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Abstract

Our previous studies revealed that interaction of fibrin with the very low density lipoprotein
(VLDL) receptor plays a prominent role in transendothelial migration of leukocytes and thereby
inflammation. The major goal of our subsequent studies is to establish the structural basis for this
interaction. As the first step toward this goal, we localized the fibrin-binding sites within cysteine-
rich (CR) domains 2—4 of the VLDL receptor. In the present study, we have made a next step
toward this goal by establishing NMR solution structure of the recombinant VLDLR(2-4)
fragment containing all three fibrin-binding CR domains of this receptor. The structure revealed
that all three CR domains have similar general fold. Each domain contains a calcium-binding loop
and the loop in CR3 domain has a unique conformation relative to the other two. The domains
CR2 and CR3 interact with each other while CR4 is flexible relative to the other two domains.
Further, analysis of the electrostatic potential surface of VLDLR(2-4) revealed extended
negatively charged regions in each of its CR domains. The presence of these regions suggests that
they may interact with three positively charged clusters of fibrin BN-domain whose involvement in
interaction with the VLDL receptor was demonstrated earlier. Altogether, these findings provide a
solid background for our next step towards establishing the structural basis for fibrin-VLDL
receptor interaction.

Graphical Abstract

"To whom correspondence should be addressed.: N.T.: tjandran@nhlbi.nih.gov; phone: (301) 402-3029; fax: (301) 402-3405. L.M.:
Imedved@som.umaryland.edu; phone: (410) 706-8065; fax: (410) 706-8121.

The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Banerjee et al.

Page 2

. L3
: .&? __Disulf de
{ bonds

¥
o
“Ca’

VLDLR (2-4) Global S tructur VLDLR (2-4) Electrostatic Potential Surface

The very low density lipoprotein receptor (VLDLR) is a member of the low density
lipoprotein (LDL) receptor family, which includes LDL receptor, LRP, and several other
multifunctional cellular receptors.> A common feature of these receptors is that they all have
modular domain structure,! i.e. each of them contains a number of various homologous
sequences (modules) that are folded into compact structures (domains). The N-terminal
portion of the VLDL receptor consists of a cluster of eight cysteine-rich complement-type
repeats (modules) called CR domains followed by three EGF-like domains and p-propeller
domain, O-linked sugar domain, and transmembrane and cytoplasmic domains.12 CR
domains of VLDLR and other LDL receptor family members are also commonly referred to
as ligand-binding repeats or domains since most of the ligands for these receptors bind to
them. Each CR domain consists of approximately 40 amino acid residues including six Cys
that form three intra-domain disulfide bonds. Numerous structural studies of CR domains
from different LDL receptor family members revealed that they have similar basic three-
dimensional folds and the structure of each CR domain is stabilized by the disulfide bonds
and Ca2* ion3. At the same time, the ligand-binding specificity of various CR domains in
many cases is differentl: 4 suggesting that the structure of their ligand-binding sites is not the
same.

VLDLR is a multifunctional receptor found in different tissues including vascular
endothelium.2 Originally, VLDLR was proposed to function as a peripheral lipoprotein
receptor involved in the binding and delivery of triglyceride-rich lipoproteins into peripheral
fatty acid active tissues.® This function was later confirmed in the in vivo experiments.”- 8 It
was also shown that this receptor interacts with reelin,® RAP,10 thrombospondin-1,11
hepatitis C virus'2 and human rhinovirus HRV2,13 and several proteinase-serpin complexes.
14-16 These interactions play an important role in endocytosis of variety of ligands, reelin
signaling and neuronal migration, viral infections, angiogenesis, and tumor growth.>17-19
More recently, we found that the VLDL receptor also interacts with fibrin, whose major
function is to form fibrin clots that seal damaged vasculature and prevent blood leaking, and
this interaction promotes transendothelial migration of leukocytes and thereby inflammation.
20 We also found that inhibition of this interaction with the specific anti-VLDLR
monoclonal antibodies significantly reduces leukocyte transmigration in the /n vitro assay.?!
Further, our experiments revealed that such antibodies exhibit prominent anti-inflammatory
properties and significantly reduce myocardial injury induced by ischemia-reperfusion in the
in vivo models.?1
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Taking into account the significant role of fibrin-VLDLR interaction in fibrin-dependent
inflammation, we focused our subsequent studies on the establishment of its molecular
mechanism. First, we localized the VLDLR-binding site to a pair of fibrin BN-domains, each
formed by fibrin B chain residues 15-64, and found that a recombinant (B15-66), fragment
corresponding to these domains has the same high affinity to VLDLR as fibrin.2? Second,
we localized the complementary fibrin-binding site to CR domains 2—4 of the VLDL
receptor by preparing recombinant fragments containing various combination of its CR
domains and testing their interaction with the VLDLR-binding domains of fibrin.22 We also
found that among these fragments, the recombinant VLDLR(2-4) fragment containing CR
domains 2—4 had practically the same high affinity to fibrin as the entire extracellular portion
of the VLDL receptor or its VLDLR(1-8) fragment containing all eight ligand-binding CR
domains.22 This finding suggests that all three CR domains of VLDLR(2-4) preserve their
native conformation and fibrin-binding properties of the entire VLDL receptor. The major
objective of the present study was to establish NMR solution structure of the fibrin-binding
VLDLR(2-4) fragment, which is important for establishing the structural basis for fibrin-
VLDLR interaction.

MATERIALS AND METHODS

Preparation of the Recombinant VLDLR(2—4) Fragment.

15N- or 15N/13C-labeled recombinant human VLDLR(2-4) fragment consisting of CR
domains 2—4 (amino acid residues Lys*2-Pro163) and tagged with six His residues at the C-
terminus was expressed in £. co/i in minimal media supplemented with either 15N H,Cl or
15NH,Cl and 13Cg-glucose, respectively, and subsequently purified and refolded as
described previously for non-labeled VLDLR(2-4).22 After refolding, the labeled
VLDLR(2-4) fragment was isolated on RAP-Sepharose and subsequently fractionated on a
Superdex-75 column in 20 mM Tris buffer, pH 7.4, containing 150 mM NaCl, 2 mM CacCl,,
0.1 mM PMSF, and 0.02% NaNj3 to separate its monomeric fraction. The purity and folding
status of the monomeric VLDLR(2-4) fragment were confirmed by SDS-PAGE and
fluorescence spectroscopy, respectively, as we described earlier.22

NMR Data Collection.

The purified VLDLR(2-4) fragment was screened for better solubility, pH, salt
concentration, and temperature using NMR by monitoring its HSQC spectra quality. The
buffer conditions for VLDLR(2-4) were changed to get maximum peak resolution and
minimum peak width in 1°N,YH HSQC. The best buffer conditions were found to be 50 mM
sodium acetate, pH 6.2, with 200 mM NaCl, 2 mM CaCl,, and 0.1 mM PMSF. All NMR
experiments were performed at 306.5 K on Bruker Avance 600 MHz or Bruker Avance 800
MHz spectrometers with cryogenic probes. The experiments used for backbone resonance
assignments were 3-dimensional HNCACB?23, CBCA(CO)NH?4, HNCA?25, and HNCOZ%.
13C-edited NOESY-HSQC?” and MQ-HCCH-TOCSY?28 experiments were performed for the
side-chain chemical shift assignments. The MQ-HCCH-TOCSY was utilized to assign the
1H and 13C resonances of the methyl groups using uniformly 13C-labeled samples. For
assignment of intramolecular NOE distance restraints, 3-dimensional 1°N-edited NOESY-
HSQC2?, 3-dimensional 13C-edited NOESY-HSQC?7, and 4-dimensional 13C/13C-edited
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NOESY?30 experiments were performed. All NOESY experiments were acquired with 92 ms
mixing time (t,). All NMR data were processed using NMRPipe and analyzed using
NMRDraw31, CCPN Analysis 2.4.232, and PIPP33, All NMR protein samples were within
250-300 uM concentrations.

Backbone 1°N Relaxation Measurements.

The 15N T; backbone relaxation dynamics measurements were done at 800 MHz proton
resonance frequency with 2048 x 256 complex points along the t1 and t2 dimensions. The
inversion recovery delays for T1 measurements were 8, 120, 320, 600, 880, 1200, 1600, and
2240 ms. The 1°N T1, measurements were performed under the same acquisition parameters
with relaxation delays of 1, 10, 20, 35, 45, 60, 70, and 85 ms. Error for the correlation time
was estimated by randomly removing 10% of the data and refitting. This process was
repeated 20 times.

Residual Dipolar Coupling Measurements.

Residual dipolar couplings (RDCs) is one of the useful tools which can be used for protein
structure determination and refinement.34 35 RDCs of the backbone amide were measured in
the absence or presence of alignment medium containing 10 mg/mL of Pf1 filamentous
phage (Asia Biotech) to the double labeled 13C/1°N-VLDLR(2-4) fragment in H,O. The 2D
1H-15N HSQC spectra of both VLDLR(2-4) with and without Pf1 phage showed no obvious
chemical shift changes indicating the alignment medium did not affect the global
conformation of VLDLR(2-4). The Pf1 concentration in the sample was confirmed by 2H,0
splitting at 14.6 Hz36. Two IPAP experiments3’ were performed on two samples of
VLDLR(2-4), with and without Pf1 phage, to obtain the isotropic and anisotropic Jyn
values, respectively. The RDCs (Dyp) were calculated by subtracting the isotropic Jyy from
the anisotropic values.

Structure Calculation.

The 15N NOESY and 4-dimensional 13C/13C-edited NOESY cross-peaks were identified
and assigned. The corresponding peak intensities were translated into 1H-1H distances.
Hydrogen bond restraints were derived from the VLDLR homologous structure (PDB:
1LDL). VLDLR(2-4) backbone dihedral angle restraints ¢ and y were calculated from the
backbone chemical shifts using TALOS-N38. The structure of VLDLR(2-4) was calculated
using simulated annealing protocol in the Xplor-NIH3%: 40, The calculation employed 1606
NOE, 106x2 ¢ and y dihedral angle restraints. Distance restraints between each Ca2* ion
and its corresponding six liganded oxygen atoms were included (2.4 A), and the final
refinement also employed 9%2 hydrogen bond restraints in regions of confirmed secondary
structure. In addition, a total of 104 Dyp restraints were used in the structure calculation.
The DnH Were grouped into three classes. The first class belongs to the CR2-3, while the
second goes with CR4. Dyy for residues in flexible loops are grouped into the third class.
Each class was treated independently, thus having their own alignment tensor in the
calculation. The Dy in the first two classes were restrained using harmonic potential, while
the third class was restrained using half open square potential. All the structure figures are
prepared using PyMOL (The PyMOL Molecular Graphics System, Version 1.8 Schrodinger,
LLC.) except Figure 5, which was made in MOLMOL*L,
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RESULTS

15N HSQC Spectrum and Resonance Assignment of the VLDLR(2-4) Fragment.

Figure 1 shows a two-dimensional 1H-1°N HSQC NMR spectrum of the VLDLR(2-4)
fragment comprising CR domains 2—4 obtained at NMR proton frequency of 600 MHz. For
the 121-residue fragment, most of the resonances are well resolved. With the analysis of the
NMR data, nearly 95% of the backbone resonances were assignhed. Among the six His tag
residues located at the C-terminus of VLDLR(2-4), only the last C-terminal His was
assigned. We observed characteristic large downfield shifts (>1 ppm) of aspartate (D23,

D25, D27, D33, D66, D70, D76, D109, D115), glutamate (E34, E68, E77, E116), asparagine
(N105), and glycine (G24, G67, G106) residues involved in Ca%* ion coordination. This
identification aided backbone assignment as analogous CR domain residues in each calcium-
binding site had similar chemical shifts. It should be noted that the residue numbering in the
VLDLR(2-4) fragment here and elsewhere is Lys-Pro!21, which corresponds to the
original Lys*2-Pro163 numbering of this fragment in the VLDL receptor.

Secondary Structure of the VLDLR(2—-4) Fragment.

The secondary structure of VLDLR(2-4) was determined based on NOE connectivities and
the 6C,, 6Cp, and chemical shift index (CSI) values. The CSI was calculated from 6C,, -
8Cp. The values of 8Ca and 6Cg were obtained as the differences between the
experimentally observed 13C,, and 13Cg chemical shifts and the corresponding random coil
chemical shifts. Typically, a positive CSI corresponds to a-helical conformation while
negative CSI indicates p-sheet structure. A summary of these data is shown in Figure 2. The
calculated chemical shift index#? from the assigned C, and Cp secondary chemical shifts
indicates very small stretches of a-helical or B-sheet structures and mostly loop and random
coil structures. In each of the CR domains, the antiparallel p-sheet region forms a B-hairpin
structure followed by the Ca2*-binding motif. The repetitions of the secondary structure in
the regions 20-34, 64—77, and 102-116 are consistent with the CaZ*-binding region in each
of the CR domains.

Relaxation Dynamics Measurements of the VLDLR(2—4) Fragment.

The backbone Ty and Ty, of 1N-VLDLR(2-4) were measured at 800 MHz proton
resonance frequencies. Figure 3 shows that CR domains 2 and 3 have distinct distribution of
their T; and Ty, values compared to CR4. The average T; for the CR2 and CR3 were very
similar, 0.77 + 0.03 s, while the average Ty for CR4 was 0.64 + 0.03 s. The observed Ty,
values for CR2 and CR3 were 0.058 + 0.005 s and that for CR4 was 0.083 + 0.005 s. The
similar average relaxation values for CR2 and CR3 suggest that these domains are rather
tightly coupled and tumble together. In contrast, the higher average Ty, value and lower Ty
value for CR4 indicate that the rotational diffusion of this domain is more rapid than that of
CR2 or CR3. In fact, calculation of the expected T1 and Ty, values using model free spectral
densities*3 resulted in an estimated rotational correlation time (t¢) of 8.24 + 0.04 ns for CR2
and CR3 and 6.18 £ 0.02 ns for CR4. As a consequence of these observations, some of the
structural restraints, in particular the residual dipolar couplings, were adjusted to reflect that
CR2 and CR3 constitute one rotationally tumbling unit, while CR4 tumbles separately.
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Solution Structure of the VLDLR(2-4) Fragment.

The structure of the VLDLR(2-4) fragment was calculated using NOE-derived distance
restraints, generic hydrogen bonds, TALOS-derived dihedral angles, and dipolar coupling
restraints (D) (see Table 1). Despite having a well resolved 1°N HSQC spectrum typical
for proteins with well-defined regular secondary and tertiary structures, very few long-range
distance restraints (i-j = 5) were observed in the 1°N-edited NOESY spectrum, and the
majority of long-range restraints came from the 4D 13C-edited NOESY spectrum. The
calculated atomic coordinates and restraints, and the chemical shift assignments were
deposited to the Protein Data Bank with the following accession codes: PDB ID 6BYYV,
BMRB ID 30388. The ensemble of 20 lowest energy structures is shown in Figure 4. The
superposition of calculated 20 lowest energy structures of the VLDLR(2-4) fragment do not
have any distance or dihedral violations exceeding 0.5 A or 1.5 A, respectively. The
backbone RMSD values of the structured regions of the CR domains are 0.64 A (residues 5—
38), 0.65 A (residues 43-74), and 1.94 A (residues 80-98 and 102-116), and the
corresponding all-heavy-atom RMSD values are 0.98, 0.95, and 2.07 A, respectively. The
detailed structural statistics for the ensemble of 20 lowest energy structures is provided in
Table 1.

The ensemble of the lowest energy structures is consistent with the relaxation data
suggesting that CR2 and CR3 domains form one rigid unit, while CR4 is a separate folded
domain connected by a flexible linker. When the ensemble is superposed using just CR2 and
CR3, the RMSD values for CR4 are 7.50 A and 7.63 A for backbone and all heavy atoms,
respectively, with the distribution of CR4 positions spreading in a cone with a maximum
angle span of 75° + 15°, as shown in Figure 4A. The structure shows an extended form with
CR2 and CR3 domains being packed more closely than CR4. The dynamic flexibility of the
loop between CR3 and CR4 is further supported by the high Ty, values of the linker residues
(81-85) (Figure 3).

There are eighteen Cys residues in the VLDLR(2-4) fragment, six in each CR domain. All
these Cys form disulfide bonds (Figure 5) which are evident from the large Cg chemical shift
values compared to the Cg chemical shift values of reduced Cys residues. Cys 23, 65, and
104 have slightly lower Cg chemical shift values than the others, perhaps due to their
proximity to the positively charged Ca?* ion. Since there are no long stretches of regular
secondary structures, these disulfide bonds should make significant contribution to the
overall stability of the protein. All three CR domains have similar fold and disulfide bond
arrangement as shown in Figure 5, consistent with their sequence similarity. Domain CR2
has two short antiparallel B-strands forming a B-hairpin followed by a turn going into the
calcium-binding loop. The N-terminal portion of CR2 is connected to the second p-strand by
the Cys3-Cys15 disulfide bridge, while the first B-strand is connected to the end of the
calcium-binding loop by Cys10-Cys28. The calcium-binding loop is followed by a short
helical turn, whose C-terminal end is connected to the middle of the calcium-binding loop
by the Cys39-Cys22 disulfide bridge. Domains CR3 and CR4 also have the p-hairpin and
follow the same disulfide pattern, except they do not possess the short helical turn near their
calcium-binding loops. The disulfide bond formation is conserved in all domains by
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alternating Cys residues in the following order: Cys1-Cys3, Cys2-Cys5, and Cys4-Cys6. The
B-hairpins in the first two domains, CR2 and CR3, are oriented at an angle close to 90°.

Consistent with the homologous CR domain structure of the LDL receptor#4, CaZ* ions in
all three domains are liganded to negatively charged side chains of Asp and Glu residues.
Figure 6 shows residues in each CR domain that bind Ca2* ion forming a complete
octahedral geometry. In CR2 domain, Ca2* ion coordinates with side chains of D23, D27,
D33, E34 and backbone carbonyls of W20 and D25 (Figure 6A). A similar coordination
pattern is maintained in CR3 and CR4 domains as well. In CR3, residues D66, D70, D76,
and E77 coordinate to Ca2* ion through their side chains, and the backbone carbonyls of
W63 and E68 complete the coordination (Figure 6B). The pattern is slightly different in
CR4, in which Trp is replaced by Phe and two of the acidic amino acid residues (D23 and
D25 in CR2 and D66 and E68 in CR3) are replaced by N105 and Q107 with uncharged side
chains (Figure 6D). Therefore, Ca* coordinates with N105, D109, D115, and E116 through
their side chains, and with F102 and Q107 through their backbone carbonyls (Figure 6C).
Even though the coordination is very similar in all three CR domains, the structure of the
short loop region in them is not the same. One important distinction is the direction of the
fold of the calcium-binding loop in CR3 compared to the other two. In the orientation of the
calcium-binding loops as shown in Figure 6A-C, the loop immediately following D27 in
CR2 or D109 in CR4 towards the N-terminus is lower than the plane formed by Ca2* ion
and the last three ligands (D27, D33, and E34 in CR2, and D109, D115, and E116 in CR4).
In contrast, the same loop is higher than the corresponding plane in CR3 (formed by Ca?*,
D70, D76, and E77). Also notably, the N-terminal portions of the CR2 and CR4 loops are
pointing up in the configuration in Figure 6A-C, while the CR3 N-terminal portion is
pointing down. Inserts in the sequence of these calcium-binding loops, as highlighted in
their sequence alignment (Figure 6D), might contribute to their different conformations.

DISCUSSION

Our previous studies revealed that interaction of fibrin with the VLDL receptor plays a
prominent role in transendothelial migration of leukocytes and thereby fibrin-dependent
inflammation.20: 21 However, the molecular mechanism of this interaction and the structural
basis for it are still poorly understood. To establish such a mechanism, we first localized
complementary binding sites within a pair of fibrin BN-domains and CR domains 2—4 of the
VLDL receptor.20: 2245 |n the present study, we have taken our next step toward
establishing the structural basis for this interaction, namely, we have determined NMR
solution structure of the VLDLR(2-4) fragment containing all three fibrin-binding CR
domains of the VLDL receptor.

The major challenge in determining the structure of VLDLR(2-4) was the sequence
homology between all three CR domains of this fragment and similarity in their overall folds
that resulted in signal overlaps and some assignment ambiguities. This is rather typical for
extracellular proteins containing multiple repeats of similar domains, such as complement-
control proteins that can have up to 30 of such modules,*® which at most only three modules
could be solved by NMR at one time. In VLDLR(2-4), the downfield shifted resonances due
to calcium coordination, slight differences in the calcium ligands, plus differences in the
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structure of the calcium-binding loops reduced the resonance overlap problems for residues
in those regions and facilitated analysis of NMR data.

It should be noted that the X-ray crystal structure of a complex between a fragment
containing CR domains 2-3 of the VLDL receptor and the minor group human rhinovirus
HRV2 have been previously solved,!3 as well as the X-ray structure of a complex between a
fragment containing CR domains 1-3 of VLDLR and HRV2.47 In both X-ray structures,
only one of the CR domains could be observed, at low resolution, and it was assumed that
the observed domain corresponded to CR3. In the present study, we solved NMR solution
structure of the three fibrin-binding CR domains 2—-4 of VLDLR, allowing us to evaluate
spatial arrangement of these domains in solution and interaction between them at atomic
resolution. We can also test which of the two CR domains of VLDLR(2-4), CR2 or CR3, is
common with the X-ray structures, i.e. is closest structurally to the CR domain observable
by X-ray. Superposing the observed CR domain in the HRV2-bound structure shows a better
fit to CR2 than to CR3 (pairwise RMSD values of 4.9A vs. 6.2A). This suggests that perhaps
it was CR2, not CR3, that was observed in the X-ray structures. It should be noted that a
DALI structural similarity search for the CR domains revealed matches not just to the other
known LDL-type receptors, but also to auxiliary domains present in hemoglobin complexes
of earthworms (PDB codes 2GTL and 4U8U, species Lumbricus terrestris and Glossoscolex
paulistus, respectively). All the same disulfide bonds are present, and Ca2* is bound by
negatively charged residues in analogous positions.

The interdomain regions of the VLDLR(2-4) structure were examined for interactions that
might explain why CR2 and CR3 tumble together in solution as one unit, whereas CR4
comprises a separately tumbling domain connected by a dynamic, flexible linker. While no
obvious salt-bridges or hydrophobic interactions are apparent, CR2 and CR3 have a good
number of interdomain contacts as observed through 3D NOESY (or 4D-NOESY). In
contrast, much fewer interdomain side chain contacts were observed between CR3 and CR4
domains. Aligning the sequences of the three CR domains to each other, CR2 has a two-
residue insertion, residues S35 and P36, at the end of the calcium-binding loop adjacent to
the helical turn (Figure 6D). The sequence of CR3 also has a two-residue insertion, but in a
different location, residues S55 and T56, in the loop of the B-hairpin. Both these insertions
pack against the residues linking CR2 and CR3 (Figure 7), and thus might play some
stabilizing role. In contrast, CR4 lacks any insertions, and CR3 lacks the insertion
corresponding to that of CR2, which could explain the greater flexibility seen for the linker
between CR3 and CR4.

The VLDLR(2-4) fragment has many negatively charged residues in addition to those
whose side chains coordinate to the Ca2* ions. The electrostatic surface potential of the
VLDLR(2-4) fragment shown in Figure 8A reveals that these residues form extended
negatively charged regions in the three CR domains, with the most prominent one in the
calcium-binding loop of CR3. Our recent study with fibrin BN-domain mutant fragments
revealed that the BN-domains interact with CR domains 2—4 of the VLDL receptor through
three clusters of positively charged Arg/Lys residues.* Based on this finding and
electrostatic potential of VLDLR(2-4), one can speculate that the positively charged side
chains of the BN-domain clusters (Figure 8B) bind to these negatively charged regions of CR
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domains 2—4 of the VLDL receptor. Further structural studies are required to test this
speculation.

In summary, the present study established NMR solution structure of the fibrin-binding
region of the VLDL receptor containing CR domains 2—4. The structure revealed that the
overall fold of all three CR domains is similar to that of CR domains of other members of
the LDL receptor family members, and CR2 and CR3 domains interact with each other
forming a rigid elongated structure while CR4 domain is flexible relative to the other two
domains. The structure also revealed an extended negatively charged region in each of the
three CR domains suggesting that these regions may interact with three positively charged
cluster of fibrin BN-domain, which were previously shown to be involved in the interaction
with the VLDL receptor.*> Our previous study identified conditions for formation of a stable
complex between the fibrin-binding VLDLR(2-4) fragment of the VLDL receptor and the
VLDLR-binding (B15-66), fragment representing a pair of fibrin N-domains.22 Having
established the structure of VLDLR(2-4), we have taken another step towards NMR study of
this complex and establishment of the structural basis for fibrin-VLDL receptor interaction.
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ABBREVIATIONS
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HSQC heteronuclear single quantum coherence
NOESY nuclear Overhauser effect spectroscopy
RMSD root-mean-square-deviation
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Figure 1.

Two-dimensional H,15N HSQC spectrum of the VLDLR(2-4) fragment shown with the
backbone assignment. The negative intensities corresponding to folded resonances of Arg

side chains and NH of D27 are shown in pink.
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Figure 2.
Summary of the sequential and medium range NOEs involving the Hy, Hq, and Hg protons.

The chemical shift index (CSI)*2 is shown at the bottom. Residues in the calcium-binding
loops are underlined in red.
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Backbone dynamics of the VLDLR(2-4) fragment. Panels (A) and (B) show the
experimental values of °N T and T, respectively, for VLDLR(2-4). Regions belonging to
different CR domains are indicated at the top of the panel in bars with three different colors,
green, yellow, and orange. The horizontal dotted red lines show the average Ty and Ty,
values obtained by averaging the experimental data over all residues in CR2-3 and CR4.
Residues in highly flexible loops are excluded from the calculation of the average values.
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Figure 4.
(A) Superposition of an ensemble of 20 lowest energy structures of the VLDLR(2-4)

fragment with CR2 domain in green, CR3 in yellow, and CR4 in orange. The superposition
was calculated by least square fit the backbone atoms of CR2-3. Superposition of the CR2
domain (residues 5-38) is shown in (B), CR3 (residues 43-74) in (C), and CR4 (residues
80-116) in (D).
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A

Figure 5.
(A) ribbon representation of the lowest energy structure of the VLDLR(2-4) fragment with

CR2, CR3, and CR4 domains colored green, yellow, and orange, respectively; Ca2* ions are
shown as grey spheres. The structure depicts very short stretches of regular secondary
structures and longer loop regions which are stabilized by extensive network of nine
disulfide bonds. The pairing of cysteine residues are indicated with the disulfide bonds
represented in red. (B) Another view of the ribbon representation of the VLDLR(2-4)
structure highlighting the relative orientation of the antiparallel p-sheet in CR2 domain
(green) which is almost 90° from CR3 (yellow).
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Figure 6.
Calcium-binding pockets of the VLDLR(2-4) fragment. Ligands for Ca* binding in CR2,

CR3, and CR4 domains are shown in (A), (B), and (C), respectively. Ca2* ions are shown as
grey spheres, while side chains of the residues that co-ordinate with these ions are shown in
sticks. The structures of the three calcium-binding loops are shown by superimposing them
on the last three residues (S32-E34, E75-E77, S114-E116) so that they have the same
relative orientation. (D) Sequence alignment of the three Ca2*-binding regions of CR2, CR3,
and CR4 domains (I, 11, and I11, respectively) with the ligand residues colored in red and the
2-residue inserts in CR2 and CR3 shown at the end and the beginning of their sequences,
respectively.
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180°

Figure 7.
Interdomain packing in the VLDLR(2-4) fragment. Residues involved in stabilizing CR2-

CR3 domain packing are highlighted in the left panel. The right panel is 180° rotated view
of the left panel. Residues belonging to CR2 and CR3 are shown in green and yellow
spheres, respectively, and are labeled in magenta. Insert residues P36 and T56 are included.
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Figure 8.
(A) Electrostatic surface potential of the VLDLR(2-4) fragment. The surface potential was

calculated using the program PyMOL. Positively charged residues are shown in blue, while
negatively charged residues are in red. The different CR domains and the hinge between
CR3 and CR4 are indicated. The right view is 90° rotated with respect to the left panel. (B)
BN-domain sequence (amino acid residues p15-64) with the positively charged clusters
highlighted in blue.
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Structural statistics of an ensemble of 20 lowest energy structure of VLDLR (PDB ID: 6BYV), derived from

XPLOR and PSVS 1.5.

Distance restraints (A)

NOE (1606)¢

Intraresidue NOE (Ji-j| = 0) (303)
Sequential NOE (Ji-j| = 1) (465)
Medium range NOE (2 < |i-j| < 5) (468)
Longrange NOE (|i-j| = 6) (370)
H-Bonds (9 x 2)

Dihedral angle restraints (°)

¢ and y (106 x 2)

Residual Dipolar Coupling (104) R-factor
5-80 21.67+1.41
93-118 19.62 £ 4.27

Deviations from idealized covalent geometry
Bond (A) (1698)

Angle (°) (3014)

Improper (°) (877)

Da
-4.43+£0.03
5.00 + 0.03

Coordinate precision RMSD (A) All backbone atoms (A)
5-38 0.64 £0.27
43-74 0.65 +0.27
80-116 1.94+1.11
All orderedb 2.85+1.34

Ramachandran plot

Residues in most favored regions
Residues in additional allowed regions
Residues in generously allowed regions

Residues in disallowed regions

0.21+0.01

0.22 £0.01
0.19 +£0.01
0.25+0.02
0.26 +£0.03
0.25+0.11

4.10 £ 0.47

Rn
0.55 +0.00
0.40 £ 0.00

0.01+0.00
1.16 £ 0.05
1.15+0.07
All heavy atoms
0.98+0.28
0.95+0.27
2.07 £1.08
298+1.29

69.7%
27.8%
2.4%
0.1%

a .
Total number of restraints and

bResidues in regular secondary structure: 5-38, 43-74, 80-116 (80-98 and 102-116) and Calculated using PSVS/Procheck
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