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Identification and transcriptional regulation of L-cysteine
transporter Mup1 in Cryptococcus neoformans
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Abstract: [Objective] To identify the L-cysteine transporter of Cryptococcus neoformans and
study the effect of the transporter on the fungal pathogenicity. [Methods] We constructed the
candidate gene-deleted strains, and examined the growth of the mutants with L-cysteine as the sole
sulfur source. We then tested the effect of the L-cysteine transporter Mupl on the expression of
virulence factors and the growth of C. neoformans under different stress conditions. Further, we
used the Galleria mellonella infection model and the mouse infection model to explore the effect
of MUP1 on the pathogenicity of C. neoformans. RNA-Seq and yeast one-hybrid assay were
employed to investigate the regulatory relationship between the master transcription factor Cys3
and Mupl. [Results] Mupl could transport L-cysteine, L-cystine, DL-cystathionine, and
L-homocysteine. The deletion of gene MUP1 did not affect the expression of virulence factors or
the cellular response to stress. Mupl had no significant effect on the pathogenicity of
C. neoformans in G. mellonella and mice. Cys3 might indirectly regulate the transcription of
MUPL. [Conclusion] Mupl is the transporter of L-cysteine, L-cystine, DL-cystathionine, and
L-homocysteine in C. neoformans. It does not affect the pathogenicity of C. neoformans and may
be indirectly regulated by Cys3.

Keywords: Cryptococcus neoformans; transporter; L-cysteine; pathogenicity; regulatory
relationship
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H AR T RE G e MR, 7] LA
HPFRIAEE h B AR HCE AR, A FE AR
P2 It SR B s B 1 IR AR S 1) 2 O PR
M. TERRIEERE D, MEEERE ZEHEA
(yeast amino acid transporter, YAT)W % A9E
Ytz H Agpl. Gapl. Bap2. Bap3.
Gnpl. Tatl Fl Tat2 &R DhEG iz Pt 2R, L&Y
HHE R ¥ 15 H M (L-type amino acid transporter,
LAT)W. K5 Mup 2 5 2% i1 B i 2 8 - f
IR Iz, M55 &R AR Mup3 J2IKE A
JIH B A RRSZ 8. Mupl I Mup3 #BJ8 T2
iR 22 B e A HLFH 2 F (amino acid polyamine
organic cation, APC)#i F ik 1y %5 iz & (101,
Yotl S BRI LR = R ) B I R s B
J& T 3% 5 Ak T #8 &K % (main  transfigurative
subfamily, MFS)'"!. Y A Bk B h, FE0fE—
RIERYIHESFAET, %E T 84 APC AR
AR EN, srhl)E Aapl. Aap2. Aap4,
Aap5. Aap6. Aap8. Mupl Fl Mup3!*"1,
T2 e 2R AN 28 AR B R T G A A A /A
S DL 3E o M — AU SR R e AR s B
I, AR B BR TR e s R % 1z 25 1 e AN T

&1 KWK F A BB E R BTR

PR e — M AR, BRI AR
BREACE MR, HR—FEEAIR.
AWFFE I A W5 B oA e e L, SR
AR AR, LB AR LI D 2 iR A ME— A I
ARSI, i BT AR BBk T TP A9 1 IDE PR
B, MK MUPL SRR x5 7 R 7338
IR BN L R, 8 e S 2 I
PR Bf B2 2 SEBR A 9E Mupl 5 55 5% [ - Cys3 )
PR R . PRI B BB 547 B T %
A I R R R g g A AN B BIL A ) B

1 HE55=Z

1.1 M
1.1.1  EFR. BRKFS|49

AT R BRI TCRL L 1. 5190
=2,
1.1.2 EHFE

B AEBRER PR R SR I YPD BigRdt; B
ORI UG FR AL niger seed Hi R Ak, JeMEiS &
KigR 3 DEME RigRdt, (RE IR 35 BM K5
FISEK 20 g D-glucose, 0.802 4 g NH,CI,
0.898 2 g KH,PO,. 0.114 1 g K,HPO,, 0.099 3 g

Table 1 The strains and plasmids used in this study
Strain/Plasmids Genotype/Properties Source/Reference
C. neoformans
H99 MATa, wild-type [16]
muplA MATa, MUP1::NEO In this study
yctlA MATa, YCT1::NEO In this study
mMuplA mup3A MATa, MUP1::NEO, MUP3::NAT In this study

muplA+Pys-MUP1-mCherry
H99 Pyupi-CnFLuc

S. cerevisiae
EGY48
Plasmids
SH1-Pctra-CnFluc
Ph3-mCherry-G418

MATa, MUP1::NEO, Py3-MUP1-mCherry-HYG
MAT(I, PMUPl-CnFLUC-NEO

MATa, ura3, his3, trpl, LexAop (x6)-LEU2

Overexpression with CnFluc in the “SH1” locus
Overexpression with mCherry in the “SH2” locus

In this study
In this study

FAN Yanhua

Our laboratory

Our laboratory
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Table 2 The primers used in this study

Primers Sequence (5'—3") Targeted genes
MUP1-SgRNA-F  AGTGACGATCCAAGACGTGTGTTTTAGAGCTAGAAATAGCAAGTT MUP1 SgRNA F
MUP1-U6-R ACACGTCTTGGATCGTCACTAACAGTATACCCTGCCGGTG MUP1 SgRNA R
MUP1-Left-F GGATGTCCAGCTAGTACGG MUP1 KO F1
MUP1-Left-R GCACTGGCCGTCGTTTTACGAAGTGGTGAGTGCGAATG MUP1 KO R1
MUP1-Right-F GTAATCATGTCATAGCTGTTTCCTGGGACTCCTAACACCGTACTC MUP1 KO F2
MUP1-Right-R AGCCATCTCGTCACTCAAG MUP1 KO R2
MUP1-qPCR-F CGGCTATCTGGTTCGTCTCC MUP1 qPCR F
MUP1-qPCR-R CGGGACGAGGAAGATTCAGG MUP1 qPCR R
MUP1-mCherry-F  TGATCTGGCCGGCCAACAACAATGTCAGGCAGTT MUP1 Comp F
MUP1-mCherry-R  GGAAAAAAGCGATCGCCTTCTCGCTGCTCTTTCAAATC MUP1 Comp R

MUP1-JD-F GAATTGAAAAGCTTGAATTCCACAATGTGGCATGATGAC
MUP1-JD-R TACAGAGCACATGCCTCGAGTGTTGTTACCTGTCGATTAGG
MUP3-U6-R GTACATTAGGCGACAGACTCAACAGTATACCCTGCCGGTG
MUP3-SgRNA-F  GAGTCTGTCGCCTAATGTACGTTTTAGAGCTAGAAATAGCAAGTT
MUP3-Left-F TCTCAAGGCTAACAATTTGATGC

MUP3-Left-R GCACTGGCCGTCGTTTTACAAGCCCTGGATACATATGCT
MUP3-Right-F GTAATCATGTCATAGCTGTTTCCTGGGGGCTCTATTGCATTATGG
MUP3-Right-R TTCGGAGCTGTAGAACGC

YCT1-SgRNA-F GTAAGGAAGTAGGCGGTCATGTTTTAGAGCTAGAAATAGCAAGTT
YCT1-U6-R ATGACCGCCTACTTCCTTACAACAGTATACCCTGCCGGTG
YCT1-Left-F CAATGGCCATCGAAATCGG

YCT1-Left-R GCACTGGCCGTCGTTTTACCGCTAGGCACAGATCTCAT
YCT1-Right-F GTAATCATGTCATAGCTGTTTCCTGGCTATCACTAAGGCCCTCAG
YCT1-Right-R ATGCGGATCTTGGAATAGGC

MUP1 yeast one-hybrid F
MUP1 yeast one-hybrid R
MUP3 SgRNA R

MUP3 SgRNA F

MUP3 KO F1

MUP3 KO R1

MUP3 KO F2

MUP3 KO R2

YCT1 SgRNA R

YCT1 SgRNA F
YCT1KO F1
YCT1KORI

YCT1KO F2

YCT1 KO R2

NaCl. 0.102 9 g CaCl,-2H,0. 0.406 6 g MgCl,-6H,O .
0.5 mg H3BO;. 0.04 mg CuCl,-2H,0 . 0.1 mg KI,
0.19 mg ZnCl,. 0.05 mg FeCl;-6H,0. 2 mg D-{Z
245 (calcium pantothenate), 2 mg 4E4 &K B, .
2 mg 44 & Be. 0.02 mg 4E4EE H. 20 mg L
% (inosito) % T 1 L /KH, 121 °CHEEKE
20 min"7 . PR LA T 1 1 7% S R R B
e SR L A EL ) 5 0L One Hybrid
System (Clontech 2 &) A B 45 .
113 FENHF

K Bio-Rad HLEEALAUHALSME DNA, R
1 MP-Bio FEah¥ i dnaleir A, RMEEH 2
T A IR, >R ] Bio-Rad SE 98 6 5 5 PCR

14T PCR ¥ A B EE . >R Molecular
Devices 2 U REREHR I & ODgoo AN AE L
1.2 B[ E BR A0 E E [E )

ZMSCHR[17]1/ 77, R TRACE R4k
A7 3 PR g B3 AN L A [ b o
1.3 A Keh&rnE

S 1 IR 2 A MR AEAS R A AL AL S 0 E A
ME—BR R T ARSI, K B AR R
muplA+MUP1, muplA mup3A. yctlA kT
YPD WA 3R 30 °C. 220 r/min $R % 595
12h )5, 4000 r/min .0 3 min, E5FEHFIL -
W, SR BRI CREKEG 2 e, BBE
BM };35 5P 30 °C. 220 r/min YLk 12 ho Bl

Mupl1A .
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T ) %) ol TR 3 3 1 1 7 R AR
BB . BRI S I TC R K e % 2 Ik, LB
i MESET BM BHEEEYIH ODgo N
0.01-0.02 Ji5, %41 10,100 1 000, 10 000 pmol/L
PRIRL-2E AR . - . - AR .
DL-/JE it Pt 1 ] BY > e 28R, SRS 7E 96 fLik b
30 °C. 500 r/min., 3557 72 h, B4 2 MY
HA
1.4 RNA $EEUK qRT-PCR 7747

N T HE— L IAE Mupl %35 2K b & B i 1
RE, RBP4 BUTR PR BITE NG RR £ . PR
FHLRRER ) BM Hi5e2krhifs 2 1 h, SEE9O0E
i PCR (quantitative real-time polymerase chain
reaction, qRT-PCR)K:ll MUPL (1 kK. %
& Ultrapure RNA Kit (5 A TH20 )i BH - HEBURE 5
J&L RNA, H HiScript II 1st Strand cDNA (Vazyme)
%Pk ¢DNA J5, 1 pg RNA & cDNA, Fi
ChamQ SYBR gPCR Master Mix (Vazyme)7E 5% Hif
7t it PCR X _Fif4T qRT-PCR., JHE[FI Fik 2=
SAEBUH fold change=2 "% )y ¥k it44 H 3k
AR Rk, DUE R TEFL 1R8N
SN, BY 3 M EYFEEREE .
1.5 WRHAEREmMREEKRBLSNE

T BIE MUPL (9 3R3K 2 15 5 1 e iR vk
A, WET MUPL 3 FRlG RBHOLER
R BRI, DU LA ) ve B P e 2 R 5 5 T
FIFRIBTEN . B MUPL Y5 3h 138 i [ 5 s 41
5 CnFLuc #HEME SH1-Pcrre-CnFluc A,
A PCR ZtEfb)5 , 5 SH3-SgRNA | Cas9
A B WA R AR, L G418 B K
TEFIZ W PCR 345298 G R B A5 Wbk . it
WYET YPD Hil 5 5%, LRGSR, Bok
B b g E T BM 356 % 110" CFU/mL,
7 10 mmol/L 1 10 umol/L 2 B4 2 i 30 °C .
220 r/min 5 5% 6 ho CR/KWEG, &O0EkR L
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H, EEJFIMAKRIEIKY D-luciferin 2 29k &
0.15 mg/mL, % 58 B F ODggp, AN 7] 25
e FE 1Y TG 2 A U A T B 4 B H K (glutathione,
GSH)IY) BM 3535 514 T 1 4E 4 & AT ODgoo 1E
h 5 B — AR Ab B, A5 30 AR KR
1.6 ¥%RETH

R T RIHHEGE Mupl 55 5% [HF Cys3 gy
FERFR, o BII0E BFA RY R A cys3A FEGT T
SRR VRS R T (0% s 4. TRIAR YPD i i Bk
FIGHEZUNN 5 mmol/L L-cysteine fJ BM &
IRIEFRIE R, WIRTEWE A 1x10" CFU/mL,
30 °C. 220 r/min }5 35 EXEAE K, KRG
2 W, B 5x10% CFU MO B T A g
AR 5 mmol/L L-cysteine A BM R AAK RS 57 3k
Hi, 30 °C. 220 t/min %8 2 h, B4 3 MEY
SFEA L PRBREM YR RNA J5, A Tllumina
NovaSeq 6000 V-5 F 3 F, BG4k
150 bp. f#ifi] STAR2.6.0c ¥ RNA J¥ 4] 584
FRBR TR HO9 1B HEF 7% L, f# ] HTSeq
HEAT LN KA WA 8 T R A oR
A (transcripts per million, TPM )X J& R % ik & 11
BORN I R B A T AR AEAL , i 3 R A A K
-, {# ] DESeq2, ##li Padj<0.05, log, (fold
change) 48 X {H>2 R H 2% S Rk FE I
1.7 BEEBRRRTSH

DA B R B B 2 ) cDNA AR 1
SEIRF Cys3 19 CDS F B, - i) Jos% ve it 4
£ pB42AD #Ak I, M Z R, 1 MUPL
sl R B, i JoAE IS R pLlacZi #iik
T, M EMEEE S0 F lacz /9 i, Hg
e S R N A R NG B N R N e U
Wl F: EGY48 1, 30 °CH:3% 48 h, KihEib 7
3% SD/Gal/Raf B AREFREL I, 7E 30 °CH;
FFP R FR S d, MR EAE Y, &4 24
HEYEER
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1.8 KUFHERLR A

JT B E E A Mupl ST AR BBk E R
FIPERFZI K 10 uL 1x10° CFU X A4 K 1Y
A5 TRURT mup1A P ARG S R R S AR S 2R
I W 4y ot [ A E(3304+25) mg] i i i — > A2 B
B, T 8 R4l LUES KAL) H AR Ry x) i
M. FTAYIHRAE 37 CCRARTFR 10 d, & 24 h
WA TS %, BB R AET .
1.9 PEREEREER

AR RV K LR s e &2
BAHER P A& S . TACUC-20230209-01)
J TR s T Mupl X AR BBk T Eom ik
BISZIR, K 7-8 JEIRIRE y 18-22 g AYMETE
C57BL/6 /NSRRI , F 50 uL 1x10° CFU/mL %
oA K A B A TR muplA B AR R AT G
WYy, gl 10 HU/NR . B 24 h WS AETR %,
HEA /NI,
1.10 ROHzRBISLE

H T WEE muplA FEAR RSN R D) S5 TR Y
AERAHBL ¥ 5107 CFU/mL A9 85 4= BY AT muplA
L 10 BT, B2 uL A9 RE TR )
BARREFREE [, 7630 °C R 3% 48 h i, 1AM
WWREER, AR AT YPD. YPD+1%HI
RLL(AMEEE J1). YPD+1.5 mol/L ILELEE(E
%JE). YPD+1 mmol/L W ASFRA (RS AL IE 7).
YPD+1.5 mol/L EALAI (15315 ). YPD+50 pmol/L
R (E SR E ).
.11 SHEF

DI T BT AE BBk 3 R s Jy AR R |
JEREAN 37 cCLERAE ML, HAMAr A A,
1.12 BESHGE

¥ 1 GraphPad Prism 7 #4 1) t 46 35 43 B %
qRT-PCR 43R4y 22 5% 0 M s R Log-rank
(Mantel-Cox)# 5 1 X 2l ) A 77 it 26 0k 47 22 5+
PEAHT, P<0.05 FRoRBEER

2 ERG0

2.1 ¥iEFEHE Mupl HIhEELE

Z: RS P B it 2 R 5 12 22 1 Mupl (Gt
5L YGROS5W) 1 Mup3 (4% 2L R YHLO36W),
FH BLASTP 55.32: BT A= B BK T HO9 Kk [X 2H %5 4
JE rp % R ERE . MUPL (CNAG_07693) Al
MUP3 (CNAG_03955), 43%|4mi5 605 F1 580 4~
RIETR I EE o 741 F e 7R B A B ER B Mup
ST R Mupl HAT 55%% 38R FF 5 AR
Mup3 5 EEEEEE Mup3 H AT 45% AU . &
HE TR e B 3 SR R T R e R R is B Yetd
(YLLOS5Wp),  [RIFE7E 4 A= Bk v Hh iff e 1 e ik
P YCT1 (CNAG_06890), #4ifih—> 522 4%,
R EN, SERERE: Yetl A 49%2 LR
7SR .

T R b A i R R AR T AR Bk R
hEg, DL NEO (% s )Pt AL & 4 MUPL
M YCTL, DL NAT (MR 2218 2 )ik 5L B B 4
MUP3 # it 2L B Bk, 2 W PCR 38 F )
BEEf3E] T muplA. yctlA A1 mup3A. DI
IR EE T muplA mup3A B IR H ik .
GEAS MRBE RN B 5 A AN R A AL AL B P A S v —
TR IR A BM G55 R AR U N -F b 2R
(<100 pmol/L)A, AHHCHFAE BRI #K, muplA H
B R LE KB (B 1A) TETS IE Be s BR i
mMupLA mup3A B AR 5 muplA A= KT B % 2%
St (B 2A) FEAS I B 2 FR T, muplA FT muplA
mup3A, Y%A LS F B A AR K B (B 2B).
H1 78 SR B Bk R B % 5% 2 i — A5 e R
MUP3 X AU 520, PRI fe 2 AR kS mup3A
R, TEUSINE Bt 242 (10 pmol/L-10 mmol/L)
W, yctlA 5597 A= FUAH H A B 0 A K
(I 2A);h T #E—2586IA Mupl HII8EE, I MUPL
SEALA A EI] muplA Bt XS (safe haven)[X 3
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1 mmol/L cysteine — w/o added sulfur
— 100 umol/L cysteine

1 Mupl BIThRESRIE
Figure 1
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A BM+100 pmol/L L-cysteine BM+10 pumol/L DL-cystathionine BM+100 pmol/L L-homocysteine
L5 —wr LS wr 1.5  WT
muplA o mupl A muplA
- muplAMUP!_—" | o L mup1a+MUPI —— | [muwpiatMUPI 3
Q@ : z g L Q@ ]
Q % Q
0.5 0.5 0.5F
I ! L ] = ! I 1 I | = | 1 1 I 1 J
0'00 12 24 36 48 60 72 0'00 12 24 36 48 60 72 O’00 12 24 36 48 60 72
t/h t/h t/h
BM+100 pmol/L L-cystine B muplA
1.5 WT 1.5~
muplA
— mupl A+MUPI e,
B e A RE P §
s S
osr 7 0.5 :
/’ 1 1 1 I | I — | 1 | 1 | ]
; 0.
0 O0 12 24 36 48 60 72 00 12 24 36 48 60 72

t/h

Functional characterization of Mupl. A: Growth curves of wild-type, muplA, and complemented

strains under L-cysteine, L-methionine, L-cystine, L-homocysteine, or DL-cystathionine as sole sulfur source.
B: Growth curves of muplA under various concentration of L-cysteine as sole sulfur source. C: Relative
bioluminescence intensity of Pyypi-CnFLuc after 6 h induction in BM medium supplemented with different

concentrations of L-cysteine.

o M T [EIANE RE muplA+MUPL, FIFH—3,
[ b PR Ak 5 B A TR TR Ak 22 B AR [R) P 22 28, 3R
LRI AR 5 MUPL (B AT (8] 1A)0 X
Sk SR F WA TE B A Bk B P A Mupl HA
VI E MR IE IR . A AE, muplA FEIRN
U A DR R (1 mmol/L)HTS RE % 1E 3 A= K
(K 1B), FWABEREE L&A i e &R
FEIEE LR, AN, Mupl i AT 5 2 e
TR Py IRl R e 22 R L ISR . IR G Fik 1) BB

(B 1A). o T —254R5% Mupl 5k AR 15
IR, # MUPL J53I+ 526K CnFLuc
il Rk e AR AE T bR 5 S E 25 R B
7 MUPL (9% 5 S0P B vk B (RO v, B
HV A PRI FE R A, MUPL i 3 165, X 26
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50K Mupl X8 Bk o e IR B 2 e
SRNE I ME—BR IR 2 T AR K R L )
HEM Mupl BT RE S o6 0 19 bk R F 2 &
1, I H AT RBSE IS 1 D2 R W AR s 25 o1 o
22 Mupl WEHEFRE NHEREHN
=AU

JERE . BAAEM 37 oCH K S L BRER T
3R ML EE T o THRSE Mupl XA B
BRI B T RaBRs2m, A BURT muplA
FE77 A JER A DMEM [E R RE S5 | p= A B g6 3%
) niger seed [EAEEFREL, LIJAE YPD [ {4$s
FeHt b 37 °CHiF . AR BN muplA /) 3 Fhs:
1R A5 B AR RUA L TE R .25 5 (R 3A),
RHZE A Mupl XSEBTE R . BERENK
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— 10 mmol/L

A WT
BM+L-cysteine

1 mmol/L — 100 pmol/L — 10 umol/L — w/o added sulfur

mupl A mup3A
BM-+L-cysteine

yetlA

L5 BM-+L-cysteine

] 1
0 12 24 36 48 60 72 Y0 12 24 36 48 60 72 0 12 24

36 48 60 72
t/h t/h t/h
B 150 WT 1.5¢ muplA 1.5 muplA mup3A
BM-+L-methionine

BM-+L-methionine BM-+L-methionine

1 1 1 1 I

0.0 | 1 | | | |

1
36 48 60 72 0012 24 36 48 60 T2 0 12 24 36 48 60 72
t/h t/h t/h

0 12 24

E 2 Mupl BFERKENEMERZEERD

Figure 2 Mupl is a L-cysteine transporter in Cryptococcus neoformans. A: Growth curves of wild-type,
muplA mup3A, and yctlA under L-cysteine as sole sulfur source. B: Growth curves of wild-type, muplA,
MuplA mup3A, and yctlA under L-methionine as sole sulfur source.

Niger seed 37°C Capsule

 ses OOXFED

B YPD+1% congo red

wil X X K2

muplA . ® G & =

YPD+1.5 mol/L KCI YPD+1.5 mol/L sorbito] YPD+! mmol/L NaNO, YPD+50 pmol/L CdSO

2 I 110 OYTH O
E 3 Mupl MFERKES HEFRIEMHFRREE M

Figure 3 Effect of Mupl on virulence factors and stress phenotypes of Cryptococcus neoformans. A: The
virulence factors of wild-type and muplA. B: The stress phenotypes of wild-type and muplA.

37 CCHERKANZLTR . N TR Mupl 27
S T 2B B BR TR N X BB A AR T, R AR
AUF muplA F 0 KCLL I AL i KIS 4T . CdSO,
il NaNO, iy YPD [ {4 FH . 45K
muplA 1838 A B AR FUAH O] B 25 R
(K1 3B), RMAFIZE T Mupl AFZI0HT A Bk

LSRGV

2.3 Mupl SFEFMHAIF
TR E T Mupl 21552 0587 A B

BRUAEE ST, I MR /)N B RSk T Sk e s 7
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Figure 4 Effect of Mupl on the pathogenicity of Cryptococcus neoformans. A: Survival curves of a
Galleria mellonella model of Cryptococcus neoformans infection. B: Survival curves of a mice model of
Cryptococcus neoformans infection. ns: Not significant.
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Figure 5 Regulatory relationship between MUP1 and Cys3. A: Transcripts per million of MUPL and
reference gene MET3 under sulfur repletion and sulfur starvation conditions in wild-type or cys3A. B:
B-galactosidase chromogenic reaction of pB42AD-Cys3/pLacZi-Pyyps. Negative control is PB42AD/PLACZI,
and positive control is PB42AD-SMR1/PLACZI-Pggja.
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Figure 6 Protein sequence analysis of Mupl. A: Transmembrane and conserved domain of Mupl. B:
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