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interface (Fig. 2D,E). The other 70% of the subunits
allowed 3D reconstruction.

The resolution estimated by the gold-standard Four-
ier shell correlation (GS-FSC) [21] was 3.4 !A. The
local resolution of the six core domains was 3.0–2.6 !A,
while those of the six NAD domains were worse than
3.2 !A (Fig. 3A). For each core domain, secondary
structures and side chains of amino acid residues were
sufficiently visible (Fig. 3B) to compare with the crys-
tal structure model of the core domains. An isolated
density appeared near the glutamate binding site at the
depth in the active-site cleft and could be interpreted
as one hydroxymethyl aminomethane (tris) molecule
(Fig. 3C).

Around the boundary between the NAD- and core
domains, the quality of maps was comparable with
that of the core domain. In contrast, the map of the
NAD domain appeared as an assembly of arc shapes
along the direction of domain motion (Fig. 3D), and a
crystal structure model of NAD domain was difficult
to unambiguously superimpose onto the map. In con-
trast, the radius of gyration (Rg) value (42.6 !A) calcu-
lated from the map was consistent with that measured
for GDH in solution by SAXS (43.9 !A) [19]. Since
SAXS reflected GDH conformations possible in solu-
tion, the map reconstructed under D3 symmetry repre-
sented an ensemble average of different conformations
occurring in NAD domain motion.

Fig. 1. Crystal structure of GDH and its structural variety. (a) Hexameric crystal structure of GDH. The six subunits are differently colored.

Regarding subunit A, the NAD- and core domains A are colored cyan and red, respectively, to clarify the domain organization. (b) Structural

differences between subunit A in an open conformation and subunit E in a closed conformation after superimposing the core domains. The

difference is explained as a rotation of the NAD domain around the hinge helix. Panels were prepared using PYMOL [52]

Fig. 2. CryoEM observation and single particle analysis. (A) SDS/PAGE pattern of purified GDH (subunits; right lane) with molecular weight

markers (left lane). (B) Electron micrograph of frozen-hydrated GDH molecules. (C) A set of averaged molecular images of GDH in eight

classes after a 2D classification. (D) Eulerian plot displaying the frequencies with respect to the orientation of GDH molecule in EM images.

There were three major preferred orientations (orientations 1, 2, and 3) with occupations of 2%, 38%, and 10%, respectively. Most of the

GDH molecules in the preferred orientations were probably located at the air–water interface. (E) Illustration on six possible modes of

adsorption of GDH hexamer at air–water interface. Parts of the subunits facing to the interface would be disrupted. The maximum number

of subunits facing to the interface was four among six as in orientation 1. Taking the orientation estimated in the analysis into account,

~ 30% of all subunits in the observed images would be adsorbed and consequently disrupted. As the subunits in the other 70% faced to

solvent, their structures were maintained as they were in solution. This figure was prepared using UCSF CHIMERA [50,51].
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3.3 COOPERATIVE BINDING OF DIMERS TO DNA
3.3.1 Cooperativity can be understood by using thermodynamics
Why is a dimeric system potentially more cooperative, as stated above? Let us 
consider a simple dimeric system, such as the typical bacterial two-compo-
nent system (Section 8.2.8). The essential parts of the downstream end of this 
signaling system are shown in Figure 3.22. In the inactive state, the effector 
domain is unable to bind to DNA because it is sterically prevented from doing 
so. Phosphorylation of the receiver domain leads to dissociation of the effec-
tor domain, which is then able to bind to DNA. This system is a dimer; why 
does this make it more cooperative, and what exactly does cooperative mean 
in this context?

Let us simplify this model even further to the essential elements, as in Figure 
3.23. There is an inactive conformation (square) and an active one (circle): 
the protein can either be a monomer or a dimer. To a first approximation, the 
energy required for the conformational change (steps 1 and 3) is the same for 
two monomers as it is for one dimer, because the main interface affected by 
the phosphorylation is between the two domains within one monomer. The 
total change in free energy from top left to bottom right must be the same 
whichever way round the loop we go, or in other words

!G1 + !G4 = !G2 + !G3

If !G1 = !G3, as just suggested, this must also mean that !G4 = !G2. In other 
words, there is little advantage to being dimeric so far.

The big advantage comes in the next step, the binding to DNA. Here we have 
two possibilities, as in Figure 3.24. The difference between the two binding 
events is that in the dimer the two monomeric domains are held together in a 
more or less rigid manner, whereas in the monomers they are not. The favo-
rable binding energy between protein and DNA is the same for both asso-
ciation events (ignoring any binding between what is drawn in Figure 3.24 
as a red linker between the domains). There is, however, a large unfavorable 
energy associated with the binding, which is the loss of translational and rota-
tional entropy of the protein as it binds (Section 2.2.11). This energy penalty 
is present for the binding of both monomer and dimer, but it is much larger 
in the monomer because two molecules that were previously independently 
mobile both lose their mobility and therefore their entropy, whereas the two 
molecules in the dimer have already lost most of their relative mobility and 
therefore have less entropy to lose. In the language used in the section Entropy 
and enthalpy (*3.1), the number of ways of arranging the two protein mol-
ecules in the dimer is already much lower than it is for the two monomers, 
because the two molecules in the dimer are constrained to be adjacent in the 
same orientation. The difference in the entropy loss in these two cases, when 
translated into an energy, can be as large as 50 kJ mol–1 [25], although it is in 
fact usually much smaller.

How does this help explain cooperativity? The phosphorylation step acts 
essentially as a switch: the signal should be off in the unphosphorylated state, 
and on in the phosphorylated state. That is, we need to have the monomer not 
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FIGURE 3.22
A typical bacterial two-component 
signaling system, as discussed in Chapter 8. 
Phosphorylation of the top domain (the 
receiver domain) leads to a change in 
conformation, which leads to dissociation 
of the bottom domain (the effector 
domain). This domain is then able to 
dimerize and bind to DNA.

FIGURE 3.23
A simple model for the activation of a 
dimeric protein by phosphorylation. This 
is shown as a thermodynamic cycle (*3.4). 
The dimeric phosphorylated protein can 
then go on to bind to DNA.
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homeodomain proteins

Homeodomain proteins direct the formation of the body 
axes and body structures during early embryonic 
development. Many homeodomain proteins induce cellular 
differentiation by initiating the cascades of coregulated 
genes required to produce individual tissues and organs.

The homeobox sequence encodes the HD, a globular domain 
of about 60 amino acids that normally functions as a DNA-
binding domain. We now know that in animals, there are 
usually around 100 homeobox genes

Overall, about 15–30 % of all transcription factors in animals 
are HD proteins which represents about 0.5–1.25 % of all 
proteins in a given species.
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Continued

Oncogene activation stabilizes p53 through the tu-
mor suppressor protein ARF, which inhibits Mdm2. 
For example, overexpression of the oncogenes E2F and 
MYC in otherwise normal cells raises ARF and p53, 
thereby leading to apoptosis.

Even mild elevations of p53 induce cell cycle arrest 
by inducing synthesis of the Cdk inhibitor p21 (MW 
21,000 D), which inhibits the cyclin-Cdk complexes 
that phosphorylate pRb. This gives the cell a chance to 
repair its damaged DNA or recover from the stress that 
caused p53 to rise. Prolonged p21 induction contributes 
to replicative senescence.

If the damage cannot be repaired, the cell decides 
to die gracefully: not by necrosis, but by apoptosis. To 
this end, more substantial elevations of p53 induce the 
synthesis of proapoptotic proteins. This tilts the delicate 
balance between proapoptotic and antiapoptotic pro-
teins in favor of apoptosis. By preventing DNA repli-
cation until all DNA damage has been repaired and by 
driving irreversibly damaged cells into apoptosis, p53 is 
antimutagenic. In recognition of its achievements, p53 
has been named the “guardian of the genome.” p53 is 
not required for normal development. Knockout mice 
that lack both copies of the TP53 gene develop nor-
mally, although they die of cancer during adulthood 
(Table  19.4). Transgenic mice with substantially ele-
vated expression of p53 are resistant to cancer but at 
the price of early senility. Only those with three nor-
mally regulated copies of TP53 are cancer resistant with 
 normal aging.

MOST SPONTANEOUS CANCERS ARE DEFECTIVE 
IN P53 ACTION

In order to become truly dangerous, cancer cells have to 
get rid of p53 first. Mutations in TP53 have been iden-
tified in 50% to 60% of all spontaneous human can-
cers, including 70% of colorectal cancers, 50% of lung 
cancers, and 40% of breast cancers. This makes TP53 
the most frequently mutated tumor suppressor gene in 
human cancers.

Table 19.4 Abnormalities in Knockout Mice Homozygously Deficient in Cell Cycle Regulators

Protein Viability of Mice Tumors

Regulators of G1 Checkpoint  
Cyclin D1 Viable, but small size and behavioral abnormalities None
pRb Death at gestational day 14 —
p27* Viable, but increased body size and female sterility Pituitary tumors
INK4a* Viable Tumors by age 6 months
E2F1† Viable, but T-cell hyperplasia None

Components of DNA Damage Response   
p53 Viable, few abnormalities Tumors by age 3 months
p21* Normal None
Mdm2 Embryos dying at implantation‡ —

Mitogenic Signal Transducers   
N-Ras Viable, T-cell defects None
K-Ras Embryonic lethal —
Src Viable, but osteoclast malfunction (osteopetrosis) None
Myc Early death —

* CDK inhibitors.
† Isoform of E2F that is regulated by pRb but not by the related proteins p107 and p130.
‡ Mice lacking both Mdm2 and p53 are viable.
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Fig. 19.18 Regulation of p53 by DNA damage and activated 
oncogenes and its effects on cell fate. Mdm2 inhibits p53 and 
induces its degradation, and Mdm2 is inhibited by the tumor 
suppressor protein Arf. Note that many oncogene products 
(Myc, Ras, E2F) can activate p53 through Arf and Mdm2. This 
tends to suppress cancer because it leads to apoptosis of 
oncogenically mutated cells. However, protein kinase B (PKB) 
inhibits p53 by phosphorylating Mdm2, thereby promoting 
the entry of Mdm2 into the nucleus.
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Isozymes

Isozymes or Isoenzymes are proteins with different structure which catalyze 
the same reaction. 

Frequently they are oligomers made with different polypeptide chains, so 
they usually differ in regulatory mechanisms and in kinetic characteristics.

From the physiological point of view, isozymes allow the existence of similar 
enzymes with different characteristics, “customized” to specific tissue 
requirements or metabolic conditions.

The existence of isozymes permits the fine-tuning of metabolism to meet the 
needs of a given tissue or developmental stage.
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However, it often happens that complete oxidation of glucose through the TCA 
cycle and the electron transport chain is not necessary, and all that happens 
is oxidation as far as pyruvate. This produces rather little energy in compari-
son with electron transport, but it has the major advantage that the carbon 
skeleton of glucose is not used up and can therefore be recycled: once pyru-
vate has been converted to acetyl-CoA the carbons cannot be converted back 
into glucose and end up either being oxidized completely or (regrettably, for 
many humans at least) being converted into fatty acids. Therefore, as long as 
the muscle is not required to work hard, it makes more sense to obtain the 
required energy by oxidation of glucose to pyruvate and then return the pyru-
vate in the blood to the liver, where it is reduced back to glucose again. This is 
of course wasteful of energy, but it keeps all the serious metabolism within the 
liver and gives the body greater flexibility for central metabolism.

Pyruvate is not a very stable compound. So instead the body performs one fur-
ther reaction on pyruvate, by reducing it to lactate:

pyruvate + NADH  lactate + NAD+

It is lactate that is actually recycled in the blood back to the liver, and in the 
liver the first step is to oxidize it back to pyruvate in the reverse reaction.

Both these reactions are performed by lactate dehydrogenase. The reaction as 
drawn above is a reduction, and it runs in the forward direction in reducing 
environments such as skeletal muscle and liver, but in the reverse direction 
in more oxidizing environments such as heart muscle, which has a greater 
supply of oxygenated blood. As is well known, an enzyme can only make a 
reaction faster, it cannot change the position of equilibrium. However, in the 
heart there is a different form of the enzyme, which both has a higher affinity 
for NAD+ and undergoes inhibition by pyruvate. Both of these reasons tend to 
make the heart enzyme better at catalyzing the aerobic conversion of lactate 
to pyruvate, in contrast with the enzyme found in liver and skeletal muscle, 
which is better at catalyzing the anaerobic conversion of pyruvate to lactate. 
Other organs in the body require gradations of activity somewhere between 
these two extremes. The body has evolved an elegant and economical sys-
tem for achieving graded enzyme activities, by constructing the enzyme as a 
tetramer (Figure 3.41). The four subunits can be one of two forms, known as H 
(heart) and M (muscle), implying that five possible tetramers can occur, which 
are known as isozymes. The different isozymes are found in different ratios 
in different tissues, as shown in Figure 3.42. They are also found in different 
ratios during development of the fetus, with increasingly higher proportions of 
the aerobic H form and less of the anaerobic M form in the heart as the fetus 
moves from the anaerobic womb to the aerobic world outside [44].

ISOZYMES

FIGURE 3.42
Relative concentrations of different isozymes of lactate dehydrogenase 
in human tissue. RBC, red blood cells. (Redrawn from K. Urich, 
Comparative Animal Biochemistry Berlin: Springer Verlag, p. 542, 1990. 
With kind permission of Springer Science + Business Media.)
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FIGURE 3.41
The structure of human lactate 
dehydrogenase (PDB file 1i10). This is the 
M4 form: the L4 form is very similar. The 
structure includes four oxamates (red 
balls), which are substrate-like inhibitors.
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