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Because of its hydrophobic interior, the lipid bilayer of cell membranes restricts 
the passage of most polar molecules. This barrier function allows the cell to main-
tain concentrations of solutes in its cytosol that differ from those in the extracel-
lular fluid and in each of the intracellular membrane-enclosed compartments. 
To benefit from this barrier, however, cells have had to evolve ways of transferring 
specific water-soluble molecules and ions across their membranes in order to 
ingest essential nutrients, excrete metabolic waste products, and regulate intra-
cellular ion concentrations. Cells use specialized membrane transport proteins to 
accomplish this goal. The importance of such small molecule transport is reflected 
in the large number of genes in all organisms that code for the transmembrane 
transport proteins involved, which make up 15–30% of the membrane proteins in 
all cells. Some mammalian cells, such as nerve and kidney cells, devote up to two-
thirds of their total metabolic energy consumption to such transport processes.

Cells can also transfer macromolecules and even large particles across their 
membranes, but the mechanisms involved in most of these cases differ from 
those used for transferring small molecules, and they are discussed in Chapters 
12 and 13. 

We begin this chapter by describing some general principles of how small 
water-soluble molecules traverse cell membranes. We then consider, in turn, the 
two main classes of membrane proteins that mediate this transmembrane traffic: 
transporters, which undergo sequential conformational changes to transport spe-
cific small molecules across membranes, and channels, which form narrow pores, 
allowing passive transmembrane movement, primarily of water and small inor-
ganic ions. Transporters can be coupled to a source of energy to catalyze active 
transport, which together with selective passive permeability, creates large dif-
ferences in the composition of the cytosol compared with that of either the extra-
cellular fluid (Table 11–1) or the fluid within membrane-enclosed organelles. By 
generating inorganic ion-concentration differences across the lipid bilayer, cell 
membranes can store potential energy in the form of electrochemical gradients, 
which drive various transport processes, convey electrical signals in electrically 
excitable cells, and (in mitochondria, chloroplasts, and bacteria) make most of 
the cell’s ATP. We focus our discussion mainly on transport across the plasma 
membrane, but similar mechanisms operate across the other membranes of the 
eukaryotic cell, as discussed in later chapters.

In the last part of the chapter, we concentrate mainly on the functions of ion 
channels in neurons (nerve cells). In these cells, channel proteins perform at their 
highest level of sophistication, enabling networks of neurons to carry out all the 
astonishing feats your brain is capable of.

PRINCIPLES OF MEMBRANE TRANSPORT
We begin this section by describing the permeability properties of protein-free, 
synthetic lipid bilayers. We then introduce some of the terms used to describe the 
various forms of membrane transport and some strategies for characterizing the 
proteins and processes involved.

Membrane Transport of Small 
Molecules and the Electrical 
Properties of Membranes

IN THIS CHAPTER

PRINCIPLES OF MEMBRANE 
TRANSPORT

TRANSPORTERS AND ACTIVE 
MEMBRANE TRANSPORT

CHANNELS AND THE 
ELECTRICAL PROPERTIES OF 
MEMBRANES
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Topic of the day: membrane transport

Proteins involved in membrane transport
Active vs Passive transport
ATP-driven pumps and Na+/K+ ATPase - ABC transporters
Channels
- Aquaporin 
Introduction to ion channels
- Ion selectivity
- Ion current measurements 

Examples of the importance of these transporters
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ion concentrations inside and outside a cell
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- The lipid bilayer of cell membranes is a 
barrier that prevents water-soluble molecules 
and small ions to pass through. 

- This allows to have different concentrations 
of solutes in and out. - Cells use specialized 
transmembrane proteins for transport 

Figure 12-1  Essential Cell Biology (© Garland Science 2010)

- The lipid bilayer of cell membranes is a barrier that prevents 
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The cell membrane is a barrier to the transport of molecules
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The lipid bilayer is impermeable

Hydrophilic

Hydrophilic

HydrophobicCell membrane

Outside of the cell

Inside of the cell
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An experiment to measure the permeability of a lipid bilayer 
membrane to glycine

Stryer, Biochemistry, 5th edition

Sonicate to give a dispersion 
of closed vesicles

Separate the glycine-
containing vesicles from the 
surrounding solution by gel 
filtration chromatography

Measure the rate of glycine 
efflux, to determine the 
permeability of the lipid bilayer 
to glycine

Using a synthetic lipid bilayer one can study 
permeability for different classes of molecules. 

Basic chemical principles for this experiment

Phospholipids form liposomes with an amphiphilic nature

Molecules will diffuse over the lipid bilayer down its concentration 
gradient
High concentration -> Low concentration

The features of the compound tested will define diffusion rate

7



Using a synthetic lipid bilayer one can study 
permeability for different classes of molecules. 

Using this information, we 
can predict which groups of 
molecules require membrane 
transport
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Molecules can be transported across the membrane by 
proteins

What are the types and features of these proteins?
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Transporters and channel proteins

Transporters are also called carriers or permeases
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Channels:

-Form hydrophilic, often highly selective pores
-No change in conformation
-The pores can usually open and close rapidly
-No energy coupled, only passive transport

Channel proteins

11
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transporter channel
Interaction with the solute strong weak
Conformational change yes no
Transport speed slow fast
Transport type active or 

passive
passive

Transporters and channel proteins
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Figure 12-5  Essential Cell Biology (© Garland Science 2010)
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Transporters are found in most or all biological membranes
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Passive versus Active transport

Passive transport relies on concentration gradients 14



Passive versus Active transport

The basic structures and amino acid sequences of passive transporters and active transporters 
are very similar. 
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Charge of the transported molecule influences 
transport
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A model of how a conformational change in a 
transporter mediates the passive movement of a solute 
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The kinetics transporters resemble a enzymatic 
reaction

-Each carrier has a defined maximal flipping 
rate (Vmax) 
-Vmax is reached when the transporter 
is saturated
-The affinity (Km) equals the concentration of 
solute at 1⁄2 Vmax 

18



Three ways of driving active transport 

Active transport uses energy to drive transport against the electrochemical current
19



Different modes of coupled transport. 
uniporters, symporters, and antiporters 
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Transporters are built from inverted repeats 
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Active coupled transport driven by a Ion concentration
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Mechanism of glucose transport fuelled by a Na+ gradient. 

These glucose transporters are called the sodium glucose linked transport (SGLT) family of 
transporters. There are several with SGLT1 and SGLT2 the most well known
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Glucose absorption in the small intestine
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Transcellular transport

SGLT1

Co transport of glucose

25



Transcellular transport

SGLT1
Co transport of glucose

What is this transporter? 
Would it be active of passive?
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Transcellular transport

SGLT1
Co transport of glucose

Discussed later!

A passive glucose 
transporter GLUT

27



Transcellular transport

There are 14 members in the GLUT family. 
• Transport different substrates. Not only glucose, but 
fructose (GLUT5), urate (GLUT9). 
• Have different KM and Vmax

• Are expressed in different tissues 

28



Three types of ATP driven pumps
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Examples of ATP-driven pumps

Main function: the 
maintenance of gradients

Transporter type function
Na+/K+ pump (P-type) To maintain gradient of Na+ and K+

Ca++ ATPase (P-type) To keep [Ca++] low (for signaling)
Gastric H+/K+ pump (P-type) To secrete HCl

Examples of ATP driven pumps
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The Na+/K+ ATPase 

• ATP-driven antiporter
P-type ATPase
Maintains the Na+ gradient important for: 

• transport of nutrients into cells - osmotic balance 
• 1/3 of the cell’s energy is devoted to this pump! 

The Na+/K+ ATPase

- ATP-driven antiporter
- P-type ATPase
- Maintains the Na+ gradient important for:

- 1/3 of the cell’s energy is devoted to this pump!

- transport of nutrients into cells

- osmotic balance

5

Nobel prize in chemistry, 1997

"for the first discovery of an ion-
transporting enzyme, Na+, K+ -ATPase"

Jens C. Skou
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The function of the Na+-K+ pump 
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Figure 12-11  Essential Cell Biology (© Garland Science 2010)

7

ouabain,
digoxin

The cycle of the Na+-K+ pump 
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Figure 12-12  Essential Cell Biology (© Garland Science 2010)

The Na+/K+ ATPase is important to regulate cellular osmolarity

9

The Na+/K+ ATPase is important to regulate cellular 
osmolarity 
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Figure 11-16  Molecular Biology of the Cell (© Garland Science 2008)

Red blood cells are particularly sensitive to changes in osmolarity

- Plasma membrane has high permeability to H2O
- Na+/K+ pump is important to keep red blood cell volume

ouabain
 treatment

11

Osmolarity in red blood cells 
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Different organisms use different strategies to solve the problem of 
osmolarity

Animal cells and bacteria Plant cells Protozoa 

Active pumping out 
To have lower intracellular [ion], to 
compensate the excess of organic solutes

Can tolerate an osmotic 
difference, due to rigid wall

Extrude water from vacuoles

Panel 11-1, Molecular Biology of the Cell (© Garland Science 2008)
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Osmolarity across life
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the sarcoplasmic reticulum Ca2+ pump.
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The pumping cycle of the sarcoplasmic reticulum Ca2+ pump.
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A cell expressing vacuolar-type H+-ATPase (V-ATPase) identified in the male prostate 
Regulates the pH of reproductive fluids
Necessary for reproduction! 

Cell type Luminal 3 in the prostate (Karthaus lab)
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ABC transporters 
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- Large family of membrane transport proteins (ex: 5% of E. coli genome). Exist in all phyla. 48 proteins in 
human. 

- 2ATPase domains (ATP-binding cassettes) involved 
- ATP binding leads to dimerization of the ATP-binding domains 
- ATP hydrolysis leads to their dissociation 
- Transport a wide variety of substrates: sugars, amino acids, drugs, antibiotics, toxins, lipids, peptides, 

nucleotides and more 

ABC transporters 
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Small-molecule transport by typical ABC transporters 
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Small-molecule transport by typical ABC transporters 
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ABC transporters and cancer:
The multidrug resistance (MDR) efflux pumps.

The expression of ABC drug transporters has been linked to 
chemotherapy resistance and poor prognosis.

Brian P. Sorrentino
Nature Reviews Cancer 2, 431-441 (2002)
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Some eukaryotic ABC transporters promote resistance to 
chemotherapies

The multidrug resistance (MDR) proteins in cancer promote drug efflux

tumor cells
chemotherapy DNA damage,

death of some 
tumor cells

survival of tumor cells 
with increased MDR

Outgrowth of chemotherapy-resistant tumor cells, 
tumor progression

second-round 
chemotherapy

= tumor cell with low level MDR protein

= tumor cell with HIGH level MDR protein

19
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Acetyl-coenzyme A transporter 1 also known as solute 
carrier family 33 member 1 (SLC33A1) is a protein that 
in humans is encoded by the SLC33A1 gene.[5]

ARTICLES
https://doi.org/10.1038/s43018-020-0071-1

1Koch Institute for Integrative Cancer Research, Cambridge, MA, USA. 2Massachusetts Institute of Technology Department of Biology, Cambridge, MA, 
USA. 3Howard Hughes Medical Institute, Chevy Chase, MD, USA. 4Whitehead Institute, Massachusetts Institute of Technology, Cambridge, MA, USA. 
5Massachusetts General Hospital Cancer Center, Boston, MA, USA. 6Dana-Farber Cancer Institute, Boston, MA, USA. 7Tufts University, Boston, MA, USA. 
8Harvard Medical School, Boston, MA, USA. 9Present address: Department of Cancer Biology and Genetics, Memorial Sloan Kettering Cancer Center, New 
York, NY, USA. 10Present address: Ben May Department for Cancer Research, University of Chicago, Chicago, IL, USA. 11These authors contributed equally: 
Rodrigo Romero, Francisco J. Sánchez-Rivera. ✉e-mail: tjacks@mit.edu

KEAP1, a negative regulator of NFE2L2 (hereafter NRF2), is 
mutated in 20–30% of lung cancers1–6. NRF2 regulates a net-
work of genes with antioxidant functions that mitigate oxi-

dative damage via detoxification of reactive oxygen species (ROS) 
and xenobiotics, and regulation of glutathione (GSH) synthesis and 
recycling2,7–10. The high mutation frequency of KEAP1/NRF2 sug-
gests a critical role for this pathway and serves as a rationale for 
identifying new therapeutic strategies for this genetic subtype.

Inactivation of Nrf2 in Kras-mutant genetically engineered 
mouse models (GEMMs) of pancreatic cancer and LUAD decreases 
tumor initiation and proliferation, suggesting that some RAS-driven 
tumors depend on NRF2 (refs. 11–13). We recently showed that Kras 
and Keap1 mutations cooperate to drive LUAD initiation and pro-
gression and that these tumors are sensitive to glutaminase inhibi-
tors14. KEAP1/NRF2-mutant tumors have been shown to depend 
on nonessential amino acids and to increase pentose phosphate 
pathway flux and usage of glutamine-, serine- and cysteine-derived 
metabolites15–19. KEAP1 mutations correlate with poor survival1 and 
promote metastasis in Keap1-mutant GEMMs20.

To investigate whether Keap1-mutant or otherwise NRF2- 
hyperactive tumors, harbored additional targetable dependen-
cies, we performed a CRISPR screen targeting druggable genes in 
isogenic Keap1-mutant LUAD cells. Cross-validation with public 
CRISPR screening data uncovered several genotype-specific liabili-
ties, including robust dependency on the endoplasmic reticulum 

(ER)-resident gene, Slc33a1. Using multiple approaches, including 
preclinical GEMMs of Kras-driven LUAD, we validated Slc33a1 
as a Keap1-mutant-specific dependency. Finally, we performed 
genome-wide modifier genetic screens to identify suppressors of 
Slc33a1 dependency and highlight an underappreciated relation-
ship between ER redox biology and KEAP1 mutation in cancer. 
Altogether, these data implicate a vulnerability that could be thera-
peutically exploited in KEAP1/NRF2-mutant cancers.

Results
Druggable genome CRISPR screen identifies Keap1-mutant 
dependencies. We performed pooled CRISPR screens across two 
isogenic pairs of Cas9-expressing murine LUAD cell lines with 
KrasG12D/+;p53−/− (KP) and KrasG12D/+;p53−/−;Keap1−/− (KPK) geno-
types14 (Fig. 1a,b) using a druggable genome library (DGL) target-
ing 4,915 genes with known or predicted druggability21 (Fig. 1a,b, 
Extended Data Fig. 1a,b and Supplementary Table 1; Methods). 
Screens were performed for eight population doublings and enrich-
ment/depletion of single guide (sg)RNAs was assessed by deep 
sequencing of integrated cassettes from input (t0) and final (t8) 
genomic DNA (Fig. 1b). As expected, gene scores ((GSs) median 
log2 fold change in sgRNA abundance between t8 and t0) demon-
strated temporal genotype-independent depletion and enrichment 
of sgRNAs targeting essential and tumor-suppressor genes, respec-
tively (Extended Data Fig. 1c and Supplementary Table 2).

Keap1 mutation renders lung adenocarcinomas 
dependent on Slc33a1
Rodrigo Romero! !1,2,11, Francisco J. Sánchez-Rivera! !1,2,9,11, Peter M. K. Westcott1, Kim L. Mercer1,3, 
Arjun Bhutkar1, Alexander Muir1,10, Tania J. González Robles1, Swanny Lamboy Rodríguez2, 
Laura Z. Liao! !2, Sheng Rong Ng! !1,2, Leanne Li1, Caterina I. Colón1, Santiago Naranjo1,2, 
Mary Clare Beytagh2, Caroline A. Lewis! !4, Peggy P. Hsu1,5,6, Roderick T. Bronson7,8, 
Matthew G. Vander Heiden! !1,2,6 and Tyler Jacks! !1,2,3 ✉

Approximately 20–30% of human lung adenocarcinomas (LUADs) harbor mutations in Kelch-like ECH-associated protein 1 
(KEAP1) that hyperactivate the nuclear factor, erythroid 2-like 2 (NFE2L2) antioxidant program. We previously showed that 
Kras-driven Keap1-mutant LUAD is highly aggressive and dependent on glutaminolysis. Here we performed a druggable genome 
CRISPR screen and uncovered a Keap1-mutant-specific dependency on solute carrier family 33 member 1 (Slc33a1), as well as 
several functionally related genes associated with the unfolded protein response. Genetic and biochemical experiments using 
mouse and human Keap1-mutant tumor lines, as well as preclinical genetically engineered mouse models, validate Slc33a1 as  
a robust Keap1-mutant-specific dependency. Furthermore, unbiased genome-wide CRISPR screening identified additional genes 
related to Slc33a1 dependency. Overall, our study provides a rationale for stratification of patients harboring KEAP1-mutant 
or NRF2-hyperactivated tumors as likely responders to targeted SLC33A1 inhibition and underscores the value of integrating  
functional genetic approaches with genetically engineered mouse models to identify and validate genotype-specific  
therapeutic targets.

NATURE CANCER | VOL 1 | JUNE 2020 | 589–602 | www.nature.com/natcancer 589

An example of a transporter dependency in cancer
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an unbiased approach (Fig. 7c). Given that Slc33a1 loss results in a 
potent growth disadvantage in KPK cells, we hypothesized that any 
gene at t8 with a positive sgRNA count across all replicate infections 

and represented by ≥2 individual sgRNAs would represent true bio-
logical hits capable of rescuing KPK-Slc33a1 deficiency. Using these 
thresholds (Methods), we identified a number of genes, including 

KrasLSL-G12D/+; p53 fl/fl; Rosa26LSL-Cas9 (KPC)
or

KrasLSL-G12D/+; p53 fl/fl; Keap1fl/fl; Rosa26LSL-Cas9 (KPKC)
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Fig. 6 | Keap1-mutant tumors harbor an increased dependency for Slc33a1 in an autochthonous model of murine lung adenocarcinoma. a, Schematic 
representation of KPC or KPKC mice intratracheally infected with pUSEC lentiviruses containing dual sgRNAs targeting Slc33a1 or Olfr102 (sgCtrl).  
b, Distribution of histological tumor grades (G1–G4) in KPC or KPKC mice 20 weeks after infection with pUSEC lentiviruses expressing control (sgCtrl, 
KPC, n!=!10 mice; KPKC, n!=!20 mice) or sgSlc33a1 (KPC, n!=!12 mice; KPKC, n!=!22 mice). P values were determined using two-sided Mann–Whitney U-test 
with Holm’s multiple comparisons correction. c, Combined quantification of tumor burden in KPC or KPKC mice after infection with pUSEC lentiviruses. 
Mouse numbers are equivalent to b. Error bars denote mean!±!s.e.m. P values were determined using two-sided Mann–Whitney U-test with Holm’s multiple 
comparisons correction. d, Combined quantification of average tumor number in KPC or KPKC mice after infection with pUSEC lentiviruses. Mouse numbers 
equivalent to b. P values were determined using two-sided Mann–Whitney U-test with Holm’s multiple comparisons correction. e, Quantification of 
phosphorylated histone H3 (pHH3)+ nuclei per squared millimeter of tumor for assessment of the mitotic index of tumor cells from lung tumors in KPC or 
KPKC mice at 20 weeks after infection with the indicated pUSEC lentivirus. Mouse numbers are equivalent to b. Fifty tumors were blindly selected and the 
average number of pHH3+ nuclei were averaged per mouse followed by averaging across mice per group. P values were determined using two-sided Mann–
Whitney U-test with Holm’s multiple comparisons correction. f, Fraction of mutant and wild-type reads within individually plucked tumors from 20-week 
pUSEC-sgSlc33a1 lentiviral-infected KPC (mean of n!=!15 tumors from seven mice) and KPKC mice (mean of n!=!14 tumors from seven mice). g, Mean number 
of frameshift (FS) reads from pUSEC-sgSlc33a1-infected KPC (mean of n!=!15 tumors from seven mice) and KPKC mice (mean of n!=!14 tumors from seven 
mice). P values were determined by unpaired two-tailed Student’s t-test. h, Representative hematoxylin and eosin (H&E) and immunohistochemistry (IHC) 
staining of serial sections from lung tumors of KPC or KPKC mice 20 weeks after infection with pUSEC-sgCtrl (top) or pUSEC-sgSlc33a1 (bottom). First panels 
show H&E staining of KPC and KPKC tumor sections, which were used for calculating overall lung tumor burden (scale bar, 2!mm). Stains were completed 
across all mice as in b with similar results. Second panels, higher-magnification H&E staining of representative tumors (scale bar, 100μm; insets depict 
higher-magnification images, scale bar, 50!μm). Third panels, representative IHC staining for NRF2 target gene, NQO1. This was repeated for KPKC mice. All 
error bars denote mean!±!s.d. unless otherwise stated. Data for experiment e are available as source data (Source Data Extended Data Fig. 4).
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An example of a transporter dependency in cancer
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Aquaporins

48



The role of aquaporins in fluid secretion 
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The aquaporins
- Aquaporins transport water at very high rates
- Are abundant in kidney epithelial cells
- Ions do not pass through; this helps to keep the electrochemical gradient

Figure 11-27  Molecular Biology of the Cell (© Garland Science 2008)

Pore is very thin

Ions need to be dehydrated

Energy loss not compensated because the 
hydrophobic wall of the pore cannot 

interact with dehydrated ion

Na+, K+, Ca++, Cl- excluded

There are thirteen known types of aquaporins in 
mammals, and six of these are located in the kidney
Transport water at high rates
Ions cannot pass

Aquaporins
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The structure of aquaporins

29

Protons do not pass through

O
HH

δ+

δ-

Valence of oxygen is 
fully occupied, 
hence water cannot 
act as proton 
acceptor here 
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The response to dehydration

hypothalamus: vasopressin
Effect of vasopressin on aquaporin-2 (AQP2)expression in kidney 
epithelial cells, in response to dehydration

31 52



Ion channels
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a typical ion channel, fluctuates between closed and 
open conformations 
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The gating of ion channels can be regulated in many ways

55



Figure 12-20  Essential Cell Biology (© Garland Science 2010)
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Ion channels

To ensure that only ions of 
appropriate size and charge can pass

The ions shed their associated H2O 
molecules to pass

Ion channel selectivity
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Why don’t K+ channels let Na+ pass through ? Not the pore size: Na+ is smaller.
High affinity binding to K+ is not the answer. Otherwise speed would be greatly affected. 
The answer came from the crystal structure of a bacterial K+ channel 

Ion channel selectivity
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The structure of a bacterial K+ channel

58
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The structure of a bacterial K+ channel

Coordination 
between carbonyl 
oxygens and 
dehydrated K+

Cation attraction by negatively
charged amino acids

In the vestibule, there can 
still be Na+ and K+

The structure of a bacterial K+ channel
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K+ specificity of the selectivity filter in a K+ channel. 

1s2 2s2 2p6 3s2 3p6 4s11s2 2s2 2p6 3s1 

60



Importance of Ion channels in neurons

In your future

61



The technique of patch-clamp recording
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The first recording of currents from isolated ion channels The technique of patch-clamp recording
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Figure 12-23  Essential Cell Biology (© Garland Science 2010)
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Method to record ion transport through individual 
channels: the patch-clamp

To record ionic current flow 
through individual channels,
while membrane potential is 
clamped

Current passes 
exclusively through 
the channels

The technique of patch-clamp recording
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The patch-clamp enables to determine which 
molecule(s) activate(s) the channel, and on which side

+/- putative ligand Y

+/- putative ligand X

Usage of the patch-clamp in electrophysiology
The technique of patch-clamp recording
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Patch-clamp measurements for a single voltage-gated Na+ 
channel
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Figure 12-24  Essential Cell Biology (© Garland Science 2010)
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Ex: acetylcholine bound to an 
ion channel in muscle cells

Gated channels open in an all-or-nothing manner
Although acetylcholine is always present, the 
channel does not stay open

When open, the channel shows 
the same conductance
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Proteins involved in membrane transport
Active vs Passive transport
ATP-driven pumps and Na+/K+ ATPase - ABC transporters
Channels
- Aquaporins 
Introduction to ion channels
- Ion selectivity
- Ion current measurements 

Examples of the importance of these transporters

Done for the day!
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