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Effects of Gly mutations N-terminal to the integrin-binding sequence
on the structure and function of recombinant collagen
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Abstract: Collagen, a vital matrix protein for various tissue and functions in animals, is widely
applied in biomaterials. In type I collagen, missense mutations of glycine (Gly) in the
Gly-Xaa-Yaa triplet of the triple helix are a major cause of osteogenesis imperfecta (OI). Clinical
manifestations exhibit marked heterogeneity, spanning a broad disease spectrum from mild
skeletal fragility (Type 1) to severe limb deformities (Type III) and perinatal lethal forms (Type
II). This study utilized recombinant collagen as a model to further elucidate whether
Gly—Ala/Val mutations at the N-terminus of the integrin-binding sequence GFPGER affect
collagen structure and function, and to explore the underlying mechanisms by which missense
mutations impact the biological function of collagen. By introducing Ala and Val substitutions at
seven Gly positions N-terminal to the GFPGER sequence, we systematically assessed the effects
of these amino acid replacements on the triple-helical structure, thermal stability, integrin-binding
ability, and cell adhesion of recombinant collagen. All constructs formed a stable triple-helix
structure, with slightly compromised thermal stability. Gly—Val substitutions increased the
susceptibility of recombinant collagen to trypsin, which suggested local conformational
perturbations in the triple helix. In addition, Gly—Val substitutions significantly reduced the
integrin-binding affinity and decreased HT1080 cell adhesion, with the effects stronger than
Gly—Ala substitutions. Compared with Gly—Ala substitutions, substitution of Gly with the
larger residue Val had enhanced negative effects on the structure and function of recombinant
collagen. These findings provide new insights into the molecular mechanisms of osteogenesis
imperfecta and offer theoretical references and experimental foundations for the design of
collagen sequences and the development of collagen-based biomaterials.

Keywords: recombinant collagen; osteogenesis imperfecta; missense mutation; triple-helix;
integrin-binding affinity
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ey TR MsZm, IF51 & T AR P I IR
SR . EAEMREH, ARPEERRER ST
FORNE = EFLE R o1, B EIMAaFZE
iR (Ser). MR (Cys). fHATR(Arg). AR

Z&: 010-64807509

(Val) . 22 (Glu) . KA R R (Asp) . N R TR (Ala)
AR (Trp). 16 ol ()EET, Wit 1/3 1Y Gly
B SRR S FEEGER O, HEBBEHK IR A
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Y Gly B LRG| K EFER O1 1 F g A )
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EVETRE, SEZR RS, JFrRe T .
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X} GFPGER J¥#4I H i) Gly502,Gly505 J H:
C ¥t Gly508 1 Gly511 #4T Gly—Ala/Ser/Val
RAFJGRIL, 3/4 1) Gly—Val 27845t [ A
B Gly505 Ak A A fnf 28 A8 HR 25 il S5 o 41 2R
HIE A RE5A R85 M Gly502 AR R &5
RGN S RE B R G, HoEM I
G502A>G5028>G502V!I, & F O 2GFPGER””’
J¥5 N I Gly—Ala 8% Gly—Val %748 &7
e B AR R S A Re, BRI
o B, AR HR TR G
N iy Gly—Ala/Val 548 X} 51 21 i Jii 2 [ 2544
IIRERI R o 4 [R] — (@35 (circular dichroism,
CD) . Z 7w 1 # & #4 7% (differential scanning
calorimetry, DSC) LA S i 25 11 B R0 S 06, 4
T PP 22 41 28 11 25+ A e e AR 1k . ks,
AT A2 A S IR AN G B SE 0, b s AR
WHBERMEGEETT, W0 T H SR e
SR JI S T AR 2 T RE

1 MR5r%
1.1 #Rl5E5

K i ¥1- 1 (Escherichia coli) DHSa #il E. coli
BL21(DE3), Jitki pColdIII-VCL #1 pColdIII-VCL-
Int, DLK NZF 4 P39 40 ffd HT1080 (human
fibrosarcoma cell line HT1080)4) A S 56 S AR- 47
Q5 & M RAZIH &M A NEB 227, PureYield
R NEIRF & H Promega 23 H], NuPAGE
4%—12%%E F#E S . Novex® Sharp £ [ marker
TMB JEILR & . DMEM Kigedk | fask g
(fetal bovine serum, FBS)¥JIlJ H ThermoFisher
Scientific 24w, JHEE M (trypsin) . A% FY LA it
F(phenylmethylsulfonyl fluoride, PMSF). 4 Ifil
1% 145 1 (bovine serum albumin, BSA) . Anti- GST
HRP ik 584K AM (calcein-AM)IJIE H Sigma-
Aldrich A H], #4548 96 LA A Corning 2>
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Hl, 10xPBS ZZMil . 5NIE-B-D-Bif L 2LpH T
(PTG)MZ N 8 R B A4 TAEY) TR L)
et A BR AT, o7 A 7 b4l
1.2 EEUIH

UV-Vis 70606, LR (A
PR A s [/ — %354, Sundew Rising LLC 4=
Y14 R\ 7] s Microflex LT MALDI-TOF JE#£1Y
g (AL EORHE A PR/ Fl 5 Nano DSC 2/~
AL, SRR IERHL (R AT IR A F 2 IRk
BEARAX, A TR (DA IR A R 5 AL
MG s, hRREMAS(EE)AS AR
Al ARG, BARRAE; BEREEG
ARG EAHIKRG, (AREMES ()
AN BREPEEER FUKAY , b —4)
BHEABR A
1.3 EHERNAZITSEE

JIRA Gly 5 SCF8 78 iy 35 21 Joobr 35 56 F Hir A
R F B AL pColdlII-VCL-Int JEf7i%iH15
F# ., pColdIlI-VCL-Int # 407 VCL FEX,
7 B i — SRAREE A8V domain) FIZEHL i
ZE(CL domain)ZH AL, H PSR IR g5ty il A 5%
79 A~ GXY =HKiK, JFLE N i 7 6xHis #3%%
VCL-Int H B 27 VCL JFHI3ERE F3fA T A al
(85741 “*GARGERGFPGERGVQGPP" fI %)
Ay, Horh S2GFPGER™ WA R 4567411,
FIH Q5 A RARXFAETIA Gly—Ala F
Gly—Val [FRELE 40548, Kby i (Y 51 240 ook
{b % E. coli DHSa /&2 541/, Jfilit DNA
N 365 T1E 28 A5 i 1E A P
1.4 FEEREZEBNRESHSK

AR EE R E. coli BL21(DE3)it
I eRE, e, PR EE R R &
A 100 pg/mL Z N HFEHRA LB kg, T
37 °C. 250 r/min 55/ Fad 555, K H, ¥k
FRIREE RS o s SR S rh 4k 235 57, H 2 ODeno
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{HiAH] 0.8, JIA IPTG ZEZYLSE 0.5 mmol/L,

PHRE B 95 254 2 20 °C ., 250 r/min, S RIEFRE L
WRE AR, SRRSO e it
EOEBRAMIEE R . ] AKTA pure 2 1464k
RGx B R SEAT SE M E Mgl JIF it
SDS-PAGE N F 4l . WdE &4 How
EAMPBRUT, FIFE 1xPBS Zhiiidhr, It
KM UV-Vis 7366 R HN E B W, i
HFZEN £280=9 970 L/(mol-ecm) AT . F)m,

i Ik B o B O R H B AT I ) J5E
(matrix-assisted laser desorption/ionization time of
flight mass spectrometry, MALDI-TOF-MS)43 1

E— NS B Y o i
1.5 E—®iEasth

SRR A At 2k i) A R kT
PEERRAL . K5 E IR 1xPBS 2 i i B
% 0.2 mg/mL, T 4 °C & & V1 24 h, #iH
[ — iSO SEREARTE 0 °C FIW CD 55, 14
PATEE Ry 260-190 nm, $9426K K 0.5 nm, 45
HEEE N 2 s/nm, WA 1.5 nm, TR 3 K
DA/ 22 o R e DU 2 4 A A
FasE e, WCAERESLAE 220 nm 40 CD 155, THE
BN 0.1 °C/min, WEFEFH 5-70 °C, Bl
JE RO 2 min SR TEOE R SE . BULA VR
HIFIAT— sk T, B B 1 Al B (T
DASRAE H 41 8 5t 28 1 AR e

WAL AE 55 °C THEE 20 min {# HARM: |
B Ji 37 BV LA B UG TE 0 °C - 1 He
AT IR E TR BT & 0T, BRI ECR 2 s, (]
BT E] R 10 s, $7 & o {H (fraction folded) & 45 7E
0 °C FHEITEGM CD 55 55T ¥IH CD
FEMHME, ARFRREARMITSRE, &
&gt if &N T FER 50%
(BPYT & EL MR 0.5)Fr s e, BP0 (5
56 AT B B R R ]

Z&: 010-64807509

1.6 ZERPWMERSH

{#i F} Nano DSC Z/R i & #FL - PrE 4
J D R R PR M AR L R A I T
1xPBS ZZ mifENTRE, JFFEER 1.0 mg/mL.
PUBHTEE BAE 2 Hol, FEHE R 5-70 °C,
FHEH R K 1.0 °C/min, FESLZE 3 REE A,
PRECE YA 25 DSC HiZE.
1.7 BREBESURMENE

TE 50 pL M OARZRH, B FE 2 0.1 mg/mL
AR R i 55 AR I BERAS T (2R B 10,0 pg/mL)
RA, 1E 20 °C P EAFEREI2 min, 5 min,
15min. 1h, 3h &kiI®). W&HS, A PMSF
VAT ELARTE 1 mmol/L, DAL BN . B~
M E 3 MRS, it SDS-PAGE 41 i i
PR, PEAS AR PR R 1 O R
1.8 REHEEEHE

P BESCHR[17-18] 1 i, R EA RS
F o2 WA I 5 E A SR E R
HNEGRETT . TR AR 96 FLAR P, AEFLIMA
100 uL & FFE AR (20 pg/mL), E =R T E 1 he
i 4] 1xPBS Ve a, BSLAIA 200 pL BSA #
W (50 mg/mL), BPAIALH 1 h, i R4 LR iR
(% 1 mg/mL BSA Fl 2 mmol/L MgCl, i PBS ¥
WOTES 4 K5, FFLINA 100 uL H74 GST #148
MEAREE R 02 I 4543020 pg/mL), FIRZEZR
L FIEE 1 he PRIk 45, BFLIMA 100 pL
anti-GST HRP HU/A(1:10 000 5 88), 767 1 T
# 1 ho ALA 3 mol/L HCI Fh A5, i TMB JiE
PR e AT E s, IFFH BRI 450 nm
ARG, DA N 5 EA R IS G R
71o VCL-Int & FA/ENBHMEXTI, VCL &AM
PBS YE N X IR, Frf SEe i E 3 M EER .
1.9 ZHpEFLMTiALE

Fig BESCHR[ 14T 9 79 R N2 24 1R 9 4
Ml HT1080 #EATHAHMIZERHAL . 7E M4 SR
96 fLiR T, FALIA 60 pg/mL FHHE AW, 16
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FiTWE 1 he BALIIA 200 uL BSA IHH
(50 mg/mL), 7E FWFE 1 h DA r P bR,
FH 200 pL R0 2% (7% 1 mg/mL BSA Ay PBS %
W)VEG 4 5, BEFLIA 100 uL HT1080 4
W(2x10* cells/mL, f# 7 10% FBS il 2 mmol/L
MgCl, () DMEM }EF53ERC ), 76 37 °C., 5% CO;
R FERI YR E 1 he A 200 uL JC FBS f) DMEM
(% 2 mmol/L MgCL)UEIR AL 4 UK, KRR AZLHIY
. FFLANTA 100 uL DMEM (7% 0.5 pL
calcein-AM), fE 37 °C %5 30 min. Ff)5,
DMEM Btk fL, EBRZRM calcein-AM., I
RN IYICE 3 NEE .l Leica DFC 340 FX %{
T AR R, T R A RN R S 43 )
490 nm. 515 nm, FAEAIMIADEERIG . it
Imagel B A4-2EA 7B 4 I AY 2 2 A o

2 EREH

21 EAREFEEBHNZITSHE
AHFFEA R T — BT A A0 A 5 R 1

V domain

CL domain
A

VCL-Int FYRAEIR(E 1). 7E VCL-Int AYSERE I,
Wi E A RAE, FEAERLEAFS] “GFPGER
N 3ty 7 D IERRL 4, ) Gly 251840k Ala F1
Val, WIRIG T 14 DNEARAZMK: G499A .
G499V . G496A G496V . G(—3)A .G(-3)V .G(—6)A
G(-6)V. G(-9)A. G(-9)V. G(-12)A. G(-12)V.
G(-15A. G(-15)V. A EHEITE SDS-PAGE
18 0 5 AR SRR X B SR (]
), Ak, @it MALDI-TOF JEi%4Hrifiil
Fi A EHE AN TS5 IS EHF(E 2).
22 EHARBEEEHSEHE. REMHSH
EFFM

5 VCL-Int ZEFAML, FrAEHAEAR CD
A TR 1 AR EAS H A SRR, RITE
220 nm 1 198 nm Ab4r5HIHELIE . g lioid (&
3A). XRUIFEHEAYEFHITS, BREER
SHBHESEH, SRS Yu SRR 4 R0,

RV Gly 5 S8 X 51 41 e IR 2R A IR
ETERE, SRR At TR EHEN

CL domain
A

r

Collagen-like protein
VCL-Int

-
(=3) 496

(=15

\ \
Human al (I) 496-513

~N
499 502 505 508 511

(-9)
V-(GXY),.-GPAGPQGPRGEQGPQGARGERGFPGERGVQGPP-(GXY),,

A A A A A
v V 'V vV Vv

1 EHERFEERA VCL-Int R &RF Gly {E X REFHREE

A
\%

M, MRKIREH VCL F5;

. HARE, REFATRRE ol (DEER 6 P~ =Bk Y GARGERGFPGERGVQGPP3!?; £1 {4 5%
W ARG GFPGER; Wifh . BCZ MRk, TRIZ: Gly &5 LR B

Figure 1

Black: Bacterial collagen VCL sequence;

Schematic diagram of the recombinant collagen-like protein VCL-Int and Gly missense mutants.
Red:

Inserted fragment derived from six triplets

(**GARGERGFPGERGVQGPP?"?) of the human type I collagen ol (I) chain; Red-highlighted region:
Integrin-binding site GFPGER; Blue: Substituted amino acid residues; Underlined Gly residues: Target sites

for missense mutations.
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£ 220 nm AR fZ (K 3B, 3C), FfitHE
IR (Tw) o 55BN, XTREEEF VCL-Int
1) Tm {0 35.38 °C, TTEAFN S TIA Gly—Ala
8, Gly— Val 28745 ¥4 5 305 41 25 (1 19 $A88 E PEmg
A TR BN, G499A 1Y T {E 4 33.28 °C, G499V
M) Tw{HR 32.69 °C. BRI, RINEAEN
1) T ZR4LTEFEILE 1.50-2.50 °C Z 8], SEEA:HF
FH—F,

—2FIH DSC FIEHEAE AR E
Pk, &I VCL-Int, G499A F1 G499V iy #E 1
P —2(E 3D), XN T fH53518 37.27 °C.
35.93 °C 1 35.31 °C. {EfFERAZ, DSC il

PR B Ton (B30 1 55 F CD W= AE, X AT BB
T DSC L5t P THE AR, IR L5
H W 2 — 015160

WAL, AT Gly RAERNT = IR & 1%
W, AT TR AN &S 1%, RE G499A
1 G499V AR R 1) S AT B4 T8 5 VCL-Int 28
o1, HAfr F bt a] i 2 K (8] 4), BARTTS , Gly
SR RGN T &= W (t2): VCL-Int 1Y th2
4 5.5 min, G499A Fll G499V 43 H4EK % 11.0 min
M 14.4 min, FARSREN, Gly RASAL
T E ARG e, BB EFRINT IR ErR
Prs i,

kWL N S
15000 30000 45000 15000 30000 45000 15000 30000 45000
Mass (m/z) Mass (m/z) Mass (m/z)

& 2

FHREEH VCL-Int, G499A 1 G499V B MALDI-TOF [Rits: R

Figure 2 MALDI-TOF spectrometry results of recombinant collagen proteins VCL-Int, G499A and G499V.

A B
= 3 gy e, "
(=) —
é g [ 17 E—. g 0.9 \\ _(}499\/
X & 15 ~VCL-Int £ 0.6 "
~ 5 “G499A 2
= @ -30 ~G499v 203
= 45 ~ 0.0
200 220 240 260 10 20 30 40 50 60
Wavelength (nm) Temperature (°C)

3 EHERIREEH VCL-Int XX FTM Glyd99 RTRBIFEF M 5 47

C

AFraction folded/AT

D
0.2 2 000 _2;/%9}]{“
0.0/ 221500 1-GA99V
& o il
%35 1000 I
— | o]
W = ok | e
N — S = D |
—04; _Gaggy £ < |

20 30 40 50
Temperature (°C)

20
Temperature (°C)

30 40 50

A: EHEHALO °C TR CD H

i3 ; B: HALEFTE 220 nm 4L i) CD PULTERTLZ; C: CD BV PRI 2 — KR S5 0 4 Rl B2 26 5

D: T HEMAM DSC HHEE.
Figure 3

Characterization of the recombinant collagen proteins VCL-Int and representative Gly499

substitution mutants. A: CD spectra of the recombinant proteins at 0 °C showing triple helix formation; B:
CD thermal unfolding curves at 220 nm; C: First derivative of CD melting curves showing the melting

temperature; D: DSC curves of recombinant proteins.
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=]

[P

=

2

=

=

3 03 — VCL-Int

= — G499A
sl G499V

0 30 60 90 120 150
Time (min)

& 4 FHEKFEEB VCL-Int RIKFRME Gly499
RTFHENB SN

Figure 4 Refolding of the recombinant collagen
proteins VCL-Int and representative Gly499
mutants. The collagen domains of all constructs was
denatured by heating to 55 °C for 20 min, then
rapidly cooled to 0 °C, and monitored by CD
spectroscopy at 220 nm. The half-time of refolding
(t12) is defined as the time required for the fraction
folded to reach 0.5.

23 EEREFEEBNEBMERMES T

SRV L R ) IR e LS RS E M
R 11 A S IO TE 20 °C S50FF BTG I, 52
It R BN, 5% & A VCL-Int #i{El, Gly—Ala
RAMKZ R PR 15 min J5, AR B I
PIBTIE(E 5A. 5B), RULXLLRABARGREA TE%
B = HERELER . MIHLZ T, Gly—Val 248 Rk
BB RO S IR P 25 (8] 5C. 5D). i T
BERERITPH N WL G-15V Al
G(-12)V FARARAT A — & e, A
) Gly—Val 875 Ik 3858 1 X J A 11 il () fguak
P H, G(-9)V AR 2 R i Ak #EAY
2 min RIAT R 2] B B 1 455 28 Ak .

Sy it — 2 I 5 T AR 1 il BT 5 Y Ok
R, EEERE AU R BIR[G(15A
Il G(—15)V] B JBE 2R 1 B RUS: R AR 1A (G496A |
G496V, G499A . G499V kA7 Bsf [a] () Fil it Sz
N BRI, fREAHLIREEE, A
GRASRIIE AR, B IR H ) S AN
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WO T 58 A8 o B R M s BE R S Y . SR TT, AH
I Gly—Ala 22745, Gly— Val 2828 R X} ik 8 F1 il
FIRURPE S R, JUHE G499V FI G(-15)V, &
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5 EHEREEB VCL-Int & Gly REGKZHEEAEHEMHEN SDS-PAGE 747  A: VCL-Int J&
G(-15)A. G(-12)A. G(-9)A WHfEfaEN:; B: G(-6)A. G(-3)A. G496A Fl G499A MIRfEfaEME; C:
VCL-Int J¢ G(-15)V. G(-12)V. G(-9)V MBHFFZEN; D: G-6)V. G(=3)V. G496V Il G499V A
FEVE. TP ARG F ]S 0 2 Fl 15 min, M NEEF] marker, JESFAAREETREARE , HEAMIE 2.

Figure 5 SDS-PAGE analysis of trypsin-digested recombinant collagen VCL-Int and Gly mutants. A: Stability
of VCL-Int and mutants G(—15)A, G(—12)A, and G(—9)A; B: Stability of mutants G(—6)A, G(—3)A, G496A,
and G499A; C: Stability of VCL-Int and mutants G(—15)V, G(—12)V, and G(-9)V; D: Stability of mutants

G(-6)V, G(-3)V, G496V, and G499V. Trypsin digestion was performed for 0, 2, and 15 min. Lane M: Novex®
Sharp Protein Standard. Collagen monomer chains migrate slower than expected, as reported previously.
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Figure 6 SDS-PAGE analysis of VCL-Int and Gly mutants after different digestion times with trypsin.
Trypsin digestion was performed for 1 h, 3 h, and overnight (O/N). Lane M: Novex® Sharp Protein Standard
(Invitrogen). Collagen monomer chains migrate slower than expected, as reported previously.
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VCL-Int, HE &R ATEMEAT TR, H TR
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A
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Ol'mutations  Eo; Doy Vo, Rojy
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481 499
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Ol mutations A, Sorn S
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7 OIHWEFEHMWREERD ol DEFEEZESXERMIEXER O1REET B Gly 1Y
WIERRIIE W RAE N T7, FEPRTE TR Sillence 73283k %t O KB H AR 73 JE(O1 1L [l B 5
OINI: /™ ; OITV: HfE; OIT: )l B, al (DEEPEARLEE R XETY]; 6.
ORGP, TRIL: Gly 5 CRZEMH LA )0 JFEOER OL; #f. BULR Ol

Figure 7 Known OI mutations within and adjacent to the essential integrin binding sequences as reported in the
Ol database!®®!. The residues replacing Gly are shown below, together with the classification of OI phenotypic
severity according to the Sillence classification (OI II: Perinatal lethal; OI III: Severe; OI 1V: Moderate; OI I:

Mild)!). Black: Sequence of the integrin binding region and adjacent areas in the ol (I) chain; Red: Integrin
binding sequences; Underlined: Target sites of Gly missense mutations; Green: Non-lethal OI; Blue: Lethal OI.

12 -

0.9 | ns

S 06}
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SO T AT AT AT AT Q2 FT Q0K
AR N RPN VA SIVAIEN I Y

8 Gly BENRTMNEEHRFEEASEESREQENNEN 8BS S S50 E 5 240 I 5E H
A ER o2 | GMIRAAS A R8T o R A t R HLEX VCL-Int 545 Gly 28751 22 57 5Pk **: P<0.01;
#xk, P<0.001; ****. P<0.000 1; ns: AR E.

Figure 8 Effects of Gly missense mutations on integrin binding capacity of recombinant collagen proteins.
Solid-state binding assay of integrin a2 I domain to recombinant bacterial collagens were carried out in
triplicates, with averages and standard deviations shown as error bars. Significance levels were determined
by paired Student’s t-test between VCL-Int control and mutant samples. **: P<0.01; ***: P<0.001; ****;
P<0.000 1; ns: Non-significant.
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Figure 9 HT1080 cell adhesion assay assessing the binding ability of VCL-Int recombinant proteins with or
without Gly missense mutations. A: Live imaging was performed after calcein-AM staining of bound cells.
Scale bars=100 um. B: Quantification of adhered cells using ImageJ. Experiments were performed in
triplicate, with averages and standard deviations presented as error bars. **: P<0.01; ***: P<(0.001.
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