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ABSTRACT:. The amino (N-telo) and carboxyl (C-telo) telopeptides of type | collagen play crucial ioles,

vivo andin vitro, in the assembly of collagen fibrils, regulating the axial alignment of the molecules
within a fibril, azimuthal orientations of neighboring molecules, and cross-link formation. High-resolution
structures of the telopeptides are not available from X-ray diffraction studies, but computational methods
permitted prediction of the N-telo structure within a fibril. Here, using a suite of molecular modeling
software, the more complex heterotrimeric C-telo of human type | collagen has been built from the correct
sequences and energy minimized and the energy minimum confirmed by molecular dynamics. The receptor
triple helix was modeled on the basis of the Protein Data Bank coordinates of a collagen-like sequence.
Docking of the heterotrimeric C-telopeptide to its receptor showed that hydrophobic interactions involving
the shorio2 C-telopeptide are crucial determinants of its azimuthal orientation within the docked structure.
A docked C-telo can interact with only one neighboring helix. The tulgl) C-telo chains in thex1-
(A)—a2—al(B) chain stagger do not have identical docked conformations, and one afL{heC-telo

chains appears to be favored for formation of a cross-link betweertifsaldd a helix K87. Prior studies
showed that a docked N-telopeptide can interact with two adjacent collagen monomers, forming a tightly
packed region. A recent X-ray analysis showed the N- and C-telo regions pack differently, with the C-telo
region being less densely packed than N-telo regions. This difference between N- and C-telopeptide docked
structures demonstrates how unique and specific packing can occur in the fibril at each boundary of the
type | collagen gap region.

Shortly after a newly synthesized type | procollagen regions, relatively poor in Gly-Pro-Pro and Gly-Pro-Hyp
molecule is secreted from the cell into the extracellular triplets, were likely to be less conformationally stable than
matrix, the propeptides are excised to produce the fibril- other parts of the COLL1 triple helix in the collagen monomer.
forming collagen molecule (COL1) with its amino (N) and The study by Maloneet al. (1) showed indeed that the
carboxyl (C) telopeptides exposed. These short telopeptidedocking of the N-telopeptide to its triple-helical receptor
domains participate in the interactions that bring the mol- domain induced particularly stable but modified helical
ecules into ordered fibrils with the appropriate quarter-stagger conformations of the triple helix when associated with the
registration in the HodgePetruska model, and ultimately telopeptides, varying with the nature of the cross-links that
also participate directly in intermolecular cross-link forma- are formed.
tion. We have recently modeled the conformation, packing, The C-telopeptide helix docking problem is formally
and cross-linked structures of the N-telopeptidBsof the similar to that of N-telopeptide docking, but there are subtle
COL1 heterotrimer. That study brought out three very differences in both telopeptide and helix domain sequences
important points. First, when the individuall or a2 that frustrated the early attempts to model the C-telopeptide
N-telopeptides were considered, their chain structures werestructure and interaction${9). These small differences
essentially random, as Jones and Millgy jad suggested.  have very great consequences in that the cross-links involved
Second, in sharp contrast, when the telopeptides were dockegyith the C-telopeptide and its helix receptor are different
to their helix domain receptors on an adjacent molecule, very from those of the N-telopeptidd @), and the supramolecular
ordered and specific conformations were created. Third, the packing in the C-telo domain is different from that in the
receptor region triple-helix conformation was also modulated N-telo domain {1).

in a reciprocal fashion by the docking interaction. As had | this work, the C-telopeptide conformation as docked
been pointed out long ag8,(4) in the first detailed studies  { its helix receptor domain has been modeled using an
of this problem, the triple-helix sequences in the cross-linking approach similar to that used for the N-telopeptide. That is,
the individual humanol(l) and a2(l) C-telopeptide se-
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modeling Q). The in-register three-chain telopeptide unit was M EEEEEEEEL
then energy-minimized. Next, the triple-helix receptor se- & PR —
quence surrounding the cross-linking receptor lysim; i, 805 egons G Rk
K87, was modeled, using the correct human sequences for — © Turn. Regions - Garibr-Robson
all three triple-helical chains. The three-chain C-telo structure | o oot o
was then docked in the correct registration and orientation s
to the helix domain, and the entire docked conformation was [t 8¥tophict Pt Sosts
determined. A distinct structure, different from the N- - I Aipha, Amgtipathic Region « Esasbarg
telopeptide conformation but compatible with the X-ray data- - = — N S —-
based predictions of Orget al. (12) for the C-telopeptide - e——— el Ragns - rplos Senut
domain, has been determined. B e R
HUMAN COL1 C-TELOPEPTIDES €]

The sequences of the human COL1 C-telopeptides, ac- ' - T g
cording to the latest SWISS-PROT data bank, are as follows: SR %. ?\,-é-u
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The only homology between thiel andoa2 C-telopeptides A

is in the final four residues that comprise part of the s
recognition site for the action of the C-proteinase that cleaves s ——

T

T

c
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the C-propeptide from the C-telopeptide. NMR studies of
the a2(l) C-telopeptide in solution showed it to have a
random extended structure throughoi8)( Similar NMR

studies had shown that the isolateti(l) C-telopeptide was “
also essentially free of any defined structutd)( Notably, °
although the amino-terminal sequence of th&(l) C- 45

telopeptide has a concentration of bulky hydrophobic phe- - = = Eeeeee——
nylalanine residues, these are followed by a proline-rich
sequence that kinks the extended chain. Only e

C-telopeptides have a Lys residue’®& which can be used 7
in cross-linking. This is distinctly different from the case ¢
for the N-telopeptides, in which all three chains can -7

participate in cross-link formation. s‘| _r—L
1

MODELING COMPUTATIONS AND BASIC
ASSUMPTIONS

4 G 8 10 12 14 16 18 20 22 24
General Predictions.The structure of the freex1(l) . s et B Fogl
C-telopeptide was examined first by general predictive {?Fﬂ'?“?“gbf?*‘&g"}‘&ﬁﬁ?%%}?";‘“ﬁ‘?&?‘“%%&'\ﬂ‘
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algorithms using the PROTEAN module of Lasergene/
DNAstar. Thea-helix, S-structure, and turn content was B
estimated using the GarnieRobson and ChotuFasman

algorithms. In agreement with the NMR data cited above, Ficure 1: Conformation and properties of the COL1 C-telopeptides

these generalized predictions indicated that the &rd) as predicted using the PROTEAN module of Lasergene/DNAstar:
C-telopeptide sequence was unlikely to adopt any extended(A) a2(l) and (B)al(l). The color coding is the same in panels A

ordereda-helical conformations of-structures (Figure 1).  and B.

Similar results, with some preference fstructures, were  assembled in some structure as the connecting link between
obtained for the freen2(l) C-telopeptide. Each of the the C-propeptide and the triple helix. Given that the formation
algorithms that is shown confirms the general feature that and folding of the complete procollagen molecule proceed
there are four distinct domains of different character in the from the C-terminus to the N-terminus, the C-telopeptide
al C-telopeptide sequence. In Figure 1, the linear sequencehas two distinct boundary conditions. There is the chain
schematic along the bottom of thel(l) C-telo plot, with alignment determined by the trimerization zone within the
phenylalanine-rich, proline-rich, hydrophilic lysine-contain- C-propeptide 15) and the well-defined, very stable triple-
ing, and tyrosine-rich sequence segments, emphasizes théelical C-terminal segment of Gly-Pro-Hyp repeats. The
nature of the domains in thel(l) telopeptide. The sequence connecting region between the C-telopeptide and C-propep-
of the a2(l) C-telo, also displayed, is distinctly different. tide has been examined in connection with our detailed study

Although we can examine the properties of the individual of the C-propeptide structure. That work will be reported
chains as described above, it is important to emphasize thatater. From that work, it is evident that when the C-
the C-telopeptide chains never exist in the separate, free stat@ropeptidase cleaves off the C-propeptide, the structural
in the collagen | molecule. They are properly aligned and constraint at the new telopeptide C-terminus is released, and
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this is especially important since, as shown above, the threeintermediate energy conformation. In all the computations
telopeptide chains are not equally long. There is thus a mentioned above, the consistent valence force field (CVFF)
rearrangement in telopeptide conformation, but it is anchored algorithms (7) were used to minimize the total energy.
and registered at the N-terminal, triple-helical end. As Reiterations of the derived structure were continued until
described below, we have built the C-telopeptide model in the root-mean-square deviation (rmsd) was less than 0.0001.
the N-terminal to C-terminal direction in steps leading to All of the parameters of the energy-minimized structures are
the heterotrimeric structure. made available as PDB files.

A second important concept for the modeling is that the
docked structure must be concordant with the formation of RESULTS
the well-documented cross-links involving*® of the
C-telopeptide and its triple-helix receptor region cross-link
partner at K87 on an adjacent molecule. Finally, we
recognized that the helix receptor region has a low Pro and
Hyp content compared to the “ideal” triple-helix structure.
Thus, it too had to be energy-minimized and its domain
structure determined, and then reminimized during the
docking process.

Energy Minimization and Structure Predictiobsing a
molecular modeling suite of programs from ACCELRYS/
MSI, including BIOPOLYMER, DISCOVER, and INSIGHT
II, an SGI Octane R12000 SE computer was used for all
computations. Several distinct stages were used for the
conformational analyses. First, the human C-telopeptide

sequences provided above were separately loaded into th ) . . ! ; ) .
d P P y retained in the heterotrimeric three-chain structure, including

minimization program in an extended chain conformation, he a2(l) C-tel ide chai h i th
and a probable structure was determined for each. Next, aln€ @2(l) C-telopeptide chain as shown in the energy-

short triple-helical sequence was built corresponding to the Minimized form in Figure 3A. .
correct C-terminal sequences of the human heterotrimeric  Within the shorter2(1) chain domain, there are hydro-
type | collagen triple helix in the.l—a2—al chain stagger. ~ Phobic interactions between the three chains in the segment
The (Pro-Pro-Gly) triple-helical parameters for this model 1 region circled at the left (Figure 3A). The circled region
were downloaded from high-resolution (1.4 A) X-ray crystal- at the right is a second region of hydrophobic interaction
lographic coordinates of the Protein Data Bank [entry 1kef Petween the twaxl(l) C-telopeptide segment 4 domains.
(16)]. The correct amino acids were substituted, and the The charged residues in segment 3, includigl) Lys16",
modified conformation was determined. The minimized have much more conformational freedom. Note, in Figure
individual telopeptide chains were then grafted to the 3B.that the probablg-sheet structure (yellow arrow along
C-terminus of the computed triple helix in the proper stagger the two telopeptide chains) that forms between at#|)
to register the chains. The total three-chain structure washeterotrimer telopeptide chain and oa# chain (1B). In
then energy-minimized to reflect the interactions between the absence of thex2 chain segment, the assembled
the telopeptide sequences in the intact three-chain molecule C-telopeptide (Figure 3C) has a shortened and more globular
The system was solvated Wit 3 Ashell of water (datanot ~ arrangement and the three Lys residues are in the highly
shown). The resulting conformation remained essentially folded and kinked region. Also note that the proline-rich
unchanged. Similarly, the putative triple-helical region triple-helix zone of the homotrimer, adjacent to the C-
containing the binding site for the telopeptide interactions, telopeptlde,.forms a more regular triple-helical structure than
helix residues 72102 in each chain, was modeled, beginning the heterotrimer.
with the coordinates for the pure “(P-P-Giriple helix. Then K16Cis the essential component of segment 3 indh¢l)
the real sequences for each chain of the human type 1C-propeptide, with its potential involvement in chain interac-
collagen were inserted by replacement. The triple-helical tion and cross-linking. The final segment, segment 4 in both
segment was then energy-minimized. the al ando?2 chains, is the bridge to the C-propeptide
The two three-chain molecules, the C-terminal helix ~ domain.
telopeptide extensions, and the triple-helical receptor mol- The importance of the shout2(l) C-telopeptide in the
ecule were brought together so that the interaction of at leastcompound structure is evident in two ways. First, the amino
one Lys-K87 of the helical segment with one of tiak C-telo terminus of thea2(l) C-telopeptide has a Gly-Gly hinge
K16C residues was possible. The effect of water was not region, followed by a pair of Tyr residues*and Y/, that
considered at this point because the data set became too largare positioned so that they can interact hydrophobically with
and computationally expensive. However, results of solvation the F-F5-F® patches on the1(l) C-telopeptides, creating
of the individual parts suggested that solvation of the an energetically stable three-chain assembly extended in the
complete docked structure would not change in a major way. same direction as the triple-helix axis. Second, the skibrt
The structure of the composite docked structure was then(l) C-telopeptide is devoid of sequences corresponding to
determined by an extended minimization procedure. Finally, segments 2 and 3 of thel(l) C-telopeptide. However, the
that structure was relaxed at 300 K for a few hundred o2 C-terminal segment homologousdd(l) C-telopeptide
picoseconds, and molecular dynamics was used to confirmsegment 4 appears to be in close association witfl)
that the energy-minimized structure was not in a false or C-telopeptide segment 2 before cleavage of all three chains

Isolateda1(l) C-Telopeptide Sequencédthough only a
short sequence, thel(l) C-telopeptide can be thought to
have four distinct segments as emphasized in Figure 1. In
the first segment at the amino terminus, the Phe residues at
positions 4, 6, and 8 in a trans-extended chain conformation
all fall on the same side of the chain, while the intervening
polar side chains of Asp and Ser are on the opposite side.
The second segment, with Pro residues at positions 10, 12,
and 13, changes the direction of the chain from trans-
extended and forms a loop. The Lys®k at the C-end of
the loop is thus directed out from the strictiNC direction,
as depicted in Figure 2.

Assembled Heterotrimeric C-Telopeptidéhe kinked
structure of the individualol(l) C-telopeptide chain is
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Ficure 2: Energy-minimized structure of the sequence of the isolated hurhép C-telopeptide [SWISS-PROT entry CA11_HUMAN
(P02452)] with an rmsd of less than 0.0001. The residues in yellow form the C-terminal portion of the triple-helix region. Numbers 1

(Phe-rich), 2 (Pro-rich), 3 (Lys-containing), and 4 (conserved propeptide-linking) denote the segments of distinct character. Note the location

of Lys16 at the apex of the curved structure of segment 3.

of the C-propeptide with the C-proteinase, amtl(l) C-

telopeptide. Underhydroxylated or unhydroxylated collagens

telopeptide segment 3 containing the crucial cross-linking form fibrils with normal packing, albeit at temperatures lower

Lys K!¢Cis open to intermolecular interaction.
Assembledn1(l) C-Telopeptide HomotrimerOnce the
importance of thex2(l) C-telopeptide became evident, we

modeled the same region for the structure of thl)

than those of the fully hydroxylated collagens.

Composite Docked Structured/ith the data relating to
the structures depicted in Figures 3 and 4 available, the two
were oriented in the same N-terminal to C-terminal direction

C-telopeptide homotrimer. The structure and net stability of and then brought close together in approximate longitudinal

the al(l) C-telopeptide homotrimer (Figure 3C) is quite
distinctly different from that of the heterotrimer depicted in
Figure 3A. The computed structure of the C-telopeptide
heterotrimer is repeated in Figure 3B, but rotated axially from

its representation in Figure 3A so that the strong interaction

of thea2 C-telo amino-terminal sequence with only one (not
both) of theal chains is emphasized. If we consider the
helix structure to be of theel(A)—o2—oal(B) form, then
the main helix interaction is with the1(B) chain. This
interaction is not possible in the homotrimer (Figure 3C), in
which it is evident that the telopeptide forms a more globular
but open domain in which the potential cross-linking Lys
residues are located.

Triple-Helix Telopeptide Receptor Docking Regidime
receptor region for cross-linking and docking of the C-

register. The axial alignment and azimuthal orientation were
then allowed to develop during an extended docking calcula-
tion, which required many thousands of reiterations but
finally yielded the structure shown in Figure 5.

It appears that segment 1 of thé(l) telopeptide, where
the a2 chain interaction with thell F*-F6-F sequence forms
a stable structure, binds to the triple-helix region and
determines the relative azimuthal orientation of the complex.
The helix conformation changes with the reciprocal interac-
tion, slightly unwinding that portion of the docked triple
helix. As a result of thisx2 chain effect, the orientations of
the folded and charged regions 2 and 3 of tti§A) and
al(B) telopeptides are rotated such that they are not in
equivalent juxtaposition with the helix receptor domain. The
Lys K6C residues in botfrl telopeptide chains are docked

telopeptide is the sequence surrounding the lysines at residugy g registration position potentially allowing them to form

87 in each chain (residues +202):

ol: Q GAR GLP* GTA GLP* GMK"” GHR GFS GLD GAK GDA

02: G GAR GFP* GTP* GLP* G FK” GIR GHN GLD GLK GQP .

While Pro or Hyp (P*) residues are preset8), all are

cross-links with one of the three helix Lys K87 residues.
However, it appears that thel(B) Lys K¢ is more
favorably positioned to form a cross-link with either the helix
o2 K87 or one of thenl K87 residues. It is important to
recognize that in the docked form, the teed C-telopeptide
K16C residues are on the surface, readily accessible to the

in the third position of each triplet sequence; that is, there enzymes that are necessary for the oxidative deamination
are no chain stiffening P-P or P-P* sequences. The energy-required to initiate the cross-linking reactions.
minimized structure for the Pro sequences (Figure 4) shows Another facet of the situation is illustrated in Figure 6, in

that the helix is less rigid than a (GRPhelix, and has a

which the twoo1(l) C-telopeptided1(A) andal(B)] docked

definite curvature and relative looseness of packing near thestructures have been separated but kept in their docked chain

crucial K87 docking and cross-linking sites. The hydroxy-

conformations and in the same orientation as in Figure 5A.

lation of these three position sequences, and K87, is not likely Even though both chains have the same sequences, their

to reduce the chain flexibility or affect the docking of the

structures are Unique.
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Ficure 3: Energy-minimized structures of the assembled type | collagen C-telopeptide heterotrimer atdCttelopeptide homotrimer
computed using SWISS-PROT entries CA11_HUMAN (P02452) and CA21_HUMAN (P08123) usintr-au?—ol stagger. Thexl(l)

chains of the collagen triple helix are depicted in yellow on the left, changing to green in the telopeptide portiag.cHaén is in purple

in both regions. (A and B) Energy-minimized structure of the heterotrimer in two different orientations. In the orientation shown in panel
B, the yellow arrows along the chains within the telopeptide dengtslaeet conformation involving portions of tlel(B) anda2 chains.

(C) Homotrimer energy-minimized conformation.

The top image shows thel(B) chain, while the bottom  C-telopeptide is a region consisting solely of Gly-Pro-Pro-
image shows the conformation of tlel(A) chain. This [Hyp] repeats that create a very stable, tight triple-helix
depiction emphasizes the fact that each chain has differentcollagenous zone with the chains in register. The most amino-
neighbors and different conformation-modifying environ- terminal of the nonhelical domains of the C-telopeptides are
ments. Thex1(A) chain is more extended and contains the rich in bulky hydrophobic residues [three Phe residues in
buried K¢ whereas the(1(B) chain has a sharper kink and  o1(l) and two Tyr residues im2(l)] that act to keep the
contains the more exposed® The sharper kink shortens  three chains together via hydrophobic interaction, although
the dockedx1(B) chain in the axial direction. It is important  their conformations are not that of the triple helix. The two
to note that both chains are identical and, if treated as separatet1(l) C-telopeptides extend beyond th&(l) C-telopeptide
units, have the same structure as shown in Figure 2. Theand interact with each other as a two-strand structure seeking
differences are due to thel(A)—oa2—al(B) chain stagger its lowest-energy resting conformation. This is important as

and the resultant interchain interactions. the C-telopeptide interacts with its helix receptor because
only the longera1(l) chains contain the crucial interactive
DISCUSSION Lys residues. Docking of the C-telopeptide to its receptor

This is the first molecular modeling study addressing the domain needs to place these interactlgl) telopeptide Lys

type | collagen C-telopeptide conformation using all three '€Sidues in a position ready for cross-link formation.
chains of the heterotrimer before and after it docks to its Although collagen | molecules can form fibrils with the
receptor domain. The conformation formed at the telopep- cprrect_staggerwnhou_t telopeptides present, the telope_ptldes
tides after propeptide excision is determined by the intrinsic direct fibril assembly in a much more timely and efficient
properties of each chain sequence and the interactions withManner.

the two adjacent, in-register chain sequences. The most Structure predictive algorithms, based strictly on amino
carboxyl end of the type | collagen helix adjacent to the acid sequence, demonstrate that there are different domains
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Ficure 4: Energy-minimized structure of the heterotrimeric type | triple helix computed using the human sequences in the region from
residue 72 in each chain through residue 102. @he a2—al chain registration was used. There is a visible curvature and looseness of
packing around the Lys87 receptor region (arrow).

of hydrophobicity, chain flexibility, and polarity present in is evident in the computed model that indicates the maximum
the al(l) C-telopeptide (Figure 1). The Pro residues in deviation from the stable triple helix is in the sequence
domain 2 of thea1(l) C-telopeptide bend the chain out of containing K87 in all three chains, the recognition docking
the axial direction (Figure 2), placing the Ly K¢°) that site for the C-telopeptide. The flexibility in this site may be
is potentially involved with cross-linking at the apex of the needed for docking to occur. As illustrated in Figure 5, the
curved structure. When the three chains are assembledenergy-minimized conformation of the docked and assembled
together in thex1(A)—a2—al(B) stagger that provides the telopeptide-receptor complex shows that both partners in
best fit at the amino-terminal telopeptid&),(the patch of the complex have conformations different from that in the
bulky hydrophobic residues contributed by segment 1 in eachfree or unassembled state. Both portions change in a
chain stabilizes an extended structure in the axial direction reciprocal interaction.
(Figure 3, top and middle). The2 chain of the C-telopeptide As is obvious in the structure shown in Figure 5, the Pro-
is much shorter and contributes to the hydrophobic patch rich domain of the telopeptida1(B) chain is folded over
but is devoid of the Pro-rich and Lys-containing domains the helix receptor region, aligned with the right-handed
that are looped out in thel chain. The twonl(l) chains superhelix of the receptor domain. This placel{B) K6
kink out; however, repulsion between the'’K residues  in the proximity of botha2 K87 and only one of thetl
prevents close interaction, and the two chain segmentsK87s as potential cross-linking partners. When type | col-
assume different distributions in space with different con- lagen is treated with Pronase, thé C-telopeptides extending
formations, placing the K¢ residues in different environ-  beyond thex2 C-telopeptide are enzymatically removed, but
ments. The modeled structure in Figure 3 indicates th&t E  the hydrophobic patch (domain 1) is left intact. If the
of the a1(B) chain may form a salt bridge withl(A) K6, Pronase-treated collagen is treated with ethylurea, which
The exposedr1(B) K€¢ most likely prefers to cross-link interferes with hydrophobic interactions, the fibrils dissociate
first to its adjacent monomer receptor lysine, as is seen in as a result of having no stabilizing C-telopeptide interactions
the final docked structure views of Figure 5. with the receptor collagen monomer. Ninety percent of native
When all three chains arel(l) chains as in the homo- collagen (not treated with Pronase) forms normal fibrils after
trimer illustrated in bottom portion of Figure 3, the three- ethylurea treatment, whereas the Pronase- and ethylurea-
kinked domain two-Pro-rich segments fold and shorten the treated collagen forms tactoid, abnormal structurgsitus,
whole telopeptide and provide a very different environment the interactions ofal C-telopeptide domains-24 are
for each of the K5 residues in the undocked telopeptide important in establishing both electrostatic and hydrophobic
structures. The homotrimer'f residues are able to form interactions in the telopeptielgeceptor interaction.
cross-links 19), but their orientations may be less directed  However, thea2 C-telopeptide portion is also very
than in the heterotrimer. important in the docking interaction, as suggested in Figure
In Figure 4, the helix receptor domain for the C-telopeptide 5. Prockop and Fertal21{) demonstrated this experimentally.
has been modeled and minimized undocked. Cadbtrall. They studied the thermally inducex vitro fibrillogenesis
(20) have shown that there is abnormal fibril formation when reaction that takes place when pC-collagen is treated with
exon 41, encoding this helix region, is not translated.n C-proteinase. Synthetic peptides corresponding.toand
() collagen. The receptor domain is not Pro-rich, and there a2 N- and C-telopeptides were added to the fibrillogenesis
is neither Pro nor Hyp in the triplet Y position. This allows system. Thea2(l) C-telopeptide was found to inhibit
for considerable relaxation of the triple helix packing which fibrillogenesis by 95% when added during the lag phase of
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o1telo LYS
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FicurRe 5: Energy-minimized structure of the heterotrimeric type | C-telopeptide docked to its triple-helical receptor domain. Two different
views of the docked structure are shown. The helix receptor reglochains are colored cyan, and 2 chain is colored bright purple.

The telopeptidex2 chain is colored dark purple, and thé chains are colored green. The potential region for interactions for cross-linking

is circled. Panels A and B show the same image from opposite sides. The detl@d-telopeptide chains follow the right-handed
superhelix groove of the receptor helix. Ta2 chains of both the C-telopeptide and helix receptor interact and set the specificity of axial
orientation in the docking assembly.

the reaction, but not later in the assembly. They concludedthe receptor domain are not inhibited in the later fibril
that “the binding of thex2 C-telopeptide, probably in concert assembly processes. The bends in thead) C-telopeptide
with the a1l C-telopeptide, is critical for early steps in the chains occur because of two Gly-rich regions that allow
assembly process such as the formation of a structuralflexibility with a central region of three Pro residues
nucleus that is essential for further growth of the fibrils.” producing the bend. The charged residues (EHKD) surround-
This inhibitory effect of the hydrophobic portion of the free ing the potentially cross-linked ¢ allow electrostatic
a2(l) C-telopeptide sequence is entirely consistent with the interactions with the receptor domain, followed by a second
model presented here, if the initial registration of the collagen hinge region of Gly residues. At the end of thel(l)
molecules depends on establishing the quarter-stagger regextensions, multiple tyrosines form a second, small, cohesive
istration of the molecules. The fact that the shag(l) hydrophobic zone that keeps the ends of the two chains in
C-telopeptide peptide sequence also binds to other hydro-contact. Thex2(l) chain thus positions the C-telopeptidé-
phobic sequences in the helix region in the Prockop and (B) K6¢ correctly for cross-link formation with ani(l) or
Fertala 21) in »itro system experiments does not vitiate the o2(l) receptor K87. There is only one correct orientation in
conclusion that thei2(l) C-telopeptide plays a crucial role  the C-telopeptide, set by the2 C-telopeptide chain.
in the C-telopeptide, helix receptor region registration and  Figure 7 shows the packing density comparing the N-
assembly. telopeptide with the C-telopeptide derived from recent X-ray
On the basis of the azimuthal orientation proposed in the diffraction data, confirming the HulmesMiller quasi-
model, the twoal(l) C-telopeptide chains only interact hexagonal packing in type | collagebl( 22). In the diagram
directly with the adjacent helix receptor chains after the of the N-telopeptide, segment 1 (the N-telopeptide) of one
shortera2(l) telopeptide ends. Thel C-telopeptide exten-  molecule is able to interact with segment 5 of two adjacent
sions that fold over the right-handed superhelical groove of monomers (the N-telopeptide helix receptors surrounding



Collagen Type | C-Telopeptide Docked to Its Helix Receptor Biochemistry, Vol. 43, No. 49, 2004.5365

FiGurRE 6: Isolateda1(A) andal(B) telopeptide chains separated but with the conformations computed for the complete telegegitide
complex. The top structure i$1(B) and the bottonu1(A). Note how the B chain is kinked and shortened in the helix axial direction as
compared to the A chain.

Ficure 7: Comparison of the fibril cross sections of the packed structures at the amino-terminal and carboxyl-terminal boundaries of the
gap region of the collagen fibril. (A) N-Terminal telopeptide and fibril cross structure, as determined by the modeling studies of Malone
et al. (1). Each N-telopeptide can interact with two different collagen monomers, potentially producing transverse cross-linked polymers
joining K930 of theal CB6 peptide of the helixg) to the K'N of the ol CBO,1 peptide of the telopeptide domal) in a (5-1-5-1-5-1-5)

array. (B) C-Terminal telopeptide and fibril cross section, as determined in this modeling study. In this case, only one C-telof$€ptide K

of al CB6 () is able to interact with the helix K871 of only one adjacent collagen monomer in a fibril (5-1). A transverse (5-1-5-1-5-1)
cross-linked array is still possible, but the azimuthal orientations and packing density are different. The model agrees well with the differences
in packing order seen experimentally in the Hulmé4ller quasi-hexagonal packing structure between the N-terminus and the C-terminus
(22). There is tighter packing at the N-terminus and more control of azimuthal orientation by the cross-links that occur.

residue K930), producing a sheet structure and a denselyin the model by Malonet al. (1). The diagram also shows
packed zone. This N-telopeptide packing was demonstratednow the C-telopeptide on molecular segm&iig only able
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to interact with one helix receptor molecule at segment 1, 10.

producing a zone that is less closely packed than at the

N-telopeptide. It appears that there is more control of ;4

azimuthal orientation at the N-telopeptide docked region than
at the C-telopeptide zone. This becomes important as cross-
links form since the types of cross-links are limited by the
number of chains that are docked to a monomer. In collagen

I, the type of cross-links and maturity level determine tissue 13.

destiny @3). This is also closely related to Lys hydroxylation
in telopeptides and helix receptor domai@d)( The docking

models show clearly that the N- and C-telopeptide regions 14.

have different molecular packing and intrafibrillar cross-
linking patterns that control the relative azimuthal orienta-
tions of molecules in the fibril. The next papers in this series
consider the various cross-link structures in detail as well
as the C-propeptide structure.
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