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Abstract — The exquisite structure and attractive biological properties of biominerals have great potential and increased
interest for use in a wide range of medical and industrial applications. Calcium carbonate biomineralization, mainly con-
trolled by shell matrix proteins, has been used as a representative model to understand the biomineralization mecha-
nism. In this study, in vitro calcium carbonate crystallization was carried out under room temperature and atmospheric
pressure using recombinant shell matrix protein GRP_BA and artificial shell matrix protein GG1234. Both proteins
inhibited the growth of typical rhombohedral calcite crystals in the calcium carbonate crystallization using CaCl, solu-
tion and (NH,),CO; vapor, and spherulitic calcite crystals with rosette-like structures were synthesized in both the pres-
ence of GRP_BA and GG1234. These results might be caused by the properties of block-like domain structure and
intrinsically disordered proteins. We expect that this study can contribute to enhance understanding of the calcium car-
bonate biomineralization controlled by shell matrix proteins.
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vl FollA, 71 S5-sAl EAsh= |l (CaCO5)2] 3=
sh= A A L] AFEsE S olsliah] flgh thaEAR] RElEA
ZAHiA 07 A7 Wol o] Fol A gkt sk AAF W 7] A
A& Tk B 718k vlo] @ m v 95% o]/de] 'k
(CaCOy) P 5% 1 7ke] A4 o E2] A Tul A (shell matrix proteins)S-
xshet f71EE FAE JloH, 11 F A WEY A ghe
vlolemvlg S flgt ek A7 2] 437 9 e 2o
A A S 3 Ao dE A Arh1-3]. AR thefet &
7ol A mER A chilzl o] Ado] w4 o), o iit o]
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F2 o7 vk ARSI TH5-8]. 1L =, AFZIN ]S (prismatic
layer)ell =48t 28418 thF &G-3h a2l GRP_BAT t
Aatell A Axgste] BARHE W 95% o)) 5% 30 mg/L
LR dojF 1, dojxl GmA L 29l FEH o BIAE &
‘dst 54 8 7oA teket nfo] emd[Eoll FEH o R
== Yo (nanogranules)®] A2 A E -5 ] WA
(spherulitic calcite) 37J ol T3t & stotallh8]. Bgt, X
F2702] A5Z(nacreous layer)ol|A] JFE Ao AHH o7 FQ
Sk bl 2 e pife} vlEo] Rlu[ERA7olA] el S0t
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SITH10]. 0213 SollA],  1=Fofl = 47] GRP_BAS} GG1234 &
WA o] gate] pFo] 4 Z7lo] ofd tirFelM e 71 B
Al 79 A=2(20°C), (1 atm) FZ oA CaCl, ¥4}
(NH,),CO, T715 ©]8-3t eilbda 274315 2dsiely, 1 475
FAPAAFAR) S o] &gk FEEA X4 SRS T3 ek
2 S A8t

2-1. GRP_BA % GG1234 THEZIO| MAL
GRP_BA w7 o] Aike- o]z AAtof 4] REE91% GRP_BA &

w2 k3] e S 2k Qe A 323 1 S o] -8sfo] o]l
T o ® AATHS]. 11s] AEEhd 50 pg/mLe] A
2lo] 23kl 400mL LB Bl o]l A7) WEl 7} 23H gat AlEs
HEslo], 37 °CollA] R gl ok
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A2l Isopropyl-p-D-thiogalactopyranoside (IPTG)E %5 %7}
2 mM H 5= 4718k L, 37 °CollA] 4A17F Bt F7h R ujokst
=, W AEE Aildeate] el AlAskL AlEE 3]5et
Aok AEZZ5E Aake Gl O His-tag ©] E3HE whl o] of
3 5242) Ni-NTA M3 2ulE 72iu)e) 93 HAS Falo] &5
95% O 0.7 30 mg/L2] &= At} X2 GG1234 &
W2 sk Ay AelA] g E HE 271(0.02 mM IPTG H7F
O] 20 °CollA] 20A17F 7} uljekyel| A AAakskar ZJA8te] 400 mL
LB | 0 2 FE] S5 95% ©1742] GG1234 TS 15 mg/L
TE=2 A3 (data not shown) [11].
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2-2. GRP_BA 3 GG1234 THHEIS O|ESt In vitro THIZE
a3

GRP_BA &4 2l GG1234 TS o] 438k [n vitro 2o A <]
kg A5k Al ekt d A4 s Uy S shuel
CaCl, §-H7H(NH4),CO; F712] gitel 2t A7 gle)] 7|Hlo =
ao] =YBIATHS]. TAIF 0 b AR 3] I3 e
cover glassE isopropanol®l| B+ < sonicatorel| 4] 104-5-<F A&
a1 FFHFE AT AF510] 24-well ZH|0] Eof nidte] 2o
% opokdt o] AE b2 (GRP_BA, GG1234)°] E£38HE 10 mM
CaCl, €5 24-well Z 0] Eof Y 24-well ZYO|EES 1]
How ol el vhs7ES B2 ther vrlAlelE o ik
ok diAAlolE] © ukee]] ok 2.5 g9] (NH,),CO, J9-H 5 ¥al
dAAOTH o] [ F-& A& F o5 4220 °C), &5t atm)ell 20
AZE E3E FoFATh A7) Adel tigh Ui S E 500 pg/mLe
BSA(Bovine serum albumin) &2 3} o}~ w2714k Asp), 55
2H(Glu) & 247 2386131 Q1= 10 mM CaCl, Aol A 12 FA] o)
zlggeraint. ol 5, A4 stel oal fre] Fol Fe et A
S SRR A B AellM Hxalalan, A7 o] FeiE el
BR8] flte] Lol WES Fo 7 IR o] F FARIAA
w7 (SEM) (SNE-4500M; SEC Co., Suwon, Korea) ®. 2 #+2-35}%1
o} gk dofxl AR o] X-A 3] E S X4 81874 7] (XRD)
(D/MAX-2200; Rigaku Co., Tokyo, Japan)Z 2218131t}
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Ao M= 94 GRP_BAZF GG1234 ©H 2 o] o}m] At 12}
HAE WA RT3l 9] e ETol A FE] ofn] At
7} 4oJ: GRP_BAL AAH o2 22 4l(Gly) (25%),
A& (Ser) (10.2%), 22RJ (Ala) (6%)0) B2 F5-& AASH1L Q= T
A (Intrinsically disordered proteins)®] A AE5d-S zka1 §)
© 1, Glu(8.6%)3} Asp(6.3%)E EHi3F0] Thi A o] 3f pl #ho]
3.6491 A o 2 VeRg T 3, Tl o flexibility S o1 5H=
) EFQ olm| ko 7 47l Glyo] FH3 LH ¢l (Fig. 1(a); =
A ZG, A2 pl 3 9.18)2, Al 2] pl 3ko] 2.980] 3L Glu,
Asp ¥ Sero] 53 TH|Q)(Fig. 1(b); 2FM 29)2] F /2] =50
E FHEEo] chillZo] o] folz] gt} $HA, & AT ellA] A|xs
Q1 F A GG1234% GRP_BAS} FAFSHAl g chuld o] 28
A E4(Gly 23.6%, Asp 21.5%, Ser 7.4%, Ala 6.0%)=> A
O A gAlel 1A} 2 T NS TR (Fig. 1(b)e] =7
(pl At 4.68) 7} 2FA S (plak 2.96) ) 0= T4
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AZZENA GRP_BA 2 GG1234%F o4&

(a) DGYDDYKKYG SVGYGPGISL GGGGLGGGGG
IISVGGGGGL GGGLGGGLGC GLVGVGGGGL
IGGGFGPGRV SGTINAGGGV FASGSGLGGL
SPAGRGAAQG AATLSALQIA SGRPGRVSGV
SVGTGGGRAV VSGSATPVGG FGVPYGGYGY
NYGVPSYGVG LPSYGVSLPS YGVGLGGGYG
GYGYGLDLAS FQGSTYGNLA TGQINTAVVA
FHMAVLLESM EAESDTEVDT
SEEDTESEED TESEEDTESE
SESSVVDQVS MVYPNHFTGD
LEFPALFALV SVVLE

(b) MQELVATERR EVATMQELVA TWKDEVAMMR
GEVATWKDEV AMMRGEVATW KDEVATVRGE
VATWKELGAQ KAAVQLEKME
NGDLGDNGDL GDNGDSEDSG
SGDCGGSGDN GANGDNGDRG
CGNGRDSGAN GDLGDYGDSG
GDSGDNGANG DCEDNGDIRD
GDNRDSGVNG DSGDSGANGD
GDSGDTGDNR DSGVNGDSGD NGANGDSGDN
GDIGDSEDNG DVGT

Fig. 1. (a) Schematic representation of the amino acid sequence of
GRP_BA, where red letters indicate acidic amino acid resi-
dues. Yellow and green boxes are two domains, respectively.
(b) Schematic representation of the amino acid sequence of
GG1234, where red letters indicate acidic amino acid resi-
dues. Yellow and green boxes are two domains, respectively.

wo] Itk o] gt T o) MY e, aitAte]] QA fEs=
N A (PILP, polymer-induced liquid-precursor) B2 934-2]
Fop|Z o] E Pl Fofsh= Tl 5] NG 547} fAleta,
A PILP 2 FolA| 2o E= ] 1142 A7 815-E (non-classical
crystallization route)l] &] &+ €25 A7 ] /3% L e Aol &
Q3 A8k = o7 BekE] 1 QIU}5,12,13]. AAIE GG1234=
AP ATreA g8 AdollA] o] FopEHo|ES P 0w
A8 AL, SFF A Q) FopH 2 Mol E A el el
oA TS FHHL0] ek o A Fejo] ek A9 A
A FESRTHT). vIRPIR 2 GRP_BA 3 A7) o)Ak A
EXoll 7)1 z3}0] o]eigt el M- Aol AeE Flo 7 V)
=gl ot, ob A 7kA] WY FEje] M B s 20S
Z2] Zapoiek, shANE, T A 12} %A A sk vk A
3lol] TE3) IS = o g, B A eA= GRP BA &
WZo] A4 Ao ofH FFS T A Lot Utk 18 a
GG1234= A3 AT olA GRP_BAS} 2] FoPZH0|ES &4
st FE e ek A4l #oistol GRP_BASH UHE &
A& BHPANE, A8 QAtolla o] FotM 2 H|o|EE o] §514] ¢kl
GG1234 T2 2HA| 5 24310 GRP_BAS} niz7 A 2 GG1234
Sl 2pA) 7F @A A Slol] oW JFS FTEA Gobi
et

GRP_BA$} GG1234 &5 ©]-&-35h in virro T4 A3k
22491 A7 3} W<l CaCl, €9 2H(NH,),CO; T 71 2%k %
W& 0] g3to] A3t Z1olA W8Tt Fig. 2(a)= GRP_BA ©F
W2o] EAGHA] oFE w] A B A4S UERH, 2 4

23tz In vitro WA A7) 207

#7829 54| (thombohedral)2] ¥4 (calcite) FENE- Ho]aL
St 10 mM CaCl, £H4-& AHE-8IS wl A7 ©] 371+ 2F20~30
umO| 131, 20 AlZE o A3k R EElI = o] o] A7) Wish=
-5 &= 3191t} Fig. 2(b)$} Fig. 2(c) 28] I Fig. 2(d)y= T3t 4]
3] 270l 212} 250, 500, 750 pg/mL 2] GRP_BA7} H7FE 1S
o A% Ao Ax= HolFEth Al Af v A7, A Roke
3} 22 (rosette-like) FENC] 73 A7go] A= UL, ZH2te] 7
B AL A2 Ato]=2] 3] (subunit) WalA] Aol A A
o]F ozl ZXH Hdck oef gt FEe] A% T2= o] H ] 1A}
AL o] &8 P Mg grellA B o 8,14,15], o]
TFoHH f71E 5] 7l w27 Fel Wl Y f7]Eel
3t who] @ my|2hof| A wo] Hodx]= Ui YA (nanogranules)
FEE A odth. Aspst Gl A& A5k ofv| et 7]
F vk A% A% Al A7Alel dldshs S22 (cluster) 2F
“gslel] 71ofshax] FAloll A HPA A el 71 A uA] ] FEks
FE= o7 d#A e 2(16], 242 500 pg/mL2] Asp (Fig.
2(e))*} Glu (Fig. 2(f))= E&sh= CaCl, FH4S o] g3to] ¢} 5
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Fig. 2. Scanning electron microscope (SEM) images of CaCO; pre-
cipitates obtained at 20 °C and 1 atm aftera 20 h incubation
using 10 mM CacCl, solution and (NH,),CO; vapor with no
GRP_BA (a), 250 pg/mL GRP_BA (b), 500 pg/mL GRP_BA
(c), 750 pg/mL GRP_BA (d), 500 pg/mL Asp (e), S00 pg/mL
Glu (f) and 500 pg/mL BSA (g).
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Fig. 3. Scanning electron microscope (SEM) images of CaCOj; pre-
cipitates obtained at 20 °C and 1 atm after a 20 h incuba-
tion using the ammonium carbonate vaporization method
based on 10 mM CaCl, solution and (NH,),CO; vapor with
no GG1234 (a), 200 pg/mL GG1234 (b), 400 pg/mL GG1234
(c¢) and 600 pg/mL GG1234 (d).

Ak = ]"1 AA3}E 73Yste] GRP_BAS] Qo] il S
‘d3h= Asp ¥ Glu op]:=ALO 2 HE] o7 EQl=A] Gotrghont
A% 7‘74°ﬂ"1L o]z M8 1 a9l g opn|icAlo] BhlES]
A% 7o) S A 5= & T U E35h GRP_BAY
FAFHA AV pl 3k ZEA| 9 33F T2E WERH 2 TE T
1 BSA(pl @t 4.7) ol&-3to] mix7 A = 7] A4 stE X sst
SO, o] 9o GRP_BAZ} A3 v doxl AJm]Hofe]
el 73 A% A=A Fka WA A o] dof
HHFig. 2(g)).

4, Fig. 32 GG1234 S-S o] @-3to] A7) 9} wdshA &
& AR x4 oﬂfﬂ CaCl, §3} (NH4),CO, Z715 o] 43 gkt

& A3 35 At A7E vERITE Fig 3(b)-(d)ollA] R%o]
GG1234 D&‘ﬂ@_«l A7He AEelA, F o] Afol= A, ¢kl
GRP_BAS| 73-9-¢} mpxb7HA] 2 212 k9leke] o] a2 o= 4
| v ek 2E 78 48E 4s 5 A%, o] Afel=
il = Wlsy A A ARl S T skl e
A% kel & AsrF vehtA] kgkow, 7]l &gk vio]
uluol|A] wo] B oyX] = 1§ (nanogranules) B-3+ #H2H5] %
okoktt. XA 31 APE B3l GG1234 T ofsfA dojxl
AR o] & FA8I0E W, SEM o]m]R] AdellA] o= d o
2,57 73_?_0111\1 x«] —]o Ho H/HJ XA Qx% -"HE']’Q‘ 04_9_/\ ol
A thFig. 4). olel st AP A 7}+=, L Gz GRP_BAS}
GG1234 A5 o] &3 =84 Aol o] ek A3t 4 A
240l FHEYE = AT o] d AT HellA] ASH
vhegdake] 370 9 olE B8t 78 e i) eikdE A4 A
3= Adolgt AFfo|th7,8,11]. H T {7 1E SAStelA eikd<
A7zl JS F= P EE Al A2 259 {715
5ol E A s} X3 E = S0 AR A AL ieH17,18].
AT A3 220 o] AsiAT Ao} v wakGle W, oA
W W) 12794 A7 3} 2 (non-classical crystallization route)ol|A] 1L
A A% 317 2 (classical crystallization route)%. 274 37} Z ¥ =

op
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Fig. 4. X-ray diffraction (XRD) spectra of CaCO; precipitates obtained
at 20 °C and 1 atm after a 20 h incubation using the ammonium
carbonate vaporization method based on 10 mM CaCl, solu-
tion and (NH,),CO; vapor with no GG1234 (a), 200 pg/mL
GG1234 (b), 400 pg/mL GG1234 (c) and 600 pg/mL GG1234
(d). Peaks indicated by asterisks correspond to the calcite
phase of the XRD data.

3

o] W A A2 pectin, carboxymethyl
G-b-PMMA, PEG-b-PEIPA &} 7+-&
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