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The conventional function of amino acid transporters in mammalian cells is in the maintenance of amino acid

homeostasis. Every cell has a need for amino acids from extracellular sources, particularly for the essential amino

acids that mammalian cells are not able to synthesize. This need cannot be met without the participation of specific

transporters in the plasma membrane because of the hydrophilic nature of these amino acids, a feature that

prevents their simple diffusion across the hydrophobic lipid bilayer. 

amino acid transporters

1. Introduction

The conventional function of amino acid transporters in mammalian cells is in the maintenance of amino acid

homeostasis. Every cell has a need for amino acids from extracellular sources, particularly for the essential amino

acids that mammalian cells are not able to synthesize. This need cannot be met without the participation of specific

transporters in the plasma membrane because of the hydrophilic nature of these amino acids, a feature that

prevents their simple diffusion across the hydrophobic lipid bilayer. The transport process mediated by these amino

acid transporters is either uniport (i.e., amino acid transfer in one specific direction) or obligatory exchange (i.e.,

transfer of one amino acid substrate in one direction which is obligatorily coupled to transfer of another amino acid

substrate in the opposite direction). Some are simple facilitative transporters with no involvement of any co-

transported ion, whereas others are coupled transporters with involvement of one or more ions (Na , H , K  or Cl ).

Depending on the stoichiometry of the amino acid substrates and co-transported ions, the transport process could

be electroneutral or electrogenic. Therefore, the direction of the amino acid transfer mediated by a given amino

acid transporter is dictated by multiple factors: concentration gradients for amino acid substrates and co-

transported ions as well as membrane potential. These amino acid transporters are not expressed exclusively in

the plasma membrane ; they are also found in intracellular membranes, particularly in the lysosomal 

and mitochondrial membranes . This makes sense because amino acid needs of cells are met not only by uptake

from extracellular sources but also by transfer from lysosomes following proteolysis in conjunction with autophagy,

pinocytosis and macropinocytosis. In mitochondria, many of the biochemical pathways that take place in the matrix

involve amino acids (e.g., urea cycle, malate–aspartate shuttle), which requires the transporter-mediated transfer

of amino acids in both directions across the inner-mitochondrial membrane.

There are numerous amino acid transporters in mammalian cells, and they differ in substrate selectivity, transport

mechanism, driving forces and tissue expression pattern. In terms of the Human Genome Nomenclature, these

transporters belong to ten different SLC (solute carrier) gene families (1, 6, 7, 16, 17, 25, 36, 38, 43 and 66) along
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with four non-transporter proteins (SLC3A1/rBAT, SLC3A2/4F2hc/CD98, ACE2 and collectrin) that serve as

chaperones for some of these transporters . Depending on their cell-type specific expression, they function not

only in the cellular uptake of amino acids but also in transcellular transfer of amino acids across the barrier

structures such as the blood–brain barrier, blood–retinal barrier, maternal–fetal barrier and in the absorption of

dietary amino acids (intestine) and re-absorption-filtered amino acids (kidney). Loss-of-function mutations in many

of these transporters cause specific genetic diseases (e.g., Hartnup disease, cystinuria) .

2. Unconventional Functions of Amino Acid Transporters

Amino acids represent an important class of nutrients in cellular metabolism, serving as building blocks for protein

synthesis and functioning in multiple metabolic pathways such as the urea cycle, heme biosynthesis, one-carbon

metabolism, glutaminolysis and neurotransmission, to name just a few. Therefore, the cellular need for amino acids

is functionally coupled to the expression levels of specific amino acid transporters in the plasma membrane to

coordinate the two events, namely the availability and the utilization of amino acids. This coupling involves specific

signaling pathways with direct participation of the involved transporter proteins in the functional crosstalk. This led

to the coinage of the term “Transceptor” to highlight the non-traditional role of a protein functioning both as a

transporter and as a receptor . In mammalian cells, this novel aspect of an amino acid transporter was first

noticed for the classical “system A” , a Na -coupled transport system for short-chain amino acids and glutamine

belonging to the SLC38 family . System A consists of three specific transporters, SLC38A1 , SLC38A2 

and SLC38A4 ; among these three, the novel “transceptor” feature has been ascribed only to SLC38A2 

. This feature is responsible for the increase in the plasma membrane density of the transporter protein when

cells are deficient in amino acids and conversely for the decrease in transporter density in the plasma membrane

when cells are sated with amino acids. More recently, another member of the SLC38 family, namely SLC38A9,

expressed in the lysosomal membrane, has been shown to link amino acids in the lysosomes and mTORC1

activity . A similar feature has also been found for certain members of the SLC36 family of amino acid

transporters . In all these cases, amino acid transporters not only mediate amino acid transport but also

function as amino acid sensors, thus coupling amino acid status within the cells to amino acid transporter density in

the plasma membrane to modulate amino acid entry into cells and amino acid-dependent metabolic pathways. This

ensures control of amino acid entry into cells in a manner that is appropriate for the amino acid status (deficient or

excess) within the cells and also modulation of metabolic pathways that utilize amino acids such that the rates of

these pathways are in tune with the magnitude of amino acid delivery into cells.

Another notable non-traditional function of amino acid transporters is their involvement as the cell surface receptors

in retroviruses. Interestingly, this function is independent of the role of these transporters in amino acid transfer.

This is in contrast to their “transceptor” function where amino acid transport is coupled to cellular signaling.

Retroviruses hijack specific amino acid transporters to gain entry into their target cells . In this process, the

viruses bind to the external surface of specific transporters, and then the bound complex undergoes endocytosis,

consequently delivering the viruses into the cells. Since the amino acid transporters are expressed in a cell type-

specific manner, this also provides the molecular basis for target cell selectivity for these viruses. Furthermore, the
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variable amino acid sequences of a given amino acid transporter among different species dictates the specificity of

virus interaction for the species-specific tropism of a given virus.

To date, three amino acid transporters and one transporter chaperone have been shown to serve as cell surface

receptors for specific retroviruses (Table 1). The transporters are murine cationic amino acid transporter 1 (Slc7a1)

for ecotropic murine leukemia virus (E-MLV) and bovine leukemia virus (BLV) , human alanine–serine–

cysteine transporter 1 (ASCT1 or SLC1A4) for the feline infectious endogenous retrovirus RD-114, baboon

endogenous retrovirus (BaEV), and human endogenous retrovirus HERV-W  and Alanine-Serine-Cysteine

Transporter 2 (ASCT2 or SLC1A5) for baboon endogenous retrovirus (BaEV) and human endogenous retrovirus

HERV-W . Even though the transport function has nothing to do with the binding of the virus to the transporter

protein, it is likely that the interaction impacts the transport function. Since the virus entry via the transporter

involves endocytosis, it is possible that the binding of the virus to the transporter results in decreased density of the

transporter protein in the plasma membrane, thus negatively affecting the transport function. This is also true with

ACE2, the chaperone for the intestinal amino acid transporters SLC6A19 and SLC6A20 ; this chaperone protein

serves as the primary receptor for the COVID-19 virus SARS-CoV-2 . Deletion of Ace2 in mice led to a drastic

decrease in the density of the two transporters in the apical membrane of the epithelial cells of the small intestine

. Therefore, it is probable that binding of SARS-CoV-2 to ACE2 in the intestine decreases the trafficking of

SLC6A19 and SLC6A20 to the apical membrane, consequently decreasing the absorption of amino acids in the

small intestine.

Table 1. Amino acid transporters moonlighting as cell surface receptors for cellular entry of specific viruses.

There are several other members of the SLC family that are utilized as cell surface receptors for retroviruses ,

but these are not amino acid transporters. This includes the facilitative glucose transporter GLUT1 (SLC2A1),

Na /H   exchanger NHE1 (SLC9A1), two phosphate transporters (SLC20A1 and SLC20A2), two vitamin

transporters (SLC19A1 and SLC19A2) and the heme transporter SLC49A1.
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Transporter Species Virus

Cat 1 (Slc7a1) Mouse
Ecotropic murine leukemia virus;

Bovine leukemia virus

ASCT 1 (SLC1A4) Human
Feline endogenous retrovirus

RD-114;
Baboon endogenous retrovirus

ASCT 2 (SLC1A5) Human
Baboon endogenous retrovirus;
Human endogenous retrovirus

HERV-W

ACE 2 (chaperone for intestinal amino acid transporters
SLC6A19 and SLC6A20)

Human COVID-19 virus SARS-CoV-2
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More recently, two new unconventional functions of amino acid transporters have been brought to light. This

includes potentiation of macropinocytosis and regulation of diet-induced obesity (potentiation or protection

depending on the transporter involved).

3. Macropinocytosis and SLC38A5/SLC38A3

Macropinocytosis is a mechanism for a non-specific fluid-phase uptake in cells, which is distinct from other similar

processes such as pinocytosis and receptor-mediated endocytosis . This pathway plays a significant role in

maintenance of amino acid nutrition in cells because of the entry of extracellular proteins followed by proteolysis in

lysosomes with the delivery of the resultant amino acids to the cytoplasm. In some ways, this is akin to autophagy,

which uses cellular proteins to maintain amino acid nutrition under specific conditions, again involving lysosomal

proteolysis for generation of free amino acids. Interestingly, for some unknown reasons, primary emphasis is

placed on macropinocytosis in amino acid nutrition, but this endocytic process cannot be limited to the uptake of

extracellular proteins because of its involvement in the non-specific uptake of all components present in

extracellular fluid. There is convincing evidence indicating the participation of macropinocytosis in the uptake of

native as well as oxidized low-density lipoproteins (LDL) . Therefore, macropinocytosis is also likely to

provide lipid nutrients such as cholesterol, triglycerides and phospholipids to cells. Understandably,

macropinocytosis and autophagy are critical for cancer cells under conditions of nutrient deprivation . The

importance of these alternative modes of amino acid delivery to cancer cells is underscored by the increased

demand for amino acids and other nutrients to support the rapid proliferation in these cells. This is in addition to the

marked upregulation of selective transporters for amino acids, peptides and other nutrients in cancer cells to satisfy

the nutritional needs by the traditional pathway, namely transporter-mediated delivery .

Macropinocytosis is activated by various oncogenes such the EGF receptor and activating mutations in KRAS 

. Even though macropinocytosis is independent of clathrin and caveolin, the process still requires remodeling of

the cytoskeletal protein actin . One of the major factors that positively influences this remodeling, which is

necessary for the initiation of invagination of the plasma membrane for macropinocytosis, is the alkalinization of the

pH on the cytoplasmic side of the plasma membrane. The activation of macropinocytosis by the EGF receptor

involves the induction of the Na /H  exchanger subtype NHE1 (SLC9A1) that mediates the efflux of H  from cells in

exchange for the influx of Na   . Alternative signaling mechanisms may also participate in the induction of

macropinocytosis by EGF . In the case of KRAS mutations, it is the recruitment of vacuolar ATPase to the

plasma membrane that accomplishes H  efflux from the cells . In both cases, the end result is the alkalinization

of the cytoplasmic domain of the plasma membrane, which then promotes actin remodeling to initiate

macropinocytosis.

If efflux of H  from the cells either via the Na /H  exchanger or v-ATPase promotes macropinocytosis, could amino

acid transporters that mediate H  from the cells as a part of their transport mechanism have a similar effect? This

question led to the investigations of the amino acid transporter SLC38A5 regarding its potential connection to

macropinocytosis . SLC38A5, also called System N2 (SN2) or sodium-coupled neutral amino acid transporter 5

(SNAT5), is a Na -coupled transporter for the amino acids glutamine, histidine, asparagine, glycine, serine and
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methionine, and its transport process is coupled to a simultaneous release of H   from the cells (Figure 1). The

Na :H   stoichiometry is 1:1, which makes the transport process electroneutral because all of its amino acid

substrates are zwitterionic with no net charge. As such, SLC38A5 is an amino acid-dependent Na /H  exchanger

. Cellular uptake of amino acids via this transporter in the presence of extracellular Na   does lead to

intracellular alkalinization resulting from H   efflux . This transporter is highly upregulated in breast cancer,

particularly in triple-negative breast cancer . Since the substrate selectivity of SLC38A5 includes glycine, serine

and methionine, the amino acids essential for one-carbon metabolism, and also glutamine, the amino acid

obligatory for the cancer cell-specific metabolic pathway known as glutaminolysis, the increased expression and

activity of this transporter in cancer cells fuels oncogenic metabolism and supports tumor growth . Since triple-

negative breast cancer cells express high levels of SLC38A5, the connection of this transporter to

macropinocytosis was investigated in these cells . These studies established convincingly that amino acid

uptake into cells via this transporter is coupled to activation of macropinocytosis as monitored by the cellular

uptake of TMR (tetramethylrhodamine)-dextran, a fluorescent marker which detects macropinocytosis.

Interestingly, SLC38A5-stimulated macropinocytosis is inhibitable by the amiloride derivatives such as

ethylisopropylamiloride . This raised the question as to whether this amino acid transporter, which functions as a

Na /H  exchanger in the presence of amino acids, is inhibitable by EIPA and other amiloride derivatives which are

known for their activity as inhibitors of the classical Na /H  exchangers. Subsequent experiments showed that it is

indeed the case; SLC38A5 is directly inhibited by amilorides .

Figure 1. Transport pathways for NHE1 and SNAT5 and their relevance to macropinocytosis. The scheme shows

the similarity between the two transporters in the efflux of H , one being just the Na /H  exchanger (NHE1) and the

other being an amino acid-dependent Na /H   exchanger. In both cases, the transport process leads to

alkalinization in the cytoplasmic subdomain underneath the plasma membrane, which initiates remodeling of actin
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filaments and consequently promotes macropinocytosis. SNAT5, sodium-coupled neutral amino acid transporter 5,

another name for SLC38A5.

Until recently, four amino acid transporters received most of the attention for their role in amino acid nutrition in

cancer cells; these are SLC7A5, SLC1A5, SLC7A11 and SLC6A14 . None of these has been shown to

be associated with macropinocytosis. This makes SLC38A5 unique. This transporter is also upregulated in specific

cancers, and its tumor-promoting functions are not restricted to the supply of selective amino acids to cancer cells.

Its function is also coupled to regulation of intracellular pH because of the involvement of H   as one of the

cotransported ions. Influx of amino acid substrates via SLC38A5 is associated with removal of H  from the cells,

thus providing a novel mechanism for the maintenance of cellular pH. This process is critical for cancer cells

because they generate large amounts of lactic acid via aerobic glycolysis and hence need effective pathways to

remove H   from cells . SLC38A5 provides one such mechanism. The new findings that this amino acid

transporter also promotes macropinocytosis underscores the importance of this transporter to tumor growth

because macropinocytosis is an efficient pathway for the provision of amino acid and other nutrients to cancer

cells. Analysis of data available at the Cancer Genome Atlas (TGCA) reveals that SLC38A5 is upregulated not only

in triple-negative breast cancer but also in pancreatic cancer. In fact, the levels of SLC38A5 expression correlate

reciprocally with the survival of the patients with pancreatic cancer. It is important to note that macropinocytosis has

received the utmost attention in pancreatic cancer because of the widespread occurrence of activating mutations in

KRAS and their role in the potentiation of macropinocytosis as a novel mechanism to ensure optimal nutrition in

cancer cells. Therefore, SLC38A5, as not only the provider of amino acids but also as an activator of

macropinocytosis, assumes a unique place among the amino acid transporters that are known to be upregulated in

cancer.

SLC38A3, also known as SN1 or SNAT3, represents another subtype of the amino acid transport system N .

The mechanism of transport function is identical for SLC38A5 and SLC38A3 in that the latter is also an amino acid-

dependent Na /H  exchanger. It can be predicted that SLC38A3 is also capable of activating macropinocytosis in

an amino acid-coupled manner. SLC38A3 plays an obligatory role in the kidney in the acid–base balance. During

metabolic acidosis, the kidney has to eliminate the excess H , and this requires a source of ammonia, which

combines with H , and the resultant NH   is eliminated across the apical membrane into urine. Glutamine

constitutes this ammonia source, and SLC38A3 is the primary provider of this glutamine. Accordingly, SLC38A3 is

induced in the basolateral membrane of the epithelial cells in the kidney during metabolic acidosis to provide this

glutamine via Na -coupled uptake from the circulation . Interestingly, this increased expression is specific to

SLC38A3; the expression of SLC38A5 in the kidney is not influenced by metabolic acidosis . A loss-of-function

mutation in Slc38a3 causing Slc38a3 deficiency in a mouse model confirmed the critical role of this transporter in

metabolic acidosis . it can be speculated that macropinocytosis might be activated in kidney tubular cells during

metabolic acidosis and that cellular uptake of plasma proteins and lipoproteins might increase as a result. What

this means in terms of tubular cell physiology and pathology needs to be investigated. At present, this line of

thinking is only speculative, and needs experimental testing and validation.
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SLC38A3 and SLC38A5 are also expressed in the brain, primarily in astrocytes where they are considered to play

a role in the glutamine–glutamate cycle in which the transporters mediate the release of glutamine from astrocytes

. SLC38A5 is also expressed specifically at markedly high levels in endothelial cells of the blood–brain barrier

and blood–retinal barrier  (https://www.proteinatlas.org/ENSG00000017483-SLC38A5/single+cell+type/eye,

accessed on 1 January 2022). It would be interesting to ascertain in future studies if these transporters promote

macropinocytosis in these cell types and if they do, what the physiological and pathological consequences are from

the resultant entry of extracellular components into these cells.
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