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chapter

Biological Membranes
and Transport

1. Determining the Cross-Sectional Area of a Lipid Molecule When phospholipids are layered gen-

tly onto the surface of water, they orient at the air-water interface with their head groups in the water
and their hydrophobic tails in the air. An experimental apparatus (a) has been devised that reduces the
surface area available to a layer of lipids. By measuring the force necessary to push the lipids together, it
is possible to determine when the molecules are packed tightly in a continuous monolayer; as that area is
approached, the force needed to further reduce the surface area increases sharply (b). How would you
use this apparatus to determine the average area occupied by a single lipid molecule in the monolayer?
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Answer Determine the surface area of the water at which the pressure increases sharply.
Divide this surface area by the number of lipid molecules on the surface, which is calculated
by multiplying the number of moles (calculated from the concentration and the molecular
weight) by Avogadro’s number.

2. Evidence for a Lipid Bilayer In 1925, E. Gorter and F. Grendel used an apparatus like that de-

S-120

scribed in Problem 1 to determine the surface area of a lipid monolayer formed by lipids extracted
from erythrocytes of several animal species. They used a microscope to measure the dimensions of
individual cells, from which they calculated the average surface area of one erythrocyte. They obtained
the data shown in the following table. Were these investigators justified in concluding that “chromocytes
[erythrocytes] are covered by a layer of fatty substances that is two molecules thick” (i.e., a lipid bilayer)?
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Total surface
Volume of Number area of lipid Total surface
packed of cells monolayer area of one
Animal cells (mL) (per mm?®) from cells (m?) cell (zm?)
Dog 40 8,000,000 62 98
Sheep 10 9,900,000 6.0 29.8
Human 1 4,740,000 0.92 99.4

Source: Data from Gorter, E. & Grendel, F. (1925) On bimolecular layers of lipoids on the chromocytes of the blood.J. Exp. Med. 41, 439D443.

3.

Answer The conclusions are justified for dog erythrocytes but not for sheep or human
erythrocytes. The table provides the total surface area of the lipid monolayer. To determine
the monolayer surface area per cell, first calculate the total number of cells. For example, for
dog erythrocytes, the number of cells is 8 X 10° per mm?® = 8 x 10° per cm® (or per mL). In
40 mL, there is a total of (40 mL)(8 X 10° cells/mL) = 3 X 10 cells. From the table, this
number of cells yielded a monolayer surface area of 62 m? = 6.2 X 10° cm?. Dividing the
surface area by the number of cells gives

6.2 X 10° cm?

3% 10 calls 2 X 1078 cm?/cell
cells

Comparing this number to the total surface area of one erythrocyte (98 pm? = 0.98 x 10~® cm?),
we find a 2-to-1 relationship. This result justifies the investigators’ conclusion of a lipid bilayer
in dog erythrocytes. Similar calculations for the sheep and human erythrocytes reveal a 1-to-1
relationship, suggesting a lipid monolayer. However, there were significant experimental errors
in these early experiments; recent, more accurate measurements support a bilayer in all cases.

Number of Detergent Molecules per Micelle When a small amount of the detergent sodium dode-
cyl sulfate (SDS; Na*CH;(CH,),,0S03) is dissolved in water, the detergent ions enter the solution as
monomeric species. As more detergent is added, a concentration is reached (the critical micelle con-
centration) at which the monomers associate to form micelles. The critical micelle concentration of
SDS is 8.2 mm. The micelles have an average particle weight (the sum of the molecular weights of the
constituent monomers) of 18,000. Calculate the number of detergent molecules in the average micelle.

Answer The molecular weight of sodium dodecyl sulfate is 288. Given an average micelle par-
ticle weight of 18,000, there are 18,000/288 = 63 SDS molecules per micelle.

Properties of Lipids and Lipid Bilayers Lipid bilayers formed between two aqueous phases have
this important property: they form two-dimensional sheets, the edges of which close upon each other
and undergo self-sealing to form liposomes.

(a) What properties of lipids are responsible for this property of bilayers? Explain.
(b) What are the consequences of this property for the structure of biological membranes?

Answer

(a) Lipids that form bilayers are amphipathic molecules: they contain hydrophilic and
hydrophobic regions. In order to minimize the hydrophobic area exposed to the water
surface, these lipids form two-dimensional sheets, with the hydrophilic regions exposed
to water and the hydrophobic regions buried in the interior of the sheet. Furthermore, to
avoid exposing the hydrophobic edges of the sheet to water, lipid bilayers close upon
themselves. Similarly, if the sheet is perforated, the hole will seal because the membrane
is semifluid.

(b) These sheets form the closed membrane surfaces that envelop cells and compartments
within cells (organelles).
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. Length of a Fatty Acid Molecule The carbon—-carbon bond distance for single-bonded carbons

such as those in a saturated fatty acyl chain is about 1.5 A. Estimate the length of a single molecule of
palmitate in its fully extended form. If two molecules of palmitate were placed end to end, how would
their total length compare with the thickness of the lipid bilayer in a biological membrane?

Answer Given that the C-C bond length is 0.15 nm and that the bond angle of tetrahedral
carbon is 109°, the distance between the first and third carbons in an acyl chain (calculated by
trigonometry) is about 0.24 nm. For palmitate (16:0), the length of the extended chain is
about 8 X 0.24 nm = 2 nm. Two palmitate chains end to end (as in a bilayer) would extend 4 nm.
This is about the thickness of a lipid bilayer.

. Temperature Dependence of Lateral Diffusion The experiment described in Figure 11-17 was

performed at 37 °C. If the experiment were carried out at 10 °C, what effect would you expect on the
rate of diffusion? Why?

Answer When the temperature drops, the fluidity of a membrane decreases. This is caused
by a decrease in the rate of diffusion of lipids. Consequently, all processes depending on diffu-
sion, such as the lateral diffusion experiment shown in Figure 11-17, would slow down.

. Synthesis of Gastric Juice: Energetics Gastric juice (pH 1.5) is produced by pumping HCI from

blood plasma (pH 7.4) into the stomach. Calculate the amount of free energy required to concentrate
the H" in 1 L of gastric juice at 37 °C. Under cellular conditions, how many moles of ATP must be
hydrolyzed to provide this amount of free energy? The free-energy change for ATP hydrolysis under
cellular conditions is about —58 kJ/mol (as explained in Chapter 13). Ignore the effects of the trans-
membrane electrical potential.

Answer Given that pH = —log [H™], then [H*] = 10~ P".

AtpH 15 [H =10 =32x10"?wm.

AtpH 7.4, [H]=10""*=4.0x 108 wm.

Because AG; = RT In (C,/C,), and at 37 °C, RT = 2.58 kJ/mol,

3.2 X 1072
AGy = (2.58 kd/mol) In [ —————— | = 35 kJ/mol.
4.0 %10
The amount of ATP required to provide 35 kJ is
35 kJ
58 kymol — 060 Mol

Energetics of the Na*K* ATPase For a typical vertebrate cell with a membrane potential of
—0.070 V (inside negative), what is the free-energy change for transporting 1 mol of Na™ out of the
cell and into the blood at 37 °C? Assume the concentration of Na™ inside the cell is 12 mm, and that
in blood plasma is 145 mw.

Answer

AGy = RT In (ColCy) + ZFAY

— (2.58 kJ/mol) In (%) + (1)(96,480 IV - mol)(0.070 V)

= 6.4 kJ/mol + 6.8 kJ/mol = 13 kJ/mol

Note that 6.8 kJ/mol is the membrane potential portion.

9. Action of Ouabain on Kidney Tissue Ouabain specifically inhibits the Na"K " ATPase activity of

animal tissues but is not known to inhibit any other enzyme. When ouabain is added to thin slices

4@7 CONFIRMING PAGES

.ag§ aptara

EQA






2608T_chllsm S120-S130 02/21/2008 9:25 pm Page S-124 pi nnacl e%X: Deskt op Fol der : TEMPWORK: FEBRUARY: 21- 02- 08: WHQY028/ sol n:

S-124

Chapter 11 Biological Membranes and Transport

15. Membrane Permeability At pH 7, tryptophan crosses a lipid bilayer at about one-thousandth the

16.

17.

18.

rate of indole, a closely related compound:

@
N
H

Suggest an explanation for this observation.

Answer At pH 7, tryptophan exists as a zwitterion (having a positive and negative charge),
whereas indole is uncharged. The movement of the less polar indole through the hydrophobic
core of the bilayer is more energetically favorable.

Water Flow through an Aquaporin A human erythrocyte has about 2 X 10° AQP-1 monomers.
If water molecules flow through the plasma membrane at a rate of 5 X 10® per AQP-1 tetramer per
second, and the volume of an erythrocyte is 5 X 10~ ** mL, how rapidly could an erythrocyte halve
its volume as it encountered the high osmolarity (1 m) in the interstitial fluid of the renal medulla?
Assume that the erythrocyte consists entirely of water.

Answer First, calculate the number of water molecules that must leave the erythrocyte to
halve its volume. The volume of the cell is 5 X 10~ ** mL. For [H,0] = 55 m, the number of
water molecules in the cell is

(5 X 10~ *mL/cell)(6.02 x 10%° molecules/mmol)(55 mmol H,O/mL) = 1.7 X 10*2

Half of these molecules (8.5 X 10™) must leave to halve the cell volume.

Next, calculate how fast the cell can lose water molecules. The cell has 2 X 10° aquaporin
monomers, or 5 X 10* tetramers. Each tetramer allows passage of 5 X 10® H,0 molecules per
second, so the flux of water molecules through the plasma membrane is

(5 X 108 H,0 molecules/s/aquaporin tetramer)(5 X 10* aquaporin tetramers/cell)
= 2.5 X 10* H,0 molecules/s
Removal of half the volume of water would take

(8.5 X 10** H,0 molecules)/(2.5 x 10 H,O molecules/s) = 3 X 10~ ?s

Labeling the Lactose Transporter A bacterial lactose transporter, which is highly specific for lactose,
contains a Cys residue that is essential to its transport activity. Covalent reaction of N-ethylmaleimide
(NEM) with this Cys residue irreversibly inactivates the transporter. A high concentration of lactose
in the medium prevents inactivation by NEM, presumably by sterically protecting the Cys residue,
which is in or near the lactose-binding site. You know nothing else about the transporter protein.
Suggest an experiment that might allow you to determine the M, of the Cys-containing transporter
polypeptide.

Answer Treat a suspension of the bacteria as follows: Add lactose at a concentration well
above the K, so that virtually every molecule of galactoside transporter binds lactose. Next, add
nonradiolabeled NEM and allow it to react with all available —SH groups on the cell surface.
Remove excess lactose by centrifuging and resuspending the cells, then add radiolabeled NEM.
The only Cys residues now available to react with NEM are those in the transporter protein.
Dissolve the membrane proteins in sodium dodecylsulfate (SDS), and separate them on the
basis of size by SDS gel electrophoresis. The M, of the labeled band should represent that of
the galactoside transporter.

Predicting Membrane Protein Topology from Sequence You have cloned the gene for a human ery-

throcyte protein, which you suspect is a membrane protein. From the nucleotide sequence of the gene,
you know the amino acid sequence. From this sequence alone, how would you evaluate the possibility that
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the protein is an integral protein? Suppose the protein proves to be an integral protein, either type | or
type Il. Suggest biochemical or chemical experiments that might allow you to determine which type it is.

Answer Construct and analyze a hydropathy plot for the protein. You can assume that any
hydrophobic regions of more than 20 consecutive residues are transmembrane segments of an
integral protein. To determine whether the external domain is carboxyl- or amino-terminal,
treat intact erythrocytes with a membrane-impermeant reagent known to react with primary
amines and determine whether the protein reacts. If it does, the amino terminus is on the
external surface of the erythrocyte membrane and this is a type | protein (see Fig. 11-8). If it
does not, a type Il protein is indicated.

19. Intestinal Uptake of Leucine You are studying the uptake of L-leucine by epithelial cells of the mouse

intestine. Measurements of the rate of uptake of L-leucine and several of its analogs, with and without Na™*
in the assay buffer, yield the results given in the table. What can you conclude about the properties and
mechanism of the leucine transporter? Would you expect L-leucine uptake to be inhibited by ouabain?

Uptake in presence of Na™ Uptake in absence of Na™*
Substrate Vimax Kt (mm) Vmax Kt (mm)
L-Leucine 420 0.24 23 0.2
D-Leucine 310 4.7 5 4.7
L-Valine 225 0.31 19 0.31

Answer The similar K; values for L-leucine and L-valine indicate that the transporter binding site
can accommodate the side chains of both amino acids equally well; it is probably a hydrophobic
pocket of suitable size for either R group. The 20-fold higher K; for p- than for L-leucine indicates
that the binding site recognizes differences of configuration about the o carbon. Based on the
lower Vs in the absence of Na™ for all three substrates, we know that Na™ entry is essential for
amino acid uptake; the transporter acts by symport of leucine (or valine) and Na™.

20. Effect of an Ionophore on Active Transport Consider the leucine transporter described in

21.

Problem 19. Would V.« and/or K, change if you added a Na™* ionophore to the assay solution
containing Na*? Explain.

Answer By dissipating the transmembrane Na* gradient, the ionophore would prevent symport
of L-leucine and reduce the rate of uptake, measured as V.. The value of K}, a measure of
the transporter’s affinity for the substrate (L-leucine), should not change. Valinomycin (the

likely ionophore here) does not resemble L-leucine in structure and almost certainly would not
bind the transporter to affect K.

Surface Density of a Membrane Protein E. coli can be induced to make about 10,000 copies of
the lactose transporter (M, 31,000) per cell. Assume that £. coli is a cylinder 1 um in diameter and

2 um long. What fraction of the plasma membrane surface is occupied by the lactose transporter mole-
cules? Explain how you arrived at this conclusion.

Answer The surface area of a cylinder is 2z7° + wdh, where » = radius, d = diameter, and
h = height. For a cylinder 2 um high and 1 pm in diameter, the surface area is 27 (0.5 pm)? +
(1 pm)(2 pm) = 2.5 um? = 8 um?. This is the E. coli surface area.

To estimate the cross-sectional area of a globular protein of M/, 31,000, we can use the
dimensions for hemoglobin (M, = 64,500; diameter = 5.5 nm; see text p. 159), thus a protein of
M, 31,000 has a diameter of about 3 nm, assuming the proteins have the same density. The cross-
sectional area of a sphere of diameter 3 nm (0.003 um)—or of a single transporter molecule—is

7r? = 3.14(1.5 X 1073 ym)? = 7 X 107° pm?
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and the total cross-sectional area of 10,000 transporter molecules is 7 X 10~2 um?. Thus, the
fraction of an E. colz cell surface covered by transporter molecules is

(7 X 102 um?)/(8 pum?) = 0.009, or about 1%.

This answer is clearly an approximation, given the method of estimating the diameter of the
transporter molecule, but it is certainly of the right order of magnitude.

22. Use of the Helical Wheel Diagram A helical wheel is a two-dimensional representation of a helix, a
view along its central axis (see Fig. 11-29b; see also Fig. 4-4d). Use the helical wheel diagram below
to determine the distribution of amino acid residues in a helical segment with the sequence —Val-
Asp-Arg-Val-Phe-Ser—-Asn-Val-Cys-Thr—His-Leu-Lys-Thr-Leu-GIn-Asp-Lys—

What can you say about the surface properties of this helix? How would you expect the helix to be
oriented in the tertiary structure of an integral membrane protein?

Answer A helical wheel is a two-dimensional representation of a helix obtained by projecting
the helix down its central axis. An « helix contains 3.6 residues per turn, so each amino acid
in the helix lies 100° around the axis from the previous residue: (360°/turn)/(3.6 residues/turn) =
100° per residue. For the 18 amino acid helix considered here, the 18 vertices are separated by
20° increments. If there were a 19th residue, it would lie under the first residue on the projec-
tion, but five turns down the helix: 5 turns X 0.54 nm/turn (pitch for an « helix) = 2.70 nm “be-
hind” residue 1. To complete the diagram, follow the lines from residue 1 to residue 2, and so on,
numbering the residues. Then, using the sequence given, label each residue with its one-letter
abbreviation and a characterization of its R group properties—P for polar, and N for nonpolar.
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The “top” side of the helix contains only hydrophobic side chains, while the other surfaces are
polar or charged; this is an amphipathic helix. As an integral membrane protein, it is likely to
dip its hydrophobic surface into the lipid bilayer but expose the other surfaces to the aqueous
phase. An alternative arrangement might be to cluster, say, 10 helices, one from each of 10 sub-
units, around a central hydrophilic core, while exposing only the hydrophobic surface to the
lipid bilayer.

23. Molecular Species in the E. coli Membrane The plasma membrane of E. colz is about 75% pro-
tein and 25% phospholipid by weight. How many molecules of membrane lipid are present for each
molecule of membrane protein? Assume an average protein M, of 50,000 and an average phospho-
lipid M, of 750. What more would you need to know to estimate the fraction of the membrane sur-
face that is covered by lipids?

Answer Consider a sample that contains 1 g of membrane, of which 0.75 g is protein (M, =
50,000) and 0.25 g is phospholipid (M, = 750).

(0.75 g protein)(1 mol/5 x 10* g) = 1.5 X 10> mol protein in 1 g of membrane
(0.25 g phospholipid) (1 mol/750 g) = 3.3 X 10~ * mol phospholipid in 1 g of membrane
3.3 X 10~* mol phospholipid/1.5 X 10> mol protein = 22 mol phospholipid/mol protein

To estimate the percentage of the surface covered by phospholipid, you would need to know
(or estimate) the average cross-sectional area of a phospholipid in a bilayer (which you might
learn from an experiment such as that diagrammed in Problem 1, above) and the average cross-
sectional area of a 50 kDa protein.

Biochemistry on the Internet

24. Membrane Protein Topology The receptor for the hormone epinephrine in animal cells is an inte-
gral membrane protein (M, 64,000) that is believed to have seven membrane-spanning regions.

(a) Show that a protein of this size is capable of spanning the membrane seven times.

(b) Given the amino acid sequence of this protein, how would you predict which regions of the protein
form the membrane-spanning helices?

(c¢) Go to the Protein Data Bank (www.rcsb.org). Use the PDB identifier 1DEP to retrieve the data
page for a portion of the §-adrenergic receptor (one type of epinephrine receptor) from a turkey.
Using Jmol to explore the structure, predict where this portion of the receptor is located: within
the membrane or at the membrane surface. Explain.

(d) Retrieve the data for a portion of another receptor, the acetylcholine receptor of neurons and
myocytes, using the PDB identifier 1A11. As in (c¢), predict where this portion of the receptor is
located and explain your answer.

If you have not used the PDB, see Box 4-4 (p. 129) for more information.

Answer

(a) Assume that the transmembrane portion of the peptide is an « helix. The rise per amino
acid (AA) residue of an « helix is 1.5A/AA = 1.5 nm/AA. Assume the lipid bilayer is
4.0 nm thick; thus (4.0 nm)/(0.15 nm/AA) = 27 AA are needed to span the bilayer, and
seven spans require 7 X 27 = 189 residues. For an average AA residue M, of 110, a pro-
tein of M, 64,000 has approximately 64,000/110 = 580 AA residues.

(b) Hydropathy plots are used to identify potential transmembrane regions. The most hy-
drophobic (hydropathic) stretches are those most likely to pass through the apolar lipid
bilayer.
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(a) When cells were fixed, stained with osmium tetroxide, and examined in the electron mi-
croscope, they gave images like that in Figure 11-1: the membranes showed a “railroad
track” appearance, with two dark-staining lines separated by a light space.

(b) The thickness of membranes in cells fixed and stained in the same way was found to be 5 to
9 nm. The thickness of a “naked” phospholipid bilayer, without proteins, was 4 to 4.5 nm.
The thickness of a single monolayer of proteins was about 1 nm.

(¢) In Singer’s words: “The average amino acid composition of membrane proteins is not dis-
tinguishable from that of soluble proteins. In particular, a substantial fraction of the
residues is hydrophobic” (p. 165).

(d) As described in Problems 1 and 2 of this chapter, researchers had extracted membranes
from cells, extracted the lipids, and compared the area of the lipid monolayer with the
area of the original cell membrane. The interpretation of the results was complicated by
the issue illustrated in the graph of Problem 1: the area of the monolayer depended on
how hard it was pushed. With very light pressures, the ratio of monolayer area to cell
membrane area was about 2.0. At higher pressures—thought to be more like those found
in cells—the ratio was substantially lower.

(e) Circular dichroism spectroscopy uses changes in polarization of UV light to make infer-
ences about protein secondary structure (see Fig. 4-9). On average, this technique showed
that membrane proteins have a large amount of « helix and little or no B8 sheet. This finding
was consistent with most membrane proteins having a globular structure.

(f) Phospholipase C is an enzyme that removes the polar head group (including the phos-
phate) from phospholipids. In several studies, treatment of intact membranes with phos-
pholipase C removed about 70% of the head groups without disrupting the “railroad track”
structure of the membrane.

(g) Singer described a study in which “a glycoprotein of molecular weight about 31,000 in
human red blood cell membranes is cleaved by tryptic treatment of the membranes into
soluble glycopeptides of about 10,000 molecular weight, while the remaining portions are
quite hydrophobic” (p. 199). Trypsin treatment did not cause gross changes in the mem-
branes, which remained intact.

Singer’s review also included many more studies in this area. In the end, though, the data
available in 1971 did not conclusively prove Model C was correct. As more data have accumu-
lated, this model of membrane structure has been accepted by the scientific community.

Answer

(a) Model A: supported. The two dark lines are either the protein layers or the phospholipid
heads, and the clear space is either the bilayer or the hydrophobic core, respectively.
Model B: not supported. This model requires a more-or-less uniformly stained band sur-
rounding the cell. Model C: supported, with one reservation. The two dark lines are the
phospholipid heads; the clear zone is the tails. This assumes that the membrane proteins
are not visible, because they do not stain with osmium or do not happen to be in the
sections viewed.

(b) Model A: supported. A “naked” bilayer (4.5 nm) + two layers of protein (2 nm) sums to
6.5 nm, which is within the observed range of thickness. Model B: neither. This model
makes no predictions about membrane thickness. Model C: unclear. The result is hard to
reconcile with this model, which predicts a membrane as thick as, or slightly thicker
than (due to the projecting ends of embedded proteins), a “naked” bilayer. The model is
supported only if the smallest values for membrane thickness are correct or if a substan-
tial amount of protein projects from the bilayer.
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Model A: unclear. The result is hard to reconcile with this model. If the proteins are
bound to the membrane by ionic interactions, the model predicts that the proteins con-
tain a high proportion of charged amino acids, in contrast to what was observed. Also,
because the protein layer must be very thin (see (b)), there would not be much room
for a hydrophobic protein core, so hydrophobic residues would be exposed to the sol-
vent. Model B: supported. The proteins have a mixture of hydrophobic residues (inter-
acting with lipids) and charged residues (interacting with water). Model C: supported.
The proteins have a mixture of hydrophobic residues (anchoring in the membrane) and
charged residues (interacting with water).

Model A: unclear. The result is hard to reconcile with this model, which predicts a ratio
of exactly 2.0; this would be hard to achieve under physiologically relevant pressures.
Model B: neither. This model makes no predictions about amount of lipid in the mem-
brane. Model C: supported. Some membrane surface area is taken up with proteins, so
the ratio would be less than 2.0, as was observed under more physiologically relevant
conditions.

Model A: unclear. The model predicts proteins in extended conformations rather than
globular, so supported only if one assumes that proteins layered on the surfaces include
helical segments. Model B: supported. The model predicts mostly globular proteins (con-
taining some helical segments). Model C: supported. The model predicts mostly globular
proteins.

Model A: unclear. The phosphorylamine head groups are protected by the protein layer,
but only if the proteins completely cover the surface will the phospholipids be completely
protected from phospholipase. Model B: supported. Most head groups are accessible to
phospholipase. Model C: supported. All head groups are accessible to phospholipase.

Model A: not supported. Proteins are entirely accessible to trypsin digestion and
virtually all will undergo multiple cleavage, with no protected hydrophobic segments.
Model B: not supported. Virtually all proteins are in the bilayer and inaccessible to trypsin.
Model C: supported. Segments of protein that penetrate or span the bilayer are protected
from trypsin; those exposed at the surfaces will be cleaved. The trypsin-resistant
portions have a high proportion of hydrophobic residues.

Singer, S.J. (1971) The molecular organization of biological membranes. In Structure and Function of Biological Membranes
(Rothfield, L.1., ed.), pp. 145-222, Academic Press, Inc., New York.
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