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Electron microscopic study of Shelterin quinary complex structure in fission yeast

LU Yanijia, SUN Hong, WU Zhenfang, LEI Ming
Shanghai Institute of Precision Medicine, Shanghai Ninth People's Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai
200125, China

[Abstract] Objective:To study the structure of the Shelterin quinary complex (Rapl-Pozl-Tpzl-Ccql-Potl) in fission yeast
Schizosaccharomyces pombe (S. pombe) by negative-staining and electron microscopy. Methods:The Shelterin quinary complex
was reconstituted via expression and purification of recombinant proteins in Escherichia coli with histidine-small ubiquitin-related
modifier (His-SUMO) and glutathione S-transferase (GST) tags. The target protein complex was isolated via sequential Ni-NTA and
glutathione sepharose affinity purification followed by gel filtration chromatography (Superose™6 10/300 GL). The protein samples
were stained by 0.75% uranium formate, and then observed by 120 kV transmission electron microscope (TEM) with a
magnification of 92 000. The micrographs with good particle dispersity were obtained and the 3D structure of Shelterin complex
was reconstructed by single particle image analysis by using EMAN2 and Relion3.0. Finally, UCSF Chimera was used to analyze
the reconstruction model of Shelterin complex. Results:The recombinant S. pombe Shelterin quinary complex with high purity,
component integrity and good homogeneity was obtained by using a tandem affinity purification scheme with Ni-NTA and GST-
based chromatography. Eighty-three micrographs were collected through 120 kV TEM, in which 18 659 particles were picked for
3D model reconstruction. After that, the rough 3D structure of the complex was obtained. Molecular docking of the available crystal
structures of Shelterin subcomplex into the reconstructed model revealed that the complex existed in a dimeric form and determined
the positioning of each component in the complex. Conclusion:The low-resolution 3D model of S. pombe Shelterin quinary
complex (Rap1-Poz1-Tpzl-Ccql-Potl) is obtained.
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ik EAZ AN A M E AR PR PSSR, il
FFAE 1 DNA T 52 781 AR 1 B2 7 M, TR LA
R T R R EAE . Shelterin & G412 —Fhsh
HIENRLDNA FRYESY), h R, BS54
FIME GV EAER, EDRAIEE, e s
BRZARRERGE IR 0 AU Shelterin & A4 H TRF
(telomeric repeat binding factor 1), TRF2, TIN2 (TRFI-
interacting nuclear factor 2) , RAP1 (repression/activation
protein 1) ., TPP1 (adrenocortical dysplasia protein
homolog, X # ACD). POT1 (protection of telomeric
protein 1) 6 FNZHAFY A, X LELH Zid ok Tz YA BAR
JH, 30 22 Fh DNA 83005 824 S 0E - 385 Sy b ik 5 i b
DNA 254, derimhipfads B BRIt b, Shelterin
SEYE A A R AR, ORISR DNA &2 ]
FIER AT 4, T Shelterin & S YI7EAE i bIAE 25 )5
TSN, HA M E5 A RE RS, HRa SR
IR A . BIINTE N FLIR R 40 Hh % B Shelterin 52
B ST TR TR B AR A b e 40
[ H RGN £ Shelterin 21439587 1, SRELARfL K 2xi
% Shelterin & 445 DNA 4% 2 [] 5% & Shelterin 215> 2.
PR EAEHHESIIR, BB AN, Sk DNA
TERRAE A iR LS R e g R PR, i
SRR M A BT

XJ Shelterin & 45 W) 4544 i 15 W IR RE B8 4% K b #fE:
612 PR bk T 46 B 1 a5 (chronic lymphocytic
leukemia, CLL) | JeRKVEMIE A R (dyskeratosis
congenita, DKC) "' %%ty Shelterin ZH 43 3 fiE 5 53
)RR SR I IATE, L AR YT T B o ik
J&, AWM, Shelterin 2H 432 [A] ) AH A P S
1o —Fh = AR ST ) “domain-peptide” (25 R4/ TR B )
R K sy O B —Ff Shelterin 4143 7T LAsH i
) — & R s A DRy R 5 2R RO AR . i
T AR B AR I BIL AR AN AR T/ o3 25 9 B BT AT
g 12 MR T Shelterin 5 4 W 09 ik Ak AT
PEIY L L5 B BF (Schizosaccharomyces pombe,
S. pombe) FEFEAL T AR XT 12, A T 2F 5 B B
(Saccharomyces cerevisiae) Fit , b BAarZEESE
YRtk . TR, RBETEREE s R A RAT AL
S A LA A R A IR L B R
i Shelterin &2 & ¥ H Tazl (telomere length regulator
tazl) . Rapl. Pozl (Potl-associated protein Pozl) .
Cecql (coiled-coil quantitatively-enriched protein 1) |

Tpzl (telomere-protecting protein) . Potl 6 f~2H 43 4H
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W, TESEFIMILIfE |5 AR Shelterin & 459 #1 e FE AR
Sp U SAE SR A AN D LA R ) Shelterin & 434
BRTERT G, TR DI B IR BT L B 25 Wi
B S, T 245 B2 B Tpzl-Potl 22 6] #1 A TPP1-
POT1 Z [BIAHEAE A LR~FPE, it Tpz1-Potl AL A1
SEP R (A ST AE S, HEI N SR R A OC Y
POT1 %45 (AS532P) fiiF TPP1-POTI Fiifi, %%7A%
S TPP1-POT 1 AHELAE FH BRI AT e A2 T 3 5
TERAJER 195 F R POT1 LB 2458 1% £ Pot1 2%
Fa i s BEAR DL, DLB I BE Potl 5 FRLsE DNA 254
HEW IR GHATYTEE, RS T —FhRETT
Wi Potl 5 54 DNA A ELAEHI /N F 3l 17 i
SEIEYT T B S R S VR 06T O RS, RS
TE—EFEE L 7o s A0 Xt 25 (it 320k, AR
P 2R AR TR T RICR 1Y

AT 20 4F- 3K Shelterin & 45 4 Hh 2 Fl 8 14 - 46 1 R
L 23R 1B -DNA AH BLAE R i 43 B e i R 25 4 4K
FEARHT 12 SR, Shelterin & A WIFEAR N HA &5 i
(18 5 Jo P ——— 4% W 35 ) T BB TR WA W) 20 45 I W2 42 4
Y, Z5AREQFEERN P [FEF, Shelterin &4
W ZE AL ELAT B R A T AR, 1S PR 2R 1A A b LA
T 58 %E Shelterin & G W) 1 43 BER G5 IO AT o AR SE 5
R TAEC T T 2458 B2 L) Shelterin =TT E A9
(Rap1-Pozl-Tpzl) HYfuiRZsH 1, FE LR FASHT
5t R FHFE RS i 4 e 1k 2451 e 1): Shelterin &2 &4 1)
Jiid, IR EAT . BRI IR 2 M R A
e, YA . BT EBREE (BB LISk
HEIEAR, B3RS T 25 Shelterin Tt A
Rap1-Poz1-Tpzl-Ceql-Potl [ fIf 43 #F % = 4 45 #4455
B, KT 43 BRI Shelterin & S 45 288 T IR
SR ERRD, XA G 2 2 7 LR D)
RER A FHLH BA B A X, TR R M DS
AR T AR AL A SR R A

1 RESHE

1.1 S8R

111 XK S5F K pGEX-6P1 LA K pET-28AS-
m2 o BE AR Y AR S & R A, Hrh pET-28AS-m2
F A S HE T pET-28a(+)  BC3k 14 Bk —— FH g )
INGFFIZ RA R MY A (small ubiquitin related
modifier, SUMO) J¥ %I & #t i pET-28a (+) iy
ACTGGTGGACAGCAAATGGGTCGC J¥41 . F Tk
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By 0 KGR AW (E. coli) DHSa LA THEH
JRF LI E. coli BL21 (DE3) BRFRHI AL I 2= (145 .
112 FZEGH LKA R LB H IR I T 75 & 24
TAEYREARAA, BE T REGEMZENT/N
it (Ni-NTA) W4+ 7% Qiagen A ], 4 Mt H KIS
W%t X (glutathione sepharose 4B) W T 3% [ GE &
w L FRR WUl T 98 B TED PELLA A H], &%
HHER. FA&E R, &ML (NaCD . H b
(glycerol) . N H-B-D-BACL A M (isopropyl-
beta-D-thiogalactopyranoside, IPTG) . 7K HI JEAi ik 5
(phenylmethylsulfonyl fluoride, PMSF) . =% #ill ik fif
(leupeptin) , —FFHIELZIEHLE (Tris) . 7 BEEE
(dithiothreitol, DTT) 304 F A4 TAEY) T (L)
A RAF, S G250 T L < K/AE
PIEARA IR A o ARSI His-ULP1 (A7 414
FR bR 1) SUMO 5 1l ) LA B A5 e H ik i 56 4 7 il
3CH (GST-3C) Hyhsishiskik ., aifb Kfrfr .

RSB (FB-110X) 1T b i il g 4 5
JEB A A BR A A, @ B0 L (Beckman Avanti
JXN26) Wy F 3 [E Beckman Coulter 2 &), #8745 i
Peds (SB-5200DTN) T 3T 2 A W RHLA BR A
A, M EHEKIL (Mini-PROTEAN Tetra Cell) 14 F
Bio-Rad (H1[E) 2w, iRk HIRME (YRI01)
W BV A A R E], PEER BT RO
(fast protein liquid chromatography, FPLC) & %
(AKTA™ pure) #1 Superose™6 10/300 GL JZ Mty F
FKHEGEAH, e M (BZ1102XX) 1Tt
PR R A E, EYH AT WM (Talos
L120C) WyF 3¢ FEIA .

1.2 8iik

1.2.1 Fokifgs M Shelterin & 45945 W 35 a] it A0 X
FLECHR (KI1A), ZEWEH s Z A EAE R
L (BI1B), DARARSIEG 2 0 & RILBEIKE,
Pozl 4K 48 H Y 71~83 A7 K BEAFI T2 H ke
alifl "y FATEA UM P 25BR T X BUF S (A3
f&T#% Pozl) , JFAE Pozl BYFRFEN T | A G A% fl 5 4 1 5T
FMEEH—— (GGS), KB, A% Bl
Pozl i) C %5 Rapl,,, (Rapl I Pozl #HELA/EFHAYIX
B, SIERRRIE. 465~491) MR FLumAE, M
fill 5 % 1 BT Pozl-Rapl,y, [ A X 4r ¥ i & (M)
30 000] . [FIFEHE, 38 2k DA 22 Jk i 21 R Jk i A Uk HE 51
Tpzly, (Tpzl b5 Potl AHHAEHIAY XA, 2 HE 1R ik
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J: 167~240) . Tpzl g, -Tpzl,y, (Tpzl E 5 Ceql #
AR X5 -Tpzl 5 Pozl AHE A M X, 2
fRskAL: 425~509), HHE Tpzl,, (M, 17000), 24 H
B (GGS) kBrifds . ¥ Potl,, (Potl &K HEMH I,
M,61000) . Pozl-Rapl,,, flCcql,,, (Ccql -5 Tpzl
BRI, ZIERARIE: 123~439, M, 34 000)
3 B4 Bk T pET-28AS-m2 Te e A, flieq]
£ [ Z A - His-SUMO 2lifb bR ; Tpzl M8 T
pGEX-6P1 s B, i L a Sty -4 b H ik 5k
R (GST) Zifkhr%s (E1C).
122 HEHBRELSL ¥ Tpzl,, 5 Potl,, H[F
¥ fk ¥t E. coli BL21 (DE3), Pozl-Rapl,,, M K&
Coql MG Ak BL21 (DE3). #REUCHA 5 24T
NPT LB AR FR3E, F37 °Cififb 12 he HiG 1k
SR AR 4 2 1 LXT BT PR LB WA S TR Bk . 4%
Tofr L 451 Sy T o < 1% 35 K =1:100. FERIRH 6 L, (U35
3 L Tpzl,, Ml Potly, HRIKE | 2 L Pozl-Rapl fill 5 £
BT E B AT 1 L Ceqly,, 2K o

TE37 CC MR R BWOLEEE 7 0.8, iR % 18 °C
Ja, MAIPTG (Z¥EEH 0.2 mmol/L) 5T & H K
21518 ho SRJG A3 990xg, 25 °CE.L> 15 min, U
P, F lysis buffer WA R, ELE O A, 1]
B PRI M E 9 1 mmol/L i PMSF . 1 wg/mL )
SEANKEEIFIRAT, i R S8 AL R A 2 O R o
UMt BORE S ST 20T 39 190xg . 4 °CES 0> 45 min, X
£ FIEWOFIREE . R)5, BICER LI5S Ni-NTA
T4 cCREE A5 1 ho B0 WS Ni-NTA T 2474,
IR F W I BURE . 2 )5 F wash buffer [ 1§ 2%
FIRIFIORE . R IE], 25 S 3075 i G250 S i
Mz B BRI O, Fr % 352 i G250 JL-F- A
HAS WS, H elution buffer T Y&/ 3F e se H 19 8& X
B, BURE. SRJS 57 %0 H His-ULP1 T 4 °CigI kb B 1k
J, R A R BT AR i Y His-SUMO AR %8

£ His-ULP1 I T 6 h i, BURE. EHEEMAL
IO KBS B R RE I 1A 726 2 AL SR FUZMT, T4 °CIik
WIS G 4he 4h)E, A H KB =20
FE, AR ZEM, JFIORE . SRS wash buffer 1T 1)K
TR BT, B A e H BRBE R 7% 2 T4+ 50 mL
&, T4 °CF 1 GST-3C MR 4% ik Ak #EAF e H ik
TR R BE RS, B Tpzl £ M BT 24 B i GST A5 28 L Je
GST-3C il 5 H B A e 2o . B H I i
TETRZEWCEL, TKF GST A5 2 G B3 76 4 b H MR8 i
o 10 hJ5 200xg B0 UEE EIEBOFBURE, K alifb &
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1 174 198 3397372 555
Tpz! N - OBIBIN @BNVIPENI
1 158 212 425 470 508
Poz1 N -[NNIRERNN- ¢
1 249
Ceql N- T PN C

1 123 439 500 720 735

Rapl v - [BROTNGE  NiFH
1
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Note: A. Modularized organization of Shelterin in fission yeast. B. Domain organization of the Shelterin quinary complex. Shaded areas indicate the identified

bipartite interaction regions. C. Schematic diagram of construction of reconstitution of Shelterin complex in E. coli. OB—OB-fold domain; TRFH—telomeric
repeat factors homology domain; BRCT—BRCA1 C-terminal domain; RCT—Rap1 C-terminal domain; CTD—C-terminal domain; Myb—Myb domain.
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Fig1 Construction of recombinant plasmids of each component of S. pombe Shelterin complex

A B IR A AT e TR 94 - 5RO A T e e
HL Uk
electrophoresis, SDS-PAGE) . K2 4li fb 45 0 B A i
B BT R AR

1 H W8 | B A oin A DTT (& ¥k i
2 mmol/L), FH# R M. A 100 000 [ € 1k 46 45 15 &
R ARSI S 1 mL, J£T 21 130xg .0 10 min 5,
W W, f# F Superose™6 10/300 GL 5 FPLC
buffer, k0.4 mL/min {933 5 25 4 fb 85 1 5. AR 8
HETE L, FIH SDS-PAGE Al H 437 5 %of i Y 4 4
PR EE B2 R . IR G v e 7 W3R 1

(sodium dodecyl sulfate polyacrylamide gel

x1 ZiEEH
Tab 1 Buffer recipes

NaCl/ Tris-HCl/  Glycerol/ Imidazole/
Buffer name 4 o o
(mmol-L™") (mmol-L™") % (mmol-L™")
Lysis buffer 500 25 10 -
Wash buffer [ 150 25 - 20
Wash buffer II 150 25 - -
Elution buffer | 150 25 - 250
FPLC buffer 150 25 - -

Note: All buffers listed aboved were filtered through a membrane filter
with 0.22 pm pore size. The FPLC buffer was stored at 4 °C after removing
air bubbles by an ultrasonic cleaner.

1.2.3 WIBEREM AR . ZE LR B A B o 4
B R S 1) b, 2 FLAS O SR KA S 18
HUS WL A B S A 5 A il T R e (R I T
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B b)), SETEREAN LR 1 min, JTIELR S E £ A
BIWRAR . #3405 wl 0.75% (AR E) HR
U G VAT T G A VR, R it TR ) TS e B
W, JFrZIWOE Z ARG, HE 2R, &E, W
BUS L Y 5 B UL (0 1 min, U8 40 0 22 4 1 e
W o SR 5B A D e P ) 1 TR AR B, 65 °C MR
5min, ZAMEE T TR 120 kV iE
SPRBEES , BORAG R B 92 00015, KEE(E N
—-2~—1 pm, A EELF . PO HOVEDE L BRI —
W PE G 3 ) XSS R B o sk BRI A o o 1y rh
O AT 20 2 m, DA £ 5K R ) IR B VA
B, IR E R, KR Y R G E
B Al F EMAN2 510 o A7 00 3l B, SR 5
EMAN2 B Hop il BCRURT (1) GO 37 {7 B 4
A RELION3.0 5, 28 3ek %o SR 4 Bl i) Ak B £ 2 5
H—NHEEYH =Y ER R,

1.2.4  Shelterin & AW 45015500 KRS0 =4k
AR 5 O R R BB I BRI A2 5 W) o o3 BE R 4
AT A . W A Y Rapl,,,-Pozl-Tpzl,,, (PDB
ID: 5XXF) . Ccqlyy-Tpzle, (PDB ID: 7CUJ) .
Potlyy,-Tpzl,,, (PDBID: 7CUI) . Potly, ., (PDB
ID: 7CUH) & 73 ¥ A 45 ¥ 24 th PDB %4 A6 28 3k
o ¥ ARG5S A USFC Chimera 4k 4, 53641 v
PAG W EA B AT LG, DAHEI A& 4 O AE A
Shelterin & 5 1) H K31 43 A Lh R 1% ¢
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2.1 Shelterin 5 Y Wil a3k S 2i4L45 I

E. colifR RZ 18 °Cifs '3, ReRIRILHMEN
o Ze3f Ni-NTASERMZEM, PR T KEXMEAT,
HR LA, PelE Al R AR . Za, &
it His-ULP1 Ab R DL KA I H BB B i e 1 S5 FZ T
AR Al A B iRE S, (1 2A) . R aRAG Ty —

2022, 42(3)

AR FLTRE A, FRATT SO RIS R SR 4R 2 1 mL )5,
X 0.4 mL/min (3 £ 1T Superose™6 10/300 GL #E /i
HHIEENT, RAARHE TR —, JFHAS S
-G 3E R AL, H Y8 1 BTTE Superose™6 10/300 GL
A3 F i LR AR 15.16 mL (K 2B), £
SDS-PAGE #a Il % 17+ A {37 8 1% 2 11 TR i 28 100
M, FTLAIEB R SRR il B i . 4935 4 HLEL
ik (K20).

A B C
- e,'\)lo»:”v@@'}f)%
L SFT,W, E, UFT; E, 200 F 79PN IO
=V 20 250 000
250 000 130 000 L°%
150 000 “ — UV 254
= 100 000
100 000« - -
- — e 70 000
70 000 s = “*Potl E 0000l "y oy ot = ®Potl
’ = 5
50 000 —Be 5
40000 w0 5 40 000 W
35 000 SRR r £ 100p 35000 - et
- Ceqlrap ' — cqlrap
25000 B 50 Raplooy B TT1 I B o Ropl oo
25000
e - . . 20000
20 oooh '“- € Tpzloe 0 5 10 15 20 25 L] B e € Tpzlg

Volume/mL

Note: A. Two-step affinity purification of Shelterin complex. L—lysate; S—supernatant; FT —Ni-NTA flow through; W —Ni-NTA buffer wash; E, —Ni-NTA
elution; U—6 h ULP1 digestion; FT,—glutathione sepharose flow through; E,—supernatant after GST-3C digestion. B. Gel filtration chromatography profile
of the Shelterin complex on Superose™6 10/300 GL column. C. Fractions corresponding to the peaks in the gel-filtration profile examined by Coomassie blue
staining of SDS-PAGE. The corresponding elution volumes (mL) are marked above each lane. Be—sample before Superose™6 10/300 GL gel filtration

chromatography.

2 ZUFEEEE Shelterin E WM INRIZ S 4L

Fig 2 Expression and purification of S. pombe Shelterin complex in vitro

2.2 HLBEEHE S S Ak Bl

M 120 &V HLEE FRLET T U ER A 1 U4 i 7
HIREL, ATLAE UL, & A SRR A S g SR A e 15
BONTEMWT, 0RS B0k 2 18] B RS Al . R AR
15 nm, Z5GEER I UEEATAE R, HEW T Ak Y
HEWN R, fEET T BEE WATAEA ) f BE 1Y
HIE MG B, XU AR 1 BTORE 1Y) 22 AR R I AR e
W (F3A). TR BRI, SR Eh
STARBYBORISE RS E . 7E 92 0005 I KA RS, 4
ik BB SR A TR B 2 pom B9 BE RS, AR B G Y R
837k, FEMAN2 #fF 2 Phik T 18 659 4 fikr, &
J 1 FH Relion3.0 & {1 27 X e A 1 B0RE W47 2D 432
(J813B) ., WA R . LK 3D 202 M1 3D 1Ak ik
FHARAS Shelterin FLICHE A P10 T Y = HEL5 AR, fifi
H USCF Chimera X4 X5 15 H B BRI AT PEI, Af
DI Hh H R S SR 2 R AE A e, = AU
Kot (& 3C), Pk iy w0k 5 o A 34 24
(K3D).
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2.3 Shelterin 5 Sy W& W14 5 i

3D 3K JE W RS L BRI SO AR 5], ik
PR S5 T AR A3 ek U Fee 3 S0 B R R R A T AL
SRR, AR N 17 A (1 A=0.1 nm) (1)
YRR (K4A), BANEARE SR/ 145 Ax
120 Ax110 A (E14B). #RJ5FRATHIFH UCSF Chimera
B Y K PDB S E ) B A B4 R AR 5
53 B3 Shelterin V.5 5 W) B 4546 5 FATT3RAT A A6 AL i
T4 FNDLHL

MR T AF 2R A 3 1) 2 Fh 2458 % FF: Shelterin V. &
BV AE ST LIS : D Rapl gy, -Pozl-Tpzl,p,,
A LU i Pozl B9 N 3 AT 2 4> o B2 ETE B 1] 47 19
TR @ TE Ceqly - Tpzl y o05-Pozl,, EA YT
ot W BT F BE WM P A (disuccinimidyl
sulfoxide, DSSO) HYZZHL T3k 73 BT 48 22 i Ceql BN
Ui (LR IE . 2~439) 5 Pozl Z (845 ) iZ IAH
HAEH P, IF BAE Tpzl 4443 5 Ceql LA M Pozl 7%
A A EAE A 2 A 258 Tpzl gy Tpzl gy 5 %5 A
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Note: A. A representative negative-staining (NS) image of the S. pombe Shelterin quinary complex (Rapl-Pozl-Tpzl-Ccql-Potl). Scale bar=100 nm.
B. Representative reference-free 2D class averages of the particles of Shelterin complex extracted from NS images. C. 3D reconstruction of Shelterin complex

shown in six orthogonal views. D. Angular distribution of the selected particles used for the reconstruction of Shelterin complex. The colours represent the

number of particles used for 3D reconstruction at the projection angle. The closer the colour is to red, the more particles there are; the closer the colour is to

blue, the less particles there are.

3 Shelterin EAWH FALRFEFITER

Fig3 Negative-staining electron microscopy analysis of Shelterin complex

A8, UL, Ceql 5 Pozl ZH 43 7E 25 [l fir & 1 AHIE .
@ A A0 Y i B4 R R, TE Ceqly,,-
Tpzl g s-Pozl,, A, 24> Ceql 4143 H1 T LK
CUmasMg I, 2 RBUHEXT [l A B BTRL, 78
FATHEATICEC AR T, 4 21> Pozl-Tpzl y,, 41 53
T2 [a) 4540 BB AL, 24 Ceqly,, 20 B AE 5
2> Pozl ML B9 7 B . SRJE . T Tpzl,, M
Tpzl gy it (GGS), KBz, F LA AR VT i A2 o
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