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Present State of High Quality Protein Crystal Growth in “KIBO”
and Approach to Rational Crystallization in Space

Sachiko TAKAHASHI 1, Bin YAN 1, Naoki FURUBAYASHI 2, Mika MASAKI3,
Kazunori OHTA 3, Koji INAKA 2, Hiroaki TANAKA!, Tomoyuki KOBAYASHI?
and Yoshinori YOSHIMURA 3

Abstract

The formation of a protein depletion zone (PDZ) and an impurity depletion zone (IDZ) around a growing crystal due to
the suppression of a convection flow were thought to be the major effects of microgravity on higher quality protein crystal
growth. We studied those effects numerically using a simplified model, and found out that the combination of the diffusion
coefficient of the protein molecule (2) and the kinetic coefficient for the protein molecule (§) could be an index of the extent
of these depletion zones. According to this analysis, we recommended to use high-viscous crystallization reagent to
decrease D on purpose and further-purified protein sample to increase f for microgravity experiment. As a result, for some
protein samples, this approach may have increased the microgravity effects and grew higher quality crystals. There are
still some more details to be elucidated, but when our technology is more established and can be applied to more variety of
protein samples, the crystallization in microgravity will be more useful method and will contribute to the X-ray structural
analysis more practically. In this article, we explain current status of JAXA PCG, and introduce the rational approach to
high-quality protein crystal growth experiment in microgravity based on numerical analyses.
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N BERERRRICET 2 b#E® H iz, Chayen &
X OBBRIC LY, VD HETIEERE ORS8N E
NBRETHLBHIT L2 EE2RA LI LD, —RITHE
Aans VD RIIFEER CITHATRE TR L&
AOMMZ LY. ZofER, U%o ESA OFHER T
WARDIEAFRIA L=, CD IEREITHEbNLZ & L
> 7.

Otarola H i, JETWEEME T, M/NEHRE TR
oY Y F— LfEEEOFN T, BEE TSI &
n7T, ¥ 'HEXRZE (PDZ: Protein Depletion
Zone) MNEMREND Z L E2BE LT 9. PDZ OFEKIC X
DRE TSR ORE X X7 BREMETTUE, BE
HWEETL, MBIV AENEZDTFOT 4 A4 —4F
AL, mEoR ERHI/FEIND. bR, 22T
WH I Eom ) SiF, #lxE X BREPTERIZB VLT
1%, S fEEEDm L, T A VT 4 DRVETH D,

Thomas 5%, U Y F— AR ~DRMB DT Y AT
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7= 7. ZiU, FEREICARMY R Z)E (IDZ: Impurity
Depletion Zone) MBI N D Z LIZ LD, FEfmICHY
AENDAH AT IITHER DT 4 A4 —Z 13RI
T5.

Table 1 High-quality Protein Crystal Growth

Experiment of NASDA/JAXA
Mission Term Times
Odissea(ESA) 2002.9~2002.12 1
JAXA(NASDA)-
2003.2~2006.4 6
GCF
JAXA-NGCF 2007.1~2008.4 3
2009.7~2013.4
JAXA PCG 6
(TBD)
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WTHIL TS 9.

NASDA/JAXA THFHEREOKAFAO B L LT,
BNy EREEAERRICELY LA T ETZA, 2008 FIHAE
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Gr, = buoyancy forces
viscous drag forces

LITFER, dcl3REZE (BRREOX /N7 Bk
EIXRER~DOBOALTIRT 32 O THEA L ORICIRE
ENELD), o FEEROEIESR, v II8KETHS.
ERRIZY VF— LAOfEEREEMET, EIET R v A%
TR LT DL — AT, G =1 &
25D [=0.2mm FEETH D 9. £72, TxORET
X, 30%PEG 4000 # E7/= 5tk L § 57— AT
X, [=1.17Tmm BRE LS. T70bb, ZOFEEX
D BRI DRI DT IdE, B E KW RIS AR
FIZATTH, fidECRWnWEEZ NS,

FEREO X BRI EBRM TR ROEE, B LD
A7 X BFRCRIHOLRICE Y, Ky m OMHSHS
THT —ZPENARER VAT A BBESNTE T

=La-Ac-gv?

01120



il S,

D0, —IE A OJFRT- OB T ENHABRIZHENTE 5
LD R RRE (59 1.5A Hffe kv BV OETTF —#
FRALLYETAHE, RED 100pm BEU EOKE
SOFWBMAEE LV, ERTIE/BHOKE SIL, FHRO
RKEEDOHREZZIT D720, ZOLIBRKREEOMES
WEFT 284, HIETH 0.3mm 725, TEXAIE 0.5mm
SEHTEE DA — )V OIEEPLETH 5.

FEHERMENE LT R Y U A EoREEREOES, =
DA — L TIRALRD & 912, BEESHRARLESTS.

—7, RMEREV PEG 4000 @ X 9 Aefb bR EE 04,

BRI IX B E AR IR AE LT T Tthd. Ll
RNG, Ny FELUANORERIEFIETIE, 78D
WEEFEDIANT, FERALRIED R E ERIC kT R
DRI EB/NTRETE Z L0, BRBEIHFICT
DT ENTERNE, BEERZMIET S Z LIXEHRS
nTWARWY, flziE CD EOX Y BT U —084, it

{EIREDBEEZEIC X DRNIE, Sy ET U —%Hic LT,

fEem I 2 % v © 7 U — NED b JEH S HAvEEl ¢
x50, FEREXF Yy I ) —0RIIILEICRY, B
LB, —J), ¥ TV —ERICT B L, FFEEEM
ZDHTEMTEDN, ¥XYET U —Imh bt S 75k
pfbEREE T, ¥ ETV—KRAED Lo TLE
W, BAFRAEE bR A FRTE RN, 2ok, X
ST T b DS, BEERZMIE LRk
Er ECEEATIOESDEZANETHY, LV
HIZERBA T AFHERPMHIND Z L1tk b,

32 #EEBELILEIS

WUNE BT, BWEEMRAMBIEND Z LTk
v, BEH O EDIIEB S SR S, PDZ X IDZ
OFERPBIFFTE S, Zhix, ERmEEke e Lo fiE
BRETNVRICE VBT HZ LN TE D, PDZ OFFRIC
X %%h81% DFR (Driving Force Ratio) & LT, IDZ
DRI LD AP EY AL IGO0 R IT IR
(Impurity Ratio) & LT, BAFDO L 5 22X THRAI T
7% 101D,

1.2

1.0

0.8

DFR

0.6

0.4

0.2

0.0

0.0 0.5 1.0 1.5 2.0
RB/D

Fig. 1-1 Effect of the protein depletion zone
around a crystal
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Fig. 1-2 Effect of the impurity depletion zone
around a crystal
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Table 2 D/ value depends on the sample purity and the viscosity of the precipitant
Sample purity Precipitant Almm/hr) Dimm?2/hr) D/B(mm)
High Salt 0.34 0.36 1.06
Low Salt 0.17 0.36 2.12
High PEG 4000 0.41 0.094 0.23
Low PEG 4000 0.14 0.094 0.67
Table 3 D/ value and the success rate of the space crystallization
DpB(mm) <1.0 1.0~3.0 3.0~10.0 10.0<
RB/D 0.097< 0.035~0.097 0.006~0.035 <0.006
Av. of erystal 0.097 0.105 0.063 0.062
radius(mm)
No. of sample 6 13 13 13
Successful result 5 10 6 4
(%) 83.3 76.9 46.2 30.8

<HAT L0, WIRPOEREEZ Kb+ L
NEETHDLZ 2RO B, EE, Eox o
BIZOoOWTZOMBEEMFILI-EZ A, XU BT
DREOMBEROELE &, AR LEZREREDOMIC
E—EORBENR AN END Z ERHLNIR-T2.
DFER, fEkE v bikx o v 7 EREHIR L T,
PEG Rt biRIENBEATRE L 2~ 7. JAXA Tix, #
YRTBOT I BMENS, ZORBEAHTETSS
077 AEERL, FbERIZEEAL TN D.

—J, pIEF N ERE AR LY M ERDD D
ETCRELTDHZENTED. HIZIE, VYyF—Lo%Ag
FrRW I v~ NI T T 4 —CRELEMERDD &,
B BEEREL D%, EULL ISS & HFIAMF7EH
FOBHBIR THEB L T35 (Table 2) 14.

EE, BRbicfashsz 78R k%
SDS/Native-PAGE 72 & TN, /047 A @ 0 fifREA 4 > &
oo~ N7 T7 4 —THNT5E, LIFLIEERSZ v
NWIBERUSTERND, REORLRDSBEATEERE
BORIMEEN, TDIHLONW DO TIXREF
R EAR LW Z ERDD. BELL, ZOLHR
BT XA A i AR R DR 0AMNB IS B A2 5 2 5721 T
2, FmEECHLEELEZ, pIEEZEDTNEDT
RV E B ENTZ. DD, 4 HIRT X D 28
T, B 2 RELTBEDIL, Friox X7 EREBION
WEFEE LA, BERMRE/BOND Z LNy
o7, FZTJIAXAPCG Tix, sé&thniEo - ehci
LT, 2oL 7B RAL@EHL T\,

3.4 DIpELFEEBROAAM

Trlx, 2NV EyFOIERE (D) 27 712
ET 2B, by 7 BT ORERRE DS
AT 4 v 7R (B) BT 7IHEET 2 ERGEEER

L, D& BEEZMEIZCABGLZENTELL IR
7219, JAXA PCGH1~#3 T b 17 F 1 A B b O fit 1
kv, Dp HEEFHERTOMER EEOMBEZREL
7o, ZOfER, Table 82T X5, DB 3mm LT
T, T5%L EOREHZB O THEEHEEROAHAMENRD 5
nic., ERENTRmoOREIOFEEE D, g OEH»
b RYDEHETHE 0035 LI ETHS. ZofER L Fig. 1-1,
Fig. 1-2 # i+ 2 &, FHEROAMHEDF7- 2B H
%, IDZ OHRTHAH LEZBND. —JF, TR
BT EBRBNITOFRERO L 512, RAKEW (13828 Imm
BEL L) $4121%, PDZ & IDZ W5 O ENHIE T &
HZ LT D,

ZORER, TR D & B O L FHERONFENH
FFCED0EI AL, e LSt 2 dET
L rT, FHEROAAMEZ®ED DEMRIIOT BN
DTIE72WV N EB XL TND.

4. FHEBROHRERERS]

INETOFHERT, M ETIIHEW RSN
#Hohzpl LT, HPGDS?®, L-PGDS®, a
amylase!”?, lysozyme!”, H-Protein, Pfv, hMTHI,
cellulase, glucose isomerase, RDV, NYHY, NusAl®,
mistletoe lectin IR F 5 5. ZDHH, FHER
DROBERPAENTHSTo WL O OHE LU TIZART.

4.1 oa-amylase

a-amylase (%, Odissea mission (Table 1) LLNIFIE
fEmE], JAXA MBS ¥ X B L L CFH ERICEE
LTCEHBITHD. bbb, 4CTHMLE WG
LMD —NTh - 7208, FHERBE (20°0C) TIE
fEik L7an7z,  PEG 8000 % MW 7= i b b 28
WLz, ZO&MEE, 79 RAF =Ry, B
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Table 4 X-ray diffraction resolution of a-amylase crystals grown in space
Exp. ID GCF GCF GCF | GCF | GCF | GCF | NGC | NGC | NGC | PCG PCG | PCG | PCG
#1 #2 #3 #4 #5 F#1 | F#2 | F#3 #1 #2 #3 #4
Resolution 0.9 1.1 1.0 1.0 1.1 0.97 | 0.85 1.1 1.15 0.95 -¥2 1.19
)
Space P2:12:2; | P2:12:2: | P2 P2; P2; P2; P2; P2; P2 | P2:12:2; P2;
group

*1: X-ray diffraction experiment was not performed.
*2! a-amylase was not launched to ISS.

FEmERAMEREMENGFETH S, £, BEHCIIMWE
DRI D 3ROMNEEND Z A HPLC 94T Thoo iz
7o, AF VR a~ NI T T o —TolEL, #Eo
B)—tem EER oo, SO ORI E 25,
MO T 2=V 2 M ULIc7 T 7 v a VBRRET
Hote., M EEBRTERIEIY 7 T AX—FimBTET
<, FEHFAIRREIE 1.12A Tho7223, Tl ER TITHAE
BN SRR L, BT REEIIR B O — 2T 0.85A &
pode. Fio, FHAERMGEILZ 7 X Z —{bn3ffl s
TWe., TS EBRmE O ¥ 37 BB PDZ O3 %
TIKTL, H@aRETO 2 REFELEMHIT 2005
Z b5, aramylase DT EERIEHFERE L Table 4 I

T, BEMEERLS, ML TERIEKRRMER T2

4.2 lysozyme

lysozyme & JAXA $HfiBAFE X X7 EHE LTHF L
TERXUNNIETHD. —REIIE T ) o s %
FEERIRICFI A LSRR SNRDS, D KD
L0, mHEOR LKL mY—H 2 EmH T2
LW HEZXFHT, PEG 4000 ZFN L 7SSt % &
WL, FhAA o~ I T77 40 —TREIOY
—MEE O, ZORR, B CIXRIPT SRR
1.08A Th o778, FHERTIL0.88A Lk L.
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(a) (b) (© @

Fig.2 (a) Gel-acupuncture method, (b) Gel-tube
method in Granada crystallization box, (c)
Gel-tube method in JAXA crystallization
box, (d) Microchip for growing large crystal
(0JAXA)
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4.3 H-PGDS

KB NSA A A =2 ARFFEFTERH S O MR 7 1 2
&7 Z Yy D AEEE#E (H-PGDS) 1%, ##io JAXA
FHERNSHEH L TR, thEE A ARk Uik ARk
BoTWhehol, ZORMEHIH EERTIZS 7 A4 —
W03, HiEmEERT IMRIXEL-72. 1D
TEH ChEmbIZR S L= D%, NASDA-GCF#3 <, F
HHERT 1.3A BRE O R & 57,

ILRHWEEFEHEL, FHERNT OMERBILEMTK
Wb ZMRE L7z, fiebaEkiT s & b & PEG 6000 & H
WTEY, DITEW. —J, HPLC TOSH TIEfiED
BInD 3 MAONEENDZERShololnd, 4 F %
oo~ 7T 7 4 —THEEL, BEtOE MR EEK
ST B OREETRR Y, EOICEE LY T2
varORBNREHFTH Tz,

ZOREERWT, Hx REAEBE SEEEAE
EiERELIEZE 2 A, BEANCE U TR 2MHIEITE
ban, REOLOTIE 1L.1A OESERESEER LT,
ZhE, INFETHE SN TWS H-PGDS ¥ L7 B D
e LCE, &ELVILVONMRETH D ERERIT
1.6~2.2A ). F7-, HEERL TRV FAX—
(LA STz 19, H-PGDS OF i EBRE i 1%
SCHR 20 BB E 2.

4.4 L-PGDS

F U< KBRS, A A = ZARFEFEMN LD Y R Y
VRITa R B 7TV D ARkEEE (L-PGDS) %, =
NET C65A ZHIk%E, M (vur@Br I vas) %
FEE LR & LTS E LT & 7228, SR popE SR I
<, FTHERTOMBAERITHL o7, ME—, JAXA-
NGCF#2 THEGmAm L7283, 2.0A BNEEDMETH -
7=,

FIT, FHERM T R#ELEBEL, MabR¥EE
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2. ZORE, 1.16A SRR & MERRAE L.
P CREDE 2 7k v, Wild Type ® L-PGDS
FALICHID TR L, 1.06A DEEEDEITT — X %155
TLMTER, HERESROSRREE 1.3A TH o7 10,
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T, FAT X2 7F a7 (GA) i 2V CRifbz1T
->7- (Fig 2a). Z®JNkEE, GCB OJEICES=T I nm
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— DRI T H e —ATF VD A=V arFa—T%
BETD FNFa—7 (GD) ik 2 #B% L7 (Fig. 2b).
GT 3514, 2004 =0 JAXA-GCF#4 THIHTHEMSH,
BIEE TR 11 BlOFHER THEDLILTWD. GT EiX
GA JELE_TEy b7 v 7REHT, MR LEiE s E
FOLMEG RSN L, S0 GT %, $v
v 7Y — & bisR DO A -7 GCB IZ A, #Efuibs
TH9bDThotelndh, BEHENEL, FloMmbE
W2 120 GCB T 1 A LIMMEZ ooz, FD=®,
Fr 7 U —1 KT DEML L 2R mAIER O & I
LiATe X D IC#F LY ) v O — A K ONE DOIMAIE 55
JAXA Crystallization Box (JCB)  (Fig. 2¢) 9 % B
FEL, 2005 FD JAXA-GCF#6 75t 9 BfFEH LT\ 5.
JCB Wz GT 1%, ZHOfEEbEFEZRTZ &N
TX51FD, KHEDEN ENY, GCB EARFE T 2
BEDOFY T ) —2HBHT DL ENHREIL RS, F
7z, JCB &tV ORME LER/NRIC Lz, HER

Fig. 3 Large crystal of alpha-amylase grown in
space (OJAXA)
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MR OHEETERAELTWA. FADIX, CD EEAOM
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Table 5 Usefulness of space experiment in JAXA PCG#1~#4

Flight PCG #1 PCG #2 PCG #3 PCG #4
Date 24/07/2009~11/10/2009 03/02/2010~02/06/2010 08/09/2010~26/11/2010 21/06/2011~16/09/2011
Duration 11 weeks 17 weeks 11 weeks 12 weeks
No. of 34 36 48 53
protein
Good NG Good NG Good NG Good NG
Acceptance
test 4 30 3 33 13 35 29 24
(12%) (88%) (8%) (92%) (27%) (73%) (55%) (45%)
Applied No Applied No Applied No Applied No
Further
purification | VA | 23 7 | NA T 99 13 | NA 8 27 | NA 5 19
(77%) | (23%) (61%) | (39%) 23%) | (77%) (21%) | (79%)
No. of
launched 4 14 7 3 12 10 8 4 20 18 4 9
protein
Single
4 8 4 1 10 4 5 2 9 13 3 4
crystal
No. of 3 6 0 1 3 0 4 1 1 8 2 0
successful
result (75%) | (43%) 0%) | (33%) | (25%) 0%) | 67%) | (25%) (5%) | (44%) | (50%) (0%)
Success
26. 16. 12. 18.
rate (%) 6.5 6.7 5 8.9

BE LT, XU\ s NSRRI O YERUTEE
BEOIKTT, Wb EORRERTY 7% BN
—T&ERWV (BbDWE, B N—7F 5 F TITEEMB»D
%) REICHET 2O TIERVW I EEZ, EREOEIRK
O 2R AN, RENRMBRRICII R SRz
Fo, AEORBEROBERMEZRHE & F—EKRTE
MEL7-E 2 A, %< ORECREBILOTFEMERT 20
TEERBRLE. iR EHZOWT, SDS-
PAGE 72 5 TNZ Native-PAGE FERKEI THIAR 2 #EZR L
7225, K 8 FILL LR TEUEHER I & 2 D3
MNHDHZENGyhol-. 2o, sEHERIZ X - Tig,
FloRMEREZBIMERA T Z L Lz, £, fat
SRR OWEE TR AN Z 0 12 < WEEHZ W TR
B RRERZEAT 5L & L.

53 JAXAPCG EER#tE

Za havo@mE AR E N E ToEBRR R E
(JAXA PCG#1~#4) % Table 5 THELL 7=,
INODORERNS, UTORBHALNE T,
OREHER BB TH - 72, BIORL TRV
ATHBEMOMERAZEA L, > CD EAF Il T
AT, AARERIE . QREHERB R T
2, BIEREEA Lo s, FRNCH MR
FERO LT, HHAREE.

ok, FHEROFGHAMEEZED D 2HIZE, W
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WCHBIORE 20 FSEA0NEETHDHZ EBHD->
7.

6. EIhi-EReE

kDX 512 JAXA PCG Ti, FHERTO X #E
WERMTEMEMRSEZER T 2EEE L, Bl
M2 PDZ/IDZ i RET 52 & T, FHERETLY
RiF7erbintmk L, ERMEMTICEmTE 5, L
T2 AR — A THFBARZED T/, LrL, ZOZXF
— ADHFITIEEREERRER DT, Bahd & an
ZaFBENTND.

BIZIE, LFOX IR A%oiETh D,

— M BIX, IDZ OBRIHONVTTH L. —fRICEHED
FIENEEDLE pAKRELARY, FHERDFITMES
N5, BADL 2913, Foton ZFIMH L= FHERTAERL
U Y F— LM OREBRRE, FER, CHRICH
PRI LTHRAILIZE A, B RRELSR-TEY,
F BRIV IAEN TR OMENREH o TNEHZ
EERHLTWS., T74bh, EEOFHER TOMRE
IR T, AESR R ORI DR IS BB
EHL, EBEAMBOBYIALZBELTHENS, A
CAREM R 7 e ANREZ > TVWELE LS THD. LR
>T, 3 HTET /ML L X D ik ERRIE, o
REEBEL CHBRNTZ2LERNDHD. T 3 HOET
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MMEEFIREDET AV TH DN, EEORRLIXIEER
BRETHDLIOT, TNEZELIEETNICTOILERD
5. B, pERHMELOBBRIZOWTERN K
MNETOLERDD. ZORKE, FHEROMEESI X
I 7o dic gl e, JTLOREOFERMYIEE OFEEE
DHOLMNIR Db Ltz

TORBE, R AR AR R R B O Y A B A ) R
L, REmOBBEICOWTOMBETHSL. ZofMEIZDN
TiE, < OIEENT TITERY A TWSDR, FHlHE
BRCEBEIND LD 7%, KBfafifE, KAMSERE O
AEFFEBIZ OV T OMITIXRIFED DLERH 5.

=M HIX, Garcia-Ruiz H WNRET D, 7T Hr— AT
EREEE AL U 72 AR T X B B N B & R
RELDESLTHD. bbb, W ohDH Ry
BIZOWTT H e — AR TOMEIL 2R, K
ARIRMNBRKRE LS BALT By —AB0 R0 552 L&k
BLTWD., SBHIZ, 7He—20RINE ORIy
ThirIEMD, p KT &8, PDZ/IDZ Rk Z i+
HOTIERWHETHLTWAD, FREEBRMYICIT+S
et LT, b L2 ORBSERNICHI O b,
FHERIIBREETIX, ¥ U BRERERREE LT
FROLDTHDL I LEHEIETEHLEBEZ TS,
AR, MNENIROTIEE 2SO 285 T
RIFINETH D, £z, PEG Rl CIahsahA ki ss K
RRBLERE LCHAET D20, FHEROIAEE
D BTZHOICH, O XD REEHT T B e 72 ED
ERHLMLETHD.

ZOM, ZhE TFEHDDIFEROBEHERFIEICS
WTIIRER H Y, — @072l EFICE S MR E o
AL TR D SN TV, JAXA PCGH5 EBR
(2012 = 1 AT B, 4 AENY) IR T, SkERo
WEICIVEELEFZ2MZD IR TEL LT
e, SBITIY BRERBEPEOND Z EBRHFESN
5.

7. FED

NASDA-GCF 722bhaE - 72 JAXA PCG TiE, ko
NASA/ESA FOFHER L ITRRY, BINED O %
FRMBRRY I o0 B & O e d b ih 2, BEfpr ic & Su
THRETL, minEmMmmOLERZ BIFL T 72, Ml ol
BIZHLb00, o OEMAMESLL, M ATRExTS:
DREHEDR D Z 2Ly, FlERIZ, FENZRER
X BRE AT ICREMICEIRT 2 & RIAEND.

St

TEBRFEE AT — 3 3 > 5 F A RIF 72 0L A e 41 B
D H X7 G RE AR B OB FEHLE T OWFZEIC
I

KRS O B REER, BRE T ST R4 = B o 7=
LET. Turg 750 D0 GBEROR Mt EREY E
FIZOTE Y FHBRE CIToCI oL, KRASA 4V A
T AHFSERTE H B E R ICEH# O 72 LE . NASDA-
GCF FHEB LR OFHFER = —F ORI E#H W L
T, AU LE—F 4 T a—V g viEERW R E
BRA~OBERRT KL ZAB NN, AL 7T
HERZD JM. Garcia-Ruiz % & DHFFE T L—7 D A
UN—ICEH W LET. FEEHERO DI BT E
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