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Overexpression and Mutation of Cyclin 2 Inhibit Sexual
Reproduction in Tetrahymena thermophila
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Abstract Cyclins undergo a cycle of synthesis and degradation in each cell cycle and play key roles in
both mitosis and meiosis by activating its cyclin-dependent kinase ( Cdk) partners and directing it to
specific target proteins. In Tetrahymena thermophila, Cyclin Cyc2 is required for initiation of micronuclear
meiosis during the sexual reproduction stage, but the molecular function of Cye2 is not well understood.
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In this study, Cyc2 was overexpressed in the mating mutants OE-CY(2-B2086 and OE-CY(2-CU428
under 0. 1 pg/mL Cd**and 0. 3 pg/mL Cd** induction, respectively. Expression levels of CYC2 increased
7.8 times and 9.8 times under 0.1 pg/mL Cd* and 0.3 pg/mL Cd** induction, respectively.
Overexpression of Cyc2 had no effect for initiation of micronuclear meiosis during the early sexual
reproduction stage, but affected formation and differentiation of the new macronucleus and new
micronucleus during the late sexual reproduction stage. The mating between mutants OE-CY(2-B2086 and
OE-CYC2-CU428 under 0. 1 pg/mL Cd**and 0.3 pg/mL Cd** failed to produce progeny. However, the
mutant phenotype was rescued by WT or CYC2 knockout cells and 3%, 15%, and 32% progenies were
produced, respectively. The abnormal phenotype was dose-dependent for expression levels of CYC2.
Furthermore, Ser312 of Cyc2 was mutated into alanine and the mutants CYC2-S312A-B and CYC2-
S312A-C were created. The mutation of Ser312 of Cyc2 led to the developmental blockage at meiotic
prophase 1 during the early conjugation stage. These results showed that expression levels and
phosphorylation of Cyc2 affect nuclear development during different sexual stages, and Cyc2 is required

5535 %

for sexual reproduction in Tetrahymena.
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KAZHG SRAG IR AT IO 22 57 4 5 /Nt SR DR iR AT
B2, BYEEFE R o SO iU
W, BL PSS G BG4, B F RSP
225338 AT KA A INZ SN By
SAT AR SR BE R AR, P UK A9 Crescent ™ 25 4],
IR S RO R AT AR CYe2 IR
oY T R OB AT CDK3 A4 e 53 415 T 4100 it ik 25
£ R 1 IPANY 3 T N 3 S € S B - B i
FRUSOL RSN CYC2 J 2Rk M Hws R AL 67 5
AT T W, KB CYC2 348 3k T 2y i
AT R B ICHESE R, 5 312 i 22 TR 5 A8 R B
APEAETE K BRI 1 i, AR R
H] CYC2 WY IEF IR AT R 1 A A8 1 T I A o A
PEAEFE IE B AT R LT

1 #R5FE

1.1 ##

HEH Y 5 B2086 I CU428 21 Jifd Ak ph 26 [ B
ZXIR K 2% Peter J. Bruns [ 4 B | oo 3% 5K 26 &
pXS75 B 2 W RE K 2% Martin A. Gorovsky £ 57 2
W, FIRH K pNeod-3HA AL EMH™ . DNA
JEE s & (b XS EYHEARARAF),
Tag DNA 4 BRI PE N VT, T4 DNA 3% 42 il
(Fermentas I NEB /2 &), J& k2 B ik 7 &
( TIANGEN 73 ), pMDI18-T Vector i [ & 7 &
(TAKARA A7) ERER ( BiETAHR), M
BR VA NHTER BEE R (Solarbio 24 1)) |, R H
Joe e AR 1, TR 4 P (3 OXOID A 7] ) , DNA
W (R4 T A TRARA T, 519 A il
(e TAYAFE), 226 % 7 PCR K &
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(TAKARA A7) .
1.2 YR K2 AEEE

Mg B P fi5E b AS [ 52 T 754 41 it B2086 Al CU428
REFRTE 1 xSPP AR 23 (1% FE I, 0. 2% Hi
iBE, 0.1% R B, 0.003% EDTA #:4h),
30 CHFFEXHAEKIM (2. 5~5.0x10° 411/ mL) ,
10 mmol/L Tris-HCI( pH7. 4) Yli#k 18 ~24 h, V%4
J e B K 2. 5% 10° 2L/ mLL, ¥ b 52 10 75 ) 4 i 45
HIRG)S, 30 CHERSE,

1.3 EHFRIEFRF pXS75-CYC2 HItg#E

PLVU A B 36 P 41 DNA AR, 514 OE-CYC2-
P1/OE-CYC2-P2 ¥ 3 H % Fr Bt , 2 B g W B e L K
eI, glifk H rY A B 5 pMDIS-T i 4%, # fb K
JAT B, i 5 4R 45 41 iR pMD18-T-CYC2, il 7
SRJ5 H BamH 1 Fl Asc 1 73 5%} pMD18-T-CYC2 Fl
pXS75 XY, I EAR TN H 1) 7 B, T4 DNA 3% 4%
Fitf 4% , 5% 1k K W FT B DHS o, 07 18 315 52 41 Ik
pXS75-CYC2.,

1.4 pNeod4-CYC2-3HA S ETHMENE

D s e BE PR 2H S A, 519 CYC2-Phos-3'-
P1/CYC2-Phos-3'-P2 ¥ 3 CYC2 &K F i 5 51, [0l
W B 5 pMD18-T 3% 4% , 5 Ab KA FF B DHS e, Bifi 356
$45 Bk pMD18-T-3', ¥ pMDI18-T-3' I pNeo4-
3HA 433 Xho T F1 Kpn T XUEEYT, it B H 1Y
Bt2t T4 DNA &4 %3, AL KB A DHS o, Bt
PG EIRTS pNeod-3'-3HA Tk,

LA pXS75-CYC2 MM, 514 CYC2-Phos-5'-P1/
CYC2-Phos-5'-P2 #4451 H (1751, B RIS
55 pMD18-T %42, AL KT 18 DHS o, i 4R 15 5
40 5T ki pMD18-T-5" 3l J¥*, pMDI18-T-5" Fl Jii 4.
pNeo4-3'-3HA 435 1 Sac 1 F1 Not 1 BE1], 4351 Ji& ]
W H B BOR4: T4 DNA & FEREE 12, 5616 R I T
P DHS o, JUPEFR1EIRTS pNeod-CYC2-3HA kL,
1.5 Rk RIS E RITH AR AT %

H4H TR pXS75-CYC2 2 Sacl BEYIZMEAL, ¥
BEEARUIT 1 ~1.5 pg/pl; LA JF KL pNeod-CYC2-
3HA AR, 5% CYC2-Phos-shot-P1/ CYC2-Phos-
shot-P2 28 Pfu DNA 4§ ( TIANGEN A H]) 97 #5k
RO, e i BLRIE 1~ 1.5 pe/pl, i
JEASRIE A (GI-1000, T 98 2 B A R A
FEAU AR S BO B B A R PR U A, SRR R
PO Ve A B U 4 PH M s B A L bk, A MTTL-F 01
MTT1-R N 51 ¥4 PCR 4 Mr e, Rk RAE K
i,

1.6 ERTEEE PCR

O] R M A R 5 A AR R A [) T %o 7R 4 i 2
CA™ b B, FEFEXT 2.5 h AP UCER AR d . ASTRLER & Y
A RNA 28 Trizol 2 fiff 25 48 WOIR 15, I §% s 4k 15
cDNA &5 —%E , LAt cDNA A HR | 17S-F/17S-R N
WNZ 518, qRT-CYC2-F/ qRT-CYC2-R N H 1Y 3£ A
514,94 CAEME 5 5,60 CHEMH 34 5,25 40 DGR,
PEAT 5L BF %¢ 6 % & PCR ( quantitative Real-Time
PCR, qRT-PCR) A 3 K A9 %% s K F
1.7 RTLMEKZEBENEREEERSM

HF VR IC X e A B A 75 0 2 20 41 i 7E A (] Bisf
[B) S HORE 200 WL, i S 5 L [ 4, H 20 plL
1 wg/mL DAPI XF 40 44 €4 10 min, 7EHOEIL R
W (FV1000, HAS) NS, A [F5C AL
AU FEXT 7 b, W SBCE A TE X 48 A i A SPP i)
T, 30 CEEFRAE TPCE 48 h K BRSO T A
IZRHEE 10 pL, 20 B & 100pg /mL e % R
(PUPEARIE TR AR B A KAZ ) 5 15 pg /mL 6-H
FENENS (HPESE TR T CU428 SEA /) 1) SPP 15 9%
Serp T SR A TR A

2 #R

2.1 TRiE CYC2 EHBMAE SRR I KL
INGHIRE S

MTT1 J5 3l 89 1) HE 5L PR 2 A8 20 i R 7E. Cd™
W PR R RS, RATZ AT MRS cYe2
FE MTTY PR N AR 40 i bk, R AR 1 2 &
PAE/NE M, CYC2 Bl 2828 K s, A 3
H 2 XA IR R AR S T T L N
T =250 CYC2 3o i FRh X i o3 24 1 5 W 2
L& B R, ASCHAR CA* TS cve2 &
i5,0. 1pg/mL 1 Cd** 5 5245 bk (OE-CYC2-B2086x
OE-CYC2-CU428) i PE A FA WY CYC2 1y %% sk F-
B A R 7. 8 £7%,0. 3 pg/mL CA* B CYC2 1Y)
KRB AR R 9.8 1%, TEAMEES L 2~4 h
RESRET, 1Rk CcYe2 S Mk A P B AT
BRI 2R PR (Fig. 1 A-2,4 h) . 4 h I,
MWFA: R L 3% & B BE A% A T R 1 B B
I, CYC2 i RIBRBHRPE LA 2% LT
NG FREIRA 2257 2450 BL (Fig.1 A-4 h) . 7E
APEAEF 6~12 h KB, i Kk CYC2 41tk
MU & SRR (Fig. 1 A, 6-12 h) . RIECXS 4
Jii /N R A (Fig. 1B, OE-CYC2-i) 8 5 I
fik(Fig. 1B, OE-CYC2-j) , K& Fext4mie It Bk
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W3 /% 4 B8 F A% ( Fig. 1B, OE-CYC2-k-1) . 4
0.3pg/mL CA™IES CYC2 278 Y upk i, A A= E
KB SEREN—LME ., #£ 6~7 h, BrA B4

Table 1 Primers used in the study

JH BRI KA R /N e e S B B s #E 9~ 10 h, 4
JH R R RAZ R /N L 8 2 B (Fig. 1B, OE-
cYc2)

Primer names

Sequences (5'—3")

OE-CY(C2-P1:
OE-CYC2-P2.
CYC2-mu-P1.
CYC2-mu-P2;
CYC2-Phos-5"-P1.
CYC2-Phos-5'-P2;
CYC2-Phos-3'-P1.
CYC2-Phos-3"-P2;

CY(C2-Phos-shot-P1;
CY(C2-Phos-shot-P2 .

qRT-CYC2-F
qRT-CYC2-R
17S-F:
17S-R:
MTTI1-F,
MTT1-R.

ACGGATCCATGTACATAAGTGGTAAATCAGTTA
ATGGCGCGCCTCAATTCAAGATAAACTTTTAGAATTT
GCTATGAAATGGAT |T| CTTTAATGAC
GTCATTAAAG |A| ATCCATTTCATAGC
GAGCTCCAGTTAAGACATTCGTAACAACTAGC
GCGGCCGCATTCAAGATAAACTTTTAGAATTTATCTC
TCTCGAGGAGGAGTGAGTGAGTGAGTGAATTG
TGGTACCCCAGCACCTGATCCATCAGTTCC
CAAAAAATATCT |G| CACCATAAAAAGAAG
CTTTTCTGTCATCAGTGTTTGTTGC
CTAATCCTCCTCTAGCTAAGTAAG
GTTCTACTTGTTTGGATTGGACTAC
GATCCTGCCAGTTACATATGCTTG
GCCCAACAATTAGCTCGGTTATCC
GCTACGTGATTCACGATTTATGCAATG
CGAAACTGATTTTATGCAATTATGAATTAC

underlines indicate restriction endonuclease sites: BamH I : GGATCC, Asc I : GGCGCGCC, Not | .
GCGGCCGC, Sac 1 : GAGCTC, Xho I ; CTCGAG, Kpn I ;: GGTACC; the boxes indicate mutant sites

2.2 MERBHMSEESTRKE T CYC2 RikKFE

Nt T iR CYC2 WERIK /KT 5 DU B R
APEAETE B WG , 53 044 07 356 AR AT 119 5 722 241
Bk OE-CYC2-B2086 F1 OE-CYC2-CU428 ( Fig.2 A) 5
BF2E 40 B bk K CYC2 B ER R 98 A AR A2 iR, AE
0. 1pg/mLCd> 53 T, AN A A 28 Bie 28 AU 3R BE 4R AN [+
(1) CYC2 FER e 5 RIA K- (Fig. 2B) o EAITHYFRIL
o B AR R 2.3.1.7 A 1.2 £, OE-
CYC2-B2086 #il OE-CYC2-CU428 7E 0.1 pg/mL HY
Cd* 58 0.3 pg/mL iy CI*HAE FiES T, A=A
A PEAE5E 5 AL (Fig. 2C, OE-0.1 and OE-0.3) ; OE-
CYC2-B2086 Il WT-CU428 7=4= 3% WA P45l G
fR(Fig. 3C,0E-B x WT-C) ; OE-CYC2-CU428 F1 WT-
B2086 ;= 15% )4 M4 8 J5 18 (Fig. 3C, OE-C x
WT-B) . Tl OE-CYC2-CU428 Fll CYC2 i |4 5 725 #
KO-CYC2-B W] LI AR 1% 7= A 32% M9 A 1 A= 5 5 AR
(Fig. 3C,KO-B x OE-C), Z5HREM, CYC2 By £k
TRV T DRSS A PR AR B S AR A
2.3 CYC2 TE R RLREMF/IMZIE (R

JE AR R BERR (B 0 I B B R A D R A

FEEAPETEN . Yan Z0F50 R AMEN 2 &
1 ABERRAL B 8 S312PQK N R &
FI Cdk3 S T %07 s Bk ib B, b 175
BEZAL S TIRE , 8 SN v G AT 22 20 119 o7 25 28 78
RIS TN IR T B R B (Fig. 3 A,
B) i i BB I8 T R R Ok, 4R1F CYC2-8312
A RASANMI R (Fig. 3C) . 2878 40 i Wk 7 vl 5520 1
WA 24103 stage 1(JZIKI]) | early-stage 11( ZKi#])
F1 late-stage I1( ZiFEARE]) B9 /N K& & 5 B A Rl —
FH(Fig. 3D a-c and g-i) """ {H 257 £5 7Y 20 /)% 4k
SEPL IR R 58 2 LE{H Y Crescent B (Fig. 3D d-f) ,
CYC2-S312A 7L M AR 17 /N R BAFIAE T late
stage 11 {r B, T30 W7 (01 47 ( Fig. 3D j-1) , Bcox 40 Al
LAY TEIG A& 1A KA 1A/ N ) A
L, TC AR A AR FE S 4G (Table 2) 4 %P A= 5
i 5 R A BR AT AL, CYC2-S312A-B x WTC 7]
PI3EAS 0. 3% 548, i CYC2-S312A-C x WTB I a] L)
A% 6. 7% J5 18 (Table 2) | FEAB bR 1Y 57 H R AL &R 43
WA, % R B R LB 1 B B A% &
HIHTAEN.
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(A)
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100 —
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=0 OE-CYC2
23 2h
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VI IX X
. /'.\ _,(e\Abnormal  Separated
\os/ \ s pairs  abnormal cells
(B)

2h 4h 6 h 8h 10 h 12h
a b (© d e f
WT
g h k
OE-CYC2

Abnormal development

Fig.1  Overexpression of CYC2 resulted in abnormal nuclear development during the sexual development stage in
Tetrahymena (A) Developmental profiles of wild type ( WT) and overexpression of CYC2 cells ( OE-CYC2) during
conjugation. WT and OE-CYC2 cells were induced for two hours under 0. 1 wg/mL Cd* induction during the growing stage. The
mating cells were stained with 0. 1 pg/mL DAPIL. The Y axis indicates the percentage of cells at different development stages at 2,
4, 6, 8 and 12 hours after mixing. The stages at the X axis were categorized as follows; I, Pair formation; II, Mic Elongation stage ;
I, Chromosome condensation; IV, Meiosis; V, 3" prezygotic stage; VI, Pronuclear exchange; VII, Pronuclear fusion; VIII,
anlagen stage; 1X, Abnormal pairs; X, Separated abnormal cells. Gray columns indicate WT; greyish-green columns indicate OE-
CYC2. (B) Comparison of developmental nuclei between mating WT cells and mating CYC2 overexpression mutants. Normal pairs
(a-h) ; abnormal separated cells (i-1). Cells were stained with 0. 1 pg/mL DAPT and observed by an Olympus confocal microscope

Table 2 CYC2-S312A mutants failed to produce viable progenies

Type of mating cells Nu.mber of 'individual Survival rate
pairs examined of progeny (%)
B2086 x CU428 213 80
CYC2-S312A-B3. 4 x CYC2-S312A-C3. 1 218 0
CYC2-S312A-B3.4 x WTC 222 0.3

CYC2-S312A-C3.1 x WTB 208 6.7
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(A) OE-B OF-C (B) ©)
i il _ £ 100 (n="220)
26 g sor 78
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.g 4 £ 60
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E x5 1.7 5 40 32
5 [ * 1.2 >
; 2 1 ~ L 5 20 15
g 0 B L L L ) % 0 0O ., 0 | 3 L L )
2 N < Q > ~ < N > O 2
z &/Q . &, $&/ @/ $&/ Q;Q . Q//Q B $&/ $&/ %( v
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T L & O L
& & o <« ¥ F 3

Fig.2 The sexual development was affected by CYC2 expression level (A) CYC2 overexpression mutants, OE-B and OE-
C, were confirmed by PCR. Empty arrows indicate - WT sequence ; black arrows indicate mutant sequences. (B) Analysis of CYC2
expression levels in different mating cells by qRT-PCR. Total RNA was isolated at two hours after mixing. 17S rRNA was used as the
internal reference gene. The Y-axis is fold-change of relative CYC2 expression levels; the X-axis is different type conjugation cells.
WT-0.1, OE-B and OE-C, wild type, B2086 or CU428 of overexpression CYC2 cells were induced respectively by 0.1 pg/mL Cd**
for two hours during the growing stage.” , P < 0.01; ™, P < 0.05. (C) Viability of progenies in different mating cells (n = 220).
WT-BxWT-C, mating between wild-type B2086 and CU428; OE-0.1, mating between OE-CY(C2-B2086 and OE-CYC2-CU428 with
0.1 pg/mL Cd* induction; OE-0.3, mating between OE-CYC2-B2086 and OE-CYC2-CU428 with 0.3 ug/ml Cd** induction; OE-B
x WT-C, mating between OE-CYC2-B2086 and CU428; OE-C x WT-B, mating between OE-CY(2-cu428 and B2086; OE-C x KO-
B, mating between OE-CYC2-CU428 and CYC2-knockout B2086

GV Lome (D) WT CYC2-S312A
F |
- p(— g
> >
en en
8 p
w2 w2
5 5
g g
= =
ks g
®) 312
I S E P Q K _ _
WT ATA TCT TCA CCA TAA AAA & &
< <
cvsn [N+ 3 :
A MWV £ ¢
CYC2-S312A I S A P Q K
ATA TCT GCA CCA TAA AAA
cnamcaom ML AW,
bt
©
M CYC2-S312A-B WT CYC2-S312A-C v
bp = é
8000 L -
5000 " o % %
3000 - e e W -y eV e wb B & <
2 000
=
1000 < 8
750 s
500
Fig.3 Cyc2 phosphorylation is essential for micronuclear elongation during conjugation development (A) Schematic

representation of the CYC2-S312A mutation. The CYC2-S312A construct was built under the endogenous promoter with TCA codon
was replaced by GCA. The Neo4 cassette was inserted after the 3’ flank sequence of CYC2 to provide the paromomycin resistance for
screening the mutants. Arrows indicated the sites of screening primers and the numbers indicated the identification sequence length of
wild type and mutants. (B) The mutant sequence analysis of Ser312. Orange box, the phosphorylation site in Cyc2, SPQK, with the
mutation sites underlined. Red letter, A, is the mutation amino acid. (C) CYC2-S312A-B and CYC2-S312A-C mutants were
confirmed by PCR. Empty arrowheads indicate mutant sequences; black arrowheads indicate WT sequences. The yellow pentagrams
indicate the PCR products from the mutant strains for observing the nuclear development. (D) DAPI staining showed progression
through early conjugation in WT (a-f) and CYC2-S312A (g-1) strains. Red arrows indicated arrested abnormal micronuclei ( Mics)
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JEL B 11 ) Y AR P S 1 2 R
240 6 SO R e el R v R AR Y ey
Y A K& A« Cyelin A, Cyclin B, Cyclin D
K Cyclin E, Cyelin D1 #l Cyclin E J#45 G, #1% S
], Cyclin A J#2 S A% G, #, Cyclin B ###% G, ¥
M, SRR R R AR AR A Y 43 L A
FE SRR SIS T, 2R A F A mRNA B
A YA FR A0 2 15 i B, TR) Ao I 2R i R
PER S EEJE M, B3 MR WIE A TR RE
PRV Y S0 2 A S A B O O T et
B FBIEE B3a 25 T W # gk A
BB U A 34 FORE R E R, OF B
BHIRF g FRIR S . R 2 R A ) 28
AR PR B B AR 2GR, AR CYC28 X U B
HE AT TCR M, i Rk CYe28 S E8UE A
P AR R 22 MR IR A 2 MR
B0 T DU A O R o A R AR S AR 5
KRR 1 2 193 i 3R A R A S AT N
B (A8 T & FRAERPIAE N R (Fig.
1), 0l 5875 2 i ik T vk R A5 A 14 A 5 J5 AR ( Table
2), HILFEMIE A 2 Rk KFERIAs, 78 % B AR
Wy Bz T AR I &, ST P E T A
B

JIMIE A 456 CDK B E A WAE o T 41
JSRHEAT o AR O S S AN U #E R RIS
Y EIR Ak A8 , T B S A A S B R 1L
B, 38 A 1 S o B B O P, 2R
WA TR 1 B 1) B A o AR A 22 43 42
T R F IR A Cln B RRIL 1B S
5T ZRUWBINIZ A IE AR . NRES
E (Thr-380) #1 & D1 ( Thr-286) H#ERR1L1E
M, X HCZ AR 1 B A TR R R 4 EBAE T
DU S S JEV ) 2 P R SE I CDK3 HLA I CYe2 A
FEALLI) 235 P | R 98 28 bR A ALY 2R | R
T RRIE U RE RO S A A L S I R T
E M Cdk3 J5, Cye2 11 IR 1k 3 BF BE = %
RN AW A Cye2 EIERR T4 312 fif
(4 22 B R A s A TN, BRI A8, RN Cyce2 22
SRR B SR I /I IECES 1 R 53 24T G 6 1A S
il , BRI CYC2 MRS R AN CDK3 M 5878
MRALBO T R CYC2 55 5875 20 it bk 5 BBy 1 7Y
2 L T X AT 43 PR AR 5 A8 2 ifL 3R Y ( Fig. 3C and

Table 2) , X #8625 J 4R | Cdk3 {2 fifi Cyc2 BEFR 1L 1
e, SRR SE T A EAE R, B, FRATTHED
Cdk3 R HE T Cye2 HEsE A s R B BR AL 161 , i R 1L
) Cyc2 Nit—HAR it T —H %54, Cdk3 Fl Cyc2
R BT M A A I R A, I e 2 S it
PR AT R AL e i, 24 BH Ik Cye2 BERR LB e
A REMN G 2 WA EAE R, S 80 S R TS B
NI RIS 2B IR . CYC2 3 5K ek A8
DL B SE B AR AL, ZE R TR 2K g T P i
HA AR R HEZAZR S5 T4
JE R s B AR F 0 o T UL A ek — 2
NG T
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