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Abstract The homodimeric structure of human S100A16

in the apo state has been obtained both in the solid state and

in solution, resulting in good agreement between the

structures with the exception of two loop regions. The

homodimeric solution structure of human S100A16 was

also calculated in the calcium(II)-bound form. Differently

from most S100 proteins, the conformational rearrangement

upon calcium binding is minor. This characteristic is likely

to be related to the weak binding affinity of the protein for

the calcium(II) ions. In turn, this is ascribed to the lack of

the glutamate residue at the end of the S100-specific

N-domain binding site, which in most S100 proteins provides

two important side chain oxygen atoms as calcium(II)

ligands. Furthermore, the presence of hydrophobic inter-

actions stronger than for other S100 proteins, present in the

closed form of S100A16 between the third and fourth

helices, likely make the closed structure of the second

EF-hand particularly stable, so even upon calcium(II)

binding such a conformation is not disrupted.

Keywords S100A16 � EF-hand proteins � Calcium-

binding proteins � S100 proteins � Protein dynamics

Introduction

S100 proteins represent the largest subgroup in the family

of calcium-binding proteins bearing EF-hand motifs. A

functional EF-hand motif consists of a calcium(II)-binding

loop (usually of about 12 amino acids) flanked by two

a-helices. S100 proteins contain two EF-hand motifs, one

in the N-terminal domain (composed of helix I, loop I, and

helix II) and one in the C-terminal domain (composed of

helix III, loop II, and helix IV). The two domains are

connected by a linker, called a ‘‘hinge loop.’’ The first

N-terminal EF-hand is unconventional, because its loop is

usually composed of 14 amino acids; the second one, in the

C-terminal domain, is canonical. A consequence of the

longer loop in the N-terminal EF-hand is the different

affinity for calcium(II) with respect to the C-terminal

EF-hand, due to the different ion coordination. The canonical

C-terminal domain in fact binds the ion in a manner similar

to calmodulin and troponin-C, resulting in a high calcium

affinity [1, 2]. The N-terminal domain mostly binds the ion

through main-chain carbonyl groups, in addition to the

bidentate side chain of glutamate at the end of the loop, and

this reduces the binding affinity up to 100 times [3].
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With the exception of calbindin D9k, also known as

S100G, which is monomeric, all the other structures of the

S100 proteins revealed a homo- and, in some cases, het-

erodimerization. Some members of the family also form

tetramers or larger oligomers. In homodimers, the two

subunits are related by a twofold axis of rotation and the

major contributors to the dimer interface are helices I and

IV of each subunit that are ordered in a X-type four-helix

bundle. This relationship is maintained both in the apo state

and in the calcium-bound state.

Upon calcium(II) binding most S100 proteins experi-

ence a conformational change that mostly involves helix

III, which is antiparallel to helix IV in the apo state and

rearranges itself to become almost perpendicular in the

calcium(II)-bound state. This movement ‘‘opens’’ the

structure and exposes a wide hydrophobic cleft that acts

as a binding site for targets [4]. Calcium binding to the

N-terminal EF-hand, instead, causes only minor alterations

of its backbone conformation. On the other hand, cal-

bindin D9k does not undergo changes in its conformation

upon calcium(II) binding; S100A7 does not bind calcium

in the N-terminal EF-hand [5], as a consequence of the

lack of the glutamate residue in the last position of loop I,

the carboxylate group of which is essential for coordi-

nation of the calcium ion; and S100A10 does not bind

calcium in either the N-terminal and or the C-terminal

domain. Furthermore, the affinity for calcium in S100A3

is so low (Kd = 20 mM) that calcium binding is actually

prevented in vivo.

Besides calcium(II), some S100 proteins (S100B [6],

S100A2 [7], S100A7 [8], S100A12 [9]) have been shown

to bind zinc(II). However, binding of zinc(II) in the cyto-

plasm is rather unlikely, because of its subnanomolar

intracellular concentration. On the other hand, several S100

proteins have been also found in the extracellular space,

where the zinc(II) concentration can be much higher [10];

in this respect, zinc was actually reported to modulate the

interaction of S100B with the tau protein [11].

S100A16 is the S100 protein most widely distributed

in humans, and is highly conserved in mammals [12].

Expression of most S100 proteins is actually highly tissue

and cell specific, whereas S100A16 expression has been

reported in a wide spectrum of human tissues (including

brain), analogously to S100A2, S100A13, and S100A14.

Upregulation of S100A16 was found in several cancer tis-

sues, suggesting a function related to malignant transfor-

mation or tumor development [12]. S100A16 expression

was upregulated in tumors of bladder, lung, thyroid gland,

pancreas, and ovary. Furthermore, investigation of S100A16

intracellular localization in human glioblastoma cells

revealed an accumulation of the protein within nucleoli

and a translocation to the cytoplasm in response to calcium

stimulation [13].

Among the S100 family, S100A16 is a ‘‘particular’’

member since it has uncommon characteristics. The

N-terminal EF-hand was predicted to be functionally

inactive since it comprises 15 amino acids, and lacks the

conserved glutamate residue at the last position, analo-

gously to S100A7. The inability of the N-terminal EF-hand

to bind calcium was indicated by flow dialysis experiments

carried out by Sturchler et al. [13]. Such experiments

(performed in a high ionic strength buffer) revealed one

Ca2? binding site per subunit, with Kd of 430 lM, which at

physiological conditions would be two- to threefold lower,

thus becoming very similar to that of many other S100

proteins. Tryptophan fluorescence variations indicated the

occurrence of conformational changes upon calcium(II)

binding in the C-terminal EF-hand, which lead to the for-

mation of a hydrophobic patch that could involve the

hydrophobic residues in helices III and IV and in calcium-

binding loop II. They also showed that S100A16 binds

zinc(II) in a different site with respect to calcium(II).

Of the 22 members found in the human genome, 17

S100 proteins have genes located in the S100A cluster on

chromosome 1q21. Exceptions are S100P (located on

chromosome 4p16), S100Z (5q14), S100B (21q22), and

calbindin D9k (Xp22) [14]. The human chromosomal

region 1q21 is structurally conserved during evolution and

exhibits several rearrangements which occur during tumor

development. Together with the finding of upregulation of

this protein in several cancer tissues [12], this indicates that

S100A16 may have a role in the molecular origin of certain

types of tumors and thus that it deserves structural and

functional characterization studies.

Considering the uncommon behavior of S100A16 with

respect to calcium binding, although several S100 protein

structures are already available, the structural character-

ization of human S100A16 in solution has been performed

in both the apo and the calcium(II) states. The apo state

structure has been also solved in the crystal state. Mobility

studies through relaxation rate analysis were also per-

formed in solution. This information represents the starting

point for future investigations on the binding with possible

targets.

Materials and methods

Protein expression

The gene coding for human S100A16 was generated from

complementary DNA using two sets of primers, in two

successive runs of polymerase chain reaction (PCR), the

second set intended to amplify the specific target sequence

within the first, longer, run product. The first set of external

primers had the following forward and reverse sequences:
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OS116F1 (TGCTGGAGAGGAGGCAGA) and OS116R1

(GGAAGGTCTGGAGGGAGAAG). The second set of

specific primers had the following forward and reverse

sequences: OS116F2 (AAACATATGTCAGACTGCTAC

ACG) and OS116R2 (ATAGAATTCACTAGCTGC

TGCTCT). The DNA amplified by PCR was cut with

restriction enzymes NdeI and EcoRI, purified from agarose

gel and cloned into plasmid pET21a(?) (Novagen), pre-

pared with the same restriction enzymes. With this

expression strategy, the product of the cloned gene has the

wild-type sequence of the S100A16 protein (see

Scheme 1), without a tag and any additional amino acid.

Vector pET21a(?), containing the human S100A16 gene

and cloned to produce the protein without a tag, was trans-

formed in BL21-Gold Escherichia coli strain (Novagen).

Cells were grown in Luria–Bertani medium at 37�C until an

optical density of 0.7 was reached at 600 nm. The protein

expression was then induced by adding 1 mM isopropyl b-D-

thiogalactopyranoside. The culture was allowed to grow for

4 h and then cells were harvested by centrifugation. The

cell pellet was resuspended in lysis buffer [50 mM

tris(hydroxymethyl)aminomethane (Tris) pH 8.0, 200 mM

KCl, 1 mM dithiothreitol (DTT), 0.5 mM Pefabloc, 10 mM

EDTA], and soluble proteins were extracted by sonication

followed by centrifugation. The cleared lysate was then

precipitated by slowly adding streptomycin sulfate to 1%

and centrifugation at 15,000g for 20 min. The supernatant

was dialyzed in 50 mM Tris pH 7.0, 50 mM KCl, 1 mM

DTT, 10 mM EDTA (buffer A) and loaded on a Q Sepharose

FF column (Amersham) equilibrated in buffer A and eluted

with a linear gradient to 50 mM Tris pH 7.0, 1 M KCl, 1 mM

DTT, 10 mM EDTA. The fractions containing S100A16

were collected, added to 2 mM CaCl2, and dialyzed against

50 mM Tris pH 7.4, 200 mM KCl, 1 mM DTT, 2 mM CaCl2
(buffer B). The protein was then purified through hydro-

phobic exchange with a HiPrep phenyl FF column (Amer-

sham) equilibrated in buffer B and eluted with 50 mM Tris

pH 7.4, 200 mM KCl, 1 mM DTT, 5 mM EDTA. A final

purification step was performed with size-exclusion

chromatography on a HiLoad Superdex 75 16/60 column

(Amersham) equilibrated with 20 mM 2-morpholinoetha-

nesulfonic acid (MES) pH 5.5, 200 mM KCl, 1 mM DTT,

1 mM Pefabloc. Protein expression and purity were checked

at every step by sodium dodecyl sulfate polyacrylamide gel

electrophoresis in 17% polyacrylamide after staining of

protein bands with Coomassie blue R-250 against protein

marker (Novagen).

Samples of 15N- and 13C,15N-enriched S100A16 protein

were produced as described above except for the use of M9

minimal medium containing (15NH4)2SO4 and 13C-glucose

as the sole nitrogen and carbon sources.

To express the selenomethionine-labeled S100A16 pro-

tein, the recombinant expression vector pET21a(?) was

transformed into the methionine-auxotrophic E. coli

B834(DE3). Cells were grown overnight in 150 mL of

selenomethionine medium base supplemented with seleno-

methionine nutrient mix (Molecular Dimensions) and

L-methionine (40 mg L-1). After collection by centrifugation,

cells were washed twice with water, resuspended in 1.0 mL

water, and added to 1.5 L of the above-mentioned medium

supplemented with L-selenomethionine (40 mg L-1). Cells

were grown and induced as described above. The recombi-

nant selenomethionine-labeled S100A16 protein was puri-

fied as for the native protein except that all buffers were

degassed and included a reducing reagent to avoid oxidation

of selenomethionine, and a chelator to remove traces of

metals that could catalyze oxidation. Full incorporation of

selenomethionine was confirmed by mass spectrometry

(calculated 11,764.2 Da; observed 11,762.05 Da).

Crystallization, data collection, and structure

determination

Crystallization trials on apo wild-type S100A16 and its

selenomethionine derivative were performed by the sitting

drop method from a solution containing 0.2 M potassium

citrate and 20% PEG3350 at 20�C. Hexagonal crystals

started to grow overnight.

Scheme 1 Amino acid sequence of S100A16. The residues involved in calcium(II) coordination are highlighted
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Several diffraction experiments at -173 �C were per-

formed using synchrotron light radiation. Single-wave-

length anomalous diffraction measurements were carried

out on the selenium edge wavelength (0.976 Å) at beam-

line XRD-1 at ELETTRA (Trieste, Italy), and the high-

resolution monochromatic data collection was performed at

beamline BW7A at DESY-EMBL (Hamburg, Germany).

The selenomethionine derivative crystal diffracted to

2.5-Å resolution and the native crystal diffracted to 2.1-Å

resolution; the crystals belonged to the hexagonal space

group P61 (see below) with four molecules (i.e., two

functional dimers) in the asymmetric unit and a solvent

content of about 55%. The data were collected by the

rotation method using 0.5� steps. The two datasets were

processed using MOSFLM [15] and scaled using SCALA

[16, 17] and both showed a percentage of merohedral

twinning of about 10%. The statistics are shown in Table 1.

The analysis of the anomalous Patterson map performed

with the program SHELXD [18, 19], using the tenfold

redundant dataset collected at the selenium edge (0.976 Å),

provided the positions of eight selenium atoms corre-

sponding to two methionines per monomer. The pre-

liminary phases obtained (figure of merit 0.25) were then

improved by density modification to a figure of merit of

0.75 using a solvent content of 55% with the program

autoSHARP [20, 21]. The first chain tracing after phase

refinement performed by ARP/wARP [22] was able to trace

180 residues in the electron density map out of 412; the

phases so obtained were then merged with the structure

factors of the higher-resolution native dataset and fed into a

new chain tracing procedure with BUCCANEER [23],

which yielded about 350 residues. The remaining residues

were then added and all the side chains were placed

manually using XtalView [24]. This procedure was applied

to both the possible space groups P61 and P65. The latter

yielded only a small number of residues traced. Therefore,

the correct space group was identified as P61.

Refinement was carried out using REFMAC5 [17, 25]

on the native dataset making use of NCS and TLS restraints

and taking twinning into account. Between refinement

cycles, the model was subjected to manual rebuilding using

XtalView [24]. Water molecules were added using the

standard procedure within ARP/wARP [22]. The stereo-

chemical quality of the refined model was assessed using

the program Procheck [26]. The Ramachandran plot was of

good quality with no residues in the disallowed regions.

The coordinates and structure factors were deposited in

the Protein Data Bank under accession code 3NXA.

It is worth mentioning that previous attempts to solve

the structure by molecular replacement were unsuccessful.

This was not due to a low structural homology of the

models used as templates, but to the presence of pseudo-

symmetry, due to the fact that the noncrystallographic axis

relating the two dimers in the asymmetric unit is close to

one of the crystallographic axes. An additional problem is

caused by the simultaneous presence of 9–10% merohedral

twinning with the operator k, h, -l. The latter factor also

accounts for Rcryst and Rfree values which are higher than

might be expected from the data resolution.

Isothermal titration calorimetry

Calcium(II) binding to S100A16 was characterized by

measuring the heat changes during the titration of CaCl2
into the protein solution using a MicroCal (Northampton,

Table 1 Data collection and refinement statistics of the single-

wavelength anomalous diffraction (SAD) and remote datasets

SAD dataset Remote dataset

Synchrotron beamline

(detector)

XRD-1 at ELETTRA

(MarCCD)

BW7A at DESY-EMBL

(MarCCD)

k (Å) 0.976 1.006

Spacegroup P61 P61

Cell dimensions (Å) a = b = 155.96

c = 37.09

a = b = 156.57

c = 38.14

Resolution (Å) 51.0–2.5 (2.64–2.50) 39.1–2.1 (2.21–2.10)

Total reflections 184,676 (17,630) 340,648 (20,115)

Unique reflections 21,191 (2,821) 29,230 (3,660)

Overall completeness (%) 96.0 (87.4) 91.6 (79.4)

Anomalous completeness

(%)

87.1 (58.9) –

Rsym (%)a 8.8 (42.3) 9.2 (39.9)

Rpim (%)b 4.4 (23.3) 2.6 (17.9)

Ranom (%)c 5.9 (22.2) –

Multiplicity 8.7 (6.2) 11.7 (5.5)

hI/r(I)i 5.4 (1.8) 6.0 (1.8)

B factor from Wilson plot

(Å2)

41.3 29.5

Phases FOM before density

modification

0.25 –

Phases FOM after density

modification

0.75 –

Refinement statistics

Resolution (Å) 39.1–2.1 (2.15–2.10)

Reflections in working set 26,651 (1,666)

Reflections in test set (9%) 2,650 (173)

Rcryst/Rfree (%) 24.7 (32.9)/29.8 (37.8)

Protein atoms 2,994

Water molecules 96

RMSD bonds (Å) 0.07

RMSD angles (deg) 4.4

Average B factor (including metals) (Å2) 52.50

Residues in most favored/additional allowed/

generously allowed/disallowed regions (%)

88.7/10.1/1.2/0.0

Numbers in parentheses refer to the high-resolution shell

FOM figure of merit, RMSD root mean square deviation
a Rsym ¼

P
h

P
l jIhl�iIhhj=

P
h

P
l Ihi h

b Rpim ¼
P

h

P
l

1
nh�1

� �1
2

Ihl � Ihi hj j=
P

h

P
l Ihi h

c Ranom ¼
P

hkl I hklð Þh i � I �h� k � lð Þh ij j=
P

hkl I hklð Þh i þ I �h� k � lð Þh ið Þ
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MA, USA) VP titration calorimeter. S100A16 and CaCl2
solutions were centrifuged and degassed under vacuum

conditions and equilibrated at 37 �C before titration. The

sample cell contained 0.2 mM S100A16 dissolved in

20 mM MES buffer (pH 5.5) with 200 mM KCl; the ref-

erence cell contained water. The solution of 10 mM CaCl2
was prepared in the same buffer used in the cell sample.

Upon equilibration, titrations were performed by injecting

7-lL aliquots of 10 mM ligand (CaCl2) into a 0.2 mM

solution of S100A16 using the default injection rate with a

300-s interval between each injection to allow the sample

to return to the baseline. The resulting titration curves were

corrected using the protein-free buffer control.

NMR spectroscopy and solution structure

determination

All NMR experiments for assignments were performed at

25 �C with a Bruker 500 MHz spectrometer equipped with a

cryoprobe. Apo and calcium(II)-loaded S100A16 samples

(0.6 and 0.8 mM, respectively) were 13C,15N-labeled, in

20 mM MES, 200 mM KCl, and 1 mM DTT buffer (pH

5.5), containing 10% D2O. Sequential assignments of the

backbone resonance were achieved via HNCO, HNCA,

CBCA(CO)NH and HNCACB spectra. Side chain assign-

ments were performed through 3D (H)CCH total correlation

spectroscopy, HBHA(CBCACO)HN together with 13C

nuclear Overhauser effect spectroscopy (NOESY) hetero-

nuclear single quantum coherence (HSQC) and 15N-NOESY

HSQC experiments. Proton–proton distance restraints were

derived from the analysis of 2D-NOESY, 15N-NOESY-

HSQC, and 13C-NOESY-HSQC spectra acquired with a

Bruker 900 MHz spectrometer equipped with a cryoprobe.

The spectra were processed using TOPSPIN 2.0 and ana-

lyzed with CARA [27]. Backbone dihedral angles were

obtained from TALOS? [28] from the chemical shifts of N,

HN, Ha, C, Ca, and Cb nuclei. The structures were calculated

using the program CYANA-2.1 [29, 30] by imposing the

dimer symmetry constraint (noncrystallographic symmetry

constraint). The two subunits in the dimeric structure were

linked together through a chain of dummy atoms with zero

van der Waals radii. The calcium(II) ions were included in

the calculation of the calcium-loaded form by adding new

residues in the amino acid sequence. Four chains of dummy

atoms with zero van der Waals radii, which can freely

penetrate into the protein, each of them ending with one

atom with a radius of 1.8 Å, which mimics the calcium ion,

were included for this purpose. Protein ligand atoms were

linked to the metal ion through upper distance limits of 3 Å,

according to the structure of S100A13.

The best 30 structures out of the calculated 350 struc-

tures of the CYANA family were then subjected to

restrained energy minimization with AMBER 10 [31].

Nuclear Overhauser effect (NOE) and torsion angle

restraints were applied with force constants of 50 kcal

mol-1 Å-2 and 32 kcal mol-1 rad-2, respectively. The

programs PROCHECK-NMR [32] and WHATIF [33] were

used to evaluate the quality of the structures.

Calcium(II) titration was performed with a Bruker

600 MHz spectrometer at 25 �C with 356 lM apo-

S100A16 sample. 1H–15N HSQC spectra were acquired for

different Ca2? concentrations in solution (0.1, 0.2, 0.4, 0.8,

1.6, 3.2, 6.4, and 12.8 mM).

The coordinates of the apo and calcium(II) solution

structures were deposited in the Protein Data Bank under

accession codes 2L50 and 2L51, respectively.

Zinc(II) titrations were also performed on both apo-

S100A16 and calcium-bound S100A16 with the same

experimental conditions as for the calcium(II) titration.
1H–15N HSQC spectra were acquired for different Zn2?

concentrations in solution (0.1, 0.3, 0.5, 1, 2, 4, and 8 mM).

Heteronuclear relaxation measurements

15N-R1, R2, and steady-state heteronuclear 1H–15N NOEs

were measured using a 700 MHz spectrometer using

standard pulse sequences [34, 35], at 25 �C. The longitu-

dinal (R1) and transverse (R2) relaxation rates were deter-

mined by fitting the cross-peak intensities as a function of

the delay to a single-exponential decay through the stan-

dard routines of the Sparky program [36]. The heteronu-

clear NOE values were obtained from the ratio of the peak

height for 1H-saturated and unsaturated spectra. The het-

eronuclear NOE values and their errors were estimated by

calculating the mean ratio and the standard error from the

available data sets. R1, R2, and NOE values were obtained

for 91 out of the 102 assigned backbone NH resonances for

both the apo and the calcium forms. Estimates of the

reorientation time were then calculated with the model-free

approach [37] and S2 values were calculated with the

program TENSOR2 [38]. Theoretical predictions of NH R1

and R2 values for apo-S100A16 and calcium(II)-loaded

S100A16 were calculated using HYDRONMR [39].

Results

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were

performed to investigate the binding of calcium(II) ions.

The binding between apo-S100A16 and Ca2? is endo-

thermic and the reaction proceeds with a positive change in

enthalpy. The ITC curve obtained, shown in Fig. 1, is

hyperbolic. The best-fit analysis performed using the one

binding site model yields an apparent dissociation constant

J Biol Inorg Chem (2011) 16:243–256 247
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of approximately (2.7 ± 0.2) 9 10-4 M, with 1.88 ± 0.08

binding sites per subunit. The same data were also ana-

lyzed with a sequential binding sites model, assuming the

presence of two different calcium binding sites per subunit.

The analysis with the two binding sites model provided

relatively similar DH and dissociation constant values,

without any significant improvement in the quality of the

fit. Therefore, ITC data provide a single binding constant,

as previously reported [13] and of similar value, but also

suggest the possibility that calcium(II) binding could

actually involve both sites in a cooperative way.

NMR resonance assignments

The 1H–15N-HSQC NMR spectra showed well-dispersed

signals in both dimensions, which indicated that S100A16

is well folded in both the apo and the calcium-loaded

states. All the backbone resonance signals were assigned,

except those for Tyr-20 and His-95 in apo-S100A16,

Val-23 and Lys-35 in calcium(II)-loaded S100A16, and

Ser-2, Lys-32, and Pro-89 in both forms.

Ca2? titration of apo-S100A16

The binding of calcium(II) to apo-S100A16 was monitored

by following the changes in the 1H–15N-HSQC NMR

spectra of 15N-labeled apo-S100A16 (Figs. S1, S2). The

intensity of most peaks in or around both calcium binding

regions (from Ser-24 to Ser-34 and from Asp-67 to Glu-78)

decreased immediately after the addition of Ca2?, becom-

ing invisible even before reaching a 1:1 ratio between

calcium(II) and S100A16. New peaks with increasing

intensity then appeared with different chemical shifts when

excess Ca2? was added, up to a S100A16-to-calcium(II)

ratio of about 1:10. This behavior is indicative of an

intermediate exchange regime. In contrast, some other

peaks continuously changed their chemical shifts upon

increasing the Ca2? concentration up to a 1:10 S100A16-

to-calcium(II) ratio, as for systems in the fast exchange

regime. These peaks were those experiencing a minor

chemical shift perturbation. No peaks showed the typical

behavior of the slow exchange regime. The analysis of the

chemical shift titration thus indicates that calcium ions

perturb several residues in both calcium(II)-binding loops.

Figure S3 shows the change in chemical shift during

titration of some fast-exchanging residues, and the corre-

sponding best-fit curves. A dissociation constant of about

3 9 10-4 M can be estimated assuming a cooperative

binding model, as found from ITC measurements. This

value is in agreement with the value obtained from ITC,

and again suggests the presence of two binding sites for

calcium(II). Note that both fast-exchanging residues and

intermediate-exchanging residues belong to both calcium-

binding loops, as the different exchange behavior during

the titration depends on the difference in the chemical shift

of the apo and calcium forms of the different residues.

Figure 2 shows the chemical shift perturbation on passing

from the apo to the calcium(II) form of S100A16. The changes

(with an average value of 0.11 ppm) are smaller than for other

S100 proteins (average values of, e.g., 0.5 ppm for S100A5

and 0.37 ppm for S100A13). The residues undergoing the

largest changes in chemical shifts are located in the two EF-

hand loops, the calcium binding sites. The small chemical shift

perturbation experienced by residues not belonging to the

metal binding sites indicates that the conformational changes

occurring between the apo and the calcium-bound forms are

smaller than those observed for other S100 proteins.

15N relaxation measurements

The relaxation parameters for apo-S100A16 and calcium-

loaded S100A16 are shown in Fig. 3. The reorientation times

Fig. 1 Isothermograms for the binding of S100A16 to Ca2?. The raw

data and the fit to the one binding site model are reported in the upper
panel and the bottom panel, respectively. The fit performed using a

sequential two binding sites model is of similar quality. Appropriate

background corrections were made to account for the heats of dilution

and ionization. All experiments were performed at 25�C
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corresponding to the observed relaxation rates were calcu-

lated to be 12.3 ± 1.5 and 12.3 ± 1.8 ns for the apo and

calcium-loaded forms of S100A16, respectively, indicating

that the protein is dimeric in both forms, and in agreement

with the molecular weight and the reorientation times

observed for other S100 homodimeric proteins [40–44].

In both apo-S100A16 and calcium-loaded S100A16, the

first residues in the N terminus and the residues in the C

terminus are poorly structured as a result of their fast

internal mobility, revealed by the small or negative NOE

values, as well as by the large R1 and the small R2 values.

Fast motion is also detected for some residues at the

beginning of helix II (Ser-37, Phe-38 in the apo form; Ser-

36, Phe-38 in the calcium form). Sizable motion is detected

for loop L1 of the N-terminal EF-hand motif and linker L2

between the two EF-hand motifs.

Upon calcium binding, several residues are subject to an

increase in mobility. Faster internal motions are present in

loop L1 (the 1H–15N-NOE values decrease with respect to

the apo form), whereas the residues at the end of helix IV

(Gly-84, Ile-86, Ile-90, and Ala-91) and Asp-67 experience

motions on a slower timescale, as indicated by the signif-

icantly larger R2 value compared with the average values

observed for the other residues. A reduction in mobility is,

in contrast, observed upon calcium binding for the residues

in loop L3 of the C-terminal EF-hand motif.
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Solution structure of apo-S100A16 and calcium-loaded

S100A16

The solution structures of human S100A16 in the apo and

calcium-loaded forms were calculated from a total of 1,177 and

1,167 meaningful intrasubunit upper distance limits and 89 and

94 intersubunit upper distance limits for the apo and calcium

forms, respectively. Few NOE patterns were detected for the

residues in loop L1 between helix I and helix II and at the C

terminus, consistent with the observed mobility in these

regions. In the calcium form, the Ca2? ions were restrained to be

within 3 Å from the oxygen ligand atoms (O of Val-23, Tyr-26,

Leu-28, and Lys-32 for the N-terminal Ca2? binding site; OD1

of Asp-67 and Asn-69; OD1 and OD2 of Asp-71; O of Arg-73;

OE1 and OE2 of Glu-78 for the C-terminal Ca2? binding site).

Since no unique NOEs were detected for one subunit and

not for the other, the calculations were performed by

imposing the dimer symmetry constraint into the CYANA

calculation. The root mean square deviation (RMSD) from

the mean structure for the structured regions of the dimeric

protein is 0.8 ± 0.1 Å (backbone) and 1.2 ± 0.1 Å (heavy

atoms) for apo-S100A16 (residues 7–23, 35–97 of both

subunits) and 0.7 ± 0.2 Å (backbone) and 1.1 ± 0.1 Å

(heavy atoms) for calcium(II)-loaded S100A16 (residues

7–23, 35–97 of both subunits). PROCHECK-NMR and

WHATIF programs were used to validate the structures on

the Web site https://nmr.cmbi.ru.nl/icing/iCing.html. More

than 98% of the residues in both apo and calcium(II) structure

families were located in the allowed regions of the Rama-

chandran plot. The statistical analysis is reported in Table 2.

The not excellent quality is common to many S100 proteins,

probably owing to the property of this class of proteins (and of

other signaling proteins based on the EF-hand domain) to

change conformation depending on the calcium state. The

relaxation rates calculated with HYDRONMR [39] from the

minimized mean structures under the assumption of no

internal motions, shown in Fig. 3, are in overall agreement

with the averaged experimental values. This confirms that the

protein is dimeric. On the other hand, the differences between

the calculated and observed relaxation rates make it easier to

appreciate the presence of mobility for some residues (see

‘‘15N relaxation measurements’’) [45–51].

The calculated families of structures are shown in Fig. 4.

In both forms, the four helices of the two EF-hand motifs of

each subunit are well defined, whereas loop L1 of the fist EF-

hand motif is less well defined. These results are in line with

the relaxation results. Helix IV is interrupted by residue Pro-

89, after which the helical arrangement starts again.

Crystal structure of apo-S100A16

The crystal structure of apo-S100A16 was solved as

described in the ‘‘Materials and methods.’’ The statistics

are reported in Table 1. The structure generally shows a

well-defined electron density map for the four helices of

the two EF-hand motifs of each subunit except for residues

from 51 to 71 of monomer D, comprising helix III and part

of the loop between helix III and IV. This is consistent with

a very high degree of mobility of these regions in the

crystal lattice, as also indicated by the B factors. To obtain

reasonably low R values, the geometry weight had to be

lowered in the refinement procedure, and this resulted in

Table 2 Structural restraints and statistical analysis

Apo-

S100A16

Ca(II)-

S100A16

NOE upper distance limits

Intrasubunit 1,177 1,167

Intraresidue 510 560

Interresidue

Sequential (|i - j| = 1) 288 288

Medium range (|i - j| \ 4) 236 224

Long range (|i - j| [ 5) 143 95

Intersubunit 89 94

Dihedral angle restraints per subunit

u 64 62

w 64 62

Average RMSD from the mean (Å)

Backbone 1.2 ± 0.2a 1.1 ± 0.3a

0.8 ± 0.1b 0.7 ± 0.2b

Heavy 1.7 ± 0.3a 1.7 ± 0.4a

1.2 ± 0.1b 1.1 ± 0.1b

Residual CYANA target function (Å2) 0.7 ± 0.1 0.7 ± 0.1

Structure analysis

Residues in most favorable regions (%) 82.1a 81.5a

87.5b 87.2b

Residues in allowed regions (%) 13.9a 14.1a

11.2b 11.4b

Residues in generously allowed regions (%) 2.2a 2.7a

0.7b 0.9b

Residues in disallowed regions (%) 1.8a 1.7a

0.6b 0.5b

Structure Z scores

2nd-generation packing quality -2.6 ± 0.3 -2.5 ± 0.4

Ramachandran plot appearance -4.7 ± 0.5 -4.4 ± 0.4

v1/v2 rotamer normality -5.7 ± 0.3 -5.3 ± 0.4

Backbone conformation -0.8 ± 0.5 -0.7 ± 0.5

RMS Z scores

Bond length 1.187 ± 0.002 1.184 ± 0.003

Bond angles 0.83 ± 0.01 0.86 ± 0.02

Omega angle restraints 1.9 ± 0.1 2.0 ± 0.2

Side chain planarity 2.1 ± 0.3 2.0 ± 0.2

Improper dihedral distribution 1.27 ± 0.05 1.33 ± 0.05

Inside/outside distribution 1.04 ± 0.03 1.01 ± 0.01

NOE nuclear Overhasuer effect, RMS root mean square
a Values were calculated in the sequence range 7–95 of both subunits
b Values were calculated in the sequence ranges 7–23 and 35–95 of both

subunits
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rather high RMSD for bond lengths and angles. Twinning

(mainly) and pseudosymmetry (partially) are likely the

reasons for this deviation from standard statistics for a

crystal structure of analogous resolution.

The superposition between the mean NMR apo structure

and the X-ray structure shows that the solution and solid-

state structures of apo-S100A16 are in overall agreement,

with the exception of loop L1 and loop L3 regions, as

shown in Fig. 5. The mean backbone RMSD between the

two structures of each subunit is 2.6 Å in the whole range

of protein residues, but if we consider only the sequence

ranges 7–23 and 35–95, it decreases to 1.7 Å, and if we

exclude the two above-mentioned regions (residues 24–34

and 66–73), besides the very first and last residues at the N

terminus and C terminus, which are intrinsically mobile,

the RMSD decreases to 1.3 Å, indicating that the structures

are in good agreement (Fig. 5). Furthermore, the dis-

agreement is mainly due to local discrepancies rather than

to overall changes in the interhelical angles (see Table 3).

Zn2? and Cu2? titration of apo-S100A16

After addition of Zn2? to apo-S100A16, the peak intensity

of the residues located in the hinge loop, in the turn region

of the last helix, and at the N terminus started decreasing

appreciably at a S100A16-to-zinc(II) ratio of 1:1, and some

peaks disappeared when a 1:3 ratio was reached. No new

peaks appeared during the whole titration, and all other

peaks remained unperturbed. Similar changes were

observed during the zinc(II) titration of calcium(II)-loaded

S100A16.

S100A16 should thus bind zinc(II) with low affinity

[dissociation constant greater than 10-4 M for the apo form

and even larger for the calcium(II) form]. Some residues in

the hinge loop (His-48) and at the N terminus (Cys-4, Glu-

9) of the other subunit may constitute the Zn2? ligands.

Copper(II) titration of apo-S100A16 was also attempted

but the protein immediately precipitated after addition of

copper(II).
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Discussion

In both apo-S100A16 and calcium-loaded S100A16,

dimerization mostly occurs through interactions between

helices I, I0, IV, and IV0, which form an X-type helix

bundle. Hydrophobic residues Trp-80 and Ile-83 in helix

IV make several contacts with Leu-8, Val-12, and Leu-15

in helix I0 and with Trp-80 and Ile-83 in helix IV0 of the

other subunit. Residues Glu-45, Leu-46, His-48, and Met-

49 in the hinge loop between helices II and III also make

contacts with residues near the N terminus of helix I0 of the

other subunit. In the S100A16 dimer, all these interactions

align helices I and IV in opposite directions to helices I0

and IV0, respectively.

The overall fold of the protein in the apo form is in

agreement with the previously known structures for other

S100 proteins [41, 44, 49, 52–54]. However, and differently

from most of the other S100 proteins, it is apparent that after

calcium binding S100A16 does not undergo any major

conformational changes. Indeed, the backbone RMSD

between the apo and the calcium(II)-loaded solution struc-

tures in the structured regions of the dimer (7–23, 35–95

of both subunits) is only 1.6 Å (Fig. 6). The C-terminal

EF-hand motif does not move to the open conformation

upon calcium(II) binding as shown experimentally, for

instance, by the presence of strong NOEs between Ala-59

in the third helix and Ile-86 in the fourth helix.

The largest change in the solution structure of S100A16

upon calcium binding is in the angle between helices II and

III, which varies from 157 ± 5� in the apo form (163 ± 2�
in the crystal structure) to 144 ± 4� in the calcium-loaded

form (see Table 3). The angles are measured by defining

the directions of the a-helices in each EF-hand motif from

the eight residues immediately preceding and following

each EF-hand loop [55]. For solution structures, such val-

ues are calculated from the mean NMR structure and the

corresponding errors from the standard deviation observed

within the structures of the families. The approximately

15–20� difference in the angle between helices II and III

upon calcium coordination is significantly smaller than that

measured for S100A13 (40�), which is the closest neighbor

of S100A16 in the phylogenetic tree.

The angle between helices III and IV is 148 ± 3� in the

apoprotein (153 ± 1� if measured in the apo crystal

structure), as expected for the almost antiparallel arrange-

ment typical of EF-hand motifs in the absence of calcium.

In other S100 proteins, such as S100A3, S100A5, and

S100A13, such an angle typically changes by 30–50� upon

calcium binding [44, 49], so the two helices become almost

perpendicular [53, 56–58]. In contrast, in the calcium-

loaded S100A16, the angle between helices III and IV is

150 ± 4�, so they remain almost antiparallel. Corre-

spondingly, helices I and I0 and helices IV and IV0 make

similar angles in both the apo and the calcium forms, dif-

ferently from most S100 proteins.

As shown in Fig. 6, there is a significant conformational

difference at the C terminus between the mean solution

structures of S100A16 in the apo and calcium forms. This

difference is due to the large mobility in solution of the

residues after the last helix.

As already seen, the differences between the X-ray

structure and the NMR structure of apo-S100A16 are

mainly in the loops and in the N-terminal and C-terminal

regions, due to disorder of these protein regions in solution,

in this case likely due to mobility. The global orientation of

the helices is, in contrast, very similar, as shown in

Table 3. The global orientation of the helices is actually the

main criterion to judge how much conformational change

takes places.

The superposition of the NMR structure onto the crystal

structure and the following symmetry expansion (coherently

Table 3 Angles between different helices, the directions of which

are defined by the eight residues immediately preceding or following

each EF-hand loop, calculated from the mean solution NMR structure

(the errors are calculated from the standard deviations within the 30

structures of the families)

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

I–II 136 ± 3 (128 ± 2) 142 ± 4

I–III 56 ± 4 (64 ± 3) 59 ± 4

I–IV 118 ± 3 (116 ± 1) 114 ± 4

II–III 157 ± 5 (163 ± 2) 144 ± 4

II–IV 52 ± 6 (37 ± 1) 60 ± 6

III–IV 148 ± 3 (153 ± 1) 150 ± 4

I–I0 136 ± 3 (154 ± 1) 138 ± 6

IV–IV0 156 ± 4 (158 ± 2) 166 ± 4

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

ray structure
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with the crystallographic symmetry) does not show any

significant difference in the crystal packing contacts with

respect to those present in the crystal structure. This implies

that the structural differences in the above-mentioned

regions in the solid state are not due to packing contacts but

are related to an intrinsic mobility of those regions.

A principal component analysis of the six interhelical

angles representing the reciprocal orientation of the four

helices [55] clearly shows the peculiar features of S100A16

within the EF-hand family. With use of the first two prin-

cipal components, it is found that EF-hand proteins are

clearly clustered into two subgroups (closed and open)

which are characterized by the protein metal content, i.e.,

the apo and calcium-loaded forms. The principal compo-

nent values for the two forms of S100A16 in solution were

calculated from the interhelical angles reported in Table 3

and plotted together with the values previously calculated

for all the other S100 proteins [49] (Fig. 7), by using the

same coefficients for the interhelical angles reported in

Babini et al. [55]. The principal component plot shows that

apo-S100A16 is regularly positioned with respect to the

other apo S100 proteins, whereas in the calcium-loaded

form it is still located in the subgroup corresponding to

the closed structures in the apo state. Therefore, and at

variance with all the other S100 proteins, the calcium-

loaded form maintains a similar overall arrangement as the

apo form. It is to be noted that the only other S100 proteins

not regularly placed in the principal component plot are

calbindin D9k and S100A10. However, and at variance with

S100A16, for both of them the apo form maintains an

arrangement similar to that of the calcium-loaded form. In

other words, calbindin D9k and S100A10 are already in the

open conformation even in the absence of calcium,

whereas, in contrast, S100A16 is the first example of a

calcium-loaded form which remains almost as closed as the

apo form.

In most S100 proteins the two calcium binding sites are

the classic EF-hand C-domain binding site and the S100-

specific N-domain binding site. The former contains highly

conserved calcium ligand residues at positions 1, 3, 5, 7,

and 12, and has a larger affinity for the metal. The latter is a

14-residue motif where the calcium ligands are the back-

bone oxygen atoms of the residues at positions 1, 4, 6, and

9 and, in most cases, two side chain oxygen atoms of the

residue at position 14 (usually Glu). The N-domain binding

site of S100A16 lacks the glutamate at this last position

(see Scheme 1). This is expected to sizably decrease the

calcium binding affinity, because two important ligands are

missing. Furthermore, the N-terminal EF-hand comprises

15 amino acids instead of 14, owing to the insertion, unique

for S100A16, of residue Leu-28, and the ligand at position

9 is replaced by a ligand at position 10. S100A16 has been

reported to bind one calcium(II) ion only for each subunit,

i.e., that in the C-terminal EF-hand, through flow dialysis

experiments (buffer 50 mM Tris–HCl, pH 7.5, 500 mM

KCl) [13]. The present study suggests that in our conditions

S100A16 indeed retains the ability to bind a calcium ion

(with low affinity) also in the N-terminal EF-hand motif

even without the glutamate at position 14. The calcium

titration followed by NMR spectroscopy indicates that

most of the residues on both calcium binding sites are in an

intermediate or fast exchange regime. Chemical shifts

changed until 10 equiv of calcium(II) per subunit was

added, pointing out the low binding affinity for both sites.

The present observations allow us to make some general

comments on the energetics involved in the calcium-trig-

gered conformational changes that characterize the func-

tional role of S100 proteins. To do so, reference can be

made to Fig. 8a, where the calcium binding and the con-

formational changes are separated. As illustrated in the

figure, the equilibrium constant K for the apo closed form

and the calcium(II) open form is the product of the equi-

librium constant for the apo and the calcium forms in the

closed state (K1) multiplied by that for the closed and open

forms in the calcium(II)-bound state (K3): K = K1 K3

(=K2K4). For ‘‘normal’’ S100 proteins, K2 \ 1 (i.e., the apo

closed form is more stable, see Fig. 8b) and K3 � 1 (i.e.,
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Fig. 7 Principal component plot for the S100 proteins derived from

principal component analysis of the six interhelical angles. Apopro-

teins (S100A1, S100A2, S100A3, S100A4, S100A5, S100A6,

S100A10, S100A11, S100A13, S100A16, S100B, calbindin D9k)

are indicated with open circles and calcium(II)-bound proteins

(S100A1, S100A4, S100A5, S100A6, S100A7, S100A8, S100A9,

S100A12, S100A13, S100A16, S100P, S100B, calbindin D9k) are

indicated with solid circles. The two open symbols not regularly

placed with respect to the other correspond to calbindin D9k and

S100A10 in the apo form. The solid symbol not regularly placed with

respect to the other corresponds to S100A16 in the calcium(II)-bound

form. The data are based on the structural information reported in

Table 3 and on data reported in Bertini et al. [49]. PC1 first principal

component, PC2 second principal component
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the calcium open form is more stable). In the case of cal-

bindin D9k, the apoprotein is more stable in the open form

(K2 [ 1), i.e., in a ‘‘calcium-ready’’ form (Fig. 8c).

Therefore, calcium binding is enhanced, as K4 � 1. Con-

versely, S100A10, which also exists as apoprotein in a

‘‘calcium-ready’’ form, has lost its ability to bind calcium.

It has been speculated that S100A10 is a structural protein

that needs to always be in the open form and does not need

to be opened by a signal, and therefore has lost its ability to

bind calcium. Indeed, the first putative binding loop lacks

three residues and cannot bind Ca2? [59], and some amino

acid replacements in the second putative binding loop

(Asp-Cys at position 61, Glu-Ser at position 70 with

respect to calbindin D9k) hamper the ability of this loop to

bind calcium [60]. S100A10 is in fact in a permanently

activated state, having hydrophobic residues exposed even

in the absence of Ca2? [60, 61], which allow the protein to

act as a linker tethering certain transmembrane proteins to

annexin A2 and thereby assisting their traffic to the plasma

membrane and/or their firm anchorage at certain membrane

sites [62]. So, for both calbindin D9k and S100A10, K2 [ 1.

The case of S100A16 investigated here is an unprecedented

case of K3 \ 1, i.e., the closed calcium-loaded form is

more stable (Fig. 8d). This, of course, implies that K1 [ 1,

despite the fact that the collective binding of the two cal-

cium ions is relatively weak. In turn, this suggests that

K1 [ 1 also for the ‘‘normal’’ S100 proteins, and that their

higher calcium affinity is due to a favorable combination of

both K1 [ 1 and K3 [ 1. In other words, S100A16 is

somehow the opposite of calbindin D9k. Whereas in normal

S100 proteins calcium binding is described by the product

K = K1 K3, in the case of calbindin D9k and S100A16

calcium binding is only described by either K4 or K1,

respectively. The relatively small calcium affinity of

S100A16 is thus due to the low value of K3, which makes

the binding only dependent on K1.

The presence of hydrophobic interactions represents an

important factor in moving the equilibrium between the
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open and the closed forms in EF-hand motifs. In S100

proteins this equilibrium depends mainly on the presence/

absence of interactions between the hydrophobic residues

of the third and fourth helices. In S100A16 the number of

hydrophobic residues present in the third helix is larger

than for other S100 proteins. In the closed form of

S100A16, strong interactions among hydrophobic residues

are actually present between the third helix (residues

Ala-58, Ala-59, Leu-62, Ile-63,and Leu-66) and the fourth

helix (residues Leu-82 and Ile-86). These interactions are

likely to make the closed structure of the second EF-hand

particularly stable, so even upon calcium(II) binding such a

conformation is not disrupted.

In S100A16, helix IV has the same length in both the

apo and the calcium-bound states, differently from some

other S100 proteins (S100A5, S100A6, and S100B), where

it is longer in the calcium(II)-bound form than in apo form

[49, 53, 63, 64]. The helix is interrupted and divided into

two short helices by an 84-89 (Gly-Gly-Ile-Thr-Gly-Pro)

sequence motif with three glycine residues and one proline

residue. In water-soluble proteins, proline is a potent helix

breaker [65]. It either breaks or kinks a helix because it

cannot donate an amide hydrogen bond, and because its

side chain sterically interferes with the backbone of the

preceding turn. This forces a bend of about 30� in the helix

axis [66, 67]. Furthermore, the glycine residues also tend to

disrupt helices because their high conformational flexibility

makes it entropically expensive to adopt the relatively

constrained a-helical structure and because they lack

hydrophobic stabilization [68].

Upon calcium binding, the global shape of the dimeric

protein changes, as a result of the structural differences, as

well as of the change in the distribution of surface charges.

The electrostatic potential surface calculation, the results of

which are shown in Fig. 9, was performed with MOLMOL

[69] after inclusion of the calcium(II) charge into the

AtomCharge setup file. Red and blue areas indicate nega-

tively and positively charged regions, respectively. On

passing from the apo to the calcium-loaded form, hydro-

phobic and positively charged residues are more exposed,

whereas negatively charged residues are somewhat less

exposed. These features may be important for the binding

capability of the protein in the two forms. In fact, each

S100 protein seems to show a peculiar surface charge and

hydrophobic distribution as well as different changes upon

calcium binding, ranging from exposing a more hydro-

phobic surface, to a larger negatively charged surface, or to

a different position of charged and hydrophobic residues on

the surface. This diversity is likely to be linked to the their

different target specificities.

In conclusion, we have shown that the homodimeric

structure of human S100A16 is subject to conformational

rearrangements upon calcium(II) binding that are much

smaller than those observed for most of the other S100

proteins. This is likely to be related to the weak binding

affinity of the protein for the calcium(II) ions, and to the

fact that the closed structure of the second EF-hand is

particularly stable in the presence of strong hydrophobic

interactions, so even upon calcium(II) binding such con-

formation is not disrupted.
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