contact with the aqueous cavity
(represented in light blue). The proton (represented in orange) binds to His236, which acts as the primary proton
acceptor. After the conformational change to the IFC (bottom) the proton can be released into the cytoplasm
either directly, through the wide inward-directed aqueous cavity, which is also the metal ion exit pathway, or
via the narrow water-filled channel formed by TM3 and TM9. The two possible exit pathways are indicated as
orange dashed arrows. TM1 and TM3, belonging to the first protein subdomain, are represented in magenta while
TM6 and TM9, belonging to the second protein subdomain, are represented in green. The metal ion (Mn?*) is
represented as a gray sphere. Within the amino acidic residues, O and N atoms are represented in red and blue,
respectively, while C and H atoms are represented in black. The pictures have been obtained with Biorender [31].

orientation with respect to the hydrocarbon core of the lipid bilayer with the help of the OPM
(Orientations of Proteins in Membranes) database [37, 38]. For this, the protein is treated
as a rigid body able to freely float in a hydrophobic slab of adjustable thickness. Its spatial
arrangement is calculated by minimizing the free energy needed for the transfer from the bulk
water to the lipid bilayer. The three-component membrane containing POPC, POPE and CHL
was created using the MemBuilder I web-based graphical user interface [39, 40]. A symmetric
pre-thermalized membrane (i.e. same number of lipids in the two leaflets), with a square base
length of 105 A and thickness of 51 A has been used for all four systems. Before insertion of the
proteins it contained a total of 450 lipid molecules: 190 POPC, 152 POPE and 108 cholesterol
molecules [41, 42]. However, some of the lipid molecules have been removed to incorporate
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Figure 4.3: Schematic representation of the overall transport mechanism as described by Pujol-Giménez and
colleagues [10]. (a) The substrates both bind in the high-affinity OFC, where Glul27 is in a high-pKa state and
accepts the proton. (b) After a conformational switch to an inward-occluded state, the proton is released by Glu127
likely along the narrow channel formed by TM3 and TM9. (c¢) The negative charge on Glul27 after the proton
release is the "signal” that triggers the intracellular gate opening while, simultaneously, a partial unwinding of
TMB8 confers high flexibility to Glu127. (d) In the IFC the metal ion is solvated and released into the cytoplasm.
(e) Glul27 reorients itself into the high-pKa state and the gate closes, thus recovering the initial OFC state (f).
The proton and the divalent transition metal ion are represented as orange and gray spheres, respectively. Their
charge is reported next to it. TM1 and TM3 and TM8 and TM9 are represented in magenta and green, respectively.
The solvent accessible region of the protein is represented in light blue. The pictures have been obtained using
Biorender [31].

the proteins by using the gmx membed tool [43] available in the Gromacs simulation package
[44-46]. The number of POPC, POPE and cholesterol molecules composing the membrane at
the end of the embedding process and the final percentage composition of the membrane in
each of the four systems is given in Table 4.2.

System CHL POPC POPE | %CHL %POPC % POPE
apo-ScaDMT-His228u | 99 165 137 24.7 41.1 34.2
apo-ScaDMT-His228p | 99 165 137 24.7 41.1 34.2
apo-EcoDMT-His236u | 98 164 138 245 41.0 345
apo-EcoDMT-His236p | 98 164 138 245 41.0 345

Table 4.2: Total number of CHL, POPC and POPE molecules and final percentage composition of the membrane
in each of the four studied systems. The letters u and p stand for unprotonated and protonated His residues,
respectively.

The systems were then solvated using the gmx solvate option and K* and Cl~ ions were added
using the gmx genion option, both of them included in the Gromacs software package [44-46].
The total number of water molecules and K™ and Cl™ ions as well as the concentration of these
ions in each of the four systems are given in Table 4.3.

The four final systems apo-ScaDMT-His228u, apo-ScaDMT-His228p, apo-EcoDMT-His236u
and apo-EcoDMT-His236p (where u stands for unprotonated residue while p stands for proto-
nated residue) were composed of a total number of atoms equal to 266567, 266566, 267716
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System H,O | K* | CI” | [K] | [CI7]
apo-ScaDMT-His228u | 71159 | 119 | 123 | 92.9 | 96.0
apo-ScaDMT-His228p | 71158 | 119 | 124 | 92.9 | 96.8
apo-EcoDMT-His236u | 71076 | 116 | 120 | 90.7 | 93.8
apo-EcoDMT-His236p | 71075 | 116 | 121 | 90.7 | 94.6

Table 4.3: Number of total water molecules, K* and Cl~ ions, as well as K* and CI~ concentrations in each of the
four studied systems (reported in mM).

and 267715, respectively.

The Amber99SB-ILDN [47] and Amber lipid 14 [48] force fields (FF) have been used to describe
the proteins and the membrane lipids, respectively. The 3-site rigid TIP3P [49] water model
has been used to treat the solvent while K* and Cl~ ions were described using the parameters
from Joung and Cheatham [50]. Harmonic position restraints (force constants f = f), = f, =
10000 kJ mol~! nm™2) have initially been applied on the protein heavy atoms (i.e. protein
backbone and side chains, excluding hydrogen atoms) and successively slowly removed, in
order to thermalize the system.

Classical MD simulations have been performed using the Gromacs package (version 2016-
4). For each of the four investigated systems a long equilibration run of 500 ns followed
by a production run of 1.0 us was performed using an integration time step of 2 fs. All
covalent bonds involving hydrogen atoms have been constrained with the LINCS algorithm
[51]. The Particle Mesh Ewald (PME) [52, 53] method was used to account for long-range
electrostatic interactions while a switch function with a real space cutoff of 1.2 nm was used to
account for van der Waals interactions. Simulations were performed in the isothermal-isobaric
NTP ensemble using the Parrinello-Rahman barostat [54, 55] (1 bar) and the Nosé-Hoover
thermostat [56-58] (310K).

The time-dependent analysis of the pKa values of the four selected residues was performed
(for each of the four investigated systems) using the PropKa software [59-61] (version 3.0).

In order to verify whether these four residues are connected through hydrogen-bonded water
molecules acting as a bridge a self-made Python script using the MDAnalysis Water Bridge
Analysis module has been employed [62-64]. Here, a "water bridge" is defined as one or
more water molecules forming hydrogen bonds between each other and with both the two
selected residues (i.e. the two residues whose connection needs to be verified) so that the two
residue are connected by consecutive hydrogen bonds going from the starting residue to the
target residue. If the "bridge" connecting two residues involves two or more water molecules
it is defined as a "n-th order water bridge", where n is the number of water molecules that
participate. Different types of water bridges are represented in Fig. 4.4. For the hydrogen
bonds detection the default geometric criteria of the software were used (i.e. donor-acceptor
distance cutoff equal to 3.0 A and donor-hydrogen-acceptor angle cutoff equal to 120°).

Finally, an analysis of the Solvent Accessible Surface Area (SASA) was performed using the
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Figure 4.4: Examples of water bridges. (a) Water bridge formed between two hydrogen bond acceptors; (b) water
bridge formed between two hydrogen bond donors; (c) water bridge formed between a hydrogen bond donor and
a hydrogen bond acceptor; (d) second order water bridge composed by two water molecules.

Gromacs analysis tools [65, 66].

4.4 Results

In order to assess the ability of the selected residues to accept and release protons, we traced
their pKa values during time along each of the four trajectories obtained from MD simulations
[59, 60]. As already mentioned in section 4.3, the pKa analysis was performed using the PropKa
software. In particular, the editable scripting version of the software was used to obtain the
pKa values of the four investigated residues for each of the 1000 frames composing the four
trajectories resulting from the MD simulations of apo-ScaDMT and apo-EcoDMT. At contrast
to previous in silico pKa predictions performed on single crystallographic structures, this
time-dependent analysis allowed to study the pKa as a dynamical property of amino acids
and evaluate their tendency to accept or donate protons in the different local environments
sampled during the MD simulations.

As previously mentioned, we performed MD simulations of apo-EcoDMT [22] and apo-
ScaDMT [25] proteins in both the unprotonated/protonated states of their conserved histidine
residue (His236/228 for EcoODMT and ScaDMT numbering, respectively). However, the average
pKa values of this residue, calculated for all configurations sampled during the trajectories of
both the unprotonated as well as the protonated form turns out to be consistently low (3.91 +
0.20 and 3.72 + 0.27 respectively for apo-EcoDMT and apo-ScaDMT with His236/228 in their
unprotonated form and 3.94 + 0.32 and 4.02 + 0.24 for apo-EcoDMT and apo-ScaDMT with
His236/228 in their protonated form respectively, as reported in Table 4.4 and represented in
Fig. 4.5 and 4.6 and in SI Fig. B.1 and Fig. B.2) and not in agreement with the standard His pKa
value in aqueous solution (~ 6.05-6.10). This means that at physiological pH, the probability to
find this histidine residue in the protonated form for a significant interval of time during both
simulations is very low and, therefore, from now on only the results regarding the simulations
with His236/228 in the unprotonated form will be presented (while results regarding the two
simulations with His236/228 in the protonated form are reported in SI). Furthermore, for the
sake of clarity, we will refer to the apo-EcoDMT simulation with His236 in its unprotonated
form in the OFC and to the apo-ScaDMT simulation with His228 in its unprotonated form in
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the IFC as simply "OFC" and "IFC", respectively. The instantaneous pKa values of the four
selected residues evaluated in IFC and in OFC with His228/236 deprotonated are shown in
Figs. 4.5 and 4.6.

|— pKa(Asp51) — pKa(Glh129) pKa(Asp126) — pKa(His236)
——— T T

13 —
12 =
11 3
i
i
104
H
of
|
i I
8f :
H i
: | |
i

o 7

-

S
oll i
5 *

|
af i
3F 3
2 Lo
1E 3
0 P - - 1 . 1 | . 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
time (ns)

Figure 4.5: pKa values of residues Asp51 (violet), Glh129 (red), Asp126 (turquoise) and His236 (blue) during the
OFC trajectory (1 us = 1000ns) with His236 in its deprotonated form. Time is reported in ns. Residue numbering
from OFC.

Consistently for both OFC and IFC, 3 out of the 4 considered residues (Glh129/127, Asp51/49
and His236/228) have pKa values that are clearly shifted with respect to their standard values
in aqueous solution (~ 4.25, ~ 3.85 and ~ 6.05 for E, D and H, respectively) suggesting that their
microenvironment might have evolved in such a way as to tune them for a specific functional
role (Table 4.4, Fig. 4.5 and Fig. 4.6). The most extreme case is represented by Glh129/127
owing an average pKa value of 8.80 + 1.35 in the OFC and 9.21 + 0.52 in the IFC, i.e. upshifted
by as much as ~ 4-5 pKa units with respect to its standard value in aqueous solution.

Interestingly, in the OFC (Fig. 4.5) the pKa value of Glh129 undergoes large variations over
7 pKa units, sampling values in the range ~5 to 12, reminiscent of a three-state behaviour
with pKa ranges around 10-12, 8-9 and 5-6. The high average pKa value clearly indicates
that Glh129 is mostly protonated at neutral pH and could indeed act as highly efficacious
primary proton acceptor. Furthermore, the simultaneous existence of high pKa states and
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those slightly below physiological pH indicates a strong tendency of this residue to accept
protons and release them under physiological conditions.

Remarkable shifts are also present in the pKas of Asp51, which can vary from maximum values
of ~ 11 to minimum values of ~ 4 (Table 4.4) with an average value of 5.99 + 0.98, as shown
in Fig. 4.5. This suggests that Asp51 is also likely to undergo protonation and deprotonation
processes. In particular, the overlap between the instantaneous pKas of Glh129 and Asp51
occurring several times during the simulation, suggests a likely exchange of protons between
the two residues.

At contrast to Asp51 and Glh129, the pKa of His236 is significantly downshifted (average
pKa 3.91 + 0.20) with respect to its bulk value but remains more or less constant during the
dynamics, with maximum and minimum values oscillating in a much smaller range (ApKa
~ 1.75), as shown in Fig. 4.5. However, occasionally configurations are sampled which bring
the pKa of His236 close to physiological pH (7.4) and in close overlap with the one of Asp51
opening the possibility of a further proton exchange from Asp51 to His236.

On the other side, the pKa values of Asp126, ranging from maximum values of ~ 5 to minimum
values of ~ 0.5, with a ApKa range of 3.65 (further details are given in Table 4.4), display scarce
overlap with either His236 and the other two residues. An exchange of protons involving this
residue is therefore less likely in the OFC, although it cannot be excluded. The average pKa
value of this residue of 2.05 + 0.50 seems to indicate that it remains in its deprotonated form
for most of simulation time, however possible rapid protonation/deprotonation events could
explain the full proton uniport observed in the OFC in the absence of the metal ion.

Focussing on Fig. 4.6, where the pKa values of the four selected residue in the inward-facing
conformation of apo-ScaDMT are represented, the situation is quite different. Here, the pKa
values of Glh127 oscillate over a range of ~ 3 units, with maximum values ~ 11 and minimum
values ~ 8 (as shown in Table 4.4 and in Fig. 4.6) without displaying noticeable downward shifts.
With an average pKa value equal to 9.21 + 0.52 Glh127 remains throughout the trajectory in a
high-pKa state suggesting that, in this conformation, it tends to maintain a protonated state.
The three other residues (Asp49, His228 and Asp124) have pKa values in a similar range
(average pKa values 4.83 + 0.41, 3.72 + 0.27 and 3.27 + 0.50, respectively) that would facilitate
isoenergetic proton exchange among them (Fig. 4.6). However, they all lie at too low pKa
values to be present in both protonated and unprotonated forms at neutral pH. One possible
explanation could be that the pKa values of these three residues might be changed significantly
in the presence of the metal ion. This would suggest that proton uniport in the apo form
of the transporter happens mainly in the OFC while proton transport in the IFC is indeed
coupled to the metal. Another explanation could be that overall all these three residues are in
their deprotonated forms but rapid proton shuttling, in which the protonated form are very
short lived, can happen, especially once Asp49 (and maybe already His228) has already been
protonated in the OFC.

In particular, Asp49 pKa values vary in a range of around ~ 3 units, with average pKa value of
4.83 + 0.41 while His228 pKa oscillates in a range of around ~ 1.6 units, with average value of
3.72 £ 0.27, as possible to see in Table 4.4 and in Fig. 4.6. This residue displays a remarkable
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Figure 4.6: pKa values of residues Asp49 (violet), Glh127 (red), Asp124 (turquoise) and His228 (blue) during IFC
trajectory (1 ps = 1000ns) with His228 in its deprotonated form. Time is reported in ns.

number of upward shifts occurring simultaneously with Asp49 downward shifts. The overlap
between Asp49 and His228 pKa values suggests a likely exchange of protons between these
residues. Lastly, Asp124 pKa values oscillate a in range of around ~ 3 units with average value
of 3.27 + 0.50. Detailed values are given in Table 4.4. Asp124 pKa curve superimposes with
that of His228 during the whole trajectory, suggesting that exchange of protons between these
two residues can eventually occur.

Summarizing, Glh129 most likely acts as the primary proton acceptor although an initial
proton transfer from Asp51 cannot be entirely excluded. Protons exchange can occur between
Glh129 and Asp51 and, to some extent, between Asp51 and His236 (and His236 and Asp126)
in the OFC and between Asp49 and His228 and His228 and Asp124 in the IFC.

PropKa used to perform the pKa analysis is based on a set of empirical rules accounting for the
hydrogen bonding, the desolvation and the intra-protein (charge-charge) interactions effects
affecting the standard pKa values of amino acidic residues. More rigorous pKa predictions can
be obtained using methods based on the explicit solution of the Poisson-Boltzmann equation
[35, 67-71]. However, all of these software packages can only be used through webservers,
in which single structures are processed at a time making therefore the time-dependent pKa
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analysis that we performed much more cumbersome.

The results of this time-dependent pKa analysis suggest a primary proton acceptor role for
either Glh129 (or Asp51). To further assess the ability of the four selected residues to accep-
t/release protons we performed an analysis of the Solvent Accessible Surface Area (SASA) [66].
OFC Asp51, Glh129, Asp126, His236 SASA values over time are reported in the left graph of
Fig. 4.7 while IFC Asp49, Glh127, Asp124 and His228 SASA values over time are reported in
the right graph of Fig. 4.7. Surprisingly, all four residue have similar SASA values in outward-
versus inward-facing conformations of apo-EcoDMT and apo-ScaDMT. Despite its position,
within the metal-ion binding site, that would suggest Asp51/49 as the residue with the largest
surface area exposed to the solvent, interestingly Glh129/127 and His236/His228 result to be
the residues with largest solvent exposed superficial area. However, since the SASA is directly
proportional to the size of the residue and, consequently, to the number of atoms composing
it, we decided to further verify these results by computing the SASA only for the carboxylic
groups of Asp51/49 and Glh129/127 side chains of OFC and IFC, as shown in Fig. 4.8. In fact,
according to this, the two residues exhibit similar SASA values for their carboxylic groups with
sligthly higher values for Glh, suggesting that both of them are similarly solvent accessible and
thus eligible as primary proton acceptors, as already suggested from the pKa analysis.

residue | pKaay + o(pKa) | ApKa | 6pKa
Asp51 5.99 £ 0.98 7.32 2.13
Glh129 8.80 £ 1.35 7.33 4.73
Asp126 2.05 % 0.50 3.65 | -1.81
His236 3.91 £0.20 1.75 | -2.19
Asp49 4.83 £0.41 2.92 0.97
Glh127 9.21 +£0.52 2.98 5.14
Aspl124 3.27 £ 0.50 3.09 | -0.59
His228 3.72 +£0.27 1.62 | -2.38

Table 4.4: Average pKa (pKa 4y/) values with their standard deviations (o(pKa)), ApKa (defined as the difference
between the maximum and minimum pKa values assumed during the simulation) and dpKa (defined as the
difference between the average pKa value and the standard pKa value in aqueous solution at physiological pH) for
residues Asp51, Glh129, Asp126 and His236 of OFC (lines 1-4) and for residues Asp49, Glh127, Asp124 and His228
of IFC (lines 5-8). Reference standard pKa values in aqueous solution at physiological pH are taken from ref. [72].
Each residue is indicated in the same color used in Fig. 4.5 and 4.6.

The presence of solvent molecules around Asp51/49 and Glh129/127 and inside the hy-
drophilic narrow channel in both OFC and IFC is graphically represented in Fig. 4.9 illustrating
both the accessibility of these two residues to water and the possibility for the proton to be
released towards the cytoplasm through the channel.

Since the proton transport likely occurs through a Grotthus-like "proton hopping mechanism",
we performed a statistical analysis to verify whether during the OFC and IFC MD simulations
the four selected residues are connected through one or more water molecules forming
hydrogen bonds between each other and with the two residues representing the starting and
arrival points. The water molecule(s) eventually connecting two residues act(s) as a "bridge"

111



Chapter 4 Computational studies provide new insights into Nramps proton transport

— Aspsl — G129 Asp126 — His236 — Aspdg — o127 Asp124 — His228

3.4

MHMM u'\HW‘I"‘" Y (U w{!

W\' 4y w 'W 4 WM W I M i W M”WWM A\l y\rl\ i W‘N’SWJ i W\” n‘l w |

| L L L L 1 L | | L L | | L L L L L
0 100000 200000 300000 400000 500000 600000 700000 800000 900000 1000000  >7g 100000 200000 300000 400000 500000 600000 700000 800000 900000 1000000
time (ps) time (ps)

SASA (nm")
SASA (nmz)

2.6}

2

Figure 4.7: (left) Asp51, Glh129, Asp126 and His236 Solvent Accessible Surface Area (SASA) values over time (1 ps =
1000 ns) in OFC trajectory. (right) Asp49, Glh127, Asp124 and His228 SASA values over time in IFC trajectory. SASA
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Figure 4.8: Solvent accessible surface area (SASA) over time for the side chain carboxylic groups of the two residues
indicated as potential primary proton acceptors, namely Asp51 and Glh129 in OFC, (left) and Asp49 and Glh127 in
IFC (right). Asp51/49 and Glh129/127 are represented in violet and red, respectively. The SASA values are given in
nm? while time is given ns.

and, therefore, we will refer to them as "water bridges". In particular, we assessed the statistical
presence (i.e. the percentage of time in which water bridges occur over the total simulation
time) of water bridges for each of the three couples of amino acidic residues represented in
Fig. 4.10: (1) Asp51/49-His236/228; (2) Asp51/49-Glh129/127 and (3) His236/228-Asp126/124
following OFC and IFC numbering, respectively. The three investigated couples are those for
which we already identified a possible exchange of protons in the previously discussed pKa
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Figure 4.9: Graphical representation of the accessibility of solvent inside the narrow hydrophilic channel formed
between TM3 and TM9 and in contact with Asp51/49 and Glh129/127 in OFC (a) and IFC (b), respectively. The two
proteins are represented as magenta ribbons while the residues forming the hydrophilic network are represented
as sticks with C, H, O, and N atoms colored in cyan, white, red and blue, respectively. The solvent is represented as
a gray mesh. Both pictures have been obtained using VMD [29, 30].

analysis. This statistical analysis has been performed on both OFC and IFC trajectories (with,
respectively, His236/228 in its unprotonated state), both of them 1 s long and composed by
10000 frames.

The results of this statistical analysis are summarized in Tables 4.5 and 4.6. Water bridges with
consecutive hydrogen bonds connect Asp51 and His236 in the OFC and Asp49 and His228
in the IFC for respectively 66.1% and 63.7% of the total simulation. At contrary to Asp51/49-
His236/228, exhibiting similar values for the percentage of existence of water bridges in the
OFC and in the IFC, the Asp51-Glh129 pair displays a percentage of existence of water bridges
of 34.8% in the OFC which is almost the double of what is found for the corresponding couple
in the IFC (19.8%). This means that proton exchange between these two residues can occur
in both conformational states but it is more probable in the OFC. However, it is important to
outline here that Asp51/49 and Glh129/127 are very close to each other and can eventually be
connected through a direct hydrogen bond formed between their side chain carboxylic groups.
Since protons can be exchanged through either water-mediated or direct hydrogen bonds, the
overall percentages in which the residues are somehow connected and proton exchange is
possible are expected to be higher than those mentioned.

Finally, for the couple His236-Asp126, intact water bridges exist for only 3% of the whole
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Amino Acid Pair | apo-EcoDMT-His236u Amino Acid Pair | apo-ScaDMT-His228u
Asp51-His236 66.1% Asp49-His228 63.7%
Asp51-Glh129 34.8% Asp49-Glh127 19.8%
His236-Asp126 3.0% His228-Aspl124 12.8%

Table 4.5: Percentage of existence (given as fraction Table 4.6: Percentage of existence of water bridges
of the total number of frames contained in the tra- (given as fraction of the total number of frames con-
jectory) for each of the three investigated couples tained in the trajectory) for each of the three investi-
of residues in the OFC MD simulations (His236 un- gated couples of residues in the IFC MD simulation
protonated). (His228 unprotonated).

OFC MD simulation. This percentage increases up to 12.8% in the IFC MD simulation. This
evidence suggests that proton transfer between these two residues is more likely to occur in
the IFC. Average distances (together with their standard deviations) between the residues
forming the analysed pairs are given in Tables B.4 and B.5.

™9 b
Arg
TMé6a
Arg
TM1a
Arg

Figure 4.10: Pairs of amino acidic residues investigated to verify the eventual presence of water bridges during OFC
and IFC MD simulations. As usual, TM1 and TM3 are colored in magenta while TM6 and TM9 are colored in green.
C and H atoms of the residues are indicated in black while O and N are represented in red and blue, respectively.
The three couples of residues analysed are represented with orange arrows. They are: (1) Asp51/49-His236/228; (2)
Asp51/49-Glh129/127 and (3) His236/228-Asp126/124 in apo-EcoDMT and apo-ScaDMT numbering, respectively.
The cyan arrows indicate the two possible release routes of protons: along the narrow hydrophilic channel or in
the wide inward-directed vestibule connecting the active site and the cellular cytoplasm. The picture has been
obtained using Biorender [31].

Although residues Asp51 and His236 (OFC) and the corresponding couple of residues Asp49
and His228 (IFC) are well connected (with similar percentages of existence of water bridges)
in both the OFC and the IFC, indicating that proton exchange between the two residues is
possible in both conformational states, the results of the pKa analysis suggest that these two
residues likely exchange protons in the inward-facing conformation. On the other hand, both
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the pKa and the water bridge analysis suggest proton exchange between Asp51 and Glh129 in
the OFC and between His228 and Asp124 in the IFC.

Taken together, the outcomes of all the discussed analyses allows to suggest a potential
pathway for proton transport. In fact, the proton pathway likely involves all four of the
investigated residues and can occur either in the OFC alone or in combination between OFC
and IFC. The pKa analysis clearly indicates that Glh129 is in its protonated state at neutral pH
while the high an low pKa states visited by this residue during the simulation suggest a strong
tendency to undergo rapid and sequential deprotonation/protonation events. Therefore we
suggest that this residue plays the crucial role of primary proton acceptor initiating the proton
transport process. It likely transfers its proton to Asp51 in the outward-facing conformation.
After the conformational change leading the protein from the OFC to the IFC and presumably
happening once Asp56 is protonated (it could in principle also happen after the proton
exchange between Asp56 and His236) the proton is likely transferred to His236/228 which, in
turn, relays it to the bulk water in the wide inward-directed vestibule connecting the metal ion
binding site with the cytoplasm or, eventually, to the aspartate residue located on TM3, Asp124.
From there the proton could be released into the cytoplasm along the hydrophilic narrow
side channel existing between TM3 and TM9. Furthermore, in the OFC proton exchange from
His236 to Asp126 and from there into the narrow hydrophylic side channel would explain the
proton uniport observed in the absence of the metal ion substrate occurring completely in
the OFC. The mechanistic models proposed for the proton transport involving both the OFC
and the IFC or occurring entirely in the OFC are schematically represented in Fig. 4.11 and
Fig. 4.12, respectively.

The aspartate residue located on TM1 (Asp51/49) is also suitable to act as potential (or sec-
ondary) proton acceptor, as indicated by the remarkable shifts and fluctuations of its pKa
value. We suggest that it can eventually accept a proton and carry on the transport mechanism
by just skipping the first step. This would explain why proton transport has been observed
in E127A and E127D (ScaDMT numbering) mutants by Pujol-Giménez and co-authors [10].
In any case, the proton needs to pass by Asp51 (EcoDMT numbering) thus explaining the
removal of proton transport observed by Bozzi and colleagues in the D56N and D56A mutants
(DraDMT numbering) [7, 23]. The same reasoning can be applied to the His residue. In the
suggested proton transport schemes, the proton indeed passes through His236/228 (EcoDMT
and ScaDMT numbering, respectively) and this is in agreement with the outage of proton
influx observed in the H236A mutant (EcoDMT numbering) by Ehrnstorfer and colleagues
[22].

4.5 Conclusions

In this work, the OFC EcoDMT and IFC ScaDMT proteins in their apo form and with His236/228
(EcoDMT and ScaDMT numbering, respectively) in both their unprotonated and protonated
states have been investigated through classical MD simulations. The obtained trajectories
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were analysed with respect to multiple features aimed at gaining new atomistic-level insights
into the proton transport mechanism occurring in Nramp transporters. We focused in par-
ticular on the role played by four amino acidic residues (Asp51/49, Glh129/127, His236/228
and Asp126/124, in apo-EcoDMT and apo-ScaDMT numbering, respectively) belonging to the
conserved hydrophilic network and already indicated as potentially players involved in the
proton transport process.

The time-dependent evolution of the pKa values of the four selected residues allows to evalu-
ate their tendency to accept or donate protons in the different local environments sampled
during the MD simulations. We were able therefore to identify Glh129/127 and Asp51/49 as
the potential primary proton acceptors initiating the transport process as well as to indicate
the pairs of residues which are more likely to exchange protons: namely Glh129-Asp51 and
Asp51-His236 in the OFC and Asp49-His228, His228-Asp124 in the IFC. The solvent accessible
surface area (SASA) analysis confirmed Glh129/127 and Asp51/49 as potential primary proton
acceptors. Finally, since the proton transport presumably occurs through a Grotthus-like "pro-
ton hopping mechanism", the existence of chains composed by one or more water molecules
bridging two of the concerned residues through hydrogen-bonds and allowing therefore the
proton transfer between the selected couples of residues was assessed through a statistical
analysis.

Putting together all the results of the analysis performed, we are able to suggest a potential
proton transfer pathway. In the proposed model, the proton is transferred from the glu-
tamate residue, undergoing rapid and consecutive deprotonation/protonation cycles and
representing the most likely primary proton acceptor, to the aspartate residue located on TM1.
After the conformational change from the OFC to the IFC (probably occurring after aspartate
protonation) this residue transfers the proton to the other aspartate located on TM3 via the
histidine on TM6b. From here the proton is finally released into the cytoplasm presumably
through the narrow hydrophilic side channel. However, a direct release of the proton from
the histidine through the wide inward-directed vestibule connecting the binding site with the
cellular cytoplasm can not be excluded.

Such a long multistep pathway for proton transport could be due to the always present salt
bridge interaction between the side chain carboxylic group of the aspartate on TM3 and
the facing arginine. In this situation the involved residues can not take part to the proton
transport.
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Figure 4.11: Mechanistic model proposed for the proton transport involving both OFC and IFC. The protonated
Glu residue located on TM3 (Glh) likely acts as the primary proton acceptor initiating the proton transport process.
In the OFC, the proton is transferred from Glh to the Asp residue located on TM1 (top left) and from there to
the His residue located on TM6b (top right center) while the deprotonated Glh residue immediately recovers
its protonated state. Once the proton is located on the His residue and the conformational change to the IFC
has occurred the proton can be released into the cellular cytoplasm using two distinct routes: it is either directly
released through the wide inward-directed vestibule connecting the metal-ion binding site and the cytoplasm
(bottom right) or it is transported to the Asp residue located on TM3 and finally from there released into the
cellular cytoplasm through the narrow hydrophilic channel formed between TM3 and TM9 (bottom left). The light
blue regions indicate regions accessible to the solvent while the proton is represented in orange. The sequence of
events is indicated by the black arrows. The picture has been obtained using Biorender [31].
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Arg
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Figure 4.12: Mechanistic model proposed for the proton transport occurring entirely in the OFC. From the
protonated Glu residue located on TM3 (Glh) likely acting as the primary proton acceptor, the proton is transferred
to the Asp residue on TM1. From there it is transferred to the His residue located on TM6b which, in turn, transfers
it to the Asp residue on TM3. Finally, the proton is released into the cellular cytoplasm through the narrow
hydrophilic channel formed between TM3 and TM9. The light blue regions indicate regions accessible to the
solvent while the proton is represented in orange. The sequence of events is indicated by the black arrows. The
picture has been obtained using Biorender [31].
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Conclusions and outlook

Computational methods have nowadays become indispensable tools able to complete and
improve interpretations of physical processes made by experimental techniques as they can
provide crucial details regarding the molecular level mechanisms underlying such processes.
This synergistic approach between experimental and computational techniques is particu-
larly important in the investigation of biological processes, in which molecular simulations
represent a crucial tool to furnish molecular level explanations to evidence gathered from
experimental studies, or refine them, as seen in this thesis.

A combination of classical and QM/MM ab initio Born-Oppenheimer and Car-Parrinello
molecular dynamics simulations has been used to refine the coordination sphere of Mn?*
in the binding site of ScaDMT. This represents to date the only available crystal structure of
amember of the Nramp family in a substrate-bound inward-facing conformation, in which
however the coordination sphere of the metal binding site has only been partially resolved.
Our results suggest a nearly perfect octahedral coordination sphere for Mn?*. The four amino
acidic residues predicted to coordinate the metal ion in the crystallographic structure (namely
Asp49, Asn52, Ala223 and Met226) are confirmed by our findings. However, they undergo
substantial rearrangements with respect to the highly distorted coordination geometry found
in the X-ray structure and occupy the four equatorial sites of the octhaedral coordination
polyhedron whereas, the two axial sites left empty in the experimental structure are filled
with two water molecules that presumably escaped the crystallographic characterization. Our
simulations also exclude the participation of GIn389 and Gly46 to the coordination of Mn?* as
proposed in previous theoretical models and a possible coordination of Asp49 as a bidentate
ligand. The nature of the coordination of the metal binding site identified in this thesis has
been further strengthened by the analysis of the hydrogen bond network connecting the first
and the second coordination shell.

The identification of the complete composition of the Mn?* coordination sphere of ScaDMT
represents a key information that could serve as starting point for the study of the mechanism
of metal ion release and the concomitant conformational changes. A similar study could
also be applied to the characterisation of the complete coordination shell of other divalent
transition metal ion, which would constitute another important step forward in the com-
prehension of metal coordination in Nramp transporters. This could for instance help to
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understand whether the binding mode is common for all the substrates or the binding site is
able to modulate itself depending on the nature of the ion.

In the second part of this thesis work, the respectively outward and inward facing conforma-
tions of the EcoDMT and ScaDMT proteins have been investigated using classical molecular
dynamics (MD) simulations in their apo forms and with their histidine residue (His236/228
in EcoDMT and ScaDMT numbering, respectively) in both unprotonated and protonated
states. Different analyses of the obtained trajectories have been performed in order to provide
new molecular level insights into the proton transport mechanism occurring in Nramp trans-
porters. We focused in particular on the role played by four amino acidic residues (Asp51/49,
Glh129/127, His236/228 and Asp126/124, in apo-EcoDMT and apo-ScaDMT numbering,
respectively) belonging to the conserved hydrophilic network and already indicated as poten-
tially involved in the proton transport process. The analyses performed on the four selected
residues allowed us to indicate Glh129/127 and Asp51/49 (EcoDMT and ScaDMT numbering)
as the likely primary proton acceptor initiating the proton transport process and to indicate the
potential pathway followed by the protons during their transport. According to our findings,
the proton is presumably transferred from Glh129/127, undergoing rapid and consecutive
deprotonation/protonation events, to Asp51/49. Then, after the conformational switch from
the OFC to the IFC (presumably happening after Asp51 protonation) the proton is transferred
to Asp126/124 via His236/228 on TM6b. From here the proton is finally released into the cyto-
plasm presumably through the narrow hydrophilic side channel via Asp124. However, a direct
release of the proton from His228 through the wide, inward-directed vestibule connecting the
binding site with the cellular cytoplasm can not be completely excluded.

In order to confirm or eventually refine the proton transport model proposed here it would
be undoubtedly useful to further characterize the proton transport in the presence of the
metal ion substrate. The metal ion could in fact strongly affect the pKa values of the inves-
tigated amino acidic residues providing therefore additional insights into the proton-metal
co-transport involving both the outward and inward facing conformational states. Further-
more, it would be interesting to identify the event triggering the conformational switch using
enhanced sampling techniques. In particular, it seems that the protonation of the Asp residue
located on TM1 that is directly involved in metal ion coordination constitutes a key event that
could trigger the conformational change from the OFC to the IFC and the subsequent release
of the metal ion.
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Table A.1: Energy values (in a.u.) and energy differences (in kcal mol™!) of a simple model of the experimental
ScaDMT active site in the sextet (S = 5/2), quartet (S = 3/2) and doublet (S = 1/2) multiplicity states, as obtained
from DFT calculations. The tested model contains the four amino acidic residues coordinating Mn?* (Asp49,
Asn52, Ala223, Met226) properly saturated on the -NH and -CO groups and the Mn®* ion itself, for a total of
62 atoms. DFT calculations were performed using the hybrid B3LYP exchange-correlation functional [1-3], the
6-31G(d,p) basis set [4-9] and the Gaussian 16 software package [10].

Table A.2: Absolute energies (in a.u.)

Table A.3: Energy differences (in kcal mol™1).

Multiplicity | E(UB3LYP)(a.u.) _1
sextet 22978.368 By | AE (}(f;g:ﬂ )
quartet -2978.337 (Eo - Ep) 14.997
doublet -2978.314 Q"D
BOND EQUILIBRATION (600ns) | PRODUCTION (1000ns) | TOTAL (1600ns)
Mn(ID-Asp49(0%2) 2.16 + 0.04 2.18 + 0.04 2.16 + 0.04
Mn(I1)-Asn52(0%1) 2.70 + 0.07 2.72 +0.07 2.70 + 0.07
Mn(I1)-Ala223(0) 2.22 + 0.04 2.21 +0.04 2.22 +0.04
Mn(IT)-Met226(S%) 2.70 + 0.06 2.70 + 0.06 2.70 + 0.06
Mn(I1)-GIn389(0°1) 4.66 + 0.22 492+0.14 4.76 + 0.23
Mn(ID)-Gly46(0) 5.33 + 0.33 5.24 + 0.34 5.30 + 0.34
Mn(ID-Asp49(0°)) 4.19 + 0.05 419+ 0.05 419+ 0.05

Table A.4: Average distances between Mn?* and Asp49(092), Asn52(0%1), Ala223(0), Met226(S%), GIn389(0¢1),
Gly46(0) and Asp49(051) calculated over the equilibration phase of classical MD (600ns) (first column), the
production phase (1000ns) (second column) and the whole classical MD trajectory (equilibration + production)

(1600ns) (third column).
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Figure A.1: Chronological sequence of access of water molecules inside the Mn?* coordination sphere during the
equilibration phase of classical MD. (a) At the very beginning of the classical MD simulation (t = 0 ps) two water
molecules (WAT30467 and WAT41018) are already close to Mn?*. This seems reasonable considering that ScaDMT
in its inward-facing conformation is in direct contact with the water composed cytoplasmatic vestibule. The short
minimization dynamics allowed water molecules to diffuse inside the cytoplasmatic vestibule and approach the
Mn2* binding site. However, in these first moments of the thermalization process water molecules approach
Mn?* only transiently; (b) t = 686 ps: WAT24524 (light-blue box) enters Mn?* coordination sphere and remains
there until it exchanges with WAT3067, at around half of the production run; (c) t = 220200 ps: WAT1701 (red box)
enters Mn2* coordination sphere and keeps its positions until the end of the production run; (d) t = 317050 ps:
WAT56324 (blue box) enters Mn?* coordination sphere and keeps its position until the end of the production run;
(e) end of the equilibration phase of classical MD (t = 600000 ps), WAT24524 (light blue box), WAT1701 (red box)
and WAT56324 (blue box) coordinate Mn?* together with the four amino acidic residues Asp49, Asn52, Ala223 and
Met226.

BOND DISTANCE (&)
Mn(II)-WAT24524(0) 2.35+0.08
Mn(II)-WAT1701(0) 2.35+0.09
Mn(II)-WAT56324(0) 2.35+0.10
Mn(II)-WAT3067(0) 2.37+0.09

Table A.5: Average distances between Mn®* and the four water molecules participating to the coordination sphere
during the classical MD simulation. Each average value has been calculated over the total permanence period of
that water molecule in the coordination sphere. Mn?*-WAT24524 average value has been calculated by averaging
distance values between to = 686 ps and tr = 1088100 ps; Mn2"-WAT1701 average value has been calculated by
averaging distance values between tg = 220200 ps and tr = 1600000 ps; Mn2+-WAT56324 average value has been
calculated by averaging distance values between to = 317050 ps and tz = 1600000 ps; Mn?* -WAT3067 average value
has been calculated by averaging distance values between tg = 1088200 ps and tr = 1600000 ps.
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Figure A.2: Distances between Mn?* and WAT56324, WAT1701, WAT24524 and WAT3067 during the production
run (1000 ns) of classical MD simulation, represented as blue, red, light blue and purple lines respectively (left
panel). The exchange between WAT24524 and WAT3067 is highlighted by the black box. Magnification of the
waters exchange area (right bottom panel). Representation of the Mn2* coordination spheres before and after
the water molecules exchange (top right panels). Asp49, Asn52, Ala223 and Met226 ligands are represented in
licorice style while Mn?" is represented as a gray sphere. The water molecules coordinating the metal ion are
represented as ball and sticks model in the same colors with which their distances are represented in the graphs.
Average values of the Mn®* -waters distances are also given.
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Figure B.1: pKa values of residues Asp51 (violet), Glh129 (red), Asp126 (turquoise) and His236 (blue) during

apo-EcoDMT (OFC) trajectory (1 us = 1000ns) with His236 in its protonated form. Time is reported in ns. Residue
numbering from apo-EcoDMT.
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Figure B.2: pKa values of residues Asp49 (violet), Glh127 (red), Asp124 (turquoise) and His228 (blue) during
apo-ScaDMT (IFC) trajectory (1 us = 1000ns) with His228 in its protonated form. Time is reported in ns. Residue

numbering from apo-ScaDMT.

residue | pKaay + o(pKa) | ApKa
Asp51 6.51 +1.87 8.69
Glh129 10.80 + 1.99 9.42
Aspl126 1.61 £0.44 3.66
His236 3.94 £ 0.32 2.23
Asp49 5.46 £ 0.36 2.39
Glh127 10.40 + 0.50 3.54
Aspl24 1.95 + 0.51 3.87
His228 4.02+0.24 2.02

Table B.1: Average pKa (pKa 41/) values with their standard deviations (o (pKa)) and the (ApKa) for residues Asp51,
Glh129, Asp126 and His236 of apo-EcoDMT (lines 1-4) and for residues Asp49, Glh127, Asp124 and His228 (lines
5-8). Each residue is indicated in the same color used in Fig. B.1 and B.2.
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Figure B.3: (left) Asp51, Glh129, Asp126 and His236 Solvent Accessible Surface Area (SASA) values over time (1 us =
1000 ns) in apo-EcoDMT (OFC) trajectory with His236 protonated. (right) Asp49, Glh127, Asp124 and His228 SASA
values over time in apo-ScaDMT (IFC) trajectory with His228 protonated. SASA values are given in nm? while time
is reported in ps.

Amino Acid Pair | apo-EcoDMT-His236p Amino Acid Pair | apo-ScaDMT-His228p
Asp51-His236 92.0% Asp49-His228 94.0%
Asp51-Glh129 58.6% Asp49-Glh127 3.3%
His236-Aspl126 63.2% His228-Aspl124 0.9%

Table B.2: Percentage of existence (given as fraction Table B.3: Percentage of existence of water bridges
of the total number of frames contained in the tra- (given as fraction of the total number of frames con-
jectory) for each of the three investigated couples of tained in the trajectory) for each of the three inves-
residues in the apo-EcoDMT OFC MD simulations tigated couples of residues in the apo-ScaDMT IFC
(His236 protonated). MD simulation (His228 protonated).
Amino Acid Pair ‘ apo-EcoDMT-His236u
Asp51(C") -His236(N¢?) 7.45+1.04 A
ASp51(CY)-Glh129(C6) 6.40 + 1.38 A
Hi8236(N£2)—ASp126(C7/) 10.15+0.70 A

Table B.4: Average distances and corresponding standard deviations (in A) between the residues forming the pairs
analysed in the "water bridge" analysis for apo-EcoDMT with His236 unprotonated.

Amino Acid Pair ‘ apo-ScaDMT-His228u
Asp49(CY)-His228(N°1) 7.93 +0.56 A
Asp49(CY)-Glh127(C?) 6.10 +0.37A

His228(N°1)-Asp124(CY) 9.62 +0.66 A

Table B.5: Average distances and corresponding standard deviations (in A) between the residues forming the pairs
analysed in the "water bridge" analysis for apo-ScaDMT with His228 unprotonated.
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Amino Acid Pair apo-EcoDMT-His236p
Asp51(CY)-His236(N¢?) 7.57 +0.81 A
Asp51(CY)-His236(N°) 7.78 + 0.58 A
Asp51(CY)-Glh129(C?) 446 +0.18A
His236(N¢?)-Asp126(C) 10.86 + 1.01 A
His236(N%1)-Asp126(CY) 10.06 + 0.61 A

Table B.6: Average distances and corresponding standard deviations (in A) between the residues forming the pairs
analysed in the "water bridge" analysis for apo-EcoDMT with His236 protonated.

Amino Acid Pair apo-ScaDMT-His228p
Asp49(CY)-His228(N%) 7.02+0.32A
Asp49(CY)-His228(N¢?) 7.47 +£0.35A
Asp49(CY)-Glh127(C%) 8.28 +0.41A
His228(N°1)-Asp124(CY) 9.82 +0.33A
His228(N¢2)-Asp124(CY) 10.02 + 0.46 A

Table B.7: Average distances and corresponding standard deviations (in A) between the residues forming the pairs
analysed in the "water bridge" analysis for apo-ScaDMT with His228 protonated.
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