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ABSTRACT. The aim of this research was to determine the structure of hytygarvalbumin (109 amino

acids) and to compare it with its paralog and ortholog proteins. The structure was determined in solution
using multinuclear and multidimensional NMR methods and refined using substitution of the EF-hand
C& ion with a paramagnetic lanthanide. The resulting family of structures had a backbone rmsd of 0.50
A. Comparison with rat oncomodulin (X-ray, 1.3 A resolution) as well as with human (NMR, backbone
rmsd of 0.49 A) and rat (X-ray, 2.0 A resolution) parvalbumins reveals small but reliable local differences,
often but not always related to amino acid variability. The analysis of these structures has led us to propose
an explanation for the different affinity for €abetweern- andS-parvalbumins and between parvalbumins

and calmodulins.

Parvalbumins are smal11.5 kDa) C&"-binding proteins solid tumors has also been confirmediinvitro models of
belonging to a protein superfamily called EF-hand by the chemical and viral carcinogenesig 8), and by the immu-
name of the most common &abinding domain in vertebrate  nohistochemical analysis of a number of human neoplastic
genomes. Parvalbumins arose in vertebrates as two sublintissues and primary or immortalized cell line®, (with the
eages, termed. and § (1), with only one member each recent evidence of a selective overexpression in rat mammary
present in mammals. Evendf andg-parvalbumin, the latter  and pancreatic adenocarcinoma®)( The term oncomodulin
also known as oncomodulin, display the same basic domainhas therefore been derived from its consideration as an
architecture and are encoded by close paralog genes withoncofetal protein, since it is completely absent in a variety
similar exon-intron arrangements2), they substantially  of normal mammalian tissue$1). More recently, however,

differ in the pattern of expression and in their*Cainding oncomodulin has been found to be expressed in a very
properties. Therefore, they could be endowed with divergent specialized district, the cochlear outer hair cells of the organ
functional roles. of Corti, the basic structure of the mammalian auditory

a-Parvalbumin is expressed mainly in fast-twitch skeletal system {2).
myofibrils (3), where it is abundant, and GABAergic neurons  paalbumins have been ascribed to the category of EF-
(4), while oncomodulin was originally identified in rat hand-containing Ca-buffering proteins, as opposed to the
hepatomasy) and subsequently detected in the blastocyst Cet-sensor proteins whose prototype is calmodulin. Both
and the cytotrophoblasts of the placerfi (ts presence in - _narvalbumin and oncomodulin are endowed with three

consecutive EF-hand domains, each characterized by the
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basket formed by the CD and EF domains.chparvalbu- from 5 to 3, ATGAGCATCACGGACGTG; and lower
mins, these EF-hands exhibika of <107 M for Ca?* while strand from 5to 3, CGCGTTAAGAATGCACCA.
being able to bind M (Kq < 107 M) (16—18). Since high- Amplification was carried out using the thermostable Pful
affinity EF-hands tend to be permanently occupied by'Ca polymerase (Stratagene) to reduce the error rate and the
ions under physiological conditions, they are well-suited to addition of non-template-directed nucleotides at thergi
serving structural and Ga buffering roles. of the PCR-generated fragment. The blunt-ended oncomodu-
Interestingly, the CD site of rat oncomodulin, having a lin cONA from PCR amplification was purified from an
Kq for Ca&2* of ~10° M and aKq for Mg?* of >1073 M agarose gel, phosphorylated, and then cloned into the Stul
(19), has to be ascribed to the other category of EF-handsSité of the multiple cloning site of plasmid pQE30Xa
with respect to C# affinity, that of low-affinity sites, ~ (Qiagen) by blunt-end ligation. The pQE30Xa expression
unoccupied at basal intracellular Caoncentrations, which ~ Plasmid is designed for expression of His-tagged proteins.
undergo conformational change withCainding following ~ The “Quick ligation kit” (New England Biolabs) was used
the increase in cytosolic @alevels. This change is typical {0 maximize the yield of the ligation reaction which was

of Cat-sensing proteins, which expose effector binding sites then transformed into supercompetent XI1Blue cells
and perform regulatory roles. (Novagen). The colonies obtained on LB (with ampicillin)

plates were screened for protein expression.
Plasmids from bacterial colonies expressing a protein of
the correct molecular mass were purified and sequenced.
All the samples that were sequenced contained a single
nucleotide variation with respect to the reference NM_006188
] ~ GenBank sequence for human oncomodulin at position 59.
In an attempt to gain further clues that would be useful in This variation changes the second nucleotide of the CAA
solving the problem of the opposing putative buffer/sensing codon, encoding glutamine at position 19, to the CGA codon,
functions of this interesting Ca-binding protein, in this  encoding arginine. Inspection of the dbSNP database revealed
paper, we present the solution structure of humaf’Ca  hat the transition from A to G at position 59 of the
loaded oncomodulin as determined by NMépectroscopy.  oncomodulin cDNA is recorded as the only nonsynonymous
The available structure of humaa-parvalbumin 23), single-nucleotide polymorphism present, annotated with
obtained previously by our group with the same experimental nyalidated status and unknown allele frequency (SNP entry
approach, allows a detailed comparison of the structural ;513312633). Therefore, our recombinant oncomodulin se-
features of the two proteins and of their potential®Ca  gyuence is very likely a true allelic variant of the reference
binding properties. A further comparison with the X-ray oncomodulin gene, and not an artifact or a mutation.
structures of rato- and s-parvalbumins 24, 25) is also Protein Purification Recombinant His-tagged humapN]-
reported. oncomodulin was purified fronEscherichia coliXI1Blue
Altogether, the structural data presented and the compari-grown in 2 L of minimal medium (MM) containing?fN]-
sons we have performed with the rat orthologs suggest anammonium sulfate as the nitrogen source. T and!*N-
interpretation which could explain the high differential labeled protein sample was obtained using the same medium,
affinity for Ca?* and Mg+ of the two parvalbumins in the  but replacing J?C]glucose with [3C]glucose. The cells from
absence of marked conformational differences, and which 2 L of LB culture in the exponential growth phas&sf, =
could also indicate that indeed both proteins are evolution- 0.5/0.6) were collected by centrifugation at 8000 rpm, rinsed
arily “degenerated” versions of true €asensing proteins.  with 20 mL of MM, and centrifuged again, to remove any
Following this perspective, this work adds a structural amount of rich medium. The pellet was resuspended in 10
rationale to a signaling role for oncomodulin, which is also mL of MM and transferredd 2 L of MM containing 0.2%
more consistent with a specialized physiological activity of glucose (preculture/final volume ratio 1/1). IPTG was used
this protein in the mammalian auditory system and with a to induce protein expression and was added to the culture
perturbation of signal transduction events by its unscheduled2.5 h after incubation. Incubation of the preculture and final

Although, taken together, these observations are consisten
with a regulatory function of oncomodulin, no effector
protein has been identified to date, and no convincing
biochemical regulatory activity has been demonstrated for
oncomodulin, despite some early propos&i8—<22).

expression during oncogenesis. culture was carried out at I, shaking at 150 rpm for 15
h after induction.
MATERIALS AND METHODS Cells were collected from stationary-phase cultures (typi-

. ) . cally 15 h after induction with IPTG) by centrifugation at
Gene Cloning.The gene encoding human oncomodulin  gngo rpm, for 15 min, and resuspendedi®s mL of buffer
was amplified by PCR starting from human cerebellar cDNA, 1 [20 mM Tris (pH 8.0), 1 mM MgS@ 1 mM CaCh, 100
using the following oligonucleotides as primers: upper strand 1, KCl DNase, and 1 mM PMSF]. Disruption of the cells

was achieved by two passages through a French press (1000

1 Abbreviations: PVp-parvalbumin; OM, oncomodulingtparval- psi). The lysate was then centr.iflljged at 14 000 rpm fOf 30
bumin); CaM, calmodulin; NMR, nuclear magnetic resonance; IPTG, min, and the supernatant, containing the soluble recombinant

isopropy! $-p-thiogalactopyranoside; HSQC, heteronuclear single- protein, was loaded onta 5 mLHITRAP chelating column
guantum coherence; PCS, pseudocontact shifts; RDC, residual dipolar

couplings; IPAP, in-phase/anti-phase; TAD, torsion angle dynamics; (- narmacia), previously conditioned with buffer 2 [20 mM
REM, restrained energy minimization; CaCaOM, dicalcium oncomodu- Tris (pH 8.0)]. After two washing steps with 50 mL of buffer
lin; CaTbOM, TB*-substituted oncomodulin, CBCANH, Az-Co— 2 and 50 mL of buffer 3 [20 mM Tris (pH 8.0) and 300 mM

NH connectivity experiment; CBCACONH,A=-Ca—carbonyl carborr ; ; ; ;
NH connectivity experiment; NOESY, nuclear Overhauser effect KCI (pH 6'0)]’ elution of the protein was carried out in one

spectroscopy; TOCSY, total correlation spectroscopy; TROSY, transverse-St€p, using buffer 4 [20 mM Tris (pH 8.0) and 300 mM

relaxation optimized spectroscopy; CSI, chemical shift index. imidazole].
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The protein was then dialyzed against buffer 5, for factor
Xa [20 mM Tris (pH 8.0), 100 mM NaCl, and 1 mM Cag;l
and concentrated t6-3 mL. Factor Xa was added to the
protein (15Qug of enzyme/10 mg of protein), and the mixture
was incubated at 23C for ~16 h under mild shaking to

Babini et al.

The relaxation measurements were carried out by recording
a series ofH—'N HSQC spectra with flip-back34) and
phase sensitive pulse sequencgs).(R; and R, were both
measured with 10 different delays and a CPMG pulse
sequencedp) with a refocusing delaysm,, of 450us for the

cleave the histidine tag. The tag and the uncut protein wereR, measurementsR; and R, were calculated by fitting the
removed from the mixture through a passage on the HITRAP peak heights versus delay time using a single-exponential
chelating column. Remaining contaminants were removed decay according to the Levenberiylarquardt equation3{,

by gel filtration on a Superdex G-75 HiLoad column, at room
temperature, in 0.1 M NaCl. The pH of the protein was

38). Uncertainties were determined by using a Monte Carlo
approach39). HeteronuclealH—5N NOEs were calculated

adjusted to 6.0, and the sample was concentrated to the finaby taking the ratio of peak volumes with and withdit

volume of 0.5 mL.

Protein concentrations were determined spectrophotometri-

cally, assuming,74 = 3260 Mt cm™! (26), and the purity
was checked on polyacrylamide gel electrophoresis.

NMR Sample Preparation and Measuremeiitse NMR
samples were prepared by dissolving the protein in £00
of an aqueous solution containing 100 mM NaCl and 10%
D,0. The pH was adjusted to 6.5 using 0.01 M NaOH or
HCI solutions. The final concentrations of the singly and
doubly labeled samples were around 4 mM.

The TB*-substituted oncomodulin (CaTbOM) sample,
with Th®* replacing the CH ion in the EF site, was prepared
by titration of the dicalcium oncomodulin (CaCaOM), up to
a TB*/Ca" ratio of 0.9/1 to avoid occupancy of other sites.

The titration progress was followed by two-dimensional
(2D) 'H—15N HSQC @7) spectra at 700 MHz. The achieve-
ment of the desired Fih/C& ratio of 0.9/1 was monitored

saturation.

Structure Calculation.3D NOESY-HSQC cross-peak
volumes were determined with Sparky using Gaussian peak
shapes. The validity of the integration results was tracked
by checking the line width of each dimension. The integrals
were converted to upper distance limits by CALIBAQ].
Dihedral ¢ andy angles, stereospecific assignments, and
H-bonds were the additional input constraints for structure
calculations.

DYANA (41) employing torsion angle dynamics (TAD)
combined with a simulated annealing algorithm was used to
calculate a series of 200 structures in 10 000 annealing steps
starting from randomly generated conformers.

The quality of each structure is described by the value of
a target function that is proportional to the squared deviations
of the calculated restraints from the experimental ones plus
the squared van der Waals violations. The metal ions were

(28), as cross-peaks of the CaCaOM form disappeared, whilejntroduced by a linker made of pseudoatoms to the C-

the new signals of the CaTbOM complex developed their
full intensity.

The NMR spectra were acquired on a Bruker AVANCE
700 spectrometer (700.13 MHz nominal proton frequency),

terminus and were imposed to be between 2.0 and 2.8 A
from the donor atoms of the CD- and EF-had@-(44). The

PCS and RDC values for the Ibsubstituted derivative were
used as paramagnetic restraints together with all diamagnetic

and theR, R,, and NOE relaxation measurements were taken restraints through the appropriate PARAMAGNETIC-

at 283 and 298 K using a Bruker AVANCE 600 spectrometer

DYANA modules @5). Tolerances of£10% or=+0.10 ppm

(600.13 MHz nominal proton frequency). Both spectrometers for the PCS values an#l0.50 Hz for RDC values were used

were equipped with a triple-resonance (TXI) 5 mm probe
with a z-axis pulse field gradient. All spectra were recorded

for the structural calculation. A fixed weight of 0.5 for PCS
and 0.1 for RDC values relative to the weight of 1 for the

at 283 K. The water signal was suppressed using presatuNOEs was used in the calculations.

ration during the relaxation delay and mixing time or by
using the WATERGATEZ9) method. All NMR experiments
are described in the Supporting Information.

The 2D spectra were processed with XWINNMR Bruker
software, while the three-dimensional (3D) spectra were
processed with NMRPipe3(). All spectra were analyzed
by Sparky (University of California, San Francisco, CA))
using extensions written in python computer language.

To obtain PCS values of the native protein and®Fh
substituted derivativéH—1N HSQC spectra were recorded
at 298 K using spectral widths of 14 and 38 ppm in tHe
and®®N dimensions, respectively; 256 increments each with

The 20 structures with the lowest target function were
included in the final set to determine the rmsd values from
the mean for the backbone atoms and for all heavy atoms.
MOLMOL (46) and PROCHECK 47) were subsequently
used for secondary structure analysis. The final family of
the 20 best structures was minimized by iterative cycles of
PARAMAGNETIC-DYANA, coupled to the RAMADYA-

NA module @8) followed by restrained energy minimization
(REM) with AMBER 5.0 @9).

The coordinates have been deposited in the Protein Data
Bank (PDB entry 1TTX).

1024 complex data points and 48 transients were collected.RESULTS

Raw data were multiplied in both dimensions by a squared

cosine window function and Fourier transformed to obtain
a final matrix of 1024x 1024, or 512x 512 real data points
for HSQC spectra. A polynomial baseline correction was
applied in thef, dimension.

One-bond'H—'N coupling constants were measured at
298 K and 700 MHz either by fitting a series of
IJww-modulated HSQC spectr@2) or by using the IPAP
method 83).

The parallel analysis of CBCANH and CBCA(CO)NH
(50) led to the backbone resonance assignment. One hundred
three of 108 amide resonances were assigned in this way.
The missing amino acids, two prolines, two glutamates, and
one glutamine, were found later by analyzing the 3D
NOESY-HSQC 51) spectrum.

The analysis of the HN(CA)CO and HNCO spectsd)(
allowed us to assign the carbonyl resonances of the protein.
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Furthermore, we detected 18 H-bonds in the TROSY-like Table 1: Type and Number of Restraints Used in the DYANA

HNCO spectrag2). Calculation and Structural Statistics

The aliphatic side chain spin systems were obtained NMR Restraints
through the 3D CC(CO)NH SpeCtr653) and (H)CCH' no. of distance restraints
TOCSY spectrag4) and in some cases with the help of 3D total 1708
NOESY-HSQC spectra. The assignment of the aromatic intraresidue 160
resonances was carried out by the analysis of 2D NOESY ﬁg&’ﬁﬂi’jgﬁé;}gmi(i )0 i+5) 2%
(55 and 2D TOCSY 55) spectra. The side chain NH long rangei( i + 5) 371
resonances of the glutamines and asparagines were assigned no. of M2*3* restraints
while analyzing théH—'5N HSQC spectrum together with total 13
the 3D NOESY-HSQC spectra. :Iss'?fe ?

The backbonep and i angles were estimated by the H-bond 18
chemical shift index (CSI)56). 3Junna coupling constants no. of dihedral angles
were determined in the 600 MHz HNHAT) experiment. total 110
Eight a-helices, whose position was identical with that of ¢ gg
the corresponding helices of the rat oncomodulin, were Stetfeospeciﬁc assignments 31
predicted by CSI. no. of pseudocontact shift (PCS)

The H, N, and 3C resonance assignments are in the total 142
Supporting Information. The assigned nuclei are 98, 93, and Eactgone HN gg
96.5% for'H, 13C, and™®N, respectively. S%% Cﬁg{‘; N 6

NOE RestraintsThe analysis of thé3C-edited and>N side chain HN 12
edited 3D NOESY-HSQC spectra provided 2300 assigned  no. of residual dipolar coupling (RDC)
cross-peaks and 1912 unique upper distance limits, of which K’t‘g' " 33?7
1708 were found to be meaningful. The meaningful con- S%% Cﬁgﬁs _
straints consisted of 160 intraresidue, 537 sequential, 640 o
medium-range, and 371 long-range NOEs. The plot of the Structura| Stafistics

. . . . . most favored region (%) 79.8
meaningful NOEs per residue is shown in the Supporting additional allowed region (%) 20.2
Information. The average of the meaningful NOEs per generously allowed region (%) 0
residue is around 17; 31 stereospecific assignments were disallowed region (%) _ 0
identified by GLOMSA @0). Distance restraints, dihedral no. of bad contacts/100 residues 0

e : H bond energy (kJ/mol) 3.63
angles, stereospecific assignments, and H-bonds were used overall G-factor —0.27

for structure calculations (Table 1). "
. : Values are for the minimized average structure. PROCHECK-NMR
Pseudocontact Shiftdt is well-known, and here con- (47) was used to assess the overall quality of the structure. For the

firmed, that lanthanides occupy the C-terminal EF-hand 100p pROCHECK statistic, fewer than 10 bad contacts per 100 residues, an
of EF-hand domains in general and of parvalbumins in average hydrogen bond energy in the range of-2.8 kJ/mol and an
particular 68—60), without inducing structural perturbations  overall G-factor of greater thar-0.5 are expected for a good quality
outside the immediate vicinity of the metal i061). Th** structure.

has been chosen as one of the lanthanides providing the

largest PCS because we were interested in the refinemenwherey, 8, andw are the polar coordinates of the resonating
of the AB domain with the respect to the rest of the protein nuclei.

(28, 42). A plot of the calculated versus experimental PCS values
Tb3" in CaTbOM broadens lines sometimes beyond is given in the Supporting Information. PCS values used in
detection; 74 (62 backbone NH and 12 side chaimp)Nbi solution structure calculations can also be found in the

88 detectable peaks in thel—'°N HSQC spectrum of the  Supporting Information.

Th3*-substituted protein (CaTbOM) were assigned in a  Residual Dipolar CouplingsRDC (64) are due to partial

semiautomated way using predictions based on the para-orientation of the molecules in the magnetic field due to

magnetic susceptibility anisotropy and the predicted structure anistropic susceptibility and are detected throtijmeasure-

as discussed elsewhe&8). The metal-nuclei distances and  ments. The paramagnetic contributions to RDC for backbone

the ratios betweetH and’>N pseudocontact shifts were also amides were determined as a difference between!he

taken into account during the assignment procedure. Theseneasured in the Th-substituted derivative and those

ratios were considered to be in the range of 8:I30 for measured on the native protein.

all NH groups that are more than 12 A from the metal. The paramagnetic RD€?are related to structural param-
The anisotropy tensor parameters were calculated usingeters through the following equatio6%):

the PCS values of 1#H—'N HSQC peaks, by FANTASIA

(62). The equation relating PCS and the magnetic anisotropy ara 1 Boz yuyah
H - _ = _ Y par _
parameters is6Q3) RDC 40 15T g2 AybA3 cos 6 — 1)+
PCS= 6" = ﬁ A3 cod 0 — 1)+ AL 0 cos )| (2)
Ti

gAxﬁ?ra(Sinzecos Q)| (1) where 22 is the axial andyf™ the rhombic tensor
parameter determined by the PCS (see above) véhdad
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Table 2: Restraints Used in Structure Calculations Resulting in the Target Function and Mean rmsd Values for the Backbone and Heavy
Atoms

target function (&) mean rmsd (A)aP
diamagnetic restraints paramagnetic restraints  diamagnetic restraints ¢ VEN@S RDC total backbone  heavy atoms
1714 NOEs, 44 H-bonds, — 0.21 0.09 0.22- 0.03 0.59+ 0.06 1.11+ 0.09
55 angles, 5% angles
1714 NOEs, 44 H-bonds, 142 PCS 0.14 0.12 0.13 0.400.07 0.55£0.09 1.09+0.07
55 angles, 5% angles
1714 NOEs, 44 H-bonds, 142 PCS, 37 RDC 0.16 0.17 0.38 0.02 0#®.10 0.50+0.09 1.09+0.08

55 angles, 5% angles

aFor 20 structures? Residues 3-108.°¢ Target function for van der Waals violations.

Ficure 1: Stereoview of the final family of 20 conformers.

¢ are the polar coordinates describing the-Ml bond Mobility Data. The NMR experiments for mobility data
orientation within the principal axis system of tg"atensor. were performed at either 283 or 298 K using a 600 MHz
rnu IS the bond length between the H and N atoms. Other spectrometer. The averad®, R,, and NOE values are
symbols have their usual meaning. RDC values of 37 NHs consistent with a monomeric 12 kDa protein. The relaxation
could be measured which were evenly distributed along the rates merely showed fluctuation along the sequence, showing
sequence, except the stretch of the®Thinding loop that no regions are highly flexible. We did not notice a
(residues 96:101). A plot of calculated versus experimental significant increase in mobility when the temperature was
RDC values is given in the Supporting Information. increased from 283 to 298 K.

RDC values used in structure calculations for CaTbOM

are also given in the Supporting Information. The final tensor DISCUSSION
1073 and (5.74 0.8) x 1073 m?. Their Rat OrthologsA detailed comparison between the 3D

In summary for the structure calculation, a total of 1708 structure of human and rat OM, which is available at 1.3 A
meaningful NOEs, 55p and 55 dihedral angles, 31 resolution, showed a good agreement between the two
stereospecific proton pairs, 18 hydrogen bonds, 142 PCS,structures, as expected. The two ortholog proteins in fact
and 37 RDC (Table 1) were used in DYANA calculations have a level of residue identity of 88%. Table 3 shows the
using the PSEUDYANA module6@). Paramagnetic re-  sequence alignment for human and rat oncomodulins together
straints improved the quality of the structure (Table 2) not with human and raix-parvalbumins. A secondary structure
only for the residues for which PCS or PCS and RDC values comparison is also shown. The solution structure of human
were available but also elsewhere. Particularly, all nonhelical OM is characterized by the following secondary structure
parts were improved. The two calcium binding sites are quite elements (residues in parentheses} (2—4), a2 (7—17),
improved, despite the fact that no restraints could be obtaineda.3 (26—-32), 04 (40-50), 81 (57 and 58)a5 (60-63), a6
in the immediate neighborhood of the paramagnetic metal. (64—69), a7 (79-89), 2 (97 and 98), and8 (99-107).
Also, a relevant improvement was obtained for helix 3. The The secondary structure elements found are largely in
mean rmsd values per residue for the two structure families agreement with the ones of the crystal structure of rat OM,
calculated using diamagnetic restraints only and diamagneticas expected, with the only exception being helix 5, which
restraints with both PCS and RDC values are given in the starts one amino acid before and is immediately connected
Supporting Information. Figure 1 shows the final family of to helix 6, giving rise to a single-kink helix, while in the rat
20 conformers. For the average final structure, 79.8% of the structure, the two helices are divided by a two-residue linker.
residues are in most favored regions and 20.2% in addition- The latter helices are separated by a short connecting linker
ally allowed regions of the Ramachandran plot (Table 1). also in the human and rat PV structure, as shown in Table
These statistics demonstrate a good quality of the solution3-
structure as confirmed by the fact that they do not substan- Only few local differences are present. As previously done
tially change using the RAMADYANA module4g). in the comparison of human and rat P28), the Ramachan-
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Table 3: Sequence Alignment for Human and Rat Oncomodulin and Parvalbumin, as Well as a Comparison of the Secondary Structure and

Ramachandran Regidn

10 20 30 40 50 60 70 80 90 100
H-OM |MSITDVLSADD IAAALQECRD PDTFEPQKFF QTSGLSKMSA NQVKDVFRFI DNDQSGYLDE EELKFFLQKF ESGARELTES ETKSLMAAAD NDGDGKIGAE EFQEMVHS-
CTHHHBTHHHH HHHHHHHBCT BBCCTHHHHH HHBTCBBBTH HHHHHHHHHH TBBCCBSSTH HHHHHHHHHB TBBCTCBTHH HHHHHHHHHC BBBBBCSSHH HHHHHHHC
AAAAAAAAA AAAAAAAAAB BLABBAAAAA AAALAAABBA AAAAAAAAAA BAALALBBBA AAAAAAAAAA BAABAAABAA AAAAAAAAAB AALALBBBAA AAAAAAA
10 20 30 40 50 60 70 80 90 100
R-OM | SITDILSAED IAAALQECQD PDTFEPQKFF QTSGLSKMSA SQVKDIFRFI DNDQSGYLDG DELKYFLQKF QSDARELTES ETKSLMDAAD NDGDGKIGAD EFQEMVHS-
THHHBBTHHH HHHHHHHBCT BBCCTHHHHH HHBTHHHBTH HHHHHHHHHH TBBCBBSSTT HHHHTTHHHB TBBBCCCTHH HHHHHHHHHC CBBBBBSSHH HHHHHHCC
AAAABBAAA AAAAAAAAAB BLABBAAAAA AAALAAABBA AAAAAAAAAA BAALALBBBL AAAAAAAAAA BAABBBBBAA AAAAAAAAAB AALALBBBAA AAAAAAA
10 20 30 40 50 60 70 80 90 100
H-PV |MSMTDLLNAED IKKAVGAFSA TDSFDHKKFF QMVGLKKKSA DDVKKVFHML DKDKSGFIEE DELGFILKGF SPDARDLSAK ETKMLMAAGD KDGDGKIGVD EFSTLVAES
CTBTBBBTHHH HHHHHHHHCB BBCCTHHHHH HHBTHHHBTH HHHHHHHHHH TBBCBBSSTH HHHBTTHHHH TBBCCCCTHH HHHHHHHHHC BBBBBBSSHH HHHHHHHHC
BBAAAABAAA AAAAAAAABB AAABBAAAAA AAALAAABBA AAAAAAAAAA BAALALBBBA AAAAAAAAAA BBLABBBBAA AAAAAAAAAB AALALBBBAA AAAAAAAA
10 20 30 40 50 60 70 80 90 100
R-PV | SMTDLLSAED IKKAIGAFTA ADSFDHKKFF QMVGLKKKSA DDVKKVFHIL DKDKSGFIEE DELGSILKGF SSDARDLSAK ETKTLMAAGD KDGDGKIGVE EFSTLVAES
THHHHBTHHH HHHHHHTTCT BBCCTHHHHH HHHTHHHBTH HHHHHHHHHH TBBCBBSSTH HHHHTHHHHH TBBBCCCTHH HHHHHHHHHC BBCBBBSSHH HHHHHHHCC
AAAABBAAA AAAAAAAAAB BLABBAAAAA AAALAAABBA AAAAAAAAAA BAALALBBBA AAAAAAAAAA BAABBBBBAA AAAAAAAAAB AALALBBBAA AAAAAAAA

a Symbols used for secondary structure comparison indicate the following: H for helix, Bsfoeet, C for coil, T for turn, and B for bend.
Symbols used for the backbone angle comparison indicate the characteristic region of the Ramachandran plot (A, B, or L).

Table 4: Interhelix Angles and Distances for Human and Rat Oncomodulin and Parvabumin

PDB AB AC AD AE AF BC BD BE BF CD CE CF DE DF EF protein
Interhelix Angles

1rro  150.1 —59.6 —100.7 120.1 81.9 113.9 53.1-83.0 —75.7 114.0 —144.0 116.1 101.6 —24.1 955 R-OM (1.3A)

honc 1395 —69.6 —101.0 118.6 78.6 103.4 39.1-940 -76.4 98.8 —137.1 129.1 118.4-49.3 92.8 H-OM(NMR)

irtp 152.8 —60.5 —107.7 118.2 81.2 109.8 50.9-86.5 —81.7 113.0 —136.2 116.3 104.9-31.5 104.0 R-PV (2.0A)

hprv 161.6 —48.7 —120.1 118.1 79.3 119.9 44.2-79.9 —-94.1 106.2 —140.6 109.1 110.6 —57.6 102.2 H-PV (NMR)
Interhelix Distances

1rro 9.4 182 20.3 194 203 155 188 141 13.0 16.3 19.4 102 111 167 13.8 R-OM(1L.3A)

honc 10.1 18.3 20.7 17.2 20.2 155 18.8 12.3 124 16.2 18.8 10.1 10.6 16.0 14.0 H-OM (NMR)

1rtp 9.7 181 20.2 205 20.7 152 18.7 152 132 159 19.4 102 108 159 141 R-PV(2.0A)

hprv 8.7 15.8 199 19.0 179 145 198 15.7 11.2 16.9 199 111 103 17.6 14.6 H-PV (NMR)

a Angles and distances were calculated with interl@ig) ( Sign convention is as described by Drohat et aB).(Helix A consists of residues
10-17, helix B residues 2632, helix C residues 4050, helix D residues 6063, helix E residues 7989, and helix F residues 94.07.

dran values of each residue were analyzed for the two CD and EF sites (residues7@8). The¢ andy angles place
ortholog proteins (Table 3) to obtain information about these these residues in the A, A, and A regions, respectively,
local but still important differences. By looking at these whereas those of the rat protein are in the B, B, and B
differences in detail, we find it is apparent that some residuesregions, respectively.
are in different regions (e.g., from the A to the B region of  Another difference is related to Glu 60, which is clearly
the Ramachandran plane or vice versa) between the twoin the A region and therefore is the starting residue of helix
ortholog proteins. 6. The corresponding amino acid in rat OM is a Gly, and its

All the differences are related to residues located in ¢ and y angles are out of the allowed regions in the
loops: Leu 6, Ser 7, Arg 75, Glu 76, and Leu 77. In the Ramachandran plot. A comparison with the teeparval-
case of Leu 6, which occurs before helix 2, the Ramachan- bumins showed that residue 60, which is a Glu in both cases,
dran plot shows that th¢ andvy angles of this residue are is also placed in the A region of the Ramachandran plane.
in the A region, whereas those of rat OM are in the B region.  In summary, there are three different regions in human
In this case, the residues that immediately precede theOM, around Ser 7, Gly 60, and Arg 75, that show a distinct
sequence are different. In fact, for the human OM, we have change, beyond uncertainty, in the local fold with respect to
a Val at position 5, while in the case of the rat, the residue rat OM, and in each of these three cases, this difference is
preceding Leu 6 is an lle. The same residue showed suchrelated to a difference in one amino acid between the two
differences in the Ramachandran values for the humBv ortholog proteins.
as previously describe@8®). The following residue, Ser 7, A detailed comparison of interhelix angles and distances
exhibits the same behavior with and iy dihedral angles  of OM with its ortholog and paralog proteins showed some
characteristic of the A region in the Ramachandran plot for small differences of a more global nature. The interhelix
the human OM structure. An ADD stretch follows Ser 7 in angles, calculated with the interhix prograB6)in Table
the human OM, while an AED stretch follows in rat OM 4, are defined between the two helix stretches closest to the
and both human and rat PVs. AB, CD, and EF sites, and therefore involve helicgsand

A second difference between the two structures is observedo3, a4 anda5b, anda7 ando8. The interhelix distances are
at residues 7577, which are in the linker connecting the measured between midpoints of the helices.
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linker D-E A CD domain

D-E linker

B-C linke
EF domain
B CD domain
D-E linker
B-C linker
AB domain
EF domain

Ficure 3: Surface representation (VAW radii) of human onco-
modulin (A) and parvalbumin (B). The N-terminal AB domain
(residues %33) is colored blue, the linker between helices B and
C (residues 3439) white, the CD EF-hand (residues4E8) cyan,
the linker between helices D and E (residues-88) magenta, and
the C-terminal EF EF-hand (residues —788) yellow. The

B molecules have the same orientation, after best fit superposition of

. . . helices C-F. Note the poorer fit between the AB domain and the
FIGURE 2: Superposition of calcium-loaded human oncomodulin p_E Jinker in OM with respect to PV.

(blue) and parvalbumin (red). The helix pairs are shown with

different color intensities, becoming lighter going from the N- . oo .
terminus (AB, dark) to the C-terminus (EF, light). In panel A, the t0 the CD and EF sites than it is in PV. In Figure 2, the

molecules are oriented in such a way that the bottom of the “basket” solution structures of the two €aloaded human proteins
formed by the C-terminal domain (EF-hands CD and EF) is at the are superimposed with MOLMOLA4§). It is evident that
botto(;n part Oftf?e figure and tr?e baﬁket “Iild” clonstituted by r(;eliges while the CD and EF sites are very much coincident, the
A and B is at the top. In panel B, the molecules are rotated about . o . . . L

the x-axis by 90, relative to the orientation in panel A. From this nonfunctlonaI_AB site 1 r«_':lther (_:I|fferent In orientation in f{he
perspective, the side shift of the AB domain with respect to the W0 PVs. This geometrical difference can be described
linker between helices D and E is evidenced. (Figure 2B) as a down-left movement of helix A in OM,
which in turn pushes helix B toward helix F, the latter being

By first examining the functional C-terminal domain of .
all proteins (CD and EF sites), we keep the EF angle constantforCeOI toward the bottom of the CEEF basket (Figure 2A).

in both rat and human OM, being higher in PV, while the ~ Looking at the surface of the two proteins (Figure 3), we
CD angle is much smaller in human OM than in rat OM, find that the overall result of such an extensive movement
accentuating the trend already observed between human anéf the enlargement of the crevice located between the AB
rat PV. Much larger variations are found in the AB domain, domain (blue) and the linker connecting helices D and E
since the AB angle differs by as much a$ P2tween human  (magenta).
OM and PV. Interestingly, the same angle has an intermedi- Inferences from the Structural Compariséncomparison
ate value in both rat proteins. The interhelical distances reflectwith C&*-loaded EF-hand pairs 1ll and IV of human
the same difference between the human and rat protein. calmodulin (CaM) shows that these two EF-hands have a
Another feature that is worth noting is the variation in the structural arrangement that is very similar to those of the
AE interhelical distances. They are smaller in OM than in CD and EF sites of human OM and PV (Figure 4). The
PV, and within each ortholog, they are smaller in the human overall structural similarity between the two human PVs and
than in the rat proteins. The BE interhelical distance is also with CaM is in line with the hypothesis that they share a
shorter in human OM than in the other proteins. Overall, common evolutionary ancestor endowed with the prototypical
the AB site in OM (and particularly in human OM) is closer calmodulin-like structure of two EF-hand pairs separated by
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FiGUurRE 4: Superposition (stereoview) of human oncomodulin (blue) and the C-terminal domain of human calmodulin (red) bound to the
C20W peptide (yellow) belonging to the N-terminal portion of the CaM-binding domain of the plasma membrane calcium pump. The helix
pairs are shown with different color intensities, becoming lighter going from the N-terminus to the C-terminus. The superposition was
obtained by best fitting the CD and EF domains of OM with the corresponding C-terminal sites Ill and IV of CaM. It appears that the
endogenous AB domain of OM occupies a position very similar to that of the exogenous C20W peptide bound to CaM.

2 Ca, EF-hD +Pep resulting “adduct”. Indeed, upon removal of the AB loop in
/ \ pike PV, the calcium affinity of the remaining CEEF
K, K, fragment decreases by 2 orders of magnitd@, 6uggesting
Apo EF-hD P i CaEF-hD-Pep that evolution of the AB site to an abortive site was
'\2 / instrumental in the increase of the Taffinity of the CD—
+ Pep +2 Car EF domain in PVs.

Apo EF-hD- Pep It is worth recalling that the level of sequence identity
El(:;UhRaEn%: Tafi‘reBnggndggﬂagichcgflgfdtﬁgfg{(‘:?uﬁeigi]nsdg‘r?dtoaatgf%? between the two proteins is 50%, but the conserved residues
peptide, irl? whatever order. The higher affinity of the peptide gfor are d_lfferently distributed among EF-.hand pairs. Indeed, the
the calcium form Kz > K) implies a higher affinity of calcium  AB site has the lowest level of identity (44%), followed by
for the apo EF-hand paipeptide adduct, > Ky). the EF (50%) and CD (53%) pairs. Additionally, the loop
between helices A and B shows an even larger variance:
a linker. The presence in the m-RNA-BTR of vertebrate  only two residues of eight are conserved, while four and eight
o-PVs of a pseudocoding sequence for an EF-hand favorsof nine residues are conserved in the CD and EF loops,
this possibility, by which a first evolutionary branching from  respectively.
the calmodulin-like ancestor was determined by the loss of  Itis possible, therefore, that given the intrinsic differences
the first EF-hand and the loss of €ainding ability of the between the two AB sites, their “binding” to the rest of the
second EF-hand, in an unknown order. protein is weaker in OM than it is in PV. Figure 3 suggests
Given the strong similarity of the C-terminal halves of that the AB site, composed of helices A and B separated by
PVs, it is difficult to understand why the OM CD site-sl the AB linker, is less engulfed in the hydrophobic pocket
order of magnitude less able to bind ®Cahan the corre-  defined by the BC and DE linkers in OM (Figure 3A) than
sponding PV siteX4). However, the observation described it is in PV (Figure 3B). Although less evident in the rat
here of a different arrangement of the AB site with respect orthologs, the presence of a deeper surface pocket involving
to the CD and EF sites may hint at a possible explanation. residue 18 was also pointed out.
Calcium binding in CaM and other calcium sensor proteins  Finally, it may be interesting to compare the arrangement
is known to dramatically increase the affinity of one (or two) of the AB site in the two proteins with those of target
EF-hand pair(s) for a target peptide with respect to the peptides that are known to bind to only the C-terminal
corresponding calcium-free EF-hand pair. From a thermo- domains of CaM 71) and myosin light chains7@), at
dynamic point of view, this is equivalent to stating that the variance with the classical peptide binding mode involving
presence of a bound target peptide increases the affinity forpoth N- and C-terminal domains. Figure 4 shows a super-
calcium of a calcium-free EF-hand pair. In Figure 5, a position of human OM with the C-terminal domain of CaM
thermodynamic cycle describing the binding to an apo EF- bound to a peptide (C20W) belonging to the N-terminal
hand pair domain (Ef-hD) of two calcium ions (assumed to portion of the CaM-binding domain of the plasma membrane
be cooperative without a loss of generality) and a target calcium pump 71). After the EF-hand pairs are superim-
peptide, in whatever order, is showi’-69). As it is well- posed, the AB domain occupies a position similar to that of
known that in a typical Cd-activated EF-han#éz > Ko, it C20W, with the beginning of helix A being very close to
follows thatK, > Ky; i.e., binding of calcium to an apo EF-  the N-terminus of C20W and with helix B very close to its
hand is enhanced by the presence of a bound peptide. If weC-terminus.
view the AB sites ino- and 5-PVs as endogenous “target
peptides”, the high calcium affinity of parvalbumins is SUPPORTING INFORMATION AVAILABLE
justified, and thaifferencesn calcium affinity between the Acquisition parameters for NMR experimenfsj, 15N,
two proteins may be related to the different stability of the and!3C resonance assignments; stereospecific assignments
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and dihedral angle restraints; and pseudocontact shift and 21
residual dipolar couplings used for structure refinement
(Tables S1-S8). Figures StS4 are plots of the meaningful

NOEs per residue, mean backbone rmsds per residue, 22

calculated versus experimental PCS, and calculated versus

experimental RDC, respectively. This material is available
free of charge via the Internet at http://pubs.acs.org.
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