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Abstract To screen candidate transporters involved in cordycepin efflux within Cordyceps militaris, the study
employed bioinformatics approaches to analyze ATP-binding cassette (ABC) transporters across its genome.
By integrating transcriptomic data, previously validated findings, and molecular docking analyses, transporters
correlated with cordycepin accumulation were identified. The results showed that: 1) A total of 70 ABC
transporters were identified at the genomic level, distributed in the ABCA (3), ABCB (12), ABCC (37), ABCD
(2>, ABCE (1), ABCF (5), ABCG (8), ABCI (1) and YDRO61W (1) subfamilies. 2) Integrating transcriptome
data of C. militaris from three projects, 96 membrane proteins significantly positively correlated with cordycepin
accumulation were screened. These proteins were compared to the whole genome proteins of Saccharomyces
cerevisiae, Aspergillus nidulans, and Aspergillus oryzae, and shared proteins with a similarity greater than 30%

were screened. Across the entire genome of C. militaris, proteins homologous to ENT1/ENT2 of Homo sapies,
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CaCNT of Candida albicans, and TbAT of Trypanosoma brucei were investigated and combined with the selected

shared proteins to obtain 34 candidate transporter proteins. 3) By constructing a three-dimensional protein

structure model and performing molecular docking analyses, the binding energies of all transporters to

cordycepin were less than -5 kd/mol. Subcellular localization predictions showed that these proteins were mainly

distributed in the plasma membrane (27), vacuole (3), endoplasmic reticulum (2), peroxisome (1), and

mitochondrion (1). In conclusion, through multi-strategy bioinformatics analysis, this study identified 70 ABC

transporters in the whole genome of C. militaris CMO1 and screened 34 candidate transporters potentially involved

in cordycepin efflux in C. militaris CMQ1, laying the groundwork for future research on cordycepin transport

mechanisms and metabolic reprogramming.

Keywords Cordyceps militaris; cordycepin; transporter; bioinformatics; molecular docking
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Fig. 1 Phylogenetic tree of C. militaris and identified ABC transporters
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Fig. 2 Conserved domains of ABC transporters in C. militaris
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Table 1 Physicochemical properties of ABC transporters in C. militaris

=Y ﬁT‘l\\/ Al N é
B K AT/ MRS R H;Z; %E; Eﬁ%@ T 2 4
br Length MW P 11 0 = TS

Protei
rotem Al GRAVY  SL

CmABCAL G3JBNO 1554 169.130 96 8.68 38.04 99. 85 0.176 \Y% ™
CmABCAZ G3JF32 1612 175.731 02 8.37 37.48 104. 21 0.213 \Y% ™
CmABCA3 G3JS47 1588  170. 84583 8.23 33.51 99. 87 0.198 PM ™
CmABCB1 G3J555 1284 138.550 89 6.07 41.61 104. 15 0.229 PM ™
CmABCB2 G3J566 963 106. 0365 6.18 35.46 95.42 0.007 PM ™
CmABCB3 G3J7EZ 1012 114.02705 8. 64 38.71 87.61 —0.207 \Y% ™
CmABCB4 G3J9D6 1343 146.776 48 7.57 38.74 97.82 0.090 PM ™
CmABCB5 G3IC17 1262 138 509 84 6.65 35.19 93.73 0.054 PM ™
CmABCB6 G3JDC6 804 87.738 32 9.46 43.47 91.43 —0.110 M ™
CmABCB7 G3JI14 747 82.141 49 9.46 29.79 93.53 —0.044 M ™
CmABCBS8 G3J1J9 1362 146.677 64 8. 66 45.48 95. 30 0.131 PM ™
CmABCB9 G3INO98 1418 152.8163 5.92 37.27 100. 75 0.173 PM ™
CmABCBI10  G3JQSO 749 80.565 2 9.47 39.81 89.79 —0.029 M ™
CmABCBI11  G3JRK1 1268 138.829 46 5.66 38.16 99.78 0.176 PM ™
CmABCB12 G3JSW2 1346 143.594 64 6.06 38.15 100. 19 0.182 PM ™
CmABCC1 G3J2KO0 1434  154.640 37 6.57 41.48 107.93 0.231 PM ™
CmABCC2 G3J2Y1 1766  194.600 65 6. 84 34.40 102. 85 0.112 \% ™
CmABCC3 G3J318 1459 161.734 84 6.79 47.12 105. 89 0.245 PM ™
CmABCC4 G3J967 1374 152.002 83 8.79 38.49 103. 41 0.114 ER ™
CmABCCS G3J9KO 1353 147.938 48 7.40 43.07 107. 22 0.275 PM ™
CmABCC6 G3J9Q8 1470 163.143 65 5.29 45.41 105. 51 0.171 PM ™
CmABCC7 G3J9T7 1426  157.83912 6.84 43.45 107.91 0.203 PM ™
CmABCCS8 G3JAQS8 1499 164.751 53 8.82 39.78 99.63 0.167 PM ™
CmABCCY G3JDQ2 1556 171.675 67 6.43 34.50 102. 46 0.068 PM ™
CmABCCI0  G3JE04 1531 169.214 35 7.79 35.05 100. 61 0.144 ER ™
CmABCCI11  G3JEV7 1395 153.334 74 8. 44 36.93 105. 61 0.255 PM ™
CmABCCI12  G3JFZ2 1472 161.006 40 9.22 38.83 108. 91 0.265 \Y% ™
CmABCC13  G3JGH1 1348 146 901.68 7.39 41.59 105.79 0.281 PM ™
CmABCC14 G3JGH2 1435 158.460 87 7.53 43.92 110. 45 0.298 PM ™
CmABCCI5  G3JIWO 1591 173.476 45 6.62 31.95 100. 26 0.218 \Y% ™
CmABCC16  G3JIY3 1522 164.738 97 9.14 49.83 102.77 0.147 PM ™
CmABCC17  G3JIZ5 1460 161.736 77 7.24 37.38 104. 69 0.252 PM ™
CmABCC18  G3JIW5 1436  156.594 43 6.18 40.00 109. 58 0. 340 PM ™
CmABCC19  G3JLC2 1413 155.542 76 6.73 40.62 111.52 0.285 PM ™
CmABCC20  G3IM34 1419 155.194 95 9.10 45.89 104. 32 0.152 ER ™
CmABCC21 G3JMb4 1441 158.338 44 6. 34 36.41 106. 00 0.241 PM ™
CmABCC22  G3IMT7 1462 160.783 49 6.77 43.70 110. 60 0.274 PM ™
CmABCC23  G3JN53 1304 143.964 39 6.52 44.73 102. 45 0.190 \Y% ™
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CmABCC24  G3INI3 1487 162.46556  8.99 35.20  100.14  0.118 M ™
CmABCC25 G3JP66 1513 165.88377  6.53 41.82 10152 0.115  V ™
CmABCC26  G3JPCO 1473 161.158  6.58 36.21  108.34  0.207  V ™
CmABCC27  G3JPJ6 1766 193.83493  8.54 38.08  100.75  0.122  V ™
CmABCC28  G3IPZ8 1436 156.50541  6.46 39.56  112.06  0.304  V ™
CmABCC29 G3JQH9 1608 175.97739  8.77 37.69  106.15  0.246  ER SPTM
CmABCC30 G3JQN4 1488 165.18370  6.53 34.47 93.38  —0.085  PM ™
CmABCC31  G3IQT5 1552 172.50852  8.59 38.57 97.69  0.013 V ™
CmABCC32  G3JRBS 1337 147.808 90  8.40 36.98  112.60  0.202  PM ™
CmABCC33  G3JRUI 1455 158.72296  8.32 40.76 10791 0.147  PM ™
CmABCC34  G3JTA4 1452 160.89498  6.30 40.57 10404  0.160 PM ™
CmABCC35 G3JTX5 1493 163.61656  8.44 38.90  110.12  0.277  PM ™
CmABCC36  G3JU47 1507 167.23281  8.14 30.07 10373 0.18¢  PM ™
CmABCC37 G3JKG7 797  86.99346  9.11 40.04 11351 0.320 M ™
CmABCDI  G31275 718 81.14452  9.20 37. 40 98.87 —0.081 P ™
CmABCDZ  G3J7S6 817  91.64385  9.19 32. 60 90.92 —0.261 P ™
CmABCEl  G3JKH3 651  73.05079  6.09 34.07 91.06 —0.308 PM  GLOB
CmABCF1  G3J7C5 1116 12.247367  6.25 38.10 90.82 —0.291  C GLOB
CmABCF2  G3IDK6 752  82.82527  5.88 36. 10 92.02  —0.263  C GLOB
CmABCF3  G3JGQ2 882  96.89369  7.37 47.22 95.73  —0.276 M GLOB
CmABCF4  G3JKR7 1053 11.733050  5.78 33. 30 89.05 —0.314 GLOB
CmABCF5  G3JLYS8 616  68.31985  6.43 35. 14 85.50 —0.377  C GLOB
CmABCG1  G3J4H5 1446 159.38718  8.32 42.73 92.41  0.018 PM  SPTM
CmABCGZ  G3J599 1401 154.94319  6.31 33. 25 87.72  0.007 PM ™
CmABCG3  G3J6K9 1530 169.90919  6.17 39. 04 86.02 —0.046 PM ™
CmABCG4  G3I7K4 1001 108.93587  8.68 38. 86 88.71  0.025 PM ™
CmABCG5  G3JF11 1364 151.87723  6.90 28. 62 88.80 —0.024  PM ™
CmABCG6  G3JIB5 1078 118.13997  5.38 46.02 90.70  0.022  ER SPTM
CmABCG7  G3IN17 1526 170.71629  6.53 38.07 85.27 —0.083 PM ™
CmABCG8  G3JS91 1522 168.90955  6.74 36.03 84.38 —0.037 PM ™
CmABCIL  G304S0 284  30.87332  5.81 36.71 95.77  —0.072  C GLOB
CmYdr06 . .
o G3IDP3 641  70.04251  6.38 44.10 85.69 —0.243 M GLOB

H MW 4 F 8, TP B 5 8 T R RUE T B, AL I R B, GRAVY B 25K M, SL 4 A2 37, TS - 5 45 A 38, V2 33, PM
R, M RRLR  ER : NI, P AR W B, G A5, TM: B2 1, SPTM : 43 I B B 45 4 , GLOB : Jo s I 45 14 458
Note: MW : Molecular weight. IP: Theoretical isoelectric point. II: Instability index. AI: Aliphatic index. GRAVY: Grand Average of
Hydropathicity index. SL: Subcellular localization. TS: Transmembrane structure. V: Vacuole. PM: Plasma Membrane. M:
Mitochondria. ER: Endoplasmic reticulum. P: Peroxisome. G: Cytosol. TM: Transmembrane structure. SPTM: Secretory

transmembrane structure. GLOB: Without transmembrane.
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2.4 TEEMEHEZRNBRERIEZES

7E NCBI 3 H PRINA883799 Fl PRINA900787
i, Xylose 41 U ¥ R & i W F & T Glucose 41 1
Arabinose 4 (P<<0.01) , NAA-4000 £ F1 NAA-
3000 40 R R R & & W & & T NAA-04H (P<<0.0D),
TEF 55 PRINASS3799 Ht |, Xylose 1 Ml & Glucose 41
i V& 2R 15 949 4~ [ Gk FE K (&l 3(a)) , Xylose 41
5 Arabinose 4l #H [t , 820 N JE A i (& 3(b)), H
I E IR 4324 . 1 PRINA9OO787 1,

NAA-4000 41 A0 XF T NAA-0 41 A 150 4~ FE A 14

2344\Lﬁ§1%(l§l 3Cd)), H 3 o R A
o FIH Zhang 20 58 B0, GY S60 41 L 3%

w W FH & T C omilitaris 1 M GYSS80 21 (P<

0. on,@;;th@aéﬁﬁufﬁa_%% 224y AR
b e o S w1 B~ S DO VA S R e BB
P J5 R4 96 AN JEEER 1, R 3k S8 TR 1 40 1) - TR 9P

B SRR K R B B H BEAT BLASTP X, 70
AR A TR U5 B 1 64 .81 1 78 4, R B AH UM ¥ K T
307 WRIIRE H, 5 E Rk iz B KA ENTL,
ENT2,.CaCNT #1 TbAT1 89 C. militaris CMO1 [d]

(K 3Cc)),NAA-3000 40 5 NAA-OH AL, fi e B WEASIFEE, GR 4 MRtz EA .
150 (@ 0 100 (b) 60 1(c) | : 50 ((d)
< 125 ) < 75 ‘ b ‘ 3 40
“g.: 100 b . é z 40 230
? 75 T 50 @ i
% 50 % % E" 20 E" 23
T T [ o
25
-75 -5 -25 025 575 -8 -6 4 2 02 4 638 20 -1 0 1 2 3 20 -1 0 1 2 3
log FC log,FC log,FC log FC
® Z:E’%‘ IngFC Padjusled L Padius!ed IOgZFC
Not Significance {3% Significance 2% Significance 3% Significance

(a)PRINA8B3799(Xylose vs Glucose) ; (b)Y PRINA883799(Xylose vs Arabinose) ; (¢)PRINA900787(NAA-4000 vs NAA-0);
(d)PRINA900787(NAA-3000 vs NAA-0)

3 BREERXBKHERSENFEHREEFER

Fig. 3 Screening for differential genes in C. militaris associated with cordycepin content

2.5 HEERAHERE

7, AlphaFold2 158 74 (1) #& A fe 3 X 1Y 220 55 1R 45 it W

CmABCGS 45 ¥4 #5114 72 P Al (I 4 () i B T HAB A R, K 4(b) R AlphaF old 2 5 Y (4 125
@ AlphaFold2 HelixFold-Single I-TASSER SWISS-MODEL
° 7 1807 === 180 = 80: T
AFD
g o
&F
=S
112 anl
A -
-135 | - .. ¢ L)
-180° 90 0 90 180 180 -90 0 9() 180 180 90 0 90 180 180 90 0 90180
b ZTH£A/(°)
® Dihedral angle
AlphaFold2 HelixFold-Single I- ASASER SWISS-MODEL HC

HC U {5
HC and LC represent high and low confidence, respectively.
()SAVESHLIRIIZ A ; (D QATEN 27 PF {5 5l
(a) SAVES Ramachandran; (b) Model quality assessment using QATEN.
4 THTH CmABCGS G a!

,LC R & al 1n

Fig. 4 Qualitative assessment of CmABCGHS structure
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AAE B BT W 2 T A B R i A 4 R
(F 2D WA, KA fE X &R L6 & &
AlphaFold2 B 5Y , #& A fiw i A1 fo 7 X 2 BE 1R 1Y L 131
ik #]99. 3% ; QATEN F2 ¥ % #5521 i1 ¥4 {1 Global

Value fz e T #55 A 25 ¥ 4 4, Global Value & ,
U 45 A4 B 4 B, AlphaFold2 4% #4 #5514 ) Global
Value B i /&5 T HAMAELAY . [, DL AlphaFold2 72
7 e 0 8 B 3 B Y A 2 R AR R

x2 TEETMNH CmABCGSE#ER
Table 2 Quantitative assessment of CmABCGHS structure

T 1Y LRI Z A/ % QGV
Model Ramachandran
HelixFold-Single 87.6+11.9+0.3+0.3 0.662
AlphaFold2 93.6+5.8+0.5+0.2 0.692
I-TASSER 79.7+15.1+3.3+1.8 0. 506
SWISS-MODEL 91.0+8.0+0.640.3 0. 588

T L O B R R R R Bl X R R X — I R RFX . QGV Fom

QATEN & F i th 59 global value,

Note: Ramachandran plot data are presented in the order of most favored, allowed,

generously allowed, and disallowed regions. QGV represents global value

assessed by QATEN program.

2.6 BRIEHIZEAMHREZNEASN

AR IE R 1 -TR A O
S S. cerevisiae [A. nidulans \A. oryzae 75 FH#H
H A 8% W ML CmABCG3. CmABCC28,
CmABCG8.CmABCC22 X% #z -UREF . W& 5 fi 7

-

g

%,1 SER-1051

\

CmABCG3 g 4 K A4 A R E R 454 A ik
—5.68kJ/mol; CmABCC28- i H £ 5 A5 1kH 6 &4
g5 A A AE—6. 24 kJ/mol; CmABCGS 5 U Hi 2
TN 7 40k, 454 H B AE—6. 76 kJ/mol; CmABCC22
MR RAE6 KA, 455 AMBE—6. 11 kI/mol,

ARG—123A\>

S GLY-1409
LEU-1408, /%

(2) CnABCG3-H1 B0 22 55 A 1A, He 2R 4 PN 28 €6 5 17 X 388 PrankWeb B0 (9 CnABCG3 W M 47 45, FIAl; (b)) CmABCC28- 1 212 55 4

5 (OCMABCGS-I B EE A ; (DOCmABCC22- I ZH &k,

(a)The CmABCG3-cordycepin complex. The black spherical interface within dashed box indicates the active site of CmABCG3 predicted
by PrankWeb. The same below; (b) The CmABCC28-cordycepin complex; (¢) The CmABCGS8-cordycepin complex; (d)The CmABCC22-

cordycepin complex.

5 BEREERSEGESRER

Fig. 5 Hydrogen-bond interaction of ligands and candidate transporters

H B K UniProt 28 B 328 7 iz 85 H 3D 254
5B RIEAT TR R 3R Rtk is S

R X 45 A REHR /N T —5 kJ/mol , 15 B A %% 7%
iz AR 5 M R ik E 2 A K. 4K UniProt
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e R e 25 gk i is 8 A B A s 1 vk H
1 G3TAQ7. CmABCC27., CmABCGS8., G3JKC3,
(31135, G3JPES, G3JDP9, G3J891, CmABCC28,
CmABCB11.CmABCC22 5 CmABCG3 Al fE2 5 it

ORISR Ak % iz H e BT S 40 R
BERFHIE, 27 AT, 3 AN TR, 2 M TN R,
i A A RN LR A% 23 A5 1A, 378 X S8 200 Jfd 2
5 0 A Y A i AR SR O 4 U O HR

R3 BAREZEOATNDERSRAERNESBHEE

Table 3 Putative function of candidate transporters and their binding energy with cordycepin

UniProt BE eI 2 fE UniProt BE 110 2 fig

ID Putative function 1D Putative function
G3JUHO —7.47  Phospholipid transporter™ G3JAT0 —6.41  Na™ transporter™
G3J9L7 —7.40 UDP-galactose transporter™ G3J891 —6.34  MFS multidrug transporter™
G3J311 —7.22  Siderophore iron transporter™ G3INZ4 —6.24  Mitochondrial chaperone™
G3JAQ7 —7.06  Multidrug transporter™ G3JPZ8 —6.24 CmABCC28"
G3JPJ6 —7.00 CmABCC27Y G3JCJ9 —6.22  Amino acid transporter™
G3J1.69 —6.97  Peptide transporter™ G3J3R6 —6.21  Integral membrane protein™®
G3JFB5 —6.83  Nicotinic acid transporter™ G3JF15 —6.20 Na'/Ca®" transporter™
G3JSV1 —6.80  Amino-acid permease™ G3JRK1 —6.18 CmABCBI11™
G3JS91 —6.76  CmABCG8™ G3J808 —6.15 DUF1212 domain protein™
G3JAN4 —6.72  Urea active transporter’™ G3IMT7 —6.11  CmABCC22™
G3JKC3 —6.70  Florfenicol exporter™ G3JA17 —6.04  Membrane protein”
G3JJ35 —6.68  Multidrug transporter™ G3JRI9 —5.98  Choline transporter™
G3JBH3 —6.66  Sterol reductase”™ G3J5K5 —5.79  Cytochrome b5 reductase™
G3JPES —6.61  Multidrug transporter™ G3JFJ8 —5.78  Sugar transporter™
G3JDP9 —6.60  Multidrug transporter™ G3J6K9 —5.68 CmABCG3™
G3JS47 —6.53 CmABCA3™ G3J8Q9 —5.58  Vacuolar iron transporter”
G3JRLY —6.53  Amino acid permease™ G3JHL8 —5.45 RTA1 domain protein™

T BEAURE S A BE(kJ/mol) . N Ty BEAT b A5 5 D 0k e 128 25 1 0 A0 M o Al ) 3 1

Note: BE represents binding energy (kJ/mol). The symbols in the upper right corner indicate the predicted localization of the candidate

transporters, as outlined in Table 1.

31
¥z AR D) RE B H T — A5 G R

B ) DR~ 2 R 3 TR — G0 LI B A b i v 0 DR ST
SE KL B, LT RE T E AL . 2 WU 5 R AR A 2
E S 55 7 HRE R A B TR K ABC §% 42 2K 1l
LR ABCH Z H AR S 5 &R R Mk
HE L ABIEZ 8 1 A 0 R 4 I P A KT 5 AR
13704 ABC #3278 ABC 8 R I 45 W R
HES A o A o AR A 3 ABCA B, Tk £
Bl R SE N 4 b A & B ABCA KR AR ™, % W
I O FAE ABC KK R b H A Wy Rk b
ABCB .ABCC Ml ABCG W 5K ik i 51 18 # 2 5 76 Pk

7R B i, X3 A M T R D R o 81,406, 1%
ABCC i 51 5 52. 8% , 7R 3 Hu 2035 1k 77 ) 1 £ K
PEREAE o F6 A 1) Al I 5216 B 63 AN o i R R ABC
AR 7. 1%,

I R R R CMOT 4 38 R 4l e 4 5 9 651 M8 H
A B A T A HE R D R R s R T
Z P WIEZE 8 S A5 FI ] 22 Fh SR B O 328 3R
934 Mk iEE A . BA MRS M4 5 A HAE
/NF — 5 KI/mol B}, 52 K MR BB B Wi f o B &
PR sl P, R T R s R A S
HE RS A HAEES/N T — 5 kI/mol, B AR g 5
MBERIE AR E L GIK, BRI,
FLAE G e B b SRt A Okt iy 2R A A
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