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Abstract

SLC (solute carrier) proteins comprise a superfamily of integral membrane proteins that mediate

the transmembrane transport of small-molecule solutes, playing a critical role in maintaining homeostasis across

various physiological processes. Their functional dysregulation is closely associated with a wide spectrum of human

diseases. This review systematically elucidates the classification, molecular structural characteristics, transmem-

brane transport mechanisms, and physiological functions of the SLCI, 2, 5, and 6 families. By integrating recent

research progress in the model organism Drosophila melanogaster, this article highlights the unique advantages of

the fruit fly model in characterizing SLC protein functions and identifying human clinical pathogenic variants. This

review aims to analyze the structure-function relationships of SLC proteins, providing novel insights for the diag-

nosis, prevention, and treatment of associated diseases.
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PG BN A5k B AN & - B [F) 45 & 0K 3l , mf
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Fig.1 Structures of selected members of the SLC superfamily [structures were downloaded from the RCSB PDB database

hSLC2A4 7TWSM

hSLC5A1 7SL8 hSLC6A1 7SK2

(www.rcsh.org) and visualized using PyMOL)]
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“¥L12 524K (transceptor), W SLC38A9FI GPR155(G
protein-coupled receptor 155)HE % BN 14 BEAA N &
FE R B H [ B 1R 7K F , 648 3 mTORC 1 (mechanistic
target of rapamycin complex 1) &¥LLJH 8 IR
WHE T, ST A R 2 R S a0 e A EDIR S 1R
TR

SLCIL. 2. 516 S AT Jye ot 2 M8 5k e
TR . it BACKR I H AR 3 D) Re Al H O
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AU DA B 22 38 o 18 B Hh 45 35 AN T B AR AE T
BT EATE NS E B 1 B AT, AR SORE T
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RALZR, DR N E 78X 26502 5 1 1 Dy R L 1
LB R BRIR i o

1 SLCI=J%

SLCI XK Ik E B a B AR AR : &
RARVE TS KRG E BN R IR, &M%
WHEMAES 5ME KRG BHERZON T, Kt
SLCIF AR A M RS IR I8 1, FExt 4 kE
M2 R S E IR IR FE AR S B E L), A%
YRGB SLCIK IR 732K g ML J FH e
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1.1 SLCIRERID %

FR 5 SLCHE [l wiw 44 LU 2 HGNCH i R v ERE
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BT R A ERF A FEEEM ARG RE FRAK
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SLCIFRAE 45 R A S AL 1) DAACSHT
& (dicarboxylate/amino acid:cation symporter fold,
JNPR GItPh#T &), 194 T 1t B R Y5 & E (glutamate
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SLC1 5 i 5138 & LA RN = AR T R AE £, B4
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12 (E2), FERRA M, SLCIE LA 84N R g
24N 23K (hairpin loop)(HP1ATHP2), 1] 43 AP
MASFE T RER S5 R 38 SR 45 K 4 (scaffold domain)
(BLF TM1~6)Fl %% 1E 45 1 38 (transport domain)(f &
TM7~8)!1,

5 5 SCH g 1 SLCO K 11 7% 201 Bt i pL il
ANTA], SLC1ER Gk H R B IS MLz i o 1 52
ZRGE R IR N A DR AR A L, T A% T IR A B T )

&1 SLCIREEERZ RS (GIBBESEICH(11])
Table 1 Major members and distribution of the SLC1 family (adapted from reference [11])

R JEA B S/ o AT

Members Alias Major tissue/cell distribution

SLC1Al EAAT3/EAACI Predominantly localized in the cerebral cortex and hippocampus; widely distributed within neurons (exclud-
ing glial cells) throughout the brain, as well as in specific neural structures of the small intestine, kidneys,
liver, and heart

SLC1A2 EAAT2/GLT-1 Primarily localized in astrocytes of the brain; represents the most widely distributed and highly expressed

glutamate transporter in the central nervous system

Expressed in the Bergmann glia of the cerebellum (specialized cerebellar astrocytes that closely envelop

Low expression in the brain; primarily expressed in the lungs, skeletal muscle, and kidneys

SLCI1A3 EAAT1/GLAST
Purkinje cells)
SLC1A4 ASCT1 Widely distributed
SLCIAS ASCT2
SLC1A6 EAAT4 Expressed in the Purkinje cells of the cerebellum
SLCI1A7 EAATS Expressed in the photoreceptors and bipolar cells of the retina
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Schematic diagram of the elevator transport cycle of SLC1 family members. The scaffold domain is shown in blue, the transport domain in green, and

the transported solute in orange. The horizontal double arrows indicate reversible transmembrane translocation of the transport domain; the vertical

double arrows represent reversible binding and release of substrates through the HP2 gate.
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Fig.2 The process of the elevator transport mechanism (modified from reference [13])

12 G5 KL SR AE S SR 235 A6 458 3 T A A M B 1S 15~20 A
(1) 30 B NI 3 U4, SR &5 A A R TR R N AE
Fig. 2PNRFIEREIXR—FE 78 BN 1%, 75t
JE A BB E SR
1.3 SLCIKi&RI4IETIBE

SLCIF k& H R 4 R G TR AR A I B
YT R, s i B R Ak R BRI R =R, B ES
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5 SLC1A3 3 BEAE 40 22588 I BRI 1 - AR B R A%
YER, WEBR I A B 1) sk E AR, BRRRE R
A A F 552 5 80T JR K 1 R P R AL ) 35 D) A O
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520 g S fk (1) A i Th e
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SRR, A SR G BRI n, 3R 5] A AR K
SO B A IR AT PR U 12 R AR /N SR AR DL <6
FRI 2 A 28 J0 A LI B AR Y | P78 N- 4
2 It SR 1T 3 35 R AR FL s BRUE AR

eI R, HArE&nE 24 SLC1 Kk [H]
TP (EAAT1. EAAT2, K 3), KRR T I 5FH
YR ALLE N 35%51] 45%, HIEME R4S
SRR, HYIRIARI AL 2 7. RIEAAT]
(2235 H Fringef& i) Notch{E 5@ iM%, 2T
SSe CESY i T 1 R LN Y SRR
Mg , 1A IE RS S R4 R RIE B RE 7y P R

EAAT1RR A B R R LIS e, v 8 MEE T
HIE , 1Z0ETE D Re 2 e 5 B b H UL s B)
BERG (FL5F ), X5 AN 6B il /M L5 R 1
o B AR ABA,

AL BN SLC1A2 2 £ BB AR Ia 4,
1 SR 08 [ U5 EAAT2 B4 A BB AR A 2R
EAAT2TEMMA 1 S - 3k, i U R ke
W AR R, Ref8 T RS AR e
FRREAAT22: 3 SR BT R & SR (A0 HE /e =) 1)
TGN R R B LER LBz 45, EAAT2 AT 5 %6F
R AL R (U e R R i 3 215 P S e s 2

F 7N AR F SR, 38 3 R s 56 vy ) i A2
SLCIFE N ZAF (U SLCIA3TAR ) IO PE , 1IE 52 i
BT B AR AS  SE A0 R, EAMEAT R KP
I PRIREE R N I PR SUAS B AR S 1 B0 R

2 SLC2ZK %

YRR 32 B [R) e 42 B 1 HE 5K 0% (major facilitator
superfamily, MFS) L R | SLC2k A EE AN T
WA RPE. RS2 RS 2 ol DU AR
NI E S I is , Hitia 77 O AFERE
SR, KRR FE AT WA fe i . AR
H SRR SLC2K MR M4 28 LA S OLAEN LA
RS R R .

2.1 SLC2ZRIRHIH S

SLC2FEILALE 144 i, ARIE R A i o5 5 A=
FINRERIANR], v RGH R AR B b ek RbE
IR KR TR s vk =2 iR PR 225
g e EEH L AL S T 3R2.
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J# I N-J(neighbor-joining) 2% A 55 G LR ISLC1R kAT RA K E 9081 Hs: Homo sapiens. Dm: Drosophila melanogaster .
Phylogenetic analysis of SLC1 members from Homo sapiens and Drosophila melanogaster by the N-J (neighbor-joining) method. Hs: Homo sapiens.
Dm: Drosophila melanogaster.
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Fig.3 Phylogenetic tree of SLC1 family members in Homo sapiens and Drosophila melanogaster
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Table 2 Classification and distribution of major members of the SLC2 family (adapted from references [7,26-27])

4 o4zl VS HERAG ik v
Classification Members Alias Tissue distribution/cell expression
Glucose transporters ~ SLC2A1 GLUT1 Primarily expressed in the blood-brain barrier, blood-tissue barriers, erythro-
cytes, and fetal brain
SLC2A2 GLUT2 Distributed in the liver, pancreatic B-cells, intestine, and kidneys; additionally
expressed in the central nervous system
SLC2A3 GLUT3 Primarily expressed in the brain and testes
SLC2A4 GLUT4 Primarily expressed in skeletal muscle, cardiac muscle, and adipose tissue
SLC2A14 GLUT14 Primarily expressed in the testes
Fructose transporters ~ SLC2AS GLUTS Primarily expressed in the small intestine and testes as a specific fructose trans-
porter; also detected in the kidneys, skeletal muscle, adipose tissue, and brain
SLC2A7 GLUT7 Mainly distributed in the small intestine, colon, testes, and prostate; mediates the
transport of both glucose and fructose
SLC2A9 GLUT9/GLUTX Primarily transports urate in the kidneys to regulate blood uric acid levels; also
expressed in the liver, small intestine, placenta, lungs, and leukocytes
SLC2A11 GLUTI11 Primarily expressed in the heart and skeletal muscle; mediates the transport of
both glucose and fructose
Proton-coupled SLC2A6 GLUT6/formerly Expressed in the brain, spleen, leukocytes, etc.
myo-inositol trans- known as GLUT9
porters SLC2A8 GLUTS Expressed in the testes, hypothalamus, cerebellum, brainstem, adrenal glands,
liver, spleen, and adipose tissue
SLC2A10 GLUTI10 Most highly expressed in the liver and pancreas; also expressed in the heart,
lungs, skeletal muscle, placenta, and kidneys
SLC2A12 GLUTI12 Expressed in the heart, prostate, skeletal muscle, and placenta
SLC2A13 HMIT/GLUT13 Distributed in the brain and adipose tissue
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2.2 SLC2ZRIEHILEM S 1EHLH
SLC25K e R 53 30 8 1 1285 2 e 4 i, R
Hevig 5 R E AL T RN . SLC2HHA MFSHT & 1
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ROEAT BAR R iR SR, J8 T 3) B AL
[ “PEAETT % (rocker-switch) 7 41, T £ QUIST-
GAARDZ PR A vh | I — i Rl e — 2D i1k
NHT e~ 3 (clamp-and-switch) B Y (&14).
EZB A d SLC2 Kk 1) 124 5 I B2 e
(TMI1~12)3Z FEThEE AL B o) i T = IR i .ot A-
12 JiE (A-helices): TM1. 4. 7H110, 7 T-#iafLiE )
W2, Bt 14%; B-I2JiE(B-helices): TM2. 5. 8
A1, 38 E 225 HPIR; C-12)%(C-helices): TM3. 6. 9
12, AW STIEIEN . Hia g A6 7 ANk
)y, Wi AW RED IR 1o < PR,
T IE PR 1) A-BRE (REA & TM7HRI TM10)TE R 20175
TR R, KR Bie O AL R BE
Jo R R IR, AR SR SRR e, SEIER A R)

(A)

B)

JE 55 — M IR A% G IR ER T A B TE v R e
IBIEIE A ZERTS Y SO AR , 11245 B 0 i B T
Xt
2.3 SLC2ZHRIEHIEIRTNRE

FET X — s HZ s M g e B, SLC2 KR
TP I U (U L2 6 ) 0 ) 1A% 023 1, AERRAEHL
re i gERFRMRRS S R CEAE . T
LB K i 11 58 760 4 326 26 AN R FH 32 2 B SLC2A 1L AT
SLC2A3/ 52 75 K, SLC2AIfmRNARIA &
TE K B A0 AR HP R i, SLC2A3 mRNA R 2
F1 5 2028 KT DA DX 3 AR e A4 g e 1 77 =288 o
SLC2A 175 2 H I ] %) B 4 1f F ¢ 2 32 % 1y e S
W, FECH RS VR Z LA E, RIS L
i RAE PP e B IR G2 SE IR B SLC2A22 JF4H
Mo R EE E R E R A, B2 55 0 %6 ) =
W, 5 SLCS A2 [F) 56 B 20 0 SR Wi, 3L (A4
PR R RS B, SLC2A211 8 Y AR FA ]
RAJuFHE — B i /R Z7-5 1 (Fanconi-Bickel syn-
drome) &t % 11 53 1) 993 R

SLC2A4 2 MFEfa A TR M SN ¥, AR

Ar SERRIPRBAUR B K, 3OS OS5, PO U (. B: BERRAR R AR R, L0 OO ERYIE S T R AR IR i A-
BRI KT XA i She AR 7R 32 o A T R ) G e T B 1) 7 Sk 4 s IR A 7 AR L P {0 ) T B 45 5 S5 o

A: schematic diagram of the rocker-switch model. The two domains are shown in blue and green, and the transported solute is highlighted in yellow. B:

schematic diagram of the clamp-and-switch model. The red region indicates the A-helix that undergoes local bending induced by substrate binding. The

horizontal double arrows indicate reversible conformational transitions of the transporter; the vertical double arrows denote the reversible binding and

release of the substrate on either side of the membrane.

El4 MFSHi &R XS R RIER(IRES E CRK(28] 1220
Fig.4 Rocker-switch and clamp-and-switch model of MFS fold (modified from reference [28])
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JEIIN-J(neighbor-joining) 2% A I8 -5 B AE FM (1 SLC2 ik BT 1M RG K B 70T Hs: Homo sapiens. Dm: Drosophila melanogaster .
Phylogenetic analysis of SLC2 members from Homo sapiens and Drosophila melanogaster by the N-J (neighbor-joining) method. Hs: Homo sapiens.

Dm: Drosophila melanogaster.
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Fig.5 Phylogenetic tree of SLC2 family members i
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H BRI FEHRY

SR LR 2 G 65 2N E I R R 12 R
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n Homo sapiens and Drosophila melanogaster

Ui Y SR 1 AR £ ) B 3 B8 BRSO GLUT L, 17
Tretl-1/MF o 75 S0 1) 15 5 25 A8 B 22 G (insulin-
producing neurons) FRE 5 PE T GLUT1, 25304k
PR . B KPR T, B =R R
A G INET,

£ HRTRE iz s E it 7, R R Rl 1
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o QIFERIT /R A BRI SR AP EE AR YOS i ik
GLUT1 ] FEAL A Joi 10X )82 385 7 ] 14 =45 R -~ —— 1 2 b
85 55 11 78(glucose-regulated protein 78, GRP78)H]
WK, 3 TR0 M A R AT S R AL AR ), E T
KR Ty KB IE B R T, XN ANKIBIT
B IR P BRI S5 s SR At 1 S LA

3 SLC5%iE

fE SLCHI KR I A i &b, SLCSH R A
SCAZ O IR I SLCO K ik B A . 35 1 &5 4 [A] s e
—FH Y EA 2 M LeuT(leucine transporter) #7214,
B A LeuTHr S 1 il A 25 1) K B W8 #\H# (Aquifex aeo-
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licus) (¥ 20 B [7) 5 /N 2 5 1R e e B 1 (Leu T2 )P
B KA R i LR E 51k SLCSXK
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Table 3 Classification and transport substrates of major members of the SLC6 family (adapted from reference [55])

LRI R BT

Subfamily Members Major substrates

Monoamine transporters SLC6A2/3/4 Norepinephrine, dopamine/5-HT
GABA/glycine transporters SLC6A1/5/9/11-13 GABA/glycine/betaine

Neutral amino acid transporters SLC6A14-20 Neutral amino acids

Specific substrate transporters SLC6A6/7/8 Taurine/proline/creatine
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The scaffold and core domains are represented as cartoons in light green and blue, respectively. Substrates and ions are shown as spheres in red and

black, respectively. The scaffold domain remains static, while the core domain undergoes conformational changes upon ion binding to bind and sub-

sequently release substrates. The horizontal double arrows indicate reversible conformational transitions of the transporter; the vertical double arrows

denote the reversible binding and release of the substrate and co-transported ions on either side of the membrane.
El6 LeuT# BMEIERREIRIESE THBI1ERD)
Fig.6 Rocking-bundle model of the LeuT fold structure (modified from reference [8])
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Phylogenetic analysis of 22 SLC6 members in Drosophila melanogaster by the N-J (neighbor-joining) method.
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Fig.7 Phylogenetic tree of SLC6 family members in Drosophila melanogaster
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Table 4 Major members of the SLC6 family in Drosophila
S A Wy 7L 4 1) U5 ) LEEY M A A= BT g LA K% S5 SR
Classifi- Members Mammalian homo-  Major substrates Tissue distribution Physiological functions and references
cation logs
Neurotrans- ~ DAT SLC6A3 Dopamine Dopaminergic neu- Reuptakes synaptic dopamine to terminate
mitter rons dopaminergic signaling; directly regulates
transporters behaviors such as locomotion, reward, moti-
vation, and sleep™™’
SERT SLC6A4 5-HT (also known Serotonergic neuron  Recycles serotonin to terminate neurotrans-
as serotonin) clusters mission; crucial for modulating sleep, forag-
ing, and sexual behaviors®")

GlyT SLC6A5/9 Glycine Central nervous Regulates circadian rhythms”!

system

GAT SLC6A1 GABA Astrocytes Serves as the sole GABA scavenger within
the SLC6 family in Drosophila to maintain
extracellular GABA homeostasis'””!

Ntl SLC6AS/9 Glycine Male germ cells Potentially involved in sperm development
and the glycylation process essential for
sperm motility®*!

Ine Unknown B-alanylhistamine Central nervous Modulates neuronal excitability and regulates

system osmotic stress!*?+%]
Amino acid ~ NAATI1 SLC6A19/15/18 Neutral amino acids ~ Midgut and central Mediates the absorption and uptake of neutral
transporters nervous system amino acids to promote larval nutrition and
development; plays a role in amino acid clear-
ancel™
List Unknown Putative neutral Glial cells and hind-  Enhances resistance to lithium toxicity!®”)
amino acids gut
Orphan Blot Unknown Orphan transporter Malpighian tubules,  Regulates epithelial morphogenesis®
transporters (substrate unknown)  midgut, CNS, and
epithelial tissues
Bdg Unknown Orphan transporter Gut, muscles, and Influences tissue polarity during the R3/R4
(substrate unknown)  nervous system photoreceptor fate determination and affects
primordium development in the Drosophila
eye[oo-loo]
CG10804 SLC6A12/17/18 Orphan transporter Central nervous Potentially regulates cellular senescence!'"")
(substrate unknown)  system

CG43066 SLC6A15 Orphan transporter Unknown Potentially regulates cellular senescence!'"")
(substrate unknown)

CG1698 Unknown Orphan transporter Digestive tract and Potentially associated with Drosophila lifes-
(substrate unknown)  germ cells pan!'%?

CG4476 Unknown Orphan transporter Female abdomen Reduced light responsiveness upon muta-
(substrate unknown) tion!"*

CG13793 Unknown Orphan transporter Unknown Potentially involved in synaptic transmis-
(substrate unknown) sion!!*

CG33296 Unknown Orphan transporter Unknown Potentially involved in synaptic transmission!'*
(substrate unknown)

CG8850 Unknown Orphan transporter Pericardial cells Unknown
(substrate unknown)

CG13795 Unknown Orphan transporter Embryonic garland Unknown
(substrate unknown)  cells (nephrocytes)

and midgut

CG15279 Unknown Orphan transporter Heart and malpi- Unknown
(substrate unknown)  ghian tubules

CG13794C- Unknown Orphan transporter Unknown Unknown

G13796CG31904 (substrate unknown)
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Table 5 Comprehensive comparison of molecular characteristics and transport mechanisms of SLC1, 2, 5 and 6 families

(adapted from reference [4])

EAe At P SLCIZ & SLC25 jfk SLC5% % SLC6Z Itk
comparison dimension ~ SLCI family SLC2 family SLCS family SLC6 family
Core structural fold DAACS(GItPh) fold MEFS fold LeuT fold LeuT fold
Number of TMs 8 12 14-15 12

Transport mechanism Elevator transport Rocker-switch

model

Energy coupling mode  Secondary active trans-
port (Na*/K*/H" cotrans-
port)

Primary substrate Acidic/neutral amino

types acids (e.g., glutamate) polyols

Facilitated diffusion (down

concentration gradients)

Hexoses (glucose/fructose),

Rocking-bundle Rocking-bundle

Secondary active transport
(Na' cotransport)

Secondary active transport
(Na'/CI” cotransport)

Carbohydrates, monocar- Neurotransmitters (mono-

boxylates, iodide amines/GABA), amino acids
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