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1
INTRODUCTION



1.1 C&" in biological systems

Calcium is an abundant "inorganic element" in lgatal systems. Of the approximately
1400 g of calcium in the human body, most of itinemobilized in bones and teeth as
hydroxyapatité. A minor part circulates as free €£an the blood and in the extracellular
space or is stored intracellularly in distinct cartments’

c&* ions, as recognized widely, are central to a cempitracellular messenger system
that is mediating a wide range of biological pr@ess i.e. muscle contraction, secretion,
glycolysis and gluconeogenesis, ion transport aiddivision. The concentration of €ais
largely ranging across the plasma membrane, whdracellular concentrations are 10,000
times higher than intracellular ones. External asignsuch as hormones, light, stress or
pathogenesis, can often lead to transient increasesicium concentrations within the cell.
The increasing Ca concentration is the result of either the inflibeatracellular C& or the
release of this cation from internal stores, patidy the ER/SR (endoplasmic/sarcoplasmic
reticulum), which lead to calcium binding by regoly proteins. The influx of Ca ions
contributes the switch of many cellular processasiing them from an ‘off’ state to an ‘on’
state® For the reverse functional switch, T#ns are actively pumped outside the cell
across the membrane by the plasma membrane calditirmse (PMCA pump). The
concentrations of free cellular €a being in ‘off’ state, are maintained at the lewsl
100-200 nM.

C&* ions are also known to play various roles outsidls. In the blood plasma of
mammals, in which the Gaconcentration exceeds the intracellular by a factabout 16,
Ccd* ions are instrumental in joining certain proteinsthe blood-clotting system with
membrane surfaces of circulating cells. Many exitatar enzymes also contain €aons,
sometimes at the active site but most often atrdduations. It is generally believed that’Ca
ions confer an increased thermal stability on pnsteand indeed proteins in heat-tolerant

microorganisms often hold many €aons’*®

1.2 C&" -binding proteins

When C&" flows into the cytoplasm during the ‘on’ statep#écomes bound to a wide

variety of C&'-binding proteins, many of which belong to a hongolas family defined by



helix—loop—helix secondary structure termed the-HaRd' motif? Functionally, EF-hand
proteins can roughly be divided into two generabsks: the Gasensors and the Eabuffers.
The C&" sensors translate the chemical signal of an ised®&4" concentration into diverse
biochemical responses. This signal transductioacisomplished predominantly through a
Cd*-induced conformational change, as illustrated fy tlassic examples of calmodulin
(CaM), recoverin or S100 proteins. The*Chuffers are a smaller subset of the EF-hand
protein family. Exemplified by calbindin D9k and rgalbumin, these proteins help to
modulate the A signal both spatially and temporally as they kimel free C&' to transmit
the signal throughout the cell or to remove theeptially harmful ion from the cytoplastfi
This classical EF-hand motif is characterized sequence of 12 amino acid residues
with the pattern X*Y*Z*-Y*-X**—Z. (Figure 1) The psitions X, Y, Z, —X, =Y and -Z
represent the ligands, which participate in metardination, and the stars represent the
intervening residues. Strong preferences existafpartate and glutamate in the 1 and 12
coordinating positions respectively. The sixth desi in the loop is necessarily glycine due to
the conformational requirements of the backbonee Trttervening residues are typically
hydrophobic and form a hydrophobic core that sizdsl the two helices. Functional EF-hands
are found in pairs and are required for the cori@ding of the proteins and unique variations

of calcium binding co-operativit$.

Figure 1: Ca®* co-ordination by the canonical EF-hand illustrating both the pentagonal bipyramidal
co-ordination of the C&* ion (continuous lines) and the extensive hydrogdsonding pattern found in
the loop (broken lines). The backbone NH groups armdicated in black, the side-chain oxygen atoms
in red, the C&" ion in yellow and the co-ordinating water in blue(PDB code 1EXR)"™ (reprint from
Gifford, J.L., Biochem. J. (2007) 405, 199-221);



1.3 CaM and its cellular function

Calmodulin (CaM) is a ubiquitous, Eabinding protein, which can bind to and regulate
a multitude of different protein targets, therelffeeting many different cellular functions, i.e.
metabolism, cytoskeletal dynamics, cell prolifevaticell-cell interaction and developméht.
Many of the proteins that CaM binds are unableital fcalcium themselves, and as such use
CaM as a calcium sensor and signal transducerelpiesnomena have been mediated by not
only the C&"-CaM complex, but also by apo-CaM. After intracklluC&* concentration
increases, lead by the activity of N-methyl-d-asgtar(NMDA) receptors or voltage-sensitive
Ca2+ channels, CaM releases from neuromodulin wrogeanin, where CaM was previously
bound. Depending on €2 CaM interacts with at least 30 different enzyraed proteins that
modulate the activity of several key signaling neales, including adenylyl cyclases (AC),
protein kinases, calcineurin, nitric oxide syntha&'-channels, ATP-dependent Cgpumps,
and the CaM-dependent protein kinases (CaMKIl) f@g2). ApoCaM also binds to a
distinct set of proteins such as actin-binding @r, cytoskeletal and membrane proteins,
enzymes, receptors and ion chanriéfin fact, most CaM in unstimulated cells (‘off’ &}
would exist in the state of apoCaM because CaMl leveukaryotic cell is approximately
1-10pM while free calcium concentration in unstimulatsdl is 0.1uM.*

Calmodulin-regulated events

NMDA Voltage-sensitive

Cell membrane ~ Feceptor  Ca’*-channel AC1 AC8

(Nerogranin

Figure2: Ca’*-CaM network. (reprint from Klipp and Liebermeister BMC Neuroscience 2006
7(Suppl 1):S10)

In the result section of this thesis, two CaM bingdproteins were investigated:

1) a-synuclein,

a-Synuclein is a 140 amino acid protein abundartiyressed in presynaptic terminals
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of vertebrates and plays the central role in Padrfs disease and other diseases involving
Lewy bodies. Subcellular fractionation experimesuggested that there might be a certain
exchange mechanism ef-synuclein between membranes and cyté3diherefore, CaM
interaction ofa-synuclein respected to examine the possible imptin ofa-synuclein in the
calcium-dependent process of vesicular biogertiédike dissociated constant of the complex
of a-synuclein and CaM is ipM range®® It might be speculated thatsynuclein could act in
cellular signaling processes by interacting withMCauring the mediation of calcium
signaling.
2) CaM binding with Death-associated protein kinase

Death-associated protein kinase (DAPK) is a sdhreminine protein kinase, regulated
by CaM and is a drug-discovery target for neurodegative diseas¥.In vivo experiments
showed that injury of inhibitor of DAPk to animabwld enhance neuronal survival and
reduce brain tissue loss, suggesting that DAPk andsnctional role in mediating death
pathways in neurodegenerative disord@rslowever, the pathway in the DAPk-mediated
signal transduction is still mystery. A proposedchemnism for DAPk regulation is shown in
Figure 3A. Upon the apoptotic stimulus, the funeéb autophosphorylation site is
dephosphorylated, leading to DAPk activation. TheMChinding site (green in the figure)
thus is able to bind CaM as a result of ‘weakermzk’land the enzyme facilitates full
activation?! Four additional kinases have been identified basethe high homology of their
catalytic domain to that of DAPk. One member ottfamily, DRP-1, also can be activated

by C&*-CaM. DRP-1 activation in apoptosis provides diferfeatures, i.e. that of forming

homodimers after dephosphorlation (Figure 3B).

A DAPk

Apoptotic Signal

B DRP-1

@ = Ca*spike

E8 =

Auto-phosphorylated Dephosphorylated Ca®/CaM Binding

Figure 3.Specific features that characterize the nae of DAPk and DRP-1 activation. The various
domains are marked: KD (kinase domain); DD (death dmain). (Reprint form Shohat G, Biochimica
et Biophysica Acta 1600 (2002) 45— 50)
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1.4 Structure features and inter-domain motion of @M

CaM is a two-domain protein, containing 148 aminwl aesidues. Each domain is made
up of two EF-hands motifs and binds two®Cins. The two domains are connected by a
short linker. Early X-ray data showed that CaM hawtumbbell shape, with helix 4, the last
helix of the N-terminal domain, and helix 5, thisfihelix of the C-terminal domain, together
with the interdomain linker, forming a long contous helical structur&. (Figure 4. A) It was
soon recognized that the NMR properties of CaMoainitson were inconsistent with the rigid
dumbbell shape observed in the early X-ray workl #rat the central part of the helix loses
its helical character and allows reciprocal reddénn of the two domairs:2° An extended
model-free analysis characterized the relative omstias occurring on a time scale of about 3
ns.*

Upon forming complexes with its targets, the intenéin motion of the two domains of
CaM may be lost. For example, the first structufeCe’*-CaM binding with a skMLCK
peptide, was solved by NMR in 1982(Figure 4. B) As shown from that structure, the
N-terminal and the C-terminal domains of CaM wrapuad the bound peptide, which has
ana-helical structure, according to the canonical etbstate. The skMLCK peptide binds in
an antiparallel orientation, i.e. with the N-termlinand the C-terminal CaM domains
interacting mainly with the C-terminal and N-termliftalves of the peptide, respectively. The
interdomain motion observed in the CaM free forsnnot present any more, as indicated by
NMR studies. The losing of this interdomain moti@sides on the fact that the hydrophobic
residues of the peptide anchor their side chairtbécsolvent exposed hydrophobic residues
of both domains of CaM, forming stable interactiossd thus freezing the CaM into a single
conformatior?®3! Similar binding mode was also detected for the Gavhplexes with the
endothelial nitric oxide synthase peptide, and witheptide derived from the olfactory CNG
channef’ Those peptides share a common, so called, 1-14f mutich features two
hydrophobic anchor residues located at first andté@n spacings in the primary sequence.
Other binding models have also been identifiednésr 1-10, 1-16 or 1-17 motifs based on

the position of the two key anchoring hydropholegisidues in the target peptite.



A) B)
Figure 4: Relative orientation of the N- and C-terninal domains in CaM as observed by X-ray in the
absence of target peptides (A; extended conformatip PDB code: 3cln) and as observed in the
presence of target peptides (B; closed conformatio®DB code: 2bbm)

The interdomain motion of CaM observed when theganois free in the solution, is
maintained in CaM-complexes, when the peptide pastonly interact with one domain of
CaM. For example, the plasma membrane calcium ppemtide, named C20W, is only
anchored on the C-domain of CaM, thus allowingNkeerminal to move freely with respect
to the C-domain. We have shown that this propextgiso been observed when CaM binds
a-synuclein. In some unusual cases, some ordeeefim may remain even if both domains
of CaM interact with a target. In 2006, the crystiicture of CACaM bound to skeletal
muscle ryanodine receptor (RYR1) peptide reveadd @aM recognizes two hydrophobic
anchor residues at a ‘1-17’ motif, but residualotiyp couplings show that the two domains of
CaM experience domain motions within the compféx.

Conformational flexibility is a crucial feature the mechanism of action of a number of
proteins/enzyme¥>® In essence, the basic tools are still lacking doderstanding the
relative position of the domains that can be expeed, the relative weight of each
conformation, and the time scale of the motion®ived. X-ray techniques may not be fully
informative, because crystals may not form or,¢fgstal is formed, only one ‘frozen’ protein
conformation is often observed. NMR relaxation pagters have already been used to detect
local and global motion of CaM:*® However, unfortunately, this technique can notjte
details on the probability of a given conformatiaren the interdomain motion is present in
the system.

In rigid complexes between CaM and its partnersttear problem may exist. The inter

molecular packing force, which occurs frequentlyha solid state structure, may easily alter



the relevant orientation of the two domains of Caivkking the conformation different with
respect to that one in solution, even when theigefi$ anchored to both domaifis NMR
spectroscopy has the advantage of providing théoomation of protein in solution, but is
limited by relative low precision, the best NMRusttures being obtained with a resolution
corresponding to that of about 2A resolution focrgstal structuré® So it is still an open
question to get structure information and evaltia¢eaccuracy of the structure of CaM bound
to its targets. We have proved that inclusion of elected NMR restraints can increase the
accuracy in solution of a high-resolution structumedel, which was provided by the X-ray

structure.

1.5 Structure features of S100 protein

S100 proteins are another&inding, EF-hand protein family, comprising 20 ko
human members each coded by a separate gene. #t l16aof these genes cluster to
chromosome 1921, known as the epidermal differeatiacomplex. The S100 proteins are
small, acidic proteins of 10-12 kDa, found exclebjvin vertebrat€§. Members of this
protein family have been implicated in the’Gdependent (and, in some cases> & Cu*
dependent) regulation of a variety of intracelludantivities. Intracellular functions include
regulation of protein phosphorylation and enzymeveyg, calcium homeostasis, regulation of
cytoskeletal components and regulation of transionipl factors** (Figure 5). A number of
S100 proteins interact with p53, however, they exéferent effects on p53 activity. Both
S100A4 and S100B are thought to inhibit p53 phoggation leading to inhibition of its
transcriptional activity, thereby compromising p&Bnour-suppressor activity. In contrast
S100A2 promotes p53 transcriptional activity andeniestingly S100A4 has also been
documented as enhancing p53-dependent apoptosis.tfid balance of actions of different
S100 proteins within a cell will determine functiti’ Many of the S100 family members
have a role in modulating cytoskeletal dynamias, both S100A1 and S100A11 have been
shown to inhibit cell proliferatiof> Some S100 members can be released or secretetiénto
extracellular space. When they are present extudady, some members of the family act as
leukocyte chemoattractants, macrophage activatods raodulators of cell proliferatiofs.

These functions associate S100 proteins with a&twaadf pathologies such as inflammation



and cardiomyopathies, and gradually their rolearcimogenesis is beginning to unravel. It is
clear that some S100 proteins act as tumour promatel others as tumour suppressors, and

there is exquisite tissue specificity in their ans.
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Figure 5: S100 protein and their function (Reprintfrom I. Salama et al. Eur J Surg Oncol.2008Apr;
34(4): 357-64)

Structural data showed that many S100 members wiibin cells as homodimers,
heterodimers and oligomers. Generally, S100 prstane organized as tight homodimers, in
which the two monomers are related by a two-folt @t rotation. Each monomer has two
distinct EF-hands, one is a C-terminal, 'canoni&i-hand, and common to all EF-hand
proteins, and the other is a N-terminal, ‘pseudehi&nd, characteristic of S100 proteffis.
Upon C&'-binding, the C-terminal EF-hand undergoes a lacgaformational change
resulting in the exposure of a hydrophobic surfeesponsible for target binding, indicating
their specific biological properties. (Figure 6)

S100A5 is a novel member of the EF-hand superfadfilyalcium-binding proteins that

is poorly characterized at the protein level. Imwhistochemical analysis demonstrates that
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it is expressed in very restricted regions of tHaliabrai'®. Flow dialysis revealed that the
homodimeric S100A5 binds four €aons with strong positive cooperativity and ariraff
20-100-fold higher than the other S100 proteinglistliunder identical conditions. S100A5
also binds two Zfi ions and four Cti ions per dimer® None of these ions change the
a-helical-rich secondary structut®Although the structures and functional role of so&100
proteins have been characterized, no structural das available for both the apo and the
Ccd”* form of S100A5. Also there are only few publishedrks on the dynamic properties of
S100 protein, which could provide important feasufer ligand binding. Furthermore, the
Zn** binding sites for different S100 proteins are dffedent with each other. The Zh
binding sites of S100A5 are still unknown.

Apo-S100A5 Ca-S100A5

Figure 6 Major structural differences upon calciumbinding between apo and Ca-S100A5

1.6 Aims and topics of the research

During the three years of the Ph.D. course, myarebewas focused on the investigation
of the structural and dynamic characterization€at binding protein by NMR spectroscopy.

As already described in section 1.4, CaM is a twodin protein and able to bind target
peptides by wrapping the two domains around thgetasuch domains are free to move with
respect to one another in the peptide-free fromveNapproaches are needed to monitor the
relative positions that can be experienced by th® domains, the relative weight of each
conformation and time scale of the motions involv&dth pcs and rdc are long-range
restraints and, therefore, optimally suited to dietgobal structural features, such as relative
orientations of secondary structure elements oiresiomains. Pcs and rdc are also time
average values when the motions occur on time sc¢aster than ms. Thus, in principle, pcs

and rdc data contain information on the probabilifyy any conformation that can be
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experience by the proteins connected by multiplealos.

The aim of my research was to develop new appraaichenderstand the structural and
dynamic properties of multidomain proteins by usiagperimental pcs and rdc data,
originated from paramagnetism. Such approach wapliegp for a conformational
characterization of CaM, when free in solution, thre presence of the target protein
a-synclein and in the presence of other peptides. Wark included: i) judging the presence
of interdomain motion by rdc data, ii) determinithg maximum allowed probabilities of any
given conformation when the interdomain motionrnssent, and iii) refining crystal structural
models to obtain high quality and precision solutstructure if the two domains are fixed. In
the last case, packing force of crystal structarelwe corrected.

My research work also included the structure, dyomamand metal binding
characterization of the S100A5 protein. S100A5xgressed in the region of the adult brain
and only little work has been performed to undetéhe function of this protein. The
solution structures of S100A5 in both the apo dreddalcium forms have been studied, and
relaxation studies have been performed to montmiobility. Its binding affinities with

other metal ions, like Zf, are also investigated.
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Nuclear magnetic resonance (NMR) spectroscopy bsoghysical method which can
provide high-resolution structures of biological lswules such as proteins and nucleic acids
and their complexes at atomic resolution. In theRIBkperiments, solution conditions such
as the temperature, pH and salt concentration eaadjusted so as to closely mimic a given
physiological fluid. Importantly, biomolecular NMRBpectrocopy can provide information
about conformational dynamics and exchange proses$ebiomolecules at timescales
ranging from picoseconds to seconds, and is vdigierft in determining ligand binding,
mapping interaction surfaces and studies thermadigand kinetic aspects of interactions of
protein/ligand complexe’s’ Recently, paramagnetic restraints, such as pseatht shifts
(pcs) and residual dipolar couplings (rdc) havenbesed as long-range structural restrains in
order to improve both precision and accuracy afcstire determination in solution. Besides
additional restraints during structure calculatipns and rdc data are extremely useful for
defining the relative orientation for domains of IthRdomain proteins and describing
inter-domains dynamics, if present in multi-domgimotein®® Here, | focus on the
methodologies used for 1) the structure deternonaéind dynamic studies on the S100A5
protein; 2) monitoring the relative orientation ©@&M by using paramagnetic constraints; 3)

refining the X-ray structure of the CaM-peptide gbdex by using paramagnetic constraints.

2.1 Structure determination by NMR spectroscopy

The standard protocol for NMR structure determoratincludes the preparation of a
homogeneous protein solution, the recording andlliranof the NMR datasets, the structural
interpretation of the NMR data. Typically, unifoym®C and*®N labelled proteins are used
for structure determination. The protocol of resmeaassignments of doublEN and°C)
labelled proteins using 3D experiments is base@ ammber of experiments showing cross
peaks among the backbone or the side chain niitieidetails are described elsewhere.

Traditionally, the most important structural infation derived from NMR spectra is
based on the nuclear Overhauser effect (NOE), widch result of cross-peak between
different spins (normally protons) in a moleculed atepends on the through-space distance
between these spins. NOEs are typically only olexkbhetween protons which are separated

by less than 5-6 A. Because the intensity of tlisspeaks are also affected by motions of the
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molecule, NOE data are usually treated as uppend®@UPL) on inter atomic distances
instead of precise distance restraints. For theesegason, the absence of an NOE is in
general not interpreted as a lower bound on thamtie between the two interacting spins.

The structure quality will be much improved, if @alations are performed by adding
torsion angle restraints to distance restraintsefa programs are available for the prediction
of the secondary structure elements, such as TAAQSPREDICTOR, by using a complete
set of backbone chemical shifts for all,HCy, Cz and CO resonances. In this thesis, TALOS
program was used to predict torsion angle ress&iin solving the solution structure of
S100A5, NOE and angle constrains were used.

During the years, new constraints have been usedsinucture calculations: angles
obtained from cross-correlation effeétsesidual dipolar couplings (rdé¢f™** and hydrogen
bonds* The strong interest for new constraints arisesftbe need of solving structures
without NOEs or with relatively few of them. In peins that are able to specifically bind
paramagnetic metal ions, paramagnetism-based agrtstcan be exploited. They are the
contact shifts, pseudocontact shifts (pcs), theeHype shifts as sum of the two, residual
dipolar couplings (rdc) and paramagnetic relaxat@rthancement effect (pr&)'® 2%
Paramagnetism-based pcs and rdc have been, incybarti used for the structural

characterization of CaM.

2.2 Dynamic properties characterization by NMR relxation parameters

Protein dynamics over a wide range of time scatebs amplitudes plays an important
role in biological functions, such as enzyme remaxtiligand binding, and folding. NMR
relaxation parameter technique provides unique dppibies to explore a wide range of
dynamic time scales such as fast internal moti@n§), slow motionys-ms), the overall
correlation time of a protein (of the order of 1€)h*"*8

The majority of applications of spin relaxation m&ds in proteins utilize the amidaN
spin as a probe of backbone motions. The domireakation mechanisms are the magnetic
dipolar (DD) and anisotropic chemical shift (CSA)chanisms? Equations describing

relaxation parameters in terms of spectral deffisitgtions are given bS/:
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R, =D7[J(% —wy) +3J(wy) +63(w, +wN)]+% J(ay) (1)
R, =%2[4J(0)+J(% —ay) +33(wy) +63(wy) +6J(w, +awy)]

S MO @IR, 2

D2

NOE =1+ (yy /14 ) =, [63( + ) = @y ~ @)1/ R, (3)
Where
D='u°hy—NyH<r = (4)

817 AN
C=a,A0 (5)

2 T
J(w) ==[—L— (R)
() 5[1+w2rf]

In egs. (4) and (B)h = 4n x 10" kg m & A2 h = 6.6262 x 18" erg - s, where h is
Planck’s constanty; andyy are the gyromagnetic ratios ¥ andN respectively (2.6753 x
1P rad - & Ttand -2.71 x 10rad - & T%); wy andwyare the Larmor frequencieap is
the anisotropy of the chemical shift tensor of tfé spin (160ppm or 170ppmjinis the
length of the HN bond (1.02 x 2@&m); 1. is the correlation time for HN vector.

In the case of rigid particles, where the HN vesxtare fixed.value for a single HN
vector is equal to the molecular tumbling, assumangisotropic mode. The time scale for
protein molecular tumbling falls into the rangeld@ins. If conformational dynamic for local
backbone amides on time scale comparable fasteittieamolecular tumbling, i.e., ps-ns time
scale,®™N R; values for the corresponding residues are chaizeteas higher values than the
average one. Accordingly, NOE and Ralues should be lower than the average one. If
motions onpus-ms time scale are present, the modulation ofrdpat chemical shifts
contributes to the & term, resulting in much higher ;R/alues. A detail example in

charactering local motions of apo andGf@rm of S100A5 were shown in Result section 3.3.
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2.3 Application of pcs and rdc in studying structual and dynamic
properties of protein.

2.3.1 Definition of pcs and rdc

Pcs, which arise in the presence of magnetic stibdép anisotropy, are given by the

following equation:

1

3
i

pcs _
5P =

{Axax(3c0§ 9, —1) + :—ZsAxrh sir? 9, co2¢, } 7)

where Ax,, and Ax,, are the axial and rhombic anisotropy parameterthefmagnetic

susceptibility tensor of the metal,

AXax =Xz~ 2

AXih =Xxx Xyy- 9)
r, is the distance between the ato@nd the metal ion, andl and¢; are the spherical polar

angles of atom with respect to the principal axes of the magnstisceptibility tensor
centered on the metal ion. Due to the dipolar matirthis effect, the pseudocontact shifts
depend on the distance between the metal ion andefonating nuclei, independently of the
presence or not of chemical bonds. The maximunanitgt at which the pseudocontact shifts
are measurable depends on the magnitude of theati@agmisotropy and thus on the metal
ion. 21,22
Five components of the tensor can be used as parameters, if Equatiomefvisitten in

the lab frame. In order to extrapolate this tenabdeast 5 pcs values are needed. After the
complete assignment of th#d-""N-HSQC spectra of the paramagnetic sample and the
analogous diamagnetic, the pcs values of N"dfor each amino acid, are easily obtained
from the difference of the corresponding chemitufts of the paramagnetic and diamagnetic
forms.

Rdc arise from an incomplete averaging of the apgtanisotropic dipolar couplings
between two spins. Paramagnetic rdc occur as dtresuthe magnetic susceptibility

anisotropy, which induce partial orientation atthigagnetic fieldstJ *°N-'H splittings of the

backbone amides are the most frequently used iestigating protein system&J *°N-'H
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splittings of the backbone amides experience aueasidipolar coupling contribution which
adds to the scalad value and is given by

1 Bo2 YNYHh[ 3 ) }
Av Hz)=——————"—| A 3cos’ 0 -1) + = Ax,.sin’0cos2Q | (10
RDC( ) 4T[15kT 2T|]'N3H Xax( ) 2 th ( )

whereb is the angle between th&N-'H vector and the axis of thex tensor,Q is the angle
which describes the position of the projection ld 'N-'H vector on thexy plane of thex
tensor, relative to the axis, andAxaxandAx are defined as in Equation (7). The equation
describing this effect is similar to that of Pc& but in rdc case, the distancg is that
between the two coupled nuclei and is usually fixBderefore, rdc values are not related at
all to the position of the coupled nuclei with respto either the metal ion or the magnetic
susceptibility tensor; instead, they depend onlyh@norientation of the vector connecting the

coupled nuclet®*>%,

2.3.2 N60D mutation used in tuning the’Laffinity for CaM

The measurements rdc require that the macromoledulaterest is weakly aligned in
the magnetic field. For macromolecules containiagamagnetic metal ion) splittings are
often measured for both the paramagnetic systemaaddmagnetic analogue. Lanthanide
ions (L") are known to be spectroscopic probes for caldiimaing proteins and stand out
for their large and varied paramagnetism arisitognflunpaired electrons in the f orbitals of
their trivalent ions. Therefore, €dons of calcium binding proteins can be substitubgd
Ln**, embedding the L# in a rigid and extended molecular framework of imkd
three-dimensional structure. In this way, pcs atwvalues induced by different ¥ncould be
obtained. However, in practice, not all the?Qainding protein is able to bind Ehtightly and
specifically. In case of CaM, in order to overcothis obstacle, a site direct mutation, N60D,
was engineered for CaM. The Trcan be selectively bound to the second bindireyafithe
N terminal domain of CaM?*,

Pcs values of the N-terminal domain of N60DCaM ddferent lanthanide derivatives
were measured in order to determine the magnesicegtibility anisotropy tensors; pcs and
rdc were also measured on the C-terminal domaipréwide information on its relative

mobility with respect to the domain hosting thegmagnetic center. Pcs and rdc data were
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collected for terbium(lll) ,thulium(lll) and dyspsaum(lll) calmodulin were supplemented,
analogous data were measured fordhgynuclein adduct, the DAPk peptide adduct and the

DRP-1 peptide adduct.

2.3.3 MAP program for investigating interdomain raos by using pcs and rdc

values

The pcs and rdc values are given by the averagheofvalues corresponding to the
experienced conformations. Both pcs and rdc avendgs the motions occur on time scales
faster than ms and are able to incorporate infaomain motions within a very broad time
scale. When the paramagnetic metal resides in omaith, the observation of a smaller range
for the rdc values in the other domain revealspit@sence of conformational freedom of this
domain with respect to the metal-bearing domain.

In this thesis, an approach was developed for chéeténg the maximum allowed
probability (MAP) of any conformation in a protegonstituted by domains not rigidly
connected by using experimental pcs and rdc dais WAP value describes the largest
probability of the protein in a given conformation.

The maximum allowed probability of a given oriemdatof one domain with respect to
another domain of the same protein using only rdta dvas earlier defined, and called
Pmax?® This quantity represents the maximum weight thgivan orientation can have, and
does not depend on the number and weight of albther orientations that the domain may
experience. Rdc data provide information only orerdation. In this approach, the Pmax
values (termed as MAP(R)) were used as the stgpoing, to which translational information
was added by introducing pcs data.

The calculation procedures are as followed. The KRPvalues relative to all
orientations of one domain with respect to the otteamain were first obtained using the rdc
values. Then, a fit was performed starting fronesteld orientationB, with largest MAPRy)
values, complemented by othiérconformation, with weightw), position ;) and orientation

(R) obtained in order to minimize the target funct{difr)

TE (W)= _min (5 (w10, R) + T wd, 4 R)| )

to, (Wt ,R)
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where 51. are the experimental pcs/rdc value,(to, Ro) are the pcs/rdc values calculated

for the selected orientatidRy, with the translation vectdp defining its positionw, is the

corresponding weight, and, (ti, R) are the pcs/rdc values calculated for the otk to N

conformations. In order to achieve the absoluteimum for the TF (w,) (which depends

on the number of different metal ions), a high egfonumbem of conformations should be

considered. For the present calculations, reldatviree metal ions employel,was fixed to

9. Such function (withw, +ZWi =1) represents the minimal error on the reconstrudsed

when the domain is constrained to stay in orieomaR, for a fractionwp of the time. A
weighting factor is introduced to normalize the trinutions to the target function from pcs

and from rdc according to their squared values, tanthake them of the same order. The

function TF (w, ) is calculated for increasing values w§, and increases withvg. The
absolute minimum ofTF (w, )is TF (0), which does not depend dn and R,. Then the

MAP value is the largest, value such thaflTF (w,) = &, where ¢ is the threshold fixed for

the error. This was set to a 10% larger value efaisolute minimum of thE-.

Because rdc values are independent of reflectibtizecaxes of the magnetic tensor, the
same MAP(R) will be attained for a given orientatias well as for other 3 symmetric
orientations, or ghost orientations, which cannetdiscriminated. Two or more different
metal ions with significantly different magneticsseptibility anisotropy tensors should be
able to eliminate the ghost orientations. Howetleg, problem is that even if two or more
paramagnetic ions are considered, the ghosts dreomapletely removed, because further
lanthanides do not have a significantly differemiestation of the magnetic anisotropy
susceptibility tensor. Since the relative positiohthe two domains is restricted by the
presence of a physical linker, coupling rdc witls pould remove some of the ambiguities, in

addition to providing further information on thdagve position(s) of the domains.

2.3.4 Refine crystal structure by using pcs anddata

Protein solution structures obtained by NMR areitkoh in precision by the low
information content of the experimental restraiatsl by their small number relative to the
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degrees of conformational freedom of the systenyst@r structures are intrinsically more

precise. However, crystal structures can suffemfarystal packing forces, so that they may

not be accurate models for the structures in soluti

In this thesis, a strategy was developed to imptbeeaccuracy of a protein structure in

solution is to take a crystal structure as a stgrtnodel and to “correct” it by applying pcs

and rdc data. The systems investigated here avettéscomplex formed between CaM and

some of its partners. The pcs and rdc data areatby LA ions bound to N60D-CaM. The

steps of this approach are following:

1)

2)

3)

The parameters of the magnetic susceptibilingde were obtained by fitting pcs data of
the metal bearing domain (N-terminal of CaM). Thgstal structure was used as the
structure model for fitting. The agreement betwealculated and observed pcs provides a
first indication of the extent of deviation of sban and solid state structures.

The ranges of rdc data were used to judge whétleetwo domains of CaM are fixed or
relatively free to move. If the rdc range of thetahdearing domain is similar to that of
the other domain, no domain motion is present betvmtee two domains, thus making it
possible the structural determination of the systdnthe range of the rdc in the other
domain is much smaller than that is the metal-bgaone, the two domains are moving
with freedom. In this case, MAP program is suitdioledescribing the probability of the
different conformations in space (see section 2.3.3

In case of fixed domains, the crystal structues refined against pcs and the rdc values
from non mobile residues through the routines PAgd#mints of Xplor-NIH?® The
magnetic susceptibility tensor was extrapolatethfprs data of the metal-bearing domain,
because pcs are scarcely affected by local molditg able to provide an accurate
estimate of the magnetic susceptibility anisotrdpysor. However, rdc are strongly
affected by mobility. The use of rdc for the pragamrpose should, thus, be only restricted
to those coming from groups that do not show ewdenf large local motions. To discard
the rdc values for the groups affected by mobiRyand R of the involved heteronucleus
(**N in this case) were measured.

In the case of CaM complexes with the DAPk and ORIpeptides, structural

rearrangement were observed in the refined straietith respect to the crystal structure (see

result section 3.2).
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During the three years of the PhD course, | maiabused my work on monitoring the
relative orientation of CaM, refining the X-ray wtture of the CaM-peptide complex by
using paramagnetic constraints and the structutermdenation and dynamic studies on the
S100A5 protein. All these work have been perforimg®IMR spectroscopy.

As discussed in the introduction section, CaM ipeguliar protein, which has two
domains essentially independent in solution. Xiraaestigations provide detailed pictures of
frozen conformations in the solid state among tlamynpossible in solution, whereas NMR
has provided a wealth of dynamics information. sigeed a novel program, called MAP,
with Fortran 77 language a program, which was applio provide maximum allowed
probabilities (MAPSs) of conformations in proteinrdains not rigidly connected. It is based
on the characterization of the conformational spaderms of a maximum probability value
that is allowed, for any conformation, to be cotesis with the experimental average pcs and
rdc data. This MAP value is not the probabilityfioding the protein in that conformation but
rather tells us that such a conformation cannoelaprobability larger than that value. Even
so, the result is quite informative. The approachpplied to a variant of CaM, N60D mutant,
as well as to its adduct witirsynuclein. The pcs and rdc values were obtainedsinyg the
data measured for ¥ Tm**, and Dy*, when bound to CaM. From the MAP analysis, it
shows that free CaM experience a large number ofocmations. In the adduct with
a-synuclein, CaM still adopts a large ensemble eff@aonations, however, the conformations
with the largest MAP values are in a region of gpelose to ‘closed conformation’, which is
similar to those observed for CaM interacting wpptides with high affinity. In this work,
my contribution is designing program. The NMR datre obtained from published work.
Details were reported in result section 3.1

For the rigid system, we developed a strategy oreiloto improve the accuracy of a
protein structure in solution by taking a relativglood crystal structure as a starting model
and “correct” it by pcs and rdc values. To judgeethler domain motions are present in the
multidomian protein, we used the spread of thevalues. In case of relatively rigid protein,
the spread of the rdc values is the same for tfiereint domains, when the paramagnetic
center is localized on one of them. On the contrdrg domains are relatively free if the
spread of rdc values were different. In case of ftaM, the domain motion is present, while

the two domains are rigid when it DAPk and DRP-Lrmh Thus it allows the structural
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determination of CaM bound with these peptides.c&ithe crystal structures of CaM
complex with DAPk and DRP-1 peptide have alreadgnbavailable, | refined these
structures by using pcs and rdc values. From tlfiaeraent it showed that the solution
structures are similar, but not identical, to thgstal structures that can be ascribed to a
structural rearrangement from solid state to sofutln this work, my contribution is running
all the NMR experiments and data analyBistailed works were shown in result section 3.2.
In the work of S100A5, | contributed the solutianustures determination of both the
apo and the G4 bound forms of S100A5. Relaxation parameters fith forms were also
measured accordingly. Both forms are homodimer® 3inuctural differences induced by
Cc&* binding mainly occurs at helix lll, helix IV, theinge loop and the last C-terminal
residues, similarly to what found for other S106tpins. The dynamic properties for S100A5
and comparison with other S100 proteins were alsoudsed in details. In this work, my
contribution is the NMR part and structural deteration. Detailed description was shown in

result section 3.3.
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3.1
Paramagnetism-based NMR restraints provide a maximuon
probability ranking of the different conformations of partially

independent protein domains
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Abstract: An innovative analytical/computational approach is presented to provide maximum allowed
probabilities (MAPs) of conformations in protein domains not rigidly connected. The approach is applied to
calmodulin and to its adduct with a-synuclein. Calmodulin is a protein constituted by two rigid domains,
each of them composed by two calcium-binding EF-hand motifs, which in solution are largely free to move
with respect to one another. We used the N60D mutant of calmodulin, which had been engineered to
selectively bind a paramagnetic lanthanide ion to only one of its four calcium binding sites, specifically in
the second EF-hand motif of the N-terminal domain. In this way, pseudocontact shifts (pcs's) and self-
orientation residual dipolar couplings (rdc’s) measured on the C-terminal domain provide information on its
relative mobility with respect to the domain hosting the paramagnetic center. Available NMR data for
terbium(lll) and thulium(lil) calmodulin were supplemented with additional data for dysprosium(lll), analogous
data were generated for the o-synuclein adduct, and the conformations with the largest MAPs were obtained
for both systems. The MAP analysis for calmodulin provides further information on the variety of
conformations experienced by the system. Such variety is somewhat reduced in the calmodulin—o-synuclein
adduct, which however still retains high flexibility. The flexibility of the calmodulin—a-synuclein adduct is
an unexpected result of this research.

Introduction or, if a crystal is formed, only one “frozen” protein conformation

is often observed. On the other hand, NMR techniques have
long been used to obtain precious information on the mobility
of the investigated systerd:5-22 However, standard techniques
used to investigate mobility may not provide information on

(6) Szyperski, T.; Luginbuhl, P.; Otting, G.;'Gtert, P.; Withrich, K.J. Biomol.
NMR 1993 3, 151-164.

(7) Barbato, G.; Ikura, M.; Kay, L. E.; Pastor, R. W.; Bax, Biochemistry

1992 31, 5269-5278.

Volkov, A. N.; Worrall, J. A. R.; Holtzmann, E.; Ubbink, MProc. Natl.

Acad. Sci. U.S.A2006 103 18945-18950.

(9) Fischer, M. W.; Losonczi, J. A.; Weaver, J. L.; Prestegard, J. H.

Biochemistry1999 38, 9013-9022.

Meiler, J.; Prompers, J. J.; Peti, W.; Griesinger, C.; Bruschweiled, R.

Am. Chem. So001, 123 6098-6107.

Tolman, J. R.; Al-Hashimi, H. M.; Kay, L. E.; Prestegard, J.JHAm.

Chem. Soc2001, 123 1416-1424.

Conformational flexibility is a crucial feature in the mech-
anism of action of a number of proteins/enzyrh&<®t, detailed
information on the conformational flexibility may be difficult
to obtainZ~® There are proteins composed of domains that have
a well-defined structure that are connected by a flexible linker,
for which no information is available on the relative motion of
the two domains. In some cases, such motions are critical to (g)
the function of the protein. In essence, we still lack the basic
tools for understanding the relative position of the domains that
can be experienced, the relative weight of each conformation, (10)
and the time scale of the motions involved. X-ray techniques (11
may not be fully informative, because crystals may not form

)
(12) Clore, G. M.Proc. Natl. Acad. Sci. U.S./£200Q 97, 9021-9025.
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. : . Biol. 2004 343 1379-1389.
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Department of Chemistry, , University of Florence. 293-312.
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the conformational space sampled by the protein. Of course, it

artificially attached®>4%-43 |t should be noted that rdc’s induced

is easy to understand that a complete description of such motionsby external devices are not useful, as the protein domains will

will never be obtained, because the number of experimental
data is far smaller than the number of unknowns to be
determined.

Similar problems in related fields such as liquid crystals have
been tackled in the past using maximum entropy metR&ds.
However, the information obtained is scarce even for systems
with low complexity, unless an “a priori” physical model is

be largely oriented by their individual interactions with the
external device, while the contribution from the orientation of
a nearby domain may be small in the presence of sizable
motional freedom.

An innovative approach for determining the maximum
allowed probability (MAP) of any conformation in a protein
constituted by domains not rigidly connected is presented here.

imposed on the system. Investigations with the same objectivelt is based on the characterization of the conformational space

of describing the preferred conformations experienced by the
protein have been also performed on unfolded proteins using
paramagnetic relaxation enhancements induced by spin{ébels
or residual dipolar couplings arising in the presence of orienting
media in solutior?’

Paramagnetic metal ions may provide additional NMR
parameters such as pseudocontact shifts (p€sigs)addition
to residual dipolar couplings (rdc’s) due to self-orientation of
the paramagnetic molecule in high magnetic fieRiSuch
parameters may help in elucidating the long-range spatial
relationships and the dynamics in protéf¥ and in protein-
protein interactiong’ 3% Recently, NMR measurements on
paramagnetic systems allowed us to obtain information on the
preferred region of space experienced by one domain with
respect to the other in the two-domain protein calmodiflin.

in terms of a maximum probability value, as defined in a recent
theoretical work* that is allowed, for any conformation, to be
consistent with the experimental average pcs and rdc data. This
MAP value is not the probability of finding the protein in that
conformation but rather tells us that such a conformation cannot
have a probability larger than that value. Even so, the result is
quite informative. The approach is applied to a variant of
calmodulin (CaM, N60D mutant) as well as to its adduct with
o-synuclein (CaM-AS). CaM is a protein constituted by two
rigid domains (called N-terminal and C-terminal domains)
whose relative orientation is not fixed. Each domain, composed
by two EF-hand motifs connected with a loop, contains two
calcium binding sites, so that CaM binds up to four calcium
ions in total. The N60D protein mutant had been engineered to
selectively bind a paramagnetic lanthanide ion to only one of

The information contained in the pcs's and/or the rdc’s was Its four calcium binding sites, specifically in the second EF-
shown to be useful, as the measured values are given by the'and motif of the N-terminal domain (see Figure*3pcs and

average of the values corresponding to the experienced con-

formations, and the two observables average very differently.
Both pcs’s and rdc’s average when the motions occur on time
scales faster than, or of the order of, 2@ and are thus able to
incorporate information on motions within a very broad time

scale. Pcs and rdc restraints are obtainable for several para

magnetic metalloproteins, for metalloproteins where a native
diamagnetic metal ion is substituted by an appropriate para-
magnetic on&%-39 or for proteins where a paramagnetic tag is

(21) Ferrage, F.; Pelupessy, P.; Cowburn, D.; Bodenhaused, 8n. Chem.
Soc.2006 128 11072-11078.
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rdc data relative to two lanthanide ions €Tband Tn#") are
already available in the literatu?®@ The CaM-AS adduct was
also investigated. AS is a small cytoplasmic protein (15 kDa)
that is essentially unfolded in its soluble, monomeric $edfe

and is abundant in the presynaptic space. It had been shown

that monomeric AS interacts with CaM, with reported dissocia-

tion constants of the order of 100 NM#7#8 The NMR data
obtained here indicate that an adduct is actually formed, but
with a dissociation constant in the micromolar range, therefore
questioning its physiopathological relevance. On the other hand,
it is found that the adduct is highly flexible, involving fast
rearrangement of the relative position of the two CaM domains.
This makes the CaMAS adduct an ideal test case for our
approach.

The approach is based on the measurements of pcs’s of the
N-terminal domain of CaM for three lanthanide derivatives, i.e.,
Tb3t, Tm3*, and Dy, in order to determine the magnetic
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C-terminal domain ments each with 1024 complex data points and 48 transients were
F\A collected. Pcs’s were calculated as the difference between the chemical
l shifts of corresponding nuclei in the paramagnetic and diamagnetic
Site 111 % v derivative. One bonéH—'°N coupling constants (rdc’s) were measured
a’ at 298 K and 700 MHz by using the IPAP methddn all experiments,
3 e} the concentration of labeled CaM was about 0.6 mM with a slight excess

of unlabeled AS; in labeled AS samples, a slight excess of unlabeled
CaM was used.
\ Site IV Results

CaM—AS Adduct. From IH—15N HSQC spectra, 146 out
of 148 HN signals were observed and assigned through
comparison with the spectra of the free CaM, with the help of
titration with increasing amounts of AS.

The analysis of the 3B°C-edited and"*N-edited NOESY-
HSQC spectra of CaM in the CaMAS sample provided the
full assignment through comparison of the NOE patterns with

flexible linker

Ln** free CaM, and 4530 intradomain NOE cross-peaks were

assigned and transformed into 3288 unique upper distance limits,
Site I { @ E Site I1 of which 2971 (1686 for the N-terminal domain (21.3 NOE/
~Ga residue) and 1285 for the C-terminal domain (18.6 NOE/
N-terminal domain residue)) were found to be meaningful. A lower number of

Figure 1. CaM can bind four calcium ions, two in the N-terminal domain  NOEs in the C-terminal domain has been already ri6td
and two in the C-terminal domain. The N60D mutant binds lanthanides and ascribed to some conformational averaging within that
select'lvely at the second binding site of the N-ter:mnal donlam. The WO omain® The structure calculations, performed with the
domains are shown as observed in the so-called “extended” conformation . -
of CaM (PDB 1CLL). program DYANA yielded well resolved structure families for

both CaM domains.

susceptibility anisotropy tensors and then relate them to the The binding of CaM to AS was tested by following the
conformationally averaged pcs and rdc values measured on thechanges in théH—'*N HSQC spectrum o#*N-labeled CaM
C-terminal domain with the different lanthanide ions. Substitu- upon addition of an increasing amount of unlabeled AS, up to
tion of the calcium ion with a lanthanide ion does not final ratios of 1:1 (CaM-AS). Further additions of AS did not
appreciably affect the structure of calmodulin, as shown by using cause further appreciable changes. The chemical shifts of several
the diamagnetic LY ion 36:3949Several other EF-hand proteins  peaks of CaM are affected, though slightly (Figure 2). From
are similarly well behave@:5°51The results show that for the  the titration, a dissociation constant around1Bl is estimated.
first time it is possible to characterize the conformational space Neither interdomain nor intermolecular NOEs were observed.
in terms of the different MAPs for each relative conformation ~ For AS in the CaM-AS adduct, sequential backbone con-
of the two domains. nectivities were obtained as in the case for the freg’®356
Very little shifts of either backbone or side chain signals of AS

Materials and Methods in the presence of CaM were observed.

Protein Preparation. N and*3C labeled wild type and N60D CaM Paramagnetism-Based Restraints in CaM and CaM-AS.
were purchased from ProtEra s.r.l., being expressed and purified asPcs and rdc data were measured for (Cal®®)cCaM (see
previously reporte@®*°*NMR samples of C&LaM and (CaLn)(Ca)c- Figure 3). Pcs’s and rdc’s were already available for (CaTh)

CaM (Ln= Th, Tm, Dy, Lu) were prepared as previously repoied. (Ca)cCaM and (CaTmy(Ca)cCaM38

Details on the preparation and purification of &% are reported in The same parameters were measured for (G#0a)cCaM

the Supporting Information. _ (Ln = Th, Tm, or Dy) in the presence of AS (see Figures 3
NMR Measurements.Labeled wild type CaM and N60D CaM were and 4). AS exchanges rapidly between bound and free forms

slowly titrated with unlabeled human AS. The titration progress was B L .
followed by*H—13N HSQC spectra at 700 MHz and 298 K. Titrations and experiences very small pcs’s with respect to both domains

of labeled human AS with unlabeled human CaM were performed under ©f CaM. This is presumably because AS binds CaM with

the same conditions. different orientations. Still, it affects the conformational vari-
The NMR spectra were acquired on Bruker AVANCE 600 and 700 ability of CaM, as rdc and pcs measured for CaM in the presence

spectrometers equipped with a triple resonance (TXI) 5 mm probe with of AS are different from those in free CaM.

az-axis pulse field gradient. All spectra were taken at 298 K. The water ~ Pcs’s relative to the N-terminal domain of CaM were used

signal was suppressed using presaturation during the relaxation delayto obtain the magnetic susceptibility anisotropy tensors of the

and mixing time or by using the WATERGAPEmethod. three lanthanides, in addition to refining the domain structure

In order to obtain the pseudocontact shifts (pcs'’s), 298HK-15N through the program PARAMAGNETIC DYANA’ The tensor
HSQC spectra of (CaLrjCa)cCaM—AS were recorded. 256 incre-

(53) Ottiger, M.; Delaglio, F.; Bax, AJ. Magn. Reson1998 131, 373—378.
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Malmendal, A.Biochemistry1l997 36, 11605-11618. Nat. Struct. Biol.1995 2, 768-776.
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C.; Quattrone, ABiochemistry2004 43, 5562-5573. Subramaniam, V.; Griesinger, C.; Jovin, T. EMBO J.2004 23, 2039~
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Luchinat, C.; Quattrone, ABiochemistry2004 43, 16076-16085. (56) Bermel, W.; Bertini, |.; Felli, I. C.; Lee, Y.-M.; Luchinat, C.; Pierattelli,
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0.184 ensures that the CaMAS form is surely present with a
= 0.16] percentage larger than 90% under the present experimental
g_ ] conditions.

o 0-14‘_ Figure 4 shows the pcs values observed for the C-terminal
& 012 HN nuclei in the free and AS-bound CaM forms. The somewhat

£ 0.10.] larger values measured in the AS-bound form suggest a slightly
g ] shorter average distance of the C-terminal domain from the
M 200 paramagnetic metal ion located in the N-terminal domain or a
E smaller dynamic (orientational) averaging, possibly due to an

[} increase in the localization of the C-terminal domain in a region

= . .

S of space with pcs values of the same sign as that of the
< experimental ones.

- - : i It appears that a single structure of the whole CaM molecule
20 40 60 80 100 120 140 cannot be calculated, even in the presence of interaction with
Residue number AS, due to its high flexibility, and therefore, this system can
be used, together with the free CaM, as a test case to apply our
strategy for the estimate of MAP conformations of the protein.
C-terminal MAP Values. A novel approach is developed here to extract
domain from rdc and pcs data the conformations that have the largest
MAP value among all possible conformations. The maximum
allowed probability of a given orientation of one domain with
respect to another domain of the same protein using only rdc
data was earlier defined and callgghax®® This quantity
represents the maximum weight that a givaentation can
have and does not depend on the number and weight of all the
- .'9,’ N-terminal other orientations that the domain may experience. Rdc data,
in fact, provide information only on orientation (determined by
a rotation matrixR). In the present framework, we term this
orientational MAP as MAHMY). To define aconformational
e 2. Plot of the ch - chemical shitt o 4 for the Calt H MAP, we take MAPR) as the starting point, to which
Z%u'r\le b(;lckbgn((eJ ato(reng ir? ?r?: ]I!chAeSTIéZI\/TCIomOpIZir \éehifts zrare?epgrted transational information mUSt be ,added' .
as a weighted average of the amide proton and amide nitrogen shifts using 1€ nature of rdc’s (which are independent of reflections of
the formulaAd = [(Adw)2 + (Adn x ({yn}{yH}))3°5. Residues withh\o the axes of the magnetic tensor) is such that the same R)AP(
Yalues Iarg,;’er than 0.05 ppm are shown in gray on the CaM structure inthe i calculated for a given orientation as well as for other 3
extended” conformation observed in the solid state (PDB 1CLL). symmetric orientations, aghostorientations, which cannot be
discriminated. In principle, two (or more) different metal ions
with significantly different magnetic susceptibility anisotropy
tensors and good quality rdc values should be able to eliminate
the ghost orientation.However, simulations performed using
three paramagnetic ions which induce magnetic susceptibility
tensors with similar orientation, as expected for lanthanide ions
. L . in the same binding pocket, show that the ghosts are not
Both structures remain very similar to those previously re- . .
pOrtedss? comp!etely removed (see Supportlng Infor.matlon)..Furthermore,
even if further paramagnetic ions are considered, little additional

Rdc’s do not depend on distance, and therefore the Spre"J‘dm%formation is added, because further lanthanides do not have

Ef theg \éalues _Sh?l:jld be. appfr?[;(]lmately the san:etlln bo”f[_ the a significantly different orientation of the magnetic anisotropy
- and C-terminal domains, if there were no relative motion g, e ntinility tensor.

between the twé8 The spreading of the rdc measured in the - . - L .

. S . . Since the relative position of the two domains is restricted
C-terminal domain in CaMAS is much smaller than predicted . . . o .
for a ricid molecule (see Fiaure 3) but sizably laraer than that by the presence of a physical linker, coupling rdc’s with pcs’s

gl ule ( igure 3) but sizably larg could in principle remove some of the ambiguities, in addition

%%seeggeﬁ}énéglt\aﬁ f;i?n;i!l iﬁr?:]imé dlctiuccaznw?tﬁ Z?C;l:geﬁ tk?lat to providing further information on the relative position(s) of
9" the domains. Therefore, we introduce pcs’s in the analysis and

flexible but appreciably less so thgn in the free form. The small we define an MAP relative to each conformation, defined by

rdc values measured for CaM\S, in fact, cannot result from . . . . )

the sum of the contributions from a free CaM form in chemical orientation plus translation. In practice, two sets of rdc’s and
pcs’s may not completely remove all the ambiguities, because

equ!llbrlum with a CaMAS fqrm assuming a closed confor- we notice that by adding a third set of data the ghost solutions
mation, because the dissociation constant for the complex

parameters are reported in Table 1. The structure of the
C-terminal domain was refined using the rdc’s relative to the
C-terminal domain, to make them as consistent as possible
with the structure. The backbone rmsd between residu&®25

of the family of the 20 structures with the lowest target function
is 0.46 A, and that between residues—823 is 0.50 A.

(59) Gardner, R. J.; Longinetti, M.; Sgheri, Inv. Probl. 2005 21, 879-898.

(57) Chou, J. J.; Li, S.; Klee, C. B.; Bax, Alat. Struct. Biol.2001, 8, 990- (60) Bertini, I.; Janik, M. B. L.; Lee, Y.-M.; Luchinat, C.; Rosato, A. Am.
997. Chem. Soc2001, 123 4181-4188.

(58) Clore, G. M.; Gronenborn, A. M.; Bax, Al. Magn. Reson1998 133 (61) Barbieri, R.; Bertini, I.; Cavallaro, G.; Lee, Y.-M.; Luchinat, C.; Rosato,
216-221. A. J. Am. Chem. So@002 124, 5581-5587.
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Tb3+ Tm3+ Dy3+
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Figure 3. Observed spreading of rdc values in the C terminal domain of (G&Ca))cCaM (Ln= Tb, Tm, or Dy) in the free form (B) or complexed with
AS (C) as compared with the spreading predicted in the absence of conformational freedom (A).

keep disappearing. Simulations with exact data, on the otherreconstructed data when the domain is constrained to stay in
hand, show that three lanthanides remove all ghost solutionsorientationR, for a fractionwg of the time. A weighting factor
(see Supporting Information). Of course, the efficiency of pcs’s is introduced to normalize the contributions to the target function
in removing ghost solutions increases with the magnitude of from pcs’s and from rdc’s according to their squared values
the pcs values, as may happen in domains closer than those irand to make them of the same order. The funcii®iiwg) is
CaM or in the presence of more limited conformational freedom. calculated for increasing values wf and increases witwp.
Because of the different mathematical structure of the pcs The absolute minimum of F(wo) is TF(0), which does not
and rdc equations, however, the geometric algorithm proposeddepend onty and Ry. Then the MAP value is the largegl
in Longinetti et al** (see Supporting Information) for the value such thalTF(wo) = ¢, wheree is the threshold fixed for
determination of MAPR) presents many theoretical and practical the error. This was set to a 10% larger value of the absolute
difficulties. Therefore, we used the following procedure. The minimum of theTF.
MAP(R) values relative to all orientations of one domain with A simulated annealing minimization procedure was applied
respect to the other domain were first obtained using the rdc for the determination of the othel conformations. Such
values, through the approach proposed in ref 44. Then, a fit minimization, which includedN x 7 — 1 variables (3 transla-

was performed starting from selected orientati®swith the tions, 3 rotations, and 1 weighting factor for any conformation
largest MAPRy) values, complemented by anotiéconforma- except the last one), needs to be handled carefully. The fit
tions, with weight (), position ), and orientationR;) obtained protocol is reported in detail in the Supporting Information.
in order to minimize the target function About 2—3 days of CPU time on a single Pentium-4 3.2 GHz
~ processor are required to provide fhie for each conformation
TF(Wp) = min Z 10; = (Weo; (to,Ro) + and a fixedwp value. Calculations were then repeated for several
fo, (Wi tiR) T Wp weights in order to obtain the MAP value. Faster minimiza-

ziNzlwiéj t.R)I* (1) tion procedures could be attempted, but care should be taken
to extensively search all the conformational space to exclude

whered; are the experimental pcs/rdc valuégto,Ro) are the the possibility that another set &f + 1 conformations would
pcs/rdc values calculated for the selected orientagnwith have provided a loweTF.
the translation vector, defining its positionw is the corre- The achievement of an accurate estimate of the MAP requires
sponding weight, and;(t;,R)) are the pcs/rdc values calculated that a high enough numbeN + 1 of conformations is
for the otheri = 1... N conformations. Such a function (with  considered, although the experimental averaged pcs and rdc data
wWo + > w = 1) represents the minimal error on the may be reconstructed in some cases with less conformations.
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| Figure 5. MAP(R) values calculated from rdc data for CaM and CaM
0.084 AS. A point (x,y) on the graph means that a fractirrf all orientations
have a value of MARR) < y.
€ 0.06
o 1 restraints, as far as pcs’s are concerned. In practice a much
vy 0.044 smaller valueN is usually needed. For the present calculations,
E 1 where restraints relative to three metal ions were emplolled,
= 0.024 was fixed to 9. We verified that the addition of further
I ] conformations did not decrease the target function and, thus,
D90 e could not increase the MAP of the fixed conformation.
0047 Furthermore, no analytical cases were found requiring more than
0.02 4 8 conformations to reproduce rdc data corresponding to three
metals; pcs’s, on the other hand, can be easily fit in our case.
€ 0.00+ In fact they provide, when taken alone, quite large MAP values
S .02 for all conformations, so that the remaining weight{ MAP)
— is small and the number of conformations needed to accom-
8 -0.04 modate it is small as well. Furthermore, when rdc’s and pcs’s
o are taken together, the pcs’s can be mostly accommodated using
= the translations, which do not change the rdc’s.
= . o 9 :
-0.08- Finally, synthetic tests were performed by modeling the
location of the C-terminal domain with respect to the N-terminal
-0.10- domain in a wide range of orientations. A very large number
80 90 100 110 120 130 140 (50 000) of protein conformations were generated using a

Residue number Gaussian probability distribution around one selected conforma-
Figure 4. Observed C-terminal HN pcs values for the terbium(lll), tion. Rdc and pcs data were simulated from the average of rdc’s
thulium(l11), and dysprosium(lll) CaM derivatives in the free form (black) and pcs’s obtained for the different conformations. They were

and in the presence of AS (gray). then used according to the proposed procedure. Calculations
Table 1. Magnetic Susceptibility Anisotropies of the Different performed using pcs’s and rdc's relative to 3 or 5 metal ions
Lanthanides in CaM and CaM—AS indicate that the conformations with the largest MAP are close
Aax Axn Euler angles® to the center of the Gaussian distribution used to generate the
(10-%m?)  (10-m?) (referring to PDB 1J70, rad) data. Such agreement is maintained when a stochastic error
(CaTb)(Ca)cCaM 37 -14 1.828 1.246 0.248 is introduced £30% for pcs’s,+0.5 Hz for rdc’s). Details
(CaDyN(Ca)cCaM 34 —-15 1.2080.323 0.672 on the tests performed are reported in the Supporting Informa-
(CaTm)(Ca)cCaM 26 -9.1  0.232-1.953-0.324 tion.
252;3{&%322%_’)\2 gi _g i:ggi é:ggg 8:2;11 Determination of the Largest MAP Values for CaM and
(CaTm)\(Ca)cCaM—AS 23 —9.3  0.200-1.890—0.250 CaM-AS. The algorithm described above was applied to

monitor the conformational space sampled by CaM and €aM

a Defined as yaw, roll, and pitch. The magnetic susceptibility anisotropy ; +
values are similar to those observed in other EF-hand prot$°The AS, using the pes and rdc data measured for"TBme*, and

spread in the directions of the principal axes of fhensors of the three ~ Dy3t. Figure 5 shows the MAR) values calculated from rdc
metals is large enough to consider the three datasets independent from onejata only, and Figures 6 and 7 show the conformations with

another, as previously observéd the largest£0.35) MAPR) and MAP values. In Figures 6 and
The numbemN +1 of conformations to be used to achieve the 7 the points on the sphere and their colors (see below) represent
absolute minimum for th@F(wo) (which is independent dfl the preferential relative orientations of the C-terminal domain

for large enough values) depends on the number of different with respect to the N-terminal domain when the first residue of
metal ions,m, to which pcs and rdc data refer. Actually, this the former and the last residue of the latter are both placed in
number is theoretically limited tord as far as rdc's are  the center of the sphere. In this way, it is possible not only to
concerned, whereas it can reach the number of availablevisualize the most probable orientations of the C-terminal
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: North pole direction %\‘W

2: 188-L113 direction Figure 7. (A) MAP(R) values calculated from rdc data for all relative
orientations of the C-terminal domain with respect to the N-terminal domain
(in blue) of CaM in the presence of AS. (B) Conformations with the largest

North pole MAP values in agreement with both rdc and pcs data. Details same as those
113 .dlrecmn 113 for Figure 6.

RDC+PCS

—

the C-terminal domain (the vector connecting the atorhefC
residue Ala 88 and € of residue Gly 113 is a suitable
one) and the direction of the North pole (just like the direction
provided by the needle of a compass on the surface of
Figure 6. (A) MAP(R) values calculated from rdc data for all relative Earth; see Figure 6D). This angle has been selected because of

orientations of the C-terminal domain with respect to the N-terminal domain 1tS property to monitor the rotation of the C-terminal domain

(in blue) of free CaM. The first C-terminal residue and the last N-terminal around its first helix independently of the orientation of the
residue outside the mobile 781 hinge region are placed in the center of  |5¢ter.

the sphere. The points on the sphere represent the directions of the first . . -
helix on the C-terminal domain (C). The colors represent the angle between In the case of free CaM, five regions have Very_s'm'lar
the projections of the vector connecting the atorhefGesidue Ala 88 and MAP(R) values, equal to 0.370.386. In all of them (Figure
Ce of residue Gly 113 (virtually perpendicular to the axis of the first helix ~ 6A) the first helix of the C-terminal domain forms quite large

of the C-terminal domain) and the p_rojection of the North_ pole direction, angles with the last helix of the N-terminal domain, and in four
on the plane tangent to the sphere in each point, according to the legend

(D). (B) Conformations with the largest MAP values in agreement with orientations it is directed parallel to the direction of theheet
both rdc and pcs data. The intensity of the color is low for conformations present in the N-terminal domain.

with MAP(R) or MAP < 0.35 and increases proportionally with increasing Minimizations were then performed using pcs and rdc data,
MAP(R) or MAP above that threshold. for increasing the weight of a few selected orientations, as shown
domain but also to figure out the most probabteformations in Figure 8A. Translations were restrained so that the distance
of the whole protein with the assumption that the translational between the last€atom of the N-terminal domain &»f Asp
displacement between the end of the last helix of the N-terminal 78) and the first atom of the C-terminal domair*(af Ser 81)
domain and the beginning of the first helix of the C-terminal cannot exceed that given by the fully extended conformation
domain is modest. of the intervening residues (i.e., it is not larger than 9 A). The
As shown in Figure 6 for free CaM, the orientations of absolute minimum value of the target function allowed by the
the C-terminal domain with respect to the N-terminal domain experimental data was 0.215, and the threshdtnt admissible
are defined by three angles: two of them provide the orienta- solutions was set to a 10% larger value, i.e., 0.236. The starting
tion of the first helix of the C-terminal domain, the third orientations to be provided to the minimization program were
one describes the rotation of the C-terminal domain around its selected within the Euler angle space representing 20% of the
first helix (see Figure 6C). The first two angles thus define orientations with the largest MAR] values. The largest weights
points on a sphere in correspondence of the direction of the of these orientations allowing a target function smaller than
first helix of the C-terminal domain. The value of the third angle were used to rescale the MA®(values. The results are shown
is depicted according to a color code (see the color legendin Figure 6B, where only the conformations with largest MAP
in Figure 6). The colors represent the angle between a vectorvalues in agreement with both pcs’s and rdc’s are depicted. The
chosen in the plane perpendicular to the first helix of largest MAP value was found to be 0.365, and the corresponding
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A) CaM the minimization program are those reported in Figure 7B. In
0.50 such structures, the first helix of the C-terminal domain is
tilted to abouto. &~ 110° with respect to the direction of the last
0.45 helix of the N-terminal domain and forms an angle of about
“ B ~ 90° with respect to the plane containing the axis of the
B0 ||' last helix of the N-terminal domain and the calcium ion in its
0.35- 2 [ second binding loop. These conformations correspond to the
w orientations labeled with “OR3" in Figure 7A. The solutions
= 0.30- / obtained indicate that, in the presence of AS, the confor-
/ -, mations of CaM with the largest MAP values are not far from
0254 "f ___________ A the closed conformatior(~ 11, 8 ~ 100°) observed in PDB
a S oS _._,/-"r structures 1PRW and 2BBM. All other orientations, i.e., those
0.20+ labeled with “OR1”, “OR2", and “OR4” in Figure 7A are in
10 15 20 25 30 35 40 45 50 worse agreement with the pcs data. The MAP value of the
y conformation derived from “OR1” is only 0.29, and the other
weight (%) two are even lower. Therefore, the use of pcs’s allowed us
to efficiently rank the conformations with the largest MAP
0.50 B) CaM-AS values.
In conclusion, the above analysis indicates that free CaM
0.45 adopts a large ensemble of conformations, none of them with
an MAP larger than 0.36, which are quite different from the
0.40 closed conformation, in agreement with results reported by
p 35_' Bertini et al3® In the adduct with AS, CaM still adopts a large
w ensemble of conformations, but in this case the conformations
F 0.304 with the largest MAP values are in a region of space close to
] that occupied by the closed conformation, with an MAP not
0.25 larger than 0.35.
€
0.20 Concluding Remarks and Perspectives
10 15 20 25 30 35 40 45 50 A novel method has been proposed for the structural
weight (%) characterization of systems displaying conformational hetero-

Fi 8. Target functionTF(wp) for two different orientations in bad or geneity, constituted by substructures considered rigid and
gggcgeag'reemgnt with the expgrimental data for the CaM (A) and-€aM relatively free to moye W'th_ reSpeCt_ to ea(\jh_ other. Such
AS (B) cases. The TF function has a roughly exponential behavior, as shown Substructures may be interacting proteins not rigidly connected
by the fits. The maximum weight corresponding tdfa value equal ta or different protein domains within the same protein. The
(shown as dotted line) defines the MAP for such a conformation. method is generally valid and can be applied whenever a
paramagnetic ion is attached to one substructure, and the effects

conformations are relative to the few orientations labeled with are observed in the other substructure(s).
“OR1” in Figure 6A. This clearly shows that such orientations For the first time a quantitative assessment of the conforma-
are in best agreement with the pcs data. Conformations tional space experienced by a protein consisting of two domains
corresponding to orientations labeled with “OR2”, “OR4”, and relatively free to move with respect to each other is provided
“OR5” in Figure 6A may be heavily represented, because the in terms of the maximum allowed probability (MAP) for each
MAP for such conformations is calculated to be around 0.35 conformation. The procedure is rigorous in setting an upper limit
(see Figure 6B). It cannot be excluded that some of these areto the percent occupation of a given conformation. In this sense,
actually ghosts. Conformations corresponding to orientations ghosts are not a problem; they only make some nonpreferred
labeled with “OR3” are less preferred, as their MAP decreases conformations less nonpreferred. In no case can a conformation
to 0.33. These results represent a significant refinement of thosebe in reality more allowed than calculated.
reported in Bertini et at® The results are not only consistent with our previous andfysis
In the case of CaMAS the preferred orientations have performed on CaM but also more solid, thanks to a more
somewhat larger MARR) values than those for free CaM (see rigorous mathematical treatment. In the CalS adduct, the
Figure 5), as a result of the larger rdc’s measured for the conformations with the largest MAP values experienced by
C-terminal domain nuclear pairs. The four preferred orientations calmodulin are reminiscent of those observed for the same
have MAPR) values up to 0.390.434. Some orientations are  protein when interacting with peptides with high affinity.
similar to those obtained for free CaM, but one orientation is  The power of the method is expected to increase with
also present in a region near that of the closed conformation of decreasing conformational freedom, as long as conformational

the protein (Figure 7). heterogeneity is still present to some extent. In fact, systems
The absolute minimum for the target function allowed experiencing less conformational freedom have larger averaged
by the experimental pcs and rdc data was 0.205, amngs rdc and pcs values, which means less percent error and

fixed to 0.226 (Figure 8B). The largest MAP was found to be lessghosts. This results in higher accuracy in the identification
0.35, and the corresponding conformations obtained from of the conformational space experienced. Free CaM is, in this
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respect, a difficult case, and yet the method works reasonablyCT-2004-512077 (NDDP). Cristina del Bianco performed
well. For CaM-AS it works better. In a case where there is an early set of NMR measurements on the CaA8& inter-
more limited (but still relevant) conformational freedom, the action.
method would be maximally powerful.
) Supporting Information Available: Preliminary consider-
Acknowledgmen.t. Th'? Wo.rk' has bee'n 'su;\)plorted by ations on pcs and rdc values; the algorithm; calculation of MAP-
Ente Cassa di Risparmio, Ministero dell’'Universitadella (R) from rdc data; calculation of MAP from pcs and rdc data;

Ricerca COFIN 2005, and by the European Commission, synthetic tests; preparation of AS. This material is available free
Contract LSHG-CT-2006-031220 (SPINE II), Contract > (S, Prep :
of charge via the Internet at http://pubs.acs.org.
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Abstract

A strategy for the accurate determination of protbdlution structures starting from X-ray
data and a minimal set of NMR data is proposed,sarndessfully applied to two complexes
of calmodulin (CaM) with target peptides not preasty described. Its implementation in the
present case is based on the use of lanthanidegosgbstitutes for calcium in one of the four
calmodulin binding sites, and the collection ofym@contact shifts (pcs) and residual dipolar
coupling (rdc) restraints induced by the paramagnetetals. Starting from the crystal
structures, new structural models are calculated #ne in excellent agreement with the
paramagnetic restraints and differ modestly bumniB@antly from the starting crystal
structures. In particular, in both complexes, angeain orientation of the first helix of the
N-terminal CaM domain and of the whole C-terminafrain is observed. The simultaneous
use of paramagnetic pcs and rdc restraints hatblogving crucial advantages: i) it allows
one to assess the possible presence of interdaroaformational freedom — which cannot be
detected if the rdc are derived from external dimgnmedia; ii) in the absence of significant
conformational freedom, the global orientation tgansan be independently and precisely
determined from pcs, which are less sensitive tltEnto the presence of local structural
disorder or mobility and iii) theelative rearrangement of a domain or a secondary structure

element with respect to the metal-bearing domambeaaccurately detected.
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Introduction
Protein solution structures obtained by NMR areitboh in precision by the low

information content of the experimental restraiasl by their small number relative to the
degrees of conformational freedom of the systenrthEwmore, local and global atomic
movements undermine the quantitative reliabilityabfrestraints, as none of them is a simple
function of the movement. As a resultfaaily of solution structures is usually provided that
are all consistent with the experimental restraiatsl whose spread provides but a qualitative
measure of the precision of the structure its@lfie RMSD among the members of the family
is relatively high (typically 0.5-1 A for backbom¢oms and higher for side chain atoms).

Crystal structures are intrinsically more precisehile the average precision of
conventional NMR structures corresponds to a réissluof approximately 3 A° the
precision of an “atomic resolution” crystal strugiicorresponds to about 1 A resolution. Yet,
solid state structures can suffer from crystal paghkorces - and sometimes from being
recorded at liquid nitrogen temperature - so timalependently of the precision, they may not
be anaccurate model for the structure in solution. In other wardhe “true” solid state
structure may be different from the “true” solutistiucture. In such cases, for proteins that
perform theirin vivo function in solution, the latter and not the formmeust be the target of
any structural study. The current situation is sitated in Figure 1A. This has been
extensively discussed in the literature, especfaliynultiple-domain proteins?

A possible strategy to improve the accuracy ofagin structure in solution is to take a
relatively good crystal structure as a starting elcahd to “correct” it by applying well
selected, sensitive NMR restraints. Such correatmrid generate a structure that is closer to
the “true” solution structure, i.e. more accurdtart the starting X-ray structure model, and at
the same time more precise than the solution streicbbtained with conventional NMR
methods (Figure 1B). An early example of this swygt is provided by the use of
pseudocontact shifts (pcs) from a paramagneticiiom metalloproteid. More recently,
residual dipolar couplings (rdc) originating froxternal orienting media have been proposed
and highly successfully uséd.

We propose here a strategy based on the occuroémcparamagnetic metal ion binding
site - either natural or artificial - and tlkembined use of paramagnetism-based pcs and rdc.
The latter arise from partial self-orientation dagparamagnetic susceptibility anisotrofy,

S0 no external orienting media are needed. Bothapdsrdc are long range restraints and,
therefore, optimally suited to detect global stmal features, especially relative orientations
of secondary structure elements or entire donfdiiSThese are precisely the features that,

when altered by crystal packing forces, may makgstal structures inaccurate models of
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solution structures. Rdc are also strongly affedigdmobility!?* The use of rdc for the
present purpose should, thus, be only restricteddse coming from groups that do not show
evidence of large local motions. To discard thevaaes for the groups affected by mobility,
R, andR; of the involved heteronucleuS in this case) can be measured.

If a structural model is available, as is the dasecrystal structures, the pcs provide an
accurate estimate of the magnetic susceptibilitgaropy tensor, and the rdc can be used to
refine the structure through the latter tensor. &wd rdc are in fact differently sensitive to
local and global motions. Pcs are mostly sensttiMarge global movements, and are scarcely
affected by local mobility'>** Rdc, on the other hand, are sensitive to evenl| sinatain
reorientations. The agreement between calculatddbserved pcs provides a first indication
of the extent of deviation of solution and solidtststructures. A new structural model using
pcs and rdc can then be calculated, and both temsbstructure can be refined iteratively.

It should be stressed that the use of pcs and rndinating from a protein-bound
paramagnetic metal is intrinsically different frarsing pcs restraints alone on one Haamt
rdc restraints induced by external media on therdthin fact, the independent availability of
an accurate estimate of the orientation tensor fpospermits a more quantitative use of rdc
themselves: when rdc are initially used to asskesquality of a structural model and the
orienting tensor is known (and fixed), it should dsssier to discriminate the contribution to
the deviations originated by small local rearrangets from those originated by global
reorientations of domains or subdomains. This istiqdarly true for two-domain (or
multi-domain) proteins. As the metal resides in awgnain, the observation of a smaller
range for the rdc values in the other domain imatety reveals the presence of
conformational freedom of this domain with respecthe metal-bearing domaiit’ On the
other hand, if the two sets of rdc have similar nitagles, even modest differences in the
orientation of the rdc-derived tensor in the nemyity domain with respect to that in the
metal-bearing domain should reveal a change inrdlsive orientation of the two domains
with respect to the starting crystal structural edodrhis is at striking variance from a
situation where the orientation tensors originatenf external orienting media. In this case,
the magnitudes of the two orienting tensors areslated to the conformation freedom. A
limit case is provided by calmodulin (CaM), a pioteith two domains (each constituted by
a pair of helix-calcium binding loop-helix EF-hantbtifs, and connected by a linker) which
binds target peptides by wrapping the two domanwsired the target, but where the two
domains are free to move with respect to one andthéhe peptide-free forfi***’ In the
case of free CaM, while in the presence of a pagaetz&c metal bound to one domain the
rdc-derived tensor from the other domain is moemtbne order of magnitude smaflén the
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presence of external orienting media the rdc-ddrtemsors are similar for the two domains
(Figure 2)? Obviously, if one makes a wrong assumption abweriabsence of conformational
freedom in free CaM, the two tensors could be madessentially coincide by rotating one
domain with respect to the other, providing a dtriee devoided of physical meaning.
Paramagnetic NMR has provided a wealth of dynarmiftgmation on free CaM,recently
providing a maximum allowed probability (MAP) foaeh reciprocal orientation of the two
domains™°

The obvious test of the present strategy is thesefthe solution structural
characterization of CaM in its complex with two pdps representing the interaction
sequence of two protein partners, the death-adsdciprotein kinase (DAPk) and the
DAPk-related proteid (DRP-1)*? Binding protein targets or their relevant peptitirsds to
restrict the freedom of one domain with respec¢h&other, possibly until freezing of a single
conformation, depending on the strength of theramiion® X-ray investigations provide
detailed pictures of frozen conformations in thdidsgtate among the many possible in
solution, which are, however, somewhat differeonfrone peptide to anoth€rlt is, thus,
possible that i) some conformational freedom oftit@ domains is maintained in solution, as
it has been observed in at least three ¢%8%S and is not revealed by the solid state
structures, and ii) even if the structure of thenptex is also immobilized in solution, the
relative orientation of the two domains in the gddditate is determined by relatively weak
forces, possibly of the order of the crystal pagkiarces, so that differences between solid
state and solution structures may be expected. Hwenelative orientation of the helices
constituting each EF-hand domain can Vaapd be another point of possible discrepancy
between solid state and solution structures.

We therefore solved the high-resolution crystaludtres of these two novel
CaM-peptide complexes; then we applied our strateggubstitute the calcium ion in the
second EF-hand of the N-terminal domain with pagmeéic lanthanide ions using the N60D
mutant (three lanthanide ions were used in thi®)asAs discussed above, if the two
domains are fixed in a rigid structure, the ranfythe observed NH residual dipolar coupling
values (rdc) should be the same for the two domaithgerwise it should be smaller for the
C-terminal domain, as the latter would experienceraging of the contributions from the
different relative orientations of the N-terminardain or from complete rotational freedém.
In case each protein domain can be considered tdrdc referred to one lanthanide are in
principle enough to detect changes in their retatorientation; at least two metals are
necessary if a local domain minimization is perfednwhile minimizing their relative

orientation. Three lanthanides were here used¢ngthen the results and avoid possible non
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global minima. This issue is further discussechmResults and Discussion section.

In the present complexes, the two domains appeanaally rigidly fixed. Therefore,
this is a case where the present strategy canllyedeployed. A careful analysis of the rdc
indicates differences in the solution structuratiee to the crystal structure, namely modest
but significant changes in the orientation of helixn the first EF-hand of the N-terminal
domain, and of the whole C-terminal domain, witlspect to the metal-bearing second
EF-hand of the N-terminal domain. This new approels provides solution structures that
are of the same quality of the starting solid sttectures and more accurate of the latter as

models for the true solution structures.

Materials and M ethods
Sample preparation, crystallization, and structure solution. Human CaM was expressedBn
coli and purified by Ca-dependent hydrophobic inteasctchromatography on phenyl
sepharose. The peptides RKKWKQSVRLISLCQRLSR and RIRRSFSIVSLCNHLTR,
representing the amino acid sequences of the Cahlidg domain of DAPk and DRP-1
(residues 302-320), were purchased from Mimotog&ystallisation was carried out at
+20°C by vapour diffusion, in sitting drops coniam 1 pl of protein-peptide mixture (0.5
mM CaM, 1.5 mM peptide in 20 mM Cafl50 mM HEPES, pH 7.5) and 1 ul of well
solution. The optimal well solution contained 30 PeG 1500, 10 mM DTT, and 0.1 M
sodium acetate (pH 4.8). Data were collected at 0on beamline X13 at
EMBL-Hamburg/DESY. The diffraction data were prosas using XD$ and XDS. Initial
phasing was carried out by molecular replacemeM@_REP?° using the N- and C-terminal
domains of CaM separately. Refinement was performsithg REFMACS® with TLS
parameter’ Model building and analysis were done irf®ONater molecules were added
both manually and with Arp/Warf.Residues 2-148 of CaM and all residues of theigept
were built into the model. The processing and egfiant statistics are shown in tables S1-S2
in the Supporting Information. The coordinates atricture factors were deposited at the
Protein Data Bank with accession codes 1WRZ (DR&atl)1YR5 (DAPK).

>N and *C labeled N60OD CaM was purchased from ProtEra. N&éRples of
CaCaM and LnCgCaM (Ln=Tb, Tm, Yb and Dy) were prepared as presipueported™®
(HEPES 30 mM, KCI 200 mM, TCEP 3 mM pH=7.4). CaMncentration was 0.5 mM,

peptides were in slight excess.

NMR Measurements. *H >N HSQC experiments were performed at 700 MHz. Rta dere

obtained as th&H and*>N chemical shift difference between the paramagrfetim and the
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diamagnetic form. Rdc data were obtained from IRXPeriment® at 700 MHz. HNCO,
HNCA, HN(CO)CA and CBCA(CO)NH spectra for backbassignment were acquired on a
Bruker 500 MHz spectrometer equipped with a crybprd®N relaxation rates (Rand R)
were measured at 70.94 MEfN base frequency using standard pulse schErfes collect
ten points with delays of 2.5, 75, 125, 275, 401),%00, 850, 1500, 2000 ms for &d nine
points with delays of 16.96, 33.92, 50.88, 67.8488, 118.72, 152.64, 186.56, 237.44 ms for
R,. Relaxation rates were determined by fitting thesspeak heights, obtained through the

standard routine of the Sparky progrimll experiments were performed at 298 K.

Paramagnetism-based restraints. The electron-nucleus dipolar coupling does notaye to
zero upon rotation in the presence of anisotropthenparamagnetic susceptibility tensor. A
contribution to the hyperfine shift, which is callpseudocontact shift (pcs) thus arises, which
is described by Eq. (B

1 3 .
pcs= 1o [A)(ax(300§ 6 _1)+§Ath S 00324 (1)

wherer is the distance between observed nuclei and noetalay,, and Ay,, are the axial

and rhombic anisotropy parameters of the suscéptilbensor of the metal, anfl and ¢

identify the polar coordinates of the nucleus ia trame of the paramagnetic susceptibility
tensor. Therefore, pcs values depend only on te#ipo of the nuclei with respect to both the
metal ion and the paramagnetic susceptibility tensesides the value of the anisotropies of

the latter.

The 'J splittings of coupled nuclei can experience dipetantributions, due to partial
self-orientation of the investigated system in thagnetic field. Such contribution is called

residual dipolar coupling (rdc) and is providedday. (27*3*

rdc (Hz) = —i%%[w@x (3cos’ 8-1) +gA)(rhsin26c052(p} (2)

whereryy is the distance between the two coupled nuclent& and the polar anglésand

@ are those defining the orientation of the vectmnecting the coupled nuclei in the frame of
the magnetic susceptibility tensor. Other symbasehthe usual meaning. Therefore, rdc
values are not related at all to the position ef¢bupled nuclei with respect to both the metal
ion and the magnetic susceptibility tensor, butytdepend only on the orientation of the
vector connecting the coupled nuclei in the refeeeframe of the magnetic susceptibility
tensor axe&>3® As can be easily seen from Eq. (2), more than ®aad g pair can provide
the same rdc value; rdc measurements referringléast two metals are thus necessary.
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Pcs and rdc may act as reporters of structuratrnméition because they depend on the
position of the observed nuclei (for pcs) or on dhientation of the vector connecting coupled
nuclei (for rdc) with respect to the paramagnetisceptibility anisotropy tensor (see Egs. 1
and 2)* Pcs and rdc may also act as reporters of protaihility because the magnetic
susceptibility anisotropy parametefix.x and Ax,, values obtained for one domain with
respect to those of another domain provide infoiznabn the relative motion between the
two domains''® Analogously, deviations from the expected pcs/kddues relative to
individual residues may provide information on thational averaging.

Refining the structure in solution. The protein structures in solution were refinethgghe
crystal structures as starting models and corrgdtiem by applying the NMR restrairftg*°
The pcs and the rdc values from non mobile resiaeere provided as restraints through the
routines PARArestraints for Xplor-NIBE. Initially, a rigid minimization was performed,
using the pcs restraints, to determine the oriemtaif the magnetic anisotropy susceptibility
tensors of each metal placed at the second birgliagf the N-terminal domain. The crystal
structure was then subjected to a simulated ammealt 100 K, being restrained at the
backbone torsiop andy angles extracted from the structure itself, ineord be minimized
with respect to the employed library (topology gratameter files were topallhdg5.3 and
parallhdg5.3, respectively). This determined algliggarrangement in the protein structure,
the amplitude of which was around 0.4 A of backbBMSD. As a second step, an internal
dynamics at 200 K and a minimization were perfornveith the force constant of the starting
backbone torsiop andy angle restraints ramped down, and with the addibibthe dihedral
angle restraints calculated with TALOS with foramstant of 1256 kJ mdirad?, of the pcs
restraints with force constant of 41.87 kJ thapm?, and of the rdc restraints with force
constant of 0.837 and 3.35 kJ mdHz % for Tb**, Tm*" and Dy* and for YB", respectively.
The force constant for Yb rdc is larger than fae tither metals because of the smaller values
of Yb rdc. Pcs were thus used in the first stepdtermine the anisotropy tensor, and in the
second step to refine the protein structure togethin the rdc. In summary, the protocol
consists in a refinement of the crystal structiedggmed at low temperature in order to have
the smallest changes required for the best agradenwén all the experimental

paramagnetism-based restraints.

Results and discussion

The crystal structures
The crystal structures of &abound CaM complexed with the DAPk and the DRP-1
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peptides were determined (see the Materials anthddstsection) at 1.7 and 2.0 A resolution
(PDB 1YR5 and 1WRZ), respectively. The N-terminadlahe C-terminal CaM domains wrap
around the bound peptide, which hasoahelical structure, according to the canonical etbs
state. The peptides bind in an antiparallel origoa i.e. with the N-terminal and the
C-terminal CaM domains interacting mainly with teerminal and N-terminal halves of the
peptide, respectively. The same orientation wasemiesl for peptides derived from
MLCK ***and from CaM-dependent protein kinas&'Il.

The complex is stabilized by several hydrophobieractions. Tryptophan 305 and
leucine 318 mainly act to anchor the peptide tohydrophobic patches of CaM. In addition
to the hydrophobic interactions there are a nunobgrossible electrostatic interactions, such
as those between peptide arginines and lysineglateinate CaM residues in helix | and VII.

The mechanism of activation by CaM is common fdrital protein-derived peptide
targets. However, four different recognition modiese been identified, termed 1-10, 1-14,
1-16 or 1-17 motifs based on the position of the &gy anchoring hydrophobic residues in
the target peptid€:*° A fifth interaction motif has been described foe gating domain of the
small conductance Gaactivated K channeld® The recognition mode for DAPk and DRP-1
corresponds to the 1-14 motif. The same motif leenhbdentified for the skeletal muscle and
smooth muscle MLCK peptid&s* (PDB 1CDL), the endothelial nitric oxide synthase
peptidd’ (INIW), and a peptide derived from the olfactorfN@ channéf (1SY9). A
comparison among the CaM structures in these complavith respect to the structures
determined for the complex with DAPk or DRP-1 pde$ shows that all structures are in an
overall agreement (see Figure 3). However, althotigh three 1CDL, 1NIW and 1SY9
structures show the central CaM linker differentlywrapped, all of them provide about the
same relative orientation between the last helithefN-terminal domain and the first helix of
the C-terminal domain. Figure 3, on the contralyady shows that in the complex with the
DAPk or DRP-1 peptides the first helix of the Catémal domain is oriented differently from
the other cases. Therefore, all residues in therdomain linker, as well as those of the
C-terminal domain up to residue 87, have a largeSRMvith the 1CDL, 1INIW and 1SY9
structures. Figure 3 also shows that the firsixhaflithe N-terminal domain can be differently
oriented depending on the bound peptide. It hasadir been noted that this depends on the
specific interactions between the binding peptide the first helix residuek.

Of relevance to the present study are the interoodde interactions that connect each
CaM peptide complex with the neighboring molecuiesthe crystal. Such interactions,
lacking in solution, deserve a systematic analyassthey may be the cause of any possible

structural difference between the crystal structurd the solution structure of the complexes.
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Table 1 lists all H-bond, salt bridge and Van dexal¥ contacts between each complex and its
neighbours in the crystalline state. It can be didteat a number of hydrogen bonds are
present between the N-terminal and neighbour mtdecs, 5 and 7, those with molecule 3
involving helix 1, those with molecule 5 involvinigelix 3 and those with molecule 7
involving helices 1 and 4 of the N-terminal domairhese interactions are essentially the
same in both complexes. In addition, a salt bridggveen glutamates 7 and 14 and arginine 2
in DAPK, and between glutamates 7 and 14 and angifias well as between glutamate 11
and lysine 6 in DRP-1 establish contact betweenNkerminal domain and the peptide,
helping the maintenance of the closed conformatibrthe complex. A summary of the

relevant interactions is schematically shown iruregs.

Choice and collection of paramagnetic restraints

A few considerations are needed on the choiceefribst appropriate restraints for this
type of study. It is always desirable to have aergrof rdc datasets for either structure
determination or refinemefit>* In the present case, it is also desirable to magee than
one dataset of pcs. The latter can only be obtdiyetie use of more than one lanthanide. For
each lanthanide, several rdc datasets can be adguroviding information on different
internuclear vectors. In principle, a large numdiedifferent rdc datasets can be obtained. On
the other hand, for the present method to havetipgh@ppeal, a too extensive collection of
experimental data should be avoided.

From the above considerations, we resorted to ubieg different lanthanides and to
collecting pcs data for the three of them and raka dnly for the backbone N-H vectors. This
choice has several advantages: i) preparation ftdreint lanthanide derivatives is a trivial
task given the chemical similarity among lanthasjdand this provides independent pcs
datasets (the assignment of the corresponding rspest also straightforwarth>° ii)
measuring only N-H rdc has the advantage than \iladpelled protein samples can be used,
iii) the ratio between paramagnetism-based rdc emland the line-broadening on the
heteronuclear dimension is most favourable for Medtors®*>* In addition, for proteins with
alpha-helical secondary structure, such as calnmgdile N-H vectors, among all vectors for
which rdc can be measured, are the most suitabtietiect global helical moviments, being
almost parallel to the helix axis.

If we are dealing with global movements of rigidntiins, even a single rdc dataset
could be enough to describe the movement, providatithe other three symmetry-related
solutions can be discarded because strongly instemdéi with the starting model. However,

local vector rearrangements with respect to thetista crystal structure are also to be
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expected. If the degrees of freedom for each N-ttorewere totally independent from the
other N-H vectors, as it would be necessary torassin the absence of a starting structural
model, at least three independent datasets woulchdseled. In the present case, it is
reasonable to assume that the degrees of freed@acbfN-H are only partially independent
from one another, and two independent rdc datasaysbe sufficient. We have decided to use
three lanthanides, and therefore three indeperrderdatasets, but we have also checked that
even two of the three datasets are often enougppooximate the correct final structure, as it
will be shown below.

NMR experiments were performed on the N60D variehiCaM, because in this
variant the second binding site of its N-terminahthin can selectively bind a paramagnetic
lanthanide ior. It has already been shown that Ln-substitution taedN60D mutation do not
affect the protein structure besides the metal dination spheré%%? As far as long range
electrostatic interactions are concerned, the &utieh of the tripositive LA ion for the C&"
ion is compensated by the additional negative @hantyoduced next to the metal by the
N60D mutation. Pcs of'H, N nuclei and rdc of th&H-N pairs for three paramagnetic
LnCa&CaM forms when bound to the DAPkK (Ln = Tb, Tm, Y)}o the DRP-1 (Lh = Tbh, Tm,
Dy) peptide were measured. All the following aniyis essentially based on thrdd pcs
and thred'H-N pairs rdc datasets for each of the two commeXelditional rdc data for a
fourth Ln derivative of the DAPk complex (Dy), pcta for N, €, C°, C' for both
complexes, and two sets (Ln = Tm, Yb) d-El° pairs rdc for the DAPk complex were also

collected, and used as detailed below.

Initial determination of the magnetic anisotropy tensors from pcs and consistency of the rdc
data

According to the proposed strategy, the magnitude aientation of the Ln-centered
magnetic susceptibility tensors is initially calatdd by fitting the amide H pcs values of the
N-terminal domain (the domain bearing the paramagmaetal) to the crystal structure
(Figure 5A,B and Table 2). Then a first check fonsistency of the rdc data with the derived
tensors is made. If the rdc data are reproducel] webn be immediately concluded that the
solution structure does not differ appreciably frdm crystal structure. Pcs are indeed quite
robust to provide the magnetic susceptibility atrgoy tensors, because they are not very
sensitive to small local conformational changesl #re error in the measurement of amide
proton pcs is indeed quite small (0.1 ppfm)lo be noted that, although the magnetic
anisotropies for Yb are clearly smaller than thosthe other three lanthanide ions, the range

of the pcs values observed for Yb is similar tat thiathe other ions because pcs values for
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atoms closer to the lanthanide can be measured.

The rdc measured for the C-terminal domain for eaicthe three metal derivatives
and each of the two peptide complexes span rarfgesdies similar to those measured for the
N-terminal domain (Figure S1), differently from tiree CaM case, when the rdc measured in
the C-terminal domain were much smaller than thadgbe N-terminal domain. This already
suggests that in these complexes the two CaM darai® essentially maintaining a fixed
conformation with respect to one another; it shdoddnoted again that this conclusion is
straightforwardly drawn because rdc are origindbyda paramagnetic ion bound to one
domain, but would not have been obtained if exteonanting media were used. Differently
from pcs, rdc are very sensitive both to small lammmformational changes and to mobility,
because they depend on the orientation of tH#HNrector with respect to the axes of the
magnetic susceptibility anisotropy tensor. The ware back calculated by using the tensors
obtained from the fit of the pcs data as orientiegsors, and found to disagree with the
experimental values for a relatively large numbérresidues by much more than the
experimental error (Figure 5C,D). As a consequethase residues should be either subject to
sizable mobility or experiencing a somewhat différeonformation in solution with respect
to the solid state, or both. The corresponding.®alues are 0.86, 0.68 and 0.67 for Th, Tm
and Yb rdc, respectively, for the complex with &Pk peptide, and 0.71, 0.47 and 0.74 for
Tb, Tm and Dy rdc, respectively, for the complexhwhe DRP1 peptide.

Discarding mobile residues

At this point R and R measurements were performed to discard the NHs
experiencing mobility in the picosecond to nanoseécand/or microsecond to millisecond
time scales (Fig. 6 and Fig. 7). Large mobilityolsserved for the residues in the linker
between the N-terminal and C-terminal domain, adrésidues 42, 57, 113-116, 130, 137
and 138 (all in protein loops), consistently witteyious measurements performed for CaM
complexed with other peptides (see Supporting médion)’>**°A R, value orR,/R; ratio
larger than that calculated with HYDRONNIRs in particular observed for some residues,
mainly residues of the first helix of the C-ternlid@main and/or interacting with the bound
peptide (residues 24, 39, 92, 93, 122, 127, 144 a4l 145 in the DAPk case and residues 16,
64, 87, 93 and 96 in the DRP-1 case): these residreethus expected to experience motions
in the microsecond to millisecond time sc#fé’ As already noted for CaM bound to the
CaMKI peptide, these data account for significaobtdbutions from chemical exchange
phenomena&® Further considerations on the use of the rdc dfiteavectors are reported later.
Of course, in order to test the applicability o€ thresent strategy, data affected by sizable
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mobility need to be discarded.

Even after removing the rdc of the identified melaimide protons, however, thg.Q
values calculated using the crystal structure dedé¢nsor obtained from the fit of N-terminal
domain pcs remain quite large (0.73-0.52-0.53 fofTm-Yb DAPk and 0.47-0.31-0.53 for
Tb-Tm-Dy DRP-1). We conclude that the disagreenbativeen experimental and calculated
rdc values (Figure 5E,F) originates from structuldferences. It remains to be assessed
whether these differences are only local, i.e. ey be eliminated by slight refinement of the
orientations of the NH vectors, or they also rdflewre global differences between the
structures in the crystalline state and in solutibinis is done by two different calculations:
one in which the three rdc-derived orientation tessare fitted to the crystal structure for
each domain separately, and another in which thectste of each domain and its three
orientation tensors are left free to refine semdyataking the crystal structure as a starting

point, as one would do for rdc arising from extéwréenting media.

Separating local from global structural differences

The reduced sets of rdc values of the two domaiossidered separately, have been
fitted to the crystal structure of the protein gsiBqg. (2), and the fit shows a significant
improvement in the agreement between calculatedofnsdrved values with respect to that
previously shown (€. values of 0.21-0.20-0.40 and 0.25-0.27-0.33 fateiMrinal domain
and C-terminal domain rdc of Th-Tm-Yb DAPk peptidespectively; @ values of
0.23-0.13-0.20 and 0.29-0.16-0.26 for N-terminamdon and C-terminal domain rdc of
Thb-Tm-Dy DRP-1 peptide, respectively), although sowalues are not well fitted (Figure
8A-D). The anisotropies of the orienting tensonstfee two domains result to be quite similar,
as expected from the fact that the rdc of the temains span the same range of values. The
magnetic susceptibility anisotropiés(.x and Axn, calculated from these orienting tensors
(see Table 2) are similar to those obtained from (atthough somewhat smaller). The fact
that both the N-terminal and the C-terminal domairsvide similar magnetic susceptibility
anisotropy values confirms that inter-domain reaéonal freedom is essentially abolished
after binding of CaM to the DAPk/DRP-1 peptidespbrtantly, the main directions of the
orienting tensors calculated from the rdc of the tlemains considered separately are clearly
not coincident, as shown in Table 2, but form asgie20° or larger for at least one of ther
Z axis. Consistently, the simultaneous fit of theneardc values of both domains is largely
unsatisfactory (@e values of 0.49-0.43-0.48 for Th-Tm-Yb DAPk and ®@22-0.33 for
Th-Tm-Dy DRP-1, see Figure 8E,F).

With the reduced set of rdc and the backbone diiedrgles obtained from TALO%
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(which were checked to be consistent with the atystructure) a new structure of the
N-terminal and C-terminal domains was calculatecaa®finement of the domains in the
calculated crystal structure, because the latter been demonstrated to represent a good
starting model. The refinement was performed usirgprogram Xplor-NIH? through the
routines PARArestraints for Xplor-Nf4 and the protocol described in the Materials and
Methods section. Two sets of three independenbtensere considered, one set to represent
the orienting tensors for the three metal ions oasjble for the rdc observed for the
N-terminal domain and one set to represent thentinig tensors responsible for the rdc of the
C-terminal domain. Even if the calculations weref@ened in the absence of NOEs, no
expansion in the volume of the protein domains whaserved. The agreement between all
calculated and observed restraints was very settsfafor both N-terminal and C-terminal
domain structures, the Q factor for all rdc actdHiopping to 0.12 for both the DAPk and the
DRP-1 peptides. Analogously to what found from fikeperformed on the crystal structures,
the main axes of the orienting tensors obtainedHerN-terminal domain are different from
those obtained from the C-terminal domain when tiwe domains are oriented by
superimposing them to the corresponding domaingha crystal structure. There is a
satisfactory agreement between the changes in tieatation of the tensors in the two
calculations. These two calculations thereforengjly suggest that a reorientation of the two
CaM domains occurs in solution which, although nsbdis outside experimental uncertainty.
Interestingly, in the refinement of the N-termimmain in the previous calculation,
the first helix turns out to have a somewhat dédfdgrorientation with respect to the crystal
structure; in the C-terminal domain there were rejamdeviations in the protein backbone.
As from our strategy, this unexpected observatioompted a further refinement of the
N-terminal domain structure adding the pcs restsatim the other restraints and using a single
set of tensors for both pcs and rdc restraintstivelato the N-terminal domain, the
anisotropies of which were calculated from pcs a&hd refined domain structure. The
resulting structure was very similar to the pregicane, while the three refined tensors
differed only modestly from those determined idiyidrom pcs and the crystal structure, so
that no further iteration was needed. The agreemetit both pcs and rdc values was
excellent (Figure 9), as were the Q values forrttee(0.11 and 0.21 for DAPk and DRP-1,
respectively). Finally, the C-terminal domain wa$ired by imposing the newly determined
anisotropies from the N-terminal domain. Even witl three pcs-derived anisotropies refined
on the N-terminal domain the agreement betweerulzdkd and experimental rdc remained
excellent (Figure 9C,D) and the Q values (0.11 @i@ for DAPk and DRP-1, respectively)
as low as for the independent refinement. The ties of the main axes of the magnetic
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susceptibility anisotropy tensors calculated foe ttwo domains again differ when the
domains are superimposed to the whole crystal Caldtsire; such differences are relatively
large in the DAPkK adduct and somewhat smaller & DiRP-1 adduct (see Table 3). This
difference is much larger than the error which wesimated by performing multiple
calculations after removal of one third of the ihgacs and rdc data, perturbed with a
stochastic error of 1.5 Hz and 0.1 ppm for rdc pos, respectively. The indetermination so
obtained for the N-terminal domain (using pcs athc) on the tensor axis directions was in
fact 5° for the z axis of all metals and for theyxaxes of Tm; it increased to 10° for the x, y
axes of Tb and Dy. The indetermination obtainedhe C-terminal domain (using rdc only)
on the tensor axis directions was 5-8° in all cdsesides the x and y axes of Yb (when it is
much larger due to the very small rhombic anisotyop Figures S4-S5 show that the rdc
calculated for one domain using the tensor obtafioedhe other domain are actually very
different, beyond the error, from the experimentita, when the two domains are
superimposed to the crystal structure, thus paintot that such paramagnetic restraints
detect a structural rearrangement from crystabtot®n.

These latter results i) confirm that the pcs valpesvide reliable and robust tensor
values and ii) show that the rdc of both domaires iar equally good agreement with the
pcs-derived anisotropies as they are with the sdraewmaller rdc-derived anisotropies,
pointing to the presence of local mobility as arseuof error for the rdc-derived tensors,
which would be then less reliable to check the #iameous presence of global domain

rearrangements.

Smultaneous refinement of the two domains using pcs-derived tensors

The refined structure of the protein was then dated including the same restraints,
starting from the structures of the singly refirdmimains, and including a single triplet of
pcs-derived magnetic susceptibility tensors, resjimba for both pcs and rdc of the N-terminal
and C-terminal domain&.The anisotropies of these tensors were fixed ¢ovtiiues obtained
from the fit of the pcs data to the refined N-temalidomain. An internal dynamics at 200 K
and a minimization were performed (second stepénprrotocol described in the Material and
Methods section). The same refined protein strecivas basically obtained also starting from
the crystal model and using the same restraintdl@dame protocol previously used for the
refinement of the individual domains, with a singli@let of magnetic susceptibility tensors,
the anisotropies of which are responsible for bpts and rdc of the N-terminal and
C-terminal domaing? A new set of tensors were recalculated as theMéarminal structure

and the overall backbone structure soon converJedbl¢ 4). Both the values and the
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direction of the main axes for the metal suscelibtensors were in agreement with
expectation§®

The resulting structures, deposited in PDB (2K0d 2ik61), have a backbone RMSD
with the crystal structure of 2.0 and 1.1 A (in §&46 residue range) for the complexes with
the DAPk and DRP-1 peptides, respectively, indigatihat the solution structures are still
relatively close to the crystal structure (see Fegu0). Nevertheless, slight structural
differences with respect to the latter are pingaEdninamely in the orientation of the first helix
of the N-terminal domain and of the whole C-ternhid@amain. This very same movement of
helix 1 was observed also by Bax et al. in free Gaithg rdc and external orienting media.
difference in the relative orientation of the Namnal and C-terminal domains is actually
obtained, particularly in the DAPk adduct, as exmbd by the superimposition of residues
25-65 of the N-terminal domain of the solution sture to the corresponding residues of the
crystal structure (Figure 10C,D). In addition, t@eterminal domain, besides the different
orientation with respect to the crystal structuakso shows a translational component. The
latter obviously cannot be originated by rdc raste but arises from pcs. As such, its
significance is only qualitative, as in this pauter case the pcs values experienced by the
C-terminal domain are rather small. Also, the défe extent of this translational component,
larger in the DAPk and smaller in the DRP-1 compkhould not be taken quantitatively. In
any case, a better agreement of the pcs valueslsaobserved for the DAPk complex, the
one showing the larger change with respect to th&ta structure (Figure S6). All rdc values
are in very good agreement with respect to theneefisolution structures (Figure 11), thus
indicating that the three sets of data, measured) ubfferent lanthanides, are consistent with
an unique structural change with respect to theidsdtate. In conclusion, the
paramagnetism-based restraints indicate that theati®o structures are similar, but not
identical, to the crystal structures. Structurdfedences with respect to the crystal structure
are pinpointed, that can be ascribed to a structaesrangement from solid state to solution.
Similar rearrangements, although of somewhat diffeamounts, are obtained also including
in the calculation only subclasses of pcs/rdc a@sts, indicating that all of them point toward
the same structural differences.

In the calculations, the peptides were includecttiogr with the CaM crystal model,
but no restraints have been used, as well as nairdgs are provided involving side-chain
nuclei. We only refined the crystal structures (veheéhe peptides are present) at low
temperature, so that they are kept in place by\Wdne der Waals contacts only. The same
calculations were also repeated without including peptides, and the same refined CaM

structures were obtained. The same structuralalegement of the protein domains was also
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basically calculated when TALOS restraints are imotuded in the calculations. On the
contrary, when rdc are removed, all other restsa(MALOS and/or pcs) do not show any
significant rearrangement, in agreement with ttet fiaat they are already in agreement with
the crystal structur®:

The refined solution structure of CaM when boundhe DAPk peptide was also
calculated by adding the®@® rdc measured for the Yb and Tm CaM derivativese Th
obtained structure is in very good agreement witt talculated without such restraints, and
the corresponding rdc values are in excellent agee¢ with the experimental ones (see
Supporting Information, Fig. S7).

The quality of the structures can be monitored gisire Q factd¥’ calculated from the
rdc, which decreases from 0.47 and 0.32, as caémllasing the crystal structures of the
adduct with DAPk and DRP-1, respectively, and themting tensors in best agreement with
the crystal structures, to 0.14 and 0.18, as catledlfrom the refined solution structures of
the adduct with DAPk and DRP-1, respectively, ahd &nisotropy susceptibility tensors
calculated for the solution structures. A validatiaf the structure calculated in the presence
of the DAPk peptide has been performed by compaittiegrdc measured for Dyg@aM,
which were not used in the structure calculatibifie Qe factof? calculated from the Dy
rdc of non mobile residues decreases from 0.6%abslated using the crystal structure, to
0.25, as calculated from the refined solution d$tme thus indicating an increase in the
accuracy of the backbone structure with respetheocrystal structur® A validation of the
calculated structure was also performed by compahe structures obtained using only 2 of
the 3 sets of pcs and rdc dat@uch structures have a backbone RMSD to the mie@u6 and
0.4 A for the complex in the presence of the DARE BRP-1 peptides, respectively (residue
range 6-146, see Supporting Information, Fig. 8#)en calculating the structures by leaving
out either one of the two less numerous of theetlsets of pcs and rdc data, thedJactors
for the excluded set of rdc data decrease from#0.32 to 0.36+0.08, thus indicating an
increased backbone accuracy with respect to thetadrgtructuré® The quality of the solution
structures is similar to that of the crystal stumes, as can be estimated by using
PROCHECK_NMR (see Table S3 in the Supporting Infatiom)®*

It is known that rdc are averaged on time scalegetathan that of relaxation data, and
therefore more rdc than warranted may be retainedobsidering that non-mobile residues
are only those not showing mobility effects thrbuglaxation measurements. On the other
hand, the global changes in the relative orientatibthe two domains are determined by the
whole ensemble of the rdc restraints, and we hheeked that even if one third of them are

randomly removed, similar structures are calculdtieda not shown). On the other side, even
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if all measured rdc, comprising those of N-H vestatentified as mobile from relaxation
measurements, are used in the calculations, tlenalot structures do not differ significantly
from those already described and shown in Fig.thé,relative orientation of the protein
domains remaining basically the same. Thereforditioign to remove a few more rdc is not
expected to alter the picture significantly.

Ensemble average approaches have been recentigiintd to improve the agreement
in the fit of the data when need®d° In our case, the data are fitted reasonably wethe
assumption of a unique structure. Therefore, weccaiclude that no sizable motion occurs in
this case between the two CaM domain, and enseavelages were not attempted. On the
contrary, ensemble average approath@swould be needed to correctly analyse the
information on the conformational freedom contaimedhe rdc of mobile residues. Further
studies in this direction are planned by includimg rdc of the mobile N-H vectors.

Comparative examination of the crystal and solustmctures suggests that the main
origin for their difference may lie in the loss thie intermolecular hydrogen bonds which, in
the crystalline state, tend to keep helix 1 apannfthe rest of the N-terminal domain (see
Figure 4). As already shown, intermolecular H-boads actually present in the crystal state
only between the first helix of the N-terminal ddmand the third or fourth helix of the
N-terminal domain of a neighboring molecule (E6-D&E6-N53, E6-R74, E7-T44, E7-D50).
When these intermolecular interactions are losoition, helix 1 moves closer to the rest of
the N-terminal domain (as already observed in fedt’). The occurrence of salt bridges
observed in the crystal structure between the Mhteal portion of the bound peptide and
both the first helix of the N-terminal domain of/i@and glutamates in the C-terminal domain
of CaM may then facilitate the change in orientataf the C-terminal domain of CaM,
observed in the solid state with respect to thet&oi structure.

Concluding remarks

In summary, we have shown that the simultaneoutiparamagnetic restraints such
as pcs-derived orientation tensor and self-oriematdc enhances the possibility to refine
solution structures starting from crystal structuia multidomain proteins, and that the
resulting structures have the same quality asystal structures and provide a more accurate
description of the protein structure in solution.

Residual dipolar couplings originating from extdrorienting media were previously
used to detect structural rearrangements in solutith respect to the crystal structGi&.For
a two-domain protein such a CaM, paramagnetic rifier dhe advantage that i) relative
conformational freedom can be immediately asseasdd if present, dealt with' i) in the

absence of significant conformational freedom, thlebal orientation tensor can be
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independently and precisely determined from pcs i@dhdhe relative rearrangement of a
domain or a secondary structure element with rdésjpethe metal-bearing domain can be
more accurately detected.

Although in the cases selected here the proteinahastrinsic paramagnetic metal
binding site’? in other cases paramagnetic tags can be 4g&4° provided they are rigidly
attached to the protefi>® This approach is particularly useful for proteingh domains
experiencing flexibility, such as multidomain prioie and for protein-protein adducts.
However, all the more so, the approach can be el refine single domain proteins

containing a metal ion binding site, either natanmartificial and is, therefore, quite general.
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Table 1. H-bonds, salt bridges and Van der Waals contacts between the CaM-DAPk peptide complex
or the CaM-DRP-1 peptide complex and its neighboursin the crystalline state.

Mol.No Residue Atom
CaM-DAPK peptide
H-bonds
3 GLN HE22
6 GLU HN
7 GLU HN
44 THR HG1
50 ASP HD2
53 ASN HD22
74 ARG+ HE
44 THR HG1
50ASP HD2
53 ASN HD22
6 GLU HN
7 GLU HN
3 GLN HE22
74 ARG+ HE
t bridges
74 ARG+ HH22
74 ARG+ HH22
VdW contacts
6 GLU HN
6 GLU HE2
6 GLU HE2
22ASP O
30 LYS+ HG3
49 GLN HG2
50 ASP HD2
60 ASN HB3
74 ARG+ HH22
79 THR HG21
148 LYS+ HG3
320 ARG+ HH11
aM-DRP-1 peptide
-bonds
6 GLU HN
7 GLU HN
50ASP HD2
53 ASN HD22
74 ARG+ HE
78 ASP HD2
50ASP HD2
53 ASN HD22
74 ARG+ HE
6 GLU HN
7 GLU HN
14 78 ASP HD2
Salt bridges
1 74 ARG+ HH22
7 74 ARG+ HH22
VdW contacts
6 GLU HN
6 GLU HE2
6 GLU HE2
7GLU HG3
47 GLU HG3
49 GLN HG2
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Mol.No. Residue Atom

78 ASP 0OD1
50ASP 0OD2
50ASP 0OD1
7GLU OE2
6 GLU N

6 GLU OE1
6 GLU OE1l
7GLU OE2
6GLU N

6 GLU OE1
50ASP 0OD2
50ASP 0OD1
78 ASP OD1
6 GLU OE1l

PRPRPRPPRPpPRrNIOWww

6 GLU OE2
6 GLU OE2

_~

50ASP HD2
49 GLN HG2
74 ARG+ HH22
148 LYS+ HG3
79 THR HG21
6 GLU HE2

6 GLU HN
320 ARG+ HH11
6 GLU HE2
30 LYS+ HG3
22ASP O

60 ASN HB3

qOIN N WW

R P ~NA
(BN

50ASP 0OD2
50ASP OD1
6GLU N

6 GLU OE1l
6 GLU OE1l
53ASN O
6GLU N

6 GLU OE1l
6 GLU OE1l
50ASP 0OD2
50ASP 0OD1
53ASN O

H""—‘I—‘HHB\IU‘I(_HOOOO

6 GLU OE2
6 GLU OE2

=~

50ASP HD2
49 GLN HG2
74 ARG+ HH22
47 GLU HG3
7GLU HGS3
6 GLU HE2

OO W~ ww
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Distarid® Angle (°)

2.33
1.84
1.87
2.01
1.83
1.86
1.59
2.01
1.83
1.86
1.84
1.87
2.33
1.59

2.01
2.01

1.77
2.29
1.76
1.82
1.75
1.67
1.76
1.82
1.75
1.77
2.29
1.67

1.97
1.97

9.1
18.9
23.3
9.1
8.7
11.6
6.3
9.1
8.7
11.6
18.9
23.3
9.1
6.3

7.4
7.4

154
175
14
8.5
18.7
28.2
1.4
8.5
18.7
154
17.5
28.2

12.3
12.3



1 50ASP HD2 5 6 GLU HN

1 53ASN O 14 78 ASP 0OD2

1 74 ARG+ HH22 7 6 GLU HE2

1 78 ASP 0OD2 12 53ASN O

1 101 SER HG 2 131 ASP HB2
1 131 ASP HB2 16 101 SER HG

Table 2 Magnetic susceptibility anisotropy values calculated by fitting the experimental data to the
crystal structure and angles between the z and x axes of the magnetic susceptibility anisotropy
tensors

DAPk

Tb3+ Tm3+ Yb3+ ZTb_XTm XTb_ZTm ZTb_XYb XTb_ZYb
- from N-terminal domain pcs
AXax 35.5 25.1 8.68 xI& m* 6° 26° 24° 7°

AXmn—-16.9 -11.0 -1.18x10%m’
AZTb AXTb AZTm AXTm AZYb AXYb
- from N-terminal domain rdc of non mobile HN
D. 14.0 10.8 4.01 Hz
R 056 033 0.04
AXax31.0 24.0 8.90 xI& m® 13° 26° 8 7° 2 1° (a)
Axm-17.4 -7.8  -0.36 x10%m®

- from C-terminal domain rdc of non mobile HN
D, 135 8.43 3.15 Hz
R 043 0.46 0.27

AXax 30.0 18.7 6.98 xI& m® 31° 24° 16°  35° 22° 24° (a)
Axin—12.9 -8.6 -1.90x10%m?
DRP1

Tb3+ Tm3+ Dy3+ ZTb_XTm XTb_ZTm ZTb_yDy XTb_ZDy
- from N-terminal domain pcs
AXax37.3 22.7 -40.6x10%m? 8° 17° 12° 14°

A -14.2 -125  19.6x10°m’

Az AX™ AZ™ A AZYY AxPY

10° 8  3° 3° (a)
- from N-terminal domain rdc of non mobile HN
D. 11.9 10.0 13.4 Hz
R 075 023 0.42
AXax 26.3 222 -29.7x10¥m? 19° 20° 7°  37° 16° 30° (b)
AXpn-19.8  -5.2 12.5 x10? m®

- from C-terminal domain rdc of non mobile HN

D. 13.8 9.29 14.5 Hz

R 049 0.40 0.51

AXax 30.7 20.6 -32.1x10%m’ 7° 11° 20 90 3 6° (b
MY -15.0 -8.2 16.5 x10% m®

(a) angle with the corresponding tensor axis cateal from N-terminal domain pcs for DAPK;
(b) angle with the corresponding tensor axis cateal from N-terminal domain pcs for DRP-1
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Table 3. Angles between the corresponding magnetic susigtanisotropy tensor axes obtained for the
N-terminal and the C-terminal domains, calculatedugh a separate fit of pcs and rdc data refetdrtge
two domains
DAPkK

Ax Ay Az

Th 14° 21° 24°
Tm 25° 23° 14°

Yb 16° 2° 17°
DRP1
Ax Ay Az

Tb 17° 16° 10°
Tm 13° 20° 20°
Dy 11° 9° 8°

Table 4. Magnetic susceptibility anisotropy values obtained from the N-terminal domain pcs and
refined solution structures®. The uncertainties for the axial component is estimated around 10%, as
calculated by removal of different subsets of data. The angles between the z and x axes of the
magnetic susceptibility anisotropy tensors are also reported.

DAPk

Tb3+ T |'T13+ Yb3+ zTb_XTm XTb_ZTm ZTb_XYb XTb_ZYb
AXax ~ 39.4 257 8.95xI#Fm’ 4° 9° 16° 12°
AXrh -15.1-12.1 -1.27x10%m’
DRP-1

Bt Tnt Dy3+ 270y Tm XTP_Tm ZTb_yDy LY
AXax ~ 40.0 24.4 -40.3x10%m’ 5° 11° 9° 19°
AXrh -17.1-13.0 -17.7x10%m’

*Tensor axes of THand Tni* calculated in the presence of the DAPk peptideaingithin 3° with respect
to those calculated in the presence of the DRPpfigee

64



Figurel

A

“true” solid state structure

crystal structure\A\‘
®

Indetermination of
the crystal structure

B

“true” solid state structure

crystal structure

“NMR-corrected”
crystal structure

“true” solution structure

/ NMR structure
‘/

™

Indetermination
of the NMR structure

“true” solution structure

/ NMR structure

N

Indetermination of the
“NMR-corrected” crystal structure

65



Figure 2. Distribution of the rdc for the CaM N-terminal and C-terminal domains measured in the
presence of an external orienting device® or measured for the derivative obtained substituting Tm**
to Ca?* in the second calcium binding site of the N-terminal domain.’
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Figure 3 Sereoview of the crystal structures of CaM bound to DAPK (in yellow) or to DRP-1 (in
orange) peptides superimposed to the PDB structures 1CDL, INIW and 1SY 9 (in blue)
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Figure 4. Pattern of H-bonds and salt bridgeswhich arelost or altered on passing from the solid state
crystalline form to solution. All the intermolecular H-bonds between the N-terminal domain and

neighbor moleculesarelost in both complexes.
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Figure 5. Observed versus calculated pcs of N-terminal CaM domain nuclei for the three
lanthanide-substituted CaM samples in the adduct with DAPk (A) and DRP-1 (B) peptides.
Calculations have been performed using the protein crystal structure. Observed N-terminal and
C-terminal CaM domain rdc values ver sus rdc values calculated using the crystal structure and the
paramagnetic susceptibility anisotropy tensor obtained from the fit of the N-terminal domain pcs
(grey symbolsindicate mobile residues) in the presence of the DAPk (C) or the DRP-1 (D) peptides.
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Figure 6. R; and R, measurements of CaM in the presence of the DAPK peptide performed at 700
MHz of proton Larmor frequency are shown as solid points. HYDRONMR predictions are shown as
bars. The upper barsindicate the residues belonging to secondary structural elements.
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Figure 7. R; and R, measurements of CaM in the presence of the DRP-1 peptide performed at 700
MHz of proton Larmor frequency are shown as solid points. HYDRONMR predictions are shown as
bars. The upper barsindicate the residues belonging to secondary structural elements.
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Figure 8. Calculated versus observed rdc of N-terminal and/or C-terminal domain nuclei, for the
three lanthanide-substituted CaM samples in the adduct with the DAPkK peptide (A, C, E) or the
DRP-1 (B, D, F) peptide. Calculations have been performed using the isolated domains (A-D) or the
whole protein (E,F) crystal structure.
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Figure 9. Calculated versus observed pcs and rdc for the three lanthanide-substituted CaM samples
in the adduct with the DAPk peptide (A, C) or the DRP-1 (B, D) peptide, using the solution structure
calculated by refining the crystal structure with the experimental pcs and rdc and different sets of

tensorsfor the N-terminal and C-terminal domains.
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Figure 10. The CaM solution structures (in blue) are shown together with the crystal structures (in
yellow/orange) calculated in the presence of the DAPK (A, C) or the DRP-1 peptides (B, D). The
structures are shown with fitting theresiduesin the 6-146 range (A, B) or in the 25-65 range (C, D).
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Figure 11. Observed pcs and rdc values versus the values calculated using the refined solution

structure for the DAPK (A, C) and the DRP-1 (B, D) peptides.
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3.3
Solution structure and dynamics of S100A5 in the apand C&*

-bound states
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3.3.1 Solution structure and dynamics of S100A5 ithe apo and C&'

-bound states

INTRODUCTION
Calcium(ll) ions play a central role in cell sigimad. Calcium(ll) is toxic at elevated

levels to cellular metabolism, and therefore, itux and efflux in the cytosol must be
controlled and kept at submicromolar resting leveldembers of the EF-hand family of
proteins can bind calcium ions in highly conserhetix-loop-helix motifs (called EF-hand).
EF-hand proteins are constituted by several EF-mmawoiifs connected by a linker. Canonical
EF-hand proteins have calcium binding loops camstit by 12 residues; S100 proteins are a
subgroup where the N-terminal EF-hand loop is daristl by 14 residues’

Calcium(ll) binding may induce protein conformatbrchanges, that may correlate with
binding of target enzymes involved in a wide variet cellular processes. The helices in the
EF-hand motifs may in fact have an almost antipelrahrrangement, called closed
conformation, or an almost orthogonal arrangemeaited open conformatioh’ The latter
conformation exposes large hydrophobic clefts erptiotein surface, which may act as binding
region for a variety of targets. Proteins undergaionformational changes upon calcium(ll)
binding in the helices orientation inside each ERémotifs are generally functionally related
to activation of target proteins, whereas the fiomcdf proteins not undergoing conformational
changes is that of calcium buffer and transport.

In general, S100 proteins undergo relatively stalictural changes upon calcium(ll)
binding® They are constituted by two EF-hand motifs. ThéeNrinal EF-hand comprises
helix |, the pseudo calcium-binding site | and ki It is separated by a flexible linker, called
hinge loop, from the C-terminal EF-hand which coisgs helix I, the calcium-binding site Il
and helix IV.

Calbindin Dy is a 8.5 kDa protein (76 residues), belonginche®$100 subgroup® It is
the only monomeric S100 protein, and thus ableinal bwo calcium ions. Its structure is
known both in the apo and in the dicalcium fdfrf? These structures have revealed that
there are very small changes in the conformatiotheffirst EF-hand motif upon calcium(Il)
binding, and somewhat larger but still minor chanigethe second EF-hand mdtifThis can

be ascribed to the fact that each EF-hand motifahesnformation that is already optimised
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for calcium binding even in the apo form.

In contrast to the small structural changes accayipg calcium(ll) binding, flexibility
of calbindin was shown to be largely reduced upalsiom(ll) binding!* in the loop of the
second EF-hand motif, in particul& passes from 0.63 to 0.85. This supports the idag t
internal motions are important factors in the aaftibuffering function of calbindiff: The
first EF-hand loop has substantially smaller flattons on the picosecond to nanosecond
time scale than the second EF-hand loop, and faete&ff ion binding on these fluctuations is
smaller. This can be ascribed to the differencavéen a consensus-type EF-hand motif and
the S100 N-terminal EF-hand motif.

Members of the S100 protein family have been fouadbe implicated in the
Ca*-dependent (and, in some cases*Zmr Cu/*-dependent) regulation of a variety of
intracellular activities, and several biologicalget have been identified for the different
proteins? A large variability in the sequence is observedagthe protein subgroup, which
is causing modulation of the shape of the bindimfgse in order to bind different targets. As
a consequence, the several high-resolution stegtvailable for S100-target peptide adducts
display a remarkable lack of uniformity in the oiation of the targef Furthermore,
individual S100 proteins can bind different targatsifferent ways:

All the S100 structures determined to date, withéxception of calbindinddshow that
these proteins exist as homodimer, heterodimetstmmers. Most of the S100 proteins are
homodimer. The dimer interface consists of helic€s) and IV (IV’) of each monomer
arranged in a X-type four-helix bundle, both in #y@0 and in the calcium-bound states.
Calcium binding results in only minor alterations the backbone conformation of
calcium-binding site I, as shown for calbindigcPout causes helix Il to reorient and form a
more open structure with respect to the apo stasea result, in several S100 proteins
hydrophobic residues of helices Il and IV in thagdminal EF-hand are more exposed, thus
facilitating the interaction with a variety of tatgproteins.

Most of the S100 proteins, among which S100A5,ereoded by genes located in the
same chromosome 1021, with the exception of gemedeng S100B (located on
chromosome 21g22), calbindin D9k (located on chmonte Xp22) and S100P (located on
chromosome 4p16%. Interestingly, S100A1, S100A3, S1004, S100A5, $B)0S100AS,

S100A9, S100A12 and S100A13 genes are all mappehva short distance.
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We report here the solution structure determinatind mobility studies of the protein
S100A5 in both the apo and the calcium(ll)-bouratest, and compare it to the other S100
proteins. S100A5 is a 10.8 kDa protein for monorf8t residues), for which biological
targets have not yet been identiffed.

MATERIALS & METHODS
Sample preparation

Untagged humaisl00A5 was cloned into th&ldel and BamHI sites of the expression
vector pET21a. The recombinant plasmid was transédrintoE. Coli BL21 Gold cells. For
the production of**N-labelled or'*C and "N-labelled S100A5, cultures were grown in
minimal medium using®N ammonium sulphate and/biC glucose as the sole nitrogen and
carbon source, respectively. Cells were grown 4€C38 an OD 600 of 0.6 and induced with
1 mM IPTG. After induction, the temperature wasueet to 25°C and the culture grown
overnight. Cells were harvested by centrifugatipbtz000g for 15 minutes and resuspended
in lysis buffer (20 mM Tris-HCI pH 7.5, 1 mM EDTA, mM PMSF, 2 mM DTT. Cell lysis
was performed by sonicating with 8 bursts of 30osds each. The suspension was
ultracentrifuged at 200,009 for 30 minutes. The cleared lysate was precigitdiy slowly
adding ammonium sulphate to 30% and centrifugingl®000g for 20 minutes. The
supernatant was brought to 2 mM Ca@lpplied to a phenyl sepharose column equilibrated
with 20 mM Tris-HCI, pH 7.5, 2 mM CaglThe unbound proteins were washed out from the
column with the same buffer. S100A5 was then elwghd 20 mM Tris-HCI, pH 7.5, 5 mM
EDTA. The elute was concentrated and applied tage&lex 75 column equilibrated with 30
mM MES, pH 6.5, 100 mM NaCl, 5 mM DTT. The fract®ooontaining S100A5 were pooled
and washed with excess of EDTA to remove all metad. The yield of S100A5 was 20 mg
per litre of culture.

NMR spectroscopy and structure determination

All NMR experiments for assignments were perforra¢@98 K on a Bruker 500 MHz
spectrometer equipped with cryo-probe. Apo angt€E00A5 samples wergC, N labeled,
0.4mM in MES 30 mM, NaCl 100 mM and DTT 5 mM buffekl .5, containing 10% D.
Sequential assignments of the backbone resonance achieved via HNCO, HNCA,
CBCA(CO)NH and HNCACB spectra. Side chain assigrisevere performed through 3D

(h)CCH-TOCSY, HBHA(CBCACO)HN together witl'C-NOESY-HSQC and°N-NOESY
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HSQC. Proton-proton distance restraints were ddriirem the analysis of 2D-NOESY,
1>’N-NOESY-HSQC and”*C-NOESY-HSQC acquired on a Bruker 900 MHz spectteme
equipped with cryo-probe. The spectra were processing the TOPSPIN program and
analyzed throug®ARA programt’ The secondary structure elements were predictd fr
the chemical shift index and the backbone dihedrajles were obtained from TALJY,
accordingly. The structures were calculated usimg program CYANA-2.3° The two
monomers in the dimeric structure were linked thgethrough a chain of dummy atoms with
zero van der Waals’ radius. The calcium(ll) ionsravéncluded in the calculatioof the
calcium-loaded form by adding new residues in thenaacid sequence. Four chains of
dummy atoms with zero van der Waals' radius, thatfoeely penetrate into the protein, each
of them ending with one atom with a radiusld A, which mimics the calcium ion, were
added. Protein ligand atoms were linked to the hietethrough upper distance limits of 3 A,
according to the structure of S100A13.

The best 30 structures out of the calculated 3a@tsire of the CYANA family were then
subjected to restrained energy minimization (REMjhwAMBER 102° NOE and torsion
angle constraintwere applied with force constants of 50 kcal hAi*and 32 kcal mél rad?,
respectively. The program PROCHECK-NKiRwas used to evaluate the quality of the
structures.

Rel axation measurements

>N-R;, Ry, and steady-state heteronuclébi""N NOEs were measured at on a 700
MHz spectrometer using standard pulse sequeéfi¢ést 298 K. The longitudinal @R and
transverse (R relaxation rates were determined by fitting thiess-peak intensities as a
function of the delay to a single-exponential dethsough the standard routines of the
Sparky softwaré. The heteronuclear NOE values were obtained froenratio of the peak
height for *H-saturated and unsaturated spectra. The heteeartublOE values and their
errors were estimated by calculating the mean et the standard error from the available
data sets. Reliable;RR,, and NOE values were obtained for 67 and 71 othe@®2 assigned
backbone™H resonances for the apo and the calcium formpentively. Estimates of the
reorientational time were then calculated with tmedel-free approach. Theoretical
predictions of'H R; and R values for apoS100A5 and £8100A5 were calculated by using

the HYDRONMR softwaré®
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Metal binding detection

Binding of apo-S100A5 to Gawas detected by following the chemical shift abtein
NMR peaks intH-">N HSQC spectra during the titration with each méaal The chemical
shift perturbation corresponding to each residutvéen the free and bound states was

monitored by calculating the composite chemicdislaiccording to Eq. (1)

AJ,* + (DD, 15)?
2

S(HN) :\/ 1)

where Ady and Ady are the differences in the chemical shift of th@de proton and of the
nitrogen, respectively, observed between the baumadfree states.
RESULTS
Resonance assignment

The'H *®N HSQC of S100AS5 in both the apo and the calciumfoshow well dispersed
resonances, as expected for a regularly foldeceprothe backbone resonance signals were
assigned from residue Glu 2 to residue Tyr 83 aanh fresidue Phe 87 to residue Lys 92 in
the apo form, and from residue Glu 2 to residue9%n the calcium form. The NMR spectra
used for the assignments are indicated in the Mddeand Methods section.
Ca’* titration of apo-S100A5

The binding of apo-S100A5 to calcium(ll) was morei by following the changes in
the 'H-"N HSQC NMR spectrum of°N-labelled apoS100A5 upon addition of increasing
amounts of calcium(ll). New peaks appeared in tpecsum during the titration
corresponding to the calcium(ll) bound S100A5 forithe intensity of the new peaks
increased with increasing the ;apo-S100A5 ratio. When the 2:1 ratio (with resgecthe
protein monomer concentration) was reached, thginadi peaks, corresponding to the apo
form, disappeared. Such behaviour is indicativa sfow exchange regime, i.e. the exchange
rate between the metal-free and the metal-bounsifas much smaller than the chemical
shift difference between two formBigure 1shows the chemical shift perturbation between
the apo and calcium forms of S100A5. The residués tlve chemical shifts mostly different
in the two forms are located in the*Chinding loops of the two EF-hand motifs, as expect
and also in the C-terminus. However, significarffedences occur throughout the whole
protein, thus indicating a significant conformaabrthange in the protein structure in the

calcium form with respect to the apo form.
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Figue 1: Composite chemical shift perturbation, aslefined in Eq. 1, of apoS100A5 upon calcium(ll)
binding. The horizontal line indicates the averagealue.

Rel axation measurements

The relaxation parameters for apo and the calcneddd S100A5 are shown in Figure 2.
Such measurements indicate that the protein isrdine both forms. The reorientational
times corresponding to the observed relaxatiorsratere in fact calculated to be 12.6+1.0
and 13.5+1.8 ns for the apo and calcium-loaded $orespectively.

In both apo-S100A5 and &&100A5, the relaxation rate measurements showe larg
mobility in a time scale shorter than the reorigotal time (R increases, Rdecreases, NOE
decreases) in the hinge loop and for the last wesigt the C-terminal, thus indicating that
such regions may be largely unstructured. Someduesiof the calcium-binding loops (21, 26,
27, 61-63 in the apo form; 25, 27, 30 in the caitiorm) also show occurrence of motion.

In the apo protein, motion in a slower time scaleifns) was observed for some residues
localized at the beginning of helix 11l (Asp50 aleb2), at the end of helix IV (Tyr83), and at
the C-terminal (Phe87), as indicated by the sigaiftly larger R value (for lle52, in
particular R is 52 §' vs. an average value of about 2tobserved for helix residues). This
slow motion may originate from backbone amide canftional exchange and/or side chain
rotation. Since the time scale for the conformatla@xchange(s-ms) is largely shorter than
the mixing time (100 ms) of NOESY spectra, for thessidues somed-‘H NOEs might be
observed between the side chains and residuesiziedaln different directions upon
conformational reorientations (see later). Uporticah binding, no residues in slow motion
are observed any more. However, calcium binding du# reduce the fast motion detected
for residues in the hinge loop, the obseriidel®N NOE being even smaller than in the apo
form (the averagéH-"N NOE in the hinge loop is 0.60 and 0.40 for the apd calcium

form, respectively).
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Figure 2 Sequential plot of relaxation parameters bapo and C&*-S100A5
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Solution structures of apo and Ca**-bound S100A5

The solution structures of the human S100A5 inape and calcium-loaded forms were
obtained. A total of 2752 and 2530 meaningful uppistance limits for dimer, including 184
and 190 inter-monomer upper distance limints, iigr apo and the calcium form were used,
respectively (Tables 1 and 2). Few NOE patternewetected for residues in the hinge loop
and at the C-terminal, consistently with the obedmnobility of such regions.

The calculated families of structures are showrFigure 3. In both forms, the eight
individual helices of the 2 EF-hand motifs of emsbnomer forming the dimeric structure are
very well defined; the four Ca-binding loops arsslevell defined, whereas the linker regions
between the two EF-hand Ca-binding domains arelpa®fined. These results are in line
with what previously found for other EF-hand pro&i’?® Each calcium-binding loop
contains a short antiparall@lstrand.

The root mean square deviation (RMSD) to the meamameric structure for the
structured region of the protein is 0.7®.20 A for the backbone and 1.22 + 0.090Aall
heavy atoms for apo-S100A5 (residues 3-40, 53-88)a71 + 0.04 for the backbone and
1.20 + 0.07 A fomll heavy atoms for GeS100A5 (residues 3-40, 50-90). The RMSD to the
mean dimeric structure for the structured regionthef protein is 0.78 #.09 A for the
backbone and 1.25 + 0.09fdr all heavy atoms for apo-S100A5 (residues 358382 of both
monomers) and 0.83 + 0.£0for the backbone and 1.29 + 0.09 A & heavy atoms for
Ca-S100A5 (residues 3-40, 50-90 of both monomers)eMban 95%of residues (including
those in the poorly defined regions) in all struetuwere located in the allowed regions of the
Ramachandran plot. The conformational andrgetic analysis of both structures are reported
in Tables 1 and 2.

The relaxation rates were then calculated using réfyMIR*® and the calculated
structures, and are reported in Figure 2 as bamsoverall agreement is observed between
calculated and experimental values for the resithesgtied on the protein helices; on the other
hand, differences between calculated and obserabdey make easier to appreciate the
presence of mobility in some residues of the loops.

In both the apo and calcium-loaded forms, S100ASn& homodimers due to the
interactions between helices | and IV of each magroffhe symmetric relationship between

the monomers is formed by a twofold rotational gu&ssing through the dimer interface
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approximately perpendicular helix 1 and helix I'daparallel to helix IV and helix IV'. At the
dimer interface, residues in the hinge loop betweaix 1l and helix 1l make contacts with
residues near the N terminus of helix | of the ptm@nomer. The residues Phe 69, Lys 70,
Ser73 and Cys 8h helix IV also make several contacts with helbamd helix IV’ of the

other monomer. All these interaction align heliand helix 1V in opposite directions to helix

Iand helix IV, respectively, in the dimer.

APO ca

Figure 3. The solution structures of S100A5

DISCUSSION

The overall structures of both the apo and theiwal@l)-loaded forms of S100A5 are in
good agreement with those obtained for other St6tes, like S100A1, S100A4, S100A6,
S100A8, S100A12, S100A13 or S108B" Comparison of the apo and calcium-loaded

S100A5 structures shows that the N-terminal EF-Bandsidues 5-41) are similar among
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them (the backbone RMSD is 2.0 A), thus indicatingt there is no large conformational
rearrangement upon calcium binding. In contras, @iterminal EF-hand (residues 49-82)
undergoes a major conformational change upon caldiinding, the backbone RMSD
between the two forms increasing to 4.2 A. Thisfeonational rearrangement includes a
quite different orientation of helix Il and someatithanges in helix IV and in the hinge loop
(Figure 4). These rearrangements upon calcium mgndre essentially the same as those
observed for other S100 protefi1s®?43*with the exception of S100A10 and Calbindig D
which are known to have a ‘calcium-ready statehbiot the N-terminal and the C-terminal
EF-hands even in the absence of calcium(ll) coatdn. In apo-S100A6 and apo-S100A13,
for instance, helix Il is almost antiparallel t@lix 1V, but opens to 30-408pon calcium
binding. The same degree of opening is observedhier EF-hand proteins, like calmodufin,
not belonging to the S100 family. In S100A5 thelaadpetween helix 11l and IV change from
168° to 118° on passing from the apo to the caldnaund form, so that the two helices are

close to be perpendicular in the latter form.

Apo-S100A5 Ca-S100A5

Figure 4. Major structural differences upon calciumbinding are the different angle between helix 11I
and IV and the longer alpha helical structure of héx IV.

Analogously to most S100 proteins, helices IV akNd ih the apo form tend to be
antiparallel (forming an angle of 152°), whereasyttiorm an angle of about 130° in the
calcium-bound form, while helices | and I' formiagdar angle (147°-142°) in both forms.

Structural changes within the EF-hand family cannbenitored through a principal
component analysis of the six interhelix anglesasgenting the reciprocal orientation of the
four helice< It was shown that the EF-hand proteins can beearies according to subgroups
and metal content using the first two principal pmments, which concentrate the information
distributed throughout the six interhelix anglesheTvalues of the first two principal
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components also permit to identify whether S10Ggins have a structure typical of apo or
calcium-loaded form. The principal component vallese thus been calculated for the
obtained two forms of S100A5, and plotted togethigin the values previously calculated for
the other S100 proteins (Figure 5), and with tHaesrelative to other S100 proteins deposited
in PDB, by using the same coefficients for therinétix angles reported th The figure shows
that S100A5 is regularly positioned regarding ® other S100 proteins both in the apo and in
the calcium-loaded forms, thus pointing out todlseurrence of similar structures, and thus of
similar rearrangement upon calcium(ll) binding. @@ noted that the only two S100 proteins

not regularly placed are Calbindinand S100A10 in the apo form.
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Figure 5. Principal component plot for the S100 prteins derived from principal components analysis
of the six interhelix angles> Apo proteins are indicated with an asterix, calcim-loaded proteins with
a solid symbol and peptide-bound S100 proteins witan open symbol.

The concomitant 50° reorientation of helix Il withspect to helix IV and the reorientation
and translation of helices IV and IV’ in S100A5 wpoalcium(ll) binding results in an
increased solvent exposed surface of the hinge dmojpof some positively charged residues
of helix Ill and helices Il in the calcium-loadeadkr. In fact, several hydrophobic residues on
helix Il (lle 52, Leu 55, Met 56, and Leu 59), kell (lle 38) and helix IV (Phe 75, Met 78,
Tyr 83) are constrained in a hydrophobic clustethi@ apo-S100A5, which is loosen upon
calcium(ll) binding. On the other hand, calciumdiyg results in a decrease in exposure of
metal ligand residues Asp60, Asn 62, Asp64, and/Glim the C-terminal calcium binding
loop. The structural differences induced by caldilnbinding in the homodimer thus lead to
an exposure of two symmetrically positioned clefedined by helix 1, helix IV, the hinge
loop and the last C-terminal residues, similarlyvtwat found for other S100 proteins, where

target proteins can be accommodated.
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In the apo form, residue lle52 was identified blaxation measurements to experience
mobility on the millisecond to microsecond time Iscalhe side chains of these residue
experience NOE contacting with both Met56 and Tyn8Bich are positioned in opposite
directions. As anticipated in the previous sectitimis may be due to occurrence of
conformational exchange, and these data thus itedtbat the side chain of lle52 can rotate
along an axis perpendicular to helix Ill, so thatamformational exchange is also affecting
the backbone amide group. As a consequence, tlieiessforming a hydrophobic patch with
lle52, and particularly the ones localized on thetgin surface like residue Tyr83, may also
experience sizable mobility on side chain and/@kbane atoms.

The slow time scale motion detected for residub2land Tyr83 in the apo form is not
revealed any more in the calcium form, as a cormaopiof conformational rearrangement of
both helix 1l and helix IV. In the apo form, indg the aromatic ring of Tyr 83 of each
monomer participates in a hydrophobic cluster idiclg the side chains of residues Leu 44,
Met 47, lle 52 and Leu 79 of the same monomer. ksady noted’® calcium binding
overcomes the hydrophobic interactions that keepdiuster together, so that the side chain
of Tyr 83 changes orientation and forms new hydodyit contacts with the side chains of
Leu 9, Vall3 and Thr14 of helix | of the other marer of the dimeric structure. This rotation
is experimentally confirmed by the NOE observediMeein tyrosine 83 and residues Leu 44,
Lys 48, lle 52 and Leu 79 of the same monomer énaio form and with residues Leu 9, Thr
10 and Val 13 of the other monomer in the calcim{orm. The loosening of the
hydrophobic cluster including Leu 44 and Met 47 nisy responsible for the larger fast
motion observed for the hinge loop residues from ldwer NOE values measured for the
calcium form with respect to those of the apo form.

Another difference between apo-S100A5 ang-EH00AS is that the C-terminal helix 1V
is shorter in the apo form. This very same diffeeehas already been observed for S100A6
and S100B%29%° This is due to the unwinding of helix IV in apo@K5 at Tyr 83. The
different orientation of the side chain of tyrosi8® is in fact responsible for a break in the
alpha helical structure, being consistent with gularly formed alpha helix only in the
calcium-loaded fornd?

The hydrophobic residues at the extreme C-term{Rbe 87 and Leu 88) are important

for stabilizing both the apo- and the £3100A5 homodimer. However, interestingly, these
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residues form a hydrophobic cluster with differgairtners. In the apo form, they are in
contact with Leu 27 in the first calcium bindingofo of the other monomer, whereas in the
calcium form they have hydrophobic interactionshwial 13 and Thr 14 of helix | of the
other monomer.

The combination of these structural differencesltesn a change in the global shape and
charge distribution of the S100A5 homodimer (segufé 6). The change in the shape of the
protein on passing from the apo to the calcium-éaafbrm is common to most of S100
proteins>*>° The change in the charge distribution dependsebargn the particular S100
protein®® S100A5 shows a large charge distribution on tlwem surface both in the apo and
in the calcium-loaded form. Such electrostatic aefis somewhat smaller than in the apo
form of S100A1, S100A4 and S100A13, but sizablgéarthan in the apo for of S100A2 and
S100A6. Interestingly, upon calcium binding, somerenexposed positive residues (Lys 48,
Lys 57) are moved away from the opened cleft, whiebomes slightly more hydrophobic,
and the negative electrostatic surface is mordeailed around the calcium binding sites. The
total hydrophobic surface on the protein dimerasvéver reduced in the calcium(ll)-loaded
form with a concomitant increase of the chargedases. Other S100 proteins show a
different change in the surface charge and hydrohdistribution upon calcium binding: for
instance, in S100A4, a larger increase of the Iphbbic surface was observed; in S100B, a

larger negative charged surface is exposed.

Apo-S100A5

Figure 6. Electrostatic surface representation oftte S100A5 dimers

87



Analogously to apoS100B and apoS100A# relaxation studies indicate that helix | and
IV are quite rigid, whereas helix Il is slightlyare flexible. On the other side, in S100A5 the
loop experiencing sizable mobility is only the henlpop, whereas in S100A4 both the hinge
loop and the calcium binding loops are quite modild in S100B the mobility of the calcium
binding loops is even larger than that of the hitam. *"*® A larger mobility for the hinge
loop than for the calcium binding loops was alssesied for S100A1’

Titration experiments indicate that the affinity falcium(ll) is quite large for both the
binding sites. This is in contrast with what obsetVor other S100 proteins, such as S100A13,

where the calcium(ll) affinity of binding site | iswer>*°
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Table 1. Statistical analysis of Apo-A100A5

Family

Mean

The number of NOE upper distance limits

Intra-monomer 1284 1284
Intra-residue 358 358
Inter-residue
Sequential (Ji-j| = 1) 395 395
Medium-range (Ji-j| < 4) 320 320
Long-range (Ji-j > 5) 211 211
Inter-monomer 184 184
Total dihedral angle restraints
Phi 96 96
Psi 96 96
RMS violations per meaningful distance constraintA) :
Intraresidue 0.0183+ 0.0048 0.0178
Sequential 0.0179+ 0.0025 0.0176
Medium range 0.0149+ 0.0023 0.0093
Long range 0.0090+ 0.0020 0.0087
RMS violations per meaningful dihedral angle constaints (°):
Phi 4.87+1.23 4.00
Psi 4.04+ 1.42 2.82
Average number of constraints per 14.96 14.96
residue
Average number of violations per conformer:
Phi 6.93+ 2.00 8.00
Psi 6.63+ 2.20 4.00
EOE violations between 0.1 A and 0.3 9.40+ 2.59 8.0
NOE violations larger than 0.3 A 0 0
Average RMSD to the mean (A)
1.00+ 0.09
Backbone
0.78+ 0.09
H 1.47+0.09
caw 1.25+0.09
Residual CYANA Target Function ¢h 1.18+0.31
Structural analysis
% of residues in most favorable regions 82.7%88.1° 92.6
% of residues in allowed regions 1320.0° 6.6
% of residues in generously allowgd 2.270.9 0.0
regions
% of residues in disallowed regions ¥mo® 0.8

a RMSD value were calculated in the sequence rar@fe

b RMSD value were calculated exclude the flexiblap 41-52 of both two monomers.

89




Table 2. Statistical analysis of £4100A5

Family Mean
The number of NOE upper distance limits
Intra-monomer 1170 1170
Intra-residue 380 380
Inter-residue
Sequential (Ji-j| = 1) 325 325
Medium-range (Ji-j| < 4) 280 280
Long-range (Ji-j > 5) 185 185
Inter-monomer 190 190
Total dihedral angle restraints
Phi 120 120
Psi 120 120
RMS violations per meaningful distance constraintA) :
Intraresidue 0.0106+ 0.00210.0123
Sequential 0.0092+ 0.001®.0077
Medium range 0.0085+ 0.0018®.0083
Long range 0.0056+ 0.0018.0053
RMS violations per meaningful dihedral angle constaints (°):
Phi 1.97+0.23 1.6246
Psi 0.63+ 0.42 0.5218
Average number of constraints péfs.75 13.75
residue
Average number of violations per conformer:
Phi 9.74+ 1.76 9.0
Psi 1.83+1.23 2.0
EOE violations between 0.1 A and 04&.03+ 1.93 6.0
NOE violations larger than 0.3 A 0 0
Average RMSD to the mean (A)
0.93+ 0.1%
Backbone
0.83+0.16
H 1.40+ 0.10
caw 1.29 +0.09
Residual CYANA Target Function @k [0.31£0.03
Structural analysis
% of residues in most favorable region$6.0%90.4° 90.7
% of residues in allowed regions 1¥25° 9.3
% of residues in generously alloweh9%1.5" 0.0
regions
% of residues in disallowed regions ome6° 0.0

a RMSD value were calculated in the sequence rarfife

b RMSD value were calculated exclude the flexibtgp 41-49 of both two monomers.
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3.3.2 Implications on zinc binding to S100A5

Several S100 proteins bind not only?Caut also ZA* with high affinity’ For some of
them, such as S100B and S100A12, the calcium kgnalifinity is increased in the presence
of zinc**For some other, such as S100A2, zinc binding ptsvealcium binding, thereby
inhibiting the response to intra-cellular calciuigrals? S100A3 binds C& with low affinity
(Kp = 4-35 mM), but binds four Zfi ions per dimer with exceptionally high affinity gk 4
nM). The crystal structure actually shows a largeodtion of the C-terminal canonical EF
hand motif, which most likely makes €abinding difficult. The high affinity for zinc is
attributed to the high cysteine content of S100Ahich contain 10 cysteine residues. In this
thesis, the binding mode for Zthas also been performed for both apo andSID0AS.

During the titration of Zfi to N apoS100A5, the chemical shifts were observed to
change during the titration, indicating a 1:1 bigdiin the ZA*":apo-S100A5 monomeric
concentration. Several peaks of S100A5 shift withréasing Zfi concentration, being
indicative a fast exchange on NMR time scale fof*Zinding. In this case, the combined
chemical shift perturbations (CSP) are quite sm&ll® times less) than those observed when
titrating with C&" (Figure 7A), thus indicating that only small confational changes occur
in apo-S100A5 structure upon binding with?ZnThe CSP higher than the average (0.065
ppm) are clustered in the residue ranges 2-10,62@P-52, 68-70 and 80-87. For systems in
fast exchange, the dissociation constamt, Was determined by fitting the CSP as a function
of the metal:protein concentratiBitrom the analysis of the chemical shift perturbatia
dissociation constant of (7.6+0.2)X4M! is calculated using the same protocol used irbref
and the fitting curve is in Figure 8. As discussedsection 3.3.1, S100A5 binds Tin a
process slow on the NMR time scale. These dataatelithat apoS100A5 has a higher
affinity for C&* than for ZA" ions. This estimation of affinity is similar to whfound in the
previous work’

Increasing amounts of Zhions were also added stepwise to the-EH)0A5 sample,
and still zinc binding occurs. In this case, thesmlargely perturbed chemical shifts are
located around cysteine 43 (Figure 7B). The lir@abening of the peaks in thd-">N HSQC

NMR spectrum however prevented us from further attarization.
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Figure 7: A) Composite chemical shift perturbation of apoS100A5 upon zinc(ll) binding; B)
composite chemical shift perturbation of Ca-S100A5 upon zinc(ll) binding. The dashed bars
indicate the residues disappeared in the Zn-boundrptein. The horizontal lines indicate the average
value.
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Figure 8. The chemical shift perturbation of the residues with the largest change upon zinc(ll)
binding as a function of the Zn:S100A5 concentratio is fitted to Eq. (2) to obtain the dissociation
constant.

Relaxation measurements performed for ZnS100A5 igeoa reorientational times of
14.1+1.0 ns, thus pointing out that the proteinntaans a homodimeric structure and sizable
mobility in the hinge loop and the last residuethatC-terminal. (Figure 9) The line-width of
several resides were too broad to detect, indigahat those residues are possibly sampling

multiple conformations, exchanging with an intermagel rate.
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Figure 9: Sequential plot of relaxation parametersf ZnS100A5
Mapping the residues with the largest perturbatipon Zr#* binding (Figure 10A) on the
apo-S100A5 dimeric structure provides the indicatibat the possible Zn-binding site is

located on the hinge loop and/or the last partedikHV. We may hypothesize that both Cys

43 (in the hinge loop) and Cys 80 (in helix 1V) #ne ligands.

Figure 10: Mapping the residues (red) with the largst perturbation upon zinc(ll) binding on A) the
apo-S100AS5 dimeric structure and b) CaS100A5 dimeric structure

CaS100A5 can also bind Zh The difference in the chemical shifts duringatiion with
Zn** indicates that the latter ion is bound to Cys #@(Fe 10B). Such residue is located on
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the surface of the protein, so that several dimeay be linked by a Z ion, and multimers
can in this case be formed. The formation of mudtsnwould be responsible for the
degradation in the quality of the acquired spedtraCaS100A5, in fact, Cys 80 is located

too far from Cys 43 due to the reorientation obh&f with respect to the apo structure.
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4
CONCLUSIONS AND
PERSPECTIVE
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MAP program was developed to provide maximum alkbvpeobabilities (MAPS) of
conformations in protein domains not rigidly conteelc The approach is applied to free CaM
and to its adduct witl-synuclein. The largest MAP values were obtainadbfith systems,
by using the pcs and rdc data measured frof, Thn®*, and Dy* of N60D-CaM. The MAP
analysis for CaM provides further information oe thariety of conformations experienced by
the system. Such variety is somewhat reduced i€#M-a-synuclein adduct, which however
still retains high flexibility. The power of MAP @poach is expected to increase with
decreasing conformational freedom, as long as cor#tional heterogeneity is still present to
some extent. In fact, systems experiencing lestoomational freedom have larger averaged
rdc and pcs values, which means less percent andrless ghosts. This results in higher
accuracy in the identification of the conformatibispace experienced. This approach is
particularly useful for proteins with domains expacing flexibility, such as multidomain
proteins, and for protein-protein adducts.

For the rigid system, a strategy was developedriprave the accuracy of a protein
structure in solution is to take a crystal struetas a starting model and to “correct” it by
applying pcs and rdc data. The structural charaetiton of CaM with two peptides
representing the interaction surface of two proteamtners, the DAPk and DRP-1 peptide
were investigated. The spread of the rdc valusassame for the two domains of CaM, which
indicates the two domains, are blocked. Howevealyases of rdc values indicate that the
solution structures are similar, but not identi¢althe crystal structures. Some discrepancies
with respect to the crystal structure are pinpaintdhat can be ascribed to a structural
rearrangement from solid state to solution. Contparaexamination of the crystal and
solution structures suggests that the main origirttie discrepancy may lie in the loss of the
intermolecular hydrogen bonds. The combined appradccrystal structure and analysis of
paramagnetic restraints provides solution strustaseprecise as the crystallographic structure
and quite accurate. The approach can also be dpfierefine single domain proteins
containing a metal ion binding site, either natural

The solution structures of S100A5 were determiredbbth the apo and the €dorm
by NMR spectroscopy. Both two forms are homodinieisolution. The structural differences

induced by C& binding in the homodimer thus lead to an exposirevo symmetrically
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positioned clefts defined by helix III, helix I\he hinge loop and the last C-terminal residues,
similarly to what found for other S100 proteins,esn target proteins can be accommodated.
Dynamic properties are also different between the and C& form. Some residues were
detected slow time scale motion on both helix amgpIregion, while fast motion is present in
the hinge region for Gabound form.

In the future, the study of the complex of CaM hngdwith full-length CaM regulatory
domain DAPk or DRP-1 kinase, together with theitabdic domain will be also attempted.
Once the crystal/NMR structures of these compldkb@ determined in the active state, the
intriguing mechanism of autoinhibition of this €ACaM-refulated kniase will be deciphered
at the atomic level. The specific structural feagjrwhich are responsible for this unique
autoinhibitory mechanism, may provide an intergstommon hallmark for DAPk or DRP-1
kinase which should distinguish them from the otl@&aM-regulated kinases. Another
interesting issue relates to investigating multigemain orientations of CaM when it binds

full-length CaM regulatory domain DAPk or DRP-1 &se by using MAP approach.
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10

PROGRAM MAP
implicit double precision(a-h,o0-z)
parameter(maxmaxfh=500,maxmaxii=10)
dimension conf(maxmaxfn,7*maxmaxii)
dimension nconf(maxmaxfn)
dimension orient(maxmaxfn,4)
integer npoints,ipoints,maxii
common /points/ conf,orient,nconf,maxii,imge,ipoints
include 'annealingparam.f'
integer lexpdir
character*100 expfile,inline,expdir,infile,outfjlesfile
common ffiles/ expfile,inline,expdir,infile,outdilresfile,lexpdir
common flag
integer n,ndim
dimension guess(3),x(3),xx(1000)
integer exitcode
integer maxit,maxfn
integer errcode
external threshpmax
external fcnall

errcode=0
expfile="./expfile"
open(unit=1,file=expfile,status="old',err=1000)
errcode=1
read(1,'(a)',err=1000,end=1000) inline
errcode=2
ii=1
call extractstring(inline,expdir,ii,jj)
if (jj.eq.0) goto 1000
lexpdir=jj-1
close(1)
infile="./"//expdir(1:lexpdir)//"/"//"infile"
outfile="./"//lexpdir(1:lexpdir)//"/"/["outfile"
errcode=3
open(unit=1,file=infile,status="old',err=1000)
errcode=4
read(1,*,err=1000,end=1000) guess(1),guess(2)s¢Bles
close(1)
errcode=5
npoints=0
open(unit=1,file="./results0",status="cétt'=10)
ijk=1
do
read(1,*,end=10,err=10) (orient(ijk,i)liz)
read(1,*,end=10,err=10) nconf(ijk)
do i=1,7*(nconf(ijk)-1)+3-1
read(1,*,end=10,err=10) conf(ijk,i)
end do

ind=0
do i=1,ijk-1
temp=dabs(orient(i,1)-orient(ijk,1))+
1 dabs(orient(i,2)-orient(ijk,2))+
2 dabs(orient(i,3)-orient(ijk,3))
if (temp.lt.0.1d0.or.orient(ijk,4).gt3w0 ) then
ind=1
exit
end if
end do
if (ind.eq.0) ijk=ijk+1
npoints=ijk
if (npoints.gt.maxmaxfn) goto 10
end do
continue
if (npoints.gt.0) npoints=npoints-1
maxfn=200

101



maxii=maxmaxii
ipoints=0
n=3
ftol=1d-4
maxit=30
s=1.d0
errcode=6
open(unit=2 file=outfile,status="replace’,err=1p00
write(2,*) "Starting orient:",(quess(ijk&1,3)
write(2,*) "Initial points read:",npoints

call threshpmax(n,guess,fvalue)
! call dsimplex(threshpmax,n,guess,s,ftol, maxfaatue)

print *,"init=",(guess(i),i=1,3)," final=(x(i),i=1,3)
print *"fvalue=",fvalue," exitcode=",exitcle
write(2,*) "Final orient:",(x(ijk),ijk=1,3)
write(2,*) "Final TF:",fvalue
write(2,*) "Final npoints:",npoints
close(2)
errcode=7
resfile="./"/lexpdir(1:lexpdir)//"/"/"resul&E"
open(unit=1,file=resfile,status="unknowm54000)
do ijk=1,npoints
if(ijk .eq.npoints)then
write(1,*) (orient(ijk,i),i=1,4)
write(1,*) nconf(ijk)
do i=1,7*(nconf(ijk)-1)+3-1
write(1,*) conf(ijk,i)
end do
end if
if (orient(ijk,4).gt.0.5d0) cycle
ind=0
do i=1,ijk-1
if (dabs(orient(ijk,1)-orient(i,1))+dabs(origijk,2)-orient(i,2))+
1 dabs(orient(ijk,3)-orient(i,3)).1t.0.1d0) then
ind=1
exit
end if
end do
if (ind.eq.1) cycle
write(1,*) (orient(ijk,i),i=1,4)
write(1,*) nconf(ijk)
do i=1,7*(nconf(ijk)-1)+3-1
write(1,*) conf(ijk,i)
end do
end do
close(1)
stop
1000 continue
if (errcode.eq.0) then
write(*,*) "Error opening expfile:",expfile
else if (errcode.eq.1) then
write(*,*) "Error reading from expfile:",expfile
write(*,*) "expdir=",expdir
else if (errcode.eq.2) then
write(*,*) "Error parsing:",expdir
else if (errcode.eq.3) then
write(*,*) "Error opening infile:",infile
else if (errcode.eq.4) then
write(*,*) "Error reading from infile:",infile
else
write(*,*) "Unidentified error: code=",errcode
end if
end
subroutine threshpmax(nnn,vl1,pvalue)
INCLUDE 'supé6rdc.h'
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include 'annealingparam.f'
dimension npt(MAXFE,6),
*  ccptx(MAXSTR,MAXFE,6), ccpty(MAXSTR,MAXFE,§)
*  ccptz(MAXSTR,MAXFE,6),
*vx(3), vy(3),vz(3),nresno(MAXFE)
character namepara*4
character yes*1
parameter(maxmaxfh=500,maxmaxii=10)
dimension nconf(maxmaxfn)
dimension conf(maxmaxfn,7*maxmaxii)
dimension orient(maxmaxfn,4)
dimension Dx(100),Dy(100),Dz(100)
integer ncheck
integer npoints,ipoints,maxii
common /points/ conf,orient,nconf,maxii, s, ipoints
common m
common/position/pos1,pos2,pos3,C4,wpcs,wrdc
common /pp/ Dx,Dy,Dz
common /number/ncheck
common /metal/x2,y2,z2
common/iprint/iprint
dimension xxguess(1000),xx(1000),xxsave()8q (3)
real*8 temp
integer rjj
external fcnall
logical foundAT(MAXFE,3)
gltoll=0.
field=700.
costrdc=1./(5.892E-6*field**2/42.578**2)
filenamel="TbTmDyC.pcs'
filename2="bestbaxCSDR.pdb'
filename3="outlbax’'
filename4="TbTmDyC.rdc'
filename5="out2bax’
fileout="out'
nat=2528 Inumero atomi
factorrdc=0.02
nstr=1
namepara="ME'
PERC=0
intsys=0
nsystem=1
ngrid=1000 Inumeri calcoli
ko READ OBSERVED SHIFT #¥ieex
open (1,file=filenamel,status="old")
i=0
numS=0
numD=0
numT=0
print *,' kekck READ OBSERVED SHIFT'
do while (1.gt.0)
read(1,'(a)',end=99) line
i=i+1
read(line,'(i4,1x,a3,2x,a4,f9.3,4x,i2,6.2,f10)3)'
* numres(i),namres(i),namat(i),ops(i
* miprot(i),tolprot(i),wprot(i)
if (tolprot(i).eq.0) tolprot(i)=gltoll
if (PERC.gt.0).or.(PERC.le.1)) then
ttperc=abs(obs(i)*PERC)
if (ttperc.gt.tolprot(i)) then
tolprot(i)=ttperc
end if
end if
if (mlprot(i).eq.0.or.mlprot(i).eq.1) then
miprot(i)=1
numS=numS+1
else
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if (mlprot(i).eq.2) numD=numD+1
if (mlprot(i).eq.3) numT=numT+1
end if
if (wprot(i).eq.0.) wprot(i)=1.0
if (wprot(i).eq.-1.) wprot(i)=0.0
enddo
99  ihp=i
print *, ' ok TOTAL DIPOLAR PROTONS,ihp
open (2,file=filename2,status="old")
open (3,file=filename3)

nfe=0
tmpnfe=0

etk READ COORDINATE FILE Fokokok
print *,' kekack READ COORDINATE FILE'

ncontpoint=0
do 10 k=1,nstr
do 20 i=1,nat
read(2,'(a)',end=98) line
read(line,'(5x,i6,1x,a4,6x,i4,4x,3f8.3)")

* numberatom,nameatom,noregaaa
if (nameatom(1:2).eq.namepara(1:2).or.
* nameatom(2:3).eq.namepara(1:2))) then

tmpnfe=tmpnfe+1
fx(k,tmpnfe)=xa
fy(k,tmpnfe)=ya
fz(k,tmpnfe)=za

end if
read(line,'(5x%,i6,1x,a4,1x,a3,1x,i5318,3)")
* num_at(k,i),nam_at(k,i),nam_res(kum_res(k,i),
* xp(k.i),yp(k,i).zp(k,i)
20 continue
nfe=tmpnfe
tmpnfe=0
10  continue
print *, ' Fkekok TOTAL PARAMAGN. CENTERS',nfe
print *,' kekack WRITE OBSERVED OUT FILE
do 140 k=1,nstr
icontprot=0
do 150 j=1,ihp
do 160 i=1,nat
if (num_res(k,i).eq.numres(j)) then
if (nam_at(k,i).eq.namat(j))then
icontprot=icontprot+1
write(3,
* '(i6,1x,a4,1x,i3,1x,a3,1x,3F8.3,1x,F18j1,2(1x,f7.3))")
* num_at(k,i),nam_at(k,i),num_res(kam_res(k,i),
* xp(k.i),yp(k,i),zp(k,i),0bs(j), miprot(j),
* tolprot(j),wprot(j)
goto 150
end if
end if
160 continue

print *,namat(j),numres(j),namres(j)
150 continue
140 continue
98 continue
if (icontprot.It.ihp) then
print *,' **** FERROR: SOME PCS NOT FOUND''
print *"*
print *,' **** PROGRAM STOP'
print *'"'
STOP
endif
close(1)
close(2)
close(3)
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nhp=icontprot
ko READ OBSERVED DeltaJs *****
open (1,file=filename4,status="old")
i=0
numS=0
numbD=0
numT=0
print *,' kekck READ OBSERVED DeltaJs'
do while (1.gt.0)
read(1,'(A)',end=199) line
i=i+1
read(line,'(i4,1x,a3,2x,a4,f9.3,4x,i2,f6.2,f10.3
numres(i),namres(i),namat(i),ops(i
miprot(i),tolprot(i),wprot(i)
if(namat(i)(1:1).eq.' ) then
namat(i)(1:3)=namat(i)(2:4)
namat(i)(4:4)=""
end if
if (tolprot(i).eq.0) tolprot(i)=gltoll
if (PERC.gt.0).or.(PERC.le.1)) then
ttperc=abs(obs(i)*PERC)
if (ttperc.gt.tolprot(i)) then
tolprot(i)=ttperc
end if
end if
if (wprot(i).eq.0.) wprot(i)=1.0
if (wprot(i).eq.-1.) wprot(i)=0.0
enddo
ihp=i
print *, ' ko TOTAL No. NHs ‘,ihp
open (2,file=filename2,status="old")
open (3,file=filename5)
print *,' kekk READ COORDINATE FILE'
ncontpoint=0
do 410 k=1,nstr
do 420 i=1,nat
read(2,'(a)',end=198) line
read(line,'(5x,i6,1x,a4,1x,a3,1x,i5318,3)")
num_at(k,i),nam_at(k,i),nam_res(kum_res(k,i),
— xp(kii)yp(k,i),zp(k,i)
continue
continue
print *,' kekck WRITE PROCESSED INPUT EE'
do 240 k=1,nstr
icontprot=0
icont15n=0
do 250 j=1,ihp
do 260 i=1,nat
if (num_res(k,i).eq.numres(j)) then
if (nam_at(k,i).eq.namat(j))then
icontprot=icontprot+1
write(3,
'(i6,1x,a4,1x,i3,1x,a3,1x,3F8.3,1x,F18j1,2(1x,f7.3))")
num_at(k,i),nam_at(k,i),num_res(kam_res(k,i),
xp(k,i),yp(k,i),zp(ki),0bs(j), mlpt(j),
tolprot(j),wprot(j)
do ii=1,nat
if (num_res(k,ii).eq.numres(jpth
if (nam_at(k,ii)(1:3).eq." N '
.or.nam_at(k,ii)(1:2).eq.'NtHen
icontl5n=icont15n+1
write(3,
'(i6,1x,a4,1x,i3,1x,a3,1x,3F8.3,1x,F18j1,2(1x,f7.3))")
num_at(k,ii),nam_at(k,ii),num_res(kigm_res(k,ii),
xp(k,ii),yp(Kk.ii),zp(k,ii),obs(j),mlprtgj),
tolprot(j),wprot(j)
goto 250
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end if
end if
end do
print*, '1',nam_at(k,i)(2:3),numfggamres(j)
goto 250
end if
end if
260 continue
print*, '2',namat(j),numres(j),namres(j)
250 continue
240  continue
198  continue
if (icontprot.It.ihp) then
print *' *** ERROR: SOME ATOMS NOT FOUND
print *"'
print *,' *** THE PROGRAM WILL STOP'
print *"*
STOP
endif
if (icontprot.ne.icont15n) then
print *,' ** ERROR: No. OF 15N ATOMS NOT BUAL',
* 'TO No. OF HN'
print *'"'
print *,' *** THE PROGRAM WILL STOP'
print *"*
print *icontprot,icont15n
STOP
endif
close(1)
close(2)
close(3)
nhprdc=icontprot*2
open (1,file=filename3,status="old")
i=0
do 170 k=1,nstr
do 170 i=1,nhp
read(1,'(A)',end=299) line
read(line,'(20x,3F8.3,F8.3,i2,2(1x,f7°B8))
cx(k,i),cy(k,i),cz(k,i),
obs((k-1)*nhp+i),mlprot((k-1)tp+i),
tolprot((k-1)*nhp+i),wprot((kjtnhp+i)
170 continue
299 continue
close(1)
open (1,file=filename5,status="old")
i=0
do 180 k=1,nstr
do 180 i=1,nhprdc
read(1,'(A)',end=399) line
read(line,'(20x,3F8.3,F8.3,i2,2(1x,f7B))

* cxrdc(k,i),cyrdc(k,i),czrdc(k,i),
* obsrdc((k-1)*nhprdc+i),mlprotrd&{@)*nhp+i),
* tolprotrdc((k-1)*nhprdc+i),wproted(k-1)*nhprdc+i)

180 continue
399 continue
close(1)
sumtmp1=0
do 3 i=1,nhp
sumtmpl=sumtmpl+obs(i)*2
3 continue
wpcs=1d0/sumtmpl
print *, wpcs
sumtmp1=0
do 4 i=1,nhprdc-1,2
sumtmpl=sumtmpl+obsrdc(i)**2
4 continue
wrdc=1d0/sumtmpl
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print *,wrdc

flag=0
fvalueold=9999999999.
i=1
n=0
open(1,file="checkpoint',status='old")
do

read(1,*,err=5,end=5)Dx(i),Dy(i),Dz(i)

i=i+1
n=n+1
end do
5 continue
close(1)

ncheck=n
X2=-26.875+21.743
y2=-4.660 -5.455
z2=-0.478 -1.307

cceececce begin to calculate ccccecccccecce

C maxkkk - number of steps to reach pmaxthresh
C ndim0 - number of conformations of goodstart

C pmaxthresh - threshold of pmax
C tfthresh - threshold of TF
C nstep - max number of minimizations for e@dh
nnpoints=0
maxkkk=1
tresh1=1d-3
pmaxthresh=0.05d0
tfthresh=0.15d0
dpmax=pmaxthresh/maxkkk
nstep=2500
C4=dpmax
posl=vi(1)
pos2=v1(2)
pos3=v1(3)
print*,pos1,pos2,pos3
CCC reading from database
if(npoints.eq.0) then
i=2
ndim=(i-1)*7-1+3
xxguess(1)=4d0+5d0*rand()
xxguess(2)=4d0+5d0*rand()
xxguess(3)=4d0+5d0*rand()
xxguess(4)=acos(1.-2.*rand())
xxguess(5)=asin(1.-2.*rand())
xxguess(6)=asin(1.-2.*rand())
xxguess(7)=4d0+5d0*rand()
xxguess(8)=4d0+5d0*rand()
xxguess(9)=4d0+5d0*rand()
else
kk=0
temp2=1d9
do ijk=1,npoints
ndimO=(nconf(ijk)-1)*7-1+3
do k=1,ndim0
xx(k)=conf(ijk,k)
end do

call fcnall(ndimO,xx,temp)
write(*,*) "Point:",ijk," TF=",temp
if (temp.lt.temp2) then
temp2=temp
kk=ijk
end if
end do
if (kk.gt.0) then
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i=nconf(kk)
ndim=(i-1)*7-1+3
do k=1,ndim
xxguess(k)=conf(kk,k)
end do
write(*,*) "Best start is point ", kK" (
1 orient(kk,ijk),ijk=1,3)
write(*,*) "Starting TF=",temp2
end if
end if
cceee try to guess good translation ccccc
do ijk=1,10000
do kk=1,3
xx(kk)=xxguess(kk)
xxguess(kk)=xxguess(kk)+1d-1*(rgrdEd0)
end do
call fcnall(ndim,xxguess,temp1)
if (templ.lt.temp2) then
temp2=temp1l
else
do kk=1,3
xxguess(kk)=xx(kk)
end do
end if
end do
call fcnall(ndim,xxguess,temp?2)
print *,"start1=",temp2
flag=0
s=1d0
ftol=1d-6
maxfn=10000
expected =1d-10
tempestart =10.d0
deltamulti =0.9d0
delta2multi=0.9d0
maxraise  =1.05d0
tempelast =0.05d0
deltalast =0.5d0
tempemin  =1.d-4
tempeup =0.05d0
deltaup =0.5d0
maxsec = 1000
nok = 40000/dsqrt(ipoints+1d0)
nno = 40000/dsqrt(ipoints+1d0)
nmx = 70000/dsqrt(ipoints+1d0)
ipoints=ipoints+1
write(*,*) "npoints=",npoints," nok=",nok
indprint=0
ncode=1
fvalue=temp2
kkk=0
do
kkk=kkk+1
if (kkk.gt.maxkkk) then
pvalue=fvalue
exit
end if
C4old=C4
ndim=(i-1)*7-1+3
C4=dpmax*kkk
write(*,*)C4
istep=0

if (kkk.gt.1) then
do kk=2,i-1
xxguess(10+7*(kk-2))=xxguess(10+7*(kk-ZDE0-C4)/(1d0-C4old)
end do
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end if
ind=0
do
tempestart=10./(2*)
tempelast=10./(1%)
tempemin=10./(10%)
ncode=1
ndim=(i-1)*7-1+3
call fcnall(ndim,xxguess,temp1)
write(*,*) "i=",i," start=",temp1
oldfvalue=fvalue
call annealing(fcnall,ndim,xxguessfxalue,ncode)
do ijk=1,ndim
xxguess(ijk)=xx(ijk)
enddo
flag=0
do ijk=1,ndim
xxsave(ijk)=xxguess(ijk)
end do
ijk=1
rjj=0
temp=0d0
do
j=3+7*ijk
if (j.gt.ndim) exit
templ=dabs(xxguess(j))
xxguess(j)=templ
if (templ.lt.treshl) then
do ii=j+1,ndim
xxguess(ii-7)=xxguess(ii)
end do
ndim=ndim-7
call fcnall(ndim,xxguess,temp?2)
if (2d0*(temp2-fvalue).gt.
0.01d0*(dabs(fvalue)+dabs(p))) then
print *,"Conformation ",ijk+14y] not"
," removed ",(temp2-fvalue) 40
do ii=j-6,ndim
xxguess(ii)=xxsave(ii)
end do
ijk=ijk+1
ndim=ndim+7
else
print *,"Conformation ",ijk+1+4rj
" removed ",(temp2-fvalue)ad0
do ii=j+1,ndim+7
xxsave(ii-7)=xxsave(ii)
end do
fvalue=temp2
rjj=rjj+1
end if
else
temp=temp-+temp1
ijk=ijk+1
end if
end do
temp1=1d0-temp-C4
if (templ.lt.treshl) then
ndim=ndim-7
call fcnall(ndim,xxguess,temp?2)
if (2d0*(temp2-fvalue).gt.
0.01d0*(dabs(fvalue)+dabs(ter)pthen
print *,"Conformation ",ijk+1+rfj, not"
," removed ",(temp2-fvalue)*100d0
ndim=ndim+7
else
print *,"Conformation ",ijk+1+rjj,
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* " removed ",(temp2-fvalue)*10Dd
fvalue=temp2
rjj=rjj+1
end if
end if
print *rjj," conformation removed"
i=i-rjj
call fcnall(ndim,xxguess,temp1)
print*,temp1
if (fvalue.lt.tfthresh .and.kkk.ne xkétk) then
write(*,*) "Value under the thredt®
write(*,*) "Jumping to next weight"
exit
end if
istep=istep+1
if (istep.le.nstep) then
if (rjj.gt.0) then
cycle
else if (i.eq.maxii) then
if (dabs(oldfvalue-fvalue).lt. Bddabs(fvalue)) then
pvalue=fvalue
goto 999
else
cycle
end if
end if
else if (rjj.gt.0 .or. i.eq.maxii)gh
if (kkk.eq.maxkkk) then
pvalue=fvalue
goto 999
else
kkk=maxkkk-1
exit
end if
end if
tempweight=xxguess(10)
k=2
temp=xxguess(10)
do kk=3,i-1
if (xxguess(10+7*(kk-2)).gt.temp) then
temp=xxguess(10+7*(kk-2))
k=kk
end if
tempweight=tempweight+xxguess(10+7*(kk-2))
end do
templ=1d0-tempweight-C4
if (templ.gt.temp) then
temp=templ
k=i
end if
print *"k=",k," i=",i
i=i+1
ndim=ndim+7
xxguess(ndim-6)=temp1
do ijk=1,6
xxguess(ndim-6+ijk)=xxguess(3+7*(k-2)+ijk)
end do
xxguess(7*(k-2)+10)=xxguess(7*(k-2)+10)/2d0
end do
9 format(f9.3,8(2x,f9.3))
end do
999 continue
write(*,97)pvalue,pos1,pos2,pos3,xx(1{23xxx(3)
97 format(f9.3,7(2x,f9.3))
if (npoints.lt.maxmaxfn) then
npoints=npoints+1
nnpoints=npoints

110



else if (nnpoints.Ilt.maxmaxfn) then
nnpoints=nnpoints+1

else
nnpoints=1
end if
do ijk=1,ndim
conf(nnpoints,ijk)=xxguess(ijk)
end do
print *, "nnpoints=",nnpoints," i=",i,
& " ndim=",ndim, " pvalue=",pvalue

nconf(nnpoints)=i
orient(nnpoints,1)=posl
orient(nnpoints,2)=pos2
orient(nnpoints,3)=pos3
orient(nnpoints,4)=pvalue
flag=1
call fcnall(ndim,xxguess,fvalue)
flag=0
return
end

subroutine fcnall(ndim,xx,fvalue)
include 'supé6rdc.h’
dimension vett(NP)
dimension Dx(100),Dy(100),Dz(100)
integer ncheck
common m
common/position/posl,pos2,pos3,C4,wpcs,wrdc
common /pp/ Dx,Dy,Dz
common /number/ncheck
common /metal/x2,y2,z2
common/iprint/ iprint
dimension xx(ndim)
dimension P2(100),02(100),T2(100)
dimension fx2(100),fy2(100),fz2(100)
dimension axx(100),axy(100),axz(100),ayx(18yy(100)
dimension ayz(100),azx(100),azy(100),azaj10
dimension xapp(100),yapp(100),zapp(100)
dimension scalx(100),scaly(100),scalz(100)
dimension r(100),91(100),92(100),w(100)

IVIOLATION=0

TMP1=0

i=1

do while (i.le.nhp*nstr)
shift(i)=0.0
i=i+1

enddo

fvalue=0.d0

do 1 n=1,nstr

do 2 m=1,nfe
P1=posl
T1=pos2
Ol1=pos3
x1=xx(1)
fyl=xx(2)
fz1=xx(3)
a1d0=9825. Imetallo 1 Tb
a2d0=3692.
P0=0.511
T0=-0.47
00=-0.61
a1d02=6767. Imetallo 2 Tm
a2d02=2417.
P02=-2.377
T02=-1.170
002=0.697
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a1d03=8958. Imetallo Dy

a2d03=-3974.

P03=-3.209

T03=0.210

003=-0.123

maxres=80

axx0=cos(P0)*cos(00)

axy0=sin(P0)*cos(00)

axz0=sin(00)
ayx0=-cos(T0)*sin(P0)-sin(O0)*cos(P0)*sid)T
ayy0=cos(T0)*cos(P0)-sin(00)*sin(P0)*sinjTO
ayz0=sin(T0)*cos(00)
azx0=sin(T0)*sin(P0)-sin(O0)*cos(P0)*cosjTO
azy0=-sin(T0)*cos(P0)-sin(0O0)*sin(P0)*co8|T
azz0=cos(T0)*cos(00)

axx02=cos(P02)*cos(002)
axy02=sin(P02)*cos(002)

axz02=sin(002)
ayx02=-cos(T02)*sin(P02)-sin(002)*cos(PG2{T02)
ayy02=cos(T02)*cos(P02)-sin(002)*sin(POX){$02)
ayz02=sin(T02)*cos(002)
azx02=sin(T02)*sin(P02)-sin(002)*cos(P02)3¢T02)
azy02=-sin(T02)*cos(P02)-sin(002)*sin(PQ2)3(T02)
azz02=cos(T02)*cos(002)
axx03=cos(P03)*cos(003)
axy03=sin(P03)*cos(003)

axz03=sin(003)
ayx03=-cos(T03)*sin(P03)-sin(0O03)*cos(PG3{TO3)
ayy03=cos(T03)*cos(P03)-sin(003)*sin(PO®)F03)
ayz03=sin(T03)*cos(003)
azx03=sin(T03)*sin(P03)-sin(003)*cos(PO)3¢T03)
azy03=-sin(T03)*cos(P03)-sin(003)*sin(P03)3(T03)
azz03=cos(T03)*cos(003)

axx1l=cos(P1)*cos(01)

axyl=sin(P1)*cos(O1)

axzl=sin(01)
ayx1=-cos(T1)*sin(P1)-sin(O1)*cos(P1)*sid(T
ayyl=cos(T1)*cos(P1)-sin(O1)*sin(P1)*sin{T1
ayzl=sin(T1)*cos(0O1)
azx1=sin(T1)*sin(P1)-sin(O1)*cos(P1)*cosjT1
azyl=-sin(T1l)*cos(P1)-sin(O1)*sin(P1)*co&{T
azzl=cos(T1)*cos(O1)

kk=4
tempweight=0.
do ii=1,(ndim+1-3)/7
P2(ii)=xx(kk)
T2(ii)=xx(kk+1)
O2(ii)=xx(kk+2)
x2(ii)=xx(kk+3)
fy2(ii)=xx(kk+4)
fz2(ii)=xx(kk+5)
if(ii.eq.(ndim+1-3)/7)then
w(ii)=abs(1.-tempweight-C4)
else
w(ii)=abs(xx(kk+6))
tempweight=tempweight+w(ii)
endif
kk=kk+7
axx(ii)=cos(P2(ii))*cos(02(ii))
axy(ii)=sin(P2(ii))*cos(02(ii))
axz(ii)=sin(02(ii))
ayx(ii)=-cos(T2(ii))*sin(P2(ii))-
sin(O2(ii))*cos(P2(ii))*sin(T2(ii))
ayy(ii)=cos(T2(ii))*cos(P2(ii))-
sin(O2(ii))*sin(P2(ii))*sin(T2(ii))
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ayz(ii)=sin(T2(ii))*cos(02(ii))
azx(ii)=sin(T2(ii))*sin(P2(ii))-
&  sin(02(ii))*cos(P2(ii))*cos(T2(ii))
azy(ii)=-sin(T2(ii))*cos(P2(ii))-
&  sin(02(ii))*sin(P2(ii))*cos(T2(ii))
azz(ii)=cos(T2(ii))*cos(02(ii))
enddo
if(tempweight+C4.gt.1.)then
fvalue=1E6*(tempweight-1.)**2
if(fvalue.le.10000000)fvalue=10000000
goto 999
endif
cccecccccccece Check good or not cceceecccceececcece
=0
do ijk=1,ncheck
do ii=1,(ndim+1-3)/7
xapp2=DX(ijk)-fx2(ii)-fx(n,m)
yapp2=DY/(ijk)-fy2(ii)-fy(n,m)
zapp2=DZ(ijk)-fz2(ii)-fz(n,m)
rl=sqrt(xapp2**2+yapp2*2+zapp2**2)
scalx2=(xapp2*axx(ii)+yapp2*axy(ii)+zapp Xii))
scaly2=(xapp2*ayx(ii)+yapp2*ayy(ii)+zapp3/ii))
scalz2=(xapp2*azx(ii)+yapp2*azy(ii)+zapp224ii))
r2=sqrt((scalz2-z2)**2+(scalx2-x2)**2+(@ly2-y2)**2)
if(r1.1t.12.d0) j=1
if(r2.1t.12.d0) j=2
if ((r1.1t.12.d0).and.(r2.1t.12.g93
if(j.eq.1) fvalue=fvalue+(r1-12.d62*100000.
if(j.eq.2) fvalue=fvalue+(r2-12.d®2*100000.
if(j.eq.3)
& fvalue=fvalue+(r1-12.d0)**2+(r2-12.3162*100000.
if(flag.eq.1.and.j.ne.0)then
print*,r1,r2,ii+1,ijk,j
print*,DX(ijk),fx2(ii),x2
print*, DY (ijk),fy2(ii),y2
print*,DZ(ijk),fz2(ii),z2
endif
end do
end do
cccccccccccccccccc finish to check cceececcccceececcceeccccece
888 continue
tmp2=0.0
i=1
ihp=(n-1)*nhp
do 10 while (i.le.nhp)
if(numres(ihp+i).le.maxres)then
else
xappl=CX(n,l)-fx(n,m)-fx1
yapp1=CY(n,l)-fy(n,m)-fyl
zappl=CZ(n,l)-fz(n,m)-fz1
scalzl=(xappl*azx1l+yappl*azyl+zappt1a
scalx1=(xappl*axx1l+yappl*axyl+zappdt)
scalyl=(xappl*ayxl+yappl*ayyl+zappZs

do ii=1,(ndim+1-3)/7
xapp(ii)=CX(n,I)-fx(n,m)-fx2(ii)
yapp(i)=CY(n,1)-fy(n,m)-fy2(ii)
zapp(ii)=CZ(n,l)-fz(n,m)-fz2(ii)

scalz(ii)=(xapp(ii)*azx(ii)+yapp(ii)*azy(jtzapp(ii)*azz(ii))

scalx(ii)=(xapp(ii)*axx(ii)+yapp(ii)*axy()+zapp(ii)*axz(ii))

scaly(ii)=(xapp(ii)ayx(ii)+yapp(ii)“ayy(j+zapp(ii)‘ayz(ii))
enddo

if(mlprot(ihp+i).eq.1)then

zappl=(scalx1*azx0+scalyl*azyO+sctdzz0)
xappl=(scalx1*axx0+scalyl*axyO+sc&miz0)
yappl=(scalx1*ayx0+scalyl*ayyO+scainiz0)

113



do ii=1,(ndim+1-3)/7
zapp(ii)=(scalx(iiy*azx0+scaly(ii)*g@+scalz(ii)*azz0)
xapp(ii)=(scalx(ii)*axx0+scaly(ii)*a0+scalz(ii)*axz0)
yapp(ii)=(scalx(ii)*ayx0+scaly(ii)*ag+scalz(ii)*ayz0)
enddo
ald=aldo
a2d=a2do0
endif
if(mlprot(inp+i).eq.2)then
zappl=(scalx1*azx02+scalyl*azy02+&t&zz02)
xappl=(scalx1*axx02+scalyl*axy02+gtahxz02)
yappl=(scalx1*ayx02+scalyl*ayy02+gdahyz02)
do ii=1,(ndim+1-3)/7
zapp(ii)=(scalx(iiy*azx02+scaly(ii)2g02+scalz(ii)*azz02)
xapp(ii)=(scalx(iiy*axx02+scaly(ii)5g02+scalz(ii)*axz02)
yapp(ii)=(scalx(ii)*ayx02+scaly(ii)yg02+scalz(ii)*ayz02)
enddo
ald=ald02
a2d=a2d02
endif
if(mlprot(ihp+i).eq.3)then
zappl=(scalx1*azx03+scalyl*azy03+atzz03)
xappl=(scalx1*axx03+scalyl*axy03+atahxz03)
yappl=(scalx1*ayx03+scalyl*ayy03+gtahyz03)
do ii=1,(ndim+1-3)/7
zapp(ii)=(scalx(iiy*azx03+scaly(ii)2§03+scalz(ii)*azz03)
xapp(ii)=(scalx(ii)*axx03+scaly(ii)%g03+scalz(ii)*axz03)
yapp(ii)=(scalx(ii)*ayx03+scaly(ii)yg03+scalz(ii)*ayz03)
enddo
ald=aldo3
a2d=a2d03
endif
rl=sqrt(xappl*2+yappl*2+zappl*2)
g11=(sqrt(3.)*zappl-r1)*(sqrt(3.)*zabtrl)
g21=(xappl-yappl)*(xappl+yappl)
primo=(A1D*G11+1.5*A2D*G21)/r1*5
sumshift=0.
do ii=1,(ndim+1-3)/7
r(i)=sqrt(xapp(ii)*2+yapp(ii)*2+zpp(ii)**2)
gl(ii)=(sqrt(3.)*zapp(ii)-r(ii))*(sd(3.)*zapp(ii)+r(ii))
g2(ii)=(xapp(ii)-yapp(ii))“(xapp(ii)yapp(ii)
secondo=(A1D*G1(ii)+1.5*A2D*G2(ii) \ii)**5
terzo=w(ii)*secondo
sumshift=sumshift+terzo
enddo
shift(ihp+i)=shift(ihp+i)+C4*primo+sumih
endif
I=1+1
10 continue
2 continue
! if(flag.eq.1)write(*,*)'PCS'
do 3 i=1,nhp
tmp2=abs(shift(ihp+i)-obs(ihp+i))
* -tolprot(ihp+i)
if (tmp2.gt.0.0) then
IVIOLATION=IVIOLATION+1
TMP1=tmpl+tmp2**2*wprot(ihp+i)
endif
! if(flag.eq.1)write(*,*)shift(ihp+i),obs(ip+i),
! * dabs(obs(ihp+1))/dabs(shift(ihp+i))
3 continue
1 continue
if(flag.eq.1l)write(*,*) TF PCS="tmp1, tmpd/pcs

TMP3=0

i=1

do while (i.le.nhprdc*nstr)
shift(i)=0.0
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i=i+1

enddo

do 111 n=1,nstr
tmp4=0.0
i=1

ihp=(n-1)*nhprdc
do 100 while (i.le.nhprdc)
xappl=CXrdc(n,l)-fx(n,1)-fx1
yapp1l=CYrdc(n,I)-fy(n,1)-fyl
zappl=CZrdc(n,l)-fz(n,1)-fz1
scalzlH=(xappl*azxl+yappl*azyl+zamz¥1l)
scalx1H=(xappl*axxl+yappl*axyl+zapmiz1l)
scalylH=(xappl*ayx1l+yappl*ayyl+zapmiz1)
xappl=CXrdc(n,I+1)-fx(n,1)-fx1
yappl=CYrdc(n,I+1)-fy(n,1)-fyl
zappl=CZrdc(n,l+1)-fz(n,1)-fz1
scalzlN=(xappl*azxl+yappl*azyl+zamz¥1l)
scalx1N=(xappl*axx1l+yappl*axyl+zapmizl)
scalylN=(xappl*ayx1l+yappl*ayyl+zapmiz1)
scalxl=scalx1H-scalx1N
scalyl=scalylH-scalylN
scalzl=scalz1H-scalz1N
rl=sqrt(scalx1**2+scalyl**2+scalz1**2)
if(rl.gt.1.08.0r.r1.1t.0.94) then
print*, "*** ERROR: r(H-N) has a wrongalue: ',r1
print*, "*** Check data relative toonstraint ',
* (i+1)/2
print*, "*** The program will stop'
STOP 1
end if
do ii=1,(ndim+1-3)/7
xapp(ii)=CXrdc(n,I)-fx(n,1)-fx2(ii)
yapp(ii)=CYrdc(n,l)-fy(n,1)-fy2(ii)
zapp(ii)=CZrdc(n,l)-fz(n,1)-fz2(ii)
scalz2H=(xapp(ii)*azx(ii)+yapp(ii)*azy)tzapp(ii)*azz(ii))
scalx2H=(xapp(ii)*axx(ii)+yapp(ii)*axyij+zapp(ii)*axz(ii))
scaly2H=(xapp(ii)*ayx(ii)+yapp(ii)*ayyiji+zapp(ii)*ayz(ii))
xapp(ii)=CXrdc(n,I+1)-fx(n,1)-fx2(ii)
yapp(ii)=CYrdc(n,I+1)-fy(n,1)-fy2(ii)
zapp(ii)=CZrdc(n,I+1)-fz(n,1)-fz2(ii)
scalz2N=(xapp(ii)*azx(ii)+yapp(ii)*azy)tzapp(ii)*azz(ii))
scalx2N=(xapp(ii)*axx(ii)+yapp(ii)*axyij+-zapp(ii)*axz(ii))
scaly2N=(xapp(ii)*ayx(ii)+yapp(ii)*ayyijitzapp(ii)*ayz(ii))
scalx(ii)=scalx2H-scalx2N
scaly(ii)=scaly2H-scaly2N
scalz(ii)=scalz2H-scalz2N
r(i)=sqrt(scalx(ii)*2+scaly(ii)*2+salz(ii)**2)
if(r(ii).gt.1.08.0r.r1.1t.0.94) then
print*, "*** ERROR: r(H-N) has a wrongalue: ',r(ii),ii
print*, "*** Check data relative toonstraint ', (i+1)/2
print*, "** The program will stop'
STOP 1
end if
enddo
if(mlprotrdc(ihp+i).eq.1)then
zappl=(scalx1*azx0+scalyl*azyO+sctdzz0)
xappl=(scalx1*axx0+scalyl*axyO+sc&miz0)
yappl=(scalx1*ayx0+scalyl*ayyO+scainiz0)
do ii=1,(ndim+1-3)/7
zapp(ii)=(scalx(iiy*azx0+scaly(ii)*g@+scalz(ii)*azz0)
xapp(ii)=(scalx(iiy*axx0+scaly(ii)*g®0+scalz(ii)*axz0)
yapp(ii)=(scalx(ii)*ayx0+scaly(ii)*ag®+scalz(ii)*ayz0)
enddo
ald=aldO/costrdc
a2d=a2d0/costrdc
endif
if(mlprotrdc(ihp+i).eq.2)then
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!
30
111

77

zappl=(scalx1*azx02+scalyl*azy02+at&zz02)
xappl=(scalx1*axx02+scalyl*axy02+gtahxz02)
yappl=(scalx1*ayx02+scalyl*ayy02+gtahyz02)

do ii=1,(ndim+1-3)/7
zapp(ii)=(scalx(iiy*azx02+scaly(ii)2g02+scalz(ii)*azz02)
xapp(ii)=(scalx(iiy*axx02+scaly(ii)5g02+scalz(ii)*axz02)
yapp(ii)=(scalx(ii)*ayx02+scaly(ii)yg02+scalz(ii)*ayz02)

enddo
ald=ald02/costrdc
a2d=a2d02/costrdc
endif
if(mlprotrdc(ihp+i).eq.3)then
zappl=(scalx1*azx03+scalyl*azy03+atzz03)
xappl=(scalx1*axx03+scalyl*axy03+atahxz03)
yappl=(scalx1*ayx03+scalyl*ayy03+gdahyz03)
do ii=1,(ndim+1-3)/7
zapp(ii)=(scalx(iiy*azx03+scaly(ii)*azy03¢alz(ii)*azz03)
xapp(ii)=(scalx(ii)*axx03+scaly(ii)*axyO3ealz(ii)*axz03)
yapp(ii)=(scalx(ii)*ayx03+scaly(ii)*ayyO3talz(ii)*ayz03)
enddo
ald=aldO3/costrdc
a2d=a2d03/costrdc
endif
g11=(sqrt(3.)*zappl-r1)*(sqrt(3.)*zabtrl)
g21=(xappl-yappl)*(xappl+yappl)
primo=(A1D*G11+1.5*A2D*G21)/r1*5
sumshift=0.
do ii=1,(ndim+1-3)/7
gl1(ii)=(sqrt(3.)*zapp(ii)-r(ii))¥art(3.)*zapp(ii)+r(ii))
g2(ii)=(xapp(ii)-yapp(ii))“(xappjiryapp(ii))
secondo=(A1D*G1(ii)+1.5*A2D*G2()iy(ii)**5
terzo=w(ii)*secondo
sumshift=sumshift+terzo
enddo
shift(ihp+i)=shift(ihp+i)+C4*primo+sumgh
i=i+2
continue
if(flag.eq.1l)write(*,*)'RDC'
do 30 i=1,nhprdc-1,2
tmp4=abs(shift(ihp+i)-obsrdc(ihp+i))-totrdc(ihp+i)
if (tmp4.gt.0.0) then
IVIOLATION=IVIOLATION+1
TMP3=tmp3+tmp4**2*wprotrdc(ihp+i)
endif
if(flag.eq.1)write(*,*)shift(ihp+i),obstc(ihp+i)
continue
continue
if(flag.eq.1l)write(*,*)TF RDC='",tmp3,tmp3*dc
continue
fvalue=fvalue+wpcs*tmpl+wrdc*tmp3

IVINCOLO DISTANZA CA lanche plane dipende da pdb

X78=-2.206

y78=1.071

278=-3.587

x81=2.743

y81=0.334

z81=-5.010
Xxv78=x78-fx(1,1)
yv78=y78-fy(1,1)
zv78=278-fz(1,1)
xv81=x81-fx(1,1)-fx1
yv81=y81-fy(1,1)-fyl
zv81=z81-fz(1,1)-fz1
scalz21=(xv81*azx1+yv8l*azyl+zv81*ayz
scalx21=(xv81l*axx1+yv81l*axyl+zv81l*dyz
scaly21=(xv81l*ayx1+yv81*ayyl+zv81l*dyz
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rl=sqrt((xv78-scalx21)**2+(yv78-scaly21)*2x(78-scalz21)**2)
dist=9 13*3
distmin=415.5
plane0=-3.-fx(1,1) !I'elica non puo' toreandietro:
if(rl.gt.dist)then
fvalue=fvalue+10*(r1-dist)**2
endif
if(rl.It.distmin)then
fvalue=fvalue+10*(r1-distmin)**2
endif
do ii=1,(ndim+1-3)/7
xv81=x81-fx(1,1)-fx2(ii)
yv81=y81-fy(1,1)-fy2(ii)
zv81=281-fz(1,1)-fz2(ii)
scalz22=(xv81*azx(ii)+yv81l*azy(ii)+8l*azz(ii))
scalx22=(xv81*axx(ii)+yv81*axy(ii)+Bd *axz(ii))
scaly22=(xv81*ayx(ii)+yv81*ayy(ii)+B84a*ayz(ii))
r2=sqrt((xv78-scalx22)**2+(yv78-scaly22)*2:(78-scalz22)**2)

if(r2.gt.dist)then
fvalue=fvalue+10*(r2-dist)**2

endif

if(r2.It.distmin)then
fvalue=fvalue+10*(r2-distmin)**2

endif

enddo

continue

if(flag.eq.1)print*,fvalue

RETURN
END
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