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The elongation cycle is the productive phase of protein
biosynthesis. The genetic message in mRNA is a working
transcript of a gene on DNA and it is translated one triplet
codon at a time during this phase. Thereby, a specific amino
acid sequence is synthesized and the final product represents a
functional protein of the living cell. The translation is
performed on the ribosome, which is a large complex of
ribosomal RNA and ribosomal proteins. The ribosome is
organized into two subunits, the large 50S subunit and the
small 30S subunit. tRNA molecules provide amino acids for
the protein biosynthesis and they are activated by the
attachment to tRNA by an aminoacyl bond. During the
elongation phase the ribosome is assisted by three elongation
factors: (1) elongation factor Tu (EF-Tu), which brings to the
ribosome amino-acylated tRNAs (aa-tRNAs) for decoding at
the 30S subunit, (2) elongation factor G (EF-G), which assists
the ribosome in translocating mRNA and tRNAs, and (3)
elongation factor Ts (EF-Ts), which reactivates EF-Tu by
exchanging its cofactor GDP for GTP. EF-Tu and EF-G are
both G proteins that are active when GTP is bound as cofactor
and inactive when GDP is bound. There is no nucleotide
exchange factor for EF-G. The elongation phase and both
EF-Tu and EF-G are surprisingly well preserved during
evolution, for all living organisms. The proteins corresponding
to EF-Ts are more complex in eukaryotes.

Elongation

The process by which the growing polypeptide on the
ribosome is elongated by one amino acid according to
the codon on mRNA involves the activities of the three
elongation factors: EF-Tu, EF-Ts, and EF-G. EF-Tu in its
active complex with GTP interacts with any aa-tRNA
and prevents the spontaneous hydrolysis of the ester
bond between the amino acid carboxyl acid moiety and
the terminal 3'-ribose hydroxyls of the tRNA. EF-Tu in
this so-called ternary complex interacts with the ribo-
some in its decoding activity where the correct match
between the codon positioned in the decoding center of
the 30S subunit and the anti-codon on tRNA is achieved.
A signal is sent through as yet unknown routes to the
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508 subunit, which reacts by inducing hydrolysis of GTP
on EF-Tu at the GTPase center of the ribosome. EF-Tu in
its GDP form undergoes a large conformational change
and is released from the ternary complex and from the
ribosome. The universal 3-CCA end of tRNA is then
free to swing into the peptidyl transferase center of the
50S subunit, where the formation of a new peptide bond
between the growing polypeptide and the incoming
amino acid is performed with the help of catalytic
residues of the ribosomal RNA. The released
EF-Tu:GDP is reactivated to EF-Tu:GTP with the help
of the nucleotide exchange factor EF-Ts.

After peptidyl transfer the nascent polypeptide chain
is attached to the incoming tRNA, with its anticodon
still at the A site of the 30S subunit. It must be shifted to
the P site together with the mRNA by exactly one codon.
This is performed by EF-G in the translocation stage of
elongation, where EF-G pushes the tRNA and the
attached codon of the mRNA from the A site into the
P site of the 30S subunit. After this the GTP of EF-G is
hydrolyzed to GDP at the GTPase center of the
ribosome, and EF-G:GDP is released. The high level of
GTP in the cell and the relatively low affinity of GDP
for EF-G is enough to ensure that EF-G reactivates into
EF-G:GTP spontaneously, without the aid of a nucleo-
tide exchange factor.

The ribosome has now completed one elongation
cycle, and is left with a tRNA with its attached
polypeptide in the P site of both the 50S and 30S
subunits, and with the previous tRNA pushed into the E
(exit) site. The ribosome exposes the next codon in the A
site of the 30S subunit and is ready to receive the next
cognate tRNA in its complex with EF-Tu:GTP.

Elongation Factor EF-Tu

EF-Tu has been the focus of structural studies for several
decades. The name stems from early characterization of
this factor as “translation factor unstable”. The bio-
chemically most stable form is the biologically inactive
EF-Tu:GDP, and was therefore the first form to be
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structurally investigated. It was shown that EF-Tu
consists of ~400 amino acids containing three domains
(Figure 1). Domain 1 is a typical nucleotide binding
domain with a central B-sheet surrounded by a-helices
on both sides. This domain also contains all the
consensus sequences now recognized as typical for a
GTP-binding protein (G protein). Of these, there is a
P-loop GXXXXGK(S/T) and a DXXG sequence motif
also found in many ATP-binding proteins, where they
are called Walker A and B motifs, respectively.
Furthermore, there is a NKXD sequence motif involved
in specific recognition of the G base of GTP, and a
threonine residue in the so-called switch I region, which
is now known to be involved in Mg?** binding, and in the
large conformational change of EF-Tu. A similar domain
is found in all known G proteins, like the small GTPases
(ras P21 or ran) and in the a-subunit of the hetero-
trimeric G proteins involved in cellular responses to
external signals. The domain is therefore often referred
to as the G domain. The remaining two domains,
domain 2 and domain 3, of EF-Tu are both B-barrel
structures and are in all known conformations of EF-Tu
kept together as a single structural unit.

The biologically active form, EF-Tu:GTP, has been
structurally determined with a nonhydrolyzable
GDPNP nucleotide, where the O atom between
the B- and y-phosphate of GTP has been altered to the

FIGURE 1

electronically similar NH group (Figure 1). The presence
of the extra y-phosphate in EF-Tu:GDPNP, when
comparing to EF-Tu:GDP, has a dramatic effect on the
overall conformation of the EF-Tu molecule. First of all,
the y-phosphate attracts the DXXG sequence motif,
such that the peptide bond between the G residue and its
preceding P residue is rotated by ~150° and such that
the NH group of this peptide bond makes a hydrogen
bond with the y-phosphate group. Like all G proteins,
EF-Tu has switch regions of the G-domain that have
significantly different structures in the GDP and GTP
forms. The DXPGH motif of EF-Tu is at the beginning
of its switch region II. This region in both the GDP and
the GTP form includes an a-helix. However, between the
two forms the helix is shifted by 4 residues along the
sequence, and the position of its axis is therefore rotated
by ~45°. As this helix is a major part of the interface
towards domain 3 this change results in an overall
rotation of the G-domain relative to domains 2 and 3 by
~90°. From biochemical studies, the histidine residue of
the DXPGH motif of EF-Tu is known to be involved in
the intrinsic GTPase activity of EF-Tu, and is presum-
ably involved in stabilization of the transition state of
GTP hydrolysis on the ribosome. Secondly, the presence
of the vy-phosphate, and the shift in position of the
proline residue of the DXPGH motif alters the confor-
mation of the switch I region of EF-Tu such that its

Structures of various forms of EF-Tu complexes: (A) EF-Tu:GDP, (B) EF-Tu:GTP, and (C) EF-Tu:EF-Ts. Domains of EF-Tu are colored:

domain 1, red with nucleotides in yellow ball-and-stick where present; domain 2, green; domain 3, blue. EF-Ts is in yellow.
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T residue becomes a ligand to the Mg*" ion of the GTP
form, and part of its secondary structure interchanges
between a B-hairpin in the GDP form and an a-helix in
the GTP form.

The structure of the complex between EF-Tu and its
nucleotide exchange factor EF-Ts is also known. EF-Ts
interacts with the G-domain of EF-Tu at the loops
responsible for the nucleotide binding, and in many
ways it alters the GDP binding pocket. Furthermore,
EF-Ts interacts with the tip of domain 3 of EF-Tu
in such a way that the G-domain and domain 3
are separated from each other. This separation rep-
resents an intermediate in the large conformational
change of EF-Tu, and is also part of the catalysis of
nucleotide exchange.

Elongation Factor EF-G

The structure of EF-G is known in its GDP-bound and in
its nucleotide-free form (Figure 2). EF-G is much larger
than EF-Tu and contains ~690 residues organized in
five domains. The first domain of EF-G is the G-domain
that has many similarities with the G-domain of EF-Tu
in structure and in amino acid sequence. Apart from
that, it contains an insert of ~90 residues (the
G'-domain). The switch I region of EF-G in the GDP
form is disordered. Domain 2 of EF-G is also similar to
that of EF-Tu although it has a B-hairpin in the cleft
between the G-domain and domain 2. The arrangement
of the two domains in EF-G:GDP is like that of

EF-Tu:GTP. Domains 3-S5 have folds containing a
small B-sheet with helices on one side only. This fold is
very similar to that of some ribosomal proteins. Domain
4 contains an unusual left-handed B—a-g folding motif.
Furthermore, this domain is more elongated and sticks
out from the rest of the protein. It is known that the very
tip of this domain is functionally important in transloca-
tion, as a histidine residue in the eukaryotic factor is
modified into the unusual diftamide, and that ADP-
ribosylation of this residue by difteria toxin blocks its
function on the ribosome.

Despite numerous attempts by several research
groups, it has not been possible to determine the
structure of the biologically active EF-G:GTP. Studies
by cryo-electron microscopy indicate that significant
conformational changes occur when EF-G is bound on
the ribosome.

The Ternary Complex of EF-Tu

Two structures have been determined of the ternary
complex of EF-Tu (Figure 2). The first one was a
complex between yeast Phe-tRNA and bacterial
EF-Tu:GDPNP, while the second one was of bacterial
Cys-tRNA and bacterial EF-Tu:GDPNP. The two are
very similar and point to the fact that tRNAs are very
similar in all organisms and that therefore the ternary
complex is most likely to have the same general struc-
tures in all kingdoms of life. The large conformational
change of EF-Tu from the GDP to the GTP form creates

FIGURE 2 Structures of (A) the ternary complex of EF-Tu, and (B) EF-G:GDP. EF-Tu is colored as in Figure 1. The tRNA is in orange, domains 1
and 2 of EF-G are colored as for EF-Tu with an insert in domain 1 in magenta. Domains 3, 4, and 5 of EF-G are in orange.
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a preformed binding surface for the tRNA. The
structures of both tRNA and EF-Tu:GDPNP in the
ternary complex are thus very similar to the structures of
the free components. The universally conserved 3'-CCA
end of tRNA is bound to a cleft between the G-domain
and domain 2 of EF-Tu. This cleft as mentioned above is
filled with a B-hairpin in EF-G. The terminal A base is
recognized in a deep pocket on the surface of domain 2,
while a pocket between the G-domain and domain 2
holds the amino acid attached to tRNA. The aminoacyl
bond of the amino acid is recognized by main chain
groups of EF-Tu in such a way that the amino group
must be deprotonated in the complex. Other contacts
involve general features of the tRNA structure.

The Structural Similarity of EF-G
and the Ternary Complex

When the structure of the first ternary complex of EF-Tu
was determined it was observed that its shape was very
similar and points to that of the previously known
EF-G:GDP (Figure 2). Domains 3, 4, and 5 of EF-G are
thus a structural mimic of the tRNA of the ternary
complex. The elongated domain 4 of EF-G directly
mimics the anti-codon stem-and-loop of tRNA. There
has been much speculation why this should be, and
whether this would be a general phenomenon for parts of
proteins known to interact with the A site of the
ribosome. This does not seem to be the case according
to recent results, and the simplest explanation of the
mimicry is that the ternary complex has to interact with
the ribosome after EF-G:GDP left the ribosome. Possibly,
EF-G reshapes the ribosome into a form that is ready to
interact with a ternary complex.

Action of Elongation Factors
on the Ribosome

Electron microscopy of ribosomal particles in flash-
frozen vitreous ice (cryo-EM) has revealed information
on how elongation factors interact with the ribosome.
The results obtained make use of the fact that some
antibiotics interact specifically with the elongation
factors on the ribosome. The antibiotic fusidic acid is
thus known to interact with EF-G, while the antibiotic
kirromycin interacts with the ternary complex of EF-Tu.
Both antibiotics block the release of the target proteins
on the ribosome after GTP hydrolysis has been induced.
The antibiotics are believed to prevent conformational
changes in the elongation factors that are needed for
their release from the ribosome. The cryo-EM recon-
structions of both EF-G and of the ternary complex on
the ribosome reveal that they indeed occupy very similar
positions and are found to have very similar shapes. The
G-domain is seen to be very close to features of the 50S
subunit that are very close to the GTPase-activating
center of the ribosome. Domain 2 interacts with the 30S
subunit such that the G-domain and domain 2 together
fill the gap between ribosomal subunits.

The tip of domain 4 of EF-G and the tip of the anti-
codon stem-and-loop of tRNA both reach into the
decoding center of the 30S subunit. Thus, the similarity
in the structures of EF-G:GDP and of the ternary
complex of EF-Tu is reflected in their similar interaction
with the ribosome.

Antibiotic Action on EF-Tu

A few families of antibiotics are known to interact
directly with the function of EF-Tu. These families seem

FIGURE 3 Structures of complexes of EF-Tu and antibiotics: (A) GE2770A bound to EF-Tu:GDP, and (B) aurodox bound to EF-Tu:GDP.

Antibiotics are shown in magenta.
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to fall into two functional groups. One group (examples
are GE2270A and pulvomycin) prevents the formation
of the ternary complex, while another group (examples
kirromycin and enacyloxin Ila) prevents the release of
EF-Tu from the ribosome. A structural complex of
GE2270A with EF-Tu:GDP has been determined, and
reveals that the antibiotic partly occupies the pocket
on domain 2, which in the ternary complex accommo-
dates the terminal A base. Furthermore, GE2270A
stabilizes EF-Tu in the GDP-bound conformation and
prevents the formation of the GTP-bound conformation.
This structure thus explains how this group of anti-
biotics prevents the formation of a ternary complex
of EF-Tu.

A structure of EF-Tu:GDP in complex with aurodox
(a methylated version of kirromycin) shows the anti-
biotic in a cleft between the G-domain and domain 3,
keeping the two together in a GTP-like form of EF-Tu
although the nucleotide bound is GDP. This will explain
how kirromycin blocks the release of EF-Tu from tRNA
and from the ribosome upon GTP hydrolysis.

These results (Figure 3) may indicate that the
conformations trapped by antibiotics are biologically
relevant forms, which effectively can be blocked by
inhibitors aimed at stopping protein biosynthesis in
bacteria.

SEE ALSO THE FOLLOWING ARTICLES

G; Family of Heterotrimeric G Proteins ® G, Family e
G, Family of Heterotrimeric G Proteins o G1,/G3
Family e Translation Elongation in Bacteria

GLOSSARY

anti-codon A triplet of bases on tRNA that by Watson—Crick base
pairing can decode a codon.

codon A triplet of bases on mRNA that codes for one amino acid.

EF-G Translation factor controlled by GTP.

EF-Ts Translation factor (stable).

EF-Tu Translation factor (unstable).

G protein Protein whose action is controlled by GTP and GDP. The
protein is active in its GTP-bound form, while hydrolysis of GTP
into GDP inactivates the protein.

GDP Guanosine di-phosphate.

GTP Guanosine tri-phosphate.

mRNA Messenger ribonucleic acid containing the triplet codons,
each specifying one amino acid.

ribosome Cellular particle that synthesizes proteins with the amino
acid sequence given by the sequence of triplet codons of mRNA.

tRNA Transfer ribonucleic acid that carries on its 3’ CCA end an
amino acid corresponding to its anti-codon.

FURTHER READING

Kjeldgaard, M., Nyborg, J., and Clark, B. E C. (1996). The GTP-
binding motif—variations on a theme. FASEB ]. 10, 1347-1368.

Krab, I. M., and Parmeggiani, A. (1998). EF-Tu, a GTPase odyssey.
Biochim. Biophys. Acta 1443, 1-22.

Merrick, W. C., and Nyborg, J. (2000). The protein biosynthesis
elongation cycle. In Translational Control of Gene Expression (N.
Sonenberg, J. W. B. Hershey and M. B. Mathews, eds.) CSHL Press,
New York.

Nissen, P., Kjeldgaard, M., and Nyborg, J. (2000). Macromolecular
mimicry. EMBO J. 19, 489-495.

Nyborg, J., Nissen, P., Kjeldgaard, M., Thirup, S., Polekhina, G.,
Clark, B. E C., and Reshetnikova, L. (1996). Structure of the
ternary complex of EF-Tu: Macromolecular mimicry in translation.
TIBS 21, 81-82.

Ramakrishnan, V. (2002). Ribosome structure and the mechanism of
translation. Cell 108, 557-572.

Valle, M., Zavia lov, A., Li, W., Stagg, S. M., Sengupta J., Nielsen, R.
C., Nissen, P., Harvey, S. C., Ewemberg, M., and Frank, J. (2004).
Incorporation of aminoacyl tRNA into the ribosome as seen by
cryo-electron microscopy. Nat. Struct. Biol. 10, 899-906.

BIOGRAPHY

Poul Nissen is an Associate Professor at the University of Aarhus,
Denmark. His major scientific interest has been the structural
investigation of the ternary complex of EF-Tu and of the large 50S
ribosomal subunit and the transition state of its peptidyl transferase
center. He received his Ph.D. in protein crystallography at the
University of Aarhus, and spent his postdoctoral period at Yale
University. He is now working on the yeast ribosome and membrane
transport proteins. He is an EMBO Young Investigator and a Danish
Research Council Ole Remer Stipendiate.

Jens Nyborg is an Associate Professor at the University of Aarhus,
Denmark. His major scientific interests have been the structural
investigations of translation factors and of components of the innate
immune system. He received his Ph.D. in crystallography on inorganic
chemical compounds and spent his postdoctoral period at the Medical
Research Councils Laboratory of Molecular Biology in Cambridge,
UK. He is a member of the Royal Danish Academy of Sciences and
Letters and EMBO.



Eicosanoid Receptors
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Eicosanoids are the oxygenated metabolites of the 20-carbon
polyunsaturated fatty acid arachidonic acid. These compounds
are locally acting autacoids and are rapidly metabolized with a
half-life of minutes to seconds. Once formed, eicosanoids exert
their physiologic effects via interaction with specific receptors.
The best characterized of these receptors belong to the
superfamily of G protein-coupled receptors, although some
eicosanoids are thought to interact with nuclear hormone
receptors as well.

Eicosanoid Biosynthesis Pathways

The 5,8,11,14-eicosatrienoic acid, a 20-carbon poly-
unsaturated fatty acid with the trivial name arachidonic
acid, is esterified in the lipid bilayer of cell membranes.
Upon its enzymatic release by the action of phospho-
lipase, free arachidonate is rapidly metabolized. Oxyge-
nated metabolites of arachidonic acid are collectively
known as the eicosanoids. These compounds are formed
by the action of three distinct enzymatic pathways.

THE LIPOXYGENASE (LO) PATHWAY

This pathway leads to the formation of the monoxy-
genated compounds such as hydroperoxytetraenoic
acids (HPETEs), hydroxytetraenoic acids (HETEs),
and trihydoxylated metabolites known as lipoxins via
three principal enzymes: 5-LO, 12-LO, and 15-LO. The
5-HPETEs are substrates for the leukotriene synthases
that lead to the formation of a series of key inflamma-
tory mediators, the leukotrienes, including the unstable
intermediate LTA4, which is converted to the potent
mediator LTB4 and the cysteinyl leukotrienes LTC,,
LTD,, and LTE,. Sequential oxidation of arachidonic
acid by the action of both 12-LO and 5-LO or 12-LO
and 15-LO leads to the formation of the lipoxins LXA4
and LXB,. The lipoxins are structurally related to the
leukotrienes, but appear to act through a distinct set of
receptors and have very different actions iz vivo. Finally,
the 5-LO metabolite HPETE can be further metabolized
to the 5-oxo ETE(5-ox0-6E,8Z,11Z,14Z-eicosatetrae-
noic acid), for which a unique receptor has recently
been cloned.
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THE CYCLOOXYGENASE (COX)
PATHWAY

Cyclooxygenase metabolism leads to the production of
the five principal prostanoids via two distinct isozymes,
COX-1 and COX-2. Four of the principal prostaglan-
dins, PGE,, PGD,, PGF,,, and PGI, are analogues of
the 20-carbon unnatural fatty acid prostanoic acid,
which is distinguished by its five carbon “prostane”
ring group comprised of carbons five through eight.
The fifth prostanoid, thromboxane, has an inserted
ether oxygen and thus has a six-member ring structure
and is an analogue of the unnatural fatty acid
thrombanoic acid.

THE EPOXYGENASE PATHWAY

Oxidation of arachidonic acid by the cytochrome P450
pathway leads to the formation of epoxytrienoic acids
(EETs). Although physiologic effects have been attrib-
uted to these compounds no specific EET receptors have
been identified to date.

Eicosanoid Action

As a class, eicosanoids mediate a wide array of
physiologic effects including pain, inflammation, and
modulation of smooth muscle tone. Many of these
effects are receptor-mediated by cell surface G protein-
coupled receptors (GPCRs). There is recent evidence
that some PG metabolites can activate nuclear hormone
receptors of the peroxisome-proliferation-activated
receptor family (PPARs). In addition to the enzymatic
products of arachidonic acid metabolism, prostanoid-
like products resulting from nonenzymatic oxidation
have also been described and designated isoprostanes.
These products are structurally related to the COX-
derived prostanoids, but are the product of non-
enzymatically free radical oxidation. Isoprostanes are
markers of oxidative stress and evidence suggests that
these metabolites can also evoke receptor-mediated
physiologic effects.



Receptors of Lipoxygenase
Metabolites

The action of lipoxygenase metabolites of arachidonic
acid is mediated by a distinct family of GPCRs. Six
GPCRs have been identified that bind lipoxygenase
metabolites of arachidonic acid: four leukotriene recep-
tors designated BLT,, BLT,, CysLT;, and CysLT, have
been described, a lipoxin receptor designated ALX, and
the receptor for 5-oxo ETE.

LEUKOTRIENE RECEPTORS

The leukotriene receptors fall into two groups of
structurally related GPCRs: the chemoattractant-like
BLT receptors and the CysLT receptors, which are
related to the family of nucleotide-binding receptors. Of
the four cloned leukotriene receptors, BLT; and BLT,
receptors have highest affinity for the leukotriene LTB4
with BLT; binding LTB4 with much higher affinity as
compared to BLT,. The BLT receptors are predomi-
nantly expressed in the peripheral blood including
leukocytes, granulocytes, macrophages, and eosinophils.
The CysLT; and CysLT, receptors in contrast each bind
the cysteinyl leukotrienes LTC4 and LTD,4 with high
affinity. CysLT receptors are expressed in peripheral
blood leukocytes, spleen, and lung as well in a number of
other tissues at lower levels. The CysLT; receptor has
been implicated as an important mediator in asthma,
and antagonists of this receptor such as monteleukast
have been used clinically in the treatment of asthma.

LIPOXIN RECEPTORS

The lipoxin A4 receptor (ALX), is a member of the GPCR
family of chemoattractant receptors, as are the BLT
receptors discussed above. This receptor was identified
as an orphan receptor cDNA sharing significant
homology with the fMLP chemoattractant receptor
and was designated FMLP-like receptor 1 (FPLR1).
Subsequent identification of this receptor as a mediator
of LXA, action resulted in its designation as the ALX
receptor. Activation of this receptor mediates the anti-
inflammatory actions of lipoxin LXA,. Northern blot
analysis of ALXR mRNA in mouse tissues demonstrates
that the receptor is most highly expressed in neutrophils,
lung, and spleen with lower levels detected in the liver
and heart. Some actions of lipoxins cannot be accounted
for by the ALXR, and the existence of other lipoxin
receptors has been postulated, but existence of other
lipoxin receptor cDNAs has not been confirmed.

THE 5-OX0-ETE RECEPTOR

The orphan GPCR TG1019 and closely related R527
have been identified as receptors for 5-oxo-ETE.

EICOSANOID RECEPTORS 7

These receptors have no official designation at this
time. These receptors have been shown to be highly
expressed in the kidney and may mediate the
observed hemodynamic effects of 5-oxo-ETE described
in this tissue.

Prostaglandin (PG) Receptors

The local action of PGs depends in part, on activation of
a family of specific GPCRs, designated EP for
E-prostanoid receptors, FP, DP, IP, and TP receptors
respectively, for the other prostanoids. The EP receptors
are unique in that four receptors, designated EP1
through EP4, have been described for PGE, each
encoded by a distinct gene. A second class of Prosta-
glandin D receptor designated chemoattractant recep-
tor-homologous molecule expressed on Th2 cells
(CRTH2) has been identified, which has no sequence
homology to the remaining PG receptors. This receptor
has been unofficially designated “DP2.” Each of the
other PGs has a single receptor, and taken together there
are nine PG GPCRs, each encoded by distinct genes.
Alternative mRNA splice variants have been cloned for
the EP1, EP3, TP, and FP receptors. In each case, these
splice variants generate receptor sequence diversity in
the intracellular C-terminal tail of the receptor protein
(Figure 1). Functionally, these splice variants appear to
modulate the specificity of G protein coupling, as well as
regulation of receptor desensitization by encoding
alternate phosphorylation sites. Pharmacologically,
the PG receptors are distinguished by their ligand-
binding selectivity as well as the signal transduction
pathway they activate. In general, PG receptors may
have significant affinity for more than one prostanoid
ligand. Moreover, multiple PG receptors are frequently
coexpressed in a single cell type or tissue. COX
activation and resulting PG production may lead to
complex effects in the target tissue by activation of
multiple PG receptor subtypes. Thus, a given PG ligand
may elicit multiple, and at times apparently opposing,
functional effects on a given target tissue. For example,
prostaglandin receptors were initially characterized by
their actions on smooth muscle, where they may lead to
either smooth muscle contraction or relaxation. The
vasodilator effects of PGE, have long been recognized in
both arterial and venous beds. Smooth muscle relax-
ation by PGE, is, however, not uniformly observed, and
PGE, is a potent constrictor in other smooth muscle
beds, including trachea, gastric fundus, and ileum.
Importantly, some structural analogues of PGE, are
capable of reproducing the dilator effects of PGE,, but
are inactive on tissues where it is a constrictor.
Conversely, analogues that reproduce the constrictor
effects of PGE, may fail to affect tissues where PGE; is a
dilator. The EP receptor mRNAs exhibit differential
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Alternatively spliced
C-termini

FIGURE 1

cooH GEEOEOVDEOEEERECEEHO06000000?
coon GOCREO0OEEAVOOV00000c000T . ...,
COOH PEPOVVENEDENAYERYGDEOCEEVARE

Splice site point of
divergence

alpha

beta

EP; receptor sequence of three mouse EP3-receptor splice variants differing only in their intracellular carboxyl termini. The predicted

amino acid sequences of each splice variant is represented by the one-letter amino acid code. Exons are color-coded. The common region is
comprised of two exons (in white and red circles) which are spliced to three possible C-terminal tails. The carboxyl variable tails are designated
alpha (blue), beta (gray), and gamma (yellow), each encoded by distinct exons.

expression in a number of tissues with distinct functional
consequences of activating each receptor subtype.
Functional antagonism among PGs can also be observed
in platelet aggregation, where TXA, activation of the TP
receptor causes platelet aggregation. Conversely, pros-
tacyclin activates platelet IP receptors which opposes
this platelet aggregation. Thus, the balance of PGs
synthesized as well as the complement of PG receptors
expressed determines the net effect of COX metabolism
on platelet function.

PPARs

In addition to the GPCR-mediated effects there is
evidence that prostaglandin metabolites are capable of
activating some nuclear transcription factors. This action
is exemplified by the cyclopentenone prostaglandins
of the J-series, e.g., 15-deoxy -A12,14-PG]J, (15d-PG]J>)
which are derived from PGD,. 15d-PG]J, activates
a nuclear hormone receptor designated peroxisome

proliferation activated receptor gamma (PPARgamma).
There is also evidence that prostacyclin (PGI,) also
activates another member of this family designated
PPARGdelta. It is unclear whether the PGs represent true
endogenous ligands of these receptors, as their affinity is
generally in the micromolar range, which is two to three
orders of magnitude lower than the nanomolar affinities
observed for PGs at the GPCRs; nonetheless, these
concentrations could be achieved in the intracellular
environment.

SEE ALSO THE FOLLOWING ARTICLES
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GLOSSARY

autacoid A class of physiologically active substances that act upon
the cell that elaborated this compound or on adjacent cells.



cyclooxygenase (COX) Enzymes that catalyze the oxidation of
arachidonic acid. Also known as PGH synthase. COX catalyzes
two sequential reactions, a bis oygenase, or cycloxygenase, reaction
leading to the formation of PGG; and a subsequent peroxidase
activity at the C15 position leading to the conversion of PGG,
to PGH,.

eicosanoid Any of the collections of oxygenated metabolites of
the 20-carbon fatty acid, 5,8,11,14-eicosatetranoic acid
(arachidonic acid) that are the products of cyclooxygenase,
cytochrome P450, lipoxygenase, and nonenzymatic pathways.

GPCRs G protein-coupled receptors. A class of integral membrane
protein cell-surface receptors that change conformation upon
binding cognate agonists. This conformational change causes the
dissociation of heterotrimeric G proteins leading to the initiation of
the signal transduction cascade.

leukotriene Monoxygenated metabolites of arachidonic acid formed
by the action of the lipoxygenases.

nonsteroidal anti-inflammatory drugs (NSAIDs) A class of drugs that
effect their action by inhibiting the activity of cyclooxygenase.
They have potent analgesic, antipyretic, and anti-inflammatory
properties.

prostanoids Oxygenated metabolites of the 20-carbon essential fatty
acid arachidonic acid. They are analogues of the 20-carbon
unnatural fatty acids, prostanoic, and thrombanoic acid, produced
by the action of cyclooxygenase.
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Elastin

Judith Ann Foster
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Elastin is a protein that exists as fibers in the extracellular
spaces of many connective tissues. Elastin derives its name from
its ability to act as an elastic band, i.e., to stretch and recoil with
transient force. It is located throughout many tissues and
organs of higher vertebrates and plays an important functional
role in maintaining pressures associated with liquid and air
flow in the cardiovascular and pulmonary systems. Elastogenic
cells synthesize and secrete a soluble monomeric form of elastin
into the extracellular space. The enzyme, lysyl oxidase, initiates
cross-linking of the soluble monomers into insoluble fibers.
Extracellular elastin associates closely with other proteins in
the matrix including microfibrillar proteins and collagens.
Once laid down in the matrix, the insoluble protein is very
stable and resistant to degradation. Because of its critical role in
the normal development and function of vital organs, impair-
ment of elastin synthesis or proteolytic degradation of the
insoluble fibers results in major clinical pathologies.

Composition and

Primary Sequence

Elastin, as any protein, possesses a unique amino acid
composition and a unique sequence of those amino acid
residues along the polypeptide chain.

AMINO AcID COMPOSITION

The soluble form of elastin, sometimes referred to as
tropoelastin, contains a preponderance of uncharged
and nonpolar amino acids. The polypeptide chain
contains appropriately 850 amino acids and a molecular
mass of 65-72 kDa. The actual size varies somewhat
among different species. Glycine (33%), alanine (18%),
proline (13%), valine (17%), and leucine (5%) residues
represent 86 % of the total amino acids. Prolyl hydroxyl-
ase converts 1-2% of the proline residues to hydroxy-
proline but it is unclear as to the significance of this
cotranslational modification. There are ~36-38 lysine
residues per molecule so the overall charge of monomer
is basic with an isoelectric point over pH 10. Once lysyl
oxidase deaminates the epsilon amino group of
most lysine residues in the protein, the resulting
semialdehydes undergo a series of aldol condensations
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and Schiff bases to form the desmosine cross-links.
At this stage, the protein is irreversibly insoluble and any
success in extracting soluble fragments requires cleavage
of peptide bonds.

AMINO ACID SEQUENCE

Unlike the classical triple repeat of collagen wherein
glycine residues occupy every third position of the triplet,
elastin does not contain a uniform repeating structure.
Instead, elastin contains two broad sequence motifs that
accommodate much subdivision. Most lysine residues
segregate together with alanine residues to create pairs of
lysines separated by two or three alanine residues. These
sequences exist within stretches of uncharged, nonpolar
amino acid residues such as glycine, valine, and proline.
The latter amino acid residues occur together with other
nonpolar, hydrophobic, and polar residues, form tri,
tetra, penta, and hexa repeats with not a single consistent
motif. The carboxy terminal sequence is unique and
highly conserved among different species. It contains the
only cysteine residues within the molecule.

Isolation of Elastin

INSOLUBLE ELASTIN

An early operational definition of elastin was that it
represented the protein remaining after one extracted all
other connective tissue proteins. Consequently, the
insolubility of elastin serves as the basis for all isolation
methods. Isolation procedures involve very harsh treat-
ments such as autoclaving, extraction with hot alkali or
strong denaturants, and exposure to cyanogen bromide
or collagenases. Amino acid analysis of the material
remaining insoluble after these treatments confirms the
presence and homogeneity of the elastin.

SOLUBLE ELASTIN

In vivo the conversion of soluble to insoluble elastin
occurs rapidly making the isolation of soluble elastin
very difficult. In order to isolate quantitative amounts of
soluble elastin from a tissue, one must block the
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conversion of the soluble to the insoluble form.
Inhibition of the cross-linking enzyme, i.e., lysyl
oxidase, is the most effective approach for isolating
intact elastin monomers. Since lysyl oxidase is a copper-
dependent enzyme that is specific for lysine residues it
can be inhibited by removing copper or adding a
noncompetitive inhibitor. In practice, this involves
rendering an animal copper deficient by dietary restric-
tion or by adding B-aminopropionitrile, a lathyrogen, to
the diet of young animals. The procedure for isolating
soluble elastin is based primarily on its unique solubility
in organic solvents.

The Elastin Gene

GENE STRUCTURE

The single copy, elastin gene spans ~35-40 kb of DNA
but only 7% of the sequences represent exons that are
transcribed into the mRNA. The huge amount of intron
sequences in the gene (19:1, intron to exon) makes this
one of the most disperse genes reported. The short exon
sequences (less than 190 bp) encode separate cassettes
for the nonpolar and lysine/alanine residues of the
protein. Many of the intron sequences encode elastin-
like sequences.

GENE PROMOTER

The elastin gene promoter contains features of a
constitutively expressed (housekeeping) gene. It lacks a
classic TATA box, is very GC rich (67%), has two CAAT
boxes and possesses multiple transcription start sites.
There are also several Sp1 sites as well as a cryptic GC
box and several consensus AP2 sequences within the
proximal promoter. In addition, consensus sequences for
glucocorticoid, TPA-inducible, and CRE response
elements reside in the distal promoter regions.

Elastin Gene Expression

ErAsTiIN MRNAS

Transcription of the elastin gene results in multiple
mRNAs. The multiple forms all possess a size in the 245
range arising from alternate splicing of several different
exons. All of the transcripts contain ~3.5kb that
includes a large untranslated 3’ region of ~1.0 kb in
addition to the polyA tail.

ELASTIN PROTEIN ISOFORMS

Translation of multiple mRNA results in different
isoforms of soluble elastin that reflect insertion of
different exons sequences. Although there is variance in
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the presence of isoforms dependent on cell type and
age, the function of the different variations of soluble
elastin is still not clear. There is speculation that
different isoforms play a major role in the early phase
of elastic fiber assembly by providing interactive sites
for specific binding to other components of the
extracellular matrix.

Regulation of Elastin

Gene Expression

The expression of elastin is high in developing tissues
and through early growth to maturity. In the adult
animal, elastin synthesis is very low and its reinitiation
occurs only in normal injury/repair situations or in some
pathological conditions. Many studies have focused on
understanding how elastin expression is regulated in
development and disease conditions. The results show
that expression is regulated at both the transcriptional
and posttranscriptional levels.

TRANSCRIPTIONAL REGULATION

Many studies have shown that elastin expression in
developing pulmonary and cardiovascular tissues is
controlled primarily at the transcriptional level. These
results have been confirmed in transgenic animals
carrying the transgene with a reporter driven by the
elastin promoter and by in vitro tissue transfections of
the same reporter gene. In addition, primary cultures
of elastogenic cells demonstrate that elastin transcrip-
tion plays a major role in the action of elastin
modulators such as basic fibroblast growth factor
and insulin-like growth factor. Putative cis-acting
elements in the 5’ flanking region of the gene have
been broadly defined through transient transfections of
various cell types with a series of deletion reporter
constructs. Of the cis-acting elements identified within
the elastin promoter, few have been functionally
shown to convey an increase in elastin transcription.
In fact, the majority were found to be repressors.
These latter observations suggest that a possible route
to increase elastogenesis is to block the repressor
complex from binding via the disruption of the receptor
and/or ligand binding, as well as blocking the resultant
signal pathway.

POSTTRANSCRIPTIONAL REGULATION

Studies on the expression of elastin in cultures of
elastogenic cells challenged with biologically signifi-
cant factors show that elastin mRNA stability is
important in regulating expression especially in the
adult animal.
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SEE ALSO THE FOLLOWING ARTICLES
Amino Acid Metabolism e Collagens

GLOSSARY

cyanogen bromide A chemical reagent used to cleave peptide bonds
adjacent to methionine residues.

desmosine A pyridinium ring alkylated in four positions; serves as a
cross-link derived from four lysine residues.

lathyrism A disease caused by ingestion of seeds of Lathyrus
odoratus, a sweet pea. The active agent is B-aminopropionitrile
which inhibits lysyl oxidase.

polyA tail A string of adenine nucleotides added to the 3’ end of most
eukaryotic mRNAs.

promoter A DNA sequence that binds RNA polymerase resulting in
transcription initiation.

svedberg unit (S) A unit used for the sedimentation coefficient;
equivalent to 10-13 s.
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Endocannabinoids

Daniele Piomelli
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The endocannabinoids are a family of biologically active lipids
that bind to and activate cannabinoid receptors, the G protein-
coupled receptors targeted by A°-tetrahydrocannabinol in
marijuana. The term encompasses several derivatives of arachi-
donic acid, which are generated on demand by neurons and
other cells in response to physiological or pathological stimuli.
The two best-characterized endocannabinoids are ananda-
mide (arachidonoylethanolamide) and 2-arachidonoylglycerol
(2-AG). Others are noladin ether (2-arachidonoyl glyceryl
ether) and virodhamine (O-arachidonoyl ethanolamine).

Synthesis

ANANDAMIDE

Anandamide is produced from the hydrolysis of an
N-acylated species of phosphatidylethanolamine (PE),
called N-arachidonoyl-PE. This reaction is initiated by
activating neurotransmitter receptors and/or by elevat-
ing intracellular levels of Ca”*' ions and is probably
catalyzed by phospholipase D. The anandamide pre-
cursor, N-arachidonoyl-PE, is present at low levels in
nonstimulated cells, but its formation can be stimulated
by Ca’" and occurs simultaneously with that of
anandamide. N-arachidonoyl-PE synthesis is catalyzed
by membrane-bound N-acyltransferase, which has been
partially purified. (See Figures 1 and 2.)

2-ARACHIDONOYLGLYCEROL

In brain neurons, 2-AG formation is probably initiated
by the activation of phospholipase C, which cleaves
membrane phospholipids (e.g., phosphatidylinositol-
4,5-bisphosphate) at the proximal phosphate ester
bond, producing 1,2-diacylglycerol. This intermediate
is broken down by diacylglycerol lipase to yield 2-AG
and free fatty acid. Another pathway of 2-AG release
might involve the hydrolytic cleavage of a phospholipid
at the sn-1 position of the glycerol backbone, catalyzed
by phospholipase A;. This reaction yields a sn-2
lysophospholipid, which can be further hydrolyzed to
produce 2-AG (Figure 3). Finally, 2-AG might be formed
by hormone-sensitive lipase acting on triacylglycerols or
by lipid phosphatases acting on lysophosphatidic acid.
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However, as these enzymes preferentially target lipids
enriched in saturated or monounsaturated fatty acids,
they are unlikely to play a role in the synthesis of a
polyunsaturated species such as 2-AG.

Physiological Regulation of
Endocannabinoid Synthesis

ANANDAMIDE

Anandamide synthesis is initiated by intracellular Ca*"
rises and/or by activation of G protein-coupled recep-
tors. For example, activation of vanilloid receptors
elevates intracellular Ca*" levels and stimulates anand-
amide synthesis in rat sensory neurons in culture.
In addition, activation of dopamine D,-receptors
enhances anandamide release in the brain striatum of
the rat in vivo. The molecular steps involved in these
effects have not yet been clarified.

2-ARACHIDONOYLGLYCEROL

2-AG formation is also linked to intracellular Ca®™" rises.
For example, in freshly dissected slices of rat
hippocampus, electrical stimulation of the Schaffer
collaterals (a glutamatergic fiber tract that projects
from CA3 to CA1 neurons) produces a fourfold increase
in 2-AG levels, which is prevented by the Na™ channel
blocker tetrodotoxin or by removing Ca®" from the
medium. It is notable that anandamide levels are not
changed by the stimulation, suggesting that the synth-
eses of 2-AG and anandamide can be independently
regulated. This idea is supported by the fact that
activation of D, receptors, a potent stimulus for
anandamide release in the rat striatum, has no effect
on striatal 2-AG levels.

Deactivation
In the brain and other tissues, anandamide and 2-AG are

rapidly eliminated through a two-step process con-
sisting of uptake into cells and enzymatic hydrolysis.
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FIGURE 1 Chemical structures of the endocannabinoids anand-
amide (arachidonoylethanolamide), 2-arachidonoylglycerol (2-AG),
noladin ether, and virodhamine.

The two endocannabinoids share a functionally similar
transport mechanism, but they follow distinct routes of
intracellular degradation.

TRANSPORT INTO CELLS

The transport of anandamide and 2-AG into neurons
and astrocytes is structurally specific, displays classical
saturation kinetics, and is selectively inhibited by
compounds such as N-(4-hydroxyphenyl)-arachidon-
amide (AM404). The putative transporter involved has
not yet been identified, but transport has been shown to
be Na*-independent, which is suggestive of a facilitated
diffusion mechanism.
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FIGURE 2 Anandamide biosynthesis. PE, phosphatidylethanol-
amine.
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FIGURE 3 2-AG biosynthesis. 1,2,-DAG, 1,2- diacylglycerol; DGL,
diacylglycerol lipase; PL, phospholipase.

INTRACELLULAR HYDROLYSIS

Inside cells, anandamide is metabolized by fatty acid
amide hydrolase (FAAH), a membrane-bound intra-
cellular serine hydrolase that also cleaves oleoylethanol-
amide, an endogenous satiety factor, and other lipid
amides. Hydrolysis of 2-AG is catalyzed instead by
monoglyceride lipase (MGL), a cytosolic serine hydro-
lase that converts 2- and 1-monoglycerides into fatty
acid and glycerol. The contribution of other lipases to
2-AG degradation cannot be excluded at present.

Cannabinoid Receptors

The endocannabinoids regulate the function of multiple
organs and tissues of the body. These regulatory effects
are primarily mediated by two G protein-coupled
receptors: CBy and CB,. CB; is highly expressed in the
central nervous system, but is also present at lower levels
in a variety of peripheral tissues. By contrast, CB, is
mostly found in immune cells such as lymphocytes. Both
subtypes are linked to G;/G, proteins and can initiate
signaling events typical of these transducing proteins,
which include inhibition of adenylyl cyclase activity,
opening of K channels, closing of Ca** channels, and
stimulation of protein kinase activities. Nevertheless,
CB; and CB, are structurally different (they have only
44% sequence homology), which has allowed the
development of subtype-selective ligands such as
the CB; antagonist SR141716A (rimonabant) and the
CB, antagonist SR144528. There is evidence for the



existence of at least two additional cannabinoid-
sensitive sites in the brain and vasculature, which remain
however uncharacterized.

Functions

In broad terms, the endocannabinoids are considered
paracrine mediators, substances that act on cells near
their sites of synthesis without entering the bloodstream.
For example, they are formed by circulating leukocytes
and platelets during hypotensive shock and induce the
vascular relaxation that accompanies this phenomenon
by activating CB; receptors on the surface of smooth
muscle cells. Similar paracrine actions occur in the brain,
where the endocannabinoids mediate a localized signal-
ing mechanism through which neurons modify the
strength of incoming inputs. The endocannabinoids are
generated by neuronal depolarization and travel back-
ward across the synapse to regulate the release of
neurotransmitters from neighboring axon terminals,
a process called retrograde signaling.

SEE ALSO THE FOLLOWING ARTICLES

Adenylyl Cyclases ¢ G Protein-Coupled Receptor
Kinases and Arrestins ® Neurotransmitter Trans-
porters ® Phospholipase C

GLOSSARY

arachidonic acid Common name for eicosatetraenoic acid (eicosa-
tetraenoic acid, 20:4A%%111%) "an essential fatty acid that serves as
metabolic precursor for eicosanoids and endocannabinoids.

axon terminal Specialized structure of a neuron that secretes
neurotransmitters.

G proteins Heterotrimeric proteins with GTPase activity that link the
occupation of certain cell surface receptors to cellular responses.

neurotransmitter Substance secreted by a neuron at a synapse.

phospholipase A group of enzymes that catalyze the hydrolysis of
phospholipids at their glycerol ester (PLA) of phosphodiester
(PLC, PLD) bonds.
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protein kinase Enzyme that transfers a phosphate group from ATP to
a protein.

stereospecific numbering (sn) A convention on how to designate the
stereochemistry of glycerol-based lipids. When the glycerol moiety
is drawn with the secondary hydroxyl to the left, the carbons are
numbered 1,2,3 from top to bottom.

striatum A subcortical brain structure involved in the control of
movement, habit learning, and the rewarding properties of drugs of
abuse.

synapse Specialized junction between the ending of the presynaptic
neuron and the dendrite, cell body, or axon of a postsynaptic
neuron.

vanilloid receptor A receptor channel permeable to monovalent
cations and activated by heat, acid, and capsaicin, the active
ingredient of chili peppers.
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Endocytosis

Julie G. Donaldson
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Endocytosis is a process carried out by all eukaryotic cells that
involves the invagination of the cell surface membrane and
constricted closure to form a vesicle that enters the cell interior.
Included in the internalized vesicle are extracellular fluid and
plasma membrane proteins and lipids. Endocytosis enables the
cell to take up extracellular nutrients, remove activated
receptors from the cell surface, and turnover cell surface
proteins and lipids. Endocytosis is also used for the removal of
extracellular debris such as dead cells and bacteria, and as a
cellular port of entry for infectious bacteria and viruses. Endo-
cytosis can be broadly divided into pinocytosis (cell drinking)
and phagocytosis (cell eating) (Figure 1). There are several
types of pinocytosis. The best-characterized type is that
involving endocytosis of vesicles coated on the cytoplasmic
surface with a protein called clathrin. Phagocytosis involves
ingestion of particles by extension and wrapping of plasma
membrane around the particle, bringing it into the cell. After
internalization, the endocytosed material meets different fates:
degradation, recycling back to the cell surface, or routing to
other destinations within the cell.

Clathrin-Mediated Endocytosis

Endocytosis that is associated with clathrin coating
enables certain plasma membrane proteins to be
concentrated and efficiently internalized (Figure 1A).
The transferrin receptor and low-density lipoprotein
(LDL) receptor are cell surface proteins that are
internalized by this mechanism, carrying iron-loaded
transferrin protein and cholesterol-bearing LDL par-
ticles bound to these receptors into the cell. The clathrin
coat that assembles on these structures forms a
distinctive basket-like structure that can be visualized
by electron microscopy. The polymerization of the
clathrin coat is believed to facilitate changes in
membrane curvature, deformation of the surface mem-
brane, and formation of the vesicle. Once the vesicle has
separated from the cell surface (fission), the clathrin coat
is rapidly shed and then reutilized for additional
endocytic events. Clathrin-coated pits cover 2% of the
plasma membrane and since they are believed to have a
lifetime of ~1min, ~2% of the cell surface mem-
brane is internalized each minute in the average cell.
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Clathrin-mediated endocytosis accounts for the bulk of
pinocytosis in most cells. Clathrin assembly onto
membrane requires the prior binding of a set of cytosolic
adaptor proteins onto the plasma membrane.

ADAPTOR PROTEINS

The clathrin adaptor protein 2 complex (AP2) is
composed of four different cytosolic proteins that bind
to specific lipids and proteins at the plasma membrane
and to clathrin, thus initiating clathrin assembly at
distinct sites along the cell surface. There are three
additional AP complex proteins in cells that associate
with other cellular membranes such as the Golgi
complex where they also facilitate clathrin assembly.
One of the subunits of AP2 specifically binds to tyrosine-
based, amino acid sorting signals in the cytoplasmic
regions of plasma membrane proteins. The transferrin
receptor contains such a tyrosine signal that sorts
transferrin receptor into forming clathrin-coated PM
vesicles enabling the transferrin receptor to be efficiently
and rapidly internalized into cells. The ability to
concentrate specific surface cargo proteins into cla-
thrin-coated pits is the hallmark of clathrin-mediated
endocytosis (Figure 2). There are other amino acid
sorting signals that allow for rapid internalization via
clathrin endocytosis including paired leucine and/or
isoleucine residues. Plasma membrane proteins that
contain these sorting sequences are continually brought
into cells by clathrin-mediated endocytosis. Some
hormone receptors such as the B2-adrenergic receptor
lack these sorting sequences and do not appreciably
enter clathrin-coated vesicles in the absence of hormonal
stimulation. However, when the receptor is activated by
a hormone, a special adaptor protein called B-arrestin
binds to the receptor, allowing the receptor—arrestin
complex to associate with AP2 and be rapidly inter-
nalized by the clathrin-dependent pathway.

DYNAMIN

The final step in endocytosis is membrane fission that
allows the vesicle to detach from the cell surface. A GTP-
binding protein called dynamin facilitates this process
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FIGURE 1 Types of endocytosis. Features of the various types of endocytosis (pinocytosis and phagocytosis) are shown. (A) Clathrin-mediated
pinocytosis is associated with a cytosolic coat of clathrin (X) and uses dynamin (black spots) for vesicle fission. (B) Caveolae are flask-shaped
structures coated with caveolin that also use dynamin for vesicle fission. (C) Non-coated pinocytosis involves invagination of membrane that does
not have a recognizable protein coat. (D) Macropinocytosis is associated with cell surface actin-dependent protrusions and forms by fusion of the
protruding membrane back onto the cell surface. (E) Phagocytosis is a process that is stimulated by an extracellular particle that induces actin-
dependent cell extensions to envelope the particle.

by assembling into ring-like structures and constricting
at the necks forming clathrin-coated vesicles. Mutations
in dynamin, originally described for Drosophila mela-
nogaster mutants, freeze clathrin-forming vesicles at the
constricted state and the vesicles are not released. All
clathrin-mediated and some other types of endocytosis
are dependent upon the function of dynamin. Dynamin
also associates with other factors that may facilitate the
fission process. Rearrangements in membrane lipids and
changes in lipid composition also contribute to the

changes in membrane curvature required for vesicle
budding and vesicle fission.

Clathrin-Independent Endocytosis

Several other types of pinocytosis have been identified
that are not associated with clathrin coats. We know less
about the mechanisms of these processes and how they
are regulated. Plasma membrane proteins that lack the

FIGURE 2 Itinerary of internalized cell surface receptors and vesicle contents. Shown here is the pathway followed by internalized LDL bound to
the LDL receptor. Cell surface—LDL receptor binds to LDL and is sorted into forming clathrin-coated vesicles at the plasma membrane. After vesicle
fission, the clathrin coat is rapidly released from the vesicle so it can assemble again onto the plasma membrane. The vesicle membrane then fuses
with the early endosome, a membrane compartment that serves as a sorting station for membrane proteins and lipids. The low pH of the early
endosome causes release of LDL from its receptor. The LDL particle and other molecules present in the fluid portion of the early endosome can then
be routed to lysosomes for degradation. The LDL receptor enters regions of the early endosome that break off and carry these receptors and
membrane back to the plasma membrane. Some membrane proteins leave the early endosome and are transported to other regions of the plasma
membrane (transcytosis) or to the Golgi complex.
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cytoplasmic amino acid sequences specifying association
with AP2 and clathrin, can be endocytosed into cells by
these processes.

CAVEOLAE

Some proteins associate with cholesterol and glyco-
sphingolipid-enriched regions of the plasma membrane
referred to as membrane raft domains. In many cells,
especially in endothelial cells that line blood vessels,
these raft domains are present in flask-shaped invagina-
tions of the plasma membrane. These flask-shaped
invaginations are called caveolae (caves), and the
cytoplasmic coat protein associated with these struc-
tures that give them their distinctive shape is called
caveolin (Figure 1B). Caveolar endocytosis is dependent
upon dynamin and is used as an endocytic mechanism
for the transport of materials across endothelial cells.
Interestingly, simian virus 40 stimulates caveolar endo-
cytosis and enters many types of cells through this
mechanism. Finally, there are cells that lack caveolin and
hence caveolae and yet endocytose proteins that
associate with membrane raft domains.

NONCOATED ENDOCYTOSIS
AND MACROPINOCYTOSIS

Plasma membrane proteins and lipids are also observed
in invaginations budding from the membrane that lack
any identifiable protein coat (Figures 1C and 1D). This
process may or may not require dynamin function
depending upon the cell type. Although this process
may account for a smaller fraction of cell-surface
endocytosis than clathrin-mediated endocytosis, it can
be greatly stimulated when cells get activated and form
membrane ruffles and protrusive structures. In this case,
the membrane ruffle can fuse with the plasma mem-
brane forming a large, macropinosome that internalizes
a large amount of surrounding fluid. Dendritic cells of
the immune system are very active in macropinocytosis
as a means of sampling foreign material in the
extracellular fluid. Macropinosome formation is actin
dependent. Some bacteria, notably Salmonella typhi,
stimulate host cells to form membrane ruffles and
macropinosomes, and then use these structures as a
port of entry into the cells.

Phagocytosis

In lower eukaryotes, such as protozoa, this process of
particle ingestion is used for nutrient uptake. However,
in mammals phagocytosis is observed in specialized cell
types, namely, macrophages and neutrophils that ingest
bacteria and dead cells and degrade them. When a

macrophage encounters a bacterium that has been
coated with antibodies generated by the immune system,
cell surface receptors that recognize the Fc portion of the
antibodies get activated. This stimulates changes in the
macrophage actin cytoskeleton and leads to the exten-
sion of membrane around the bacteria, and final closure
of the structure through membrane fusion (Figure 1E).
Macrophages are also active in phagocytosing senes-
cent-red blood cells and other cells that have undergone
programmed cell death. It is believed that macrophages
can detect alterations on the cell surface of the senescent
cell, such as appearance of a phospholipid on the
outer surface that is normally present only on the
cytoplasmic side of the plasma membrane. After
phagocytosis, the resulting phagosome usually fuses
with lysosomes and membrane-bound organelles that
contain hydrolytic enzymes that degrade the bacteria.
However, some bacteria such as Mycobacterium
tuberculosis, can actively prevent the fusion of the
phagosome with lysosomal membranes, and hence
escape degradation.

Fate of Internalized Membrane
and Content

After endocytosis, the endocytic vesicle usually fuses
with a membrane-bound structure called the early
endosome (Figure 2). The early endosome accepts
newly endocytosed material and serves as a sorting
station that directs incoming proteins and lipids to their
final destination. The early endosomal membrane
contains a special membrane lipid, phosphatidylinositol
3-phosphate that recruits cytosolic proteins onto these
membranes and facilitates the fusion of incoming
vesicles with the early endosome. The interior, lumenal
environment of the early endosome is moderately acidic
(pH 6.5-6.0). The low pH facilitates the sorting
process, releasing bound proteins from their receptors
and sorting membrane proteins and lipids into different
domains. A good example of how low pH serves this
function is the itinerary of the transferrin receptor that
carries iron-saturated transferrin into the cell. The
acidic environment of the early endosome causes the
release of iron from transferrin. The iron is then
transferred across the membrane into the cytosol,
while the transferrin bound to the transferrin receptor
is recycled back to the cell surface via membrane
carriers that are released from the early endosome.
Another example of this sorting of incoming material is
the fate of internalized LDL particles bound to the LDL
receptor (shown in Figure 2). LDL is released from the
receptor in the early endosome and is transferred with
other lumenal material to late endosomes and lyso-
somes. There the LDL is degraded, causing cholesterol



release inside the cell. Meanwhile, the LDL receptor
returns to the cell surface to carry out additional
rounds of endocytosis. For the transferrin and LDL
receptors, endocytosis is a mechanism for delivery of
iron and LDL into the cell. By contrast, for signaling
receptors, such as those activated by hormones and
growth factors, endocytosis is generally used to halt
the signaling process by removal of the receptor from
the cell surface. An exception to this is the recent
observation that the epidermal growth factor (EGF)
receptor may require endocytosis for some signaling
functions.

Endocytosed membrane proteins can be transported
to different locations in the cell (Figure 2). Some
membrane proteins are sorted into vesicles that fuse to
another region of the plasma membrane, a process
called transcytosis. Mucosal immunoglobulins such as
IgA are transcytosed across intestinal epithelia via IgA
receptors that ferry IgA from the basal (serosal) side to
the apical (mucosal) surface of the epithelia. Other
proteins leave the early endosome in vesicles that fuse
with membranes adjacent to the #rams side of the
Golgi complex.

Regardless of how a membrane is brought into
the cell, it must be balanced by addition of mem-
brane back to the plasma membrane. This is
accomplished by endosomal-membrane recycling and
also through the contribution of newly synthesized
membranes from the secretory pathway. The cell has
to regulate and coordinate the flux of membrane into
and out of the cell to maintain cell surface area
and for proper localization of important cell surface
receptors.

SEE ALSO THE FOLLOWING ARTICLES
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caveolae Flask-shaped invaginations from the plasma membrane that
are enriched in cholesterol and glycosphingolipids and are coated
with the protein caveolin.

clathrin Cytosolic protein that polymerizes into basket-like coat
complex on membranes, facilitating deformation of the plasma
membrane to form a vesicle.

dynamin GTP-binding protein that assembles at the necks of forming
vesicles and facilitates the fission of membranes to release the vesicle.

phagocytosis  Endocytic process involving particle ingestion through
extension of cell-surface membranes around particle (typically
>250 nm in diameter) and membrane fusion to form phagosome.

pinocytosis Endocytic process involving invaginations of the plasma
membrane to generate small (~100 nm in diameter) intracellular
vesicles.
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For proper functioning, a protein has to fold into a
characteristic three-dimensional structure and may have to
form a multimeric complex. The endoplasmic reticulum (ER)
provides an environment optimized for the folding and
assembly of proteins that will then be secreted (hormones,
antibodies, pancreatic enzymes, etc.), or displayed at the
plasma membrane (receptors, channels, etc.), or that reside in
intracellular compartments such as the lysosomes and the
Golgi. Only native proteins leave the ER to be transported
along the secretory pathway to their final destination. A quality
control system is in place to prevent forward transport of
polypeptides for which folding and assembly have failed. To
prevent their accumulation in the lumen of the ER, a series of
events regulated by luminal and cytosolic components, and
collectively named ER-associated protein degradation (ERAD)
ensures that terminally misfolded polypeptides are transferred
into the cytosol to be degraded by the 26S proteasome. This
article summarizes recent advances in understanding how
malfolded glycoproteins are cleared from the ER lumen of
mammalian cells.

Protein Synthesis and Folding
in the ER

In mammalian cells, secreted proteins are expressed by
ribosomes attached at the cytosolic face of the
endoplasmic reticulum (ER) at an average synthesis
rate of three to five amino acids per second. Nascent
chains are translocated into the ER lumen and most of
them become N-glycosylated upon addition of pre-
assembled, branched oligosaccharides (N-glycans) at
asparagines in Asn—Xaa-Ser/Thr sequons. The highly
hydrophilic N-glycans preserve the solubility of yet
unstructured chains likely to expose hydrophobic,
aggregation-prone patches. Moreover, they are the
ligands of calnexin and calreticulin, two lectin chaper-
ones that make nascent chains accessible to ERp57.
ERpS57 is an oxidoreductase that catalyzes the forma-
tion of disulfide bonds, a rate-limiting step of the folding
process peculiar for proteins expressed in the ER.

Encyclopedia of Biological Chemistry, Volume 2. © 2004, Elsevier Inc. All Rights Reserved.

As thoroughly reviewed by Armando Parodi and Ari
Helenius, calnexin, calreticulin and ERpS7, together
with the sugar-processing enzymes glucosidase I and II
and UDP-glucose:glycoprotein glucosyltransferase (GT)
compose the calnexin/calreticulin cycle, a chaperone
network that assists folding and quality control
of glycoproteins.

The kinetics and the efficiency of the folding process
are highly variable and depend on the substrate protein
considered, and on the cell type where folding occurs.
Somewhat surprisingly, the folding of heterologous
proteins may be faster and significantly more efficient
compared to the maturation of cell-self proteins. So it
may take only ten minutes for a viral glycoprotein (e.g.,
influenza virus hemagglutinin) to complete the folding
and oligomerization processes and to leave the ER with
an efficiency approaching 100%. On the other hand, it
may take several hours before ~20% of the cystic
fibrosis channel (CFTR) expressed in the ER lumen
becomes native and leaves the compartment. About
80% of the wild-type CFTR is produced just to be
degraded, a fate probably shared with a significant
fraction of any cellular protein. In some cases, degra-
dation may actually start even before the synthesis of a
given polypeptide has been completed. This has no
consequences for cell viability and ER-associated
protein degradation (ERAD) actually plays an important
regulatory role, as shown by Randy Hampton for the
HMG-CoA reductase, a rate-limiting enzyme for pro-
duction of sterols and a variety of essential isoprenoids,
whose intracellular level is controlled, at least partially,
by regulated degradation.

Folding efficiency may drop substantially, and can
be the cause of impaired cell, organ, and/or organism
viability when genetic mutations occur that change
or delete amino acids in polypeptides (e.g., deletion
of phenylalanine at position 508 of the CFTR). If the
mutated protein cannot fold properly, it will
not fulfill the quality control standard for ER exit
and will eventually become a substrate of the
ERAD machinery.
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Diseases Related to Failure of

Protein Folding and Quality
Control in the ER

An increasing number of strongly debilitating human
diseases has been ascribed to defective protein folding
and quality control. Together with cystic fibrosis, one
could mention the hereditary lung emphysema and liver
failure caused by alphal-antitrypsin deficiency, diabetes
mellitus caused by retention and degradation from the
ER of mutant insulin receptors, familial hypercholester-
olemia (low-density lipoprotein receptor), osteogenesis
imperfecta (type I procollagen), retinitis pigmentosa,
and several neurodegenerative diseases. In these so-
called “conformational diseases,” mutated proteins that
do not acquire their native structure are diverted to
ERAD. If their disposal is not efficient, they accumulate
intra- or extracellularly triggering severe damages to
cells and tissues. In some cases, such as the hereditary
lung emphysema caused by alphal-antitrypsin
deficiency (alphal-antitrypsin is the principal blood-
borne inhibitor of the destructive neutrophil elastase in
the lungs), the lack-of-function phenotype observed at
the level of patient’s lungs is accompanied by a gain-of-
toxic-function phenotype at the level of the patient’s
liver because the mutated protein accumulates in the ER
of hepatocytes.

Degradation of Aberrant
Proteins Expressed in the ER:
The Mannose Timer

But how are polypeptides recognized as being “non-
native,” retained in the ER, and targeted for ERAD? The
mechanisms, better known for glycoproteins and named
GERAD for glycoprotein ERAD by Rick Sifers, are
summarized in the following paragraphs.

The quality control machinery of the ER checks the
structure and not the function of newly synthesized
proteins. Therefore, function-competent proteins can be
retained in the ER and destroyed because they are
structurally imperfect, as exemplified by the case of the
APhe508 CFTR.

The modification of N-glycans can determine the fate
of newly synthesized glycoproteins. Glycans are added
as preassembled units composed of two N-acetyl-
glucosamine, nine mannose, and three glucose residues.
Two glucoses are removed in a matter of seconds after
addition of the N-glycan to nascent chains. In the
minutes following the synthesis of a glycoprotein, the
number of glucoses on N-glycans can vary from zero to
one in response to the counteracting enzymatic activities

of glucosidase II and GT. These modifications control
cycles of dissociation from/association with the lectin
chaperones, calnexin and calreticulin (as described in
Armando Parodi’s review). How long newly synthesized
proteins are retained in the calnexin/calreticulin cycle
depends on their rate of folding. N-glycans of native
glycoproteins are inaccessible to GT; they are therefore
not re-glucosylated so that mature proteins exit the
folding cycle, leave the ER, and are transported along
the secretory pathway.

In this model, proteins unable to fold properly persist
in the calnexin/calreticulin cycle. To prevent accumu-
lation of aberrant polypeptides in the ER, the terminally
misfolded polypeptides have to be released from the
calnexin/calreticulin cycle and targeted for degradation.
After several unsuccessful folding attempts, N-glycans
become substrates of ER-resident mannosidases. There-
fore, long retention in the ER as signaled by a reduced
number of mannose residues on N-glycans is a clear
symptom of a problematic folding. It has originally been
proposed by Helenius in 1994 that a timer based on
mannose cleavage exists in the ER that decides when it is
time to stop folding attempts and to divert unlucky
polypeptides for degradation. The timer function that
mannosidase activities play during ER quality control is
supported by findings which show that cleavage of
mannoses from the N-glycans has to take place for
GERAD to proceed (as first shown by Green and then
elucidated by Sifers, mannosidase inhibitors interfere
potently and specifically with GERAD). It is conceivable
that GERAD candidates are subjected to folding
attempts and remain shielded from the degradation
machinery while in the calnexin/calreticulin cycle.
Accordingly, the degradation of glycoproteins is usually
preceded by a lag phase whose length is determined by
the retention of the GERAD candidates in association
with the ER lectins.

Distinct ER Chaperone

Networks are Involved in the

GERAD Process

Involvement of at least two distinct chaperone networks
(the calnexin/calreticulin cycle and the BiP/PDI system)
has been shown (by the groups of Rick Sifers and
Maurizio Molinari) to regulate degradation of GERAD
candidates in mammalian cells. Interestingly, misfolded
glycoproteins remain in the calnexin/calreticulin cycle
when degradation is blocked by mannosidase inhibitors;
they are released from the lectin chaperones to remain
trapped in the BiP/PDI system, in the lumen of the ER
when the proteasome activity is specifically shut down.
These data show that the two chaperone networks work
sequentially and offer the appealing view that GERAD
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FIGURE 1 The GERAD mechanism can be divided into four steps. First, the GERAD candidate is subjected to folding attempts in the calnexin
cycle. Second, the folding-incompetent protein is extracted from the calnexin cycle by the concerted activity of a mannose-trimming enzyme (the ER
a-mannosidase I) and a mannose-binding lectin (EDEM). Third, the aberrantly folded polypeptide has to be unfolded (e.g., the wrong disulfide
bonds formed during the folding attempts have to be reduced) in order to (fourth) allow dislocation of the GERAD candidate across the ER

membrane to be degraded by the proteasome.

candidates are first subjected to folding attempts in
the calnexin/calreticulin cycle (lag between synthesis
and degradation onset) to be then transferred into the
BiP/PDI system that would regulate unfolding and
dislocation of the aberrant polypeptide into the cytosol
for proteasome-mediated degradation (Figure 1).

A Role for a Mannose-Binding
Lectin in GERAD

Mechanistically, the sequential cleavage of mannoses
affects the retention of the aberrant protein in the
calnexin/calreticulin cycle by decreasing the capacity of
glucosidase II and GT to further re- and de-glucosylate
the sugar moiety associated with a misfolded chain.
Moreover, at least one mannose-binding lectin (EDEM
for ER degradation enhancing alpha mannosidase-like
protein) is present in the ER lumen and is involved in
recognition of aberrant proteins carrying N-glycans with
a reduced number of mannose residues, and in deviating
them from the folding into the GERAD machinery. The
role of EDEM as an acceptor of misfolded glycoproteins

released from the calnexin/calreticulin cycle has been
recently elucidated by the groups of Kazuhiro Nagata
and Maurizio Molinari. It has actually been shown that
the intracellular level of EDEM regulates kinetics of the
GERAD process by determining the permanence of
misfolded proteins in the calnexin cycle. Importantly, as
shown by Kazutoshi Mori, the level of EDEM is adapted
to the cargo load of the ER, so as to ensure, at any time,
optimal disposal of wastes produced during secretory
protein synthesis and to prevent processes, which may
ultimately lead to cell death through intracellular
accumulation of malfolded proteins. Whether EDEM
represents the last acceptor of ERAD candidates before
their dislocation into the cytosol for proteasome-
mediated degradation, or if EDEM regulates the transfer
of GERAD candidates from the folding into the
unfolding cycles driven by the ER lectins and by the
BiP/PDI system, respectively, remains an open question.

SEE ALSO THE FOLLOWING ARTICLES
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calnexin and calreticulin Calnexin is a nonglycosylated, type I
protein of the ER membrane with 573 amino acids. Most of
them are in the lumen of the ER and comprise a glucose-binding
site for transient association with folding substrates and a P-
domain for noncovalent association with the co-chaperone
ERp57; 89 residues are cytosolic and contain a RKPRRE ER-
retention sequence. Calreticulin is the soluble homologue of
calnexin; it has 400 amino acids with a KDEL ER-retrieval
sequence.

EDEM ER degradation enhancing a-mannosidase-like protein is a
type II glycoprotein of the ER membrane that shares sequence
homology with ER mannosidases. It has, however, no enzymatic
activity possibly because it lacks two cysteines conserved in all
active mannosidases. The intracellular level of EDEM is increased
in response to accumulation in the lumen of the ER of misfolded
proteins.

ERAD ER-associated protein degradation (also GERAD for glyco-
proteins), the processes leading to recognition of misfolded proteins
present in the ER lumen and their dislocation into the cytosolic
compartment for proteasome-mediated destruction.

quality control The capacity of cells to distinguish and retain in the
ER lumen to be eventually targeted for degradation, proteins that
have structural defects.
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Many prokaryotes (bacteria and archaea) are able to grow in
the absence of molecular O,. In the absence of O, metabolic
energy can be gained by the catabolic reactions of fermenta-
tion, anaerobic respiration, anoxygenic photosynthesis,
decarboxylation of dicarboxylic acids, or electrogenic trans-
port of substrate and product molecules. Many of the
reactions are unique for prokaryotes. Anaerobic metabolism
is essential for many biotopes which are permanently or
occasionally anoxic. The bacteria responsible for anaerobic
metabolism and mineralization are either strictly anaerobic
and restricted to anaerobic biotopes, or facultatively
anaerobic, using either aerobic or anaerobic metabolism
depending on the O, supply. The facultative bacteria switch
between aerobic and anaerobic metabolism by using
molecular O, sensors, which control the expression of
aerobic or anaerobic metabolic systems mostly at the
transcriptional level.

ADP Phosphorylation Driven by
Chemical Coupling or by the

Membrane Potential

Synthesis of ATP by fermentation relies on substrate
level phosphorylation, whereas the other reactions for
anaerobic energy conservation use a membrane poten-
tial as the coupling device between energy-supplying
and energy-consuming reactions, in particular ADP
phosphorylation (Figure 1). Phosphorylation of ADP
for generation of ATP requires a free energy (AG,)
of ~+50kJmol™' under cellular conditions. This
amount of free energy has to be supplied in fermentation
by one chemical reaction and direct coupling. In the
metabolic systems using the membrane or proton
potential (Ap) as the coupling device (Figure 1), the
energy-supplying reaction on the other hand has to
supply only 12-17 k] mol ™! per reaction which is the
amount required for translocating 1 H* (or Na™) across
the membrane. Three or four H are then used to drive
ADP phosphorylation. Therefore, storing the free energy
in a membrane potential is favorable for anaerobic
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catabolic processes which often provide only small
amounts of free energy.

The overview will demonstrate, by examples, the
functioning of anaerobic metabolism of prokaryotes, in
particular fermentation and reactions using a membrane
potential for coupling between energy-supplying and
energy-consuming reactions.

Fermentation

Typical habitats for fermentation are sediments in
freshwater, sewage fermenters, or the digestive tract of
vertebrates and insects. Fermentation means growth in
the absence of external electron acceptors or light. ADP
is phosphorylated under these conditions by substrate
level phosphorylation, or direct chemical coupling,
without involvement of membranes or membrane
potential. Most common substrates for fermentative
metabolism are sugars and amino acids. The substrates
are first degraded in an oxidative part of meta-
bolism yielding pyruvate or related compounds plus
NAD(P)H. For oxidation of the sugars, most bacteria
use the glycolytic (Embden—Meyerhof-Parnas, EMP)
pathway to pyruvate (glucose + 2NAD™ + 2ADP + 2
P; — 2pyruvate + 2NADH + 2H™" + 2ATP). Some bac-
teria use the phosphoketolase (modified pentose-
phosphate) pathway (glucose + 3NAD(P)* + ADP +
P; + HSCoA — pyruvate + acetyl-CoA + 3NADH +
3H" + 1ATP) for pyruvate formation, whereas the
Entner—Doudoroff (or 2-keto-3-deoxy-6-P-gluconate,
KDPG) pathway (glucose + 2NAD(P)* + ADP + P; —
2pyruvate + 2NAD(P)H + 2H" + 1ATP) is found only
rarely in anaerobic bacteria.

In simple fermentations pyruvate is used as the
electron acceptor for reoxidation of the NAD(P)H
formed in sugar oxidation, yielding lactate or ethanol
as the fermentation products. In more complicated
fermentation reactions (mixed acid fermentation, buty-
rate fermentation, and others), pyruvate is further
oxidized yielding acetate and additional ATP. In these
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Ap ~-180 mV
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FIGURE 1 Generation of a proton potential (Ap) by translocation of

protons across a cytoplasmic membrane by anaerobic respiration and
coupling to ADP phosphorylation by ATP synthase. DH,, electron
donor; A, electron acceptor.

pathways butyrate or ethanol (plus acetate) can be
obtained as fermentation products among others.

Typical fermentation products derived from sugars
and amino acids are carboxylic acids (formate, acetate,
propionate, butyrate, and lactate), alcohols (ethanol,
2-propanol, n-butanol, and 2,3-butandiol), but also
polyols (glycerol, erythritol, and mannitol), CO,, and
H, (Table I). The well-known fermentation reactions
of this type are homo- and heterofermentative lactic
acid, propionic acid, butyric acid, mixed acid, or
ethanolic fermentations which are named according
to the major or characteristic products (Table I).
The ATP vyields of the fermentation reactions are
generally in the range of 1-3 ATP mol~ ! of hexose
(compared to up to 38 ATP mol~! glucose in aerobic
metabolism).

The most important primary or energy-conserving
reactions in fermentation are the oxidation of

TABLE I

Fermentation Products of Sugars (Primary Fermentations)
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aldehyde to carbonates (thioester formation by glycero-
aldehyde-3-phosphate dehydrogenase), the oxidative
decarboxylation of a-ketoacids (thioester formation by
pyruvate-ferredoxin oxidoreductase), and phosphorok-
lastic cleavage of ketuloses (acetyl-phosphate formation
by phosphoketolase) which are all located in the
oxidative part of fermentative metabolism. Reductive
desamination of amino acids (acetyl-phosphate for-
mation by glycine reductase) is an example for an
energy-conserving reaction in the reductive branch of
Stickland fermentation. The energy-rich products
obtained from these reactions are then used finally for
the phosphorylation of ADP yielding ATP.

Organic matter (polysaccharides, proteins, fats, and
monomers derived thereof) can be mineralized in the
absence of electron acceptors to methane and CO; by
interaction of fermenting and methanogenic proka-
ryotes. The primary fermenters degrade sugars and
amino acids to propionate, butyrate, succinate, lactate,
acetate, alcohols, CO,, H,, and NHj3. H,, CO,, and
acetate are converted by homoacetogenic and methano-
genic prokaryotes to methane and CO,. Alcohols and
fatty acids (short chain fatty acids such as propionate, up
to Cyg), on the other hand, are degraded by secondary
fermenters to methane and CO,. The secondary
fermenters are synthrophic bacteria which convert
alcohols, fatty acids, and aromatic compounds such as
benzoate to H,, CO,, and acetate. Secondary fermenta-
tion is an endergonic process under standard
conditions (e.g., butyrate + 2H,O — 2acetate +
H* 4+ 2H,; AG, = +482kJmol™! butyrate) and
becomes only exergonic in the presence of syntrophic
prokaryotes which consume H, to keep it at very low
levels. By this the reaction becomes exergonic under
environmental conditions (AGg,, = —18 k] mol™!
butyrate) enabling growth of the bacteria. Acetate,
H,, and CO, are metabolized by methonogenic archaea
and the homoacetogenic bacteria finally to methane
and CO,. In this way fatty acids, alcohols, and
aromatic compounds are mineralized yielding CO,
and methane as the final products.

Fermentation (pathway for sugar degradation)

Products per mol glucose (ATP yield per glucose)

Bacterium or microorganism

Lactic acid, homof ermentative (EMP)
Lactic acid, heterof ermentative (PK)
Propionic acid (EMP)

Butyric acid (EMP)

Mix acid (EMP)

Ethanolic (ED)

Ethanolic (EMP)

2 lactate (+2ATP)

1 lactate + 1 ethanol + 1CO, (+1ATP)

2 propionate (+2-3ATP)

1 butyrate + 2CO, + 2H, (+3ATP)

1 acetate + 1 ethanol + 2 formate (+3ATP)
2 ethanol + 2CO, (+1ATP)

2 ethanol + 2CO, (+2ATP)

Lactobacillus lactis
Leuconostoc
Propionibacterium
Clostridium butyricum
Escherichia coli
Zymomonas mobilis

Saccharomyces cerevisiae (yeast)

EMP, Embden—Meyerhof—Parnas pathway (glycolysis); PK, phosphoketolase pathway; ED, Entner—Doudoroff pathway.
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Fermentation reactions are used on a large scale for
preparation of food and beverages. The fermentation
reactions and products improve food (nutritional)
quality, taste, and durability. For this purpose mainly
primary fermentation reactions such as ethanol (bev-
erages), lactic acid (dairy products, vegetables, sour
dough), propionic acid fermentation (cheese), and others
are used. Solvent production (ethanol, propanol, buta-
nol, and acetone) by Clostridia also depend on type I
fermentations. Biotechnological processes for microbio-
logical production of amino acids, citrate, and others, on
the other hand, rely on an overflow metabolism of
central pathway and anabolic reactions.

Electron Transport
Phosphorylation in
Anaerobic Respiration

Anaerobic respiration is able to generate an electro-
chemical proton potential (Ap ~ —0.18 V) over the
membrane which is driven by the oxidation of an
electron donor by an (mostly externally added) electron
acceptor. The free energy of the redox reaction is
converted to and conserved in a proton potential
(Figure 1). The proton potential then drives phosphoryl-
ation of ADP and formation of ATP by ATP synthase.
The Ap generating respiratory chain and the Ap
consuming ATP synthase are thus coupled only by the
Ap. The free energy of the redox reaction of the
respiratory chain under standard conditions and pH 7
is directly related to the difference in the redox potentials
of the electron donors and acceptors (AE,), the Faraday
constant (F = 96.5 x 10°> Jmol ' V™') and the number
of participating electrons (n):

AG, = —nFAE,

Figure 2 gives a selection of important electron
donors and acceptors used by prokaryotes in anaerobic
respiration and the corresponding midpoint potentials.
The AE/O value sets the maximal (theoretical) amount of
electrons (H"/e ratio) which can be translocated across
the membrane for the given Ap value (—0.18 V):

(H*/e)ax = AEy/Ap

The actual H*/e ratio generally is lower than the
calculated value due to lower coupling efficiency,
and since some electron transport enzymes lack
coupling mechanisms for H* translocation. From the
above equations it follows that the minimal amount
of free energy required for translocation of 1 H¥
across membranes (Ap = —180mV) amounts to
—17.4kJ mol™'. Thus free energy as low as AG, =
—17 kJ mol ! can be conserved in a membrane potential

by anaerobic respiration (or other Ap gene-
rating reactions) compared to AG, value of
~ —50 kJ mol ™! required in substrate level phosphoryl-
ation. Therefore storage of free energy in a membrane
potential allows use of energy-supplying reaction with
low AG,, values, since 3—4 translocated H* or Na™ ions
are equivalent to phosphorylation of one ADP. This
coupling mechanism is of particular significance for
reactions of anaerobic metabolism which are only
weakly exergonic.

In anaerobic respiration a large number of different
electron acceptors can be used, including S° CO,,
sulfate, fumarate, nitrate, tetrachlorethen, and Fe*
(Figure 2). The free energy, and thus the ATP yields, are
distinctly lower than in aerobic respiration due to the
more negative redox potentials (and thus AE, values) of
the electron acceptors. Most of the anaerobic respiratory
systems are composed of two enzymes, a dehydrogenase
and a terminal reductase. The enzymes are linked by
diffusible low molecular redox mediators (quinones). In
anaerobic respiration menaquinone (MK, a lipophilic
naphtoquinone derivative with E, = —80 mV) replaces
ubiquinone (Q, a lipophilic benzoquinone derivative
with E; = +110 mV) from aerobic respiratory chains.
Figure 3 gives a schematic presentation on the topology
and arrangement of enzymes in fumarate and nitrate
respiration with formate as the electron donor. The
biochemistry and energetics of the enzymes have been
studied in detail, and the structures of the enzymes have
been solved by X-ray cristallography. Each of the
enzymes is anchored in the membrane with a hydro-
phobic anchor protein, which contains the active site for
the lipophilic quinone. The second active site for the
hydrophilic substrates formate, fumarate, or nitrate, is
located in the cytoplasmic or periplasmic protrusions of
the enzymes.

In formate:fumarate reductase respiration the
enzymes catalyze the following reactions:

Formate dehydrogenase :
Formate + MK + 2H:!" — CO, + MKH, + 2HZ,

Fumarate reductase :

Fumarate + MKH, +2H;} — succinate + MK +2H;"

n

Formate : fumarate reduction :

Formate + fumarate + 2H;" — Succinate + CO, +2HZ,

The overall reaction of formate : fumarate respiration
results in the release of 2H™ at the periplasmic, and
consumption of 2H" at the cytoplasmic side of the
membrane resulting in a H*/2e ratio of 2, which is due to
the action of formate dehydrogenase. The enzyme has the
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FIGURE 2
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Sulfur respiration
Desulfuromonas
H,+ S0— HS™+ H*

Carbonate respiration, methanogenesis
Methanogenic archaea
4H,+ CO,—> CHj +2H,0

Sulfate respiration
Desulfovibrio
4H,+ SO0, + H* =& HS™+ H,0

Fumarate respiration
E. coli, Wolinella
H, + Fumarate — Succinate

Nitrate respiration (denitrification)
Paracoccus
4H, + HNO; — NH;+ 3H,0

Reductive dehalogenation
Dehalospirillum
2H,+ C,Cl; = C,H,Cl, + 2HCI

Iron respiration
2[H] + 2Fe%" — 2Fe?*

Aerobic respiration
E. coli, Paracoccus
2H,+ 0, = 2H,0

Important electron acceptors of anaerobic respiration by prokaryotes. The scheme gives the redox potentials of the redox pairs,

the type of respiration, the metabolic balance using H; as the electron donor and examples for prokaryotes catalyzing the reaction. The free
. ' ’ . . .
energy of the reaction can be calculated from AGy = —nFAE,, and is for example for fumarate respiration (H, + fumarate — succinate)

AGy = —87kJ mol™ ..

active sites for formate oxidation and menaquinone
reduction on opposite sides of the membrane, and
translocates 2e” from the formate to the quinone site,
resulting in an overall translocation of two charges across
the membrane (without actual translocation of H*) and
generation of Ap. Many anaerobic respiratory enzymes
generate Ap in the same way. This mechanism of Ap
generation has to be distinguished from proton-pumping
redox enzymes, such as cytochrome ¢ oxidase, which
transfer protons across the membrane in a reaction,
which is driven by a redox reaction (proton pump).

In fumarate reductase the protons are released
(menaquinol site) and consumed (fumarate site) finally
on the same (cytoplasmic) side of the membrane. The
reaction therefore is not electrogenic and does not
contribute to the formation of Ap, and fumarate
reductase functions only as an electron sink. The overall
H"/2e™ ratio of formate fumarate reduction is 2 (2 from
formate dehydrogenase, 0 from fumarate reductase).
These findings are in agreement with the energetics of
the overall formate fumarate reduction, and of the
partial reactions. The big difference in the redox
potentials of the electron donor formate and of the
electron acceptor menaquinone of formate:menaquinone

reductase (AE, = —340 mV) allows generation of a
proton potential (max. H"/e ™ ratio =1.9). For fumarate
reductase AE, is much lower (AE, = —110 mV) which is
not sufficient for generation of a proton potential in
agreement with the scheme of Figure 3. In the same way
other terminal reductases such as nitrite reductase from
Wolinella succinogenes function as electron acceptors
without contributing directly to Ap production.

Formate—nitrate respiration is catalyzed by an
electron transport chain consisting of formate dehydro-
genase and nitrate reductase:

Formate dehydrogenase:
Formate + MK + 2H: — CO, + MKH, + 2H{,

Nitrate reductase:

Nitrate + MKH, + 2H;" — Nitrite + MK + H,O + 2H/,

Formate:nitrate reduction:

Formate + nitrate + 4H:, — nitrite + CO, +4HZ,

n

For quinol:nitrate reduction with nitrate (E/O =+430mV)
as the electron acceptor, AE; amounts to — 510 mV with
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Ap~-180 mV
Nitrate
N
2e‘ +2H
+ Nitrite
2H k”z +H,0
Nar
MKH2
FdhA | _—2H
HCOOH
. 2e
2H"+CO,
2H*
MKH2 2H+
Fum+2H"

Succ

FIGURE 3 Formate-fumarate and formate-nitrate respiration.
The figure shows topology and reactions of formate dehydrogenase
(formate:quinol reductase), fumarate reductase (quinol:fumarate
reductase) and nitrate reductase (quinol:nitrate reductase). Note
the topology of the active sites for formate, fumarate, nitrate, and
the quinones, the release and consumption of H* at the active sites,
and transmembrane transfer of electrons in formate dehydrogenase
and nitrate reductase. Frd, fumarate reductase; Nar, Nitrate reductase;
Fdh, formate dehydrogenase. Examples of this type of fumarate
respiration are found in E. coli and Wolinella of the nitrate respiration
in E. coli.

menaquinol, or to —350mV with ubiquinol as the
electron donor, which allows conservation of the redox
energy in a proton potential (Figure 3). Accordingly, the
enzyme functions as a redox half-loop very similar to
(but mirror-inverted) formate dehydrogenase, resulting
in the translocation of two positive charges across the
membrane (inside to outside).

A similar organization is found for many anaerobic
respiratory chains, which are composed of one respirat-
ory dehydrogenase and terminal reductase each, and
which are linked by the quinones. In this way a large
number of different respiratory dehydrogenases and
terminal reductases can be linked to each other in
branched respiratory chains.

Decarboxylation of

Dicarboxylic Acids

Some anaerobic bacteria grow at the expense
of decarboxylation of dicarboxylic acids such as

oxaloacetate or succinate. The free energy of this
reaction amounts to ~ —20 k] mol™' and is used for
translocation of one Na™ across the membrane by a
membraneous decarboxylase as the energy-conserving
reaction. The sodium motive force generated in this
way can be used to drive secondary substrate transport,
flagella, motility, or for phosphorylation of ADP if the
bacteria contain an Na™ potential-driven ATP synthase.
The Na*-dependent ATP synthase is very similar in
function and composition to H*-translocating F;Fy-
ATP synthase. In this way 3-4 decarboxylation
reactions are required for phosphorylation of one
ADP. Propionigenium modestum grows by conversion
of succinate to propionate, including decarboxylation of
methylmalony-CoA by a membraneous decarboxylase
(Figure 4). Succinate is converted to methylmalonyl-
CoA which is then decarboxylated in a reaction
coupled to Na* translocation. The enzyme in addition
consumes one H' from the periplasmic side of the
membrane for the formation of propionyl-CoA + CO,.
Thus, the free energy of decarboxylation is used
for generating an electrochemical Na® potential.
The decarboxylation represents an intramolecular
redox reaction producing an oxidized (CO;) and a
reduced (propionate) product. The reaction, however,
does not comprise electron transport and depends
only on the membraneous decarboxylase for generation

Succinate { > —> Succinate
Propionate < r Propionate
CO, Prop-CoA  Suc-CoA
H+
2Na* <
MMCoA- Methyl
dgcarboxylage malonyl-CoA
ADP + P,

nNa* —ATP-synthase (FoFy)
ATP

FIGURE 4 Anaerobic growth on succinate by P. modestum
(succinate + H,O — propionate + CO»; AG’O = —21kJmol™') and
generation of an Na™ potential by decarboxylation. The membraneous
methylmalony-CoA decarboxylase couples decarboxylation to trans-
location of 2Na* ions over the membrane. H* for the decaroxylation
reaction is derived from the outside.



of the electrochemical potential. In Klebsiella, an
enterobacterium closely related to Escherichia coli, a
membraneous Na* translocating decarboxylase of this
type (oxaloacetate decarboxylase) is part of citrate
fermentation and decarboxylates oxaloacetate yielding
pyruvate which can be further converted to acetate +
formate. In citrate fermentation ATP is formed in
addition by substrate level phosphorylation, or a H"
potential is generated in respiratory pathways. There-
fore, the ATP synthase of Klebsiella is H" dependent,
and the Na™' potential is used mainly for secondary
substrate transport.

Generation of a H'-Potential by
Transport of Charged Substrate
and Product Molecules

Some bacteria use the (electrogenic) transport of
substrate and product molecules for the generation of
a proton potential. Oxalobacter formigenes and lactic
acid bacteria like Lactococcus lactis or Oenococcus
oeni are able to generate a proton potential by
decarboxylation of the dicarboxylic acids oxalate or
malate. The decarboxylation is catalyzed by cyto-
plasmic enzymes, and the free energy of the reaction
is not directly stored in a membrane potential as in the
membraneous decarboxylases. In Oxalobacter
oxalate®” is taken up by an electrogenic antiport with
formate, the end product of the pathway (Figure 5).
Decarboxylation of activated oxalate (oxalyl-CoA)
produces CO, and consumes one H'. The antiport of

Ap

® ©

+
Oxalate?~ Oxalate?" Oxalyl H
T [ -CoA

Oxalate CoA

formate

antiport |

1- - Formyl
Formate Formate™ «—— ~ A CO,
ADP + P,

3—4H*
ATP

FIGURE 5 Anaerobic growth on oxalate by Oxalobacter formigenes
(oxalate — formate + CO,; AGy' = —27 k] mol ') and generation of
a H" potential by electrogenic oxalate* /formate!™ antiport and
decarboxylation of oxalate by a cytoplasmic (H" consuming)
decarboxylase.
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the dianionic oxalate against the monoanionic formate
generates an electrical gradient (outside positive), and
consumption of 1H" by the decarboxylation generates
a ApH (alkaline inside). The resulting proton potential
is then used to drive ADP phosphorylation by a H'-
ATP synthase.

Decarboxylation of malate by lactic acid bacteria
(malolactic fermentation: malate’” + H™ — lactate™ +
CO,) uses a similar mechanism of energy conservation.
In Lactococcus lactis malate*” is taken up and
converted by a cytoplasmic decarboxylase to lactate™
+ CO,, consuming H" as a cosubstrate. Malate?~ and
lactate™ are transported by an electrogenic antiporter
generating an electrical potential (outside positive), and
H* consumption in the cytoplasm during decarboxy-
lation generates a ApH value (inside alkaline). The
proton potential can be used for driving ADP synthesis
by a membraneous ATP synthase.

Anoxygenic Photosynthetic
Prokaryotes

Anoxygenic photosynthetic bacteria use only one
photosystem for converting light energy into an
electrochemical proton potential which is then used
for driving ADP phosphorylation. Anoxygenic photo-
synthetic bacteria are found in three different phyloge-
netic groups which contain different photosynthetic
systems: the purple bacteria, the green phototrophic
bacteria with the subgroups of green sulfur bacteria
(Chlorobiaceae) and Chloroflexus, and the gram-
positive Heliobacteria. The three groups show differ-
ences in the type of photosynthetic reaction center,
photosynthetic electron transfer and the electron
donors used, pigments, and the pathway for CO,
fixation. In anoxygenic photosynthesis, light is used to
raise electrons to a more electronegative redox
potential and to feed the electrons into a cyclic electron
transport to generate a proton potential. The cyclic
electron transport systems contain only one reaction
center in contrast to oxygenic photosynthesis in
cyanobacteria, green algae, or plants. The archaeon
Halobacterium salinarum, on the other hand, contains
a proton pump which is directly driven by light to
translocate protons over the membrane without
involvement of a photosynthetic electron transport. In
contrast to the photosynthetic bacteria using chlor-
ophyll containing proteins for photosynthesis and
energy conversion, Halobacterium contains bacterior-
hodopsin with retinal as a chromophor for light
absorption and conversion to an electrochemical
proton potential.



30 ENERGY TRANSDUCTION IN ANAEROBIC PROKARYOTES

SEE ALSO THE FOLLOWING ARTICLES

Chemiosmotic Theory e Energy Transduction in
Anaerobic Prokaryotes e Pentose Phosphate (Hexose
Mono Phosphate) Pathway e Pentose Phosphate
Pathway, History of e Photosynthesis o Propionyl
CoA—-Succinyl CoA Pathway e Respiratory Chain and
ATP Synthase

GLOSSARY

ATP synthase (FoF;-ATPase) Enzyme in mitochondria and bacteria
for the phosphorylation of ADP which is driven by the proton
potential over the membrane.

chemiosmotic hypothesis Mechanisms for the coupling of the
endergonic ATP synthesis by ATP synthase to the exergonic
electron transport via a proton potential over the membrane.

prokaryotes Microorganisms, mostly unicellular, in which the
chromosome is organized in a nucleoid (rather than a nucleus)
which is not separated from the cytoplasm by a membrane. Bacteria
and Archaea, two of the three major domains of living organisms,
are prokaryotes.
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Enzyme Inhibitors
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Enzymes catalyze the chemical reactions necessary for life.
They typically increase chemical reaction rates by factors of
10'°-10%%, The first step to initiate catalysis is binding the
reactant molecules into the catalytic sites to form the Michaelis
complex. In most enzymes, a conformational change occurs to
enclose the reactants tightly in the enzyme and to make
contacts between reactants and the enzyme that will achieve
the transition state and subsequently form products. The
enzyme then relaxes to open the catalytic site and release
products. Enzyme inhibitors prevent enzymes from their
catalytic function by interfering with any step in this
catalytic cycle. Four common types of enzyme inhibitors are
given as follows:

1. catalytic site inhibitors that compete with the substrate
for formation of the Michaelis complex, traditionally called
competitive inhibitors;

2. inhibitors that alter formation of the Michaelis complex
and full expression of catalytic potential are called noncompe-
titive inhibitors;

3. covalent inhibitors that form a Michaelis complex
followed by a chemical reaction with the enzyme to form a
stable and inactive complex, often called mechanism-based
inhibitors or “suicide inhibitors”; and

4. transition-state analogue inhibitors that resemble the
unstable reactant complex at the transition state of the reaction.

Reversible Catalytic-Site Inhibitors

REACTANT AND PRODUCT ANALOGUES

Molecules with shape and charge similar to the substrate
or products may bind to the catalytic site similar to the
normal reactants. When they are bound, substrate
cannot bind and the enzyme is prevented from catalyz-
ing the reaction. The relative affinity of these competing
molecules for the catalytic site and their abundance
relative to substrate will determine if they prevent
substrate binding (Figures 1 and 2). Thus, if reactants
and inhibitors bind with equal affinity, at equal
concentrations, the enzyme catalytic site will be equally
occupied with reactants and inhibitor resulting in 50%
inhibition. This relationship is described in quantitative
terms by the competition between an inhibitor (I) and a

Encyclopedia of Biological Chemistry, Volume 2. © 2004, Elsevier Inc. All Rights Reserved.

reactant (A) for a simple enzyme with one reactant by
the equation: v = (k, (A/(K,, + A(1 + I/K})), where v
is the enzymatic reaction rate, k., is the maximum
catalytic rate of the enzyme, K, is related to the binding
affinity between enzyme and substrate, defined as the
concentration of substrate to achieve 50% of k., in the
absence of inhibitor, and K; is the dissociation constant
for the enzyme-inhibitor complex, defined by the
equation: K; = (E)(I)/(EI), and A and I are reactant
and inhibitor concentrations. Diagrams of substrate and
product inhibition illustrate the mutually exclusive or
“competitive” inhibition relative to the catalytic site
(Figure 2). Complete graphical and mathematical
analyses of enzyme inhibition cases are available.

BISUBSTRATE MIMICS

Many enzymatic reactions combine two different
molecules at the catalytic site to transfer a chemical
group between them. An example is the enzyme
adenylate kinase that transfers the terminal phosphoryl
group of ATP to AMP to generate two molecules of ADP
(Figure 3). The catalytic site must accommodate ATP
and AMP at the same time in preparation for group
transfer. The bisubstrate mimic for the adenylate kinase
reaction is chemically similar to ATP combined with
AMP to make a bisubstrate molecule called APsA
(Figure 3). Such molecules compete for both substrate
sites, since they prevent either substrate from binding by
competition for the same sites. Bisubstrate mimics can
bind tightly to the enzyme since connected molecules
bind with affinity equal to the product of the
affinity of the individual molecules. For example, if
individual dissociation constants (K; values) for ATP
and AMP are both 10™* M, the dissociation constant
for the bisubstrate mimic would be expected to be
related to the product of these constants or
107*%x107*M=10"* M.

TRANSITION-STATE ANALOGUES

A special class of competitive inhibitors resembles
the reactant molecule at the very point where it

31
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FIGURE 1

A schematic for the steps in enzyme-catalyzed reactions. In the first step diffusion causes collision between the substrate and an

open catalytic site. The weakly bound enzyme-substrate complex causes the protein to close to form the tightly bound enzyme-substrate
complex. Hydrogen bonds (H-R), ionic bonds (+ — ), and hydrophobic interactions (> <) in this closed complex at the transition state are
shown. Following bond changes, the enzyme—-product complex relaxes to release product and regenerate the original form of the enzyme to

repeat the cycle.

crosses the chemical energy equivalence point of bond
breaking/bond making called the transition state. These
inhibitor molecules must be chemically stable, but have
close similarity to the unstable transition state. Based on
the theory of transition-state stabilization for enzyme-
catalyzed reactions, the perfectly designed transition-
state analogue is capable of binding to the enzyme by the
factor: K; for transition state inhibitor = K, /catalytic
rate enhancement. Since enzymatic catalytic rate
enhancements are typically 10'°-=10"°, perfectly
designed transition-state inhibitors can bind 10'°-10"
times better than substrate. These incredibly large
affinities have been rarely achieved. It is impossible to
match the nonequilibrium bond lengths and partial
charges present at the precise moment of the transition
state with chemically stable molecules. However, incor-
poration of even modest similarities between the
actual transition-state and transition-state analogues
can achieve binding affinities 10°-10" times that
of reactants, and this improvement is adequate
to achieve inhibition of the targeted enzymes in bio-
logical systems.

Enzymatic Transition States

This point of the chemical reaction is often the most
energetic point in the reaction cycle, and therefore the
rarest and the most difficult to detect. The exact shape

and charge of the substrate molecule at the moment of
the transition state is of great interest, since chemically
stable molecules that resemble the substrate molecule at
the transition state bind extremely tightly to the enzyme,
as discussed above. This concept was proposed early in
the history of biochemistry by Linus Pauling, and was
formalized several decades later by Richard Wolfenden.
An example of the substrate, enzyme-stabilized tran-
sition state and a transition analogue for purine
nucleosidase phosphorylase is shown (Figure 4). These
inhibitors commonly bind to the catalytic sites of
enzymes millions of times more tightly than the
substrates. Many of the antibiotics isolated in nature
have been found to be transition-state analogues.
Recently, molecules designed to be transition-state
analogues are being tested in medical applications such
as anticancer agents. Transition-state inhibitors compete
at the catalytic site and cause the enzyme to fold into its
tightly binding mode and keep it closed for long times,
preventing catalysis (see Figure 1).

Design of Transition-State Analogues

Both the shape and charge of reactant molecules change
as they reach the transition state (see Figure 1). The
structure of the transition state can be experimentally
measured by using kinetic isotope effects, combined
with computational chemistry to locate the enzymatic
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FIGURE 2 Enzyme A is a normal Michaelis complex with substrate a—b at the catalytic site (yellow). The bond to be broken by the enzyme
connects a and b. The substrate-like competitive inhibitor (pink, enzyme B) has a difference in the B part of the bound molecule and is not a substrate
but competes directly for a—b at the catalytic site. Since this is a competition, large amounts of a—b will displace a—B. A noncompetitive inhibitor
binds to influence catalysis but does not directly compete for the catalytic site. There are many variants of noncompetitive inhibition and binding at
a remote site to change features of the catalytic site is one example (green in enzyme C). Competitive inhibitors can also be product-like as shown in

enzyme D (pink).

transition state. The electron distribution at the van der
Waals surface of a molecule is called its molecular
electrostatic potential surface. This can be described
for substrate and transition states for enzyme
reactions provided the transition-state structure is

known, and can also be established for proposed
inhibitor molecules. Electrostatic matches to the tran-
sition state make powerful inhibitors by capturing
some of the transition-state energy usually applied to
catalysis (Figure 4).

FIGURE 3 The Michaelis complex for adenylate kinase (ATP + AMP — 2ADP) is shown on the left with the arrows indicating electron flow for
the phosphoryl group transfer. The inhibited complex with adenosyl-pentaphosphate—adenosine (A-P5-A) is on the right. The bisubstrate
inhibitor competes for both ATP- and AMP-binding sites. Ionic charges are omitted for clarity and the ribosyl groups are all B-o-ribose in

stereochemistry.
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FIGURE 4 The reaction catalyzed by bovine purine nucleoside phosphorylase (PNP), transition-state structure, and a transition-state analogue
inhibitor (immucillin-H). Novel features of the transition state are protonation at N7 and the partial positive charge on the ribosyl group. Both are
represented in the inhibitor, shown in blue. Immucillin-H binds approximately 1 million times more tightly to PNP than does the substrate inosine.
Shown below are the electronic van der Waals surfaces of inosine (left), transition state (middle), and Immucillin-H (right). Note the electrostatic
similarity between transition state and Immucillin-H. Reproduced with permission of Elsevier Ltd., from Vern, L. Schramn. Development of
transition state analogues of purine nucleoside phosphorylase as anti-T-cell agents. (2002) Biochem. Biophys. Acta 1587, 107-117.

Natural Product Transition-State Analogues

Many antibiotics isolated from natural sources are
transition-state inhibitors. One example is an antibiotic
formed in the culture medium of Strepromyces anti-
bioticus that is apparently made as an agent of microbial
warfare between species of soil organisms. R-Coformy-
cin binds to the catalytic sites of adenine nucleoside and
nucleotide deaminases millions of times tighter than the
reactant molecules. The transition-state structure for
deaminase enzymes has been solved and the similarity of
transition-state analogue and transition state is greater
than either to the substrate (Figure 5).

Noncatalytic Site Inhibitors

Noncatalytic site inhibitors include all inhibitors bind-
ing at sites other than the catalytic site. These inhibitor
molecules can cause several different types of
enzymatic inhibition, both competitive inhibition and
noncompetitive inhibition. The reason for this diversity
arises by inhibitor binding distant to the catalytic
site but, in so doing, changing the enzyme
conformation to prevent proper function of the enzyme
either in binding its substrate or in formation of
the products.
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FIGURE 5 Reactant (adenosine), transition state, and transition-state analogue inhibitor for adenosine deaminase. R-Coformycin is a natural
product transition state analogue inhibitor that binds 10 million times tighter to adenosine deaminase than does adenosine.

PREVENT CATALYTIC-SITE BINDING

An inhibitor may bind remote from the catalytic site to
change the protein conformation to cause mutual
exclusion between reactant binding at the catalytic site
and inhibitor binding at the remote site. For this
interaction, kinetic analysis of the type shown above
will be kinetically indistinguishable from competitive
inhibition. The surfaces of proteins contain highly
irregular and charged surfaces that interact with specific
molecules. Current practice of testing libraries of diverse
chemical compounds against a specific enzyme to find
any type of interaction that can cause inhibition often
discovers this class of inhibitor.

PREVENT SUBUNIT FORMATION

Most enzymes have multiple protein subunits that must
interact to provide a functional catalytic unit. An
example is the ribonucleotide diphosphate reductase
required to form deoxynucleotides for the biological
production of DNA. During cellular protein synthesis of
these enzymes, the protein subunits are formed separately
and must then combine to make the functional catalyst.
In the cell, these subunits are thought to separate and
recombine many times, providing an opportunity to insert
an inhibitory molecule in the protein interface between
subunits. Selection of such molecules from chemical
libraries or designing them from known protein—protein
interfaces prevents formation of the active enzyme
molecule in the cell. Inhibitors of this type have been
designed for ribonucleotide diphosphate reductase and
show promise in this new area of specific inhibitor design.

PREVENT CONFORMATIONAL CHANGE
FOR CATALYSIS

A related inhibitor type is one binding remote from the
catalytic site to prevent an enzymatic conformational

change that is required for catalysis. Most enzymes
require protein motion to close the catalytic site prior to
formation of the transition state. These loop or domain
motions involve physical motion of segments of the
proteins, often over relatively large distances. A con-
sequence of the motion is to position amino acid residues
in the catalytic site where they are required for
catalysis. An inhibitor that binds outside the catalytic
site and prevents this protein motion required for
catalysis will provide complete loss of enzyme
function without blocking access of reactants to the
catalytic site. As knowledge of the protein surfaces
becomes more complete, it will be increasingly
possible to design molecules that act in these novel
inhibitory roles.

Mechanism-Based Inhibitors

Mechanism-based enzymatic inhibitors are designed to
be stable molecules that resemble the substrate. They
bind at the catalytic site of the target enzyme and are
converted by the enzyme to a chemically reactive form
that covalently reacts with the catalytic site of the
enzyme. This covalent intermediate of enzyme inhibitor
differs from normal catalytic intermediates by its
chemical stability and long lifetime. Trapping the
enzyme in a stable covalent complex blocks the catalytic
site from normal interaction and provides long-term
inhibition of the enzyme. Mechanism-based inhibitors
are in broad use in biology, and our example of
this chemical inhibitor logic is in the pathway of
polyamines (Figure 6).

POLYAMINE SYNTHESIS

The polycationic polyamines are essential counterions
for DNA replication in dividing cells. The first step in
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FIGURE 6 Covalent suicide inhibition of ornithine decarboxylase by DFMO. In the normal reaction, the enzymatic cofactor, pyridoxal
phosphate, forms a Schiff base favoring decarboxylation of ornithine. With DMFO, the same steps occur but decarboxylation generates a reactive
difluoro-conjugated imine. A nearby cysteine nucleophile reacts to form a stable, inactive enzyme.

polyamine synthesis is catalyzed by ornithine decar-
boxylase which uses a transient covalent intermediate to
the enzymatic cofactor pyridoxal phosphate. Difloro-
methylornithine (DFMO) is decarboxylated in similar
fashion to orinithine, but the reaction creates a highly
reactive intermediate that reacts with a nearby group on
the enzyme to form a stable covalent intermediate,
resulting in an inactive ornithine decarboxylase. It
therefore stops polyamine biosynthesis. It has been
used as an anticancer agent and an antibiotic against
Trypanosoma species that cause sleeping sickness.
Specificity is provided by the binding of DFMO only
to the target enzyme and long biological action is
provided by the stable covalent interaction with the
enzyme. These are features of most mechanism-based
enzyme inhibitors. Care is needed that chemical
reactivity causing enzymatic inactivation is revealed
only to the target enzyme.

OTHER MECHANISM-BASED INHIBITORS

Many of the common antimetabolites are mechanism-
based inhibitors. Thus, certain insecticides form
covalent interactions with the catalytic site of enzymes
involved in insect neurotransmission. Deprenyl is a drug
used to treat Parkinson’s disease and mental depression
by increasing brain dopamine levels. It functions by
suicide inhibition at the catalytic site of monamine
oxidase, the enzyme that degrades dopamine.

Conclusion

The intricate steps in enzymatic action can be disrupted
in numerous ways, each causing inhibition of catalytic
steps. Enzymes have evolved to function in the presence
of the complex mixture of normal cellular components,
but inhibitors can be designed to specifically target a



single enzyme of the thousands that function in
coordination in a normal cell.

SEE ALSO THE FOLLOWING ARTICLES

Enzyme Kinetics e Enzyme Reaction Mechanisms:
Stereochemistry e Substrate Binding, Catalysis, and
Product Release

GLOSSARY

biological efficency The ability of an enzyme inhibitor to achieve
significant inhibition at the physiological conditions of substrates
and cofactors.

catalytic site A cavity on the enzymatic surface that binds substrates
and causes them to be converted to product by increasing the
probability that they will achieve the transition state.

inhibitor design Selection or synthesis of stable molecules intended to
disrupt catalytic function of a specific enzyme.

mechanism-based inhibitor A molecule resembling a substrate that is
chemically activated by the action of the enzyme to form a stable
covalent link with the enzyme — also known as suicide substrates or
suicide inhibitors.

substrate analogue A molecule with shape and charge features similar
to a substrate of the enzyme that binds at the catalytic site and
prevents substrate binding.

transition-state analogue A chemically stable molecule with shape
and electrostatic features that mimic those of the transition state
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and that inhibit at the catalytic site by converting energy of catalysis
to energy of binding.
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Enzyme Kinetics

Irwin H. Segel

University of California, Davis, California, USA

Enzymes are protein catalysts that accelerate the rates at which
reactions approach equilibrium. Enzyme kinetics is the branch
of biochemistry that deals with a quantitative description of
this process, mainly, how experimental variables affect
reaction rates. The variables that are studied include the
concentrations of the enzyme, substrates (reactants), products,
inhibitors, activators, the pH, temperature, and ionic strength.
A complete kinetic analysis (together with complementary
studies of equilibrium ligand binding, isotope exchange,
covalent modification of amino acid side chains, etc.) can
disclose most of the functional characteristics of a particular
enzyme. These include (1) the specificities and affinities of the
ligand subsites, (2) the order in which substrates bind and
products leave, (3) the enzyme species that are intermediates in
the overall reaction, (4) the magnitudes of component rate
constants, (5) the possible identities of active-site residues,
(6) the mode of action of an inhibitory drug, and (7) how the
enzyme might be regulated in vivo. Enzyme kinetics combined
with related approaches can show how the functional proper-
ties of a mutant or “engineered” enzyme compare to those of
its wild-type parent. Many of the equations of enzyme kinetics
are also applicable to other saturable biological processes,
e.g., membrane transport and receptor—ligand interactions.

Unireactant Enzymes and
the Michaelis—Menten Equation

By the mid- to late 1800s, most of the laws governing the
effect of reactant concentrations on the rates of chemical
reactions were known. But enzyme-dependent reactions
did not always follow these simple rate laws. In 1902,
Victor Henri proposed the first useful equation for an
enzyme-dependent reaction. Henri’s equation took into
account the known properties of enzymes, including that
(1) an enzyme was highly specific for a particular
substrate (or class of substrates), (2) substrates often
protected an enzyme from inactivation by heat, and
(3) a plot of initial velocity versus substrate concen-
tration was hyperbolic. (These properties all pointed to
the participation of an enzyme-substrate complex.)
Subsequent workers, including Michaelis and Menten
(1913), Van Slyke and Cullen (1914), and Briggs and
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Haldane (1925) confirmed and/or extended Henri’s
equation, which is derived below.

THE RAPID EQUILIBRIUM ASSUMPTION

The following assumptions and procedures led Henri
and others to the relationship between substrate
concentration and reaction rate, which is now known
as the Michaelis—Menten equation:

1. The overall reaction occurs in two steps, as shown
below:

ky
E+sk\:‘Esﬁ>E+P. (1)
-1
This sequence recognizes that the enzyme is not
consumed in the reaction, but rather, is a recycling
catalyst. The first step is the rapid equilibration of the
free enzyme, E, and the free substrate, S, to form an ES
complex. This is followed by the unidirectional, rate-
limiting decomposition of ES to E + P. The rapid
equilibrium between E, S, and ES is maintained
throughout the course of the reaction. (This condition
requires that k_; >> k,.) The equilibrium is described by
the dissociation constant, K; of the ES complex:

K, = [EI[SI/[ES] = k_1 /k;. )

Equation (2) allows the concentration of the ES complex
to be expressed in terms of the concentration of free E,
free S, and K:

[ES] = [SIE]/K,. 3)

2. At any time, the total enzyme, [E], is present as
either free E or as the ES complex. Thus, the mass
balance (conservation) equation is

[E]l, = [E] + [ES]. 4)

The total substrate is also distributed between the free
and complexed species:

[SI; = [S]+ [ES]. )

However, for most enzyme-dependent reactions that
are studied in vitro, the enzyme is present at a very
low (catalytic) level (i.e., [E], <<[S];), so that the

38



maximum [ES ] that can form will be much smaller than
the [S]; added. Consequently, it can be assumed that the
free S concentration is essentially identical to the total
added S (i.e., [S] = [S];). This assumption is not valid
for many enzymes inside the cells, where [E ]; may be in
the same range as [S ];.

3. The instantaneous or “initial” rate, d[P]/d# or
—d[S]/dt (usually indicated as “v” for “velocity”), is
proportional to the concentration of the ES complex:

v = ky[ES]. (6)

4. Itis assumed that the accumulating product has no
effect on the reaction. That is, the P concentration
remains close to zero throughout the course of the
reaction, or P has no affinity for the enzyme.

5. The final velocity equation is obtained by dividing
eqn. (6) by eqn. (4) and substituting for [ES] from
eqn. (3):

[SIE]
—U == 4]62[125] or v = 4k2[E]t KS (7)
[El,  [E]+IES] B [SI[E]
[E]+ ¢
S

k>[E]; is defined as V.« because when all the enzyme is
in the ES form, the observed velocity will be maximal.
This substitution and canceling [E ] in eqn. (7) yields the
final Michaelis—Menten equation:

[S]
v = Vmaxfs — Vmax[S] (8)
1+ IS K +[S1°
K

THE STEADY-STATE ASSUMPTION

By the 1920s, researchers realized that the rapid
equilibrium assumption was too restrictive and would
not be valid for enzymes where the ES complex proceeds
on to E + P much faster than it dissociates back to
E +S. In such cases, E, S, and ES would not attain
equilibrium. In 1925, Briggs and Haldane offered a more
general method for deriving velocity equations that did
not require a rapid equilibrium assumption. Their
steady-state approach recognized that under most
assay conditions, [E] and [ES] would attain certain
levels very quickly after mixing E and S, but that the
concentrations of these enzyme species would change
very little thereafter. In other words, for the duration of
the assay, the rate at which ES is formed (from E + S)
remains identical to the rate at which it decomposes
(back to E + S, plus forward to E + P). Similarly, the
rate at which E is produced from ES equals the rate at
which E is used to form ES. Scheme (1) is still applicable,
but now rate constants for individual steps must be taken
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into account. Applying the steady-state assumption
we can write

d[ES]/dt =0 or ki[E][S] = (k_, + ky)[ES] )

and

d[E]/dt =0 or (k_;+ky)[ES] = k([EI[S].  (10)
Solving either equation for [ES] yields
[ES]1=k4[EI[S]/(k—1 +ky) or [ES]=[SI[E]/K, (11)

where in the latter expression, the three rate constants
are combined into a single kinetic constant, K,
as shown below:

Ky=(k_1+ky)/ky. (12)

The initial velocity, v, at any [S] still equals k>[ES]. So,
proceeding as described earlier, but substituting for [ES ]
from eqn. (11), we obtain

_ Vinax[S]

T Kt ST (13

Thus, the velocity equation is the same as that derived for
rapid equilibrium conditions, except that the constant
in the denominator (now called a Michaelis constant) is
more complex than a simple dissociation constant.
The Briggs—Haldane approach is more general than
the rapid-equilibrium approach because it makes no
assumptions about the relative magnitudes of the various
rate constants. If k, <<k_q, K, reduces to k_1/k;, which
is equivalent to the simpler K.

Equation (13) is valid throughout the experimental
[S] range provided that the rate of P formation is
measured before [S] changes appreciably. (In practice,
substrate use should be restricted to less than 5% (or at
most 10%) of [S];.) When [S] <K, eqn. (13) reduces to
v = Vinax[S1/K, = k[S], i.e., the reaction is first order
with respect to [S] with a rate constant equivalent to
Vimax/Km- When [S] >> K., v is essentially constant at
Vmax and independent of [S]. (The reaction is zero order
with respect to [S].)

A MORE REALISTIC UNIREACTANT
REACTION SEQUENCE

Equation (1) contains the minimum number of steps that
must be considered in the description of a uni—uni (one
substrate, one product) reaction. A more realistic
scheme takes into account the conversion of enzyme-
bound S to enzyme-bound P (before P is released) and
the reversibility of each step as shown below:

ky ky ks
E+S ES EP
k,l kfz k—,}

P+E (14)



40 ENZYME KINETICS

A steady-state treatment of the above reaction sequence
once again yields the familiar Michaelis—Menten
equation when [P] = 0, except that now

k ks +k 1k y + kyks

K = b, +hy) 15
and
kyks[E],
Vo= f2mlEe 16
T by +k_y + ky (16)

So, in the absence of other information, the rate constant
compositions of the two kinetic constants, K, and V.4,
are not usually known. But regardless of its makeup,
K., is a valuable characteristic because it is equivalent
to the substrate concentration that yields half-maximal
velocity. V.4 is not a true constant because it depends
on the enzyme concentration. However, Viay/[E ]
expressed as moles of S converted to P per second per
mole of enzyme active site (which reduces to per second,
or s 1) is the catalytic rate constant (or turnover
number) of the enzyme, k... The ratio k. /K, has
been used to compare the action of an enzyme on a
series of related substrates. The higher the value of this
specificity constant, the better the substrate. If an
enzyme is evolutionarily perfected so that the catalytic
and product release rate constants are very much larger
than any of the reverse first-order rate constants, the
ratio ke, /K, reduces to ky, the second-order rate
constant for the interaction of E and S to form ES.
In aqueous solution, this constant has a maximum,
diffusion-limited value of ~10°M™'s~!. Many
enzymes have k., /K, values that approach this
maximum.

REVERSIBLE REACTIONS

In the presence of both the substrate and product, the net
steady-state velocity is given by the difference between
the forward and reverse rates of any step, e.g.,

v = ky[ES] — k_>[EP] (17)
or

v _ kz[ES] - k,z[EP] (18)
[El;  [El+I[ES]+[EP]

After substituting for [ES] and [EP ] and grouping rate
constants into kinetic constants, the equation is

Vmaxfﬂ - ‘/maxrﬂ
' Km KmP
v= (19)
P U}
KmS KmP

where Vi, s and V., are the forward and reverse
maximal velocities, respectively; K,s and K.p are
the Michaelis constants of S and P, respectively.

Equation (19) can also be written as

v= VmasE,lf)[]S] _ Vmax[,‘rg[]P] (20)
Kms(1+K—M)+[SJ Kmp(l +Kms)+[P]

which shows that in this unireactant process, P acts as
a competitive inhibitor of the forward reaction and §
acts as a competitive inhibitor of the reverse reaction.
(In reactions catalyzed by multireactant enzymes,
individual products might be competitive, uncompeti-
tive, or noncompetitive with respect to different
substrates.)

THE VELOCITY CURVE
AND ITS LINEAR FORMS

Figure 1 shows the typical hyperbolic dependence of the
velocity of an enzyme-catalyzed reaction on the substrate
concentration. The kinetic constants, K., and V., can
be obtained by fitting the v versus [S ] data directly to the
Michaelis—Menten equation using an appropriate com-
puter application. Alternatively, K, and V., can be
obtained by plotting the data in a linear form such as 1/v

100

T~

Vmax

[2] [os]
o o
— —

V (umol min~! mg protein™)
o
S
—

N
o
=1

[S] (mM)

FIGURE 1 Theoretical plot of initial velocity versus substrate
concentration in the absence of the product for an enzyme with a K,
of 0.5 mM and a V,,x of 100 wmol min~' mg ™" protein. The [S] at
which v is 50% of Viax (i-€., [S]o.5) is equivalent to K,,. The curvature
of the plot is the same for all enzymes obeying Henri—Michaelis—
Menten kinetics, regardless of the absolute values of the kinetic
constants. For example, the ratio of substrate concentration that
yields 90% of Viax ([S]o.o) to that yielding 10% of Viax ([So.1) is
always 81. Similarly, the [S]o.75/[S]o.s ratio is always 3. Note that
Vimax 1s difficult to determine visually. But a computer-assisted fit to
v = Vmax'[§]/(Km + [S]) will return both V.. and K. (Inset)
Double-reciprocal plot of the data. A wide range of substrate
concentrations is needed to construct both the primary plot and the
double-reciprocal plot because [S] values that are evenly spaced on
one plot do not space evenly on the other.



versus 1/[S] (usually called the Lineweaver—Burk or
double-reciprocal plot), v/[S | versus v (usually called the
Scatchard plot), v versus v/[S], or [S]/v versus [S]. The
most popular of these is the double-reciprocal plot,
which is based on the linear transformation of the
Michaelis—Menten equation shown below.

1 K, 1 1

Vmax

; Vmax m + (21)

A major advantage of a linear plot is that data obtained
at several different fixed concentrations of a second
ligand (e.g., a cosubstrate, product, inhibitor, or acti-
vator) can be displayed simultaneously and the resulting
slope and intercept characteristics used to diagnose
the kinetic mechanism or the mode of inhibition
or activation.

Multireactant Enzymes

COMMON MECHANISMS

Most enzymes catalyze reactions between two or more
substrates to yield two or more products. The substrates
bind to the enzyme either in a random manner or in a
compulsory order. Similarly, product release is random
in some cases, and ordered in others. Mechanisms in
which catalysis occurs only after two (or more)
substrates are brought together on the enzyme are called
“sequential.” Some enzymes catalyze the formation and
release of a product before all the substrates have bound.
For example, an enzyme might capture a substrate, A,
and retain part of that molecule (sometimes as a covalent
adduct with the enzyme) releasing the rest of the
molecule as product P. Only then does substrate B bind
and combine with the part of A that was left on the
enzyme to form product Q, which then leaves. This type
of substituted enzyme or “ping-pong” mechanism is
common for transaminases; the amino group of sub-
strate A is left temporarily on the enzyme. A reaction
catalyzed by a terreactant (three-substrate) enzyme
might proceed by a combination of sequential and
ping-pong steps. The order of addition of substrates and
release of products is called the kinetic mechanism. Four
bireactant examples are shown in Figure 2.

VELOCITY EQUATIONS FOR SOME
BIREACTANT MECHANISMS

In some cases, different kinetic mechanisms are
described by different velocity equations. (See standard
enzyme kinetics texts for the procedures used to derive
these equations.) Consequently, it is sometimes
possible to distinguish between mechanisms from the
characteristics of the double-reciprocal plots. For
example, the velocity equation for an ordered bireactant
mechanism under steady-state conditions in the absence
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of products is

_ Vinax[AILB]
KiaKmB + KmB[A] + KmA[B] + [A][B]

(22)

v

where K, and K5 are the Michaelis constants of the
two substrates and K;, is the simple dissociation
constant of the EA complex. (Velocity equations for
multireactant mechanisms often contain both types of
constants.) When [A] is varied at different fixed
concentrations of B, the velocity dependence can be
written in the form of the Michaelis—Menten equation:

KiaKmB KmB
Koal 14+ ——= | +[AI| 1+ ——
A( KualBI ) : ]( [B] )
Or, in double reciprocal form:

1 K K;,K 1 1 K
—= mA(1+ = ‘“B)—+—<1+i‘3). 24)
v Vmax

KmA [B] [A] Vmax [B]
When [B] is varied at different fixed concentrations of A,
the equations are

Kia KmA
K 1 Bl|1+4+ —=
mB( +[A])+[ 1( n [A])

and

1 Ko K, 1 . 1 Ko
v Vi (H [A])[B] " Vm(1+ [A] ) (26)

At a fixed concentration of one substrate, e.g., A, the
velocity dependence on the concentration of substrate B
can also be described by a simplified form of eqn. (25):
Vmax.app[ B
y= YmanapplBl (27)
KmB,app + [B]
where the apparent constants are related to the true or
limiting constants as shown below.
K
1 + 1a
( [A] )

V.
Vmax,app = 7 N\
(1+5) (1+22)
28)

In other words, the experimentally determined “K,”
and “V,..” depend on the concentration of the
co-substrate and will not equal the limiting values unless
that concentration is infinitely high (“saturating”). In
practice, the limiting kinetic constants are obtained from
appropriate replots of the slopes and 1/v-axis intercepts

and Ky app =
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A B P Q
Kyl ks Ky k-2 ks | ks ks|k_s
EA \ EQ
E (EAB<==EPQ) E
EB EP
Kl Kk kolkez  kglk-g
A B A Q P
A B P Q
Ky| K ky k-2 kg|k-a Kyl kes
B E EA (EABS==—=EPQ) EQ E
A B P Q
Ky k-1 k, ko k3| k-3
c E EA EQ E
A P B Q
k1 k-4 K2 ko k3 k-3 Ky|k-a
D E (EA===FP) (FB S===EQ) E

FIGURE 2 Four common kinetic mechanisms for bireactant enzymes shown in the Cleland shorthand notation. Substrates are indicated above a
horizontal line as A, B, C, etc., in the order in which they add to the enzyme. Products are indicated as P, Q, R, etc., in the order in which they
dissociate from the enzyme. Arrows are shown pointing in a single direction, but all the reactions are reversible. Rate constants for each reversible
reaction are shown alongside of the arrows. For computer-based derivations of the velocity equation, it is usually more convenient to indicate all
rate constants with positive subscripts (odd numbers for the forward steps; even numbers for the reverse direction). The various enzyme species
present in the mechanism are placed below the horizontal line (in sequence of their formation). Species that are interconverted by a unimolecular
step are usually grouped together within parentheses. (A) Random mechanism, (B) ordered mechanism, and (C) Theorell-Chance mechanism. The
last is a limiting case of an ordered mechanism in which the EAB + EPQ central complex does not account for a significant fraction of the total
enzyme in the steady state. (D) Ping-pong mechanism where stable enzyme form F may be a covalent adduct of E with the part of substrate A

left behind.

of the double-reciprocal plots. (The former is a replot of
Kimapp/ Viax,apps the latter is a replot of 1/Viax app-)
For example, the replots for the family of 1/v versus
1/[B] plots at different fixed [A] are described by the
following linear equations:

Kma 1, 1
Vmax [A] Vmax

(29)

int =

_ KmBKia 1 KmB
dope =y A1 T Ve OO

Vimaxs Kma, Kmp, and K;, can be determined from the
intercepts of the replots.

The equations for the substituted enzyme (ping-pong)
bireactant mechanism in the absence of products is

v— Vinax[AI[B] G1)
Kip[A]l + Kina[B] + [Al[B]

When [A] is varied at different [B], the Michaelis—
Menten and double reciprocal equations are

KmB
K 1+ —
mA + ( + [B] )




and

1 o KmA 1 1 KmB
v Vo [A] | Vo (” [B] ) (53

The equations for varied [B] at different [A] are
symmetrical to those shown for varied [A]. Figure 3
shows the families of 1/v versus 1/[A] plots for an
ordered and a ping-pong mechanism. In both mechan-
isms different fixed [B] values affect the vertical-axis
intercepts. In the ordered mechanism, changing [B] also
affects the slopes of the 1/v versus 1/[A] plots. But in the
ping-pong mechanism, changing the fixed [B] has no
effect on the slopes. (Note that eqns. (24) and (33)
predict these effects.) The absence of a slope effect is
often sufficient to identify the ping-pong mechanism.

[B]=0

C v
1K :
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But the presence of both slope and intercept effects
(as shown in Figure 3A) is not sufficient to diagnose
the mechanism as ordered because in the absence of
products, a steady-state ordered, a Theorell-Chance,
and a rapid-equilibrium random mechanism all have the
same velocity equation. Consequently, the double-
reciprocal plot patterns of the three different mechan-
isms are the same. Additional measurements are needed
to distinguish between these mechanisms. Product
inhibition studies can be informative. For example, in
a steady-state ordered mechanism, one of the products
(P, the first to dissociate from the enzyme) is noncompe-
titive with respect to both substrates, but in a Theorell-
Chance and random mechanism, each product is
competitive with at least one substrate. Dead-end
inhibition studies may also be useful. For example,

-1 /KmA,app - /Kia

FIGURE 3 Double-reciprocal plots of 1/v versus 1/[A] at different fixed concentrations of B. A is called the varied substrate; B is called the
changing fixed substrate. (A) A sequential mechanism. The plots could be for a steady-state ordered, Theorell-Chance, or a rapid-equilibrium
random mechanism. (B) Ping-pong mechanism. For the above mechanisms, the plots of 1/v versus 1/[B] at different fixed [A] have the same
appearance as for varied 1/[A]. The limiting kinetic constants, Ko, Kimp, Kia, Vinaxs €tc., are obtained by replotting the slopes and/or 1/v-axis
intercepts of the double-reciprocal plots against the reciprocal of the changing fixed substrate concentration.
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a nonreactive analogue that is competitive with B will be
uncompetitive with A in the ordered and Theorell-
Chance mechanisms, but noncompetitive with A in the
random mechanism. (This assumes that the inhibitor
forms an EAI complex in the Theorell-Chance mechan-
ism and mimics substrate B completely in the random
mechanism by binding to both E and EA.)

CLELAND’S SLOPE
AND INTERCEPT RULES

W. W. Cleland has presented a series of rules for
predicting the effect of changing the fixed concentration
of a co-substrate or product on the slopes and vertical-
axis intercepts of 1/v versus 1/[varied substrate] plots.
The slope and intercept effects are predicted separately
and then combined to deduce the appearance of the
double-reciprocal plot family. Conversely, the slope and
intercept patterns can help to diagnose the kinetic
mechanism. The rules are as follows.

Intercept Effect

A changing fixed substrate or product will cause an
intercept effect if it and the varied substrate combine
with different enzyme forms. Exceptions: an intercept
effect will not be seen for a changing fixed ligand that
adds to the enzyme before the varied substrate under
rapid-equilibrium conditions, or in a Theorell-Chance
“hit-and-run” sequence between a substrate and the
immediately released product (B and P in Figure 2C).

Slope Effect

A changing fixed substrate or product will cause a slope
effect if it and the varied substrate combine with the
same enzyme form, or with different forms that are
“reversibly connected” in the upstream or downstream
direction. Two enzyme forms will not be reversibly
connected if either (1) a product release step occurs
between them and that product is at zero concentration
in the assay solution, or (2) a substrate addition step
occurs between the two enzyme forms and that substrate
is present at a saturating concentration. Both the
upstream and downstream directions must be blocked
to eliminate reversibility.

A product will have no effect on slopes or intercepts
if the steady-state level of the enzyme form with which
it combines is zero because of saturation with a
competitive substrate.

Similar rules predict the slope and intercept effects
produced by dead-end inhibitors.

SEE ALSO THE FOLLOWING ARTICLES

Allosteric Regulation  Enzyme Inhibitors

GLOSSARY

catalytic rate constant (k.,;) Moles of substrate converted to product
per second per mole of enzyme active site; also called active-site
turnover number.

kinetic mechanism The order in which substrates add and products
are released in an enzyme-catalyzed reaction.

maximal velocity (V,..) Maximum reaction rate (v observed at
saturating substrate concentrations) for a given concentration of
enzyme: Vi = Read E i

Michaelis constant (K;;,) Kinetic constant equivalent to the concen-
tration of the varied substrate that yields half-maximal velocity
when all other substrates are saturating.

rapid equilibrium Condition where the ligands and enzyme species
present are at chemical equilibrium.

steady state Condition where the rate of formation of an intermediate
is equal to the rate of its utilization.
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Enzyme Reaction Mechanisms:

Stereochemistry

Ming-Daw Tsai, Li Zhao and Brandon J. Lamarche

The Obio State University, Columbus, Obio, USA

Stereochemistry is the facet of chemistry concerned with the
three-dimensional properties of molecules. The history of
stereochemistry began in 1815 when Jean-Baptiste Biot
discovered that some molecules are capable of rotating the
plane of polarized light. Louis Pasteur suggested in 1850 that
this phenomenon could be attributed to the stereochemical
properties of molecules. In the subsequent 150 vyears it
has come to be understood that stereochemistry is all-
important in biology, where a molecule’s structure and
function are inextricably related. Though synthetic chemists
are increasingly adept at controlling the stereochemistry of
chemical reactions, enzymes — nature’s catalysts — remain the
paradigm for stereochemical control. Stereochemical analysis
of enzymatic reactions can therefore yield information
about the mechanism of enzyme action. That is the focus of
this entry.

Explanation of Stereochemical Terms

Figure 1 uses chemical structures to illustrate key
stereochemical terms. Stereomers (or stereo isomers)
are molecules that have the same molecular formula and
the same order of attachment of atoms, but they differ in
the way their atoms are oriented in space. Any molecule
that cannot be superimposed on its mirror image is said
to be chiral. Though chirality can result from a number
of molecular properties, it is usually due to the presence
of one or more carbon or phosphorus atoms, called
chiral centers, which are surrounded by four unique
substituents. Chiral molecules are classified as either
enantiomers (stereoisomers that are mirror images of
each other) or diastereomers (stereoisomers that are not
mirror images of each other).

Configuration specifies how substituents are oriented
around a chiral center and is determined by the R-S
notation system, where R and § refer to the Latin terms
rectus (right) and sinister (left). To assign R/S configur-
ation, a priority rating is given to each substituent at a
chiral center using the following rules: Priority is first
assigned on the basis of atomic number with highest

Encyclopedia of Biological Chemistry, Volume 2. © 2004, Elsevier Inc. All Rights Reserved.

priority given to the atom with the highest atomic
number. When identical atoms are directly attached
to the chiral center, the next atoms on the sub-
stituent are compared, until a difference is noted.
Once priority has been established, the molecule is
oriented so that the lowest priority substituent is
pointing away from the viewer. The direction of
rotation observed when moving from the highest
to lowest priority will now be either clockwise or
counterclockwise and the configuration is designated R
or S, respectively.

An atom that is attached to two unique substituents
and two identical substituents is said to be prochiral.
The two identical groups at a prochiral center can
be designated as pro-R and pro-S following a prochirality
rule. As shown in Figure 1C, the pro-R hydrogen
(Hg) is the one that leads to R configuration if it is
given a higher priority than the other hydrogen atom.
When a chiral center or prochiral center is phosphorus
instead of carbon, a subscript p is added (i.e., Rp, Sp,
pro-Rp, pro-Sp).

Stereoselectivity, Stereospecificity,
and Stereochemical Course of

Enzymatic Reactions

If exposed to a racemic mixture of substrates, most
enzymes utilize one enantiomer or diastereomer prefer-
entially. In reactions where chemistry is occurring
at a prochiral center, an enzyme is also likely to act on
just one of the two available enantiotopic or diastereo-
topic groups. The enzyme is said to be stereoselective in
both cases.

Enzymatic reactions are almost always stereospeci-
fic, which means that they convert one stereoisomer of
substrate to one stereoisomer of product. For substi-
tution reactions, stereochemical course refers to the
change (or lack thereof) in configuration at the reaction
center in a stereospecific reaction. While retention
means the new group occupies the same position as the
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FIGURE 1 Demonstration of stereochemical terms using structures. (A) Though molecules 1, 2, and 3 have the same molecular formula, only 2
and 3 are stereoisomers. Molecule 1 has a different pattern of bonding (i.e., a different linkage of atoms) and is therefore a structural isomer of
molecules 2 and 3. (B) Alanine stereoisomers are enantiomers since they are mirror images of each other. Note that the different configuration of
substituents about the central carbon makes it impossible to superimpose the two isomers. (C) Glycine is achiral and therefore does not have
stereoisomers. However, the central carbon is a prochiral center since it can be converted to a chiral center by replacing one of the two hydrogens
with a different group. The two hydrogens are said to be enantiotopic since the separate replacement of each hydrogen results in a pair of
enantiomers. (D) The two stereoisomers of threonine shown are diastereomers, i.e., stereo isomers that are not complete mirror images of each
other. Note that this pair of molecules results by altering the configuration at C,, while leaving the configuration at the Cz unmodified. (E) Serine
contains a chiral center at C, and a prochiral center at Cg. Unlike glycine, the two hydrogen atoms at the prochiral center of serine are diastereotopic
groups since the separate replacement of each hydrogen results in a pair of diastereomers.

displaced group, inversion means it occupies the
opposite position. If the reaction is non-stereospecific,
it leads to racemization, with both isomers being
formed at a ratio close to 1:1. Note that an R-substrate
does not necessarily give an S-product in an inversion
reaction, since the priority of the substituents at the
reaction center can be altered on going from substrate
to product. Also note that there is a steric course
(inversion or retention) even when the displacement
occurs at a prochiral center or a pro-prochiral center

(a methyl group or phosphoryl group). The three
hydrogen atoms of a methyl group and the three
oxygen atoms of a phosphoryl group are homotopic
and cannot be differentiated from one another by an
enzyme. In these cases, there is no issue of stereo-
selectivity, only steric cause. Experimentally, pro-
prochiral centers can be made chiral via isotope
substitution, which in turn allows elucidation of the
steric course of the reaction as illustrated in Figures
2B and 2C.
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FIGURE 2 Illustration of possible steric courses of enzymatic
reactions and application of isotope substitutions to elucidate the
steric course. Steric courses shown in B, C, and D are inversion,
inversion, and retention, respectively.

In addition to the use of oxygen isotopes, an oxygen
atom at a prochiral or pro-prochiral center can also be
replaced by a sulfur atom. These phosphorothioate
analogs have found broad applications in the study of
diverse biological systems. The stereochemical course of
phosphatases, which convert a phosphomonoester to
inorganic phosphate, have been deciphered in this
manner, as illustrated in Figure 2D.

Key steps in conducting stereochemical experiments
are the synthesis of isomers of chiral substrates and/or
substrate analogs and the analysis of a compound’s
stereochemical configuration before and after being pro-
cessed by an enzyme. Since different substrate analogs
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are required for each enzyme studied, and since
isotopes are frequently used, these studies are par-
ticularly challenging.

Pioneering Study: Alcohol
Dehydrogenase (ADH)

Yeast alcohol dehydrogenase (ADH) catalyzes the
reversible transfer of a hydrogen atom between a
molecule of ethanol and a molecule of the coenzyme
nicotinamide-adenine dinucleotide (NAD™). By use of
deuterated ethanol or coenzyme, ADH was shown to
abstract the pro-R hydrogen of ethanol and adding it to
the re face of NAD™, as illustrated in Figure 3.

Analysis of Steric Course to Probe an
Enzymatic Reaction Pathway

In nonenzymatic reactions, a bimolecular S\2 reaction
leads to inversion of configuration of the chiral carbon,
while a unimolecular Sn1 reaction generates a planar
carbonium ion that reacts randomly at each face to
generate a racemic product. In enzymatic reactions,
however, the steric course is usually an inversion for
both types of mechanisms, since the carbonium ion is
not free to rotate within the active site. Thus, an
inversion of steric course can be used to conclude that
the reaction involves an odd number of displacements
(most likely single displacement), whereas retention can
be used to conclude that the reaction involves an even
number of displacements (most likely two displacements
involving an E-S intermediate).
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FIGURE 3 Stereochemistry involved in the reaction catalyzed by yeast alcohol dehydrogenase (ADH). In the forward reaction, the pro-R
hydrogen of ethanol is transferred to the re face of NAD™ to give NADH and acetaldehyde. In the reverse reaction, the pro-R hydrogen of NADH is
transferred to the re face of acetaldehyde. The numbers 1, 2, and 3 designate the priorities of the substituents at the sp* carbon. The re and si faces of
NADH are diastereotopic faces (since “R” includes stereocenters) whereas those of acetaldehyde are enantiotopic faces.
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Phosphoryl transfer reactions are described by
different terminology, where dissociative and associat-
ive mechanisms generally correspond to Sy1 and Sn2,
respectively. The associative mechanism can be exe-
cuted via in-line or adjacent mechanisms. In the
adjacent mechanism, the nucleophile enters on the
same side as the leaving group, generating a pentavalent
intermediate with trigonal bipyramidal geometry.
However, for the reaction to proceed, both the nucleo-
phile and the leaving group must occupy apical
positions. Therefore, pseudorotation — rearrangement
of substituents about the reaction center such that
the leaving group shifts from an equatorial to an
axial position — must occur before the leaving group
can be expelled. Except when the adjacent mechanism
appears likely, the steric course of the reaction is also
used to obtain information about the number of
phosphoryl transfers.

Information about an enzyme’s steric course is very
useful for elucidating the reaction pathway as
illustrated by the following example: mammalian
phosphatidylinositol-specific lipase C (mPI-PLC) cata-
lyzes the simultaneous formation of 1,2-cyclic phos-
phate (IcP) and inositol phosphate (IP) from
phosphatidylinositol (DPPI). Two reaction schemes,
sequential and parallel, can account for this behavior
(Figure 4). Examination of the steric course of the
mPI-PLC catalyzed reaction, where inversion of
configuration at the phosphate center of IcP and
retention of configuration at the phosphate center of
IP were found, led to the conclusion that the reaction
pathway is sequential.

Sequential
RO
RO]EH
(o) 160
P;l?
OH O
O/
OH
HO OH
OH
Re-[17O]DPPI 190

parallel

Stereoselectivity Can Probe
Metal —Nucleotide or
Enzyme—Substrate Interactions

at the Transition State

Enzymes catalyze reactions by stabilizing the transition
state. Knowledge of enzyme substrate interactions at
the transition state is therefore requisite for under-
standing the mechanism of enzyme action. Though
structures of enzyme-—substrate complexes are useful,
they can only provide information about ground state
interactions. Since enzymatic stereoselectivity is a
consequence of steric and electronic constraints within
the enzyme active site at the transition state, stereo-
chemical studies can provide information about cataly-
tic interactions that is often unattainable via structural
work alone.

Since there are numerous points of contact between
an enzyme and its substrate throughout a reaction
pathway, stereoselectivity alone is often not sufficient for
providing information about a particular enzyme-
substrate interaction. However, this difficulty is circum-
vented by employing substrate analogs in conjunction
with stereochemical analysis. For example, most
enzymes that utilize ATP prefer one isomer of ATPaS
or ATPBS over the other. Such Rp/Sp (or Sp/Ryp)
stereoselectivity can be caused by phosphate—metal-
ion interactions, phosphate—enzyme interactions, or
both types of interactions. A reversal (or a dramatic
change) of stereoselectivity in the presence of an
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FIGURE 4 Proposed sequential and parallel mechanisms for the formation of IcP and IP catalyzed by mPI-PLC. In the sequential mechanism,
intramolecular attack by the axial ring hydroxyl forms the cyclic intermediate (IcP), which is then broken down by hydrolysis (H3*O) to give Rp-
[0, 170, 80] IP. In the parallel mechanism, intramolecular attack by the axial ring hydroxyl and direct water (HA*0) attack gives Sp-['°O, 170,

180] IP, respectively.
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FIGURE 5 Metal-nucleotide interactions showing that substitution
of Mg by Cd** leads to a change in the stereoselectivity of AK from
Rp-ATPBS to Sp-ATPS.

“unnatural” metal ion or upon mutating an active site
residue provides strong evidence that the metal ion or
mutated residue interacts with that particular phosphate
moiety. Studies of adenylate kinase (AK) described
below further illustrate this point.

AK catalyzes the reversible phosphoryl transfer
reactions: Mg®* - ATP + AMP — Mg”** - ADP + ADP.
Of the Rp and Sp isomers of ATPBS shown in Figure 3,
AK prefers the Sp isomer by a factor of 9 in the presence
of Mg*". However, this stereoselectivity is reversed (Rp
isomer is preferred by a factor of 10) when Mg*" is
substituted by Cd*". Since Cd** preferentially coordi-
nates sulfur over oxygen, which is opposite to the ligand
preference of Mg*™, the switch of stereospecificity upon
Cd** substitution is strong evidence for direct coordi-
nation of the metal ion by the pro-S oxygen of the
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FIGURE 6 Enhancement and reversal of adenylate kinase stereo-
selectivity by site-directed mutagenesis (Ad, adenosine). In the reaction
catalyzed by WT protein, phosphate is preferentially attached to the
pro-R oxygen of AMPS. The R97M and R44M mutations enhance and
reverse this stereoselctivity, respectively. This provides strong evidence
that R97 and R44 interact with the phosphate moiety of AMP at the
transition state. A and B represent two “conformers” of AMPS when
bound to the active site of the enzyme.
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B-phosphate of ATP. Additional mechanistic infor-
mation for AK was derived using active site mutants.
Wild type AK catalyzes the stereoselective conversion of
AMPS to Sp-ADPaS. Such stereoselectivity could be
achieved by restricting orientation of the P-S and P-O
bonds at the active site as shown in Figure 6. Experi-
mental results demonstrated that the stereoselectivity of
this reaction is further enhanced by the R97M mutant,
but is completely reversed in the reaction catalyzed by
the R44M mutant. These results indicate that the
conformational equilibrium of the AMPS substrate in
the active site is perturbed in both mutants, suggesting
that the Arg97 and Arg44 residues interact with the
phosphate moiety of AMPS.

SEE ALSO THE FOLLOWING ARTICLES

Carbohydrate Chains: Enzymatic and Chemical
Synthesis e Enzyme Inhibitors e Substrate Binding,
Catalysis, and Product Release

GLOSSARY

enzyme-catalyzed reaction Usually stereospecific; many of them are
also stereoselective. The stereochemical property of an enzymatic
reaction is useful in elucidating its reaction mechanism.

stereoselectivity The ability of an enzyme to choose from two or
more possible stereoisomers as a preferred substrate, to choose
from two enantiotopic groups or from two diastereotopic groups,
or to produce one stereoisomer as a preferred product when more
than one stereoisomeric products are possible.

stereospecificity The ability of an enzyme to convert a particular
stereoisomeric substrate to a specific stereoisomeric product. For a
substitution reaction, the stereochemical course of a stereospecific
reaction can be retention or inversion.
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Epidermal Growth Factor

Receptor Family

Denis Tvorogov and Graham Carpenter
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The physiological state of a single cell in a multicellular
organism is generally determined by different extracellular
signals presented to the cell. Many of these extracellular signals
transduce their cellular response by recognizing and activating
a receptor with intrinsic tyrosine kinase activity. Among these
is the epidermal growth factor receptor family, also known as
the ErbB family of receptors.

Receptors and Ligands

The ErbB family is comprised of four receptor
tyrosine kinases: ErbB-1 (also known as an epidermal
growth factor [EGF] receptor), ErbB-2, ErbB-3, and
ErbB-4. These receptors are thought to mediate
signal for cell proliferation, differentiation, migration,
or apoptosis. Deregulated expression or mutational
activation of ErbB receptors, especially ErbB-1 and
ErbB-2, has been found in numerous types of
human cancer.

Eleven different EGF-like growth factors, which
directly activate ErbB receptors, have been identified:
EGEF, transforming growth factor alpha (TGF-a),
amphiregulin, heparin-binding-EGF (HB-EGF), epi-
regulin, betacellulin, epigen, and the neuregulins
(NRG-1, NRG-2, NRG-3, NRG-4) also known as
heregulins. ErbB receptors are subgrouped by their
ligand-binding properties. ErbB-1 recognizes EGE
TGF-a, amphiregulin, HB-EGEF, epiregulin, epigen,
and betacellulin. ErbB-3 binds NRG-1 and NRG-2.
ErbB-4 binds NRG-1-4, betacellulin, epiregulin,
and HB-EGF (Figure 1). As yet no ligand has been
identified for ErbB-2, but significant data suggest that
ErbB-2 serves as a coreceptor for all other ErbBs. The
binding of a ligand with an ErbB receptor induces the
formation of homodimers and heterodimers, particu-
larly with ErbB-2. Dimerization is a mechanism to
provoke receptor autophosphorylation and thereby
stimulate the intrinsic tyrosine kinase activity of
the receptors.

Encyclopedia of Biological Chemistry, Volume 2. © 2004, Elsevier Inc. All Rights Reserved.

The Structure of ErbB Receptors

The domain structure of the ErbB receptors consists of
an extracellular ligand-binding domain, a single trans-
membrane (TM) domain, and an intracellular region
(Figure 1). The extracellular domains of all ErbB
receptors are highly glycosylated and are subdivided
into four subdomains, termed I, II, III, and IV. Domains
Il and IV are cysteine-rich regions, and are highly
conserved among the ErbBs. Domains I and III
cooperate to form a growth factor-binding site as
demonstrated by the crystal structure of the extracellular
region of the ErbB-1 receptor with EGF and TGF-a.
These data further indicate that growth factor binding
induces conformational changes in subdomain II, which
leads to dimerization through a direct receptor:receptor
interaction.

The TM domain of each ErbB receptor contains
20-25 amino acid residues forming five loops of a-
helical structure, and probably plays a passive role in
signal transduction. This conclusion is based on
experiments with ErbB-1 receptors containing a
mutated TM region. Different forms of the ErbB-1
receptor with extended or shortened TM regions were
able to bind EGF and dimerize. Alterations generated
within the TM domain did not prevent receptor
autophosphorylation.

The intracellular domain of ErbB receptors con-
tains a tyrosine kinase domain and autophosphoryla-
tion sites (Figure 1). The tyrosine kinase domain is
highly conserved among all four ErbB receptors;
however, the ErbB-3 has a defective tyrosine kinase
domain due to several residue changes. ErbB-3,
therefore, must dimerize with a kinase competent
receptor (ErbB-2 is preferred) to form a signaling
competent complex.

Binding of ligand to an ErbB receptor provokes
autophosphorylation of multiple tyrosine residues
within the carboxy-terminal domain. Together with
adjacent residues each phosphotyrosine residue serves
as a receptor docking site for proteins involved in
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FIGURE 1

Structure of ErbB receptors. Each receptor contains an extracellular region bearing with cysteine-rich domains (Cys, filled), a single

TM domain (vertical hatched), and a cytoplasmic region consisting of a tyrosine kinase domain (diagonal hatched) and tyrosine residues (Y) on the
C-terminal domain which can be phosphorylated by the tyrosine kinase domain. The ErbB-3 receptor has a deficient tyrosine kinase domain
(diagonal hatched with a cross). The ligands which bind to these receptors are listed above each receptor.

downstream signaling events (Figure 2). The associ-
ation between tyrosine phosphorylated sequences and
each signaling protein is facilitated by the presence of
either an Src homology 2 (SH2) or a phosphotyrosine
binding (PTB) domain in the signaling protein. The
specificity of the interaction of any given ErbB receptor
with an SH2 or PTB domain-containing protein is
determined by the exact amino acid sequences
surrounding the phosphorylated tyrosine residue, as

FIGURE 2 Subsets of signaling proteins activated by each ErbB
receptor.

well as sequences within each SH2 or PTB domain.
Generally, receptor docking of these proteins is a
prerequisite for tyrosine phosphorylation of these
signaling proteins by the receptor and the activation
of signal transduction pathways that cooperate to
produce cellular responses.

ErbB Receptor Substrates

ErbB receptors are involved in the initiation of a variety
of cell responses, such as proliferation, differentiation,
or cell locomotion, which require changes in gene
expression, intracellular Ca®" level, protein and lipid
phosphorylation, and other intracellular conditions.
Therefore, every activated ErbB receptor interacts with
a battery of proteins involved in different signal
intracellular pathways. Different ErbB receptors associ-
ate with overlapping subsets of intracellular proteins to
activate subsets of the same downstream signaling
pathways (Figure 2). The list of signaling partners for
each ErbB receptor is not entirely determined and most
data have been obtained from experiments with the
ErbB-1 (or EGF) receptor. Proteins that interact with
activated ErbB receptors can be categorized according to



their signaling properties: enzymes participating in
phosphatidylinositol metabolism, such as phospholipase
Cy1 and the regulatory subunit of phosphatidylinositol
3-kinase; protein kinases, such as Src; phosphatases,
such as Shp1 and Shp2; adaptor proteins, such as Cbl,
Shc, Grb2, Nck; and transcription factors, such as
STATs. As shown in Figure 2. the signaling pathways
activated by the four ErbB receptors frequently overlap.
How signaling pathways are actually integrated to
provoke a cellular response, such as proliferation, is
unknown.

Receptor- Mediated Endocytosis

A second consequence of ligand binding to ErbB
receptors is an initiation of rapid receptor-mediated
endocytosis (Figure 3). During this process ligand-
receptor complexes cluster in cell-surface clathrin-
coated pits, which subsequently become intracellular
clathrin-coated endosomes. The clathrin coat is then
removed to produce early endosomes and this compart-
ment matures to form multivesicular bodies. There are
two fates for internalized receptor. First, receptors
may undergo recycling, from early endosomes or
from multivesicular bodies, to the plasma membrane.
Multivesicular bodies become late endosomes and
then primary lysosomes where receptor and ligand
degradation occurs. Hence, a receptor may be
degraded or recycled following the endocytic pathway.
Under most circumstances the degradation route is
kinetically favored.
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Interestingly, only ErbB-1 receptors have been shown
to be rapidly internalized following ligand binding.
Other ErbB receptors are endocytosis impaired or
demonstrate only a very slow endocytotic rate. Exper-
iments with chimeric receptors containing the ErbB-1
extracellular domain and different ErbB-2, ErbB-3,
ErbB-4 cytoplasmic regions show extremely low rates
of internalization. These data suggest that the structure
of the ErbB cytoplasmic domains determines whether
or not a given ErbB receptor will be rapidly internalized
by clathrin-coated pits. It also has been shown that
ErbB-1 tyrosine kinase activity is necessary for ligand-
dependent receptor trafficking into clathrin-coated pits
and subsequent internalization.

There are two different points of view regarding the
significance of endocytosis for growth factor receptor
signal transduction. One view is that endocytosis serves
as a desensitization mechanism by removing the
receptors from the plasma membrane and degrading
the activated receptors in the lysosome. Indeed,
introduction of a truncated form of EGF receptor
that retains kinase activity is internalization defective
and leads to enhanced mitogenic responses and cellular
transformation after treatment with EGE A second
viewpoint is that positive signaling occurs during
endocytosis. It has been shown that EGF receptors in
endosomes retain bound EGE are authophosphory-
lated, and are able to activate some intracellular
signaling pathways. This suggests that receptor-
mediated endocytosis may serve as a mechanism for
spatial redistribution of activated EGF receptors and
transduction of signals.

FIGURE 3 Schematic representation of ErbB-1 receptor trafficking following EGF binding.
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Targeting ErbB Receptors
in Cancer Therapy

During the past several years it has become clear that
deregulated signaling from ErbB receptors is involved
in cancer development. Among the ErbB receptors,
the overexpression or abnormal activation of ErbB-1
or ErbB-2 is most often observed in epithelial
carcinomas and glioblastomas. There are three poss-
ible mechanisms by which an ErbB pathway may be
hyperactivated: ligand overproduction, receptor over-
expression, or mutation to produce activated receptors
in the absence of a growth factor. Expression of ErbB-
1 or its ligand has been reported in over 80% of head
and neck squamous cell carcinomas, while its over-
expression occurs in breast carcinomas and its
mutational activation occurs in glioblastomas. Over-
expression of the ErbB-2 receptor is common in
breast cancer, ~25% of invasive ductal breast cancers
have overexpressed ErbB-2 due to gene amplification.
The level of ErbB-2 overexpression correlates with
tumor size and its spread to lymph nodes. Breast
cancers with ErbB-2 overexpression have a poorer
prognosis and are more resistant to chemotherapy.
Among all ErbB ligands, the role of TGF-a in human
cancer is most characterized. Co-overexpression of
TGF-a and ErbB-1 has been found in several types of
carcinomas, and overproduction of TGF-a in lung
and colon tumors coexpressing ErbB-1 correlates with
poor prognosis.

In general, there are two different but related
approaches to inhibit Erb-B-mediated signaling in
human tumors and both are now in clinical trials.
These include monoclonal antibodies and tyrosine
kinase selective inhibitors. Several ErbB-1-specific
antibodies against the extracellular region of receptor
have been developed. The mechanism of inhibiting
the activity of the receptor involves antibody binding
to the receptor and masking the ligand-binding site.
This prevents ligand-binding and receptor activation.
Additionally the antibody may enhance receptor
internalization and degradation. It is also possible
that the antibody marks cells that express an
increased level of ErbB-1 and targets them for
destruction by the immune system. A humanized
antibody to ErbB-2 termed Herceptin has been
validated for clinical use and represents one of the
first successes of biotechnology in clinical settings.
Herceptin slows the proliferation rate of breast cancer
cells overexpressing ErbB-2, by increasing the percen-
tage of the cell population in GO/G1 or quiescent
states of the cell cycle.

Low-molecular-weight inhibitors are another strat-
egy used in vivo to suppress hyperactivated ErbB
signaling in human tumors. These compounds

competitively inhibit ATP binding at the tyrosine
kinase active site and thereby block proliferation.
One of these compounds, Iressa, has been cleared for
clinical use.

Conservation of ErbB Receptor
Signaling during Evolution

ErbB signaling is present not only in mammalians, but
also in less-developed organisms such as the nematode
Caenorhabditis elegans and the fruitfly Drosophila
melanogaster. The nematode has one EGF-like ligand
(Lin-3) and one ErbB-like receptor (Let23). These
components are required for correct development in
the nematode. In the fruitfly the ErbB signaling network
consists of four EGF-like ligands (Vein, Gurken, Spitz,
and Argos) and one EGF-like receptor (Drosophila EGF
receptor — DER). Argos is a unique ligand as it acts
negatively to inhibit receptor signaling. In Drosopbhila,
ErbB signaling is also required for several developmental
pathways. Interestingly, many of the signaling
elements found downstream of the mammalian EGF
receptor are highly conserved in the nematode
and fruitfly. Hence, this growth factor signaling system
has been highly conserved throughout millions of years
of evolution.

SEE ALSO THE FOLLOWING ARTICLES

Phosphatidylinositol Bisphosphate and Trisphosphate
Phospholipase C e Src Family of Protein Tyrosine
Kinases ® Syk Family of Protein Tyrosine Kinases e
Tec/Btk Family Tyrosine Kinases

GLOSSARY

autophosphorylation The process by which a receptor phosphory-
lates itself. This can be cisphosphorylation or, with context of a
dimmer, transphosphorylation.

dimerization The tight association of two proteins, such as receptor
tyrosine kinase.

growth factor A small protein which binds to a cell-surface receptor
and induces proliferation, differentiation, or other cellular
responses dependent on cell type.

receptor A cell-surface molecule that binds a cognate growth factor
with high specificity and high affinity and which mediates a biologic
response to the growth factor.

tyrosine kinase An enzyme that uses ATP as a phosphate donor to
catalyze the formation of phosphotyrosine residues on substrate
proteins.
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ER/SR Calcium Pump: Function

Giuseppe Inesi

University of Maryland School of Medicine, Baltimore, Maryland, USA

The sacro-endoplasmic reticulum Ca®* ATPase (SERCA)
utilizes ATP for active transport of cytosolic Ca®* into
membrane bound intracellular compartments. Intracellular
storing of Ca”** by SERCA is an integral part of signaling
mechanisms for a large number of cellular functions. The
catalytic and transport cycle of SERCA includes formation of a
phosphorylated enzyme intermediate and protein confor-
mational changes, leading to vectorial translocation of Ca**
across the membrane.

ATP Use for Ca®* Transport

The sarcoendoplasmic reticulum calcium ATPase
(SERCA) is the Ca®" pump of intracellular membranes.
The pump plays a prominent role in numerous cytosolic
signaling mechanisms that require the sequestration of
intracellular Ca**. The SERCA pump was first noted in
a microsomal fraction of rabbit skeletal muscle homo-
genates, which was found to prevent activation of
glycerinated muscle fibers or isolated contractile models
upon the addition of ATP. The microsomes were then
identified with vesicular fragments of sarcoplasmic
reticulum (SR), and the relaxing effect was attributed
to sequestration of Ca’" from the medium through
active transport by a membrane-bound ATPase. cDNA
cloning identified three gene products (SERCA 1,
SERCA2, and SERCA3) with two to three splice
variants for each primary transcript. The related iso-
forms display specific tissue distribution, functional
roles, and regulatory mechanisms.

The SR vesicles obtained from skeletal muscle
contain a high quantity of Ca®*" ATPase (SERCA1A
isoform), which accounts for approximately 50% of
the total protein and which is densely spaced within
the plane of the membrane (Figure 1). These vesicles
provide a very useful experimental system inasmuch as
they allow parallel measurements of ATPase activity
and Ca®" transport, as well as control of the ionic
environment in compartments delimited by the native
membrane. For this reason, they have been used
extensively in biochemical and structural studies to
clarify the mechanism of ATP use for Ca®" transport.

Encyclopedia of Biological Chemistry, Volume 2. © 2004, Elsevier Inc. All Rights Reserved.

STEADY-STATE BEHAVIOR

Active transport of Ca?" into the lumen of SR vesicles
occurs with a stoichiometric ratio of two Ca®" per
hydrolyzed ATP under optimal steady-state conditions.
Acetyl phosphate or p-nitrophenyl phosphate can be
used as substrate by the enzyme instead of ATP, although
with lesser kinetic competence. The maximal levels of
ATP-dependent Ca®" uptake by the vesicles is increased
by Ca** binding to a native acidic protein, calsequestrin,
in the lumen of the vesicles. It can also be increased by
complexation with anions such as oxalate or phosphate
in the lumen of the vesicles.

Independent of the substrate, the ATPase has a strict
requirement for Ca®" activation. In fact the enzyme is
activated by medium containing free Ca** within the
micromolar range and is inhibited by lumenal free Ca®"
in the millimolar range. This indicates that ATP is used
to change the affinity and orientation of the Ca**-
binding sites, resulting in a three-orders-of-magnitude
Ca®" gradient across the membrane. Furthermore, in
reconstituted ATPase preparations that are deprived of
pathways for passive leakage, it was shown that Ca*"
transport is accompanied by H" countertransport at a
1:1 ratio and that the pump is electrogenic.

Considering these functional features, the free energy
required for active transport of Ca*" into the vesicles
can be defined, at first approximation, as:

AG = RT In([Ca}f1/[Cagii]) + zFAV

where [CaZ ] and [Ca2(,] refer to the Ca®™ concentration
in the lumen of the vesicles and in the outer medium, z is
the electrical charge of the transported species, R and F
are the gas and Faraday constants, respectively, and AV
is the transmembrane electrical gradient. The free-
energy requirement, estimated in this manner, provides
a satisfactory match of the experimentally observed
gradients with the chemical potential of ATP.

THE PARTIAL REACTIONS OF THE
CATALYTIC AND TRANSPORT CYCLES

The Ca®*" ATPase catalytic cycle includes a phosphor-
ylated intermediate formed by covalent transfer of the
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FIGURE 1 Structural characterization of SR vesicles. (A) Nega-
tively stained SR vesicles, obtained from rabbit skeletal muscle, are
visualized by electron microcopy. The densely spaced granules on
the surface of the membrane correspond to Ca®>* ATPase molecules.
(B) Electrophoretic analysis demonstrating that the Ca?* ATPase
separates as a prominent band that accounts for the major portion
of the membrane protein. Adapted from Scales, D. and Inesi, G.
(1976). Assembly of ATPase protein in sarcoplasmic reticulum
membranes. Biophys. J. 16, 735-751, with permission from the
Biophysical Society.

ATP terminal phosphate to an aspartyl residue (Asp351)
at the catalytic site. Phosphoryl transfer requires
activation by the same Ca®' concentration as ATP
hydrolysis, indicating that enzyme activation by Ca®"
must occur early in the catalytic cycle. In fact,
cooperative binding of two Ca?" per ATPase in the
absence of ATP, with an apparent K4 in the micromolar
Ca®" range, was demonstrated by direct equilibrium
measurements (Figure 2A).

The sequence of partial reactions making up the
catalytic cycle was unveiled by transient-state experi-
ments showing that addition of ATP to SR vesicles
preincubated with micromolar Ca*" is followed by the
rapid formation of phosphorylated intermediate and
vectorial displacement of two bound Ca*" per ATPase.
These initial events are then followed by hydrolytic
cleavage of inorganic phosphate (Pi) after a time lag
(Figure 2B). On the other hand, the ATPase cycle is
highly reversible, as demonstrated by ATP synthesis
coupled to the Ca*" efflux from loaded vesicles. The
partial reactions of the reverse cycle were further
clarified by the finding that, in the absence of bound
Ca”™, the enzyme can be phosphorylated with Pi to yield
ADP-insensitive phosphoenzyme (E-P). This phosphoen-
zyme can then be made ADP-sensitive by the addition of
millimolar Ca?*, whereupon it reacts with ADP to
form ATP.

These functional findings have been attributed to a
mechanism based on the interconversion of two enzyme
states. One state (E;), stabilized by Ca*" binding, has
the Ca®" sites in high affinity and cytosolic orientation.
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FIGURE 2 Functional characterization of SR vesicles. (A) Calcium
binding at equilibrium in the absence of ATP, demonstrating coopera-
tive binding of two Ca*" per ATPase. From Inesi G., Kurzmack M.,
Coan C., and Lewis D. (1980). Cooperative calcium binding and
ATPase activation in sarcoplasmic reticulum vesicles. J. Biol. Chem.
255, 3025-3031 with permission from The American Society for
Biochemistry & Molecular Biology. (B) Rapid enzyme phosphoryl-
ation and inward displacement of the two bound Ca®" upon addition
of ATP. Hydrolytic cleavage of inorganic phosphate (Pi) occurs after a
lag period. E-P, phosphoenzyme. From Inesi, G., Watanabe, T., Coan,
C., and Murphy, A. (1978). The mechanism of sarcoplasmic reticulum
ATPase. Ann. N.Y. Acad. Sci. 402, 515-534 with permission.

The alternate state (E,), stabilized by enzyme phos-
phorylation, has the Ca®" sites in low affinity and
lumenal orientation. A more explicit view of the
coupling mechanistic can be obtained by considering a
minimal number of partial reactions and their equili-
brium constants, as follows:

H,E +2Ca’}, = E-Ca, +2HY, (10" M) (1)

E-Ca’" 4+ ATP = ATP-E-Ca, 10°M™YH ()
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ATP-E-Ca, = ADP-E-P-Ca, (1.0) 3)

ADP-E-P-Ca, =E —P-Ca, + ADP (1074 M) (4)

E—P-Ca, +2H;, =H,E-P+2Ca" (10°°M?*) (5)

H,E—P=H,E-Pi (1) (6)

H,E-Pi=H,E+Pi  (107°M) (7)
where the equilibrium constants (listed after each
reaction) relate to conditions allowing constant tem-
perature (25 °C) and pH (7.0).

In the reaction sequence given, the initial high-affinity
binding (reaction 1) of two Ca®" activates the enzyme,
permitting the use of ATP and the formation of a
phosphorylated intermediate (reactions 2-4). In turn,
enzyme phosphorylation destabilizes and changes the
vectorial orientation of the bound Ca®", thereby
increasing the probability of its dissociation into the
lumen of the vesicles (reaction 5). Note that the
equilibrium constant for the enzyme phosphorylation
by ATP is nearly 1, indicating that the free energy of
ATP is conserved by the enzyme and used to change the
Ca*"-binding characteristics. Finally, the phospho-
enzyme undergoes hydrolytic cleavage and releases Pi
(reactions 6 and 7) before entering another cycle. The
reaction sequence shows clearly that the direct mechan-
istic device for translocation of bound Ca?* is enzyme
phosphorylation rather than hydrolytic cleavage of Pi.

The Coupling Mechanism

FRrREE-ENERGY USE

Because the catalytic and transport cycles are likely to
include conformational transitions, it should be noted
that such transitions are coupled intrinsically with the
chemical reactions subjected to experimental measure-
ment and that their influence is reflected by the
equilibrium constants just listed. In fact, the standard
free energies (—RT In K) of the partial reactions add
up to the standard free energy of ATP hydrolysis
(y-phosphate), as expected. Most interestingly, the
standard free-energy diagram for the partial reactions
reveals that the chemical potential of ATP does not
manifest itself in the phosphoryl transfer or hydrolytic
cleavage reactions (K4 and Kg near 1) but rather in the
drastic reduction of the enzyme affinity for Ca**
(compare K; to 1/Ks). We can, then, write that, under
standard conditions:

AG = nRT 1n(K§aE'P/K§aE) (8)

per 7 calcium ions (2 in our case) transported per cycle,
and where the equilibrium constant (listed after the
reaction) relates to conditions allowing constant
temperature (25 °C and pH 7.0). K$*EP/KSE are the
association constants of the enzyme for Ca’" in the
ground state and following activation by ATP. With
reference to the reaction scheme given previously, the
two relevant constants are K; and 1/Ks. Note that, as
written in the scheme and in the forward direction of the
cycle, the equilibrium constant for reaction 1 is Ka,
while it is Kd for reaction S.

It is then apparent that the basic coupling mechanism
of catalysis and transport consists of the mutual
destabilization of Ca®" and phosphorylation sites.
Analysis of the amino acid sequence, electron
microscopy of ordered ATPase arrays, and diffraction
patterns obtained from three-dimensional crystals have
shown that the SERCA enzyme is a 100-kDa protein,
folded into a membrane-bound region, an extramem-
branous (cytosolic) region, and a short stalk between
them. The membrane-bound region includes 10 helical
segments (M1, ..., M10) and the calcium-binding
domain. On the other hand, the extramembranous
region, or headpiece, comprises the nucleotide-binding
(N) domain and a phosphorylation (P) domain, in
addition to a smaller actuator (A) domain. It is clear that
the Ca?"-binding domain and the catalytic domain are
separated by a large distance (~50A). Therefore, the
interconversion of cation-binding and phosphorylation
potentials requires a long-range intramolecular linkage,
rendered possible by protein conformational changes.
It is, then, useful to relate the binding and covalent
reactions to conformational changes that may occur
through the catalytic and transport cycles.

CA?* BINDING AND
CATALYTIC ACTIVATION

Binding of two calcium ions per ATPase molecule is
an absolute requirement for enzyme activation. The
cooperative character of binding is consistent with a
sequential binding mechanism to two interdependent
sites (I and II). Spectroscopic studies provided early
suggestions of Ca”*-induced conformational effects,
accounting for binding cooperativity and enzyme activa-
tion. A detailed characterization of the large confor-
mational changes produced by Ca®" binding was
recently obtained by high-resolution diffraction studies.

The functional role of the Ca®*-induced confor-
mation change lies in its absolute requirement for
enzyme activation, rendered possible by the long-
range intramolecular linkage. The requirement for
Ca’" involves both ATP use for phosphoenzyme
formation in the forward direction of the cycle and
the formation of ATP upon addition of ADP to



phosphoenzyme formed with Pi in the reverse direction
of the cycle. Activation is not obtained by Ca®"
occupancy of the first binding site only but requires the
occupancy of the second site, which may then be
considered a Ca®" trigger point for enzyme activation.
Ca®"-binding affects directly the M4, MS, and M6
transmembrane helices and is then transmitted to the
extramembranous region, resulting in the large displace-
ment of the headpiece domains and catalytic activation.
Single mutations of several residues in the segments
connecting the Ca”*-binding region with the phos-
phorylation domain, such as M4, M5, and the M6-M7
loop, interfere with the phosphorylation reactions.

NUCLEOTIDE BINDING
AND SUBSTRATE-INDUCED
CONFORMATIONAL FiIT

Nucleotide protection of the ATPase from digestion with
proteinase and the mutational analysis of this phenom-
enon suggest that ATP binding produces a confor-
mational change that includes repositioning of the A
domain, concomitant with approximation of the N and
P domains to match the molecular geometry of ATP.
This substrate effect appears similar to the approx-
imation of nucleotide binding (fingers) and catalytic
(palm) domains that occurs in DNA polymerases.
Although ATP is likely to form an initial complex with
Mg?>" due to the cation-binding property of the
nucleotide, ATP and Mg*" reach the catalytic site
through a random mechanism. Accordingly, the initial
nucleotide binding at the substrate site does not include
Mg, even though the subsequent phosphoryl transfer
and hydrolytic reactions require Mg”*. The stabilization
provided by Mg®" to the transition state, relative to
that of the enzyme-substrate complex, is of definite
kinetic advantage.

PHOSPHORYL TRANSFER
AND HYDROLYTIC CLEAVAGE

The Ca?" ATPase mechanism includes a covalent
intermediate, general acid—base catalysis and metal
ion assistance. The covalent intermediate is formed
through an attack on the electrophilic ATP terminal
phosphate by a nucleophilic carboxylate group (D531)
within the catalytic site. The phosphoenzyme intermedi-
ate reacts, then, with water to yield Pi.

It is useful to consider the Ca*" ATPase catalytic
mechanism in the light of the phosphorylserine phos-
phatase (PSPase), due to a remarkable structural and
functional analogy and the high definition available for
the PSPase catalytic intermediates. Based on this
analogy, and on ATPase mutational analysis, it appears
that the terminal phosphate of ATP comes in close

ER/SR CALCIUM PUMP: FUNCTION 59

proximity to Asp351, stabilized by neighboring residues
such as K352, T353, G626, K684, and N706. Mg*" is
then coordinated by D703, T353, D351, and phosphate
oxygen, participating in the transition state and in all
subsequent steps. Furthermore, T353 is likely to serve as
a general acid for proton donation to the leaving ADP.
The same residue then acts as a general base, extracting a
proton from nucleophilic water for hydrolytic cleavage
of the phosphoenzyme.

INTERCONVERSION OF
PHOSPHORYLATION AND
CA2*.BINDING POTENTIALS

The specific step related to interconversion of phos-
phorylation and Ca®"- binding potentials is often
referred to as the E{P-Ca, = E,P-Ca,, to indicate the
transition of an intermediate of high phosphorylation
potential and high Ca®" affinity to an intermediate of
low phosphorylation potential and low Ca**" affinity.
The functional and structural information described so
far indicates that small conformational changes occur-
ring in concomitance with ATP use at the catalytic site
(phosphorylation trigger point) are amplified and
transmitted to the Ca®-binding domain through a
long-range relay mechanism. The inversion of phos-
phoryl oxygen atoms during the transition state of the
phosphorylation reaction and the displacement of
residues interacting with these oxygen atoms may be
the triggering perturbation. This is then followed by
large motions of the headpiece domains, which are
transmitted to the Ca?"-binding domain in the
membrane-bound region. Accordingly, the ability of
headpiece domains to chemically cross-link changes
drastically as they are displaced by intermediate
reactions of the catalytic cycle.

In conclusion, the transduction mechanism relies on a
long-range linkage of transmembrane helices and
cytosolic domains, whereby large-scale and mutually
exclusive motions are triggered by Ca®" binding at one
end and ATP use at the other. This is rendered possible
by the ability of the protein to use free energy derived
from binding and phosphorylation reactions. The cycle
proceeds forward to Ca*" release or in reverse to ATP
synthesis, depending on the concentrations of ligands,
substrate, and products.

Physiological Regulation

and Experimental Inhibitors

The SERCA2 isoform of cardiac muscle is subject to
physiological regulation by phospholamban (PLB), a
22-kDa pentameric protein undergoing reversible
association and dissociation. The PLB monomer
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interacts with the ATPase at the level of both the
membrane-bound and extramembranous regions of the
enzyme. In the presence of PLB, the ATPase activation
curve is displaced to a higher Ca*" concentration range.
The velocity at nonsaturating Ca*' concentrations is
thereby reduced, although the maximal velocity at
saturating Ca®" concentrations remains unchanged.
This inhibition is reversed when PLB undergoes phos-
phorylation catalyzed by ¢AMP and calmodulin-
dependent kinases. The phosphorylation-dependent
relief of inhibition by PLB is related to the physiological
mechanism whereby adrenergic stimuli increase Ca*"
storing by SR and improve the contractile performance
of the heart muscle in vivo. Another small protein,
sarcolipin, appears to regulate the Ca®" ATPase in
skeletal muscle.

Thapsigargin (TG), a plant-derived sesquiterpene
lactone, is a very potent and specific SERCA inhibitor.
Although TG is not likely to be a physiologic inhibitor, it
is nevertheless an extremely useful experimental tool.
TG interferes with all partial reactions of the catalytic
cycle and induces stabilization of ordered ATPase
arrays, suggesting a general effect on the enzyme.
Mutational and structural studies indicate that the
TG-binding site resides in a cavity delimited by the
M3, M35, and M7 helices near the cytosolic surface of
the membrane. It is likely that the presence of TG in this
cavity confers structural stabilization to the enzyme,
thereby preventing conformational responses to Ca*"
binding and phosphorylation reaction, as required for
the progression of the catalytic cycle.

SEE ALSO THE FOLLOWING ARTICLES
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GLOSSARY

long-range linkage A conformational mechanism whereby phos-
phorylation and Ca®*-binding domains are functionally coupled
through a large intramolecular distance, within the ATPase
molecule.

partial reactions The sequential steps of the SERCA catalytic and
transport cycles, including Ca®>* and ATP binding to the enzyme,

formation of phosphoenzyme intermediate, translocation of bound
Ca®* against a concentration gradient, and hydrolytic cleavage
of phosphate.

sarcoendoplasmic reticulum Ca?>* ATPase (SERCA) The membrane-
bound ATPase involved in Ca®" transport and refilling of
intracellular Ca** stores.

trigger points The phosphorylation domain and Ca*"-binding site II
where phosphorylation and occupancy by a Ca®* trigger the long-
range linkage for interconversion of phosphorylation and Ca**-
binding potentials.
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ER/SR Calcium Pump: Structure

Chikashi Toyoshima and Yuji Sugita
University of Tokyoe, Tokye, Japan

The structures of the Ca’>*-ATPase of skeletal muscle
sarcoplasmic reticulum (Sarco(Endo)plasmic Reticulum Cal-
cium ATPase 1, SERCA 1) have been determined to 2.4A
resolution for the Ca**-bound form (E1Ca>*, PDB entry code:
1SU4) and to 3.1A for the unbound (but thapsigargin(TG)
bound) form (E2(TG), PDB entry code: 1IWO). Detailed
comparison of these two structures reveals that very large
rearrangements of the transmembrane helices take place
accompanying Ca®* dissociation and binding and that they
are mechanically linked with equally large movements of the
cytoplasmic domains. Such domain movements are thermal in
nature and used efficiently for rearranging various domains to
alter the functional properties (e.g., affinity for Ca®*) of the
ion pump.

Overall Description
of the Structure

Ca®"-ATPase is a tall molecule, ~150A high and 80A
thick, and comprises a large cytoplasmic headpiece,
transmembrane domain made of ten (M1-M10)
a-helices, and small lumenal domain (Figure 1).
The cytoplasmic headpiece consists of three domains,
designated as A (actuator), N (nucleotide binding), and
P (phosphorylation) domains. They are widely split in
the presence of Ca®>" but gather to form a compact
headpiece in the absence of Ca®". The A-domain is
connected to M1-M3 helices, and the P-domain to M4
and M5 helices. The N-domain is a long insertion
between two parts of the P-domain. The M35 helix runs
from the lumenal surface to an end of the P-domain and
works as the “spine” of the molecule. On the lumenal
side, there are only short loops connecting transmem-
brane helices, except for the loop of ~40 residues
connecting the M7 and MS8 helices. The distance
between the Ca2+-bindi°ng sites and the phosphorylation
site is larger than 50A. For the phosphoryl transfer
from ATP to Asp351 to take place, the N-domain has
to approach the P-domain even closer than that observed
in the E2(TG) form.

The orientations and positions of atomic models
with respect to the lipid bilayer are determined from
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crystallographic constraints and illustrated in Figure 1,
in which the models are positioned in the bilayer of
dioleoylphosphatidylcholine generated by molecular
dynamics calculation. The orientations were found to
be the same as in the original crystals. The coordinates
of the aligned models can be downloaded from the
author’s web site (http://www.iam.u-tokyo.ac.jp/
StrBiol/models).

Organization of the

Transmembrane Domain

TRANSMEMBRANE HELICES

As expected from the amino acid sequence, SERCA1 has
ten (M1-M10) transmembrane a-helices, two of which
(M4 and M6) are partly unwound for efficient coordi-
nation of Ca®*". M6 and M7 are far apart and are
connected by a long cytosolic loop that runs along the
bottom of the P-domain. The amino acid sequence is
well conserved for M4—Mé6 but not for M8 even within
the members of closely related P-type ATPases, such as
Na*K*- and H*K"-ATPases. M7-M10 helices are in
fact lacking in bacterial-type I P-type ATPases, and are
apparently specialized for each subfamily. Nevertheless,
MS and M7 are packed very tightly at Gly770 (MS5)
and Gly841 (M7) and Gly845 (M7), forming a pivot for
the bending of M5. The M7-M10 helices appear to
work as a membrane anchor.

DETAILS OF THE CA2*.BINDING SITES

It is well established that SR Ca**-ATPase has two high-
affinity transmembrane Ca®"-binding sites and the
binding is cooperative. X-ray crystallography of the
rabbit SERCAla in 10 mM Ca®" identified two
binding sites in the transmembrane but none outside
the membrane.

Figure 2 illustrates the structure of the Ca®-binding
sites. The two Ca®"-binding sites (I and II) are located
side by side near the cytoplasmic surface of the lipid
bilayer, with the site II ~3A closer to the surface
(Figure 1). Site I, the binding site for the first Ca®™,
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FIGURE 1 Ca**-bound and unbound forms of Ca?*-ATPase in the lipid bilayer. The bilayer is generated by molecular dynamics simulation of
dioleoylphosphatidylcholine. M3 and M3 helices in the unbound form are approximated with two and three cylinders, respectively. The color
changes gradually from the N-terminus (blue) to the C-terminus (red). The arrows indicate the directions of movements accompanying the
dissociation of Ca*". Two bound Ca”*are shown as purple spheres (circled). T2 trypsin digestion site and a proteinase K digestion site (PrtK) are

also marked.

is located at the center of the transmembrane domain in
a space surrounded by M5, M6, and M8 helices. Ca*" is
coordinated by side chain oxygen of Glu771 (MS),
Thr799, Asp 800 (Mé6), and Glu908 (MS8) and two
water molecules. M8 is located rather distally and the
contribution of Glu908 is not essential in that Gln can
substitute Glu908 to a large extent. Any substitutions to
other residues totally abolish the binding of Ca*".

Site II is nearly “on” the M4 helix with the
contribution of Asp800 (Mé6) and Asn768 (MS).
The M4 helix is partly unwound (between Ile307 and
Gly310). This part provides three main chain oxygen
atoms to the coordination of Ca*". Glu309 provides
two oxygen atoms and caps the bound Ca”*. This
arrangement of oxygen atoms is reminiscent of the
EF-hand motif.

FIGURE 2 Schematic diagram of the Ca>*-binding sites and the movements accompanying the dissociation of Ca**. The arrows indicate the
movements of the helices in the transition from E1Ca** — E2(TG). Red circles, oxygen atoms (carbonyl oxygen atoms appear smaller); cyan

circles, nitrogen; orange circles, carbon.



Thus, both site I and site II have seven coordination
but have different characteristics. Asp800, on the
unwound part of M6, is the only residue that contributes
to both sites. Even double mutations of Glu309 and
Asn768 leave 50% Ca®* binding, indicating that site Il is
the binding site for the second Ca*™.

Organization of the

Cytoplasmic Domain

STRUCTURE OF THE P-DOMAIN

The P-domain contains the residue of phosphorylation,
Asp351. There are three critical aspartate (627, 703,
707) residues clustered around the phosphorylation
site, in addition to an absolutely conserved Lys residue
(Lys684). These key residues are very well conserved
throughout the haloacid dehalogenase (HAD) super-
family, but also shared by bacterial two-component
response regulator proteins, such as CheY and Fix ],
which have folding patterns different from that of
HAD. The P-domain has a Rossmann fold, commonly
found in nucleotide-binding proteins, consisting of a
parallel B-sheet (seven strands in Ca®"-ATPase) and
associated short a-helices. The catalytic residue (i.e.,
Asp351 in Ca?"-ATPase) is always at the C-terminal
end of the first B-strand, which is connected to a long
insertion, the N-domain. Thus, the P-domain is
formed by two regions far apart in the amino-acid
sequence. This is why the P-type ATPase was thought
to be an orphan in evolution for a long time. This
system requires Mg>" for phosphorylation. Mg*"
is coordinated by carboxyls of Asp351, Asp703,
carbonyl of Thr353 and two water molecules. It is
not known whether this Mg®" is the same as that
bound to ATP. Lys684 is particularly important for the
binding of y-phosphate of ATP.

STRUCTURE OF THE N-DOMAIN

N-domain is the largest of the three cytoplasmic
domains, containing residues Asn359-Asp601
(Figure 1), and connected to the P-domain with two
strands. These strands bear a B-sheet like hydrogen-
bonding pattern, presumably to allow large domain
movements with a precise orientation. In particular,
consecutive prolines (Pro602—603) appear to serve as a
guide that determines the orientation of the movement.
The N-domain contains the binding site for the
adenosine moiety of ATP. Phe487 makes an aro-
matic—adenine ring interaction, which is a common
feature in many ATP binding sites. Lys515, a critical
residue, is located at one end of the binding cavity. This
residue can be labeled specifically with FITC at alkaline
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pH and has been used for many spectroscopic studies.
The binding of the adenine ring appears predominantly
hydrophobic.

STRUCTURE OF THE A-DOMAIN

A-domain is the smallest of the three cytoplasmic
domains and consists of the N-terminal ~ 50 residues
that form two short a-helices and ~110 residues
between the M2 and M3 helices (Figure 1), which
form a deformed jelly role structure. The A-domain
contains a sequence motif '**TGE, one of the signature
sequences of the P-type ATPase. This sequence
represents a loop that comes very close to the
phosphorylation site Asp351, in the E2 and E2P states.
Because this domain is directly connected to the
M1-M3 helices and more indirectly to the M4-Mé6
helices, this domain is thought to act as the “actuator”
of the gates that regulate the binding and release of
Ca”" ions.

Structural Changes Accompanying

the Dissociation of Ca2*

REARRANGEMENT OF THE
TRANSMEMBRANE HELICES

As illustrated in Figure 2, Ca*"-ATPase undergoes large
structural changes upon the dissociation of Ca®". Three
cytoplasmic domains change their orientations and
gather to form a compact headpiece. The P-domain
inclines 30° with respect to the membrane and
N-domain inclines 60° relative to the P-domain,
whereas the A-domain rotates ~110° horizontally.
The structure of each domain, however, is hardly
altered. In contrast, some of the transmembrane helices
are bent or curved (M1, M3, and MS35) or partially
unwound (M2); M1-M6 helices undergo drastic
rearrangements that involve shifts normal to the
membrane (M1-M4). Thus, the structural changes are
very large and global; they are mechanically linked and
coordinated by the P-domain.

M3-MS5 helices are directly linked to the P-domain
by hydrogen bonds (Figure 3). M3 is connected to the P1
helix at the bottom of the P-domain through a critical
hydrogen bond involving Glu340. The top part of MS is
integrated as a part of the Rossmann fold (Figure 3)
and moves together with the P-domain as a single entity.
M4 and MS are “clamped” by forming a short
antiparallel B-sheet. M6 is also connected, though less
directly, to the P-domain through L67 (Figure 1), which
is, in turn, linked to M35 through a critical hydrogen
bond. If the P-domain inclines, for instance, due to the
bending of M35, all these helices (M3-M6) will incline
and generate movements that have components normal



64 ER/SR CALCIUM PUMP: STRUCTURE

FIGURE 3 Organization of the P-domain and the linkage with the
transmembrane helices. Superimposition of the E1Ca%*(violet) and
E2(TG) (light green) forms fitted with the P domain. The residues (in
atom color) represent those in E2(TG).

to the membrane (Figure 4). Their amounts depend on
the distances from the pivoting point, located around
Gly770 at the middle of the membrane (double circle in
Figure 4). The lower part below Gly770 hardly moves.

FIGURE 4 Rearrangement of transmembrane helices on the
dissociation of Ca?*. The models for E1Ca**(violet) and E2(TG)
(light green) are superimposed. The M5 helix lies along the plane of the
paper. M8 and M9 are removed. Double circles show pivot positions
for M2 and M5. Arrows indicate the directions of movements during
the change from E1Ca**to E2(TG). Orange broken line shows a
critical hydrogen bond between the L67 loop and M35 helix.

The shift is therefore small for M6 and large for M3 and
M4; whole M3 and M4 helices move downwards upon
dissociation of Ca’?', whereas M6 undergoes rather
local changes around Asn796—Asp800.

CAZ*-BINDING SITES
IN THE E2(TG) STATE

The most important movements of the transmembrane
helices directly relevant to the dissociation of Ca®™ are:
(1) a shift of M4 towards the lumenal (extracellular) side
by one turn of an a-helix (5.5A), (2) bending of the
upper part of M5 (above Gly770) towards M4, and
(3) nearly 90° rotation of the unwound part of M6. As a
result, profound reorganization of the binding residues
takes place and the number of coordinating oxygen
atoms decreases (Figure 2). For site I, this is due to the
movement of Asn768 toward M4 caused by the bending
of MS5; for site II, replacement of Asp800 by Asn796
(i.e., rotation of M6) is critical.

ROLE OF THE LARGE
CONFORMATIONAL MOVEMENTS

Homology modeling of the cation binding sites of
Na*K"-ATPase suggests that a large downward move-
ment of M4 (and M3) is needed for counter-transport.
With the arrangements of residues observed with
E2(TG) structure, it is straightforward to make two
high-affinity K*-binding sites, provided that Asn796 is
replaced by Asp following Na*K"-ATPase sequence: the
other coordinating residues are common to both
ATPases. The key feature in the model is that the Asp
(Asn796) is coordinated to both K*, similar to Asp800
in coordination of 2Ca**. Because Asn796 is located one
turn below where Asp800 is, M4 must move downwards
to provide carbonyl groups for coordination of K*.
These rearrangements ensure that release of one type of
cation coordinates with the binding of the other and
allow the binding of ions of different radii with
high affinity.

In summary, ion pumps use thermal movements of
various domains very efficiently. Most of the move-
ments described here can be related to the bending
of the M5 helix. Because M5 participates in Ca®"
coordination and moves together with the P-domain, it
is understandable that the phosphorylation (binding of
phosphate and Mg®") at the phosphorylation site and
the binding of Ca?* to the transmembrane binding sites
will alter the properties of the other. This appears to be
the mechanism of long-distance (>50A) intramolecular
communication. Animations showing the conformation
changes accompanying Ca*"-dissociation are available
(http://www.iam.u-tokyo.ac.jp/StrBiol/animations).
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GLOSSARY

EF-hand motif Most common calcium-binding motif that has a
helix—loop-helix motif with a seven-coordinate geometry.

HAD superfamily A large family found by Aravind et al. in 1998
including P-type ion transporting ATPases, haloacid dehalogenase
(HAD) and phosphoserine phosphatase, structurally the best
studied member.

Rossmann fold A supersecondary structure, consisting of a pair of
Bap structures arranged so that at least four B-strands form a single
parallel B-sheet flanked by two layers of a-helices.
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Exonucleases, Bacterial
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Brandeis University, Waltham, Massachusetts, USA

Exonucleases are enzymes that catalyze hydrolysis of DNA or
RNA from a free end. Exonucleolytic digestion of nucleic acids
may be required for processing and for turnover of these
macromolecules. In addition, RNA exonucleases contribute to
the maturation of stable RNA molecules. The action of DNA
exonucleases permits diverse processes such as mutation
avoidance, repair, and genetic recombination.

Introduction

Nucleases are defined as enzymes that hydrolyze the
phosphodiester bond of nucleic acids. Borrowing the
system developed for proteases, nucleases have been
classified whether they cleave internally in the DNA or
RNA molecule (endonucleases) or from an end in a
stepwise fashion producing mononucleotide products
(exonucleases). This distinction is complicated by the
fact that several enzymes require entry at a free DNA or
RNA end but cleave internally (often referred to as
endo/exonucleases). An example is the RecBCD recom-
bination nuclease that unwinds DNA from an end and
cleaves it as it travels, producing oligonucleotide
products. Some exonuclease activities are found within
proteins with other distinct catalytic activities, such as
the 3’ DNA exonuclease activities associated with
DNA polymerases.

The systematic purification and characterization of
more than 20 exonuclease activities from Escherichia
coli extracts have provided much of our knowledge
about this group of enzymes (Tables T and II). Most
E. coli exonucleases on DNA and RNA were identified
and named arbitrarily (DNA exonucleases Exo I-X
and RNase II) or by reference to their substrate
specificity (RNase H, R, D, T oligoribonuclease, etc.).
A few nucleases were identified first and named by
their genetic function (such as Rec] exonuclease
required for genetic recombination). The biological
role of most E. coli exonucleases has now been
confirmed by genetic experiments, although many
exonucleases have redundant genetic function and
genetic phenotypes are not manifested until multiple
members are inactivated. Such overlapping functions
are not surprising, given the great number of these
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enzymes in E. coli (at present count 15 DNA, 9 RNA
exonucleases.) Orthologues of many of the E. coli
exonucleases can be found in diverse bacterial genera
and often in archaea and eukaryotes. E. coli appears to
be especially rich in exonucleases, in contrast to other
bacteria that have only a few exonucleases, as predicted
by sequence similarity. However, since most exonu-
clease families were defined first by purification and
characterization of representatives from E. coli, this
may represent an ascertainment bias and there may be
additional, presently unknown exonuclease families in
other bacterial species but not in E. coli.

Biochemical Properties

of Exonucleases

MECHANISM

All DNA and RNA exonucleases, with the exception of
DNase Exo VII, require a divalent-cation cofactor,
commonly Mg*" or Mn**, to accomplish hydrolysis of
the phosphodiester bond. The crystal structures of many
exonucleases have now been solved and reveal coordi-
nation of one or more divalent cations by aspartate,
glutamate, or histidine residues. Such residues are found
as evolutionarily conserved amino acid motifs within
related exonucleases. A role for the metal ions was
suggested by the structure published by Beese and Steitz
for the 3/-5 exonuclease of E. coli polymerase I,
which contains two metal atoms, a single-strand DNA
(ss DNA) substrate and deoxynucleoside monophos-
phate. They proposed that one metal activates a water
molecule for the nucleophile in an SN2-type reaction;
the other closely positioned metal is poised to stabilize
the pentacovalent intermediate in the reaction and the
leaving oxyanion. The universality of this two-metal-ion
scheme is not clear: some exonuclease structures, such as
that of the 5 nuclease FEN-1, contain two more
widely separated metal ions and other structures, such
as DNA exonucleases Exo III and Rec], reveal only one
metal cation.

Two RNases, acting from a 3’ end, polynucleotide
phosphorylase (PNPase) and RNase PH, are not, strictly
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TABLE I

DNA Exonucleases of E. coli”

Preferred
Enyzme Gene(s) substrate Polarity Other features Biological role in DNA metabolism
Exo I xonA (= sbcB) ssDNA 3-5 Processive Recombination, damage repair,
mutation avoidance, MMR
Exo III xth dsDNA 3-5 Acts at nicks and ends, Base excision repair
abasic endonuclease
Exo IV 2 Oligonucleotides ? May be identical to ?
oligoribonuclease
Exo VII xseA, xseB ssDNA 35 Heterodimer, processive, Damage repair, mutation avoidance,
5'-3 Oligonucleotide products, MMR
metal cofactor-independent
Exo VIII recE dsDNA 5'-3 Processive, encoded by Recombination, damage repair
cryptic Rac prophage
Exo IX xni dsDNA 3-5 In 5 nuclease/FEN-1 family® ?
Exo X exoX ssDNA, dsDNA 3-5 Distributive Mutation avoidance, MMR
DNA pol I 5’ exo polA ssDNA 5'-3 Flap endonuclease Replication (Okazaki fragment
maturation)
DNA pol I 3’ exo polA ssDNA 3-5 Proofreading
DNA pol I 3 exo polB ssDNA 3-5 Proofreading
DNA pol III 3’ exo dnaQ (= mutD) ssDNA 3-5 & Subunit Proofreading
RecBCD recB, recC, dsDNA, 3-5 Exo V, highly processive, Recombination, DSB repair
recD ssDNA 5'-3 ATP-dependent,
oligonucleotide products,
helicase activity
Rec] rec] ssDNA 5'-3 Processive Recombination, damage repair,
MMR
RNase T - ssDNA 3-5 Activity on DNA > RNA, Repair??
homodimer, distributive
SbcCD sbcC, sbeD dsDNA 3-8 ATP-dependent, processive Repair
5'-3

@ Abbreviations: pol, polymerase; Exo, exonuclease, dsDNA, double-strand DNA; ssDNA single-strand DNA; MMR, mismatch repair; DSB, double-strand break.
b Eukaryotic oligoribonuclease has activity on oligodeoxynucleotides and E.coli oligoribonuclease may be identical to exonuclease IV.
¢ Although the polarity of Exo IX-mediated digestion is reported to be 3’5, it is a member of the 5’ flap endonuclease family by amino acid sequence similarity.

9RNase T can act as a high-copy suppressor of some DNA repair defects of Rec] ™ Exol ~ ExoVII™ strains, has potent DNase activity and so could play a redundant function in DNA metabolism.
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TABLE II
RNA Exonucleases” of E. coli

Enzyme Gene Preferred substrate” Biological role in RNA metabolism
RNase II rnb Unstructured RNA mRNA degradation, stable RNA
maturation
RNase R rnr rRNA, homopolymers ?
RNase D rnd Denatured tRNAs Defective tRNA degradation,
stable RNA maturation
RNase H rnhA RNA/DNA hybrid Repair
RNase T rnt tRNAC tRNA end turnover,
stable RNA maturation
Oligoribonuclease orn Oligoribonucleotidesd mRNA degradation
Polynucleotide pnp Unstructured RNAs mRNA degradation,
phosphorylase (PNPase) stable RNA maturation
RNase PH rph tRNA precursors Stable RNA maturation
RNase BN rbn tRNA with aberrant 3’ ends, Stable RNA maturation
tRNA precursors defective tRNA degradation

? Although PNPase and RNase PH are phosphorylases not nucleases, they act to digest RNA in a polar fashion

from a 3/ end.
b All E. coli exoribonucleases act 3'-5'.

“RNase T also possesses a potent exonuclease activity on single-strand DNA in a 3'-5' fashion.

4May be identical to DNA exonuclease IV.

speaking, “nucleases,” because they are not hydrolases
but phosphorylases, using inorganic phosphate to attack
the phosphodiester bond and releasing nucleoside
diphosphate reaction products. These are, however, of
related biological function and are included here and in
many reviews of exoribonucleases.

SPECIFICITY

Many exonucleases have strict specificity for the sugar
moiety in nucleic acids and therefore cleave only RNA
or DNA. (RNase H is specific for RNA within a DNA
hybrid.) Other nucleases, however, may cleave both
RNA and DNA, e.g., RNase T of E. coli. It is difficult to
tell from amino acid sequence information alone
whether any given exonuclease will have a preference
for DNA or RNA. Exonuclease superfamilies include
both RNase and DNase members. Steric considerations
may exclude RNA as a substrate for DNA-specific
exonucleases; 2’-OH specific interactions may specify
RNA as a preferred substrate.

Almost all exonucleases have a strict polarity of
digestion, initiating attack from either the 3'- or 5'-end
of a nucleic acid molecule. This polarity reflects the
exonuclease’s particular architecture of the amino acids
and bound metal atoms that interact with the nucleic
acid. Exceptions to strict polarity include those “exo/
endonucleases” that cleave internally within DNA,
producing oligonucleotide products, but require an end
for entry, such as Exo VII, SbcCD, and RecBCD. The
latter two DNA exonucleases are ATP dependent and
may require ATP for associated helicase activity to move

the enzyme along its DNA substrate. Some exonucleases
are specific for the phosphorylation status of the end,
indicating a specific interaction with the nucleic acid
terminus. For example, many 3/-5" exonucleases such
as E. coli exonuclease I cannot attack a nucleic acid with
3'-phosphate; similarly, lambda bacteriophage exonu-
clease requires a 5’-phosphate in a double-strand DNA
(dsDNA) end and will not initiate cleavage on a 5'-OH-
containing DNA molecule. Many DNA exonucleases
are specific for double-strand (Exo III, Exo VIII) or
single-strand (Rec], Exo I, Exo VII) DNA. Likewise,
certain RNases may prefer unstructured RNA regions.
The ssDNA-specific exonucleases accomplish their
specificity sterically: they either possess a pore or have
a deep cleft in which ssDNA but not dsDNA can reach
the catalytic center of the enzyme. Oligoribonuclease
has a size specificity and prefers short oligonucletide
substrates less than five nucleotides in length but the
molecular basis for this specificity is not understood.

PROCESSIVITY

Exonucleases are classified “processive” if they catalyze
multiple cleavage events upon a single binding to their
nucleic acid substrates. In contrast, “distributive” must
rebind substrate after each cleavage. The biochemical
property of processivity has important biological con-
sequence and allows exonucleases to rapidly digest
appropriate substrates. Several processive nucleases
(bacteriophage lambda exonuclease, E. coli Exo I)
have toroidal or clamp-like structures that allow
the enzyme to encircle its substrate, a simple way of



achieving processivity. Processivity can also be achieved
by multiple binding interactions of the exonuclease to
its substrate, as has been proposed for RNase II.

Structural Families

Comparison of exonuclease sequences from bacteria
shows that the primary amino acid sequence of these
proteins has diverged rather quickly. Nevertheless,
conserved motifs emerge and several extensive sequence
families can be recognized and are briefly discussed
below. Members of these exonuclease families can often
be found in all three domains of life: archaea, eubacteria
and eukaryotes. In exonucleases for which there is
structural information, these conserved motif residues
coordinate metal cofactor or interact with substrate.
These structural families can include members with
diverse substrate specificities, including both exonu-
cleases and endonucleases, and even phosphatases,
RNases and DNases, processive and distributive
enzymes, and a few are discussed briefly.

DEDD/DNAQ

An extensive group of 3'-5' exonucleases is defined by
three motifs carrying conserved aspartate and glutamate
residues (Figure 1); hence, the alternate designation
“DEDD?” for this family of nucleases found in eukar-
yotes as well as prokaryotes. This family includes
exonucleases with specificity for DNA (the proofreading
exonucleases of DNA polymerases, E. coli exonucleases
I and X), RNA (RNase D, oligoribonuclease), and those
with dual specificity (RNase T). Both distributive
and processive exonucleases are members of this family.
E. coli possesses eight enzymes in this family (alignment
shown in Figure 1). Structural information is available
for several members of this superfamily including the
proofreading exonuclease domain of DNA polymerases
I and III of bacteria, and E. coli exonuclease 1. The fold
of these enzymes resembles RNase H1. Most structures
include two metal atoms at the active site.

Exol 11 LFHDYETFGTHPALDRPAQFAA
ExoX 2 RI | DTETCGLQGG VEI ASVDV
O i goRNase 31 | W DLEMIGLDPERDRI | El AT
RNase T 19 \WI DVETAGENAKTDALLEI AA
RNase D 24 | ALDTEFVRTRTYYPQLGLI QL
Pol | 123 FAFDTETDSLDNI SANLVGLSF
Pol 1 | 353 VWWEGDVHNGTI VNARLKPHPD
DnaQ 8 | VLDTETTGVNQ GAHYEGHKI
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DHH/REcJ

The founding member of this family, Rec], is a 5'-3'
ssDNA exonuclease involved in genetic recombination
and DNA repair. The Rec] family encompasses a large
family of proteins found in archaea and bacteria, very
few of which have been characterized at the bio-
chemical level. This family is defined by seven conserved
motifs, primarily acidic residues, or histidines; the
family is sometimes termed “DHH” after the amino
acid sequence within one of these motifs. The Rec]
family is particularly expanded in the archaea; for
example, Archaeoglobus fulgidus possesses seven mem-
bers of this family. There are eukaryotic members, but
the yeast DHH protein is a phosphatase (polyphos-
phatase PPX1), not a nuclease. Therefore, the Rec]
family is, more broadly, a phosphoesterase rather than
a nuclease family.

XTHA

E. coli exonuclease Il is a 3'—5' DNA exonuclease active
on dsDNA; it also possesses 3’ phosphatase activity and
endonuclease activity at abasic (apurinic/apyrimidinic)
sites. Exo III is an important protein for base excision
repair, as is its eukaryotic counterpart Apel. Structu-
rally, Exo III resembles eukaryotic DNase I, with a single
metal at its active site and a large group of phosphatases,
primarily involved in eukaryotic cell signaling processes.

FEN-1/5' NUCLEASES

The founding member of this group is FEN-1 “flap-
endonuclease” from eukaryotes and archaea; the eubac-
terial counterpart, both structurally and functionally,
is the 5" exonuclease domain of DNA polymerase L
Both proteins possess 5'-3' exonuclease activity and
endonuclease activity on ssDNA “flaps” adjacent to
region of duplex DNA. These $'-nucleases play an
important role in processing of Okazaki fragments
during lagging strand DNA synthesis. Structural infor-
mation of archaeal FEN-1, DNA polymerase I, and the
related RNase H activity from bacteriophage T4 shows
two metals coordinated by glutamate and aspartate

66
52
73
75
30
42
75
62

LGYNNVRFDDEVTRN 64
YVAHNASFDRRVLPE 39
| CGNSI GQDRRFLFK 6
MVAHNANFDHSFMVA 37
KFLHAGSEDLEVFLN 55
KVGONLKYDRG LAN 62
| GANVVQFDLRVLQK 91
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SNAHDAMADVYAT
LHHHRAL YDCY! T
AYFHYRYLDVSTL
CQTAGVDFDSTQA
RQCEYAAADVYL
EAGRYAAEDADVT
ALATYNLKDCELV
RTLHGALLDAQ L

FIGURE 1 E. coli’s DnaQ superfamily members. Shown are aligned amino acid sequences of exonuclease I, exonuclease X, oligoribonuclease,
RNase D, RNase T, and the 3'-exonucleases of DNA polymerases I, II, and III. Conserved acid residues are shown in bold and comprise metal
coordination residues for those proteins with determined three-dimensional structure. Numbers refer to amino acid residues not shown.
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residues. This family also includes eukaryotic Exo 1, a
5'-exonuclease implicated in eukaryotic mismatch
repair, and E. coli exonuclease IX of unknown biological
function.

MRE11/SBCcD

Eukaryotic and archaeal Mrel1 is the catalytic subunit
of an ATP-dependent exonuclease with associated
endonuclease activity. Mrel1 shares sequence homology
with bacterial SbcD protein. The nuclease activity
specified by these subunits requires assembly of an
active complex with one or two other additional
proteins. One of these additional subunits possesses a
coiled-coil structure: Rad50 in eukaryotes and archaea,
SbcC in bacteria. Structural data are available for
archaeal Mrell, showing two Mn?" atoms, and
Rad50. The Mrell fold resembles metal-dependent
phosphatases with the conserved phosphoesterase
motifs (histidines, aspartates, and asparagines) making
interactions with substrate or metal cofactors. Mrell
and SbcD exonucleases play a role in DNA repair and
genomic surveillance.

Biological Roles of
RNA Exonucleases

TURNOVER

mRNA half-lives in bacteria are short and degradation
of mRNA is essential for viability. After initial endonu-
cleolytic cleavage, degradation of mRNA in E. coli is
accomplished by the combined action of RNase II and
PNPase to produce short oligomers that are then
digested by oligoribonuclease. These bacterial enzymes
attack RNA in a 3'-5' direction. Loss of either RNase II
(a true exoribonuclease) or PNPase (a phosphorylase)
can be tolerated by E. coli; however, inactivation of both
enzymes or of oligoribonuclease is lethal to the cell.
Aberrant or misfolded stable RNAs may also be subject
to turnover by exoribonuclease action.

PROCESSING

Proper maturation of stable RNAs requires the action of
exoribonucleases. In E. coli several exoribonucleases act
redundantly in processing of tRNA or rRNA. Matu-
ration of stable RNAs seems to be most dependent on
RNase T and RNase PH; the double mutant accumulates
tRNA precursors and although viable, grows more
slowly. Upon loss of five activities, RNase II, D, BN, T,
and PH, E. coli becomes inviable; any single one of these
enzymes can suffice to support viability, indicating
significant functional overlap.

Biological Roles of
DNA Exonucleases

REPLICATION FIDELITY

Exonucleases are integral to two major mechanisms that
insure the fidelity of DNA replication: polymerase
proofreading and mismatch repair. 3'=5' exonuclease
activity is a component of many bacterial DNA
polymerases at a site or within a subunit distinct from
the polymerase activity. Unpaired 3'-residues are more
likely to be degraded by the exonuclease than to support
polymer extension; this proofreading reaction contrib-
utes substantially to the accuracy of replication.
Complete absence of 3'-5' exonuclease activity of
E. coli replicative polymerase, the DnaQ or e-subunit
of DNA polymerase III, causes cellular inviability due to
the catastrophic accumulation of replication errors.

Misincorporations that escape polymerase proof-
reading can be recognized and excised by the mismatch
repair pathway, which is initiated by the MutHLS
proteins of E. coli. The excision tract, up to thousands of
bases in length, can be directed either 3’ or 5’ to the
mismatch and is catalyzed by the redundant action of
four exonucleases, Rec], Exo I, Exo VII, or Exo X, aided
by the UvrD helicase of E. coli. Loss of mismatch repair
elevates the frequency of spontaneous mutational events
several orders of magnitude.

Scavenging of ssDNA by the 3'-5' DNA exonucleases
(E. coli Exo 1, Exo VII, and Exo X) aborts a wide range of
mutational events believed to be caused by nascent strand
displacement and mispairing, including frameshifts,
deletions, and quasipalindrome-associated mutational
hotspots. These enzymes act redundantly in this process,
which can be considered a type of “proofreading
in trans.”

Maturation of Okazaki fragments during DNA
replication in E. coli is catalyzed by the 5'-exonuclease
domain of polymerase I, functionally and structurally
homologous to the FEN-1/Rad27 nuclease of eukaryotes
and archaea. In addition to a nonspecific 5'-exonuclease
activity, these enzymes specifically cleave the junction
between ss and dsDNA, an activity often termed
“flap” endonuclease activity. In some bacteria such
as Streptococcus pneumoniae, loss of the 5' nuclease
domain of DNA polymerase I is lethal. E. coli mutants
are viable and may, therefore, use a backup mechanism
of Okazaki fragment maturation. The absence of the
S'-nuclease domain of polymerase I in E. coli elevates
spontaneous mutation rates, as was first described
for the related Rad27 of yeast; this elevated class of
mutations consists largely of short sequence dupli-
cations. In a similar fashion, these $'-nucleases also
suppress expansion of tandem repeat arrays.



The SbcCD nuclease appears to play a role in genome
surveillance and repair. Through its endonuclease
activity, SbcCD breaks the chromosome at large inverted
DNA repeats that form secondary structures, which can
impede DNA replication. Such breakage and subsequent
exonucleolytic processing may selectively remove such
structures from the genome. The SbcCD nuclease may
also mediate certain modes of double-strand break
repair, independent of DNA secondary structures.

RECOMBINATION AND DNA REPAIR

Exonucleases play an essential role in homologous
recombination. Strand exchange is initiated by ssDNA,
which binds the strand transfer protein RecA and
initiates the homology-search process. Nicks or double-
strand breaks in DNA are converted by exonucleases to
recombinogenic ssDNA gaps or tails, respectively, by the
degradation of one strand of the DNA duplex. During
recombinational double-strand break repair in E. coli,
the RecBCD nuclease provides this function by its
combined ATP-dependent helicase and nuclease activi-
ties. RecBCD’s nuclease activity is modulated by
octameric “Chi” DNA sequences that act in vivo as hot
spots of recombination by a molecular mechanism yet to
be deciphered. In pathways of recombination indepen-
dent of RecBCD, exonuclease function for recombina-
tion can be provided by the Rec] 5'-3' ssDNA
exonuclease, acting in conjunction with a DNA helicase,
such as RecQ. After recombinational joint molecules are
formed by synapsis, degradation of one strand (“post-
synaptic” DNA degradation) can extend and stabilize
the heteroduplex intermediate by removing a competitor
strand for pairing. It may be for this reason that in E. coli
either Rec] (5'-3') and Exo I (3/-5') are required for
efficient recombination, even when the presynaptic
degradation is presumably occurring via the RecBCD
nuclease. After exchange is complete, exonucleases may
also participate in the trimming of unpaired ends to form
mature recombinant molecules.

Conclusions

Exonucleases comprise a large set of structurally and
biochemically characterized enzymes with diverse prop-
erties. Systematic characterization of exonucleases from
the bacterium E. coli has provided much of our knowl-
edge of this class of enzymes. Certain families of related
exonucleases are found widely throughout bacteria,
archaea, and eukaryotes, indicating the early evolution
of nucleases and their important role in all cells.
However, primary amino acid sequence cannot predict
many elements of substrate specificity (such as DNase or
RNase), other enzymatic properties such as processivity
or biological function. A single E. coli cell contains more
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than 20 different exonuclease activities. Exonucleases
often act redundantly in biological functions of
RNA processing and degradation, mutation avoidance,
and in DNA repair and recombination. Therefore,
several biological functions of exonucleases probably
remain unknown and are the focus of current work

in the field.

SEE ALSO THE FOLLOWING ARTICLES

DNA Polymerase I, Bacterial # Recombination: Hetero-
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GLOSSARY

base excision repair A repair mechanism that removes damaged
nucleotide bases from duplex DNA. The resulting abasic site is then
incised by abasic endonucleases and repaired by exonucleases,
polymerase and ligase.

genetic recombination A process by which homologous segments of
DNA molecules are exchanged. Recombination serves as a
relatively error-free mechanism for repair of chromosomal single-
strand gaps or double-strand breaks.

heteroduplex A DNA duplex region formed by the pairing of two
strands from different DNA molecules. Heteroduplex joint
formation is the first step of homologous genetic recombination.

mismatch repair A conserved repair mechanism by which many
replication errors (“mismatches”) are detected and excised from
duplex DNA.

okazaki fragments Short, discontinuous pieces of DNA, primed by
RNA and synthesized during lagging strand DNA replication.

proofreading The 3/-5 exonucleolytic removal of polymerase
incorporation errors in newly synthesized DNA.
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F1-FO ATP Synthase

Donata Branca
University of Padova, Padova, Italy

F1-FO ATP synthases (also called F1-FO or F-ATPases) are
large protein complexes, weighing 550-650 kDa, located in
the inner mitochondrial membrane, in the chloroplast thyla-
koid membrane and in the bacterial plasma membrane. They
are the major ATP suppliers of most cells, synthesizing ATP in
the terminal phase of oxidative phosphorylation or photopho-
sphorylation. The synthesis of ATP from ADP and inorganic
phosphate (Pi) is driven by protons (H*) moving through the
complex down the transmembrane H* gradient built by the
respiratory or photosynthetic electron-transfer chains (or by
light-driven H* pumps in some bacteria). The ATP synthases
may also operate in the opposite direction, as H*-pumping
ATPases; this reversal, which may be accomplished by any
ATP synthase in vitro, is physiologic in anaerobic bacteria,
allowing them to build a transmembrane H* gradient (e.g., as
required for the movement of flagella or for the uptake of
nutrients). Thus, the ATP synthases reversibly convert the
energy stored in the proton gradient into the chemical energy
of ATP. The ATP synthases of all organisms are believed to
have evolved from a common protobacterial ancestor. In fact
they have a high degree of sequence homology within
structurally and functionally important regions, display similar
architectures, and operate with the same basic mechanism.
Moreover, in eukaryotes, they are partially encoded by
mitochondrial or chloroplast DNA.

Structure of the ATP
Synthase Complex

ATP synthases are traditionally described as bipartite
complexes, composed of two structurally and function-
ally distinct multisubunit portions (Figure 1A): a
membrane-embedded FO, which translocates protons,
and a membrane-peripheral F1 comprising a globular
head, which synthesizes ATP, and a central stalk, which
interacts with FO. A second, peripheral stalk, contrib-
uted by F1 and FO subunits, also connects the outer
regions of F1 and FO. F1 may be reversibly dissociated
from FO in vitro, with the isolated F1 still active, but
only capable of hydrolyzing ATP (hence the ATPase
designation), and the membrane-associated FO retaining
the ability to translocate protons down a concentration
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gradient. The isolated F1, and the F1-depleted mem-
branes containing FO are invaluable tools to investigate
the structure and the enzymology of the synthases,
even if lacking the coupling mechanism which allows the
H™-driven ATP synthesis by the intact complex. As to
the operation of the complex, there is wide agreement
that H" translocation through FO triggers the rotation of
the central stalk, which in turn promotes the synthesis
of ATP by F1.

Structural, biochemical, and molecular biological
studies have contributed to the knowledge of the archi-
tecture of the ATP synthases. The landmark achievement
has been the high-resolution structure of the mitochon-
drial F1: the X-ray crystallographic studies on bovine
heart F1 by Walker and co-workers (Figure 2A) have
established the essential features of the mammalian
complex. X-ray crystallographic work by Amzel,
Pedersen and co-workers (Figure 2B) has contributed
significant results on the rat liver F1 enzyme. Much less is
known on F0O, due to its membrane-intrinsic nature;
the structural analysis of this portion of the synthase is
so far limited to its isolated subunits or subcomplexes.

SuBuNIiT COMPOSITION

In the simplest ATP synthase, that of bacteria (Figures 1A
and B), F1 contains five different subunits with a
stoichiometry a3,83,v1,01,6. FO is composed of three
kinds of subunits with a stoichiometry aq,by,ci9_14.
This core structure is substantially conserved in all
ATPases, but for the presence of two homologous b and
b’ subunits in chloroplast FO, of a single copy of the b
subunit in mitochondrial FO and of several additional
subunits, whose roles are still poorly defined, in the stalk
and in the membrane sector of the mitochondrial
complex(Figure 1C). Finally, an inhibitor peptide (IF;),
unique to mitochondria, may reversibly associate to
the synthase.

At present, the subunit nomenclature for the ATP
synthases from different sources is confusing, partly
due to historical reasons; as an example, the bacterial
e-subunit corresponds to the mitochondrial 8, and the
bacterial 8-subunit to the mitochondrial oligomycin
sensitivity conferring protein (OSCP), while the

73



74 F1-FO0 ATP SYNTHASE

FIGURE 1 Structure of the FIFO ATP synthase. (A) Space filling model of the F1-F0 complex of E. coli. The uniformly coloured parts correspond
to domains whose high-resolution structure is lacking. (Reproduced from Weber, J., and Senior, A. E. (2003). ATP synthesis driven by proton
transport in F{Fy-ATP synthase. FEBS Lett. 545, 152-160, with permission.) (B and C) Schematic model of the ATP synthase from bacteria (B) and
mitochondria (C). One of the three 8 subunits has been omitted to reveal the g subunit within the a38; hexamer. In (C), some minor subunits (e, f, g,
A6L) are not shown. (Reproduced from Stock, D., Gibbons, C., Arechaga, 1., Leslie, A. G. W., and Walker, ]. E. (2000). The rotary mechanism of
ATP synthase. Curr. Opin. Struct. Biol. 10, 672—679, with permission from Elsevier.)



FIGURE 2 Structure of F1. (A) Side view of bovine F1 crystallized in
the presence of the synthase inhibitor dicyclohexylcarbodiimide
(DCCD). Reproduced from Gibbons, C., Montgomery, M. G., Leslie,
A. G. W., and Walker, J. E. (2000). The structure of the central stalk in
bovine F1-ATPase at 2.4A resolution. Nature Struct. Biol. 7, 1055—
1061. (B) Side view (large) and top view (small) of the @383y complex
of rat liver F1 crystallized in the presence of ATP and Pi. The « subunits
are in white, the B subunits are in blue, and the y subunit (part of which
is lacking, since it was disordered in the crystal) is in yellow; the
nucleotides bound to all B/a and &/ interfaces are shown. Reproduced
from Bianchet, M. A., Pedersen, P. L., and Amzel, L. M. (2000).
Notes on the mechanism of ATP synthesis. J. Bioenerg. Biomembr. 32,
517-521 with permission of Kluwer Academic/Plenum Publishers.
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mitochondrial e-subunit has no bacterial counterpart
(Figures 1B and C).

F1

The three a- and the three B-subunits of F1 are
arranged alternately in an hexagonal ring of 90-100A
diameter, forming the bulk of the globular head of F1
(Figure 2A). The «- and B-subunits of F1 are
homologous and share similar folds, comprising an
N-terminal B-barrel domain, a central domain which
includes the nucleotide-binding site, and a C-terminal
bundle of a-helices. The vy-subunit has an elongated
shape: a long C-terminal and a shorter N-terminal
a-helix wrap in an antiparallel, asymmetric coiled-coil,
and the central section of the chain folds in a globular
domain. The terminal portion of the coiled coil inserts
into the large central cavity of the a3B; hexamer
(Figure 2A), making minimal contacts with its interior
surface and reaching its top. The remainder of the
v-subunit protrudes to form a 47A stalk, which
contacts FO at the membrane surface by means of a
foot-shaped structure (Figures 1 and 2B), resulting
from the interaction of its globular domain with the
e-subunit (or the 8 and e-subunits in mitochondria).
The bacterial §-subunit (or the equivalent mitochon-
drial OSCP) is located externally on the upper half of
the «a3B; assembly, interacting with the N-terminal
domains of at least one a-subunit (Figure 1).

FO

In FO (Figure 1) the a subunit (the only main subunit still
lacking a high resolution structure) is thought to be
folded into five-transmembrane a-helices, the b-subunit
comprises an a-helical hydrophilic and a potentially
a-helical transmembrane domain, and the c-subunit
folds in a hairpin-like structure, with two transmem-
brane a-helices linked by a short polar loop. Several
c-subunits pack to form an oligomeric membrane-
spanning ring, probably filled by membrane lipids. The
number of monomers in the ring is generally thought
to vary between species, and stoichiometries of 9-14
c-subunits have been proposed for the synthases of
different sources. In bacteria, the packing of the
c-subunits is suggested to vary even within a single
species, as a result of modifications in the membrane
lipid composition induced by different growing con-
ditions. Irrespective of its stoichiometry, the c-ring spans
the membrane, interacting with the foot of the F1 stalk
by means of the polar loops of the c-subunits, while its
external surface contacts the highly hydrophobic
a subunit and the transmembrane domains of the
b-subunit dimer (in bacteria and chloroplasts). The
hydrophilic a-helices of the b-subunits project from
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the membrane reaching the &-subunit of F1. The
b-subunit of mitochondrial FO, although monomeric, is
thought to have an analogous organization and to
contact the OSCP subunit of F1. The interaction
between the FO b and the F1 8 (or OSCP) subunits
results in the second, peripheral stalk connecting the
catalytic head to the membrane-intrinsic footpiece of the
ATP synthase complex.

ATP Synthesis by F1

CATALYTIC PROCESS

The catalytic cycle leading to the production of ATP
involves three main steps: binding of Mg—ADP and P;
to the enzyme (both ADP and ATP are complexed with
Mg?", as in all known reactions of these nucleotides),
formation of the y-phosphoanhydridic bond by removal
of a water molecule, and release of Mg—ATP to the
aqueous phase. Reversal of these steps leads to the
hydrolysis of ATP, which is often studied as it requires
simpler experimental systems (e.g., the isolated F1, or
the complete F1-F0 complex in the absence of a proton
gradient) than the synthesis. ATP is synthesized
(or hydrolyzed) at three catalytic sites located on the
B-subunits at the interface with an a-subunit (Figure 3).
The a-subunits also contain nucleotide-binding sites
which, although homologous to those of the B-subunits,
are catalytically inactive (Figure 2A). Most of the amino
acids involved in catalysis belong to the B-chain, but
the adjacent a-chain also contributes essential residues,
so that the enzyme functionally consists of three af
catalytic pairs. As in many ATP-utilizing proteins,
each nucleotide-binding site contains a P-loop, i.e., a
conserved sequence motif — Gly-X-X-X-X-Gly-Lys-Thr/
Ser — which participates in the binding of the phosphate
groups. Other amino acids involved in the synthesis/
hydrolysis of ATP have been identified by mutational
and structural data; among them, the side chain of a
glutamic acid, which has no equivalent in the inactive
sites of the a-chains, appears essential for the formation/
hydrolysis of the anhydridic bond of ATP.

Analysis of ATP synthesis has unexpectedly shown
that the <y-phosphoanhydridic bond of ATP readily
forms within the complex, owing to the much higher
affinity of the catalytic sites for ATP than for ADP and
Pi. However, the newly formed ATP remains tightly
bound to the enzyme unless protons are flowing through
FO down a transmembrane gradient. This observation
has provided evidence that the translocated protons are
not directly involved in catalysis, suggesting instead that
the H flow is the exergonic process driving the major
energy-requiring step of ATP synthesis, i.e., the decrease
of the enzyme affinity for ATP.

FIGURE 3 Asymmetric features of bovine F1. F1 was crystallized
in the presence of AMP—PNP and ADP. The a-subunits are in red, the
B-subunits are in yellow, and the y-subunit (part of which is lacking,
since it was disordered in the crystal) is in blue. All the a-subunits
and the Brp-subunit have AMP-PNP bound; Bpp has ADP and Bg
has no nucleotide. (Reproduced from Abrahams, J. P., Leslie, A. G. W.,
Lutter, R., and Walker, J. E. (1994). Structure at 2.8A resolution of
F1-ATPase from bovine heart mitochondria. Nature 370, 621-628,
with permission.) (A) The y-subunit coiled-coil and the C-terminal
domains of the a- and B-subunits (viewed from the membrane side).
(B) The <y-subunit coiled-coil and the nucleotide-binding domains
of the a- and y-subunits (viewed from the membrane side).

BINDING CHANGE MODEL

A further peculiar aspect of F1 revealed by the
enzymological data is cooperative catalysis: the three
B-subunit cannot operate independently, as revealed by
the complete loss of enzymatic activity of the synthase
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FIGURE 4 The binding change model of ATP synthesis and the rotation of the y-subunit(A) Each circle represents a different conformation of
a3 3, the three sectors corresponding to the three a8 pairs. Green sectors represent the “tight” (T) conformation, blue sectors represent the “loose”
(L) conformation, and red sectors represent the “open” (O) conformation. (Reproduced from Bianchet, M.A., Pederson, P. L., and Amzel, L. M.
(2000). Notes on the mechanism of ATP synthesis. J. Bioenerg. Biomembr. 32,517-521, with permission of Kluwer Academic/Plenum Publishers.)
(B) The a3B3y complex was immobilized on a microscope slide coated with Ni**-nitrilotriacetic acid, by means of polyhistidine tags (that bind
strongly to nickel ions) attached to the N termini of the B-subunits. A fluorescently labelled actin filament (length 2 wm) was attached to the y-
subunit, and the rotation of the y-subunit was observed directly during the hydrolysis of ATP by epifluorescence microscopy. (Reproduced from
Junge, W., Lill, H., and Engelbrecht, S. (1997) ATP synthase: an electrochemical transducer with rotatory mechanics. Trends Biochem. Sci. 22,

420-423, with permission from Elsevier.)

upon inhibition of a single catalytic site of F1, implying
that site-to-site interactions are essential to complete the
catalytic cycle. According to the widely accepted binding
change model (Figure 4A), proposed by Boyer in 1973 to
explain the unusual catalytic features of the F1-FO0
ATPase, as the synthesis of ATP proceeds each B-subunit
sequentially adopts three conformations, corresponding
to different binding affinities of the catalytic site for ATP,
ADP, and Pi: the loose (L) conformation binds ADP and
P; with low affinity, the tight (T) conformation allows
ATP to be synthesized by binding it with very high
affinity, and the open (O) conformation releases the
newly formed ATP to the medium. At any time the three
B-subunits within F1 have different conformations and
distinct steps of the enzymatic reaction take place at each
catalytic site: when one B-subunit changes from the L to
the T conformation, forming ATP from ADP and P;,
another B-subunit converts from the T to the O state,
releasing ATP, and the third one shifts from the O to the L
conformation, binding ADP and P;. Thus, ATP is released
by a catalytic site only upon binding of the substrates to
another site, and the synthesis of ATP is the result of the
concerted operation of the three af3 pairs of F1.

The functional asymmetry predicted by the binding
change mechanism has been substantiated by structural
information. In fact, in the first F1 crystal described by

Walker (Figure 3) the B-subunits have distinct tridi-
mensional structures, arising principally from domain
shifts, and the catalytic sites contain different nucleo-
tides: one binds the ATP analogue AMP-PNP, one
ADP, while the third one has no ligand. However, two
main problems concerning the catalytic cycle are still
debated: (1) the actual number of the catalytic sites of
F1 involved in the synthesis of ATP and (2) the number
of the distinct conformations cyclically adopted by
each B-subunit.

ROTATIONAL CATALYSIS

The tridimensional structure of F1 has also revealed that
the y-subunit contributes to the asymmetry of F1
(Figure 3): its coiled-coil displays different interactions
with each afB-subunit pair, correlating with the confor-
mational differences among the catalytic sites. These
structural features support the rotary mechanism of ATP
synthesis, as predicted by Boyer to account for the
binding change model. According to this mechanism the
asymmetric y-subunit triggers the conformational tran-
sitions required to synthesize ATP by rotating relative to
the a3B; ring, therefore interacting differently with
each af pair at any instant. The contact sites between
the y-subunit and each af pair which are specifically
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responsible for the conformational transitions envisaged
by the binding change model remain controversial;
however, an inventive experiment designed in 1997 by
the groups of Yoshida and Kinosita has visually
documented the rotation of the y-subunit during ATP
hydrolysis (Figure 4B). A single recombinant a3B3;y
bacterial complex was anchored to a microscope slide,
so that the <y-subunit projected upwards. An actin
filament, much bigger than the enzyme and bearing a
fluorescent tag, was linked to the y-subunit, at a distance
from the ring, to provide a long adjunct that could be
observed under a fluorescent microscope. When Mg-—
ATP was added to this ATPase preparation, the actin
filament began to rotate unidirectionally proving that
the hydrolysis, and presumably the synthesis, of ATP
entailed the physical rotation of the y-subunit. At very
low concentrations of ATP the rotary motion apparently
splits into 120° steps, each evidently corresponding to
the hydrolysis of one molecule of ATP. The efficiency of
the conversion of the chemical energy from ATP
hydrolysis into the mechanical energy of rotation was
estimated to approximate 90 %, consistent with the fully
reversible operation of F1. The same biophysical
approach has subsequently demonstrated that the
whole central stalk assembly (i.e., the bacterial y- and
e-subunits) revolves during the catalytic process.

Proton Translocation by F0

To mechanically connect the synthesis of ATP by F1 to
the translocation of protons by F0, the rotation of the
central stalk must be driven by protons moving through
FO. However, the abovementioned lack of a high
resolution structure of the intact FO has so far hampered
the efforts to define its fine molecular mechanism.

Amino acids essential for the transmembrane move-
ment of protons have been identified both in the
a-subunit and in the c-subunit, but not in the b-subunit,
implying that the H' path is formed by a- and
c-subunits. In particular, two interacting amino acids,
predicted to be near the middle of the hydrophobic core
of the membrane, are apparently crucial to H" trans-
port: an aspartate (or glutamate) in the c-subunit, and an
arginine in the a-subunit (Figure 5). The acidic residue
reacts specifically with the synthase inhibitor dicyclo-
hexylcarbodiimide (DCCD), and the translocation of
protons through FO is completely blocked by the binding
of DCCD to just one of the several c-subunits, meaning
that the c-subunits in the ring operate cooperatively.

In 1986, these experimental findings have led
Cox and co-workers to propose that the c-ring
rotates against the a-subunit so that, as each c-subunit
moves past the a-subunit, a proton moves across FO.
Recently, cross-linking studies have established that H*

FIGURE 5 Structure of the ATP synthase showing a proposed
proton transport path. aR210 and cD61 indicate the a-subunit
arginine and the c-subunit aspartate required for the transmembrane
movement of H*; the dotted lines represent the putative half-channels
for H*. (Reproduced from Weber, J., and Senior, A. E. (2003). ATP
synthesis driven by proton transport in F{Fy-ATP synthase. FEBS
Lett. 545, 152-160 with permission of Federation of the European
Biochemical Societies.)

translocation does cause the c-ring to revolve, and that
the central stalk is forced to rotate synchronously with
the ring due to the connections between its foot-shaped
portion and the ¢-subunits. In addition, extension of the
procedure of Yoshida and Kinosita to the F1-FO
complex has confirmed the rotation of the c-ring.

The generally accepted model for the operation of FO
(Figure 5) envisages two disaligned half-channels
(mainly located in the a-subunit) extending from the
opposite surfaces of the membrane to the depth of the
essential aspartate/arginine pair. To cross the membrane,
a proton moves through one half-channel and binds to
the negatively charged aspartate of one c-subunit,
relieving the electrostatic interaction with the positively
charged arginine. The uncharged c-subunit can thus
come into contact with the hydrophobic core of the
membrane, and the ¢c-ring may rotate, therefore allowing
the aspartate of the contiguous c-subunit to align to the
half-channel and to bind another H*. Protons are
discharged to the opposite side of the membrane by
means of the other half-channel following the rotation
of the ring. Consistent with the actual operation of FO
and of the intact F1-F0 complex, the translocation of
protons by this mechanism is passive and bidirectional,



unless a proton gradient across the membrane imposes a
single direction of rotation.

Peripheral Stalk

The peripheral stalk is the least defined portion of the
ATP synthase, consisting of b- and & (or OSCP)
subunits, whose high resolution structures are still
partially unknown. It is believed to act as a stator, i.e.,
to keep the catalytic head and the proton channel
in the right relative orientation by preventing the
a-subunit and the a3B; ring from rotating with the
c-ring—7y-¢ assembly (often referred to as the rotor of
the complex).

SEE ALSO THE FOLLOWING ARTICLES

Membrane-Associated Energy Transduction in Bacteria
and Archaea e P-Type Pumps: H*/K* Pump e P-Type
Pumps: Plasma Membrane H* Pump

GLOSSARY

electron transfer chain A functional assembly of membrane-associ-
ated redox compounds which transfers electrons down a redox
potential difference. It uses the energy thus made available to pump
protons across the membrane, thereby generating a transmembrane
proton gradient

F1-FO Abbreviation of “coupling factor 1” and “factor conferring
sensitivity to oligomycin”: the proteins originally identified in
mitochondria by E. Racker and co-workers as necessary for the
synthesis of ATP, but not for the activity of the respiratory chain.

(ion) channel A transmembrane pathway that allows a passive flow
of ions down a concentration or an electrical gradient. It may shift
from an open to a closed state.

oligomycin An antibiotic that blocks both the synthesis and the
hydrolysis of ATP in mitochondria. It does not block the hydrolysis
of ATP by purified F1 preparations.
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FAK Family
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The focal adhesion kinase (FAK) family is a small family of
nonreceptor tyrosine kinases that function in adhesion-
mediated signaling. The family contains just two vertebrate
members: FAK and proline-rich tyrosine kinase 2 (PYK2). Also
included are homologues from invertebrate metazoans:
DFak56 from Drosophila and KIN-31 from C. elegans. The
FAK family is defined by the presence of three major conserved
domains: central tyrosine kinase catalytic domain, amino-
terminal FERM domain (related to domains found in the red
blood cell band 4.1 protein, ezrin, radixin, and moesin), and
carboxyl-terminal focal adhesion targeting (FAT) domain.

FAK

Focal adhesion kinase (FAK) (Figure 1) was the first
member of the family to be described and has been most
extensively studied, primarily in cultured fibroblasts. Its
name derives from its prominent localization to cellular
focal adhesions (Figure 2). Focal adhesions are sites
where cell surface integrins cluster and make strong
adhesive contact with components of the extracellular
matrix (ECM) such as fibronectin, vitronectin, and
collagen. Focal adhesion localization was the first
indication that FAK could be involved in regulating
aspects of cell behavior resulting from integrin-mediated
adhesion. The FAT domain is necessary and sufficient for
focal adhesion localization.

FAK EXPRESSION AND ROLE
IN DEVELOPMENT

FAK is widely expressed throughout embryogenesis and
appears to function in many developmental processes.
A role for FAK in gastrulation is suggested by obser-
vations, made in early embryos from Xenopus and
chicken, of prominent FAK expression in the involuting
mesoderm. FAK-deficient mouse embryos fail to develop
past late stages of gastrulation, and exhibit dramatically
retarded development of the antero-posterior axis,
suggestive of defects in mesodermal migration. Studies
using late-stage embryos from mouse, Xenopus, and
zebrafish indicate high FAK expression associated with
several developing systems including the central nervous
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system, somites, arterial walls, myotendinous junctions,
and germ cells. FAK is ubiquitously expressed in adult
tissues, with high levels found in brain, lung, and testis.
In neuronal cells FAK is enriched in growth cones.
Neuronal FAK is expressed from alternatively spliced
transcripts resulting in short insertions in the region
between the FERM and kinase domains.

FAK ACTIVATION AND
SIGNALING MECHANISM

Like most tyrosine kinases, FAK is in its active signaling
state when phosphorylated on tyrosine residues. FAK
tyrosine phosphorylation results from integrin-mediated
cell adhesion to the ECM and is maintained by
Rho-mediated contraction of the actin cytoskeleton.
The initial step in FAK activation is phosphorylation of
Tyr-397, which occurs through intermolecular autophos-
phorylation. Neuronal-specific isoforms of FAK have a
higher intrinsic capa