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ABSTRACT. Nucleobindin, also known as calnuc, participates if'Catorage in the Golgi, as well as in
other biological processes that involve DNA-binding and pretgiotein interactions. We have determined

the three-dimensional solution structure of the'Ghainding domain of nucleobindin by NMR showing

that it consists of two EF-hand motifs. The NMR structure indicates thap thiedy angles of residues

in both motifs are very similar, despite the noncanonical sequence of the C-terminal EF-hand, which
contains an arginine residue instead of the typical glycine at the sixth position of the 12-residue loop. The
relative orientation of thex-helices in the N-terminal EF-hand falls within the common arrangement
found in most EF-hand structures. In contrast, the noncanonical EF-hand deviates from the average
orientation. The two helix-loop-helix moieties are in the open conformation characteristic of the Ca
bound state. We find that both motifs bind®avith apparent dissociation constants of 47 ang:NOfor

the noncanonical and the canonical EF-hand, respectively. Theliiading domain of nucleobindin is
unstructured in the absence ofZand folds upon Ca addition. NMR relaxation data and structural
studies of the folded domain indicate that it undergoes slow dynamics, suggesting that it is floppier and
less compact than a globular domain.

A large number of biological processes depend on calcium representation of the primary structure of nucleobindin
signaling, on the regulation of calcium concentration in the indicating the location of the different predicted motifs.
different cell organelles, or on both. One of the most common  Nucleobindin was originally discovered as a factor pro-
protein structural motifs involved in G&binding is the moting the formation of antibodies against single- and
helix-loop-helix motif of the EF-hand protein super family. double-stranded DNA, both in vivo and in vitro in a cell
EF-hand proteins can be divided into two major classes: (1) line established from MRL/I lupus-prone mouskl(12).
the C&" sensors, such as calmodulin and troponin C, which The putative DNA-binding domain of nucleobindin (i.e., the
translate C# signals through their interaction with target basic-rich region, Figure 1A) is separated from the leucine
proteins and (2) the Cabuffers, such as calbindingpand zipper by the C&-binding domain. Because this arrangement
parvalbumin, which are involved in €ahomeostasisi). is different from that found in regular transcription factors,

Nucleobindin (calnuc)d), a protein predicted to contain Where a helix-loop-helix moiety connects the basic region
two EF-hand moieties, is highly abundant in the Golgi and the leucine Zipper, itis unl|!<elythat DNA-binding occurs
apparatus where it is known to be involved in’Catorage  through the classical mechanism. _

(3, 4). Nucleobindin has been found attached to the luminal  Nucleobindin has been shown to interact with cyclooxy-

surface of the Golgi membranes and in the cytoplasm where9€Nases 1 and 2. These proteins reside in the endoplasmatic
it interacts with Gis through its C&-binding domain % reticulum and the nuclear envelope and catalyze the conver-
1 ]

6). Nucleobindin is also secreted into the culture media, sion of arachidonate to prostanoids. Accordingly, nucleo-

although no function has been suggested for this extracellularblndln has :;:)een portrayed as a potential regulator of these
pool (7). Gy has also been shown to interact with nucleo- enzymes 13).

bindin, and it has been proposed that this interaction may Another binding partner O.f nucleobindin_ is_ hecdin, a
take place in the nucleus)( growth suppressor expressed in neurons, which interacts with

viral oncoproteins and cellular transcription factors. The

Nucleobindin is a multifunctional protein, since it binds jhteraction seems to involve the Cavinding domain of
DNA, contains a signal peptide and a leucine zipper motif. |, ,cleobindin 4.

The later possibly participates in dimerization or interactions A of these observations suggest that nucleobindin carries
with other proteinsg). Nucleobindin is expressed in a large ;¢ multiple functions through its @abinding, DNA-
variety of tissues. Its amino acid sequence is well conservedbinding’ and leucine zipper domains and through its ability
from flies to humans, suggesting that it carries out important 1 jnteract with proteins involved in different biological
biological functions 10). Figure 1A shows a schematic processes. According to the reported data, nucleobindin may
have a dual function as a calcium sensor and a calcium

* To whom correspondence should be addressed. E-mail: nico@ Puffer. To understand the role played by the?Ghinding
helix.nih.gov. Phone: 301-402-3029. Fax: 301-402-3404. domain of nucleobindin in these processes, it is necessary
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B
nuclecbindin DINSDGVLDEQE (253-264)DTNQDRLVTLEE (305-316)
CALCIUM SENSORS
calmodulin DKDGDGTITTKE (20-31) DADGNGTIDFPE (65-76) DEKDGNGYISAARE (93-104) DIDGDGQVNYEE (129-140)
troponin C DEDGSGTVDFDE (65-76) DKNADGYIDLEE (105-116)DEKNNDGRIDYDE (141-152)

calcineurin B DLDNSGSLSVEE (30-41) DTDGNGEVDFKE (62-73) DMDEDGYISNGE (99-110) DKDGDGRISFEE (140-151)
neurocalcin RDCPSGHLSMEE (35-46) *DANGDGTIDFRE (72-83) DLDGNGYISKAE (108-119)DTNRDGKLSLEE (156-167)
caltractin DADGTGTIDVKE (41-52) DKEGTGKMNFGD (77-88)* DDDETGKISFKN(114-125) *DRDGDGEVSEQE (150-161)
5100 SGREGDKHKLKKSE (18-31) DNDGDGECDFQE (61-72)
CALCIUM BUFFERS
parvalbumin DKDKSGFIEEDE (51-62) DKDGDGKIGVDE (90-101)
calbindin D9k AAKEGDPDQLSKDE (17-30) DKNGDGEVSFEE (57-68)
calbindin D28k** DADGSGYLEGKE (23-34) GQRDDGKIGIVE (65-76)* DTDHSGFIETEE (110-121)

DSNNDGKLELTE (154-165) DQDGNGYIDENE (198-209)ALSDGGKLYRTD (239-250) *

* potential ancestral calcium site
*k also functions as calcium sensor

Ficure 1: (A) Location of the different predicted domains in the primary structure of human nucleobindin; (B) sequence alignment of the
EF-hand motifs of nucleobindin and several proteins known to act &S litdfers and C& sensors. Start and end residues are shown in
parentheses.

to investigate the structural characteristics of the domain andMATERIALS AND METHODS
its C&*-binding capabilities. We have solved the three-

dimensional structure of the &abinding domain of nucleo- Protein PreparationThe N and**C isotopically enriched
bindin by NMR? showing that it consists of two EF-hand calcium-binding domain of nucleobindin was expressed as
motifs. a His-tagged protein iEscherichia colistrain BL21(DE3)

The comparison between the structure of nucleobindin and codon plus RP using pET-15b vector (Novagen) in minimal
other EF-hand structures sheds light into the dual function medium with*3C-glucose and*NH,CI as sole carbon and
of nucleobindin as Ca storage (buffer) and Ga sensor. nitrogen sources. The induction of protein expression was
The C-terminal EF-hand of nucleobindin contains an arginine performed at 37C by the addition of 1 mM isopropy}-p-
in position 6 of the 12-residue loop instead of the common thiogalactopyranoside for 4 h. Cells were harvested and
glycine (Figure 1B) 15). We demonstrate that both EF-hands resuspended in 100 mL of buffer containing 5 mM imidazole,
bind C&*, even though one of them has a noncanonical 500 mM NaCl, 20 mM Tris, pH 8.0, lysozyme, and serine
amino acid sequence. We measured thé"@hssociation protease inhibitor, 4-(2-aminoethyl)-benzenesulfonyl fluoride
constants, which are similar for both EF-hand moieties. NMR hydrochlorine. Cells were lysed by ultrasonication and
data suggest that the domain lacks a well-defined tertiary cleared by centrifugation. The largest fraction of nucleobindin
structure in the absence of €aStructural and relaxation is soluble; however, a small portion was found in the cell
studies indicate that nucleobindin’s Tainding domain is pellet. To recover this portion, the pellet was treated with 5
mobile due to conformational exchange and less compactM guanidinium hydrochloride. The supernatants from both
than a globular domain. batches were poured into different columns containing His-
Bind resin (Novagen). Imidazol and guanidinium hydro-

1 Abbreviations: NMR, nuclear magnetic resonance; HSQC, hetero- Chloride were eliminated by stepwise dialysis into solutions
nuclear single quantum spectroscopy; NOE, nuclear Overhauser effect;containing 5 mM CaGland decreasing amounts of imidazol

NOESY, NOE spectroscopy; TOCSY, total correlation Spectroscopy; anq guanidinium hydrochloride. Biotinylated thrombin
TPPI, time proportional phase incrementation; RMSD, root mean square

deviation; ppm, parts per million; HPLC, high-pressure liquid chro- (Novagen) was US?d to Clea\_/e the histidine t&y-HSQC _
matography; EDTA, ethylenediaminetetraacetate. spectra of nucleobindin obtained from the soluble fraction
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Ficure 2: 15N-HSQC of the C#& -binding domain of human nucleobindin at 1 mM, pH 6.8, 300 K, and (A) 5 mM ga€(B) 0 mM
CaCb. Some of the residues that belong to the EF-hand loops with low-field-shiftezhemical shifts are labeled.

and from the pellet were identical and characteristic of a NMR experiments were performed at 300 K on Bruker
folded protein. This is indicative that the protein can be Avance 600 MHz and DRX 800 MHz spectrometers with
refolded by removing guanidinium hydrochloride and the triple resonance probes and triaxial gradients. The com-
unfolding and refolding steps do not alter the protein bined information obtained from the experimeAtsl-HSQC,
conformation. To improve protein purity, the €ebinding 13C-HSQC, sensitivity-enhanced HNCO, CBCACONH,
domain of nucleobindin was further purified by reverse-phase HNCACB, HBHACONH, HCCH-TOCSY (19.5 ms mixing
HPLC before His-tag cleavage, then lyophilized and treated time), CCONH, and HCCONH, was used to assign backbone
with biotinylated thrombin (Novagen) to cleave the histidine 15N and 'H amide chemical shifts, as well &8l and 3C
tag. Biotinylated thrombin was removed by adding strepta- chemical shifts of amino acid side chains. Four-dimensional
vidin agarose (Novagen). Another step of reverse-phase!®N- and*3C-edited NOESY (114 ms mixing timey¥C-13C-
HPLC purification was performed after thrombin cleavage. edited NOESY (100 ms mixing time), and three-dimensional
The eluted protein was lyophilized and washed with HPLC 15N-edited NOESY (102 ms mixing time) were used for NOE
grade water to eliminate residual salt. The comparison assignment. For a review on the different three- and four-
between thé>N-HSQC spectrum of the protein purified twice  dimensional*3C- and !5N-edited NMR experiments for
by HPLC and thé*N-HSQC spectra of nucleobindin before protein structure determination, see Bax and Grzesiék (
HPLC purification indicates that unfolding by reverse-phase NMR experiments for measuring residual dipolar couplings
HPLC and subsequent refolding do not alter the protein were performed on the phage-containing sample. There is a
conformation. Protein purity was checked by mass spec- certain amount of overlapping in the center region of the
trometry. I5N-HSQC spectrum of the Ca-binding domain of nucleo-
The amino acid sequence of nucleobindin’s calcium- bindin (vide infra, Figure 2). Therefore, dipolar couplings
binding domain is as follows: (GSHM)KEVWEELD- of amide NH bond vectors were measured using the three-
G1o)LDPNRFNPKT,oFFILHDINSD3,GVLDEQELE- dimensional HNCO experiment modified to alldid—5N
A4LFTKELEKVY 5;DPKNEEDDMRscEMEEERLRM- coupling during®>N evolution. For the identical reason, !,
RcEHVMKNVDTN gQDRLVTLEERJASTQRKER. Resi- dipolar couplings were measured using the three-dimensional
dues GSHM do not belong to the sequence of native experiment (HA)CA(CO)NH, in whicRH—*C coupling is
nucleobindin but remain after thrombin cleavage of the His- active in the**C indirect dimension. The HNCO experiment
tag. In the full-length protein, {.corresponds to 4zg and was used to measure dipolar couplings g€Cbond vectors.
Fog t0 Faoe. In this case, &—C' coupling was active during carbonyl
NMR Data Collection for Structure DeterminatidMR evolution. Dipolar couplings of Cgfand CH moieties that
samples were prepared atl mM protein concentration belong to amino acid S|de.cha|n's were obtained witfCa
determined by light absorbance at 280 nm using an extinction'l_ISQC in which the peak intensity is modulated with—
coefficient of 6970 M cm2. All samples contained 5mM ~ —C coupling (7). Al NMR experiments were processed
CaCh and 0.1 mM NaN. The pH was adjusted to 6.8 by With NMRPipe (18) and analyzed with PIPFLY).
adding small amounts of 0.1 M KOH, and.® was added Backbon€e'®N Relaxation MeasurementRelaxation ex-
to 10% (v/v). Protein samples in Pfl phage (ASLA) were periments were performed with 0.9 mM and 0.02 miN-
prepared by mixing diluted solutions of phage and protein labeled protein samples, pH 6.8, at 300 K on Bruker Avance
followed by concentration t6-0.8 mM protein and~15 mg/ 600 MHz, DRX 800 MHz, and DRX 600 MHz with
mL phage. cryoprobe for the 0.02 mM sample. All data sets consisted
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of 128 x 512 complex data points that were zero-filled to ~ Ca?" Titration ExperimentsThe C&*-binding domain of
512 x 2048 data points. Th&H carrier was positioned at human nucleobindin was treated with 5 mM EDTA and
the water frequency and theN carrier at 116.5 ppm. States-  vortexed for 30 min to remove €a Sephadex G-25 M resin
TPPI quadrature detection tpwas used in all experiments first equilibrated with 5 mM EDTA and second with Chelex
(20). resin-treated HPLC grade water was used to remove residual
The N T; and T;, pulse sequences use@l] were EDTA from the protein sample. The eluted protein was
modified to include the WATERGATE modul2), pulse concentrated and Chelex resin-treate@vas added at 10%
field gradients 23), and a semiconstant time evolution period (v/v). The pH was adjusted to 6.8 with Chelex resin-treated
in ty (24). TheTy, experiments utilized a continuotfN spin- KOH solution. The final protein concentration was 0.24 mM
lock (25) with a 2.5 kHz radio frequency field,, data were by light absorbance at 280 nm. The absence of EDTA was
collected in an interleaved manner to minimize the effects checked in the one-dimensiontd NMR spectrum of the
of systematic errors. FOFy, experiments, 32, 40, and 512 sample.

scans were used at 600, 800, and 600 MHz, respectively, |t isimportant to mention that Chelex resin does not seem

with cryoprobe for the 0.02 mM sample. Fbrexperiments,  to have enough Ga-binding affinity to remove C& from
32 scans were used at 600 and 800 MHz. Relaxation timesthe protein, as we could test by NMR. EDTA instead

were calculated by fitting the dependence of the experimen-removes C# efficiently.
tally measured intensities with relaxation times to an
exponentially decaying function. The relaxation times used
in the Ty, experiments were 10.0, 18.2, 33.6, 52.8, 57.6, 77.3,
88.8, and 98.4 ms (600 and 800 MHz) and 18.2, 33.6, 57.6
and 98.4 ms (600 MHz with cryoprobe) and fbr experi-
ments 12, 44, 124, 244, 484, 804, 1044, and 1284 ms.
5N-H heteronuclear NOE values were measured with a
reported pulse progran2@) and calculated from the ratio
of peak intensities of experiments performed with and
without *H presaturation;64 (600 MHz) and 80 (_800 MHz) throughout the titration.
scans pert; point were used. The total duration &f . P )
presaturation was 3.76 s. NOE values were corrected as Analysis of C&" Titration Curves.The ratio between the

previously described26) to compensate for errors caused intensities _of a signal that belong_s to the folded species and
by incomplete!H magnetization recovery. the same signal at the end of the titration was used to measure

Structure Calculation.Peak intensities from NOESY the ratio [Ca-bound protein]/[total protein]. The total con-
experiments were translated into a continuous distribution C€ntration of added Cais known. The plot of these two
of interproton distances. A summation averagirjg [€) 29 quantities was fitted to the equatigi= [Ao + Ay(10%¢ "))/
was used to obtain distances from intensities. For the majority[1 10472 The Ky values were obtained from the
of the distances, an error aE30% of the distance was aPscissa value at=0.5.
applied to obtain lower and upper limits. This error was
increased for some distances that could be affected by spin
diffusion processes. The program X-PLOR-NEY(28) was Structural Studies on the €aBinding Domain of Nucleo-
used for structure calculation. The fitting between the pingin The fragment of human nucleobindin studied by
observed and calculated dipolar couplings was done usingnnR encompasses residues 226 of the full-length

an alignment cqordinate system. Initial va!ues of the axial protein. Here on, residues 228 and 326 will be designated
(Da) and rhombic R) components of the alignment tensor | aciques 1 and 99, respectively.

were calculated from the histogram distribution of dipolar The 15N-HSQC spectrum of the Gbinding domain of

couplings 29). Final values ofD, and R were obtained S : . .
: S nucleobindin loaded with C& shows amide protons with
through a grid search by energy minimization. Thesere "\’ cpitted chemical shifts (Figure 2A), which is a

= —7.35 Hz andR = 0.57. Residual dipolar couplings of . )
' : : ; typical feature of EF-hand motif$S{—33). In the absence
NH, CoHa, CoC', Chis, and GHy (isoleucine, valine, and ¢ Cat, the N-HSQC spectrum loses chemical shift

threonine residues) bonds were used as restraints. A quadrati8 . . :
harmonic potential was applied for all dipolar couplings dispersion gnd quks I|_ke the specr'][rumﬁexpecteg for an
except those belonging to residues of which tH8l gnts;ructurte _pr((j)_telT (Flﬁu:eeiﬁ)' The d'f erec:lc?f ettween
relaxation data indicate higher mobility than what is expected ho sp]fac ra in |caf ehs at °ahas a profound etect on
for secondary structure. In this case and for bond vectors N conformation of the protein.

that belong to amino acid side chains, a half-open square Figure 1B shows the alignment of the amino acid
well penalty function was used.q). sequences belonging to EF-hand loops of several proteins

Hydrogen bonds were defined according to the experi- aCting as CéL buffers and Cﬁr sensors. The characteristic

mentally determined secondary structure of the protein. Two glycine is substituted by an arginine residue at position 310
restraints were used per hydrogen bond (ep\gh_o =15- (83 in the numeration used here) in nucleobindin.

2.5 A andry_o = 2.4-3.6 A). The TALOS program was The backbone and side chain chemical shift assignments
used to obtainp andy restraints only for those residues indicate that the two amide protons that are low-field-shifted
with statistically significant predictions3Q). No structural upon addition of C& belong to residues Gly31 and Arg83,
restraints were used to calculate or model the position of which are located at the sixth position of the first and second
the calcium ions. 12-residue loops.

One-dimensionalH projections of®N-HSQC spectra
(2048 scans) were recorded at each point of the titration.
Aliquots from a CaCl stock solution were added such that

"the final C&* concentrations were 0, 0.06, 0.08, 0.10, 0.12,
0.13, 0.15, 0.17, 0.20, 0.24, 0.28, 0.34, 0.38, and 0.46 mM.
Each one-dimensional spectrum was baseline-corrected and
calibrated with respect to the total amount of signal using
as reference the spectrum of the 0 mM?Caample. The
intensities of selected low-field shifted signals were followed

RESULTS AND DISCUSSION
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Ficure 3: Schematic representation of the secondary structure of theliading domain of human nucleobindin on the basis of short-
and medium-range NOE contacts, as well#,,1°C; secondary shifts. The location of the €ainding loops is shown.

13C, and**Cy backbone secondary shift84) and short-  Table 1: Structural Statistics for the Solution Structure of the
range NOE analysis3g) show that the structure of nucleo- ~ Calcium-Binding Domain of Human Nucleobindin (Calntic)

bindin is comprised of four-helices and twqs-strands RMSD
(Figure 3). Secondary shifts agree with the presence of three 20 lowest energy lowest energy
N-cap residues at the beginning of helices I, I, and IV restraints conformers conformer
(Figure 3). These N-terminal helix-capping motifs have been yistances (A) (1463)
observed previously in other €abinding proteins such as intraresidue (733) 0.042 0.002 0.039
calmodulin @6). sequentiali — j| = 1 (308) 0.032+ 0.003 0.033
. . . 2 short-rangei — j| < 5 (237) 0.028&t 0.004 0.025

_The three-dmensmnal §oll_Jt|on structure of the_*Ga long-rangeli — j| = 5 (185) 0.036+ 0.002 0.032
binding domain of nucleobindin was solved using distance hydrogen bonds (A) (26) 0.02% 0.003 0.029
restraints derived from NOE data and residual dipolar dihedrals (deg) (88) 0801 0.7
couplings obtained from the protein partial alignment by resiﬁ;;"(gég‘;'ar couplings
liquid crystals in the magnetic field. Table 1 summarizes  ip, (pf1) (73) 21+ 0.1 20
the structural statistics calculated for the 20 lowest energy  Dc.c (Pf1) (62) 0.89+ 0.03 0.91
conformers. For all nonflexible regions, 85% of the residues  'Dcan (Pf1) (53) 0.90+ 0.07 0.93

haveg andy angles belonging to the most favored regions ~ Pesns (PfL) (68

1
of the Ramachandran plot. The backbone RMSD obtained dev?airgrﬁgfﬁgff ?jeanzed

by superimposing all structures is 0.41 A, which indicates  covalent geometry

that the structure calculation leads to a precise ensemble of bonds (A) (1663) 0.0045- 0.0001 0.0043
NMR conformers. The three-dimensional arrangement of the ~ angles (deg& (3005) 0.580.01 0.56
four a-helices and the twgs-strands is represented as a Strmﬁfepgﬁiﬁtfg) (853) 0.4%0.03 0.38
ribbon diagram in Figure 4A. The calculated structure is that | ennard-Jonésotential —340+ 18 —339
of two consecutive EF-hand folds, a structure commonly  energy (kcal mot?)
adopted by many CGa-binding proteins. The atomic coor- Ramachandran plot analysis

residues 1846, 64-94 85.1%+ 2% 84.5%

dinates of the strgctures, as well as the rgstralnts used in thecoordinate precision
structure calculation, coordinates of the alignment tensor, and  resjdues 1846, 64-94

chemical shift assignment, are deposited in the Protein Data backbone (N, @, C,0) 0.41+0.07 A
Bank with accession code 1SNL. Chemical shift assignment all non-H atom 1.04-0.06 A
is also deposited in the BioMagResBank (BMRB) with  2The statistics were performed using the 20 conformers with the
accession number 6167. lowest overall energies. These conformers have no NOE or dihedral

. . . . angle restraint violations greater than 0.41 A arfd f@spectively.

As previously mentioned, the amino acid sequence of the s Resjqual dipolar couplings for side chains and backbone atoms of
C-terminal EF-hand in nucleobindin departs from the con- high flexibility are not included in the statisticsThe Lennard-Jones
sensus EF-hand sequence (Figure 1B). This can lead to thezan der Waals energy was calculated with the CHARMM PARAM19/
assumption that the conformation of the EF-hand may be 20 parameters and was not included in structure calculatiBrocheck

. - P (58) analysis gives 0.0% of the residues in a disallowed regions of the
different and that this, in turn, may affect thezﬁ{blndlng Ramachandran map for the nonflexible regions. The percentage given

capability. Therefore, it is impor?ant to_ evamate_ thand accounts for residues in the most favored regions of the Ramachandran
y angles adopted by all the residues involved in both EF- map.c The RMSD is reported between the 20 conformers and the mean
hand moieties. As shown in Figure 5, the averagendy coordinates.

values calculated from the 20 lowest energy conformers are

very similar for residues in equivalent positions of the two a-helical angles that are uncommon for all 20 amino acids
EF-hand moieties. The most representative pairs of equivalentexcept for glycine 7). It is worth noting that no angle
residues with similar location in the Ramachandran map arerestraints for these residues were used in the structure
Ser29/GIn81 and Gly31/Arg83, which adopt left-handed calculation.
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N LOOP1 LOOP2

Ficure 4. (A) Ribbon diagrams of the tertiary fold of human nucleobindin’s EF-hand motifs with the location of &ebaing loops
indicated; (B) stereoview superposition of the 20 lowest energy conformers of theb@aing domain of human nucleobindin. THesheet

is on top. The 12-residue €abinding loops are colored in magenta. The rest of the helices are colored in blue. Orange regions indicate
conformational heterogeneity. The long and short flexible tails are the N- and C-terminus, respectively. Figure 4 was created using the
program MOLMOL £9).
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C-loop D78 T79 N80 Q@81 D82 R83 L84 V85 T86 L87 E88 EB89

calmodulin D20 K21 D22 G23 D24 G25 T26 127 T28 T29 K30 E31

FiGURE5: Averagedp andy angles over the 20 lowest energy conformers of each residue in the 12-resfdtsr@ing loop of nucleobindin.
Filled circles and open diamonds correspond to the N- and C-terminal EF-hand, respectivelyaiitiey angles of the N-terminal EF-
hand of the 1 A crystal structure of calmodulin (open squaresf)) are shown as an example of a canonical EF-hand. Residues in the
left-handeda-helical region of the Ramchandran map are highlighted in bold.

The superposition of the 20 lowest energy conformers is the regions of high mobility according to tHéN NMR
shown in Figure 4B. The regions of the protein in which the relaxation analysis (vide infra). Thgsheeta-helices, and
structures show large conformational variability coincide with Ca&*-binding loops are rigid. In contrast, the helix termini
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z angles = 87.8, ¢ = 85.2 and the C-terminal EF-hand
has anglesh = 78.4, ¢ = —152.8. According to a
previously reported study on 90 EF-hand motifs using the
first EF-hand moiety of apo-calmodulin as reference axis,
89% havef angles in the range 30< 0 < 90° and 80%
haveg angles in the range 80< ¢ < 140° (38). Thed and

¢ angles of the canonical (N-terminal) EF-hand motif of
nucleobindin fall within the average values found for other
EF-hand structures. The¢ value for the noncanonical (C-
terminal) EF-hand deviates from the average range.

6 angles close to 9@correspond to the open conformation
(38), which is the one adopted in &abound EF-hand
motifs. Both EF-hand folds in nucleobindin adopt the open
conformation.

\ In Ca* sensor proteins, the open conformation is associ-
FiGurRE 6: Cylindrical representation of the two EF-hand motifs ated with the exposure of hydrophobic surface. Figure 7
of human nucleobindin (left) and cylinders and axis system of shows the structures of €abound calbindin B¢ (42),
reference and angle definition (right). The N-terminal EF-hand of p,cjeobindin, C-terminal domain of calmoduliéd], and the
nucleobindin has been oriented to match the axis and cylinders of ., - . . A
reference. The left-hand side of Figure 6 was created using the C& -free C-terminal domain of calmodulid4), highlighting
program MOLMOL 69). solvent-exposed hydrophobic area. All four are NMR

structures. For a better comparison regarding the number of

that are connected by the linker between both EF-hand motifsEF-hand motifs present, the structure of the C-terminal
are not as well structured. domain of calmodulin is shown. The total solvent-accessible

Comparison with Other EF-Hand Structurédembers of area for the different structures is as follows: 4748fdr
the EF-hand superfamily show a large variability of confor- calbindin Dy, 4990 and 5799 Afor the C&*-free and C#-
mations depending on the relative orientation of the helices. bound C-terminal domain of calmodulin, respectively, and
Three major conformations have been classified, the open,7141 & for nucleobindin. The increase in solvent-exposed
the closed, and the semiopen conformatidg).(Ca*-free surface area of the C-terminal domain of calmodulin is
EF-hand motifs usually fold into the closed conformation. associated with the opening of the structure upoR*Ca
A large rearrangement of the helices induced by ®inding binding. The EF-hand domain of nucleobindin is more open
leads to the open conformation, which in turn results in the than the other three structures. The four proteins or domains
exposure of large hydrophobic surfaces that are usually have a similar number of amino acids. The solvent-exposed
targets for proteirprotein interactions. The semiopen hydrophobic surface area out of the total accessible surface
conformation has only been found in the essential and is 19% for calbindin k3, 23% for the Ca"-bound C-terminal
regulatory light chains of myosir8@). This classification is ~ domain of calmodulin, and 26% for nucleobindin. These
based on the interhelical angles obtained from crystal and percentages were calculated considering the apolar residues
NMR structures of EF-hand proteins in the apo- and holo- alanine, valine, isoleucine, leucine, methionine, phenyl-
states. alanine, tyrosine, tryptophan, and histidine. The increase in

The C&*-induced conformational change is common in solvent-accessible surface of calmodulin800 A2) upon
EF-hand proteins that act asaensors. Cd-binding leads ~ Ca&" binding agrees with its ability to interact with peptides.
to protein—protein interactions that activate or inhibit the C&*-Binding Capability of NucleobindinNucleobindin
function of the target40). In contrast, EF-hand proteins that undergoes a structural change uporf'@ainding that can
function as C& buffers undergo only minor structural be monitored by NMR. In the absence offCanucleobindin
changes upon CGabinding. Calbindin 3« has been reported  lacks a well-structured three-dimensional fold as revealed
as an example of this behavid§). by the small amidéH chemical shift dispersion (7-68.5

According to our NMR data, nucleobindin is unstructured ppm) of the!>N-HSQC spectrum (Figure 2B). Upon €a
in the absence of G4, and it folds into two EF-hand motifs  addition, new NMR signals appear, which coexist with the
upon C&" addition. This result indicates that €ahas a signals of the apo-form, indicating that the conformational
profound stabilizing effect in the C&abinding domain of change has a slow rate in the NMR time scale (Figure 8A).
nucleobindin. The intensity of these signals increases with the concentration

The EF-hand structure can be quantitatively characterizedof Ca*, and the signals belonging to the dree form
by the values of the interhelical angles in the helix-loop- decrease in intensity until only one set of signals, which
helix motif. The vector geometry mapping method has been corresponds to the &dound form, is observed. NMR
reported recently as an efficient method to characterize andsignals characteristic of both EF-hand moieties appear almost
classify EF-hand proteins and to study the conformational simultaneously upon Ga addition. Furthermore, the struc-
changes associated withCainding @1). This method uses  tural change induced by €abinding affects the whole
a cylindrical representation of the helices to measure the domain and not only the residues involved ir?Ghinding.
angle @ between the entering N-terminal and exiting C- These results suggest that?Caffinities are similar in both
terminal helices of the EF-hand, as well as the angle loops, and C&-binding does not occur sequentially for each
between theX axis of reference and the projection of the EF-hand.
exiting helix in the XY plane (Figure 6). With the use of We monitored signal intensity increase uporf'Cainding
this method, the N-terminal EF-hand of nucleobindin has for four low-field-shifted amidéH signals of two residues

entering helix

entering helix

exiting helix
exiting helix
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Ficure 7: (A) Atom-filled representation of nucleobindin (left, front
view; right, side view); (B) C&-loaded C-terminal domain of
calmodulin (left) and Ca-free C-terminal domain of calmodulin
(right); (C) C&*-loaded calbindin k. Atoms of apolar residues
are colored in yellow (i.e., alanine, valine, isoleucine, leucine,

methionine, phenylalanine, tyrosine, histidine, tryptophan). The

orientation of all proteins (front view of nucleobindin) is equivalent,

de Alba and Tjandra
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Ficure 8: (A) One-dimensional projection dfN-HSQC spectra

of the EF-hand domain of human nucleobindin at different'Ca

concentrations (from top to bottom, 0, 0.08, 0.13, 0.24, and 0.34

mM CaCl). Residues of which the signal intensity was measured

throughout the titration are indicated. (B) Fitting of signal intensity

change upon Ca-addition to the equationy = (Ay + A; x

10%(A)/(1 + 10%A2)), Calculated values of the apparéqtare

G31 (39.9«M), L33 (40uM), T86 (51.1uM), and L91 (43.QuM).

is magnetically inactive. In principle, it could be argued that
the low-field-shifted NMR signals of one EF-hand are a
consequence of the structural perturbation caused By-Ca
binding in the other EF-hand. However, 2 equiv ofCper
equivalent of protein are necessary to finish the titration,
which indicates that both EF-hands are able to bind"Ca
despite the noncanonical sequence of the C-terminal EF-
hand.

matches that represented in Figure 4A, and shows the hydrophobic  Attempts were made to substitute?C#or the lanthanides
area that should be exposed upon target binding. Figure 7 wasyp3+ and TB*, to obtain direct evidence of metal binding

generated using the program MOLMO&AY).

belonging to each helix-loop-helix motif (Figure 8A). In
principle, two different equilibria are present, that is, the
equilibrium associated with €& binding and that of the
structural change. An apparent alissociation constant

in both EF-hands, and to gain structural information about
metal position through pseudocontact shifi$)( Even in
the presence of high salt concentrations (400 mM KCI or
400 mM NacCl), which decrease proteifanthanide non-
specific binding 46), only NMR signals of residues that are
close to Ca" were unmodified upon lanthanide addition,

(Kg) has been measured for each EF-hand (Figure 8B). Sincewhile a large number of other NMR signals broadened and

C&* affinity constants of EF-hand motifs are usually
measured neglecting the presence of'@ierived confor-
mational changes, th&y values reported herein can be
compared to previously reported EF-hand Cdissociation

disappeared (data not shown). This result indicates that the
lanthanides bind nonspecifically to the protein surface and
are not able to replace &a

15N NMR Relaxation Studies on the&inding Domain

constants. Assuming a single equilibrium constant for the of Nucleobindin NMR signals of the!®N-HSQC spectrum

overall structural change, the measutgdvalues indicate
that both EF-hand structures have similaCaffinity.

of nucleobindin are slightly broader than expected for its
molecular weight (Figure 2A). In addition, the number of

It is not possible to get direct evidence of the presence of long-range NOEs is in the low range for a molecule of 99

Ca&" in each helix-loop-helix motif by NMR, because Ta

amino acids (Table 1). To gain information on the dynamic
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Ficure 9: 15N spin relaxation data on the &abinding domain of human nucleobindin. Panel A shdins-15N heteronuclear NOE at 800
MHz. Errors represented by thin bars are based on signal-to-noise ratio. Panel Blslatv890 MHz. Panel C shows, at 800 MHz ()
and 600 MHz @). The error is 0.04%, 4.1%, and 3.1% of the measurement based on signal-to-noise r&gjdfpat 800 MHz, andry,

at 600 MHz, respectively. The secondary structural elements are

behavior of the EF-hand domain of nucleobindit\ spin
relaxation experiments were performed at two magnetic
fields, 600 and 800 MHz, and different protein concentra-
tions. Longitudinal 1) and transverseTg,) N spin
relaxation times, together withi—1°N heteronuclear NOE,
were obtained for~70 residues (Figure 9). Overlapping
amide NMR signals are not included, and some were not
observed due to chemical exchange with water.

According to'H—'N NOE data, there are three regions
in the C&"-binding domain of nucleobindin with high
flexibility characteristic of disordered conformations (Figure
9A). These are the N-terminus up to residue P18 (starting
residue of the firstr-helix), the 18-residue linker between
both EF-hand motifs, and the five C-terminal residues.
Flexibility agrees with the absence of short-, medium-, or
long-range'H—'H NOE contacts of residues located in these
regions. Thex-helices and3-strands, as well as the €a

binding loops, have heteronuclear NOE values characteristic

of secondary structural elements(.85). Only the first two
residues of helix 1l (E35 and Q36) and residue T79 in the
C-terminal loop possess low values of the heteronuclear
NOE, indicative of a higher degree of flexibility (Figure 9A).
Our data agree with previously reported NMR dynamic
studies on the holo-forms of calmodulid), calbindin Dy
(48), and the calcium vector proteimd9) in that high
flexibility is observed in the linker between the EF-hand
motifs, while thea-helices and the Ca-binding loops are
well ordered. Calcium-loaded parvalbumin is an exception,
since it has been shown to be more rigid than calbindin D
or calmodulin, even in the linker regio®@). In contrast,
the absence of C& seems to introduce flexibility in the
Cé&*-binding loops, as shown for the apo-forms of troponin
C (51), S100B 62), and calbindin Ik (53).

indicated in panel A.

Transversé®N relaxation times of nucleobindin at both
magnetic fields and two protein concentrations (0.9 and 0.02
mM) are unusually scattered along the amino acid sequence
(Figure 9C). This result indicates the presence of slow
motion, conformational exchange, or both. The scatter
decreases when approaching the C-terminal EF-hand and is
small from residue N80 to F90. The averafig value at
0.9 mM protein concentration is 854512.5 ms at 600 MHz
and 69.6+ 11.3 ms at 800 MHz, excluding the N- and
C-termini. The error in the measurement is 3.7 ms, ap-
proximately 3 times smaller than the observed scatter.

A similar average transverse relaxation time (85.%6.0
ms) at 600 MHz and 0.02 mM protein concentration indicates
that protein self-association can be ruled out as a possible
factor affecting'®>N relaxation data.

NMR relaxation results together with the presence of broad
NMR signals, as well as a large solvent-exposed protein
surface, suggest that the EF-hand motifs of nucleobindin are
not as compact as a typical globular domain, which could
be a result of high flexibility or conformational exchange.

The C&t-binding domain of nucleobindin folds inde-
pendently of the rest of the protein into two EF-hand motifs.
However, it cannot be ruled out that other domains in the
full-length protein may have an effect in its dynamic
behavior. In the absence of the rest of the protein, tiie-Ca
binding domain might be less stable. This could be a possible
reason of why the CGa-binding domain of nucleobindin is
less compact.

CONCLUSIONS

Nucleobindin has been shown to function as &Gtorage
protein in the Golgi. Additionally, it is able to interact with
other proteins through its EF-hand domain. Therefore,
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biochemical data suggest that nucleobindin may act &5 Ca

buffer and as C& sensor.

C&"-binding produces a conformational change in EF-

hand proteins that function as €asensors. This structural

change is associated with the exposure of a hydrophobic 6.

surface, otherwise hidden in the®dree protein. In contrast,
proteins acting as Cabuffers undergo only small structural
changes upon C&binding.

The C&"-induced structural change in nucleobindin points

in favor of its function as a Ga sensor. Its three-dimensional

structure is open and exposes a large hydrophobic surface, g

like Ca&"-bound calmodulin, suggesting its potential ability
to interact with other proteins.

The measured Ga dissociation constants are closer to

values reported for Ga sensors and indicate a lowera
affinity than what is expected for a &abuffer. C&*

dissociation constants that do not fall within the range of
Ca&" sensors or Ca buffers have been attributed to proteins

that may perform both functions, such as calbindig[54).

It is unusual in the EF-hand protein superfamily to lack

tertiary structure in the absence of &a Troponin C,
calmodulin, and calbindin § have well-defined tertiary folds

in the apo-form. The calcium vector protein is an exception,

since it does not have tertiary structure in the apo-stfipe (

The physiological relevance of an unfolded protein under
native conditions is not known, but it has been related to a

need of higher flexibility that facilitates molecular recognition
(56, 57).
Our structural data on the €abinding domain of nucleo-

bindin, and the measured calcium-dissociation constants
agree with its function as a calcium sensor. However,
nucleobindin has been shown to function as a calcium storage 15.
protein too. It is possible that the unusually large solvent-
accessible surface indicative of a very open conformation
and its unfolded state in the calcium-free form, together with
the high degree of dynamic or conformational flexibility, are
particular features of nucleobindin that facilitate its dual

function as a C# buffer and a C& sensor depending on
the needs of the cell.
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