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Collagen IV networks are present in all metazoa and
underlie epithelia as a component of basement mem-
branes. The networks are essential for tissue function
and are defective in disease. They are assembled by the
oligomerization of triple-helical protomers that are
linked end-to-end. At the C terminus, two protomers are
linked head-to-head by interactions of their trimeric
noncollagenous domains, forming a hexamer structure.
This linkage in the al.a2 network is stabilized by a pu-
tative covalent Met-Lys cross-link between the trimer-
trimer interface (Than, M. E., Henrich, S., Huber, R.,
Ries, A., Mann, K., Kuhn, K., Timpl, R., Bourenkov, G. P.,
Bartunik, H. D., and Bode, W. (2002) Proc. Natl. Acad.
Sci. U. S. A. 99, 6607-6612) forming a nonreducible dimer
that connects the hexamer. In the present study, this
cross-link was further investigated by: (a) comparing
the 1.5-A resolution crystal structures of the al.a2 hex-
amers from bovine placenta and lens capsule basement
membranes, (b) mass spectrometric analysis of mono-
mer and nonreducible dimer subunits of placenta base-
ment membrane hexamers, and (¢) hexamer dissocia-
tion/re-association studies. The findings rule out the
novel Met-Lys cross-link, as well as other covalent cross-
links, but establish that the nonreducible dimer is an
inherent structural feature of a subpopulation of hex-
amers. The dimers reflect the reinforced stabilization,
by noncovalent forces, of the connection between two
adjoining protomers of a network. The reinforcement
extends to other types of collagen IV networks, and it
underlies the cryptic nature of a B-cell epitope of the
a3.a4.05 hexamer, implicating the stabilization event in
the etiology and pathogenesis of Goodpasture autoim-
mune disease.

Collagen IV is a major protein component of basement mem-
branes, a specialized form of extracellular matrix underlying
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epithelia that compartmentalizes tissues and provides molec-
ular signals for influencing cell behavior. The collagen IV fam-
ily is composed of six a-chains (al to a6) that assemble into
three kinds of triple-helical protomers (1). Each protomer has
three functional domains, a 7S domain at the N terminus, a
long triple-helical collagenous domain in the middle of the
molecule, and a noncollagenous (NC1)! domain trimer at the C
terminus. Protomers self-assemble into networks by end-to-end
associations that connect four molecules at the N terminus,
forming a 7S tetramer, and two molecules at the C terminus,
forming a NC1 domain hexamer (1). Three types of networks
are known: an al.a2 network present in the basement mem-
branes of all metazoa and an «a3.a4.a5 network and an al.a2-
ob5.a6 network that have restricted distributions. The networks
are essential for tissue function, because they provide mechan-
ical stability, provide a scaffold for assembly of other macro-
molecules, and serve as ligands for integrins (1-3).

The NC1 domain plays a pivotal role in the assembly of
distinct networks. The specificity for chain selection is gov-
erned by recognition sequences encoded within NC1 domains of
the respective six a-chains (4, 5). In protomer assembly, the
NC1 domains (monomers) of three chains interact, forming an
NC1 trimer, to select and register chains for triple-helix forma-
tion. In network assembly, the NC1 trimers of two protomers
interact, forming an NC1 hexamer structure, to select and
connect protomers. This trimer-trimer interface is stabilized by
a putative covalent cross-link, which may exist in all three
collagen IV networks (6).

The existence of cross-links (reducible and nonreducible) was
first proposed from studies of the NC1 hexamer isolated by
collagenase digestion of al.a2 collagen IV networks of human
placenta, aorta, and mouse tumor (7, 8). Upon exposure to
acidic pH or denaturants, the NC1 hexamer dissociates into
monomers and dimers, the later reflecting the cross-links. Sub-
sequent studies of al.a2, a3.a4.a5, and al.a2-a5.a6 collagen
IV networks have shown that the cross-links connect al-like
monomers (al-al, al-a5, and a3-ab) and «2-like monomers
(a2-a2, a2-a6, and a4-a4) (9, 10). For two decades, the reduci-
ble dimers were thought to be disulfide-linked monomers (7,
11). However, the recent x-ray crystal structures of the NC1
hexamers of bovine lens capsule basement membrane (LBM)
and human placenta basement membrane (hPBM), determined

! The abbreviations used are: NC1, noncollagenous domain; LBM,
lens capsule basement membrane; PBM, placenta basement mem-
brane; hPBM, human PBM; MALDI, matrix-assisted laser desorption
and ionization; TOF, time-of-flight; MS, mass spectrometry; MS/MS,
tandem mass spectrometry; MAD, multiwavelength anomalous disper-
sion; bicine, N,N-bis(2-hydroxyethyl)glycine; HPLC, high-performance
liquid chromatography; r.m.s., root mean square.
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independently by us (4) and Than et al. (6), respectively, have
disproved this hypothesis. Both hexamers showed only intra-
chain disulfides with no possibility of forming interchain dis-
ulfides without destabilizing the two trimeric caps of the hex-
amer. For the nonreducible cross-link, a novel thioether cross-
link was reported by Than et al. (6) involving a methionine
(Met®?) residue and a lysine (Lys?'?!) in the hPBM hexamer; the
evidence was based on electron density maps at 1.9 A suggest-
ing the existence of both cross-linked and uncross-linked resi-
dues at this site. The existence of this novel thioether cross-link
is surprising given that the NC1 hexamer of Hydra vulgaris
collagen IV dissociates into both monomers and dimers but is
devoid of the equivalent Met and Lys residues (12, 13). Instead,
it has glutamate residues at these positions.

In the present study, the chemical nature of the putative
Met-Lys cross-link was further investigated. This was achieved
by (@) increasing the diffraction resolution of crystals of hex-
amers of bovine placenta basement membrane (PBM) and of
lens capsule basement membrane (LBM) to 1.5 A and compar-
ing their structures, (b) mass spectrometric analysis of mono-
mer and nonreducible dimer subunits of PBM hexamers, and
(¢) hexamer dissociation and re-association studies. The find-
ings rule out the novel Met-Lys cross-link, as well as other
covalent cross-links, but reveal the existence of metal ions that
may reinforce the stability of the trimer-trimer interface. Also,
this study establishes that the nonreducible dimer is an inher-
ent structural feature of a subpopulation of hexamers. The
dimer reflects the reinforced stabilization, by noncovalent
forces, of the connection between two adjoining protomers of a
network. The reinforcement extends to other types of collagen
IV networks, and it underlies the cryptic nature of a B-cell
epitope of the a3.a4.a5 hexamer, implicating the stabilization
event in the etiology and pathogenesis of Goodpasture autoim-
mune disease (27).2

EXPERIMENTAL PROCEDURES

Crystallization and Data Collection—NC1 hexamers of bovine LBM
and PBM were purified by collagenase digestion as previously described
(14). Crystals of LBM hexamers were grown according to Sundaramoor-
thy et al. (4). The crystallization medium contained 10% polyethylene
glycol 20,000, 0.1 M bicine, pH 9.0, and 5% 2-methyl-2,4-pentanediol.
The crystals belong to the P2; space group with four hexamers in the
asymmetric unit. The PBM hexamer crystals were grown using the
hanging drop, vapor diffusion method at nearly identical conditions,
except that 2-methyl-2,4-pentanediol was replaced by dioxane. How-
ever, the PBM protein crystallized differently in the P2,2,2; space
group with one hexamer in the asymmetric unit. Complete datasets
extending to 1.5 A for both LBM and PBM hexamer crystals were
collected at cryogenic temperature at Stanford Synchrotron Radiation
Laboratory, beamline 9-1 (Mar365 imaging plate) and Advanced Photon
Source, Southeast Regional Collaborative Access Team (SER-CAT)
beamline (MarCCD), respectively, and processed using DENZO and
SCALEPACK of the HKL2000 suite (15) (Table I).

Structure Determination and Refinement—The 2.0-A resolution LBM
hexamer coordinates (PDB accession code: 1M3D, chains A-F) were
used as the search model in the molecular replacement calculations.
The calculations were performed using the AmoRe (16) program of the
CCP4 suite, which provided solution for one hexamer in the case of
PBM crystal and four hexamers for LBM crystal. Initial models were
subjected to rigid body refinement using 30.0-3.0 A data followed by
simulated annealing refinement using reflections in 10.0- to 2.5-A res-
olution range. This and subsequent refinements were carried out using
CNS (17) and cross-validated by the calculation of R, using 5% of
randomly selected reflections. After this stage, few rounds of positional
and individual B-factor refinements were carried out while gradually
increasing the resolution to 2.0 A. From this point each round of posi-
tional and B-factor refinements were followed by the addition of solvent
molecules using the standard criteria. Adjustments of models were

2D.-B. Borza, O. Bondar, S. Colon, P. Todd, Y. Sado, and B. G.
Hudson, manuscript in preparation.
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made at the end of each refinement cycle guided by 2F, — F_ and F, —
F,_ maps using O graphics software (18). These iterative processes were
continued until the highest resolution of 1.5 A was reached for both data
sets, and all the model errors were satisfactorily corrected, including
solvent modeling. In the final rounds of refinement, nonbonded energy
restraints for the side chains of Met®*°° and Lys?'V2% were removed.
The refined models were analyzed using SETOR (19), PROCHECK (20),
HBPLUS (21), and the Internet-based protein-protein interaction
server (www.biochem.ucl.ac.uk/bsm/PP/server/).

Gel Electrophoresis and Chromatography—Crystals of both PBM and
LBM hexamers were harvested separately in their artificial mother
liquors. The crystals were washed thoroughly in fresh mother liquor to
remove uncrystallized protein. Clean crystals were redissolved in buffer
and used in electrophoresis and chromatography analyses. Polyacryl-
amide gels of 4—20% linear gradient (Bio-Rad) were used. PBM and
LBM hexamers were boiled in sample buffer for 5 min before loading.
Gels were stained with Coomassie Brilliant Blue R-250. For chroma-
tography analyses, PBM and LBM hexamers were boiled for 10 min in
4 M guanidine-HCl, 0.05 m Tris-HCI, pH 7.5. Dimers and monomers
were separated using a TSK-G3000sw ToSo-Hass HPLC column equil-
ibrated with 4 M guanidine-HCl.

Dissociation and Re-assembly of NC1 Domain Hexamers—NC1 hex-
amers of LBM and PBM were dissociated in 50 mM formic acid buffered
at pH 3.0 with Tris base (5). Under this condition the dissociation into
monomers and dimers occurred, as verified by using TSK-G3000 ToSo-
Hass HPLC gel filtration column. The dimer and monomer fractions
were separated and used for re-assembly studies. The pure monomer
(LBM) and dimer (PBM) fractions were re-associated separately by
changing the buffer to TBS, pH 7.5. The sample was concentrated to
about 1 mg/ml and incubated for 24 h at room temperature. The re-
assembled hexamers were analyzed by HPLC gel filtration and by
SDS-PAGE.

Mass Spectrometry—PBM hexamers were denatured in 4 M guani-
dine-HCl and 50 mm dithiothreitol by boiling in a water bath for 20 min,
and subsequently alkylated with 0.25 M iodoacetamide. Dimers and
monomers were size-separated by HPLC in 4 M guanidine-HCI. Each
fraction was digested with sequencing-grade trypsin (Promega) at 1:25
enzyme to protein ratio by incubating overnight at room temperature.
Tryptic peptides were Zip-Tip (Millipore)-cleaned and combined with a
a-cyanohydroxycinnamic acid matrix for matrix-assisted laser desorp-
tion/ionization, time-of-flight mass spectrometry (MALDI-TOF MS)
analysis using a Voyager 4700 mass spectrometer (Applied Biosys-
tems). The peptides were initially identified by comparing the experi-
mental masses of each peak with computer-predicted masses of tryptic
peptides from the bovine a1l NC1 (IV) and a2 NC1 (IV) sequences (4).
The identity of some peptide sequences was confirmed by inducing ion
fragmentation using the instrument in the tandem mode (MS/MS).

RESULTS AND DISCUSSION

Previously, the crystal structures of NC1 hexamers from
LBM and hPBM were refined at 2.0 A and 1.9 A, respectively
(4, 6). The two structures are virtually identical except for the
amino acid differences between the bovine and human se-
quences. The only other difference that distinguishes the two
structures is a set of partial Met-S®-Lys-C¢ thioether cross-
links at the hexamer interface reported for hPBM structure (6),
which, however, is completely absent in LBM structure (4). The
partial cross-links were modeled in hPBM structure based on
residual electron density peaks observed between the side
chains of Met®® and Lys2!! belonging to two opposing a-chains.
In this context, we crystallized bovine PBM hexamer as well as
LBM hexamer to obtain higher resolution diffraction data for
more accurate refinement of the model, especially of the Met-
Lys pairs at the hexamer interface. The crystals were also
redissolved in the buffer and used in all other experiments. The
use of crystallized protein in all experiments provides an un-
ambiguous correlation of the results from x-ray crystallogra-
phy, electrophoresis, and mass spectrometry.

Structure Refinement—PBM and LBM hexamers crystal-
lized using nearly identical conditions pack in two different
lattice forms. The former packs in an orthorhombic lattice
(P2,2,2,) with only one hexamer in the asymmetric unit and
the latter in a monoclinic space group (P2;) with four hexam-
ers in the asymmetric unit. Both crystal forms diffracted to
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TaBLE 1
Summary of crystallographic analysis
PBM LBM
Data collection
Unit cell
a &) 73.65 127.39
b (A) 80.14 140.14
c(A) 235.42 160.69
B () 91.26
Space group pP2,2,2, P2,
No. molecules in ASU 1 4
Resolution (A) 1.5 15
No. of observations 760,633 1,646,755
No. of reflections 215,169 859,512
Completeness (%) 96 (85)" 96.5 (97.8)
R, (%) 8.8 (26.4) 7.5 (68.0)
I/o(D) 12.4 (1.2) 13.9 (1.0)
Refinement .
Resolution range (A) 8.0-1.5 8.0-1.5

No. of reflections used (o > 2) 163,779/8,188 608,966/31,862
Working/test
R /Ry (%) 17.5/19.9 19.0/21.8
Average B-factor (A) 15.49 21.73
No. protein atoms 10,365 41,681
No. of non-protein atoms 729 3118
r.m.s. deviation

Bond lengths (A) 0.0058 0.0072

Bond lengths (°) 1.35 1.38

“ Values in the parentheses are for the highest resolution shells.

higher resolutions than previously reported, and datasets
extending to 1.5 A were collected from a single crystal for
each protein. The structures were solved by molecular re-
placement method and were refined to R, ., /Ree 0f 0.175/
0.199 and 0.190/0.218 for PBM and LBM crystals, respec-
tively. Summaries of data collection and refinement statistics
are provided in Table I. The final model of PBM crystal
structure consists of 1 hexamer comprising chains A-F, 8
cations, 6 anions, and 708 solvent molecules and that of LBM
crystal consists of 4 hexamers comprising chains A-X, 16
cations, 24 anions, and 3044 solvent molecules.

Description of Overall Structure—The backbone atoms of
four hexamers of the LBM crystal asymmetric unit superim-
pose with an r.m.s. deviation of 0.73—-0.76 A. Similarly, the
superimposition of PBM hexamer on different LBM hexamer
backbones results in an r.m.s. deviation of 0.75-0.79 A for the
backbone atoms. These figures indicate that there are no sig-
nificant differences in the overall structures within or between
the two crystal forms. The two different crystal packings show
no obvious structural differences in the crystal contact regions.
Fig. 1 shows the ribbon diagram depicting the overall architec-
ture of a typical NC1 hexamer (PBM). Overall, the NC1 hex-
amer forms a compact ellipsoid-shaped structure formed by two
trimers related by a noncrystallographic 2-fold symmetry. The
hexamer or trimer-trimer interface is formed by a large flat
surface covering about 4000 A2 of solvent-accessible surface
area. Each trimer is made up of two a1 chains and one o2 chain
related by a pseudo 3-fold symmetry. The monomers within a
trimer interact very tightly through three-dimensional domain
swapping interactions to form a stable scaffold of six-strand
antiparallel B-sheet with a two-strand B-hairpin of one chain
inserting into the adjacent chain (4). Additionally, the three
monomer-monomer interfaces contain unique sites of interaction
that provide basis for chain-specific assembly of the trimer. The
NC1 domain of each a-chain contains 12 cysteines, and all of
them are involved in disulfide bonds. Each monomer is composed
of two similarly folded subdomains, N- and C-domains, which
contain three intradomain disulfides each at identical positions.
Both LBM and PBM hexamer structures showed only intrachain
disulfides. The high resolution crystal structures show disor-
dered N- and C-terminal regions of both a1 and a2 chains. Sim-
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Fic. 1. Ribbon model for the PBM hexamer at 1.5-A resolution
down the 2-fold NCS axis. The chains of the NC1 hexamer are shown
with different colors as follows: a1 (A and D, red; B and E, green) and a2
(C and F, blue). Chains A, B, and C make up the upper trimer, whereas
chains D, E, and F compose the lower trimer. Potassium, calcium, and
chloride ions are indicated with spheres colored in yellow, cyan, and
purple, respectively. The figure was made with Bobscript (25)
and rendered using Raster3D (26).

ilarly, post-translational modifications such as glycosylation
were not detected in either of the structures.

Analyses of NC1 Hexamer Interface: Search for Covalent
Cross-links—Instead of disulfide cross-links, Than et al. (6)
reported the occurrence of a novel thioether cross-link involv-
ing a methionine (Met®?) and a lysine (Lys?!!) in the structure
of the hPBM hexamer. These residues are contributed by two
different chains of two interacting trimers and are located at
the hexamer interface. They were modeled in two sets of con-
formations based on the electron density map at 1.9-A resolu-
tion, one unlinked and the other covalently linked. There are
two Met-Lys cross-links per pair of chains, and hence six such
cross-links per hexamer are possible. The support for the cross-
link stems from the observation of a weak positive peak be-
tween the two residues in the difference electron density map.
They also claimed, without providing details, to have confirmed
the cross-linked peptides from the size-separated tryptic pep-
tides of dimers, but not from the monomers. However, super-
imposition of the 2.0-A LBM hexamer structure (1IM3D), in
which cross-links were not detected, with hPBM hexamer
structure (1LI1) shows remarkable resemblance, including the
location of the putative cross-link-forming residues, Met®® and
Lys?'! (The coordinates for only uncross-linked conformations
of these two residues are available in the Protein Data Bank).

Now that the refinement of two structures at 1.5 A of the
same protein (LBM and PBM) from two different tissues, lens
capsule and placenta, of the same species are completed, we
have superior models for objective comparison. Thus, simu-
lated annealing omit maps were computed for each of Met-Lys
pairs in both structures (Fig. 2). The maps do not show contin-
uous density linking the two residues in any of the six possible
sites in PBM structure as would be expected for covalent bonds.
They appear generally disordered as commonly observed for
solvent-exposed methionine and lysine residues in most crystal
structures of proteins. However, some pairs show much clearer
density for the side chains, and those pairs are clearly away
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Fic. 2. Electron density for the side chains of Met*?° (a1/a2) and Lys>*''2%? (a1/a2) at the PBM hexamer interface. The F, — F, omit

211/209

electron density map around Met®**° and Lys is contoured at 2.50 and colored purple. The figure was made with SETOR (19).

from each other, implying that they do not form covalent bonds
(Fig. 2). Refinement of the structures without nonbonded en-
ergy restraints for the methionine and lysine residues involved
in the putative cross-links did not move the side-chain atoms
significantly. In some instances, the e-amino group of Lys2!! is
within hydrogen bonding distance (~2.7 A) from the carbonyl
oxygen of Met®! of the opposite trimer. Although, the residues
Met?3 and Lys?!! are indeed the closest pair at the interface as
observed in the high resolution structures, there is no signifi-
cant residual electron density between them to be interpreted
as a potential covalent bond. The distance measured between
Lys21-Cc and Met®2-S° ranged (for the six putative sites in the
hexamer) between 2.5 and 3.5 A, which is beyond the expected
distance of 1.8 A for a thioether bond (22). Thus, the 1.5-A
crystal structures of LBM and PBM hexamers rule out the
proposed Met-Lys cross-link reported by Than et al. (6) and
show no evidence for cross-links that could account for the
dimer subunits observed upon hexamer dissociation.

Protein-Ion Interactions—The major difference between the
LBM and PBM hexamer structures was observed during the
modeling of solvent structure. The electron density map of
PBM crystal showed strong peaks at specific sites in all the six
chains. These sites, when modeled with water molecules, re-
fined to the lowest B-factor limit (1 A2) set in the refinement
and still showed strong residual density in difference Fourier
map. Corresponding sites in LBM structure show significantly
lower density. This indicated that these sites are occupied by
electron dense ions in PBM structure rather than water mole-
cules, and it is quite possible that the LBM structure has
partially occupied ions or solvent molecules. The high electron
density sites could be clearly divided into three groups based on
their chemical environment and hence modeled with three
kinds of ions. Because there was very little prior knowledge on
the nature of the ions, we used certain chemical and crystallo-
graphic parameters as the criteria during the trial-and-error
modeling of the sites.

The first group consists of six sites located at the hexamer
interface. Each of them interacts with three a-chains, two from
one trimer and the third from the opposing trimer (Fig. 3, A and
B). The ligands are predominantly negatively charged and so
are assumed to be coordinated by cations. After modeling sev-
eral different cations, it was narrowed down to either K* or
Ca?* based on flattening of the difference density after the
refinement. The B-factors of these cations were also refined to
values comparable to those of their ligands. Because the Ca®*
ion is invariably coordinated to oxygen ligands and its coordi-
nation distances are shorter than the ones observed, it was

Fic. 3. Metal binding sites of NC1 hexamers: specific metal-
protein interactions. A and B display the side-chain ligands around
one of the six potassium ions found in PBM and LBM hexamers,
respectively. The spherical electron-density peak observed in the dif-
ference Fourier omit map is contoured at 2.5 o (purple) and 15 o (red).
The K" ion is shown as a space-filling model colored in gold. Chain
coloring is as in Fig. 2. C and D represent one of the chloride binding
sites found in PBM and LBM hexamers, respectively. The spherical
electron-density peak of the F, — F, omit map is contoured at 2.5 o, and
the Cl™ ion is shown as a space-filling model colored in purple. The
figure was made with SETOR (19).

concluded that these sites are most likely occupied by K" ions
(Table II).

The example shown in Fig. 3 contains hydroxyl groups of
Tyr'®® and Tyr®, one each from chains «1A and «2C, and an
amino group of Asn® from chain «2C from one trimer and a
backbone amide nitrogen (Arglss) of chain «1E from the other
trimer. Sequence differences between al and a2 NC1 domains
originate two homologous but slightly different ion coordina-
tion environments. Whereas the B-hairpin from the a2 chain
provides two ligands for metal binding, the equivalent segment
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TaBLE II
Potassium binding sites: coordination distances and refinement parameters

Distance

Chains Ligands

PBM LBM

Occupancy® B-factor®

PBM LBM PBM LBM

a2.al.al Tyr® (OH) 3.06 3.06
Asn®® (N§2) 3.38 3.34
Ala'®® (amide) 3.20 3.35
Tyr'® (OH) 3.05 2.83
al.a2.a2 H,0 3.28 3.14
Asn®® (N6§2) 3.26 3.23
Ala®* (amide) 3.17 3.16
Tyr's” (OH) 3.17 3.12
al.al.al H,0 3.32 3.25
Asn®® (N§2) 3.49 5.51
Ala'®% (amide) 3.20 3.09
Tyr'®® (OH) 3.18 2.94

% A?
88 66 11.23 19.37

89 86 11.87 15.53

84 0° 15.18

“ Refined occupancy with potassium B-factor set to the average of B-factors of the ligands.

® Refined B-factor with potassium occupancy set at 1.0.
¢ These sites were modeled as water molecules.

of al provides coordination by Asn®® only because Phe®* re-
places the second ligand tyrosine. In this case, a water molecule
substitutes the missing hydroxyl group. Certainly, the fact that
these coordination sites are located at the hexamer interface
suggests that the metal ions may reinforce both intra-protomer
as well as inter-protomer interactions. Based on the number of
coordinating ligands, the trimer structure would benefit fur-
ther from the metal-protein interactions by reinforcing of the
six-stranded B-sheet formed by adjacent a-chains. However,
the additional metal-protein interactions across the hexamer
interface may also contribute to the remarkable stability of the
hexamer.

In the LBM hexamer, two out of the six potassium sites were
modeled as solvent molecules (Table II), because their peak
heights were significantly and consistently lower among all
four hexamers in the asymmetric unit. The refinement of these
two sites with water molecules flattened the difference map,
and their thermal parameters matched with those of the sur-
rounding ligands. Furthermore, the side chain of Asn®® in the
a2 chain swings away from the coordination site, suggesting
that the site is not occupied by an ion requiring amino acid
ligands but occupied by a solvent molecule with a minimum
number of hydrogen bonding interactions (Table II).

The potassium sites were uniformly occupied by Br™ ions at
all six locations in 2.0-A LBM hexamer structure (4) and sim-
ilarly, acetate ions were found in the 1.9-A hPBM hexamer
structure (6). The conformations of the coordinating amino acid
ligands were similar in all the sites in each structure. The LBM
hexamer crystal was soaked in 0.5 M potassium bromide for
MAD phasing, and hPBM crystals were grown in 3 M sodium
acetate. However, the crystals of LBM and PBM hexamer in
the present study were grown under similar conditions using
proteins purified by similar protocols and in the absence of high
concentration of salt. However, the putative ion binding sites in
the two structures show completely different pictures. Whereas
all sites in the PBM structure are uniformly occupied by a
strong peak with all the available ligands in coordinating con-
formations, the sites in LBM structure are heterogeneous with
different extent of electron density peaks and variability in the
conformation of the asparagine ligand. Thus, it is clear that the
protein has a potential set of ligands for coordination when a
suitable ion is available. Because potassium salts were not
added exogenously in high concentration during purification or
crystallization, the ions found in 1.5-A structure of the PBM
hexamer must have an endogenous origin. In addition, the
coordinating ligands are conserved among the mammalian
a-chains, suggesting that this structural feature is conserved.
Therefore, it is tempting to speculate that occupation of these

[
Monomer

A _ ||

15 20 25 30 35 40 45
Time (minutes)

Fic. 4. Analyses of the dissociative properties of the crystal-
lized form of LBM and PBM hexamers. A, electrophoretic profile of
LBM hexamer before (1) and after (2) crystallization and PBM hexamer
before (3) and after (4) crystallization. D and M indicate the position of
dimers and monomers, respectively. B, chromatographic profile of NC1
hexamers in denaturing conditions. The column, equilibrated in guani-
dine-HC], separated monomers (M) from dimers (D). The upper panel is
the control recombinant «2NC1 monomer. The middle panel is the LBM
hexamer, and the lower panel is the PBM hexamer.

metal binding sites might act as a regulatory factor in regard to
hexamer stability.

The second group of ions consists of six identical sites in each
of the six chains. They are located in the loop comprising amino
acids Ala’*-Asp” (Fig. 3, C and D). Each of the sites is linked
to three backbone amide groups and two potential water peaks.
These were the locations of strong Br~ binding sites in the
structures of both LBM and hPBM, which were determined
using a Br-MAD phasing method by soaking their crystals in
high concentrations of KBr/NaBr. The positive amide ligands
and the knowledge from the halide-MAD experiments
prompted us to conclude that these sites must be anionic.
Therefore, they were modeled as Cl™ sites, because NaCl was
used in the buffers during purification. The B-factors of the C1™
ions after the refinement were in the same range as those of
their amide nitrogen ligands.
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PBM LBM
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FiG. 5. Dissociation of PBM and LBM hexamers and the re-
association of monomer and dimer subunits into hexamers. The
central panel is a schematic of the dissociation/re-association experi-
mental strategy. A and B show the elution time of a gel filtration HPLC
column of the native hexamers of PBM and LBM, respectively. The
insets in each panel show the monomer/dimer ratio analyzed by SDS-
PAGE. Hexamer dissociation was induced with formic acid-Tris buffer
pH 3.0. The profile of dissociated hexamers was examined by gel filtra-
tion HPLC, and the separation of the subunits was confirmed by SDS-
PAGE (B and E). The purified dimer fraction of PBM was re-associated
by exchanging buffer to Tris-buffered saline, pH 7.5, and incubated for
overnight at room temperature. HPLC analyses of the re-associated
dimer fraction from PBM shows a peak corresponding to hexamer
elution time. This re-assembled hexamer composed of only dimer sub-
units is designated as D-hexamer (C). Panel F shows the same analyses
for re-association of purified monomers fraction of LBM. A hexamer
peak is also observed, which is designated M-hexamer. The letters,
marking positions on the gels and HPLC profiles, designate M (mono-
mer), D (dimer), and H (hexamer).

In the PBM hexamer there are two more sites with large
electron density, which were modeled as CaZ" ions. Each CaZ*
ion is coordinated to the carboxylate groups of Asn'*® and
Glu'*® belonging to the same a2 chain. The corresponding side
chains in al chain are Ala'*® and Gly'®® with no possibility to
bind a metal ion. Even though these ions are at the hexamer
interface, they are unlikely to have any role in stabilizing the
hexamer, because they are exclusively bound to a single a2
chain. The peaks at these sites in LBM hexamers are weak and
were modeled as waters.

The Absence of Cross-linked Dimers Is Not an Artifact of
Hexamer Crystallization or Dissociation—Because cross-linked
dimers, as originally defined by SDS-PAGE (8), were not ob-
served in the 1.5-A crystal structure of the NC1 hexamers, it is
possible that: (a) two distinct populations coexist, an M-hexamer
composed exclusively of monomer subunits and a D-hexamer
composed exclusively of cross-linked-dimer subunits and (b) the
crystals were devoid of the cross-linked D-hexamer. To address
this issue, we compared the subunit compositions of LBM and
PBM hexamers before and after crystallization (Fig. 4). The rel-
ative proportions of dimers and monomers were identical for both
crystallized and stock proteins for either LBM or PBM hexamers.
Electrophoresis analysis of the residual crystallization drops,
after the crystals were harvested, did not show any band, indi-
cating that the protein was entirely incorporated into the crys-
tals. Therefore, preferential crystallization of M-hexamer popu-
lation does not explain the absence of cross-linked-dimers as
indeed the crystals contained D-hexamers.

Alternatively, the absence of cross-linked dimers in the hex-
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FiG. 6. Isolation of monomer and nonreducible-dimer subunits
from PBM hexamer by size-exclusion chromatography. PBM
hexamer dissociation was induced by reduction and alkylated in the
presence of 4 M guanidine. Dimer (D) and monomer (M) fractions were
separated on a TSK SW_,3000 HPLC column equilibrated in 4 M gua-
nidine. Each fraction was collected and analyzed on a SDS-PAGE (see
inset).

amer structure could be due to the fact that they are not an
inherent structural feature of hexamers but an artifact of hex-
amer dissociation. This issue was addressed in two ways. First,
the same samples that were used in the crystallization studies
were dissociated under two conditions (4 M guanidine HCI and
pH 3.0), and their subunits were analyzed by HPLC for com-
parison to the results of SDS-PAGE. The dimer/monomer ratio
of 20:80 in LBM was identical for all three conditions of disso-
ciation: SDS (Fig. 4A), guanidine (Fig. 4B), and low pH (Fig. 5),
as was the 80:20 ratio for PBM, indicating that the dissociation
patterns are independent of the type of protein-denaturing
condition. These results confirm previous results (5, 9, 23), but,
importantly, they directly establish the subunit compositions of
the samples that were used in the crystallographic studies,
allowing a correlation between the crystal studies (see above)
and the distribution of subunits in hexamers (see below).

Second, the issue of an artifact was addressed by studying
the dissociation/re-association of hexamers. Acid pH was cho-
sen because it is the mildest among the three denaturant
conditions and easier to reverse. At pH 3.0, LBM and PBM
hexamers disassemble into dimer and monomer subunits, as
determined by HPLC size-exclusion chromatography, which
resolves these subunits (Fig. 5, B and E). Upon raising the pH
to 7.5, the dimer fraction re-assembles into a hexamer, com-
posed exclusively of dimers (Fig. 5C) and designated herein as
D-hexamers. Upon incubation with SDS, the D-hexamer disso-
ciates into cross-linked dimers but devoid of any monomer
subunits (Fig. 5C, inset). In contrast, the monomer fraction
re-assembles into a hexamer, composed exclusively of mono-
mers (Fig. 5F) and designated as M-hexamers. Upon incuba-
tion with SDS, the M-hexamer dissociates into monomers but
devoid of any dimer subunits (Fig. 5F, inset); had the cross-
linked dimer been an artifact, the M-hexamer would have
generated dimers. Collectively, these results indicate that
dimers are an inherent structural feature of native hexamers
not an artifact of hexamer dissociation. These findings, to-
gether with the absence of covalent cross-links in the crystals of
hexamers, indicate that the dimers are held together by non-
covalent interactions and not by Met-Lys cross-links.

Search for Met-Lys Cross-links by the Comparative Analyses
of Monomers and Nonreducible Dimers by Mass Spectrome-
try—As an independent approach to x-ray crystallography, the
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TasLE III
Tryptic peptides derived from bovine NC1 domains of Collagen IV

Chain # Sequence assignment Predicted Dimer observed Monomer observed
mlz mlz mlz
al NC1 T1 Ala?'2-Arg?1¢ 545.30 545.30 545.30
T2" Lys®*-Arg?'6 1397.81 1397.81 1397.80
T3 Asn""-Arg!'©? 3000.36 ND® ND
T4 Asn""-Arg'®? 3600.70 3600.69 3600.62
T5% T2 + T3 ~4397 ND
a2 NC1 T6 Ala?'0-Arg?1* 529.35 529.34 529.34
7 Tyr!s7.Lys20? 2617.28 2617.30 2617.30
T8 Ser™-Arg!0t 3023.50 3023.48 3023.46
T9¢ Tyr'®7-Arg?'4 3127.61 3127.30 3127.30
T10° T7 + T8 ~6151 ND
“ Tryptic peptides equivalent to the ones found as cross-linked peptides in Ref. 6.
® ND, not determined.
¢ This peptide sequence is followed by Pro'®®, which makes the cleavage site resistant.
existence of the putative Met-Lys cross-links was further in- A monomers dimers
vestigated by comparative analyses of monomers and nonre-
ducible dimers using MALDI-TOF and tandem mass spectrf)m- e s SEAGES  R{EEE
etry (MS/MS). PBM hexamers were reduced and alkylated in 4 i i
M guanidine-HCI to remove the fraction of dimer subunits that M@Mnm JMW'M
are sensitive to reduction. Nonreducible dimers and reduced ;555 ;i T — ki

monomers were separated on an HPLC column where each
resolved as a single peak and distributed in a 60:40 ratio,
respectively (Fig. 6). The separation of monomer and nonreduc-
ible dimer fractions was further analyzed by SDS-PAGE as
shown in the inset of Fig. 6, lines 2 and 3, respectively. Each
fraction was independently digested “in solution” with trypsin,
and the peptide mixtures were analyzed by MALDI-TOF MS.
We then performed a comparative analysis of the MALDI-TOF
MS spectra of tryptic digest of monomers and nonreducible
dimers to detect the putative Met-Lys cross-link as well as any
other covalent cross-links. The mass spectral data of dimers
and monomers showed very similar profiles suggesting chem-
ical equivalency of the two fractions. Ions present in each
spectrum were assigned with a tryptic peptide sequence de-
rived from either al or a2 NC1 domain, leading to sequence
coverage of each fraction of ~80% for both chains.

As shown in Table III, we determined the theoretical masses of
tryptic peptides for the bovine NC1 domains, including or neigh-
boring Met®¥°° and Lys?!1/2%° involved in the putative thioether
cross-links. By adding the mass of the corresponding peptides, an
estimate of the total mass of the cross-linked peptides was ob-
tained. This mass range was examined extensively in each spec-
trum, both linear and reflectron mode, where known standards
were observed (e.g. insulin m/z = 5730.6, data not shown). Sur-
prisingly, the spectra showed no evidence for the Met-Lys cross-
linked peptides (m/z = 4397 and m/z = 6151, Table III), despite
accounting for ~80% sequence coverage. In contrast, the mass
spectrum of both monomers and nonreducible dimers revealed
the presence of uncross-linked tryptic peptides, including or
neighboring the putative cross-linking residues. Fig. 7 represents
a section of the mass spectrum of monomers and nonreducible
dimers demonstrating the presence of a tryptic peptide contain-
ing the amino acid residue Met®2. As shown in Table III, tryptic
peptides from every putative cross-linking site were found as
uncross-linked peptides. Tandem MS (MALDI-TOF MS/MS)
analysis of each peptide was consistent with the sequence assign-
ment, which is confirmative of the identity of the peptides (Fig.
7B). It is noteworthy that the monomer and nonreducible dimer
spectra revealed the presence of peptides T1, T6, and T7 (Table
III), which is explained only by cleavage at Lys?'! and Lys2°° of
the al and o2 NC1 domains, demonstrating that these sites are
susceptible to trypsin, and, thus, they do not participate in a
cross-link. Therefore, our results argue against the findings of
Than et al. (6) by sequencing of tryptic peptides derived from

Fic. 7. MALDI-TOF MS analysis of tryptic peptides from mon-
omer and nonreducible dimer subunits of PBM hexamers. The
HPLC-separated dimer and monomer fractions (Fig. 6) were digested
with trypsin and analyzed by MALDI-TOF MS as described under
“Experimental Procedures.” A, a segment of the mass spectrum dem-
onstrating the detection of the Met®*-containing tryptic peptide (Table
IIT, T4) from al NC1 sequence derived from the dimer and monomer
fractions. B, fragmentation pattern and sequence assignment of peptide
T4.

dimer in which cleavage at this site was not detected and hence,
was interpreted as an evidence for the Met-Lys cross-link. In the
present study, the mass spectrometry results were consistently
reproducible in multiple experiments using several sample prep-
arations of monomers and nonreducible dimers. Collectively, the
mass spectrometry analyses rule out the Met-Lys cross-links.
Two Distinct Hexamer Populations: M-hexamers and D-hex-
amers—The dissociation/re-association studies (see above) es-
tablish that M- and D-hexamers can assemble in vitro, raising
the question of whether they represent an inherent structural
feature of native collagen IV networks. This issue was ad-
dressed by comparing the subunit compositions of native LBM
and PBM hexamers. LBM hexamers are composed of 80%
monomers and 20% dimers, whereas PBM hexamers are com-
posed of 80% dimers and 20% monomers. These values are
based on SDS-PAGE (lanes 1 and 3, Fig. 4A) and HPLC anal-
yses under denaturing conditions of 4 M guanidine-HCl (F'ig.
4B). In the case of LBM, the monomer/dimer ratio of 80:20
reflects the existence of at least two kinds of hexamers: 1) a
population that is composed exclusively of monomers, desig-
nated as M*-*?>-hexamers and that accounts for at least 40%
and up to 80% of the hexamers and 2) one or more populations
composed exclusively of dimers and/or a mixture of dimers and
monomers and that accounts for at least 20% and up to 60% of
the hexamers. In the case of PBM, the monomer/dimer ratio of
20:80 also reflects the existence of at least two kinds of hexam-
ers: 1) a population that is composed exclusively of dimers,
designated D***2-hexamers and that accounts for at least 40%
and up to 80% of the hexamers and 2) one or more populations
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composed exclusively of monomers (M***2-hexamers) and/or a
mixture of monomers and dimers (M,D-hexamers), which ac-
counts for at least 20% and up to 60%. Together, the subunit
compositions of LBM and PBM hexamers provide unambiguous
evidence for the existence of two distinct kinds of hexamers in
native al.a2-collagen IV networks: M*!-“2-hexamers, composed
exclusively of monomers, and D*1-*2-hexamers, composed ex-
clusively of dimers.

Concluding Remarks—The concept of covalent cross-links
stabilizing NC1 hexamers is based on the observation that
hexamers are composed of monomer and dimer subunits (7).
Based on the effect of reduction on the behavior of dimers in
SDS-PAGE, two kinds of covalent cross-links were envisaged to
connect monomers forming a dimer, a disulfide-reducible cross-
link, and a nonreducible cross-link. However, two recent re-
ports on the x-ray structures of LBM and hPBM hexamers
disproved the hypothesis of disulfide cross-linked dimers. In
the hPBM study (6), the nonreducible cross-link was proposed
to be a novel thioether linkage between Met and Lys.

In the present study, the nonreducible covalent cross-links
were also ruled out, including the novel Met-Lys cross-link. The
evidence is based on the high resolution 1.5-A crystal struc-
tures of LBM and PBM hexamers, coupled with extensive mass
spectrometric analyses of the nonreducible dimers. Instead, the
NC1 hexamers are stabilized by noncovalent forces. Thus, we
conclude that the nonreducible dimer subunits are held to-
gether by noncovalent forces rather than covalent cross-links.

The dimer subunits are an inherent structural feature of
hexamers, not an artifact of hexamer dissociation as shown by
the re-association studies. They are of two identities, an «1NC1
homodimer and an «2NC1 homodimer, as determined in ear-
lier studies (7, 24). Based on the quaternary structure of an
al.a2 hexamer, the al homodimers can be formed between
monomers from either the same protomer or interacting pro-
tomers. However, the presence of only one a2 monomer per
protomer unambiguously establishes that the dimers are
formed between monomers of the two protomers rather than
within a protomer. Thus, the strong noncovalent forces holding
the dimers together reinforce the stability of the protomer-
protomer interface, thereby increasing the stability of the col-
lagen IV network.

Furthermore, the search for cross-links by x-ray crystallogra-
phy of LBM and PBM hexamers has brought forth an old obser-
vation that their dimer/monomer ratios are distinctly different.
LBM hexamers, are composed mainly of monomers, whereas in
PBM, predominantly of dimers (23). Based on the findings of the
present study, this distinction can now be interpreted to reflect
the existence of two kinds of hexamers, M®*2-hexamers in LBM
composed exclusively of monomers, and D***2-hexamers in PBM
composed exclusively of dimers. The two extremes in subunit
compositions reflect the existence of a process that reinforces the
interaction of monomer subunits forming D-hexamers. The pro-
portions of M- and reinforced D-hexamers indicate that the col-
lagen IV network of PBM is a more stable structure than that of
LBM, a feature that may be an important determinant of its
biological function.

The exact nature of the noncovalent forces responsible for
dimer assembly remains obscure. Possibly, the metal ions at
the hexamer interface or unidentified post-translational mod-

Stability of Type IV Collagen NC1 Domain

ifications contribute to the assembly mechanism. The noncova-
lent forces may not be confined to a pair of residues locally, but
rather encompass the entire interface between two monomers.
These noncovalent forces are not unique to al.a2 (IV) collagen
network, but occur in the «3.a4.a5 (IV) network as well.2 In the
latter case, the D*3***5_hexamers sequester B-cell epitopes
from binding of autoantibodies, suggesting that reinforced sta-
bilization of hexamers may be a crucial event in the etiology
and pathogenesis of Goodpasture autoimmune disease.
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