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Background: Charged residues, abundant in collagen, participate in stabilizing and packing interactions.

Results: Two contact geometries, axial and lateral, are observed in charge pair hydrogen bonding.

Conclusion: Axial salt bridges provide greater stabilization to the triple helical fold than lateral ones.

Significance: Understanding interstrand amino acid interactions in collagen will improve interpretation of natural collagen and

will allow more effective design of collagen mimics.

The collagen triple helix is the most abundant protein fold in
humans. Despite its deceptively simple structure, very little is
understood about its folding and fibrillization energy landscape.
In this work, using a combination of x-ray crystallography and
nuclear magnetic resonance spectroscopy, we carry out a
detailed study of stabilizing pair-wise interactions between the
positively charged lysine and the negatively charged amino acids
aspartate and glutamate. We find important differences in the
side chain conformation of amino acids in the crystalline and
solution state. Structures from x-ray crystallography may have
similarities to the densely packed triple helices of collagen fibers
whereas solution NMR structures reveal the simpler interac-
tions of isolated triple helices. In solution, two distinct types of
contacts are observed: axial and lateral. Such register-specific
interactions are crucial for the understanding of the registration
process of collagens and the overall stability of proteins in this
family. However, in the crystalline state, there is a significant
rearrangement of the side chain conformation allowing for
packing interactions between adjacent helices, which suggests
that charged amino acids may play a dual role in collagen stabi-
lization and folding, first at the level of triple helical assembly
and second during fibril formation.

The collagen protein superfamily comprises diverse multi-
domain proteins that constitute a major component of the
extracellular matrix in animals (1). All members of this family
share a common structural motif known as the collagen triple
helix. Triple helical domains have a high content of imino acids,
glycine, and charged amino acids (2). The last are important
because they participate in molecular recognition events (3),
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stabilizing pair-wise interactions (4—10) and the packing of tri-
ple helices into staggered arrays (11, 12). To understand the
mechanism by which ionizable residues stabilize this protein
fold and participate in packing interactions, we use model pep-
tides containing an imino acid-rich region at the termini and a
guest region that follows the PKGXOG motif, where X is either
glutamic or aspartic acid. By a combination of x-ray crystallog-
raphy and nuclear magnetic resonance (NMR) spectroscopy we
are able to study the conformation of the side chains both in
solution, where interstrand interactions are important in deter-
mining the thermal stability of the helix, and in a crowded mac-
romolecular state, where inter-triple helical contacts play a
large role.

The triple helical fold is characterized by long uninterrupted
amino acid stretches of XYG triplets, with glycine occupying
every third position along the peptide chain. The X and Y posi-
tions are commonly proline and 4R-hydroxyproline, a post-
translational modification on the proline side chain (single let-
ter code O), respectively. Three such peptide strands, known as
a-chains, bundle together into a right-handed super helix held
together by a network of hydrogen bonds that runs perpendic-
ular to the helical axis from the glycine amide in one chain to
the carbonyl of the amino acid in the X position of an adjacent
strand (13). To fulfill this hydrogen-bonding network, the
strands assemble staggered by one amino acid differentiating a
leading, middle, and lagging chain.

When considering only naturally occurring amino acids,
sequences of the form (POG),, self-assemble into the most sta-
ble triple helices in an aqueous environment. It is known that
any point mutation in the X or Y position from this template
will destabilize the resulting helix (14). Particularly, mutations
from O to K destabilize the helix by 10 °C, whereas mutations
from P to D and P to E by 7 °C and 4 °C, respectively. Despite
this fact, previous studies have shown that double mutations
will have different effects on the stability of the triple helix.
Studying peptides of the form (POG),XYGX'Y'G(POG), Brod-
sky and co-workers found that some sequences containing dou-
ble mutations involving oppositely charged amino acids behave
as expected from an addition of two-point mutations and some
exhibit a higher thermal stability than expected. In particular,
the sequences PKGEOG and PKGDOG were found to be highly
stabilizing (4), whereas the sequence EKGPOG and DKGPOG

JOURNAL OF BIOLOGICAL CHEMISTRY 8039


http://www.jbc.org/cgi/content/full/M111.296574/DC1
http://www.jbc.org/cgi/content/full/M111.296574/DC1
http://www.jbc.org/cgi/content/full/M111.296574/DC1
http://www.jbc.org/cgi/content/full/M111.296574/DC1
http://www.pdb.org/pdb/explore/explore.do?structureId=3T4F
http://www.pdb.org/pdb/explore/explore.do?structureId=3U29
http://www.rcsb.org/

Interstrand Residue Interactions in Collagen

were not (15). The difference in thermal stability is hard to
explain based on the pairing of oppositely charged residues
because molecular models showed that in both cases it is geo-
metrically possible for the charged moieties to come in contact.

Understanding the molecular basis for such stabilizing pair-
wise interactions is crucial to further our knowledge on the
association of a-chains to form trimers in collagenous proteins.
One question that has major biophysical and physiological
implications is how the unfolded polypeptide chains choose to
form part of a triple helix of a particular composition and, in the
case of heterotrimeric helices, a particular register. Globular
C-terminal domains that form stable trimers control the com-
position in some collagen types (1). Nonetheless, their role in
choosing a particular register for heterotrimers is not yet
understood. When studying the chain recognition problem
most of the available studies focus on the role of noncollag-
enous domains. We think that despite their importance, there is
room for cooperativity between the noncollagenous domains
and the triple helical domains, especially in cases where the
noncollagenous domains are small.

In this study we focus on the structural characterization of
host-guest triple helical peptides containing lysine-glutamate
(KGE peptide) and lysine-aspartate (KGD peptide) salt bridges
as minimalist models for full-length collagenous domains (see
Table 2 for full sequences). By means of x-ray crystallography
and NMR spectroscopy we are able to study the side chain
interactions in two different stages of the life of a collagen mol-
ecule and find important differences in their conformation that
give insight into the different functions that the same residues
can perform during the lifespan of a single triple helix. The
NMR experiments serve as a model for individual collagens in
solution. Using this technique it is possible to observe prefer-
ential pair-wise interactions between the different peptide
strands within a single triple helix that serve to stabilize the
native state. Two contact geometries, which we will define
below as axial and lateral (see Fig. 7), can be observed with
different sequence requirements depending on the relative
stagger of the interacting peptide chains. We hypothesize that
such preferential register-specific interactions may play a role
in chain registration process in natural collagens. The x-ray
crystallographic studies serve as an example of the triple helix in
a crowded molecular environment, akin to the one found in the
supramolecular architectures made by tightly packed triple hel-
ices in collagen fibrils. In this context we see a residue-depen-
dent change in the side chain conformation that allows for
extended hydrogen-bonding networks to form in the interfaces
between adjacent triple helices.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Purification—The peptides were syn-
thesized using standard chemistry for solid phase peptide syn-
thesis and purified by high pressure liquid chromatography
(HPLC). Experimental details of the synthesis and mass spectra
are available in the supplemental Experimental Procedures and
supplemental Fig. S1.

Circular Dichroism—Spectra were acquired between 215
and 250 nm, and the maximum around 222 nm, was monitored
during unfolding curves. Melting experiments were performed
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from 5 to 85 °C with a heating rate of 10 °C/h. Additional details
are provided in the supplemental Experimental Procedures.

Crystallization and Data Collection—KGE and KGD were
crystallized using the hanging drop method, and data were
acquired at 100 K. The crystals diffracted to 1.68 A and 2.00 A,
respectively, and were indexed to a triclinic unit cell, space
group P1 using the hkl2000 software (16).

Structure Determination and Refinement—The structures
were solved by molecular replacement with the epmr software
(17) using a modified version of the structure 1QSU (12) for
KGE and a modified version of the KGE structure for KGD.
Initial phases were improved by rigid body refinement followed
by rounds of simulated annealing and anisotropic B-factor
refinement using the CNS suite (18). Model rebuilding was
done in COOT (19). The refinement was performed starting at
a3.0 A resolution and gradually increasing to the limiting value.
Water picking was started at 1.8 A for KGE and 2.2 A for KGD
at which point simulated annealing was replaced by atomic
position refinement. The final CNS models were subjected to
TLS refinement in refmac (20).

NMR Spectroscopy—All NMR experiments were recorded in
an 800-MHz Varian spectrometer equipped with a triple reso-
nance probe at 5°C. Each sample was characterized using
two-dimensional total correlated spectroscopy, NOESY, 'H,°N
heteronuclear single quantum coherence (HSQC),? and three-
dimensional NOESY-'*N HSQC experiments (supplemental
Tables S4 and S5).

NMR Ensemble Calculation—The KGE ensemble was gener-
ated starting from the crystal structure, and for the KGD
ensemble appropriate modifications were done using PyMOL
(21). Conformational sampling was achieved by running lan-
gevin dynamic simulations in implicit solvent using the
AMBER99 (22) force field followed by a constrained minimiza-
tion subject including constraints derived from NOE data. A list
of NOE constraints is presented in supplemental Tables S2 and
S3. The 100 lowest energy structures after the minimization
step were selected for the final ensemble. More details are avail-
able in the supplemental Experimental Procedures.

RESULTS

Crystal Structure of KGE Peptide—KGE folds into a stable
homotrimeric triple helix with a melting temperature of 51 °C
in 10 mm phosphate buffer at pH 7 (supplemental Fig. S2) and
readily crystallizes around neutral pH in a tacsimate buffer. The
structure of the peptide was solved by molecular replacement
and contains two antiparallel triple helices in the asymmetric
unit packed in a quasi-hexagonal lattice. As is commonly
observed in triple helical peptides the structure shows some
disorder at the termini (23), evidenced by the B-factors
obtained for the terminal triplets (supplemental Fig. S4). This is
particularly pronounced at the C terminus, where poor density
prohibited the modeling of the Gly**(C). The final model con-
tains 935 peptide atoms and 219 water molecules and was
refined to an R, /Rg.. value of 18.9/20.7. Fig. 1a shows the
contents of the asymmetric unit, highlighting the charged res-
idues in the guest region by coloring lysine residues cyan, glu-

2 The abbreviation used is: HSQC, heteronuclear single quantum coherence.
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FIGURE 1. Atomic structure of KGE (a) and KGD (b). Contents of the asymmetric unit of the crystals highlighting the two antiparallel triple helices are shown.
The position of the N and C terminus of each helix is noted. The 1.68 A 2F, — F. map in aand 2.00 A 2F, — F_map in b are contoured at 1.2¢ and depicted as

transparent surfaces. Image were generated using PyMOL (21).

tamic acid residues red, and water molecules light blue. The
2F, — F_ map contoured at 1.20 is also shown as a transparent
surface to illustrate the accuracy of the phases. A more tradi-
tional wireframe model is available in the supporting informa-
tion, and the data acquisition and refinement statistics are
available in Table 1. Supplemental Table S1 shows the average
dihedral values calculated from the structure. The values
observed in (POG),, and expected for an idealized 7/2- and
10/3-helix are also shown for comparison. Overall, the host
region agrees with the values reported for (POG),, which
approximates the 7/2-helix. The guest region shows only small
deviations from the host region dihedrals; however, because it
comprises so few amino acids, the calculated averages may not
be significant.

In general, three types of interactions are possible for each of
the charged moieties: (i) a salt bridge or ionic hydrogen bond,
where there is a direct contact between two oppositely charged
residues; (ii) a hydrogen bond, where the charged side chain
group shares a hydrogen with a neutral peptidic polar atom; and
(iii) a water-mediated contact, where a water molecule forms a
bridge between the charged side chain moiety and another
polar atom. The extensive network of hydrogen bonds observed
in the quasi-hexagonal crystal packing of our structure shows
all three of these cases, and selected examples are available in
the supplemental Experimental Procedures (supplemental
Fig. S5).

The contacts observed in the structure can be intrastrand,
interstrand, or interhelical depending on the relative positions
of the interacting amino acids. Fig. 2 shows different inter-
strand and interhelical contacts involving the amino acids in
the guest region of the KGE crystal structure with symmetry
equivalent positions denoted by color: triple helices depicted
gray are looking down from the N terminus in Fig. 1 (chains A,
leading; B, middle; and C, trailing), and triple helices depicted
black are looking down from the C terminus in Fig. 1 (chains D,
leading; E, middle; and F, trailing). (For abbreviations of peptide
chains please refer to Table 2.) Fig. 2a shows an ionic hydrogen
bond between Lys'"(B) and Glu'?(C). Fig. 2b shows the equiv-
alent interaction in the second helix of the asymmetric unit. In
this case Lys''(E) forms a hydrogen bond with the backbone
carbonyl of Lys''(F) instead of a direct salt bridge with Glu'?(F).
In Fig. 2¢ the Lys''(F) side chain also prefers a backbone hydro-
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TABLE 1
Data collection and refinement statistics
Data in parentheses correspond to the highest resolution shell.

Crystal parameters 3T4F (KGE) 3U29 (KGD)

Space group P1 P1

Unit cell dimensions

By () 95.0, 94.7, 94.9 94.3,94.7,93.3

Data collection

Resolution (A) 1.68 (1.74—1.68) 2.00 (2.05-2.00)

Completeness 80.1% 76.9%

Redundancy 1.1 1.1

erge 5.3 (12.0) 9.8(17.1)

I/l 19.4 21.0

Refinement

Resolution (A)
Total reflections

1.68 (1.74—1.68)
7,957

2.00 (2.05-2.00)
4,220

Ryorid Rieo” 19.5/20.8 23.9/25.0
No. atoms
Protein 935 915
Water 218 180
r.m.s.d.? .
Bond lengths (A) 0.07 0.08
Bond angles (°) 1.4 1.5

“ 5% of reflections were included in the test set.
? Root mean square deviation.

gen bond, in this case to the Hyp'*(D) carbonyl, instead of the
direct hydrogen bond to the negatively charged Glu'*(A) car-
boxylate. Fig. 2d shows a top view of the packing interactions
involving the residues in 4 and b to highlight the fact that
although the Glu'3(F) side chain does not interact directly with
Lys''(E) there is a water-mediated hydrogen bond between
both residues. Further water-mediated contacts are observed
between Glu'?(F) and Lys''(A) and Glu'3(A), with the latter
two amino acids coming from distinct symmetry-related
helices.

Crystal Structure of KGD Peptide—A similar peptide in
which the guest sequence is PKGDOG (Table 2) was also stud-
ied. The peptide, KGD, folds into a stable homotrimeric triple
helix with a melting temperature of 48 °C in 10 mm phosphate
buffer at pH 7 and crystallizes around neutral pH in a tacsi-
mate buffer and (supplemental Fig. S2). The structure of the
peptide was solved by molecular replacement, and it is similar
to the KGE structure, with two antiparallel triple helices in the
asymmetric unit packed in a quasi-hexagonal lattice. The final
model contains 915 peptide atoms and 180 water molecules and
was refined to an R,/ Rp.. value of 23.9/25.0. Fig. 15 shows
the contents of the asymmetric unit, highlighting the charged
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FIGURE 2. Interstrand and interhelical interactions in KGE. a—c, interstrand hydrogen bonds involving the charged side chains. d, top view of the packing
interactions involving the residues depicted in b. Triple helices oriented N to C terminus in Fig. 1 are shown in gray (A, leading chain; B, middle chain; C, lagging
chain), and triple helices oriented C to N terminus in Fig. 1 are depicted in black (D, leading chain; E, middle chain; F, lagging chain). Lysines are shown in cyan
and glutamates in red. Amino acids are labeled using their three-letter code, sequence position, and chain. Images were generated using PyMOL (21).

TABLE 2
Petide sequences and melting temperatures
Peptide Sequence” T,
C
KGE (POG),;PKGEOG(POG), 51
KGD (POG);PKGDOG(POG), 48

“ Highlighted amino acids are '*N-labeled.
? The melting temperature is defined here as the minimum in the derivative of the
circular dichroism melting curve.

residues in the guest region by coloring lysines cyan and aspar-
tates purple with waters depicted in light blue. The 2.00 A 2F, —
F, map contoured at 1.2¢ is depicted as a transparent surface.
Supplemental Fig. S3 includes a more traditional wireframe
model. Table 1 summarizes the refinement statistics.

Fig. 3 shows different interstrand, intrastrand, and interheli-
cal contacts involving the amino acids in the guest region of the
KGD crystal structure with symmetry equivalent positions
denoted by color as described previously. Fig. 3a shows a salt
bridge between Lys''(A) and Asp'?(B). Fig. 3b shows a similar
interaction between Lys''(B) and Asp'?(C); however, because
of differences in the lysine side chain conformation a second
hydrogen bond between the amino group and the Lys''(C)
backbone carbonyl is also possible. Fig. 3¢ depicts the Lys''(F)
side chain engaging in an intrastrand backbone hydrogen bond
to the Gly**(F) carbonyl instead of a direct interaction with its
nearest neighbor carboxylate. Fig. 3d shows a top view of the
packing interactions involving the residues from Figs. 3, band c,
to highlight that even though Glu'3*(D) does not participate in
interstrand interactions it engages in several interhelical con-
tacts, including an ionic hydrogen bond and a water-mediated
contact to Lys*!(F) in an adjacent, symmetry-related helix. Fur-
thermore, it shows Glu'?(C) participating both in interstrand
hydrogen bonds, as described above, and in interhelical con-
tacts with an ionic hydrogen bond to Lys'!(E) and a water-
mediated hydrogen bond to Lys"!(F).

NMR Ensemble of KGE Peptide—The solution conformation
of the KGE peptide was also investigated by means of multidi-
mensional NMR experiments. To facilitate the analysis, a 15N-
labeled glycine residue was included in position 12 (Table 2).
The 'H,'*N HSQC spectrum of the system (Fig. 4a) shows three
distinct peaks for the triple helical assembly and also a mono-
mer peak. Despite having a homotrimeric composition, the
one-residue stagger characteristic of this protein fold lifts the
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degeneracy associated with symmetry-equivalent positions in
the guest region of our triple helix, which is observed for the
host region (supplemental Fig. S6). Because of the degeneracy
observed in this region, the NMR analysis will focus on amino
acids Lys''-Glu'?. In the following text when referring to a par-
ticular proton the superscript next to the three-letter code will
denote its chain and the atom name will be given in
parentheses.

The side chain conformation of the charged residues can be
studied using the NOESY spectrum of KGE (Fig. 5). The glu-
tamic acid residues in both chain B and C show a rather rigid
conformation with distinct chemical shifts for each of the four
side chain methylene protons (Fig. 5a). Besides the intraresidue
NOEs each of these Glu(NH) protons shows cross-peaks to the
Lys(H,.) methylene in the preceding chain, which shows distinct
resonances for each of its diasteriotopic protons (Fig. 5, a and ¢).
However, the glutamate in the leading chain shows distinct
chemical shifts only for its B-protons whereas the y-methylene
presents a single chemical shift for both hydrogens, indicating a
more dynamic conformation. This residue lacks a resonance to
the lysine e-methylene of the lagging strand, which shows
degenerate shifts for both e-protons.

To illustrate the side chain conformation observed in solu-
tion for the guest region of the KGE peptide a family of struc-
tures was generated to approximate the native ensemble of the
triple helical assembly. Molecular dynamics simulations were
carried out starting from the crystal structure to sample alter-
nate conformations, which were then subjected to a con-
strained minimization using distance restraints extracted from
the NOE cross-peak intensities. This methodology allows for
efficient sampling of the relevant conformational space by bias-
ing the geometry of the structures visited during the molecular
dynamics simulations toward the native free energy basin using
experimental constraints derived from the NOESY spectra (a
list of NOE constraints is provided in supplemental Tables S2
and S3). It has been shown that molecular dynamic simulations
can generate ensembles that show significant overlap with
those obtained by a traditional NMR structure determination
process (24). Thus, by using a combination of both techniques
we are striving to merge their strengths (25) and obtain an accu-
rate representation of the side chain behavior in solution. It
should be noted that we are interested in a qualitative structure-
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FIGURE 3. Interstrand, intrastrand, and interhelical interactions in KGD. a and b, interstrand hydrogen bonds involving the charged side chains. c,
intrastrand hydrogen bond. d, top view of packing interactions involving the residues depicted in b and c. Triple helices oriented N to C terminus in Fig. 1 are
shown in gray (A, leading chain; B, middle chain; C, lagging chain), and triple helices oriented C to N terminus in Fig. 1 are depicted in black (D, leading chain;
E, middle chain; F, lagging chain). Lysines are shown in cyan and aspartates in purple. Amino acids are labeled using their three-letter code, sequence position,
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and chain. Images were generated using PyMOL (21).

85 8.4 83 8.2
a)ms A . i .
Gly'*(C)
1071 k107
Gly'(B)
1081 L108
3
g
Z
s 109 L109
Gly'(A)
1104 G|y12(M) 110
111 111
85 84 83 82 8.1
,-"H (ppm)

8.1 8.5 8.4 8.3 8.2 8.1
106 b) 106 i L : L 106

Gly™(C)

1074 F107

Gly™(B)

r108

108

;- N (ppm)

1094 109

Gly™(A)

1104 r110

G|y12(M©
0

85 84 83 82 8.1
wy-"H (ppm)
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leading chain; B, middle chain; C, lagging chain; and M, monomer).

based understanding of the interactions. We do not attempt to
treat these structures as a quantitative thermodynamic ensem-
ble due to the difficulties associated with accurate computation
of electrostatic contributions to protein stability (26).

The 100 lowest energy structures were selected for the final
ensemble with an overall backbone root mean square deviation
of 0.83 A. Fig. 6, a—c, shows the ensemble highlighting interac-
tions between chains A-B (a), B-C (b), and C-A (c). It is possible
to divide the observed contacts into two subsets based on their
geometry. The first one includes contacts between chains A-B
and chains B-C, specifically Lys''(A)-Glu'®(B) and Lys''(B)-
Glu'3*(C) and will be referred to as an axial interaction because
the interacting side chains are arranged along the helical axis
(Fig. 7a), leading to a geometry that facilitates the formation of
ionic hydrogen bonds between the charged side chains. Fur-
thermore, there is a slight difference in the interaction between
chains A-B and B-C, which can be observed in the NMR ensem-
ble of the assembly as depicted in Fig. 6, a and b, with the B-C
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interaction presenting a higher degree of conformational flexi-
bility. In terms of sequence, this interaction occurs between a
lysine residue in position # and a glutamic acid in position n+2
in a subsequent chain of a triple helix, provided that the lysine is
either in chain A or B. The axial interaction between chains
C-A, although possible, requires glutamic acid to be in position
n+5 in chain A if lysine occupies position # in chain C. Instead,
we observe a lateral interaction between the two remaining
chains (Figs. 6¢ and 7b), which is characterized by a larger
degree of conformational flexibility. In this case, there is a com-
peting interaction between the Lys''(C)-Glu'3(A) salt bridges
anda Lys"'(C)-Hyp'*(A) hydrogen bond involving the lysine H,
protons and the hydroxyproline backbone carbonyl. Although
it is possible to satisfy both contacts simultaneously, some con-
formers sampled interacted with neither (supplemental Fig.
S7). The corresponding lateral interactions between chains A-B
or B-C are also possible, but would require for glutamic acid to
be in position #—1 (in chain B or C) if lysine is in position 7 (in
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protons (red) and Glu®(H protons (blue). GIUM(NH) shows cross-peaks with
Glu”H ) protons (orange‘ and GIuA(H ,) protons (green). A similar pattern is
observed for the GIU“(NH) column, although the peak corresponding to
Glu“(H s3) overlaps with the intense LysA B(NH)-Lys*B(H ,3) resonance. b shows
intraresidue Asp(NH)-Asp(Hp) resonances in KGD. Three columns can be
observed corresponding to Asp(NH) in chains B, C, and A. The peaks near 2.78
(blue) and 2.30 ppm (red) correspond to the correlation with Asp(Hg;) and
Asp(Hg,) protons, respectively. ¢ shows interchain Glu(NH)-Lys(H,) reso-
nances in KGE. d shows interchain Asp(NH)-Lys(H,) resonances in KGD.

chain A or B, respectively). NMR ensemble statistics are shown
in supplemental Table Sé6.

NMR Ensemble of KGD Peptide—The solution structure of
the KGD peptide was also studied by multidimensional NMR
experiments. The 'H,">N HSQC spectrum of the system (Fig.
4b) also shows three distinct peaks for the triple helical assem-
bly and two monomer peaks, which we ascribe to cis-trans
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isomerization of the prolyl amide bonds surrounding the guest
region (27). As for KGE, the host region (supplemental Fig. S6b)
shows mostly degenerate peaks and thus further analysis will
focus in the guest region (Lys''-Asp'?).

Again, the side chain conformation of the charged residues is
studied using the NOESY spectrum (Fig. 5, b and d). In this case,
all three aspartic acid residues show similar conformations with
distinct chemical shifts for the Asp(Hg,) and Asp(H ;) protons
(Fig. 5b). Interchain NOEs are also observed between
Asp®(NH) and Asp“(NH) and the Lys**®(H,) protons, which
show a single chemical shift for both methylene protons. Based
on structural constraints, it is possible to assign the resonances
to be Lys*(H,)-Asp®(NH) and Lys®(H_)-Asp“(NH). There is no
comparable resonance between chains C and A (Fig. 5d).

An NMR ensemble was also generated for this peptide
sequence using the same methodology described earlier with
modified coordinates to include aspartic acid. Fig. 6, d—f, shows
the 100 lowest energy structures, which have an overall back-
bone root mean square deviation of 0.91 A. The conformations
observed mirror those of the KGE ensemble, presenting both
axial interactions between chains A-B and B-C and lateral inter-
actions between C-A. Unlike KGE, the KGD ensemble shows
no significant difference between the two axial interactions.
Furthermore, there are few geometries with salt bridges
between chains C-A, instead the H, atoms of lysine interact
preferentially with the backbone carbonyl of Hyp'*(A) and
Asp'®(A) (supplemental Fig. S8).

DISCUSSION

Most atomic resolution data concerning charge pair interac-
tions in collagens come from the crystal structures of homotri-
meric triple helical peptides (11,12). However, because their
large surface-exposed area (two thirds of all amino acids) can
lead to extensive interprotein contacts, crystallography may not
the best analytical tool to study events that concern individual
triple helices in solution. This fact is illustrated in our studies by
the different rotamers observed for the same charged amino
acid in different triple helices of the KGE and KGD asymmetric
units. The NMR spectra, however, suggest a more homogene-
ous ensemble for both peptides. After analyzing the rotamers
observed in the crystal structure it seems clear that they adopt
conformations strongly influenced by the crystal packing. Fur-
thermore, even the residues that are involved in intrahelical
contacts also present interactions with other helices either
directly or through water-mediated hydrogen bonds. It is inter-
esting to note that the packing interactions observed in our
quasi-hexagonal lattice are able to accommodate different
interaction networks for the same charged amino acids. This
finding supports the idea that lysine and glutamic acid may
rearrange between different sets of possible interactions in col-
lagen type I fibers (28). Because we have two antiparallel triple
helices in the unit cell, we observe interfaces between antipar-
allel triple helices, which are relevant as chemical models for
some collagen assemblies. For instance, type II collagen fibers,
which packin a hexagonal array (29), are known to be decorated
in the surface by type IX molecules in an antiparallel fashion
(30), a collagen type that has a particularly high content of glu-
tamic acid residues (31).
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Lys"(A)

Asp'®(B)

Asp®(C)

FIGURE 6. NMR ensembles. a—c, KGE ensemble. d-f, KGD ensemble. Interactions between the charged residues in chains A-B (a and d), B-C (b and e), and C-A
(candf) are highlighted. The reweighted atomic density for each ensemble (33) is depicted as a semitransparent surface at a value of 40%, and 10 representative
structures are shown as a backbone trace with the lysine (cyan), glutamic acid (red), and aspartic acid (purple) residues depicted in a cpk model. Amino acids are
labeled using their three-letter code, sequence position, and chain (A, leading chain; B, middle chain; and C, lagging chain). Images were generated using

vmd-xplor (34).

When trying to understand the molecular basis of stabilizing
interactions in triple helical proteins it is necessary to study the
amino acid interactions in the appropriate environment. As
mentioned previously, the charged amino acids in the guest
region engage in extensive networks of inter-triple helical inter-
actions in the crystal structure. However, in solution such inter-
actions are minimal and therefore do not contribute to the side
chain conformation. This leads to a different arrangement of
the charged amino acids. Despite these fundamental differ-
ences the crystallographic study is vital because it allows us to
obtain information on the overall backbone structure of the
assemblies and shows some examples of conformation that
allow for intra- and interstrand hydrogen bonds. Comparing
the two methods, we feel that solution NMR experiments are
the most accurate way to study the amino acid interactions that

BsE
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lead toward an increase in the thermal stability of triple helical
proteins.

Our structural study shows that it possible to divide the
observed interactions in solution into two categories: the first
one comprises interactions from the leading chain to the mid-
dle chain as well as interactions from the middle chain to the
lagging chain. These interactions we have labeled as axial con-
tacts. The second type of interaction comprises interactions
from the lagging chain to the leading chain which we label a
lateral contact (Fig. 7). Despite having identical sequences these
differences arise from the relative stagger of the peptide strands
within the triple helix and lead to different conformations of the
interacting amino acids.

In the axial contact the lysine side chain extends down the
helical axis reaching toward the acidic residue in the neighbor-
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FIGURE 7. Molecular models highlighting the different contact geome-
tries observed in triple helical proteins. g, axial interaction between lysine
and glutamate. b, lateral interaction between lysine and glutamate.

ing strand. In terms of amino acid composition, the lysine-glu-
tamate pair shows a more rigid conformation for the lysine side
chain than the lysine-aspartate one. This can be rationalized by
noting that lysine and glutamate are only able to make a direct
ionic hydrogen bond, which we deem the most stable interac-
tion, if all the lysine y dihedrals adopt a trans conformation.
However, the shorter aspartate side chain allows for more flex-
ibility forming salt bridges with different rotamers, including
the all-trans conformation and a related rotamer where the yx,
dihedral adopts a gauche conformation.

The lateral interaction is characterized by an overall increase
in side chain flexibility. An analysis of the solution conforma-
tion of this interaction shows that there are several hydrogen
bonds and salt bridges that are possible for this contact geom-
etry leading to less rigid conformation for both interacting
amino acids.

The stabilizing effect of the sequences present in this study
were first noted by Brodsky and co-workers (4). Using molecu-
lar modeling the authors hypothesized the presence of contacts
similar to the ones described in the previous sections. The
authors also carried out a statistical analysis of human collagen
type L, IL, 111, V, and type X that showed a higher occurrence of
KGE/D sequences than that expected based on the number of
occurrences for each of the individual amino acids, indicating
that this motif may have been selected through evolution as an
alternate stabilization mechanism for triple helical proteins.
However, no difference was made between axial and lateral
interactions in that analysis.

A computational study of the KGE and KGD peptides carried
out by Stultz and co-workers (32) shows asymmetry in the salt
bridges between the different peptide chains, which agrees with
our interpretation of the structural data. Their methodology
allowed for an estimation of the free energy contribution of
each pair using an explicitly solvated model and assigns low free
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energy contributions to the lateral pairs of both peptides. This
study allows us to make a direct link between the observed
structural differences in the contact geometry and their effect
on the stability of the triple helix. In this context, it is known
that the EKG sequence does not provide any thermal stabiliza-
tion to triple helical peptides (15). In the EKG arrangement
where K is in position # and E is position n—1, the sequence
alignment resulting from the one-residue stagger characteristic
of collagenous domains allows for only lateral interactions from
leading to middle and middle to lagging chains and does not
allow for any efficient interactions between the lagging and
leading chains because the residues are too far apart (4). It
should be noted that the structure of the peptide with the
sequence EKG in its guest region (12), which packs into a stag-
gered parallel array, does not exhibit any salt bridges. Addition-
ally, it shows conformers for the lysine residues in its leading
and middle chains similar to the one observed in lagging chain
F of our crystal structure. More generally, it agrees with the
conformations observed for the lagging chain of our NMR
ensemble, which participates in a lateral interaction. Given that
no increased thermal stability is observed for the sequence con-
taining only lateral interactions we propose that they contrib-
ute marginally, if at all, to the stability of triple helical proteins.
In contrast, the KGE and KGD peptides have thermal stabilities
comparable with unsubstituted (POG)jq triple helices which can
only be explained by invoking a pair-wise inter-amino acid con-
tribution that does not exist for peptides with only lateral inter-
actions. By thislogic, the increased thermal stability observed in
the KGE/D sequences comes from the two axial interactions
that we observe in the both NMR ensembles as well as the x-ray
structure of both peptides.

Assuming that there is an energetic difference between the
lateral and axial interactions one can speculate about the
assembly and energy landscape of type I collagen, an AAB het-
erotrimer, particularly the segments that have the sequences
presented in this study. Further analysis of the collagen type I
sequence shows that the KGD sequence occurs only in the al
chain whereas the KGE sequence appears in both the al and
a2 chains. However, all but one of the KGD occurrences in the
a1 chain correspond to KGE triplets in the @2 chain. Given the
asymmetry observed in the different charge pair interactions
this sequence arrangement suggests that type I collagen may
utilize this as a form of register-specific stabilization.

The structural study presented in this paper follows the con-
formation of charged amino acids in different environments
that are relevant for the function of collagenous proteins. We
are able to identify how the charge pairs stabilize this fold and
identify what amino acid interactions are favorable. Using these
ideas we are able to speculate on the registration process of
natural collagens, an important question that remains unan-
swered. Furthermore, we are able to characterize the differ-
ences between the solution conformation of ionizable residues
and their conformation in a crowded macromolecular state in
which interhelical contacts are important. In this state we find
hydrogen-bonding networks that can direct the packing of
antiparallel triple helices into quasi-hexagonal arrays. Similar
packing of triple helices is found in collagen type II heterotyp-
ical fibers decorated with FACIT type IX collagen.
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