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1.1 Covalent and weak interactionsin proteins

Life processes consist of building up and breakioggn molecules and the knowledge
of the nature of chemical bonds that link atomsetbgr in a molecule is important to
understand biological procesSedhe combination of weak interactions, togethethwi
covalent bonds, determines the structure of pretamd drive the protein-protein interaction
processes.

The majority of bonds in an organic molecule areatent; these are formed when partially
occupied orbitals of interacting atoms overlap} ikgpairs of electrons are shared between
atoms. Such bonds are strong and of short rangen\&Hbond does not involve the sharing of
pairs of electrons, we referred to non-covalentdsonin general non-covalent bonding
address to weak interactions that occur at distantseveral angstroms and originate due to
the electrical properties of the subsystem. Usualth the term “non-covalent interactions”
we refer to these as a whole, indeed often thekwoconcert, thus providing force to hold
the molecule, or part of the molecule together. Tieest common are the van der Waals
interactions, that are short range interactionghabthey occur at distances comparable with
the size of the interacting atoms, thus involvingyoneighbouring atoms. Such forces are
about 100 times weaker than a covalent bond. Naesieds, they tend to pull molecules
together. When two molecules have complementarpesh&aundreds or even thousands of
v.d.W. forces may form between them. The Hydrogemdis are interactions which are at the
boundary between the covalent and non-covalatgrdctions. They take place between
pairs of atoms only if one of them is atpn donor and the other one is a proton
acceptor. This is due to the fact that an hydragem has a significant partial positive charge
if is covalently bound to a more electronegativengtsuch as oxygen, and is attracted to a
neighboring atom that has a significant partialateg charge. In contrast to the other two
types, electrostatic interactions are long eangnes. This means that electrostatic
interactions are also relevant beyond the limitghef closest neighbours. Electrostatic forces
are generated between the opposing charges anddieeules align themselves to increase
the attraction.

Proteins are polymers of 20 different aminoacidadsal each other by covalent bonds
(peptide bonds). The sequence of the different aaaials constitutes the primary structure of
the protein and determines how the protein folds mgher-level structures. The secondary

structure can take the form either of alpha helioesof beta strands, formed through
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hydrogen-bond interactions between NH and CO gronpsminoacids of the polypeptide
backbone. Such elements of either alpha helix tar figeet, or both, as well as loops and links
that have no secondary structure, are folded interteary structure. Finally, many proteins
are formed by association of the folded chains ofenthan one polypeptide, thus constituting
the quaternary structure of the profein

Although the primary structure is due to the presenf covalent bonds, higher-level
structures are principally due to non covalent, knegeractions. These interactions arise from
several contributions: 1) van der Waals forces betwthe atoms forming the aminoacids; 2)
hydrogen bonds between hydrophilic residues that able to make such bonds to one
another, to the peptide backbone, to polar orgarotecules, and to water; 3) electrostatic
interactions between ionizable groups of the antisa Moreover it should be taken into
account the contribution of the hydrophobic effébfat arise from the tendency of

hydrophobic aminoacids to avoid contact with wated to pack against each other.

1.2 Proten interaction networ k

Noncovalent forces control not only the foldingpsbteins but also their interactions
with other proteins, nucleic acids, substrates,nzpmes and molecules in general. The
comprehension of how the structure of the biomdescaffects their functions is one of the
aim of structural biology. However, to really unstand the cellular organization and the
mechanism of the biological systems, not only theicture of the molecules and
biomolecules are important but also the interaciiorong them. Moreover, protein flexibility
and the dynamics of intermolecular interfaces egulate binding affinity and specificity in
molecular recognition, and can also have a profowsftect on determining the
thermodynamics and kinetics of the binding process.

1.2.1 Protein-protein interactions

Protein—protein interactions (PPIs) are known taH#major components of a wide
variety of cellular events, they are operative latost every level of cell function: in the
structure of sub-cellular organelles, the transpmrtoss biological membranes, muscle
contraction, signal transduction, regulation of gyexpression, to make some examples.

Complete sequencing of genomes has revealed tlaaganism can contain tens of thousands
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of PPIs, thus forming all together a complex nekx¥r

Protein-protein interactions can be classified idifferent types depending on the
similarity between the interacting subunits (hormo-hetero-oligomers), the lifetime of the
complex, (weak or transient interactions) and twoation of interacting partners within one or
on two polypeptide chains. Finally, since proteussially work in a crowded environment
with many potential binding partners, most protetas be very specific in their choice of
partner, although others can be multispecific, hgwnultiple (competing) binding partners on
coinciding or overlapping interfacesThus, regulation of cell function by the inteians of
these proteins is balanced not only by the relaiViaities of the various protein partners but
also by the modulation of these affinities by theding of ligands, other proteins, nucleic
acids, ions such as Ca2+, and covalent modificatoich as specific phosphorlyation or
acetylation reactions. This results in differerdlbgical outcomes and is extremely important
for many diseases. Indeed, aberrant protein-protegmactions are involved in a number of
neurological disorders such as Creutzfeld-Jacobfdaritkimer's disease.

Therefore, PPl mapping would be of great value dnderstanding the molecular
mechanism of cellular functions as well as dis€asas do this, a structural characterization
of the domains and of their dispositions within ghetein and in their complexes with
partners is fundamental. But in addition to thig meed a complete knowledge of the basis
for specificity in these systems and comparativeliss of similar interacting partners or
mutated domains in order to bring to light the geéc properties linked to a particular

sequence/structure.

1.2.2 Internal protein dynamics

To date, a number of three-dimensional proteinctitines have been solved at atomic
resolution, nevertheless, explaining the proteimcfion solely from the static three-
dimensional structure is expected to be difficult.

Actually, proteins are dynamic over a spectruminfet scales and there is a deep
correlation between dynamics and molecular funct@manges in conformational dynamics
between folded and unfolded states contribute aifgignt entropy component to the
energetics of protein stability, but protein dynesnplay an important role also in molecular
recognition processes (since entropic effects dughainges in internal dynamics can have a
deep impact on binding affinities), in ligand bingi (which often involves movement of

molecules into areas that would normally be ocaliyden catalysis (where conformational
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rearrangements can juxtapose catalytic residuesy, ia allostery (where structural

fluctuations can transmit information between d#éf# sites in a protein).

1.2.3 Protein-ligandsinteraction

Mapping interactions at protein-ligand binding sites an important aspect of
understanding many biological reactions and isyapat of drug design. It has been shown
for a large numbers of targets that the 3D-strectirthe protein can be used to design small
molecules binding tightly to the protéihand future progress in this field can be achieved
only with a complete understanding of the protégasd interactions. The majority of the
currently available drugs act via noncovalent iatépons with the target protein. Therefore,
these forces are of particular interest in druggtes

The data now available on 3D-structures of probigi@nd complexes clearly indicate
that there are several features found basicallyalincomplexes: a high level of steric
complementarity between the protein and the ligéhé lock-and-key paradigm); a high
complementarity of the surface properties (lipophparts of ligand usually are found in
contact with lipophilic parts of the protein, argktsame usually occur with polar groups that
form hydrogen bonds or ionic interactions); finathe ligand usually binds protein in an
energetically favorable conformation.

The enthalpic and entropic components of the bmdiffinity can be determined
experimentally and the available data indicate thate is always a substantial compensation
between enthalpic and entropic contributfons

For many protein complexes only relatively smadjioms of the binding surface, often
called “hot spots”, contribute a major part of theding energy. The small ligands bind
almost exclusively to well-defined, localized reggoof proteins, independently of their
affinity’®. Once these hot spots are identified, bindingémtiions with adjacent regions of the

protein surface can be subsequently explored tease selectivity and improve affinity

1.3 Metalloproteins and immunoglobulin cell surface

proteins as models

Calcium-binding proteins and zinc proteases arelange classes of proteins involved

in several physiological and pathological procesbethese proteins weak interactions play a
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crucial rule in structural organization and tangegognition.

EF-hand calcium-binding proteins are involved ie tiegulation of various cellular
processes where they act as calcium sensors aograd smodulators (calcium buffers). The
biological activity of these proteins rely on iamduced conformational change or on features
like ion binding affinity, selectivity, and kineticdVatrix metalloproteinases are zinc-
containing proteases involved in extracellular mategradation, which is a fundamental step

in many physiological processes like tissue renmndeind repair.

1.3.1 EF-hand calcium binding proteins
The EF-hand family of CG&binding proteins (CaBPs) provides a rich framewfmnk

investigating fundamental relationships betweenkwateractions and biochemical function.
The EF-hand maotif is one of the simplest motifshvgpecific function and is among the most
common in animal celté. It consists of twax helices linked by a loop region that binds
calcium and was first found in the structure ofyadbumin. It's specific for calcium-binding
and, beside parvalbumin is present also in calmdirbponin-C and other calcium-binding
proteins that regulate cellular activities towattle binding of the ion. These motifs are
organized into structural units/domains containiwg or more EF hands that form highly
stable helical bundl€s.

The S100 human protein family consists of at I@&stalcium-binding proteins and
constitute the largest family within the EF-hanatpm superfamily. The nomenclature of
S100 genes was firstly introduced by Schaefer.€f @ order to overcame the considerable
confusion generated by the plethora of names diwahe early members of the family. In
contrast to the abundance of S100 genes in vetéshréhey are completely absent in
invertebrates. Interestingly, 21 human genes offénaily of S100 are clustered in region
1921 of human chromosome 1. This chromosomal regidmbit several rearrangements
which occur during tumor development, thus sugggsd correlation between S100 proteins
with neoplasias™’.

S100 members are best known as mediator of intwaelCa&" signals, nevertheless
certain members of this family are also secretadid@ the cell, exerting extracellular actions
in an endocrine, paracrine and autocrine mafiner

Although the sequences of the family show somerditye the key structural features
of all S100 proteins are highly conserVe@Figure 1). S100 proteins contain two EF-hand

motifs, one in the N-terminal domain (composed bipxhl, loop | and helix II) and one in the
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the C-terminal domain (composed by helix 1, lob@nd helix IV). The two domains are
connected by a linker, called “hinge-loop”. ThesfiN-terminal EF-hand is unconventional,
because its loop is usually composed by 14 amideathe second one, in the C-terminal
domain, is canonic8l. A consequence of the longer loop in the N- teehiF-hand of S100
proteins is the different affinity of the bindin§ @alcium(ll) to individual EF-hand, due to the
different coordination of calcium. The canonicate&Zminal domain binds calcium in a similar
manner to calmodulin and troponin-C resulting ihigher affinity sité®?% The N-terminal
domain mainly binds the ion through main-chain oas groups, in addition to the bidentate
side chain of glutamate at the end of the loop, tardreduces the binding affinity up to 100
times?

With the exception of calbindin D9K, which is monerit, all the other structures of
the S100 proteins revealed a homo- and, in some t&sero-dimerization, in which every
monomer comprise two EF-hand motifsCertain members of the family also form active
tetramers or larger oligomers. Monomers are relate@ two-fold axis of rotation and the
major contributors to the dimer interface are tledéixhl and IV of each monomer that are
ordered in a X-type four-helix bundle. This relabip is maintained both in the apo- and in

the calcium-bound stat&s

Fig. 1. Ribbon representation of the S100P dimer. (A) Samtustructure of apo-S100P
(PDB: 10Z0). (B) X-Ray structure of holo-S100P (POB55). Calcium ions are depicted in
blue.

Calcium binding to the S100s occurs in responsadeases in intracellular calcium
concentration. Upon calcium(ll)-binding most of 8lfroteins experiences a conformational
change that involve helix Ill, which is antiparali® helix IV in the apo state. As a
consequence of the conformational rearrangemers, ttho helices become almost

perpendicular. This movement “opens” the structamd exposes a wide hydrophobic cleft
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that lays out as a binding site for targ&tCalcium binding to the N-terminal EF-hand,
instead, causes only minor alterations of its bankbconformation. On the other hand, some
family members, S100A10 and calbindin D9k, do nudergo changes in their conformation
and have the function of calcium buffer and tram€pé>. Moreover, not all the S100
interactions are dependent on binding to calciurdeed, calcium-independent interactions
have also been described. In most cases the padhapo-S100s are enzyme (i.e. glycogen
phosphorylase for S100B and S108Aand transglutaminase for S100A10 and S106A11
but the most important calcium-independent intéoast of the S100 proteins are their
abilities to form homo- and heterodimers, as welsame higher-order complexes.

Besides calcium, some S100 proteins have also femmn to bind zinc (i.e. S106B
S100AZ°, S100A7°, S100A13Y, however, because of its subnanomolar intracellul
concentration, binding of Zfin the cytoplasm is rather unlikely. However, zbiinding to
S100 proteins may occur in the extracellular spetvere the ZA" concentration may be much
higher locally for a short time (in the brain itncase as high as several tens to hundreds of
uM3?). At this regard the zinc has been reported toutatd the interaction of S100B with tau
proteirt™,

According to their high specialization, S100 progeare involved in the regulation of
a variety of intracellular processes, such as prgwosphorylation 1 protein and p53 by
S100B3%*), enzyme activities (phospholipase By S100A16°), C&£* homeostasis (S100A1
by directly affecting the ryanodine recepfr cell growth and differentiation, transcription
factors, cytoskeleton dynamics and the inflammatesponse.

Secretion has been demonstrated for several merabtdre S100 protein family (i.e.
S100B, S100A1, S100A2, S100A4, S100A6, S100A7, 88089, S100Al1l2). The
mechanism of secretion is still obscure, althodghthe S100A8/A9 complex it is suggested
a secretion pathways that depends on an intacotulmle network’. At the same time, for
S100B it's known that secretion is not affectedtiy endoplasmic reticulum-Golgi classical
secretion pathway inhibitor, brefeldin A. Despitee tlack of information regarding the
secretion mechanism of S100s, extracellular rokegehbeen described for several S100
proteins. For examples S100A8/A9 heterodimer isrmitactic for mediating inflammatidh
S100B exhibit neurotrophic activity and S100A4 has angiogenic effé&ts

Calmodulin (CaM) is one of the many Cdinding regulatory proteins. It's an
ubiquitous, multifunctional protein that is widedystributed in nature and can bind at least 30

different targets with the subsequent regulatiosenferal cellular processes, such as cellular
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division and differentiation, gene transcriptiorgni transport by channels and muscle
conctraction. It was discovered as the activatdhe cyclic nucleotide phosphodiesterase in

142 and is composed by two domains (N- and C-terrpitiaked by a

brain and hear
flexible helix. Each of the two domains comprisetaF-hands, so that allowing the protein
to bind four calcium ions. The sequence homologypragnthe two domains is high (75%),
however, the small differences are able to givdeddht biochemical properties to the
respective EF-hands. Indeed, the Kd of the C-temhriifr-hands for calcium iS10° M, 10-
fold stronger than the N-terminal EF-hands (Kt0®). Calcium binding to CaM induces
conformational changes that are subsequently iedoin the regulation of several cellular
processes. These changes cause the exposition lofdamphobic surface that interact with
targets.

However, also the flexible linker takes part ingetrbinding, since it enables a great
deal of variability in the relative orientation tife two domains that is critical for the ability
of CaM in the interaction with such a large numbfetargets™.

The best known mode of interaction of CaM with &sgis described by the binding
of both domains to a single binding region and kasccalled the “wrap-around” mode. This
mode of interaction is observed for all the peptiderived from the autoinhibitory domains
of myosin light chain kinases and for other CaMefefent kinase$**® and causes the
peptide to adopt an helical conformation, becongngeloped by the two domains. This was
initially considered the predominant mechanism@aM-binding. However, the subsequent
characterization of several structures of the mmot@ complex with targets showing
posttranslational modifications, enlarged the Caltdimg repertoire. This confirm the
important roles of the conformational flexibilityitwin each domain to give the possibility of
various different relative position of the two damsin order to adapt to different targets.
Indeed, CaM is able to bind targets also in anreddéd mode, so that their domains interact
with different regions of the target. The most direxample of this binding mode arise from
the structure of the complex of CaM with the amthexotoxin, the Edema factdf. This
mode is also recurrent in the binding of the ap®d@dth targets, and many of these targets
(such as neuromodulin and neurogranin) interach whe 1Q motif of the protein, which
contain the consensus sequence IQxxxRGx5%Rhe binding can occur both in presence
and in absence of calcium, and, in some casesyghraot only the 1Q motif by itself, but
also combined with other CaM binding sequencesallyinseveral examples of CaM-induced

dimerization of the target have been reported. Yan®le of this binding mode are present in

14



the structure of the CaM complex with the gatingndn of the C& activated K membrane

channel®®.

1.3.2 Receptor for advanced glycation endproducts
The Receptor for Advanced Glycation Endproducts @GEA is a member of the

immunoglobulin protein family of cell surface molgées, whose gene is localized on
chromosome 6 in the Class Ill region of the majstdtompatability compléX™>?

The receptor is composed of an extracellular gattansmembrane helix and a short
cytosolic tail. The extracellular region compridggee immunoglobulin-like domains: one

variable V-type and two constant C-type, usualfgmed as C1 and C2(Figure 2).
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Fig. 22 Schematic representation of RAGE. (Reprinted fkundson Bl et al. FASEB J. 2008)

RAGE is expressed as both full-length (IRAGE), nbeame-bound (MRAGE) and
various soluble forms. The latter are produced @iy proteolytic cleavage of fl-RAGE and
alternative mRNA splicing, thus originating isofarthat consist of the extracellular domain
lacking the transmembrane and cytoplasmic domaiisAmong the over 20 different splice
variants that have been identified to date in husnadme so-called "Endogenous Secretory
RAGE" (esRAGE) is the only one that have been deteat the protein level in vivo and is
present in a wide variety of human tissies

Although RAGE expression is high in embryonic cells a wide range of the
differentiated adult cells is expressed at low lgveuch as neurons, smooth muscle cells,

mesangial cells, mononuclear phagocytes, hepateyte cardiac myocytes. An exception is
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the lung tissue, in which RAGE is expressed at tuitglly higher leveR. RAGE
expression augment in association with inflammatelated pathologies such as vascular
disease, cancer, neurodegeneration and didhetes

Binding of ligands to RAGE has been shown to attivaultiple cellular signaling
cascades, among which ERK1/2-MAP kinases, SAPK/MNR kinases, JAK/STAT
pathway. Many of these signaling cascades restiftaractivation of the downstream effector
NF-kB>® (Figure 3).
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Fig.3: RAGE signal transduction pathways. (Reprinted fidazzana N. et al. Intern Emerg
Med 2009)

RAGE ligands can be grouped into distinct familiese name of the receptor itself account
for the first class of molecules that was recoghias RAGE ligand: Advanced glycation
endproducts (AGESs) that comprise a class of predoicteactions between proteins or lipids
and aldose sugdfs Besides AGEs, RAGE was found to bind amyloid fiogrpeptide?’, the
DNA binding protein amphoterihand S100 proteifis

1.3.3 Matrix metalloproteinases

Matrix metalloproteinases (MMPs) comprise a familfy at least 28 secreted or
transmembrane enzymes collectively capable of gsicg and degrading various proteins
that constitute the complex structural entity tmgtrround and support the cell: the
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extracellular matrix (ECM)**

. They are involved in a number of pathogenic proegss
including tumour invasion and metastases, rheumhedod osteoarthritis, angiogenesis and
wound healing. At least 22 members of this famiyé so far been found in human tissues
and they are divided into three groups, with respgecthe main activity of the purified
enzymes in vitro: the collagenases degrade fibrtdlagens type I, Il and lll; the gelatinases
cleave triple helical type IV collagen and gelatitiee stromelysins are active against laminin,
fibronectin, proteoglycans type IV collagen andestbollagens with interrupted triple helices,
and, finally, the membrane-type MMPs (MT-MMPs) arsubgroup of 5 membets

All MMPs are synthesized with a prodomé&fhcontaining a leader sequence, which
targets the protein for secretion. They are sedragelatent proforms, with a few exceptions
of furin-processed proteinases, such as MMP-1MMP-28. The prodomain of MMPs has
an egg-like shape, and contains a well conservsteioye switch motif of PRCXXPD for
maintaining the proMMP latefit"®® Generally, the structures of all MMP catalytiovtiins
are quite similar. The shape of the catalytic damsispherical with a flat active site cleft,
which extends horizontally across the domain tadbpeptide substrates or inhibitors. The
catalytic domain has the zinc-binding motif, HEFH&ALGLXHS, which coordinates a
zinc atom at the active site, and under the zirfd, lYP methionine-turn. The latency of the
zymogen is maintained through cysteine-switch n?8tifn which the cysteine residue acts as
a fourth zinc-binding ligand to maintain the enzymactive. In addition to the catalytic zinc,
the catalytic domain also contains a structurat zind two to three calcium ions. A sub-site-
or S1’-pocket- or channel-like structure is a bigdsite for a substrate or inhibitor molecule
within the active site, and differs considerablysime and shape among the various MMPs.
P1’ indicates the residue of a bound substrate cutde The P1'-S1’ interaction mainly
determines the affinity of inhibitors, and the elage positions of peptide substrates. C-
terminal hemopexin or vitronectin-like domains affesubstrate or inhibitor binding,
membrane activation and some proteolytic activitidse hemopexin domain, very similar in
structure among the MMPs, is an ellipsoidal disd B connected to the catalytic domain by
a hinge region. The hinge region is flexible anchrin proline residue&®. It may also
influence substrate specificity.

Hierarchical regulation of MMP activity occurs onany levels’, including gene
expression control, proteolytic activation of MMEnzogens®®, inhibition by endogenous
tissue inhibitors of metalloproteinases (TIMP5)and both positive and negative proteolytic

feedback loopé?.
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Since many pathologies may benefit from controthef activity of MMPsthe quest
for suitable human MMP inhibitors (MMPIs) has beactively pursued for more than a
decade. Many inhibitors endowed with high-affinitgpugh modest selectivity, based on a
variety of molecular scaffolds have been repoftesind some entered into clinical trials for
different indications, mainly in cancer and artsrif.

It has been hypothesized that several side-effglaserved during the clinical trials
with MMPI could be related to the poor specificind selectivity of the investigated
molecules™®. These include musculoskeletal pain and inflamomaivhich often required the
interruption of the therapy. Several attemptsdsigh selective inhibitors have been carried
out by using the structure-based strategy.

1.4 Aims and topics of theresearch

The research carried out during my PhD has beamséaton cloning, expression and
characterization of metalloproteins and immunoglb cell surface proteins and on the
analysis of non covalent interactions relevant ttoese biological systems. In particular
selected examples of: i) protein-protein intexatsi ii) interactions between different
domains of the same protein and
iii) protein-small molecule interactions have beavestigated in their energetic and dynamic

aspects.

To date is well established that members of thetigarlic S100 protein family play
regulatory roles within cells through the interantiwith several effector proteins, thus
regulating enzyme activities, cell growth and difatiation and calcium homeostdsis ">
Moreover, secretion has been proved for several meesnof the S100 protein family and
growing evidence suggests that most of the sec&t€0 proteins exert their activity through
a common receptor: the Receptor for Advanced GiyeaEndproduct (RAGE)®. The
molecular mechanisms of the interaction betweenO0Sgteins and RAGE are poorly
characterized, however, evidences collected ssudggest that S100 proteins might form
sub-groups which bind to different sites on RAGEUS, the localization of critical surface
residues involved in RAGE/S100 interaction will lepful to deduce a more general scheme

of ligand recognition and binding by RAGE recep®L00P has been shown to interact with
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RAGE in vitro, since it was shown to trigger theiaation of NFKb through the MAPK
pathway in a RAGE dependent manner in pancreatit @on cancer cells lin€s™®
Moreover, the structural determinants of the irdéom between RAGE and S100P, as in
general with all S100s, are still poor charactetiZEne aim of the work was therefore focused
on cloning, expression and characterization of £180d on different constructs of RAGE.
Then the interaction of S100P with the selected alosn of RAGE receptor has been
investigated by high resolution NMR spectroscopy,order to identify the RAGE-S100P
interaction surface and to obtain a structural rhotflthe complex.

Efforts have also been directed at the charactaizaf the structural and dynamical features
of a uncommon member of the S100 protein familyjcthstructure is still unknown:
S100A16.

S100A16 has been successfully expressed and th&@osoktructure of both the apo and
calcium(ll) states solved by NMR. Mobility studiéave been also carried out in order to
obtain the starting point for future investigat@inS100A16 interaction with possible targets.

Calmodulin (CaM) is one of the most investigatedragles of multidomain protein
with the domains experiencing flexibility. The dalm-free form of the protein (apoCaM),
which is the resting state of CaM in cells, is atagunctionally bind a number of protein
targets, as do in the calcium-bound state butyitechics has received less attention than the
latter. It was suggested that helices in apoCaMaqaite mobilé® and that the C-terminal
domain experience a conformational exchange. Fumihwe, the calcium-binding loops are
found particularly unstructured in the calcium fremte, most likely due to their high
flexibility ">® In order to evaluate the role of the weak intéoms in interdomain flexibility
and to address the open questions regarding theriamze of the relative mobility of the
domains, samples of CaM where the exchangeableipmptotons are replaced by deuterium
have been prepared. The relaxometric analysi®peeld on these CaM samples allowed us
to determine the dynamics of the side chains énagho state of the protein, the reorientation

time value and a collective order parameter, whicimitors side chain mobility.

One of the strategies aimed to design molecule$ wihigh affinity towards
pharmaceutical targets consists in tethering waiguitable linker, low affinity fragment for
neighbouring binding sit&&®  Thus, the affinity of molecules created in thiay will be

higher with respect to the sum of the affinity bétsingle fragments. The gain in affinity is
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related to the so-called linking effect. To claritye energetic aspects of tethering and to
understand its limits and possibilities, we haveestigated the interaction of a well
structurally characterized inhibitor and of its destructing fragments with MMP-12 by

isothermal titration microcalorimetry, X-Ray, NMRafluorimetry.
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One of the aims of structural genomics is the stineebased drug design, that has
been extended to the study of the protein funcfldms can be faced by an High-Throughput
approach (that characterized structural genomioggts), thus screening a huge number of
genes but limiting the rate of success for eachetaror by a large bibliographic and
bioinformatics research (in functional genomicsjgcts) in order to maximize the rate of
success, but, thus augmenting the cloning and ssioire strategies that have to be performed.
However, a multidisciplinary approach remains nsaggin order to proceed on the screening

of parameters that are necessary for good samgpeanation.

2.1 Genome browsing

Bioinformatics is essential for deciphering the @ugf data generated by high-
throughput experimental technologies, and in omagi information obtained from
traditional biology. The ultimate goal of bioinfoatics is to reveal the biological information
hidden in the mass of data and to do this, variaiabases and software for prediction can be
used as tools for searching gene banks, for thé&saseof protein sequences and for the
prediction of a variety of protein properties.

Examples are GeneBank htip://www.ncbi.nlm.nih.gov/sites/entrez or  Ensembl

(http://www.ensembl.org/index.htinlfrom which nucleotidic sequences can be dowrddad

Swissprot [ttp://www.ebi.ac.uk/swissprgt/ for obtain information on the aminoacidic

seqguence, isoforms or biophysical properties and  SNifs
(http://www.ncbi.nlm.nih.gov/projects/SNPfor information about predicted or validated
SNPs.

In order to select the protein construct with tigghbst probability of giving a soluble
and folded protein, various tools can help in tredction of the target protein properties and
domain organization. Such predictions can inderttiy presence of transmembrane regions

(http://www.cbs.dtu.dk/services/TMHMM-2))/  intrinsically unstructured regions

(http://iupred.enzim.h)y N-terminal signal peptidewivw.cbs.dtu.dk/services/Signa)B/

“rare” codons that are infrequently used by thethdsosen for the expression of the
recombinant protein (for E.coli they can be prestict at

http://nihserver.mbi.ucla.edu/RACICMoreover, genome browsing can help to find prate

sharing the same fold and the same consensus sequeithin different genomes

(www.ncbi.nlm.nih.gov/BLAS). Domain border definitions can be done by midtip
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sequences alignments, since domains sequences aee aonserved during evolution in

respect to linker region$itp://align.genome.jp/ and then, the identification and analysis of

protein domain architectures in completely sequéngenomes can be performed using

SMART tool (ttp://smart.embl-heidelberg.¢®/Finally known and predicted protein-protein

direct and indirect) associations, can be found the STRING database
(http://string.embl.dé/

2.2 Cloning

In order to get high yield of soluble proteins, mdactors have to be taken in
consideration, such as the choice of the vectorthef cloning strategy, and of culture
conditions. Of course, the knowledge of the protdiaracteristic will help in this choice, thus
increasing the chance of success.

The choice of the expression system is the fiep $hat have to be faced. To date
different expression systems are available, amdmghbacteria is the most attractive due to
low cost, high productivity, and rapid use. Howeuae rational choice of the adequate host
for a specific protein of interest remains difficahd need to be done taking into account the
different characteristics of the expression systeself, such as the rate of cell growth, the
cost, the expression level, extra- or intracellukxpression or the possibility of
posttranslational modificationsFor the expression of a protein of prokaryotitgior the
obvious choice is to use E. coli, bifitthe protein that have to be expressed is from an
eukaryotic source, the method of choice will dependmore factors. To date, alternative
hosts, as mammalian, yeast and insect cell, are moressible and less co$tlyCell-free
protein synthesis has also a great potential fer dkpression of problematic soluble and
membrane proteins expressiotiowever, especially for the characterization trejuires
high yield of labeled protein, such as NMR, theok.expression system remains the most
widely used.

The expression system govern the following choitéhe expression vector. Many
plasmids are currently available for the E. cokteyn and the different characteristics that
typify them can influence the yield of expressetlisie protein. The basic architecture of an
E. coli vector is shown in Figure 1 and it contaamsantibiotic-resistance gene that can select
only the clones that contain the plasmid, an ormfimeplication and a regulatory gene for

plasmid replication and regulation of the copy nemba promoter that initiates the
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transcriptions, a multiple cloning site that enalil® clone the gene of interest into the vector.
In addition also tags and fusion proteins can lesgmt in the vector, generally followed by
protease cleavage sites. These elements, togeittethe promoters are those that mostly
affect the yield and solubility of the recombingmbtein. Many promoter systems of E. coli
can be used as tools for protein expression, buiaky only a few of them are commonly
used. A ideal promoter is strong, has a low basptession level, is easy to induce and is
independent from the common components of cultumegia. In the matter of fusion

tags and partners, they offer several advantagesrits of expression, solubility, detection or

purification.

Promoter

Shine-Dalgamo

Selectable marker N-terminal tag

Fusion protein

E. coli vector Protease cleavage site

Multiple cloning site

W} bp . )
C-lerminal lag

Iranscription terminator

Ornigin

Repressor

Fig. 1. Basic architecture of a@& coli expression vector.

In order to adapt an high-throughput approach wning, recently a new technology
(Gateway technology) has been developed, thus @ithe possibility to clone one or more
gene into virtually any expression vector, withdbe time-consuming reactions that are
characteristic of the classic use of restrictiomyemes and ligase. This method, described by

Landy and co-workefause a site-specific and conservative recombingtiBreaction).

2.3 Site directed mutagenesis

In vitro site-directed mutagenesis is a techniguestudying protein structure-function

relationships and gene expression, and for carmyuigyector modification.
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The basic procedure utilizes a vector with the gemhenterest and two synthetic
oligonucleotide primers, both containing the desineutation and that are extended during
temperature cycling by a high fidelity DNA polymsea The extension of the oligonucleotide
primers generates a mutated plasmid. Following &atpre cycling, the product was treated
with an endonuclease specific for a methylated DiAorder to digest the parental DNA
template and to select for mutation-containing lsgsized DNA (this can be done since DNA
isolated from almost ak. coli strains is methylated and therefore susceptibéntibnuclease
digestion). The vector DNA containing the desiregtations is then cloned and expressed by

choosing the host and conditions, also in deperedehthe single or multiple mutation.

2.4 Protein expression and purification

The screening of different conditions for recomibingrotein expression, in order to
speed up the production, usually start with a pelrakpression of a protein from a variety of
vectors containing different tags and/or fusiontipens, that are highly expressed and can
work as translational enhancer, and a variety afdh.host strains, that can help by encoding
for a number of rare codons, or by reducing prgteoldegradation due to the presence of
proteases. The optimization of the expression $egwah then be achieved by varying some
parameters: the time and/or temperature of indnctivat is obtained by the addition of the
proper inducer or by changing the growth conditiinsdependence of the kind of promoter
used), or the concentration of the inducer itself.

The choice of the strategy for protein purificatiafepend whether the protein is
expressed by the host in the cytoplasm as solablénsoluble (in inclusion bodies, IB).
Actually the protein can also be forced to be tpanted in the periplasmic space, due to the
presence of a leader sequence (usually pelB andlpmapthe N-terminus of the target
protein. If the protein is insoluble, it must betraxted from the inclusion bodies. This is
anticipated by extensively wash and centrifuge\eerse times the IB with buffer containing
detergents, such as Triton, or even low concentratiof denaturants, such as guanidine
hydrochloride (GdnHCI) of urea. Then the IB areubdized usually with 4-6 M GdnHCI or
8 M urea.

The purification steps are guided by the physitercical and biological

characteristics of the proteins: if they are in tiagive state, ion exchange and size exclusion
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chromatography are commonly used, while, when fusild tags, affinity chromatography
(Figure 2) is the optimum. As an example, GST-&@ ispecific affinity tag, that not only
facilitate soluble expression but also increasedffieiency of protein, and can be purified
using glutathione immobilized to a matrix such. \Whee fusion tag is a simple His-tag,
purification is achieved by Immobilized metal ioffisity chromatography (IMAC) (that
purify proteins with exposed histidine groups viatal ion complex formation).

In order to cleave the tag, various proteases eamsbd (TEV, Factor Xa, Thrombin,
Prescission Protease, recombinant Enterokinasg)endéng on the protease specific
recognition site selected and cloned in the vectatifying for the protein sequence at the
cloning step. Then, the cleaved tag can be easipved by the purified recombinant protein.
If the tagged protein is expressed as inclusiondspdhe unfolded protein must be refolded

prior to proceed with the cleavage, and this stap lwe problematic, since sometimes fusion
tags may interfere with correct protein folding.

Cenerol purificotion of histidine-togged proteins
=3 i
NATIVE CONDITIONS [ | = DENATURING
—_ =1 CONDITIONS
—a - Binding buffer
Binding buffer — = -, - (including 20 to
(including 20 to — = Cell lysis - F 40 mM imidazole
40 mM imidazole) = =1

'El and 8 M urea
=0

or 6 M guanidine

hydrochloride)
* Binding to

Binding buffer

affinity media (including 20 to
40 mM imidazole
Binding buffer — ‘.{’ and 8 M urea
(including 20 to = | Wash - L or 6 M guanidine
40 mM imidazole) —1 n hydrochloride)
Elution buffer: Binding buffer with Elution buffer: Binding buffer with
a higher concentration of imidazole Elute a higher concentration of imidazole
— .p‘-'fﬁ
Pure tagged i | | Pure denatured
protien o B \ tagged protein
Refolding
- e = Pure tagged
= Er = protien
—_— IO RGO DT EI

Fig.2: General purification procedure of a typical Higdad proteins (Reprinted from

Recombinant purification handbook for expressiod parification of His-tagged proteins,
GE Lifescience)
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Finally, again structural information can help, f@rce, in the choice of buffer
composition: as example, DTT or Oxidised/Reducedit&hione (for the presence of

disulfide bridges, or reduced cysteine), and EDTAGTA (for metal binding proteins).

2.5 Biophysical and structural characterization

2.5.1 Fast Field Cycling Relaxometry

Fast Field Cycling Relaxometry is a NMR techniqueed for the determination of
longitudinal relaxation times of the solvent;(Tover a wide interval of magnetic fields,
ranging from about I®to about 1 Tesla. The range boundaries are seshegr technical
issues, being the lower limit affected by the lofialds, while the upper limit is mainly
determined by technical choices and compromises.

This interval is very wide if compared with the 0’420T range covered by standard
NMR, not considering the impractical technical sswf studying T dispersion curve with an
array of standard magnets. On the other hand, EE@ametry requires a specialized system,
given of much lesser resolution if compared withstfdMR spectrometers.

The basic scheme of an experiment can be dividex three phases. At first the
sample is polarised in a high fieR} for the time needed to achieve saturation of tneear
magnetization, then the magnetic field is switchea lower valueB; for a timet,, during
which the magnetization is allowed to relax towaadsew equilibrium value. Eventually, the
magnetic field is increased again and the equilihrmagnetization is measured, by applying
a 90° pulse followed by acquisition.
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Fig. 3: A typical field cycle in FFCR.

Although FFCR can be applied to several reseagitisj spanning from dynamics of
liquid polymers to proton quantum tunnelling invgation, a useful biological application is
the characterization of the hydration of protemsolution.

When recording the relaxation profile of a protein D,O the observed proton

relaxation is given by the sum of the contributiofgll non exchangeable protein protons.

25.21TC of protein adduct

Isothermal titration calorimetry (ITC) is a thernyoémic technique that allows the
study of the interactions of two species. When éhgo species interact, heat is either
generated or absorbed. By measuring these intenak&ats, binding constants (K), reaction
stoichiometry (n), and thermodynamic parameterkidiog enthalpy AH) and entropy AS)
can be accurately determined. In addition, varyimgtemperature of the experiment allows
the determination of the heat capacity)(@@r the reaction. The ITC allows researchers to
study almost any kind of interaction, including ek with immobilized enzymes, tissue
samples, or other solid materials in suspensioe. C8C ITC may also be used to study the
decomposition/stability of organic (ex. drugs) andrganic materials over time (days to
weeks). This is particularly useful for determinstgelf/storage life of drugs.

An ITC instrument consists of two identical cellsngposed of a highly efficient
thermal conducting material (Hasteloy or gold) sunded by an adiabatic jacket (Figure 4).

The jacket is usually cooled by a circulating watath. Sensitive thermopile/thermocouple
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circuits detect temperature differences betweentlrecells and between the cells and the
jacket. Heaters located on both cells and the jagieeactivated when necessary to maintain
identical temperatures between all components.niiT& experiment, the macromolecule
solution is placed in the sample cell. The refeeecell contains buffer or water minus the

macromolecol®

cell feedback

reference
heater

Reference Cell Sample Cell

Adiabatic Jacket

Fig. 4. Schematic diagram of an ITC instrument. Two lappshaped cells are contained
within an adiabatic jack®t

Prior to the injection of the titrant, a constaotyer’ is applied to the reference cell.
This signal directs the feedback circuit to actvtte heater located on the sample cell. This
represents the baseline signal. The direct obskrvabasured in an ITC experiment is the
time-dependent input of power required to maintgual temperatures in the sample and
reference cell. During the injection of the titranto the sample cell, heat is taken up or
evolved depending on whether the macromoleculancasson reaction is endothermic or
exothermic. For an exothermic reaction, the tentpegan the sample cell will increase, and
the feedback power will be deactivated to mainejoal temperatures between the two cells.
For endothermic reactions, the reverse will ocouganing the feedback circuit will increase
power to the sample cell to maintain the tempeeatur

The heat absorbed or evolved during a calorimeifiation is proportional to the
fraction of bound ligand. Thus, it is of extremepontance to determine accurately the initial
concentrations of both the macromolecule and tfentl. For the initial injections, all or most

of the added ligand is bound to the macromolectdsulting in large endothermic or
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exothermic signals depending on the nature of Hsa@ation. As the ligand concentration
increases, the macromolecule becomes saturatedubsquently less heat is evolved or
absorbed on further addition of titrant. The amoaintheat evolved on addition of ligand can

be represented by the equatfbn

Q = VoAHu[M]t Ka[L]/(1+ KalL]) Eq 1.

whereV, is the volume of the celjHy is the enthalpy of binding per mole of ligand, [Ny
the total macromolecule concentration includingrimband free fractiond{a is the binding
constant, and [L] is the free ligand concentration.

To determine accurately the enthalpy of bindingg tritical that the first several shots
define a baseline region where all added ligandasind to the macromolecule. The
equivalence region should also be well defined H®/ ¢oncentration range spanned by the
injections, to determine an accurate value of tbgo@ation constant. It is necessary that
concentrations be chosen so that measurable amofiniee and bound ligand are in
equilibrium within the titration zone defined byetkitrant injections.

The observed binding isotherm is usually normalizedkilocalories per mole of
ligand injected and plotted versus the molar rafiigand to macromolecule. The observed
heats of binding include contributions from theutdn of the titrant (ligand) and dilution of
the macromolecule. The method of data analysis rtep®n the system of interest. We
decided to adopt the procedure for fitting datéh multiple independent binding site model
using the analysis software ORIGIN (Microcal, Ntwimpton, MA) provided with the
Omega ITC.
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Fig. 5: a) Calorimetric titration of ligand MLC114 withrgtein catMMP12. The experiment
consisted of 41 injections of 8 ml each of a 196nsMck solution of MLC114. b)
Representative ITC Data.

2.5.3 NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscigpynique among the methods
available for three-dimensional structure detertmmaof proteins at atomic resolution, since
the NMR data can be recorded in solution. Congidethat body fluids such as blood,
stomach liquid and saliva are protein solutions nehéhese molecules perform their
physiological functions, knowledge of the molecuductures in solution is highly relevant.
In the NMR experiments, solution conditions suchieasperature, pH and salt concentration
can be adjusted so as to closely mimic a giveniplogical fluid. Conversely, the solutions
may also be changed to quite extreme non physabgonditions, for example, for studies
of protein denaturation.

Furthermore, in addition to protein structure detieation, NMR applications include
investigations of dynamic features of the molecstanctures, as well as studies of structural,
thermodynamic and kinetic aspects of interactioe$wben proteins and other solution
components, which may either be other proteinswrrholecular weight ligands*?

The preparation of the protein sample is a crusiap of this process, since a highly
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purified protein sample is required. Inhomogenepteparation and/or aggregation of the
protein as well as low molecular weight impuritiesay severely harm the structure
determination. NMR spectra are then generated &gimy the sample in a magnetic field and
applying radio-frequency pulses, which perturb #wgiilibrium nuclear magnetization of
those atoms with nuclei of nonzero spin. Transtene domain signals are detected as the
system returns to equilibrium. Fourier transformatof the transient signal in to a frequency
domain yields a one-dimensional NMR spectrum, whecla series of resonances from the
various nuclei at different frequencies, or chemnglafts. The chemical shift of an atom
depends on the electronic environment of its nicleu

NMR spectra of biological macromolecules contaimdreds or even thousands of
resonance lines which cannot be resolved in a ¢dmr&al one-dimensional spectrum (1D).
Multidimensional NMR spectra provide both increasessolution and intermolecular
correlations which are easy to analyse. The crsteg in increasing the dimensionality of
NMR experiments lies in the extension from onewo tlimensions. A higher dimensionality
experiment consists of a combination of two-dimenal (2D) experiments. All 2D NMR
experiments use the same basic scheme which comdisbur following, consecutive time
periods.

During the excitation period the spins are preparethe desired state from which the
chemical shifts of the individual nuclei are obsshduring the evolution period. tin the
mixing period the spins are correlated with eadieotaind the information on the chemical
shift of one nucleus ends up on an other nuclewsha¢h the frequency is measured during
the detection period.tThus a resonance in the 2D spectrum, a cross pEalesents a pair of
nuclei that suitably interact during the mixing &m

Proteins with a molecular weight larger than 10 kBast be isotope enriched itN and
13C for an efficient structure determinatidfilN and**C are used because the most abundant
carbon isotope’fC) does not give a NMR signal and the most abundérigen isotope
(**N) has undesired NMR properties. The sensitivityaistable with these types of nuclei
greatly varies even if the sample is fully isotdakelled with**C or °N. The proton offers
the best sensitivity and for this reason constitutee preferred nucleus for detection of the
NMR signal. The other nuclei are usually measuradtind evolution periods of
multidimensional NMR experiments and their inforroat is transferred to protons for
detection.

For unlabelled proteins smaller than 10kDa, the lwioation of the two 2D spectra‘H,
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'H]- COSY and fH, *H]-NOESY often allows the assignment of most pra&MR signals®>.
The first experiment, the'fi, *H]-COSY (COrrelation SpettroscopY), detects throdgimd
interactions between protons and correlates prdtuatsare separated by up to three chemical
bonds (J couplings). With this experiment the pmetwithin an amino acid can be correlated,
however, neighboring amino acids in the polypeptidguence cannot be connected. The set
of correlated proton nuclei is referred to as gystem. However, as soon as an amino acid
occurs more than once in a polypeptide chain acdiassignment to a specific sequence
position is not possible through COSY experimeiat. this purpose the second experiment,
the ['H, *H]-NOESY*, is measured, where NOESY stands for NOE Speapéé™. The
NOE is a consequence of dipole-dipole coupling betwdifferent nuclear spin which causes
spin polarization to be transferred from one nugleuany nearby nucleus.; in this way the
atoms do not have to be in the same amino acig, gimeply have to be close in spat¥
The magnitude of the NOE is proportional 6, where r is the distance between the
interacting nuclei. Unfortunately, the magnitudetlod NOE is also affected by a number of
other phenomena, such as the rate of tumbling ef gtotein, which can diminish its
magnitude and even make it zero. In practice, N@Es observed in proteins between
hydrogen atoms that are no more than 5 A apart.

For larger proteins extensive signal overlap pressemomplete assignments of aMi
signals in proton spectra. This barrier can be ayee with 3D NMR techniques and
uniformly 3C and™N labelled proteins. Th&H->N HSQC (Heteronuclear Single Quantum
Coherence) is the most important heteronuclear N&MReriment which correlates the
nitrogen atom of an NH group with the directly attad proton(s). In°C, **N-labelled
proteins a sequential assignment strategy can bd wdich is based on through-bond
correlations across the peptide-bond between séguamino acids. The resolution of NMR
spectra can be further increased by includidgatoms in the protein and by going to the
fourth dimension. With these methods systems wittheoular weights up to approximately
35 kDa can be studied. Recent advances in botiwhaedand experimental design promise to
allow the study of much larger protetfis

When all, or almost all, the resonances of the NBpectra are assigned, the H-H
distances and the dihedral angles, respectivebimdxd from 3 couplings and NOE distances,
are used to infer the conformation of the proté&ime available programs for the calculation of
three dimensional structures utilize, together witperimental constraints, information about

the covalent structure of the protein such as thena acid sequence, bond lengths, bond
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angles, chiralities, and planar groups as welltegcsrepulsion between non-bonded atom
pairs. Calculation programs fold a random gener&@dstructure, in order to maximize the
agreement between the structure and the struataratrains a folded conformation can be
determined in great detail. However it must be kephind that the experimental constraints
do not uniquely describe one exact 3D structurabse NMR-derived constraints typically
describe a range of possible values and many dessarannot be determined. Thus the result
of NMR structure determination is not one model, &get of similar models, all of which fit
the experimentally determined constraints. The RMf&I0t mean square deviation) between
these models is used to assess how well the steuctlculations have converged. Typical
structures have backbone RMSD values of less thanptovided there are not large motions

of the backbone or substantially different confotiores coexisting in solution.

2.5.4 X-Ray and protein crystallization

X-ray crystallography is essentially a form of vdmgh resolution microscopy. It
enables to visualize protein structures at the mtdevel and enhances our understanding of
protein function. Specifically it is possible toudy how proteins interact with other
molecules, how they undergo conformational changed,how they perform catalysis in the
case of enzymes. In all forms of microscopy, th@am of detail, or the resolution is limited
by the wavelength of the electro-magnetic radiatised. With light microscopy, where the
shortest wavelength is about 300 nm, one can siadnal cells and sub-cellular organelles.
With electron microscopy, where the wavelength rhaybelow 10 nm, one can see detailed
cellular architecture and the shapes of large prateolecules. In order to see proteins at
atomic detail, we need to work with electro-magne#idiation with a wavelength of around
0.1 nmor 1 A. In other words, we need to use Xsray

The diffraction from a single molecule would be tweak to be measurable. So it is
necessary to use an ordered three-dimensional efraplecules, in other words a crystal, to
magnify the signal. Even a small protein crystagimicontain a billion molecules. If the
internal order of the crystal is poor, then theays will not be diffracted to high angles or
high resolution and the data will not yield a dietgistructure. If the crystal is well ordered,
then diffraction will be measurable at high angbesigh resolution and a detailed structure
should result. The X-rays are diffracted by the®tns in the structure and consequently the
result of an X-ray experiment is a 3-dimensionaprsaowing the distribution of electrons in

the structure.
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The data collected from a diffraction experimerda ieciprocal space representation of
the crystal lattic®. The position of each diffraction 'spot’ is goverby the size and shape of
the unit cell, and the inherent symmetry within tmgstal. The intensity of each diffraction
'spot’ is recorded, and is proportional to the sgua thestructure factor amplitude. The
structure factor is a complex number containing information relgtio both the amplitude
and phase of a wave. In order to obtain an intempleelectron density map, we must first
obtain phase estimates (An electron density mapwallto build a starting model of our

molecule) This is known as the phase problem caacbemplished in a variety of ways.

*  Molecular replacement - if a structure exists akkated protein, we can use
this structure as a search model and use molempéacement to determine the orientation
and position of our molecules within the unit c@lhe phases obtained this way can be used
to generatelectron density maps.

* Heavy atom methods - If we can soak high-molecwarght atoms (not
usually found in proteins) into our crystal we case direct methods or Patterson-space
methods to determine their location and use theabtain initial phases.

* AblInitio phasing - if we have high resolution data (bettan 1.6 angstrom or

160 picometers) we can use direct methods to optaase information.

Having obtained initial phases we can build anahihodel (our hypothesis) and then
refine the Cartesian coordinates of atoms and trespective B-factors (relating to the
thermal motion of the atom) to best fit the obsdrdéfraction data. This generates a new
(and hopefully more accurate) set of phases arehaatectron density map is generated. The
model is then revised and updated by the crystafgwer and a further round of refinement is
carried out. This continues until the correlatigiviieen the diffraction data and the model is
maximized®.

The bottleneck of X-ray structure determinationnaiicromolecular complex is the
crystallization protocol.

In order to crystallize a protein, the purified f@ia undergoes slow precipitation from
an aqueous solution. As a result, individual protapblecules align themselves in a repeating
series of "unit cells" by adopting a consisteneotation. The crystalline “lattice” that forms
is held together by non-covalent interactions. Tha-covalent bonds that hold together the

lattice must often be formed through several lay&frsolvent molecules. In addition to
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overcoming the inherent fragility of protein crystathe successful production of x-ray
worthy crystals is dependent upon a number of enumiental factors because so much
variation exists among proteins, with each indialduequiring unique conditions for
successful crystallization. Therefore, attemptingctystallize a protein without a proven
protocol can be very tedious. Some factors thatiregconsideration are protein purity, pH,
protein concentration of protein, temperature, gmdcipitants. In order for sufficient
homogeneity, the protein should usually be at 18&86 pure. pH conditions are also very
important, as different pHs can result in differpatking orientatiorts. Buffers, such as Tris-
HCI, are often necessary for the maintenance ofadicplar pH. Precipitants, such as
ammonium sulfate or polyethylene glycol, are compisuthat cause the protein to precipitate
out of solution.

Two of the most commonly used methods for proteystallization fall under the
category of vapor diffusion. These are known as hrging drop? and sitting drop
methods. Both entail a droplet containing purifigbtein, buffer, and precipitant being
allowed to equilibrate with a larger reservoir @ning similar buffers and precipitants in
higher concentrations. Initially, the droplet ofof@in solution contains an insufficient
concentration of precipitant for crystallizationytbas water vaporizes from the drop and
transfers to the reservoir, the precipitant conesioin increases to a level optimal for
crystallization. Since the system is in equilibriuthese optimum conditions are maintained

until the crystallization is complete (see Figuje 6

v Coverslip
LHigh - vacuum

grease

L Protein solution

l— Reservoir solution

Fig. 6: Solution (blue) usually contains buffer and préaipt. Protein solution (red) contains
the same compounds, but in lower concentrations.pratein solution may also contain trace
metals or ions necessary for precipitation of patér proteins.
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In the past few years macromolecular crystallogyapais become a standard technique
used by many pharmaceutical and biotechnology camapaThis methodology offers details
of protein-ligand interactions at levels of resmat virtually unmatched by any other
technique, and this approach holds the promiseowéln more effective, safer and cheaper
drugs. Although crystallography remains a laboricusd rather expensive technique,
remarkable advances in structure determinationsénudture based drug design (SBDD) have

been made in recent years.
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Chapter 3

Structural basis of RAGE
receptor activation by S100P

In preparation
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3.1 Introduction

3.1.1 S100 proteins as RAGE ligands

The first S100 proteins that have been identifiedtRAGE ligands were S100A12 and
S100B. Then, a large number of S100s have been showmeiact with RAGE in vitro and
most of them have shown to trigger RAGE dependégnmating in cell-based assays.
Structural informations about S100/RAGE engagemeeate available only for S100B,
S100A6 and S100A12. These data suggest that diff&®00s bind the receptor in different
ways (Figure 1). As example, S100B is reported ited b/-domain of RAGE receptor.
Binding studies performed by SPR show that thete#ric form of S100B binds RAGE with
higher affinity than the dimeric form, inducing &neérization of the receptarlt was also
suggested that the first C-domain of the receptigpate in S100B binding. On the
contrary, S100A6 appears to interact with the sécBrdomain of RAGE (C2 domairt)
even if the details of the binding mode are lackingcase of S10012 the hexamer, formed by
the protein in the extracellular space, binds bdtland C1 domains and causes RAGE
tetramerizatioh These differences in binding mode, together vtita properties of the
various cell types in which S100/RAGE binding igpaoded, might explain the different

effects triggered by the interaction.

S1008
S100A1
S5100A2
S100AS
S100A6
$100A12

/

~ 4 & S$100A12

C? P S100A6
cytoplasmic
D ¢

membrane
Fig. 1. Interaction of different S100 proteins with diffateRAGE domains. There are
experimental evidence that S100 proteins might featn-groups which bind to different sites
on RAGE.(Reprinted from Leclerc E. et al. Biochimica et giysica Acta 2009)
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S100P, first purified from placenta (hence its ngmge expressed in normal organs or cells
and in pathological tissues. This calcium-bindirrgtein plays a role in cytokine-induced
differentiation of human myeloid leukemia célisnd is present in many tumors including
ovarian, pancreatic, gastric, colorectal, breadt@ostate carcinomadt has been suggested
that, in tumor tissues, S100P promotes cell pnaltfen and survival via RAGE engagement
through the activation of an ERK1/2-KB signaling pathwaly

The structural determinants of the interaction leemvRAGE and S100P are still poor
characterized. With the aim to clarify the actigatof RAGE by S100P, two different RAGE
constructs were expressed and tested by NMR fomteeaction with S100P. The collected
data clearly show that the holo form of S100P ademwith the V-domain of RAGE. The
alteration of the chemical shifts of both S100P &WGE monitored onH->°N HSQC
spectra have been exploited in docking prograntsificulate the structure of a possible model

of the complex between the two proteins.

3.2 Material and methods

S100P expression. The cDNA encoding for S100P was cloned in pETG388Mg the
Gateway technology (Invitrogen), in order to obtairplasmid producing the protein fused
with N-terminal His- and GST-tag. The vector wamsgformed in E.coli strain BL21 GOLD
(Novagen) and cells were grown in LB media at 3dt@l ODgoonmreached 0.6; then protein
expression was induced by adding 1 mM IPTG. Ceéisevallowed to grown at 25°C for 14-
16 hours and then harvested by centrifugation 80§0Cells were resuspended in 20 mM
phosphate pH 7.4, 500 mM NaCl, 10 mM Imidazole lgs@ was performed by sonication in
ice. The soluble extract, obtained by ultracengfiion at 40000g, was loaded on a HiTrap
chelating HP column (GE Healthcare) previously gedrwith Nf* (for selective His-tag
binding) and equilibrated with lysis buffer. Aftevashing the column with different step
corresponding to different, intermediate Imidazotncentrations (10 mM and 100 mM),
recombinant fused protein was eluted with 20 mMgpihate pH 7.4, 500 mM NaCl, 500 mM
Imidazole. The protein was then concentrated tonfigfmL and the cleavage of the tag was
performed by AcTev protease assay in 1X TEV Bu{E mM Tris-HCI, pH 8.0, 0.5 mM
EDTA and 1 mM DTT) at room temperature with ovehtigncubation. The tag and the

AcTev itself (that present a His-tag at the N-temas), were then removed from the cut
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protein by affinity chromatography again with Hipraolumn. Purified S100P was then
dyalized in 50 mM TRIS pH 7.4, 200 mM KCI, 2 mM Qabuffer A) in order to perform
the final purification step. This was carried oyt lydrophobic exchange on Hiprep phenyl
FF column (GE Healthcare) equilibrated in buffead the protein was eluted with 50 mM
TRIS pH 7.4, 200 mM KCI, 5 mM EDTA.

Protein expression and purity was monitored by $IA&E in 17% polyacrylamide

stained with Coomasie brilliant blue R-250 agafsitein marker.

Cloning and expression of RAGE constructs. Bacterial expression vectors were
produced for the single V-domain and the tandem d@hain of RAGE. The constructs
were amplified by PCR from the fIRAGE DNA (GenBamiV_001136) with primers
containing 5 Ndel and 3 Xhol restriction sites and contained the followiRQGE protein
sequences (excluding the 22 aminoacid signal peptid (23-132) and VC1 (23-243). DNA
fragments were subcloned into the pET15b vectov@gen) in order to express the proteins
fused with an N-terminal Higag followed by a thrombin cleavage site. Vectarsre
transformed in E. coli strain Origami(B) DE3 (Noeaj and cells were grown in LB media at
37°C till an OQe O 0.7 was reached. Then expression of the recombimantein was
induced by adding 0.5mM IPTG and growth was alloi@d6 hours at 20°C. Cells were
harvested by centrifugation at 9000g and lyseddmycation in ice in 20mM phosphate pH
7.4, 500mM NaCl, 1mM PMSF. Clarified lysate, obtinby centrifugation at 40000g, was
first purified on HiTrap chelating HP column (GE afiacare) equilibrated with the lysis
buffer and eluted with a 10 column volume (CV) dngradient to 20 mM phosphate pH 7.4,
500 mM NacCl, 500 mM Imidazole. Following dialy$trs20 mM phosphate pH 6.0, 150 mM
NaCl, the Hig tag was removed by thrombin cleavage (1 unitsyeof protein) incubated at
room temperature for 2 h followed by separationrdenoS (GE Healthcare) with a 18 CV
linear gradient to 20 mM sodium phosphate, pH 830 mM NaCl. Expression and purity of
each protein sample was verified by SDS-PAGE in 1@ 15% polyacrylamide stained
with Coomasie brilliant blue R-250 against Protaiarker.

Expression of isotopically-labelled samples. Samples of**N- and **N,**C-enriched
S100P and RAGE constructs were produced as dedcalbeve except for the use of M9
minimal media containing®(NH4),(SO) and **C-glucose as the sole nitrogen and carbon

source respectively’H,">N,"*C-S100P [56% as estimated by NMR spectrometry) was
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produced in a similar manner through adaptatiorE@bli cells to deuteriated conditions
achieved in each case by a series of culture engols on media with progressively

increasing deuterium content.

Expression and purification of E3M-M8Q-M10Q S100P. The mutant E3M-M8Q-
M10Q of S100P was obtained using QuickChange sieztgdd mutagenesis kit (Stratagene)
on pETG30A-S100P expressing the WT S100P protdia.cbmpany protocol was followed.
Several clones coming from each mutation reacti@rewsequenced. Using the same
conditions for the expression of the protein irc&li cells, the mutated protein precipitated in
the inclusion bodies. Thus the procedure to obtlanmutants of S100P was similar to the
one used for the wild type protein, the only diéieces were the addition of 8 M urea to the
lysis buffer to solubilize the inclusion bodiesdaafter the first purification step carried out

by HisTrap chelating FF column, the protein waslddd with a direct step.

NMR. After purification, protein samples of S100P wabncentration ranging from
0.3 to 0.8 mM were prepared by buffer exchangeeantficon cutoff 3000 Da (MILLIPORE)
by washing with 10 mM HEPES-NaOH pH 7, 75 mM NaCThe same procedure was
followed for prepare NMR samples of V-domain 0.38Infror NMR experiments carried out
with the holo-S100P, excess Ca@ias added to each sample up to a final concemtrafi 10
mM.

NMR experiments were performed on a Bruker AvammecBometer, operating at a
'H frequency of 500, 800 and 900 MHz (in dependesfcthe experiment that was carried
out) and equipped with cryoprobes. All NMR data eveollected at 298 K and 310 K.
Titration experiments of holo-S100P with V-domaend VC1l-domain of RAGE were
performed by adding 0.2 mM and 0.26 mM solutions\flomain, and VC1-domain,
respectively, into 0.34 mM and 0.45 mf#,**C,™°N-S100P solutions. Titration was also
carried out for a solution dfC,**N-V-domain 0.3 mM with 2.26 mM S100P in three steps
yield V-domain to S100P molar ratios of 1:1,1:2¢ dn3, respectively.

Assignment was performed by a sets of 3D NMR expents. Decoupling was done
on 13C for 2D Trosy and on 2H for 3D trHNCACB anmtiNICA. Classical 3D HNCA,
CBCACONH and HNCACB watergate were also performeéd580 MHz. Relaxation
measurements T1 and T2 and experiments were adcatire00 MHz. To study interaction,

HSQC and Trosy 2D experiments were performed a®@0eMHz.
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Docking Calculation. Docking calculation were performed using the paogr
Haddock. Active residues were selected to drivedtteking using chemical shift perturbation
and solvent accessibility as constraints. Caloutatesults were grouped in clusters on the

basis of energy and RMSD of the complexes.

3.3 Reaults

Design and expression of RAGE domain constructs. RAGE constructs (V and VC1)
were designed accordingly to the sequence alignméht known immunoglobulin family
sequences and to the secondary structure predi&la@3 was choose as the N-terminus of
the constructs since it is the first amino acidhe native receptor after loss of the signaling
peptide.

Frequently, in Ig-like domains, pairs of cysteirfesm disulfide bonds betweef:
sheet secondary structutesn both V- and VC1-domains structural disulfidedges are
present. Under physiological conditions, the Ei cgtioplasm is maintained in a reduced state
that strongly disfavors the formation of stableutfide bonds in proteins, this is due to the
fact that thioredoxins and glutaredoxins (protehrest can catalyze the formation of disulfide
bonds in peptides) are maintained in a reducee $tatthe action of thioredoxin reductase
(trxB) and glutathione, respectively. Glutathiometurn is reduced by glutathione reductase
(gor). For this reason the oxidation of cysteinmlghin cytoplasmic proteins is strongly
disfavored, whether disruption of the trxB and genes encoding the two reductases, allow
the formation of disulfide bonds in the E. coli gsni. Origami host strains have
mutations in both the thioredoxin reductase (trneB)d glutathione reductase (gor) genes.
Therefore this strain is usually exploited to esgreprotein containing structural disulfide
bonds. For this reason Origami strain has beemtseléo express both V- and VC1-domains.
Protein expression in Origami strain is usually ensensitive to the expression parameters,

such as temperature and IPTG concentration whichldtbe careful optimized.

Backbone Resonance Assignments of holo-S100P and V-domain. The chemical shift is
a sensitive probe to monitor protein-protein intécns. However the assignment of the
protein resonances is essential to identify theoreggof the protein involved in the interaction.

The assignment and the solution structure of afi®Blare available on BMRB and PDB
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database while the holo form of the protein wasatatracterized by NMR. The addition of
the calcium to the apo protein largely affects #H¢°N HSQC spectra causing an extensive
signal broadening. The quality of the spectra wagroved by increasing the temperature to
310K and decreasing the protein concentration3aM. In order to improve the quality of
the spectra and to speed up backbone assignnfdm#eS100P, uniformly labeletH, N,
13C-protein was overexpressed in E. coli. Deuteratemuces the relaxation rates of NMR-
active nuclei, and it improves the resolution aeds#ivity of NMR experiment. However,
incorporation ofH reduces growth rate of the organism and decrésprotein production
as a conseqguence of the isotopic effect. Thusghakttolonies were selected to obtain which
better survived during adaptation in high levefid§O concentration. E. coli colonies were
adapted by repeated subculturing and by a graduedasing of the deuterium content in the
medium. All cell cultures were initiated by inoctiten with a sample of the previous culture
to an ORyo of 0.1 and were grown to stationary phase. Cudtwere grown successively on:
(i) LB medium/HO, (i) LB medium/30%2H,0, (ii) LB medium/60% ?H,0, (iv) LB
medium/90% ?H,0. Then, the culture was switched to minimal medmriched in
5N,*3C)/90%2H.,0 and finally the clone with the highest growtheratas used for grown in
minimal media/99%H,0. With this protocol, an enrichment3H of (56% was achieved, as
estimated with NMR spectrometry.

In order to obtain more detailed information o thtructural features of the V-
domain-S100P adduct?C-"*N enriched sample of the V-domain has been expieasd
purified. Triple resonance NMR experiments for damke assignment were performed on
?H,53C ®*N-S100P and or®C,*®*N-V-domain, at 298K on 500 and 800 MHz spectronseter
equipped with cryo-probe.

Chemical Shift Changes upon S100P-RAGE interaction. The interaction of apo and

holo S100P with V-domain has been monitored by NMRjuots of V-domain were added

to °N enriched samples of the S100P, in order to ptegénteraction (Figure 2).
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Fig. 2: *H-"*N-HSQC spectrum (800 MHz) of holo-S100P alone (hlaad in presence of V-
domain (red) at 310 KA). 'H-"N-HSQC spectrum (800 MHz) of holo-S100P alone (hlue
and in presence of VC1-domain (red) at 31@IK (

The evolution of the'H->N HSQC spectra clearly show that only the holo-$100
interacts with V-domain, and that the stochiome#tyo is 2:1, i.e. one V-domain binds one
S100P dimer. The interaction of holo-S100P with #@&l construct was also investigated
and demonstrated by NMR. The comparison of the sats of data clearly shows that the
presence of the Cl-domain does not affect the aoten of the V-domain with S100P
(Figure 2).

The effects that originate in the HSQC spectra ugpentitration depend on the time
scale in which the process is observed. Strongeprqirotein interaction are generally in a
slow exchange regime on the NMR time scale, thdating that the lifetime of the complex
is long compared to the change in chemical shiftveen the free and bound form. This
results, in an HSQC experiment, in separate sigtas can be observed for the free and
bound forms. During the titration, the free fornmllwlisappear gradually. On the contrary, in a
fast exchange regime, the lifetime of the compgexghorter than the change in chemical shift
of the two forms and this is related to weak bigdi®nly a single averaged signal is observed
and this is fractionally weighted according to fi@pulations and chemical shift of the two
forms. Finally, in the intermediate condition (inteediate exchange regime), signals will
result broadened and arising from both the free lamehd forms. Titrating V-domain into
holo ?H,**C,**N-S100P several signals became broader, other ishifted or disappeared.
These changes are consistent with the exchangeebetthe free and complexed forms of
S100P occurring in the intermediate NMR time scBlesed on these changes, we estimated
that the equilibrium-binding constant of V-domamtolo-S100P is in the low micromolar
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range. From the point of view of V-domain, upomatiion of S100P ontb’C,*>N-V-domain,
few chemical shift changes were observed with lowtgnsity comparing with S100P. On
the other hand, signal to noise ratio was bettdraanbiguity lower considering V-domain is a

monomer.

Mobility studies on holo-S100P and holo-S100P in complex with V-domain. In order
to investigate the structural and dynamical featuoé the S100P-V-domain complex,
relaxation measurements were performed on the fibk8100P and on its complex with the
V-domain at 298 K. Calculated values were perfatrog hydronmr using a model derived
from the dimeric X-ray structure where the misslogp (Q46 — K51) was generated by
modeler.
The experimental Rand R values nicely match with the calculated data oletehiusing
HYDRONMR on the X-Ray structure of the dimeric h&@00P (PDB 1J55). The residues
belonging to the hinge loop (47-52) show slightigher R1 values, and lower R2 values
indicating that this protein region experiences sofast conformational rearrangements.
Measurements showed also the six C-terminal resid&®0-K95) present a significant
mobility. Again R2/R1 ratio is lower with respeat the rest of the protein. Experimental and
calculated data are matching confirming the presesica dimer molecule (monomer or
tetramer would have significantly different valueEhese data on isolated S100P can be used
as a reference for the study of the complex. Rélaxaneasurement were also performed for
15N-S100P- Vdomain complex at 298K. Results obtainedT1 measurements showed as
expected a general decrease of R1 values of SléXi@ues indicating the formation of a
bigger molecule. Interestingly, the mobility obsauhin the middle loop and at the C-terminal
helix is retained. Most probably, these regionsraredirectly involved in close contact with
V-domain but might participate in some conforma#ib change. Calculated data were
obtained using hydronmr programme from a Haddooklehof the S100Pdimer-Vdomain
complex. Again, for the rest of the protein, expemtal and calculated R1
data are matching confirming the complex in solutemrresponds to a S100P homodimer
with V-

domain at the concentration used (0.5 mM for S1@@Romer and 0.3 mM for V-domain).
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Generation of a model for the SLOOP/RAGE interaction. Concentration-dependettt-
15N HSQC experiments performed on the holo-S100P-Maln complex show intensity
attenuation and changes in chemical shift for gsdues belonging to the hinge loop region
of S100P. These weak effects could hint to the &ion of small amounts of S100P tetramer
with two V-domains linked to it. Therefore, althdugresent as minor specie in solution, a
S100P tetramer bound with two V-domains could leehkiologically relevant species on the
cell surface. To prove or disprove this hypothesisdels of the possible tetramers have been
calculated from the NMR information. The resonarsleified upon the interaction of S100P
with V-domain were identified in both the proteibg performing HNCA spectra on the
S100P-V-domain complex either enriched in the V-domor in the S100P partner. Using the
chemical shifts perturbations observed on the twotems, docking calculations were
performed by using the program Haddock (FigureTBe X-Ray structure of the holo S100P
and of VC1, and the NMR structure of the V-domairR&AGE receptor (the member of the
family closest to the mean PDB) were used as ififgg for docking calculation. From the
analysis of the energetic and scoring functiongppeared that only one binding mode is
meaningful. For both the calculated complex (S1¥8@main and S100P-VC1 tandem
domain) the lowest-energy cluster experienced fachrbetter scoring functions with respect
to all others, larger interaction surfaces, and wchmlower average number of ambiguous
restraints, which indicate better agreement with #xperimental data. Looking to the
structural features of the two models with thet se®ring functions mutations have been
planned to abolish the formation of the S100P te¢ra

Fig. 3: Ribbod representation of the calculated modelhef ¢domplex between S100P and
VC1-domain.
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Production of E3M-M8Q-M10Q mutant of S100P. In the calculated models Glu3,
Met8 and Met10 seem to play a crucial role forgtabilization of the S100P tetramer (Figure
4). In this respect the original aminoacids havenbeeplaced with others exhibiting different
physical-chemical properties in order to disrupg thteraction responsible for the complex

formation.

A

Helix E1

E;]P WT: 1 MTELETAMGMIIDVFSRY|SGSEGSTOTLTKGELKVIMEKELPGFLOSGKD 50
JP MUT: 1 MTMLETAQGOIIDVFSRY|SGSEGSTOQTLTKGELKVLMEKELPGFLQSGKD 50

S100P WT: 51 KDAVDKLLKDLDANGDAQVDFSEFIVFVAATITSACHKYFEKAGLK 94
5100P MUT: 51 KDAVDKLLKDLDANGDAQVDESEFIVEVAAITSACHKYFEKAGLK 94

Fig. 4. (A) Ribbon model of the holo-S100P dimer. Aminoacidat tre presumably
responsible for the stabilization of the S100Pate&r are highlighted in cyana.(B) Sequence
comparison of S100P wild type (wt) and the S100Ramtu(mut). Changes in the S100P wt
sequence to generate the S100P mutant are higidightyana.

The E3M-M8Q-M10Q mutant of S100P was initially expsed and grown in the
same, optimized conditions in which the wild typeotpin was successfully obtained as
soluble protein. Unfortunately, the mutant was esped only in inclusion bodies. Thus,
inclusion bodies were first purified from contamiig by washing and centrifuging cells
several times in a lysis buffer containing low cemitations of urea. Then, the inclusion
bodies containing the protein were solubilized i8 & urea buffer The protein was then
purified by HisTag affinity chromatography. Therialding was successfully carried out with
a fast 100-fold dilution of urea and then with fateps dialysis against a buffer containing 50

mM TRIS pH 8, 250 mM NaCl. The protein was sucoedgi separated from the tag and

56



purified as already described for the wild type @20The proper folding of the protein was
verified by 1D'H-NMR spectra (Figure 5).

" MW"J\JUWW J lﬂ‘,‘“’”ﬁv |

Fig. 5: Superimposition of 10H spectra of S100P wild type (red) and E3M-M8Q-M10Q
S100P (blue).

However, the yield of this S100P mutant expressetfia-, GST-tagged construct is
very low (Amg/L in minimal medium). Therefore, two new couosts have been designed
and cloned in order to obtain the E3M-M8Q-M10Q miitaf S100P, one fused with only an
His-tag at the N- terminus and the other as naire¢ein without tails. The resulting plasmids
have been already checked by DNA sequencing andrthlysis with different E.coli strains

and different growth conditions for a good protexpression performed.

3.4 Discussion

The interaction of S100B with RAGE receptor playsile in the observed trophic and
toxic effects of the S100 protein in the brain. Brer, recent results suggest that S100P
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contributes to the aggressive nature of pancreatncer likely through its ability to activate
RAGE. Also in colon cancer the interaction of RA@Gih S100P plays an important role as
it stimulates cell growth and migration. Therefotee structural characterization of the
RAGE-S100P complex can provide the base to desigieaules able to prevent the
activation of the receptor. The data collected @o show that RAGE receptor binds the
protein with the stochiometry of 1:2. Several signa the S100P on the HSQC spectra shift
upon the addition of increasing concentration & Yrdomain of RAGE and some of them
enlarge beyond the detection. We have also @drifiat only the V-domain is crucial for the
interaction with S100P given that V-domain and V@hdem construct induce the same
pattern of shift on the S100P protein. Considetirgconcentration of the two proteins at the
different steps of the titration and the evolutmthe signals in the HSQC, the dissociation
constant has been evaluated to be in the low migl@mange, larger with respect to what
observed in case of S100B. However should be keptind that the high affinity constant
found for S100B is related to a binding mode wheettetramer of S100B interacts with two
RAGE receptors at the same time, while, in thigc#se interaction involve only the domain
of a single receptor. The analysis allow us to fifeithe interaction surface between the V-
domain of RAGE and holo S100P so providing the ibdgg to understand the structural
details of the interactions of RAGE receptor witle®f its phatologically relevant ligands.
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Chapter 4

Solution structure and
dynamics of S100A16 in the

apo and Ca**-bound states

In preparation
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4.1 Introduction

S100A16 is the S100 protein widest distributed uimhn, and highly conserved in
mammals (M&H). Expression of most S100 proteinsactually highly tissue and cell
specific, whereas S100A16 expression has beentegpiora wide spectrum of human tissues
(including brain), analogously to S100A2, S100A&4B8d S100A14. Up-regulation of
S100A16 was found in several cancer tissues, stiggea function related to malignant
transformation or tumor development (M&H). S100A&gpression was up-regulated in
tumors of bladder, lung, thyroid gland, pancreas] avary. Furthermore, investigation of
S100A16 intracellular localization in human glicktlama cells reveals an accumulation of the
protein within nucleoli and a translocation to tlegtoplasm in response to calcium
stimulatior.

Among the S100 family, S100A16 is a “particular’ mm@er since it presents
uncommon characteristics. The N-terminal EF-hand pradicted to be functionally inactive
since it comprises 15 aminoacids, and lacks theserwed glutamate residue at the last
position, analogously to S100A7. The inability betN-terminal EF-hand to bind calcium
was confirmed by flow dialysis experiments carrged by Heizmann and co-workérsSuch
experiments (performed in an high ionic strengtffds)i revealed one G&binding site per
subunit with K of 430 uM, that at physiological conditions woldd 2- to 3-fold lower. In
such way the affinity of calcium for S100A16 beca@ameery similar to that of many other
S100 proteins. Tryptophan fluorescence variatiodgcated the occurrence of conformational
changes upon calcium(ll) binding in the C-termi&-hand, that lead to the formation of a
hydrophobic patch that could involve the hydroplotdsidues in helix 3 and 4 and in the
calcium binding loop Il. They also showed that SADE binds zinc(ll) in a different site with
respect to calcium(ll).

Of at least 25 members found to date in human§ID proteins have gene located
in the S100A cluster on chromosome 1g21. ExceptayesS100P (located on chromosome
4p16), S100Z (cql4), S100B (21g22) and calbindip (Xp22) 2. The human chromosomal
region 1921 is structurally conserved during evolutand exhibit several rearrangements
which occur during tumor development. The local@atof S100A16 gene in the S100A
cluster on human chromosome 121 (a region in whetomic instability frequently occurs
in association with various tumors), together with finding of up-regulation of this protein

in several cancer tissiemdicate that S100A16 may have a role in the mdécorigin of
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certain types of tumors and thus that it desertegtsiral and functional characterization
studies.

Considering the uncommon behavior of S100A16 wébpect to calcium-binding,
although several S100 protein structures are ajraadilable, the structural characterization
of S100A16 in
solution was here performed in both the apo anciwalll) states, to address the exceptional
characteristics of this protein within the S100 iigmMobility studies were also performed
through relaxation rates analysis. This informatrepresents the starting point for future

investigations on the binding with possible targets

4.2 M aterial and methods

S100A16 expression. Vector pET21a(+), containing the S100A16 gene @aded in
order to produce protein without tag, was transtnn BL21 Gold E. coli strain (Novagen).
Cells were grown in LB medium at 37°C until an optidensity at 600 nm was reached., then
the protein expression was induced by adding 1 IAM3. The culture was allow to grow for
4 hours and then cells were harvested by cengifoig. Cells debris were resuspended in
lysis buffer (50mM TRIS pH 8.0, 200mM KCI, 1ImM DTU,5mM Pefabloc, 10mM EDTA)
and soluble protein was extracted by sonicatioloed by centrifugation. The cleared lysate
was then precipitated by slowly adding streptomysuifate to 1% and centrifuging at
15,000g for 20 min. The supernatant was dyalizes0OmM TRIS pH 7.0, 50mM KCI, 1mM
DTT, 10mM EDTA (buffer A) and loaded on a Q Sepmsa& FF (anionic exchange, from
Amersham) column equilibrated in buffer A and etutgth a linear gradient to 50mM TRIS
pH 7.0, 1M KCI, 1mM DTT, 10mM EDTA. The fractionsomtaining S100A16 were
collected, brought to 2mM Cagfhand dyalized against 50mM TRIS pH 7.4, 200mM KCl,
1mM DTT, 2mM CaCl (buffer B). The protein was then purified throubidrophobic
exchange with a Hiprep phenyl FF (Amersham) colwequilibrated in buffer B and eluted
with 50mM TRIS pH 7.4, 200mM KCI, 1ImM DTT, 5mM EDTA final step of purification
was performed with a size exclusion chromatographya Hi-load superdex 75 16/60
(Amersham) column equilibrated with 20mM MES pH,280mM KCI, 1mM DTT, 1mM
Pefabloc. Protein expression and purity was cheelteelvery step by SDS-PAGE in 17%
polyacrylamide after staining of protein bands w@bomassie Blue R-250 against Protein

marker (Novagen).
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Samples of°N- and **C,”*N-enriched S100A16 protein were produced as destrib
above except for the use of M9 minimal media conta (°NH,),SO; and**C-glucose as the
sole nitrogen and carbon source.

To express the SeMet S100A16 protein, the recombgression vector pET21a(+)
was transformed into the methionine-auxotrophicd. B834(DE3) and growth was carried
out with a medium based on a synthetic M9 minimadia (MM) supplemented with
glucose, vitamins and amino acids with the exceptibL-methionine. Bacterial growth was
carried out overnight in the presence of L-metmen{Met) and then the colture was used to
inoculate the same synthetic media in the presehteselenomethionine (SeMet).

The recombinant SeMet-labelled S100A16 protein pragied and crystallized as for
the native protein except that all buffers wereadsgd and included a reducing reagent to
avoid oxidation of selenomethionine, and a chelédoremove traces of metals that could

catalyze oxidation.

SI00A16 crystallization. The purified protein was concentrated to 14 mgh.ml
Crystallization conditions were established by #i#ing-drop vapour-diffusion method. A
PEG screening kit (PEG/lon Screen, Hampton Resgarab used for preliminary screening.
2 ul of protein solution were mixed with 2 ul osevoir solution and equilibrated against 0.8

ml of the reservoir solution.

NMR spectroscopy on S100A16 and structure determination . All NMR experiments
for assignment were performed at 298 K on a Bri¥r MHz spectrometer equipped with
cryo-probe. Apo and Gé5100A16 samples werdC, >N- labeled, concentrated to 0.3 mM
and 0.1 mM for the apo and the calcium-bounded &ssmespectively and buffered in 20
mM MES pH 5.5, 200 mM KCI, 1 mM DTT, 1mM Pefabloontaining 10% BO.

Sequential assignments of the backbone resenarere achieved via 3D HNCO,
HNCA, CBCA(CO)NH and HNCACB NMR experimentsid& chain assignments were
performed through 3D (h)CCH-TOCSY, HBHA(CO)Hbdbether with*C-NOESY-HSQC
and™N-NOESY HSQC. Proton-proton distance restraintsewderived from the analysis
of 2D-NOESY,"®™N-NOESY-HSQC and"*C-NOESY-HSQC acquired on Bruker 900 and
800 MHz spectrometers equipped with cryo-probe.

The spectra were processed using TOPSPIN and adalyith CARA. The structures
were calculated using the program CYANA-2.0. Thetl89 structures out of the calculated

350 structures of the CYANA family were then subgecto restrained energy minimization
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with AMBER 8. Nuclear Overhauser effect (NOE) andsiton angle restraints were applied
with force constants of 50 kcal Mol and 32 kcal mal rad?, respectively. The program

PROCHECK-NMR was used to evaluate the quality efdtiuctures.

Relaxation measurement. *>N-R;, Ry, and steady-state heteronucléb">N NOEs
were measured at on a 700 MHz spectrometer ustagdard pulse sequences, at 298 K.

The longitudinal (R) and transverse @Rrelaxation rates were determined by fitting
the cross-peak intensities as a function of thayd& a single-exponential decay through the
standard routines of the Sparky software programme Teteronuclear NOE values were
obtained from the ratio of the peak height fét-saturated and unsaturated spectra. The
heteronuclear NOE values and their errors werenastid by calculating the mean ratio and
the standard error from the available data setsRRR and NOE values were obtained for 91
and 96 out of the 102 assigned backbone NH resesdoc the apo and the calcium forms,
respectively. Estimates of the reorientation timerevthen calculated with the model-free
approach. Theoretical predictions of NH;, Rind R values for apo-S100A16 and £a
S100A16 were calculated by using the HYDRONMR safevprogram.

4.3 Results and discussion

Protein crystallization. The characterization of S100A16 has been carnigdnosolid
state and in solution. After purification, a sindland was obtained by 15% SDS-PAGE,
corresponding to a molecular weight of human Si1@Aionomer. Then, the PEG/lon
Screen, developed by Hampton Research, was usgwvae a rapid screening method for
the crystallization of the pure protein sample. Hest result was obtained with 8% PEG
3350, 0.2M Di-Sodium tartrate dihydrate, 0.2M TiiHium citrate tetrahydrate, 0.2M Tri-
Potassium citrate monohydrate, 0.2M Di-Ammonium rogen citrate. Although large
hexagonal crystals of S100A16 were obtained, nbekss the structure of the protein could
not be solved, due to the phase problem and tprésence of geminated crystals. In order to
overcome this problem, the replacement of methmnesidues by seleno-methionine was
attempt. The presence of selenium in the proteimpied the collection of multiwavelength
anomalous diffraction (MAD) data from a single d¢atausing synchrotron radiation. For the
crystallization of the SeMet-S100A16 were usedsime conditions as for the native protein

and for checking the SeMet incorporation, MS expents were performed on both
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recombinant proteins, with and without SeMet-inaogtion, using MALDI (Figure 1).

': 11669.153 : : 11762.055
5100A16 Se-Met 5100A16
Extimated MW- 116702 Extimated MW: 11764 .2

|

| A

Fig. 1. MALDI mass spectrometry of methionyl-S100A16 (Ahda selenomethionyl-
S100A16 (B).

The S100A16 expressed by the Met-auxotrophic E. i col
B834(DE3)[pET21a(+)/S100A16] in SeMet minimal medisupplemented with L-SeMet
was able to incorporate the SeMet amino acid véfigiently. The N-terminal Met of the
product was missing, but the next 101 amino acidsched with the known sequence of
S100A16 (Accession No. AJ585980). Since the N-teanMet was removed in vivo, only
two Met can be substituted for SeMet in the pudifgotein. The calculated difference in the
molecular mass between the recombinant Met-S10@ht6its SeMet analogue is 93,8. The
molecular mass determination by MALDI gave a masfergnce of 92,9 (11762 for the
SeMet-S100A16 and 11669.1 for Met-S100A16), whicatahes the expected value very
well. Unfortunately the quality of the collectedtadFigure 2) was not good enough due to

the gemination of crystals.

Fig. 2: Crystals and diffraction pattern of purified SeM&EtO0A16.
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Resonance assignment. The *H->N heteronuclear single-quantum coherence (HSQC)
NMR spectra showed well-dispersed signals in boiedsions, which indicated that
S100A16 are well folded in both apo and calciundlstate. Besides Ser-1 and Pro-88, the
backbone resonance signals of Tyr-19, Lys-31, Hisa9apo-S100A16 and Val-22, Lys-31,
Lys-34 in Ca-S100A16 were not assigned.

Ca®* titration of apo-S100A16. The binding of calcium(ll) to apo-S100A16 was
monitored by following the changes in thd-'°N-HSQC NMR spectra of°’N-labeled apo-
S100A16. Some new peaks appeared in the spectrungdhe titration corresponding to the
calcium(ll)-bound S100A16 form. The intensity okthew peaks increased when the ratio of
calcium to S100A16 was increased. When a 1:1 r@tith respect to the protein subunit
concentration) was reached, the original peaks,chvhtorrespond to the apo form,
disappeared. This kind of behavior is indicativeacdlow exchange regime. Figure 3 shows
the chemical shift changes on passing from thetaplbe calcium(ll) form of S100A16. This
change (average 0.11 ppm) is much smaller than stinee S100 proteins (S100A5 0.5 ppm,
S100A13 0.37 ppm).

1.8
1.6
1.4
1.2

1.0

CSP(PPM)

0.8

0.6+

0.4+
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0.0 J.

0 20 40 60 80 100
residue number

Fig. 3: Composite chemical shift perturbation (CSP), ob-§100A16 upon calcium(ll)
binding. The horizontal line indicates the averagkle.

The residues undergoing the largest changes inicheshifts are located in the €ainding
site, the loop of the C terminal EF-hand motif. Semall differences indicate that there are
not a significant conformational change occurs bkieer S100 proteins on passing from the
apo form to the calcium form. Flow dialysis expegimhyielded S100A16 has a Thinding
site with a dissociation constant{k430 uM-.
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Relaxation measurements. The relaxation parameters for apo and calciumddad
S100A16 are shown in Figure 4. Such measuremedisate that the protein is dimeric in
both forms. The reorientation times correspondiogtite observed relaxation rates were
calculated to be 12.29+1.46 and 12.34+1.8 ns #@@pho and calcium-loaded forms S100A16,
respectively, in agreement with the molecular weaghd the reorientation times observed for
other S100 homodimer proteffs

apoS100A16 CaS100A16
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Fig. 4. Sequential plot of the experimental relaxationapaeters of apo and €aS100A16.
The values calculated by HYDRONMR are shown as.IN@E: nuclear Overhauser effect.

In both apo and calcium-loaded S100A16, the residu¢he extreme N terminus, the loop of

the N terminal EF-hand motif and the C terminuspaerly structured as a result of their fast

internal mobility, revealed by the small or negatNOE values. Occurrence of motion is also

detected from some residues on the beginning of tiedix Il (34, 36, 37 in the apo form; 35,

37 in the calcium form). Upon the calcium binditige loop between helix | and Il has more
67



motion (the'H->°N-NOE values are even lower than the apo S100Ad6}lae residues at the
end of the helix IV (83, 85, 89 and 90) and Aspwifie observed have a motion on a slower
time scale, as indicated by the significantly lar8gvalue. This mobility may originate from

backbone amide conformational exchange and/orchdes rotation.

Solution structure of apo and calcium-loaded S100A16. The solution structures of the
human S100A16 in the apo and calcium-loaded formewbtained.

Few NOE patterns were detected for the residudgberioop between helix | and Il
and the C-terminus, consistent with the observedilibpin these regions. In the calcium
form, the Ca2+ ion were restrained to be withiA &om the oxygen ligand atoms (OD1 of
Asp-66, Asn-68; OD1 and OD2 of Asp-70;0 of Arg-7EEDand OE2 of GLU-77). No

symmetry constraint was used. The calculated famdf structures are shown in Figure 5.

apoS100A16 CaS100A16

Fig. 5: Families of the solution structures of the S100ALBunit in the apo and calcium(ll)-
loaded forms (a) and ribbon representation of thddimer mean structures (b) obtained
after restrained energy minimization.
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In both forms, the four helices of the two EF-handtifs of each subunit present in
the dimeric structure are well defined; the looghd fist EF-hand motif is less well defined;
whereas the N and C terminus are poorly defineds&hesults are in line with the relaxation
results.

The root mean square deviation (RMSD) from the méameric structure for the
structured regions of the protein is O.94i0&1backbone) and 1.33+04 (heavy atoms) for
apo-S100A16 (residues 6-24,34-67,75-94) and 0.831+A (backbone) and 1.30 (heavy
atoms) for Ce&S100A16 (residues 3-22, 34-94).

In both the apo and calcium-loaded forms, dimeignabccurs through interactions
between helices | and I' and between helices IV Iat\dvhich form an X-type bundle. At the
dimer interface, residues in the hinge betweerxhéland Il make contacts with residues
near the N terminus of helix | of the other mononidre aromatic residues Tyr-78 and Trp-
79 in helix IV also make several contacts with ¢edi I’ and IV’ of the other monomer. In the
S100A16 dimer, all these interactions align heliandd IV in opposite directions to helix I

and 1V’, respectively.
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5.1 Introduction

Calmodulin, a protein which domains experience titgbihas been selected as a
model to demonstrate the potential of the collectivon-exchangeable protein protons
relaxation rate analysis for dynamic characterimatf biomolecules. To this aim, samples of
calmodulin have been expressed and exchangealilEimppotons have been replaced with
deuterium.

Calmodulin is one of the most investigated exammlegproteins which domains
experience mobility”’. The structures of both calcium-bound and apo-®aMe been solved
both in the solid stat&”’ and in solutiort?° The structure of the holo-CaM in the solid state
iIs characterized by an extended conformation; @ dther hand, the X-ray structure of
apoCaM indicates that the N- and C-terminal domamesclose to one another and interact
directly 8, thus leading to a globular shape. Moreover, &miuNMR studies on both forms
indicate high flexibility in the central linker ren and the absence of stable, direct contacts
between the two domains, which are thus free toie@eband experience multiple relative
conformationg°

Among the various experimental techniques develapedder to characterize protein
mobility, NMR is known to be a powerful tod"*® Indeed, nuclear spin relaxation
measurementsT{, T, and NOE) give information on motions on the picuwsal to
nanosecond and microsecond to millisecond time esc&'®® Ty, and spin-echo
measurements on the microsecond to millisecond sitat&e*’, and residual dipolar couplings
on the picosecond to millisecond time scale, thosedong also the microsecond to
nanosecond range?. Such measurements are performed on single natleach protein
residue, and thus can be used to monitor the presehmotions related to the individual
residues. On the other hand, detailed informatibthe spectral density function may be
recovered, but this is not straightforward.

To date, several NMR techniques have been useldai@cterize in detail the mobility
of calcium-bound CaM"*%%*2 \whereas fewer experiments were performed to cleniae
the dynamics of apoCaM. Backbone amide hydrogemamge experiments suggested that
helices in apo-CaM are quite mobi® and the substantial line broadening observedafor
number of residues, especially in the C-terminahdm, indicates that the latter experience a
conformational exchange. This supports the ided flexibility is fundamental for the

interaction capability of the C-terminal domain apo-CaM with its target peptides.
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Furthermore, the calcium-binding loops are foundigalarly unstructured in the calcium
free state, most likely due to their high flexityilf*°

Mobility of both apoCaM and calcium-bound CaM inumn has been studied by
measuring the amide relaxation rates, a technigoeiging information on the mobility of
the protein backbone. In this way it was found ttieg order parameter for all secondary
structure elements is of the order expected fot-foled proteins £~0.85 for apoCaM and
0.72 for Ca-CaM) when an isotropic diffusion model is usedn@asurements are performed
on truncated single terminal domains of the proféitt®%*?! & values down to ~0.55 are
obtained for both forms when a global internal motmodel is applied to fit the dat&*
However, whereas the relative mobility of the pmtdomains of calcium-bound CaM has
been extensively studiet, it is not clear how much such mobility is impartan the apo
state of the protein, as the latter has a comgdased structure in the solid state, and such
structure may represent the most representativioigoation also in solution. Furthermore,
whereas in calcium-bound CaM side chains have Bhaemwn to be exceptionally mobif&
no information is available on the mobility of teele chains of CaM in the apo form. In this
work, we used high sensitivity fast field cyclingFRC) relaxometry with the aim of
addressing the open questions for apo-CaM.

Fast field cycling (FFC) relaxometry is a low ragain technique which allows the
measurement of nuclear longitudinal relaxationgae a function of the magnetic fields,
from 0.01 to tens or hundreds of ME%?. In this way the spectral density function of the
observed nuclei (typically the solvent water prafonan be directly accessed, and for this
reason it is routinely used e.g. for the studyaftcast agents for magnetic resonance imaging
3038 Recently, it has been shown that relaxometry lbanused to detect the collective
relaxation rate of protein protons, thus obtaindgect information on their spectral density
function®>*2 On the other hand, the intrinsically low senéjiwf this technique provides an
unique not resolved signal, so that no informatoam be obtained on the single protein
residues. However, these measurements can be askfine a collective order parameter,
S?, which reflects the presence of motions in a rasfgéme scales from the picoseconds to
the nanosecond8*’ &2 is defined from the reduction in the collectivéaration rate of all
non-exchangeable protein protons with respect & whlue expected for a rigid protein.
Therefore, S depends on the motional averaging of all kindproton-proton interactions,
including long-range interactions, which are ceitaimore sensitive to internal motions.

Even short-range interactions may be heavily imftggl by local motions especially for side
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chain residues or residues on the protein surfBite.measurement &2 can thus provide a
further piece of information for the descriptiontbé dynamics of proteins.

5.2 Materials and methods

Purification of apoCaM and sample preparation. Vector pET16b, containing the
N60D mutant of CaM gene fused with a Hitag, was transformed in E. coli BL21 GOLD.
Cells were grown at 37°C in LB medium to an absorpbf 0.8 at 600nm. Then IPTG was
added to a final concentration of 0.5 mM, to indpeetein expression and the growth was
allowed for five hours at 37 °C. Cells were hareddby centrifugation at 9000g and lysis was
performed in 20 mM MOPS pH 8, 300 mM NacCl, (buffgrby sonication in ice followed by
centrifugation at 40000g. The soluble fraction eaminhg the Hig-tagged protein was loaded
on an HisTrap chelating FF column (GE Healthcargjiliorated with buffer A. After
washing the column with an intermediate Imidazotmoentration (10mM), recombinant
fused protein was eluted with 20 mM MOPS pH 8, 8 NaCl, 150mM Imidazole. The
protein was loaded on a PD-10 desalting column (&#altcare) and the buffer was
exchanged to 50mM TRIS pH 8, 100mM NaCl, 1mM Ga®lestriction protease Factor Xa
(Roche diagnostic) was added to the solution (30fugnzyme for 30 mg of recombinant
protein) to cut the Hig-tag and the reaction was incubated overnight amréeemperature.
The cleaved tag was separated from the protein isfrbb chelating FF column and the
recombinant protein without the tag was eluted uffdr A. A final step of purification was
performed with a size exclusion chromatography éti-ad superdex 75 16/60 (Amersham)
column equilibrated with 20mM MES pH 6.8, 200mM KQlhe purity of the protein was
checked by SDS-PAGE in 15% polyacrylamide gelsradtaining of protein bands with
Coomassie Blue R-250 and the protein yield was B2oung/L.

Samples were washed consecutively three timesavih mM EDTA solution pH 6.5
to obtain the apo form, then were lyophilized andcgssively dissolved inJD. Protein

concentration was about 0.6mM and the pD was astjust 7.

Relaxation measurements. Magnetization decay/recovery curves for CaM sample
have been obtained at 298 K from 0.02 to 30 MHaxgisa Stelar fast field cycling
relaxometer of the last generatith This technique consists in i) a preparatory pautjng

which a magnetization is induced through a poléoma field (for low frequency
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measurements) or a null magnetization is createdh{igh frequency measurements), ii) a
relaxation part, during which the sample is kepthat relaxation field for a series of time
intervals, and iii) a detection part, during whiehfield of 13 MHz is applied and the
magnetization arising after such time intervalsnisasured. The acquisition is performed by
applying a 90° radiofrequency pulse and integratiregresulting proton free induction decay
(FID). The sensitivity of the instrument has beegently improved so that the signal of
protein protons in submillimolar protein solutionsD,O can be detected with a good signal-
to-noise ratio*’. Magnetization decays from a prepolarized intgnsiere measured for
relaxation fields between 0.02 and 10 MHz, usingadarization time of 0.2 s and a
polarization field of 30 MHz. The points in the dgcwere acquired at 48 times
logarithmically scaled between 0.001 to 0.1 s. Foe higher fields (10-30 MHz),
magnetization recoveries were measured throughisittign of the magnetization signal for
64 times logarithmically scaled between 0.002 8<0.The number of scans was 512 and 128
for the decay and recovery curves, respectively.

The “universal” distribution of the relaxation rateeported irf* was used to fit the
magnetization decay/recovery. The fit function floe magnetization decay curves (up to 10
MHz) was M=P1+P2*(0.0076*exp(-P3*t*0.11)+ 0.00791&P3*t*0.13)+ 0.0051*exp(-
P3*t*0.16)+ 0.0098*exp(-P3*t*0.19)+ 0.0166*exp(-~A30.229)+ 0.0234*exp(-P3*t*0.275)+
0.0267*exp(-P3*t*0.331)+ 0.0316*exp(-P3*t*0.398)+ .0832*exp(-P3*t*0.479)+
0.0673*exp(-P3*t*0.575)+ 0.0784*exp(-P3*t*0.692)+ 102*exp(-P3*t*0.832)+
0.1223*exp(-P3*t*1.)+ 0.0881*exp(-P3*t*1.202)+ 0686 exp(-P3*t*1.445)+ 0.0588*exp(-
P3*t*1.74)+ 0.0751*exp(-P3*t*2.09)+ 0.0849*exp(-RA32.512)+ 0.0575*exp(-P3*1*3.02)+
0.0208*exp(-P3*t*3.63)+ 0.0069*exp(-P3*t*4.37) ),here M is the magnetization, t is the
time and P1, P2 and P3 are fit parameters. Thgatibe rates present in the distribution are
thus provided by P3 times the different numberstia exponential functions. For the
magnetization recovery curves (for frequenciesdartpan 10 MHz), the same function is
used with exp() substituted to 1-exp() and an auta term (1-exp(-0.06*t) is added to

include the relaxation recovery of free water pnstan D,O.

5.3 Reaults

The protocol for the expression and the purificattd CaM was developed and then

optimized in order to achieve a good yield in stdyirotein (25mg/L of colture).
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After purification by HisTrap chelating Fast Flownda Hi-load Superdex 75
chromatography, one 16.6 kDa band, correspondinGall was visible on reducing 15%
SDS-PAGE analysis (Figure 1A). Moreover, the ehtiprofile of the ion-exchange
chromatography showed only one peak, confirmingpiesence of only one form of CaM

(Figure 1B).
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Fig. 1.: (A) Reducing SDS-PAGE of CaM N60D after purificati (B) Elution profile of the
protein subjected to ion-exchange chromatograpbwsiyg only one peak.

CaM was treated with EDTA in order to remove argcés of metal ions from the
solution and possible divalent ion bound to thetgiro Then the sample was extensively
washed with centricon in pure water to remove &aitfer and EDTA. The sample constituted
by CaM and pure water was rapidly frozen in liqnittogen and lyophilized to remove the
solvent. The lyophilized sample was dissolved y©99,96% enriched) and left at room
temperature overnight in order to replace the exgbable protein protons with deuterium.
The sample was frozen again in liquid nitrogen &n® removed by lyophilisation. The
procedure was repeated four times in order to enslue complete exchange. The final
solution of the protein (0.6mM) inJ® was adjusted to
pD 7. 0.5mL of the solution were used in a 10mnettdomeasure protein proton relaxation.

For each field of measurement the collective protpioton relaxation rate was
calculated by fitting the magnetization decay/regvcurve with the “universal” relaxation
rate distribution obtained for well folded proteifisreported in Material and Methods. The
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fits were quite satisfactory (Figure 2) and redugedias sizably smaller (of a factor from 4 to
1.5) than that obtained with monoexponential fits.
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Fig. 2. (Left) Magnetization decays at low magnetic fields8( 1.5, 0.8, 0.4, 0.2, 0.1, 0.07,
and 0.04MHz, from top to bottom). The monoexporariti is shown as a dotted line for the
magnetization decay at 2.8 MHz. (Right) Magnetmatiecovers at high magnetic fields (30,
20, and 14 MHz, from top to bottom). In both panélsst-fit lines were calculated using the
“universal” distribution of the relaxation ratedefined in Luchinat and Parigi (31) and
described in the Materials and Methods section.

The collective relaxation rate values obtained thsy and corresponding to the

weighted average of the relaxation rates of all-ewcthangeable protons in the protein, are
reported as a function of field in Figure 3.
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Fig. 3: Collective protein proton relaxation rates for M& apocalmodulin, calculated as the
weighted average of the relaxation rates obtain@u the “universal” distribution (31). The
solid line shows the best-fit profile according to Eq
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When the concentration of the protein was decrets8d or increased to 1.2 mM, no
difference in the relaxation profile was observa@this indicates that there is no protein
aggregation, because the latter would be refleict@dcreasing contributions from molecules
with a larger reorientation time. The relaxatioofpje shows one dispersion around 10 MHz;
in general, such dispersion is related to a cdroglatime in the spectral density function
which corresponds to the reorientation time offitetein®®*% The profile was fit to Eq. 1

0.8r 0.2r
— Q2 2 R R
R =SK(E >(1+4a)2r§ +1+a)2r§j+a M

wheretg, S anda are fit parameters. The validity of such equafmrthe collective protein
proton relaxation rates as a function of the fiels demonstrated by simulations performed
using relaxation data generated with CORMAHowever, the same equation (as well as the
equation commonly used for unlike spins, due to dnset of the cross relaxation/spin
diffusion effects at high fields) would be incorregor the individual proton relaxation
dispersiong™.

From the average of all proton-proton dipolar iatgions using the program CORMA
4344 and the structure of apoCaM (PDB 1QX5E%< was calculated to be 2&00° s?
(25.4x10° s? if the 1LKJ_1 structure is used).EZ> can also be obtained from the
measurement of the second moment as achievabletirer®ID of the NMR signal of the
protein in the solid state. For largely hydratedtpins the second moment nicely matches

with the S2><E?> value obtained from low field relaxation measueets*®414°

(The second
moment of a dry protein can be different from tbatthe hydrated system due to protein
structural changes occurring in the presence oewg0). It has also been showed that
hydration decreases the measured second momentuiseetiae latter is affected by the
motional freedom experienced by the side chainghabwhen the high-hydration plateau is
reached, it becomes a measureSgkE>> rather than of E®>). The €% value, although
dependent on the local accuracy of the proteirctiral model, because it is a function of the
sixth power of the distance between close prothas,been shown to be relatively constant
and equal to (2#3)x10° s? in a large variety of regularly folded proteitis This is due to the
fact that the major contribution tdE&> is given by the dipolar interactions between qnst
belonging to the same methylene and methyl groupsch have a fixed distance. The
accuracy of the estimate oE%> reflects on the accuracy of the determiietvalue.
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The best fit value oftg is 13.&0.5 ns, and it represents the correlation time
modulating the dipolar interactions, i.e., the rewtation time of the protein (the error is
estimated from the standard deviation). This vasuan good agreement with the harmonic
mean correlation time calculated by HYDRONM&rom the anisotropic rotational diffusion
tensor using the X-ray structure of apoCaM (PDB B D,O at 298 K, equal to 14.0 ns.
The harmonic mean reorientation time calculated HYDRONMR using the apoCaM
extended solution structure (1LKJ 1) is 19 ns, @ndecreases down to 15 ns for other
structures reported within the same family wheeetttlio domains are differently oriented and
closer to one another; that of individual N-ternhifrasidues 1-80) and C-terminal (residues
81-146) domains is 7.9 and 5.5 ns respectivelyréiibee, the experimentally obtaineg
value indicates that also in solution the reorigotatime of apoCaM is basically that of the
protein with the two domains in a closed posititinis indicates that the protein would
preferentially assume one or more compact strustdriis is in line with other biochemical
and biophysical measuremerifs(see below), and not in contrast with the NMR 8otu
studies. Indeed, the latter indicate the lack nicstiral interactions between the two protein
domains and mobility of the interdomain linker, ib@henomena being still consistent with a
fluxional behavior of the domains resulting in arsemble of “closed” conformations.

The best fit value for the squared collective orparameteS:? related to the global
protein reorientation time is 0.8@.02. The accuracy of such parameter (0.02 istdredard
deviation from the fit) can be estimated to be @l#bQ7 as a consequence of the accuracy of
the calculated E*> value, in the hypothesis of a single correlatiome responsible for the
observed dispersion. This value is, beyond any raxjatal uncertainly, much smaller than
that found for lysozyme and albumif, whereS* was calculated to be about 0.75. This
indicates that internal dynamics in apoCaM mustrheh more effective than in the latter
proteins.

The parameten. represents the protein proton collective relaxatrafue achieved
when thety dispersion is completed. Therefore, it is givgrihe contribution to relaxation of
the (1-S°) term times the spectral density function relatetbcal motions and occurring at
time scales faster than those observable in thectet field range. From the value mfas
obtained from the fit of the experimental profieEqg. 1 ¢ = 4.2+ 0.6 &%), correlation time
values for the fast local motions of about 0.2 res@btained, using the relationshap= (1-
) <E?<T1s>. We note that in this case the valueoofs about the double of the value

obtained for lysozyme and albunith*}, consistent with the much larger &) value.
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>N relaxation studies indicated that the two CaM dirs experience a restricted
mobility superimposed to the overall tumbling oé tolecule®. Further analyses were thus
performed to investigate whether the reductio®dhwith respect to the values obtained for
the other proteins can be ascribed to the motidhesingle domains (global internal motion
model). Therefore, the relaxation profile of apoCaMs fit using two collective order
parameters and two correlation times, with onénefit fixed to 6.5 ns, i.e., around that of the
individual domains of the protein, to possibly dgtthe effect of an independent restricted

reorietational motion of the two domains, accordimgq. 2.

0.8r 0.2r 0.8r 0.2r
— E2 SZ R1 + R1 + SZ R2 + R2 +a
R =( >[ C(l)(1+4a12r§1 1+a)2r§1] C(Z{1+4a)2r§2 1+ &1, ﬂ
(2)
The fit was equally good and a first reorientationet of 14.4 ns is calculated with

Scay’ equal to 0.32; th&” corresponding to the motion at 6.5 ns was calcdltiebe 0.06,

i.e. much smaller (see Table 1).

Isotrapic model Global intemal motion modal
% (08) Se TRy (N8} S8 Tz (08} Lo
Low-field relaxation {this work) 13.6 .37 144 032 6.5 (fixed) 0.06
14.0 0.35 3.7 (fixed) 0.05
High-field relaxation(14) 9.1-10.3#* .85 11.8-16.7% 0.53-0.60 2742 0.25-0.32
*Values are scaled by the factor 1.11/0.9 = 1.23 for comparison with the values in D70 used in this study.

Table 1. Summary of best-fit correlation times and order peters obtained for apoCaM.

The presence of multiple correlation times cannatstlincrease thes:? value
corresponding to the slowest motion. This proves tthe reduction in th&? value observed
for CaM with respect to the other proteins is irdleémost independent on the number of
correlation times used to fit the data, and thatthlue itself is quite robust. It also proves that
the fastest motions predominantly occur on timdescghorter than the time expected for the

reorientation of the single domains.
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5.4 Discussion

The reorientation time, calculated with this workyeals that for most of the time the
protein posses a relatively compact structure,thod that the two domains must be close to
one another even in solution, although the absefhdeterdomain NOES suggests that a
dynamic ensemble of conformations must be expeginthis result is relevant and is in line
with the previously found interdomain contacts pp@aM in solution, through fluorescence
spectroscopy measurements performed on enginegue@a® mutants*®. Moreover,
fluorescence resonance energy transfer (FRET) measmts'™® suggest a reorientation time
that is in agreement with the overall protein rot@l motion, thus indicating that the inter-
domain conformational heterogeneity detected thnaoigh field NMR measurements must
be the result of a number of slowly interconvert{itg the nanosecond time scale) distinct
conformations”,

>N relaxation studies previously perform&Yindicated a shorter reorientation time
when an isotropic model for protein tumbling wasuased, shorter than expected for a fully
compact closed structure. This made the globalrnatemotion model, where internal
domains have a restricted mobility superimposedheo overall tumbling of the molecule,
preferable, in addition to the significantly bettgreement between experimental and best fit
values achieved with such model. The global retaieon times obtained from the high field
relaxation measurements are largely affected bysébected groups of residues included in
the fit and by the fields of measurement, and thacertainty is thus relatively large. In the
case of apoCaM, they span values from 9.6 to 186 O ?°. Scaled to BO, these values
span from 11.8 to 16.7 ns, which compare well g present best-filg value of 14 ns in
this study. (Table 1).

The fit of the high field relaxation data also icalies the occurrence of internal
motions with correlation time of about 3 s The latter value seems to be too short for the
tumbling of the CaM single domains, which are expedo be around 5-5.5 ns in®l The
fit of the present data actually indicates thaf rhotion with such correlation time is present,
its order parameter must be quite low (see tahl®©mh)the other hand, a fit of equally good
guality was also obtained by fixing the internatretation time to 3.7 ns (corresponding to 3
ns in HO) as found in thé™N relaxation study, the other parameters assumalges
comprised between those calculated in the isotrojmdel and in the internal motion model

with Tg, fixed to 6.5 ns (see table 1). In conclusion, ghesent data are not sensitive enough
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to determine the presence of motions with corretatimes of the order of some nanoseconds,
and they are consistent with the presence of sumions only with collective squared order
parameters smaller than 0.1. For the purpose oprigeent study, it is important to note that
the presence of such internal motions does notblsizehange the value of the overall
tumbling and of the corresponding order parameter.

As expected, the obtainé&d? values are smaller than the availaBfevalues obtained
from relaxation rate measurements on backbone inatctégh fields?® both in the assumption
of an isotropic model with a single reorientatieme ($=0.85) or of a global internal motion
model, described by two order parameters, one Her global reorientation and one for
internal protein motions occurring on an intermedidime scale between the global
reorientation time and the faster internal dynamiosthe latter case, in fact, an averaged
Swiy value of 0.56 was calculated from the amide relarawith a correlation time
corresponding to the overall reorientation timettaf protein®®, and furtherSyn)° values of
0.25-0.30 for a correlation time of 2.5-3 ns (s&lelé 1). These values are both significantly
larger (outside the error) than thl,z)z values of 0.32 and 0.06 obtained from the fithaf
present data.

The comparison of the order parameters determinea high field data and the
collective S values determined here actually shows that the dordoes not monitor all
motional features present in the protein in theogécond to nanosecond range. This is
because side chains dynamics is not revealed. ©atkier hand, side chain dynamics may be
fundamental in the characterization of the prot&iar instance, the low sensitivity 6iN
relaxation measurements to side-chain and protemath motions is for instance indicated
by the fact that thé&® values obtained for the calcium-bound CaM in theeace and
presence of bound peptides are essentially the &amadl residues except those in the linker
between the N-terminal and C-terminal domains, idedpe fact that the difference in the
dynamics within the protein is outstandifit. Analogously, only slightly different squared
order parameters were calculated for'tl@0-*Ca vectors for free and complexed CEM

Side-chain mobility is better addressed by the rifrde generalized order parameter,
Suis, for the symmetry axis of methyl groupfs From the methyl order parameters observed
in calcium-bound CaM, three distinct classes ofioms were suggested, centered at squared
order parameters of 0.35, 0.58 and 0.78, and pediidding was shown to increase
substantially thé&,i® measured for some methyl groups, by often moviethgis from one

lower order parameter group to a larger order patangroug®*° These works clearly show
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that CaM has a peculiar enhanced mobility in tke shains. As suggestedt this may be
due to the hydrophobic residues allowing much lagige chain mobility than in the side
chains of canonical globular proteins. In our stutie collectives:? value found for apoCaM
(0.37), dramatically smaller than the value obseériar other well folded globular proteins
(0.75)*°* is even on the lowest side of the range of3he values for methyl group¥. In
this context it is particularly significant thatet!? values provided by the present approach
arise fromall protein protons, 3/4 of which belong to side cbairather than from methyl
protons, which constitute about 1/4 of the totdle Btrikingly smallS.? value obtained in the
present work points to an extraordinary mobilityt maly of methyl groups but of all side
chain protons in general.

Such high mobility of side chain protons is not reldaby backbone protons, as it
results from*°N relaxation data. This makes possible that theivamsal” distribution of
relaxation rates that was used to fit the data, w@hith indeed provided a good fit of the
magnetization decay/recovery curves, may not apmabe the real distribution as
satisfactorily as it does for more rigid globularofeins. A fit of the magnetization
decay/recovery curves was thus also performed @stmuble exponential function instead of
the “universal” rate distribution, and also in tluase the agreement with the experimental
data was very good, the resulting relaxation rbsg reduced of about 10%. Therefore, the
fit of the resulting profile provides basically tesame best-fit parameters, t&¢ value being
only slightly smaller.

Relaxation measurements performed on apoCaM shtveedhe chemical exchange
contributions are substantial for most residuethefC-terminal domain, thus implying intra-
domain exchange between conformational subs@te$his intra-domain conformational
exchange appears to involve transitions between redominantly populated closed
conformation (with an antiparallel helical arranget) and a smaller population of more
open conformations (not parallel helical arrangets)enf the C-terminal domain'®2%°1°% A
dynamic equilibrium involving conformations with @artially exposed hydrophobic core
provides CaM with the ability to interact with i@rgets in the absence of excess calcium(ll)
%657 Therefore, EF-hand motifs in apoCaM exist in bokbsed and open states, possibly
sampling a very large spectrum of conformationatlest, with a conformational exchange rate
on microsecond to millisecond time scale and predante of the closed conformation.
Although the generalized order paramedet here obtained only reflects motions in a range

of time scales from the picoseconds to the nanosks;ahe presence of a large mobility in the
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latter scale is likely to be associated with mdpiln a slower scale as well.

Large mobility seems to be present also in therNvtgal domain, and not only within
the residues corresponding to the calcium bindogps$. It was in fact shown that the first
helix of the N-terminal domain of apoCaM undergtzege amplitude nanosecond motidhs
This indicates a considerable dynamic flexibilifytloe first helix of the N-terminal domain,
and thus within the domain, in apoCaM. This isime lwith molecular dynamics simulations
that predicted the presence of four subdomainsinvitile amino-terminal domain of the
protein that have the potential to undergo largeldude independent motions relative to one
another’.

In conclusion, the measurements performed on apo@atlis work provide direct
information on both the reorientation time of tmwastigated system and on the extent of
internal motions of protein protons. We have fouhdlt, i) the reorientation time obtained
from the fit of the spectral density function ofopin protons indicates that the protein is
mainly in a conformation with the two domains ins® contact, and ii) the collective squared
order parameter obtained in the present analysisuish smaller than that obtained for other
globular proteins. Such lo&? value depends on the larger side chain dynamiepo€aM,
because 3/4 of the protons contributing to $§evalue belong to side chains, and backbone
nuclei are known to have a regular mobility frdM\l high field relaxation measurements.
Therefore,S? beautifully complements other measurements to testhe extent of both
global and local the motional features experiernethe system.

Protein proton relaxation measurements at low siefifoviding direct access to the
spectral density function thus allow us to safelgaver the reorientation time of the protein,
which at high fields may result less straightforvdo obtain because the corresponding
dispersion is already largely occurred. From thaieatation time value, further information
can be derived on the conformational state of tivestigated systems. They also provide a
collective order parameter which monitors side hmobility, not accounted in standard high
field >N relaxation measurements. These findings point smme global aspects of the
motion that complement other aspects available fidfarent techniques, so that all together
a complete picture for the protein dynamics candm®vered. The approach here proposed
can be even more relevant for mobility studiesaofié proteins, when information from high
field >N T., T,, NOE measurements can hardly be obtained dueveyeséine broadening of

the NMR spectra, as well as for the investigatibdymamics in protein-protein adducts.
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6.1 Introduction

Several high-throughput methods have been developed the years in order to
speed-up the screening and the identification @f hits for pharmaceutical targéts%*2
Usually, screening leads to identify molecules thaéd subsequent optimization steps in
order to reach a satisfactory affinity. Among theegning methods, the fragment-based
approach has seen an unquestionable success implatmaceutical industry and academic
setting due to its high hit rate in generating ¢aat drugs**™’

The leading concept of the fragment-based appr@atifat a high affinity compound
can be designed by tethering, with a suitable linkeeo or more (even weak) ligands able to
bind adjacent protein sitesAs it is easier to optimize the binding of a snfisigment than of
a large molecule, linking to separately optimizeagments has a better chance to produce
compounds with nanomolar dissociation conskantAs an added value, in several cases the
Kp of the tethered molecules is found to be smaliantthe product of thiéps of the single
fragment$®® This additional increase in affinity can be exméa by considering that, when
two ligands bind to a protein, each of them losesaation of rigid body rotational and
translational entropy. Conversely, when the twarigs are tethered in a single molecule,
only one unfavourable rigid body entropy barriefieefs the binding. This smaller loss of
entropy (i.e. relative entropic gain) accountstfar linking effect?% For a two-fragment A-

B molecule, the dissociation consté&’® is often reported as the product of the dissamiati
constants of the isolated fragments A an&g, andKp?, multiplied by a term namdéhking
coefficient, E-%:

Kp™® = Kp™ - Kp® - E (or, equivalently, AG”"®=AG" + AG® + RT InE)
1)

where E < 1 implies a favourable contribution to binding.
In an ideal case, the linking coefficielaf obtained from (1) when the three binding
constants are know from experiments, would thua Beect measure of the entropic gain.
However, besides the favorable entropic contrilbytithere may be unfavorable
enthalpic contributions to the binding that arisenf distortions of the target binding
geometry of the two fragments when linked togethes, well as either favourable or
unfavorable interactions of the linker itself withe target molecule. Indeed, it has been
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observed that the linking coefficient is stronglgpendent on the structural features of the
tethered molecule and on its binding mode to tihgeta In some cases linking coefficients
even larger than one (i.e. unfavorable) have beend, while in successful cases linking
coefficient values slightly smaller than 4thave been observEd The most favourabl&
value (3.1 x 10° MY has been observed for a biphenyl-based inhibibrmatrix
metalloproteinase 2 (MMP-2)°. Despite the pure entropic term would be theca#ic
capable to account by itself for linking coefficienas low as I®M™, % experimental
verification that everf values of the order of FOM™ are entirely due to a favorable entropic
term is still lacking.

One way to obtain this verification would be to stiact a two-fragment molecule
where the two fragments are able to bind separébellye target in such a way that they just
need to be linked together by one covalent bontowit any intervening atom. The increase
in binding affinity of a zero-length tether moleeudf this type should be, at least to a first
approximation, entirely due to the entropic effgmipvided that the enthalpic contributions
are essentially unchanged, i.e. the two fragmeraimtain all relevant interactions with the
target when bound together. Interestingly, at less case of this type has been described,
and a reasonable although not extremely srBallalue of about 3:8.0° M™ has been
reported®. Unfortunately, experimental verification of itsteopic nature through e.g.
calorimetry is not available.

Here we report on a sulfonamide derivative inhibitd matrix metalloproteinases
(MMP) whose components have been designed by appic of a deconstructing
procedur®, and where the linker is just one covalent bondlfoBamide derivatives
constitute one of the most important classes abitdrs of zinc enzymes, possessing a high
affinity towards several zinc enzyme families imthg, besides MMPs, also carbonic
anhydrase8™° In the case of MMPs, sulphonamide inhibitors eomstituted by a zinc
binding group such as hydroxamate or carboxylatetgna lipophilic moiety interacting with
the S1' cavity™. N-hydroxy-2-(4-methoxyphenylsulfonamido) acetaenidPMAHA, Figure
1) is a simple but relatively potent inhibitor of\MMP-12*233 It can be easily synthesized by
reacting the glycine methyl-ester with parametheuiphonyl chloride and then by
deprotecting the methyl-ester to form the hydroxamoiety. Virtually, this molecule can be
considered as formed by two fragments, parametrenagdne-sulfonyl amide (PMS) and
acetohydroxamic acid (AHA) (Figure 1), tetheredabsimple covalent bond upon removal of

one hydrogen atom on each side. The present aade atalyzes the binding of PMAHA, as
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well as of its constituting fragments PMS and AHA,the catalytic domain of MMP-12
(cdMMP-12). The system displays a very small vafi€ of 2.1x 10°M™, and it is shown
that this value is entirely due to a very favorabigropic contribution, the enthalpic term

being very similar to the sum of those of the tamlated fragments.

o 0
0] O H
’\g/NHz N/OH ’\g/N\)LN/OH
AHA
/O /0
PMS PMAHA

Fig. 1: N-hydroxy-2-(4-methoxyphenylsulfonamido)acetami®MAHA) can be considered
as formed by two fragments, paramethoxybenzenessylf amide (PMS) and
acetohydroxamic acid (AHA).

6.2 Material and methods

Sample preparation. The cDNA encoding the cdMMP-12 (Glyl06—-Gly263) was
amplified by a polymerase chain reaction (PCR) fitAGE consortium clone (ID 196612)
using two synthetic oligonucleotides as primerse TDNA obtained was cloned into the
pET21a vector (Novagen) between the restrictioessNdel and BamHI. The single amino
acid substitution, to obtain the F171D mutant, wesated using the QuickChange™ Site-
Directed Mutagenesis Kit from Stratagene. The constvas transformed into the BL21Gold
(DE3) strain for expression of recombinant protdihe cells were grown in 2xYT media at
37 °C. and the protein expression was induced duhe exponential growth phase with 0.5
mM IPTG. Cells were left grow for 4 h after indwmtiand were harvested by centrifugation.
After lysis of the cells the inclusion bodies, aining the protein, were solubilized in 8 M
urea and 20 mM sodium acetate (pH 5.0). The proteis purified on the Hitrap SP column
(Pharmacia) with a buffer containing 6 M urea altdn2M sodium acetate (pH 5.0). The
elution was performed using a linear gradient o€Nap to 0.35 M. The purified protein was

refolded by using a multistep dialysis againstlatgan containing 50 mM Tris—HCI (pH 7.2),
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10 mM CaC4, 0.1 mM ZnC}, 300 mM NaCl, 500 mM acetohydroxamic acid (AHAnda
decreasing concentration of urea (from 4 to 2 M)e Tast two dialyses were performed
against a solution containing 20 mM Tris—HCI (pR)7.5 mM CaCJ, 0.1 mM ZnC}, 300
mM NaCl, and 200 mM AHA. The final yield of the fied protein was approximately
30mgl/l.

Protein expression was also carried out in minima&dium containing 1.25 g/l of
(**NH,),S0; in order to producé N-enriched protein. Typically, about 22 mg of ehed
protein could be obtained from a 1 | culture.

NMR spectroscopy. *H-">N HSQC experiments, implemented with the sensitivit
enhancement scheme, were recorded at 298 K on keBAvance 700 operating at proton
nominal frequency of 700.21 MHz. To determine theding affinity of PMS towards the
catalytic domain of MMP-12, the alteration of theemical shifts induced on 2EH-N
HSQC spectra upon the titration with PMS was moadoby NMR. The experiments were
performed on samples containing 0.289 mMf-enriched MMP-12 in presence of 10 mM
Tris—HCI buffer (pH 7.2), 10 mM Cag&;10.1 mM ZnC}, 300 mM NaCl with and without 200
mM acetohydroxamic acid. The dissociation consteas calculated by fitting thasé as a

function of the ligand concentration.

X-Ray measurement. Crystals of human MMP12, already containing AHAMT the
refolding process, grew at 20 °C from a 0.1 M HiS}, 30% PEG 6000, 200 mM AHA, 1.0
M LIiCl, solution at pH 8.0 using the vapor diffusion tdgme. The final protein
concentration was about 10 mg/ml. A soaking prooeaas carried out to obtain the adduct
with PMS. The data were measured in-house, usiRK-dJltra copper sealed tube source
(Oxford Diffraction) equipped with an Onyx CCD detier. The dataset was collected at 100
K and the crystal used for data collection was @goled without any cryo-protectant
treatment. The crystal diffracted up to 1.8 A resioh and belongs to spacegroup C2 (a=
51.57 A b=60.19 A c= 54.21 &= y= 90°B= 115.09°) with one molecule in the asymmetric
unit, a solvent content of about 50% and a mosadfitd.7°. The data were processed in all
cases using the program MOSFEMnd scaled using the program SCAPAvith the TAILS
and SECONDARY corrections on (the latter restraingth a TIE SURFACE command) to
achieve an empirical absorption correction. Tal3esBows the data collection and processing
statistics for all datasets. The structure wasesblysing the molecular replacement technique;
the model used was that of the MMP12-AHA adduct93)vfrom where the inhibitor, all the
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water molecules and ions were omitted. The corméntation and translation of the
molecule within the crystallographic unit cell wastermined with standard Patterson search
technique¥*’ as implemented in the program MOLRE®. The isotropic refinement was
carried out using REFMACS but the metal ions B-factors were refined takimisatropy
into account. In between the refinement cycles thedels were subjected to manual
rebuilding by using XtalVie#!. The same program has been used to model allitorsb
Water molecules have been added by using the sthpdacedures within the ARP/WARP
suité”” and for the atomic resolution datasets hydrogesre wdded at the riding positions and
refined. The stereochemical quality of the refimaddels was assessed using the program
Procheck®. The Ramachandran plot is of very good qualitybl&@aS1 reports the data
collection and refinement statistics.

Calorimetry. Isothermal Titration Microcalorimetry experimentene performed at
298 K with a VP-ITC microcalorimeter (MicroCal, IndNorthampton, MA). After an initial
injection of 1L, aliquots of 10 of 200uM BMAHA inhibitor with 0.1% (v/v) DMSO were
stepwise injected into the sample cell containisglation 2@M of MMP12 catalytic domain
until complete saturation. All experiments werefpened in 20mM Tris (pH 7.2), 5mM
CaCh, 0.1mM ZnC}, 0.3M NaCl, AHA 4mM with PMS in concentrationsngang from 0.1
to 3 mM. Heatsof dilution were measured by injecting thgand into buffer and then
subtracted fronthe binding heats. The thermodynamic parameters Kgndralues were
calculated fitting data to a single binding sitedabwith ORIGIN 7.0 sofware (Microcal,
Inc.).

6.3 Results

The interaction of PMS with the active site of MMR-was analyzed by X-ray
crystallography, NMR and microcalorimetry. The digstion constant of PMS was obtained
from the analysis of the chemical shifts perturdnagion the assigné#i-*°N HSQC spectra of
the free and AHA-inhibited form of MMP-12. The velwf the dissociation constar{ =
1.5x 10° M) was not affected by the presence of differemoentrations of AHA in solution.
The binding mode of the ligand in the active sitehe protein was investigated by soaking
crystals of MMP-12, incorporating the weak AHA ibhor, in solutions of PMS.

In the X-ray structure, the PMS ligand fits the $avity with the p-methoxybenzene
group and establishes an H-bond between one aulfenyl oxygens (02) and the amide
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nitrogen of Leu-181 (2.93 A ) (Figure 2B). At thanse time, the free AHA ligand chelates
the zinc ion with its two oxygens, and the intei@cis further stabilized by two H-bonds, one
between the protonated oxygen atom (O4) of AHA twedcarboxylate &2 of Glu-219 (2.53
A) and the second (2.76 A) between the hydroxariN&teand the carbonyl oxygen of Ala-
182. It should be pointed out that the two ligabdsl independently to the protein, and do
not interact with one another. Moreover, the AHgahd exhibits the same binding mode in
the presence and in the abséhoé PMS.

The binding of PMAHA (Figure 2C) and AHA alone (big 2A) with MMP-12 was
characterized previously by X-ray, microcalorimeand enzymatic ass&y- In the complex
of MMP-12 with PMAHA, the inhibitor binds the cayéic zinc ion by its hydroxamic moiety,

and its p-methoxybenzene group fits the S1’ cavity.

Fig. 2: Stereo view of the active
site of MMP-12 complexed with
hydroxamic acid A). PMS and

AHA bind independently to the
active site of MMP-12 protein and
do not interact with one another
(B). The presence of PMS do not
alter the binding mode of AHA.

The tethered molecule PMAHA
maintains all the interactions
observed for the two isolated
fragments C). Only the AHA

moiety appears rotated with
respect to the position of the
isolated AHA ligand, but with all

relevant  protein  interactions

maintained.




The paramethoxy-sulfonyl moiety in the PMAHA molécishares the same
binding mode of the isolated PMS ligand, while &kt¢A moiety appears rotated by ca. 45°
with respect to the position of the isolated AHAahd?. Despite this rotation, all the
interactions observed for the two fragments arplate: the bidentate behavior of the AHA
moiety, the sulfonyl oxygen at 2.93 A from the dmnitrogen of Leu-181, the protonated
oxygen atom (O4) at 2.53 A from the carboxyla®®f Glu-219, and the hydroxamate NH
at 2.76 A from the Ala-182 carbonyl oxygen. A serié ITC measurements on the binding of
a parent arysulfonamide inhibitor (BSAHA, see F&G) were performed in the presence of

various PMS concentrations in the range 0.1 to 3 mM

0
o H
\N N\)L OH
0=%" H’

Fig. 3: Structure of N-hydroxy-2-(phenylsulfonamido)acei@denBSAHA).

AHA was also present in solution at a concentratibd4 mM. By fitting the obtained
enthalpy as a function of PMS concentration anerdfte correction for the competition with
AHA, a AH® of -6.0 kcal/mol was found for the binding of PMBhe AG?, AH®, AS’ andKp
values for the binding of AHA and PMAHA to MMP-12 298 K were determined
previously® and are reported in Table 1. For PMS the fresrggnof binding 4G°) was
calculated from the dissociation constant obtaihgdNMR. TheAS value was estimated
from the relationshippG® = AH® - TAS. The value ofAH, for PMS was determined by
isothermal titration microcalorimetry (ITC) in thigork. As it appears from Table 1, the value
of AH® found for PMAHA (-8.52 kcal/mol) is similar to theum of the binding enthalpy of
AHA and PMS. At the same time the free energy ofdlig for PMAHA is much more
negative than the sum of th&° of the isolated fragments. The resulting linkimgfficient is
about 2.1x 10° M (see Table 1).
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Ky M) AG® (kcal/imol) AHP® (kcal/mol)  =TAS® (kcal/mol)

AHA 6.2-103 301 318 +0.17
PMS 1.5-10° -385 -6.00 +2.15
PMAHA 2.0-103 -10.50 852 -1.98
AHAPMS - 6386 9.18 +235
AAEcalimol) - -3.64 H.66 430

Table 1. Corrected thermodynamic parameters for the invatsdyinhibitors.

6.4 Discussion

The large affinity observed for PMAHA is in line thiexpectations for this class of
MMP inhibitors. The deconstructing analysis of thisple linked molecule provides a new
piece of evidence to rationalize the key factoes/iplg a role in the tethering approach.

Although theoretical models predict, for the dirzation of adjacent ligands, affinity
advantages up to TOM with respect to either fragment, the experieonereal cases shows
that usually the gain in affinity is orders of mitgde smalle’”** In fact, the linkage of the
fragments often results in a new molecule that duomsallow each of them to adopt the
original and optimal binding moéfe

In this respect, PMAHA with the related fragmentdd3and AHA constitutes a good
case study because all the requirements relevamaxamize the linking effect are satisfied in
the molecule. In particular, the structural dat@vshthat the binding mode of the two
individual fragments is substantially maintainedhe joined molecule. Moreover, no sizable
additional favorable interactions or unfavorableist energies are introduced by the linker
since the two fragments are “tethered” by a singdgalent bond without any additional
intervening atom.

As already shown in table 1, PMAHA exhibits a disation constantip"?) of 2.0x
10® M, much lower than the dissociation constantsheftivo fragments, PMXK§* = 1.5x
102 M) and AHA Kp®? = 6.2x 10° M), and nearly three order of magnitude lower ttam
product of their relative affinity constants.

A suitable approach to investigate the linking ficefnt is to compare the difference
in experimentaG® andAH® values and in the calculated entropy contributiéizs PMAHA

the difference in experimentAlG® (AAG? ) with respect to the sum of t&° values for the
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isolated PMS and AHA is large and negative (-3.6dlAknol). This increased affinity is not

related to an improved interaction, as shown by dmall (and even positive) difference
(+0.66 kcal/mol) in experiment#iH® (AAH®) between PMAHA and the isolated PMS and
AHA. On the contrary, the difference inA® for PMAHA is high and negative (-4.30

kcal/mol) and fully accounts for the large linkiaffect observed for the tethered molecule.

Besides the calculation of the value for the ligkicoefficient for the investigated
molecule, the present analysis allows to us toeaeha more general view on the entropic
contribution in fragment-based drug design. In ipalar, in the case of PMAHA no
additional enthalpic and entropic terms, arisimgnfratoms of the linker, contribute fH°
and toAS’. At the same time, other possible contributionA% are probably negligible, as
suggested by the superimposition of the complexes lay the small difference in the
interaction energy XAH® = -0.66 kcal/mol). Collectively, all these findmgprovide an
estimation of the value for the linking coefficightit can be reasonably achieved by tethering
two ligands when the interactions of each of theenmaaintained and no additive effects arise
from the atoms of the linker.

The octanol/water partition coefficient (I&) calculated as CLog P valém each of
the two fragments and for the tethered moleculevsttbat the hydrophilicity increases of one
order of magnitude from PMS (+0.42) to PMAHA (9)6

In this respect, for PMAHA an increase in free gyesf binding even larger than 4.30
kcal/mol would have been possible without the smaflavorable enthalpic term of +0.66
kcal/mol possibly related to small changes in bagdmode. This large value opens also
interesting questions on the advantages providedhbylinking coefficient in fragment-
linking and fragment growing strategfsin the former, additional atoms are introduced to
tether the fragments, without altering the origibalding mode. Obviously the length and the
structure of the linker is designed to avoid steteshes, to reduce the degrees of freedom
and, possibly, to establish interactions with gugét. However the linker is not conceived to
maximize the interactions these interactions, aretridental entalpic and entropic
contributions to the free energy of binding canstically reduce the benefit of the linking
coefficienf®. On the contrary, in the fragment growing approatleach step the additional
moiety introduced in the scaffold is conceived stablish new strong interactions with the
target without altering the optimal binding modetbé original core. Therefore, the latter
strategy might theoretically take the best advamtiigm the entropic gain related to the

linking coefficient. However, it should be pointedt that, in real cases, several factors such
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as the lack of detailed structural information dhd protein flexibility make it difficult to
obtain a suitable growing of the fragment, andtthe strategies usually result in ligands with
similar affinity constant¥.

In summary we have shown that when the two fragmant tethered with a zero-
length linker in a way that all the main interacs are maintained, linking coefficient values
approaching 16 M can be obtained. We have also verified the entmogiare of the linking
coefficient, that in the absence of unfavourabléh&pic contribution can be even smaller
than 10°M™.
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Chapter 7

Final conclusions and
per spectives
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The comprehension of the physiological role of girtd in biological systems requires
an integrated study where the structural and dycananalysis is flanked by a detailed
investigation of the networks of the interactiomvalving each protein. Breaking and
formation of weak interactions not only control® throtein folding and dynamics, but are
crucial for the protein function as responsible tfog formation of stable or transient protein-
protein complexes. Weak interactions are also mesipte for the binding of small molecules
as substrates, cofactors or drugs to proteinhisnRhD research the role of weak interactions
has been investigated in biologically relevant nt@desing different biophysical and
structural methodologies in order to clarify theantribution to protein folding, dynamics and
to protein-protein and protein-ligand recognitidine research has been mainly focused on
cloning, expression and characterization of humaltium binding proteins calmodulin,
S100A16, S100P and on two soluble extracellular alosof the pathologically relevant
RAGE receptor. In particular, samples of calmodilave been exploited to investigate by
relaxometry, weak and transient interdomain intvas and their effects on protein
dynamics. The relaxometric analysis performed oa eplmodulin, in fact allowed us to
monitor its behaviour in solution where, as showrhigh field NMR measurements, the N-
terminal and C-terminal domain experience a dynasmeemble of conformations. The
analysis of the collective relaxation rate of tlmn+exchangeable protein protons provided a
reorientation time in agreement with the overalational motion of the protein when the two
domains are arranged in the closed form. This atdi& that the two domains preferentially
assume several compact structures, with the twoadwclose to one another. This latter
evidence and the absence of interdomain NOEs itedi¢hat the inter-domain conformational
heterogeneity must be the result of a number aflglinterconverting distinct conformations
associated with the breaking and formation of weskractions. Moreover the analysis
suggested the presence of a large side chain nyoliiich could not be monitored through
standard high field®N-'H relaxation measurements. The work focused on S16@llowed
us to express the WT protein in good yield and @¢getbp a reliable protocol to produce
selenium-enriched S100A16 in order to solve thélgrm of phase in X-ray crystallography
experiments. Crystals of Se-S100A16 have beenraddan large amount but, unfortunately,
the observed gemination prevented the collectiodatd suitable for structure resolution. On
the contrary, the NMR analysis performed on apa lanlo-S100A16 samples has provided
the first structural and dynamical characterizatafnthis protein. As all the other S100

proteins, both apo and holo S100A16 in solutiorsteaxs homodimers stabilized by a network
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of weak interactions. The structural analysis shibwet the interaction of the calcium ion
with the aminoacids forming the metal binding siiduces a structural reorganization with
exposition of hydrophobic surfacésN relaxation measurements and the RMSD per residues
for the calculated families of structures showedt tthe hinge-loop region of the protein
experiences a sizably large mobility.

Furthermore, the role of weak interactions in pgref@otein recognition has been investigated
by analyzing the binding of S100P to extracellutBbomains of RAGE. Identifying the
interaction surface between the V-domain of RAGH holo S100P provides an opportunity
to understand the structural details of the intwvas of RAGE receptor with one of its
pathologically relevant ligands. Actually, RAGE enacts with a wide range of ligands that
structurally have very little in common leading diverse cellular responses from cytokine
secretion and increased cellular oxidant stresscetl survival, differentiation, and
proliferation. However, RAGE is a membrane recebr and can not be investigated in
solution by NMR. The research activity carried aumt RAGE during this PhD has been
focused on cloning, expression and characterizatiawo extracellular domains of RAGE, V
and C12 domains and of its ligand S100P. We obdet»at the C1 domain of RAGE is not
required for the binding to S100P because the mpaté shifts on holo S100P is the same
upon the addition of V-domain and VC1 tandem carcstrThe NMR analysis clearly showed
that one V-domain binds to one S100 homodimer. ¢J¢ie chemical shifts perturbations
observed on the S100P and on V-domain, a moddieotomplexes S100P-V-domain and
also the related adduct with VC1 tandem constrastehbeen calculated using Haddock.
Understanding of the structural details of theratéon between RAGE and its ligands can
provide new therapeutic opportunities to treat @ass as chronic inflammations, cancer and
diabetes. Therefore, cloning, expression and strakctharacterization of the whole RAGE
receptor and the analysis of its interaction withttee pathologically relevant ligands is the
obvious development of the research started withRhD.

In the last part of my PhD, the role of weak int¢i@s in ligand binding and the
thermodynamic aspects of tethering have been asly®w performing a structural and
calorimetric analysis on a aryl-sulfonamide intobiof MMP-12 and on its constituting
fragments. The analysis performed on samples afytat domains of MMP-12 showed that
the tethered molecule displays a very small valuih® linking coefficient, entirely due to a
very favorable entropic contribution with the ergh@term being very similar to the sum of

those of the two isolated fragments. Moreover, weved that large contribution to the
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binding energy can be achieved when the two fragsreme tethered with a zero-length linker
in a way that all the main interactions are mairadi
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Abstract The homodimeric structure of human S100A16
in the apo state has been obtained both in the solid state and
in solution, resulting in good agreement between the
structures with the exception of two loop regions. The
homodimeric solution structure of human S100A16 was
also calculated in the calcium(Il)-bound form. Differently
from most S100 proteins, the conformational rearrangement
upon calcium binding is minor. This characteristic is likely
to be related to the weak binding affinity of the protein for
the calcium(Il) ions. In turn, this is ascribed to the lack of
the glutamate residue at the end of the S100-specific
N-domain binding site, which in most S100 proteins provides
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two important side chain oxygen atoms as calcium(II)
ligands. Furthermore, the presence of hydrophobic inter-
actions stronger than for other S100 proteins, present in the
closed form of S100A16 between the third and fourth
helices, likely make the closed structure of the second
EF-hand particularly stable, so even upon calcium(II)
binding such a conformation is not disrupted.

Keywords S100A16 - EF-hand proteins - Calcium-
binding proteins - S100 proteins - Protein dynamics

Introduction

S100 proteins represent the largest subgroup in the family
of calcium-binding proteins bearing EF-hand motifs. A
functional EF-hand motif consists of a calcium(II)-binding
loop (usually of about 12 amino acids) flanked by two
a-helices. S100 proteins contain two EF-hand motifs, one
in the N-terminal domain (composed of helix I, loop I, and
helix II) and one in the C-terminal domain (composed of
helix III, loop II, and helix IV). The two domains are
connected by a linker, called a “hinge loop.” The first
N-terminal EF-hand is unconventional, because its loop is
usually composed of 14 amino acids; the second one, in the
C-terminal domain, is canonical. A consequence of the
longer loop in the N-terminal EF-hand is the different
affinity for calcium(Il) with respect to the C-terminal
EF-hand, due to the different ion coordination. The canonical
C-terminal domain in fact binds the ion in a manner similar
to calmodulin and troponin-C, resulting in a high calcium
affinity [1, 2]. The N-terminal domain mostly binds the ion
through main-chain carbonyl groups, in addition to the
bidentate side chain of glutamate at the end of the loop, and
this reduces the binding affinity up to 100 times [3].
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With the exception of calbindin Dy, also known as
S100G, which is monomeric, all the other structures of the
S100 proteins revealed a homo- and, in some cases, het-
erodimerization. Some members of the family also form
tetramers or larger oligomers. In homodimers, the two
subunits are related by a twofold axis of rotation and the
major contributors to the dimer interface are helices I and
IV of each subunit that are ordered in a X-type four-helix
bundle. This relationship is maintained both in the apo state
and in the calcium-bound state.

Upon calcium(II) binding most S100 proteins experi-
ence a conformational change that mostly involves helix
III, which is antiparallel to helix IV in the apo state and
rearranges itself to become almost perpendicular in the
calcium(Il)-bound state. This movement “opens” the
structure and exposes a wide hydrophobic cleft that acts
as a binding site for targets [4]. Calcium binding to the
N-terminal EF-hand, instead, causes only minor alterations
of its backbone conformation. On the other hand, cal-
bindin Dy, does not undergo changes in its conformation
upon calcium(Il) binding; S100A7 does not bind calcium
in the N-terminal EF-hand [5], as a consequence of the
lack of the glutamate residue in the last position of loop I,
the carboxylate group of which is essential for coordi-
nation of the calcium ion; and S100A10 does not bind
calcium in either the N-terminal and or the C-terminal
domain. Furthermore, the affinity for calcium in S100A3
is so low (K4 = 20 mM) that calcium binding is actually
prevented in vivo.

Besides calcium(Il), some S100 proteins (S100B [6],
S100A2 [7], SI00A7 [8], SI00A12 [9]) have been shown
to bind zinc(II). However, binding of zinc(II) in the cyto-
plasm is rather unlikely, because of its subnanomolar
intracellular concentration. On the other hand, several S100
proteins have been also found in the extracellular space,
where the zinc(I) concentration can be much higher [10];
in this respect, zinc was actually reported to modulate the
interaction of S100B with the tau protein [11].

S100A16 is the S100 protein most widely distributed
in humans, and is highly conserved in mammals [12].
Expression of most S100 proteins is actually highly tissue
and cell specific, whereas SI00A16 expression has been
reported in a wide spectrum of human tissues (including
brain), analogously to S100A2, S100A13, and S100A14.
Upregulation of S100A16 was found in several cancer tis-
sues, suggesting a function related to malignant transfor-
mation or tumor development [12]. SI00A16 expression
was upregulated in tumors of bladder, lung, thyroid gland,
pancreas, and ovary. Furthermore, investigation of SI00A16
intracellular localization in human glioblastoma cells
revealed an accumulation of the protein within nucleoli
and a translocation to the cytoplasm in response to calcium
stimulation [13].
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Among the S100 family, S100A16 is a “particular”
member since it has uncommon characteristics. The
N-terminal EF-hand was predicted to be functionally
inactive since it comprises 15 amino acids, and lacks the
conserved glutamate residue at the last position, analo-
gously to SIO0A7. The inability of the N-terminal EF-hand
to bind calcium was indicated by flow dialysis experiments
carried out by Sturchler et al. [13]. Such experiments
(performed in a high ionic strength buffer) revealed one
Ca”* binding site per subunit, with K4 of 430 uM, which at
physiological conditions would be two- to threefold lower,
thus becoming very similar to that of many other S100
proteins. Tryptophan fluorescence variations indicated the
occurrence of conformational changes upon calcium(Il)
binding in the C-terminal EF-hand, which lead to the for-
mation of a hydrophobic patch that could involve the
hydrophobic residues in helices III and IV and in calcium-
binding loop II. They also showed that S100A16 binds
zinc(Il) in a different site with respect to calcium(II).

Of the 22 members found in the human genome, 17
S100 proteins have genes located in the S100A cluster on
chromosome 1q21. Exceptions are S100P (located on
chromosome 4p16), S100Z (5q14), S100B (21q22), and
calbindin Dgy (Xp22) [14]. The human chromosomal
region 1g21 is structurally conserved during evolution and
exhibits several rearrangements which occur during tumor
development. Together with the finding of upregulation of
this protein in several cancer tissues [12], this indicates that
S100A 16 may have a role in the molecular origin of certain
types of tumors and thus that it deserves structural and
functional characterization studies.

Considering the uncommon behavior of SI00A16 with
respect to calcium binding, although several S100 protein
structures are already available, the structural character-
ization of human S100A16 in solution has been performed
in both the apo and the calcium(Il) states. The apo state
structure has been also solved in the crystal state. Mobility
studies through relaxation rate analysis were also per-
formed in solution. This information represents the starting
point for future investigations on the binding with possible
targets.

Materials and methods
Protein expression

The gene coding for human S100A16 was generated from
complementary DNA using two sets of primers, in two
successive runs of polymerase chain reaction (PCR), the
second set intended to amplify the specific target sequence
within the first, longer, run product. The first set of external
primers had the following forward and reverse sequences:
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Scheme 1 Amino acid sequence of SI00A16. The residues involved in calcium(Il) coordination are highlighted

OS116F1 (TGCTGGAGAGGAGGCAGA) and OS116R]1
(GGAAGGTCTGGAGGGAGAAG). The second set of
specific primers had the following forward and reverse
sequences: OS116F2 (AAACATATGTCAGACTGCTAC
ACG) and OS116R2 (ATAGAATTCACTAGCTGC
TGCTCT). The DNA amplified by PCR was cut with
restriction enzymes Ndel and EcoRlI, purified from agarose
gel and cloned into plasmid pET21a(+) (Novagen), pre-
pared with the same restriction enzymes. With this
expression strategy, the product of the cloned gene has the
wild-type sequence of the S100A16 protein (see
Scheme 1), without a tag and any additional amino acid.
Vector pET21a(4), containing the human S100A16 gene
and cloned to produce the protein without a tag, was trans-
formed in BL21-Gold Escherichia coli strain (Novagen).
Cells were grown in Luria—Bertani medium at 37°C until an
optical density of 0.7 was reached at 600 nm. The protein
expression was then induced by adding 1 mM isopropyl f-p-
thiogalactopyranoside. The culture was allowed to grow for
4 h and then cells were harvested by centrifugation. The
cell pellet was resuspended in lysis buffer [50 mM
tris(hydroxymethyl)aminomethane (Tris) pH 8.0, 200 mM
KCl, 1 mM dithiothreitol (DTT), 0.5 mM Pefabloc, 10 mM
EDTA], and soluble proteins were extracted by sonication
followed by centrifugation. The cleared lysate was then
precipitated by slowly adding streptomycin sulfate to 1%
and centrifugation at 15,000g for 20 min. The supernatant
was dialyzed in 50 mM Tris pH 7.0, 50 mM KCI, 1 mM
DTT, 10 mM EDTA (buffer A) and loaded on a Q Sepharose
FF column (Amersham) equilibrated in buffer A and eluted
with a linear gradient to 50 mM TrispH 7.0, 1 MKCI, 1 mM
DTT, 10 mM EDTA. The fractions containing S100A16
were collected, added to 2 mM CaCl,, and dialyzed against
50 mM Tris pH 7.4,200 mM KCI, 1 mM DTT, 2 mM CaCl,
(buffer B). The protein was then purified through hydro-
phobic exchange with a HiPrep phenyl FF column (Amer-
sham) equilibrated in buffer B and eluted with 50 mM Tris
pH 7.4, 200 mM KCl, I mM DTT, 5 mM EDTA. A final
purification step was performed with size-exclusion

chromatography on a HilLoad Superdex 75 16/60 column
(Amersham) equilibrated with 20 mM 2-morpholinoetha-
nesulfonic acid (MES) pH 5.5, 200 mM KCl, 1 mM DTT,
1 mM Pefabloc. Protein expression and purity were checked
at every step by sodium dodecyl sulfate polyacrylamide gel
electrophoresis in 17% polyacrylamide after staining of
protein bands with Coomassie blue R-250 against protein
marker (Novagen).

Samples of I5N- and 13C,ISN—enriched S100A16 protein
were produced as described above except for the use of M9
minimal medium containing (15 NH,4),S0O, and 13C-glucose
as the sole nitrogen and carbon sources.

To express the selenomethionine-labeled SI00A16 pro-
tein, the recombinant expression vector pET21la(+) was
transformed into the methionine-auxotrophic E. coli
B834(DE3). Cells were grown overnight in 150 mL of
selenomethionine medium base supplemented with seleno-
methionine nutrient mix (Molecular Dimensions) and
L-methionine (40 mg L™"). After collection by centrifugation,
cells were washed twice with water, resuspended in 1.0 mL
water, and added to 1.5 L of the above-mentioned medium
supplemented with L-selenomethionine (40 mg L™"). Cells
were grown and induced as described above. The recombi-
nant selenomethionine-labeled S100A16 protein was puri-
fied as for the native protein except that all buffers were
degassed and included a reducing reagent to avoid oxidation
of selenomethionine, and a chelator to remove traces of
metals that could catalyze oxidation. Full incorporation of
selenomethionine was confirmed by mass spectrometry
(calculated 11,764.2 Da; observed 11,762.05 Da).

Crystallization, data collection, and structure
determination

Crystallization trials on apo wild-type S100A16 and its
selenomethionine derivative were performed by the sitting
drop method from a solution containing 0.2 M potassium
citrate and 20% PEG3350 at 20°C. Hexagonal crystals
started to grow overnight.
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Several diffraction experiments at —173 °C were per-
formed using synchrotron light radiation. Single-wave-
length anomalous diffraction measurements were carried
out on the selenium edge wavelength (0.976 A) at beam-
line XRD-1 at ELETTRA (Trieste, Italy), and the high-
resolution monochromatic data collection was performed at
beamline BW7A at DESY-EMBL (Hamburg, Germany).

The selenomethionine derivative crystal diffracted to
2.5-A resolution and the native crystal diffracted to 2.1-A
resolution; the crystals belonged to the hexagonal space
group P6; (see below) with four molecules (i.e., two
functional dimers) in the asymmetric unit and a solvent
content of about 55%. The data were collected by the
rotation method using 0.5° steps. The two datasets were
processed using MOSFLM [15] and scaled using SCALA
[16, 17] and both showed a percentage of merohedral
twinning of about 10%. The statistics are shown in Table 1.

The analysis of the anomalous Patterson map performed
with the program SHELXD [18, 19], using the tenfold
redundant dataset collected at the selenium edge (0.976 A),
provided the positions of eight selenium atoms corre-
sponding to two methionines per monomer. The pre-
liminary phases obtained (figure of merit 0.25) were then
improved by density modification to a figure of merit of
0.75 using a solvent content of 55% with the program
autoSHARP [20, 21]. The first chain tracing after phase
refinement performed by ARP/wARP [22] was able to trace
180 residues in the electron density map out of 412; the
phases so obtained were then merged with the structure
factors of the higher-resolution native dataset and fed into a
new chain tracing procedure with BUCCANEER [23],
which yielded about 350 residues. The remaining residues
were then added and all the side chains were placed
manually using XtalView [24]. This procedure was applied
to both the possible space groups P6; and P6s. The latter
yielded only a small number of residues traced. Therefore,
the correct space group was identified as P6,.

Refinement was carried out using REFMACS [17, 25]
on the native dataset making use of NCS and TLS restraints
and taking twinning into account. Between refinement
cycles, the model was subjected to manual rebuilding using
XtalView [24]. Water molecules were added using the
standard procedure within ARP/WARP [22]. The stereo-
chemical quality of the refined model was assessed using
the program Procheck [26]. The Ramachandran plot was of
good quality with no residues in the disallowed regions.

The coordinates and structure factors were deposited in
the Protein Data Bank under accession code 3NXA.

It is worth mentioning that previous attempts to solve
the structure by molecular replacement were unsuccessful.
This was not due to a low structural homology of the
models used as templates, but to the presence of pseudo-
symmetry, due to the fact that the noncrystallographic axis
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Table 1 Data collection and refinement statistics of the single-
wavelength anomalous diffraction (SAD) and remote datasets

SAD dataset Remote dataset

Synchrotron beamline XRD-1 at ELETTRA  BW7A at DESY-EMBL

(detector) (MarCCD) (MarCCD)
7 (A) 0.976 1.006
Spacegroup P6, P6,
Cell dimensions (A) a=b=15596 a=b=15.57
¢ =37.09 c=138.14

Resolution (;A)

Total reflections

51.0-2.5 (2.64-2.50)
184,676 (17,630)
21,191 (2.821)

39.1-2.1 (2.21-2.10)
340,648 (20,115)

Unique reflections 29,230 (3,660)

Overall completeness (%) 96.0 (87.4) 91.6 (79.4)
Anomalous completeness 87.1 (58.9) -
(%)
Ryym (%)* 8.8 (42.3) 9.2 (39.9)
Rpim (%)° 4.4 (23.3) 2.6 (17.9)
Ranom (%)° 5.9 (22.2) -
Multiplicity 8.7 (6.2) 11.7 (5.5)
(lla(D)) 5.4 (1.8) 6.0 (1.8)
B factor from Wilson plot 413 29.5
(A%
Phases FOM before density  0.25 -
modification
Phases FOM after density 0.75 -
modification
Refinement statistics
Resolution (A) 39.1-2.1 (2.15-2.10)
Reflections in working set 26,651 (1,666)
Reflections in test set (9%) 2,650 (173)
Rerysi/Rivee (%) 24.7 (32.9)/29.8 (37.8)
Protein atoms 2,994
Water molecules 96
RMSD bonds (A) 0.07
RMSD angles (deg) 4.4
Average B factor (including metals) (Az) 52.50

Residues in most favored/additional allowed/ 88.7/10.1/1.2/0.0

generously allowed/disallowed regions (%)

Numbers in parentheses refer to the high-resolution shell

FOM figure of merit, RMSD root mean square deviation

? RSym = Zh Zl ‘Ihl_>lh<|/ Zh Ez >Ih<
P Ry = 30 1 () e = )01/ 300 220 )
© Ranom = Sy |1 (BKD) = (1(—h = k = D)1/ g (1(RRD) + (1~ — k= 1))

relating the two dimers in the asymmetric unit is close to
one of the crystallographic axes. An additional problem is
caused by the simultaneous presence of 9-10% merohedral
twinning with the operator k, h, —I. The latter factor also
accounts for Reyys and Rge. values which are higher than
might be expected from the data resolution.

Isothermal titration calorimetry
Calcium(II) binding to S100A16 was characterized by

measuring the heat changes during the titration of CaCl,
into the protein solution using a MicroCal (Northampton,
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MA, USA) VP titration calorimeter. SI00A16 and CaCl,
solutions were centrifuged and degassed under vacuum
conditions and equilibrated at 37 °C before titration. The
sample cell contained 0.2 mM S100A16 dissolved in
20 mM MES buffer (pH 5.5) with 200 mM KCI; the ref-
erence cell contained water. The solution of 10 mM CaCl,
was prepared in the same buffer used in the cell sample.
Upon equilibration, titrations were performed by injecting
7-uL aliquots of 10 mM ligand (CaCl,) into a 0.2 mM
solution of SIO0A16 using the default injection rate with a
300-s interval between each injection to allow the sample
to return to the baseline. The resulting titration curves were
corrected using the protein-free buffer control.

NMR spectroscopy and solution structure
determination

All NMR experiments for assignments were performed at
25 °C with a Bruker 500 MHz spectrometer equipped with a
cryoprobe. Apo and calcium(Il)-loaded S100A16 samples
(0.6 and 0.8 mM, respectively) were 13C,PN-labeled, in
20 mM MES, 200 mM KCl, and 1 mM DTT buffer (pH
5.5), containing 10% D,0. Sequential assignments of the
backbone resonance were achieved via HNCO, HNCA,
CBCA(CO)NH and HNCACB spectra. Side chain assign-
ments were performed through 3D (H)CCH total correlation
spectroscopy, HBHA(CBCACO)HN together with '°C
nuclear Overhauser effect spectroscopy (NOESY) hetero-
nuclear single quantum coherence (HSQC) and ISN-NOESY
HSQC experiments. Proton—proton distance restraints were
derived from the analysis of 2D-NOESY, '"N-NOESY-
HSQC, and ">C-NOESY-HSQC spectra acquired with a
Bruker 900 MHz spectrometer equipped with a cryoprobe.
The spectra were processed using TOPSPIN 2.0 and ana-
lyzed with CARA [27]. Backbone dihedral angles were
obtained from TALOS+ [28] from the chemical shifts of N,
HN, H*, C, C* and C” nuclei. The structures were calculated
using the program CYANA-2.1 [29, 30] by imposing the
dimer symmetry constraint (noncrystallographic symmetry
constraint). The two subunits in the dimeric structure were
linked together through a chain of dummy atoms with zero
van der Waals radii. The calcium(II) ions were included in
the calculation of the calcium-loaded form by adding new
residues in the amino acid sequence. Four chains of dummy
atoms with zero van der Waals radii, which can freely
penetrate into the protein, each of them ending with one
atom with a radius of 1.8 A which mimics the calcium ion,
were included for this purpose. Protein ligand atoms were
linked to the metal ion through upper distance limits of 3 A,
according to the structure of SI00A13.

The best 30 structures out of the calculated 350 struc-
tures of the CYANA family were then subjected to
restrained energy minimization with AMBER 10 [31].

Nuclear Overhauser effect (NOE) and torsion angle
restraints were applied with force constants of 50 kcal
mol™' A=2 and 32 kcal mol™' rad™2, respectively. The
programs PROCHECK-NMR [32] and WHATIF [33] were
used to evaluate the quality of the structures.

Calcium(II) titration was performed with a Bruker
600 MHz spectrometer at 25 °C with 356 pM apo-
S100A16 sample. "H-""N HSQC spectra were acquired for
different Ca®" concentrations in solution (0.1,0.2,04, 0.8,
1.6, 3.2, 6.4, and 12.8 mM).

The coordinates of the apo and calcium(Il) solution
structures were deposited in the Protein Data Bank under
accession codes 21.50 and 2L51, respectively.

Zinc(Il) titrations were also performed on both apo-
S100A16 and calcium-bound S100A16 with the same
experimental conditions as for the calcium(Il) titration.
"H-'N HSQC spectra were acquired for different Zn*"
concentrations in solution (0.1, 0.3, 0.5, 1, 2, 4, and 8 mM).

Heteronuclear relaxation measurements

ISN-RI, R,, and steady-state heteronuclear '"H-'>N NOEs
were measured using a 700 MHz spectrometer using
standard pulse sequences [34, 35], at 25 °C. The longitu-
dinal (R;) and transverse (R,) relaxation rates were deter-
mined by fitting the cross-peak intensities as a function of
the delay to a single-exponential decay through the stan-
dard routines of the Sparky program [36]. The heteronu-
clear NOE values were obtained from the ratio of the peak
height for 'H-saturated and unsaturated spectra. The het-
eronuclear NOE values and their errors were estimated by
calculating the mean ratio and the standard error from the
available data sets. R;, R,, and NOE values were obtained
for 91 out of the 102 assigned backbone “H resonances for
both the apo and the calcium forms. Estimates of the
reorientation time were then calculated with the model-free
approach [37] and S* values were calculated with the
program TENSOR?2 [38]. Theoretical predictions of NH R,
and R, values for apo-S100A16 and calcium(Il)-loaded
S100A16 were calculated using HYDRONMR [39].

Results
Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were
performed to investigate the binding of calcium(Il) ions.
The binding between apo-S100A16 and Ca*" is endo-
thermic and the reaction proceeds with a positive change in
enthalpy. The ITC curve obtained, shown in Fig. 1, is
hyperbolic. The best-fit analysis performed using the one
binding site model yields an apparent dissociation constant
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Fig. 1 Isothermograms for the binding of SI00A16 to Ca*". The raw
data and the fit to the one binding site model are reported in the upper
panel and the bottom panel, respectively. The fit performed using a
sequential two binding sites model is of similar quality. Appropriate
background corrections were made to account for the heats of dilution
and ionization. All experiments were performed at 25°C

of approximately (2.7 £ 0.2) x 10~* M, with 1.88 & 0.08
binding sites per subunit. The same data were also ana-
lyzed with a sequential binding sites model, assuming the
presence of two different calcium binding sites per subunit.
The analysis with the two binding sites model provided
relatively similar AH and dissociation constant values,
without any significant improvement in the quality of the
fit. Therefore, ITC data provide a single binding constant,
as previously reported [13] and of similar value, but also
suggest the possibility that calcium(Il) binding could
actually involve both sites in a cooperative way.

NMR resonance assignments

The 'H-""N-HSQC NMR spectra showed well-dispersed
signals in both dimensions, which indicated that ST00A16
is well folded in both the apo and the calcium-loaded
states. All the backbone resonance signals were assigned,
except those for Tyr-20 and His-95 in apo-S100A16,

@ Springer

Val-23 and Lys-35 in calcium(Il)-loaded S100A16, and
Ser-2, Lys-32, and Pro-89 in both forms.

Ca”" titration of apo-S100A16

The binding of calcium(II) to apo-S100A16 was monitored
by following the changes in the 'H-'>N-HSQC NMR
spectra of '"N-labeled apo-S100A16 (Figs. SI, S2). The
intensity of most peaks in or around both calcium binding
regions (from Ser-24 to Ser-34 and from Asp-67 to Glu-78)
decreased immediately after the addition of Ca”, becom-
ing invisible even before reaching a 1:1 ratio between
calcium(Il) and S100A16. New peaks with increasing
intensity then appeared with different chemical shifts when
excess Ca’t was added, up to a S100A16-to-calcium(II)
ratio of about 1:10. This behavior is indicative of an
intermediate exchange regime. In contrast, some other
peaks continuously changed their chemical shifts upon
increasing the Ca*" concentration up to a 1:10 SI00A16-
to-calcium(Il) ratio, as for systems in the fast exchange
regime. These peaks were those experiencing a minor
chemical shift perturbation. No peaks showed the typical
behavior of the slow exchange regime. The analysis of the
chemical shift titration thus indicates that calcium ions
perturb several residues in both calcium(II)-binding loops.

Figure S3 shows the change in chemical shift during
titration of some fast-exchanging residues, and the corre-
sponding best-fit curves. A dissociation constant of about
3 x 107* M can be estimated assuming a cooperative
binding model, as found from ITC measurements. This
value is in agreement with the value obtained from ITC,
and again suggests the presence of two binding sites for
calcium(Il). Note that both fast-exchanging residues and
intermediate-exchanging residues belong to both calcium-
binding loops, as the different exchange behavior during
the titration depends on the difference in the chemical shift
of the apo and calcium forms of the different residues.

Figure 2 shows the chemical shift perturbation on passing
from the apo to the calcium(II) form of SI00A16. The changes
(with an average value of 0.11 ppm) are smaller than for other
S100 proteins (average values of, e.g., 0.5 ppm for SI00AS
and 0.37 ppm for S100A13). The residues undergoing the
largest changes in chemical shifts are located in the two EF-
hand loops, the calcium binding sites. The small chemical shift
perturbation experienced by residues not belonging to the
metal binding sites indicates that the conformational changes
occurring between the apo and the calcium-bound forms are
smaller than those observed for other S100 proteins.

5N relaxation measurements

The relaxation parameters for apo-S100A16 and calcium-
loaded S100A 16 are shown in Fig. 3. The reorientation times
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Fig. 2 Chemical shift perturbation (CPS) of S100A16 upon cal-
cium(Il) binding. The horizontal line indicates the average value.
Shift perturbations are reported as a weighted average of the amide
proton and amide nitrogen shifts using the formula Ad = [(Adg)® +
(AGI5)1%5

corresponding to the observed relaxation rates were calcu-
lated to be 12.3 = 1.5 and 12.3 £ 1.8 ns for the apo and
calcium-loaded forms of S100A 16, respectively, indicating
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that the protein is dimeric in both forms, and in agreement
with the molecular weight and the reorientation times
observed for other S100 homodimeric proteins [40-44].

In both apo-S100A 16 and calcium-loaded S100A16, the
first residues in the N terminus and the residues in the C
terminus are poorly structured as a result of their fast
internal mobility, revealed by the small or negative NOE
values, as well as by the large R, and the small R, values.
Fast motion is also detected for some residues at the
beginning of helix II (Ser-37, Phe-38 in the apo form; Ser-
36, Phe-38 in the calcium form). Sizable motion is detected
for loop L1 of the N-terminal EF-hand motif and linker L2
between the two EF-hand motifs.

Upon calcium binding, several residues are subject to an
increase in mobility. Faster internal motions are present in
loop L1 (the "H-""N-NOE values decrease with respect to
the apo form), whereas the residues at the end of helix IV
(Gly-84, Ile-86, Ile-90, and Ala-91) and Asp-67 experience
motions on a slower timescale, as indicated by the signif-
icantly larger R, value compared with the average values
observed for the other residues. A reduction in mobility is,
in contrast, observed upon calcium binding for the residues
in loop L3 of the C-terminal EF-hand motif.

Calcium(I)-S100A 16
H1 . L1
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Fig. 3 Sequential plot of the experimental relaxation parameters of apo-S100A16 and calcium(II)-loaded S100A16. The values calculated with

HYDRONMR are shown as bars
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Solution structure of apo-S100A16 and calcium-loaded
S100A16

The solution structures of human S100A16 in the apo and
calcium-loaded forms were calculated from a total of 1,177 and
1,167 meaningful intrasubunit upper distance limits and 89 and
94 intersubunit upper distance limits for the apo and calcium
forms, respectively. Few NOE patterns were detected for the
residues in loop L1 between helix I and helix II and at the C
terminus, consistent with the observed mobility in these
regions. In the calcium form, the Ca" ions were restrained to be
within 3 A from the oxygen ligand atoms (O of Val-23, Tyr-26,
Leu-28, and Lys-32 for the N-terminal Ca’* binding site; OD1
of Asp-67 and Asn-69; OD1 and OD2 of Asp-71; O of Arg-73;
OE1 and OE2 of Glu-78 for the C-terminal Ca>* binding site).

Since no unique NOEs were detected for one subunit and
not for the other, the calculations were performed by
imposing the dimer symmetry constraint into the CYANA
calculation. The root mean square deviation (RMSD) from
the mean structure for the structured regions of the dimeric
protein is 0.8 & 0.1 A (backbone) and 1.2 + 0.1 A (heavy
atoms) for apo-S100A16 (residues 7-23, 35-97 of both
subunits) and 0.7 & 0.2 A (backbone) and 1.1 & 0.1 A
(heavy atoms) for calcium(Il)-loaded S100A16 (residues
7-23, 35-97 of both subunits). PROCHECK-NMR and
WHATIF programs were used to validate the structures on
the Web site https://nmr.cmbi.ru.nl/icing/iCing.html. More
than 98% of the residues in both apo and calcium(II) structure
families were located in the allowed regions of the Rama-
chandran plot. The statistical analysis is reported in Table 2.
The not excellent quality is common to many S100 proteins,
probably owing to the property of this class of proteins (and of
other signaling proteins based on the EF-hand domain) to
change conformation depending on the calcium state. The
relaxation rates calculated with HYDRONMR [39] from the
minimized mean structures under the assumption of no
internal motions, shown in Fig. 3, are in overall agreement
with the averaged experimental values. This confirms that the
protein is dimeric. On the other hand, the differences between
the calculated and observed relaxation rates make it easier to
appreciate the presence of mobility for some residues (see
«I5N relaxation measurements”) [45-51].

The calculated families of structures are shown in Fig. 4.
In both forms, the four helices of the two EF-hand motifs of
each subunit are well defined, whereas loop L1 of the fist EF-
hand motif is less well defined. These results are in line with
the relaxation results. Helix IV is interrupted by residue Pro-
89, after which the helical arrangement starts again.

Crystal structure of apo-S100A16

The crystal structure of apo-S100A16 was solved as
described in the “Materials and methods.” The statistics
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Table 2 Structural restraints and statistical analysis

Apo- Ca(II)-
S100A16 S100A16
NOE upper distance limits
Intrasubunit 1,177 1,167
Intraresidue 510 560
Interresidue
Sequential (li — jl = 1) 288 288
Medium range (li — jl < 4) 236 224
Long range (li — jl > 5) 143 95
Intersubunit 89 94
Dihedral angle restraints per subunit
10 64 62
"] 64 62
Average RMSD from the mean (A)
Backbone 1.2 +£0.2° 1.1 £0.3*
0.8 +0.1° 0.7 +£0.2°
Heavy 1.7 £ 0.3* 1.7 £ 04*
12+0.1° 11+0.1°
Residual CYANA target function (Az) 0.7 £ 0.1 0.7 + 0.1
Structure analysis
Residues in most favorable regions (%) 82.1* 81.5°
87.5° 87.2°
Residues in allowed regions (%) 13.9° 14.1*
11.2° 11.4°
Residues in generously allowed regions (%) 2.2° 2.7%
0.7° 0.9°
Residues in disallowed regions (%) 1.8* 1.7%
0.6° 0.5°
Structure Z scores
2nd-generation packing quality —2.6£0.3 —25+£04
Ramachandran plot appearance —4.7 £ 0.5 —44 £ 04
s1/y> rotamer normality —57+£0.3 —53+04
Backbone conformation —0.8 £ 0.5 —-0.7 £ 0.5

RMS Z scores

Bond length 1.187 4 0.002 1.184 £ 0.003

Bond angles 0.83 £ 0.01 0.86 + 0.02
Omega angle restraints 1.9 +£ 0.1 20402
Side chain planarity 21+£03 20+£02
Improper dihedral distribution 1.27 £ 0.05 1.33 &£ 0.05
Inside/outside distribution 1.04 & 0.03 1.01 & 0.01

NOE nuclear Overhasuer effect, RMS root mean square
# Values were calculated in the sequence range 7-95 of both subunits

® Values were calculated in the sequence ranges 7-23 and 35-95 of both
subunits

are reported in Table 1. The structure generally shows a
well-defined electron density map for the four helices of
the two EF-hand motifs of each subunit except for residues
from 51 to 71 of monomer D, comprising helix III and part
of the loop between helix III and IV. This is consistent with
a very high degree of mobility of these regions in the
crystal lattice, as also indicated by the B factors. To obtain
reasonably low R values, the geometry weight had to be
lowered in the refinement procedure, and this resulted in
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Fig. 4 Solution structural

families of the SI00A 16 subunit

and ribbon representation of the
homodimer mean structures of

the protein in the apo and
calcium(II)-bound forms. I
Roman numerals indicate the
helix numbers. Calcium ligand
loops are shown in magenta.
Pro-89 is shown in yellow

Fig. 5 a Three-dimensional
structure of one of the two
homodimers in the crystal
structure (in yellow)
superimposed on the mean
solution NMR structure (in
blue) of apo-S100A16, and

b backbone root mean square
deviation (RMSD) between the
crystal structure and the mean
average structure

rather high RMSD for bond lengths and angles. Twinning
(mainly) and pseudosymmetry (partially) are likely the
reasons for this deviation from standard statistics for a
crystal structure of analogous resolution.

The superposition between the mean NMR apo structure
and the X-ray structure shows that the solution and solid-
state structures of apo-S100A16 are in overall agreement,
with the exception of loop L1 and loop L3 regions, as
shown in Fig. 5. The mean backbone RMSD between the
two structures of each subunit is 2.6 A in the whole range
of protein residues, but if we consider only the sequence
ranges 7-23 and 35-95, it decreases to 1.7 A, and if we
exclude the two above-mentioned regions (residues 24—34
and 66-73), besides the very first and last residues at the N
terminus and C terminus, which are intrinsically mobile,
the RMSD decreases to 1.3 A, indicating that the structures
are in good agreement (Fig. 5). Furthermore, the dis-
agreement is mainly due to local discrepancies rather than
to overall changes in the interhelical angles (see Table 3).

Apo-S100A16

Calcium(II)-S100A 16
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Zn** and Cu”" titration of apo-S100A16

After addition of Zn*" to apo-S100A16, the peak intensity
of the residues located in the hinge loop, in the turn region
of the last helix, and at the N terminus started decreasing
appreciably at a SI00A16-to-zinc(II) ratio of 1:1, and some
peaks disappeared when a 1:3 ratio was reached. No new
peaks appeared during the whole titration, and all other
peaks remained unperturbed. Similar changes were
observed during the zinc(Il) titration of calcium(II)-loaded
S100A16.

S100A16 should thus bind zinc(Il) with low affinity
[dissociation constant greater than 10~* M for the apo form
and even larger for the calcium(II) form]. Some residues in
the hinge loop (His-48) and at the N terminus (Cys-4, Glu-
9) of the other subunit may constitute the Zn*" ligands.

Copper(Il) titration of apo-S100A16 was also attempted
but the protein immediately precipitated after addition of
copper(1l).
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Table 3 Angles between different helices, the directions of which
are defined by the eight residues immediately preceding or following
each EF-hand loop, calculated from the mean solution NMR structure
(the errors are calculated from the standard deviations within the 30
structures of the families)

Apo-S100A16 (deg) Ca(II)-S100A16 (deg)

I-1I 136 & 3 (128 £ 2) 142 £ 4
I-1II 56 £ 4 (64 £ 3) 59 +£4
-1V 118 £3 (116 £ 1) 114 + 4
1111 157 £5 (163 £ 2) 144 + 4
-1v 52+637x1) 60 = 6
I-1v 148 £3 (153 £ 1) 150 + 4
I-T 136 £3 (154 £ 1) 138 £ 6
V-1V’ 156 & 4 (158 £ 2) 166 + 4

The values in parentheses refer to the angles calculated from the X-
ray structure

Discussion

In both apo-S100A16 and calcium-loaded S100A16,
dimerization mostly occurs through interactions between
helices I, T, IV, and IV’, which form an X-type helix
bundle. Hydrophobic residues Trp-80 and Ile-83 in helix
IV make several contacts with Leu-8, Val-12, and Leu-15
in helix I' and with Trp-80 and Ile-83 in helix IV’ of the
other subunit. Residues Glu-45, Leu-46, His-48, and Met-
49 in the hinge loop between helices II and III also make
contacts with residues near the N terminus of helix I’ of the
other subunit. In the SIO0A16 dimer, all these interactions
align helices I and IV in opposite directions to helices I’
and TV’, respectively.

The overall fold of the protein in the apo form is in
agreement with the previously known structures for other
S100 proteins [41, 44, 49, 52-54]. However, and differently
from most of the other S100 proteins, it is apparent that after
calcium binding SI00A16 does not undergo any major
conformational changes. Indeed, the backbone RMSD
between the apo and the calcium(II)-loaded solution struc-
tures in the structured regions of the dimer (7-23, 35-95
of both subunits) is only 1.6 A (Fig. 6). The C-terminal
EF-hand motif does not move to the open conformation
upon calcium(Il) binding as shown experimentally, for
instance, by the presence of strong NOEs between Ala-59
in the third helix and Ile-86 in the fourth helix.

The largest change in the solution structure of SI00A16
upon calcium binding is in the angle between helices I and
III, which varies from 157 % 5° in the apo form (163 + 2°
in the crystal structure) to 144 + 4° in the calcium-loaded
form (see Table 3). The angles are measured by defining
the directions of the a-helices in each EF-hand motif from
the eight residues immediately preceding and following
each EF-hand loop [55]. For solution structures, such val-
ues are calculated from the mean NMR structure and the

@ Springer

16 - -
14 /
1 [ ]
124 /
[ ]

— 10

RMSD (A

20 40 60 80 100
Residue number

Fig. 6 Backbone RMSD between the apo-S100A16 and the cal-
cium(Il)-loaded SI00A16 mean solution structures

corresponding errors from the standard deviation observed
within the structures of the families. The approximately
15-20° difference in the angle between helices II and III
upon calcium coordination is significantly smaller than that
measured for SI00A13 (40°), which is the closest neighbor
of S100A16 in the phylogenetic tree.

The angle between helices III and IV is 148 & 3° in the
apoprotein (153 £ 1° if measured in the apo crystal
structure), as expected for the almost antiparallel arrange-
ment typical of EF-hand motifs in the absence of calcium.
In other S100 proteins, such as S100A3, SI00AS, and
S100A13, such an angle typically changes by 30-50° upon
calcium binding [44, 49], so the two helices become almost
perpendicular [53, 56-58]. In contrast, in the calcium-
loaded S100A16, the angle between helices III and IV is
150 + 4°, so they remain almost antiparallel. Corre-
spondingly, helices I and T and helices IV and IV’ make
similar angles in both the apo and the calcium forms, dif-
ferently from most S100 proteins.

As shown in Fig. 6, there is a significant conformational
difference at the C terminus between the mean solution
structures of SIO0A16 in the apo and calcium forms. This
difference is due to the large mobility in solution of the
residues after the last helix.

As already seen, the differences between the X-ray
structure and the NMR structure of apo-S100A16 are
mainly in the loops and in the N-terminal and C-terminal
regions, due to disorder of these protein regions in solution,
in this case likely due to mobility. The global orientation of
the helices is, in contrast, very similar, as shown in
Table 3. The global orientation of the helices is actually the
main criterion to judge how much conformational change
takes places.

The superposition of the NMR structure onto the crystal
structure and the following symmetry expansion (coherently
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with the crystallographic symmetry) does not show any
significant difference in the crystal packing contacts with
respect to those present in the crystal structure. This implies
that the structural differences in the above-mentioned
regions in the solid state are not due to packing contacts but
are related to an intrinsic mobility of those regions.

A principal component analysis of the six interhelical
angles representing the reciprocal orientation of the four
helices [55] clearly shows the peculiar features of SI00A16
within the EF-hand family. With use of the first two prin-
cipal components, it is found that EF-hand proteins are
clearly clustered into two subgroups (closed and open)
which are characterized by the protein metal content, i.e.,
the apo and calcium-loaded forms. The principal compo-
nent values for the two forms of SIO0A16 in solution were
calculated from the interhelical angles reported in Table 3
and plotted together with the values previously calculated
for all the other S100 proteins [49] (Fig. 7), by using the
same coefficients for the interhelical angles reported in
Babini et al. [55]. The principal component plot shows that
apo-S100A16 is regularly positioned with respect to the
other apo S100 proteins, whereas in the calcium-loaded
form it is still located in the subgroup corresponding to
the closed structures in the apo state. Therefore, and at

407 closed _---"7""-~_
/ apoA16 O \
20 " Foo 1
\ o © mGa-Al6 !
~ open O,
S T T e o .-
O 04 re N Tt B
’ AN
”I [ ] O\\
1 ) ° ° ‘I
-20 L e ® e s /
‘\ ® eo ’
o8 o il
'40 T T T '\—-I-—' T T T T T

T T T 1
-20 0 20 40 60 80 100 120
PC1

Fig. 7 Principal component plot for the S100 proteins derived from
principal component analysis of the six interhelical angles. Apopro-
teins (S100A1, S100A2, S100A3, S100A4, S100AS, S100A6,
S100A10, S100A11, S100A13, S100A16, S100B, calbindin Dgy)
are indicated with open circles and calcium(Il)-bound proteins
(S100A1, S100A4, S100A5, S100A6, S100A7, S100A8, S100A9,
S100A12, S100A13, S100A16, S100P, S100B, calbindin Dgy) are
indicated with solid circles. The two open symbols not regularly
placed with respect to the other correspond to calbindin Doy, and
S100A10 in the apo form. The solid symbol not regularly placed with
respect to the other corresponds to SI00A16 in the calcium(II)-bound
form. The data are based on the structural information reported in
Table 3 and on data reported in Bertini et al. [49]. PCI first principal
component, PC2 second principal component

variance with all the other S100 proteins, the calcium-
loaded form maintains a similar overall arrangement as the
apo form. It is to be noted that the only other S100 proteins
not regularly placed in the principal component plot are
calbindin Dgy, and S100A10. However, and at variance with
S100A16, for both of them the apo form maintains an
arrangement similar to that of the calcium-loaded form. In
other words, calbindin Dg, and S1I00A10 are already in the
open conformation even in the absence of calcium,
whereas, in contrast, SI00A16 is the first example of a
calcium-loaded form which remains almost as closed as the
apo form.

In most S100 proteins the two calcium binding sites are
the classic EF-hand C-domain binding site and the S100-
specific N-domain binding site. The former contains highly
conserved calcium ligand residues at positions 1, 3, 5, 7,
and 12, and has a larger affinity for the metal. The latter is a
14-residue motif where the calcium ligands are the back-
bone oxygen atoms of the residues at positions 1, 4, 6, and
9 and, in most cases, two side chain oxygen atoms of the
residue at position 14 (usually Glu). The N-domain binding
site of SI00A16 lacks the glutamate at this last position
(see Scheme 1). This is expected to sizably decrease the
calcium binding affinity, because two important ligands are
missing. Furthermore, the N-terminal EF-hand comprises
15 amino acids instead of 14, owing to the insertion, unique
for S100A 16, of residue Leu-28, and the ligand at position
9 is replaced by a ligand at position 10. SI00A16 has been
reported to bind one calcium(II) ion only for each subunit,
i.e., that in the C-terminal EF-hand, through flow dialysis
experiments (buffer 50 mM Tris-HCI, pH 7.5, 500 mM
KCl) [13]. The present study suggests that in our conditions
S100A16 indeed retains the ability to bind a calcium ion
(with low affinity) also in the N-terminal EF-hand motif
even without the glutamate at position 14. The calcium
titration followed by NMR spectroscopy indicates that
most of the residues on both calcium binding sites are in an
intermediate or fast exchange regime. Chemical shifts
changed until 10 equiv of calcium(II) per subunit was
added, pointing out the low binding affinity for both sites.

The present observations allow us to make some general
comments on the energetics involved in the calcium-trig-
gered conformational changes that characterize the func-
tional role of S100 proteins. To do so, reference can be
made to Fig. 8a, where the calcium binding and the con-
formational changes are separated. As illustrated in the
figure, the equilibrium constant K for the apo closed form
and the calcium(Il) open form is the product of the equi-
librium constant for the apo and the calcium forms in the
closed state (K;) multiplied by that for the closed and open
forms in the calcium(Il)-bound state (K3): K = K; K3
(=K3K4). For “normal” S100 proteins, K, < 1 (i.e., the apo
closed form is more stable, see Fig. 8b) and K3 > 1 (i.e,,
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Fig. 8 Equilibrium constants
(a) and energy levels (b—d) for
the of open and closed forms of
the S100 structures in the apo
and calcium(II)-bound states.
Observable forms of “normal”
S100 proteins (b), calbindin Do
(c), and S100A16 (d) are
highlighted with dashed lines
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the calcium open form is more stable). In the case of cal-
bindin Dy, the apoprotein is more stable in the open form
(K; > 1), ie.,, in a “calcium-ready” form (Fig. 8c).
Therefore, calcium binding is enhanced, as K4 > 1. Con-
versely, S100A10, which also exists as apoprotein in a
“calcium-ready” form, has lost its ability to bind calcium.
It has been speculated that SIO0A10 is a structural protein
that needs to always be in the open form and does not need
to be opened by a signal, and therefore has lost its ability to
bind calcium. Indeed, the first putative binding loop lacks
three residues and cannot bind Ca’* [59], and some amino
acid replacements in the second putative binding loop
(Asp-Cys at position 61, Glu-Ser at position 70 with
respect to calbindin Dgy) hamper the ability of this loop to
bind calcium [60]. S1I00A10 is in fact in a permanently
activated state, having hydrophobic residues exposed even
in the absence of Ca’* [60, 61], which allow the protein to
act as a linker tethering certain transmembrane proteins to
annexin A2 and thereby assisting their traffic to the plasma

Fig. 9 Electrostatic surface
representation of the SI00A16
dimer

Apo S100A16
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membrane and/or their firm anchorage at certain membrane
sites [62]. So, for both calbindin Do, and S100A10, K, > 1.
The case of SI00A16 investigated here is an unprecedented
case of K3 < 1, i.e., the closed calcium-loaded form is
more stable (Fig. 8d). This, of course, implies that K; > 1,
despite the fact that the collective binding of the two cal-
cium ions is relatively weak. In turn, this suggests that
K, > 1 also for the “normal” S100 proteins, and that their
higher calcium affinity is due to a favorable combination of
both K; > 1 and K3 > 1. In other words, S100A16 is
somehow the opposite of calbindin Dg,. Whereas in normal
S100 proteins calcium binding is described by the product
K = K, K3, in the case of calbindin Dy, and S100A16
calcium binding is only described by either K4 or Kj,
respectively. The relatively small calcium affinity of
S100A16 is thus due to the low value of K3, which makes
the binding only dependent on K.

The presence of hydrophobic interactions represents an
important factor in moving the equilibrium between the
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open and the closed forms in EF-hand motifs. In S100
proteins this equilibrium depends mainly on the presence/
absence of interactions between the hydrophobic residues
of the third and fourth helices. In SI00A16 the number of
hydrophobic residues present in the third helix is larger
than for other S100 proteins. In the closed form of
S100A16, strong interactions among hydrophobic residues
are actually present between the third helix (residues
Ala-58, Ala-59, Leu-62, Ile-63,and Leu-66) and the fourth
helix (residues Leu-82 and Ile-86). These interactions are
likely to make the closed structure of the second EF-hand
particularly stable, so even upon calcium(II) binding such a
conformation is not disrupted.

In S100A16, helix IV has the same length in both the
apo and the calcium-bound states, differently from some
other S100 proteins (S100AS, S100A6, and S100B), where
it is longer in the calcium(II)-bound form than in apo form
[49, 53, 63, 64]. The helix is interrupted and divided into
two short helices by an 84-89 (Gly-Gly-Ile-Thr-Gly-Pro)
sequence motif with three glycine residues and one proline
residue. In water-soluble proteins, proline is a potent helix
breaker [65]. It either breaks or kinks a helix because it
cannot donate an amide hydrogen bond, and because its
side chain sterically interferes with the backbone of the
preceding turn. This forces a bend of about 30° in the helix
axis [66, 67]. Furthermore, the glycine residues also tend to
disrupt helices because their high conformational flexibility
makes it entropically expensive to adopt the relatively
constrained o-helical structure and because they lack
hydrophobic stabilization [68].

Upon calcium binding, the global shape of the dimeric
protein changes, as a result of the structural differences, as
well as of the change in the distribution of surface charges.
The electrostatic potential surface calculation, the results of
which are shown in Fig. 9, was performed with MOLMOL
[69] after inclusion of the calcium(Il) charge into the
AtomCharge setup file. Red and blue areas indicate nega-
tively and positively charged regions, respectively. On
passing from the apo to the calcium-loaded form, hydro-
phobic and positively charged residues are more exposed,
whereas negatively charged residues are somewhat less
exposed. These features may be important for the binding
capability of the protein in the two forms. In fact, each
S100 protein seems to show a peculiar surface charge and
hydrophobic distribution as well as different changes upon
calcium binding, ranging from exposing a more hydro-
phobic surface, to a larger negatively charged surface, or to
a different position of charged and hydrophobic residues on
the surface. This diversity is likely to be linked to the their
different target specificities.

In conclusion, we have shown that the homodimeric
structure of human S100A16 is subject to conformational
rearrangements upon calcium(Il) binding that are much

smaller than those observed for most of the other S100
proteins. This is likely to be related to the weak binding
affinity of the protein for the calcium(Il) ions, and to the
fact that the closed structure of the second EF-hand is
particularly stable in the presence of strong hydrophobic
interactions, so even upon calcium(II) binding such con-
formation is not disrupted.
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