e

> >

Efilas N HERZEFA LA

RiE (L IBERIR

-
W TR AT T226-8501 1531 BRI iR X KBt H 74259 B-55
iRl Ed
HOR T GM T T226-8501 (2SI BRI T4t X B HE [ HT4259 B-55

MRRAY Ny BRI, BEESREEEECARERRERER ) — o FEREL LAV ENnD, XTEERD
BisgEysy — L& L TEEREHIEDHONTWS, LALEND, BERECHELRBEL LS MENBERC
&, BEATCHERGELEORBEARNRBER LA E, BRINEFENMKALLTRBEINT W, 22
T, Fal, EMRY O NVHEABRRERG, YNV EEREERILEZRILRETROPTERT 2 EMIRY >
N7 BEfE&({EFEE (Cell-free protein crystallization, CFPC) #BAF L 7=, COFZOHEE, TENAOHWETD
HRIENTEZ L, REPICHAMEEZHEII2RELZRAMTEDIILTH D, $3, AFEEZRMTI12HIC

BHRMBEATHERENZZSAKEREZETILY > NI7EELT, 200uL, 6 BEMUAICELERTNTERRETE
D EICHMNLT, COEMEAVWTINE TEEXRMTH - 7= Crystalline inclusion protein A (CipA) D&
RECEA Lo RISARICHNRMAERZR/MT BT, WEEREHEEL, 211 A ONBETHEEREL
foo MBEARESREL in vitro TORER(EZME LIcARER#IE, N RIL—Tv bRy NTEEERE, HCRK
DHETEBIDNEHETH > ALY >NV H, BREY > NVEOM, BEE/EEGY N7 HOBERENEH

RBICAGEIRFENS,

1. BUHIC

M THE R 2 TERC S % 2 2/ 7 B3 C OB HFEORIC
EREESINT VWS, TNHOR VR BEREIE, 28
7 BORAECARE, BRI, GEOEMEALLE, £
RIBSRE A FF D C &AM O N TV 513, 20074E 12 Ml fa IS
BOO EDTH L, HAKORES#RE ST,
MR 2 8 7 i i, kiERoOMEEDF Y —L &
LTEAESNTVWAY, ZOEEIL, X v/ \7HEOKEHH
BN A 7 ) —Z Vv I PRETH Y, Al ke

AR/ Th b, 201341, Mz 2 VN7 BHD
ST REL 2 EWOHF & L T, Trypanosoma
brucei B3k DN 7 v B OfE ah iS5 B HEA RN T
L 7o i O CRES NS, 208K, MR TR
b3 % 2 VR BOBERENT N OpFESIh TS
LDOD, ZTOIELROLN TS, TOHEIE, Fihn
MR TR SN S C D%, ZOY A A0
BRSBTS 7/c0Th b, £D7, MllaA
fanib s 2 v\ 7 BOBEIRETFRICIGH T 57201
EERAMNAIRRE Y iR A E BB - Tce TNETICH Z
NOOREEMPT H72DI12, N Z—F v F A7V —
SV TR E T O AR b E OFESBRE S
N, BRMEEFIHEL S SRS E T/~
T A VHEER MU IME ORI E A7 ) — = SRR OB R
DEEINTHETS, LaLlasnsb, IhbOmAEM

fao R Mfa 2 I L 7=/ dbid, @B O b & Bk
POKBEICERTHFEEL T, KREL TAREAFE
NEINTW5, £/, in vitro TORFALFIEICH VS
N5, fEmlbFIEFH ORI ERANOTEM LA SN
TWAHLOD, Ml % %3 % 83K HFEE~ DR 8

THTH A0, MEAKSRIEOHFEICIEE > T
W L7ch- T, EELIE, MlaaFIHL TWARD,
CNHORBERIMBECTERVEE 2/, £ T, in-vitro
FidbEOBEN - A MRS S LIC AT C E P TE
niE, K OERANEEERTEMIC s LRV, mlax
VX7 'B4ER (Cell-free protein synthesis, CFPS) % f\»
7=, fEsik, WSRO R LR A/, CFPSIE, X
VN BEROBREIL A7 )= ZICEFHICHER TS
B0 LapLanb, fifbis ERED X VN7 H &
BT HEEEDFANOFARIARMETH S EINTE
U RFRIE, X VRNV BEERBE Y, TORIGE
WP TR AL 21T 9 728, CFPS OF| & kit 2 &N T
hHEEZDOND, KPFETIE, CFPSEZFIHL, (1) /h
BB DRl e 2 V8 7 B AL FE O, (2) Hi¥
L&Y 7 SOBRICIRINT 5 C &12 X 5 &5 AL Hl# 2 =3
L, #EMfax X7 B b (Cell-free protein crystalli-
zation, CFPC) Fikxfar L7z (Fig.1a), LIF, FHEMiZR
R
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Fig. 1

o

(Color online) (a) Schematic illustration of cell-free protein crystallization (CFPC) of polyhedrin monomer

(PhM) using the Wheat Germ Protein Synthesis kit. (b) Photograph of the tube after CFPC. (c) Differential in-
terference contrast (DIC) image of Polyhedra crystal (PhC)_CF. (d) A scanning electron micrograph of PhC_
CF. Size distribution of PhC_CF determined by the SEM image.

2. ZAGEROEERIT

2.1 CFPCFEICLD2ZAKSI U NIEDHERI
£, MiaR g Vv EERO—D>THh 5, SAtka
N7 B % B\ 72 CFPCIZ L A fb il A 7219, KR« 7z
gz S BRUER AR LU HER, vy —9 (T
VAHDa AFRREDOER R (Wheat Germ Protein Syn-
thesis Kit) #H\\C, X VNNV BEER&{Tx-7W, 1.5
mL~4 78F 2 —7HNT, MHEI0uL & mRNA B
10 uL DR A % BIRIIGE R T 5, SUB-AMIX SGC
(SGC) BW200 uL O TFEIZHN 2, 20°C 24BFE G & &
LERBRIL T - 72, 24K, OS5 &AW
B DT U 7o C ORI % B CRIZE 3 5 &A1
ROEEHRBBIEI N/ (Fig. b, 16), ZOFEHT A Xt
580nmTH D, ERMETHELNDHEHOY A XD 1/5
FrokExTho-7 (Fig. W), £/, RUT7I)ILT
I FESHKE (SDS-PAGE) < M v 7 AZHE LV —H—
BLEE A A AL TRATIF BV E B4 H1RT (MALDI-TOF MS)
HE T, AKXV BEOSTEE—HTHNV/ER
V=B8N, U EORERIY, SMAtkx /Ny Bx
MR G R & 0 Kb b 5 L 245 RIBIC1E, S fakx
VNI B Bis RO GRS HEIE DN,

2.2 ZARKY U NIBERREORESREKENE

WIZ, CFPC % F\ 7z % A i i b O R KA 2 4
L7, BIRKIGEG» 505, 1, 1.5, 2, 4, 6, 12,
ARRIC RIS T (2 1%, EARTEME (SEM) #l42
w775 5 72e 200CTHIRRIRIS 2 1T70 » 756, 2 BRI IC
SEHRFS RO CTZE S Nz, 2, 4, 6, 12, 24KFfIR
J& L 7= f5 O EY 4 XL, 340, 400, 470, 580 nmT
HY, FHEOFEBEICHENER 2 ICKERERPIER I

(Fig. 2), 1.5EFROIFICIE SEM Tlkksfi e s hzh
> 72, SDS-PAGE T3, 1KHOKIGTE MRS /Iy
BOT /< —ICTHYS T 5 FRBEEIS /-2, 0.585R
TRBRE SN P orc, COBRIPLEEMKZ L/ /N7E
i, ZURTEERDP LD 2 B TR RS S
DTG ED X VN BRERL, Bmltd sl Ehb
Mol KIS, FEEILOIREREEZFHITT 572012, 4,
10, 15, 20, 25°CO{RJE T4 RIEIR KL 21775 5 720
FORER, FnFhn, 330, 390, 450, 580, 1170 nm O
YA XOFEmBER SN/ (Fig. 3), 15, 20, 25°CCiIz
FEORERN %<, 4, 10°CTIEAWEE RS < BAlsh
Too FEBEIL, 10-20°CTIFREL B L o7, £/

CFPC DLW, E O HERD FEARK, REL =&
% SDS-PAGE T#HT L 72459, 10-20°CTid#970-80%
DEMEET /) ~—HBPhC #WHT 5 &b, L
7eo T, FHEMDOY A ARHRBREAREIC B W TAR SN
TEHAKE /X —DECEMUEEZICHEINh L L E2 D
s,

2.3 ZAKY N BEOEERT

I, CFPCIEIC & » THEBL 72T /U A XD %k
S ODIEHT T — 2 & WS 5728, KB /=45 il % SPring-
8 BL32XU -C SSROX (Serial Synchrotron Rotation Crys-
tallography) 7% H\CilllE L 7215716, SSROX #:id, %
BOMER T EA IV — T AR S0 O RIGER L
THEMICXBrRHL TT— 2 RETLHETDH b,
SEM ChishIEREAME L /- & 212, CFPCETERL /2
SRR, SEEY A X580 nm & U R R TH
B, EREROXHEFEETLHAHA, BHHO
V=AY A AR50 um (T & O— e — AT 4V TOWH
SEEHTIZ ARV RE T > 72, SPring-8 @ BL32XU T1.3 um
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Fig. 2 Time-dependent CFPC of PhC_CF. SEM images and size histograms of the purified PhC_CF after translation at
20°C for (a) 2 h, (b) 4h, (c) 6h, (d) 12 h, and (e) 24 h. (f) The crystal size of purified PhC_CF over time. Error

bars=SD.
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Fig. 3 Temperature-dependent CFPC of PhC_CF. SEM images and size histograms of the purified PhC_CF after trans-
lation at (a) 4°C, (b) 10°C, (c) 15°C, (d) 20°C, and (e) 25°C for 24 h. (f) The crystal size of purified PhC_CFs

over temperature. Error bars=SD.

OV —A%ZFIMAL, SSROX I &k 0 i, F— 2 IE
HTEILE-T, WIOTHBERETHI ENTE, 20
°C, 248 OFRUG THBL 7-fsiid, 1.8 A oEs iR
BECTF— 2% UES L LRTE, 2R (123) LT
TR, BRI TERL s E—ThsI &hbh
STt REMmEWIE, ERMETAERL HRIcE, o7F
REICREE LEERbIcEE 2 L E2 DN W, 75 /Y
VZ=UViEE (ATP), vyFyov=1 Vg (CTP), 77/
VYV =Y VEE (GTP) Icxbind 5 EFHEL CFPCIC &
o> THEB L7 mMNICIEBEIEN IS, CNO6D5F0E
HLTCWEWI L TH5 (Fig. )Y, ThHORENLDLS
AR R S BOELICIE, X7 VAT FOfRSEIL0A
TlE7mWCZ DRI NT, B4 eBIR G TRk L 7ok
OB OFER, D h 6 RHOFRKIGIC & - T
B 7o D & T — X IENFTRETH Y, 2.5 A 05

fRRE CORBWREN TE 12, CORIGKIL, EHRfiias
AWT, FASOMBEORMZE 5O LB R ERRE (3
HUL) 2OEMICEHINTWAZ EBRRINT,
%7z, CFPC O d \HE O —DITBUB AT — IV D
BMEn B %, Mikaitw (5ul), mRNA &K (5ul),
10 uL OFFS v 7 7 —OREWH /N OFEWN 1 v T12
N, 1.0mL OFF Sy 7 7 —TEMTHELICLD, %
ARFER OGRS LIz, fEfY A4 A (610nm) i,
HEE LT EAEED Loz, BIRNEZLIZ, TO
BETAHRLIERCOLEEREIC T RE Y —7 & i
BERBON, 1.95A DS MEETHEREST A LA TE
7o 2% 0, CFPCEEFIHT A &T, b FH20ul O
BETH VN7 BEOFRBL & WS RN 3T RE Ik dh B A 1T
ST EMRTES,
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Fig. 4 (Color online) Comparison of crystal structure between PhC_CF20°C/24 h and PhC_IC (PDB ID: 5 ggm). (a)
Superimposed structures of PhC_CF20°C/24 h (green) and PhC_IC (magenta). (b, ¢) Close-up views of (b)
CTP and (c) ATP/GTP binding sites in PhC_CF20°C/24 h, (d, e) Close-up views of (d) CTP and (e) ATP/
GTP binding sites in PhC_IC. The selected 2| Fo|—|Fc| electron-density maps at 1.0c are shown in blue. Hydro-

gen bonds are indicated with yellow dotted lines.
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Fig. 5 (Color online) (a) E.coli produced CipAC. (b) SEM image and size histogram of purified CipAC_EC. (c) Pho-
tograph of the tube after CFPC of CipA. (d) SEM image and size histograms of purified CipAC_CF.

3. CipA {&mDIBEkER

CFPCEIC L A% futk 2 v/ /R 7 BOKS b & RS T E 12
B L 72D, RIZ, 2V /87 BEBIRCALEY % RN
X5 COFEOEEFH L, Crystalline inclusion pro-
tein A (CipA) OBEEHREIC &V »ip 57z, CipA 131040
T X BRI D B n HBURME 2 Ry BT B AR R M
T2 % Photorhabdus luminescens PJ C E F& 91T 5 i M %t

EhRAEVHT 517, KIBENTORERTIER TS &
NTE, EEMEEEOHEME L TLFHEINTY
L8, LarLanb, TOMEIREIN TV
7o A B KRBEATORKMLERAA, FHY A X410
nm O F5 § A4 5 # (Fig. 53, b), SPring-8 BL32XU C
SSROX Ex H VT ER% L2 & 25, 28A D5
ECTF—RIETE/, LALAERD, FHISHhS AL
phaFold2 TER L 72 & T VIS 7 W T b o F i #aikic
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Fig. 6 (Color online) (a) Crystal structure of CipAC-CF with 1,4-dioxane. The structure of (a) monomer and (b)
tetramer. (a) CipA monomer consists of the N-terminal arm followed by three 8-strands 81, 82, 83, a-helix, and
B-strands B4 and B5. (b) the interactions between monomers (i, ii, iii, and iv) in the tetramer. (c) Lattice struc-
ture and interactions between tetramers. Hydrogen bonds are indicated with black dotted lines.

FVBEROTLI LR TERL-T, TOEAR
CipA #dhix, YA VEN042L KEDS72/2DTH b,
Z T, CFPCEIC LY, ZoOMBORERAT,

BHTEIC LD CipA 2 VXV BHFEBL L2 H, %A
LRI AW A E D, BHEEERZ ) 53400 nm
FEEDOTFA ZDOBUATH ST LR o7, THIEKIGHE
THEB LK MmO 8fEDRkESTH% (Fig.5¢, d), ZD
Fifa AWT, BL32XU [CCF — R INEAIT -2 L T 5,
L6lA DG MBETT — 2 B EON/L DD, KBE O
fEFEREOE Y A VE (042) OO, WERREST S
CENRT&E oty £IT, TX /=), 14~V FFH
v, RuxzFLv7va—) (PEG), F¥A+FZV, F
FSIFLVZYa—)b (TEG) 7 & &wikm#Al & L CH
FUIEHFHICRA L, b5 LIk v A vORED
kA AT, CNLOILEWHFET TLiEMETE,
SEM 0 HREY A XOEMBBEOLND T LD -
Too TDT LD CPFCHEIL, % AL AR IE 05 il
EBREANOLE R 2 VXV BOTEMR Y, JRREDE W
T EMRE NI,

VRINFIAEAE T AR L 7= CipA 5 X #EHT B2 6 3
VIV DLA-V AT VAR T THidb L7 25, VA
VERT0.10%E THIBNICIRD L, 5 RaE2.11A ©F — 21t
EIRT &I, Z2RIBET 14 TR T3 a=b=60.14, c=
504 A, a=B=y=90"Th 72, COXVINIEICIEHF
EFINDBIE o o7z, Alphafold2 I L 5 F B 7S & F
AL FEHEIC L DESREICKII L7z, £/~ —dl
B VIR UAF /A G 7 +—IVETh
5o N KU Metl-Asn3 & Aspl2-Vall9 OfE#& L BT

ERT 4 AF—X—L TV TEARET A ENTER
Molo, TOMFEKIT, EATHEED ix Sh T
LoD, fa/ Ny FU 7 BT, 4 OB BERIPERE
L, 4 KD a7 AMNY v 7 2NV FIVEGERT 5
CETARARDEINT 47Ty 7 Lin> T\ b, 458
a2 HEERE, 5 FRETOREMSEITLOANY
v 7 AMEFRHCB Y — P RERL TWwWb, £,
CipA #5ibld, 4 BAAMNER -T2 5BHEYTZHRL
T\Wb, BHETIE, Aspd-Ser8 AFlo)E S HEEER L T
A ZELS RS, 4 BEPBRICEAERSZET, 1
FREE RIS S, EFEEIEE S N
57z, Aspl2-Vall9 Ofikiy, ZOZERICMET S & T
Hxh s (Fig.6),

4. b YIC

AWGETIE, 2\ BOBEMIRER R b2 B2 b
W, BORFRIAPIC R pL-B08 uL O RIGER T 2 /8
B ORE R REICER S S CFPC LML L2, &6
2, COFETHERL 2T/ KEhOE D RRE TORGERE
IS LT AFBEE, NATr—IVTORIEHFEET, %)
LRGSR 2 nTRE 2 m i B OfE dh 2 BT & 5,
SHIT, —EICEBMEEO 2 VN7 ORI, R
[, WwFOPE L, RIS REICA7 ) —=v 7
THT LR LIRS, 6o T, MIAPRS AL TEdmERS
A OBERME G R 2 R 5 FEETH Y, kO in
vitro TO % /78 7 B i S AL Mg IS AL TR SEBIA AT
BB AL B B 51T S S L IfF TE 5, BAES TIT,
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Cell-free protein crystallization for structure anal-
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Abstract

In-cell protein crystallization has recently been studied as a next-generation structural biology tool
because it does not require complicated purification processes or large-scale crystallization
screening. However, significant issues remain to be solved, such as the requirement for host cells
and the difficulty in synthesizing the protein crystals with the quality and quantity required for
structure determination. Here, we report the development of cell-free protein crystallization
(CFPC), a direct protein crystallization technique that uses cell-free protein synthesis. The advan-
tages of this method are that reaction scale and time can be minimized and that various reagents
can be added during the reaction. We obtained high-quality nano-sized polyhedra crystals (PhC)
produced in insect cells by infection with cytoplasmic polyhedrosis virus at a 200 uL reaction
scale within 6 h. We applied this method to the structure determination of crystalline inclusion
protein A (CipA) by suppressing twin crystal formation by adding an inhibitor to the reaction solu-
tion. We determined a 2.11 A resolution structure from the nanocrystals of CipA. This technology
integrates in-cell and in-vitro crystallization and significantly expands the tools available for high
throughput protein structure determination, particularly unstable, low-yield, or substrate-binding
proteins, which are difficult to analyze by conventional methods.
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