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ABSTRACT. Understanding the folding of the proline-rich collagen triple helix requires consideration of
the effects of proline cistrans isomerization and may shed light on the misfolding of collagen in connective
tissue diseases. Folding was monitored in real time by heteronuclear 2D NMR spectroscopy'fir the
labeled positions in the triple-helical peptide 1892 [GPAGPAGPVGPAGARGPAGPOGPOGPOG-
POGV]. In the equilibrium unfolded monomer form, each labeled residue showed multiple peaks with
interconversion rates consistent with -€tsans isomerization of GlyPro and Pre-Hyp bonds. Real-

time NMR studies on the folding of 4892 showed slow decay of monomer peaks and a concomitant
increase in trimer peaks. Gly25 in the C-terminal rich (Gly-Pro-Hylmmain folds first, consistent with

its being a nucleation domain. Analysis of the kinetics indicates that the folding of Gly25 is biphasic and
the slower step represents-eitsans isomerization of imino acids. This illustrates that nucleation is limited
by cis—trans isomerization. Monitoring Gly6, Gly10, Alal2, and Gly13 monomer and trimer peaks captures
the C- to N-terminal propagation of the triple helix, which is also limited by -&¥o cis-trans
isomerization events. The zipper-like nature of the propagation process is confirmed by the slower rate of
folding of Ala6 compared to Gly13, reflecting the larger number of isomerization events encountered by
the more N-terminal Ala6. The cidrans isomerization events at multiple proline residues is a complex
statistical process which can be visualized by these NMR studies.

The significant experimental and theoretical advances in  In a physiological context, the folding of collagen involves
understanding the folding of small monomeric globular molecular assembly of the triple-helix, followed by higher
proteins can be expanded to consider the folding of non- order assembly to fibrils or other associated for@s1Q).
globular proteins, such as collagen-@). The linear, (Gly- Collagen is synthesized in a procollagen form, with N- and
X-Y)n repetitive triple-helical collagen presents a rodlike C-terminal globular propeptides flanking the (Gly-XrY)
folded form that is simpler than the three-dimensional central domain 10). Trimerization occurs through the
structure of globular proteins. In this conformation, the Gly association of three C-terminal propeptides, and then nucle-
residues are all buried near a central axis, while the residuesation of the triple-helix takes place at the (Gly-Pro-Hyp) rich
in the X and Y positions are largely exposed to solvent sequence found at the C-terminus of the (Gly-X:¥gion
(Figure 1). Therefore, all polar residues and hydrophobic side (11-14). After nucleation of the three chains, the triple helix
chains are on the exterior, and there is no hydrophobic core.propagates with cistrans isomerization of Pro and Hyp
The X and Y positions are frequently occupied by proline peing rate-limiting steps1@, 13). The completed triple-
and hydroxyproline, respectively, which are important 10 pglical procollagen molecule is secreted into the extracellular
triple-helix stabllh_ty_, and.GIy—I.Dro—Hyp is the most common matrix, and following cleavage of the propeptides, the
and most stabilizing tripeptide sequence. Therefore, the y,jecyles assemble into the characteristic collagen fibrils

folding of the triple helix requires multichain assembly 10 & 'yt form the supporting matrix of bone, tendon, and other
final folded state, includes an unusually high concentration connective tissuesi()

of prolines and hydroxyprolines, but does not include a . .
hydrophobic collapse. This brings into focus other folding Connective tissue diseases have been found to result from

features than those encountered in globular proteins. collagen mutations leading to defective molecular or higher
order folding ((5—17). Misfolding has been implicated in

cases of Osteogenesis Imperfecta (“brittle bone disease”)
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Ficure 1: Schematic representation of the collagen triple-helix conformation. The triple-helical conformation consists of three polypeptide
chains, each in a polyproline ll-like helix, which are supercoiled about a common axis and hydrogen bonded g8jh&hé molecule

can be a homotrimer, composed of three identical chains, or a heterotrimer, consisting of two or three distinct chain types. The conformation
determines the strict sequence constraint of Gly as every third residue, so the structure can be identified by its characteristic sequence
pattern of (Gly-X-Y). All Gly (colored green) are buried near a central axis, while the residues in the X and Y positions (colored blue and
red, respectively) are largely exposed to solvent. The stability of the triple-helix also requires a high content of the imino acids Pro and Hyp
in the X and Y positions.

Recent progress in characterizing the conformation and spectrometers equipped with a triple resonance probe and
folding of the triple-helix has emerged from studies on model pulsed field gradient. Two-dimensional data sets were
peptides 20—25). The slow folding rate and the incorpora- processed on a Silicon Graphics workstation using FELIX
tion of 1°N-enriched residues allows NMR monitoring in real 97 (Molecular Simulation Inc.). Heteronuclear single quan-
time of the folding of residues at specific locatior2s 26). tum coherence spectroscopy (HSQC) spectra were recorded
2D heteronuclear NMR real-time folding studies applied to at 0—40 °C. All the pulse sequences employed enhanced
the triple helix are used to elucidate the residue-specific sensitivity pulsed field gradient techniqués), To determine
mechanism of both the nucleation and propagation s&hs (  the exchange rates between interconverting monomer peaks,
27). NMR studies of the folding of the peptide ¥892 HSQC-NOESY experiment29) were performed at 46C
containing an 18 residue sequence from the humil) with a series of mixing times: 30, 60, 80, 100, 200, 300,
chain of type I collagen are described here. The results 400, 500, and 750 ms. THEN NOE relaxation measure-

the high percentage of cis isomers of Pro and Hyp observedsatyration 80).

in the unfolded state were found to be the rate-limiting steps

of both nucleation and propagation of the triple helix. Folding ExperimentsThe NMR folding experiments were

performed as previously described7). The sample was
MATERIALS AND METHODS denatured outside of the NMR spectrometer by heating for
] ) ] 15 min at 50°C and then immersed in a highly concentrated
Sample PreparationThree peptides with analogous se- k¢ solution at about-9 °C (cooled by dry ice and ethanol
quences containing differefiN-labeled positions (in bold- iyt re) or ice-water bath at GC for 20 s to quickly reduce
face, Scheme 1) were purchased from Synpep Corporationy,, temperature to 16C. A series of 2D'H-1N HSQC

(Dublin, CA). spectra were acquired every 3 min at’Il) The dead time
Scheme 1 of the first spectrum was 60 s. Kinetics of folding were
s 0 ” 2 2 - monitored by measuring cross-peak volumes as a function
T1-892a: GPAGPAGPVGPAGARGPAGPOGPOGPOGPOGV of time. The folding experiment was repeated three times,
and average intensities were used in the analysis. Due to
Ti-892b:  GPAGPAGPVGPAGARGPAGPOGPOGPOGPOGY the very different relaxation rates of the monomer and trimer

and intermediate species, the intensity in HSQC spectra of
fast relaxing trimer and intermediate resonances are decreased
The peptide solutions used in NMR experiments were compared to the slowly relaxing monomer resonances. This
prepared with 10% BD/90% HO and pH 2.5 was adjusted was due to the fact that the efficiency of magnetization
by titration with 5 mM HCI. HPLC purity of the samples transfer in the HSQC experiment is, among other factors,
was 95-99%, and their identities were confirmed by mass also dependent on the relaxation rat&5.(Therefore, scaling
spectrometry. of intensities was required for the kinetic data analysis, which
NMR SpectroscopNMR experiments were performed on was done assuming that the loss of monomer in the folding
Varian Unity Plus 500 MHz or Varian Inova 600 MHz process was equal to the accumulation of the sum of the

T1-892¢c: GPAGPAGPVGPAGARGPAGPOGPOGPOGPOGV
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trimer and intermediate peak intensity (mass conservationtype | collagen, residues 89210, including the 901 site of
law). On the basis of this assumption, the scaling coefficients a Gly to Ser Osteogenesis Imperfecta mutation. A C-terminal
were calculated for each residue separately and each scalingequence of four repeating Gly-Pro-Hyp units was added to
coefficient, », was calculated as an average value of four stabilize the triple helix and to model the C-terminal
coefficients corresponding to four different time intervals nucleation site found in collagen. For NMR studies, peptides
between first and second, first and third, ..., and first and were made witi°N-enriched residues at specific positions,
fifth time points: n = [3 (M1 — M)/(T; — Ty)}/4, wherei = including one with labels at Ala6, Gly10, Gly13, and Gly25,
2, 3, ..., 5, andM andT; are the intensity of monomer and a second one with labels at Ala12, Gly13, and Gly25, and a
trimer (or trimer plus intermediate) peaks at tie-time third one with labels at Ala6é and Gly10. Peptide-T892
point. Scaling coefficientg were 2.724+ 0.46, 4.52+ 0.41, adopts a triple-helical conformation with a melting temper-
3.49+ 0.51, and 3.13t 0.53 for Ala6, Gly10, Gly13, and  ature of 26°C (35). NMR assignments and dynamics of the
Gly25, respectively. Scaled data were normalized assuming!*N-enriched residues in the triple helix indicated that all
that the initial intensity of monomer was equal to one. positions were in a highly ordered, triple-helical forB86.
Curee Fitting ProcedureKinetic data were analyzed using  In addition to defining the final state of the triple helix,
KinFit program (D. V. Dearden, Brigham Young University, ~characterization of the folding process requires elucidation
Provo, UT). KinFit is a program written in Visual Basic as  of the monomer form and monitoring of the kinetics of
a Microsoft Excel 5.0 application macro. This program solves assembly of the triple helix in real time.
a set of coupled ordinary differential equatior&2)( and
determines the best fit to the raw data by adjusting the rate
constants using the Marquardt minimization algoritf88)
Exchange Rate Calculation¥o determine the exchange

Monomer conformation of T1892. To examine the
unfolded monomer form, 2EH-15N HSQC spectra of T%
892 were recorded at £C, a temperature above the triple-
: : S helix melting point T, = 26 °C) (35). More than one peak
rates of two interconverting species in the monomer state,WaS observed for each residue in the monomer form of T1

spectra were recorded for a series of mixing times using an 892 : .

. at 40°C. For residues Alal2, Gly13, and Ala6, there is
HSQC-NOESY experiment at 4%C. The exchange rates one major monomer pealvif) with 86—88% of the total
were extracted from the peak volumes of both auto and intensity and one well-defined minor peakd4) with 12—
exchgnge peaks thrqugh qleast-squares fitting procedure 834% of the total intensity (Figure 2a and Table 1). To
_descnbed $.4)' The Intensity of the auto peaks for two ascertain whether the major and minor peaks are intercon-
interconverting states are given by

verting conformers, HSQC-NOESY experiments were per-

LO)[—A, — al])ef’llT + @A, - all)efm] formed at 40°C on the T1-892 peptide with labeled Ala12,
112(T) = G — 1) ) Gly13, and Gly25 residues (Figure 2b). These spectra show
! 2 two exchange cross-peaks between the major and minor
N 24T _ —5T forms (Figure 2b), indicating the existence of an equilibrium
L (T) = Oz — Bp)e ™+ (1~ 3e ] (2) and slow exchange between the two forms. The rates of
22 — ) )
(11— 4) exchange between the major and minor peaks were deter-

while the intensities of the exchange peaks correspondingMined using a series of HSQC-NOESY experiments with

to the transfer of the magnetization from 1 td:ZT) and variable mixing times (Figure 2c). For Alal2, an exchange
from 2 to 1 by(T) are given by rate of 0.066 st was determined for the major to minor peak

direction and 0.40 ¢ for the reverse reaction (Table 2).

—25T
) Similar rates were seen for Glyl3. The free energy of

—h
L0)(—a,e ™ —aye

A1) = Ay — Ay) ) activation,AG™, for the interconversion between monomers
is 84 kJ/mol for Alal2 and 85 kJ/mol for Gly13, respectively.
1,(0)(—a.e ™" — a,e The population of the minor peak and the free energy of
154(T) = Uo7 (4) activation for Alal2 and Gly13 are very similar to those
1 previously reported for the cis form of Pro in short oligopep-
whereli» = 1/2{ (a1 + &) £ [(a11 — @22)? + 4kioka] 3, tides 38, 40—42). For example, Gly-Pro bonds in model

A = Ry + Kig, @12 = —koy, @1 = —kiz @2 = Ro + kg, Ry peptides show 14% cis form and 86% trar&8)( And
andR; are the longitudinal relaxation rates of magnetization normally, the activation energy for cidrans isomerization
in sites 1 and 2,(0) and 12(0) denote the amount of  aphout X-Pro bonds is~85 kJ/mol @2). This close cor-
|Ongitudinal nitrogen magnetization associated with states 1 respondence indicates that G|y-Pro—dmns isomerization
and 2 at the start of the mixing peridd andk,, andkzs are s the source of the major and minor peaks observed for
the exchange rates for the magnetization converting from Aja12 and Gly13. However, in the sequence of-BD2
site 1 to 2 and 2 to 1, respectively. A least-squares fitting [Gly10-Pro11-Ala12-Gly13-Alal4-Arg15], neither Ala12 nor
procedure was employed to extract the longitudinal decay Gly13 is directly involved in an %Pro bond. It is likely
and chemical exchange rates by fitting the expressions giveryhat their interconverting peaks represent-tians conform-
in egs -4 to the measured intensities of auto and exchangegrs at the preceding Glyt@®Proll bond. Alaé has a ecis
peaksKeq = 12(0)/11(0), Keq = kidkz1, were used to constrain  trans ratio very similar to Ala12 and Gly13, suggesting that
the relative values ok, andkos. it is related to cis-trans conformers at one Gly-Pro position.
RESULTS Given the sequence environment of Ala6 [Gly4-Pro5-Ala6-
Gly7-Pro8-Val9], it is not possible to conclude whether the
A triple-helical peptide, T4892, was designed to contain  conformers are reflecting isomerization at the GiRro5
an 18 residue amino acid sequence from dtiechain of or Gly7—Pro8 bonds.
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a) o ° Table 1: Experimental and Theoretical Percentages of Different
MG, G251 @ Monomeric Peaks for Individual Residue in Peptide-BB2 at 40
e °C (concentration 9.2 mM, solvent 90%®/10% DO, pH 2.3}
%o wazs ez experimental  theoretical possible
w25 MSEZWG?S weo |a value value configuration
wgro E10 - residue (%) (%) state
G25M1 62.3 61.8 ttttt
o g G25M2 10.8 9.88 tettt/tttct
8 G25M3 11.2 9.88 tettt/tttct
g G25M4 4.2 3.95 ctttt/ttctt/ttttc
G25M5 3.9 3.95 ctttt/ttctt/ttttc
| S G25M6 2.4 3.95 ctttt/ttctt/ttttc
8 G25M7 1.7 15 tetet/cettt
G25M8 1.6 0.6 tectt/tett
war G25M9 1.3 0.6 cttct/ttcc
=B s | 2 G25M10 0.65 0.6 tttcc
= o
@ g - G13Mm1 84.2 86.3 t
MzZA12
G13M2 15.8 13.7 c
, , , Al2M1 85.8 86.3 t
87 Bt (opm) 8.1 Al2M2 14.2 13.7 c
GioM1 74.4 74.5 tt
b) G10M2 11.4 11.8 ct/tc
G13 G10M3 13.9 11.8 ct/tc
o - A6M1 85.5 86.3 t
& ° | 2 ABM2 145 13.7 c
o °‘ : T 2 Theoretical values for G25 are calculated based on multiple X-P
: G625 bonds in G-P-O-G-P-O-G(25)-P-O (2GP/3PO); while for G13, A12,
| 2 theoretical values are calculated based on single G-P bond by in G(10)-
i P-A(12)-G(13)-A-R; For G10, double &P bonds in G-P-V-G(10)-
. P-A are used; For A6, single G-P bond is G-P in G-P-A(6)-G-P-V is
° g used. Percentages are G-P, 86.3% trans, 13.7% cis; P-O, 94% trans,
Fe 3 6% cis. The assignment of the possible configuration state for individual
T peak is based on its percentage and also chemical shift<2).
<
m & Table 2: Rate Constant&(, k¢) and Free Energy of Activation
a2 .#t’ans (AG,, AGy) for cis—trans Isomerization of the X-Pro Peptide Bond
. in T1-892 at 40°C
. Qe | 2
o8 d A12 G13 G25
. ‘ . ‘ ket (s79) 0.066 0.052 0.030
8.8 8-;‘;‘( mf)3-2 79 kic (579 0.40 0.32 0.39
o AG, (kd/moly 83.9 84.5 85.9
AG; (kJ/moly 79.2 79.7 79.2

a AG” was calculated as described in .

o
©
T

The other two labeled residues, Glyl0 and Gly25, also
show major and minor peaks in their monomer forms.
However, there is more than one minor peak observed for
these residues and the major/minor peak ratio of intensities
is not consistent with isomerization at a single GBro
bond. Gly10 shows one major peak (74% intensity), together
with two minor peaks (11 and 14%). This is consistent with
conformers reflecting cistrans isomerization at two Gly
Pro bonds. The sequence environment of Gly10 [Gly7-Pro8-
Val9-Gly10-Prol1-Alal2] suggests that Gly10 is sensitive
to the preceding Gly#Pro8 isomerization as well as Glyt0

g
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FiGure 2: Charaterization of monomer states of-1892 in 90% Proll
H,0/10% DO (pH 2.3) at 40°C. (a) *H-1°N HSQC spectrum of )

thermally denatured T1892 at 40°C. The peaks corresponding Gly25 shows at least 10 peaks of varying intensities, in
to the monomer states of individual residues are denoted with a addition to the major peak (Table 1). This suggests that

superscript M. (b) HSQC-NOESY spectrum of ¥892 at 40°C ; _ N ) _ B )
with mixing time 500 ms. Exchange cross-peaks of major and minor Gly25, in the Glyl9-Pro20-Hyp21-Gly22-Pro23-Hyp24

peaks for Ala12, Gly13, and Gly25 are shown with the dotted lines. Gly25-Pro26-Hyp27-Gly28-Pro29-Hyp30 C-terminal se-
The cross-peaks for Gly25 can only be observed at a lower contourquence, Is sensitive to Isomerization at multiple GBro
level. (c) Mixing time dependence of chemical exchange between and/or Pre-Hyp sites (Figure 3). Theoretical intensities for

the two monomer states of Alal2 in ¥892 at 40°C. The upper ; oot ; ;
two curves describe the decay of auto peaks, while the lower curvesdlﬁere”t combinations of cistrans isomers were calculated

show the buildup/decay of the exchange peaks. The curves are thd’@sed on t_he_ fact that imino a_eidnin_o acid bonds have
best least-squares fit to the experimental data. about 6% cis isomers while-Ximino acid bonds have about
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Ficure 3: H-15N HSQC of monomer resonances of Gly25 at 40
°C. A set of possible conformational state assignment (cis/trans) A2 i
are indicated next to the corresponding resonances. The tentative o Pvas o
assignments were done based on the comparison of the experimental YA12® ung -8
peak intensities with the theoretical intensities expected for different -
sets of cis and trans conformers in the five X-imino acid bonds:

P20-021-G22-P23-024-G25-P2©27. The experimental and i ' ‘ *
theoretical intensities are listed in Table 1. Each of these bonds 88 84 80 76
was labeled from N- to C-terminal by letters ¢ and t, where letter H (ppm)

¢ stands for cis and t stands for trans bond conformation. For FIGURE 4: 1H-15N HSQC spectrum of T£892 at 10°C. The peaks
example, the conformational configuration with four trans-bonds corresponding to the monomer states ofBB2 are denoted with
and one cis bond between G22 and P23 will be labeled as tcttt. 5 gperscript M, while those peaks corresponding to the triple helical

14% @38) (Table 1). The relative intensities of the major and states are denoted with a superscript T.

minor peaks were most consistent with isomerization at five oint. and then a slow phase describina monomer to trimer
individual X—imino acid sites (2GP and 3PO): Pro20 foldir;g M1 P 9

Hyp21, Gly22-Pro23, Pro23Hyp24, Gly25-Pro26, and ’ '

Pro26-Hyp27 (Table 1). Tentative assignments for Gly25 Gly10, Gly13, and Gly25 were all fit to first-order kinetics

monomer peaks were made by comparing experimental ~. 1
intensities to the theoretical ones in Table 1. On the basis ofW'ﬂ.1 rate constants on the order of £@ . (Table 3). Results.
intensities alone, it was not possible to assign cross—peaks'nc||Cate that the fast phase of Gly25 disappears more rapidly

without ambiguity. For example, a tttct configuration cannot than the other residues, and the slow phase of Gly25 is f?‘Ster
be distinguished from a tcttt one and the cross-peak wasthan Ala§ by_ a factor of 1.6, suggesting that the folding
labeled as being either one or the other. However, one Cross_process_ IS |n|t|a.1ted at the C—termnjlal end. ) )
peak could be assigned directly to ttttt configuration. The triple-helical peak for Gly25 increases in parallel Wlth_
HSQC-NOESY exchange experiments for Gly25 showed the monomer decay; therefore, the data for _Gly25 can bg fit
one exchange cross-peak between the major peak and on&multaneously to monomer decay and trimer formation
of the minor forms (Figure 2b), which corresponds to a cis @SSuming biphasic kinetics (Table 3, Figure 5). As expected,
bond at a Pre-Hyp site based on the fact that the relative the rgtg constants for the slow ph_ase obtained from this fit
intensity of the minor form was 7.1%. The major (trans) to &re similar to those obtained _by f|tt|ng to the monomer decay
minor (cis) peak exchange rate at#Dis 0.030 s?, a value only. The appearance of trlple—heh)'( peaks for the'other
slower than observed for Ala12 and Gly13, while the reverse €Sidues, Alaé, Gly10, and Gly13, is delayed relative to
rate was 0.39, similar to that seen for Ala12 and Gly13 ~Gly25. The triple helical and monomer peaks for Gly10 were
(Table 2). Other expected exchange peaks for Gly25 werefit Similarly to Gly25.
difficult to analyze due to the overlap with the major peak ~ Folding intermediates were observed for three of the
and the weak intensities of the minor forms with more than residues. For Ala6, Alal2, and Gly13, new nonmonomer
one cis bond (Table 1). At low temperature, the monomer peaks arise as the trimer peaks are formed (Figure 6). For
peaks seen at high temperature are still present but are nowexample, in the native triple-helical peptide, Ala6, has two
accompanied by peaks assigned to the triple-hefi§) ( small monomer peaks and one peak in the trimer region. In
(Figure 4). the early stages of folding, Ala6 shows one peak in the trimer
Kinetics of Folding of Peptide F1892. The folding of region, at least four nonnative peaks near the trimer peak
T1-892 can be followed in real time by heteronuclear NMR and one nonnative peak near the monomer peak. With time,
by monitoring the appearance of the trimer peaks of the five the nonnative peaks decay and the trimer peak grows (Figure
labeled residues and the disappearance of their corresponding)- The nonnative peaks of Ala6 may be considered as an
monomer peaks as the temperature is dropped from 50 tointermediate form in the folding pathway. Similar nonnative
10°C (Figure 5). The kinetics of the monomer decay of Alag, Peaks suggesting intermediates were observed for Gly13.
Gly10, Alal2, Gly13, and Gly25 could not be fit to any However, Alaé showed a higher proportion of intermediate
single kinetic order using the entire data set. Therefore, relative to Gly13.
analysis of the data was performed assuming biphasic The kinetics of folding for Ala6 and Gly13 are biphasic,
kinetics. The shape of the monomer decay suggests a fassimilarly to those of Gly25 and Gly10. To fit the slow phase
phase between the initiation of folding and the first data for the Ala6 and Gly13 trimer and intermediate folding,

The slow phases of the monomer decay curves for Ala6,
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Ficure 5: NMR real-time folding profiles of Gly25 (a), Gly13 (b), Gly10 (c), and Ala6 (d) residues in892c at 10°C: monomer @),

trimer (©O), and intermediate«). Data were collected and resonance volumes were determined as described under Materials and Methods.
All curves (—) represent best fit of the second slow phase of the biphasic folding kinetics. In all cases, the slow phase was fit starting from
the second time interval. Rate constants for Gly25, Gly13, Gly10, and Ala6 obtained from these fits are shown in Table 3.

Table 3: First Order Rate Constants for the Slow Step of892c Folding for Ala6, Gly10, Gly13, and Gly25
monomer, intermediate, and trimer dataljs

monomer data monomer and trimer data kl//; T
(s (s M e
1 1
% M<T W
residue ki x 10° ko x 10° ky x 10° ko x 10° ki x 10° ko x 108 ks x 10° ks x 108
Ala6 0.8 0.26 0.21 0.14 0.63 0.34
Gly10 1.2 0.27 0.9 0.22
Gly13 1.3 0.22 0.49 0.16 0.71 0.27
Gly25 1.3 0.20 1.1 0.17

aFits are performed to the monomer decay only, to monomer and trimer data and to monomer, intermediate and trimer data.

different kinetic models including intermediate on-pathway, nonnative form is quite rigid. The apparent line widths of
parallel, and off-pathway were examined. The best fit was the trimer and intermediate peaks are nearly identical,
found for the off-pathway intermediate folding model, and suggesting that the intermediate aggregation state is trimer-
the slow second phase for monomer to trimer folding was like. In addition, the chemical shifts of the nonnative forms
fit with first-order rate constants that were on the order of of Alal2, Gly13, and the major parts of Ala6 are very close
1074 s (Table 3). The rate constants of trimer formation, to those of the native triple helix, suggesting that the
ki, indicate that Gly25 folds faster than Glyl3 and Ala6. In nonnative form that is observed in the kinetics experiments
addition, Ala6 trimer folds 2.5 times slower than Gly13 is similar in packing and dynamics to the native triple-helix
trimer, whereas the rates constants of intermediate folding, form.
?,1Tor Ala6 and Gly13 are similar and on the order of 10 DISCUSSION

Characterization of the Kinetic Intermediafgo establish NMR characterization of the cidrans isomerization role
the nature of the observed kinetic intermediat®l NOE in the folding of peptide T4892 allows integration of
relaxation experiments were performed on the protein during collagen triple-helix folding into general concepts derived
the refolding process (Figure 7). Low temperature conditions from globular protein studies. For globular proteins with one
were chosen such that the observed nonnative species waproline residue, 8595% of the population contains only
highly populated during the experiment and changed only trans residue and will undergo fast folding, while-56%
by approximately 26:30% for the duration of the 18 h  of the population will fold slowly, with the rate-limiting step
experiment.!>N NOE relaxation data was obtained at the being the cis-trans interconversion of an-XPro bond 43).
same time on the monomer form and the native trimer form In contrast, for proline-rich collagen molecules, e.g., type
as a control. Previous relaxation data, including R, and o1(I) collagen chain with 236 GhlyPro and Pre-Hyp bonds,
NOE have indicated that the triple-helix form of ¥892 is only one molecule in 18 of the monomer population
a rigid uniform rod in solution. From NOE data in Figure 7, contains all trans residues. In the imino acid rich triple-helix
it is clear that the dynamics of a large percent of nonnative peptide with nine Gly-Pro and four Pre-Hyp bonds studied
species are very similar to those of the native trimer form here, only 20% of the equilibrium monomer unfolded state
rather than the monomer form, indicating that most of the has all trans residues. In addition, three monomer chains must
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FIGURE 6: 1H-15N HSQC spectra of°N-labeled Ala6 in T+892c
obtained during a real-time NMR folding experiment. Monomers are
shown in cyan, intermediates shown in yellow, and trimers shown in
blue. (a) Well-resolved spectrum of thermally denatured monomer
state at 50C recorded before the initiation of folding, (b) spectrum
recorded at 10C after 5 min, (c) spectrum recorded at 4D after

60 min, (d) spectrum recorded at 10 after 12 h, and (e) equilibrium
spectrum at 10C obtained after 42 h of folding. The large difference
of resonance line widths in tH&N dimension in the spectra recorded
at 50 and 10C was mainly due to the experimental conditions and
postacquisition transformation. Since only 32 complex data points in
the 15N dimension were acquired in spectra at°I) they required
much stronger postacquisition line broadening compared with the
spectrum at 50°C recorded with 128 complex points théN
dimension.
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come together to form a triple helix, requiring all trans bonds
in three chains. Thus, imino acid eitrans isomerization is

a dominant and integral feature of the folding pathway of
the triple helix.

cis—trans Isomerization of Monomer Forrthe equilib-
rium unfolded state of peptide F1B92 is a heterogeneous
mixture of interconverting monomer species undergoing cis
trans isomerization at Ximino acid bonds, similar to that
seen for other collagen-like monomer peptid83)( The
percentages observed at each of the five sites in the peptide
are consistent with values reported for GRro (14%) and
Pro—Hyp (7%) in small model peptides, as well as averages
reported for collagen3g, 44). These observations indicate
that the cis-trans isomerization at each site is independent
of its neighboring sequence. Given the equilibrium values,
20% of the total unfolded population of ¥B92 is calculated
to be in the all trans form (Figure 8a), while 80% of the
unfolded state will have one or more cis-imino acid sites.
Monitoring the kinetics of folding of individual residues in
different regions along the peptide gives information about
the folding pathway.

Nucleation.The observation that Gly25-folds faster than
the central and N-terminal residues indicates that folding
begins at the C-terminus for this peptide. The Gly25 residue
is located in the (GPQ)omain, and previous data suggest
that the Gly-Pro-Hyp rich repeats can act as a nucleation
site for triple-helix formation45, 46). The kinetics of folding
of residues Gly25 are biphasic, with a fast initial phase that
cannot be measured by NMR and a slower phase, with a
first-order rate constant of 1®s™! for both monomer decay
and trimer formation. The slow folding rate is in good
agreement with previously reported rates for—dimns
isomerization at Gly-Pro bonds, consistent with eitrans
isomerization as the rate-limiting step. Calculation of the-cis
imino acid bonds present in the unfolded state for (GPO)
predicts that, for a statistical distribution of unfolded
conformations (Figure 8b), 42% of the monomer chains
contain all trans peptide bonds, while 58% have one or more
cis-imino acid peptide bonds. The experimental data shows
that the fast phase in the kinetics of folding of Gly25 has
approximately 47% of the population folded, consistent with
the theoretical 42% trans form which could form a stable
nucleus quickly and represent the fast-folding population.
The slow phase of Gly25 represents molecules that nucleate
slowly following mostly one cis-trans isomerization event,
since about 40% of the molecules contain a single cis imino
acid bond. (Figure 8b). A model for nucleation that is
consistent with the biphasic kinetics of Gly25 is proposed
and illustrated in Scheme 2, where MTMM€, MC€, MCcC,

Scheme 2
T fast T
M —> N (M =042 M)
c slow T fast C
ME—> MT—> N (M~ =0.39 M)
low 1 fast
M me e T = (M®= 0.16 M)
1 1 1 k
Mt p et ety ey (M= 0.05 M)

and N denote the whole ensemble of monomers, monomers
with all trans bonds, with one, two, and three cis bonds, and

nucleated species, respectively. The initial proportion of these
species are given in parentheses.
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Ficure 8: Statistical probabilities of states with different number
of cis-X-Pro bonds for the whole F1892 monomer sequence (a),
for the C-terminal (GPQ)region of T892 (b), for the N-terminal
(GXY)g region of monomer T892 (d), and for the three chains
of T1-892, which nucleated into the trimer form at (GR@gion

(c). Calculations were carried out based on the assumption that eacl
Gly-Pro and Pro-Hyp bond has 14% cis-Pro and 7% cis-Hyp,

respectively.

Folding of T1-892 is initiated from the C-terminal (GP9)
domain, even though this domain has only 40% probability (Figure 9). To describe propagation events, one must consider
of all trans peptide bonds, and three of these must participatethe statistics of cistrans isomerization for three chains.
in nucleation. The N-terminal end of ¥B92 has a lower
imino acid content and slightly higher all trans population nucleation step; therefore, only 10% percent of the molecules
than the C-terminus, but nucleation does not take place atare in the all trans conformation and can fold fast to the
this end. This suggests that the highly restricigdy
conformational space of imino acids in the Gly-Pro-Hyp molecules, which must undergo one or more—¢rans
repeating C-terminal region is critical to initiating the triple-
helix nucleation step. The presence of imino acids in the X the N-terminus end point, the more Gi{?ro residues must
or Y position of the Gly-X-Y sequence has two effects. First, be traversed by the triple helix before that residue is folded
the ¢ space of the X or Y position is more restricted relative and the more possibilities of different eirans branch points
to a nonimino acid. Second, an imino acid in the X and Y and complicated pathways. For example, there are three
position restrict the conformational space of the preceding Gly—Pro sites C-terminal to Ala6é (outside the nucleation
residue such that only angles of 120 are populated4?,
48). Similary angles (14Gt 20°) are found in the collagen
triple helix, so Gly-Pro-Hyp sequences in the monomer form isomerization events, whereas there is only one Gly-Pro site
may be correctly preformed for triple helix formation. This C-terminal to Gly13, which therefore undergoes only zero
makes them better nucleation sites compared to the more(64%) or one (31%) isomerization event (forms with oc-
conformationally divergent Gly-Pro-Y sequences at the cupancy less than 5% were neglected). The rates of Ala6
N-terminal end. In contrast to folding of globular proteins, and Gly13 trimer formation are related to the number of

where removal of Pro residues eliminates the slow folding
step, elimination of imino acid residues from a collagen triple
helix would prevent the nucleation process and make the
structure unstable. This confirms early proposals that regions
rich in Pro and Hyp would act as nucleation sites, because
the ¢,y angles of the rigid imino acid ring are very close to
those of polyproline Il and those of the final collagen triple
helix (49) and is consistent with the strings of Gly-Pro-Hyp
or Gly-X-Hyp sequences often seen at the C-terminus of the
collagen (Gly-X-Y), region (L1).

Propagation. Nucleation of collagen is followed by
propagation from the C- to N-terminal directiofh?{ 13).
Similarly to nucleation, propagation kinetics represented by
Ala6 and Glyl3 are biphasic. The fast phase cannot be
monitored and the slow phase has a first-order rate constant
of 1074 s71, which is somewhat slower than expected for
cis—trans isomerization. The slower rate may arise because
the propagation rate is limited first by the slow €tsans
step during nucleation and then by sequential-tians
events as the triple helix folds from the C-terminus to the

-terminus. A propagation mechanism for the triple helix
folding is proposed and encompasses fast propagation trans
conformations that represent the fast phase and slow inter-
converting cis conformations that represent the slow phase

There are five Gly-Pro bonds in each chain after the

final all trans form. The slow phase represents 90% of the

isomerization events (Figure 8d). The closer a residue is to

domain), and the triple helix may propagate to Ala6 through
zero (26%), one (44%), two (25%), or three (5%) cis
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Ficure 9: Schematic illustration of the proposed folding mechanism for proline-rich8B2 peptide. The monomer state is represented
by the ensemble of interconverting conformations, where the number of conformations is equal to'81B2 i€the number of different
X-Pro and Pro-Hyp bonds in F1892). After the nucleation of three chains at the C-terminal (GRP&pion, the folding propagates in a
zipper-like manner from the C- to N-terminus. The trans forms undergo a fast folding propagation, whereas forms with a cis Pro at either
Pro5, Pro8, Prol1l, or Prol7 are incapable of forming trimer and are engaged in a slow interconvertion to the trans form. The percentages
of the cis forms were calculated based on the assumption that there are 100% nucleated species and thatrradboBtyin the nucleated
trimer has a 14% probability of a cis-Pro.

respective cistrans interconversion events. Glyl3 has of both these species. The best fit to the kinetics of Ala6
approximately 2.5 times more cis interconversion events thanand Gly13 were an off-pathway model for the intermediate,
Ala6. The experimental observation of a 2.5 times slower but the limitation of this approach consists of its inability to
rate of folding of trimer for Ala6 relative to Glyl3 is incorporate our knowledge about monomer and intermediate
consistent with the cis form statistics of the possible pathways as an ensemble of different conformations. Therefore, it is
for reaching Glyl3 versus Ala6. The NMR results are quite possible that the nature of the intermediate is more
consistent with the molecule undergoing a zipper-like complex and heterogeneous. Possibilities for the intermediate
propagation process from the C- to N-terminus limited by conformation may include misstraggering or altered super-
statistical progression of cidrans isomerization events. In  coiling. Future analysis will help determine the character of
addition, the first data point in the trimer formation which the intermediate.
represents the all trans burst phase shows a relative difference Relation to Collagen FoldingThe folding properties
of 2.3 between Ala6 and Gly13 consistent with the ratio of deduced from NMR studies on the peptide-1892 are
64/26 expected for the all trans form. relevant to collagen folding. Although the studies reported
Intermediate.Transient intermediates have been seen in here were carried out on a self-associating model peptide,
real-time folding studies of globular proteinsSQ( 51), but the high concentrations necessary for NMR studies overcome
have not been observed to date in the folding of triple-helical the diffusion problem. These results relate to the folding of
peptides 27). Therefore, it was surprising to find indications collagen in vivo where three associated globular C-propep-
of an intermediate in the folding of the ¥B92 triple-helical tides provide a tethered end that constrains the Gly-X-Y
peptide. The chemical shift dispersion and i relaxation sequences such that nucleation sequences of the form Gly-
experiments both support a rigid triple-helical nature for the Pro-Hyp can initiate the triple-helix. At the C-terminus of
intermediate, similar to that seen in the native state. The the (Gly-X-Y), domain of collagerod(l) chain, there are
folding and unfolding rates from monomer to intermediate five sequential Gly-Pro-Hyp triplets which act as the
are similar to those seen for monomer to trimer, indicating nucleation domain4b). The nucleation domain in peptide
the involvement of cistrans isomerization in the formation  T1—892 is the C-terminal (Gly-Pro-Hypjegion. Our NMR
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studies show the nucleation process is inherently fast but 21. Mayo, K. H. (1996)Biopolymers 40359-370.

that this process cannot take place untikdi®ns isomer-

ization leads to three chains with all trans residues. Again,

propagation of the triple-helix in 74892 is rapid, but limited
by a statistical progression as it encounters multiple-Gly

Pro bonds. About one-third of all X residues is Pro and one-

third of all Y residues is Hyp for the (Gly-X-¥)s in type |

collagen, suggesting that a step by step progression, one or

two triplets at a time, is an intrinsic feature dictated by the
frequent encounters with cis-imino acids. In collagen, the
process of cistrans isomerization is accelerated by the
enzyme prolyl cis-trans isomerase, but it is still slow (on
the order of 5-10 min) (L3, 52). We suggest that a Gly

22.Feng, Y., Melacini, G., Taulane, J. P., and Goodman, M.
(1996)J. Am. Chem. Soc. 1180351-10358.

Fields, G. B., and Prockop, D. J. (19%ppolymers 40345~
357.

Baum, J., and Brodsky, B. (199G)rr. Opin. Struct. Biol. 9
122-128.

Baum, J., and Brodsky, B. (1999) iRrotein Folding:
Frontiers in Molecular Biology(Pain, R. H., Ed.) Oxford
University Press (in press).

26. Baum, J., and Brodsky, B. (199%lding Des. 2 R53—R60.
27. Liu, X., Siegel, D. L., Fan, P., Brodsky, B., and Baum, J.
(1996) Biochemistry 354306-4313.

Kay, L. E., Keifer, P., and Saarinen, T. (1992)Am. Chem.
Soc. 11410663-10665.

23.

24.

25.

28.

substitution, such as found in Osteogenesis Imperfecta, slows 29. Fesik, S. W., and Zuiderweg, E. R. P. (1988)Magn. Reson.

down the fast step of folding without affecting eigans

78, 588-593.

isomerization, and the NMR techniques described here can 30- Farrow, N. A, Muhandiran, R., Singer, A,, Pascal, S. M., Kay,

be applied to characterize the abnormal folding resulting from

such mutations.
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