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Heat-shock protein 47 (HSP47) is a chaperone that facilitates the proper folding of procollagen. Our previous
studies showed that the high-affinity HSP47-binding motif in the collagen triple helix is Xaa-(Thr/Pro)-Gly-
Xaa-Arg-Gly. In this study, we further investigated structural requirements for the HSP47-binding motif,
using synthetic triple-helical collagen-model peptides with systematic amino acid substitutions at either
the Thr/Pro (=Yaa�3) or the Arg (=Yaa0) position. Results obtained from in vitro binding assays indicated that
HSP47 detects the side-chain structure of Arg at the Yaa0-position, while the Yaa�3 amino acid serves as the
secondary recognition site that affects affinity to HSP47.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Collagen is the most abundant protein in mammals, making up
about 1/4 to 1/3 of their total protein content. Its triple helix is a
unique tertiary structure in which three left-handed polyproline
type II helices are supercoiled. The close packing of the three
chains requires Gly at every third residue, generating an (Xaa-
Yaa-Gly) repeating sequence pattern. The Xaa and Yaa positions
are often occupied by Pro and 4(R)-hydroxyproline (4(R)Hyp) res-
idues, respectively.1,2 Fibrosis is a progressive disease caused by
excessive accumulation of collagen fibers. The expanding forma-
tion of collagen deposits lead to disruption of normal tissue struc-
ture and can cause organ dysfunction. The synthetic pathway of
procollagen is known to be facilitated by HSP47, an endoplasmic
reticulum-resident molecular chaperone.3,4 Its chaperone function
is essential for the synthesis of properly folded triple-helical pro-
collagen molecules.5,6

Expression of HSP47 is reportedly up-regulated during the pro-
gression of various fibrotic lesions, and its role in collagen biosyn-
thesis is also important in the progression of fibrosis. HSP47 is
hence regarded as a candidate for the targets of antifibrotic
drugs.7,8 Recently, Niitsu and co-workers showed that liposomal
administration of small interfering RNA (siRNA) against HSP47
was effective in treating experimental liver cirrhosis.9 In addition,
ll rights reserved.
Ananthanarayanan and co-workers reported the discovery of small
molecular compounds that inhibit HSP47–collagen interactions
in vitro,10 though the efficacy of the compounds is still debated.11

Our research group has been focusing on molecular recognition be-
tween collagen and HSP47 (HSP47 binds to both procollagen and
mature collagen), taking advantages of systems that involve chem-
ically synthesized collagen-model peptides. To date, we have found
that: (a) HSP47 recognizes collagen only when the polypeptide
chains assume the triple-helical conformation;12,13 (b) Arg residue
at a Yaa-position of collagenous (Xaa-Yaa-Gly)-repeats is impor-
tant for high-affinity binding;14,15 (c) amino acid residues at Xaa
positions do not greatly affect binding;14 and (d) the amino acid
(named Yaa�3) at the Yaa position in the N-terminal contiguous tri-
peptide unit to the Arg (at the Yaa0-position) is also directly recog-
nized by HSP47.13,16

In this paper, we further investigated the HSP47–collagen recogni-
tion mechanism, focusing especially on key amino acid residues at the
Yaa0- and Yaa�3-positions by examining interactions between syn-
thetic triple-helical collagen-model peptides and recombinant HSP47.

2. Results and discussion

2.1. Design, synthesis and characterization of collagen-model
peptides

Collagen-model peptides used in this study are listed in Table 1.
Here we used open-chain ‘host–guest’ peptides that spontaneously
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Table 1
Structures and characterization of the collagen-model peptides

H-Zaa-(Pro-4(R)Hyp-Gly)n-Pro-Yaa�3-Gly-Pro-Yaa0-Gly-(Pro-4(R)Hyp-Gly)4-NH2

Compound Zaa n Yaa�3 Yaa0 Formula MS [M+H]+ CD max Tm (�C)

Calculated Found nm [H]mrw (deg cm2/dmol)

1 Cys 2 4(R)Hyp Arg C100H149N29O32S1 2302.54 2302.42b 225.4 3643 44.5

2 Cys 2 4(R)Hyp Har C101H151N29O32S1 2316.56 2316.91b 224.4 4457 42.0

3 Cys 2 4(R)Hyp Lysa C100H148N26O33S1 2274.05 2276.81b 225.2 4004 35.0

4 Cys 2 4(R)Hyp Orna C99H146N26O33S1 2261.48 2259.36b 225.4 3585 32.5

5 Cys 2 4(R)Hyp Cit C100H148N28O33S1 2303.52 2304.71b 225.4 3632 46.0

6 Cys 2 4(R)Hyp Hci C101H150N28O33S1 2316.07 2315.84b 224.2 4458 40.5

7 Cys 2 4(R)Hyp 4(R)Hyp C99H144N26O33S1 2259.47 2259.24b 224.4 3515 46.5

8 None 3 Thr Arg C108H161N31O35 2453.18 2452.73c 224.1 4258 45.5d

9 None 3 allo-Thr Arg C108H161N31O35 2453.18 2453.40c 223.7 4052 45.5

10 None 3 3-methyl Thr Arg C109H163N31O35 2467.20 2467.40c 224.6 3784 43.5
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11 None 3 NMG Arg C107H159N31O34 2423.17 2423.39c 224.6 3925 42.0

12 None 3 Ala Arg C107H159N31O34 2423.17 2423.98c 224.6 4511 47.0d

13 None 3 NMA Arg C108H161N31O34 2437.19 2437.38c 224.4 4848 43.7

14 None 3 Abu Arg C108H161N31O34 2437.19 2437.36c 224.5 3956 48.5

15 None 3 Val Arg C109H163N31O34 2451.21 2450.98c 224.6 4167 47.8d

16 None 3 Nva Arg C109H163N31O34 2451.21 2451.37c 224.3 3986 48.2

17 None 3 Ile Arg C110H165N31O34 2465.22 2464.73c 224.8 4274 47.8d

18 None 3 Leu Arg C110H165N31O34 2465.22 2465.98c 224.6 4124 39.5d

19 None 3 Nle Arg C110H165N31O34 2465.22 2466.10c 224.2 4097 46.0

20 None 3 NMNva Arg C110H165N31O34 2465.22 2465.44c 225.5 3998 34.4

21 None 3 Met Arg C109H163N31O34S1 2483.18 2482.73c 224.8 4204 49.5d

22 None 3 Cys Arg C107H159N31O34S1 2455.15 2455.40c 223.6 4129 43.5

23 None 3 NMS Arg C108H161N31O35 2453.18 2453.36c 224.2 4092 38.7

24 None 3 Ser Arg C107H159N31O35 2439.17 2438.98c 223.8 4121 42.5d

(continued on next page)
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Table 1 (continued)

H-Zaa-(Pro-4(R)Hyp-Gly)n-Pro-Yaa�3-Gly-Pro-Yaa0-Gly-(Pro-4(R)Hyp-Gly)4-NH2

Compound Zaa n Yaa�3 Yaa0 Formula MS [M+H]+ CD max Tm (�C)

Calculated Found nm [H]mrw (deg cm2/dmol)

25 None 3 Hse Arg C108H161N31O35 2453.18 2453.47c 223.8 3994 45.5

26 None 3 Pro Arg C109H161N31O34 2449.19 2449.23c 225.2 3958 51.3d

27 None 3 Aze Arg C108H159N31O34 2435.17 2435.40c 225.3 3391 41.5

28 None 3 Pic Arg C110H163N31O34 2463.21 2463.29c 224.8 4805 43.5

29 None 3 Thp Arg C108H159N31O34S1 2467.15 2467.22c 224.9 4077 50.2

30 None 2 4(R)Hyp Arg C109H161N31O34 2199.39 2199.78b 224.8 4231 45.2d

31 None 3 4(S)Hyp Arg C109H161N31O35 2465.18 2465.41c 224.5 4135 49.4

32 None 3 3(R)Hyp Arg C109H161N31O35 2465.18 2465.44c 224.8 4018 45.5

33 None 3 4(R)Flp Arg C109H160N31O34F1 2467.18 2467.37c 225.2 3685 55.5

34 None 3 Asn Arg C108H160N32O35 2466.18 2466.48c 224.6 4112 34.3d

35 None 3 Gln Arg C109H162N32O35 2480.20 2480.98c 224.0 4001 47.4d
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36 None 3 Phe Arg C113H163N31O34 2499.21 2498.98c 222.4 4919 32.9d

37 None 3 Tyr Arg C113H163N31O35 2515.20 2515.23c 224.8 6568 33.0d

38 None 3 Lys Arg C110H166N32O34 2480.23 2479.73c 224.6 4025 43.5d

39 None 3 Arge Arg C110H166N34O35 2524.23 2525.11b 224.6 3727 37.5d

40 None 3 His Arg C110H161N33O34 2489.20 2489.48c 223.6 4416 39.0d

41 None 3 Asp Arg C108H159N31O36 2467.16 2466.48c 223.8 4146 34.5d

42 None 3 Glu Arg C109H161N31O36 2481.18 2481.48c 224.8 4246 44.0d

Abbreviations: Cit, citrulline; Har, homoarginine; Orn, ornithine; Hci, homocitrulline; 4(R)Flp, 4(R)-fluoroproline; Pic, pipecolic acid; NMA, N-methylalanine; NMS, N-methylserine; Thp, thioproline; Abu, 2-aminobutyric acid;
NMNva, N-methylnorvaline; Aze, azetidine-2-carboxylic acid; 3(R)Hyp, 3(R)-hydroxyproline; 4(R)Hyp, 4(R)-hydroxyproline; 4(S)Hyp, 4(S)-hydroxyproline; Nva, norvaline; NMG, N-methylglycine; Hse, homoserine; Nle,
norleucine.

a Peptide with a free C-terminal carboxyl group.
b MALDI-MS.
c ESI-MS.
d Ref. 16.
e H-(Pro-4(R)Hyp-Gly)2-Pro-Glu-Gly-Pro-Arg�3-Gly-Pro-Arg0-Gly-(Pro-4(R)Hyp-Gly)4-NH2.
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Table 2
IC50 values for Yaa0-substituted collagen-model peptides

H-Cys-(Pro-4(R)Hyp-Gly)3-Pro-Yaa0-Gly-(Pro-4(R)Hyp-Gly)4-NH2

Compound Yaa0 IC50
a (lM)

1 Arg 4.1 ± 0.22
2 Har 14 ± 0.25
3 Lysb >100
4 Ornb >100
5 Cit >100
6 Hci >100
7 4(R)Hyp >100

Abbreviations: Cit, citrulline; Har, homoarginine; Orn, ornithine; Hci, homocitrul-
line; 4(R)Hyp, 4(R)-hydroxyproline.

a IC50 values represent the means ± SD obtained from three independent deter-
minations. Molar concentrations of peptide trimers are used.

b Peptide with a free C-terminal carboxyl group.
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form homotrimeric collagen helices in aqueous solutions. In the
design, the ‘guest’ Xaa-Yaa�3-Gly-Xaa-Yaa0-Gly sequences with
various Yaa0- or Yaa�3-amino acid substitutions were flanked by
several repeats of the helix-stabilizing ‘host’ triplet. We chose
(Pro-4(R)Hyp-Gly)-repeats as the ‘host sequence,’17 because it has
a high helix-stabilizing effect with negligible HSP47-binding activ-
ity.18 Since amino acid residues at Xaa-positions do not largely
contribute to the binding,14 the Xaa residues were fixed to Pro,
the most frequently appearing residue at this position. The C-ter-
minal ends of the peptides were amidated, to further stabilize
the triple helices by avoiding charge repulsions between carboxyl-
ate anions.19 The N-termini of peptides 8–42 were left free to be
immobilized to NHS-activated Sepharose-beads through their Na-
amine functionality. In the case of the immobilization of a set of
Y0-substituted peptides including those containing Lys and Orn
residues (1–7), we instead utilized the thiol group of N-terminal-
added Cys residues to ensure the orientation of immobilized pep-
tides to prevent coupling with the side-chain-amine groups.

The peptides were synthesized by the N-9-fluorenylmethoxy-
carbonyl (Fmoc)-based solid-phase method, and purified by re-
versed phase (RP)-HPLC. The identities of the purified peptides
were confirmed by mass spectrometry; all the measured masses
agreed with the theoretical values (Table 1).

As triple-helical conformation is essential to the interaction
with HSP47,12,13 the conformational states of the peptides were
analyzed by means of circular dichroism (CD) spectrometry prior
to the binding assays. Solutions of all peptides showed positive
CD signals around 225 nm at 25 �C (Table 1). The wavelengths at
the maximal signals are very similar to one another, and the mean
residue molecular ellipticity ([H]mrw) values at the maximal wave-
lengths around 4000 deg cm2/dmol are consistent with those of
typical collagen triple helix,17,20 indicating that these peptides as-
sumed triple-helical conformations, and their overall helical struc-
tures were very similar to one another (Table 1).

2.2. Assay systems for evaluating HSP47-binding activity

HSP47-binding activities of the peptides were estimated by
means of two assay systems. One is a bead-pull-down assay using
affinity beads on which peptides are immobilized. This assay al-
lowed us to detect direct binding between HSP47 and peptides.
The other is a competition assay on a surface plasmon resonance
(SPR) biosensor to evaluate the relative HSP47-binding affinities
of the peptides. In this assay, a peptide of interest was used as an
inhibitor for binding between HSP47 and an R/R/R-peptide, a pre-
viously reported HSP47-binder, immobilized on a sensor chip.21
Figure 1. Interaction of HSP47 with Yaa0-substituted collagen-model peptides. (A) Bindi
Gly)4-NH2. Bacterial lysates containing recombinant HSP47 were mixed with the peptide
separated by 12% SDS–PAGE and visualized by CBB staining. Molecular sizes are show
measured as described in Section 4. Values are means ± SD (n = 3).
Here, we used the IC50s of trimeric peptides as indexes that repre-
sent their relative HSP47-binding affinities.

2.3. HSP47 recognizes side-chain structure of Arg residue at the
Yaa0-position

First, we investigated HSP47 recognition of the Yaa-position
(Yaa0), using collagen-model peptides that had Arg surrogates
(Table 1, 1–6). We examined homoarginine (Har 2), lysine (Lys
3), ornithine (Orn 4), citrulline (Cit 5), and homocitrulline (Hci 6)
residues at the Yaa0-position. A 4(R)Hyp containing peptide (7)
was used as a negative control.18 In the pull-down assay, signifi-
cant interaction with HSP47 was observed when Arg (1) or Har
(2) was incorporated as shown in Figure 1. The other peptides
(3–7) did not exhibit detectable HSP47 binding. Relative HSP47-
binding affinities of the Har-containing peptide 2 (IC50 = 14 lM),
determined by a peptide competition assay using SPR-based tech-
nique, was 3.4 times lower than that of the Arg-containing peptide
1 (IC50 = 4.1 lM; Fig. 1B and Tables 1 and 2). When Lys 3 or Orn 4
was incorporated at the Yaa�3-position, significant binding of
HSP47 was not detected (IC50s >100 lM). This indicated that the
guanidium moiety of the side-chain is essential to the binding,
and the positive charge of the Yaa0-residue by itself does not ac-
count for the specific binding to HSP47. It also suggests the impor-
tance of the length of the side-chain. This finding is consistent with
the previous finding that HSP47 binding would depend mainly on
hydrophobic interaction, rather than ionic interaction.22 The X-ray
crystal structure of a collagen-model peptide with the guest
ng of HSP47 to immobilized H-Cys-(Pro-4(R)Hyp-Gly)3-Pro-Yaa0-Gly-(Pro-4(R)Hyp-
-immobilized beads. After washing the beads, proteins retained on the beads were
n in kilodaltons. (B) Competitive binding assays on Biacore. HSP47-binding was



Figure 2. Interaction of HSP47 with Yaa�3-substituted collagen-model peptides. Binding of HSP47 to H-(Pro-4(R)Hyp-Gly)3-Pro-Yaa�3-Gly-Pro-Arg0-Gly-(Pro-4(R)Hyp-Gly)4-
NH2 analyzed in a manner similar to that in Figure 1A.
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sequence corresponding to human a1(III) 785–796 (T3–785),
showed that the Arg side-chain at the Yaa position radiating from
the triple helix makes direct contact with backbone carbonyl
groups through its Ne or Ng.23 We suggest that the hydrophobic
ring structure, formed by the Arg side-chain, is a key structure
for specific recognition by HSP47.

2.4. Structure–activity relationships of the Yaa�3-residue

Our previous study involving peptides with the replacement of
the Yaa�3 residues with natural amino acids showed that HSP47-
binding affinity was largely affected by the amino acid at the
Yaa�3 position. Especially, Thr and Pro at the Yaa�3 position exhib-
ited high affinity for HSP47 binding.16 In the current study, we
sought to identify structural elements of the Yaa�3 amino acids re-
quired for high-affinity binding to HSP47, by using triple-helical
peptides containing non-natural amino acids at this position. Based
on previous findings, we mainly focused on Thr analogs and Pro
analogs. In this series of peptides, the Yaa0 residue was fixed to Arg.

The HSP47-binding affinities of peptides with non-natural ami-
no acid substitutions at Yaa�3 positions were analyzed by a similar
pull-down assay. Here, we used the Glu-containing peptide 42 as a
negative control.16 As shown in Figure 2, amounts of bead-bound
HSP47 varied according to the amino acid incorporated, indicating
that HSP47 recognized the side-chain structure of the Yaa�3 resi-
due. The IC50 values were further estimated from inhibition curves
obtained from the SPR competition assay (Table 3). No relation-
ships between the binding affinities and conformational parame-
ters, such as CD maxima or melting temperatures (Tm) of the
triple helices, were found. The best structure for HSP47 binding
had Thr (8, IC50 = 0.58 lM) at the Yaa�3 position, followed by
4(R)-fluoroproline (4(R)Flp) (33, IC50 = 0.64 lM), pipecolic acid
(Pic) (28, IC50 = 0.69 lM), N-methyl Ala (NMA) (13, IC50 = 0.94 lM)
and Pro (26, IC50 = 0.94 lM). Hydrophobic five- or six-membered
ring structures apparently contribute to the high-affinity binding
because Flp 33, Pic 28, Pro 26, and Thp 29 showed relatively small
IC50 values. Introduction of a four-membered ring (Aze 27) de-
creased affinity to a certain degree, presumably because of local
distortion of the triple helical structure.24 The introduction of hy-
droxyl groups to the ring (3(R)Hyp 32, 4(R)Hyp 30, and 4(S)Hyp
31) decreased affinity.

In cases using amino acids with linear side-chains, existence of
three or more atoms led to substantially decreased affinity (Nva 16,
Ile 17, Hse 25, Nle 19, Leu 18, Asn 34, Met 21, Lys 38, Gln 35, Glu
42, Asp 41, and Arg 39). This result suggests that the depth of
the binding pocket for Yaa�3 could accommodate linear side-
chains shorter than three atoms in length. Since peptides with aro-
matic or imidazole rings attached to the b-carbon (Phe 36, Tyr 37
and His 40) showed very weak affinities, this binding pocket would
not suit these rings, either.

Focusing on the b-substituents of the Thr residue at Yaa�3, the
configuration of the Thr hydroxyl group was shown to be critical
for high-affinity binding, because peptide 9, possessing an allo-
Thr residue, showed marked decrease in binding affinity
(IC50 = 11 lM). Trisubstitution of the b-carbon was also disfavored
(3-methyl Thr 10, IC50 = 9.1 lM). The b-methyl group of the Thr
residue was found to be more important than the hydroxyl group
because Abu 14 showed smaller IC50 (2.4 lM) values than Ser 24
(IC50 = 4.0 lM). This hypothesis is also supported by the finding
that the hydroxyl group (Ser 24) could be changed to a thiol group
(Cys 22, IC50 = 4.2 lM) without affecting the HSP47-binding
affinity.

The N-methyl group increases binding affinity. N-methyl Ala
(NMA)-substituted peptide 13 (IC50 = 0.94 lM) showed higher bind-
ing affinity than Ala 12 (IC50 = 9.3 lM). Similarly, peptides contain-
ing N-methyl norvaline (NMNVa) 20 (IC50 = 2.5 lM) or N-methyl
Ser (NMS) 23 (IC50 = 1.1 lM) showed about fourfold higher binding
affinities than peptides containing Nva 16 (IC50 = 9.8 lM) or Ser 24
(IC50 = 4.0 lM), respectively. This result is consistent with the find-
ing that peptides with Pro, and its analogs with five- and six-mem-
bered rings, have high affinities for HSP47. At this stage it is
unclear whether HSP47 directly recognizes the N-alkyl group or
the N-methyl group stabilizes local conformation of the favored
structure.

3. Conclusion

In this study, we found the structural elements of the collagen
triple helix required for recognition by the chaperone HSP47 by
focusing on the essential Arg-like structure at the Yaa0 position
and the secondary position at Yaa�3 that regulate relative affinity
to HSP47. It has been suggested that HSP47 stabilizes the triple-
helical conformation of the procollagen intermediate, which is
otherwise unstable at body temperature;25 this implies that
HSP47 binds to relatively unstable portions of the procollagen tri-
ple helix. However, we found no significant relationships between
triple-helical stability of collagen sequences and their HSP47-bind-
ing affinities.

Although we used only triple-helical peptides as assessed by CD
spectrometry, the local conformation (or helical twists) of the guest
sequence could differ according to the amino acids incorporated.23,26

At this stage, we could not eliminate the factor of local conformation.
It is possible that differences in local structure could be clarified by
X-ray-crystallographic analyses of the peptides in the future. Never-
theless, the amino acid preferences at Yaa0 and Yaa�3 positions
obtained from systematic amino acid replacements would give clues



Table 3
IC50 values of Yaa�3-substituted collagen-model peptides

H-(Pro-4(R)Hyp-Gly)3-Pro-Yaa�3-Gly-Pro-Arg0-Gly-(Pro-4(R)Hyp-Gly)4-NH2

Compound Yaa�3 IC50
a (lM)

8 Thr 0.58 ± 0.13a

33 4(R)Flp 0.64 ± 0.052
28 Pic 0.69 ± 0.065
13 NMA 0.94 ± 0.066
26 Pro 0.94 ± 0.095b

23 NMS 1.1 ± 0.11
29 Thp 1.4 ± 0.063
14 Abu 2.4 ± 0.21
20 NMNva 2.5 ± 0.15
24 Ser 4.0 ± 0.73b

22 Cys 4.2 ± 0.44
27 Aze 4.2 ± 0.26
32 3(R)Hyp 4.5 ± 0.21
30 4(R)Hyp 4.6 ± 0.81b

15 Val 8.4 ± 0.64b

10 3-methyl Thr 9.1 ± 0.38
12 Ala 9.3 ± 1.1b

31 4(S)Hyp 9.5 ± 0.59
16 Nva 9.8 ± 0.79
9 allo-Thr 11 ± 0.89
11 NMG 18 ± 0.12
17 Ile 19 ± 7.6b

25 Hse 23 ± 1.5
19 Nle 35 ± 3.5
18 Leu 37 ± 0.84b

34 Asn 41 ± 5.6b

21 Met 43 ± 3.3b

40 His 64 ± 12b

36 Phe 79 ± 13b

37 Tyr 95 ± 9.8b

38 Lys >100b

35 Gln >100b

42 Glu >100b

41 Asp >100b

39 Argc >100b

Abbreviations: 4(R)Flp, 4(R)-fluoroproline; Pic, pipecolic acid; NMA, N-methylala-
nine; NMS, N-methylseline; Thp, thioproline; Abu, 2-aminobutyric acid; NMNva, N-
methylnorvaline; Aze, azetidine-2-carboxylic acid; 3(R)Hyp, 3(R)-hydroxyproline;
4(R)Hyp, 4(R)-hydroxyproline; 4(S)Hyp, 4(S)-hydroxyproline; Nva, norvaline; NMG,
N-methylglycine; Hse, homoserine; Nle, norleucine.

a IC50 values represent the means ± SD obtained from three (or six for 8) inde-
pendent assays. Molar concentrations of peptide trimers are used.

b Ref. 16.
c H-(Pro-4(R)Hyp-Gly)2-Pro-Glu-Gly-Pro-Arg�3-Gly-Pro-Arg0-Gly-(Pro-4(R)Hyp-

Gly)4-NH2.
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for rational design or selection of effective HSP47 inhibitors as po-
tential antifibrotic drugs.

4. Experimental procedures

4.1. General

Fmoc-protected amino acids and resins were purchased from
Watanabe Chemical Industries., Ltd (Hiroshima, Japan) and Nova-
biochem (Darmstadt, Germany). All other chemicals were pur-
chased from Nacalai Tesque (Kyoto, Japan), Sigma (St. Louis, MO)
and Dojindo (Kumamoto, Japan). For analytical RP-HPLC, a Cosmo-
sil 5C18 AR-II column (4.6 � 250 mm, Nacalai Tesque) was used at a
flow rate of 1 mL/min. For preparative RP-HPLC, a Cosmosil 5C18

AR-II column (20 � 250 mm, Nacalai Tesque) was used at a flow
rate of 3.5–7 mL/min.

4.2. Synthesis of collagen model peptides

Peptide chains were constructed manually based on the standard
Fmoc-based strategy on Rink-amide resins (Novabiochem) or H-Gly-
ClTrt resin. tert-Butyl, tert-butoxycarbonyl, 2,2,4,6,7-pentame-
thyldihydrobenzofuran-5-sulfonyl (Pbf), and triphenylmethyl were
used as side-chain-protecting groups for hydroxyl, amino, guani-
dino, and thiol groups, respectively. Peptide cleavage/deprotection
was performed by treatment with trifluoroacetic acid (TFA)/m-cre-
sol/thioanisole/water/1,2-ethanedithiol (82.5:5:5:5:2.5, v/v) at
room temperature for 1 h. For Arg(Pbf)-containing peptides, the
treatment was prolonged to 3–4 h. All peptides were purified by
RP-HPLC with a linear gradient of acetonitrile in water, both contain-
ing 0.05% TFA, and identified with electron-spray-ionization mass
spectrometry (ESI-MS) or matrix-assisted laser desorption–ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF-MS).

Prior to use, aqueous solutions of the peptides were kept at 4 �C
for at least two days to allow the formation of triple helices. Stock
solutions of 10 mg/mL Cys-containing peptides were prepared in
degassed 0.05% aqueous TFA to prevent formation of disulfide-
bridged dimers by oxidation, and diluted with appropriate buffers
before use.

4.3. CD spectroscopy

CD spectra of refolded peptides (1 mg/mL in 50 mM bis-Tris–
HCl [pH 7.4], 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid
[EDTA]) were recorded over a range of 190–260 nm on a JASCO
J-820 spectropolarimeter using a 0.5 mm path-length quartz cell
at 25 �C. Temperature was controlled using a Peltier thermal con-
troller. Each measurement was repeated three times, and the final
result was averaged of the three independent scans. The CD spectra
were expressed as mean residual ellipticity, [H]mrw. Thermal tran-
sition curves of the triple helices were obtained by recording the
ellipticity at 225 nm at a heating rate of 0.3 �C/min. The Tm values
were evaluated from the midpoint of the transition.

4.4. Protein preparation

Recombinant mouse HSP47 was produced and purified essen-
tially as described previously.18 Briefly, Escherichia coli (strain
JM109) that harbored expression plasmids for mouse HSP47 was
cultured overnight in Luria-Bertani medium, diluted 50-fold, and
continued to cultivate at 32 �C. Protein synthesis was induced by
raising the temperature to 40.5 �C, for 1 h. Cells were then harvested
by centrifugation and lysed in lysis buffer (50 mM Tris–HCl [pH 8.0],
150 mM NaCl, 5 mM EDTA, 30% [v/v] glycerol) containing 1 mg/mL
lysozyme (Wako, Osaka, Japan), followed by the addition of protease
inhibitors and Nonidet P-40 (final concentration 0.2%). The resulting
suspension was sonicated; cell debris was then removed by centrifu-
gation. The lysates were mixed with gelatin-Sepharose and rotated
at 4 �C for 1 h. After washing the beads with high-ionic-strength buf-
fer (50 mM bis–Tris–HCl [pH 7.4] containing 0.4 M NaCl and 1 mM
EDTA), retained HSP47 was eluted with 50 mM bis–Tris–HCl (pH
5.4) containing 0.4 M NaCl and 1 mM EDTA. The HSP47-containing
fractions were neutralized to pH 7.4 with 0.5 M aqueous NaOH,
and filtered using 0.2-lm PTFE filters (Millipore, MA). Protein con-
centrations were determined using a protein assay kit (BioRad, Her-
cules, CA) with bovine serum albumin as the standard. The purified
HSP47 obtained was used within a day.

4.5. Solid-phase binding assay

Peptide immobilization onto NHS-activated Sepharose (GE
Healthcare, Milwaukee, WI) and solid-phase binding assays were
performed as reported earlier.14 The set of Cys-containing peptides
was immobilized onto thiopropyl-Sepharose 6B (GE Healthcare).
E. coli lysate containing recombinant mouse HSP47 (70 lL) was
mixed with 130 lL of binding buffer (10 mM HEPES�Na [pH 7.5],
3.7 mM EDTA, 0.4 M NaCl, 0.005% Tween 20) and 25-lL bed of affin-
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ity beads. Binding was carried out at 4 �C for 1 h. Beads were washed
with high-ionic-strength buffer; proteins retained on beads were
then eluted by adding 25 lL of 2 � Laemmli sample buffer (50 mM
Tris–HCl [pH 6.7], 2% SDS, 10% glycerol, 0.002% bromophenol blue),
separated by 12% SDS–PAGE, and visualized by staining with Coo-
massie Brilliant Blue R-250 (CBB).

4.6. SPR

Competitive binding assays were carried out using an SPR bio-
sensor (Biacore X; GE Healthcare) essentially as described previ-
ously.16 Briefly, R/R/R peptides21 were immobilized on the
surface of a CM5 sensor chip using the standard amine coupling
method at pH 5.6 as described by the manufacturer. Resonance
was measured in 50 mM bis–Tris–HCl (pH 7.4) containing 0.4 M
NaCl, 1 mM EDTA and 0.005% Tween 20 as a running buffer at
25 �C at a flow rate of 40 ll/min. Before each measurement,
HSP47 (final concentration: 25 or 50 lg/mL) was incubated with
various concentrations of the competitor peptides for 10 min at
25 �C. Measurements were carried out three times. Obtained data
were analyzed using Origin ver.7.5 data analysis software (Origin-
Lab, Northampton, MA); IC50 values were estimated from the mid-
point of the inhibition curves.
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