


Overview: Mechanisms of Regulation 3-0 

enzymes in rhe pathway, so when too much of this product is synthesized it feeds back and 
shuts off one of rhe enzymes that help make it, as we shall see later in this chapter. 

Binding of effector molecules can be covalent or can lead to covalent changes in a protein. The 
most common form of post-translational covalent modification is reversible phosphorylation 
on rhe hydroxyl group of the side chains of serine, threonine or tyrosine residues, bur many 
other modifications are known, including side-chain merhylarion, covalent attachment of 
carbohydrates and lipids, amino-terminal acetylarion and limited proteolytic cleavage, in 
which proteases cur rhe polypeptide chain in one or more places. Modifications such as 
phosphorylation or proteolytic cleavage may either activate or inactivate the protein. 

Signal amplification is an essential feature in the control of cell function and covalent 
modification of proteins is the way such amplification is usually achieved. Often, an extra­
cellular stimulus is of short duration and involves only a very low concentration, or a small 
change in concentration, of a hormone or regulatory molecule. Yer rhe cellular response 
must nor only be very rapid; in many cases it must be massive, including a change in activities 
of many enzymes and alteration in the transcription of many genes. Covalent modification 
of a protein provides a simple mechanism by which a regulatory signal can produce a very 
large ourpur. A single molecule of an enzyme whose catalytic activity is turned on by a 
covalent modification can process many thousands of substrate molecules. And if that substrate 
is another enzyme, the amplification is further magnified. When covalent modification of 
one enzyme causes it to become active so rhar it can, in turn, covalently modify and activate 
another enzyme and so on, a regulatory cascade is set up that leads to enormous, rapid 
changes in rhe final output. Blood clotting is an example of such an amplification cascade 
based on proteolysis. 

Protein activity may be regulated by prote· 

The activity of a protein can also be regulated by controlling its amount and lifetime in the 
cell. This control may be exercised at several places in rhe flow of information from gene to 
protein. Ar its simplest, the amount of protein can be set by the level of transcription, which 
in turn can be controlled by, for example, rhe strength of rhe promoter or the action of a 
transcription factor, which may be a repressor or activator. The level of mRl A may also be 
adjusted after transcription by varying the rare of A degradation. Ar the level of the protein, 
quantities are controlled by the lifetime of the molecule, which is determined by its rare of 
degradation. The rare of turnover varies considerably from protein to protein; there are several 
specific mechanisms for targeting protein molecules to degradative machinery in the cell, 
including covalent attachment of rhe small protein ubiquitin. 

A single protein may be subject to many regulatory influences 

These various strategies are not mutually exclusive and any one protein may be subject to 
several of them. Coordination and integration of regulatory signals is achieved largely through 
signal tran duction networks that set the balance of activities and thereby the balance of 
metabolism and cell growth and division pathways. Integration of signaling pathways 
is achieved through proteins, such as protein kinases, whose activity is under the control of 
several different mechanisms that can be independently regulated by incoming signals, as in 
rhe example of the protein tyrosine kinases known as cyclin-dependent kinases (CDKs), 
which control a eukaryotic cell's progre sion through the cell cycle (Figure 3-1). 

Wyrick, JJ. and Young, R.A.: Deciphering gene 
expression regulatory networks. Curr Opin. Genet. 
Dev. 2002, 12·130-136. 
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The cyclln-dependent protein 
kinases that control progression through the 
cell cycle are regulated by a number of 
different mechanisms Activation of a cyclin· 
dependent kinase (Cdk) at the appropriate 
point in the cell cycle requires both binding 
by its cyclin ligand, which induces a 
conformational change in the Cdk, 
phosphorylation of the Cdk in this Cdk-cyclin 
complex at a particular tyrosine residue, and 
dephosphorylation at one or two other 
tyrosines (depending on the particular Cdk). 
Cyclin binding is determined by the levels of 
cyclin present in the cell, which are strictly 
controlled in a temporal fashion by a signaling 
network that regulates gene transcription and 
protein degradation. Phosphorylation at the 
activating site is carried out by a so-called 
Cdk-activating kinase (CAK) which is present 
throughout the cell cycle but cannot act until 
the Cdk has bound cyclin; phosphorylation and 
dephosphorylation of the inhibitory tyrosines 
are carried out by another kinase and a 
phosphatase, respectively, whose activities are 
also subject to finely tuned regulation. 
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3-1 Protein Interaction Domains 

Definitions 

interaction domain: a protein domain that recognizes 
another protein, usually via a specific recognition motif. 
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The flow of information within the cell is regulated and integrated by 
the combinatorial use of small protein domains that recognize specific 
ligands 

Many proceins char regulace cell behavior are consuucted in a modular fashion from a number 
of different small domains wich distincc binding speciftcicies and funccions (see Figure 1-46). 
Signal transduction proceins, regulacory proteins of che cell cycle, proteins chat carry out targeted 
proceolysis, and proteins char regulate secrecory pachways, cycoskelecal organization or gene 
expression all come inco chis category. Many gene regulacory proteins, for example, bind both 
co D A and co anocher protein co carry out cheir function; they are composed of a domain that 
binds a specific D A sequence and a protein-binding domain, which may targec another 
molecule of che same protein (see Figure 1-41 ) or anocher gene regulacory protein. In some 
enzymes, a catalytic domain is attached co one or a number of protein-binding domains. These 
interaction domains (also called recognition modules) target che attached catalytic domain to 
a particular multiprotein complex or an appropriate subceUular location (such as rhe nucleus or 
che plasma membrane). Some interaction domains, such as rhe calcium-binding EF hand, often 
act as regulatory domains for enzymes. In signal transduction pathways, active multiprotein 
complexes are assembled by interaction domains rhat target rhe components co the complex. 
For example, rhe WD40 domain of che ~-subunit of rhe hecerocrimeric G protein cargets rhis 
subunit co che a and y subunits (see Figure 3-15). In some cases the inreraccion domain of a 
protein may interacc with rhac protein's own catalytic domain in an aucoinhibicory manner. 
Binding of rhe interaction domain co anorher protein then relieves rhe inhibition and activaces 
che enzyme. Some protein kinases are aucoregulaced this way (see section 3-13). 

Interaction domains are independently folded modules, 35-150 residues in length, which can 
still bind their target ligands if expressed independently of their "hose" protein. Their amino and 
carboxyl termini are close cogether in space, wich rhe ligand-binding sire being locared on che 
opposite face of rhe module. This allows an interaction domain co be inserted imo a loop region 
of a catalytic domain, for example, as in the case of mammalian phospholipase Cy, where two 
SH2 and one SH3 domains are inserted within the catalytic domain wirhout disturbing ics fold 
or having rheir own binding sires blocked. This type of domain organization also allows different 
domains to be strung cogerher in combinacorial fashion and still retain their function. 

Interaction domains can be divided inco distinct families whose members are related by sequence, 
structure, and ligand-binding properties (Figure 3-2). Different members of a family recognize 
somewhat different sequences or structures, providing specificity for the proteins inco which they 
are inserted. Examples of interaction domain families are SH3, WW and EVHl, which recognize 
praline-rich sequences; SH2 and PTB, which recognize phosphotyrosine-containing sequences; 
and 14-3-3, FHA, PBD and WD40, which bind to phosphoserine and phosphorhreonine motifs. 
These domains are all common in proteins of signal transduction pathways. The PH and FYVE 
domains chat recognize phospholipids are found in several different pachways, including signal 
transduction pathways and in proteins thac control che traffic between incernal membrane-bound 
comparrments of rhe cell. A given procein may contain one or more copies of several different 
recognition modules, occurring in a different order in different proteins. Among the GTPase­
activacing proceins, for example, GAPl has a PH domain after ics GAP domain, while pl20 
GAP has the opposice order. Some interaction domains also form homo- and hetero-oligomers 
(typically dimers), which creaces yet another level of regulacory versatility and specificity. 

Figure 3-2 Interaction domains The name of the particular example shown for each family is given 
below each structure, along with the function and specificity of the domain. 
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Protein Interaction Domains -1 

14-3-3 

Example: 14-3-3 
Function: protein-protein interactions 
Specificity: phosphotyrosine 

✓ 

Example: lmportin alpha 
Function: protein-protein interactions 
Specificity: various 

Example: G protein beta subunit 
Function: protein-protein interactions; 
a stable propeller-like platform to which 
proteins bind either stably or reversibly 
Specificity: various 

SNARE 

Example: SNAP-25B 
Function: protein-protein interactions 
in intracellular membrane fusion 
Specificity: other SNARE domains 

Death domain (DD) ANK (ankyrin repeat) 

~ 
Example: FADD 
Functi on: protein-protein 
interactions in pathway that 
triggers apoptosis 
Specificity: other DD domains 
through heterodimers 

Exa mple : Src 
Functi on: protein-protein 
interactions 
Specificity: phosphotyrosine 

---. 
Example: PSD-95 
Functi on: protein-protein 
interactiOns, often involving 
transmembrane proteins or 
I0n channels 
Specificity: -XXXV/I-COOH 

WW 

Example: Pin1 
Function: protein-protein 
interactions 
Specificity praline-rich 
sequences 

©2004 ew Sc ence P•ess Ltd 

{i~~ -Example: Swi6 
Function: protein-protein 
interactions 
Specificity: various 

SH3 

Example: Sem5 
Function: protein-j)rotein 
interactions 
Specificity: praline-rich sequences 

GYF 

Example: CO2 
Function: protein-protein 
interactions 
Specificity: praline-rich 
sequences 

LIM 
r--

• 
Example: CRP2 
Function: protein-j)rotein 
interactions usually in 
transcription regulation 
Specificity: various 

Example: PKG 
Function: electrostatic switch 
Specificity: phospholipids 

PH 

Example: PLC-6 
Function: recruitment of 
proteins to the membrane 
Specificity: phosphoinositides 

Chroma 

Example: Mouse modifier protein 1 
Function: protein-j)rotein 
interactions in chromatin remodeling 
Specificity: methylated lysine 

Example: Skp2 
Function: protein-j)rotein 
interactions in ubiquitin-dependent 
protein degradation 
Specificity: various 

EF-hand 

Example: Calmodulin 
Function: calcium binding 
Specificity: Ca2• 

FHA 

Example: Rad53 
Function: protein-protein 
interactions 
Specificity: phosphotyrosine 

SAM 

Example: EphA4 
Function: protein-protein 
interactions via homo- and 
heterodimers 
Specificity: other SAM domains 

Example: Vps27p 
Function: Regulation of 
signaling 
Specificity: phosphatidyl­
inositol-3-phosphate 

C1 

Example: PKG 
Function: recruitment of 
proteins to the membrane 
Specitlci ty: phospholipids 

LRR 

Example: Rpn1 
Function: protein-protein 
interactions 
Specificity: various 

Example: She 
Function: protein-protein 
interactions 
Specificity: phosphotyrosine 

BH 

Example: Bel-XI 
Function: protein-protein 
interactions 
Specificity: Other BH domains 
through heterodimers 

Example: P/CAF 
Function: protein-protein 
interactions in chromatin remodeling 
Specificity: acetylated lysine 

RING finger 

Example: c-Cbl 
Function: protein-protein 
interactions in ubiquitin­
dependent degradation and 
transcription regulation 
Specificity: various 

Fibronectin 

Example: Fibronectin Ill 
Function: protein-protein 
interactions in cell 
adhesion to surfaces 
Specificity: RGD motif of integrins 
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3-2 Regulation by Location 
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Figure 3-3 The internal structure of cells 
Schematic diagrams of (a) a bacterial cell 
and (b) a typical eukaryotic cell, showing the 
arrangements of some of the organelles and 
other internal structures. 

Definitions 

lipid anchor: lipid attached to a protein that inserts 
into a membrane thereby anchoring the protein to the 
bilayer. 

protein kinase: enzyme that transfers a phosphate 
group from ATP to the OH group of serines, threonines 
and tyrosines of target proteins. 

References 
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Protein function in the cell is context-dependent 

Many cellular processes involve the interaction of two or more macromolecules: signal 
transduction pathways are a good example. Bur when one es:timares the number of gene products 
apparently involved in such pathways, it frequencly appears that there are too few different 
proteins to account for all the different specific interactions chat must be made. Put another 
way, the genomes of higher organisms seem to contain coo few genes co fulfill all the cellular 
functions required. The logical conclusion is rhar many proteins participate in more than one 
cellular process. Bue if chaos is nor to result from all these activities occurring simultaneously, 
both temporal and spacial control over a protein's activity must be exercised. Temporal control 
can be achieved parcly by regulating gene expression and protein lifetime. However, it is 
increasingly clear that spatial context, the precise location within the cell at which a gene 
product exercises its biochemical function, is a major mechanism for regulating function. 

Ir is probable char there is no such thing as a free-floating protein in a eukaryocic cell. Every 
protein is constrained, whether in a complex with ocher macromolecules, within a specific 
organelle, in a cargo vesicle, by attachment to a membrane, or as a passenger on the actin rail­
roads in the cyroskeleton, among others. Moreover, the membrane-bounded vesicles of rhe cell 
provide a distinctive environment char can affect protein function, as we discuss in the next 
section. Prokaryoric cells, which lack organelles and cycoskeletal structures, may be less highly 
structured, but eukaryotic cells are organized into many compartments (Figure 3-3). In fact, it 
is increased organization, not increased gene number, that is the real hallmark of eukaryocic 
cells. For example, the eukaryote fission yeast Schizosaccharomyces pombe has fewer genes than 
the bacterium Pseudomonas aeruginosa. 

Precise localization of proteins is a central feature of both spacial and temporal organization. In 
eukaryotic cells, the targeting of proteins to different locations in the cell, such as cycosol versus 
nucleus, can be regulated according to need, and changes in targeting can modify protein 
function at the cellular level even when the biochemical function of the protein does not change. 

Nowhere is this more evident than in signal transduction pathways. Many of these depend on 
protein kinases which, as discussed later in chis chapter, modify protein function by phosphory­
lacing selected amino acids. The number of protein kinase genes in the human genome is large, 
bur is far smaller than the number of potential protein kinase substrates. As we do not appear 
to possess one kinase for each substrate, kinases must have less than absolute specificity. How 
then are they prevented from phosphorylating the "wrong" protein at an inappropriate time 
and place? One answer is to target the kinase to the same location as its "correct" substrate, a 
location different from that for any ocher potential substrate; che action of char kinase is then 
quire specific; and specificity can be altered if required by relocation of kinase and/or substrate. 

Anorher example of control by location is the small monomeric GTPase Tern 1 from rhe budding 
yeast Saccharomyces cerevisiae. Tern I plays an essential part in terminating the mitotic phase of 
the cell cycle. The interaction of individual yeast proteins with all the ocher proteins encoded 
in the yeast genome has been systematically investigated by two-hybrid analysis (see section 
4-4). In such assays Teml has been found to interact physically with 24 different yeast gene 
products. Given its size, no more than about four other proteins could possibly bind to Tern 1 
at the same time, so what controls which proteins it interacts with at any given time? 
Differences in the timing of expression of the different target proteins could play some part in 
determining Tern l's specificity, but binding to specific partners is likely to be mainly controlled 
by targeting Teml, and its potential partners, to different locations in the cell at different times. 
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Regulation by Location 3-2 

There are several ways of targeting proteins in cells 

Targeting of a protein within the cell is achieved in three main ways: by sequences in the 
protein itself; by various types of post-translational modification; and by binding to a scaffold 
protein. Localization to the membrane-bounded compartments of the cell-the nucleus, the 
endoplasmic reticulum (ER), the Golgi complex, and so on-is usually achieved by specific 
"localization signals" encoded in the protein sequence. For example, the sequence KDEL 
targets proteins for retention in the endoplasmic reticulum (by binding to a specific receptor) 
(Figure 3-4a); lysine/arginine-rich clusters such as KRKR target proteins to the nucleus; and 
the hydrophobic signal sequence found at the beginning of some proteins directs their secre­
tion from the cell. Depending on the organelle to be targeted, localization sequences may be 
located at either end of the polypeptide chain or even internally. Intrinsic plasma membrane 
proteins are also targeted to the membrane via the ER by this type of mechanism. 

Localization by sequence motifs is an intrinsic property of the protein. In contrast, post­
translational targeting mechanisms are regulatable. The commonest mechanism is covalent 
chemical modification of the protein. Perhaps the most widely used modification of this type 
is phosphorylation of tyrosine, serine or threonine residues by protein kinases; such modifications 
target proteins for binding by other proteins that have a recognition site for the modification 
(Figure 3-46). This mechanism is particularly important in the formation of signaling complexes 
and in biochemical switches, and we discuss it in more derail later in this chapter. 

Another important post-translational modification targets proteins to the plasma membrane by 
covalent attachment of their carbox:yl or amino terminus to a lipid molecule, often called a lipid 
anchor, which is then inserted into the phospholipid bilayer (Figure 3-4c). For example, the 
signaling GTPase Ras, which is found mutated in many human rumors, becomes covalently 
attached to the isoprenoid farnesyl at its carbox:yl terminus via a thioester linkage, and this modi­
fication , which targets Ras to the cell membrane and thus brings it dose to the signaling complexes 
attached to receptor proteins, is essential for its function in signal transduction (Figure 3-4c). 

Although lipid anchors could insert randomly into membranes solely by virrue of their 
hydrophobicity, evidence is mounting that the membranes in eukaryotic cells are not just 
random soups oflipids. Membranes appear to have many patches (sometimes called lipid rafts) 
where specific lipids congregate. These "islands" target particular lipid anchors or lipid-binding 
domains on proteins not just to the membrane but to very specific places on the membrane. 
Control of the location and size of these rafts by enzymatic modification and hydrolysis of 
phospholipids is yet another level of functional organization. We discuss lipid rafts in more 
derail later, in the section on lipid modification of proteins (see section 3-19), in which we also 
describe the various types of lipid anchor. 

The third common means of protein targeting is by binding to scaffold proteins. These are 
proteins that can bind several other proteins simultaneously, thereby promoting their interaction 
(Figure 3-4d). To carry our this function, scaffold proteins generally contain a number of small 
domains that recognize specific targets, modifications or sequence motifs. One example is the 
SH3 domain, which binds to praline-rich regions; another is the SH2 domain, which recognizes 
sequences containing a phosphorylated tyrosine; yet another is the PH domain, which binds 
to phospholipids in membranes (see section 3-1 ). 

Figure Mechanisms for targeting proteins (a) Proteins destined for export from the cell are first 
co-translationally targeted to the endoplasmic reticulum (ER) by signal sequences (red) at the amino 
terminus of the protein. The signal sequences are cleaved off when protein synthesis is complete, 
releasing the protein into the lumen of the ER. from which it is exported to the cell surface in transport 
vesicles. Transmembrane proteins are targeted in a similar way, but have additional internal hydrophobic 
signal sequences that retain the protein in the membrane. (b) Proteins may be targeted to specific 
signaling complexes by recognizing phosphorylated sites on their target protein. As shown here, a cell­
surface receptor (blue and green) with intrinsic protein kinase activity dimerizes on binding an external 
ligand (red), and this triggers phosphorylation of the cytoplasmic domains. That generates a target site 
for a cytoplasmic signaling molecule (light blue) that recognizes the phosphorylated residue and binds 
to the receptor tail. (c) A lipid tail is attached to a small G protein (green), thereby anchoring it in the 
plasma membrane where it can interact with other membrane-bound signaling proteins. It is shown here 
interacting with an adaptor protein (dark blue) that is part of the signaling complex that builds up around 
phosphorylated receptor domains. (d) A scaffold protein (blue) binds to several different signaling 
molecules (green) and thereby targets their activities: the signaling molecules may, for example, be 
protein kinases that can now sequentially phosphorylate one another as part of a signaling pathway. 
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3-3 Control by pH and the Redox Environment 

(a) 

(b) 

decreasing pH 
substrates 
inhibitors 

increasing pH 

Figure 3-5 Cathepsin D conformational 
switching Cathepsin D undergoes a pH­
dependent conformational change. At the 
neutral pH of the cytosol (a), the amino­
terminal peptide interacts with the active site 
and blocks substrate access. At the low pH 
of the endosome (b), in which cathepsin Dis 
active, the amino-terminal segment reorients, 
opening the active site. At the same time, the 
low pH sets the protonation states of the 
catalytic residues for activity Graphic kindly 
provided by John Erickson. From Lee, A.Y. 
et al.: Nat. Struct. Biol. 1998, 5:866-871, 
with permission. 
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Protein function is modulated by the environment in which the protein 
operates 

All proteins are adapted to fold and function optimally in the particular environment of the 
cellular compartment in which they operate. The cellular aqueous solution is highly viscous 
and contains many components besides proteins at high concentration, including ions, free 
polar organic molecules and, most important, the dissociated conjugate acid/conjugate base 
components of water: the proton and the hydroxide ion. If these two components are present 
at approximately equal concentration, as is the case in the cytosol of most cells, the solution is 
neutral with a pH of about 7. If protons are in excess, the solution is acidic, with a lower pH, 
and ionizable groups tend to be protonated. If hydroxide ions predominate, the solution is 
alkaline with a pH > 7 and ionizable groups will tend to be deprotonated. Distinct membrane­
bounded compartments inside the cell often have a distinct internal microenvironment and 
the extracellular environment represents a different aqueous environment again from that of 
the interior. We describe here some examples of the adaptations of proteins for the environments 
in which they function. 

Changes in redox environment can greatly affect protein structure and 
function 

The interiors of cells are for the most part reducing environments: they furnish electrons, often 
in the form of hydrogen atoms. On the ocher hand, outside the cell, proteins and small molecules 
are typically exposed to an oxidizing environment in which electrons can be lost. The chief 
effect of this difference is chat cysteine residues in proteins are usually fully reduced to 
-SH groups inside the cell, but are readily oxidized to disulfide S-S bridges when a protein is 
secreted. Cells can exploit this difference to trigger oLgomerization by S-S bond formation in 
secreted proteins, or subunit dissociation and conformational changes when proteins are 
internalized. For instance, acecylcholinesterase is synthesized as a monomer, but when secreted 
from muscle and nerve cells self-associates to form dimers and tetramers. These oligomers, 
which are more stable than the monomer and thus better able to survive outside the cell, are 
composed of covalently linked subunits. Each monomer has a carboxy-terminal cysteine 
residue which forms an intersubunit S-S bond with the identical residue on a neighboring 
polypeptide chain. 

Changes in pH can drastically alter protein structure and function 

Most cytosolic fluid is maintained at near neutral pH, so that neither acids nor bases predominate. 
However, there are specialized compartments, such as endosomal vesicles, where the pH is 
quite acidic. As the surfaces of soluble proteins are chiefly composed of polar side chains, many 
of which are ionizable, both the net charge on a protein and the distribution of charge over the 
surface can vary considerably with pH. 

Ifligand binding depends on electrostatic interactions (see Figure 2-23), changes in the external 
pH (or ion concentration) can greatly influence binding strength by directly altering the 
ionization states of groups that interact with the ligand or of groups on the ligand itself 
Modulation of the surface charge distribution of a protein by pH changes can also affect the 
biochemical function indirectly, by changing the extent of ionization of essential functional 
groups in an active site or binding site through long-range electrostatic interactions. For 
instance, endosomal proteases, which degrade internalized proteins, are only catalytically active 

Weiss, M.S. et al.: Structure of the isolated catalytic 
domain of diphtheria toxin. Biochemistry 1995, 
34:773-781. 
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Control by pH and the Redox Environment 3-3 

at acidic pH, when the charged groups in their active sites are in the proper ionization states. 
Endosomal proteases are implicated in the degradation of internalized regulatory peptides 
involved in the control of metabolic pathways and in the processing of intracellular antigens 
for cytolytic immune responses. Processing occurs in endocytic vesicles whose acidic internal 
environment is regulated by the presence of an ATP-dependent proton pump. The acidic 
environment (pH ~ 5) modulates protease activity, protein unfolding and receptor-ligand inter­
actions. The endosomal compartment of liver cells contains an acidic endopeptidase, cachepsin 
D, chat hydrolyzes internalized insulin and generates che primary end-product of degradation. 
The protease is only active at low pH because its active site contains two essential aspartic acid 
residues, one of which must be protonated for catalysis to occur. 

However, there is an additional aspect to the pH-dependent regulation of cathepsin D activity. 
The conformation of the protein, particularly the amino terminus, differs at low and high pH. 
High pH resulcs in a concerted sec of conformational changes including the relocation of the 
amino terminus into the active site, where it blocks substrate binding; also, at chis pH both 
catalytic aspartates are likely to be deprotonated and therefore inactive; their charge state also 
stabilizes this conformation of the amino terminus. Activation at low pH is due to the proto­
nacion of one of the two catalytic asparcaces, weakening their electrostatic interactions with the 
amino-terminal peptide. The released amino-terminal peptide restores the accessibility of the 
active site to substrate (Figure 3-5). 

In some cases, the effect of pH has been exploited to change the structure of a protein completely 
in an acidic compartment. For example, diphtheria toxin, a protein that is among the deadliest 
substances known, is synthesized in the neutral pH of the cytosol of the bacterial cell as a single 
polypeptide chain with three domains: from amino to carboxyl terminus these are designated as 
domains B, T and A. The B domain binds to a receptor in the target-cell membrane, leading 
to uptake of the toxin by receptor-mediated endocyrosis. The A domain, which is joined to the 
B domain by a disulfide bond, is an enzyme that kills cells by catalyzing che ADP-ribosylation 
of elongation factor 2 on the ribosome, leading to a block in protein synthesis. The T domain 
is the most interesting, because it is responsible for delivering the catalytic domain into the 
cytoplasm of the target cell. 

Endocytosis through binding of the B domain to the cell-surface receptor results in the seques­
tration of the toxin in the acidic interior of an endocytic vesicle. Exposure to the reducing 
environment inside the endocyric vesicle breaks the disulfide bond between the A and B domains, 
releasing the toxic A domain. Ac the same time, the acidic environment causes a massive confor­
mational change in the T domain, which turns almost inside out, exposing the interior hydropho­
bic residues. Hydrophobic side chains, as we saw in Chapter 1 (section 1-9) are normally buried 
in soluble proteins, extensive exposed hydrophobic regions occurring only in the lipid interior of 
membranes (see section 1-11). Thus the exposure of hydrophobic residues of the diphtheria toxin 
T domain results in its insertion into the endosomal membrane, where it is thought to create a 
channel through which the toxic A domain is cranslocaced imo the cytoplasm (Figure 3-6). 

o 3 Schematic representation of the 
mechanism by which diphtheria toxin kills a 
cell The toxin has a receptor-binding domain 
(B), a membrane translocation domain (T) and 
a catalytic subunit (A) that kills cells by ADP­
ribosylating a residue on the ribosomal protein 
EF-2. After receptor binding, the toxin enters 
the cell by endocytosis. in the low-pH 
environment of the endosome, a disulfide bond 
(not shown) in the toxin is reduced and a 
conformational change occurs that activates 
the membrane translocation domain, which is 
thought to release the active catalytic domain 
from the endosome. Weiss, M.S. et al.: 
Biochemistry 1995, 34:773-781. 
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3-4 Effector Ligands: Competitive Binding and Cooperativity 

Figure 3-7 Competitive feedback inhibition 
In this simple two-enzyme pathway, the end­
product of the pathway acts as a competitive 
inhibitor of the first enzyme. 

Definitions 

cooperative binding: interaction between two sites on 
a protein such that the binding of a ligand to the first 
one affects the properties-usually binding or catalyt­
ic-of the second one. 

cooperativity: interaction between two sites on a pro­
tein such that something that happens to the first one 
affects the properties of the second one. 

effector ligand: a ligand that induces a change in the 
properties of a protein. 

Protein function can be controlled by effector ligands that bind 
competitively to ligand-binding or active sites 

One of che most important ways in which che activity of proteins is controlled is by binding 
regulatory molecules, termed effector ligands or effectors, chat alter che activity of che protein 
wich which chey interact. Effectors can be as small as a proton (pH-induced conformational 
changes can be enormous, as in the case of the diphcheria toxin T domain discussed in the 
preceding section), or as large as anocher protein. In some instances chis regulation can simply 
be inhibition through competitive binding with the normal ligand. This is a common mechanism 
for inhibiting enzymes, in which the effector ligand binds to the active site instead of substrate: 
many metabolic enzymes are feedback-inhibited in this way by their own product or by the 
product of an enzyme downstream from them in the same metabolic pathway (Figure 3-7). 
Feedback inhibition ensures that the activity of an enzyme is diminished when there is an over­
abundance of its product in the cell. An example is che control by the rripeptide glutathione 
(GSH) of its own biosynthesis. GSH is ubiquitous in mammalian and other living cells. It has 
several important functions, including protection against oxidative stress. It is synthesized from 
its constituent amino acids by the consecutive actions of two enzymes. The activity of the first 
enzyme is modulated by feedback inhibition of the end product, GSH, ensuring that che level 
of glutathione does not exceed necessary values. 

Cooperative binding by effector ligands amplifies their effects 

In the previous example, binding of one molecule of a competitive feedback inhibitor inhibits 
one molecule of a target enzyme. But many physiological responses need to be rapid and total, 
which is hard to achieve with a linear system. Amplification would allow a single regulatory 
molecule to shut down many copies of a target protein or pathway. Amplification can be 
achieved in either of two ways. One is by covalent modification of the protein, which we 
discuss later in this chapter. The other is by cooperativity. This is a phenomenon of universal 
importance in biological systems and is as versatile as it is widespread. At the metabolic level, 
an enzyme in one pathway can cooperate with another pathway by providing a component 
that can serve as a substrate, enzyme or regulator of that pathway. We are concerned here, on 
the other hand, with cooperative binding, cooperativity between binding sites for the same 

substrate 

enzyme 1 

metabolic 
intermediate 

enzyme 2 

negative cooperativity: binding of one molecule of a 
ligand to a protein makes it more difficult for a second 
molecule of that ligand to bind at another site. 

positive cooperativity: binding of one molecule of a 
ligand to a protein makes it easier for a second mole­
cule of that ligand to bind at another site. 

.. 
end-product bound 

to active site of 
enzyme 1 shuts 
down pathway 
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ligand on a protein, in which binding of the ligand at one site affects the ease or otherwise of 
binding of ligand at the other site(s). This type of cooperativiry depends on the ligand-protein 
interaction resulting in a measurable conformational change in other regions, close by or distant, 
of that protein. Cooperativity is only present in oligomeric proteins, where there are two or 
more subunits each with a binding site for the ligand. 

Cooperativity can be positive or negative: positive cooperativity means that binding of one 
molecule of a ligand to a protein makes it easier for a second molecule of that ligand to bind; 
negative cooperativity means that binding of the second molecule is more difficult. Thus 
cooperativity can amplify either the activation of a protein or its inhibition. If a protein has, 
say, four identical subunits, each of which has a binding site for an effector ligand, positive 
cooperativity occurs if binding of the first effector molecule to one subunit makes binding 
easier (that is, increases the binding constant) for the second molecule of the effector to the 
second subunit. In turn, this binding facilitates binding of a third ligand molecule to the third 
subunit even more, and so on. This is illustrated for a dimer schematically in Figure 3-8. Such 
positive cooperativity means that activation (or inhibition) of all subunits can be achieved at a 
lower concentration of the activating or inhibiting ligand than would be the case if each 
subunit bound the effector independently and with equal affinity. In the extreme case of 
absolute positive cooperativity, only a few molecules of ligand might be sufficient to activate 
or inhibit the protein completely. Cooperative binding is also seen in proteins that are not 
enzymes. The oxygen-transport protein hemoglobin, for example, binds molecular oxygen at 
its four binding sites with positive cooperativity. 

Negative cooperativity in enzymes usually involves the binding of substrates or cofactors, and 
in this case the binding site in question is the active site. In the extreme case of absolute 
negative cooperativity, a dimeric enzyme, for example, may never be found with cofactor or 
substrate bound to both subunits at the same time. For example, the bacterial enzyme ATP­
citrate lyase shows strong negative cooperativity with respect to citrate binding. Non-enzymes 
can display this property as well. For example, the heart drug bepridil binds to the muscle 
protein troponin C with negative cooperativity. The physiological significance of absolute 
negative cooperativity is uncertain. 

The phenomenon of cooperativity reflects an important consequence of the flexibility of 
proteins: binding of even a small molecule to a protein surface can induce structural changes 
at a distance from the binding site. In the case of oligomeric proteins, as we have seen, this can 
result in communication of a ligand-induced conformational change from one subunit to 
another. In the next section, we shall see how this ability of proteins to undergo long-range 
structural adjustments enables regulatory effector ligands to act by binding at sites remote from 
the normal ligand-binding or active site. 

Cooperative ligand binding Shown here is a simple two-subunit protein displaying 
cooperative binding of a ligand L. The initial state of the protein (square) has a relatively low affinity for 
L. When the first molecule of L (L 1) binds, it causes a conformational change in the subunit to which it 
is bound. But interactions between the subunits cause the unoccupied subunit to change its conform­
ation as well , to one that is similar to the ligand-bound state (circle) and therefore has a higher affinity 
for L. Thus a lower concentration of L is required to bind to the second subunit, and the effect of L is 
amplified. If the protein is an enzyme, the effect of binding of the first ligand molecule may not only be 
to increase the affinity of the next subunit for ligand; its enzymatic activity may also be enhanced, 
increasing the amplifying effect. 

binding of ligand (L 1) causes a 
conformational change in 
subunit B 

conformational change in B 
alters binding site on subunit A 

second ligand molecule (L2) 
binds more readily to subunit A 

- --- ---------------------------------_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_----t--t 
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3-5 Effector Ligands: Conformational Change and Allostery 

(a) (b) 

□ 
TT TT 

RT RR 

RR RR 

Figure 3·9 Two models of allosteric 
regulation (a) A sequential change in the 
conformation of subunits of a dimeric protein 
from a less active state (the "tense" state TT) 
to the more active state (the "relaxed" state 
RR) on bind ing of a regulatory ligand (X). 
(b) The case where the TT and RR states are in 
equil ibrium and the regulatory ligand stabilizes 
one of them, shifting the equilibrium in favor of 
this form. To emphasize the conformational 
change, this diagram shows an asymmetrical 
protein; in rea lity, the subunits are usual ly 
identical. 

Definitions 

allosteric activator: a ligand that binds to a protein 
and induces a conformational change that increases 
the protein's activity. 

allosteric inhibitor: a ligand that binds to a protein and 
induces a conformational change that decreases the 
protein's activity. 

allostery: the property of being able to exist in two 
structural states of differing activity. The equilibrium 
between these states is modulated by ligand binding. 

Effector molecules can cause conformational changes at distant sites 

Because of the close packing of atoms in globular protein suucrures, even small changes in 
side-chain and main-chain positions at one site can be propagated through the tertiary structure 
of the molecule and cause conformational changes at a distant location in the protein. Indeed, 
the most common type of regulatory effector ligand is one chat is different from the normal 
substrate or functional ligand for the protein and which binds at a site distinct from the 
enzyme's catalytic sire or from the site through which the protein's function is mediated (in the 
case of a non-enzyme). In hetero-oligomeric enzymes, the regulatory site is often located on a 
different subunit from the active site. 

There are two extreme models for the action of such regulators and evidence exists for each in 
different cases. In one, the binding of successive effector molecules causes a sequential series of 
conformational changes from the initial state to the final state (Figure 3-9a). The ocher model 
postulates a preexisting conformational equilibrium between a more active and a less active 
form of the protein. The effector can only bind to one of these forms, and thus ics binding 
shifts the equilibrium in a concerted manner in favor of the bound form (Figure 3-96). 
Because structural changes are produced in both models, chis form of regulation is called 
allostery from the Greek for "another structure", and a protein that is regulated in chis way is 
called an allosteric protein. A molecule that stabilizes the more active form is an allosteric 
activator; one that stabilizes the less active form is an allosteric inhibitor. When the effector 
ligand is another protein, the protein chat is regulated can be, and often is, monomeric, as in 
the case of the regulation of the monomeric cyclin-dependent kinase Cdk2 by the protein 
cyclin A, as described lacer in this chapter. When the effector ligand is a small molecule, 
however, although allosteric regulation does not formally require cooperative binding, in 
practice the allosceric protein is nearly always oligomeric, and binding of the effector ligand 
is usually cooperative (see section 3-4). 

ATCase is an allosteric enzyme with regulatory and active sites on 
different subunits 

The allosteric enzyme aspartate transcarbamoylase (ATCase) is a hetero-oligomer made up 
of six catalytic and six regulatory subunits (Figure 3-10). AT Case catalyzes the formation 
of N-carbamoyl aspartate, an essential metabolite in the synthesis of pyrimidines, from 
carbamoyl phosphate and L-asparcate. The enzyme is allosterically inhibited by cytidine 
triphosphate (CTP), the end-product of pyrimidine nucleotide biosynthesis, and allosterically 
activated by adenosine triphosphate, che end-product of purine nucleotide biosynthesis. 
Thus, CTP is a feedback inhibitor and shuts down ATCase when pyrimidine levels are 
high; ATP activates the enzyme when purine levels are high and pyrimidines are needed to 
pair with them to make nucleic acids. Structural studies have shown chat che enzyme exists 
in at least two states, with very different intersubunit contacts (Figure 3-1 O). The more 
compact state of the dodecamer (the tense or T state) is the less active form; it is stabilized 
by che binding of CTP to sires on the regulatory subunits. The more open arrangement 
(the relaxed or R state) is the more active enzyme; this structure is stabilized by binding of 
ATP, also to the regulatory subunits. Both these effectors bind cooperatively, as do the 
substrates, so there is great potential for amplification of the signals that regulate this 
enzyme. It is not surprising chat the ATCase-cacalyzed reaction is the major control step in 
pyrimidine biosynrhesis. 

co-activator: a regulatory molecule that binds to a 
gene activator protein and assists its binding to DNA. 

co-repressor: a regu latory molecule that binds to a 
gene repressor protein and assists its binding to DNA. 
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