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ABSTRACT: Small-angle X-ray scattering and circular dichroism measurements were made for a triple
helical peptide of which one end was linked by the thermally stable trimerization domain of type XIX
collagen. The radius of gyration decreased steeply around the transition temperature while the
scattering intensity at zero angle did not significantly change, indicating no molar mass change through
the conformational transition. Thus, the data were analyzed in terms of the rigid cylinder model for the
data at low temperatures and the wormlike star model at high temperatures. It was confirmed that the
peptide molecules behave as a rod-like cylinder at low temperature and a semi flexible three-arm star-
like chain at high temperature of which the single-coil peptide chain is appreciably extended by the high
segment density nearby the linking domain.

= INTRODUCTION

Global conformations of synthetic polymers and some linear biopolymers, e.g. linear
polysaccharides and DNA, are mainly observed by light and small-angle X-ray (or neutron) scattering
and some other methods. The obtained structural data are well analyzed by the wormlike chain! (or
more generally, the helical wormlike chain?3).%3 On the contrary, ternary structures of protein
molecules are usually determined from X-ray diffraction as well as multi-dimensional NMR
spectroscopy since thermal fluctuation is not significant for their structure, which is mainly stabilized by
a-helices and S-sheets, and hence their internal rotation of the main chain is mostly determined by the
non-covalent-bond interactions, that is, hydrogen bonds and hydrophobic interactions. While NMR and
diffraction methods are suitable to determine such tightly folded portions, actual dimensions of ‘random
coil’ portions in the peptide seem not be considered as very important. This is because such important
functions of proteins are mainly related with the tightly-folded local atomic-scale structure than the
average conformation of random coil parts. However, rather flexible regions including sugar chains are
often not negligible to understand the structure-function relationship. Indeed, such flexible regions of
some peptide molecules have significant function.® The length of ‘random coil’ parts of peptides are
however not long enough to treat as Gaussian coil since many completely denatured proteins have a
finite chain stiffness, that is, the Kuhn segment length of ~2 nm.”® This value is close to those for
typical vinyl polymers.> Furthermore, conformation of ‘random coil’ parts should be affected by the
folded domains; indeed, gyration radii of both randomly®!? and regularly'® branched comb polymers are
appreciably larger than that predicted for the Gaussian comb chain even in the theta solvent. To clarify
the conformational behavior of peptide chains nearby the folded domain, investigation of dimensional
properties of rather simple peptides with no molar mass distribution should be useful. Thus, we chose a
triple helical peptide having a transition temperature nearby room temperature and one end fixed by a
domain which has high temperature stability as illustrated in Figure 1.'%'¢ These kinds of peptides are
used to investigate thermal stability as well as kinetics of triple helical native collagen sequences. Thus,
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we made small-angle X-ray scattering as well as circular dichroism measurements for the peptide in
aqueous media at different temperatures.

>27°C
<20°C (GPP),XIX NC2

TN (GPP),XIX NC2
23 nm 11 nm &
11 nm

Figure 1. Schematic representation of the peptide sample in the aqueous buffer.

m EXPERIMENTAL SECTION

Preparation of the Peptide Sample. The human ¢cDNA clone of COL2A1 IRCFp5008C071D
was purchased from imaGenes GOmbH (Berlin, Germany). The fragment, residues 712-792 of the major
triple helical region of type II collagen was PCR amplified using two oligonucleotides 5’- ATA GGA
TCC GGC AAC CCT GGA CCC CCT G -3’ (forward primer, the BamHI site is underlined) and 5°-
TAT GGG CCC TCT CTC ACC ACG TTG CCC AGG -3’ (reverse primer, the Apal site is underlined).
The amplified DNA was inserted into the host pET23 vector as 6xHis tag-thioredoxin-thrombin
cleavage site-(Apal)-type 1l collagen-(BamHI)-(GPP);-NC2 domain of type XIX collagen vector'® -
Type XIX collagen NC2 trimerization domain containing the last COL2 domain tripeptide Gly-Ile-Pro
(residues 1007 to 1040 of collagen type XIX human protein, accession number CAI42716 version
CAI42716.1 GI:57208771). The exact protein sequence attached after (GPP); repeat is
GIPADAVSFEEIKKYINQEVLRIFEERMAVFLSQ. The final sequence of the fusion protein after
thrombin cleavage is shown in Figure 2. The DNA sequence of the plasmid was verified by Sanger
dideoxy DNA sequencing.

10 20 30 40 50 60
GSGNPGPPGP PGPSGKDGPK GARGDSGPPG RAGEPGLQGP AGPPGEKGEP GDDGPSGAEG

70 80 20 100 110 120
PPGPQGLAGQ RGIVGLPGOR GERGPPGPPG PPGPPGPPGP PGPPGIPADA VSFEEIKKYI

130
NQEVLRIFEE RMAVFLSQ

Figure 2. Amino acid segeuce of the peptide investigated in this study.

The recombinant protein was expressed at 15°C in the E.coli BL21 (DE3) host strain (Invitrogen)
after isopropyl p-D-1-thiogalactopyranoside induction (final concentration 1 mM) for 2 days in two
flasks with 500 mL 2xTY media. Cells were chilled and harvested by centrifugation, lysed by
ultrasonication and the soluble material was precipitated with saturated solution of ammonium sulfate.
Further, the expressed proteins were purified by HiTrap™ chelating HP column (GE Healthcare Life
sciences) with immobilized nickel ion. The His-thioredoxin tag fragment was cleaved by thrombin with
1 U/mL (BD BaculoGoldTM BD Biosciences) in 40 mM Tris/HCI buffer, pH 8.2, containing 150 mM
NaCl on ice. The resulting fragments had two additional amino acid residues GS before the natural type
IT collagen sequence. After thrombin cleavage, the protein solutions were treated with 1 mM
diisopropyl fluorophosphate for 3 h on ice to inactivate proteinases. Then, the solutions were applied to
a HisTrap™ HP column to remove the His-thioredoxin tag. The natural type II collagen fragment with
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the trimerization knot was eluted with approximately 10-20 mM imidazole. After the addition of 0.05%
Tween 20, the protein solutions were dialyzed against 50 mM NaCl, 20 mM HEPES pH 7.35, and
purified with a 5 mL volume of SP Sepharose Fast Flow column (GE Healthcare Life sciences). The
fractions were collected using a step NaCl gradient. The fractions with the pure protein (150-200 mM
NaCl) were dialyzed and concentrated in 200 mM NaCl, 20 mM Tris/HCI, pH 7.0 for further analysis.
The peptide concentration was determined by amino acid analysis to be 0.28 mg cm™.

Small-angle X-ray scattering (SAXS). Small-angle X-ray scattering measurements were made
for the peptide sample in the buffer at the BL40B2 beamline in SPring-8 (Hyogo, Japan) and at the BL-
10C beamline in KEK-PF (Ibaraki, Japan). The wavelength Ao and the camera length were set to be
0.10 nm (SPring-8) — 0.15 nm (KEK-PF) and 4000 mm (SPring-8) — 2000 mm (KEK-PF), respectively.
The original solution and three diluted solutions having different peptide mass concentration ¢ were
measured in 2 mm quartz capillary at 5 °C, 15 °C, 20 °C, 23 °C, 25 °C, 27 °C, 30 °C, 40 °C, and 50 °C
and the scattered light was detected by using a RIGAKU R-AXIS VII imaging plate detector. The
magnitude of the scattering vector g at each pixel on the imaging plate was determined from the Bragg
diffraction peak of powder silver behenate. The scattering intensity /(q) at each g was obtained from the
circularly average method. The excess scattering intensity Al(g) of each solution was estimated from
the difference of /(g) for the solution and the solvent in the same capillary. It should be noted that the
concentration dependence of ¢/Al(q) was negligibly small and thus the data for the highest concentration
were used in the following analysis to minimize signal-noise ratio.

Circular Dichroism (CD). CD spectra were recorded on a Jasco J720WO spectropolarimeter with a
Peltier thermostated cell holder and a quartz cell of 1 mm path length. Thermal scanning curves were
recorded at 223 nm and at 6 K h™!.

m RESULTS AND DISCUSSION

Temperature Dependence of the Helix Content. Figure 3 illustrates the temperature course of
the ellipticity 3 for the peptide sample in buffer (200 mM NaCl, 20 mM Tris-HCI pH 7.0) at Ao = 223
nm. This ellipticity remarkably reflects the secondary structure of polypeptides and therefore it is
frequently used to determine the helix content of the triple helical structure.!” The measured 623
decreases steeply with raising temperature in between 20 °C and 24 °C, suggesting that the triple helical
structure of the N-terminal type II collagen unit unwinds to random coil in this temperature range, and
hence the whole shape of the trimeric peptide changes from rodlike to star-like chains as illustrated in
Figure 1. Furthermore, a slight but appreciable decrease is seen between 55 °C and 60 °C. This is
likely due to denaturation of the triple helix of the (GPP); part (yellow domain in Figure 1). This is
reasonable because the (GPP); part chain of (GPP)7NC2 has a conformational transition around 50 °C.'#
Anyway, 63 at lower than 20 °C and in between 25 °C and 50 °C obeys a straight line, indicating no
conformational change in these temperature ranges. Thus we may estimate the helix content F(7) of the
first 83 residues by

6’(T): F(T)ehelix(T)+[1_F(T)]ecoil(T) (1

as a function of temperature T. The transition temperature estimated from this method was
substantially the same as that from differential calorimetry for some similar peptides.!> It should be
noted that the dielectric relaxation method reported by Shikata et al.'® might not be suitable for the
current system since the current peptide molecules consists of a number of ionic amino acids as shown
in Figure 2.
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Figure 3. Temperature dependence of ellipticity 63 at o = 223 nm for the peptide sample in 200 mM
NacCl, 20 mM Tris-HCI pH 7.0. Heating rate was 6 K / h.

Berry Plots and the Gyration Radius. Figure 4 shows the Berry plots!® for the peptide at the
temperatures between 5 °C and 40 °C. The excess scattering intensity Al(g) is related to the molar mass
M of the trimeric peptide and the excess electron density Az as?®

Kﬁéﬂi 1 (1+%<Sz>q2j )

where K is the optical constant, which is independent from temperature. Temperature change of Az was
estimated from the density of the buffer solution at each temperature assuming that temperature
dependence of the partial specific volume of the peptide is negligibly small in the range of temperatures
investigated. These data were acquired at the same beamline, capillary cell, and the date. Thus, the K
value should be the same for the data in this figure. This Berry plot is suitable both for rodlike and
flexible chains!®-?! and indeed used for the analysis of star polymers?? in solution. While the data points
at 20 °C and lower temperatures have a larger initial slope than those at higher temperatures, a common
intercept (~17) is found, indicating that the molar mass of the trimeric peptide does not change with the
conformational change of the native type Il collagen domain. Thus, we may conclude that the
(GPP);NC2 domain keeps the trimer structure in this temperature range. The measured radius of
gyration <§?>!2 from the initial slope of Figure 4 is 9.5 — 10.3 nm below 20 °C. These values are close
to 9.8 nm calculated by 127931 with the length of cylinder L being 34 nm, which was estimated from the
amino acid sequence and circular dichroism.!'* It should be noted that though the bond angle @ between
the NC2 domain and triple helical GPP7 domain is different from 180° as shown in Figure 1, the radii of

gyration are estimated from <Sz>]/2 =(L+ L2)2/12—[L12L22 (1—cos 9)}/[2(L1+ L, )2] with Li (= 29

nm) and L> (5 nm) being the chain lengths of the two part chains to be 9.75 nm and 9.68 nm for 6 =
150° and 135°, respectively; thus this kink effect should be negligibly small for the current peptide
molecule. On the other hand, <§?>' above 25 °C is estimated to be around 6.7 nm depending slightly
on temperature. This is reasonable because <S>>!? for random coil of some linear collagen model
peptides at 75 °C is slightly smaller than that at 15 °C.”
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Figure 4. Berry plots for the trimeric peptide in 200 mM NaCl, 20 mM Tris-HCI pH 7.0 at indicated
temperatures.

The radius of gyration <§?>'? is plotted against temperature with the helix content F(T) as shown in
Figure 5. The obtained <$?>!? value decreases rapidly in between 20 °C and 25 °C mostly along with
the change of F(7), indicating that the temperature change of the chain dimensions is consistent with the
change of the local conformation detected by circular dichroism. Thus, the scattering function P(g) at
each temperature was analyzed in terms of the rodlike cylinder at lower temperatures and wormlike
stars at higher temperatures as described below.
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Figure 5. Temperature dependence of the helix content £ and the radius of gyration <S*>!"2 in 200 mM
NacCl, 20 mM Tris-HCI pH 7.0.

Particle Scattering Function. Figure 6 displays the Holtzer plots?® for the peptide in 200 mM
NaCl, 20 mM Tris-HCI pH 7.0 at 9 temperatures. At the three lower temperatures, 5 °C, 15 °C, and 20
°C, they have a so-called Holtzer plateau at low ¢ region reflecting a rod-like conformation. The
theoretical particle scattering function Peyiinder(q) for the rigid cylinder is written as?#

3)

2qL Si(qL)+2cos(qL)-2[2J,(qd /2) ]
Pryinger (0) = (qL)Z qd /2

where Ji(x), Si(x), and d are the Bessel function of the first order, the sine integral, and the diameter of
the cylinder, respectively. Indeed, the data can be well explained by the solid blue lines calculated for a
5



rigid cylinder having the length L of 35 nm and the diameter d of 1.6 nm. These parameters are
comparable with <S?> of 10 nm. This indicates that the current peptide molecule behaves as rigid rod
bellow 20 °C. On the other hand, P(g) at higher temperatures have an appreciable peak at the low-q
region, suggesting the existence of star-like peptide chains.

1
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Figure 6. Holtzer plots for the peptide sample in 200 mM NaCl, 20 mM Tris-HCI pH 7.0 at indicated
temperatures. The solid blue curves, dashed green curves, solid red curves, and solid black curves, are
theoretical values for the rigid cylinder (eq 3), the wormlike star (eq 4 with eq 6), the hetero-star (eq 8
with eq 6), and the mixture of rigid cylinder and hetero-star (eq 9), respectively. See text for the model
parameters. The ordinate values are shifted by 4 for clarity.

According to Huber and Burchard,?® the particle scattering function Pswursw(q) for the broken three-

arm wormlike star of which the three chain ends of the three wormlike arms are linked with a universal
joint is written as

2[ILS (/1 q/lt)dt+ULS (/1 q; /lt)dtj }

3L

Petar sw (4) = 4)

where Ls is the contour length of each side chain and (1 !g; A¢) is the characteristic function of the
wormlike chain, which can be calculated by using the Nakamura-Norisuye approximate expression.?>?’
Likewise, the particle scattering function Pstar,cr(q) for the continuous three-arm wormlike star of which
a wormlike side chain with the contour length L is linked to the center of the main chain having a
contour length 2Ls with a universal joint can be expressed as

[J'Ls (/1 q,lt)dt+J- —t)1 (/1 q; lt)dt+J‘ q L - dtJ‘OLs | (l_lq;lt)dt:|

IDstar,CR (Q) = ng
(5)



The effect of chain thickness can be considered by using the following expression for the touched bead
chain?® with the diameter d as

6 2
2 .qd qd d
P(Q)=9(q—dJ (5'”%—%003%j [ Putar,aw (@) OF Par cr (1) | (6)

If we assume the first 83 type II collagen residues behave as random coil at high temperature and we
choose the contour length per residue 4 of 0.33 nm (or Ls = 83 x 0.33 nm),’ the Kuhn segment length
(17, the chain stiffness parameter) and the chain diameter d were estimated to be 4.5 nm + 0.5 nm (or
3.5 nm £ 0.5 nm at 50 °C) and 0.5 nm £ 0.2 nm, respectively. The resultant theoretical dashed green
curves in Figure 6 fairly reproduce the experimental data at 27 °C, 30 °C, 40 °C, and 50 °C. It should
be noted that the theoretical curves both calculated from eqs 4 and 5 are substantially the same for the
current parameters, suggesting that the initial tangent of side chains of the star wormlike chain does not
cause an appreciable difference in P(q) for the current peptide. The radius of gyration of the 3-arm
broken wormlike star can be expressed as®’

18 12 124 242%L7

- (7

op2Als 4 .24l
2,2<82>—7/1LS 5 3-2e 1-e

If we choose # = 0.33 nm and 42! = 4.5 nm, the resultant <§*>!? is calculated to be 6.35 nm, which is
slightly smaller than the experimental value (6.7 £ 0.3 nm). It should be noted that the bond angle of
the junction point is negligible to <5?>!"2 for the current peptide of which 1/AL is 0.055 (or 2a/L in the
reference).?” If assuming the slight temperature dependence of <5?>!? is only due to the chain stiffness,
the parameter 47! estimated at 50°C is about 20 % smaller than that at 30 °C. Similar temperature
changes were also found for some polymers.3%-3?

In the present case, the center domain (GPP);XIX NC2 seems not to be negligibly small. Therefore,
the peptide at high temperature should be better modeled by a heteroarm star with three wormlike arms
with contour length Ls and a rodlike arm with the length L,. The particle scattering function Pheterostar(q)
for the heteroarm star may be calculated from33

2

2|3]* (L -t)1 (ﬂ‘lq;lt)dt+3U0Ls | (ﬂflq;/lt)dtjz +3”'S;(qu)joLﬁ |(47%g; At )dt + pi [aSi(aL,) +cos(aty) 1]
q

Pheterostar (0) = (SLS L )2
+oky

@®)

where pr is the ratio of excess electron density per unit contour length for the rod arm to that for the
wormlike arms; in this case pr is assumed to be 3. The particle scattering function having finite chain
thickness can be estimated using eq 6. If we assume L; = 11 nm, pr =3, Ls = 83 x 0.33 nm, A = 5 nm
(or 4 nm at 50 °C), and d = 0.5 nm, the calculated particle scattering function (solid red line in Figure 6)
1s mostly fitted by the theoretical value for the wormlike star without the rod region, indicating that the
rod region does not directly cause a significant difference in P(g) for the current system. On the other
hand, the estimated chain stiffness of the random coil region is roughly twice as large as the single chain
estimated for some collagen model peptides.” This is likely due to segment-segment repulsive
interactions between side chains or between a side chain and the rod region. It should be noted that the
intramolecular excluded-volume effects of each arm may not significantly affect <$?>!? because the
Kuhn segment number AL is estimated to be 14 when assuming 2! = 2 nm and furthermore the effect is
only appreciable AL > 50 for most cases.>*33 Thus, the intramolecular repulsive force is more effective
nearby the center of the star-like peptide, and the chain stiffness may depend on the contour point of the
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arm chain. This effect and the heterogeneity of repeating units may be the reason why the theoretical
curves are slightly different from the experimental values at high temperatures.

On the other hand, the particle scattering function between 23 °C and 25 °C cannot be explained by
either the rodlike or the star-like chain models because of the transition temperature region. Assuming
that only a negligibly small amount of partially loosened helix is present in solution and thus the all-or-
none model is applicable, the particle scattering function Pmixwure(q) of the mixture of rodlike and star-
like chains can be expressed as

6 2
2 . gqd qd d
Pmixture (q) = F (T )Pcylinder (q) + 9[1_ F (T ):I [q_d) (Sln q? - q7 CcOosS %j Pheterostar (Q) (9)

The theoretical Pmixwre(q) values at F(7) = 0.1 and 0.3 estimated by circular dichroism as illustrated in
Figure 5 fairly reproduce the experimental data at 25 °C and 23 °C, respectively, suggesting that the
scattering function for the current trimeric peptide can be explained by reasonable models including the
conformational transition region.

m CONCLUSIONS

From SAXS data, below the transition temperature, the trimeric peptide behaves as a rigid rod in the
aqueous buffer while the conformation changed to three-arm star like chain with a linking domain at
high temperature. The gyration radius of the peptide molecule at high temperature is appreciably larger
than that expected for the three-arm star of which each side chain has the same conformation as the
denatured peptide. The estimated Kuhn segment length was 4.5 nm + 1 nm which is approximately
twice larger than that for denatured peptide chains.” This is likely due to the intramolecular interactions
nearby the linking point since each arm does not have enough length to be regarded as Gaussian coil and
furthermore the linking domain is still much larger than those for the coupling agents for the
conventional star polymers3%-37 of which the dimensional properties are mainly explained by the Zimm-
Stockmayer equation for the Gaussian star chains.?®
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