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The utlization of an element in biology is intimately
dependent on its uptake into the living organism. A lot
is known of the qualitative aspects of uptake; for
example, common sense tells us that what originates in
the geological background has to be transported
through the soils and presented to plants in a conven-
lent form for uptake. These processes are affected by
physicochemical factors due to Nature itself and the
increasing pressures from human activities.

From a biologist’s perspective, the uptake process is
extremely fascinating. Current knowledge tells us that
organisms need about 20 of the naturally occurring ele-
ments found in the periodic table. Over the course of
evolution, mechanisms have developed for the uptake
and utilization of elements in organisms that are more
or less specific for each. Additionally, those elements
that are not essential or even detrimental to the organ-
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ism are excluded, usually in an efficient manner. This
chapter deals with the general aspects of element uptake
as well as principles of exclusion. In addition, examples
will be given pertaining to some major, minor, and trace
elements collectvely described as essential. This
chapter begins with a discussion of the periodic table
and what is meant by essentiality.

|. ESSENTIALITY OF ELEMENTS

A usually ignored fact in biology is that explanations for
the behavior of elements can be found in the periodic
table itself. Among the elements known to be involved
in biology, 11 appear to be approximately constant and
predominant in all biological systems. The human body
is comprised of about 99.9% of the 11 elements, but
surprisingly only 4 of them—hydrogen, carbon, nitro-
gen, and oxygen—account for 99% of the total. These
4 elements, the major elements, comprise the bulk of
living organisms. In addition to these elements, there
are the minor elements—sodium, magnesium, phos-
phorus, sulfur, chlorine, potassium, and calcium (also
called electrolytes). The minor elements appear in much
lower concentration than major elements. One group
of elements has still to be defined: the trace elements.

Copyright © 2005, Elsevier Inc.
All rights reserved.
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From an analytical chemistry standpoint, trace elements
would be described as elements appearing in low con-
centrations in living systems (e, <100mg/kg). In
biology, however, trace elements would be defined by
exclusion; for example, a biological approach begins by
excluding the major elements as well as the minor ele-
ments. Furthermore, group 18 elements (the noble
gases) are excluded due to their disinclination for chem-
ical reactions, a property that makes these elements less
likely to be a factor in biological functions. Depending
on how many elements are considered naturally occur-
ring, the trace elements thus constitute the remainder
of the periodic table (i.e., 73 or 75 elements). Most of
the elements of the periodic table, then, are trace
elements in the eyes of a biologist. Surprisingly, this
exclusion definition coincides closely with the one
of analytical chemistry. Most of the trace elements ap-
pear in biology at concentrations below or well below
100mg/kg.

Essentiality is usually defined in an operational way,
based on early protein chemistry. More stringent crite-
ria have evolved as our knowledge has improved. A trace
element can be considered essential if it meets the fol-
lowing criteria: (1) it is present in all healthy tissues of
all living things, (2) its concentration from one animal
to the next is fairly constant, (3) its withdrawal from the
systems induces reproducibly the same physiological
and structural abnormalities regardless of the species
studied, (4) its addition either reverses or prevents these
abnormalities, (5) the abnormalities induced by defi-
ciencies are always accompanied by specific biochemi-
cal changes, and (6) these biological changes can be
prevented or cured when the deficiency is prevented or
cured. It is obvious that the number of elements recog-
nized as essential depends on the sophistication of
experimental procedures and that proof of essentiality
is technically easier for those elements that occur in
reasonably high concentrations than for those with very
low requirements and concentrations. Thus, it can be
expected that, with further improvement of our exper-
imental techniques, additional elements may be deemed
essential.

These six criteria might appear to be too stringent,
and in some cases they must be modified. Most of the
trace elements essential to both plants and animals are
found in the first row of the transition (redox) metals.
Zinc is not included in the transition metals, and it does
not take part in redox reactions, which is an important
property in biology; however, zinc is a2 good Lewis acid.
All of the bulk elements are non-metals. The minor
elements include metals as well as non-metals, with only
one oxidation state available. Metals are the dominant

components of the essential trace elements, but some
very important trace elements are non-metals, such as
selenium and iodine. Boron and silicon are non-redox
non-metals, and both of them are acknowledged as
being essential. Boron, in fact, has been shown to be
essential to plants, although it is found in appreciable
concentrations in animals as well. The functions of
these elements will be discussed in greater detail in

Chapter 6.

. GENERAL ASPECTS
OF ELEMENT UPTAKE

The uptake of elements is a process that may vary con-
siderably depending on the complexity of the living
system being considered. Unicellular organisms
account for the simplest processes, but in complex
organisms several aspects of the uptake process must be
considered. In humans, for example, the primary uptake
process takes place in the gastrointestinal tract, pre-
dominantly in the duodenum and first part of the
jejunum. Elements taken up have to be transported
across the mucosal cells of the intestines to reach the
bloodstream, from which they are transported to the
liver, where the elements are isolated and delivered into
the main bloodstream. After being transported to the
organs that will utilize them, these elements must then
enter the cells of these organs. If the final target is not
found inside the cell, then further transport across addi-
tional membranes may be required. Let us review the -
general principles of transport across cell membranes.
A cell or an organelle cannot be entirely open or
entirely closed to its surroundings. Although the cell
interior must be protected from certain toxic com-
pounds, metabolites must be taken in and waste prod-
ucts removed. Because the cell must contend with
thousands of substances, it is not surprising that much
of the complex structure of membranes is devoted to the
regulation of transport.

1. THE THERMODYNAMICS
OF TRANSPORT

Before considering specific mechanisms of transport, it
is useful to review some general ideas. The free energy
change, AG, for transporting one mole of a substance




from one place with concentration C; to another place
with concentration C; is

AG =RT1n% 0

where R is the gas constant and T the temperature.
According to Eq. (1), if C; is less than Cy, then AG is
negative and the process is thermodynamically favor-
able. When more substance is transferred (between two
finite compartments), C; decreases and C, increases,
until G, = C,. Now, the system is at equilibrium, and AG
= 0. This equilibrium is the ultimate state approached
by transport across any membrane. The concentration
of any substance traversing the membrane will end
up the same on both sides. In kinetic terms, if the
molecules enter the membrane randomly, the number
entering from each side will be proportional to the con-
centration on that side. Once the concentrations are
equal, the rates of transport in the two directions will
be the same; consequently, no net transport occurs. This
equalization can be sidestepped under three conditions,
each of which is important in the behavior of
membranes.

A substance may be bound by macromolecules
restricted to one side of the membrane. It could also be
chemically modified once it has crossed the membrane.
Compound M could be more concentrated inside a cell
than outside, but much of M could be bound to cellu-
lar macromolecules or could have been modified. This
part of M is not included in Eq. (1), which only deals
with the free M, implying, then, that the concentration
would be equal on both sides at equilibrium. We can
use oxygen in red blood cells to illustrate this principle.
Measurements would indicate that the total concentra-
tion of molecular oxygen is lower in the blood plasma
than in the red cells. Included in the total concentration
of the red cells, however, is the portion bound to hemo-
globin. The concentration of free dioxygen is still the
same in the red cells and plasma at equilibrium.

A membrane is often characterized by an electrical
potential governing ion distribution. The well-known
principle saying that equal charges repel each other and
unequal charges attract each other may now be used to
show a simple example. The negatively charged inside
of a cell tends to attract cations and to drive out anions.
Mathematically, the free energy change for transport
over a membrane is

AG=RT ln% +ZFAY )

2
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where Z is the charge of the ion, F is the Faraday con-
stant (96,485 mol™ V™) and AW is the transmembrane
electric potential (in V). If Z is positive and A¥ nega-
tive (with the inside negative relative to the outside),
transport of cations into the cell is favored. The
concentration difference of ions across the membrane
in most cells is kept at more than ten times, implying
that active transport is a major energy-requiring process
in biology.

Usually Eq. 1 does not reflect the real situation well
enough and must be modified accordingly:

AG=RTlni+AG’ 3)
C;
where AG’ may correspond to a thermodynamically
favored reaction. Adenosine triphosphate (ATP)
hydrolysis coupled to the transport might be such a
situation. Equation (3) is clearly a generalization of Eq.
(2) that now allows a variety of processes to participate
in the transport.

Equations (2) and (3) convey the message that trans-
port across membranes (in and out of cells) can take
place against unfavorable concentration gradients. The
sodium—potassium pump provides continuous import of
potassium and export of sodium, thereby maintaining
the concentration difference between inside and
outside. Following is a review of the mechanisms by
which substances are passed through membranes.

A. Passive Transport: Diffusion

Passive transport or passive diffusion occurs due to the
random walk of molecules through membranes. The
process is the same as the Brownian motion of mole-
cules in any fluid and is called meolecular diffusion. During
passive transport, the diffusing substance ultimately
reaches the same free concentraton inside and
outside the membrane: The net rate of transport, 7
(molem™s™), is proportional to the concentration
difference (C, — C)) over the membrane:

KD(C,-C
R @

where / is the thickness of the membrane, D is the dif-
fusion coefficient of the diffusing substance in the mem-
brane, and K'is the parttion coefficient for the diffusing
material between lipid and water (the ratio of solubili-
ties of the material in lipid and water). For ions and
other hydrophilic substances, K is a very small number.
Diffusion of such substances through lipid membranes
is thus extremely slow. In agreement with Eq. (1), Eq.
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TABLE 1. Permeability Coefficients from Some lons
and Molecules Through Membranes

P (cms™)  Membrane Phosphatidylserine ~ Human Erythrocyte
K* <9 x 107" 24 % 107°

Na* <l6x 107" 107'°

cr 1.5 x 107" i4x10*
Glucose 4 x 107" 2% 107

Water 5x 107 5% 107

* Facilitated transport. Note that whenever facilitated transport is
encountered, the permeability coefficient rises dramatically.

(4) says that net transport stops when C; = C. If C, and
C; are expressed in molem™ and / in centimeters, then
D, has the dimension cm?s™. Note that D; is not the
same as the diffusion coefficient (D) that the same mol-
ecule would have in aqueous solution. D; depends not
only on the size and shape of the molecule but also on
the viscosity of the membrane lipid.

K, D,, or the exact thickness of the membranes
involved are not usually known, so the rate of passive
transport is often described in terms of the permeabil-
ity coefficient, P, which can be measured by direct
experiment: ‘

J=-P(C,-Cy) )

By comparing Egs. (5) and (4), we see that P is expressed
by:

p=—" ©)

with the dimensions cms™.

Table I shows the permeability coefficients for a
number of small molecules and ions in membranes. The
low P values of the ions are expected, because ions, as
already mentioned, have low values of K; however, the
relatively large permeability value for water is conspicu-
ous. Biological membranesare not, in fact, very good bar-
riers against water, the reasons of which are not entirely
clear, but they have the obvious advantage of allowing the
ready exchange of water with their surroundings.

B. Facilitated Transport: Accelerated Diffusion

The functional and metabolic needs of cells often
require transport that is more efficient than passive

/v @ Transported ion

5 @ @
FIGURE 1 (A) Facilitated transport by pores. (B) Facilitated
transport by carrier molecules.

diffusion. The adequate handling of catabolically pro-
duced CO; is coupled to the red blood cell exchange of
HCO;™ and CI". In respiring tissues, CO, enters the red
cell and is converted to HCO;™ by carbonic anhydrase,
an enzyme that is zinc dependent. HCO;™ leaves the red
cell, and CI” enters. The HCO;™ is transported to the
lungs in the plasma where it enters the red cell, and CI
is driven out. Inside the red cell, HCO;™ is again con-
verted to CO; by carbonic anhydrase, leaves the cell,
and is exhaled. The permeability coefficients for CI”and
HCO;" in red cell membranes are about 10~*cms™, or
about 10 million times greater than the permeability
coefficients for such ions in pure lipid bilayers such as
the artificial phosphatidylserine membrane described in
Table I. Some special mechanism, then, is required to
account for this difference. Two general types of facili-
tated transport, or facilitated diffusion, are known. One
type, which is responsible for the rapid transport of
CI” and HCO;™ through red cell membranes, involves
pores formed by transmembrane proteins (Figure 1A).
The other type is mediated by transmembrane carrier
molecules (Figure 1B).




Pore-facilitated transport is an important process. An
example is the band 3 integral protein that exists as a
dimer in the red cell membrane and serves as an anion
channel that exchanges CI” and HCO;™. This protein
probably spans the membrane 12 times. Exit of the
HCO; is balanced by an influx of CI", which means
that, in the absence of CI” ions, the transport of HCO;~
stops. The band 3 protein does not simply form a hole
in the membrane for the passage of ions; rather, the
pore is very selective and exchanges HCO;™ and CI” on
a 1:1 basis. Such facilitated transport, however, is not
necessary for O, or CO,. These small, nonpolar mole-
cules are allowed to move rapidly through the mem-
brane by passive diffusion.

A common example of carrier-facilitated transport is
the antibiotic valinomycin (from Streptomyces), which is
a polymer with an approximately spherical shape. Its
outer layer has numerous methyl groups; thus it is
hydrophobic. Inside the sphere are collections of nitro-
gen and oxygen that can bind (chelate) a potassium ion.
This structure, however, cannot chelate other cations,
so it is specific for potassium. Due to its hydrophobic
exterior, valinomycin easily passes through a membrane,
in contrast to the ion itself. In mathematical terms, the
valinomycin increases the factor K in Eq. (6).

The measurable difference between passive and facil-
itated diffusion is, of course, the transport rate. Another
measure is the phenomenon of saturation, which is a
characteristic feature of facilitated transport. There is a
finite number of carriers or pores in a membrane, and
each of them can handle only one ion at a time. Satu-
ration will occur when all carriers are occupied (Figure
2). Equations (4) and (5) imply that the rate of passive
diffusion increases linearly with the concentration
difference because there are no sites to saturate. The
carrier-facilitated transport can be described by:

_ Vmax [S]out (7)

Yo=K, +15]

out

Equation (7) looks familiar and, with some knowledge
of enzyme kinetics, it is recognized as being similar to
the Michaelis-Menten equation. V), represents the
initial rate of transport into the membrane at an exter-
nal concentration of [S]ow. Vimax is the maximum trans-
port rate of the substrate, and K, is analogous to the
Michaelis constant K. This means that K, is the
substrate concentration when the transporter is half-
saturated. The transport rate approaches the maximum
value at a high substrate concentration. In Figure 2, the
straight line illustrates passive diffusion with, theoreti-
cally, no saturation.

UrTakE oF ELEMENTS FroM A Brorocicar PoinT or View o1

Vmax fre=====mmmmmmmmmmm e

/2F-

max

; [Slou:
0 K,

FIGURE 2 Facilitated and passive transport.

It still has to be remembered that passive and facili-
tated transport are diffusion processes, and as such they
do not require energy. Pores are more effective because
they offer open gates. Carriers increase the solubility in
membranes by offering a hydrophobic outer surface.
Irrespective of the kind of diffusion transport, the final
free concentration on both sides of the membrane will
be equal at equilibrium.

C. Three General Classes of Transport

With regard to transport across membranes, three dif-
ferent types have been identified, all of which depend
on the number of substances and the direction in which
each is transported. When only one substrate is trans-
ported, it is referred to as a uniport transpovt process—for
example, the transport of glucose into red blood cells.
The band 3 protein (the anion-exchange protein) is an
example of an antiport process, in which one ion is trans-
ported out of and another into the cell. Symport is the
transfer of two substrates in the same direction. Glucose
and certain amino acids are transported via symport
with Na". In this case, use is made of the gradient caused
by the Na*, K*~ATPase in the plasma membrane. Figure
3 illustrates these general classes of transport. This
characterization, however, takes into account only the
direction of transport and does not show whether or not
energy is required.
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Uniport

Symport Antiport

FIGURE 3 The three general classes of transport systems
differ in the number of substrates transported and the direction
in which each is transported. In uniport systems, only one sub-
strate is transported. Symport and antiport systems are charac-
terized by the transport of two substrates in the same and in
opposite directions, respectively.

D. Active Transport: Transport Against a
Concentration Gradient

In many situations, transport must be carried out even
against concentration gradients. This requires a type of
transport other than facilitated or passive diffusion. A
calcium fon ratio of 30,000 must be maintained across
membranes of the sarcoplasmic reticulum in muscle
fibers. Using Eq. (1), such a ratio corresponds to AG =
25.6kJmol™, which indicates an insurmountable
impediment. An active transport is necessary in such a
scenario, but such a process is thermodynamically unfa-
vorable and can only take place when coupled to a ther-
modynamically favorable process, such as absorption of
light, an oxidation reaction, the breakdown of ATP, or
an accompanying flow of some other chemical species
down its electrochemical gradient. We can differentiate
between primary and secondary active transport (Figure 4).
In the former process, accumulation is coupled directly
to a thermodynamically favorable chemical reaction,
such as the conversion of ATP to ADP + P. When
uphill transport of one solute is coupled to the down-
hill flow of a different solute that has originally been

transported uphill by primary active transport, the

process is secondary active transport.

The energy required to export one Ca* ion from the
inside of the cell is 9.1kJ. The energetic cost of moving
an ion depends on the electrochemical potential or the
sum of the chemical and electrical gradients (see, for
example, Eq. (2)). Most cells maintain more than
tenfold differences in ion concentrations across their
plasma or intracellular membranes; therefore, for many

X

X

FIGURE 4 Active transport. In primary active transport
(left), the energy released by ATP hydrolysis drives solute trans-
port against an electrochemical gradient. In secondary active
transport (right), a gradient of ion X (often Na') has been
secured by primary active transport. Transport of X down its
electrochemical gradient accordingly provides the energy to
drive cotransport of a second solute (S) against its electro-
chemical gradient.

cells and tissues active transport is a major energy-
consuming process.

E. Types of Transport ATPases

The four known types of ATPases are P-type, V-type,
F-type, and multidrug transporter. The last type will
not be dealt with in this chapter because it is not
involved in the transport of elements. P-type AT Pases
are the most versatile, at least from an elemental point
of view. They all transport cations and are reversibly
phosphorylated by ATP in the transport cycle. They are
all integral proteins with multiple membrane-spanning
regions, although they are only single polypeptides.
This type of transporter is very widely distributed. The
Na®, K*-ATPase, an antiporter for Na* and K, and the
Ca**-ATPase, a uniporter for Ca®, are ubiquitous, well-
understood P-type ATPases in animal tissues. They
maintain disequilibrium in the ionic composition
between the cytosol and the extracellular media. P-type
ATPases are responsible for pumping H* and K* over
the plasma membrane in parietal cells lining the mam-
malian stomach, thereby acidifying the contents. Bacte-
ria use P-type ATPases to export toxic metal ions such
as Cu®, Cd*, and Hg?". Table II provides a summary of
the properties of the transport ATPases.

V-type ATPases act as proton pumps and are not
structurally similar to the F-type ATPases. The name
V-type derives from their role of keeping the pH of
vacuoles of fungi and higher plants at 3 to 6. In addi-




TABLE I1. Four Classes of ATPases

p-type ATFPases Organism or Tissue Type of Membrane

Na*, I Animal tissues Plasma
H*, K* Acid-secreting Plasma
(parietal) cells
of mammals
H* Fungi (Neurospora) Plasma
H* Higher plants Plasma
Ca? Animal tissues Plasma
Ca* Myocytes of Sarcoplasmic reticulum
animals (ER)
Cd*, Hg™, Bacteria Plasma
Cu2+
V-type ATPases
H* Animals Lysosomal, endosomal,
secretory vesicles
H* Higher plants Vacuolar
H* Fungi Vacuolar
F-type ATPases
H* Eukaryotes Inner mitochondrial
H* Higher plants Thylakoid
H* Prokaryotes Plasma

tion to acidification of vacuoles, the same occurs for
lysosomes, endosomes, the Golgi complex, and secre-
tory vesicles in animal cells. The complex structures of
V-type ATPases are similar throughout the family and
possess an integral transmembrane domain that com-
prises the proton channel and a peripheral domain con-
taining the ATP-binding site and the ATPase activity.

The F-type ATPase is so called because it has been
identified as an energy-coupling factor. F-type ATPases
catalyze uphill as well as downhill transport of protons.
The uphill process is propelled by ATP hydrolysis,
whereas the downhill reaction drives ATP synthesis. In
this case, we may call them ATP synthases rather than
ATPases. The F-type ATPases are multi-subunit com-
plexes. They provide a transmembrane pore for protons
and a molecular machine using the energy release by
downhill proton flow to form the phosphoanhydride
bonds of ATP.
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FIGURE 5 Inanimal cells, this active transport system is pri-
marily responsible for establishing and maintaining the intracel-
lular concentrations of Na" and K* and for generating the
transmembrane electrical potential.

F. Ion Pumps

Anyone having been in the slightest contact with bio-
chemistry or physiology has not been able to avoid the
sodium—potassium pump (Figure 5). This remarkable
ion pump maintains concentration gradients for sodium
from the inside of cells to the outside of 12 and 145 mM,
respectively. At the same time, the concentration of
potassium is kept at 140 mM intracellularly, in contrast
to 4mM outside. This situation pertains to almost all
animal cells and would not be possible to maintain based
solely on passive diffusion. The motor of this pump is
the Na*, K*-ATPase that couples ATP breakdown to the
concomitant movement of both Na" and K' against
their electrochemical gradients.

The sodium—potassium pump transports two K* ions
into the cell and exports three Na* ions at the cost of
one molecule of ATP converted into ADP and P;. Na*,
K*-ATPase is an integral protein comprised of two
subunits of approximate molecular weight 50,000 and
110,000, both of which span the membrane. This trans-
porter is a P-type ATPase. The mechanism seems
simple; however, the import of two potassium ions and
the simultaneous export of three sodium ions are still
not fully understood. It is generally assumed, though,
that the AT Pase cycles between two forms, one of which
is phosphorylated with a high affinity for K* and a low
affinity for Na*, as well as one that is dephosphorylated
with a high affinity for Na* and low affinity for K*. The
breakdown of ATP to ADP and P; by hydrolysis takes
place in two steps catalyzed by the enzyme: formation
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of the phosphoenzyme and hydrolysis of the phospho-
enzyme with the overall net reaction:

ATP+H,0— ADP+P,

In this way, energy is supplied to cover the expenditure
of the pump.

Calculating the cost of exporting three moles of
sodium from 12 to 145mM at 37°C, we arrive at 39.5
kJ. Correspondingly, the cost of importing two moles
of potassium is 4.8k]. The net energy necessary to
perform the transport is 44.3 k]. Hydrolyzing one mole
of ATP under physiological conditions to ADP gives 31
kJ. According to this calculation, more than 44LJ is
required for the transport, which does not seem rea-
sonable. The trick is that in most cells the concentra-
tion of ATP is much higher than the concentrations of
ADP and P;. The energy available in real life is thus
enough to pay for the transport.

Free calcium ions in cytosol are usually kept at a con-
centration of about 100nM, which is far below what is
found outside cells; thus, it is a significant finding that
the total concentration of calcium in cells is much
higher. One reason is that inorganic phosphates such as
P; and PP; occur at millimolar concentrations. The con-
centration of free calcium ions must be kept low because
inorganic phosphates readily combine with calcium, and
relatively insoluble calcium phosphate precipitates will
form. Maintaining the concentration of free calcium
ions requires effective pumping out of the cytosol. This
is accomplished by a P-type ATPase, which is the
plasma membrane Ca® pump. Another calcium ion
pump of the P-type resides in the endoplasmic reticu-
lum (ER) and moves Ca* into the ER lumen, which is
separated from the cytosol. In myocytes (muscle cells),
Ca™ is usually sequestered in a specialized form of ER
called the sarcoplasmic reticulum. These pumps are
closely related in structure and mechanism and are col-
lectively called sarcoplasmic and endoplasmic reticulum
calcium (SERCA) pumps. In contrast to the plasma
membrane Ca** pump, the SERCA pumps are inhibited
by the tumor-promoting agent thapsigargin.

These different pumps—the plasma membrane Ca?*
pump and SERCA pumps—share similarites in that
both are integral proteins cycling between two confor-
mations in a mechanism not very different from that for
Na®, K*-ATPase. The calcium-ion pump of the sar-
coplasmic reticulum has been thoroughly characterized
and has been identified as a prototype for Ca®* pumps
of the P-type. It is built from a single polypeptide (M
=~ 100,000) spanning the membrane ten times. In a
large cytosolic domain, there is a site for ATP binding,
as well as an Asp residue undergoing reversible phos-

phorylation by ATP. This process favors a conformation
with a high-affinity Ca’*-binding site exposed at the
cytosolic side, and the opposite process, dephosphory-
lation, favors a conformation with a low-affinity Ca®*-
binding site at the luminal side. One consequence of
these cyclic changes of conformation is that the trans-
porter binds Ca® on the side of the membrane where
the calcium ion concentration is low and releases it on
the side where the concentration is high. The energy
released by hydrolysis of ATP to ADP and P; during one
cycle of phosphorylation and dephosphorylation drives
Ca®™ across the membrane against the steep electro-
chemical gradient.

IV. UPTAKE AND REGULATION OF IRON

Iron is vital for all living organisms because it is essen-
tial for many metabolic processes, the most well known
being oxygen transport; however, further examples
include DNA  synthesis and electron transport.
Although iron is abundant in nature, the metal is most
commonly found as the virtually insoluble Fe** hydrox-
ide Fe(OH);. Thus, iron-uptake systems require
strategies to solubilize Fe’*. Many organisms use
siderophores (low-molecular-weight molecules secreted
by bacteria, some fungi, and plants), which can solubi-
lize Fe™* for uptake by siderophore-specific transport
systems. Genetic and biochemical evidence has demon-
strated the presence of multiple pathways for iron
uptake by eukaryotic cells. In mammals, changes in iron
absorption are the major control point for altering the
iron content of the body and of individual cells.

The intestine is the major site of iron regulation with
regard to controlling the uptake of dietary iron across
the brush border and the release of absorbed iron across
the basolateral membrane to the circulation. Cells
responsive to iron uptake are born in the crypt of
Lieberkithn, located in the duodenum and jejunum.
‘These cells differentiate and move toward the absorp-
tive surface of the villus, where they are referred to as
enterocytes. Gradually, mature enterocytes move toward
the tip of the villus and are sloughed into the intestinal
lumen (Figure 6).

In the intestinal lumen, iron exists in the forms of
ferrous (Fe*) and ferric (Fe™*) iron salts. Because ferric
iron becomes insoluble at pH values above 3, ferric ions
must be reduced or chelated by amino acids or sugars
to be efficiently absorbed. Most ferrous iron remains
soluble even at pH 7, so absorption of ferrous iron salts
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FIGURE 6 Iron is taken up into the enterocytes of the prox-
imal small intestine from both the diet and blood plasma. The
enterocytes are born in the crypts of Lieberkiihn and move
toward the villous tip to be discarded into the intestinal lumen
at the end of a 2- to 3-day life span. (Adapted from Conrad and
Umbreit, 2000.)

is more efficient than absorption of ferric iron salts;
however, most dietary inorganic iron is in the form of
ferric iron. In most industrialized countries, two-thirds
of the iron in the diet is present as ferric iron and
one-third as heme iron (Carpenter & Mahorey, 1992).
Reduction of ferric irons becomes necessary for efficient
dietary iron absorption and is mediated by a mucosal
ferrireductase that is present in the intestines. Inhibi-
tion of ferrireductase activity in intestinal cells reduces
iron absorption, which demonstrates the importance of
ferric iron reduction in dietary iron import. Alterna-
tively, uptake of ferric irons might be mediated by the
paraferritin pathway, though less efficiently. In addition
to ferrireductase activity, the presence of dietary ascor-
bate provides a reduction of ferric iron to ferrous,
whereby absorption is enhanced. Figure 7 illustrates the
intestinal absorption and balance of iron.

A. Non-Heme Iron Uptake

Absorption of both heme and non-heme iron occurs
predominantly in the crypt cells of the duodenum and
jejunum (Wood & Han, 1998). Enterocytes, the spe-
cialized cells located on the intestinal villus, control the
passage of dietary iron in the lumen of the intestine and
the transfer of iron into the circulation of the body. To
enter the circulation, dietary iron has to cross three
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FIGURE 7 Pathways of heme and non-heme uptake of iron
and transport in the intestine. The majority of the dietary ferric
iron is reduced to ferrous iron or solubilized by mucin, ascorbic
acid, or other reducing agents. The ferric iron in the lumen of
the intestine is reduced by ferrireductase or in the cytoplasm by
monooxygenase. An iron transporter, Nramp2, situated at the
apical cell surface, transports most of the ferrous iron into the
enterocyte. Yet another pathway for ferric and ferrous iron into
the cell is the paraferritin complex, comprised of B integrin,
mobilferrin, and flavin monooxygenase. Heme is taken up in the
enterocytes as an intact metalloporphyrin (H). The uptake
process is probably mediated by endocytosis. In the cytoplasm,
heme is degraded by heme oxidase to release its inorganic iron.
Two possibilities exist for the intracellular iron; either it is stored
in ferritin or it is transported over the basolateral membrane by
ferroportin | into plasma. Iron export seems to be facilitated by
hephaestin concomitant with ferroportin |. Ferroportin | could

also load iron onto transferrin assisted by the plasma ferroxi-
dase, ceruloplasmin. (Adapted from Lieu et al,, 2001.)
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cellular barriers: iron absorption over the apical mem-
brane, intracellular iron transport through the cell, and
iron export over the basolateral membrane and into the
circulation. The enterocytes, however, have no trans-
ferrin receptors on the surface exposed to the lumen
(Pietrangelo et a/., 1992); thus enterocytes differ from
other nuclear-bearing cells. Consequently, there has to
be a mechanism,of absorption other than the usual
transferrin—transferrin receptor pathway. Absorption of
iron across the apical membrane of the enterocytes is
mediated by a divalent cation transporter, which is
called Nramp2 or divalent cation transporter 1 (DCT1)
(Fleming et 4/., 1997). Nramp is an acronym for natural
vesistance-associated macvophage protein; Nramp? is highly
homologous to Nrampl, a molecule that is important
in host defense against pathogen infection. Evidence
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speaks in favor of Nramp2 being responsible for iron
transport from the duodenum lumen into the cytoplasm
of enterocytes.

B. The Iron Importer: Nramp 2

The gene coding for Nramp2 in humans contains more
than 36,000 bases. At least two different forms of
mRINA are coded (Lee et 4l., 1998), as this is the first
step in the expression of the gene. One region of the
Nramp? isoform I is the 3” untranslated region, which
contains an iron-responsive element similar to the iron-
responsive element present in the 3" untranslated region
of the mRNA transferrin receptor 1 (Tandy et /., 2000).
The isoform II, however, lacks the iron-responsive
element. Expression of Nramp?2 isoform I is, therefore,
upregulated in iron-deficient animals and human intes-
tinal cells, whereas expression of Nramp2 isoform II is
not due to the lack of the iron-responsive element
(Fleming et 4l., 1999). The importance of the presence
of a functional iron-responsive element in the Nramp?2
isoform I is that its expression probably is controlled by
intracellular iron concentration. Such a control should
not be functional in the case of Nramp2 isoform II.

As might be expected, Nramp?2 is highly expressed at
the duodenum brush border, which corroborates its
important role in intestinal iron absorption (Cannone-
Hergeaux et al., 1999), because enterocytes lack the
transferrin receptor system at the absorptive surface.
Nramp? is located on the plasma membrane as well as
on subcellular vesicular compartments. The Nramp2
protein is thought to consist of 12 transmembrane
domains, and studies show that Nramp2 acts as a
proton-coupled divalent cation transporter (Gunshin ez
al., 1997). Nramp? is, therefore, capable of transport-
ing not only ferrous iron but also a number of divalent
cations such as Zn*, Mn*, Co*, Cd*, Ni*, and Pb*
(Gunshin et 4/., 1997). In addition, Nramp2 function is
pH dependent, being optimal at a pH of <6 (Gunshin
et al., 1997). Nramp2 has been shown to be colocalized
at the subcellular level with transferrin, and Nramp2
might be involved in transporting transferrin-bound
iron across the membrane of endosomes into the
cytoplasm (Gruenheid ez 4/., 1999).

C. Heme Iron Uptake

Hemoglobin iron from food is absorbed more effi-
ciently than inorganic iron; therefore, absorption of

iron from myoglobin and hemoglobin is different from
the way in which inorganic iron is absorbed. Hemoglo-
bin is enzymatically digested in the intestinal lumen,
and the heme molecule is internalized by the entero-
cytes as an intact metalloporphyrin (Majuri & Gras-
beck, 1987). It might be that the heme molecule enters
the cell through a receptor-mediated process. Once
inside the enterocyte, heme is metabolized by heme
oxygenase, and inorganic iron is released. This is either
stored as ferritin or transported across the basolateral
membrane to enter the bloodstream (Figure 7). When
the enterocyte ends its life cycle, iron in the form of fer-
ritin will be sloughed with the aged cells and leave the
body through the gastrointestinal tract. Humans have a
limited means of eliminating iron; therefore, this
process is an important mechanism of iron loss (Lieu ez
al., 2001).

D. Paraferritin-Mediated Iron Uptake

Nramp2 is a much better transport agent for ferrous
iron than ferric iron. In addition, ferrous and ferric iron
can also be internalized by enterocytes in different path-
ways. Paraferritin is a membrane complex with a molec-
ular weight of 520kDa that contains B-integrin,
mobilferrin (a homolog of calreticulin, which is a lectin-
like chaperone promoting efficient folding of proteins
in the ER), and flavin monooxygenase. It participates in
the mucin-mediated iron uptake in the intestinal lumen
(Figure 7) (Umbreit er 4l., 1998). Experiments with
erythroleukemia cells show that an and-f,-integrin
monoclonal antibody blocks 90% of ferric citrate
uptake. Litde effect, however, was observed on the
uptake of ferrous iron. Consequently, it seems that
ferric iron is absorbed via the paraferritin-mediated
pathway (Conrad et 4/, 1999). A possible mechanism is
that ferric iron is solubilized by mucin in the intestinal
lumen, transferred to the mobilferrin- and B-integrin-
containing paraferritin complexes, and then internal-
ized (Conrad et 4l., 1999). Having been internalized,
flavin monooxygenase is associated with the complexes
and ferric iron is reduced to ferrous iron in parallel
with the activity of NADPH. The B-integrin- and
mobilferrin-containing  paraferritin  complex also
interacts with B, microglobulin. In addition, mobilfer-
rin and B, microglobulin have been shown to play
critical roles in the development of iron overload in
hemochromatosis in animals (Rothenberg & Voland,

1996).




E. The Iron Exporter: Ferroportinl

A novel iron transporter gene, ferroportinl, has
recently been identified (Donovan et al, 2000).
Sequence analysis of ferroportinl shows that it has a
stem-loop structure, typical of iron-responsive ele-
ments, in the 5" untranslated region (Donovan ez 4.,
2000). It has been shown that the iron-responsive
element binds to iron regulatory proteins 1 and 2. This
indicates that expression of ferroportinl is regulated by
intracellular iron levels (McKie et 4l., 2000). Studies of
ferroportinl demonstrate that ferroportinl mediates
iron efflux across membranes by a mechanism requir-
ing an auxiliary ferroxidase activity (Donovan ez 4l.,
2000; McKie et 4l., 2000). Ferroportinl is expressed
highly in the placenta, liver, spleen, macrophages, and
kidneys. In the cell, ferroportinl is located on the baso-
Jateral membrane of duodenal enterocytes (McKie ez 4L.,
2000). This suggests that ferroportinl probably func-
tions as an iron exporter in the enterocytes (Figure 7).
Ferroportin] is located on the basal surface of placen-
tal syncytiotrophoblasts, which probably suggests a role
for ferroportinl in iron transport into the embryonic
circulation (Donovan et 4i., 2000).

The function of ferroportinl is believed to be in
parallel with the membrane-resident ferroxidase
hephaestin and serum ceruloplasmin (McKie et 4l.,
2000). Hephaestin has a high degree of similarity to
ceruloplasmin, which is a muld-copper oxidase possess-
ing ferroxidase activity, which is required for the release
of iron into blood and the binding to transferrin.
Hephaestin does not transport iron, which is similar to
ceruloplasmin; however, it facilitates the transport of
iron from enterocytes into the body’s circulation
(Harris ez 4l., 1998). Sex-linked anemic mice with defec-
tive hephaestin show normal dietary iron absorption
into the enterocytes, but they suffer from a defect in the
transport of iron from duodenum to the blood (Vulpe
et al., 1999). Unfortunately, the mechanism by which
ferroportinl mediates the transport of iron across the
basolateral membrane and by which it interacts with

hephaestin and ceruloplasmin is still unknown (Lieu et
al., 2001).

F. Regulation of Dietary Iron Absorption

The regulation of iron absorption by enterocytes is
exercised in various ways. In the first place, it may be
modulated by the amount of iron in recently consumed
food. This mechanism is referred to as the dietary
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regulator (Andrews, 1999). Enterocytes are resistant
to acquiring additional iron for several days after
consumption, a phenomenon referred to as mucosal block
(Andrews, 1999). A second regulatory mechanism,
which monitors the iron levels stored in the body rather
than the dietary iron status, is referred to as the stores
regulator. When there is iron deficiency, the stores reg-
ulator can modify the amount of iron uptake by a factor
of approximately two to three (Finch, 1994). Saturation
of plasma transferrin with iron is also thought to influ-
ence the dietary absorption of iron, at least indirectly.
A detailed mechanism of the stores regulator remains to
be defined. The erythropoietic regulator is a third regula-
tory mechanism that has a greater capacity to increase
iron absorption than the stores regulator. The erythro-
poietic regulator does not respond to the cellular iron
levels; however, it does modulate iron absorption in
response to the requirements for erythropoiesis.
Further studies are required to increase our knowledge
of the molecular mechanisms of intestinal iron absorp-
tion (Lieu ez 4/., 2001).

G. Transferrin Receptor-Mediated Iron Uptake

In the blood, iron is transported by the plasma glyco-
protein transferrin, which has a molecular weight of
about 80kDa and a high affinity for ferric iron. Most
cells in the body, except enterocytes in the intestine, get
iron from transferrin. The uptake of iron in cells begins
with the binding of transferrin to a receptor on the cell
surface known as the mransferrin receptor. It binds
transferrin only when it carries iron. The maximum
capacity of transferrin is two iron ions. The transferrin—
receptor complex is then internalized through the endo-
cytic pathway. Transferrin receptors do not interact
directly with iron, yet they control iron uptake and
storage by most cells in the organism. There are at least
two types of transferrin receptors. Transferrin receptor
1 is a membrane-resident glycoprotein that is expressed
in all cells, with the exception of mature erythrocytes.
The other type, transferrin receptor 2, is a homolog of
transferrin receptor 1. It is specifically expressed in the
liver, particularly in the hepatocytes. Following inter-
nalization, the endosome is covered with clathrin. This
is a protein complex of three large and three small
polypeptide chains that is thought to help bend the
membrane in the internalization process. The endo-
some is then uncoated by an uncoating ATPase. Then
protons are pumped into the endosome, causing iron to
be released from the transferrin. Iron then passes
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FIGURE 8 A schematic view of the extracellular binding of
iron to apotransferrin, receptor-mediated endocytosis, release
of iron into the endosome (driven by ATP), and the loading of
iron into ferritin.

through the endosomal membrane and enters the intra-
cellular labile pool. Intracellular iron in the labile pool
can then be utilized for the synthesis of heme- and non-
heme-containing proteins or stored within ferritin with
a molecular weight of 474kDa. The storage capacity of
ferritin is as high as 4500 iron atoms. The receptor-
bound transferrin is recycled back to the cell surface for
reuse after completing a cycle of highly specific and
efficient cellular iron uptake (Figure 8).

H. The Iron-Binding and Iron-Transport Protein:
Transferrin

Transferrin is a single polypeptide chain of a glyco-
protein that consists of two globular domains. Both
domains offer a high-affinity binding site for one iron
ion. Iron affinity of transferrin is pH dependent, and
iron is released from transferrin when the pH is below
6.5. Transferrin might also be involved in the transport
of a number of metals, such as aluminum, manganese,
copper, and cadmium (Davidsson et 4/., 1989; Moos et
al., 2000), but iron has the highest affinity to transfer-
rin and will drive other metals out.

The liver is the primary site of synthesis of transfer-
rin (Takeda et 4l., 1998); however, it is synthesized in
significant amounts in the brain, testis, lactating
mammary gland, and some fetal tissues during devel-
opment. The three different forms of transferrin, exist-
ing as a mixture, are iron-free (apotransferrin), one-iron

(monoferric), and two-iron (transferrin diferric). The
ratio between these forms depends on the concentra-
tion of iron and transferrin in blood plasma. Under
normal conditions, most of the iron molecules in blood
plasma are bound to transferrin (Lieu et 4/, 2001). The
main function of transferrin is to capture iron from
plasma and to transport it to various cells and tissues in
the organism.

1. The Transferrin-Binding and Transferrin-
Transport Protein: Transferrin Receptor 1

Transferrin receptor 1 is a dimer comprised of two iden-
tical subunits and having a molecular weight of approx-
imately 90kDa. The receptor crosses the plasma
membrane. The monomers are joined by two disulfide
bonds and consist of three domains: a 61-residue
amino-terminal domain, a 28-residue transmembrane
region that helps to anchor the receptor into the mem-
brane, and a large extracellular carboxyl terminus of 671
amino acid residues (McClelland et 4/., 1984). As a type
II membrane protein, the carboxyl terminal ectodomain
of the transferrin receptor 1 is critical for transferrin
binding. Indeed, replacement of the carboxyl-terminal,
192-amino-acid residues of the human transferrin
receptor 1 with the corresponding region of the chicken
transferrin receptor dramatically reduces or completely
abolishes its binding affinity for transferrin. Because
each ectodomain contains a binding site for the trans-
ferrin molecule, a homodimer of transferrin receptor
1 can bind up to two molecules of transferrin
simultaneously.

Transferrin receptor 1 is synthesized intracellularly in
the ER. Additionally, it undergoes a number of post-
translational modifications. Its ectodomain is comprised
of three nitrogen-linked glycosylation sites and one
oxygen-linked glycosylation site (Kohgo et al., 2002).
Correct folding is strongly dependent on the nitrogen-
linked glycosylation sites of transferrin receptor 1. If the
oxygen-linked glycosylation at threonine 104 is elimi-
nated, the cleavage of transferrin is enhanced, which, in
turn, promotes'the release of its ectodomain (Rutledge &
Enns, 1996). The segment of transferrin receptor 1 that
crosses the membrane consists of 18 hydrophobic amino
acids and also undergoes posttranslational modifications.
The hydrophobic membrane-crossing segment is cova-
lently bound to fatty acids and is subjected to acylation
with palmitate. This probably helps to fasten the recep-
tor to the plasma membrane (Kohgo ez @/, 2002).

The part of transferrin receptor 1 that is resident in
the cytoplasm is important for the clustering of the
receptor into the chlatrin-coated pits of the plasma




membrane and, subsequently, for endocytosis (Iacopetta
et al., 1988). A conserved internalization signal (YTRF;
tyrosine, threonine, arginine, phenylalanine) within the
61-amino-acid residues in the cytoplasmic part of trans-
ferrin receptor 1 is critical for efficient endocytosis of
the receptor (Collawn ez 4/., 1993).

Human transferrin receptor 1 is a tightly associated
homodimer. Each transferrin receptor 1 monomer
consists of three distinct globular domains (Rolfs &
Hediger, 1999). The general form of the homodimer
suggests that transferrin could bind to either side with
no contact between the two transferrin molecules. The
extracellular part of transferrin receptor 1 is separated
from the membrane by a stalk, which presumably
includes residues involved in disulfide bond formation
and oxygen-linked glycosylation (Rolfs & Hediger,
1999; Lieu et 4/., 2001).

Transferrin receptor 1 is the general mechanism for
cellular uptake of iron from plasma transferrin. The
current model of iron uptake from transferrin via
receptor-mediated endocytosis in mammals is shown in
Figure 8 and in greater detail in Figure 9. The first step,
the binding of transferrin to transferrin receptor 1, is
accomplished by a physical interaction that does not
require an increase in temperature or energy (Conrad
& Umbreit, 2000). Transferrin can bind one or two
ferric ions, and the iron status of transferrin affects its
affinity for its receptor. Diferric transferrin has the
highest affinity, followed by monoferric transferrin;
apotransferrin (without iron) has the lowest affinity. An

Mitochondria IRPs

Ferritin

FIGURE 9 Release of iron from transferrin in the endosome
and following events. A proton pump (energy-requiring)
decreases the pH within the endosome with the consequence
that iron is released from transferrin. The iron transporter
Nramp2 carries out the subsequent transport of iron over the
endosome membrane into the cytoplasm. IRP stands for iron-
responsive protein.
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estimated dissociation constant for diferric transferrin
is about 2-7nM (Lieu et 4., 2001). The plasma con-
centration of diferric transferrin is about 5uM under
physiological conditions; consequently, most surface
transferrin receptors become saturated with transferrin.
Thus, the homodimeric transferrin receptor can
mediate a maximum uptake of four atoms of iron at
the same time.

The  complexes consisting of  transferrin
receptor—transferrin—iron interact with adaptor pro-
teins in the clathrin-coated pit and are then internalized
by the cells through an endocytic pathway mediated
by the receptor. The tyrosine internalization motifs
located on the parts of the transferrin receptors that
reside in the cytoplasm seem to be necessary for a high-
affinity binding to the adaptor protein complexes on the
plasma membrane. Importantly, but not surprisingly,
this process is temperature and energy dependent (Lieu
et al., 2001). Inside the endosome, an ATPase proton
pump causes acidification of the endosome and results
in the release of iron from transferrin. The apotrans-
ferrins remain attached to the transferrin receptors and
return to the cell surface, where they are released from
the cells. The binding between transferrin and the
transferrin receptor is dependent on the pH, which is
critical to membrane uptake and the release of trans-
ferrin. The release of apotransferrin from its receptor
occurs at neutral pH at the cell surface. Both the ligand
and receptor, in this way, become available for recycling
the absorption of iron. After its release from the trans-
ferrin, iron passes through the endosomal membrane
into the cytoplasm via the iron transporter Nramp2
(also known as the DCT1). Iron that enters the cell can
be utilized in the synthesis of heme or incorporated in
iron-containing molecules. Intracellular iron can also be
stored in the ferritin complexes or can modulate the
activity of iron regulatory proteins (Lieu ez 4., 2001).

2. Second Transfervin-Binding and Transfervin-
Transport Protein: Transfervin Receptor 2

Transferrin receptor 2, which is'a homolog of transfer-
rin receptor 1, was recently identified. Its gene is located
on chromosome 7q22 and gives rise to two transcripts
approximately 2900 and 2500 bases in length. Like
transferrin receptor 1, transferrin receptor 2 is a type 11
transmembrane glycoprotein, and it shares 66% simi-
larity in its ectodomain with transferrin receptor 1.
Although the cytoplasmic portion of transferrin recep-
tor 2 is very different from transferrin receptor 1, trans-
ferrin receptor 2 also contains an internalization motif
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(YQRYV; tyrosine, glutamine, arginine, valine), which is
similar to the YI'RF motf in transferrin receptor 1.
Transferrin receptor 2 does not possess iron-responsive
elements. It seems that expression of transferrin recep-
tor 2 is not regulated by an iron-regulatory, protein-
mediated feedback regulatory mechanism in response to
cellular iron status (Kawabata ez 4/, 1999).

In contrast to transferrin receptor 1, transferrin
receptor 2 is primarily expressed in the liver. Like trans-
ferrin receptor 1, binding of transferrin receptor 2 to
transferrin is also pH dependent. The binding of apo-
transferrin to transferrin receptors 1 and 2 only takes
place at acidic pH. Expression levels of both transferrin
receptors 1 and 2 correlate with stages of the cell cycle
which, in turn, are related to requirements for iron
during DNA synthesis. Nevertheless, transferrin recep-
tor 2 differs from transferrin receptor 1 in its binding
properties with transferrin and regulation of expression.
Holotransferrin has a lower affinity for transferrin
receptor 2 than for transferrin receptor 1.

Transferrin receptors 1 and 2 are likely not only to
be regulated through distinct pathways but also to
mediate iron uptake and storage by a different, yet
unidentified, mechanism. Transferrin receptor 1 seems
to play a general role in cellular iron uptake; however,
transferrin receptor 2 appears to play a specific role in
iron uptake and storage in the liver, due to its high
expression in hepatocytes (Lieu ez 4/., 2001).

1. Control of Iron Metabolism

Not surprisingly, animal cells differ somewhat from
plants and lower eukaryotes with regard to the way in
which they control iron metabolism. Transcription is
the preferred method by which plants and lower eukary-
otes maintain iron homeostasis. In the yeast Saccha-
romsyces cerevisige, for example, the iron-regulated
transcription factor AFT1 controls production of mul-
tiple gene products that are needed to make up the
high-affinity iron transport systems. Similarly, in plants,
the iron storage protein ferritin is transcriptionally reg-
ulated by iron, which differs from the way in which it
is regulated in animal cells, as animal cells utilize post-
transcriptional control of iron metabolism in most cell
types in the body. Apparently, regulation of gene trans-
cription has a more important role in cell-type-specific
modulation of iron homeostasis. Tissue-specific regula-
tion of the expression of H- and L-ferritin, an ery-
throid-specific isoform of 5-aminolevulinate synthase, is
one example, as well as control of the relative expres-

sion of iron regulatory protein 1 (IRP1) and IRP2
between tissues. This means that mammalian iron
homeostasis is maintained through integrated use of
sensory and regulatory systems operating at multiple
levels of gene regulation (Eisenstein, 2000).

Although iron is an essental trace element, it might
be detrimental if it is available as a free ion; conse-
quently, besides providing storage, it is also necessary to
prevent toxicity. Alteration of ferritin gene transcription
provides an important means by which the relative
abundance of the ferritin subunits can be modified to
meet the unique iron storage and/or detoxification
needs of specific tissues. The ratio of the abundance of
the heavy-chain (H) and light-chain (L) subunits varies
among tissues, and this variation is probably due to
tissue-specific differences in the rates by which the fer-
ritin genes are transcribed (Tsuji et 4/., 1999; Eisenstein,
2000). Gene transcription of ferritin can be modulated
by both iron-dependent and iron-independent factors.
Experiments show that an excess of iron can cause a
selective increase in L-ferritin gene transcription in the
liver. In other systems, though, H- and L-ferritin trans-
cription is altered in parallel to iron. Transcription
of the ferritin genes is also modulated by a number of
iron-independent signaling pathways (Eisenstein,
2000). Synthesis of transferrin and transferrin receptor
takes place in fewer tissues than is the case for the fer-
ritins. Transcription thus seems to dictate their expres-
sion in specific tissues. Iron deficiency causes induction
of the transcription of both genes (Testa ez 4/., 1989). In
many cases, however, transferrin receptor expression
in iron deficiency is controlled by the regulation of
mRNA stability. Seemingly contradictory is the fact that
transcription appears to be a more critical factor in the
iron regulation of transferrin expression in a deficiency,
although translational regulation may be important in
reducing transferrin synthesis when there is excess iron
(Eisenstein, 2000). The gene transcription of transfer-
rin and transferrin receptor is enhanced during hypoxia
to increase iron delivery to the erythron, which is nec-
essary to advance erythropoiesis and increase oxygen-
carrying capacity (Tacchini ez 4/, 1999; Eisenstein,
2000). During erythropoiesis, transcription plays a
greater role in modulating transferrin receptor expres-
sion than in many non-erythroid cells. This makes
increases in transferrin receptor expression possible
without maximal induction of IRP activity and allows
for simultaneous expression of the erythroid isoform of
delta-aminolevulinate synthase (ALAS, eALAS). The
growth state of cells also influences transferrin receptor
gene transcription. Clearly, regulation of the transcrip-
tion of the H- and L-ferritins, transferrin, and trans-




ferrin receptor genes contributes greatly to the mainte-
nance of cell and organ iron homeostasis (Eisenstein,

2000).

J. Iron Regulatory Proteins and the Coordination
of Iron Homeostasis

Iron regulatory proteins play a significant role in main-
taining iron homeostasis by coordinating many of the
mRNAs that encode proteins for the control of uptake
or the metabolic fate of iron. Furthermore, changes in
rates of transcription help establish the final level of
these mRNAs. IRPs are considered central regulators of
mammalian iron metabolism because they regulate the
synthesis of proteins that is required for the uptake,
storage, and use of iron by cells (Eisenstein, 2000).
Important factors with regard to this regulation include
the following:

¢ It is well accepted that IRPs are critical factors of
the posttranscriptional regulation of transferrin
receptor expression.

* IRPs play a major role in determining the iron
storage capacity of cells by regulating translation of
both H- and L-ferritin mRINA.

* Translation of the mRNA for the eALAS also seems
to be regulated by IRPs.

In this role, IRPs may coordinate the formation of
protoporphyrin IX with the availability of iron. IRPs
may thus be important modulators of iron cycling in the
body. In addition, the mRINA-encoding divalent metal
transporter 1 (DMT1) and ferroportinl/iron-regulated
gene 1 (IREGL1) contain iron-responsive element (IRE)-
like sequences. This suggests that IRPs might possibly
affect the use of these mRNAs. DMT1 expression is
iron regulated in some but not all situations; however,
there are indications that the abundance of ferro-
portinl/IREG1 mRNA responds to changes in iron
status. If the IREs in DMT1 and ferroportinl/IREG1
mRNA are functional, as is the case for transferrin
receptor mRNA, then IRPs probably are major modu-
lators of the transmembrane transport of transferrin and
non-transferrin iron (Eisenstein, 2000).

V. UPTAKE AND REGULATION OF ZINC

A number of physiologic systems contribute to zinc
homeostasis under different conditions. Central to the
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maintenance of zinc homeostasis, however, is the gas-
trointestinal systems, especially the small intestine,
liver, and pancreas. Specifically, the processes of absorp-
tion of exogenous zinc and gastrointestinal secretion
and excretion of endogenous zinc are critical to zinc
homeostasis throughout the body. During evolution,
cells developed efficient uptake systems to allow for the
accumulation of zinc even when it is scarce. These
uptake systems use integral membrane transport pro-
teins to move zinc across the lipid bilayers of the plasma
membrane. Once inside a eukaryotic cell, a portion
of the zinc must be transported into intracellular
organelles to serve as a cofactor for various zinc-
dependent enzymes and processes present in those
compartments; therefore, transporter proteins must be
present in organelle membranes to facilitate this flux of
zinc. Zinc can also be stored in certain intracellular
compartments when supplies are high and used later if
zinc deficiency ensues. Again, zinc transporters are
required to facilitate this transport in and out of
organelles.

A. Families of Zinc Transporters in Eukaryotes

Many types of transporters have been found to be
involved in zinc transport. In prokaryotes, transporters
of the AT Pase binding cassette (ABC) family have been
demonstrated to work in zinc uptake. The zinc ABC
proteins of Escherichia coli, for example, are a major
source of zinc incorporation for these cells. A family of
P-type ATPases functions as zinc efflux transporters;
the ZntA protein in E. co/i is one such transporter. Inter-
estingly, this protein is important for zinc detoxification
by pumping the metal ion out of the cell when intra-
cellular zinc levels get too high (Hantke, 2001).
Eukaryotes have been found not to use ABC trans-
porters or P-type ATPases; instead, zinc transport
apparently is accomplished by two other families of
transporters. The uptake of zinc and transport from the
extracellular space to the cytoplasm have been found to
be associated with the ZIP (Zrt-, Irt-like proteins)
family. Additiona]ly, the mobilization and transport of
stored zinc from an organelle to the cytoplasm have
been shown to be carried out by ZIP transporters. The
CDF (cation diffusion facilitator) family does the oppo-
site of the ZIP proteins; namely, it pumps zinc from the
cytoplasm out of the cell or into the lumen of an
organelle. All of the known members of these families
play roles in metal ion transport, and zinc is often the
substrate; consequently, it might be that several other
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a. ZIP (e.g. Irt1) ?523%3%

Cytoplasm
C

...HDH-X, -HSHSHG-X4-HSHSH...
«..HD-X-H-X-W-X-L-T-X-H...

FIGURE 10 A sketch of the predicted membrane topology
of ZIP and CDF proteins. (a) ZIP proteins as well as Irtl are pre-
dicted to have eight membrane-crossing domains (I-VIl). Indi-
cated as the variable region are the conserved and functionally
important residues in domains VI andV, the ubiquitinated KI95
in Zrtl, and the extracellular loop region affecting Irtl substrate
specificity. (b) The majority of CDF transporters as well as Zrcl
are predicted to have six membrane-crossing domains (I-VI).
Conserved polar or charged residues within the membrane-
crossing domains |, Il, andV are indicated. H, histidine; G, glycine;
D, aspartate; S, serine; L, lysing; T, threonine; W, tryptophan; and
X, any amino acid. (Adapted from Gaither and Eide, 2001.)

members work in zinc transport (Gaither & Eide,
2001).

"Two of the first members of the ZIP family to be dis-
covered were Zrt1 of Saccharomyces cerevisiae and Irtl of
Arabidopsis thaliana (Gaither & Eide, 2001); thus the
name ZIP transporters. Zrtl is a zinc uptake transporter
in yeast, and Irtl is an iron transporter in plants. Cur-
rently, 86 ZIP members can be found in the protein
sequence database at the National Center for Biotech-
nology Information (NCBI). This list includes proteins
from eubacteria, archaea, fungi, protozoa, insects,
plants, and mammals.

The degree of sequence conservation can be used to

split the ZIP family into subfamilies. Most proteins in -

the ZIP family are predicted to have eight membrane-
crossing domains; however, some may have as few as
five. The majority of ZIP proteins share a similar pre-
dicted topology where the amino and carboxyl termini
are located in the extracellular space (Figure 10a). Parts
of this topology have been corroborated for some
members of the family. Examples include the amino

terminus of Zrtl and the carboxyl terminus of hZip2,
which have been shown to be on the outside surface of
the plasma membrane. Many of the ZIP proteins have
a long loop region located between membrane-crossing
domains IIT and IV. This region is called the “variable
region,” because both its length and sequence show
little conservation among the family members. Many of
the ZIP proteins are characterized by the presence
of many histidine residues. In Zrtl, this sequence is
histidine—aspartate-histidine—threonine-histidine—
aspartate-glutamate . . ., and in Irtl the sequence is
histidine-glutamate-histidine—glutamate—histidine—
glutamate-histidine. . . . The function of this region is
not known; however, it is acknowledged to be a poten-
tial metal binding domain. Consequently, its conserva-
tion in many of the ZIP proteins implies a role in metal
ion transport or its regulation (Gaither & Eide, 2001).

The mechanism of transport used by the ZIP pro-
teins has yet to be unveiled. Conspicuously, the zinc
uptake by human hZip2 zinc transporter has been
shown to be energy independent (Gaither & Eide,
2000); however, this finding does not correspond with
studies of the yeast zinc transporters Zrtl and Zrt2,
which demonstrated strict energy dependence (Zhao &
Eide, 1996). Fungal and human ZIP proteins may, con-
sequently, use different mechanisms. Zinc uptake by
hZip2 was stimulated by HCO;™ but was not depen-
dent on K* or Na* gradients (Gaither & Eide, 2000); it
has been suggested that hZip2 functions iz vive by a
Zn**-HCOj;" symport mechanism. Another possibility
is that zinc uptake by these proteins may be driven by
the concentration gradient of the metal ion substrate.
Although the total level of zinc in cells can be as high
as several hundred micromoles (Mantzoros et 4l., 1998),
only small amounts of that zinc are present in a “free”
or labile form. Estimates of the labile pool of zinc in
cells are in the nanomolar range (Suhy & O’Halloran,
1995). A concentration gradient of labile zinc across the
plasma membrane may thus be an important driving
force for Zn?* uptake. The negative-inside membrane
potential existing in cells could also be a driving force
for the uptake of zinc (Gaither & Eide, 2001; Zhang &
Allen, 1995). '

The CDF (cation diffusion facilitator) proteins were
early recognized to often play roles in metal ion trans-
port (Nies & Silver, 1995). They are similar to the ZIPs
found in organisms at all phylogenetic levels. Many
members of this family have been implicated specifically
in the transport of zinc from the cytoplasm out of the
cell or into organellar compartments (Gaither & Eide,
2001). The CDF family was recently said to comprise
13 members; however, more sequence data and better




tools have increased the number of members to 101
(Gaither & Eide, 2001).

The CDF family can be divided into three different
subfamilies (I, II, and III) based on clusters or proteins
with greater sequence similarities. CDF subfamily I is
found mostly in prokaryota, including both eubacteria
and archaea. Subfamilies II and III are comprised
of about equal numbers of species of eukaryotic and
prokaryotic origin. Six membrane-crossing domains
seem to be common in a majority of the members of
the CDF family. Their predicted membrane topology is
similar to that shown for one such protein, Zrcl, from
Saccharomyces cerevisiae, shown in Figure 10b (Gaither &
Eide, 2001).

B. Zinc Transport and Its Regulation in Plants

Both ZIP and CDF family genes have been discovered
in many plant species and have contributed to our
increasing understanding of zinc transport and regula-
tion in plants. The number of ZIP family members in
plants is remarkable. The Arabidopsis genome contains
18 ZIP family genes from three of the four subclasses
of ZIP proteins. ZIP subfamily II, however, does not
have a plant representative. Plants and animals are mul-
ticellular organisms, as reflected by the high number of
potential metal ion transport proteins, probably due to
the greater diversity of tissue-specific roles played by
these proteins (Gaither & Eide, 2001). The first ZIP
protein to be discovered in any organism was Irtl (iron-
regulated transporter 1) (Eide et 4/, 1996). Its gene
(IRTI) was cloned because its expression in a yeast
mutant with an impaired iron uptake suppressed the
growth defect of this strain when growth media con-
tained low amounts of iron. Irtl expression indeed
increased iron uptake in this yeast strain, as confirmed
by biochemistry (Eide ez 4l., 1996). Later studies showed
that Irtl could also transport Zn%*, Mn?*, and Cd*
(Korshunova et 4., 1999). Iron accumulation, rather
than the transport of other metals such as zinc, seems
to be the main function of Irtl in plants. In addition,
Irtl is expressed only in the roots of plants for which
iron access is restricted. If Irtl takes part in the accu-
mulation of metals other than iron, such as zinc, this
probably occurs only under iron-limiting conditions
(Gaither & Fide, 2001). It has, indeed, been observed
that iron-limited plants accumulate higher levels of
other metals such as zinc, manganese, and cadmium
(Cohen et a1, 1998). These findings corroborate the
prediction of Gaither and Eide (2001).
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Zipl through Zip4, ZIP tansporters in Arabidopsis,
may play roles in zinc transport. In Saccharomyces cere-
visize, the expression of Zipl, Zip2, or Zip3, each with
distinct biochemical properties, results in increased zinc
uptake. These proteins, consequently, most probably
are zinc transporters. Zip4 expressed in yeast, however,
does not result in increased zinc uptake. This may be
due to poor expression or mislocalization of the protein
in the yeast cell. ZIPI is expressed predominantly in
roots while ZIP3 and ZIP4 mRNA could be found in
both roots and shoots. The induction of ZIPI, ZIP3,
and ZIP4 mRINA takes place under zinc-limiting con-
ditions. A role for these proteins in zinc transport is thus
further confirmed. Neither subcellular localization of
these proteins nor tissue-specific expression has been
determined, so their exact roles cannot be assessed as
yet. It is quite clear that some mechanism of regulation
exists in plants because there is a zinc-responsive regu-
lation of mRINA levels in response to zinc availability
(Gaither & FEide, 2001).

If regulation of the expression of zinc transporters was
altered in any way, zinc accumulation in plants would
probably be greatly impacted. This presumption may in
part explain the physiology of an unusual group of plants
called metal hyperaccurmulators. These are plants that take
up large quantities of metal ions from the soil. They are
of great interest because of their potental to remove
metal pollutants from surface soils in a process called phy-
toremediation (Raskin, 1995; Gaither & Eide, 2001). A
well-known hyperaccumulator is Thlaspi caerulescens, a
member of the Brassicaceae family that also includes
Arabidopsis. Certain ecotypes of T.. caerulescens are capable
of accumulating zinc in their shoots at levels up to as
much as 30,000ugg™ without evident toxic effects
(Gaither & Eide, 2001). Plants that are not hyperaccu-
mulators normally accumulate only 0.1% of that level. A
salient ability to accumulate and detoxify metal ions
should therefore be a significant property of hyperaccu-
mulators. In studies of 7. caerulescens, it was found that
the maximum velocity, Vi, was elevated almost fivefold
compared to a non-hyperaccumulating ecotype, 7.
arvense, although’ there was no difference in the
Michaelis-Menten constant K, (Lasat et 2/, 2000).
Expression of zinc uptake transporters should thus be
higherin T. caerulescens. ZNT1,a ZIP family member, has
been cloned from T. caerulescens and T. arvense. In T.
arvense, Zntl is expressed at a low level and regulated by
zinc status. In 1. caerulescens this gene is expressed at a
much higher level and is unaffected by zinc availability.
The increased zinc accumulation in this and perhaps
other metal hyperaccumulating plant species can thus be
explained by Zntl expression.
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Many members of the CDF family are also contained
in the genomes of plant species. For example, Ara-
bidopsis alone encodes ten CDF member genes. The
proteins expressed by these genes are likely to function
in subcellular zinc compartmentalization as well as in
zinc efflux. The Zat protein of Arabidopsis is the only
plant CDF member to have been studied. This protein
seems to be a zinc transporter; however, Z4T mRNA
expression is not zinc regulated. Transgenic plants over-
expressing the ZAT gene demonstrate increased zinc
resistance. In roots of these transgenic plants, the zinc
content was also found to be increased, which suggests
that Zat transports zinc into an intracellular compart-
ment (e.g., the vacuole or root cells). In any multicellu-
lar organism, zinc transporters are required for both
cellular zinc uptake as well as efflux to allow utilization
of the metal. Plants, for example, need a zinc efflux
transporter to pass zinc from the root tissue into the
xylem for distribution to aerial portions of the plant.
CDF proteins such as Zat probably perform this
function as well (Gaither & Eide, 2001).

C. Zinc Transporters and Their
Regulation in Mammals

Both the ZIP and CDF families are represented by
several zinc transporters found in mammalian organ-
isms. Fourteen ZIP genes have been identified in
humans, and three have been found in the mouse. Func-
tional data are available for three of the human genes
(bZIP1, bZIP2, and hZIP4). Recently, a subfamily of
mouse zinc transporter genes was characterized
(Dufner-Beattie et al., 2003). The proteins hZipl and
hZip2 appear to play roles in zinc uptake across the
plasma membrane. Expression of #ZIP2 mRNA has
been detected in prostate and uterine tissue as well as
monocytes, indicating restricted tissue specificity
(Kambe ez 4l., 2004). Overexpressed AZIP2 in cultured
K562 erythroleukemia cells resulted in an increased
accumulation of zinc compared to control cells. Fur-
thermore, the hZip2 protein was localized to the plasma
membrane of these cells (Kambe ez 4l., 2004). These
results indicated that #ZIP2 might serve in zinc uptake
in the few tissues where it is expressed (Gaither & Eide,
2001).

Endogenous uptake of zinc was shown to bé bio-
chemically different from uptake mediated by hZip2 in
the K562 cell line in a number of ways. For example,
HCO;™ treatment stimulated zinc uptake mediated by
hZip2, whereas the endogenous system did not react.
Moreover, several other metal ions (e.g., Co**, Fe’*, and

Mn*") significantly inhibited zinc uptake by hZip2;
however, the endogenous uptake was far less sensitive.
It has recently been demonstrated that another ZIP
transporter, hZipl, represents the endogenous zinc
uptake system in K562 cells (Gaither & Eide, 2001).
Three important observations support this hypothesis.
First, K562 cells express #ZIPI mRINA, and the func-
tional hZipl protein is localized to the plasma mem-
brane of these cells. Second, a twofold increase in zinc
uptake actvity was a consequence of a twofold overex-
pression of hZIP1 mRINA. It was not possible to dis-
tinguish, by biochemical means, the increased uptake of
zinc in hZip1-overexpressing cells from the endogenous
system. Last, but not least, antisense oligonucleotides
targeted to inhibit #ZIP1 expression also inhibited the
endogenous zinc uptake activity. The hypothesis that
hZipl is the endogenous transporter in K562 cells is
thus strongly supported. The antisense #ZIP] oligonu-
cleotide treatment reduced zinc uptake to 10-20% of
control levels, again corroborating the idea that hZipl
is the major pathway of zinc uptake in these cells
(Gaither & Eide, 2001).

A wide variety of different cell types demonstrates
expression of hZIP1, in sharp contrast to the hZIP2
gene. The results of Gaither and Eide (2001), therefore,
suggest that hZipl is an important candidate for being
the primary factor for zinc uptake in many human
tissues. A recent study by Franklin et al. (2003) in which
a correlation was found between 5ZIP1 expression levels
and zinc uptake in human malignant cell lines derived
from the prostate provided significant support for this
conclusion. Prostate cell lines LNCap and PC-3 possess
high levels of zinc uptake activity that is stimulated by
prolactin and testosterone. It was found that AZIP1 is
expressed in LNCap and PC-3 cells, and this expression
is increased by prolactin and testosterone treatment
(Franklin et al., 2003). Expression of »ZIPI was also
repressed by adding zinc to the medium, which sug-
gested that some regulation of zinc uptake occurs in
response to cellular zinc status. Lioumi et 4l (1999)
recently reported a closely related ortholog of hZipl
obtained from the mouse; this protein was named Zirtl
for zinc-iron regulated transporter-like protein. The
ZIRTL gene is expressed in a wide variety of tissues as
is bZIPI.

A conspicuous finding is that the transporters hZip1
and hZip2 have a surprisingly low affinity for their sub-
strate. The K, values of both proteins are about 3 uM
for free Zn** ions. Additionally, zinc transporters in a
wide variety of mammalian cells have K,, values of the
same order. We are faced with an apparent paradox that
arises when considering the free Zn’* concentration in




mammalian serum. The total zinc concentration of
serum is about 15 to 20uM, and very little of that
amount is present in an unbound form (Zhang & Allen,
1995). About 75% of Zn™ is bound to albumin, and
20% is bound to 0,-macroglobulin. What does not exist
in free form is complexed with amino acids such as
histidine and cysteine. The serum has a high binding
capacity for metals; thus, the free Zn** concentration in
serum is estimated to be in the low nanomolar range. It
is difficult to understand how such a low concentration
of substrate would allow these transporters to con-
tribute to zinc accumulation by mammalian cells under
physiological conditions. The cellular requirements of
zinc have to be considered and compared to transporter
capacity. Recent studies showed that the capacity,
expressed as Vi, for uptake is so high relative to the
cellular demand for zinc that adequate levels can be
obtained despite the apparent low affinity of the trans-
porters (Gaither & Eide, 2001).

Curiously, a ferrous iron transporter, the
DCT1/DMT1/Nramp2 Fe’*, may be involved in zinc
uptake. This transporter is a member of the Nramp
family of transporters and is not related to ZIP or CDF
proteins. Experiments with Xenopus oocytes suggested
that cation influx currents could indicate Zn** move-
ment across the membrane; however, more recent
results have indicated that the currents recorded in
these oocytes -result from Zn**-induced proton fluxes
rather than transport of the metal ion (Sacher et i,
2001).

Export of zinc from the cell as well as transport into
intracellular organelles is related to mammalian CDF
family members. Seven CDF genes in humans and six
in the mouse genome have been identified plus a small
number of others from the rat and other mammals.
Four of the mammalian genes, ZnT-1, ZnT-2, ZnT-3,
and ZnT-4, have been functionally characterized to such
an extent that their roles in zinc metabolism are not in
doubt. Zn'T-1 is a zinc export transporter in the plasma
membrane of mammalian cells; consequently, ZnT-1
may play a role in the cellular detoxification of zinc by
exporting unnecessary metal ions out of the cell. An
observation that cells overexpressing this transporter
show higher zinc resistance than control cells further
corroborates this role. ZnT-1 may also be involved in
the dietary absorption of zinc in the intestine as well as
in the reabsorption of zinc from urine in the renal
tubules of the kidney. The intestinal enterocytes of the
duodenum and the jejunum (i.e., the primary sites of
zinc absorption) express ZnT-1, and the protein is
found localized to the basolateral membrane. This indi-
cates a role in transporting zinc out of the enterocyte
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and into the bloodstream. The protein is also found on
the basolateral surface of renal tubule cells, where it
would be expected to appear to be involved in trans-
porting zinc that has been reabsorbed from the urine
back into the circulation. It is well established that the
loss of zinc in urine is very low because of an efficient
renal reabsorption (Gaither & Fide, 2001).

Intracellular zinc sequestration and storage may be
dependent on ZnT-2, a role similar to that proposed for
Zrcl and Cotl in yeast. ZnT-2 is located in the mem-
brane of the late endosome that accumulates zinc when
cells are grown under high zinc conditions (Palmiter et
al., 1996).

The third CDF wansporter, Zn'T-3, has a role similar
to that of ZnT-2. It also transports zinc into an intra-
cellular compartment where the metal may play a role
in neuronal signaling. Messenger RNA of ZnT-3 has
been detected only in the brain and tesds and is most
abundant in the neurons of the hippocampus and the
cerebral cortex. The protein is localized in membranes
of synaptic vesicles in these neurons, which suggests
that the protein transports zinc into this compartment.
This hypothesis is further supported by the fact that a
subset of glutamatergic neurons contains histochemi-
cally reactive zinc in their synaptic vesicles. The ZnT-
3 protein was colocalized with these zinc-containing
vesicles. Furthermore, a mouse line lacking Zn7-3 did
not accumulate zinc in these vesicles; therefore, the
protein ZnT-3 must be required for the transport of
zinc into synaptic vesicles in some types of neurons
where it may play a neuromodulatory role (Cousins &
McMahon, 2000).

The protein ZnT-4 is expressed in the mammary
gland, brain, and small intestne. In the mammary
gland, it is responsible for zinc transport into milk. In
fact, mutations in the ZnT-4 gene produced a mutant
mouse referred to as the lethal milk (Im) mouse. This
mutant gene is the /7 gene. Pups of any genotype
suckled on /m/lm dams die before weaning, and the
cause of death is zinc deficiency from an insufficient
supply of zinc in the milk. In intestinal enterocyte
Zn'T-4 is localized in endosomal vesicles concentrated
at the basolateral membrane. It seems that Zn'T-4, in a
manner similar to ZnT-1, may facilitate transport of
zinc into the portal blood (Kambe ez 7., 2004).

It is becoming increasingly clear that regulation of
zinc export in many cell types is managed by zinc. It has
been demonstrated that Zn7-1 mRNA is upregulated
during ischemia, which is known to cause zinc influx
into neurons. Cultured neurons transiently increased
ZnT-1 mRNA when exposed to zinc, a finding that is in
accordance with ZnT-1 regulation as a result of zinc
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influx (Gaither & Eide, 2001). Transcriptional control
of ZnT-1 could therefore contribute to zinc detoxifica-
tion by simulating its export. As ZnT-1 is expressed in
many cell types, this could be a general mechanism of
cellular zinc homeostasis. Zinc absorption may also be
dependent on the transcriptional control of ZnT-1.
Messenger RNA levels were found to be increased in
enterocytes following an oral dose of zinc (Cousins &
McMahon, 2000). The location of the ZnT-1 protein
on the basolateral membrane of these cells suggests that
upregulation of ZnT-1 promotes zinc absorption by
facilitating transport into the portal blood.

Regulation of zinc uptake transporters in mammals is
less well known. Evidence suggests that the activity of
these transporters is controlled by the levels of zinc.
Zinc uptake in brush border membrane vesicles, for
example, has been found to increase in zinc-deficient
rats. Additionally, cultured endothelial cells grown
under low-zinc conditions displayed a higher rate of
zinc uptake than zinc-replete cells. Zinc deficiency may
thus increase the expression or activity of zinc uptake
transporters in some cell types. A hypothetic mecha-
nism of this regulation could be similar to that described
in yeast. This is supported by the finding that hZIP1
mRNA levels in cultured malignant prostate cells
were reduced when treated with zinc. This suggests a
transcriptional control mechanism. Such a mechanism
would play a critical role in mammalian zinc homeosta-
sis (Gaither & Eide, 2001; Kambe ez /., 2004).

VI. UPTAKE AND REJECTION OF COPPER

The transport and cellular metabolism of copper
depends on a series of membrane proteins and smaller
soluble peptides that comprise a functionally integrated
system for maintaining cellular copper homeostasis.
Inward transport across the plasma membrane appears
to be a function of integral membrane proteins that
form the channels that select copper ions for passage.
Two membrane-bound, copper-transporting ATPase
enzymes—ATP7A and ATP7B (the products of
Menkes’ and Wilson’s disease genes, respectively)—
catalyze an ATP-dependent transfer of copper to intra-
cellular compartments or expel copper from the cell.
ATP7A and ATP7B work in concert with a series
of smaller peptides, the copper chaperones, which
exchange copper at the ATPase sites or incorporate the
copper directly into the structure of copper-dependent
enzymes such as cytochrome ¢ oxidase and Cu—Zn

superoxide dismutase (CuZnSOD). This enzyme is
found in the cytoplasm and scavenges the superoxide
anion, a reactive oxygen species. These mechanisms
come into play in response to a high influx of copper or
during the course of normal copper metabolism.

A. Accessing the Intracellular Pool

In a defined culture medium (an artificial environment),
cells can get copper ions from a great number of suit-
able donors. The uptake process is usually rapid and,
curiously enough, does not depend on the ATP status
of the cell, so it seems that the uptake process is not
energy demanding. It is tempting to conclude that a
passive copper transport system exists in the membrane
(Tong & McArdle, 1995). Plasma factors seem to have
a similar capability to influence cellular access # vivo.
The capacity of amino acids and chloride and bicar-
bonate ions to stimulate copper uptake gives some
support for this idea (Harris, 2000). Inhibitors of
protein biosynthesis seem to influence increased uptake
of copper. This indicates that the transport system has
a two-sided character and accounts for both import and
export (Harris, 2000).

To work properly, a transport mechanism requires an
easy exchange of copper. There has been some discus-
sion about whether albumin- and ceruloplasmin-bound
copper actually could be sources of copper for the
tissues; however, a reducing environment, be it in
plasma or in the membrane, can compromise binding
strengths, making release of copper possible. These can
be compromised by reducing systems in the membrane.
Even amino acids could interact with the
copper—protein complex (Harris, 2000).

B. Albumin as a Copper Transport Factor

Albumin is the most abundant protein in plasma; there-
fore, it is a good candidate for copper transport because
it can bind copper in several sites on the protein
(Masuoka & Saltman, 1994). The best candidates for
transportation seem to be the sites at the extreme N
terminal region or certain cysteine residues within the
protein. At the N terminal, a histidine at position 3 may
bind copper (Cu?); however, this site does not reach a
rapid equilibrium with unbound copper. Histidine
forms stable complexes with Cu®, and the histidine
concentration in plasma is about 135 wM. These factors
favor histidine as a transport ligand for copper. The




interaction is reflected by a ternary complex with
albumin—Cu(lI) and histidine. Furthermore, the inter-
action induces the protein to release copper as a hist-
dine-Cu(Il) complex. It seems, however, that the
histidine ligand is not transported across the membrane
(Hilton et 4l., 1995). This would suggest that the role
of histidine ends at the cell surface (Harris, 2000).

C. Ceruloplasmin as Copper Transporter

Ceruloplasmin was first isolated from plasma and char-
acterized as a copper-containing protein by Holmberg
and Laurell (1948). This protein is a member of a class
of proteins known as multicopper oxidases, which are
characterized by three distinct copper sites. Cerulo-
plasmin is also a ferroxidase and plays an important role
in oxidizing Fe** to Fe’* for incorporation in apotrans-
ferrin. As a copper transporter, it contains about 95%
of the copper in plasma. Multicopper oxidases utilize
the electron chemistry of bound copper ions to couple
substrate oxidation with the four-electron reduction of
dioxygen. Electrons pass from the substrate to the type
I copper, then to the trinuclear copper cluster, and sub-
sequently to the oxygen molecule bound at this site
(Garrick et 2l., 2003). Human ceruloplasmin is encoded
in 20 exons encompassing about 65kb of DNA local-
ized to chromosome 3q23-q24. The human ceruloplas-
min gene in hepatocytes is expressed as two transcripts
of 3.7 and 4.2kb. These come from use of alternative
polyadenylation sites within the 3’ untranslated region.
When these transcripts are expressed in the liver, the
1046-amino-acid protein ceruloplasmin is found in
plasma (Bielli & Calabrese, 2002).

D. Membrane Transport of Copper

Some years ago, a major area of investigation was agents
that transported copper in plasma. Lately, however,
interest has been focused on interactions at the mem-
brane surface and transport intracellularly. What
brought about this change in focus was the identifica-
tion of specific copper-transporting proteins in the
membrane as well as within the cell. Yeast has both low-
and high-affinity systems for copper uptake, and these
mediate copper transport (Eide, 1998). In yeast, the
copper transport 1 (CTRI) gene was the first to be iden-
tified. Surprisingly, this gene was not directly for copper
transport but was essential for iron transport in Saccha-
romyces cerevisige. In fact, the copper was required for
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Fet3. This is a multicopper ferroxidase that catalyzes
the oxidadon of Fe** to Fe** to make absorption by a
ferric transport protein possible (Dancis et 4., 1994).
The protein Ctrpl is expressed by this gene and is a
membrane-crossing protein. In addition, it is heavily
glycosylated, with a serine- and methionine-rich
composition in which the structural modf
methionine-X-X-methionine is repeated 11 times.
Ctrpl transports Cu* and not Cu?* or any other metal
ions. The identification of this protein establishes a
mechanistic link between copper and iron uptake
(Harris, 2000). Strains of S. cerevisize are equipped with
a second high-affinity transporter gene, CTR3 (Knight
et al., 1996). The expressed protein, Cup3, restores
copper-related functions in strains lacking the CTRI
gene. A structurally similar transporter gene in Ara-
bidopsis thaliana, COPTI, was later discovered as well as
the human transporter ACTRI. In HeLa cells, the
hCTRI gene is located on chromosome 9 (9q31/32, to
be more precise) (Harris, 2000). The human hCtrl
protein is much smaller than the yeast Ctrpl protein,
based on cDNA sequence data. All these copper trans-
port proteins recognize only Cu'; thus, there must be a
reductase in the membrane to reduce Cu** to Cu* at the
moment of membrane penetration. In yeast, the expres-
sion of FREI and FRE? reduces both Cu?* and Fe** for
transport. Expression of a third gene, FRE7, increases
when extracellular copper becomes very limiting
(Martins et al., 1998).

The first important factor to take into consideration
is that the cytosolic environment is highly reducing.
This means that reducing Cu®* to Cu* is a straightfor-
ward process. The nitrogen-containing molecule glu-
tathione (y-glutamylcysteinglycine, or GSH) is the most
common intracellular thiol. It has a concentration in
mammalian cells of 0.5 to 10mM and is a reducing
agent in many reactions. Glutathione was one of the
earliest intracellular components identified with copper
transport (Denke & Farburg, 1989). Glutathione may
also play the role of a general transporter of copper ions
by delivering copper to Ctrl in the plasma membranes.
Glutathione reduces and binds Cu* and delivers it to
metallothioneins and to some copper-dependent apoen-
zymes such as saperoxide dismutase and hemocyanin
(Tapiero et 4l., 2003). Formation of Cu(@)-GSH is
a spontaneous reaction apparently independent of
enzyme involvement. When cellular GSH is low, cells
are slower to take up copper from the medium and have
a lower cellular concentration at steady state (Harris,
2000).

A decline in GSH levels in a cell impairs the sub-
sequent binding of copper to apo-CuZnSOD or the
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delivery of copper to the cytosolic enzymes; thus, Cu-
GSH complexes have the capacity to mediate Cu(I)
transfer to a variety of binding sites on macromolecules.
The function of GSH, then, extends beyond that of pre-
venting copper toxicity to playing an important role in
internal copper metabolism (Harris, 2000).

A new family of soluble metal receptor proteins
acting in the intracellular trafficking of metal ions is the
metallochaperones. These metal receptors do not act as
scavengers or detoxifiers. On the contrary, they act in a
“chaperone-like” manner by guiding and protecting
metal ions while facilitating appropriate partnerships
(O’Halloran & Culotta, 2000). Copper chaperones
are a family of cytosolic peptdes that form transient
complexes with Cu*. An invariant methionine-X-
cysteine-X—X-cysteine metal-binding motif in the
N-terminal region is a structural feature of most chap-
erones. Their function is to guide copper ions in transit
to specific proteins that require copper (Harris, 2000).
Significant examples of metallochaperones are the gene
products of the mercury resistance (7er) operon of the
Gram-negative transposon 1n2l, including MerP.
MerP is a small, soluble periplasmic protein that trans-
ports Hg”* to a membrane transporter and eventually to
a reductase that reduces the Hg** to the volatile Hg® as
part of a detoxifying mechanism (Hamlett ez 4/., 1992).
Chaperones for copper act in a similar manner, moving
copper from one location in the cell to another, often
crossing membrane boundaries. In contrast to nuclear
activating factors, chaperones demonstrate no capacity
to enter the nucleus or interact with DNA. ATX1 and
copZ are copper chaperones in Saccharomyces cerevisiae
and Enterococcus hirae, respectively, and both have ferre-
doxin-like folds with the BopBof motf in the folded
chains. Copper as Cu(I) is bound to two cysteine sulfur
groups, forming a linear bidentate ligand. This struc-
ture probably allows for easy exchange of the bound
copper to a structurally similar copper-binding site on
the receiving protein (Harris, 2000). Of utmost signifi-
cance is that other structural features allow the peptde
to specify the target proteins with virtually no possibil-
ity for mismatch. The targets for these copper chaper-
ones are cytochrome ¢ oxidase in the mitochondria,
ATP7B in the trans-Golgi, and the apo form of copper-
and zinc-dependent superoxide dismutase (CuZnSOD)
in either peroxisomes or the cell cytosol. The obvious
advantage of a chaperone is that it selects the receiving
molecule with high precision. This is not the case with
Cu(I)-GSH, which has no target-specifying property. A
conceptual disadvantage is that chaperones force a par-
titioning of copper into muldple pools in order to
replenish copper enzymes (Harris, 2000). To date, three

chaperones have been described in yeast, and all three
are known to share structural features with mammalian
and plant counterparts. The following is a brief descrip-
tion of known chaperones.

In yeast cells lacking superoxide dismutase activity
(sod1A) and auxotrophic for lysine, ATXI (antioxidant 1)
was identified as an antioxidant gene that suppressed
oxygen toxicity (Lin et 4., 1997). The human homolog
of ATX1, named ATOXI, was shown to complement
yeast lacking ATXI. Like ATX1, the human ortholog
contains one  methionine-threonine—cysteine-X-
glycine—cysteine copper-binding domain (Harris, 2000).
The copper chaperone (CCH) in Arabidopsis has a 36%
sequence identity with ATX1. Chaperones with the
ATX1 structural domain target P-type ATPases. The
ATPase in yeast is Ccc2p, a membrane-bound protein
that mediates the transfer of copper to a late or post
Golgi compartment. By the same reasoning, ATOX1 in
mammals is thought to target ATP7B, which is a P-type
ATPase that occurs in Wilson’s disease. The ATPase
ATP7B transfers copper to apo-ceruloplasmin or forces
its extrusion into the bile, whereas Ccc2p transports
copper to Fet3p, which is a multicopper oxidase that
oxidizes Fe?* to Fe** for incorporation into the ferric ion
transporter and subsequent delivery (Harris, 2000).

Another copper chaperone, COX17, carries out the
transport of copper to cytochrome oxidase in the mito-
chondria of the yeast Saccharomyces cerevisize. A human
homolog of COX17 has also been reported. Cox17,
acting as a mitochondrial copper shuttle, is the only
known chaperone that violates the glycine—methio-
nine-X—cysteine-X-X-cysteine consensus motif. The
copper binding sites on Cox17 are cysteine residues
occurring in tandem (Cys14 and Cys16) and positioned
near the N terminus. A unique property is the binding
of Cu{l) to Cox17, which is a binuclear cluster that is
similar to the copper cluster in metallothionein, with
the exception that the Cox17-Cu(l) complex is more
labile. In S. cerevisize  the delivery of copper to
cytochrome oxidase apparently involves two inner mito-
chondrial membrane proteins, SCO1 and SCO2, which
are penultimate receivers of the copper (Harris, 2000).

LYS7 is a 27-kDa copper chaperone that delivers
copper to the apo-SOD1. There are mutants of yeast
LYS7 mutants; they are defective in SOD1 (the gene
encoding CuZnSOD) activity and are unable to in-
corporate copper into the protein. A single methionine-
histidine—cysteine-X—X-cysteine consensus sequence is
present in the N-terminal region of the protein. The
copper chaperone for SOD (CCS) is a human counter-
part of comparable size and 28% sequence identity
(Harris, 2000).




The most significant finding with regard to copper
transport in cells is without a doubt the discovery,
cloning, and sequencing of the genes responsible for
Menkes’ and Wilson’s diseases. These diseases have
constituted important models of abnormal copper
metabolism in humans. The etiology of these diseases
was unknown for a long time. Classical Menkes’ disease
is an X-linked (i.e., strikes mainly males) copper defi-
ciency. The incidence is about 1 in 200,000. Boys with
the disease usually do not survive past 10 years of age.
Manifestations of the disease are a series of enzyme
defects. Hypopigmented hair is caused by a deficiency
of the tyrosinase required for melanin synthesis.
Connective tssue abnormalities, including aortc
aneurysms, loose skin, and fragile bones, result from
reduced lysyl oxidase activity and consequent weak
cross-links in collagen and elastin. Severe neurological
defects are a predominant feature of the classical form
of the disease and possibly result from the reduced
activities of cytochrome oxidase; however, effects due to
the reduced activity of superoxide dismutase, peptidyl-
glycine-a-amidating monooxygenase, and dopamine-
B-monooxygenase may also contribute to brain
abnormalities (Suzuki & Gitlin, 1999). All of these
enzymes are copper dependent. A diagnostic feature is
the unusual steely or kinky hair caused by reduced
keratin cross-linking, a process that also is copper
dependent. The copper deficiency in Menkes’ disease is
caused by reduced uptake of copper across the small
intestine (Figure 11) catalyzed by the Menkes’ protein
ATP7A, compounded by defective distribudon of
copper within the body wherever ATP7A is required for
copper transport. ATP7A is involved in the transport of
copper across the blood-brain barrier, which explains
the marked brain copper deficiency and consequent
severe neurological abnormalities in patients (Suzuki &
Gitlin, 1999).

Wilson’s disease, or hepatolenticular degeneration, is
an autosomal recessive copper toxicosis conditon with
an incidence of 1 in 50,000 to 1 in 100,000, depending
on the population. Very high concentrations of copper
accumulate in the liver because of impaired biliary
excretion of copper or failure to incorporate copper into
ceruloplasmin, the major copper-binding protein in the
circulation. This will ultimately cause the death of hepa-
tocytes. The disease has a variable age of onset but is
rarely observed in children younger than five and can
present as a hepatic or neurologic disease. Copper may
!)e released from damaged hepatocytes and accumulates
In extrahepatic tissues, including the central nervous
system. The diagnostic copper deposits that can some-
times be seen in the cornea of the eyes are known as the
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FIGURE 11 A schematic view of copper pathways and the
blocks in Menkes’ disease and Wilson’s disease. Copper is taken
up by enterocytes in the small intestine and exported over the
basolateral membrane into the portal circulation. The export
mechanism is defective in Menkes’ disease; consequently, an
overload of copper occurs in the enterocytes and subsequent
copper deficiency in the organism. The liver normally takes up
most of the copper in the portal circulation. If there is a copper
overload, excess copper is excreted in the bile. This process is
blocked in Wilson’s disease. Furthermore, the delivery of copper
to ceruloplasmin is also blocked. (Adapted from Mercer, 2001.)

Kayser-Fleischer rings disorder, which results from
pathological accumulations of copper, predominantly in
the liver and brain tissues. The dominant symptoms
relate to a failure to release liver copper into bile. Both
diseases have provided unprecedented molecular
insights into genetic factors that regulate copper trans-
port and bioavailability to organs and tissues (Suzuki &
Gitlin, 1999).

Menkes’ and Wilson’s diseases are caused by muta-
tions in genes on the X chromosome (Xq13) and chro-
mosome 13 (13q14.3). The isolation and sequencing of
these disease genes have revealed that both code for P-
type Cu-ATPases. The Wilson’s (ATP7A) and Menkes’
(ATP7B) proteins are specific copper transporters;
furthermore, ATP7B and ATP7A have a 57% sequence
homology to ‘one another. In additon, they have
remarkable parallels to copper-binding proteins in bac-
teria. The gene for Menkes’ disease spans about 150kb.
Its mRNA is 8.3 to 8.5 kb, encompassing 23 exons that
range in size from 77 to 4120bp, with a single open
reading frame and an ATG start codon in the second
exon. Exon 23 contains the TAA stop codon, 274 bp that
are translated, and a 3.8-kb untranslated region that has
the polyadenyladon site. When analyzed as a ¢cDNA,
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ATP7A mRNA encodes a protein of exactly 1500 amino
acids; however, it may have additonal nucleotide
sequences at the 5" end. A 22-amino-acid presequence
generated by an in-frame ATG site upstream occurs in
some ATP7A transcripts (Harris, 2000). Strong expres-
sion of Menkes’ disease mRINA is observed in muscle,
kidney, lung, and brain. In placenta and pancreas, the
expressions are weaker, and liver shows only traces.
The Wilson’s disease transcript is 7.5kb and encodes a
protein of 1411 amino acids. In contrast to the Menkes’
disease gene, the Wilson’s disease gene is strongly
expressed in the liver and kidney (Harris, 2000).

The biological functions of ATP7A and ATP7B are
different, although their structures are similar. The
Menkes’ disease protein (ATP7A) seems to be respon-
sible for the regulation of copper-ion release at the
outer membrane. Experiments with Chinese hamster
ovary cells have shown that overexpression of ATP7A
makes the cells tolerate highly toxic amounts of copper
in their immediate environment (Camakaris et 41,
1995). Superior tolerance is manifested by forced expul-
sion that prevents copper accumulation. The similarity
in overall appearance between ATP7A and ATP7B
might lead to the conclusion that they are similarly dis-
tributed. ATP7B, in contrast to the membrane associa-
tion of ATP7A, resides within an internal organelle of
the cell, where it functions to incorporate copper into
apo-ceruloplasmin. This process takes place in either
the ER or a Golgi compartnent. Additionally, the
protein works to force the release of copper into the bile
(Harris, 2000).

The structure of ATP7A contains a comparatively
large, heavy-metal binding domain (Hmb). This
domain is comprised of six metal-binding cysteine clus-
ters within the structural motf glycine-methionine—
threonine/histidine—cysteine-X-serine—cysteine which
contain eight transmembrane (Tm) regions. The
purpose of these Tm regions is to guarantee anchorage
and orientation of the protein. The correct assembly
defines the channel through which copper ions pass.
ATP7A is a type II membrane protein and is thus
defined because both the —INH, and the —COOH
termini are on the cytosolic side of the membrane. Two
flexible loops, one on a 135-residue chain and the
second on a 235-residue chain, extend into the cytosol.
The smaller one is between Tm 4 and 5 and the larger
one is between Tm 6 and 7 (Harris, 2000). The bacte-
rial CopA protein contains a smaller Hmb with a single
glycine-methionine-threonine/histidine—cysteine—X—
X-X motif (Solioz et 4l., 1994). A yeast Cu-ATPase has
the motif at most twice, which leads one to speculate
whether the 650-residue Hmb region performs some

Extracellular

Intracellular

Cu-binding site
N

FIGURE 12 An illustration of the Menkes’ and Wilson’s Cu-
ATPases. Eight membrane-crossing (Tm) domains are predicted
for both proteins. Most of the protein is localized in the cyto-
plasm. In addition to the ATP-binding site, phosphatase domain
and phosphorylated aspartic acid (D-phosph) is common to all
P-type ATPases. The N terminal contains six copper-binding
motifs that interact with copper chaperones. (Adapted from
Mercer 2001.)

transport-related function other than binding copper
for export. A cysteine—proline—cysteine motif in Tm 6
is thought to build the channel that allows copper in the
cytosol to be transported across the membrane (Figure
12). Copper(l) is the preferred ion to bind to ATP7A
and ATP7B. There is little or no affinity of the Hmb to
bind to Fe(Il), Fe(IIT), Ca(Il), Mg(II), Mn(II}, or Ni(IL);
however, Zn(IT) shows some binding (Harris, 2000).

The perinuclear area within the region of the cell
thought to represent the Golgi seems to be the local-
ization of ATP7A. ATP7A-loaded vesicles have been
postulated to continually be moving between the Golgi
and plasma membrane. Experiments show that high
concentrations of copper in the exterior of the cell
induce movement of the marked vesicles to the cell
boundary. The Wilson’s disease ATP7B is also localized
in the Golgi. A truncated homolog of ATP7B that lacks
four of the eight membrane-spanning domains seems to
reside in the cytosol. A structural analog of the Wilson’s
disease gene or Menkes’ disease gene, the CCC2 gene
in yeast, also encodes a P-type ATPase that exports
cytosolic copper to the extracytosohc domain of Fet3p,
a copper oxidase required for iron uptake (Harris,
2000).

The mouse homolog of ATP7A, the Atp7a, is
expressed in all tissues but is particularly strong in the
choroid plexus of the brain. The localization in the
brain, more specifically the blood-brain barrier, places
the ATPase in a strategic position to control the flow of
copper into the ventricles of the brain. An animal model
of Menkes’ disease is the macular mutant mouse. A




gradual erosion of cytochrome ¢ oxidase activity in the
brain has been observed in this model. The effect can
be partially prevented by a single injection of copper in
an early perinatal period (Megura ez 4l., 1991). Copper
shows a propensity to accumulate in brain blood vessels
and in astrocytes which apparently hinders its move-
ment to neurons (Kodama, 1993); furthermore, embry-
onic mouse liver expresses Atp7a mRINA in contrast to
adults. The rat homolog of ATP7B, Atp7b, is expressed
early only in the central nervous system, heart, and liver.
With development, Atp7b appears in intestine, thymus,
and respiratory epithelia (Kuo et 4/., 1997). Transfection
assays in yeast have demonstrated that the two ATPases
share biochemical functions. Atp7b in hepatocytes from
(LEC) rats, a model for Wilson’s disease, mimics the
sequestration of ceruloplasmin in cotransfected cells.
The data support a metabolic connection between the
plasma copper protein and Wilson’s disease ATPase
(Cox & Moore, 2002). ATP7B may also be localized on
the apical surface of hepatocytes, a location that allows
the protein to expel copper ions into the bile
(Fuentealba & Aburto, 2003).

SEE ALSO THE FOLLOWING CHAPTER
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