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Design of GroEL mutants with various reaction cycle time
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Abstract

The chaperonin GroEL is an essential multisubunit assemblies that promotes facilitated protein folding

in concert with ATP hydrolysis. The Escherichia coli GroEL consists of 14 identical subunits arranged in

two heptamer rings. Each ring contains a central cavity and the two rings are stacked back-to-back. GroEL

and its cofactor, GroES, form a nano-cage for a single molecule of substrate to fold, and undergo an ATP-

regulated interaction cycle to close and open the folding cage. Asp52 and Asp398 in GroEL are known as
the critical residues on ATP hydrolysis because GroEL(D52A/D398A) mutant is severely deficient in ATP
hydrolysis but not in ATP binding. Here, we investigated the functional role of another amino acid residues

facing towards the nucleotide-binding pocket in the crystal structure of GroEL. A series of ATP hydrolysis

mutants of GroEL, in which reaction cycle time is 8-sec ~ 6-days, have been constructed for application

to DDS carrier.
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KIGHE D> ¥ 21 = GroEL/GroES 1%, FfuANDAR]
TS L RTBOR) 16% DT 4 —NT 4 TN T 54
NIBETHHY, GroEL 1L 57 kD DY T 2= k7 OB
5V T REREDREIC 2 DHAR o T2 14 BifEE (B &
~800 kD) ZJRL L CT\% (Fig. 1A), GroEL TPHHEN/ZV >
T NEBICIZZ AV ERUEES 45 ADZERAH Y . 2 ->DZE
IE27RD > TEWRYY, —J5, GroES 310 kD DY 7=
k7T OMNBRHMEFD L 9 72iiE% LT 5, GroEL 1L ATP
MUK iR % - T, GroES Z# D X H1TfEG L, A S /-2
TAPICENER Y R_TF REFLIAD T, BEEEAHE 2R 57
d =T B

GroEL OBUGEEMECTIX, ZERD A Y OfFTIZEYER Y T
F RBES LW T &Y 72T 2D ATP a1 5 &
=T RN A TS L7z GroEL 12 GroES 23 8& L, AR~
TF RILY T OZERMNICEE LiAE D, ATP 2% ADP 1k

GroEL, GroES, Chaperonin, ATP hydrolysis

DRSS & GroES I IMiEEEL . Zau & [FIREZ ADP & FIZEA
L2 TWRY R_TF Ryt &b, 14370 GroEL
12 1 5310 GroES 23EA LIS IR A SOSH A E L
f_m;w 7 VTR, GroEL @ 2 5DV o FIIRHITIZT- 6
WTWABD (Fig. 24). 143 1D GroEL IZ 2 431 GroES A3
H L7y MRV A R AR T 250501 7 VTl
GroEL @ 2 5DV v ZRFEFICIZ- 6 < (Fig 2B) ™%, 250
BT BIE T TT v MR NVEIEAROIERIMEEE S h
LT ED, Ty _a = U SIENT 2 DO RERRES A
SFTVB LR END O

ATP D3AN7K 3% LC ADP (272 % & TOIF (BFAR GroEL
TITI 8 ) 23 1 UG A 7 VORI AHIE L T\ 5 7280
ATP @ vy U U FEEEEICELE LT Y ATP MK ARICEEE 72
Aspb2 & Asp398 A HEIT Ala [T {EHL L 7= GroELM 8 Z8 BLIKC
1%, GroEL/GroES AR -2 6 A>Tzl %
T C. Asp52, Asp398 Iz, ATP fEGHALITEA AL E
% Lysb1. Asp87. Asp495 @ GroEL ZER{EZEH L (Fig.



22 TR se s B-43 (2019)

1B), ¥y = AR AMRNT L CA T X IR EL D ATP
ARG FRBOSIZ 35 0F % B & E %42 L7z, GroEL/GroES B &
RIX, REER5 T2 NE U CRE L, —ERFR% I
THZENRRERE RN TENET ) T BN TH DD,
RSy Z7FY R —2 255 (DDS) OF v VT & LT
AR T, NEYOEEF2Z 25701
xR SOGY A 7 VR & > GroBL ZRKE TV A v
THZEEHEMELTND,
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Fig. 1 Crystal structure of the symmetric E. coli
GroEL"**P*%/GroES, complex.

(A) Overall structure (PDB code: 3WVL) , (B) The structure
around the nucleotide binding site of the GroEL subunit from
GroELP3?A D384/ GroES,-ATP, 4 complex.

A Asymmetric cycle

Unfolded wa/
protein ¢
mi— TATP /m\ 4 A@ \
GroEL ADF i >
(@ / 7ADP v 7Pi
GroES Native ?
protein AN
180°
B symmetric cycl
ymmetric cycle Native  Unfolded

protein @ proteinsan/

GroES _ _ ﬁ
Yol S
GroEL m ATP/ADP} %’ _%»

-
b
T T
>
b

180°

Fig. 2 Schematic model for the GroEL/GroES reaction
cycle.

Models of the asymmetric (A) and symmetric (B) reaction cycle.

2. #RBLUHE

2.1 GroEL ZEHRBRI 4 —DERE S OV EHFER
GroEL BB F~DMM A RIEREAL L n—=
VNI, B coli JM109 F 721 DH5 a & L 7=, GroEL
(D87A) B HARTEAR T DIERLTIL E 97, GroEL BB TN D
Nhel &% @& ¥ A7 (Z 40 [ 72 F (5”7
AGAAGGAGATATACATATGGCTAGC) & D8TA ZE5 % & ie DSTA R

primer

primer (5° -GGTGGTACCGgCGCCTGCAGCGTC). D87A F primer
(5" ~GACGCTGCAGGCGeCGGTACCACC) & GroEL ifs1NHEB D
Clal 7 #% ¥ Ar T ¥ (2 #4 [@ 72 R primer (5 -
ATTGCAGCTTCTTCACCCACGCCATC) O Z 41 M DA+ T, PCR
(& &Y AR A& S L 72, 4 PCR EEM DIR G % B4
12, F primer & R primer T PCR Z17\>, GroEL (D87A) 2%
SRR W 2457, BT GroEL OB A~Y 2 —Th
% pET-EL™W @ Nhel-Clal fEIk% GroEL (D87A) Z5 B kit
-7 ;@ Nhel—-Clal fElk & fHAHe 2 T, pET-EL (DS7A) %
TR L 72, TOMOEFE GroEl 28 BAREE T OIERIT,
QuikChange site—directed mutagenesis /5% AV /=, pET-
EL @ e LT, AMERZ L OKHM F oprimer & R
primer “C Pfu Turbo DNA Polymerase (Agilent) CPCR %
1Tolce o, ZFEOERAZ O GrofL B 7%, 0%
NOZERMEEAR T HBI~ 2 % —0 Hind111-Clal #8i#% #
Frffez CYERL U7z, & GroBL 48 B4R 1E, BEHICTEV Y, B
FHE RN Butyl-Toyopearl (TOSOH) . SepharoseCL—-4B (GE
Healthcare) %MW TR L7, K& /X7 B3 656 %
AR Z vk & U T 4CTRAF LT, SR OB, ThB %
20 mM HEPES/KOH, 100 mM KC1, 5 mM MgC1, (HKM #Z&7EifZ.
pH 7.5) Z¥f#E L. PD-10 Desalting Columns (GE ~/L A
TT e Vs ) TR L TEBRICHE L7,
FERERBOERICANZT T4 ~v—%FK 1 ITR LT,

2.2 ATP ook 932 5B IEDBIE

GroEL 725 0 ADP DJiftiti &, ATP FRAER &2 W Tots:
AOLZIIE U7z, HKM BRI (20 mM HEPES-KOH (pH 7.5).
100 mM KC1, 5 mM MgCl,) (Z, 0.2 pM FE 7213 1 uM GroEL |
0.2 mM NADH, 100 pg/ml
pyruvate kinase, 100 pg/ml lactate dehydrogenase, 5
mM DTT 2%, BISEK E LTz, 8L TV 5 ISR
FZ ATP (REIREE 1mM) 2 W0 L THNAK o i SR 2 B AR L
NADH D HLIN4 % 340 nm TORE DD %, 4y
FHEE R A AV CHEE I HIE Uiz, BURBEE N S 150
%12, 0.6 pM GroES Z#shn L7z,

5 mM phosphoenolpyruvate,

2.3 GroEL/GroES #&HWHEXV LA F FOER

GroEL ZERAKOEARITHES LI X7 VAT RE 5T
572912, 2 uM GroEL, 6 pM GroES, 5 mM DTT, 1 mM
ATP % HKM REEHEIZINA . 5 Zyf#E L7, PR % .
TSK-GEL G3000SW,, A — K7 A (TOSOH) @ 3 @ik s v
A s v~ ~27F 7 4 — (25 mM HEPES/KOH (pH 7.0). 100
mM Na,S0,, 5 mM MgS0,) & H W\ Tl /i L, EaE%
Bt U7z, 49 H L7z GroEL #1825 Lol iR 2 — & R[] 4
WZHREID . 24% PCA Nz 7=, =D L% 0.5 M K,CO,
T L, TSK-GEL 0DS-80Ts (TOSOH) WitH~ v~ k25 7
4 — (100 mM U g ~YU 7 A (pH 6.9)) T ATP & ADP
(Z5BE L. Absy,, DE—27 ZfRITLT-, X7 LAF FOR
=7 BRI Lo CRHAE L RIEREM O X 7 VAT K%
AWTHIE LTz,
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Table1  Mutants generated in this study and primer sequences.

EEA RBNI 2 -3 T34 —%& T34 < —B5 UN\XFRER)

K51A pET-EL(K51A) ELK51A For CCGACCATCACCgcAGATGGTGTTTCCG
ELK51A Rev CGGAAACACCATCTgcGGTGATGGTCGG

K51D pET-EL(K51D) ELK51D For CCGACCATCACCgACGATGGTGTTTCCG
ELK51D Rev CGGAAACACCATCgTcGGTGATGGTCGG

D52A pET-EL(D52A) D52A F CCATCACCAAAGCTGGTGTTTCCG
D52A R CGGAAACACCAQCTTTGGTGATGG

D52E pET-EL(D52E) ELD52E For CCGACCATCACCAAAGAaGGTGTTTCCG
ELD52E Rev CGGAAACACCITCTTTGGTGATGGTCGG

D52K pET-EL(D52K) ELD52K For CCATCACCAAAaAaGGTGTTTCCG
ELD52K Rev CGGAAACACCITITTTGGTGATGG

D52N pET-EL(D52N) ELD52N For CCATCACCAAAaATGGTGTTTCCG
ELD52N Rev CGGAAACACCATITTTGGTGATGG

D52S pET-EL(D52S) ELD52S For CCATCACCAAAagTGGTGTTTCCG
ELD52S Rev CGGAAACACCACITTTGGTGATGG

D87A pET-EL(D87A) D87A F GACGCTGCAGGCGCcCGGTACACC
D87AR GGTGTACCGgCGCCTGCAGCGTC

D398E pET-EL(D398E) ELD398E-For2 AAAAGCACGCGTTGAAGAgGCCtTGCACG
ELD398E-Rev2 CGTGCAaGGCcTCTTCAACGCGTGC

D398N pET-EL(D398N) ELD398N-For AAAAGCACGtGTTGAAaATGCCCTGCACG
ELD398N-Rev CGTGCAGGGCATITTCAACaCGTGC

D398S pET-EL(D398S) D398S F GCACGCGTTGAAtcTGCCCTGCACGCG
D398S R CGCGTGCAGGGCAgaTTCAACGCGTGC

D495A pET-EL(D495A) ELD495A-For GGGTATCCTGGcgCCAACCAAAG

ELD495A-Rev

CTTTGGTTGGcgCCAGGATACCC

23

2.4 BEEIr—NLT4UTEEDORAE

1 pM GroEL, 2 pM Rhodanese, 20 mM Na,S,0,, 1 mM DTT,
220 mM Glucose % HKM buffer [Z¥$HI L., 60°C T 15 47t
JEAL 7=, 2 uM GroES & 1 mM ATP &I % TG % Bk
L., — BRI SRR 5 ul 2 40 E L C, 100 mM KH,PO,,
150 mM Na,S,0,, 1 mM EDTA % & de 750 pl OFRICERI L
/2. Rhodanese HPEDEIEHRIL, Fe¥'OF 47 VRbE
WA 460nm DY IERE IS Ko THe e Lz,

2.5 SILiEBIZ &k 5 GroES $#E&ER
HKM Buffer (2 0.5 pM GroEL, Cy3 F-UL L7-0.25 pM
GroES (GroES™®) . 5 mM DTT, 1 mM ATP Z{E& LT, 25°C
5 4yMHIEHE L7ctk. ~/LI8iE HPLC 77 & (G3000SWy
TOSOH) THHTL72, 20 mM HEPES/KOH (pH 7.4). 10 mM
KC1, 5 mM MgCl,, 100 mM Na,SO, (FE#k23&H DA%, 1 mM
ATP % & ip) Tk Lot 7 DTSR EEA L, Cy3
OEEFRE (Ex. 550 nm/Em. 570 nm) O ALZ7 kL

5. GroEL & GroES D& & fiihr L=,

2.6 GroEL ZEREDEZE AN E FIHENERHE
0.5 pM GroEL %, A A4 v =a—#— IB-2 (EIKO) (T

T X< ALFL (1400 V., 3 mA, 30 7)) L 7- %@ 1 BAEE
(TEM) Ha e oA v 3RiEft 7Y » RIiZ b uL i T Lz,
7V K ET 1 oERFL ., @ik T2 Dﬁ’ﬁ(%b 5ul @
0.5% U&7 A7 fE/NaOH (pH 4.0) Tl 4+t L
oo 7V v RET U r—4 —TC—MElEk, %a_ﬁ'@é%ﬁiﬁ
W% JEM2100 (HARTEF) (S THEEE 100 kv THILZE L
7=

3. R

3.1 ATPIIKSBICEELRH-LGT S/ BEEORRE

E. coli GroEL O ATP fEG- LS (Fig. 1B) ITfL{E
5 Lys51. Asp87. Asp495 % Ala |Z{&EHL L 7= GroEL 45 5L
& (GroEL™'", GroEL™™  GroEL™*") Z{E#lL . &> /7 H
EAER U, BRAERIKD v v ~a = EMEE JIIE L ATP
DOAKFFRIEPEIFIE T3 523, ATP 13#E4S L, GroES fE&
R X RTIED T =T 4 v TR AR L A
EICHRFFT D 2 & BBER O GroEL™* | GroEL"* |
GroELPohDsosh b ppis 1 72 1))

GroEL®™ | GroEL™™, GroEL™ ™ [Zu 441 % ATP HNAK 43 fiF
TEHEME T L, 2NN AET GroEL O 25%. 2%, 2%
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OIEMZ R L2 &5 (Fig. 3) . Lysb1, Asp87. Asp495
2% GroEL @ ATP MM/KSMRIZ & - CHEERT I/ BFEHT
HHZEERLTND, LA L, GroEL®"™ @ ATP ANk 53 f#
TEPEIT. GroEL™* DB LZ 25 Th Y . T DM DZE G &
bl U CRI 22 B E DR T A B e o T,
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Fig. 3 ATP hydrolysis activity of GroEL mutants.
Inset, mutants with particularly low activity were measured in

assay solutions containing 5 volumes of GroEL.

WIZ, ATP 12X D GroEL ¥R L Cy3-GroES OE AR
JER % HPLC # VB 7 v~ N 75 7 4 —CHNT LT-, &
BEWRIC ATP Z & £ 22 WA 121X, GroELYA Do <%
GroEL/GroES A MRIZAHE 3% 12.5 471 Cy3 DEFEIC X
LE—IBREETEDLDI ﬁ L. GroEL““\ GroEL™™
GroBLM*" 1%, 7 K GroES ™43 WZFIY 9% 17 43 DAL

’ﬁgﬁ%\‘/ﬁ‘v‘/v%ifﬁtﬂ L7 (Flg 40, LU, IREER
(2 1mM ATP 2 Z 72 858121%. GroEL®™ Tl GroEL/GroES
HwEKOE—7 73@%&7&0 —J5. GroELM™ L GroELM %
GroES ZftA Lie - Tz, BB E I EE (JEM2100) @
BEg ClX, T TCOERKT 4 ®Bik4 Y I~ —HfiE %
EReBELEY) v IEEE TR L TN Ens (Fig.
4B). GroEL"™™ & GroELM 73 GroES & fE& LRV DL ATP
DFEGNTE72Wninb e E PR,

% Z T, GroEL KIFED BN\ T 3+ —/VTF 4 T HEITH
NS TU A Rhodanese HREE X X7 EIZHW
T. GroEL ZEILD v ¥ ~2a U iEMEEHIE L7, GroELM™
1. GroELY &) 5% D7 4 — VT 4 v TR A MERF L T
W28, GroELY™ & GroELM ™ (X7 4 — V7 ¢ ¥ JiEME %
LR ERhoTz Fig 5), 2RO DFEEMNS, GroELMH
1 ATP OFEETTHIAS, ATP %24 L T GroEL/GroES #HA4A
NA~DIEEH N7 EOH CIADENER THdH Z &
DR ENTZ, —FF. GroEL™™ & GroEL"™* {1 ATP f5& 73 T
EF, GroES BEE LWz v v a Uik s b 7o 7
{72 TNDZ ENRM ST, - TC, Asp87 & Asp495
IZATP FEAICEE T X VBEETH D Lz,

A
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Fig. 4 ATP-dependent formation of GroEL/GroES
complex using GroEL mutants.

(A) Binding of Cy3-GroES to the GroEL mutant/ATP analyzed
by gel filtration HPLC in the absence (/eft) or presence (right) of
ATP. (B) Electron micrograph of the GroEL mutant arranged in

heptamer ring.

3.2 BREREYA Y IVER%E+EDGroEl EEKE

GroEL ~® ATP OFEGITITHEET . ATP ORI
{CE B2 Asp52 & Asp398 %&%/z T IBICERL, S
LlzzEn b EfAG b THERMREERL T, v v 2
n = R RE Uiz, 1F3 L7z Aspb2 & Asp398 (DZE 5L
EOFT T ATP MK MEEMEZ R L, GroES & #&4 L.,
Rhodanese D7 4 —/LF 4 v ZiEM % GroEL" & [RIZE 12 4%
FEL Tz (Table 2), 7272 L. ATP K3 A3 FE 55 123
b‘%ﬁ'ﬁg (GrOELDEZA, D398,\I\ GrOELDBZS, D398N\ GrOELD52N, D398A
GroELP™™) d#FA1T1%, ATP FB/AEFR A M7= ATP INk4 \ﬁq‘-
TEPEBIE Tl Bl 2 7 B h e E £ 5 5
& NI D NP MK RIS HED RN K& < BEOAIK
IRIEVEILHIE TE A2\, £ 2T, GroEL/GroBS &K%
DU KA X7 VAT Rho ATP & ADP D RO %
RN L, wE L (Fig. 6), ATP /KRG
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Table 2  Functional analysis of GroEL mutants
ATPase activity Nucleotide GroES Folding Cycle
Mutant binding binding activity (%) time
ES (-) (U/mg) ES (+) (U/mg)
WT 2.64E-02 7.79E-03 - + 100 17s
K51A 6.78E-03 2.60E-03 ! v+ 74 -
K51D 1.80E-03 3.63E-03 ! U+ 4 -
D52A 3.27E-03 1.52E-03 - + 100 70s
D52E 2.39E-03 5.55E-04 + + 80 3.3h
D52K 1.52E-03 9.37E-04 + + 96 > 288 h
D52N 6.42E-04 1.63E-03 + + 100 40 m
D52S 1.56E-03 1.32E-03 - + 100 150 s
D87A 8.23E-04 6.89E-04 ! wy 2 -
D398A 1.00E-03 6.73E-04 + + 88 60 m
D398E 3.44E-04 3.87E-04 + + 79 4h
D398N 1.74E-03 2.06E-04 - + 78 270s
D398S 9.00E-04 2.50E-04 + + 95 >60m
D495A 5.90E-04 1.29E-03 ! "y 4 -
D52A,D398A 8.16E-04 7.82E-04 + + 100 288 h
D52A,D398N 4.95E-04 3.38E-04 + + 76 5.6 h
D52E,D398N 3.20E-05 4.02E-04 + + 98 26h
D52N,D398A 3.68E-04 4.97E-05 + + 100 160 h
D52N,D398N 4.57E-04 5.21E-04 + + 93 5h
D52N,D398S 9.30E-04 2.98E-04 + + 81 240 h
D52S,D398A 4.99E-04 4.63E-04 + + 83 168 h
D52S,D398N 2.69E-04 6.73E-05 + + 95 30h

+: normal; | : reduced; - : not detected; * : presence of 1 mM ATP. In Cycle time column, s (sec), m (min), 4 (hour).
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Fig. S GroEL-assisted folding of rhodanese. Fig. 6 Time course of ATP hydrolysis by the isolated
GroEL/GroES complex.

The ratio of ATP or ADP to the total nucleotide bound to the

Time course of recovery of rhodanese activities is shown.
Activity is expressed as the fraction of the native rhodanese

activity. GroEL/GroES complexes is shown.
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MBRIGY A 7 VIR Z R L& 2 A2 < OB BRI
LH A 27 078 6 BEEILAN Td o 7278 GroELY? M 3 1 |
GrOELD52\1, D398A E GrOELDEZS, D398A Li 6 EI GrOELDEZ\L D398S lj: 10 EI
GroEL"* (% 12 HLL F. GroEL/GroES &K% i+ 5 =
ERBHEMNE o= (Fig. 6. Table 2),

4 EE

GroEL D7 I JRBIRIEN V¥ ~u = UIEMEIC R e T 1%
ENIZNETHRT SN TETEI Y, Aspb2 & Asp398 73
ATP @ vy UV UERDB|EEEICEERT I/ BTHDHI L
T BN TNABB Asps2 & Asp398 IFAHMIIICE< & &
A O A FETOERTIIFOEY A 7 VRERIZ L D #En
GroEL™™ ¢ ¢ ~2 Kl Th 5, = o &L RIK
GroELPmD8988 iy For pe o 7 VIR 23 L < IER S B M8

(] 12 H) . BFBEZREWNZ L2 ATP S, GroES fEa. AE
TH—=IVT 4 TR ED Y X a = PRI B T
W, AFZETHERL L 72 GroELY* (%, 1 BT OZE R TRIGY
A VA 12 AU ETH D Z N BENITR o 728,
TDIEDD Y X = RIS BN o T,
AT L. Asp87 & Aspd95 (L ATP OFEAICEETH D7
O, FOERKIT ATP OFEEGITEH > TIREDLTXTO Y
YR =R R T EBbr ol ZTRETO Y v
0= OB T, Asp87 ZRKITIEE A/ L THERE L 72
VW “Trap mutant” & LCHERASHTERN0 ZzomE
OHERZRIILIN T I RN o7z, Lysbl IE, ATP #&
(2B % 2% Asp87, Asp495 L D IXEE MKW (Fig. 7),

AW LV | Bk & 2R ST A 7 VIRERITT ATP K5
fEMHET L, GroES 2MiFHET 2 (F03B <) GroEL Z B K
TAT TV —%fflly 52 LinTE (Fig. 8), #1o%
7T 'L LTCDDS ~OISANHFTE B,

Nucleotide
ASP87 . piding

(¢}

R Asp398 ATP hydrolysis
Asn479 Yo
H R o

Alad80 NH,

\‘ )IN R,
NT 0 0 0
A Il 11 ~
S l N> 0—p—0— —O—FI’:/Q

N
(o) 0

=0

,O0—1
o
©

VRN . “\[Asps2] ATP hydrolysis
oHoH ™ @ }qo% Ho( Ho_(
. . Gly32 Dand Thrg1 Throo Thrg89
NH 0_0 ‘
Gly415 ‘Asp4gs ] i
Nucleotide Thr30 i idi
biding I Lys51  (Nucleotide biding)

Fig. 7 Role of amino acid residues arranged around
ATP.
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Fig. 8 GroEL mutant library with various reaction
cycle time.

In Time/Cycle, s means second, # means hour and d means day.
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