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Abstract EMILINI1 is a glycoprotein of elastic tissues
that has been recently linked to the pathogenesis of
hypertension. The protein is formed by different indepen-
dently folded structural domains whose role has been
partially elucidated. In this paper the solution structure,
inferred from NMR-based homology modelling of the
C-terminal trimeric globular Cl1q domain (gC1q) of EMI-
LIN1, is reported. The high molecular weight and the
homotrimeric structure of the protein required the
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combined use of highly deuterated '°N, '*C-labelled sam-
ples and TROSY experiments. Starting from a homology
model, the protein structure was refined using heteronu-
clear residual dipolar couplings, chemical shift patterns,
NOEs and H-exchange data. Analysis of the gCl1q domain
structure of EMILIN1 shows that each protomer of the
trimer adopts a nine-stranded f sandwich folding topology
which is related to the conformation observed for other
proteins of the family. Distinguishing features, however,
include a missing edge-strand and an unstructured 19-res-
idue loop. Although the current data do not allow this loop
to be precisely defined, the available evidence is consistent
with a flexible segment that protrudes from each subunit of
the globular trimeric assembly and plays a key role in inter-
molecular interactions between the EMILIN1 gClq
homotrimer and its integrin receptor a4f1.

Keywords Elastic fibres - EMILINI -
Globular C1q domain - Homotrimeric proteins -
Large system NMR - Partially deuterated proteins

Abbreviations
ACRP30  Adipocyte complement-related protein of
30 kDa
CSA Chemical shift anisotropy
DD Dipole—dipole
EMILIN1 Elastin microfibril interface located protein 1
EMILIN2 Elastin microfibril interface located protein 2
gClq Globular Clq domain
IPAP In-phase anti-phase
NOE Nuclear overhauser effect
RDC Residual dipolar couplings
TGF Tumor growth factor
TNF Tumor necrosis factor
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Introduction

EMILIN (Elastic Microfibril Interface Located ProteIN) is
an extra-cellular matrix glycoprotein originally isolated
from chicken aorta in 1983 (Bressan et al. 1983). Abundant
in blood vessels, the protein was also found in connective
tissues of different organs, always in association with
elastic fibres containing elastin (Colombatti et al. 2000).
Cloning the cDNA of chicken EMILIN led to the isolation
of the human and mouse gene and allowed the identifica-
tion of three homologous proteins that constitute the
protein family of EMILINS. In addition to the first isolated
EMILIN, later renamed EMILINI, the family includes
EMILIN2 (Doliana et al. 2001), Multimerin or EMILIN-3
(Hayward et al. 1995) and Endoglyx-1 or Multimerin 2
(Christian et al. 2001). The exact function of EMILINSs
remained largely unknown until recently when it was found
that the secreted protein EMILIN1 is a negative regulator,
through the N-terminal domain, of TGF-f signalling, a
pathway that has a major role in blood pressure homeo-
stasis (Zacchigna et al. 2006). EMILIN1-deficient mice, in
fact, have increased levels of active TGF-f in the vascu-
lature which results in smaller blood vessels, increased
peripheral resilience and hypertension (Danussi et al.
2008). Moreover, for the C-terminal domain of EMILIN1 a
functional involvement in cell migration has been observed
(Spessotto et al. 2006). Human EMILIN1 protein, as well
as its homologues, has a modular organization (Doliana
et al. 2001). Due to the presence of the globular Clq
domain (gClq), EMILINs belong to the large C1q/TNF
superfamily of proteins. A hallmark of gC1q domains is the
promotion of trimeric oligomerization of the molecules in
which they occur (Kishore et al. 2004).

X-ray crystallography has been used so far to derive
structures of the isolated C-terminal gC1q domains of four
proteins of the family, namely the mouse ACRP30
(Shapiro and Scherer 1998), human collagen X (Bogin
et al. 2002), human collagen VIII (Kvansakul et al. 2003)
and human complement Clq (Gaboriaud et al. 2003).
These proteins show similar quaternary structures obtained
by the non-covalent association of three identical poly-
peptide chains (homotrimer), or three different chains
(heterotrimer) in the case of human complement C1q. The
analogy among the members of the family also extends to
the tertiary structure of each protomer that adopts a f
sandwich topology formed by two-five-stranded /3 sheets of
anti-parallel f-strands.

As expected, the isolated human EMILIN1 gClq
domain also forms homotrimers, with a strong prevalence
of f secondary structure elements (Mongiat et al. 2000;
Verdone et al. 2004). The EMILIN1 gClq domain has
been identified as a fundamental component of the whole
molecule, both from a structural and a functional
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viewpoint, for two main reasons: first, it is the domain that
is able to initiate and drive the trimerization of the whole
protein; second, the domain has recognized cell-adhesion
and cell-migration stimulating properties that are mediated
by interactions with o4f1 integrin, a trans-membrane
receptor predominantly expressed on the surface of
hemopoietic cells (Spessotto et al. 2003; Spessotto et al.
2006).

To outline the specific structural details that determine
those functions, we undertook the NMR characterisation of
the molecule. Following the resonance assignment and
preliminary secondary structure identification (Verdone
et al. 2004), we now present the three-dimensional struc-
ture of the EMILINI gClq trimer, obtained by NMR-
restrained homology modelling, and a description of the
methodology adopted. The functional inferences that were
obtained from structure modelling were successfully tested
in mutagenesis experiments (Verdone et al. 2008). The
EMILIN1 gClq model reported in this study is the first
NMR-based determination of a gClq domain; at ~52 kDa
this is technically challenging for NMR. Due to the sub-
stantial lack of NOE-based distance restraints for structure
calculation, the definition of the molecule tertiary and
quaternary structure was obtained by a combination of
homology modelling and structure refinement with heter-
onuclear residual dipolar coupling restraints measured in
anisotropic gel phase.

Materials and methods
Sample preparation

The recombinant gC1q domain of EMILIN1 was expressed
as (His)e-tagged protein and purified as previously descri-
bed (Mongiat et al. 2000). It is a polypeptide chain of 162
amino acids, 150 from the natural domain sequence, seven
from a N-terminally fused histidine tag and initial Met
residue and five derived from the cloning strategy, i.e.
MetArgGlySer(His)sGlySer, at the N-terminal side of the
150-residue EMILIN1 gClq domain. The recombinant
product forms a stable trimeric protein aggregate with an
acidic isoelectric point (pI: 5.32) and a molecular weight of
51,624 Da. The increase of 1,151 Da compared to the
value formerly published (Verdone et al. 2004) arises from
correcting the primary sequence that had been used for
calculating the molecular weight. The correct sequence
was obtained by nucleotide sequence and mass spectrom-
etry on the product without isotopic enrichment. After an
initial screening for the best solubility conditions, a 20 mM
phosphate, 100 mM NaCl, 0.02% (w/v) NaN3, 5% (v/v)
D,0, pH = 7.5 solution was used to dissolve the protein,
yielding a clear sample which proved to be stable for
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several months. A 1.8 mM protomer concentration sample
(0.6 mM homotrimer concentration) of U-3C, U-PN, 80%
’H labelled protein was used for the majority of the NMR
experiments. Two more samples with different isotopic
enrichment, 1 mM in protein concentration, were
employed in the same buffer using U-'"N, 70% *H labelled
protein, and U—13C, U-N labelled protein. All labelled
protein samples were purchased as lyophilized powders
from Asla Biotech (http://www.asla-biotech.com).

Multidimensional NMR spectroscopy

NMR experiments were performed at 310 K on the Oxford
laboratory home-built/GE-Omega spectrometers operating
at field strengths of 11.7, 14.1 and 17.6 T, i.e. 500, 600 or
750 MHz proton resonance frequency, respectively, and on
the Udine laboratory Bruker Avance 500 NMR system.
Various 'H,"’N-HSQC experiments (Palmer et al. 1991;
Kay etal. 1992) with different spectral widths were
recorded in order to establish the range of amide reso-
nances (see “Supplementary material”’). Backbone
sequential assignment was obtained through a suife of tri-
ple resonance TROSY experiments (Salzmann et al. 1998,
1999) as detailed in “Supplementary material”. Three
dimensional spectra were typically acquired with
64 x 48 x 512 complex data points and 32-96 scans/tl.
Multi-dimensional datasets were recorded in a phase-
sensitive manner with quadrature detection by the States/
TPPI (States et al. 1982; Marion and Wiithrich 1983) and
echo-antiecho (Davis et al. 1992) method in the indirectly
detected dimensions. The 'H carrier frequency was set to
the water resonance and broadband decoupling of the
heteronuclei during acquisition was achieved using GARP
or WALTZ-16 sequences at decoupling field strengths
corresponding to yB /27 of 833 Hz (°N) and 2,500 Hz
(**C) (Shaka et al. 1983, 1985). H decoupling, using a
bandwidth of 385 Hz centred at 115.132091 MHz (°H
frequency) and a WALTZ modulation scheme, was also
applied during the '*C evolution period of all the experi-
ments recorded on the 750 MHz spectrometer ('H
frequency). All the experiments employed a gradient
enhanced scheme (Kay et al. 1992), a constant time period
for the >N evolution time (21.8 ms) and an e-snob selec-
tive pulse (Boyd and Soffe 1989) to align water
magnetization along the 4z axis before acquisition.
Gaussian shaped pulses (G3) were normally used to obtain
selective excitation of '*C’ and 13C* nuclei. 'H, '*C and
N chemical shifts for the EMILIN1 gClq domain have
been deposited in the BioMagResBank (http://www.
bmrb.wisc.edu) under the BMRB accession number 5882.
NOE connectivities were identified from the analysis of
a 3D '’N-NOESY-HSQC spectrum (Marion et al. 1989a,
b) recorded at 600 MHz ('H frequency) with a mixing time

of 150 ms and acquisition times of 24.9 ms (t, IH), 8.8 ms
(t, "N) and 573 ms (t;, 'H). Spectral widths of
8,928.57 Hz for both proton dimensions and 2,040.81 Hz
for the '°N dimension were used.

A limited number of H* resonances were assigned using
3D-HCCH-COSY (Bax etal. 1990a) and 3D-HCCH-
TOCSY (Bax et al. 1990b; Kay et al. 1993). The TOCSY
experiment employed a heteronuclear isotropic mixing
performed with a 9.4 kHz DIPSI-3 field (Shaka et al. 1988;
Kay et al. 1993) over a mixing time of 5.4 ms resulting in
transfer through one bond.

15 N{ 'H} NOE measurements (Grzesiek and Bax 1993)
at 11.4 T were also performed, with relaxation or satura-
tion delay of 3 and 5s, 160 tl increments of 1,024
complex data points and 480 scans/tl.

Data were processed with Felix version 2.3 and 2 k
(Accelrys), and analysed with Xeasy (Bartels et al. 1995)
and Sparky (T. D. Goddard and D. G. Kneller, University
of California). Original sizes were normally increased
using mirror-image linear prediction ("’N indirect dimen-
sion) and backward—forward linear prediction ('3C indirect
dimension). Zero filling to double the obtained sizes fol-
lowed by apodization with shifted sine bell functions was
applied prior to Fourier transformation. Proton chemical
shifts were referenced to dioxane, whose resonance was set
to 3.750 ppm while '>C and "N chemical shifts were
referenced indirectly to dioxane, using the absolute fre-
quency ratio (Wishart et al. 1995).

Amide hydrogen exchange

The observation of slow exchange amide hydrogens was
performed on the U-'>N, 70% 2H labelled Clq sample,
freeze-dried from aqueous buffer solution and reconsti-
tuted in D,0. After an initial delay of 30 min, consecutive
"H,'>N-HSQC experiments (Palmer et al. 1991; Kay et al.
1992) were recorded to monitor the gradual disappearance
of peaks due to the replacement of protons by deuterons.
In total, 24 lH,lSN-HSQC spectra were recorded over
68 h.

Residual dipolar coupling measurements

The experiments for RDC determinations were collected
using a low-density (3—4% w/v) polyacrylamide gel med-
ium radially compressed to align the protein (Sass et al.
2000; Chou et al. 2001). Heteronuclear one-bond RDCs
were obtained as a contribution to existing scalar cou-
plings, comparing peak splitting of spectra recorded in
isotropic and anisotropic solutions of the protein. A set of
123 residual dipolar couplings for NH vectors (' Dyy) was
measured using an IPAP approach (Ottiger et al. 1998).
The same gel sample was used to acquire a 3D-HNCO
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(Grzesiek and Bax 1992) and TROSY 'H-'°N HSQC or 2D
HNCO (Wang et al. 1998; Yang et al. 1998) spectra for
measuring residual dipolar couplings for CO-C* vectors
('Dec,) and CO-N vectors (Do), respectively. Using
the recorded spectra, 101 'Don and 123 'Deorc, couplings
values could be measured. After confidence limit assess-
ment (Bax et al. 2001) and exclusion of the unstructured
segment data, only a restricted number of RDC values (105
1DNH, 70 1DC/N, 59 lDC/Q,() were retained for subsequent
restraining purposes. Further details are given in “Sup-
plementary material”.

Homology model

The primary sequence of Emilin gClq domain was
aligned with the primary sequence of 11 human proteins
of the Clq protein family (Multimerin, Collagen X «l,
Collagen VIII a1, Collagen VIII o2, Cerebellin 1, Clg-A,
Clg-B, Clg-C, ACRP30-A, ACRP30-B, ACRP30-C)
using the multiple sequence alignment program ClustalW
(Thompson et al. 1994). The aligned sequences are
reported in “Supplementary material”. Among the pro-
teins of the alignment the A-chain of ACRP30 protein
(ACRP30-A) (Shapiro and Scherer 1998) was recognized
as the best sequence matching the EMILIN1 gClq
domain, taking into account both the pairwise alignment
score and the number of matched amino acids. 20% of
sequence identity and 31.3% of sequence similarity were
found on comparing the query protein and ACRP30-A
polypeptide chain, after introducing in the query sequence
6 gaps, 2 three- and four-residue insertions and 1 twelve-
residue insertion. The alignment with ACRP30-A poly-
peptide chain was used to generate a homology model for
one monomer of the EMILIN1 gClq domain with the
program GeneMine, available at the time this work was
started at URL http://www.mag.com. Residues in inser-
tions that did not have a match resulted in loop and
C-terminal regions with standard backbone and side-chain
geometries. The structure of the Clq domain trimer was
obtained by superposition of three identical monomers
onto the template’s three subunits (chain A, chain B and
chain C), followed by regularization and minimization of
the whole assembly. This regularization-minimization
step, executed with the program Xplor, involved a short
low-temperature dynamics run, followed by energy min-
imization performed imposing a non-crystallographic
symmetry (NCS) term with a force constant of
5 keal mol™' A7

Refinement protocol

Restrained molecular dynamics calculations were per-
formed using the software Xplor NIH that applies a two-
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stage simulated annealing protocol with ramped potential
term constants (Chou et al. 2000). In the first stage the
system was cooled from 200 to 20 K, with a temperature
step of 10 K and 6.7 ps of Verlet dynamics at each tem-
perature, using a time step of 3 fs. Experimental data
introduced at this stage included: backbone dihedral torsion
angles, three classes of RDCs ('Dnm, 'Decy and Do),
short and medium-range backbone NOEs. In order to
ensure global compactness of the protein, a pseudo-
potential for the radius of gyration of the trimer calculated
by Xplor from the number of residues in the polypeptide
chains was also applied. This gyration radius (22.4 A) is
consistent with the hydrodynamic radius (32.6-31.1 A)
inferred from the experimental SN{'H} NOE data (for a
compact sphere the gyration radius is 0.6"* times the
geometric radius). The majority of the force constants for
the different energy terms (van der Waals, bond lengths,
bond and torsion angles, specific Ramachandran potential,
improper torsion angles) were ramped during the anneal-
ing, as generally performed in NMR structure calculation
procedures. In particular the constants were set as: k (van
der Waals) = 0.002—4.0 kcal mol A%k (improper di-
hedrals) = 0.1-1.0 kcal mol ™' deg™?; k (bond angles) =
0.4-1.0 kcal mol ™! deg_z; k (Ramachandran) = 0.2-2.0;
k (NOEs) = 2-20 kcal mol ™! A2 according to the ori-
ginal recipe (Chou et al. 2000). For the RDC restraints, the
originally proposed k ramping from 5 x 107 to
0.5 kcal mol™! Hz™? was changed into 0.002-0.4 kcal
mol™! Hz™? for 'Dyy couplings, and similarly, with a
multiplication factor of 0.4 and 0.1 for 'Decy and 'Don
couplings, respectively. The size of the force constants for
the dipolar term was empirically optimised in order to have
an RMSD between observed and calculated values com-
parable to the measurement error, taking into account the
normalization factors to 'Dyy couplings used for 'Dercy
and 'Dcy couplings. The simulated annealing refinement
was restrained also with an explicit hydrogen bond term,
with a k (H bond) ramped in the range 20-2 kcal
mol™" A2, No such restraint was introduced for the slow-
exchanging amides of the molten F strand region due to the
uncertainty about the acceptor nuclei. No ramping was
applied to the gyration radius force constant (50 kcal
mol~! A=?). A combination of TALOS predictions and
homology model-derived dihedral angle restraints was
employed only in regions of the molecule where secondary
structure elements are located without constraining loop
segments. When TALOS offered a valid prediction that
was clearly different from ¢ and iy angles in the homology
model, we used TALOS information. For all the other
residues, dihedral angles derived from the homology model
were introduced. During the first stage of molecular
dynamics, the predominant experimental term was the
dihedral restraint term, which maintained the molecular
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backbone quite rigid by means of a high force constant that
was kept unramped (Kgihearar = 300 kcal mol ™! rad™?).
The best structures obtained after this step still had a
considerably high RDC-restraint energy term which was
lowered afterwards. During the second stage, the lowest
RDC restraint energy structure obtained from step 1 was
subjected to a second simulated annealing run, performed
at lower temperature. Throughout this stage the dihedral
force constant was gradually lowered (from 300 to
50 kcal mol ™! rad_z), while the dipolar restraint force
constants and the other previously ramped k values were
kept at the maximum value reached in stage one, and larger
changes were allowed in the structure in order to satisfy the
dipolar restraints. The second step of the simulated
annealing was performed without ramping any k value that
remained fixed at the final value reached at the end of the
first step. The structures were further refined in order to
improve the quality of backbone geometry. For this pur-
pose 2,000 steps of restrained energy minimization were
performed using the program NAMD (Kale et al. 1999).
The forcefield used is CHARMM v. 27b (MacKerell et al.
1998) with the CMAP correction (MacKerell et al. 2004).
Since the program does not readily incorporate RDC
derived restraints, the z co-ordinates of the backbone amide
N and H atoms were restrained at their starting values.
Only NOE derived restraints and chemical-shift-derived
dihedral angle restraints (with unequivocal secondary
structure definition) were imposed. All structures were
drawn using MOLMOL software (Koradi et al. 1996).

Results
NMR study feasibility

The isolated EMILIN1 gC1q domain forms a trimeric non-
covalent complex in solution (Doliana et al. 1999). The
NMR spectra obtained from the EMILIN1 gClq domain
are generally of fairly good quality, for an assembly of
51,624 Da although it was necessary to use samples
extensively isotope labelled as well as experiments spe-
cifically developed for the analysis of large molecules at
high magnetic fields, (Pervushin et al. 1997). The TROSY
'"H-'>N HSQC spectrum of EMILIN]1 gClq domain
recorded at 17.6 T (Fig. 1) shows a significant improve-
ment compared to the analogous spectrum recorded using a
classical "H-'N HSQC pulse sequence (shown in “Sup-
plementary material”). The number of resonances for N-H
groups observed in the spectrum shown in Fig. 1 is con-
sistent with the 136 non-proline residues of a single
EMILIN1 gClq subunit. The polypeptide chain of the
recombinant EMILIN1 gClq protein contains 162 amino

acids, of which 14 are proline residues, and 12 belong to an
artificial N-terminal tail that originates from the expression
and purification protocol and is expected to be unstructured
and spectroscopically highly degenerate. Poor peak dis-
persion in the central part of the TROSY 'H-">N HSQC
spectrum suggests the presence of some unstructured seg-
ments in the protein. The number of observed resonances
is, however, consistent with a symmetric homo-oligomeric
structure, with the corresponding nuclei in different sub-
units experiencing the same chemical environment, in
agreement with previously reported data (Doliana et al.
1999).

Main-chain and C” resonance assignment

The sequential assignment of the backbone resonances ('HY,
N, *C* and '*C’) for the gC1q domain of EMILINI was
obtained using heteronuclear three-dimensional triple-reso-
nance experiments acquired with a uniformly 13C, 15 N, 80%
H labelled sample (see “Materials and methods” and
“Supplementary material”). All the triple-resonance exper-
iments that were performed were obtained with TROSY-
type pulse schemes. '*C* nuclei are efficiently relaxed by
dipole—dipole (DD) coupling with both 'H* and remote
protons but deuteration significantly decreases the transverse
13C* relaxation rate and extends the accessible molecular
size range (Kay and Gardner 1997), although the transverse
>N relaxation during coherence transfer steps is scarcely
affected by deuteration (Salzmann et al. 1998). Figure 2
illustrates the data quality obtained in our experiments.
One difficulty encountered with the resonance assign-
ment of gClq arose from the identification of residues
belonging to the segment Tyr927-Gly945, which contains
four proline residues. Detection and recognition of reso-
nances for this proved difficult due to a relatively poor
signal-to-noise ratio of the nitrogen correlation spectra
and was only accomplished when the majority of other
peaks had already been classified. Line broadening due to
slow conformational averaging of this region of EMILIN1
gClq could be a reason for the lack of detectable amide
resonances. Noticeably, this segment has very low
sequence homology with other proteins of the family
because it includes part of a 12-residue insertion (from
Ser940 to Ser951) that is unique to EMILIN1 and EMI-
LIN2 gClq domains. Two amino acids in the segment
927-945, i.e. Asn934 and Ser940, still have unassigned
HN groups and nine amino acids have typical "H and '°N
random coil chemical shifts (Wishart et al. 1991), i.e. they
can be identified in the central crowded portion of the
TROSY 'H-"N HSQC spectrum. Using additional
experiments (details in “Supplementary material”), '*C*
and ">C” resonances were unambiguously identified for all
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Fig. 1 'H,'”>N-TROSY-HSQC .

spectrum recorded at 17.6 T ('H
frequency 750 MHz) with a

1.8 mM (monomer
concentration) U-"3c, U-PN,
80% *H EMILIN1 gClq
sample. Assignments of the
central crowded region of the

spectrum are reported in the
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of the 150 amino acids in the protein excluding the 12-
residue segment containing the histidine-tag. Percentages
of assignment of 98%, 97% were obtained for B¢ and
"HY/"* N nuclei, respectively, and deposited (http://
www.bmrb.wisc.edu, accession number 5882). No reso-
nance assignment could be proposed for the backbone
amide groups of residues Asn874, Asn934, Ser940 and
His994 probably due to fast hydrogen exchange with the
solvent. Unless otherwise indicated, the reported data only
refer to the 150-residue sequence of the authentic EMI-
LIN1 gClq domain. The residue numbers follow from the

numbering of the homologous C1q/TNF proteins (Shapiro
and Scherer 1998).
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8.4

Secondary structure analysis

According to our data the secondary structure of the
EMILIN1 gClq domain is composed of nine f-strands and
one unstructured region including residues 927-945. These
structural elements were determined based on a consensus

of various different NMR approaches, described below and
summarized in Fig. 3.

Secondary chemical shifts

The chemical shift information obtained for the Cc?, 3¢k
and "*C’ nuclei of the Clq protein was used to identify
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Fig. 2 Strip plot of the 3D [*C, "N, 'H]-TROSY-HNCACB
spectrum obtained at 17.6 T ("H frequency 750 MHz) on the gClq
domain of EMILINI. For each amide group four peaks are observed:
two positive (red) '>C* resonances from the intraresidue and the
preceding residue connectivity and two negative (green) B3¢k
resonances from the same residue pair. Distinctive *C? chemical
shift are observed for Ala910, Ser913 and Ser915. The sequential
connectivity pattern can be followed using both *C* and 3C?
resonances

qualitatively secondary structure elements in the molecule
according to the Chemical Shift Index method (Wishart
et al. 1994). The C* chemical shift deviations from the
random coil values for the Clq domain show a clear pre-
dominance of negative values, corresponding to f
secondary structure elements. Assuming that when a pat-
tern of four or more consecutive negative Ao values is
found the secondary structure is likely to be f-strand, 11
potential f-strand regions can be predicted in the protein.
In detail, these expected strands span the segments Pro846-
Leu856, Thr883-Ala891, Arg893-Gly902, Glu906-Ser915,
Val919-Asp923, Gly925-Pro929, Thr946-GIn957, Thro61-
Leu966, Met968-Ser974, Glu976-Leu985 and Tyr987-
Glu993.

Heteronuclear NOE

N{'H} NOE measurements were run at 11.4 T and
310 K, using two different relaxation/saturation delays, 3
and 5 s. As seen from the histogram in Fig. 4, the results
indicate that, besides the N-terminal and C-terminal
regions, the highest mobility is observed at segment

927-945. An additional high mobility site is observed at
Lys907. The N-terminus appears more rigid than the
C-terminus simply because the first reported residue is
preceded by a 13-residue fragment including the His-tag.
At 310 K, the expected correlation time for a globular
protein trimer with an overall molecular weight of 52 kDa
ranges between 22.3 and 25.6 ns. This means that at 11.4 T
we should find an I/, ratio (the parameter reported in
Fig. 4) of 0.90.

Backbone torsion angles

The presence and location of f-strand secondary structure
elements in the EMILIN1 gClq domain has been also
established by estimation of the backbone torsion angles, ¢
and Y, using TALOS (Cornilescu et al. 1999). The pro-
gram utilizes a hybrid approach, namely chemical shift and
sequence homology, to predict the most likely backbone
angles for a given protein residue. By using the experi-
mental *C* *C”, *C’ and '"N" chemical shifts TALOS
predicted backbone torsion angles for each assigned amino
acid residue. Among these predictions, 82 were ranked as
reliable, according to standard TALOS criteria (55% of the
total domain residues). While eight angle pairs identify
three tight turn conformations, 74 predictions exhibit ¢ and
Y values very close to the theoretical values of f-strand
elements (—139°/135° for antiparallel and -119°/113° for
parallel f-strand). The average number of reliable predic-
tions (accuracy of 90%) is usually equivalent to 67% of the
residues in a protein. In our case, the lack of the TH* res-
onance chemical shifts is likely to reduce the algorithm
performance to below average. The assignment of 'H*
resonances, however, was restricted by the highly deuter-
ated samples used to obtain suitably resolved heteronuclear
correlation spectra. Although only a partial chemical shift
data set was available the TALOS results agree quite well
with previous evidence of f§ secondary structure for the
gClq domain of EMILINI. Some differences are found
mainly at the boundaries of the f§ strands and for the
classification of segments Gly925-Pro929, Ser951-GIn957,
Met968-Ser974, Tyr987-Glu993 (Fig. 3).

Amide hydrogen exchange

Information about the secondary structure elements of a
polypeptide chain can be gained via the identification of
slowly exchanging amide protons. By monitoring over time
a series of lH,ISN-HSQC spectra recorded in D,O (Palmer
et al. 1991; Kay et al. 1992) the gradual intensity loss of
the exchangeable amide proton peaks allowed the quali-
tative classification of amide protons to three different
categories. Seventy-nine amides exchanged so rapidly that
they were not detected in the first "H,"’N-HSQC spectrum
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Fig. 3 Secondary structure determination of EMILIN1 gClq from
NMR restraints. Below the aminoacid sequence and the correspond-
ing numbering, the TALOS backbone torsion angle predictions are
reported (B = f strand, T = tight turn). The amide proton exchange
rate classification is reported (row 4) with red and yellow symbols for
slow and medium-slow exchange, respectively. At the bottom, the

Fig. 4 EMILINI gClq 157
ISN{ 1H} NOE data measured at
11.4 T (*H frequency 500 MHz)
with 5 s relaxation or saturation
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13C* chemical shift deviations from random coil values are plotted as
histogram. The nine f§ strand segments that are expected based on the
reported NMR evidence are marked by empty arrows. The f strands
that are found in the best defined model, after the introduction of the
RDC restraints, are indicated in the top line by filled arrows

delay. The ratio of the 'H-
saturated over the unperturbed
'H-15 N correlation, I/, was
evaluated from the cross-peak
intensities. The horizontal line
indicates the average //], level
(0.85) calculated by discarding
any values below 0.7. Arrows

indicate the f§ structure location g
in the best defined model.
Empty spaces refer to
unresolved, unassigned or 18]
proline residues

45

acquired immediately after transferring the protein to D,O
(i.e. exchange within 30 min after sample preparation).
Nineteen further peaks could be detected in that first
spectrum but not in the subsequent one and were classified
as medium-slow exchanging amide protons. Thirty-eight
amide protons gave intense peaks in the very last "H,'°N-
HSQC spectrum acquired 68 h after dissolving the protein
in D,0. This latter group constitutes the exhange-protected
amide protons in the EMILIN1 gClq domain. By mapping
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the distribution of medium-slow and slow exchanging
amide protons onto the primary sequence of the protein,
regions which are likely to be involved in secondary
structure elements in the core of the protein and/or forming
hydrogen bonds can be recognized. The segments already
recognized to contain f-strands and now identified as also
having slowly exchanging amides are Phe852-Ala855,
Gly884-Phe886, Tyr894-Thro01, Leu952-Leu954, Val962-
Leu966, 11e980-Leu986. Noticeably these segments include
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15 out of 19 residues which are conserved in the sequences
of the Clq protein family, and their location in the protein
core might be crucial for maintaining the protein fold.

Proton NOE correlations

Some 'H NOE connectivities could be identified using 3D
SN-NOESY-HSQC spectra recorded in aqueous solution
(Marion et al. 1989a, b). The amount of information
expected from this experiment was limited by the exten-
sive deuterium labelling of the sample (80%). Overall
only 54 inter-residue NOE connectivities could be iden-
tified for restraints. The majority of them represent
sequential and short range NOEs between backbone
amide protons and very few connectivities could be
attributed to characteristic glycine 'H* and alanine 'HA
protons. These NOE correlations confirmed the secondary
structure elements and loops suggested by previous data
(chemical shift deviations analysis, TALOS predictions,
rate of amide exchange) and also indicated potential
pairing of the ff-strands. However, the pattern of observed
long-range NOEs was not sufficient to characterize com-
pletely the set of paired parallel or anti-parallel f-strands
connected by hydrogen bonds.

Non-labile hydrogen observation

In order to extend the assignment database to 'H* and
possibly to side-chain aliphatic protons, a number of
experiments were performed on the available 80% deu-
terated sample of EMILIN1 Clq. In particular, HNHA,
'H,">°N-TOCSY-HSQC, HCCH-TOCSY, HCCH-COSY,
'"H,'H-TOCSY and 'H,'H-COSY experiments were recor-
ded but, due the high percentage of deuteration, none of
them identified many proton resonances. The same exper-
iments repeated on a protonated '*C, "’N labelled sample
did not perform much better because of dipolar broadening.
On this latter sample the only valuable experiment was a
3D-HCCH-COSY, a pulse sequence relying on the large
one-bond "H-"C and "*C-">C couplings for the magneti-
zation transfer. The 3D spectrum was still very poor in
signals, but careful analysis of the few peaks available
allowed the assignment of 16 spin-systems, attributed to
the following residues: Ala854, Ala855, Asp880, Ala888,
Leu890, Asn934, Lys935, Pro936, Val937, Ala938,
Ser943, Val949, Ala958, Glu991, Leu992 and Ala995.
Since the listed residues provide the only patterns that are
observed in the 3D-HCCH-COSY spectrum, they must
have peculiar features. Some residues belong to portions of
the polypeptide chain with high mobility, according to
S N{'H} NOE data (Fig. 4), i.e. the C-terminal segment
including residues Glu991-Ala995, Val949, Ala958 and the
unstructured region previously identified in fragment

Tyr927-Gly945. This supports the hypothesis of the exis-
tence of a flexible loop (927-945) and a five-residue
C-terminal segment that are separate from the main protein
fold. It is worth noting that the segment Tyr927-Gly945
and the C-terminal pentapeptide showed typical random-
coil chemical shifts and no TALOS prediction output nor
slow-exchanging amide protons were available or detected
for those amino acids. The remaining residues (854, 855,
880, 888 and 890) that do not exhibit an increased local
amide mobility (Fig. 4) were mostly located in f strands,
but their "H-">C connectivities could prove less affected by
dipolar broadening because of specific side-chain mobility.
Attempts to identify dipolar connectivities involving the
available protons from the 16 newly detected amino-acid
spin systems were unsuccessful as expected, for flexible
moieties.

Residual dipolar coupling estimation

Attempts to obtain an initial global low-resolution fold
for the EMILINI gClq domain using NOE-based
restrained molecular dynamics were unsuccessful due to
the limited amount of data available. A valuable
alternative way for structure determination employs the
measurement of RDCs, residual dipolar couplings, in
weakly aligned media to derive orientational restraints
for structure calculation (Tjandra and Bax 1997; Tjandra
et al. 1997; Tolman et al. 1995; Brunner 2001). Experi-
mental RDCs for the gClq domain of EMILIN1 were
collected using a low-density polyacrylamide gel medium
radially compressed to align the protein, prepared as
described in Materials and methods. A gel system was
preferred to other orienting media because it can be used
over a wide range of conditions (polymer density,
temperature, pH and ionic strength). The main difficulty
encountered with the measurement of RDCs concerned
prolonged and uninterrupted acquisition of high resolu-
tion spectra on a delicate sample. The heteronuclear one-
bond RDCs for N-H vectors (1DNH), CO-N vectors
(]DC/N) and CO-C* vectors (IDCrC“) were obtained
using, respectively, 'H-'>N HSQC with IPAP method
(Ottiger et al. 1998), TROSY 'H-'SN HSQC (Wang
et al. 1998) and 3D HNCO experiments (Grzesiek and
Bax 1992). The complete list of RDC values obtained is
available in “Supplementary material”. The quality of
the results can be appreciated in Fig. 5 that shows
sections of the superimposed pairs of spectra recorded on
the isotropic (left) and oriented (right) Clq samples.
Substantial deviations in the observed splittings from the
isotropic 'Jyu couplings are present in the anisotropic-
phase spectra, indicating a significant ordering of the
protein. These experimental RDC values were used
here to refine a structure obtained by homology
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Fig. 5 Sections from IPAP 'H,'SN-HSQC spectra acquired on
isotropic (leff) and anisotropic (right) solutions at 17.6 T ('H
frequency 750 MHz). By comparing 'Jyy couplings measured in

modelling according to a protocol described by Chou
et al. (2000).

Homology model building

The homology model for the trimeric EMILINI gClq
assembly was obtained by using the ACRP30 chain A
crystal structure (Shapiro and Scherer 1998) as template
protein. This choice was dictated by the best matching
obtained upon alignment with the resolved gClq domain
sequences. The quaternary structure of EMILINI gClq
homology model is formed by three identical subunits
arranged with a three-fold symmetry axis. Each monomer
in the trimer shows a f-sandwich folding topology con-
taining ten segments of ff-strands and one long unstructured
region spanning residues Gly931-Ser951. This region
includes an insertion that is unique to EMILIN1 (Doliana
et al. 1999) and EMILIN2 (Doliana et al. 2001) members
of the Clq protein family and hence could not be modelled
using any available structure. Attempts to model this seg-
ment by sequence similarity with any other protein in the
PDB were fruitless and this region was always classified
either as ‘disordered’ or ‘unstructured’ by various sec-
ondary structure prediction servers such as Psipred, Sam,
Jufo (data not shown). Due to accuracy limits of the
starting model and to overlaps in the trimer, the resulting
structure had rather poor quality at this stage, with only
53.8% residues in the core Ramachandran region, accord-
ing to PROCHECK (Laskowski et al. 1996).
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the two different conditions, residual dipolar couplings for '>N-'H
nuclei (IDNH) were calculated using the equation Unu (ani-
SOt.) = IJNH (iSOt.) + IDNH

Analysis of alignment properties (PALES)

Based on both secondary and tertiary structure, the trimeric
EMILIN1 gClq domain structure, obtained by homology
modelling, was used as a starting point for a structure
refinement with RDCs. Both the location of the f-strands in
the homology model and the presence of the unstructured
region (Gly931-Ser951) are in good agreement with all the
NMR evidence. Tertiary structure similarities between the
template ACRP30 A used for the modelling and the
EMILIN1 gC1q molecule are consistent with the alignment
properties of the two proteins using PALES (Zweckstetter
and Bax 2000). A prediction of the molecular alignment
properties of the ACRP30 structure was performed using
the steric-obstruction algorithm (Steric PALES). Supposing
the interaction between the macromolecular solute and the
alignment medium is mainly steric, this algorithm can
predict the alignment tensor parameters together with
heteronuclear dipolar couplings (Zweckstetter and Bax
2000) for every known molecular structure. An asymmetric
alignment was predicted by Steric PALES for the ACRP30
crystal structure, as expected for a trimeric protein with a
C; symmetry axis, with an axial and rhombic component of
the alignment tensor, D, and D,, of —16.6 and —1.5 Hz,
respectively, hence a rhombicity R = 0.09. The predicted
RDC values for ACRP30 are very similar to the experi-
mental RDCs measured for the EMILIN1 gClq domain.
Figure 6 shows, for example, the comparison of calculated
and experimental ' Dyy couplings for the two molecules (a
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Fig. 6 Comparison of 'Dyy residual dipolar couplings measured for
EMILINI gClq (blue filled squares) and 'Dyy residual dipolar
couplings predicted for ACRP-30 chain A with PALES (red filled
squares). Similar values can be recognized in the two molecules.

single monomer considered for each protein). Except for
the fragment Tyr927-Phe950, remarkable similarities can
be found in the two patterns, confirming the reliability of
the alignment and suggesting a similar orientation for the
internuclear vectors in the two proteins. The agreement
between predicted ACRP30 and experimental EMILIN1
gC1q couplings was not obvious when comparing different
classes of dipolar couplings, namely 'Dcc, and 'Don
couplings, possibly due to larger experimental errors
associated with these values. For these two classes, five
gClq experimental couplings showing large deviations
with respect to the corresponding ACRP30 calculated
values were rejected, in order to obtain an estimate for the
alignment tensor parameters D, and D, of EMILIN1 gClq
molecule. Values of D, = —14 Hz, D, = -2.3 Hz, hence a
rhombicity R = 0.19, were obtained from the histogram
distribution of the ensemble of normalized couplings
(IDNH, 1DC/N and lDC’Cm)- The histogram was built by
discarding the aforementioned outliers RDCs, as well as
RDCs measured for amino acids in the segment Tyr927-
Gly945. The heteronuclear (and other) NOE data clearly
show that the segment Tyr927-Gly945 is unstructured and
the corresponding RDCs were not included in the database
for D, and D, determination.

Simulated annealing refinement

Before starting any refinement, the trimeric crystal struc-
ture-based homology model for the EMILIN1 Clq domain
was submitted to a regularization step in order to enforce
the planarity of the peptide bonds and tetrahedral geometry
at C* sites. The regularized model was analysed with
PALES to evaluate the fitting of experimental 'Dyyy cou-
plings. The remaining classes of RDCs, namely 'Dcy and
'Dercy, with higher uncertainty, were not included in this

EMILIN1 gClq RDC values that show large deviations from
predicted values, i.e. residues 927-950, 922 and 982, are indicated
by open blue squares. The quality of the corresponding experimental
data is presented in Fig. 5

preliminary manipulation of the homology model. The
PALES algorithm applied to the trimeric regularized
EMILIN1 gClq structure returned an alignment tensor for
which the experimental 'Dyy couplings have the lowest
least-square deviation from the calculated ones, finally
based on the values D, = —12.5 Hz and R = 0.015. A
reduced set of dipolar couplings was employed to optimise
the fitting, preserving the threefold symmetry by trying to
maintain identical coupling values for the corresponding
residues in the three polypeptide chains of the trimer. The
fitting was evaluated by checking the quality factor Q,
which indicates the agreement between the true protein
structure and the coordinates used for calculating predicted
couplings (Cornilescu et al. 1998). The initial Q factor of
0.652, calculated after fitting the regularized structure with
the reduced set of 'Dyy couplings, indicates that the
overall molecular folding is compatible with the RDC data
although small re-orientations of the backbone inter-
nuclear vectors are necessary. Q values lower than 30%
normally correspond to a good agreement between a set of
coordinates and measured RDCs. The structural changes
needed to reach agreement with the dipolar couplings were
achieved by means of a simulated annealing protocol
implemented in Xplor-NIH (Chou et al. 2000), described in
details in the experimental section. Although the number of
one-bond RDCs that were measured for NH vectors
('Dnp), CN vectors ('Dey) and C'C* vectors (!Derc,) did
not reach the requirement of three values per residue (Chou
et al. 2000), further information was added in the refine-
ment dataset from NOEs and from backbone dihedral angle
restraints that proved consistent with the homology model.
The main difficulty of a RDC-based structure refinement
resides in the degeneracy intrinsically associated with
RDCs that may cause the structure to be partially inverted
during the simulated annealing trajectory and trapped into
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local minima. To avoid this the simulated annealing was
performed in two stages, both run at very low temperature.
The two stages employed the same set of experimental
restraints introduced as energy penalty terms with appro-
priate force constants (dihedral angles, RDCs, NOEs, H-
bonds), together with various other terms commonly used
in NMR structure calculations (van der Waals, bond
lengths, bond and torsion angles, specific Ramachandran
potential, improper torsion angles). The final result was an
ensemble of ten low-energy structures with limited dis-
persion, i.e. a C* RMSD around 0.4 10\, and a Q factor
(Cornilescu et al. 1998) between 0.245 and 0.273 calcu-
lated using only 'Dyy or the three classes of backbone
dipolar couplings, respectively, on a single structure of the
ensemble. Table 1 collects the main parameters of the
refinement statistics. A comparison between the experi-
mental and back-calculated RDCs is provided in

supplementary material. Besides the compactness of the
ensemble of structures, other parameters like the ¢—
distribution in the most favourite regions of Ramachandran
plot and the backbone average G-factor (Laskowski et al.
1996) were evaluated to check if the results meet the
accepted standards of structure determination. The first
indicator gave a value of 62%, i.e. within the consensus
standard value for NMR determined structures of
73.6 £ 15.5% (Doreleijers et al. 1998). The G-factor, i.e.
the log-odds score probability, computed from high-reso-
Iution X-ray data, of a specific angle distribution within the
final structure family expressed as circular variance (Allen
and Johnson 1991) or order parameter (Hyberts et al.
1992), resulted in a value of —1.49 for the overall back-
bone, below the accepted value range of about —1 for high
resolution structures. The structure ensemble resulting at
this stage, in spite of being a low resolution one was

Table 1 NMR restraint and
refinement statistics®

EMILINI gClq

Restrained MD NAMD Minimization

NMR distance & dihedral restraints

Distance restraints
Total NOE
Intra-residue
Inter-residue
Sequential (li-jl = 1)
Medium-range (li-jl < 4)
Long-range (li-j > 5)
Intermolecular
Hydrogen bonds
Total dihedral angle restraints

The table lists the available Phi

information from NMR
evidence that was employed for Psi

refinement purposes of the RDC restraints
structure obtained by homology

. Total
modelling. The left column
refers to the restrained Deca
molecular dynamics refinement Den
using NOE distance, H-bond, Dau

dihedral and RDC restraints.
The right column refers to the
final NAMD refinement using
only NOE distance and TALOS
dihedral restraints. All values
are given on a single subunit
basis. The numbers of dihedral
angle deviations >I5°| reflect an
average phi and psi uncertainty
of 18.7 £ 5.6° from TALOS
evaluations. Additional
qualitative information from
NMR data are reported in Fig. 3

® Pairwise r.m.s.d. were
calculated over ten refined
structures
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Structure statistics

Q factor

Average pairwise r.m.s.d. (/OX)
Heavy
Backbone

Restraint violations

Average number of distances violations (>0.2 A)

Average distance violation (A)

Average number of H-bond violations (>0.2 10\)

Average H-bond violation (,&)

Average number of violated dihedral angles (>I5°l)

Average dihedral angle violation

54 54
0 0
54 54
41 41
5
8
0
27 -
163 163
84 84
79 79
234 -
59 -
70 -
105 -
0.260 £ 0.002 0.367 & 0.004
0.57 £0.19 0.62 £+ 0.17
0.34 £0.16 0.36 £+ 0.17
7.7+ 0.0 284 £ 0.7
05+02 03403
59£0.7 —
0.24 £ 0.04 -
147 £ 2.1 28.8 £2.0
10.9 £ 5.6 24 +£35
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deposited in the PDB (ID code 20II), because the corre-
sponding functional inference was successfully tested
(Verdone et al. 2008). As described in the “Materials and
methods” section, a further refinement step was subse-
quently performed in order to improve the backbone
geometry. At the end of this minimization, 70.8% of the
backbone torsion angles were in the core region and an
additional 21% in allowed regions of Ramachandran map,
according to PROCHECK output with a resolution of
2.1A (Laskowski et al. 1996). Also the backbone dihedral
G-factor improved slightly although still below the
accepted threshold (-1.38). A control by WHATCHECK
(Hooft et al. 1996) indicates that there are still features that
deviate abnormally from the high-resolution structure
standards, mainly bad residue packing environments and
unsatisfied buried hydrogen bonds. The last-refined struc-
tures were deposited in the PDB (ID code 2ka3).

Fig. 7 Structure of the
homotrimeric globular
EMILIN1 gClq domain as
obtained by homology model
refinement with RDCs. The
three protomers are shown in
ribbon representation and
different colours, respectively,
as side view and top view, in
panels a and b. Each monomer
has the nine-stranded folding
topology displayed in panel c.
The location of region F is
indicated by the arrow. A
yellow line is drawn instead of
the unstructured segment Y927-
G945 that was not modelled in
our calculation. f-strands are
labelled according to the Clqg/
TNF superfamily nomenclature
(Shapiro and Scherer 1998).
Panel d shows the superposition
of the C* traces for the ten
lowest RDC restraint energy
structures, obtained from NMR-
restrained refinement of the
homology-modeled structure.
Drawings were done using
MOLMOL (Koradi et al. 1996)

Opverall structural model

The structure of the EMILIN1 gClq domain with the
lowest RDC restraint energy, refined after calculating one
hundred conformations in each stage of the simulated
annealing protocol can be considered the best representa-
tion of NMR-restrained homology model for the protein
solution structure (Fig. 7). The secondary structure ele-
ments for this structure are reported in Figs. 3 and 7c. The
original trimeric homology model, built by superimposing
the backbone of three identical monomers to the template
backbone, underwent a regularization step followed by
energy minimization which introduced minor differences
among the three polypeptide chains. For the purpose of this
study, however, the three polypeptide chains can be con-
sidered identical. The simulated annealing steps that
followed the first regularization session and the final

e Unistructured segment
Y927-Go45
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minimization refinement were always performed using an
identical set of restraints for the three chains, and the
molecular symmetry was enforced by automatically gen-
erated inter-subunit distance restraints, deliberately
introduced in the Xplor calculations to preserve the Cj
symmetry. Apart from these inter-subunit symmetry-rela-
ted distance restraints, no other inter-subunit connectivities
were imposed. Thus the trimeric association geometry built
from the quaternary structure of the ACRP30 homologous
protein, although not supported by direct identification of
inter-subunit contacts, is in agreement with the RDC data
which identify the internuclear vector orientation, and
hence implicitly restrict the relative orientation of the
monomers.

The subunit arrangement defines a central cavity
(Fig. 7b) where a number of inter-subunit hydrophobic
contacts are established. Comparing the EMILINI gClq
quaternary structure before and after the simulated
annealing refinement, a distinct increase of the size of the
central cavity is observed, possibly due to topology chan-
ges undergone by each monomer during the refinement to
optimise the molecular packing. The cavity in the final
structure appears as a truncated cone, with the smaller base
on the top of the trimer (~ 150 A?) and a depth of ~ 16 A.
The overall buried trimer surface calculated with a 1.4 A
molecular probe is 3,096 Az, a value which appears lower
than any other values calculated for the buried surface of
homologous proteins gClq domains (5,320 A% for
ACRP30, 5,490 AZ for complement Clq protein, 6,150 A>
for collagen VIII and 7,360 A2 for collagen X). Besides the
cautions imposed by the lack of direct experimental
information on the interface between the subunits and the
quality limits of the packing environments, the decrease of
buried surface in EMILIN1 gClq may reflect partly the
missing contribution of segment 927-945 that could not be
included in the model (see below).

The tertiary structure of each monomer in the trimer is
formed by nine f-strands arranged in two sheets, giving a
p-sandwich folding topology (Fig. 7c). Following the
numbering of homologous proteins (Shapiro and Scherer
1998), the identified f-strands are: A (A851-A855), A’
(R870-V871), B’ (Y879-D880), B (V885-T887), C (G892-
A898), D (E909-L912), E (D923-5924), G (T961-D965), H
(F981-G988). The two sheets of each monomer define a
hydrophobic core formed by residues highly conserved
among the proteins of the family: Phe852, Tyr879, Phe886,
Tyr894, Leu956, Val962 and Gly983. The inner channel is
mainly defined by sheet 1 from each monomer formed by
strands A, A’, H, C opposed to sheet 2 (strands B, B’, D, E
and G) that constitutes the exterior of the molecule. The
observation of HCCH TOCSY correlation for residues 854,
855, 880, 888 and 890, attributed to reduced dipolar
broadening due to side chain mobility (despite the low
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mobility of the relative backbone NHs), correlates with the
exposure of strands B and B’ and suggests that the partially
buried C-terminus end of strand A could be also poorly
packed in the channel interior. The central channel geom-
etry is also defined by an unstructured segment including
residues Thr947-Leu956. This stretch appears to deviate
from an extended conformation and breaks into a reverse
turn arrangement due to a diverging (fI-like) turn at resi-
dues Ser951 and Leu952. The geometry of the EMILIN1
¢Clq molecule in this region is unusual compared to
homologous proteins because the unstructured segment
Thr947-Leu956 essentially corresponds to the f-strand F
that faces strand E, giving rise to a ten-stranded f3-sandwich
folding topology. The largest deviations from canonical f§
structure, in spite of structure prediction, 5N and 3C
resonance frequencies and hydrogen exchange pattern,
concern a stretch of six residues, i.e. Ser951-Leu956, where
the reverse turn occurs. The presence of a turn, however, is
consistent with the chemical shift evidence at Ser951 and
Leu952. The preceding residues, i.e. 947-950, adopt an
extended rigid geometry, consistent with ">N{'H} NOE
data (Fig. 4), that does not comply, however, with the
conformational interval requirements for f§ structure clas-
sification. It is worth noting that, in our structure model,
segment Thr947-Leu956 has a well-defined position and
participates in inter-subunit interactions even without a
f-strand arrangement. A similar characteristic has been
previously observed for the crystal structure of the
ACRP30 Clq domain, where the melting of the edge strand
E to become a loop was reported for the subunit M2
(Shapiro and Scherer 1998).

A very important feature of the EMILINI gClq NMR-
based homology model is the presence of an unstructured
flexible segment for each monomer, spanning residues
Tyr927-Gly945, which could not be modelled due to the
lack of experimental restraints. Our structure calculation
can only define for each subunit the position of the two
residues adjacent to this flexible loop, namely Gly926 and
Thr946. The position of these edge-residues allows us to
suggest that this unstructured loop should be placed at the
apex of the trimeric domain and protrude out from the main
globular assembly into the solvent. The distance between
the carbonyl of Gly926 and the amide of Thr946, i.e. the
shortest path from the end of strand E and the start of the
missing strand F region, is around 23 A and could be
spanned by six or seven residues, at minimum. This is
nicely consistent with the heteronuclear NOE data (Fig. 4)
that illustrate how the local mobility of EMILIN1 gClq
gradually increases from the average extent expected for a
residue that moves with the same tumbling rate as the
overall trimer (Thr946) to a higher flexibility regime that
can be envisaged for a flexible loop, from GIlu939 down to
Glu930, and then gradually decreases back to the initial
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level of the trimer along the fragment 929-925. The
absence of local secondary and tertiary structure, the
mobility pattern and the high solvent accessibility indicate
that it is likely that the three 19-residue unstructured loops
could constitute an extension by which the whole EMI-
LIN1 protein interacts with its ligands/receptors.
Considering the relative distribution of hydrophobic, ali-
phatic and charged residues in this segment, charged
interactions appear to be more likely than hydrophobic
ones. These predictions have been tested by site directed
mutagenesis and were reported in a separate communica-
tion (Verdone et al. 2008). All the expected inferences
were confirmed; in particular it was shown that (i) the a4f1
integrin binding site of EMILIN gClq has a key residue,
Glu933, located in the most mobile region of the unstruc-
tured segment 927-945 (Fig. 4); (ii) the disordered strand F
region is essential for correct monomer folding and
assembly in the EMILIN gClq trimer, at variance with
segment 927-945.

Discussion

In this paper we presented the NMR-restrained homology
model of a trimeric protein, the globular C1q domain of
EMILINI1. Once backbone resonance assignment was
completed, the definition of the tertiary structure was
achieved using a hybrid approach that involved homology
modelling and structure refinement with experimental
RDCs, chemical shift analysis and a limited number of
NOE connectivities. Because RDCs are affected by errors
and are degenerate, i.e. compatible with more than one
internuclear vector orientation, the corresponding restraints
were introduced gradually, to avoid large distortions which
might have trapped the structure into false minima. The
conformation obtained defines both tertiary and quaternary
structure for the trimeric EMILIN1 gClq domain. Among
the observed amide NOEs, no connectivity could be
attributed to a contact between monomers. The degeneracy
of the NMR resonance chemical shifts, on the other hand,
indicates that a ternary symmetry must be preserved by the
solution structure and the measured extent of '"N{'H}
NOE is fully consistent with a trimeric species. So the
actual experimental restraints for the refinement were
based on the RDCs, as well as NOEs and dihedral angles
and TALOS chemical-shift-based predictions. The relative
weighting between geometric terms and experimental
restraints was substantially the same as reported by Chou
et al. (2000).

Although the resolution that was finally achieved is less
than that typically reached using a high number of
restraints in NOE-based NMR structures, the RDC data
provided a means of accomplishing a homology model

from the NMR evidence. The percentage of residues in the
core region of the Ramachandran plot reached for the
EMILIN1 gClq domain, i.e. 62%, falls within the con-
sensus standard of the NMR-determined structures
(73.6 = 15.5%). A further refinement step using
CHARMM v. 27b (MacKerell et al. 1998) with the CMAP
correction (MacKerell et al. 2004) improves this percent-
age up to 70.8%. This is valuable if one takes into account
the inherent difficulties of the restraint determination with a
52 kDa protein assembly, and the fact that consensus
standards are much more biased over the typical structural
accuracy that is obtained from ‘traditional’ NMR restraints
(NOEs, J-couplings, exchange, etc.).

The overall fold of the presented structural model
reproduces, as expected, many features of the known
structural homologues, namely mouse ACRP30, human
collagen X, mouse collagen VIII and human complement
Clq (Shapiro and Scherer 1998; Bogin et al. 2002; Kvan-
sakul et al. 2003; Gaboriaud et al. 2003). However this
structure model describes distinctive structural properties
especially the loss of strand F in each domain. The overall
folding topology is similar but the disorder of strand F
causes an increase in the central cavity formed by the three
subunits. The second unusual feature of the final structure
regards the presence of a 19-residue region (segment 927—
945), for each subunit of the trimer, with 10-11 residues
out of 19 protruding from the main globular structure. Our
experimental evidence indicates that this segment is
unfolded, highly dynamic and highly accessible to solvent,
facts that make fragment 927-945 a good candidate for
hosting an interaction site; we note that flexible external
loops in intrinsically disordered protein regions are com-
mon interaction regions (Uversky 2002; Radivojac et al.
2007). The role and relevance of fragment 927-945 were
successfully tested by site-directed mutagenesis experi-
ments that, in particular, located at GIlu933 the o4f1
integrin binding site of EMILIN gClq (Verdone et al.
2008).

An interesting feature of the EMLINI gClq model
presented here is the conspicuous decrease of the contact
surface among the monomers within the trimeric assembly,
with respect to the corresponding areas observed in the
crystal structures of ACRP30, collagen X, collagen VIII
and complement Clq (Shapiro and Scherer 1998; Bogin
et al. 2002; Kvansakul et al. 2003; Gaboriaud et al. 2003).
This would suggest a decreased stability of the EMILIN1
gC1lq homotrimer, although boiling is required to dissoci-
ate the complex into monomers (Mongiat et al. 2000). A
possible explanation could involve Ca*" ions. The EMI-
LIN1 gClq preparations should not contain bound Ca®"
ions, and mass spectrometry to assess Ca>" presence in the
NMR sample failed because of the wide molecular mass
distribution range arising from non-uniform deuterium
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labelling. Ca”*" ions, occurring in human collagen X
(Bogin et al. 2002) and complement C1q (Gaboriaud et al.
2003), do not seem to compact the trimeric aggregate. It is
worth noting, however, that the two residues involved in
metal ion coordination in the known structures map to
Gly926 and Asn934 in EMILIN1 gClq, i.e. two positions
related to the disordered fragment 927-945. Another pos-
sible reason to account for the contact surface reduction in
the EMILIN1 gClq trimer could be the absence of the
strips of partially exposed aromatic residues that are
involved in the supramolecular assembly of the homotri-
meric structures for collagens VIII and X (Kvansakul et al.
2003; Bogin et al. 2002). None of the corresponding
positions in EMILIN gClq (Ser861, Val908, Leu912,
Asp923, Gly925, Cys963, Ala972, Glu976) bears an aro-
matic side chain (see “Supplementary material”), although
three out of eight exhibit aliphatic groups. In ACRP30, four
positions of the strip correspond to aromatic residues,
whereas the remaining four conserve a hydrophobic char-
acter at least. In the human complement Clq, on the other
hand, the partially exposed aromatic strip is largely absent,
but in this case a heterotrimeric interface is being consid-
ered. Thus, beyond the prudence for an inference that
should be affected by the explicit absence of segment 927—
945 in the model and the lack of direct information on the
trimeric interface, a reduced contact surface in EMILIN1
gClq may be plausible.

As recently reported, EMILIN1 is linked to the patho-
genesis of hypertension (Zacchigna et al. 2006) and
observed to be functionally involved in cell migration and
adhesion (Spessotto et al. 2003, 2006). In particular the
latter two functions are related to the C-terminal domain
that is addressed by the present study via an interaction
with o4f1 integrin. EMILIN1 gClq domain is the only
one, among the gClq structures described to date, that
interacts with an integrin. Any structural information on
this functionally relevant domain is therefore inherently
valuable. Our NMR-restrained homology model, albeit a
low-resolution structure, prompted for successful func-
tional experiments (Verdone et al. 2008) that provide novel
and original information concerning the peculiar interac-
tion features of the EMILIN1 gClq domain and the link
with the unstructured fragment 927-945 including in part
the insertion unique to EMILIN proteins. Accounting for
the underlying NMR-based modelling was worth at this
stage, to illustrate an example of structure-function corre-
lation within a still ongoing project aimed at improving
quality and extent of the results.
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