JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE
272

Mikko Ylilauri

Effect of Ligand-Binding
on Protein Function

JYVASKYLAN YLIOPISTO



JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE 272

Mikko Ylilauri

Effect of Ligand-Binding
on Protein Function

Esitetdan Jyviaskylan yliopiston matemaattis-luonnontieteellisen tiedekunnan suostumuksella
julkisesti tarkastettavaksi yliopiston Ylistonrinteelld, salissa YAA303
tammikuun 24. pdivanad 2014 kello 12.

Academic dissertation to be publicly discussed, by permission of

the Faculty of Mathematics and Science of the University of Jyviaskyls,
in Ylistonrinne, hall YAA303, on January 24, 2014 at 12 o’clock noon.

o

UNIVERSITY OF H JYVASKYLA

JYVASKYLA 2014



Effect of Ligand-Binding
on Protein Function



JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE 272

Mikko Ylilauri

Effect of Ligand-Binding
on Protein Function

o

UNIVERSITY OF H JYVASKYLA

JYVASKYLA 2014



Editors

Varpu Marjomaki

Department of Biological and Environmental Science, University of Jyvaskyla
Pekka Olsbo, Ville Korkiakangas

Publishing Unit, University Library of Jyvaskyla

Jyviaskyla Studies in Biological and Environmental Science
Editorial Board

Jari Haimi, Anssi Lensu, Timo Marjoméki, Varpu Marjomaki
Department of Biological and Environmental Science, University of Jyvaskyla

Cover picture by Mikko Ylilauri.

URN:ISBN:978-951-39-5583-0
ISBN 978-951-39-5583-0 (PDF)

ISBN 978-951-39-5582-3 (nid.)
ISSN 1456-9701

Copyright © 2014, by University of Jyvéaskyla

Jyvidskyld University Printing House, Jyvaskyld 2014



Tuomakselle



ABSTRACT
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Yhteenveto: Ligandin sitoutumisen vaikutus proteiinin toimintaan
Diss.

Ligand-binding in a specific manner is vital to all cellular actions and can have
a major effect on the activity and conformation of proteins. In addition to
experimental techniques, computational methods, such as molecular dynamics
(MD) simulations, have become an integral part in studies related to protein-
ligand interactions. The computational approach introduces a dynamic view of
molecular interactions, and enables detailed structure-function studies. In
addition, it may facilitate the estimation of binding affinities and help in
identifying ligand-binding sites in proteins. In this thesis three
pharmacologically important protein targets were studied with both
computational and experimental methods: 1) ionotropic glutamate receptors
(iGluRs), 2) filamin A (FLNa), and 3) T-cell protein tyrosine phosphatase
(TCPTP). iGluRs mediate synaptic transmission in the nervous system and are
linked to many neurological disorders. Partial agonism of the ligand binding
domains (LBD) for these receptors was studied with MD simulations and the
molecular mechanics generalised Born surface area (MM-GBSA) method. A
previously unobserved intermediate closure stage for the GIluN1 receptor
subtype was identified, and new information about the closure mechanism was
obtained. FLNa is an actin cross-linking protein linked to many cellular
functions via its numerous binding partners. MM-GBSA calculations of binding
free energy were shown to correlate well with the experimental data. Thus,
ligands could be ranked based on their binding affinity, suggesting that also the
rational design of FLNa-binding peptide mimetics would be conceivable.
TCPTP is a ubiquitously expressed non-transmembrane phosphatase that
negatively regulates many cancer-related kinases. TCPTP is normally auto-
inhibited, but several agonist molecules are known to activate it. Here, a
putative binding site for TCPTP activators was identified and important
structural determinants for novel activators were recognised. As TCPTP is not
down-regulated in cancer cells, it is a promising target for tumor suppression.

Keywords: Binding free energy; filamin; ionotropic glutamate receptor;
molecular dynamics; T-cell protein tyrosine phosphatase.

Mikko Ylilauri, University of Jyviskyld, Department of Biological and Environmental
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1 INTRODUCTION

Proteins are the most abundant and diverse macromolecules in living cells. They
are involved in a tremendous number of processes, such as signal transduction as
receptor proteins, metabolism as enzymes, cell shape maintenance as structural
proteins, and homeostasis maintaining as hormones. In addition to their versatile
roles, proteins also cover a wide range of different structures and sizes. However,
eventually every protein is built based on the same set of 20 amino acids joined
together in different combinations.

The functions of proteins are strongly dependent on interactions with
ligands. In contrast to substrates, which are modified by enzymes, the binding of
a ligand into a protein is typically reversible. However, this transient interaction
between proteins and ligands is essential for all life, and the biological areas they
affect range from neuronal signalling to hormone activity and cell division. In
many cases, proteins have a significant effect on the activity and conformation of
the protein. The specific binding is the key to protein-ligand interaction: only
molecules with size, shape, and charge complementary to the binding site are
able to attach firmly enough to be distinguished from other molecules. This
specific recognition is vital for normal protein function and also forms the basis
for novel drug development.

During the past years, the rapid development of computer processors has
accelerated research in the biological sciences to a new level. Nowadays, both
experimental and computational methods can be successfully combined in the
structure-function studies of proteins in complex with their ligand molecules.
This combinatory utilisation of both the in silico and in vitro approaches is
beneficial for our knowledge of the various protein-ligand interactions. For
example, by gaining atom-level information of the ligand-binding event and the
structural features affecting it, rational drug design can be significantly
advanced.

While experimentally obtained structures are still desirable and substantial
for the detailed study of proteins, homology modelling, and force field based
methods, such as molecular dynamics simulations (MD) can offer benefits at all
stages of study. In the absence of 3D-structures, a homology model based on
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earlier solved structures of similar proteins may provide the first reasonable view
of the protein structure. Furthermore, computational ligand docking can help to
identify the putative binding modes and interactions with the protein. Even if
crystal structures for the proteins of interest exist, they are intrinsically static in
nature and do not show the dynamic fluctuation of the protein. MD simulations,
on the other hand, take into account the dynamics of the interactions.
Consequently, they can estimate the ligand-binding stability as well as the
possible changes in conformations of both binding partners. In addition, the free
energy calculations based on MD simulation trajectories may provide further
information, for example, a closer look into the affinities of different ligands.
Naturally there are some limitations regarding the MD simulations that must be
kept in mind. As the proteins in this method are taken out of their natural
cellular context, the possible interaction partner proteins are missing from the
simulations. In addition, force fields utilized in MD are based on many
approximations that may affect the results. It may also be hard to validate the
MD results for example to justify if the simulation has proceeded in a reasonably
direction.

In this doctoral thesis various pharmacologically interesting protein-ligand
interactions were studied to shed light on these specific events, and also to
evaluate the usefulness of the computational methods in the study of these
interactions. MD simulations and other sophisticated computational methods
were utilised to study 1) the full and partial agonist binding to ionotropic
glutamate receptors, 2) filamin A’s interaction with ligand-peptides, and 3) T-cell
protein tyrosine phosphatase (TCPTP) activation. In the case of TCPTP,
experimental methods were also applied to complement the computational
approach.



2 REVIEW OF THE LITERATURE

2.1 Glutamate receptors

Glutamate receptors mediate excitatory synaptic transmission in the mammalian
nervous system. They are essential for brain function because glutamate is the
most prominent excitatory neurotransmitter in the central nervous system. The
mammalian glutamate receptors are divided into two distinct sub-families based
on their activation mechanism: metabotropic (mGluRs) and ionotropic glutamate
receptors (iGluRs). While both receptor types are activated via binding of a
neurotransmitter to the extracellular ligand-binding site, the mechanisms of
action differ: iGluRs have an ion channel in the protein complex that when
opened through receptor activation allows cation flow across the plasma
membrane (Traynelis et al. 2010). mGluRs, on the other hand, do not have an ion
channel but usually act through G-proteins (Nicoletti et al. 2011).

The family of glutamate receptors is well-known and widely studied
because they are linked to a wide array of essential neuronal functions, such as
learning and memory (Nakazawa et al. 2002, Citri & Malenka 2008). They have
also been associated with many disorders, for example epilepsy (Waxman &
Lynch 2005, Kalia et al. 2008), stroke (Kalia et al. 2008), anxiety disorders (Alt et
al. 2006), and migraine (Sang et al. 2004).

2.1.1 Ionotropic glutamate receptors

The sub-family of iGluRs is divided to three classes: kainate, (S)-2-amino3-(3-
hydroxy-5-methyl-4-isoxazolyl) propionic acid (AMPA), and N-methyl-D-
aspartic acid (NMDA) receptors (Traynelis et al. 2010). The grouping is based on
ligand-binding properties as well as differences in the sequences of the various
receptor classes and the fact that each type of receptor subunit only oligomerizes
with other subunit of the same receptor class. The detailed crystal structure of the
nearly full iGluR, with only the intracellular C-terminal missing, was not until
relatively recently solved (Sobolevsky et al. 2009). This antagonist-bound
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tetrameric GluA2 revealed the subunit arrangement and symmetry of iGluRs,
and how they are connected to each other.

All iGluRs are tetrameric membrane proteins with each monomer
consisting of four domains: (1) Extracellular amino-terminal (ATD) affects, for
example, sub-class specific assembly and desensitisation of the receptor.
However, this is thought to be non-essential for iGluR function. (2) Ligand
binding domain (LBD) is the site where the neurotransmitter binds and the
consequential conformational changes at the LBD lead to receptor activation and
ion channel opening. (3) Transmembrane domain (TMD) has four helices that in
the tetrameric complex together form the ion channel permissive to positively
charged ions. (4) Intracellular carboxyl-terminal domain affects, for example,
membrane targeting of the receptor. It also has phosphorylation sites and
binding sites for other intracellular proteins. The full tetrameric structure of
iGluRs is organised as a dimer of dimers, with both ATD and LBD domains
pairing with equivalent domain from another monomer (Fig. 1A) (Sobolevsky et
al. 2009). The domain pairs for ATD and LBD are from different monomers, thus
resulting in the extracellular part of the receptor being entwined.

Kainate receptor subunits (GluK1-5) occur in neurons typically as
heteromeric receptors and can produce both slow and fast gating kinetics
(Traynelis et al. 2010). AMPA subunits (GluA1-4) exist as heteromeric receptors
and are specialised in the fast neurotransmission in mammalian brains
(Dingledine et al. 1999). Both kainate and AMPA class receptors, however, are
also functional as homomeric receptors in recombinant systems (Traynelis et al.
2010). NMDA receptors (subunits GluN1, GIluN2A-D, and GluN3A-B) consist of
two GluN1 subunits with two other subunits, either of GIuN2 or GluN3 type.
The NMDA receptors differ from the AMPA and kainate in that they exhibit
slower kinetics in both activation and deactivation of the receptor (Monyer et al.
1992, Wyllie et al. 1998, Vicini et al. 1998). Similarly, the NMDA reseptors enter
the desensitization state slower than the AMPA and kainate subunits
(Dingledine et al. 1999, Traynelis et al. 2010). In addition, there is a Mg?* block in
the ion channel of NMDA receptors preventing the passage of ions (Mayer et al.
1984, Nowak et al. 1984). This voltage-dependent block associated with cellular
mechanisms of learning and memory is released after the membrane is
depolarised by the more rapidly activated AMPA and kainate receptors
(Traynelis et al. 2010). Another way to release the block, not related to
depolarisation, is by modulating the interactions between membrane lipids and
the receptor (Parnas et al. 2009).
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FIGURE1 Ionotropic glutamate receptor (iGluR) structure. A. Tetrameric structure of
iGluR (PDB: 3KG2), showing the extracellular amino-terminal domain (ATD)
and the ligand-binding domain (LBD), as well as the transmembrane domain
(TMD). Four monomers are each depicted with a different colour. One of the
monomers is coloured with different shades of blue to highlight the LBD.
Intracellular carboxyl-terminal domain is missing from the structure. B. GluN1-
LBD (PDB: 1PB9) with bound partial agonist D-cycloserine (red). Domains 1
and 2 (D1 and D2) of LBD are depicted with different shades of blue (similarly
asin A).

2.1.2 Ligand-binding domain structure and activation

All iGluRs are activated by the binding of an agonist to the extracellular LBD.
The LBD is composed of two TMD-linked amino acid segments termed S1 and
S2. These segments entwine to form the two functional subdomains, D1 and D2,
of the LBD. The structure of LBD resembles a clamshell with two B-strands
between D1 and D2 serving as a hinge (Fig. 1B) (Armstrong et al. 1998). The
binding site for the ligands is located in the cleft between the domains
(Sobolevsky et al. 2009). To study the ligand-binding properties of LBD, it can be
isolated from the rest of the receptor monomer by cutting the LBD from ATD and
TMD and joining the excised S1 and S2 with an artificial peptide linker. The
isolated LBD has been demonstrated to show a similar ligand-binding affinity
when compared to the wild-type receptor, emphasising the semiautonomous
nature of the domain (Kuusinen et al. 1995, Furukawa & Gouaux 2003, Inanobe et
al. 2005).

For kainate and AMPA receptors, binding of a natural neurotransmitter L-
glutamate to LBD triggers the activation of the receptor by closing the LBD. The
opening of the ion channel follows, and (at normal resting membrane potentials)
cations can flow through it inside the cell. In contrast to the other two iGluR
classes, NMDA receptors (subunits GluN1-3) require binding of both L-
glutamate (GluN2) and glycine (GluN1 and GluN3) to be activated (Furukawa et
al. 2005). In addition, at least under non-physiological conditions, all four
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subunits must bind a ligand in order for the ion channel to open (Schorge et al.
2005). The agonists of iGluRs in general share similar chemical groups, namely
the o-amino and a-carboxyl, that correspond to those of L-glutamate and are
crucial for the ligand-receptor interaction. The residues of LBD directly in contact
with these moieties are conserved in the AMPA (Armstrong et al. 1998,
Armstrong & Gouaux 2000, Pentikédinen et al. 2003) and GluN2 receptors (Chen
et al. 2005, Kinarsky et al. 2005, Erreger et al. 2007). However, GluN1 and kainate
receptors show some variation in their sequences around the binding site, which
affects ligand selectivity (Pentikdinen et al. 2003, Furukawa & Gouaux 2003,
Mayer 2005). In the case of GluN1, these variations display the selectivity of
glycine over L-glutamate for this subunit.

The current perception of the mechanism of ligand binding coupling to ion
channel opening underlines the importance of the D2 subdomain movements as
the LBD encloses the bound agonist. The D1 of the LBD is thought to remain
relatively constrained due to intersubunit back-to-back interface contacts
between D1 subdomains from two adjacent LBD monomers (Horning & Mayer
2004, Sobolevsky et al. 2009). D2, on the other hand, is able to move more freely
to form interactions with the bound ligand and with D1. This movement
supposedly leads to a shift in the linker between D1 and TMD and the
rearrangement of the transmembrane segments, which eventually results in the
ion channel opening (Furukawa et al. 2005, Mayer 2006, Hansen et al. 2007,
Sobolevsky et al. 2009). The agonist binding in the LBD is seen as a series of
consecutive steps, with ligand-induced closure of the LBD leading to formation
of interdomain contacts that stabilise the closed-cleft stage and affect agonist
efficacy (Mayer 2011). Indeed, mutatios designed to disrupt interdomain contacts
has been shown to reduce the agonist affinity to LBD, whereas introducing
additional contacts increased the affinity (Weston et al. 2006).

There exists a broad array of crystal structures for LBDs in complex with
various ligands, both agonists and antagonist. In addition to crystallisation, the
ligand-binding induced cleft-closure has been extensively studied with several
other experimental methods, such as radioligand binding (Frydenvang et al.
2009), fluorescence resonance energy transfer (Ramanoudjame et al. 2006),
electrophysiology (Inanobe et al. 2005, Chen et al. 2008), nuclear magnetic
resonance spectroscopy (Ahmed et al. 2013), and site-directed mutagenesis
(Weston et al. 2006). Recently, computational methods, especially MD
simulations, have been utilised to improve our knowledge on the iGluR family
structure and function. For example, the movements of LBD on ligand binding
(Kaye et al. 2006, Postila et al. 2010), ligand selectivity (Pentikdinen et al. 2006,
Erreger et al. 2007), and the role of water molecules inside the binding cavity
(Vijayan et al. 2010) have been studied with MD simulations.

2.1.3 Partial agonism of GluN1
Full agonists of iGluRs induce complete domain closure of the LBD and maximal

activation of the receptor. In contrast, many partial agonists of AMPA and
kainate receptors only prompt an intermediate closure stage when crystallised
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with LBD. This partial closure stage is not seen in any NMDA receptor structures
in complex with a partial agonist ligand despite the fact their activation potential
is lower than with full agonists (Furukawa & Gouaux 2003, Inanobe et al. 2005).
Thus, according to crystal structures, the degree of closure for NMDA-LBD does
not follow the relative efficacies of the full and partial agonists. Nevertheless,
partial agonist binding has been suggested to result in a variation at the D1-D2
hinge region conformation (Inanobe et al. 2005). In the same study, movements
of the Trp731 side-chain were proposed to play an important role in how the
bound partial agonists affect the LBD closure mechanism. These findings, with
GluN1 partial agonists 1-aminocyclopropane-1-carboxylic acid (ACPC) and 1-
aminocyclobutane-1-carboxylic acid (ACBC), were supported by MD simulations
with D-cycloserine (DCS), another partial agonist GluN1 (Kaye et al. 2006). In
this computational study, Kaye et al. showed that DCS is able to move inside the
binding cavity and adopt various binding modes, some of which may have an
effect on hinge region conformation. Another factor putatively affecting the
partial agonism of GluN1 is the intersubunit interaction at the LBD dimer
interface: recently, both experimental and computational methods indicated that
the residue differences between various GluN2 subunits affect the GluN1-bound
DCS efficacy (Dravid et al. 2010).

NMDA receptors are known to be important for many crucial functions
related to human neuronal activity, for example, learning and synaptic plasticity
(Lisman & McIntyre 2001). Consequently, it is understandable that disorders of
these receptors may lead to many pathological states. Diseases related to NMDA
receptors include neuropathic pain and schizophrenia, among others (Waxman
& Lynch 2005, Kalia et al. 2008, Traynelis et al. 2010). Traditionally, antagonism
of NMDA receptors has been studied for the possible new treatment of
neurological disorders (Kalia et al. 2008, Ogden & Traynelis 2011). For example,
the NMDA antagonist memantine, an ion channel blocker, has shown some effect
as a treatment for Alzheimer’s (Winblad et al. 2007) and Parkinson’s diseases
(Aarsland et al. 2009). However, the observation of side effects, such as disrupted
cognition, encumbers development of this type of antagonists (ITraynelis et al.
2010). In contrast to treatments with antagonists, partial agonists have been
suggested to be more advantageous as therapeutics because they do not fully
prevent the normal activity of the receptors, instead only suppressing the
excessive neuronal activity that may arise during pathological states, for example
as a result of an ischaemic insult to the brain (Priestley et al. 1998, Wood et al.
2008, Urwyler et al. 2009). Despite all the studies of partial agonism of GluN1, a
solid view of the ligand binding relation to receptor activation has yet to be
constructed.

2.2 Filamin A

Actin cytoskeleton is responsible for cell shape maintenance. Dynamical
modification of the cytoskeleton requires an association with many actin-binding
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proteins, for example filamins. Filamins (FLNs) are a family consisting of three
proteins (FLNa, b, and c) that are coded by different genes but share a high
sequence similarity. All three FLN isoforms are active in human: FLNa and FLNb
are ubiquitously expressed while FLNc is mostly expressed in muscle tissue
(Stossel et al. 2001). FLNs bind and stabilise the filamentous actin network and
link them to the cell membrane. In addition to actin, there are over 90 binding
partners for FLNs, such as transmembrane receptors, signalling molecules, and
proteins related to cell adhesion and migration (Nakamura et al. 2011). As FLNs
are related to numerous cellular activities through their binding partners, it is
understandable that mutations in genes coding for FLN isoforms can lead to
several congenital anomalies (Unger et al. 2007, Robertson 2005, Fox et al. 1998,
Robertson et al. 2003). FLN mutations have also been noted to be connected to
certain cancers (Sjoblom et al. 2006).

The structure of FLNa is an extended homodimer organised in a V-shape
(Fig. 2). Each 280 kDa monomer consists of an amino terminal domain followed
by 24 immunoglobulin-like domains of which the most C-terminal domain is
responsible for dimerisation (van der Flier & Sonnenberg 2001). Two flexible
calpain-sensitive hinge regions divide the monomers to rodl (domains 1-15),
rod2 (domains 16-23), and the C-terminal dimerisation domain (domain 24)
(Gorlin et al. 1990). In addition to the N-terminal acting binding domain, the rod1
of FLNa, with its elongated structure, serves as another actin binding site
(Nakamura et al. 2007). Rod2, in contrast, shows a more compactly folded
structure and is the main interaction site for the FLN binding partners
(Nakamura et al. 2011).

FIGURE2  Schematic structure of dimeric filamin A structure. Actin binding domain
(ABD) is followed by 24 immunoglobulin-like domains. A flexible hinge
separates rodl (domains 1-15) from rod2 (domains 16-23). Another hinge
precedes the dimerisation domain (FLNa24). In rod2, domains 16-17, 18-19, and
20-21 are organised as domain pairs (highlighted in dark grey).
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2.2.1 FLNa interaction with ligand peptides

Each repeating domain is composed of seven B-strands (named A-G) organised
as two antiparallel beta sheets. The general ligand-binding site of FLNa is formed
in the groove between strands C and D (so called CD-face), thus allowing
interaction partner peptides to bind as an additional B-strand (Fig. 3A). In these
binding strands, alternating residues are pointed toward or away from the
groove, with the ones facing it restricted to hydrophobic amino acids. The
hydrophobic contacts pointed toward strand D, in addition to main-chain
hydrogen bonds with strand C, are the main interactions affecting the binding
affinity of the partner peptide (Fig. 3B). There is already structural data for many
FLNa-peptide complexes sharing this binding mode (Nakamura et al. 2006,
Kiema et al. 2006, Lad et al. 2008,). However, there are also many known binding
partners for FLNs that do not have a sequence capable of binding as a B-strand,
thus suggesting that other binding modes or sites probably exist (Razinia et al.
2012).

The compact configuration seen in the electron micrographs of the FLNa
rod2 are a result of domains 16, 18, and 20 pairing with the subsequent odd-
numbered domains to form three globular units (Fig. 2) (Lad et al. 2007,
Heikkinen et al. 2009). In domain pairs FLNa18-19 and FLNa20-21, the A-strand
from the even-numbered domain extends and binds to the CD-face of its odd-
numbered pair. This additional strand masks the normal ligand-binding site at
the CD-face and probably works as an auto-inhibitor (Lad et al. 2007, Heikkinen
et al. 2009). Domains 17 and 23, however, are not auto-inhibited by the A-strands
from other domains. Thus, the CD-faces in these two domains are readily
available to interact with the partner proteins of FLNa (Heikkinen et al. 2009).

A B

FIGURE3  Structure of immunoglobulin-like FLNa domain with bound peptide ligand. A.
FLNa domains are formed of seven B-strands. Groove between strands C and
D (depicted with orange) is the general ligand-binding site. Partner peptides
(shown here in blue) bind as additional B-strands. B. Crystal structure of
FLNa21 in complex with integrin B7 (PDB: 2BRQ). Hydrogen bonds (dashed
lines) between FLNa21 (orange) and integrin B7 (blue) form mostly on the C-
strand side. On the D-strand side, hydrophobic interactions prevail, except for
Ser780 that forms an H-bond with its side-chain to Ala2281 of FLNa2l
(highlighted in a green circle).
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As FLNa is an actin cross-linking protein, it is able to serve as a
mechanotransducer sensing the mechanical stress in the cytoskeleton (Popowicz
et al. 2006, Pentikédinen & Yldnne 2009). It has been shown that FLNa is reversibly
unfolded and stretched by external forces (Furuike et al. 2001). These forces,
transmitted along the monomers of FLNa, may expose the CD-face for binding
partners to attach due to release of the auto-inhibition. In computational
simulations with an applied external force, the unmasking has been observed for
domain pairs FLNa18-19 and FLNa20-21 (Pentikdinen & Yldnne 2009, Chen et al.
2009). However, it has also been suggested that mechanical stretch is not
necessarily a requisite for the release of the auto-inhibition (Ithychanda & Qin
2011, Pentikédinen et al. 2011). It seems that excess ligand peptides, at least in the
case of migfilin and filamin, may compete with the masking and release the auto-
inhibition. A recent mechanical single-molecule assay supports this view by
showing that force facilitated binding of FLNa interaction partners merely shifts
the equilibrium of the auto-inhibition (Rognoni et al. 2012).

2.2.2 FLNa domains with a conserved CD-face

Bioinformational studies have suggested that immunoglobulin-like FLNa
domains could be divided into four distinct subgroups based on their sequence
similarities (Ithychanda et al. 2009). One of these groups contains each odd-
numbered domains from rod2 (FLNal7, 19, 21, and 23), and also domains 4, 9,
and 12 from rodl. This group, named group A, is of special interest for
interaction partner studies as the domains belonging to it share a conserved CD-
face. Indeed, all the domains of group A were experimentally demonstrated to
bind migfilin, glycoprotein Ibo. (GPIba), and integrin B2 and B7 cytoplasmic tails
in similar ways (Ithychanda et al. 2009). In addition, a chloride channel cystic
fibrosis transmembrane regulator has been shown to interact with FLNa domains
9,12, 17, 19, 21, and 23 - that is, all of the group A domains except FLNa4
(Playford et al. 2010, Smith et al. 2010). The GPIba. was shown by isothermal
titration calorimetry to bind the group A domains in a micromolar range, with
the tightest binding observed with FLNa21 (Ithychanda et al. 2009). GPIbo. was
also shown to have a higher affinity to FLNa21 when compared to the migfilin
and integrin B2 and P7 tails (Ithychanda et al. 2009). According to these
quantitative studies, it is possible to rank various FLNa binding partners
according to their biding affinities. Considering the fact that FLNs are linked to
many disorders, this raises the possibility for designing peptides and peptide
mimetics with ideal compositions for binding to FLNa domains.

2.3 T-cell protein tyrosine phosphatase

Opposing actions of phosphatases and kinases regulate many important
processes both in eukaryotic and prokaryotic cells. While kinases add a
phosphate group to a protein, phosphatases act by removing it. This reversible
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phosphorylation by kinases and dephosphorylation by phosphatases is
traditionally thought to cause their target proteins, for example many enzymes
and receptors, to activate and deactivate, respectively. Eukaryotic
phosphorylation occurs either with threonine, serine, or tyrosine residue.

Phosphorylation via tyrosine residues is regulated by counteracting protein
tyrosine kinases (PTKs) and phosphatases (PTPs). Signalling via tyrosine
phosphorylation is known to play a crucial role in many cellular processes such
as cell growth and differentiation, motility, and metabolism (Tonks & Neel 2001,
Hendriks et al. 2008, Tonks 2013). Proper regulation of these mechanisms is vital,
as any failure in the coordination of reversible tyrosine phosphorylation may
lead to both acquired and inherent diseases, for example, autoimmune disorders,
diabetes, and tumorigenesis (Mustelin et al. 2005, Stuible et al. 2008, Tonks 2013).
The family of PTP proteins, encoded by more than 100 genes in the human
genome, is responsible for removing phosphate groups from phosphotyrosines
(Alonso et al. 2004). Instead of serving only as housekeeping proteins
counteracting the PTK action, PTPs are nowadays known to have specific
substrate and function specificity and the ability to regulate signal transduction
both positively and negatively (Tonks 2006).

TCPTP is an intracellular non-transmembrane PTP. Despite its name
referring to T-cells, it is ubiquitously expressed in adult and embryonic tissues
(Cool et al. 1989, Mosinger et al. 1992), with the highest expression levels seen in
hematopoietic tissues (Bourdeau et al. 2005).  There are two splice variants of
TCPTP present in humans: the 48 kDa (TC48) and 45 kDa (TC45) forms (Table 1)
(Cool et al. 1989, Mosinger et al. 1992). These two isoforms share a conserved
catalytical N-terminal, but their non-catalytical C-terminal domains differ.
Additionally, the localisation inside the cell is different: while TC48 is targeted to
endoplasmic reticulum, the shorter TC45 is present in the nucleus (Lorenzen et
al. 1995). However, TC45 is able to exit the nucleus in response to various signals
(Tiganis et al. 1998, Lam et al. 2001).

In contrast to general acting PIPs, TCPTP is able to specifically recognise
its substrate receptor tyrosine kinases (RTKs) and regulate the signal
transduction related to them. The RTKs negatively regulated by TCPTP include
several growth factor receptors (Tiganis et al. 1998, Persson et al. 2004, Sangwan
et al. 2008), the insulin receptor (Galic et al. 2003), and the colony stimulating
factor 1 receptor (Simoncic et al. 2006). For example, the epidermal growth factor
receptor (EGFR) is a RTK activated by the binding of an epidermal growth factor.
The activation of EGFR leads to TC45 exiting the nucleus and accumulating in
cytoplasm (Tiganis et al. 1998). After cell adhesion to collagen by integrins, the
ol cytoplasmic tail (o1-cyt) of 1Bl integrin interacts with TC45 and activates it,
consequently leading to EGFR dephosphorylation by TCPTP (Mattila et al. 2005).
The same al-cyt has been shown to activate TC45 in endothelial cells, resulting
in an inhibition of vascular endothelial growth factor receptor 2 activity (Mattila
et al. 2008). In addition to RTKs, TC45 isoform is involved, for example, in
cytokine signalling pathways via several JAK (Janus kinase) and STAT (signal
transducer and activator of transcription) proteins (Simoncic et al. 2002, Aoki &
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Matsuda 2002, ten Hoeve et al. 2002, Yamamoto et al. 2002, Lu et al. 2007).
Compared to TC45, the TC48 isoform of TCPTP is expressed at lower levels, and
as of yet less is known about its function (Muppirala et al. 2013).

The non-catalytic C-terminus of TC45 serves as an auto-inhibiting domain,
reducing the activity of the protein by reversibly interacting with the catalytic
domain. This has been observed with 33 kDa and 37 kDa (TC33 and TC37,
respectively) forms of TCPTP in which the non-catalytic domain is either fully or
partially cleaved (Table 1): both of the truncated forms show higher phosphatase
activity than the full length TC45 (Cool et al. 1990, Hao et al. 1997). Additionally,
the activity of TC33 is inhibited in a concentration-dependent manner if the non-
catalytic C-terminal part of TC45 is added (Hao et al. 1997). However, the
structure-function studies of the C-terminal of TC45 are hindered by a lack of
structural data of this region. The longest available TCPTP structure is missing
the last 113 residues from the 387 amino acid long TC45 (Table 1) (Iversen et al.
2002).

TABLE 1 Various isoforms and splice variants of TCPTP.

Name Lenght Notes Reference

aa
TC48 415 Natural isoform; Autoinhibited Cool et al. 1989
TC45 387 Natural isoform; Autoinhibited Mosinger et al. 1992
TC37 317 Constitutively active; C-terminal truncated Cool et al. 1990
TC33 288 Constitutively active; C-terminal truncated Hao et al. 1997

PDB: 1L8K 274 Longest available crystal structure of TCPTP  Iversen et al. 2002

The activation of TC45 by ol-cyt is proposed to stem from the alleviation of the
intramolecular auto-inhibition of TCPTP by the binding al-cyt peptide (Mattila
et al. 2005). According to this view, the al-cyt binds to the N-terminal part of the
protein, precluding the autoregulatory interaction between the N- and C-
terminals. In a recent high-throughput assay, six TCPTP agonists were identified
(Mattila et al. 2010). Two of these, spermidine and mitoxantrone, were found to
compete with ol-cyt for binding to TC45 in a concentration-dependent manner.
This suggests that they all activate TC45 by binding to the same site. Indeed, like
ol-cyt, mitoxantrone and spermidine are also positively charged, which further
supports the view.

As TCPTP is a negative regulator of many cancer-related RTKs and is also
known to be linked to autoimmune diseases, it would be desirable to develop
specific and effective activators for it. Especially promising is the finding that, in
contrast to many other phosphatase tumor suppressors, the expression levels of
TCPTP are not down-regulated in malignant cells (Lu et al. 2007). Even though
mitoxantrone and spermidine are known activators of TCPTP, they are not
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suitable as therapeutics because they have other targets in cells. In addition, the
membrane permeability of these molecules might be restricted due to their
charged nature. However, they might be helpful in studies of TCPTP structure
and function, and may provide a template for the rational design of TCPTP-
specific activators.



3 AIMS OF THE STUDY

Understanding the protein-ligand interaction at the atomic-level is important for
future drug design. Accordingly, the aim of this thesis was to investigate three
pharmacologically interesting protein targets for their interaction with ligands by
using mostly computational methods. The specific aims for each of these projects
were revised and sharpened over time. The final aims of the thesis were:

I

I

11

The aim of the study of iGluRs was to advance the understanding
of the partial agonism of these receptors. LBDs of various iGluR
subtypes, especially GluN1, were the target to be investigated by
using MD simulations. Another aim was to study the energetic
basis of the LBD closure with MM-GBSA. It is hoped these studies
would facilitate the development of new therapeutic agents for
iGluRs.

The aim of the study of FLNa was to investigate if MM-GBSA
based binding free energy calculations could be used to reliably
estimate the binding affinities between FLNa and its various
peptide-ligands. Constrained MD simulations were aimed to
pinpoint the critical interactions in the FLNa-ligand binding.

The aim of the TCPTP study was to recognise a binding site in
TCPTP for mitoxantrone, a novel activator identified by our
collaborators. By applying both computational and experimental
methods, we aimed to characterise the binding and recognise the
structural determinants important for the novel activators of this
anti-cancer target protein.



4 METHODS

4.1 Databases

The crystal structures used in the studies reported in this thesis were acquired
from the Protein Data Bank (PDB) (Berman et al. 2000). The amino acid sequences
were obtained from UniProt (UniProt Consortium 2013).

4.2 Homology modeling

When there were no experimentally solved structures available, or if part of the
protein structure was missing from the structure, homology models were built (I,
II, IV). Similarly, homology modelling was used in cases when it was necessary
to utilise proteins with similar folding (III). The template structures were aligned
with the amino acid sequences using MALIGN in BODIL (Lehtonen et al. 2004).
Based on these alignments, the models were built using NEST in JACKAL
(Petrey et al. 2003) or MODELLERY (Sali & Blundell 1993). The stereochemical
quality of the models was verified with Ramachandran plots (III) acquired with
PROCHECK (Laskowski et al. 1993).

4.3 Ligand molecules

The 3D structures for small-molecule ligands (I, II, IV) were prepared with
SYBYL7.3 (Tripos International, St. Louis, MO) and optimised quantum
mechanically with GAUSSIANO3 (Gaussian Inc.,, Wallingford, CT) at the
HF/6-31+G* level using a polarisable continuum model. The restrained
electrostatic potential methodology was used to calculate the atom-centred point
charges from the electrostatic potential (Bayly & Kollman 1993). When the
studied small-molecule ligand had been crystallised with the protein, the
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conformation of the ligand was obtained from the crystal structure without
geometry optimisation (I, II). The same was applied in cases when peptides were
used as ligand molecules (III). The length of the filamin-bound peptide-ligands
was unified to 11 residues. With migfilin, this required homology modeling by
using an alignment of migfilin sequence (Uniprot: FBLI1_HUMAN) and the
structure of integrin B7-bound FLNa21 (PDB: 2BRQ). For experimental studies
(IV), molecules were purchased from Sigma Aldrich.

4.4 Structure comparison and ligand positioning

For structure comparison and ligand positioning (I-IlI), Co. atoms of the target
structure and the studied protein-ligand complex were superimposed using
VERTAA in BODIL. In addition to superimposition of proteins, peptide-ligands
in the study related to filamins (III) were superimposed to attain the same
starting conformation for all filamin-peptide complexes. Flexible docking with
GOLD 5.0.1 (Jones et al. 1995, Jones et al. 1997) was utilised to identify the
putative binding site for mitoxantrone in TCPTP (IV). Docking was also used to
predict the bioactive conformations for all the ligands in the same study.

4.5 Molecular dynamics simulations

In MD simulations, the time-dependent behavior of atoms and molecules is
mathematically calculated to obtain a detailed view of the atomic motion. Due to
the fact that there are usually thousands of atoms in one protein molecule,
quantum-mechanical calculations for the whole system are practically
inconceivable with current technology. This is further complicated by a box of
water molecules in which the protein is embedded for more accurate simulation
of real biological environment. Resulting from these challenges, biomolecules
such as proteins are commonly simulated using empirical force fields that define
the parameters and mathematical equations required for approximation of actual
atomic forces in the system. In contrast to quantum mechanical approach, force
fields utilise classical Newtonian mechanics to simulate the system. However,
small-molecule ligands may still be optimised quantum mechanically prior to
docking or inserting into the binding site of the protein for the force-field based
MD simulation.

In MD simulations of proteins and their ligands, the molecules are allowed
to interact for a certain period of time in a defined temperature. MD simulations
yield atomic trajectories that describe the positions, accelerations and velocities
of each particle in the course of the simulation. This computational method
enables insights into many biological interactions intractable or even impossible
to study experimentally. In the studies constituting this thesis, both constraint-
free and steered MD simulations were applied to study protein-ligand
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interactions. For example changes in the distances and angles between atoms of
interest were calculated from the trajectories to study the conformational changes
occurring as a ligand is bound to a protein. MD was also utilised to study the
stability of protein-ligand complexes, and also to mimic the putative forces
affecting the protein in vivo. Additional utility of MD simulations was to serve as
a basis for calculations of binding free energies for protein-ligand complexes.

4.5.1 Constraint-free molecular dynamics simulations

All MD simulations (I-IV) were performed with NAMD2.6 (Phillips et al. 2005)
using Amber ff03 force field. TLEAP in ANTECHAMBER-1.27 (Wang et al. 2006)
was used to (1) solvate the system with a rectangular box of transferable
intermolecular potential three-point (TIP3P) water molecules, (2) add hydrogen
atoms, and (3) add counterions (Na* or Cl) to neutralise the protein-ligand
complex. Unnecessary amino acid chains and ions were removed from the
crystal structures using BODIL. In studies related to iGluRs (I, II), the extra water
molecules too close (1.4 A) to the ligand were removed if the original protein-
ligand complex from a crystal structure was not used directly. In addition, in
these studies the disulphide bridges were built between adjacent cysteine
residues (GluN1: Cys420-Cys454, Cys436-Cys455, and Cys744-Cys798).

The MD simulations were performed in four steps in order to energy
minimise and equilibrate the system before the product simulation. First, the
energy minimisation of the water molecules, counterions, and amino acid side
chains was done while the rest of the system was kept constrained by restraining
Co atoms with a harmonic force of 5 kcal*mol*A2, In the second step, energy
minimisation for the whole system was performed without constraints. Third
step was a MD simulation run with restrained Co atoms in a constant pressure.
Finally, the actual production MD simulation with no constraints was performed,
with the length of the run ranging from 6 to 127 ns depending on the study.
Usually three repeats were performed for each studied complex.

During the MD simulations, the temperature was kept at 300 K with
Langevin dynamics for all non-hydrogen atoms using a Langevin damping
coefficient of 5 ps1. Nosé-Hoover Langevin piston (Feller & Pastor 1995) was
utilised to keep the pressure at 1 atm with an oscillation time scale of 200 fs and a
damping time scale of 100 fs. An integration time step of 2 fs was used under a
multiple time stepping scheme (Schlick & Schulten 1999). In general, the bonded
and short-range interactions were calculated every step and long range
electrostatic interactions every third step. A cutoff value of 12 A was used for the
short-range electrostatic interactions and van der Waals forces, and a switching
function was enforced for the van der Waals forces to smoothen the cutoff. The
simulations were run under periodic boundary conditions, and the long-range
electrostatics were counted with the particle mesh-Ewald method (Darden &
Pedersen 1993). The hydrogen bonds were restrained with the SHAKE algorithm
(Ryckaert & Berendsen 1977).

Trajectory analysis of MD simulations was done by extracting snapshots at
specific intervals from the trajectories with PTRAJ in ANTECHAMBER 1.27
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(Wang et al. 2006). Various atom distances and angles, as well as calculation of
RMSD values of ligands, were measured using the trajectories. A cutoff value 3.4
was used as the upper limit for a hydrogen bonding distance. Visual inspection
of snapshots was performed with BODIL.

4.5.2 Steered molecular dynamics simulations

In steered molecular dynamics (SMD), an external force is added to force fields to
allow mimicking of the effects of mechanical strain on the studied molecules.
With the usage of external forces, SMD accelerates conformational changes in the
system by reducing energy barriers. This application broadens the repertoire of
subjects possible to study with MD simulations. In SMD, one or multiple atoms
are kept fixed while an external force is added to others. Constant force or
constant velocity schemes may be applied depending on the study.

In the studies constituting this thesis, a constant force was applied to the
center of mass of the Co atoms of D2 of GluN1-LBD (II) or to filamin-bound
peptides (III). The atoms that were kept fixed were either the Co atoms of D1 of
GluN1-LBD (II) or Co atoms of filamin domain (III). The direction of the force
was defined by the vector linking the center of mass of the fixed and constrained
atoms. Various forces in the piconewton range (from 6 to 200 pN) were applied
depending on the study. The SMD simulations followed the protocol reported for
MD simulations except that the SMD productions runs were performed only
after short unrestrained MD simulations. Another alteration was that the time
step used in the SMD simulations was 1 fs compared to 2 fs in the constraint-free
runs.

4.6 MM-GBSA

Estimation of binding free energy (AGoind) is essential for many studies of
biological interactions. For example, drug discovery processes such as virtual
screening can be assisted by the free energy calculations with small molecules
(Niinivehmas et al. 2011). Other examples of applications that can be advanced
with the help of AGuina estimations include ranking both small-molecule (Hou et
al. 2011) and peptide ligands (Zuo et al. 2012) on the grounds of their binding
affinity. Yet another valuable application of binding free energy methods is to
investigate the energetic basis of protein conformation changes (Fogolari et al.
2005, Tomic et al. 2012).

MM-PBSA/GBSA method, originally applied to study nucleic acids
(Srinivasan et al. 1998), combines the molecular mechanical approach with the
desolvation energies to estimate free energies of binding. The method has been
shown to be efficient in predicting the energetics of ligand binding to proteins
(Massova & Kollman 2000, Rastelli et al. 2010). In contrast to the explicit water
model generally used in MD simulations, continuum solvent models of Poisson
Boltzmann (PB) or Generalised Born (GP) are utilised in MM-PBSA/GBSA to
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estimate the electrostatic contribution to the solvation free energy. Use of a
continuum model of the dielectric properties of water is obviously only an
approximation of the actual solution environment. However, it notably reduces
the computational cost of the calculations and makes the equilibration step for
water redundant. In the studies (II-IV) constituting this thesis, GB model was
utilised as it has been shown that it is usually better in ranking the binding
affinities of the ligands compared to PB model (Hou et al. 2011).

In MM-GBSA, the binding free energy between a ligand and a protein is
estimated from the free energies of the complex, protein, and ligand with the
following equation:

AGpind = Gcomplex - Gprotein - Gligand

The free energy for each species is estimated from the molecular mechanics
energies (Emm), solvation energies (Gsol), and the entropic term (TSsolute) using the
equation:

G = EmmM + Gsol + TSsolute

where Emum is the sum of van der Waals (Evaw), electrostatic (Eelec), and internal
energies (Eint) in vacuo. Gsol in turn presents the solvation free energies including
both the polar (Ggp) and nonpolar (Gsa) components. The free energies of
binding were estimated from MD simulation trajectories using the MM-GBSA
method implemented in AMBER10 (Case et al. 2008). Emm was calculated with
sander program from AMBER with infinite cutoff. Ges was calculated with GB
approach implemented in AMBER. There are three different GB models offered
in the Amber10 package: IGB1 (Hawkins et al. 1996, Tsui & Case 2001), IGB2, and
IGB5 (Onulfriev et al. 2004). Of these, either only IGB1 (II, IV) or all of them (III)
were used in MM-GBSA calculations. Solvate accessible surface area for the Gsa
was determined using MOLSURF (Connolly 1983), and the surface tension
constants used were 0.072 for IGB1 and 0.005 for IGB2 and IGB5. Dielectric
constants of 1 and 80 were used for solute and solvent, respectively. The
conformation entropy term (TSsote) Was not considered here as it has been
shown that the entropic configuration calculations are often unreasonable
(Gohlke & Case 2004), and are not essential for the ranking of binding affinities
of similar ligands (Hou et al. 2011). The AGpina values shown for each protein-
ligand complex were calculated as averages from snapshots taken from MD
simulation trajectories at 6 ps (III) or 120 ps (II, IV) intervals.
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4.7 Experimental methods

4.7.1 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is an experimental method capable of
providing quantitative information about the energetics of biological interactions
(Velazquez-Campoy et al. 2004). It enables a detailed determination of several
thermodynamic parameters in a single measurement, such as AG, enthalpy (AH),
entropy (AS), and dissociation constant (Kq). In addition, kinetic parameters of
biomolecular reactions have also been shown to be determinable by using ITC
(Egawa et al. 2007). The basic protocol is to inject the ligand in aliquots in to the
sample (protein) solution and to measure the power required to maintain a
constant temperature compared to a reference solution in an adjacent chamber.
Energy is either released or taken up after each injection, so the feedback system
of the calorimetry has to either raise or lower the thermal power applied to reach
the equilibrium. As the titration progresses, all the binding sites are gradually
vacated and, consequently, the heat signal diminishes. The AH, Kg4, and the
stoichiometry can be defined from the binding isotherm produced. Accordingly,
also the AG and the entropic contribution to the event (-TAS) can be judged.

Here, the ITC was utilised to study the small-molecule activators binding to
TCPTP (1V). ITC200 calorimeter (GE Healthcare Life Sciences, Microcal Inc.) was
used for mitoxantrone-TCPTP complex and VP-ITC (GE Healthcare Life Sciences,
Microcal Inc.) for spermidine-bound TCPTP. In measurements of mitoxantrone
binding, HEPES buffer (50 mM HEPES, 150 mM NaCl, 10 mM -
mercaptoethanol), pH 7.0, was used with the concentrations of 20 pM and 200
uM of protein and ligand, respectively. The titration was carried out with 3 pl
aliquots with two minute intervals. For spermidine, Tris buffer (20 mM Tris, 100
mM NaCl, 10 mM B-mercaptoethanol), pH 8.0, was used, and the concentrations
of the reactants were 15 uM for spermidine and 300 uM for TCPTP. Volume of
the injections here was 15 pl with four minute intervals. Data analyses was done
with Microcal Origin 7.0 (MicroCal LLC) software.

4.7.2 Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) enables assessing the effect of a ligand on
the temperature-dependent protein melting (Pantoliano et al. 2001). In DSF, a
hydrophobic fluorescent dye is utilised to differentiate between folded and
unfolded protein conformations. At low temperatures, no signal is detected
because there are no hydrophobic core-residues exposed to which the fluorescent
dye could attach. However, as the temperature is gradually raised, protein starts
to unfold and the dye is able to bind to emerging hydrophobic surface patches.
The fluorescence signal is read, and the melting temperature (Twm) of the protein
complex is calculated from the resulting fluorescence curve. The effect of ligand-
binding to the conformational stability of a protein can be estimated by
comparing the T values of the protein with or without a bound ligand.
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Here, DSF was used to study the stability and folding of various TCPTP
constructs and the effect of small-molecule activators on the Tm of the constructs
(IV). Assays were performed with Bio-Rad C1000 Thermal cycler (CFx96 Real-
Time System), and SYPRO Orange (Invitrogen) was used as the fluorescent dye.
Temperature increments of 0.5 °C / 30 s from 20 °C to 95 °C were applied in all
experiments. Concentrations of 10 and 100 uM were used for protein and ligand,
respectively, and the SYPRO Orange dye was diluted to 5x concentration for the
final samples. HEPES buffer (50 mM HEPES, 150 mM NaCl, 10 mM -
mercaptoethanol), pH 7.0, was used in the assays, and the total volume of the
samples was 25 pl. In contrast to mitoxantrone and spermidine, 1,2-
diaminoanthraquinone was diluted in DMSO. Hence, the same DMSO
concentration was used in the ligand-free protein samples to which the effect of
1,2-diaminoanthraquinone was compared. Four parallel measurements were
performed and the average numerical results were calculated based on them.

4.7.3 Other experimental methods utilised

Recombinant TC37 and TC45 cloning, expression and purification was
performed as described in detail in the corresponding publication (IV). Surface
plasmon resonance assay and pull-down, as well as the phosphatase assays, were
conducted by our collaborators (IV).

4.8 Visualisation

Figures showing structures of proteins or protein-ligand interaction were
generated with BODIL v. 0.81 and MOLSCRIPT v. 2.1.2 (Kraulis 1991) and
rendered with RASTER3D v. 2.7C (Merritt & Bacon 1997).



5 RESULTS

5.1 Ionotropic glutamate receptors (I, II)

In contrast to immobile crystal structures, MD simulations enable a dynamic
study of the events taking place between iGluRs and binding ligands. It was
shown in a former study (Postila et al. 2010) that MD simulations can distinguish
between the agonists and antagonists, and perhaps also partial agonists, of
GluK1, and reproduce similar closure-stages seen with experimental methods. To
expand this research, a large set of full and partial agonists were inserted to the
LBD of GluK2, GluA2, and GluN1 receptors, and constraint-free MD simulations
were run to study the closure stages of the cleft and the critical interactions
between the ligand and the receptor (I). Partial agonism of the GluN1 was of
particular interest, and therefore it was studied more thoroughly: the forces from
the transmembrane domain of GluN1 that likely apply to LBD were mimicked by
SMD simulations, and the energetic basis of the ligand-binding interactions was
estimated using the MD-based MM-GBSA (II).

5.1.1 Interdomain H-bond efficiently indicates cleft closure (I)

Several interdomain distances were measured from MD simulation trajectories to
see if the effect of full and partial agonist binding to the cleft closure could be
differentiated. One particular H-bond (Gly485N-GIn686© for GluN1; Gly472N-
Ser6730C for GluA2; Gly489N-Asp687° for GluK?2), located between the D1 and D2
of LBD, was found to correlate especially well with the partial agonism of iGluRs
(L, Fig. 3): With full agonists, this interdomain hydrogen bond (IHB) was formed
and remained stable during the MD-simulations. Partial agonists, on the other
hand, consistently disrupted the bond. Thus, IHB was focused when the MD
simulations were inspected and the closure of the LBD was analysed. In addition
to IHB measurements, iGluR-LBD closure angles were also calculated by using
three different triangles. However, due to the fact that with this method the
relative position of three atoms needs to be considered, none of the triangles
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described the closure of the binding-cleft as reliably as the IHB distance
calculations (I, Fig. S2).

5.1.2 Full agonists maintain the LBD closed in MD simulations (I)

When simulated with bound full agonists, the LBDs of GluA2 and GluN1 were
kept firmly closed (I, Fig. 4B, 6B and S3, Table S2 and S5). However, this was not
constantly seen with GluK2: the IHB broke from time to time in most of the
repeats (I, Fig. 5B and S3, Table S3). Thus, unlike GluN1 and GluA2 and at least
in simulations of isolated LBDs, GluK2 seems to be prone to opening even with
bound full agonist ligands.

5.1.3 Partial agonists destabilise closed-cleft iGluRs (I)

The effect of partial agonists on the closure of GluA2 was studied with 5-
substituted willardiines. The ligands, when inserted in a closed-cleft LBD,
temporarily broke the IHB (I, Fig. 4 and S3). However, the cleft did not stay open
constantly in any of the simulations, indicating that incomplete closure of GluA2-
LBD may not be essential for partial agonism in this receptor type.

In simulations of GluK2, bulky partial agonists kainate and domoate
invariably opened the LBD to the same intermediately open stage as seen in
crystal structures (I, Fig. 5 and S3). However, with kainate the IHB temporarily
formed (I, Fig. S3) in some simulations, suggesting that in addition to the
intermediate closure stage, the GluK2-LBD is also able to fully close with bulky
partial agonists.

In contrast to what is visible in the crystal structures of GluN1-LBD with
bound partial agonists, the MD simulations showed that the cleft can be opened
with these ligands (I, Fig. 6 and Table S5). While full agonists glycine and D-
serine kept the LBD firmly closed, partial agonists D-cycloserine and ACPC broke
the IHB and opened the binding-cleft similarly, as seen with GluA2 and GluK2.

In summary, not all partial agonists of GluA2 or GluN1 were able to open
the fully closed LBD. However, they were capable of breaking the IHB, thus
suggesting that this bond plays a crucial role in the partial agonism of these
receptors. The GIuK2 subtype, on the other hand, did not allow a clear
distinction between full and partial agonists.

5.1.4 MD simulations reveal an intermediate closure stage for GluN1 (I, II)

When the simulations of GluN1 with bound partial agonist D-cycloserine (I, Fig.
6) were analysed, a relatively stable plateau was noticed in the IHB distance
calculations around 4-5 A. This distance was clearly longer than the H-bond in
closed-cleft but shorter than what is seen in the crystal structures of the fully
open GluN1-LBD. To further study this previously unseen closure stage, MD
simulations with full and partial agonists inserted to open-stage GluN1-LBD
(from an antagonist-bound crystal structure) were run. With full agonist glycine
and relative small partial agonists D-serine and ACPC, closure of the LBD was
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repeatedly induced, but with bulkier ACBC this did not occur. However, when
the IHB distance was measured, an intermediate closure stage was visible with
all the partial agonist in the course of the simulations (II, Fig. 2 and S1). This
partial closure stage was stable, lasting several nanoseconds in each simulation
run with every partial agonist studied. In some repeats, full closure of the cleft
followed the intermediate closure, but in other cases complete closure was not
achieved at all. For D-cycloserine, the IHB distance at the intermediate closure
stage was approximately 4-5 A, resembling what was noticed in simulations
from a closed-cleft conformation of LBD (I, Fig. 4). For ACPC and ACBC, the IHB
distance was 5-6 A when the intermediate closure stage was reached. In addition,
with ACBC another partial closure stage was also seen at 4-5 A (II, Fig. S1).
Contrary to partial agonists, full agonist glycine did not show intermediate
closure stage in any of the simulation runs.

5.1.5 SMD simulations mimic forces affecting the GluN1-LBD closure (II)

To study the strength of the full or partial agonist-bound GluN1-LBD closure,
SMD simulations were run. The D1 lobe of the LBD was kept fixed while
constant forces, ranging from 6-10 pN, were applied to the Co atoms of D2 (II,
Fig. 3 and S2). The direction of the force was from the centre of the mass of Ca
atoms D1 towards that of D2. The starting structure of the LBD was fully closed
(obtained from a crystal structure with bound full agonist glycine), so the forces
likely affecting the opening of the LBD in vivo could be mimicked. With full
agonist glycine, the forces needed to open the closed-cleft LBD were higher than
with partial agonists D-cycloserine, ACPC, and ACBC. This was observed when
the IHB distance was measured from SMD simulation trajectories: 9-10 pN was
needed to wedge the glycine-bound LBD open while smaller forces, even as low
as 6 pN, were enough to open partial agonist-bound complexes (II, Fig. S2).

With all partial agonists, the IHB distance in the SMD simulations were set
to the same intermediate stage as seen in the constraint-free MD runs (Il, Fig. 3
and S2). In some repeats, this partial closure persisted for the whole 3 ns
simulations, while in others the LBD opened fully in the later stages of the
simulation. Similarly as with free-MD simulations, full agonist glycine did not
show intermediate closure but opened completely with no stable partially open
stage. Average IHB distances at the intermediate closure stage correspond to
some extend with the previous experimental results of ligand efficacies (Inanobe
2005, Priestley 1995): the most effective partial agonist D-cycloserine showed the
shortest IHB distance at the intermediate closure level, while ACBC with the
lowest reported efficacy had the longest distance.

5.1.6 Closure mechanism of GluN1-LBD (II)

The mechanism of closure of GluN1-LBD was examined from MD simulations
starting from an open-cleft structure. Various distances from different sides of
the GIluN1-LBD binding cavity were measured from trajectories of MD
simulations with either a full or partial agonist bound. It was noticed that the
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closure of the cleft does not take place simultaneously throughout the binding
cavity: the H-bond between GIn4059F! and Trp731NEl near o-helixes H and I
forms earlier than the IHB on the other side of the cavity (II, Fig. 4B and S3). In
addition, there was no intermediate closure stage visible in the distance plots of
the GIn405-Trp731 obtained from the partial agonist simulations. The same
observation was made when snapshots were extracted from MD simulation
trajectories: while three distinct closure stages are visible at the area close to the
IHB (near helix F and loop 2), only two stages are seen at the other end of the
binding cleft (II, Fig. 4C).

5.1.7 Energetic basis of the GluN1-LBD closure (II)

To study the ligand-binding energetics associated with different closure stages of
GluN1-LBD, MM-GBSA was utilised. The binding free energies were estimated
from trajectories of MD and SMD simulations. With full agonist glycine, there
was a clear decrease in the AGpind Wwhen the open-cleft LBD closed during the MD
simulation (II, Fig. 3). When simulated from the closed-cleft conformation, no
change in the AGpinga level was seen. In SMD, the binding free energy clearly
followed the opening of the LBD. In summary, MM-GBSA calculations with
glycine-bound GIuN1-LBD showed that full agonists noticeably prefer the
closed-cleft form of LBD.

When trajectories of GluN1 with bound D-cycloserine were analysed, it was
noted that there is little or no difference between the fully or partially closed
stages in the binding free energy levels (II, Fig. 3). In SMD runs, the AGpind
differed at the intermediate closure stage slightly from that seen at the fully
closed stage. However, later during the same run, as the LBD fully opened, a
more significant change in the energy level was visible. Similar results were
obtained in SMD simulations with ACPC and ACBC (I, Fig. S3). Hence, MM-
GBSA results depict that the full closure of the GluN1-LBD is not clearly the
energetically favored conformqation when compared to intermediately closed
LBD. The numerical results from the MM-GBSA calculations of SMD simulations
were correlated well with the ECsy values reported earlier (Chen 2008, Dravid
2010, Priestley 1995) with experimental methods (II, Table 1).

5.2 Filamin A interaction with peptide-ligands (III)

Interaction of peptide-ligands with filamin was studied with computational
methods. The aim was to determine the reliability of the in silico methods in
estimating the binding affinities of peptides to FLNa domains. Binding free
energies of peptide-ligand-bound FLNa-domains were calculated with MM-
GBSA. Original crystal structures, or, when necessary, homology models, were
used as the starting conformations for MD simulations. Binding free energies
were estimated from trajectories of the simulations and compared to the
experimental results obtained from literature. In addition, SMD was utilised to
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analyse filamin-ligand interaction at the atom-level. Finally, biological problems
related to filamins were studied with MM-GBSA to see if computational methods
could illustrate the problems currently not solved by traditional experimental
techniques.

5.2.1 Peptide-ligand-bound Filamin A MM-GBSA calculations compared to
experimental data

The binding free energies of various FLNa-domains in complex with GPIba. or
several binding-partners bound to FLNa2l were calculated using MM-GBSA.
After 6 ns constraint-free MD simulations, an average AGuind for the filamin-
ligand-complex was calculated from 1000 snapshots extracted from the
trajectory. Only FLNa domains that are known to share similar binding groove
between B-strands C and D were selected for this study. Three different IGB-
models were considered for each FLNa-peptide complex.

Binding free energies for various peptides (GPIbo, migfilin, and integrin
beta cytoplasmic tails 2 and 7) binding to FLNa21 were calculated with MM-
GBSA and compared to the experimental results reported in the literature. High
correlations were seen with all three IGB-models: coefficients of determination
(R?) for IGB1, IGB2, and IGB3 were 0.94, 0.96, and 0.96, respectively (III, Fig. 2
and Table 2). When the binding free energies of FLNa domains 9, 12, 17, 19, 21,
and 23 in complex with GPIba were calculated and compared to experimental
results, a high correlation was seen with two IGB-models: R? of 0.95 and 0.93
were obtained for IGB1 and IGB2, respectively (IlI, Fig. 2 and Table 1). For IGB5,
the correlation was only moderate, 0.62. Also, the standard deviations of IGB5-
calculations were larger than with the other two models (III, Table 1). When the
binding free energies of individual runs were plotted against the simulation time,
a relatively good converging of the energies was noted (I1I, Fig. S2 and Table S2).
Nevertheless, there was a large fluctuation in the energy levels in the case of
IGBS, justifying the low correlation and relatively large standard deviation seen
in the numerical results. However, when these results were combined in the
same plots with the results of FLNa21 bound to various peptides, the correlation
was very high regardless of the IGB-model selected (III, Fig. 2).

5.2.2 SMD simulations of FLNa21-peptide complexes

Atom-level analysis of the FLNa21-peptide interaction was performed by SMD
simulations. FLNa21 Co-atoms were kept fixed while a constant force was
applied evenly to all Co-atoms of the bound peptide. Various forces were tested
for each binding partner to discover the force needed to detach them. GPIbo was
found to require the most force, even 200 pN, to disengage, while the integrin 32
cytoplasmic tail usually needed only 100-150 pN. Visual inspection of the
snapshots, extracted at various time points during the SMD simulations, showed
that the detaching of all peptides always started from the C-terminal (III, Fig. 3).
This was also visible when atom distances between the main chain N- and O-
atoms of FLNa2l C-chain and the bound peptide were calculated from the
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trajectories (III, Fig. 3 and S3). In addition to these interactions, another H-bond
was found to play a critical role in the FLNa2l-peptide relationship: serine in
position 4 for all peptides considered in this study was seen to form a hydrogen
bond to Ala2281, located at strand D of FLNa21 (III, Fig. 1). In SMD simulations,
this H-bond was always the last to break, indicating the crucial role of this
particular interaction for the affinity of the bound ligand-peptide (III, Fig.3 and
S3).

5.2.3 FLN-related biological problems studied with MM-GBSA

Autoinhibition of FLNa2l by the A-strand from the adjacent FLNa20 has
previously been studied experimentally (Lad et al. 2007, Heikkinen et al. 2009).
The binding affinity of the A-strand to the CD-face of FLNa2l was here
estimated with MM-GBSA. According to the calculations, based on 1000
snapshots from 6 ns long MD simulations, the AGuping for this interaction is at a
similar level as the integrin B tails 2 and 7 (III, Table 2). GPIba and migfilin, on
the other hand, showed a significantly higher binding affinity towards FLNa21.

Another biological problem studied with MM-GBSA was the binding of
migfilin to chain B of the FLNa21-migfilin complex, which was obtained from the
corresponding crystal structure (PDB: 2WO0P). Similarly to aforementioned MM-
GBSA calculations with the A-strand of FLNa20, 6 ns MD simulations were
followed by binding free energy estimations from 1000 snapshots. The AGuind
result (-70.9 kcal*mol) corresponds to an experimental value of -2.4 kcal*mol~
which is considerably lower than that calculated for the FLNa21 A-chain with
bound migfilin (III, Table 2).

5.3 T-cell protein tyrosine phosphatase activation by small
molecules (IV)

It was known from previous studies that the cytoplasmic tail of al-integrin (o/1-
cyt) binds to and activates TCPTP (Mattila et al. 2005). In addition, six small
molecules have been identified that are able to activate TCPTP. The aim here was
to investigate the mechanism of TCPTP activation and to identify the binding site
for the small molecule activator mitoxantrone. For that purpose, mitoxantrone
and other small activators were analysed with several experimental and
computational methods. In addition to studying the binding and activation of
TCPTP with these recently recognised molecules, the activation of the protein
with ol-cyt was examined.

First, mitoxantrone and spermidine were studied using ITC for their
binding stoichiometry and affinity. The constitutively active form of TCPTP,
TC37, was used because it is more stable and soluble than TC45. The binding of
mitoxantrone was shown to be exothermic (AGpind = -8.1 kcal*mol), with both
enthalpy and entropy having a favourable effect (IV, Fig. 2). According to the
stoichiometry estimation, only one binding site was suggested to exist for
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mitoxantrone. On the other hand, ITC measurements showed that spermidine
does not bind to TC37.

Docking studies were utilised to identify a probable binding site for
mitoxantrone. As there are no 3D-structures available for the full-length TC45, a
homologous protein (PTP1B) was used as a template to build the TC30 construct.
While this model lacks the C-terminal part of the TCPTP, it could be used for
docking studies because ITC studies have demonstrated that this part of the
protein is not needed for binding. Docking studies revealed a negatively charged
area with a hydrophobic groove near the N-terminus of TCPTP, distinct from the
catalytic site. This putative binding site provides a favourable environment for
the binding of mitoxantrone, which has positively-charged arms as well as a
hydrophobic core (IV, Fig. 1 and 3). Verification for this was obtained with MD
simulations, which showed that the mitoxantrone docked into this site remains
firmly in place (IV, Fig. 4). In contrast, MD simulations with spermidine
indicated that it is unable to stay in the binding site during the simulation. This
further supports the earlier obtained results with ITC that suggest a different
activation mechanism for spermidine.

Two mutant forms of TC30, ES.E11A and E24.28A, were tested to see the
effect of these mutations to the mitoxantrone binding. MD simulations of 6 ns
were followed by MM-GBSA calculations of free energy for the binding event.
The results suggest that mitoxantrone binds more strongly to the wild type
TCPTP than either of the mutants. Both glutamate-to-alanine mutations also
affect the thermal stability of TCPTP, which was seen when the DSF was utilised
to study the thermal denaturation profiles of the constructs. For this, TC45, TC37,
and the two mutations were expressed and purified. Compared to the wild type
TC37, the E24.28A and especially E8.11A mutants destabilised the apo-form of the
protein. However, these DSF results confirm the stability of both wild type and
mutant constructs. When mitoxantrone was added and the DSF results were
compared to experiments with no activator bound (IV, Fig. 5 and Table 2), a
small elevation was seen in the Tm-value (+2.1 °C). In contrast, a negative effect
on the T value was noticed with both mutant forms and with the TC45 bound to
the mitoxantrone. In the melting curves of mitoxantrone-bound TC37 and both
mutant constructs, two distinct transition states were seen, thus proposing that
there exists two subdomains in the TC37 structure, of which one is stabilised by
mitoxantrone. For 1,2-diaminoanthraquinone, a small positive effect was seen
with all protein constructs compared to the apo-form (IV, Fig. 5 and Table 2).
Spermidine, on the other hand, destabilised all the protein constructs as seen in
the negative shift of the Ti-values (IV, Fig. S2 and Table 2).

The  phosphatase  activity assay indicated that the 1,2-
diaminoanthraquinone did not activate TC45 phosphatase action even though it
was shown in the DSF measurements to bind and stabilise the protein (IV, Fig. 5
and Table 2). On the contrary, both mitoxantrone and ol-integrin clearly
activated the TC45 in the phosphatase assay (IV, Fig. 6). Vigorous activation by
ol-cyt was emphasised when it was co-incubated with the mitoxantrone: the
addition of mitoxantrone did not produce any additional effects when compared
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to the al-cyt alone (IV, Fig. S3). When the effect of double mutants (E8.11A and
E24.28A) on the binding and activation of al-cyt were studied with surface
plasmon resonance and pull down and phosphatase assays, only a slight effect
was noted (IV, Fig. 7). These findings depict that the double mutations do not
completely prevent ol-cyt from binding and activating the TCPTP. The tetra
mutant (E8.11.24.28A) form of TC45, however, clearly weakened the binding and
hindered activation ability (IV, Fig. 7).



6 DISCUSSION

6.1 Ionotropic glutamate receptors

6.1.1 IHB disruption enables categorisation of ligands as full or partial
agonists

MD simulations with LBDs of GluA2 and GluN1 showed that the binding cleft
stays firmly closed when in complex with full agonists. However, with GluK2 the
cleft can be opened during long MD simulations, indicating a less firm closure
when compared to the other two receptor types. In the case of partial agonists,
the stability of the IHB correlates well with the ligands and putatively plays a
critical role in the partial agonism of GluA2 and GIluN1: while some partial
agonists were unable to permanently wedge the binding cleft of these receptors
open, the IHB was frequently disrupted with all studied partial agonists. These
results suggest that categorising the ligands of GluA2 and GIuN1 as full or
partial agonists could be justifiable based on IHB stability, albeit a larger dataset
of different agonists would be required to verify this. GluK2, on the other hand,
did not show as clear of a distinction between full and partial agonists, which
makes the categorisation of agonists more unreliable for this receptor type.
Relatively small ligands can act as GluK2 specific partial agonists, which may
arise from the weak link between D1 and D2 of the LBD of this receptor type.

A very recent study (Ahmed et al. 2013), using hydrogen-deuterium
exchange method, supports the view of hydrogen bonding stability being
important in distinguishing full and partial agnists at least in GluA2. In that
study, stabilisation of the interdomain H-bonds was weaker for partial than for
full agonists. Similarly, in another recent study (Ahmed et al. 2011), even the
very weak agonists of AMPA receptors were seen to induce full closure of the
LBD, but only transiently. Thus, it is proposed that it is not the extent of closure
in a single state but the relative stability of the various closure stages that
determines the efficacy of the ligand (Ramaswamy et al. 2012).

As all iGluRs wusually exist as heteromeric complexes, it would be
worthwhile to study other iGluR subunits in addition to GluA2, GluK2, and
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GluN1 with the same agonists used here. This would yield a complete picture of
the pharmacological properties of the ligands.

6.1.2 The mechanism of intermediate closure of GluN1-LBD

The intermediate closure stage for partial agonist-bound GluN1 was observed in
free MD simulations starting from a closed and open binding cleft, as well as in
SMD simulations from a closed cleft. In addition to IHB distance measurements,
the intermediate closure was seen in the superimposition of snapshots from the
simulations with crystal structures of GIluN1-LBD: the intermediate closure
differs clearly from the full agonist and antagonist-bound crystal structures in the
cleft openness. The intermediate closure resembles that seen in the AMPA
receptor LBD in complex with bound the partial agonists. Furthermore, MM-
GBSA calculations revealed that the intermediate closure is a stable conformation
and the full closure is not clearly preferred.

It was visible in the MD simulations starting from an open cleft LBD of
GluN1 that the closure of the binding cleft does not occur simultaneously at
every part of the cavity. The IHB forms slower than the other interdomain bond
between GIn405 and Trp731 on the other side of the cavity. A similar
phenomenon was seen earlier in GluK1-LBD with a partial agonist 9-deoxy-
neoDH (Postila et al. 2010). In the case of GluN1, three distinct closure stages
were visible only on the IHB side of the binding site. One putative explanation to
this is that contrary to IHB, which is formed between main chain atoms N and O,
the GIn405-Trp731 bond forms between side chains of the amino acids, thus
allowing them more freedom for small movements. Therefore, the Trp731 side
chain may slightly alter its conformation depending on the ligand as suggested
previously in a study based on crystal structures (Inanobe et al. 2005). However,
the H-bond to GIn405 stays formed despite the small movements, and hence no
intermediate closure is seen in the binding cavity near these residues.

Why, then, is this intermediate stage not seen in any crystal structures of
partial agonist-bound GluN1? One answer may lie in the static nature of X-ray
structures: only one of the possible conformations and permitted motions is seen
in crystals. MD simulations, on the other hand, can shed additional light on the
iGluR-partial agonist interaction by revealing the dynamics related to the ligand-
binding event. Another explanation for the missing intermediate closure stage in
crystal structures could be the fact that forces from the TMD cannot be
considered in structures of isolated LBDs. In full structures of iGluRs, the D2 of
the LBD is closely linked to TMD via the linker between D2 and transmembrane
helix TM3. This linker is thought to be critical for gating and it likely transmits
conformational dynamics between LBD and TMD (Sobolevsky et al. 2009). Thus,
forces from TMD directed to LBD likely transmit via this linker and affect the
parts of D2 of the LBD most closely connected to it, for example, the IHB residue
GIn686 (I, Fig. 4). This would explain why the intermediate closure of GluN1-
LBD is only seen close to helixes F and G in D2, which is the area near IHB.
Indeed, previously reported MD simulations have proposed the importance of
the orientations of these helixes for the partial agonism of GluN1 (Dravid et al.
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2010). The small forces from TMD directed on the LBD were mimicked in the
SMD simulations that pulled the D2 while D1 was kept fixed. In these
simulations, intermediate closure could be seen, and again the stage was
relatively stable and energetically favourable.

6.2 Filamin A interaction with peptide-ligands

6.2.1 MM-GBSA is able to rank ligand-peptides according to their binding
affinities

As the FLNa domains belonging to group 1 share a similar binding groove, they
are a good target for evaluating the capability of the MM-GBSA method to
estimate AGping efficiently and reliably. There already exists reported
experimental affinity data for the binding of GPIba. to various group 1 domains,
as well as data of different ligands binding to FLNa21. Additionally, several
crystal structures of these FLNa-peptide complexes are available, so plausible
conformations for each peptide could be derived for the MD simulations and the
following MM-GBSA calculations.

When the computational results were plotted against the reported
experimental data, a high correlation was seen with every IGB-model studied for
various ligands binding to FLNa21. Similarly, in the case of GPlboa binding to
different FLNa domains, IGB1 and IGB2 correlated well with experimental data.
However, in this case, IGB5 deviated from the other two models by showing a
lower R2. The explanation for this is likely the large fluctuation in energy levels
with this IGB-model, which was visible when AGuina was plotted against
simulation time for each individual run. Accordingly, this led to a large standard
deviation in the average AGpind calculations. These observations emphasise the
importance of extracting a sufficiently large number of snapshots for the MD-
based free energy calculations. The large variation in results depending on the
IGB-model selected also suggests that not all of them are suitable for protein-
peptide interaction evaluation, at least in the case of filamins.

In general, the AGpina of individual repeats converged well (Ill, Fig. S2).
However, this did not occur invariably for every protein-ligand complex. This is
natural for all MD simulations of proteins, as it has been shown that the
equilibration of proteins in MD simulations is practically unfeasible (Genheden
& Ryde 2012). Consequently, it is proposed that in place of one long simulation,
several short runs should be considered for MM-GBSA based energy calculations
(Genheden & Ryde 2010, 2012). For FLNa-peptide complexes, three repeats were
used to calculate the average AGpind, which smoothed the possible fluctuations of
the individual runs.
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6.2.2 SMD confirms the critical interactions between FLNa and bound peptide

Based on the experimentally solved FLNa-peptide complex structures, it is
presumed that one particular serine residue plays a crucial role in the interaction
between FLNa and its binding partners. This serine is highly conserved among
the peptides that bind to the CD-face of FLNa domains (Razinia et al. 2012). The
side-chain of the serine is able to hydrogen bond to a residue from the D-strand
of the FLNa domain, in contrast to the mostly hydrophobic interactions
prevailing on that side of the peptide (Kiema et al. 2006, Nakamura et al. 2006,
Lad et al. 2008, Takala et al. 2008). For example, in the FLNa21-migfilin complex,
mutation of this serine inhibited the migfilin binding, thus emphasising its
important role (Lad et al. 2008). In addition, the serine is a potential site of
phosphorylation in the integrins (Fagerholm et al. 2004), further underlining its
importance for FLNa interactions. The critical role of this residue was seen in the
SMD simulations, for which the H-bond involving the side-chain of the serine in
position 4 of all the peptides was always the last to break. In the SMD
simulations, force was applied evenly to each residue of the bound peptide. This
may not represent the actual disengagement taking place in vivo. However, as
seen in case of the serine side-chain, these simulations allow atom-level analysis
of the key interactions between FLNa and the peptide-ligand.

6.3 TCPTP activation by small molecules

A putative binding site for mitoxantrone was identified near the N-terminus of
TCPTP with both computational and experimental methods. As this site is
surrounded by several glutamate residues, it would also enable the binding of
positively charged ol-cyt. It has been previously shown that these activators
compete for TCPTP binding in a concentration dependent manner (Mattila et al.
2010). In line with this, mutagenesis of the surface glutamates led to reduced
binding of both mitoxantrone and ol-cyt, thus supporting the view for this site
serving as the binding site for both activators. However, a known TCPTP agonist
spermidine did not show binding to the TC37, suggesting a different mechanism
of activation for this molecule.

It is known from a previous study that unlike TC45, the truncated TC37
form cannot be activated by ol-cyt (Mattila et al. 2005). This finding, together
with the suggested shared binding site near the N-terminus, has allowed for the
speculation of the TC45 C-terminal folding. A plausible hypothesis is that the
non-catalytic C-terminal part of TC45 first covers the catalytic site of the TCPTP
and then stabilises the protein by binding over the activator binding site (IV, Fig.
S4). Binding activator molecules, for example mitoxantrone, release the C-
terminal and expose the catalytic site. This way, the auto-inhibition of the
enzyme would be precluded. The finding that glutamate mutations inhibit oll-cyt
activation supports the view that C-terminal replacement by a bound activator is
needed for the release of the auto-inhibition. In shorter TC37, the catalytic site
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would be covered, but the amino acid chain would be too short to fold over the
activator binding site. Thus, activator binding does not lead to activation of the
enzyme. This view is supported by earlier finding that TC37 cannot be activated
by al-cyt (Mattila et al. 2005).

Experimental results with DSF and phosphatase assay show that 1,2-
diaminoanthraquinone is able to bind but not activate TCPTP. This molecule has
similar core structure to that of mitoxantrone but lacks the flexible arms.
Accordingly, it is likely that the hydrophilic arms are necessary for TCPTP
activators to break the intramolecular bonds between the activator binding site
and the C-terminal chain. This structural information, together with the
identified binding site, may help in the development of novel TCPTP activators
in future.



7 CONCLUSIONS

The main findings of the thesis, obtained by computational and experimental
methods, are:

1. One particular interdomain hydrogen bond was shown to indicate the
partial agonism of iGluRs. This H-bond is located between the D1 and
D2 of LBD, and was frequently broken by partial agonists in MD
simulations. According to the simulations, this bond could be used to
distinguish partial agonists of at least GluN1 and GluA2 iGluR
subtypes. MD simulations showed that partial agonists of iGluRs do
not necessarily prevent full closure of the LBD. Instead, partial agonists
are able to destabilise the closure.

2. The intermediate closure stage for partial agonist-bound GluN1-LBD
was identified for the first time. This closure stage, unseen in any
crystal structures, was reached both in free and constrained MD
simulations with several partial agonists. MM-GBSA -calculations
showed that this stage is an energetically stable conformation, but
does not exist at every part of the binding cavity. Three distinct
closure stages are clearly visible at the area near helixes F and G where
IHB is located. This part of the D2 is closely connected to TMD via a
short linker, suggesting that forces from the TMD directed to LBD
affect the conformation of this area. SMD simulations simulating these
intramolecular forces were shown to recreate the same intermediate
closure stage for GluN1-LBD with bound partial agonists.

3. MM-GBSA calculations for free energy of the binding of various
peptides bound to FLNa domains were shown to correlate well with
the experimental data. This computational approach could reliably
rank both the binding of one ligand to all of the studied FLNa
domains, as well as the binding of all used ligands to FLNa domain 21.
Even though correlations in general were high regardless of the IGB
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model used, large fluctuations seen in AGpind values with IGB5 suggest
that not all IGB models may be suitable for protein-peptide
calculations of this nature. SMD simulations of FLNa-peptide
complexes emphasised the critical role of one particular serine for the
FLNa-peptide interaction. Thus, SMD simulations enable the atom-
level analysis of the key interactions between FLNa and its binding
partners.

Binding site for TCPTP activator mitoxantrone was identified near the
N-terminus of the phosphatase. Both computational and experimental
methods suggested that this site also serves as the binding site for o1-
cyt, which competes with mitoxantrone for binding. However, a
known TCPTP activator spermidine was shown to be unable to bind
this site. A new mitoxantrone-like molecule was shown to bind TCPTP
but not activate it. From these results, structural information could be
derived that may be helpful in the development of new efficient
activators for TCPTP, a promising target for tumor suppression.
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YHTEENVETO (RESUME IN FINNISH)

Ligandin sitoutumisen vaikutus proteiinin toimintaan

Proteiinit ovat valttimattomid elintoiminnoillemme, koska ne vastaavat lihes
kaikista solujen tehtdvistd. Nam& aminohappoketjuista muodostuvat orgaaniset
yhdisteet toimivat muassa solujen tukirakenteina, hormoneina, solukalvojen re-
septoreina sekd aineenvaihdunnassa entsyymeind. Proteiinien toiminta riippuu
usein niiden vuorovaikutuksesta ligandien kanssa, ja ligandin sitoutumisella
voikin olla suuri vaikutus proteiinin aktiivisuuteen ja rakenteeseen. Erityisen
tarkedd tdssd molekyylien vélisessd vuorovaikutuksessa on spesifisyys - usein
vain juuri oikean kokoinen ja muotoinen sekd varaukseltaan sopiva ligandi pys-
tyy sitoutumaan proteiiniin ja saamaan aikaan muutoksia sen rakenteessa tai
toiminnassa. Tdmd spesifinen tunnistus on perustana myos nykyaikaiselle 144-
kekehitykselle, jossa proteiinien ja ligandien rakenteen ja toiminnan tuntemus
mahdollistaa uusien lddkkeiden kehitystyon.

Tama vaitoskirja koostuu kolmesta osaprojektista, joita yhdistdd proteiini-
ligandi-vuorovaikutukset ja niiden merkitys proteiinien toiminnalle. Samoin
kaikkia tdmédn vditoskirjan tutkimuksia yhdistid modernien laskennallisten
menetelmien kadytto. Viime vuosien nopea tietokoneiden kehitys on mah-
dollistanut entistd tarkemmat ja luotettavammat laskennalliset tutkimukset. Yh-
distettynd monipuolisiin kokeellisiin tutkimusmenetelmiin laskennalliset mene-
telmét voivat auttaa rakentamaan kattavan kuvan proteiinien ja ligandien véli-
sistd vuorovaikutuksista atomitason tarkkuudella.

Viitoskirjan ensimmaéisessd osaprojektissa tutkittiin ionotrooppisia gluta-
maattireseptoreja (iGluR). Namé& solukalvoreseptorit toimivat synapseissa ja
osallistuvat hermoimpulssien valitykseen. Hermovilittdjaaine glutamaatin si-
toutuessa reseptorin ligandinsitomisdomeeniin (LBD) rakenteelliset muutokset
valittyvéat solukalvolla olevaan, neljan reseptorialayksikon yhdessa muodosta-
maan ionikanavaan. Glutamaatti tai jokin muu niin sanottu tdysi agonisti aihe-
uttaa iGluR-LBD:n kahden domeenin (D1 ja D2) vdantymisen kiinni, mikéa joh-
taa ionikanavan hetkelliseen aukeamiseen ja ionien virtaamiseen solun sisille.
Solun sisddn virranneet ionit muuttavat solun kalvopotentiaalia ja tuottavat
hermoimpulssin, joka siirtyy eteenpédin hermosolussa. Tdysien agonistien lisdksi
tunnetaan partiaalisia agonisteja, jotka tuottavat osittaisen reseptorin aktivaati-
on. Réntgenkristallografialla on osoitettu, ettd toisin kuin tdydet agonistit, osit-
taiset eli partiaaliset agonistit sulkevat kainaatti- ja AMPA-tyypin iGluR-LBD:t
vain osittain. NMDA-tyypin iGluR-LBD:n kohdalla ei ole aiemmin havaittu
osittaista sulkeutumista, vaikka partiaalisten agonistien tiedetddn tuottavan
tassdkin reseptorityypissd vain epéatdydellistd aktivaatiota.

Viitoskirjassa osoitetaan, ettd iGluR-LBD:n erds D1- ja D2-domeenien vi-
linen vetysidos on hyvéd indikaattori partiaaliselle agonismille erityisesti AM-
PA- ja NMDA-reseptorien kohdalla. Tama vetysidos katkesi toistuvasti mole-
kyylidynamiikkasimulaatioissa, mikd viittaa siihen, ettd partiaaliset agonistit
eivat valttamatta estd tdysin iGluR-LBD:n sulkeutumista, vaan tekevit sulkeu-
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tumisen epéstabiiliksi. Simulaatiotulosten perusteella domeenien vilisen ve-
tysidoksen tarkastelu mahdollistaa ainakin AMPA- ja NMDA-reseptorien koh-
dalla partiaalisten agonistien erottamisen tdysistd agonisteista.

Saman osaprojektin seuraavassa vaiheessa keskityttin NMDA-re-
septoreihin ja niiden partiaalisen agonismin tutkimiseen. Ty&ssd osoitettiin en-
simmadistd kertaa NMDA-reseptorin LBD:1l4 osittainen sulkeutumisaste partiaa-
lisen agonistin ollessa siihen sitoutuneena. Tama osittain sulkeutunut rakenne
havaittiin useilla partiaalisilla agonisteilla ja sekd vapaissa ettd ulkoista voimaa
mallintavissa molekyylidynamiikkasimulaatioissa. Sitoutumisaffiniteetti prote-
iini-ligandi-kompleksille laskettiin molekyylidynamiikkasimulaatioihin poh-
jautuen MM-GBSA-menetelmailld. Tadssd menetelmdssd molekyylien sitoutu-
misaffiniteettia ennustetaan molekyylimekaniikan voimakenttien ja solvaatio-
energian laskemisen avulla. Osittain sulkeutuneen LBD-rakenteen todettiin ole-
van energeettisesti vakaa, mutta se oli havaittavissa vain siind osassa ligandin
sitovaa taskua, joka on suoraan yhteydessa solukalvoa ldpdisevddn osaan resep-
toria. Tama viittaa siihen, ettd solukalvon ldpédisevéastd osasta LBD:iin kohdistu-
vat voimat vaikuttavat paikallisesti timédn domeenin osan konformaatioon. Vii-
toskirjan iGluR-LBD-osaprojektissa saadut tulokset voivat osaltaan auttaa re-
septorityyppispesifien ligandien suunnittelussa esimerkiksi hermostollisten
sairauksien hoitamiseksi.

Toisessa vditoskirjan osaprojekteista tutkittiin filamiini A:n (FLNa) ja sii-
hen sitoutuvien peptidiligandien vuorovaikutusta ja sitoutumisaffiniteettia.
FLNa:t sitovat ja stabiloivat aktiinia, tirkedd solun rakennetta tukevaa proteii-
nia. FLNa on pitkd homodimeeri, jonka molemmat monomeerit koostuvat ami-
noterminaalisesta osasta ja sitd seuraavista 24:std immunoglubuliinin kaltaisesta
domeenista. Aktiinin lisdksi FLNa:iden tiedetdan sitovan lukuisia muita prote-
iineja, esimerkiksi solukalvon ldpdisevid proteiineja ja solun kiinnittymiseen ja
liikkkumiseen liittyvid proteiineja. Useat ndistd sitoutuvat ylimddrdisend -
sdikeend FLNa-domeenien C- ja D-sdikeiden viliin eli toimivat peptidiligandei-
na. Tiettyyn domeeniryhméan kuuluvilla tdima sitomiskohta on rakenteellisesti
hyvin samankaltainen, ja samojen peptidiligandien tiedetddnkin pystyvan si-
toutumaan useisiin FLNa-domeeneihin.

Viitoskirjassa tutkittiin mahdollisuutta kdyttdd laskennallisia menetelmid
FLNa:han kiinnittyvien peptidiligandien sitoutumisaffiniteetin luotettavaan ar-
vioimiseen. Sitoutumisen vapaaenergia (Gpind) laskettiin MM-GBSA-menetel-
mélld MD-simulaatioihin pohjautuen useille eri FLNa-ligandi komplekseille.
Saadut laskennalliset tulokset korreloivat hyvin aiemmissa tutkimuksissa saatu-
jen kokeellisten tulosten kanssa riippumatta kdytetystd mallista polaarisen sol-
vataatioenergian laskemiseksi. MM-GBSA:n avulla voitiin luotettavasti arvioida
sekd useiden eri ligandien sitoutumista yhteen FLNa-domeeniin ettd yhden li-
gandin sitoutumista useaan eri FLNa-domeeniin. Ulkoista voimaa mallintavilla
MD-simulaatioilla osoitettiin, ettd kaikissa tutkituissa peptideissd oleva, samaan
kohtaan FLNa-domeenia sitoutuva seriini on erityisen tiarkedssa roolissa pepti-
diligandin kiinnittymisessd. Seriinin sivuketjun ja FLNa:n muodostama ve-
tysidos katkesi jokaisessa FLNa-ligandi-kompleksissa viimeisend peptidid ve-
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dettdessd. Kaiken kaikkiaan tdmaé viéitoskirjan osaprojekti osoitti, ettd laskennal-
lisia menetelmid voidaan luotettavasti kdyttdd ainakin filamiinien kohdalla pro-
teiini-proteiini-vuorovaikutusten laskemiseen. Uusien FLNa:han sitoutuvien
peptidiligandien etsiminen voi jatkossa helpottua MM-GBSA-menetelmé&d hyo-
dyntdmalld. On myos mahdollista suunnitella sitoutumisen kannalta optimaali-
sia peptidejd tdllda menetelmalla.

Kolmannessa viitdskirjan osaprojektissa tutkittiin T-solun proteiinityrosii-
nifosfataasia (TCPTP) ja sen aktivointia pienmolekyyleilli. TCPTP on solun-
sisdinen fosfataasi, jota nimestddn huolimatta tuotetaan kaikissa ihmiselimiston
soluissa. TCPTP kykenee autoinhibitioon eli estim&ddn oman entsyymiaktiivi-
suutensa C-terminaalisen ei-katalyyttisen osansa avulla. o1B1-integriinin solun
sisdinen osa pystyy palauttamaan aktiivisuuden. Taméan uskotaan tapahtuvan
siten, ettd integriinipeptidi sitoutuu entsyymin N-terminaaliseen osaan ja syr-
jdyttdd autoinhibition aiheuttavan C-terminaalisen osan. TCPTP sddtelee nega-
tiivisesti muun muassa useita syopiin liittyvid reseptorityrosiinikinaaseja, joten
spesifisten ja tehokkaiden aktivaattorimolekyylien kehittdminen voisi tuoda
uusia mahdollisuuksia joidenkin syopien hoitoon. Aiemmissa tutkimuksissa on
loydetty kuusi TCPTP:td aktivoivaa pienmolekyylid, muun muassa mitoksan-
troni.

Viitoskirjassa pyrittiin - selvittdmddn mitoksantronin sitoutumiskohta
TCPTP:ssd. Lisdksi tutkittiin, mitkd rakenteelliset tekijdt ovat tarkeitd aktivaat-
torimolekyyleille. Molekyylitelakoinnilla ja MD-simulaatioiden avulla 16ydet-
tiin todennidkdinen sitoutumispaikka mitoksantronille liheltd TCPTP:n N-
terminaalia. Kokeelliset menetelmit ja oletetun sitoutumispaikan lghelld olevi-
en aminohappojen mutatointi tukivat ndkemysta sitoutumispaikan sijainnista ja
sitd, ettd sama paikka toimii my0s integriinipeptidin sitoutumiskohtana. Myos
mitoksantronia rakenteellisesti muistuttavan 1,2-diaminoantrakinonin todettiin
pystyvdn sitoutumaan samaan paikkaan, mutta entsyymin aktivaatiota ei ta-
mé&n molekyylin avulla tapahtunut. 1,2-diaminoantrakinonilta puuttuvat posi-
tiivisesti varautuneet joustavat késivarsimaiset ulokkeet, jotka mitoksantronilla
on. Tdstd voitiin paddtelld, ettd ndmd varautuneet ulokkeet ovat todennékoisesti
oleellinen piirre TCPTP-aktivaattoreissa entsyymin autoinhibition purkamisek-
si. Tamd rakenteellinen informaatio yhdessd sitoutumispaikan tunnistamisen
kanssa voi edistdd uusien TCPTP:t4 aktivoivien molekyylien kehittdmista.
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Abstract

N-methyl-D-aspartate (NMDA) receptors belong to a family of ionotropic glutamate receptors that contribute to the signal
transmission in the central nervous system. NMDA receptors are heterotetramers that usually consist of two GIuN1 and
GIuN2 monomers. The extracellular ligand-binding domain (LBD) of a monomer is comprised of discontinuous segments
that form the functional domains D1 and D2. While the binding of a full agonist glycine to LBD of GluN1 is linked to cleft
closure and subsequent ion-channel opening, partial agonists are known to activate the receptor only sub-maximally.
Although the crystal structures of the LBD of related GluA2 receptor explain the mechanism for the partial agonism,
structures of GIuN1-LBD cannot distinguish the difference between full and partial agonists. It is, however, probable that the
partial agonists of GluN1 alter the structure of the LBD in order to result in a different pharmacological response than seen
with full agonists. In this study, we used molecular dynamics simulations to reveal an intermediate closure-stage for GIuN1,
which is unseen in crystal structures. According to our calculations, this intermediate closure is not a transient stage but an
energetically stable conformation. Our results demonstrate that the partial agonist cannot exert firm GIuN1-LBD closure,
especially if there is even a small force that disrupts the LBD closure. Accordingly, this result suggests the importance of
forces from the ion channel for the relationship between pharmacological response and the structure of the LBD of
members of this receptor family.
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Introduction

N-methyl-D-aspartate receptors (NMDARs) belong to a family
of ionotropic glutamate receptors (iGluRs) that contribute to signal
transmission in the central nervous system [1]. NMDARs play
crucial roles in learning and synaptic plasticity, for example [2],
[3], [4]. All the iGluRs have been implicated in various diseases,
especially neurological disorders. Disease states linked to
NMDARs include Parkinson’s disease, schizophrenia and stroke,
among others [5], [6]. Similar to GluA2 (Fig. 1A), NMDAR
probably is a heterotetramer that usually consists of two GluN1
(NMDA-RI) and GluN2 (NMDA-R2) monomers [7]. The
functional heterogeneity of NMDARs arises from a wide variety
of GluN2 subunits (for a recent review, see [8]). The ligand-
binding domain (LBD) of iGluRs is comprised of discontinuous
segments that form the functional domains 1 and 2 (D1 and D2)
[9]. Although the recombinant LBD forms only part of the iGluR
monomer, it shows a similar ligand-binding aflinity to that of wild-
type receptors [10], [11], [12]. Thus, this domain has been widely
applied in crystallography, for example [11], [12], [13], [14], [15],
[16] (Fig. 1B~C). Full agonists provoke full LBD closure, leading to
opening of the ion channel [13]. In contrast to the AMPA-selective
glutamate receptor 2 (GluA2; GluR2) where partial agonists wedge
the LBD into a moderately closed state [13], [17] (Fig. 1B), the
crystal structures of GluN1 imply that the partial agonists induce
full receptor closure [11] (Fig. 1C), pointing to a different
mechanism. This view was supported by a recent study [18] that
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used luminescence resonance energy transfer (LRET) to measure
the extent of cleft closure in GluNI. No difference was found
between the closure stages of full or partial agonist bound GluN1-
LBD. Interestingly, however, in the same study, GluN2-LBD
exhibited an intermediate cleft closure when bound to a partial
agonist.

In addition to many crystallization studies, the ligand binding
and closure of the iGIuR-LBD have been explored using various
experimental methods, including electrophysiology [12], [19],
[20], fluorescence resonance energy transfer [21], and radioligand
binding [16]. In addition to these experimental approaches,
several recent studies have also exploited sophisticated computa-
tional methods to examine the structure and function of iGluRs. In
particular, molecular dynamics (MD) simulations have been
utilized to study the motion of receptor and ligand-receptor
interactions occurring in solvent [22], [23]. For example, the role
of water molecules inside the ligand-binding cleft [24], the
pharmacology of novel ligands [25], and the subtype selectivity
of antagonist ligands [26] have been studied with the help of this in
silico method. However, closing an open-cleft receptor with a
bound ligand has been reached computationally thus far only
when exploited with biased MD simulations, for example the
umbrella sampling method [27].

The antagonism of NMDA receptors has been widely studied
for possible treatment of many neurological disorders [5], [28].
However, it has been proposed that partial agonists could be more
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Figure 1. The crystal structure of iGluRs. (A) The crystal structure
of GIuA2 shows that it functions as a tetramer and (B) that the closure of
the LBD determines the pharmacological behavior of GIuA2. (C) On the
contrary to GluA2, partial agonism of the NMDA receptors is
ambiguous. In (A), one LBD (from PDB: 3KG2) is highlighted in red.
The arrows depict the potential forces that occur during full agonist
binding (green), partial agonist binding (yellow), and closure of the ion
channel (red). In (B) and (C), superimposed structures with full agonist
(green), partial agonist (yellow), and antagonist (red) are shown. Ligand
binding site between domains D1 and D2 is depicted as letter L.
Structures (PDB-codes) used are 3KG2 [7] in (A), 1FTJ, 1FTK, and 1FTL
[13]in (B) and 1PB7, 1PB9, and 1Y1M [11], [12] in (C).
doi:10.1371/journal.pone.0047604.g001

advantageous as therapeutics because of their capability to permit
some level of normal synaptic transmission while simultancously
suppressing excessive activation [29], [30], [31]. In fact, it has
recently become evident that GluN1-specific partial agonists could
be used to treat autism, for example (see [32] for review).
However, although a growing number of studies concerning
partial agonism of NMDA receptors have been published (see for
example [12], [20], [33], [34]), only a few have examined the
structure and motion of the LBD and its interactions with the
ligand at the atomic level [22], [35], [36].

We have previously shown in MD simulations that the GluN1-
LBD is able to adjust to more open conformations than
crystallization studies have shown [36]. In addition, we have
suggested that the stability of the cleft closure is associated with
partial agonism. Incomplete closure of the GluN1-LBD with a
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bound partial agonist is not only interesting but also highly
important pharmacologically. Indeed, it has been shown that the
intrasubunit movements at linkers between LBD and transmem-
brane (TM) region are tightly coupled across the four subunits of
NMDAR [37]. Thus, the binding of partial agonist molecules to
two GIuN1 subunits of the tetrameric receptor, which leads to
incomplete closure of the LBD, would prevent full ion channel
opening despite simultancous full agonist binding to two GluN2
subunits.

In the present study, various computational methods were
utilized in order to obtain a detailed view of the interactions taking
place when a partial agonist binds in the GluNI-LBD. We
performed steered molecular dynamics (SMD) simulations to study
the firmness of full or partial agonist bound GluN1 structures. We
also used constraint-free MD simulations to study the different
closure stages and critical interactions of GluN1 with bound
ligand. In addition, ligand-binding energetics with different closure
stages of GluN1 were measured using the molecular mechanics
generalized Born/surface area (MMGB/SA) method [38], [39].

Results and Discussion

We have previously shown that full agonists keep the iGluR-
LBD closed, whereas partial agonists destabilize the cleft closure
[36]. To examine LBD closure in detail, we measured the
distances between various atoms from MD and SMD trajectories
to investigate the interactions that take place between the ligand
and GluN1 during the closure of the GluN1 ligand-binding cleft.
In addition, visual inspection of the LBD in snapshot structures of
MD aided the evaluation of changes in the conformations of
amino acids participating in the ligand binding.

In constraint-free MD simulations, a full agonist, glycine, and
partial agonists D-cycloserine, 1-aminocyclopropane-1-carboxylic
acid (ACPC), and 1-aminocyclobutane-1-carboxylic acid (ACBC)
were inserted into the open-cleft conformation of GluN1-LBD. In
MD simulations, the smaller ligands glycine, D-cycloserine, and
ACPC induced closure of the cleft (Figs. 2A-B and S1A), whereas
ACBC, which has a bulkier structure, did not (Fig. S1B). Using
glycine, this closure was sometimes obtained after 15 ns (Fig. 2B).
However, in some simulations, closure occurred only after 120 ns.
For D-cycloserine and ACPC, the closure times for GluN1-LBD
were 19 ns and 6 ns, respectively (Figs. 2A and S1A). However,
this result was not obtained regularly with either partial agonist in
up to 127 ns simulations using the same setup. In this study, for the
first time, the ligand-induced iGluR-LBD closure was repeatedly
obtained in a constraint-free MD simulation with no artificial
modifications (e.g., umbrella sampling, temperature shift, etc.). It is
most likely that the closure of the GluNT1 cleft is easier to obtain in
a constraint-free MD simulation than closure of the other iGluRs
because the solvent molecules are not as crucial in the ligand-
binding process. The easier closure of GluN1 with bound agonist
ligand is thus likely due to the lack of polar interactions between
bound ligand and the D2, which is the case with other iGluR
subtypes.

It is interesting to note that contrary to simulations with a full
agonist, with all partial agonists a relatively stable intermediately
closed conformation stage of the LBD appears to exist (Fig. 2C). In
each partial agonist studied, this phase extended over a period of
several nanoseconds, up to 16 ns in one of the MD simulations
with D-cycloserine (Figs. 3A and S1). In the closed conformation,
an interdomain hydrogen bond (IHB) exists between Gly485™-
GIn686°. The THB has previously been shown to be an efficient
indicator of cleft closure [36]. However, in the intermediate
closure, this distance is clearly longer (4-5 A with D-cycloserine
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© X-ray: GluN1-D-cycloserine
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Figure 2. MD and SMD simulations of ligand-bound GIuN1-LBD. Free MD simulations indicate that (A) D-cycloserine and (B) glycine bound to
open-cleft GluN1 (from PDB: 1Y1M) can close the LBD between D1 and D2, as seen in the crystal structures. (C) Contrary to crystal structures, a stable
intermediate closure stage is seen in GIuN1-LBD with bound partial agonists. Superimposition of a snapshot from a D-cycloserine simulation in
Fig. 3A (blue line) with crystal structures of the same ligand (PDB: 1PB9) and antagonist ligand cycloleucine (from PDB: 1Y1M) is shown. Co. atoms of
IHB residues (Gly485 and GIn686), as well as of residues GIn405 and Ala715, are depicted as CPK, and dotted lines represent the distances measured
to study the closure of the cleft. (D) A close-up of the intermediately closed GIuN1-D-cycloserine structures in free MD simulations - starting from
both closed and open-cleft structures — as well as in SMD simulation starting from a closed-cleft structure (6 pN, blue line in Figure S2). Crystal
structures of GIuN1 with bound D-cycloserine (from PDB: 1PB9) and cycloleucine (from PDB: 1Y1M) are superimposed for comparison. Dotted lines in
(A), (B), and (D) represent the IHB distance between Gly485N and GIn686°, which is an efficient indicator of cleft closure.
doi:10.1371/journal.pone.0047604.9002

and 5-6 A with ACPC), albeit not as much as in the crystal
structure of the GluN1-cycloleucine complex (7.1 A). Interestingly,
in this study, the intermediate closure obtained from an open-cleft
conformation is very similar to that obtained from a closed-cleft
conformation in the GluN1-D-cycloserine simulation (Fig. 3B)
[36]. In addition to the intermediate closure with IHB distance of
45 /D\, with ACBC, another intermediate stage was seen in some
simulations at approximately 5.5 A (Fig. S1B). The intermediate
closure was not observed with full agonist glycine, regardless of the
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starting conformation (Fig. 3A-B). To investigate the effect of the
observed intermediate closure on ligand positioning, we measured
root-mean-square deviation (RMSD) values in the MD trajecto-
ries. According to average values calculated over intermediate and
fully closed stages, RMSD for partial agonists remained stable. For
example, in the D-cycloserine simulation of the open-cleft
structure (Fig. 3A), an average value of RMSD (fit to previous
frame) was 0.98%0.26 for both 3-18 and 20-30 ns time ranges.
These results indicate that the closing of the open-cleft LBD does
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Figure 3. Relationship of GluN1-LBD closure and AH in ligand binding. Free MD simulations starting from (A) open and (B) closed LBD, and
(C) SMD simulations (9 pN) from a closed LBD. The distances (left panel) are IHB distances (GIy485N—GIn686°)4 Corresponding binding enthalpies (AH)
from the simulations are shown in the right panel. Results from all the SMD simulations performed are shown in Figure S2.

doi:10.1371/journal.pone.0047604.g003

not affect the fluctuation of the ligand conformation. However, in
the open-cleft stage (0-3 ns), the average RMSD value was slightly
higher (1.14%0.27), indicating that the ligand is more unrestrained
to move in the cleft.

In addition to distances, we also studied the IHB angles of N-H-
O and C-O-H in the MD simulation trajectories. IHB angles form
between the main chain atom H (bonded to N) of Gly485 and O
(bonded to C) of GIn686. Optimal angles for the triangles N-H-O
and C-O-H are approximately 180° and 120°, respectively. The
measured angles in both full agonist and partial agonist bound
GIluN1-LBD simulations deviated from these optimal values, yet
they remained constant in the normal range. For D-cycloserine,
the average angles of N-H-O and C-O-H when binding cavity was
closed were 150%12 degrees and 155%12 degrees, respectively.
For glycine, the same average angles were 148+ 12 for N-H-O and
161£10 for C-O-H. It must be noted that the corresponding
angles in the crystal structures also differ somewhat from the
optimal angle values: For glycine, the angles of N-H-O and C-O-
H are 165.9 and 157.9, respectively. For D-cycloserine, the
equivalent angles in an X-ray structure are 163.9 and 158.3.

To mimic the forces that likely apply to GluN1-LBD upon
closure of the ion-channel (Figs. 1A and 4A: red arrows), we used
SMD simulations with a constant force (6-10 pN) that was applied
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to C* atoms of D2 while D1 was fixed. The direction of the force,
which was defined by the vector that links the center of mass of G*
atoms of D1 and D2, simulated well the proposed force that was
directed on the LBD and which induced the opening of the ligand-
binding cleft (Fig. 4A, red arrows show the hypothetical movement
of the ion channel forming transmembrane helix 3 (M3) that
would lead into opening of the ion channel). These simulations
revealed that the ligand-binding cleft closes more firmly with full
agonists than partial agonists. In most cases, a glycine-bound
structure remained closed even in a simulation with 8 pN force,
although in some simulation runs the structure stayed shut at as
high as 10 pN force. In contrast, the IHB in partial agonist
simulations was broken readily with weaker forces, even at 6 pN
(Fig. S2).

It is remarkable that in SMD simulations, with all the partial
agonists the structures settled on the same intermediate closure as
seen in free MD simulations (Figs. 3C and S2). In some of the 3 ns
runs, when this closure stage was reached, it remained stable
throughout the rest of the simulation. In some other runs,
especially with higher forces, the LBD was first settled on the
intermediate closure stage but later was fully opened. Similar to
constraint-free MD simulations, this stage was not seen in any of
the SMD runs with full agonist glycine-bound GIuN1-LBD
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Figure 4. Closure mechanism of GIuN1-LBD and connection to transmembrane domain. (A) Model showing the hypothesized
conformational changes taking place at LBD and TM domain in binding of either an agonist or antagonist to cleft between D1 and D2. Agonist and
antagonist bound models are colored green and red, respectively. Colored arrows depict the hypothesized forces affecting the conformation of the
domains (full agonist in green, partial agonist in yellow and antagonist in red). (B) Distance measurements of Gly458"-GIn686° and GIn405°%'-
Trp731N¥" from D-cycloserine bound open-cleft GIUN1-LBD taken from a constraint-free MD simulation trajectory. Comparison of the two distances
reveals that there is a difference in the swiftness of closure of the LBD at various sides of the binding cleft. In addition, the intermediate closure is not
seen ubiquitously at the binding cavity. In (C), superimposed structures are taken from the trajectory of the simulation in (B). The starting structure,
cycloleucine-bound open-cleft GIuN1 (PDB: 1Y1M), is colored red. Snapshots from intermediately closed (yellow) and fully closed (green) LBD are
taken at time steps of 13 and 19 ns, respectively. In (D), part of an iGIuR monomer (from GIuA2 structure, PDB: 3KG2) show that the IHB is directly
linked to M3. The purple ball represents the location of Gly458, which is the IHB-residue at D2 side of GIuN1-LBD. Locations of Trp731 and Ala715 are

depicted as orange and pink balls, respectively.
doi:10.1371/journal.pone.0047604.g004

(Figs. 3C and S2). The average IHB distances from SMD
simulations were calculated for all the partial agonists studied at
the intermediate closure stage. With bound D-cycloserine, GluN1-
LBD settles to an average of 4.8+0.5 A distance when
intermediately closed. Similar closure degrees for ACPC and
ACBC are 5.4+0.2 and 5.520.2 A, respectively. It is difficult to
extract definitive values due to the nature of the method and for
the fact that the exact determination of the start and end points of
the intermediate closure-stage is awkward. However, a rough
comparison of the agonist efficacies of different ligands to
experimental data ([12] [40]) suggests that the average closure
degrees from MD simulations correlate with the experimental
results: Priestley et al. (1995) [40] showed that D-cycloserine
activates GIuN1 by 88% *4 and ACBC by 33%7% compared to
full agonist glycine, while Inanobe et al. (2005) [12] demonstrate
ACPC and ACBC to have 80% and 42% activation, respectively.
Thus, our results of distance calculations return, in some extent,
these previous experimental findings; the smaller the IHB distance
in intermediate closure, the more effective the ligand (Table 1).
The mechanism of closure of the LBD was analyzed in MD
simulations starting from the open-cleft LBD. The distances of
several atoms from MD trajectories were measured at different
sides of the binding cavity. In addition, snapshots extracted from
the trajectories were visually inspected. The distance measure-
ments showed that closure does not occur similarly and
simultaneously in every part of the cavity. This was most evident
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when the distance between GIn405 and Trp731 from D1 and D2,
respectively, was compared to IHB-distance (Gly485-GIn686) in
MD simulations with partial agonists (Figs. 4B and S3). These two

Table 1. Average IHB distance and AH from SMD simulations
compared to experimentally obtained efficacies and ECsq
values for various GluN1 agonists.

Distance/Efficacy Energy/Potency
Ligand IHB (A)* Efficacy (%)® AH (kcal/mol)* ECso (uM)®
Glycine 29 100 —439 0.72
D-cycloserine 4.8 88 —384 82
ACPC 54 80 —439 0.65
ACBC 55 33 —387 6.6

?Calculated as average distances between Gly485" and GIn686° at the
intermediate closure stage. For glycine, distance is measured from PDB-
structure 1PB7.

“Experimental efficacies (from GIuN1/GIuN2B assemblies) compared to glycine.
Data for D-cycloserine and ACBC from [40], ACPC from [12].

“Average AH calculated by MMGB/SA from the time-span of intermediate
closure. For glycine, AH was averaged from the time period of fully closed state.
dECSD data (from GIuN1/GIuN2B assemblies) obtained from literature: glycine
and ACPC from [19], D-cycloserine and ACBC from [35] and [40], respectively.
doi:10.1371/journal.pone.0047604.t001

October 2012 | Volume 7 | Issue 10 | e47604



pairs are situated at separate sides of the cleft, IHB residing near
helix F and loop 2 and GIn405-Trp731 between helices H and 1.
Although they both form a hydrogen bond as the binding cavity
closes, GIn405-Trp731 bonding occurs much more rapidly. The
swift closure at this part of the cavity is followed by a slower closure
at the other end, which was seen in the IHB distance curve. A
similar difference in the closure mechanism was previously seen in
simulations of GluK1-LBD using partial agonist 9-deoxy-necoDH
[23]. Interestingly, it appears that the intermediate closure stage
has not been seen in the cleft area near helices H and I. In addition
to the distance measurements, this is also evident when the
superimposed snapshot structures are examined (Fig. 4C). Al-
though an intermediate stage is clearly seen in residues forming the
IHB, the area at the other side of the cavity has only two distinct
closure stages. This might explain the previous results obtained
with LRET, in which no intermediate closure of GluN1-LBD was
seen with partial agonist when the distance was measured from
Ala715 to Thr396 [18]. Because an isolated LBD was used in our
MD studies, the N-terminal Thr396 is reasonably free to move
during the simulations. Accordingly, it was not practical to
measure this same distance in our study. However, Ala715,
residing in helix H and depicted in Figure 4C, clearly shows
movement similar to Trp731, which has only two distinct closure
stages. The difference in the closure mechanism of LBD at
separate sides of the cleft might be explained by taking into
account how the LBD is linked to TM domain. M3, and especially
the M3-S2 linker between TM and domain 2 of LBD, are
presumed crucial in the gating process [7]. M3 helices form the ion
pore in tetrameric iGluR [7], and M3-S2 likely transmits the
conformational dynamics between TM and LBD. As shown in
Figure 4D, the region of D2 near the IHB residues is closely linked
to M3. Accordingly, any force directed on LBD from TM readily
affects the conformation of this region of the LBD. On the
contrary, Trp731 and Ala715 are not directly linked to TM
(Fig. 4D). This possibly explains why the intermediate closure is
seen only at some parts of the binding cleft. Additional explanation
for the difference in the D1-D2 interaction at different parts of the
cavity might be that while the IHB forms between main-chain
atoms, the bond between GIn405 and Trp731 utilizes atoms of
amino acid side-chains. Thus, the bond involving side chain atoms
has more freedom to adapt to small movements at the D1-D2
interface compared to more restricted bond between main-chain
N and O atoms. This difference between various parts of the cleft
is analogous to that seen in the structure of GluA2 with bound
kainate [9]. Earlier, it has been suggested that the movements at
the hinge-region and the small movements of the Trp731 side-
chain play a role in the mechanism of partial agonism [12].
However, our results indicate that there is no ligand-dependent
motion at the hinge-region, and while the Trp731 indole ring may
be able to slightly change its conformation depending on the
ligand, the above mentioned hydrogen bond to GIn405 remains
formed with both full and partial agonists. Thus, no intermediate
closure is seen at that part of the ligand-binding cavity.

To study the energetic basis of the closure, AH was estimated
from the MD and SMD trajectories by the MMGB/SA method.
In the MD simulations of the open-cleft LBD with bound glycine,
there was a clear decrease (10 kcal/mol) in energy when the cleft
closed (Fig. 3A, 16 ns). In the simulations of the closed receptor,
AH was similar throughout the simulation (Fig. 3B), indicating that
the interactions in the GluN1-LBD complex did not change. In the
SMD simulations, when the cleft opened, AH of glycine binding
increased (Fig. 3C). Thus, MMGB/SA calculations indicated that
the full agonist favors the closed LBD. In the MD simulation of
open-stage GIuN1-LBD with bound D-cycloserine, the AH was
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similar in both intermediate (Fig. 3A, 3-18 ns) and closed stages
(Fig. 3A, 18-30 ns). This was more apparent in the MD simulation
starting from the closed-stage LBD (Fig. 3B): the D-cycloserine-
complex opened and remained at the intermediate closure before
closing again at a later stage. However, the level of the AH did not
shift substantially during these changes. In the SMD simulation,
the AH increased slightly (3—5 kcal/mol) when the LBD opened to
the intermediate closure (Fig. 3C). This increase could be
explained by the fact that exerting a constant force to pull the
D2 affects the binding conformation of D-cycloserine. With ACPC
and ACBC, a similar trend was seen in SMD simulations: when
the LBD opened to an intermediate stage, the AH typically
increased only negligibly (Fig. S4). When the calculated AH values
from SMD simulations (glycine: —43.9 kcal/mol; ACPC: —43.9
kcal/mol; D-cycloserine: —38.4 kcal/mol; ACBC: —38.7 kcal/
mol), averaged for the time span of intermediate closure state (fully
closed state for glycine), are compared to ECj values reported for
agonists (glycine: 0.72 uM  [19]; ACPC: 0.85 uM [19]; D-
cycloserine: 8.2 uM [35]; ACBC: 6.6 uM [40]), a good correlation
can be seen (Table 1). To conclude, full closure of the GluN1-full
agonist complex is clearly energetically preferred. On the contrary,
with partial agonists the complete closure of GluNI-ligand
complex is not necessarily energetically preferred, or at least, the
difference between fully and partially closed stages is very small.
According to our results from SMD with all three partial agonists,
any stress on the LBD, such as from the ion-channel, can force the
receptor cleft into the intermediate closure stage.

The co-crystal structures of GluN1-LBD with ligands, contrary
to other iGluRs, imply that the degree of domain closure is similar
with both full and partial agonists [11], [12]. In this study, we
showed an intermediate closure stage exists for GluN1 with a
bound partial agonist, similar to that reported for the GluA2-
kainate complex [13]. This resemblance is apparent when the
structures are superimposed (Figs. 2C-D and 4C). In addition to
IHB-distance measurements (Fig. 3), the MMGB/SA calculations
showed that this intermediate closure is not a transient stage but a
stable and energetically favored conformation. As the agonist
binds to the LBD, the ion channel opens. However, it also closes
rapidly either by opening the LBD after releasing the bound
agonist or, in the case of non-NMDA iGluRs, by entering the
desensitization state. In other words, the ion channel persists in
staying closed, and accordingly, based on our results it could be
hypothesized that there is a force directed on the LBD that
segregates D1 from D2. This force would transmit from M3 to
LBD via the short linker and affects the conformation at the
regions of D2 most closely linked to it. Such force from the TM
would not be observed when only isolated LBDs are used, which
would explain the missing intermediate closure from the crystal
structures of partial agonist bound GluN1-LBD. Based on our
results, partial agonists probably keep the receptor slightly open, as
previously reported for other iGluR subtypes.

Methods

Starting structures

The complete structures of GluN1-LBD monomers with D-
cycloserine (PDB: 1PB9) [11], ACPC (PDB: 1Y20) [12], ACBC
(PDB: 1Y1Z) [12], glycine (PDB: 1PB7) [11], and cycloleucine
(PDB: 1YIM) [12] were built based on the alignment of the
correspondent crystal structure and the rat sequence (GRINT) [41]
using MALIGN in BODIL [42] and NEST [43]. Note that
monomer structure of GluN1 was used instead of GluN1/GluN2
dimer. This was done due to there are only DI-D1 interactions
seen in the crystal structure of the GluN1-GluN2 LBD-dimer
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(PDB: 2A5T) [15], and because there is as of yet no solved crystal
structures of full tetrameric NMDA receptor; thus, it is currently
not possible to confirm the actual interactions existing between
GIuN1 and GluN2.

For parameterization, the 3D structures of ligands were
optimized quantum mechanically with GAUSSIANO3 (Gaussian,
Inc., Wallingford, CT) at the HF/6-31+G" level using a
polarizable continuum model. The RESP method [44] was used
to calculate the atom-centered point charges from the electrostatic
potentials. TLEAP in Antechamber-1.27 [45] was used to: (1)
generate force field parameters; (2) add hydrogen atoms; (3)
neutralize the system by adding two chloride ions; and (4) solvate
the system with a rectangular box of transferable intermolecular
potential three-point (TIP3P) water molecules extending 13 A in
every dimensions around the solute. The dimensions of the water-
filled box in simulations starting from open and closed LBD were
86x87x97 A and 94x86x91 A, respectively. Number of water
molecules in the box was approximately 20,900 in a box with the
open-cleft GluN1-LBD and 17,800 with the closed-cleft.

Constraint-free MD simulations were performed for the open-cleft
structure of GluNI1-LBD, taken from the cycloleucine-bound
complex (PDB: 1YIM) [12]. The ligand position was decided
based on the superimposition of C* atoms of glycine or D-
cycloserine LBD structures with the cycloleucine structure using
VERTAA in BODIL [42]. The antagonist ligand was removed
and replaced by either glycine or D-cycloserine from their
corresponding X-ray structures. The energy minimization and
MD simulations of 30-127 ns were performed with NAMDZ2.6
[46] using AMBERO3 force field. The equilibration of the system
was performed in three steps: (1) energy minimization of the water
molecules, counter-ions and amino acid side-chains (15,000 steps),
while the rest of the system was kept constrained at the same time
by restraining C* atoms with a harmonic force of 5 kcal mol ™'
A7% (2) energy minimization of the whole system without
constrains (15,000 steps); and (3) MD simulation run with
restrained C* atoms in constant pressure (30,000 steps). Finally,
unstrained production MD simulations were performed (30-127
ns). All production simulations were repeated three times. The
temperature was kept at 300 K with Langevin dynamics for all
non-hydrogen atoms, using a Langevin damping coefficient of 5
ps ! The pressure was kept at 1 atm with Nosé-Hoover Langevin
piston [47] with an oscillation time scale of 200 fs and a damping
time scale of 100 fs. An integration time step of 2 fs was used under
a multiple time stepping scheme [48]. The bonded and short-
range interactions were calculated every third step. A cutoff value
of 12 A was used for the short-range clectrostatic interactions and
van der Waals forces to smoothen the cutoff. The simulations were
conducted under periodic boundary conditions, and the long-
range electrostatics were counted with the particle mesh Ewald
method [49]. The hydrogen bonds were restrained by the SHAKE
algorithm [50].

In steered molecular dynamics (SMD) simulations, the C* atoms of D1
of GluN1-LBD (Met394-Tyr535 and Gly757-Ser800) were kept
fixed while an external force was applied to the center of mass of
the C* atoms of D2 (GIn536-Ser756). The direction of the
constant force (6-10 pN) was defined by the vector that links the
center of mass of C* atoms of D1 and D2. The simulations were
performed as with constraint-free simulations, except that the
SMD production runs of 3 ns were performed only after 720 ps
unrestrained MD simulation, and the time step used in SMD
production simulations was 1 fs.

Trajectory analyses of MD and SMD simulations were done by
extracting snapshots at 360 ps intervals with PTRAJ in ANTE-
CHAMBER 1.27 [45]. Various atom distances and closure angles,

PLOS ONE | www.plosone.org

Structural Mechanism of GluN1 Partial Agonism

at 120 ps intervals, were measured with PTRAJ from amino acid
residues in the ligand-binding pocket. RMSD values, fit to
previous frame, were extracted from trajectories to study the
ligand-positioning. Visual inspection of snapshots was performed
with BODIL. A cutoff value of 3.4 A was used as the upper limit
for a hydrogen bonding distance.

The binding enthalpies (AH) of ligands with implicit solvent model
were calculated from the MD and SMD trajectories using
molecular mechanics generalized Born/surface area (MMGB/
SA) method [38], [39] implemented in Amber10 [51]. Changes in
the enthalpy were calculated from snapshots taken from the MD
complex trajectory at 120 ps intervals.

Figures were generated with BODIL v. 0.81 and MOLSCRIPT
v. 2.1.2 [52], and rendered with RASTER3D v. 2.7C [53].

Modeling the hypothetical M3 helix upon agonist ligand binding
(Fig. 4A) was made using the following strategy: (1) D1 domain of
GluA2-L-glutamate complex (PDB: 1FT]J) was superimposed with
the D1 of the full length GluA2 structure (PDB: 3KG2) (2) D2 of
another copy of the full length GluA2 structure was superimposed
with D2 of GluA2-L-glutamate complex used in the step (1); finally
(3), the intracellular end of the M3 helix of the full length GluA2
structure from step (2) was superimposed (while extracellular end
was left in the modeled position) with that of the full length GluA2
structure used in the step (1).

Supporting Information

Figure S1 Constraint-free MD simulations of ACPC and
ACBC. Free MD simulations starting from open GluN1-LBD
are shown for (A) ACPC and (B) ACBC. IHB distance (Gly458™-
GIn686°) measurement for two representative repeats is shown for
both partial agonists. Simulations with bound ACPC show closure
of the LBD (dark blue) and the stable intermediate stage (light
blue). In simulations with ACBC, two distinct intermediate stages
can be seen: one at 4-5 A (light blue) and another at 5-6 A (dark
blue, starting from approximately 20 ns).

(TTF)

Figure 82 GIuNI1-LBD opening in SMD simulations. Openings
of glycine, D-cycloserine, ACPC and ACBC-bound closed GluN1-
LBD in SMD simulations are shown for various external forces. In
the simulations, a constant force (6-10 pN) was applied to C*
atoms of D2 (GIn536-Ser756) while the C* atoms of D1 (Met394-
Tyr535 and Gly757-Ser800) were kept fixed. Three repeats
(colored blue, purple and red) are shown for each ligand and force
used.

(TTF)

Figure 83 Closure mechanism of glycine and ACPC-bound
GIuN1-LBD. Distance measurements of Gly458™-GIn686° (blue)
and GIn405°"-Trp731""" (orange) from (A) glycine and (B)
ACPC-bound open-cleft GluN1-LBD are taken from constraint-
free MD simulation trajectories. Similar distance measurements
for D-cycloserine bound LBD are shown in Figure 4B.

(TTF)

Figure $4 Calculated binding enthalpies (AH) from SMD
simulations of ACPC and ACBC-bound GluN1-LBD. Compared
to D-cycloserine, a similar trend was seen in SMD simulations of
(A) ACPC and (B) ACBC: when the LBD opened to an
intermediate stage, the AH increased only negligibly. With ACPC,
this is seen from 1.5 to 2.5 ns and with ACBC, from 1.0 to 1.8 ns.
IHB distance is shown in blue and the AH, estimated by the
MMGB/SA method, in black.

(TTF)
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Figure S1. Constraint-free MD simulations of ACPC and ACBC. Free MD simulations starting
from open GluN1-LBD are shown for (A) ACPC and (B) ACBC. IHB distance (Gly458"~-GIn686°)
measurement for two representative repeats is shown for both partial agonists. Simulations with
bound ACPC show closure of the LBD (dark blue) and the stable intermediate stage (light blue). In
simulations with ACBC, two distinct intermediate stages can be seen: one at 4-5 A (light blue) and
another at 5-6 A (dark blue, starting from approximately 20 ns).
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Figure S2. GluN1-LBD opening in SMD simulations. Openings of glycine, D-cycloserine, ACPC
and ACBC-bound closed GluN1-LBD in SMD simulations are shown for various external forces. In
the simulations, a constant force (6-10 pN) was applied to C* atoms of D2 (GIn536-Ser756) while
the C" atoms of D1 (Met394-Tyr535 and Gly757-Ser800) were kept fixed. Three repeats (colored
blue, purple and red) are shown for each ligand and force used.
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Figure S3. Closure mechanism of glycine and ACPC-bound GluN1-LBD. Distance measurements
of Gly458™-GIn686° (blue) and GIn405°%-Trp731"! (orange) from (A) glycine and (B) ACPC-
bound open-cleft GluN1-LBD are taken from constraint-free MD simulation trajectories. Similar
distance measurements for D-cycloserine bound LBD are shown in Figure 4B.
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Figure S4. Calculated binding enthalpies (AH) from SMD simulations of ACPC and ACBC-bound
GIluN1-LBD. Compared to D-cycloserine, a similar trend was seen in SMD simulations of (A)
ACPC and (B) ACBC: when the LBD opened to an intermediate stage, the AH increased only
negligibly. With ACPC, this is seen from 1.5 to 2.5 ns and with ACBC, from 1.0 to 1.8 ns. IHB
distance is shown in blue and the AH, estimated by the MMGB/SA method, in black.
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