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Close packing of three chains in a standard collagen triple
helix requires Gly as every third residue. Missense mutations
replacing one Gly by a larger residue in the tripeptide repeating
sequence in type I collagen are common molecular causes of
osteogenesis imperfecta. The structural and dynamic conse-
quences of such mutations are addressed here by NMR studies
on a peptide with a Gly-to-Ser substitution within an «1(I)
sequence. Distances derived from nuclear Overhauser effects indi-
cate that the three Ser residues are still packed in the center of the
triple helix and that the standard 1-residue stagger is maintained.
NMR dynamics using H-exchange and temperature-dependent
amide chemical shifts indicate a greater disruption of hydrogen
bonding and/or increased conformational flexibility C-terminal
to the Ser site when compared with N terminal. This is consist-
ent with recent suggestions relating clinical severity with an
asymmetric effect of residues N- versus C-terminal to a muta-
tion site. Dynamic studies also indicate that the relative position
between a Gly in one chain and the mutation site in a neighbor-
ing staggered chain influences the disruption of the standard
hydrogen-bonding pattern. The structural and dynamic alter-
ations reported here may play a role in the etiology of osteogen-
esis imperfecta by affecting collagen secretion or interactions
with other matrix molecules.

Mutations in collagen result in a variety of connective tissue
diseases (1, 2), with the clinical phenotype depending on the
location and function of the collagen type. For instance, muta-
tions in type I collagen, the major collagen in bone, lead to a
bone disorder, osteogenesis imperfecta (OI),> whereas muta-
tions in type III collagen, which is present in high amounts in
blood vessels, lead to aortic rupture in Ehlers-Danlos syndrome
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type IV (1, 2). All collagens have a triple helix motif composed of
three polyproline II-like chains that are staggered by 1 residue
and supercoiled about a common axis. The smallest residue Gly
is typically present as every 3rd residue in each chain because of
the tight packing of the chains, which generates the character-
istic (Gly-Xaa-Yaa),, repeating sequence. The Gly residues are
all buried in the center, and the structure is stabilized by inter-
chain N-H (Gly) ... C=0 (Xaa) hydrogen bonds (3-5). The
most common type of mutation leading to collagen disorders is
a missense mutation that replaces 1 Gly in the repeating
sequence by a larger residue.

The best characterized collagen disease is OI, or brittle bone
disease, which is distinguished by fragile bones due to muta-
tions in type I collagen (2, 6). More than 400 Gly substitution
missense mutations in the a1(I) and «a2(I) chains of type I col-
lagen have been reported to lead to OI (7). The severity of the
disease varies widely from mild cases with multiple fractures to
perinatal lethal cases (2, 6, 7). A single base change in a Gly
codon can lead to one of 8 residues (Ser, Ala, Cys, Val, Arg, Asp,
Glu, Trp) or a missense mutation. The smallest residue Ala is
underrepresented in O, suggesting that it may not always lead
to pathology, whereas Ser mutations are overrepresented, cor-
responding to the most common substitutions observed. The
152 mutations leading to a Gly to Ser substitution account for
~39% of all missense mutations in the a1(I) of type I collagen
(7), with 115 associated with mild phenotypes and 37 associated
with lethal phenotypes.

The identity of the residue replacing Gly may be a de-
terminant in the clinical severity of OI. Model peptide stud-
ies indicate that the degree of triple helix destabiliza-
tion depends on the residue replacing Gly, with a ranking
of the least destabilizing to the most destabilizing
Ala,Ser<Cys<Arg<Val<Glu,Asp<Trp (8). There is some
correlation between clinical severity of OI cases and this desta-
bilization scale, with the strongly destabilizing residues Val,
Arg, Asp, and Glu associated largely with lethal phenotypes (8).
However, as cited above, a Gly to Ser mutation can lead to a
mild, a severe, or a lethal OI case, with no obvious molecular
explanation. Other factors suggested to contribute to clinical
phenotype include the rigidity of its immediate sequence envi-
ronment; its location with respect to the C terminus; its prox-
imity to salt bridges; and its presence at an interaction site, such
as the binding site for proteoglycans on collagen fibrils (7, 9). A
recent study of the stability of OI collagens supported the
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importance of the domain location of the mutation (10),
whereas a network analysis of the mutations suggested the
importance of a destabilizing tripeptide sequence C-terminal to
the mutation site (11).

The standard triple helix conformation must undergo some
structural perturbation as a result of a Gly replacement that is
likely to relate to the development of the disorder. Thus it is
important to define the structural consequences of a Gly sub-
stitution. It has not proved possible to obtain molecular infor-
mation for the long collagen molecules themselves, but model
collagen peptides have proved amenable to x-ray crystallogra-
phy and NMR techniques (12, 13). The structure of a peptide
containing a Gly to Ala substitution near the center of the pep-
tide (Pro-Hyp-Gly),, has been solved by x-ray crystallography
(5). This structure shows an overall straight molecule with stand-
ard triple helical structures at both ends and a localized conforma-
tional deformation at the Ala replacement site. The direct N-H
(Gly) ... C=0 (Xaa) hydrogen bond is replaced by a water-medi-
ated hydrogen bond N-H (Ala) ... H,O ... C=0 (Xaa).

Here, NMR spectroscopy is used to define the structural and
dynamic effect of a Gly to Ser replacement through the appli-
cation of recently developed NMR methodology on selectively
13C/'>N doubly labeled collagen peptides (14). This strategy
includes chain assignments, measurement of NOEs, and scalar
J-couplings to define the conformation of the peptide. These
results combined with NMR hydrogen exchange experiments
and temperature-dependent chemical shift data demonstrate
the disturbed dynamic features and hydrogen bonding around
the Ser substitution site. The NMR data of the Gly to Ser pep-
tide are compared with the NMR and x-ray high resolution
structure of the peptide containing a Gly to Ala substitution (5).

EXPERIMENTAL PROCEDURES

Peptide Design—Previous studies reported the design and
characterization of a collagen peptide that could fold com-
pletely around a Gly to Ala substitution site in the context of an
al(I) sequence (15). The peptide design contains a
GPO(GAOQ); renucleation region on the N terminus and a
(GPO), nucleation sequence at the C terminus (15). However,
introduction of a Gly to Ser substitution in this peptide design
showed a population of partially disordered equilibrium states
in addition to fully folded trimer and unfolded monomer, mak-
ing this peptide not ideal for NMR structure analysis.* In this
study, the renucleation sequence at the N terminus was rede-
signed from GPO(GAO), to (GPO), to increase the stability of
the peptide and to ensure that all trimeric NMR signals arise
from the fully folded species. The new peptide Ac-
(GPO),GPVSPAGAR(GPO),GY-CONH, is designated as the
T1-898(G901S) peptide.

Sample Preparation—The T1-898(G901S) peptide was syn-
thesized by the Tufts University Core Facility (Boston, MA).
The peptide was made with selectively *>*C/**N doubly labeled
residues: residues Gly'3, Pro'*, Val'®, Ser'®, Pro'’, Ala'®, Gly'?,
and Gly*®. The peptide was purified using a Waters XTerra
Prep C18 column and then an Amersham Biosciences Super-
dex 75 Prep column on an Amersham Biosciences fast protein

Y. Li, B. Brodsky, and J. Baum, unpublished data.
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liquid chromatography system. The identity of the peptide was
confirmed by matrix-assisted laser desorption ionization mass
spectrometry. Peptide (POG),POA(POG);, designated as the Gly
—> Ala peptide, was synthesized by the Tufts University Core Facil-
ity and purified using a Waters XTerra Prep C18 column on an
Amersham Biosciences fast protein liquid chromatography sys-
tem. The Gly — Ala peptide was made with selectively **N labeled
residues at Ala'® and Gly** positions; labeling was limited by the
repetitive sequence. Samples for T1-898(G901S) and the Gly —
Ala peptide were prepared in 10% D,0/90% H,O at pH 2 with
concentrations of 4 and 3 mwm, respectively.

NMR Experiments—NMR experiments for the T1-
898(G901S) peptide were performed on a Varian INOVA 600-
MHz spectrometer equipped with a cold probe. For the sequen-
tial assignment, 'H-'""N heteronuclear single quantum
coherence (HSQC) and HNCA experiments (16) were obtained
at 15 °C. Three-dimensional '*N-edited TOCSY-HSQC exper-
iments (17, 18) with a mixing time of 45 ms and three-dimen-
sional '*N-edited NOESY-HSQC experiments (17-19) with
mixing times of 30 —-50 ms were performed at 10, 15, and 20 °C
as described before (14). A three-dimensional H(CCO)NH
experiment was performed at 20°C (20) and paired with
NOESY-HSQC to help assign NOE peaks. The three-dimen-
sional H(CCO)NH experiment comprised 30 (t;) X 70 (t,) X
512 (t;) complex points and were recorded with spectral widths
of 2000.0 (F,), 7000.0 (F,), and 7022.5 (F;) Hz. Three-dimen-
sional HNHA experiments (21) were performed to measure
homonuclear *J; 14, coupling constants at 15 °C, with an H-H
coupling period of 25 ms. The correction factor for the *J\i1e
coupling constants was obtained as described before (14).
Hydrogen exchange experiments were carried out at 10 °C,
PDiosrect 2-4, as described earlier (22). For measurements of
amide proton temperature gradients, 'H-">N HSQC spectra
were obtained at 0—25 °C with an interval of 5 °C. The sam-
ple was equilibrated at each temperature for at least 3 h.
Amide proton temperature gradients were obtained by lin-
ear regression analysis of the amide proton chemical shifts
versus temperature.

NMR experiments for the Gly — Ala peptide were per-
formed on a Varian INOVA 500-MHz spectrometer. The
HSQC experiment was performed at 15 °C. The /., COU-
pling constants were measured and corrected, and the amide
proton temperature gradients were measured similarly as for
the T1-898(G901S) peptide.

All data were processed using the FELIX 2004 software pack-
age (Felix NMR, Inc., San Diego, CA) and/or NMRPipe (23) and
analyzed with FELIX 2004 or NMRView (24) as described
before (14). For HC(CO)NH experiments, a solvent suppres-
sion filter was applied in the acquisition dimension to the data
prior to apodization with a 90° sine-bell window function. The
data were subsequently zero-filled to 1024 complex points and
Fourier-transformed. The t, and t, dimensions were increased
1.5 times by forward-backward linear prediction (25), multi-
plied by a sine-bell window function, zero-filled to 256 complex
points, and Fourier-transformed. The final three-dimensional
data for HC(CO)NH experiment included 256 X 256 X 512 real
points.
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TABLE 1

3 J,:nme Of the Gly — Ala and the T1-898(G901S) peptide and the corresponding multiple dihedral angle solutions from the Karplus equation
and from the x-ray crystal structure, and the NH temperature gradients of Gly — Ala and the T1-898(G901S) peptide

Peptide name Residue 3 Nt ¢(1) ¢(2) ¢(3) b4) ¢ in x-ray structure NH temperature gradients”
Hz ppb/°C
Gly — Ala 'Ala'? 56*08  76=*16 -168+6  44*16 -72%6 —81 —12.2
2Alat® 8.6 0.5 —144 =5 -9 £ 5 —104 —10.7
3Ala'® 5.6 £0.6 78 £ 11 —168 £ 5 42 £ 11 -72*5 —61 —4.3
Gly24 4.7 = 0.3 93+3 —175*2 27 =3 —65*2 —72¢ —3.5
T1-898(G901S) 'Ser'® 6.1 =09 72 £ 15 —165*7 47 £ 15 -75*7 NA —5.3
2Ser'® 6.4+ 0.3 66 £ 6 —163 £ 2 53+6 =77 £2 NA —4.0
3Ser’® 51+03 88=*4 —172 %2 32+4 —68 =2 NA -7.8
Gly*® 53*02 86 3 —171 %2 34+3 —69 £ 2 NA —-3.1

“ NH temperature gradients are used to distinguish hydrogen-bonded (NH gradient > —4.5ppb/°C) from non-bonded (NH gradient < —4.5ppb/°C) NH groups (28).
© Tentative chain numbers are shown in superscript. Chains 1,2, and 3 may not indicate leading, middle and trailing chains because the chain assignment cannot be obtained from

the NMR data of isolated Ala’®.
¢ Average ¢ angle of Gly** in three chains in x-ray structure was used.

Generation of NOE Contact Map and Molecular Modeling—
The predicted background map was generated as described
before from a classic triple helical conformation (14). The NOE
contact map for peptide T1-898(G901S) was made from
observed NH-H NOEs in the three-dimensional 'H-'°N
NOESY-HSQC experiment and classified as NH-NH, NH-H¢,
and NH side chain (H?, H?, H®).

A computer model structure of the T1-898(G901S) peptide
was generated based on the x-ray crystal structure of Gly — Ala
(Protein Data Bank (PDB) ID: 1CAG) (5) using the Molecular
Operating Environment 2006.08 (Chemical Computing Group
Inc., Montreal, Canada). Residues GPO-APO-GPO were sub-
stituted to GPV-SPA-GAR. A different starting structure of
T3-785 (PDB ID: 1BKV) (26) was also tried, and residues GIT-
GAR-GLA were substituted to GPV-SPA-GAR. The models
were energy-minimized with dihedral angle ¢ and NOE dis-
tance restraints similarly as described before (14). The struc-
tures were solvated with a standard Molecular Operating Envi-
ronment water soak procedure. The input NMR restraints
included 15 ¢ angle restraints (residues of Gly'?, Val'®, Ser'®,
Ala'®, and Gly' in three chains) and four NOE distances
(*Ser’®NH—->Ser'°NH,  'Ser'°NH->Gly">NH,  >Ser'°NH-
'Gly'*NH, 'Ser'*NH-'Val'®NH). Multiple solutions of dihe-
dral angle ¢ from ®J; 14, couplings are incorporated by starting
with very loose restraints to cover all ¢ solutions and following
with iterative procedure of back calculation and structure vali-
dation. For four NOE restraints, a highly precise distance can-
not be derived from the NOE peak intensity because there are
inherent errors associated with the accuracy of volume meas-
urement, spin diffusion, and dynamics. Therefore a lower limit
of 1.8 A and a higher limit of 5.0 A were set for these four
distance restraints. Back calculation of *J; ., values and back
calculation of an NOE map were used to eliminate models that
were not consistent with the experimental data. Three repre-
sentative structures consistent with experimental 3/, ., val-
ues and all "H-"H NOEs were selected for the T1—898(G901S)
peptide.

RESULTS

NMR Characterization of the Gly — Ala Peptide—NMR
studies were carried out on the peptide with a Gly to Ala sub-
stitution, (POG),POA(POG); (designated the Gly — Ala pep-
tide) whose high resolution structure has been solved by x-ray
crystallography (PDB ID: 1CAG) (5). Because of the repetitive
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nature of this peptide, the potential for studying labeled resi-
dues is limited. Specific '*N labels were placed at the Gly**
residue and at the unique Ala'® residue to obtain local confor-
mation and dynamic information that could be compared with
features in the crystal structure.

HSQC spectra were determined for the Gly — Ala peptide.
The Gly** residues showed a single trimer peak, due to the
overlapping of the 3 Gly residues in the triple helix in the repet-
itive Pro-Hyp-Gly triple helix environment, and a set of mono-
mer peaks, due to cis-trans isomers, as reported for other triple
helical peptides (27). Three well resolved trimer peaks of Ala*®
are downfield shifted in the proton dimension relative to the
Ala'® monomer, with one chain shifted to 9.4 ppm (data not
shown). This supports the non-equivalence of the 3 Ala resi-
dues within the triple helix. The large downfield shift may
reflect an altered conformation or hydrogen-bonding behavior
of Ala'® when compared with standard triple helical peptides.
Due to the lack of stagger information from the labeling of the
isolated Ala'® residues, chain assignments could not be
obtained.

inne coupling measurements were carried out on the
Gly — Ala peptide (Table 1) and show that one of the Ala'®
trimer peaks has a very high J-coupling constant (8.6 Hz) rela-
tive to the other two and relative to the J-coupling constant
value seen for Gly**. Multiple ¢ angle solutions were calculated
for Ala'® and compared with the ¢ angles in the x-ray crystal
structure (Table 1). In the crystal structure, the ¢ angle for
chain 2 is significantly different from those of chains 1 and 3 and
from the value for the Gly** residue, consistent with the unusu-
ally high J-coupling constant for one Ala'® peak. A disruption of
the triple helical PPII conformation at the Ala'® in one chain at
the substitution site is thus observed both in solution and in the
crystal.

Amide temperature gradient measurements were performed
on the Gly — Ala peptide to characterize whether the amides of
Gly** and Ala'® are hydrogen-bonded as indicated by an NH
gradient > —4.5 ppb/°C (28). Only one of the three Ala'® trim-
ers has a temperature gradient thatis > —4.5 ppb/°C, indicating
the formation of a single hydrogen bond at the Gly to Ala muta-
tion site (Table 1). Gly** in the (GPO) region shows a chemical
shift temperature gradient typical of hydrogen bonding as
expected. Previous hydrogen exchange experiments of the
Gly — Ala peptide showed that all three Ala'® have a very low
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degree of protection from solvent when compared with the
control Gly** (29).

Peptide Design of the T1-898(G901S) Peptide—The features
of the Gly — Ala peptide were compared with the effect of a Gly
to Ser replacement in a triple helical peptide T1-898(G901S).
A stable triple helical collagen model peptide containing the
immediate sequence surrounding a natural Gly to Ser Ol muta-
tion at site 901 in the «a1(I) chain was studied by NMR. The
peptide design is based on and modified from previous studies
on the renucleation of model peptide (15) (see “Experimental
Procedures” for details). A renucleation sequence (GPO), was
putat the N terminus to increase the stability of the peptide and
to ensure no partially disordered intermediates in solution as
measured by NMR diffusion experiments.* This new peptide
Ac-(GPO),-GPV-SPA-GAR-(GPO),GY-CONH, (designated
as T1-898(G901S)) includes the collagen sequence (GPV-SPA-
GAR) from position 898 —906 in the a1(1) chain and a Gly to Ser
substitution at the 901 position associated with a mild case of
OL A Tyr is added in the C terminus of the peptide to allow the
determination of concentration by UV absorbance. Circular
dichroism (CD) and differential scanning calorimetry studies
on this peptide showed a thermal stability with T',, of 28 °C and
a high calorimetric enthalpy of 413 kJ/mol.> The peptide was
synthesized with consecutive '*C/**N doubly labeled residues
at the Gly'?, Pro'*, Val'®, Ser'®, Pro'’, Ala'®, Gly'?, and Gly*®
positions to allow chain assignment (14).

NMR Chain Assignments and Chemical Shifts of the
T1-898(G901S) Peptide—The HSQC spectrum of the
T1-898(G901S) peptide shows one or more trimer peaks as
well as monomer peaks for each doubly labeled residue that has
an amide proton (Fig. 1, A and B). Gly*®, within the Gly-Pro-
Hyp repeating region at the C terminus, shows only a single
trimer resonance at the typical position for Gly in standard
triple helical peptides (14, 30). For the labeled residues Gly'?,
Val'®, Ser'®, Ala'®, and Glylg, three trimer peaks are observed. It
indicates that a well defined structure with three non-equiva-
lent chains is present in the substitution region. Most notably,
one of the Ser'® trimers has shifted downfield significantly in
the 'H dimension (9.1 ppm).

Although the three chains of the triple helix are identical in
amino acid sequence, they are structurally distinct due to the
1-residue stagger between the chains (Fig. 14). To perform
detailed conformational characterization, it is necessary to
identify the leading, middle, and trailing individual chains. The
chain assignment of trimer resonances can be divided into two
steps: sequential assignment by triple resonance experiments
and chain stagger identification by NOE distances (14). HNCA
and HCAN experiments were used to establish sequential
assignments. However, the sensitivity of the HCAN experiment
used to correlate Pro with the next residue (31) was too low for
the trimer resonances and could not be used. Therefore assign-
ments were obtained for short segments via a single HNCA
experiment. The segments Gly'?, Val'®~Ser'®, and Ala'®*-Gly*®
were connected via NOE experiments by assuming a 1-residue
stagger (See the next section for details). All observed trimer

> M. Bryan and B. Brodsky, unpublished observations.
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resonances in the T1-898(G901S) peptide could be assigned to
specific chains of the triple helix as indicated in the HSQC spec-
trum by the superscripted number (Fig. 1B).

NMR Conformational Characterization of the T1-898(G901S)
Peptide through NOE Contacts and Scalar J-Coupling
Constants—NMR conformational parameters were measured
on the T1-898(G901S) peptide, including NOEs to obtain dis-
tance information and ®J; 4., cOnstants to obtain the dihedral
angle ¢. Examination of an NOE contact map summarizing the
NH-H distance information provides a way to identify leading,
middle, and trailing chains and to detect any deviation from a
standard triple helix conformation (14). An NOE contact map
diagram (Fig. 1C) was constructed for the experimental
NOESY-HSQC data for the T1-898(G901S) peptide. Experi-
mental NOEs (represented as circles) corresponded to intermo-
lecular distances (yellow squares) of a standard triple helix
showing the 1-residue stagger is maintained throughout the
Ser'® substitution site. In the normal triple helix, >Gly*? in the
leading strand will be within 5 A of *Gly® in the trailing strand,
and similarly, >Gly*® will come close to 'Gly*? (Fig. 1C). When
the Ser replaces Gly, the analogous *Ser'®NH to *Gly"*NH and
3Ser'®NH to 'Gly'?NH are observed. One NOE observed
between 'Ser'®NH and *Ser'®NH is not predicted from the
standard triple helix and is weak relative to the *Ser'*NH to
3Gly"*NH and *Ser'*NH to 'Gly"*NH NOEs.

3 inma coupling constants that can be related to the dihedral
angle ¢ were obtained for the T1-898(G901S) peptide from the
HNHA experiment (Fig. 1D). Many of the */, ;1 coupling con-
stants are similar to one another in the range of 4— 6 Hz, but the
3 ntie Of 2Ser'® is slightly higher than the other residues. It is
not possible to establish a definite value for the angle ¢ because
there are multiple solutions from the parameterized Karplus
equation (21). Instead the multiple possible ¢ solutions are
taken as restraints during the molecular modeling and used to
eliminate incorrect models.

To visualize the conformation in solution for the
T1-898(G901S) peptide, molecular modeling was performed
with the incorporation of NMR ¢ angle restraints from /5,0,
measurements and distance restraints from NOESY experi-
ments using the strategy described previously (14). Back calcu-
lations of NMR parameters from the energy-minimized struc-
tures were performed to eliminate many structures that were
not consistent with the experimental data. The resulting repre-
sentative models are not unique but are examples that gave
good agreement with NMR data (see Fig. 3A). The small differ-
ences between the model structure and the x-ray structures are
consistent with the small differences in NOEs and J-coupling
data.

Hydrogen Exchange and NH Temperature Gradient Studies
of the T1-898(G901S) Peptide—Hydrogen exchange and
amide temperature gradient measurements were performed to
characterize the hydrogen-bonding features and dynamic con-
sequences of the Gly to Ser substitution in the T1-898(G901S)
peptide. Hydrogen exchange experiments conducted to study
the protection of amide protons from solvent showed that Gly*®
in the stable C-terminal GPO repeating region has a very high
degree of protection from exchange (Fig. 2A). The residues
located at the Gly positions surrounding the substitution site
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FIGURE 1. NMR conformational characterization of the T1-898(G901S)
peptide. A, the sequence diagram of the peptide shows the characteristic
1-residue stagger. Leading, middle, or trailing chain stagger assignment is
indicated as chain 1, 2, or 3, respectively. The '*C/'*N doubly labeled residues
are underlined and colored in blue, and the Gly to Ser substation site is shown
in red. B, the HSQC spectrum of the T1-898(G901S) peptide at 15 °C. The
peaks corresponding to the monomer and trimer state are denoted with a
superscript M or T, respectively. Chain stagger is indicated as a number in front
of the superscript T. C, comparison of experimental NOEs of T1-898(G9015S)
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(Gly"® and Gly'®) and the Ser position are less protected than
Gly®® (p = 484). The protection factors of the Gly'® residues are
variable across the three chains with chain 1 (p = 335) almost as
fully protected as Gly*® followed by chain 2 (p = 115), with an
intermediate protection (three times less than 'Gly'®), and then
chain 3 (p = 23), which shows little protection (~300 less than
'Gly"?). All 3 Ser'® residues show low protection factors on the
order of 10—-40, with chain 3 again the least protected. The 3
Gly'® residues (p = 5-12) in the triplet C-terminal to the Ser
substitution site show lower protection factors relative to Gly'?
and Ser'®, with Gly'® in chain 3 showing a slightly larger pro-
tection factor (p = 12). In the central GPV-SPA-GAR sequence,
the 2 residues Val'® and Ala'® showed almost no protection, as
expected for residues in the Yaa position.

Amide temperature gradient studies have been used in pep-
tides to distinguish hydrogen-bonded (NH gradient > —4.5
ppb/°C) from non-bonded (NH gradient < —4.5 ppb/°C) NH
groups (Fig. 2B) (28). They are performed here on the
T1-898(G901S) peptide to complement the hydrogen
exchange studies and to evaluate the existence of hydrogen
bonds at the different labeled positions. As expected, the NH
temperature gradient for Gly*®, which is located in the rigid
(GPO), region, is more positive than —4.5 ppb/°C, indicating
the existence of hydrogen bonds in this C-terminal GPO-rich
end (28). Val'® and Ala'® have very negative values of NH tem-
perature gradient for all residues, suggesting that they are not
involved in hydrogen bonding, as expected for residues in the
Yaa positions. Residue Gly'?, located one triplet N-terminal to
the mutation site, and residue Gly'?, located one triplet C-ter-
minal to the mutation site, differ in their NH temperature
dependence. All three chains of Gly'® have more positive tem-
perature gradients than the cutoff, suggesting the formation of
hydrogen bonds at all three positions. For Gly'? residues, the
NH temperature gradients are non-equivalent, with the indica-
tion of a hydrogen bond for chain 3 only, the residue farthest
from the substitution site due to the stagger. At the mutation
site, the Ser'® residues show non-equivalence in the tempera-
ture gradients of the three chains, with only chain 2 having a

peptide with a standard triple helical conformation. A predicted contact map
obtained from a standard triple helix model structure is shown in shaded
boxes as background (14). Contacts are shaded in gray for intrachain distances
less than 5 A and in yellow for interchain distances less than 5 A. Experimental
NOEs for T1-898(G901S) peptide are represented by circles (HN-HN (green
circles), HN-H® (red circles), and HN side chain protons (blue circles)) and are
overlaid on the shaded contacts, showing the expected intrachain and inter-
chain NOEs and one new contact ('Ser'® NH to Ser'® NH) consistent with the
1-residue stagger between chains and the packing of the Ser residues at the
substitution site. Half circles represent overlapped NOEs. The superimposition
of the experimental NOEs and the background indicates the 1-residue stag-
ger of the triple helix throughout the substitution site. The diagnostic inter-
chain NH-NH and NH-H* NOEs between the three chains of the Gly'? resi-
dues ('Gly">NH to 2Gly">NH and 2Gly'*H®, 2Gly">NH to 'Gly'>NH and
'Gly"H*, %Gly"*NH to 3Gly'*NH and 3Gly'3H®, 3Gly'>NH to 2Gly'3NH) and
between Gly'® residues (*Gly'°NH to *Gly'°H®) are seen as well as interchain
NOEs from %Gly'°NH to *Pro'’H”’y supporting the 1-residue stagger. In addi-
tion, the NOEs normally unique between Gly are observed between the Ser'®
residues and residues Gly'® and Gly'® ('Ser'®NH to 3Gly'*NH, 3Ser'®NH to
'Gly"®NH), suggesting that the Ser'® residues are packed into the center of
the triple helix at the substitution site, in a behavior similar to a Gly at the
same position. D, the histogram of the J,;, coupling constants for the
T1-898(G901S) peptide. *Jynu, coupling constants from the two H* Gly res-
idues are shown in dark gray and light gray bars.
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FIGURE 2. Hydrogen exchange and NH temperature gradient studies on
the T1-898(G901S) peptide. A, histogram of hydrogen/deuterium protec-
tion factors for the labeled residues in the T1-898(G901S) peptide. B, amide
NH A8/AT plot for T1-898(G901S) peptide. The dashed horizontal line corre-
sponds to A8/AT = —4.5 ppb/°C, which provided the cutoff line of hydrogen
bonding.

value greater than —4.5 ppb/°C. This suggests that at the muta-
tion site, chain 2 is involved in hydrogen bonding, whereas the
other two are not. This is similar to what is observed for the
Gly — Ala peptide where a single hydrogen bond at the muta-
tion site is indicated from temperature gradients (Table 1).

DISCUSSION

It is important to understand how the structural perturba-
tion of the collagen triple helix by OI mutations is affected by
the residue that replaces Gly and by the flanking tripeptide
sequences (13). The issues are addressed here by NMR studies
on a peptide with a Gly to Ser substitution within a 9-residue
al(I) sequence and its comparison with the NMR and x-ray
studies of a peptide with a Gly to Ala sequence within a repeat-
ing Pro-Hyp-Gly sequence.

NMR conformational studies on labeled residues in the cen-
tral region indicate that the 1-residue stagger is maintained
throughout the region including the Ser substitution and that
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most of the residues have ¢ angles expected for the triple helix.
NOEs between backbone amide protons that are normally
unique to Gly residues in the standard triple helix are observed
for the Ser'® residues in the substituted peptide. These NOEs
indicate that despite the larger size of Ser relative to Gly, the 3
Ser residues are trying to pack into the center of the triple helix
in a manner similar to a Gly at the same position. However,
residues larger than Gly cannot fit into all three chains and pack
in this helical structure. Unlike Gly, the 3 Ser residues are non-
equivalent, and a new weak NOE indicates that two Ser'® resi-
dues from different chains are packing closer than expected.
The conformational distortion due to the mutation is highly
localized and absorbed by a small number of residues. A similar
distortion appears to be present in the Gly — Ala peptide as
predicted from the x-ray structure. Interestingly an unusual
downfield shift is seen for 1 Ser residue in the T1-898(G901S)
peptide and 1 Ala residue in the Gly — Ala peptide structure,
supporting an unusual conformational or hydrogen-bonding
feature (Fig. 3).

Although the replacement of a Gly by an Ala or by a Ser
residue leads to a similar local perturbation at the substitution
site, there are subtle differences between the Gly — Ala and
T1-898(G901S) peptides as indicated by some distinctive NOE
contacts. In addition, the */, ., of 1 Ala residue in the Gly —
Ala peptide is very high, indicating a non-polyproline II confor-
mation, whereas the coupling constants of all 3 Ser'® residues in
the T1-898(G901S) peptide are consistent with polyproline II
(Table 1). These subtle differences could relate to the additional
hydroxyl group in Ser when compared with Ala or to the pres-
ence of a real collagen «1(I) sequence, GPVSPAGAR, for the
Ser peptide when compared with the Gly to Ala substitution in
an all Gly-Pro-Hyp environment GPOAPOGPO (5).

Although conformational changes caused by a Gly to Ser
substitution are subtle, more significant and specific perturba-
tions are observed by NMR dynamics experiments including
H-exchange and temperature-dependent amide chemical
shifts. Interestingly the dynamics studies reflect the effect of the
stagger on the relative position between a Gly in one chain and
the mutation site Ser in a different chain within a triple helix.
The 3 Gly"? residues show hydrogen bonding, but the degree of
protection depends on whether they are in the leading, middle,
or trailing chain. Because of the staggering of the three chains,
the leading chain 1 is surrounded by an almost normal triple
helix environment, whereas the Gly'® in the trailing chain 3 is
falling heavily under the influence of the Ser substitution site.
The larger degree of disruption of hydrogen bonding when a
Gly is closer in its axial position relative to a Ser may arise from
increased flexibility or breathing at that site. Only 1 Gly'® resi-
due shows a temperature-dependent amide shift, indicating
H-bonding, and it is located in the leading strand, which is
farthest away from the Ser residues. All 3 Gly'? residues show
fast exchange, but Gly'® in chain 3 appears a little more pro-
tected because that chain is the farthest in axial position from
the Ser perturbation. A similar asymmetric disruption is also
suggested by the x-ray structure of the Gly — Ala peptide,
where an indirect water-mediated hydrogen bond rather than a
direct hydrogen bond is observed for the Gly of the triplet
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FIGURE 3. Model structure of the T1-898(G901S) peptide. A, ribbon diagram
of T1-898(G901S) peptide models represented with the N-terminal at the left
and chain numbers. The NMR parameters are used as the restraints in the energy
minimization, including the ¢ angle restraints from J-coupling constants and
distance restraints from NOEs. Three model structures that are consistent with all
NMR experimental data are obtained and show similar features. A set of two
models from the Gly — Ala starting structure is shown for illustration. Leading,
middle, and trailing chains are represented as 1, 2, and 3 and are colored in gray,
orange, and cyan, respectively, for the energy-minimized segment of residues
6-26. The Gly' to Gly' residues in chain 3 of one structure are indicated.
B, space-filling model of the cross-section view from the N terminus to the C
terminus of one T1-898(G901S) peptide model. Views show that the Ser'® resi-
dues are closely packed at the center. The VSP segment s colored as Val'* (yellow
squares), Ser'® (red squares),and Pro” (blue squares). C, the cross-view of the Ca of
residues around the substitution region in the T1-898(G901S) peptide model.
The structure was aligned to the central axis of the triple helix molecule using the
pdbinertia program. The x and y axes indicate the coordinates in the structure.
The projection of Ca atoms of residues Gly'* to Gly'® is shown in squares. Resi-
dues at the Gly, Xaa, and Yaa positions are colored in red, green, and blue, respec-
tively. The substituting residues are colored in red. The Ca traces are shown in
gray lines. In a standard triple helical conformation, the Ca of Gly, Xaa, and Yaa
residues are an equal distance from the central axis of the triple helix, respec-
tively. Three circles indicate the Ca traces of Gly, Xaa, and Yaa residues in the
standard triple helical conformation from the (PPG),, x-ray crystal structure (38).
Traces of residues at Gly, Xaa, and Yaa positions are colored in red, green, and blue,
respectively.
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C-terminal to the mutation in the trailing strand, which is clos-
est to the Ala mutation site in the leading strand.

The NMR dynamics experiments that include H-exchange
and temperature-dependent chemical shift experiments sug-
gest increased disruption of hydrogen bonding in the C- versus
the N-terminal triplets flanking the Gly to Ser mutation. A
recent computational study has focused on the asymmetric
influence of tripeptides flanking a Gly to Ser mutation site, not-
ing that a destabilizing triplet C-terminal to a Gly to Ser substi-
tution is correlated with a lethal OI phenotype, whereas no
correlation is seen for an N-terminal destabilizing triplet (11).
Consistent with this result, peptide studies showed a greater
destabilization effect when a tripeptide of low triple helix pro-
pensity is put on the C-terminal side when compared with the
N-terminal side of a Gly to Ser substitution (11). The NMR
dynamic studies presented here on the T1-898(G901S) pep-
tide suggest an inherent asymmetry surrounding a mutation
site with less regular hydrogen bonding or increased conforma-
tional flexibility on the C-terminal side, and this inherent effect
could be synergistic with the sequence-dependent stability of
neighboring triplets.

At the mutation site, the normal backbone N-H (Gly)...
C=0 (Pro) hydrogen bond is replaced by indirect water-medi-
ated N-H (Ala) ... H,0O...C=0 (Pro) bonds in the Gly — Ala
structure. NMR hydrogen exchange data of the 3 Ser'® residues
all show low protection from solvent, suggesting either that
there are no direct N-H (Ser) ... C=0 (Xaa) bonds present or
that there is increased conformational flexibility at the muta-
tion site. However, the replacement of a Gly by a Ser residue
introduces the possibility of additional hydrogen bonding
through the hydroxyl side chain. Mooney and Klein (32) carried
out molecular dynamics studies on a range of Gly to Ser OI
mutation sites and found the Ser OH hydrogen-bonded to
the backbone of an adjacent chain for a significant fraction
of the time. Several types of interchain hydrogen bonds involving
the hydroxyl group of Ser are possible. The presence of a
defined hydrogen bond, e.g. between the Ser and a backbone
carbonyl, or the possibility of an ensemble of different hydrogen
bonds is consistent with the high calorimetric enthalpy
observed for this peptide. Such hydrogen bonding may play a
role in stabilizing the triple helix assembly and compensating
for the destabilizing loss of direct backbone hydrogen bonds.

The structural and dynamic alterations reported here may
play arole in the etiology of Ol by affecting collagen secretion or
interactions with other matrix molecules. There is increasing
evidence that lethal mutations may occur at sites important for
binding proteoglycans (7, 37). The conformational and hydro-
gen-bonding alterations indicated by the NMR data would lead
to an altered appearance of the exterior of the triple helix mol-
ecule as seen by binding partners. Plotting the cross-section of
the T1-898(G901S) peptide indicates that the Ca atoms of
residues in the Xaa and Yaa positions surrounding the Ser are
located farther out from center than a standard triple helix (Fig.
3C). This altered molecular cross-section could generate defec-
tive fibril formation or an abnormal collagen fibril exterior and
thus affect ligand recognition and binding.

The peptides studied here are homotrimers containing three
Gly replacements in each molecule. In contrast, type I collagen
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is a heterotrimer consisting of two «1(I) chains and one «2(I)
chain, and the dominant disorder Ol is caused by a Gly muta-
tion in only one or two of the chains in a trimer (2). Gauba and
Hartgerink (33) recently used electrostatic interactions to form
heterotrimer model peptides with one, two, or three Gly to Ser
mutations (34). Their results show that the incorporation of a
first Gly to Ser mutation in one chain leads a large drop in
thermal stability, whereas the addition of the second and then
the third mutation leads to only a small further decrease in
thermal stability, as predicted from computational studies (35).
More heterotrimer studies are being reported recently (33, 36),
and such studies will ascertain whether asymmetric perturba-
tion and hydrogen-bonding properties seen for the homotrim-
ers are present in triple helical molecules with only one or two
mutants chains.

Acknowledgment—We thank Dr. Seho Kim for help with implemen-
tation of triple resonance experiments.
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