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Abstract: HSP47 (Heat Shock Protein 47) is a collagen-specific molecular chaperone that is essential 17 

for procollagen folding and function. Previous studies have shown that HSP47 binding requires a 18 

critical Arg residue at the Y position of the (Gly-Xaa-Yaa) repeats of collagen, however, the exact 19 

binding sites of HSP47 on native collagens are not fully defined. To address this, we mapped the 20 

HSP47 binding sites on collagens through an ELISA binding assay using collagen Toolkits, synthetic 21 

collagen peptides covering the entire amino acid sequences of collagen types II and III assembled 22 

in triple-helical conformation. Our results showed that HSP47 binds to only a few of the GXR motifs 23 

in collagen and most of the HSP47 binding sites identified are located near the N-terminal part of 24 

collagen triple-helical region. Molecular modelling and binding energy calculation indicated that 25 

residues flanking the key Arg in the collagen sequence also play an important role in defining the 26 

high affinity HSP47 binding site of collagen. Based on this binding mode of HSP47 to collagen, 27 

virtual screening targeting both the Arg binding site and its neighboring area on the HSP47 surface, 28 

and subsequently bioassay, identified two novel compounds with blocking activity towards HSP47 29 

binding of collagen. Overall, our study revealed the native HSP47 binding sites on collagen and 30 

provided novel information for the design of small molecule inhibitors of HSP47. 31 

Keywords: HSP47 inhibitor; collagen; fibrosis; molecular docking; structural analysis 32 

 33 

1. Introduction 34 

Collagen is the most abundant protein in mammals and is critical for forming spe- 35 

cialized extracellular networks that bind cells together. The folding, processing, and as- 36 

sembly of collagen is tightly regulated in eukaryotic cells. Procollagen, the precursor mol- 37 

ecule of collagen, undergoes extensive posttranslational processing to assemble into a tri- 38 

ple-helical collagen, following which mature collagen is then secreted [1,2]. During these 39 

processes, several molecular chaperones and enzymes such as prolyl hydroxylase and 40 

heat shock protein 47 (HSP47) are involved.  41 

HSP47 is a member of the serpin family, but it lacks serine protease inhibitory activity 42 

[3]. It normally resides in the endoplasmic reticulum (ER) and functions as a collagen- 43 

specific molecular chaperone [4–6]. HSP47 associates transiently with procollagen in the 44 

ER, thereby preventing premature interactions between nascent procollagen molecules, 45 
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and dissociates when procollagen transfers to cis-Golgi [7]. HSP47 knockout mice are em- 46 

bryonic lethal 11.5 days post-coitus [8], and aberrant formation of triple-helical collagen I 47 

molecules as well as defects in collagen production and basement membrane formation 48 

have been detected in these embryos. This indicates that HSP47 is essential for the correct 49 

folding of procollagen. 50 

However, overexpression of HSP47 is associated with abnormal deposition of colla- 51 

gens in the extracellular matrix (ECM) with the onset of various fibroses including liver 52 

cirrhosis, lung, bone marrow, and idiopathic pulmonary fibroses [9,10]. No specific treat- 53 

ment is currently available for these fibrotic diseases which often lead to organ or 54 

tissue failure [11]. Nevertheless, the progression of fibrosis could be markedly reduced 55 

when HSP47 expression is suppressed using siRNA-mediated knockdown [12,13]. Al- 56 

tered HSP47 expression level is also found to correlate with the development of several 57 

types of cancer, such as cervical, breast, pancreatic and gastric cancers [13,14]. Silencing 58 

HSP47 significantly inhibits cell invasion in breast cancer cells and inhibited tumor 59 

growth in the xenograft mammary tumor model [4,15]. Our recent studies showed that 60 

HSP47 is present on the platelet surface and is involved in the recognition and response 61 

to collagen [16]. It is plausible that aberrant expression of HSP47 may contribute to the 62 

onset of various cardiovascular diseases. As HSP47 is the only collagen-specific molecular 63 

chaperone, targeting its binding interactions with collagen could be an effective therapeu- 64 

tic approach in managing these HSP47 overexpression-related diseases. Several types of 65 

small molecules have been developed as HSP47 inhibitors [17–20]. Recently, one of these 66 

compounds (COM IV) has been reported to effectively prevent collagen synthesis, cell 67 

viability, and migration of lung fibroblasts [21]. 68 

There have been extensive biochemical and structural studies on the binding interac- 69 

tions between HSP47 and collagen using short synthetic collagen-mimetic peptides [22– 70 

24]. These showed that HSP47 binds to triple-helical peptides containing a key Arg resi- 71 

due at the Y position of collagenous repeats (Gly-Xaa-Yaa). These results were confirmed 72 

by X-ray crystal structures of collagen model peptides (designated CMPs) complexed with 73 

canine HSP47 [25]. However, the exact binding sites of HSP47 on native collagens are not 74 

fully defined. For example, there are more than 40 arginine residues at similar Y positions 75 

in collagen II or III, and it is unclear if HSP47 could bind them all. To clarify this, here we 76 

have mapped the HSP47 binding sites using collagen Toolkits and identified HSP47 bind- 77 

ing sites on collagen II and III. This provides novel information on the binding mode of 78 

HSP47 on collagen and sheds light on the development of novel HSP47 inhibitors.   79 

2. Materials and Methods  80 

2.1. Expression and purification of HSP47  81 

Genes encoding human HSP47 (amino acids 19-418) were cloned in pET-28a. Proteins 82 

were expressed with C-terminal His-tag in E. coli BL21 (DE3). Cells were cultured at 37°C 83 

in LB and induced with 0.5 mM IPTG (isopropyl-β-D-thiogalactoside) until A600 reached 84 

1. After a further 16 h incubation at 25°C, cells were collected by centrifugation, then re- 85 

suspended in lysis buffer (20 mM Tris-HCl pH 7.4, 0.5 M NaCl) and lysed by high pres- 86 

sure. His-tagged HSP47 in the supernatant was isolated by nickel-affinity chromatog- 87 

raphy (GE Healthcare). The column was washed with wash buffer (20 mM Tris-HCl pH 88 

7.4, 0.5 M NaCl, 20 mM imidazole) and step-eluted with elution buffer (20 mM Tris-HCl 89 

pH 7.4, 0.5 M NaCl, 300 mM imidazole). The peak fractions were pooled and dialyzed 90 

against final buffer (20 mM Tris-HCl pH 7.4, 0.5 M NaCl), and purity determined by SDS– 91 

PAGE. 92 

2.2. Binding of HSP47 to Toolkit peptides 93 

The peptides of the collagen II and III Toolkits were synthesized on TentaGel R Ram 94 

resin using a CEM Liberty microwave-assisted peptide synthesizer as described previ- 95 

ously [23,26]. Briefly, the host-guest strategy was applied, in which the guest sequence, 96 
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native collagen sequence of interest, is placed between (GPP)5 hosts, the flanking se- 97 

quences that impart triple-helical conformation on the whole peptide. Thus, Toolkits II 98 

and III encompassed the entire collagen domains of human collagens II and III, respec- 99 

tively. Binding of HSP47 to the Toolkit peptides was determined colorimetrically by solid- 100 

phase binding assay (SPBA). Peptides were coated at 10 µg/mL overnight at 4 °C on Im- 101 

mulon 2HB 96-well plates (Thermo Scientific) and blocked for 1 h with 175 µl of binding 102 

buffer (TBS containing 5% BSA) before the addition of 100 µl of binding buffer containing 103 

1 µg/ml recombinant HSP47 for 1 h at room temperature. Wells were washed five times 104 

with 200 µl of binding buffer (TBS containing 0.1% BSA w/v). Then binding buffer added 105 

containing HRP (Horseradish Peroxidase)-conjugated anti-His antibody at 1:1000 dilution 106 

and incubated for 1 h at room temperature. After washing, color was developed using a 107 

TMB (3,3′,5,5′- Tetramethylbenzidine) Substrate Kit (Pierce) according to the manufac- 108 

turer’s instructions. 109 

2.3. Virtual screening of small inhibitors targeting human HSP47/collagen binding interface 110 

As the sequence similarity between canine and human HSP47 is 99%, and residues 111 

involved in collagen binding are all conserved, human HSP47 structure was modelled by 112 

swiss-model [27] using  canine HSP47 crystal structure (PDB ID: 3ZHA) [25] as template. 113 

The triple-helical structure of HSP47-integrin peptide I was built by software FoldX [28] 114 

based on the structure of HSP47-CMP complex (PDB ID: 3ZHA) and our previously re- 115 

ported integrin peptide I structure (PDB ID: 1Q7D).  116 

To select potential HSP47 inhibitors, the SPECS database (http://www.specs.net) con- 117 

taining structural information of approximately 100,000 chemicals (logP≤ 5.5 & logS≥ -5.5) 118 

was adopted for virtual screening using software Glide6.9 (www.schrödinger.com). The 119 

docking model of HSP47 was prepared using the Protein Preparation and Grid Prepara- 120 

tion tools in the Schrödinger Maestro interface. In the grid preparation process, the default 121 

settings were adopted for the cutoff, neutralization, scaling and dimensions of the binding 122 

pocket. The standard precision (SP) mode of Glide was used to explore favorable binding 123 

poses. Ligand conformation was allowed to be flexible while the protein was held as a 124 

rigid structure during the docking process. After the first round of screening, 10,000 com- 125 

pounds with the highest scores were selected for the second round of screening using the 126 

extra precision (XP) mode of Glide, leading to the selection of ~2,000 molecules. These 127 

molecules were filtered by AutoDock4.2 for binding conformation analysis [29]. The bind- 128 

ing site on HSP47 was defined around the center of the collagen model peptide in the 129 

crystal structure (PDB ID: 3ZHA) [25], and was covered by preparing a 75×75×75 grid box 130 

with 0.375Å spacing between grid points. The Lamarckian genetic algorithm was applied 131 

to obtain the protein-ligand binding free energies and the spatial conformations of the 132 

bound compounds.  133 

2.4. Turbidity assay 134 

To analyze the inhibitory activity of the compounds against HSP47, turbidity assay 135 

was carried out as described by Thomson [17]. Collagen from calf skin (Sigma, C9791) was 136 

solubilized as follows: Collagen was dissolved in 0.01 M acetic acid and stirred at 4 ℃ for 137 

48 hours to obtain 6 mg/mL collagen solution. On the day of experiment, the collagen 138 

solution was diluted by the reaction buffer (PBS: 20 mM phosphate buffer/50 mM NaCl, 139 

pH 7.4) on ice and then added to each well of a 96-well plate on ice. HSP47 protein together 140 

with compounds was then added to give final HSP47 concentration of 1-5 µΜ and final 141 

collagen concentration of 0.2-1.2 mg/mL. Turbidity was measured at 313 nm for a period 142 

about 90 min at 34 ℃. The IC50 value for each compound to block the HSP47/collagen 143 

interaction was determined by nonlinear regression using GraphPad Prism software (San 144 

Diego, CA, USA).  145 

2.5. Binding affinity measurement of HSP47 with small molecular inhibitor 146 
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The binding affinity between HSP47 and small molecular inhibitors was assessed us- 147 

ing the LabelFree Microscale thermophoresis (MST) assay. The concentration of HSP47 148 

was kept at 1 µM, while the concentration of the compound Hs1 was varied between 0.15 149 

µM- 78 µM. The assay was performed in PBS buffer containing 0.05% Tween-20. The final 150 

concentration of DMSO in the assay was 5%. After a short incubation, the samples were 151 

loaded into MST NT.115 LabelFree standard capillaries and the MST analysis was per- 152 

formed using Monolith NT.115 LabelFree. Concentrations on the x-axis are plotted in µM.  153 

2.6. Molecular docking of small inhibitors on HSP47 154 

The binding modes between HSP47 and the small molecule inhibitors were analyzed 155 

using software AutoDock4.2, the same parameters were used as in the virtual screening. 156 

The results showed that Col003 and its analogs and the compounds reported by others 157 

preferred binding to the large subpocket1 near Asp385 on HSP47. However, for com- 158 

pound Hs1, docking showed part of the molecule binding to the small subpocket2 that is 159 

close to Arg222 on HSP47. Therefore, we used software AutoDock Vina [5] to confirm the 160 

docking results. The binding site on HSP47 was also centered on the collagen model pep- 161 

tide in the crystal structure (PDB: 3ZHA and the search spaces was set as 30 x 30 x 30 Å, 162 

other parameters were set at default values. The binding conformations of the ligands for 163 

HSP47 were selected for further analysis by taking account of both the predicted binding 164 

free energy and the number of conformations identified. 165 

3. Results and discussion 166 

3.1. Binding of HSP47 to the collagen Toolkit peptides 167 

To identify the HSP47 binding site on native collagen II and III, we screened HSP47 168 

binding sites on collagen using the collagen Toolkits II and III. These kits contain sets of 169 

overlapping triple-helical peptides (THPs) as briefly described above [23]. Each peptide 170 

contains a guest sequence of 27 amino acids, the C-terminal 9 amino acids of which form 171 

the first 9 guest amino acids of the next peptide. Thus, the Toolkit advances 18 amino acids 172 

along the triple-helical sequence of human collagen II or III with each successive peptide, 173 

and a 9-amino acid overlap is included between adjacent peptides. These kits have been 174 

successfully used in identifying many ligand binding motifs on collagen [23,30-31]. Re- 175 

combinant HSP47 with a C-terminal His-tag was incubated in wells of Immulon 2HB 96- 176 

well plates coated with Toolkit peptides. Some integrin-binding collagen peptides 177 

(GX4O3GE1R0) with an Arg at position Y0 and different residues at position X4, were se- 178 

lected as control peptides [32-34]. 179 

Significant binding of HSP47 could be detected from 12 peptides�9 derived from 180 

collagen II and 3 from collagen III (Table 1, Figure 1). Amongst them, four collagen II 181 

peptides (II-13, II-14, II-20, II-26) and one collagen III peptide (III-5) showed a stronger 182 

binding signal. Interestingly, most of these peptides are located near the N-terminus of 183 

collagen. As procollagen triple helix assembly occurs from C- to N-terminus, HSP47 is 184 

likely to play a stabilization role only at the late stage of procollagen triple helix assembly. 185 

All these identified HSP47-binding peptides contain the ‘Gly-Xaa-Arg’ or ‘GXR’ region, 186 

which is consistent with previous findings that the arginine residue in these THPs is crit- 187 

ical for HSP47 binding. However, there are more than 40 ‘GXR’ regions in either collagen 188 

II or III and only 12 of them in total showed appreciable HSP47 binding (Figure S1, Figure 189 

S2). Notably, four of the five integrin binding peptides containing ‘GXOGER’ motifs 190 

showed strong HSP47 binding while HSP47 binding on the fifth peptide with R at the X 191 

position was relatively weak (Table 1). Together, these observations indicate that the 192 

flanking sequences around the ‘GXR’ region also play an important role in defining an 193 

efficient HSP47 binding site. This is consistent with previous observations that residues at 194 

position-3 of collagen also affected the binding of HSP47 [31]. It should also be noted that 195 

the parent Toolkit peptides that contain the same HSP47-positive integrin-binding 196 

‘GXOGER’ motifs do not generally support HSP47 binding. Peptides II-7/8, II-18/19, II-28 197 
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and II-31 contain GLOGER, GAOGER, GFOGER and GMOGER, respectively, but show 198 

negligible HSP47 binding. The same applies to III-4, III-8, III-29 and III-31. This indicates 199 

that nearby residues (-6 and -7) may restrict HSP47 binding, discussed further below. 200 

Table 1. Identification of HSP47 binding THPs from the Toolkit II and III. GPP represents the start or finish of the [GPP]5 201 
host peptide, O represents hydroxyproline (Hyp). The GXR region that is predicted to play a key role in HSP47 binding is 202 
colored red. For the sequences that contain more than one ‘GXR’ motif, we highlighted the most plausible one according 203 
to our energy prediction results (Figure S4c). The integrin-binding THPs with sequence of ‘GXOGER’ flanked by [GPP]5 204 
at both ends where X (colored blue in the table) represents F, A, M, L or R were used as control peptides. 205 

 206 

 207 
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 208 

Figure 1. Binding of HSP47 to collagen Toolkits II and III, which encompassed the entire collagen domains of human 209 
collagens II and III, respectively. The recombinant HSP47 was incubated in wells of Immulon 2HB 96-well plates coated 210 
with peptides, and adhesion was measured as described under “Materials and Methods”. “O” represents hydroxyproline 211 
(Hyp). Col, collagen. BSA, GPP10 are served as control surface coatings. Data are the mean + S.E. of three independent 212 
experiments. 213 

3.2. Binding mechanism analysis between HSP47 and native collagen peptides 214 

To elucidate the structural basis underlying the specific binding of these collagen 215 

peptides with HSP47, we analyzed their binding characteristics through structural mod- 216 

elling and binding energy calculation. A model of human HSP47 was built based on the 217 

reported crystal structure of canine HSP47 complexed with the triple-helical CMP (PPGP- 218 
7P-6GP-4T-3GP-1R0GPPGPPG, the key arginine residue is numbered as position 0). Accord- 219 

ing to the crystal structure of the HSP47 and CMP complex, there are two copies of HSP47 220 

molecules binding to a triple-helical collagen peptide in the asymmetric unit cell (PDB ID: 221 

3ZHA). Each HSP47 molecule interacts mainly with one strand of the collagen and these 222 

two HSP47 molecules have similar binding interactions with the corresponding collagen 223 

strands. [25]. Therefore, the binding interactions between HSP47 and one strand of colla- 224 

gen were selected for subsequent analysis. The binding sites of CMP on human and canine 225 

HSP47 are almost identical as human and canine HSP47 are highly similar with only a few 226 

residues different. The CMP is 18 residues long and only 8 of them (P-7P-6GP-4T-3GP-1R0) 227 

are involved in direct interaction with the β-sheet C region (yellow colored) of HSP47 228 

(Figure 2). The Arg0 in collagen formed a salt bridge to the conserved residue Asp385 in 229 

HSP47 (Figure 2b), which was essential for collagen binding as confirmed by mutagenic 230 

study [25]. 231 



Biomolecules 2021, 11, x FOR PEER REVIEW 7 of 12 
 

 232 

Figure 2. The model of human HSP47 complexed with triple helical collagen peptide. (a) The model was derived from the 233 
crystal structure of canine HSP47 complexed with collagen model peptide: CMP (PDB: 3ZHA[25]). HSP47 is shown in 234 
cartoon with three beta-sheets (A, B, C) colored in pale blue, green and yellow respectively and its reactive center loop is 235 
in pink. The surface of HSP47 is in pale grey. Triple-helical CMP is shown in blue cartoon. (b) Close-up of the interaction 236 
between human HSP47 and the collagen peptide (PPGP-7P-6GP-4T-3GP-1R0GPPGPPG, cyan cartoon and lines). Residues of 237 
both HSP47/CMP that are involved in interactions are shown in sticks. 238 

Based on this model, we then analyzed the structure-activity relationship of the bind- 239 

ing between collagen peptides and HSP47 using software FoldX, which is a commonly- 240 

used protein stability prediction algorithm and can estimate changes in protein folding 241 

free energy caused by residue variations [28]. We applied FoldX to analyze single residue 242 

variations at different positions in CMP to estimate changes of the folding free energy 243 

compared to WT complex. The lower folding free energy change (ΔΔG) indicates favora- 244 

ble binding of HSP47 and CMP. Here we first validated this method by calculating the 245 

binding energies of a set of collagen model peptides with variations at position -3 pre- 246 

sented in a previous report where the bioactivities of these peptides were measured [31]. 247 

This showed the calculated energy scores of these peptides are largely consistent with the 248 

HSP47 binding activities (Figure S3), where the most optimal residue at position -3 is Pro 249 

or Thr. Even though the hydroxyl group and the main chain of Thr-3 formed polar inter- 250 

actions with residue Arg222 and Ser305 seen in the crystal structure of HSP47 (Figure 2b), 251 

Pro at this position could bind into the same pocket and has similar binding activities [31]. 252 

Other residues such as Hyp and Met at position -3 seemed compatible with HSP47 bind- 253 

ing as well (Figure S3), while bulky or charged residue such as Phe, His, Arg, Trp and Tyr 254 

were not. This is consistent with the HSP47 binding peptides identified here from the 255 

Toolkits with Pro, Hyp, Met (III-14) or Thr (II-10) at position -3 (Table 1).  256 

Subsequently FoldX was applied to analyze the impact of substitutions at position - 257 

4 on the HSP47-collagen binding energy. We found that Pro or Phe at this position binds 258 

better than Hyp, Leu, Met and Ala and molecular modelling of the integrin peptide 1 (GF- 259 
4OGER0) showed that Phe at position -4 could fit into a shallow surface cleft of HSP47 260 

providing potential stabilizing interactions (Figure 3). Smaller hydrophobic residues such 261 

as Met and Leu seen in other integrin peptides could also be accommodated in this surface 262 

cleft while the charged bulky side chain of an arginine residue could not. This readily 263 

explains why HSP47 binds tightly on the integrin peptide 1 but very poorly on the integrin 264 
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peptide 5 (Table 1). However, there are differences between the experimental and pre- 265 

dicted result for Ala in position -4, which is likely an outlier from the calculation by FoldX 266 

(Table 1, Figure3) 267 

 268 

Figure 3. (a) Predicted total folding energies for the substitution of residues at position -4 in integrin peptide 1 (PPGP-7P- 269 
6GF-4O-3GE-1R0GPPGPPG) and HSP47 complex compared to that of WT (ΔΔG± SD, n=5, kcal/mol). The lower energy indi- 270 
cates favorable binding. (b) The predicted binding mode between triple helical integrin peptide 1 (shown in magenta 271 
cartoon and sticks) and HSP47 (shown in electrostatic potential surface). 272 

We also assessed the effect of substitutions in positions -7 and -6 in CMP (PPGP-7P- 273 
6GP-4T-3GP-1R0GPPGPPG), which are located at the other end of the HSP47 binding site on 274 

collagen. It appeared that all the non-Pro substitutions showed worse binding to HSP47 275 

(Figure S4). This may be due to these positions being far away from the key anchoring 276 

Arg0 and replacement of proline, which has a rigid sidechain, will increase the flexibility 277 

in this part of the triple-helical conformation, leading to lower binding activities of these 278 

peptides. Although not all the unbound peptides with GXR motif in Toolkits II and III 279 

could be readily explained by simple free folding energy calculation (Figure S2), the bind- 280 

ing activities of collagen peptides towards HSP47 most likely reflect the overall cumula- 281 

tive effects of all the residues involved in the HSP47-peptide binding interface. Arg0 is the 282 

most critical residue in collagen, but residues at position -3 and -4 of collagen peptides 283 

play a critical supporting role for efficient HSP47 binding. This indicates that targeting the 284 

binding surface of HSP47 corresponding to positions -4, -3 and 0 of collagen simultane- 285 

ously would provide a more efficient approach in blocking HSP47 activity than targeting 286 

the binding surface of HSP47 at position 0 only.  287 

3.3. Screening and identification of HSP47 small molecular inhibitors  288 

The binding mode between HSP47 and the collagen peptide shown above was used 289 

to design a virtual screening for potential HSP47 inhibitors, focusing on the footprint of 290 

collagen residues 0, -3 and -4 upon the surface of HSP47. After initial screening, we man- 291 

ually selected 58 compounds for subsequent inhibitory activity assay according to the di- 292 

versity and potential interactive mechanisms between the compounds and HSP47. Colla- 293 

gen molecules in a buffer of physiological pH spontaneously associate to form fibrils 294 

[17,36], and the turbidity gradually increased in a concentration-dependent manner and 295 

then reached a plateau phase (Figure 4a). HSP47 could retard this fibril formation process 296 

within the range of 2.0-5.2 µM (Figure 4b). An HSP47 concentration of 2.6 µM was used 297 

for the compound activity assay (Figure 4c, d, e), and a previously reported HSP47 inhib- 298 

itor, Com II, was selected as a positive control.  299 
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 300 

Figure 4. Screening and discovery of HSP47 small molecular inhibitors. Collagen fibril formation was measured in the 301 
absence (a) and presence (b) of HSP47. Collagen fibril formation was monitored at 313 nm in phosphate buffer. Inhibition 302 
effect of Com II (c), Hs1 (d) and Hs55 (e) against HSP47 in turbidity assay. (f) The binding activity of Hs1 against HSP47 303 
in the LabelFree MST experiment. 304 

Our measurement showed IC50 value for Com II is in the 50-100 µM range (Figure 4c), 305 

which is comparable to the reported value of 26.6 µM [17]. Amongst our selected com- 306 

pounds, compound Hs1 and Hs55 have most promising activities with IC50 values of 97 307 

µM and 55 µM respectively (Figure 4d, 4e). As Hs1 had better water solubility, we deter- 308 

mined its binding affinity to HSP47 using MicroScale Thermophoresis (MST). This re- 309 

vealed that Hs1 binds human HSP47 with a dissociation constant (Kd) of ~33 µM (Figure 310 

4f), consistent with its blocking activity in inhibiting collagen fibril formation (Figure 4d). 311 

3.4. Binding modes of small molecular inhibitors on HSP47 312 

To predict how these inhibitors would bind on HSP47, we docked these molecules 313 

on HSP47 using softwares AutoDock4 and AutoDock Vina. The docking grid box was 314 

defined to include the whole collagen binding region on the HSP47 surface. Apart from 315 

Com II, Hs1 and Hs55, a recently identified HSP47 inhibitor Col003 and its analogues were 316 

also selected for docking [20,37]. The docking results indicated that Com II and Col003 317 

bind to the surface area of HSP47 involved in binding ‘GXR’ of collagen (colored yellow 318 

in Figure 5, subpocket1). For Com II, the nitrogen atom of the aniline group forms a hy- 319 

drogen bond with Asp385 and NO2 group forms a hydrogen bond with Gln254 and the 320 

main chain of Tyr383, which might play essential roles for the compound binding. And 321 
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the fluorophenyl group of Com II stacks on the relatively hydrophobic area of HSP47 322 

formed by Tyr245, Met271, Leu381, and Phe382. Col003 binds to a similar position, form- 323 

ing hydrogen bonds with His274 and main chain of His273 of HSP47 through its hydroxy 324 

group, and a hydrogen bond with the main chain of Val275 through the carbonyl group 325 

(Figure 5a, Figure S5). Its benzyl moiety binds the same hydrophobic patch of HSP47 as 326 

Com II (Figure 5b, Figure S5). In contrast, the binding of both Hs1 and Hs55 seems to 327 

involve both subpocket1 (Figure 5a) and the neighboring surface area for the docking of 328 

collagen residues at position -3 and -4 (pale blue, subpocket2, Figure 5a) mimicking a col- 329 

lagen peptide chain binding both these surface pockets simultaneously. The carboxyl 330 

group of Hs1 forms hydrogen bonds with Arg222 of HSP47 and the hydroxyl group on 331 

9,10-dihydroanthracene forms a hydrogen bond with Asp385. At the same time, the 9,10- 332 

dihydroanthracene ring forms hydrophobic interactions with Met271, Leu381, Phe382 and 333 

Tyr383. Hs55 with a longer extended conformation docks in a similarly orientation as Hs1 334 

and bridges both collagen binding pockets of HSP47 simultaneously. Although the bind- 335 

ing mode of these compounds on HSP47 needs to be verified by structural studies, these 336 

docking results indicate that it is feasible to target two sub-pockets on the HSP47 surface 337 

at the same time. Subsequent chemical structure modification may improve the activities 338 

and specificity of these compounds for efficient HSP47 activity inhibition. 339 

4. Conclusions  340 

As HSP47 is an attractive therapeutic target for the treatment of fibrotic diseases, un- 341 

derstanding of its physiological binding interactions would provide valuable information 342 

for the selection and design of small HSP47 inhibitors. Here we identified the HSP47 bind- 343 

ing sites on native collagen II and III using the collagen Toolkits and showed collagen 344 

binding involves two neighboring subpockets on HSP47 surface. Subsequent structure- 345 

based drug screening through targeting these surface areas identified two novel small 346 

molecule HSP47 inhibitors, which might serve as lead compounds for the development of 347 

HSP47 inhibitors through chemical structure modification. 348 

 349 
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Figure 5. Predicted binding mode of HSP47 inhibitors. (a) HSP47 is shown as surface presenta- 350 
tions and the collagen mode peptide (blue) is shown in cartoon. The Arg0 binding area on HSP47 351 
is colored yellow (subpocket 1) while the binding area for collagen residues at position -4 and -3 is 352 
colored slate (subpocket 2). The potential binding interactions between HSP47 and the compound 353 
Col003 (a) COM II (b), Hs1 (c) or Hs55 (d) were showed with the compounds in sticks and labeled. 354 
Compound Col003, Com II, Hs1 and Hs55 is shown in magenta, cyan, green and pink sticks, re- 355 
spectively. The black dashed lines present the hydrogen bonds. 356 
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Figure S1. Binding sites of HSP47 on collagen II (a) and collagen III (b) with the corresponding collagen 8 
sequences highlighted. All the GXR sequences are colored red. The sequences do not include post-translational 9 
modification of proline (P). 10 
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Figure S2. Sequences of ‘GXR’ containing collagen peptides from Toolkits II (a) and III (b). O represents 26 
hydroxyproline. For the sequences that contain more than one ‘GXR’ motif, we highlighted the most plausible 27 
motif according to the calculated results from of substitution at position -1 (Figure S4c). 28 
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 30 
Figure S3. The predicted folding free energy of a serial of Yaa-3-substituted synthetic collagen-model peptides 31 
compared to peptide 8 (WT: POGP-7O-6GP-4T-3GP-1R0GPOGPO) binding of HSP47. Peptides with reported IC50 32 
values lower than 50 µM are defined as high activity peptides (green), those higher than 50 µM are defined as 33 
low activity peptides (orange).  34 
a Reference. 31  35 
 36 
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 39 

Figure S4. Predicted folding free energy changes for the substitutions at positions -7, -6 and -1 in CMP (PPGP-40 
7P-6GP-4T-3GP-1R0GPPGPPG) on binding of HSP47. Data were shown as ΔΔG ± SD (kcal/mol) (n=5). 41 
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 43 
Figure S5. Predicted binding mode of Col003 to HSP47. HSP47 is shown as a colored surface. Residues of HSP47 44 
that involved in interacting with the compounds are shown in sticks and labeled. Compound Col003 is shown 45 
in magenta sticks. The black dashed lines present hydrogen bonds. 46 
 47 
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