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MoMent of Discovery
My story shows the insights one can achieve by 
using the right tools. During my postdoctoral 
years with Ken Johnson, I studied the DNA 
polymerase of bacteriophage T7. Charles 
Richardson demonstrated that replication of 
the T7 chromosome requires a DNA helicase, 
encoded by the T7 genome as gene 4. 
Collaborating with Bill Studier (who had recently 
constructed the first of a set of excellent cloning 
vehicles called pET vectors), I cloned and 

expressed gene 4. With this clone, I was able to purify the gene 4 protein 
product. I took this with me when I started my first faculty position at Ohio 
State University in 1992.

In the early days of getting my lab set up, I ran the lab with a small 
army of undergraduates. These students carried out a range of assays 
on the T7 DNA helicase. The enzyme bound stoichiometrically to DNA 
oligonucleotides that were 10 to 20 nucleotides in length, and hydrolyzed 
TTP and ATP. However, we were confused that the binding stoichiometry 
was consistently six to seven monomers of T7 helicase to each DNA 
molecule. We initially thought we had quite a lot of inactive enzymes.

Helicases were fairly new enzymes in those days. The DNA helicases 
getting the most attention were monomers or dimers in their active form. 
The RNA helicase Rho was known to be a hexamer, as was the DnaB 
helicase, but this did not seem to be a pattern. Then, my first graduate 
student, Manju Hingorani, decided to look at the protein directly by electron 
microscopy. This finally answered our questions. I remember my excitement 
as we looked at the beautiful ring structures in the electron micrographs. 
We could count up to five subunits. Later, collaborating with Ed Egelman, 
higher-resolution micrographs helped to establish that T7 helicase was a 
hexamer and the central channel was binding the DNA. We realized that 
rings are general in nature and widely used as replicative helicases that travel 
through thousands of base pairs of DNA without falling off. We published 
the results in a series of papers from 1993 to 1995. Since then, I have been 
endlessly captivated by these fascinating ring-shaped motor proteins.

—Smita Patel, on her early work with the T7 gene 4–encoded DNA 
helicase
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134   cHAPter 5: Protein Function

Biological information—in the form of the ge-
nome of every organism and virus—is the focus 
of molecular biology, and of this textbook. As is 

true for all cellular functions, the packaging, function, 
and metabolism of this genomic information involve a 
wide range of proteins and RNA molecules. These mac-
romolecules can be broadly divided into three classes, 
depending on function: reversible binding, catalysis, or 
motor activities. In the first three sections of this chap-
ter, we review these macromolecular functions in suc-
cession, focusing on their roles in DNA and RNA me-
tabolism. First, some proteins and RNAs simply bind 
reversibly to nucleic acids; this binding often has a 
structural or regulatory function. Second, another large 
class of proteins (and some RNAs) act as biological cata-
lysts, accelerating the reactions needed to sustain and 
propagate living systems. These are the enzymes, as 
critical to life as are the information-containing DNA 
and RNA genomes. And third, motor proteins do the 
work of moving cellular molecules from one location to 
another, of separating molecules, and of bringing mol-
ecules together.

The great majority of macromolecules that carry 
out these three functions are proteins, although several 
RNA enzymes are known and are increasingly well un-
derstood. The functions of proteins are particularly im-
portant to the topics of every chapter in this book, and an 
introduction to protein function now becomes our focus. 
The various functions of RNAs are described in Chapters 
15 and 16, although the general principles described here 
apply to RNA molecules as well as to proteins. In this 
chapter, after exploring each of the three major func-
tions of proteins, we conclude with a discussion of pro-
tein regulation.

5.1 Protein-LigAnD interActions

Sometimes, a simple reversible interaction of two mac-
romolecules is all that is needed to elicit major changes 
in a cell or cellular process. A protein bound to an-
other macromolecule can alter structure and/or func-
tion in many different ways. A few examples should 
suffice to illustrate the principle. A protein bound to 
a specific DNA sequence can regulate the expression 
of an adjacent or nearby gene. Proteins bound without 
sequence specificity can condense DNA in a chromo-
some or package a DNA molecule into a virus head. A 
protein subunit bound to an enzyme can increase or 
decrease that enzyme’s activity. Polymeric structures 
built up of many noncovalently linked protein subunits 
help guide cell division. A protein bound reversibly to 
a small molecule can act as a transporter, facilitating 
the movement of that molecule within or between 

cells. Whether the binding association is prolonged or 
fleeting, it is often the basis of complex physiological 
processes, such as gene regulation, immune function, 
or cellular signaling. Molecular biology deals with 
countless such interactions. 

reversible Binding of Proteins to other 
Molecules follows Defined Principles

The interactions between proteins and other molecules 
are not random. We can summarize several principles 
that guide reversible binding processes:

1. The molecule bound by a given protein is referred to 
as its ligand. A ligand can be any kind of molecule, 
including nucleic acid or another protein. In some 
cases, the ligand may even be larger than the pro-
tein itself, although the “ligand” term is used most 
often for molecules that are smaller. The transient 
nature of protein-ligand interactions is critical to 
life, allowing an organism to respond rapidly and 
reversibly to changing environmental and metabolic 
circumstances. 

2. A ligand binds at a site on the protein called the 
binding site, which is complementary to the 
ligand in size, shape, charge, and hydrophobic or 
hydrophilic character. The interaction is specific; 
the protein discriminates among the thousands 
of different molecules in its environment and 
selectively binds only one or a few. A given pro-
tein may have separate binding sites for several 
different ligands. These specific molecular inter-
actions are crucial in maintaining the high degree 
of order in a living system. Our discussion here 
excludes the binding of water, which may interact 
weakly and nonspecifically with many parts of a 
protein. 

3. Proteins exhibit conformational flexibility. Changes 
in conformation may be subtle, reflecting molecu-
lar vibrations and small movements of amino acid 
residues throughout the protein. A protein flexing 
in this way is sometimes said to “breathe.” Confor-
mational changes may also be dramatic, with major 
segments of the protein structure moving as much 
as several nanometers. Specific conformational 
flexibility is frequently essential to a protein’s 
function.

4. Many protein-ligand interactions require a confor-
mational change known as induced fit, in which a 
conformational change in the protein alters a bind-
ing site so that it becomes more complementary to 
the ligand, permitting tighter binding. The induced 
fit is the adaptation that occurs between the protein 
and the ligand.
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5.1: Protein-Ligand Interactions   135

5. The subunits in a multisubunit protein often 
exhibit cooperativity. A conformational change in 
one subunit can affect the conformation of other 
subunits. Thus, a conformational change trig-
gered by the binding of a ligand to one subunit can 
increase or decrease the affinity of a neighboring 
subunit for the same ligand, giving rise to coopera-
tive binding.

6. The activities of many proteins are subject to 
regulation. Interactions of ligands and proteins 
may be regulated, usually through specific 
interactions with one or more additional ligands. 
These other ligands may cause conformational 
changes in the protein that affect the binding of 
the first ligand.

Protein-Ligand interactions  
can Be Quantified

The function of many proteins depends on their ability 
not only to bind to a ligand but also to release the ligand 
when and where it is needed. Function in molecular  
biology often revolves around a reversible protein- 
ligand interaction of this type. A quantitative descrip-
tion of this interaction is therefore a central part of many 
investigations.

In general, the reversible binding of a protein (P) to 
a ligand (L) can be described by a simple equilibrium 
expression (Figure 5-1a):

 P 1 L   PL (5-1)

The reaction is characterized by an equilibrium con-
stant, Ka, such that:

 Ka 5   
[PL]

 _____ [P][L]   5   
ka __ kd

   (5-2)

where ka and kd are rate constants that describe, respec-
tively, the rate of association and dissociation of the 
ligand and the protein. Ka is an association constant 
(not to be confused with the Ka that denotes an acid dis-
sociation constant, described in Chapter 3). It describes 
the equilibrium between the complex and the separate, 
unbound components of the complex. The association 
constant provides a measure of the affinity of the ligand 
L for the protein P. Ka has units of m21; a higher value of 
Ka corresponds to a higher affinity of the ligand for the 
protein. 

It is more common (and intuitively simpler), how-
ever, to consider the dissociation constant, Kd, which 
is the reciprocal of Ka (Kd 5 1/Ka) and is given in units of 
molar concentration (m). Kd is the equilibrium constant 
for the release of ligand. Note that a lower value of Kd 

corresponds to a higher affinity of ligand for the protein. 
The relevant expression changes to:

 Kd 5   
[P][L]

 _____ [PL]   5   
kd __ ka

   (5-3)

We can now consider the binding equilibrium from 
the standpoint of the fraction, u (theta), of ligand-binding 
sites on the protein that are occupied by ligand:

	 u 5   
binding sites occupied

  ________________  total binding sites   5   
[PL]

 _______ [PL]+[P]    (5-4)

Substituting Ka[P][L] for [PL] (see Equation 5-2) and re-
arranging terms gives:

	 u 5   
[L]
 _______ [L] + Kd

    (5-5)

Any equation of the form x 5 y/(y 1 z) describes a hy-
perbola, and u is thus found to be a hyperbolic function 
of [L] (Figure 5-1b). The fraction of ligand-binding 
sites occupied approaches saturation asymptotically 
as [L] increases. The [L] at which half of the available  
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figUre 5-1 Ligand binding. (a) Reversible binding of a 
protein (P) to a ligand (L). The protein shown here is nucleoside 
diphosphate kinase and the ligand is ATP. (b) The fraction 
of ligand-binding sites occupied, u, is plotted against the 
concentration of free ligand, [L]. A hypothetical binding curve is 
shown. The [L] at which half the available ligand-binding sites are 
occupied is equivalent to 1/Ka, or Kd. The curve has a horizontal 
asymptote at u 5 1 and a vertical asymptote (not shown) at  
[L] 5 2Kd. [Source: (a) PDB ID 2BEF (ATP-binding domain only).]
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136   cHAPter 5: Protein Function

ligand-binding sites are occupied (i.e., u 5 0.5) corre-
sponds to the Kd: when [L] 5 Kd, half of the ligand-bind-
ing sites are occupied. As [L] falls below Kd, progressively 
less of the protein has ligand bound to it. For 90% of the 
available ligand-binding sites to be occupied, [L] must be 
nine times Kd.

The mathematics can be reduced to simple state-
ments: Kd equals the molar concentration of ligand at 
which half the available ligand-binding sites are occu-
pied. At this point, the protein is said to have reached 
half-saturation with respect to ligand binding. The 
more tightly a protein binds a ligand, the lower is the 
concentration of ligand required for half the binding 
sites to be occupied, and thus the lower the value of Kd. 
Some representative dissociation constants are given in  
Table 5-1, along with a range of such constants found in 
typical biological systems. 

DnA-Binding Proteins guide genome 
structure and function

DNA-binding proteins are a key example of pro-
teins that simply bind to a ligand (in this case DNA) 

reversibly without altering its covalent structure. 
DNA-binding proteins protect DNA, organize DNA, 
regulate genes or groups of genes, alter the conforma-
tion of DNA, facilitate all aspects of the metabolism 
of DNA, and ensure the proper segregation of chro-
mosomes during cell division. DNA-binding proteins 
fall into two principal categories. Some bind to DNA 
nonspecifically, independent of DNA sequence; others 
recognize particular DNA sequences and bind tightly 
at the genomic locations where those sequences occur. 
The distinction is not absolute. “Nonspecific” DNA-
binding proteins often display a measurable bias for 
binding of DNA sequences with particular features. 
“Specific” DNA-binding proteins generally exhibit 
some measurable (albeit much weaker) binding to 
nonspecific sequences (an example is the lactose re-
pressor; see Table 5-1).

The binding of proteins to DNA, and thus the mea-
sured Kd of these interactions, is almost always sensitive 
to parameters such as pH and salt concentration. DNA 
is a polyelectrolyte (a polymer with multiple ionizable 
groups). In a cell, the negative charges of the phosphates 
in the DNA backbone are neutralized by interaction 

tABLe 5-1

Protein Dissociation constants

Protein Ligand Kd (m)*

Avidin (egg white) Biotin 1 × 10−15

Replication protein A (RPA; eukaryotes) ssDNA 1 × 10−9 − 1 × 10−11

SSB (as the SSB65 binding mode) ssDNA 2 × 10−7

Lactose repressor dsDNA (nonspecific) 5 × 10−4

dsDNA (specific) 2 × 10−11

Note: SSB, single-stranded DNA–binding protein; ssDNA, single-stranded DNA; dsDNA, 
double-stranded DNA.
*A reported dissociation constant is valid only for the particular solution conditions under 
which it was measured. Kd values for a protein-ligand interaction can be altered, sometimes by 
several orders of magnitude, by changes in the solution’s salt concentration, pH, interactions 
with additional proteins, or many other variables.

Biotin-avidin

Typical receptor-ligand interactions

Sequence-specific protein-DNA

Antibody-antigen Enzyme-substrate

10–16 10–14 10–12 10–10 10–210–410–610–8

K
d
 (m)High affinity Low affinity

The range of dissociation constants for typical interactions in biological systems, denoted by 
color for each class. A few interactions, such as that between the protein avidin and the 
enzyme cofactor biotin, fall outside the typical range. The avidin-biotin interaction is so tight 
that it may be considered irreversible.
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5.1: Protein-Ligand Interactions   137

with counterions, and there is generally a high concen-
tration of ions such as Mg2+ and K+ surrounding the 
DNA. As a protein binds to DNA some of these ions are 
released, and some bound water molecules are released 
from both the protein and the DNA as well. The release 
of ions and water has both positive and negative effects 
on the association of a protein with DNA. The positive 
effects come from a general gain in entropy (∆S .. 0)  
as the water and ions are released. The negative effects 
reflect the energy of interactions between the water 
and ions and the macromolecules, interactions that 
must be eliminated to make the protein-DNA complex. 
Protein-DNA interactions are thus rarely as simple as 
the coming together of two complementary macromol-
ecules. The interactions are affected in important ways 
by additional interactions of each macromolecule with 
water and with ions.

Two additional parameters are notable and are 
characteristic of interactions between proteins and 
nucleic acids. First, the number of nucleotides (in 
single-stranded DNA) or base pairs (in double-stranded 
DNA) that are occluded by the bound protein defines 
the binding site size, n. This parameter helps determine 
the number of binding sites on the DNA that might be 
available to a protein, and a knowledge of n for a partic-
ular protein is necessary for any complete description 
of its binding equilibrium. Second, some DNA-binding 
proteins, particularly certain proteins that bind to DNA 
nonspecifically, exhibit cooperativity in binding; that 
is, when one protein molecule binds to a nucleic acid, 
it facilitates the binding of another protein molecule. 
Coopera tivity can also have important effects on bind-
ing equilibria.

The examples that follow focus on proteins with 
physical and structural properties that are particularly 
well studied. 

Nonspecific DNA-Binding Proteins As we will discuss 
in Chapter 9, chromosomes are the largest macromol-
ecules found in cells. If chromosomal DNA molecules 
were laid out linearly, they would typically be hun-
dreds or even thousands of times longer than the cells 
in which they are housed. The protection and compac-
tion of chromosomal DNA is largely the job of myriad 
nonspecific DNA-binding proteins found in every cell. 
These proteins also organize some key chromosomal 
functions, such as facilitating DNA replication and 
repair or guiding chromosomal segregation at cell 
division. 

In most cases, nonspecific DNA-binding proteins 
exhibit only limited hydrogen-bonding interactions 
with bases in the DNA. Instead, electrostatic interac-
tions with the negatively charged phosphate groups, 
hydrogen bonds to the backbone deoxyribose, and the 

nonspecific hydrophobic effect with the bases predomi-
nate, to varying degrees (Figure 5-2). The hydrophobic 
interactions often take the form of an aromatic amino 
acid side chain (Tyr, Trp, or Phe) intercalating between 
two adjacent bases. 

An example of a nonspecific DNA-binding protein 
is the bacterial single-stranded DNA–binding protein 
(SSB). SSB binds and protects single-stranded DNA as 
it is transiently created during DNA replication and 
repair. The importance of this protein is illus trated 
by a simple observation: if SSB function is lost, the 
cell dies. The structure of the SSB from Escherichia 
coli is typical for bacteria, consisting of four identi-
cal subunits around which the single-stranded DNA 
wraps (Figure 5-3a). Each subunit contains one   
oligonucleotide/oligosaccharide-binding fold, or OB 
fold, a structural unit that often binds single-stranded 
DNA. The OB fold is common to all proteins in the 
SSB class (Figure 5-3b), as well as many others that 
associate with single-stranded DNA as part of their  
function.

In addition to binding to single-stranded DNA, bac-
terial SSBs interact directly and reversibly with a range 

figUre 5-2 Nonspecific interactions of proteins with nucleic 
acids. Electrostatic interactions occur between proteins and the 
DNA backbone. The charged phosphate groups are exposed 
at the exterior surface of a single-stranded DNA molecule, 
where positively charged amino acid side chains (Arg, Lys, His) 
can interact. Hydrogen bonds occur between the protein and 
the deoxyribose groups in the DNA backbone. Hydrophobic 
interactions involving the intercalation of Tyr, Trp, or Phe side 
chains between two stacked bases are also prominent in many 
cases of nonspecific DNA-protein binding. Similar interactions 
occur with RNA.
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138   cHAPter 5: Protein Function

of other proteins in DNA metabolism. The E. coli SSB 
interacts with at least 15 different proteins (which we 
will encounter in Chapters 11–14), thereby helping to 
organize the functions of DNA replication and repair  
(Table 5-2) All of these interactions occur through a 
conserved C-terminus of SSB, a segment that features 
multiple negatively charged amino acid residues among 
the final eight to nine residues of the polypeptide. 

SSBs are found in every class of organism, and they 
always play essential roles in DNA metabolism. The eu-
karyotic SSB is called replication protein A (RPA). 
It consists of three different subunits (i.e., it is a hetero-
trimer) containing a total of six OB folds. Its function is 
quite similar to that of the bacterial SSBs, and it also in-
teracts with a range of other proteins as part of its func-
tion in eukaryotic DNA metabolism. 

In the test tube, the E. coli SSB binds to single-
stranded DNA according to several different binding 
modes, depending on the concentrations of salt and 
protein. Two of these binding modes are notable. At 
relatively low concentrations of salt, SSB binds with 
a binding site size (n) of ∼35 nucleotides and with a 
very high degree of cooperativity between tetramers. 
In this mode, called SSB

35, the single-stranded DNA 
is bound to two of the four subunits in each SSB tet-
ramer (Figure 5-3c), and the tetramers are arranged 
on the DNA as a fairly regular filamentlike structure 
(see Figure 5-3a). When the salt concentration is high-
er, the SSB65 (n 5 65 nucleotides) binding mode pre-
dominates. Here, the single-stranded DNA is wrapped 
around all four SSB subunits (see Figure 5-3c); the 
cooperativity between SSB tetramers is reduced, and 
filaments form less readily. The SSB binding modes  
affect SSB function and interactions with other pro-
teins in vitro and presumably in vivo. In both cases, 
SSB binds to single-stranded DNA with a combination 
of electrostatic interactions with the phosphoribose 
backbone and intercalation of particular Trp and Phe 
side chains between adjacent DNA bases. The E. coli 
SSB binds tightly to single-stranded DNA, with mea-
sured Kd values generally in the range of 8 to 700 nm, 
depending on the solution conditions.

Many other proteins that bind to single-stranded 
or double-stranded DNA with little specificity also bind 
such that the DNA is wrapped or bent around the pro-
tein. For  example, duplex DNA wraps tightly around 
the nucleosomes of eukaryotic chromosomes, as we will 
see in Chapter 10. Although the histone proteins that 
make up a nucleosome are considered nonspecific DNA-
binding proteins, the positioning of nucleosomes on 
double-stranded DNA is not entirely random. In particu-
lar, DNA sequence elements that facilitate the bending 
or wrapping of double-stranded DNA around a protein, 
such as regions with several contiguous A——T base pairs, 

SSB

OB folds

OB fold

OB folds

SSB35 SSB65

SSB RPA protein

(a)

(c)

(b)

figUre 5-3 Binding of single-stranded DNA to single-
stranded DNA–binding proteins. (a) Single-stranded DNA–
binding protein (SSB) can bind in a filamentous form on single-
stranded DNA. A single SSB tetramer is highlighted. (b) The key 
structural element that functions in single-stranded DNA binding 
is an OB fold. The basic fold consists of two three-stranded 
antiparallel β-sheets that share strand 1, with the strands ordered 
1-2-3-5-4-1 (with the numbering coinciding to their order in the 
linear protein sequence). The sheets are tightly curved to form a 
small β-barrel, and an α-helix often connects strands 3 and 4.  
The structure can vary in appearance due to differences in 
lengths of the β-strands. The four OB folds in an SSB tetramer 
are highlighted in blue (left). The eukaryotic replication protein A 
(RPA) binds to single-stranded DNA in a similar fashion, using the 
OB folds in each subunit of the heterotrimer (right). (c) SSB can 
bind to single-stranded DNA in multiple binding modes, with the 
two most prominent modes shown in this schematic. The blue 
tube represents bound single-stranded DNA. [Sources: (a) and  
(b) (left) PDB ID 1EYG. (b) (right) PDB ID 1L1O.]
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5.1: Protein-Ligand Interactions   139

can have strong effects on the locations of bound nucleo-
somes along the DNA.

Specific DNA-Binding Proteins Proteins that bind with 
an enhanced affinity to particular DNA sequences are 
critical to the regulation of many processes in DNA me-
tabolism. Many of these proteins regulate the expression 
of genes. Their affinity for specific target sequences is 
roughly 104 to 106 times their affinity for any other DNA 
sequence. Most regulatory proteins have discrete DNA-
binding domains containing substructures that interact 
closely and specifically with the DNA. These binding do-
mains usually include one or more of a relatively small 
group of recognizable and characteristic structural mo-
tifs (described in Chapter 4), often called binding motifs 
to reflect their function.

To bind to specific DNA sequences, regulatory pro-
teins must recognize and distinguish surface features on 
the DNA. Most of the chemical groups that differ among 
the four bases and thus permit discrimination between 
base pairs are hydrogen-bond donor and acceptor groups 
exposed in the major groove of DNA. These interactions 
are illustrated by the binding of a eukaryotic regulatory 
protein with its DNA binding site (Figure 5-4). Most of 
the protein-DNA contacts that impart specificity are hy-
drogen bonds. A notable exception is the nonpolar sur-
face near C-5 of thymine and cytosine, where the two are 
readily distinguishable by the protruding methyl group 
of thymine. Protein-DNA contacts are also possible in 

the minor groove of DNA, but the hydrogen-bonding 
patterns there generally do not allow ready discrimina-
tion between base pairs.

In specific DNA-binding proteins, the amino acid 
side chains that most often hydrogen-bond to bases in 
the DNA are those of Asn, Gln, Glu, Lys, and Arg resi-
dues. Is there a simple recognition code in which a par-
ticular amino acid always pairs with a particular base? 
Two hydrogen bonds can form between Gln or Asn and 
the N6 and N-7 positions of adenine but not any other 
base. An Arg residue can form two hydrogen bonds with 
N-7 and O6 of guanine (Figure 5-5). However, examina-
tion of the structures of many DNA-binding proteins 
has revealed that the proteins can recognize each base 
pair in more than one way, leading to the conclusion that 
there is no simple amino acid–base code. For some pro-
teins, the Gln-adenine interaction can specify A——T base 
pairs; for others, a van der Waals pocket for the methyl 
group of thymine can recognize A——T base pairs. As yet, 
researchers cannot examine the structure of a DNA-
binding protein and predict the DNA sequence to which 
it binds.

An example of a specific DNA-binding protein is 
the well-studied lactose (Lac) repressor of E. coli (see 
the How We Know section at the end of this chapter). 
This protein is part of a regulatory network that con-
trols the expression of three consecutive genes in the  
E. coli chromosome, all of them involved in some aspect 
of lactose metabolism. The three genes are transcribed 

tABLe 5-2

Proteins that interact with Bacterial single-stranded DnA–Binding Protein

Protein Function

χ subunit of DNA polymerase III DNA replication

DnaG primase DNA replication

RecQ helicase Recombinational DNA repair

RecJ nuclease Recombinational DNA repair

RecG helicase Recombinational DNA repair

RecO recombination mediator Recombinational DNA repair

PriA replication restart protein Replication restart after repair

PriB replication restart protein Replication restart after repair

Exonuclease I DNA replication and repair

Uracil DNA glycosylase DNA repair

DNA polymerase II Mutagenic replication under stress

DNA polymerase V Mutagenic replication under stress

Exonuclease IX DNA repair

Bacteriophage N4 virion RNA polymerase Viral nucleic acid metabolism
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together in a unit described as an operon (Figure 5-6), 
and regulation of transcription occurs in and around a 
specific sequence, called the Lac operator, where the Lac 
repressor binds to the DNA. When the Lac repressor is 
bound to the Lac operator, transcription of the operon 
genes is blocked. The lactose operon is described in de-
tail in Chapter 20, and we use the Lac repressor here sim-
ply to illustrate a common property of sequence-specific 
DNA-binding proteins. The DNA binding sites for regu-
latory proteins are often inverted repeats of a short DNA 
sequence, where multiple (usually at least two) subunits 
of a regulatory protein bind cooperatively. The Lac re-
pressor functions as a tetramer, with two dimers tethered 
together at the end distant from the DNA-binding sites. 

An E. coli cell usually contains about 20 tetramers of 
the Lac repressor protein. Each of the tethered dimers 
can independently bind to an operator sequence, in con-
tact with 17  base pairs of a 22 base pair region in the 
lac operon (see Figure 5-6). The tetrameric Lac repressor 
binds to two proximal operator sequences in vivo with 
an estimated Kd of about 10210 m. The repressor discrimi-
nates between the operators and other sequences by a 
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figUre 5-5 DNA-protein binding. Two examples of amino 
acid–base pair interactions that have been observed in DNA-
protein binding. An asparagine residue can participate in the 
same type of interaction as the glutamine residue.
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factor of about 106, so binding to these few dozen base 
pairs among the 4.6 million or so of the E. coli chromo-
some is highly specific.

The Lac repressor interacts with DNA through a  
helix-turn-helix motif, a DNA-binding motif that is 
crucial to the interaction of many bacterial regulatory 
proteins with DNA; similar motifs occur in some eu-
karyotic regulatory proteins. The helix-turn-helix motif 
comp rises about 20 amino acid residues in two short  
a-helical segments, each 7 to 9 residues long, separated 
by a b turn (Figure 5-6, bottom inset). This structure 
generally is not stable by itself; it is simply the functional 
portion of a somewhat larger DNA-binding domain. One 
of the two a-helical segments is called the recognition 
helix, because it usually contains many of the amino 

acid residues that interact with the DNA in a sequence-
specific way. This a helix is stacked on other segments 
of the protein structure so that the helix protrudes from 
the protein surface.

One set of amino acid residues in the recognition 
helix of the Lac repressor’s helix-turn-helix domain par-
ticipates in both nonspecific and specific interactions 
with DNA. The nonspecific interactions, even though 
they are weaker, usually occur first and play an impor-
tant role in accelerating the search for the specific DNA 
binding site. In the nonspecific binding mode, these 
residues interact electrostatically with the DNA’s phos-
phoribose backbone (Figure 5-7). When bound to the 
specific recognition sequences in the Lac operator, the 
recognition helix is positioned in, or nearly in, the major 
groove. A network of specific hydrogen bonds and hydro-
phobic interactions governs the stability of this complex.

There are many proteins that bind to specific se-
quences in a nucleic acid, and we will encounter numer-
ous examples of these in later chapters.

■ section 5.1 sUMMAry
●● Many proteins bind reversibly to other molecules, 
known as ligands. Ligand binding often involves 
protein conformational changes, in the process of 
induced fit.

●● Ligand binding can be quantified, and the key pa-
rameter is the dissociation constant, Kd, which is the 

AATTGTGAGCGGATAACAATT
TTAACACTCGCCTATTGTTAA

Operator 1
|

Operator 1
|

Operator 2
 |

Operator 2
 |

|          |           |
Genes A, B, and C

Promoter
|

Promoter

3�
5�

5�
3�

DNA

Lac repressor
(tetramer)

Lac repressor

Transcription off

Helix-turn-helix Recognition
helix

Inverted repeats

Transcription on

�

figUre 5-6 Simplified representation of the lac operon. 
When the Lac repressor is not bound to the operon’s promoter 
region, RNA polymerase binds to the promoter and transcribes 
several linked genes, here labeled A, B, and C. The Lac repressor 
binds to two operators on either side of the promoter to shut 
down transcription, apparently forming a loop in the DNA that 
prevents RNA polymerase from binding to the promoter. Each 
operator consists of an inverted repeat (top inset). The helix-turn-
helix motif of the repressor protein binds specifically in the major 
groove of the operator recognition sequences (bottom inset). 
See Chapter 20 for a more in-depth discussion of the lac operon.

Nonspecific binding

Specific binding
(tight)

DNA

Lac repressor

Binding site  (operator)

~140°

figUre 5-7 Nonspecific versus specific DNA binding. The Lac 
repressor interacts transiently and nonspecifically with the DNA 
phosphoribose backbone during the search for its specific DNA 
binding site. When the sequence of its normal binding site is 
located, the repressor interacts specifically with the nucleotide 
bases in that site. Binding results in bending of the DNA.

Cox_2e_CH05.indd   141 11/09/14   12:51 PM



142   cHAPter 5: Protein Function

concentration of ligand at which half of the protein’s 
binding sites are occupied by ligand. A lower Kd cor-
responds to higher affinity for (tighter binding to) the 
ligand.

●● A DNA- or RNA-binding protein may bind to a nucleic 
acid either nonspecifically or in a sequence-dependent 
manner. Nonspecific binding usually involves interac-
tions with the phosphoribose backbone of the nucleic 
acid. Specific DNA or RNA binding requires an inter-
action of amino acid side chains in the protein with 
functional groups in the nucleic acid bases, especially 
those exposed in the major groove of DNA.

5.2 enzyMes: tHe reAction 
cAtALysts of BioLogicAL systeMs

Rare indeed is the organic chemical reaction that pro-
ceeds unaided at a rate sufficient to support living sys-
tems. Enzymes have extraordinary catalytic power, often 
far greater than that of synthetic or inorganic catalysts. 
They have a high degree of specificity for their sub-
strates, they substantially accelerate chemical reactions, 
and they function in aqueous solutions under very mild 
conditions of temperature and pH. Few nonbiological 
catalysts have all these properties.

Enzymes are central to every cellular process. Act-
ing in organized sequences, they catalyze the hundreds 
of stepwise reactions that degrade nutrient molecules, 
conserve and transform chemical energy, make biologi-
cal macromolecules from simple precursors, and carry 
out the various processes of DNA and RNA metabolism. 

In molecular biology, the study of enzymes has im-
mense practical importance. In some diseases, especial-

ly hereditary genetic disorders related to DNA or RNA 
metabolism, there may be a deficiency or even a total 
absence of one or more enzymes. Other disease condi-
tions may be caused by excessive activity of an enzyme. 
Many medicines act through interactions with enzymes. 
Furthermore, researchers can isolate and harness  
enzyme functions to suit their purposes in the labora-
tory. The set of methods collectively described as “bio-
technology” (many of which are described in Chapter 7 
and elsewhere throughout this book) is made possible 
by our understanding of the enzymes of DNA and RNA 
metabolism.

enzymes catalyze specific Biological  
reactions

With the exception of a small group of catalytic RNA 
molecules (described in Chapter 16), all enzymes are pro-
teins. Their catalytic activity depends on the integrity of 
their native protein conformation. Enzymes, like other  
proteins, have molecular weights ranging from about 
12,000 to more than 1 million. Some enzymes require 
for their activity no additional chemical groups other 
than their amino acid residues. Others require an addi-
tional chemical component called a cofactor, either one 
or more inorganic metal ions (Table 5-3) or a complex 
organic or metallo-organic molecule called a coenzyme, 
which acts as a transient carrier of specific functional 
groups (Table 5-4). Most coenzymes are derived from 
vitamins, organic nutrients required in small amounts 
in the human diet. Some enzymes require both a coen-
zyme and one or more metal ion cofactors for activity. 
A coenzyme or inorganic cofactor that is very tightly or 
even covalently bound to the enzyme protein is known 

tABLe 5-3

inorganic elements as cofactors for enzymes and regulatory Proteins

Cofactor Enzyme Example Function

Cu2+ Superoxide dismutase Cellular protection from reactive oxygen species

Fe2+ or Fe3+ AlkB DNA repair

Mg2+ RecA protein Recombinational DNA repair

ATPases (all) Many functions

Nucleases DNA cleavage

DNA and RNA polymerases Nucleic acid synthesis

Mn2+ Ribonucleotide reductase Biosynthesis of deoxynucleotides

Mo6+ Molybdate sensor protein Gene regulation

Certain bacterial riboswitches Gene regulation

Zn2+ Many DNA-binding proteins Gene regulation
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as a prosthetic group. A complete, catalytically active 
enzyme, with its bound coenzyme and/or inorganic 
cofactor, is referred to as a holoenzyme. The protein 
part of such an enzyme is called the apoenzyme or 
apoprotein.

An enzyme catalyzes a reaction by providing a 
specific environment in which the reaction can occur 
more rapidly. Here are some key principles of enzyme-
catalyzed reactions:

1. A molecule that undergoes an enzyme-catalyzed re-
action is referred to as a substrate. A substrate dif-
fers from a ligand in that it can undergo a chemical 
transformation while bound to the enzyme, whereas 
a ligand does not.

2. The substrate interacts with the enzyme in a pocket 
known as the active site (Figure 5-8). The ac-
tive site is typically lined with multiple chemical 
groups—amino acid side chains, metal ion cofactors, 
and/or coenzymes—all oriented to facilitate the 
reaction. 

3. An enzyme-catalyzed reaction is highly specific for 
that particular reaction. An active site that is set up 
to catalyze one reaction with one substrate will not 
interact well with other substrates. Specificity is an 
important property of every enzyme. The catalysis 
of a different reaction requires a different enzyme.

4. Catalysis often requires conformational flexibility. 
As we have seen for proteins that reversibly bind 
ligands, conformational changes have an essential 
role in enzyme function. Induced fit and cooperativ-
ity also play roles in enzyme catalysis.

5. Many enzymes are regulated. The panoply of 
enzymes available to a given cell confers the oppor-
tunity not just to accelerate reactions but to control 
them. In this way, cellular metabolism can be modu-
lated as resources and circumstances demand.

The enormous and highly selective rate enhance-
ments achieved by enzymes can be explained by the 
many types of covalent and noncovalent interactions 
between enzyme and substrate. Chemical reactions 
of many types may take place between substrates and 
the functional groups (specific amino acid side chains, 
metal ions, and coenzymes) on enzymes. The particular 

tABLe 5-4

coenzymes: transient carriers of specific Atoms or functional groups

Coenzyme*
Examples of Chemical  
Group(s) Transferred Dietary Precursor in Mammals

Biocytin CO2 Biotin

Coenzyme A Acyl groups Pantothenic acid and other compounds

5′-Deoxyadenosylcobalamin (coenzyme B12) H atoms and alkyl groups Vitamin B12

Flavin adenine dinucleotide (FAD) Electrons Riboflavin (vitamin B2)

Lipoate Electrons and acyl groups Not required in diet

Nicotinamide adenine dinucleotide (NAD) Hydride ion (:H−) Nicotinic acid (niacin)

Pyridoxal phosphate Amino groups Pyridoxine (vitamin B6)

Tetrahydrofolate One-carbon groups Folate

Thiamine pyrophosphate Aldehydes Thiamine (vitamin B1)

S-Adenosylmethionine (adoMet) Methyl groups Not required in diet

*The structures and modes of action of these coenzymes are described in most biochemistry textbooks.

Substrate
Active site

figUre 5-8 Binding of a substrate to an enzyme at the active 
site. This is the enzyme T4 RNA ligase, with a bound substrate, 
ATP (stick representation). Active sites are typically pockets in the 
surface of enzymes. [Source: PDB ID 2C5U.]
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reactions that occur depend on the requirements of the 
overall reaction to be catalyzed. An enzyme’s catalytic 
functional groups may form a transient covalent bond 
with the substrate and activate it for reaction. Or a group 
may be transiently transferred from the substrate to the 
enzyme. The most common type of group transfer in-
volves the transfer of protons between ionizable amino 
acid side chains in the active site and groups on the sub-
strate molecule, a process called general acid and base 
catalysis (Figure 5-9). In the enzymes important to  
molecular biology, phosphoryl group transfers are also 
common. In many cases, these group transfer reactions 
occur only in the enzyme active site. The capacity to  
facilitate multiple interactions and transfers of this type, 
sometimes all at once, is one of the factors contributing 
to the rate enhancements provided by enzymes.

Covalent interactions are only part of the story, 
however. Much of the energy required to increase the 
reaction rate is derived from weak, noncovalent interac-
tions between substrate and enzyme, including hydro-
gen bonds and hydrophobic and ionic interactions. The 

formation of each weak interaction is accompanied by 
the release of a small amount of free energy that stabi-
lizes the interaction. The energy derived from enzyme-
substrate interaction is called binding energy, DG

B. Its 
significance extends beyond a simple stabilization of the 
enzyme-substrate interaction. Binding energy is a major 
source of the free energy used by enzymes to increase the 
rates of reactions.

In the context of nucleic acid metabolism, one type 
of weak interaction merits special mention. Ionic inter-
actions can include interactions between bound metals 
(such as Mg2+, Mn2+, and Fe2+ or Fe3+ ions) and sub-
strates. About one-third of all enzymes utilize metals in 
their catalytic mechanisms, and that proportion is much 
higher for the enzymes that act on DNA and RNA. For 
example, the active sites of DNA and RNA polymerases  
universally feature two metal ions, usually two Mg2+	

ions, that help orient substrates and facilitate the overall 
reaction in multiple ways (see Figure 5-9). Mg2+ ions play 
key roles at the active sites of a wide range of enzymes 
discussed in later chapters.
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figUre 5-9 An enzyme-catalyzed reaction. Shown here is the key step in the formation of a new 
phosphodiester bond in the active site of a DNA or RNA polymerase. The end of a growing chain 
of nucleic acid (the primer chain) is at the top left, and an incoming (deoxy)nucleoside triphosphate 
is at the lower left. The reaction begins with general base catalysis by an active-site residue (B) 
that abstracts a proton (Ha) from the attacking 3′ hydroxyl at the end of the primer chain. The 
oxygen of the hydroxyl group concurrently attacks the phosphorus of the a-phosphoryl group of 
the nucleoside triphosphate, displacing pyrophosphate (PPi). The pyrophosphate is protonated by 
another active-site residue (usually a Lys, shown here as A), an example of general acid catalysis, 
which facilitates ejection of the PPi. Two metal ions, usually two Mg2+, are in the active site. One 
metal ion lowers the pKa of the primer 3′ hydroxyl to facilitate the general base catalysis. The other 
metal ion coordinates with and orients oxygens of the triphosphate and also aids catalysis by 
stabilizing the transition state of the reaction.
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enzymes increase the rate of a reaction  
by Lowering the Activation energy

A simple enzyme reaction might be written like this: 

 E + S    ES   EP   E + P  (5-6)

where E, S, and P represent the enzyme, substrate, and 
product, and ES and EP are transient complexes of the 
enzyme with the substrate and with the product.

To understand catalysis, we must recall the impor-
tant distinction between reaction equilibria and reac-
tion rates. The equilibrium between S and P reflects the 
difference in the free energies of their ground states. 
Any reaction, such as S  P, can be described by a 
reaction coordinate diagram, a picture of the energy 
changes during the reaction (Figure 5-10a). Energy in 
biological systems is described in terms of free energy, 
G (see Chapter 3). In the diagram, the free energy of 
the system is plotted against the progress of the reac-
tion (the reaction coordinate). In this example, the free 
energy of the ground state of P is lower than that of S, 
so the biochemical standard free-energy change, or 
DG′o, for the reaction is negative and the equilibrium 
favors P.

To describe the free-energy changes for reactions, chemists 
define a standard set of conditions (temperature 298 K; 
partial pressure of each gas 1 atm, or 101.3 kPa; concentra-
tion of each solute 1 m) and express the free-energy change 
for a reacting system under these conditions as ∆Go, the 
standard free-energy change. Because living systems 
commonly involve H+ concentrations far below 1 m, bio-
chemists and molecular biologists define a biochemical 
standard free-energy change, ∆G′o, the standard free-
energy change at pH 7.0; we use this definition throughout 
the book.
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figUre 5-10 The use of noncovalent binding energy to 
accelerate an enzyme-catalyzed reaction. (a) A reaction 
coordinate diagram. The free energy of a system is plotted 
against the progress of the reaction S → P. This kind of diagram 
describes the energy changes during the reaction; the horizontal 
axis (reaction coordinate) reflects the progressive chemical 
changes (e.g., bond breakage or formation) as S is converted 
to P. The activation energies, ∆G‡, for the S → P and P → S 
reactions are indicated. ∆G′o is the overall biochemical standard 
free-energy change in the direction S → P. The ES intermediate 
occupies a minimum in the energy progress curve of the enzyme-
catalyzed reaction. The terms ∆G‡

uncat and ∆G‡
cat correspond 

to the activation energy for the uncatalyzed reaction (black, 
dashed curve) and the overall activation energy for the catalyzed 
reaction (blue, solid curve), respectively. The activation energy 
is lowered by the amount ∆Gcat when the enzyme catalyzes 
the reaction. (b) An imaginary enzyme (stickase) designed to 
catalyze the breaking of a metal stick. Before the stick is broken, 
it must be bent (transition state). Magnetic interactions replace 
weak enzyme-substrate bonding interactions. A stickase with a 
magnet-lined pocket that is structurally complementary to the 
stick (substrate) stabilizes the substrate (middle). Bending is 
impeded by the magnetic attraction between stick and stickase. 
An enzyme with a pocket complementary to the reaction 
transition state helps destabilize the stick (bottom), contributing 
to catalysis. The binding energy of the magnetic interactions 
compensates for the increase in free energy needed to bend the 
stick. In enzyme active sites, weak interactions that occur only in 
the transition state aid in catalysis.
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A favorable equilibrium does not mean that the  
S → P conversion will occur at a fast or even detectable 
rate. An unfavorable equilibrium does not mean that 
the reaction will be slow. Instead, the rate of a reaction 
depends on the height of the energy hill that separates 
the product from the substrate. At the top of this hill lies 
the transition state (denoted by ‡ in Figure 5-10a). The 
transition state is not a stable species but a transient mo-
ment when the alteration in the substrate has reached a 
point corresponding to the highest energy in  the reac-
tion coordinate diagram. The difference between the en-
ergy levels of the ground state and the transition state is 
the activation energy, DG‡. A higher activation energy 
corresponds to a slower reaction. 

The function of a catalyst is to increase the rate of a 
reaction. Catalysts do not affect reaction equilibria, and 
enzymes are no exception. The bidirectional arrows in 
Equation 5-6 make this point: any enzyme that catalyzes 
the reaction S → P also catalyzes the reaction P → S. The 
role of enzymes is to accelerate the interconversion of S 
and P. The enzyme is not used up in the process, and the 
equilibrium point is unaffected. However, the reaction 
reaches equilibrium much faster when the appropriate 
enzyme is present, because the rate of the reaction is 
increased. Enzymes increase reaction rates by lowering 
the activation energy of the reaction. To achieve this, en-
zymes utilize noncovalent and covalent interactions in 
somewhat different ways. 

Two fundamental and interrelated principles pro-
vide a general explanation for how enzymes use nonco-
valent binding energy to accelerate a reaction:

1. Much of the catalytic power of an enzyme is ulti-
mately derived from the free energy released in 
forming many weak bonds and interactions between 
the enzyme and its substrate. This binding energy 
contributes to specificity as well as to catalysis.

2. Weak interactions are optimized in the reaction tran-
sition state; enzyme active sites are complementary 
not to substrates per se but to the transition states 
through which substrates pass as they are converted 
to products during the reaction (Figure 5-10b). 

When the enzyme active site is complementary to 
the reaction transition state, some of the noncovalent 
interactions between enzyme and substrate occur only 
in the transition state. The free energy (binding energy) 
released by the formation of these interactions partially 
offsets the energy required to reach the top of the energy 
hill. The summation of the unfavorable (positive) acti-
vation energy ∆G‡ and the favorable (negative) binding 
energy ∆GB results in a lower net activation energy (see 
Figure 5-10a). Even on the enzyme, the transition state is 
not a stable species but a brief point in time that the sub-
strate spends atop an energy hill. The enzyme-catalyzed 

reaction is much faster than the uncatalyzed process, 
however, because the hill is much smaller. The groups on 
the substrate that are involved in the weak inte ractions 
between the enzyme and transition state can be at some 
distance from the substrate bonds that are broken or 
changed. The weak interactions formed only in the tran-
sition state are those that make the primary contribution 
to catalysis (see Figure 5-10b).

Covalent interactions can accelerate some enzyme-
catalyzed reactions by creating a different, lower-energy 
reaction pathway. When the reaction occurs in solution in 
the absence of the enzyme, the reaction takes a particu-
lar (and usually very slow) path. In the enzyme-catalyzed 
reaction, if a group on the enzyme is transferred to or 
from the substrate during the reaction, the reaction path 
is altered. The new pathway results in acceleration of the 
reaction only if its overall activation energy is lower than 
that of the uncatalyzed reaction. 

the rates of enzyme-catalyzed reactions  
can Be Quantified

The oldest approach to understanding enzyme mecha-
nisms, and the one that remains most important, is to 
determine the rate of a reaction and how it changes in 
response to changes in experimental parameters, a dis-
cipline known as enzyme kinetics. We provide here a 
brief review of key concepts related to the kinetics of 
enzyme-catalyzed reactions (for more advanced treat-
ments, see the Additional Reading list at the end of the 
chapter.)

Substrate concentration affects the rate of enzyme-
catalyzed reactions. Studying the effects of substrate 
concentration [S] in vitro is complicated by the fact that 
it changes during the course of the reaction, as substrate 
is converted to product. One simplifying approach in 
kinetics experiments is to measure the initial velocity, 
designated V0 (Figure 5-11a). In a typical reaction, the 
enzyme may be present in nanomolar quantities, where-
as [S] may be five or six orders of magnitude higher. If 
just the beginning of the reaction is monitored (often no 
more than the first few seconds), changes in [S] can be 
limited to a small percentage, and [S] can be regarded 
as constant. V0 can then be explored as a function of [S], 
which is adjusted by the investigator. The effect on V0 of 
varying [S] when the enzyme concentration is held con-
stant is shown in Figure 5-11b. At relatively low concen-
trations of substrate, V0 increases almost linearly with 
an increase in [S]. At higher substrate concentrations,  
V0 increases by smaller and smaller amounts in res-
p onse to increases in [S]. Finally, a point is reached  
beyond which increases in V0 are vanishingly small as 
[S] incr eases. In this plateau-like V0 region, the reaction 
approaches its maximum velocity, Vmax.
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evident in Figure 5-11a. The 
reaction quickly achieves a 
steady state in which [ES] 
(and the concentration of any 
other intermediates) remains 
approximately constant over 
time. The concept of a steady 
state was introduced by G. E. 
Briggs and J. B. S. Haldane in 
1925. The measured V0 gener-
ally reflects the steady state, 
even though V0 is limited to 
the early part of the reaction, and analysis of these initial 
rates is referred to as steady-state kinetics.

The curve expressing the relationship between [S] 
and V0 (see Figure 5-11b) has the same general shape for 
most enzymes (approaching a rectangular hyperbola). 
It can be expressed algebraically by an equation devel-
oped by Leonor Michaelis and Maud Menten, called the 
Michaelis-Menten equation:

 V0 = 
Vmax[S]

Km +	[S]  (5-7)

The important terms are [S], V0, Vmax, and a constant 
called the Michaelis constant, Km. All these terms are 
readily measured experimentally.

The Michaelis-Menten equation is the rate equation 
for a one-substrate enzyme-catalyzed reaction. It states the 
quantitative relationship between the initial velocity V0, 
the maximum velocity Vmax, and the initial substrate con-
centration [S], all related through the Michaelis constant 
Km. Note that Km has units of concentration. Does the equa-
tion fit experimental observations? Yes; we can confirm 
this by considering the limiting situations where [S] is very 
high or very low, as shown in Figure 5-11b. The Km is func-
tionally equivalent to the [S] at which V0 is one-half Vmax. 
At low [S], Km .. [S], and the [S] term in the denominator 
of the Michaelis-Menten equation (Equation 5-7) becomes 
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figUre 5-11 The initial velocity of an enzyme-catalyzed 
reaction. (a) A theoretical enzyme catalyzes the reaction S  P. 
Progress curves for the reaction (product concentration, [P], vs. 
time) measured at three different initial substrate concentrations 
([S]) show that the rate of the reaction declines as substrate is 
converted to product. A tangent to each curve taken at time zero 
(dashed lines) defines the initial velocity, V0, of the reaction.  
(b) The maximum velocity, Vmax, is indicated as a horizontal dashed 
line. The straight solid line describes the linear dependence of the 
initial velocity, V0, on [S] at low substrate concentrations. However, 
as [S] increases, the line in reality becomes nonlinear, as depicted 
by the curved line. V0 approaches but never quite reaches Vmax. 
The substrate concentration at which V0 is half maximal is Km, the 
Michaelis constant. The concentration of enzyme in an experiment 
such as this is generally so low that [S] .. [E] even when [S] is 
described as low or relatively low. At low [S], the slope of the 
line is defined by V0 5 Vmax[S]/Km, and this is where V0 exhibits a 
linear dependence on [S]. The units shown here are typical for 
enzyme-catalyzed reactions and help illustrate the meaning of V0 
and [S]. (Note that the curved line describes part of a rectangular 
hyperbola, with one asymptote at Vmax. If the curve were continued 
below [S] 5 0, it would approach a vertical asymptote at [S] 5 2Km.)

When the enzyme is first mixed with a large excess 
of substrate, there is an initial period called the pre–
steady state, when the concentration of ES (enzyme-
substrate) builds up. This period is usually too short to 
be observed easily, lasting just microseconds, and is not 

J. B. S. Haldane,  
1892 –1964 [Source: Hans  
Wild / Time Life Pictures /  
Getty Images.]

Leonor Michaelis,  
1875 –1949 [Source: 
Rockefeller University 
Archive Center.]

Maud Menten,  
1879 –1960 [Source: 
University of Toronto 
Archives.]
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insignificant. The equation simplifies to V0 = Vmax[S]/Km, and 
V0 exhibits a linear dependence on [S]. At high [S], where  
[S] .. Km, the Km term in the denominator of the 
Michaelis-Menten equation becomes insignificant and 
the equation simplifies to V0 = Vmax; this is consistent with 
the plateau observed at high [S]. The Michaelis-Menten 
equation is therefore consistent with the observed depen-
dence of V0 on [S], and the shape of the curve is defined  
by the terms Vmax/Km at low [S] and Vmax at high [S].

Kinetic parameters are used to compare enzyme 
activities. Many enzymes that follow Michaelis-Menten  
kinetics have different reaction mechanisms, and enzymes 
that catalyze reactions with six or eight identifiable inter-
mediate steps within the enzyme active site often exhibit 
the same steady-state kinetic behavior. Even though Equa-
tion 5-7 holds true for many enzymes, both the magni-
tude and the real meaning of Vmax and Km can differ from  

one enzyme to the next. This is an important limitation 
of the steady-state approach to enzyme kinetics. The  
parameters Vmax and Km can be obtained experimentally 
for any given enzyme, but by themselves they provide 
little information about the number, rates, or chemical 
nature of discrete steps in the reaction. Nevertheless, 
steady-state kinetics is the standard language with which 
biochemists compare and characterize the catalytic effi-
ciencies of enzymes.

Figure 5-11b shows a simple graphical method for ob-
taining an approximate value for Km. The Km, as noted, can 
vary greatly from enzyme to enzyme, and even for differ-
ent substrates of the same enzyme. The magnitude of Km is 
sometimes interpreted (often inappropriately) as an indi-
cator of the affinity of an enzyme for its substrate. However, 
Km is not equivalent to the substrate Kd (the simple binding 
equilibrium for the enzyme substrate) for many enzymes.

reversible and irreversible inhibition

Enzyme inhibitors are molecules that interfere with 
catalysis by slowing or halting enzyme reactions. The  
two general categories of enzyme inhibition are  
reversible and irreversible. There are three types of 
reversible inhibition: competitive, uncompetitive, and 
mixed. 

A competitive inhibitor competes with the substrate 
for the active site of an enzyme (Figure 1a). While the 
inhibitor (I) occupies the active site, it prevents binding of 
the substrate to the enzyme. Many competitive inhibitors 
are structurally similar to the substrate and combine with 
the enzyme to form an EI complex, but without leading 
to catalysis. Even fleeting combinations of this type will 
reduce the efficiency of the enzyme. The two other types 
of reversible inhibition, though often defined in terms of 
one-substrate enzymes, are in practice observed only with 
enzymes having two or more substrates. An uncompetitive 
inhibitor binds at a site distinct from the substrate active 
site and, unlike a competitive inhibitor, binds only to the ES 
complex (Figure 1b). A mixed inhibitor also binds at a site 
distinct from the substrate active site, but it binds to either E 
or ES (Figure 1c).

All of these inhibition patterns can be analyzed with the 
aid of a single equation derived from the Michaelis-Menten 
equation:

V0 =	
Vmax [S]

aKm +a′[S]

where a and a′ reflect the interaction of an inhibitor with  
the free enzyme (through KI) and with the ES complex 
(through K′I), respectively. These terms are defined as:

a =	1 +
[I]
KI

, and KI =	
[E][I]

[EI]

A cLoser LooKHigHLigHt 5-1

figUre 1 The three types of reversible inhibition.  
(a) Competitive inhibitors bind to the enzyme’s active site.  
(b) Uncompetitive inhibitors bind at a separate site, but bind 
only to the ES complex. (c) Mixed inhibitors bind at a separate 
site, but may bind to either E or ES.
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The term Vmax depends on both the concentration 
of enzyme and the rate of the rate-limiting step in the 
reaction pathway. Because the number of steps in a reac-
tion and the identity of the rate-limiting step can vary, 
it is useful to define a general rate constant, kcat, to 
describe the limiting rate of any enzyme-catalyzed reac-
tion at saturation. If the reaction has several steps and 
one is clearly rate-limiting, kcat is equivalent to the rate 
constant for that limiting step. When several steps are 
partially rate-limiting, kcat can become a complex func-
tion of several of the rate constants that define each indi-
vidual reaction step. In the Michaelis-Menten equation,  
Vmax = kcat[Et], where [Et] is the total concentration of 
enzyme, and Equation 5-7 becomes:

 V0 =    
kcat[Et ][S]

 ________ Km + [S]   (5-8)

The constant kcat is a first-order rate constant and hence 
has units of reciprocal time. It is equivalent to the num-
ber of substrate molecules converted to product in a 
given unit of time on a single enzyme molecule when 
the enzyme is saturated with substrate. Hence, this rate 
constant is also called the turnover number. A kcat may 
be 0.01 s21 for an enzyme with an intrinsically slow func-
tion (some enzymes with regulatory functions act very 
slowly) or as high as 10,000 s21 for an enzyme catalyzing 
some aspect of intermediary metabolism.

In cells, there are many situations in which enzyme 
activity is inhibited by specific molecules, including 
other proteins. From a practical standpoint, the develop-
ment of pharmaceutical and agricultural agents almost 
always involves the development of inhibitors for par-
ticular enzymes. Some aspects of enzyme inhibition are 
reviewed in Highlight 5-1. 

and

a′ =	1 + [E][I][I]

K′
I

, and K′I  =	
[ESI]

For a competitive inhibitor, there is no binding to the 
ES complex, and a′ 5 1. For an uncompetitive inhibitor, 
there is no binding to the free enzyme (E), and a 5 1. For 
a mixed inhibitor, both a and a′ are greater than 1. Each 
class of inhibitor has characteristic effects on the key kinetic 
parameters in the Michaelis-Menten equation, as summarized 
in Table 1. The altered Km or Vmax measured in the presence of 
an inhibitor is often referred to as an apparent Km or Vmax.

Many reversible enzyme inhibitors are used as 
pharmaceutical drugs; two examples are shown in Figure 2. 
The human immunodeficiency virus (HIV) encodes a DNA 
polymerase that can use either RNA or DNA as template; 
this enzyme is a reverse transcriptase (discussed in Chapter 14). 
It uses deoxynucleoside triphosphates as substrates, and it 
is competitively inhibited by the drug AZT—the first drug 
to be used in treating HIV infections. Similarly, quinolone 
antibiotics widely used to treat bacterial infections are 
uncompetitive inhibitors of enzymes called topoisomerases 
(described in Chapter 9).

An irreversible inhibitor can bind covalently with or 
destroy a functional group on an enzyme that is essential 
for the enzyme’s activity, or it can form a particularly stable 
noncovalent association. The formation of a covalent link 
between an irreversible inhibitor and an enzyme is common. 
Because the enzyme is effectively inactivated, irreversible 
inhibitors affect both Vmax and Km. An inhibitor that does not 
form a covalent link but binds so tightly to the enzyme active 
site that it does not dissociate within hours or days is also 
effectively an irreversible inhibitor. Given that enzyme active 
sites bind most tightly to the transition state of the reactions 
they catalyze, a molecule that mimics the transition state can 
be a tight-binding inhibitor. Inhibitors designed in this way 
are called transition state analogs. Many drugs used to treat 
people with HIV/AIDS are designed in part as transition state 
analogs that bind tightly to the HIV protease.

Note that uncompetitive and mixed inhibitors should 
not be confused with allosteric modulators (see Section 5.4). 
Although the inhibitors bind at a second site on the enzyme, 
they do not necessarily mediate conformational changes 
between active and inactive forms, and the kinetic effects are 
distinct.

tABLe 1

effects of reversible inhibitors on Apparent Vmax and 
Apparent Km

Inhibitor Type Apparent Vmax Apparent Km

None Vmax Km

Competitive Vmax aKm

Uncompetitive Vmax/a′ Km/a′

Mixed Vmax/a′ aKm/a′

figUre 2 Examples of inhibitors with medical applications. AZT 
(3′-azido-3′-deoxythymidine) is used in the treatment of HIV/AIDS; 
ciprofloxacin is a quinolone antibiotic.
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DnA Ligase Activity illustrates some  
Principles of catalysis

An understanding of the complete mechanism of action 
of a purified enzyme requires the identification of all 
substrates, cofactors, products, and regulators. Moreover, 
it requires a knowledge of (1) the temporal sequence 
in which enzyme-bound reaction intermediates form,  
(2) the structure of each intermediate and each transi-
tion state, (3) the rates of interconversion between inter-
mediates, (4) the structural relationship of the enzyme 
to each intermediate, and (5) the energy contributed by 
all reacting and interacting groups to intermediate com-
plexes and transition states. As yet, there is probably no 
enzyme for which we have an understanding that meets 
all these requirements.

It is impractical, of course, to cover all possible classes 
of enzyme chemistry, and we focus here on an enzyme 
reaction important to molecular biology: the reaction 
catalyzed by DNA ligases. The discussion concentrates 
on selected principles, along with some key discoveries 
that have helped bring these principles into focus. We 
also use the DNA ligase example to review some of the 
conventions used to depict enzyme mechanisms. Many 
mechanistic details and pieces of experimental evidence 
are necessarily omitted; an entire book would be needed 
to document the rich experimental history of enzyme 
research.

DNA ligases were discovered in 1967, and reports 
were published from four different research groups in 
that year. These enzymes catalyze the joining of DNA 
ends at strand breaks (also called nicks) that have a 
phosphorylated 5′ terminus and a 3′ terminus with a 
free hydroxyl group. In cells, these enzymes provide 
the critical links between discontinuous segments of 
replicated DNA (called Okazaki fragments; see Chap-
ter 11) and carry out the final step in most DNA repair 
reactions (see Chapter 12). Since their discovery, many 
details of the reaction mechanism of these enzymes 
have been elucidated. DNA ligases have become essen-
tial tools of biotechnology, used by laboratories around 
the world to covalently join DNA segments to create 
recombinant DNA (see Chapter 7). RNA ligases have 
also  been characterized; they use a similar reaction 
mechanism.

DNA ligases make use of two cofactors: Mg2+ ions 
and either ATP or nicotinamide adenine dinucleotide 
(NAD+). ATP-dependent DNA ligases are found in eu-
karyotes, viruses, and some bacteria and archaea. NAD+-
dependent ligases are found in most bacteria, as well as 
in some viruses and archaea, but are not found in eu-
karyotes. Commonly, NAD+ is a cofactor participating 
in oxidation-reduction reactions. Its role in DNA ligase 

reactions is quite different, however, and it parallels the 
role of ATP in the ATP-dependent ligases. 

All DNA ligases promote a reaction that involves 
three chemical steps (Figure 5-12 on p. 152). In step 1,  
an adenylate group, adenosine 5′-monophosphate 
(AMP), is transferred from either ATP or NAD+ to a Lys 
residue in the enzyme active site. This process occurs 
readily in the absence of DNA. In step 2, the enzyme 
binds to DNA at the site of a strand break and transfers 
the AMP to the 5′ phosphate of the DNA strand. This 
activates the 5′ phosphate for nucleophilic attack by the 
3′-hydroxyl group of the DNA, in step 3, leading to dis-
placement of the AMP and formation of a new phospho-
diester bond in the DNA that seals the nick. Each of the 
three steps has a highly favorable reaction equilibrium 
that renders it effectively irreversible. In the absence of 
DNA, the adenylated enzyme formed in step 1 is quite 
stable, and it is likely that most DNA ligases in a cell are 
already adenylated and ready to react with DNA. In ad-
dition to illustrating the reaction pathway, Figure 5-12 
introduces the conventions commonly used to describe 
enzyme-catalyzed reactions.

The overall picture of the DNA ligase reaction mech-
anism is a composite derived from kinetic and structur-
al studies of many closely related enzymes, including 
those isolated from bacteriophages T4 and T7, bacteria, 
eukaryotic viruses (that is, viruses with eukaryotic host 
cells), and mammals. The ligases typically consist of a 
DNA-binding domain, a nucleotidyltransferase (NTase) 
domain, and an OB-fold domain. In DNA ligases, the 
OB fold, normally associated with binding to single- 
stranded DNA (see Section 5.1), interacts with the  
minor groove of double-stranded DNA. These domains 
provide a flexible structure that closes to completely en-
circle a nicked DNA molecule, with all three domains in 
contact with the DNA (see Figure 5-12). During step 1, 
some residues in the OB fold become part of the active 
site for transfer of AMP to the active-site Lys residue. 
As the covalent link between the enzyme and AMP is 
formed, the adenine base of AMP is fixed in a binding 
site in the NTase domain, where it stays throughout 
the remaining steps. In steps 2 and 3, a conformational 
change rearranges this part of the OB fold so that the 
same residues now face the solvent, while other parts 
of the OB fold bind to the DNA and interact primar-
ily with the strand adjacent to the 5′-phosphate end of 
the strand break. At the same time, the conformational 
change closes the enzyme around the nicked DNA, and 
the N-glycosyl bond between the adenine base and the 
ribose moiety of AMP is rotated, thereby realigning the 
phosphate of AMP for reaction, in step 2, with the 5′ 
phosphate of DNA. Step 3 follows closely behind step 2 
within the same complex. 
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This one example cannot provide a complete over-
view of the broad range of strategies that enzymes use, 
but it does serve as a good introduction to the com-
plexity of enzyme reaction mechanisms. In addition, 
it illus trates the transfer of phosphoryl groups, a reac-
tion catalyzed by protein enzymes and RNA enzymes 
(ribozymes) involved in almost every aspect of molec-
ular biology—from DNA polymerases and RNA poly-
merases to nucleases, topoisomerases, spliceosomes, 
and ligases. 

■ section 5.2 sUMMAry
●● Most enzymes are proteins. They facilitate the re-
actions of substrate molecules. The catalyzed reac-
tion occurs in an active site, a pocket on the enzyme 
that is lined with amino acid side chains and, in 
many cases, bound cofactors that participate in the 
reaction.

●● Enzymes are catalysts. Catalysts do not affect reac-
tion equilibria; they enhance reaction rates by lower-
ing activation energies.

●● Enzyme catalysis involves both covalent enzyme-
substrate interactions and noncovalent interactions. 
Enzyme active sites bind most tightly to the transition 
states of the reactions they catalyze.

●● The rates of most enzyme-catalyzed reactions 
are described by the Michaelis-Menten equation, 
which relates the key kinetic parameters Vmax, Km, 
and kcat.

●● A DNA ligase catalyzes a series of phosphoryl 
transfer reactions to seal nicks in the DNA backbone; 
its reaction mechanism illustrates several general 
principles of enzyme-catalyzed reactions.

5.3 Motor Proteins

Organisms move. Cells move. Organelles and macromol-
ecules within cells move. Most of these movements arise 
from the activity of motor proteins, a fascinating class 
of protein-based molecular motors. Fueled by chemical 
energy, usually derived from ATP, organized groups of 
motor proteins undergo cyclic conformational changes 
that create a unified, directional force—the tiny force 
that pulls apart chromosomes in a dividing cell and the 
im mense force that levers a quarter-ton jungle cat into 
the air.

As for all proteins, interactions among different 
motor proteins, or between motor proteins and other 
types of proteins, include complementary arrangements 
of ionic bonds, hydrogen bonds, hydrophobic interac-
tions, and van der Waals interactions at protein-binding 

sites. In motor proteins, however, these interactions 
achieve exceptionally high levels of spatial and temporal 
organization.

Motor proteins promote the contraction of muscles 
(actin and myosin), the migration of organelles along 
microtubules (kinesin and dynein), the rotation of bac-
terial flagella, and the movement of some proteins along 
DNA. In molecular biology, the motor proteins of most 
interest are those that function in the transactions in-
volving nucleic acids. These include the helicases, pro-
teins that unwind double stranded DNA or RNA; DNA 
and RNA polymerases that synthesize polynucleotide 
chains; DNA topoisomerases that relieve the tension 
created by overwound or underwound DNA; and other 
proteins that move along DNA as they carry out their 
functions in DNA metabolism. These motor proteins 
are described in detail in Chapters 9–16. Here, we focus 
on helicases, motor proteins that are highly relevant to 
the information pathways explored in this text. A great 
many human genetic diseases have been traced to de-
fects in motor proteins of this class, attesting to their 
general importance. 

Motor proteins combine the functions of ligand 
binding and catalysis. Each motor protein must interact 
transiently with another macromolecular ligand, binding 
and releasing it in a reversible process. To bring about 
productive motion, the sequence of binding and release 
cannot be random; it must have a unidirectional compo-
nent. This requires energy, usually derived from ATP hy-
drolysis, which is coupled to a directed bind-and-release 
process between protein and ligand. For the motor pro-
teins we are concerned with, the ligand is generally DNA 
or RNA.

Helicases Abound in DnA and rnA 
Metabolism

A helicase is a protein that separates the paired strands 
of a nucleic acid, converting a duplex into two single 
strands. Helicases are part of a larger family of motor 
proteins that promote reactions by translocating along 
the DNA (or RNA) substrate, resulting in the displace-
ment of proteins from nucleic acids, the separation of 
DNA strands that is required for replication and recom-
bination, conformational changes in nucleic acids, and 
the remodeling of chromatin. All of these processes are 
coupled to the hydrolysis of ATP; enzymes, including 
helicases, that hydrolyze ATP are often referred to as 
ATPases.

Two structural classes of ATPase domain are found 
in helicases. The first is structurally related to the core 
domain of the bacterial RecA recombinase (see Chap-
ter 13); ATP is often bound in a site near the intersection 
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ATP (or NAD�) is first bound to the enzyme. A 
Lys residue in the NTPase domain attacks the 
α-phosphate in the first chemical step, leading 

to displacement of pyrophosphate
and formation of the E-AMP 

intermediate.

1

2

3

The enzyme-linked AMP is 
transferred to the 5'-phosphoryl 
group of the DNA at the site of the 
nick in the second chemical step.

The 3' OH at the DNA nick attacks the 
pyrophosphate linkage in the 
DNA-adenylate intermediate, displacing 
AMP and creating a new phosphodiester 
bond. The repaired DNA is then released.

The AMP product is released to regenerate free 
enzyme. It is quickly replaced by a new ATP 
molecule to restart the catalytic cycle.

How to Read Reaction Mechanisms—A Refresher

Chemical reaction mechanisms, which trace the formation 
and breakage of covalent bonds, are communicated with 
dots and curved arrows, a convention known informally as 
“electron pushing.” A covalent bond consists of a shared 
pair of electrons. Nonbonded electrons important to 
the reaction mechanism are designated by a pair of 
dots (:). Curved arrows (     ) represent the move-
ment of electron pairs. For movement of a single 
electron (as in a free radical reaction), a single-
headed fishhook-type arrow is used (     ). Most 
reaction steps involve an unshared electron pair (as 
in the ligase mechanism).
 Some atoms are more electronegative than others; 
that is, they more strongly attract electrons. The relative 
electronegativities of atoms encountered in this text are
F > O > N > C ≈ S > P ≈ H. For example, the two electron 
pairs making up a C�O (carbonyl) bond are not shared 
equally; the carbon is relatively electron-deficient as the 
oxygen draws away the electrons. Many reactions involve 
an electron-rich atom (a nucleophile) reacting with an 
electron-deficient atom (an electrophile). Some common 
nucleophiles and electrophiles in biochemistry are shown
in the box in the center of the diagram. 
 In general, a reaction mechanism is initiated at an 
unshared electron pair of a nucleophile. In mechanism 
diagrams, the base of the electron-pushing arrow originates 
near the electron-pair dots, and the head of the arrow 
points directly at the electrophilic center being attacked. 
Where the unshared electron pair confers a formal negative 
charge on the nucleophile, the negative charge symbol itself 
(�) can represent the unshared electron pair and serves as 
the base of the arrow. In some cases, the electron pair is the 
pair that makes up a covalent bond, and the base of the 
arrow is then shown at the middle of the bond. In the ligase 
mechanism, the nucleophilic electron pair in step 1 is 
provided by the nitrogen of the ε-amino group of the Lys 
residue. This electron pair provides the base of the curved 
arrow. The electrophilic center under attack is the phospho-
rus atom of the α-phosphoryl group of ATP. The C, O, P, and 
N atoms have a maximum of 8 valence electrons, and H has 
a maximum of 2. These atoms are occasionally found in 
unstable states with less than their maximum allotment of 
electrons, but C, O, P, and N cannot have more than 8. 
Thus, when the electron pair from the ligase’s Lys residue N 
attacks the substrate’s phosphorus, an electron pair is 
displaced from the phosphorus valence shell. These 
electrons move toward the electronegative oxygen atoms. 
The oxygen of the P�O bond has 8 valence electrons both 
before and after this chemical process, but the number 
shared with the phosphorus is reduced from 4 to 2, and the 
oxygen acquires a negative charge. To complete the process 
(not shown), the electron pair conferring the negative 
charge on the oxygen moves back to re-form a double bond 
with phosphorus and reestablish the P�O linkage. Again, 
an electron pair must be displaced from the phosphorus, 
and this time it is the electron pair shared with the oxygen 
that bridges the α- and β-phosphoryl groups so that 
pyrophosphate is released. The remaining steps follow a 
similar pattern.
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figUre 5-12 The DNA ligase reaction. The reaction creates 
a new phosphodiester bond at the site of a break, or nick, 
in the DNA. The same series of three chemical steps is used 
by every RNA or DNA ligase. In each of the three steps, one 
phosphodiester bond is formed at the expense of another. 
Steps 1 and 2 lead to activation of the 5′ phosphate in the 
nick. In the E. coli DNA ligase reaction, AMP is derived from 
NAD+ rather than ATP, and the reaction releases nicotinamide 
mononucleotide (NMN) rather than pyrophosphate.
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ATP (or NAD�) is first bound to the enzyme. A 
Lys residue in the NTPase domain attacks the 
α-phosphate in the first chemical step, leading 

to displacement of pyrophosphate
and formation of the E-AMP 

intermediate.

1

2

3

The enzyme-linked AMP is 
transferred to the 5'-phosphoryl 
group of the DNA at the site of the 
nick in the second chemical step.

The 3' OH at the DNA nick attacks the 
pyrophosphate linkage in the 
DNA-adenylate intermediate, displacing 
AMP and creating a new phosphodiester 
bond. The repaired DNA is then released.

The AMP product is released to regenerate free 
enzyme. It is quickly replaced by a new ATP 
molecule to restart the catalytic cycle.

How to Read Reaction Mechanisms—A Refresher

Chemical reaction mechanisms, which trace the formation 
and breakage of covalent bonds, are communicated with 
dots and curved arrows, a convention known informally as 
“electron pushing.” A covalent bond consists of a shared 
pair of electrons. Nonbonded electrons important to 
the reaction mechanism are designated by a pair of 
dots (:). Curved arrows (     ) represent the move-
ment of electron pairs. For movement of a single 
electron (as in a free radical reaction), a single-
headed fishhook-type arrow is used (     ). Most 
reaction steps involve an unshared electron pair (as 
in the ligase mechanism).
 Some atoms are more electronegative than others; 
that is, they more strongly attract electrons. The relative 
electronegativities of atoms encountered in this text are
F > O > N > C ≈ S > P ≈ H. For example, the two electron 
pairs making up a C�O (carbonyl) bond are not shared 
equally; the carbon is relatively electron-deficient as the 
oxygen draws away the electrons. Many reactions involve 
an electron-rich atom (a nucleophile) reacting with an 
electron-deficient atom (an electrophile). Some common 
nucleophiles and electrophiles in biochemistry are shown
in the box in the center of the diagram. 
 In general, a reaction mechanism is initiated at an 
unshared electron pair of a nucleophile. In mechanism 
diagrams, the base of the electron-pushing arrow originates 
near the electron-pair dots, and the head of the arrow 
points directly at the electrophilic center being attacked. 
Where the unshared electron pair confers a formal negative 
charge on the nucleophile, the negative charge symbol itself 
(�) can represent the unshared electron pair and serves as 
the base of the arrow. In some cases, the electron pair is the 
pair that makes up a covalent bond, and the base of the 
arrow is then shown at the middle of the bond. In the ligase 
mechanism, the nucleophilic electron pair in step 1 is 
provided by the nitrogen of the ε-amino group of the Lys 
residue. This electron pair provides the base of the curved 
arrow. The electrophilic center under attack is the phospho-
rus atom of the α-phosphoryl group of ATP. The C, O, P, and 
N atoms have a maximum of 8 valence electrons, and H has 
a maximum of 2. These atoms are occasionally found in 
unstable states with less than their maximum allotment of 
electrons, but C, O, P, and N cannot have more than 8. 
Thus, when the electron pair from the ligase’s Lys residue N 
attacks the substrate’s phosphorus, an electron pair is 
displaced from the phosphorus valence shell. These 
electrons move toward the electronegative oxygen atoms. 
The oxygen of the P�O bond has 8 valence electrons both 
before and after this chemical process, but the number 
shared with the phosphorus is reduced from 4 to 2, and the 
oxygen acquires a negative charge. To complete the process 
(not shown), the electron pair conferring the negative 
charge on the oxygen moves back to re-form a double bond 
with phosphorus and reestablish the P�O linkage. Again, 
an electron pair must be displaced from the phosphorus, 
and this time it is the electron pair shared with the oxygen 
that bridges the α- and β-phosphoryl groups so that 
pyrophosphate is released. The remaining steps follow a 
similar pattern.
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of two RecA-like domains (Figure 5-13a). The second 
is related to a class of enzymes called AAA+ (ATPases 
associated with various cellular activities); again, ATP is 
bound in sites located at the subunit-subunit interfaces 
(Figure 5-13b).

Based on extensive sequence comparisons, six super-
families of helicases have been defined (Figure 5-13c). 
Most of them include proteins that do not function in 
DNA or RNA strand separation but instead are involved 
in translocation along DNA or RNA. Helicases of su-
perfamilies 1 and 2 (SF1 and SF2), the most common, 
usually have two RecA-like domains. These proteins 

often, but not always, function best as oligomers. Heli-
cases of superfamilies 3 through 6 (SF3–SF6) generally 
function as circular hexamers (see Figure 5-13b and 
this chapter’s Moment of Discovery). The individual 
domains are RecA-like in superfamily 4. The subunits 
in SF3 and SF6 helicases have the AAA+ structural 
domain.

The superfamilies are further defined on the basis of 
a series of amino acid sequence motifs (see Figure 5-13c). 
At least three motifs found in all helicase superfamilies 
are involved in ATP binding and hydrolysis. Other motifs 
are involved in DNA or RNA binding or oligomerization. 

(a) (b)

(c)

Superfamily

1*
2*
3 
4 
5 
6 

*Superfamilies 1 and 2 contain a tandem repeat of a RecA-like fold, with the consecutive repeats shown in blue and beige.

Transcript

Monomer (PcrA helicase) Hexamer (Rho transcription terminator)

Domain type

RecA-like
RecA-like
AAA+
RecA-like
?
AAA+

Function

Recombination, repair
Replication, repair
Replication
Replication
Transcription
Replication

Oligomerization

Monomer or dimer
Monomer or dimer
Hexamer
Hexamer
Hexamer
Hexamer

Examples

PcrA, Rep, UvrD
WRN, NS3
T-ag, BPV E1
T7gp4, DnaB
Rho
MCM

RNA

ADP

ADP

ADP

ADP

ADP

ADP

ATP

figUre 5-13 DNA helicases. (a) Enzymes of helicase superfamilies 1 and 2 (SF1 and SF2) have 
a conserved core structure, the RecA-like fold. Here, an ATP analog (black and red) that mimics 
ATP structure but is not hydrolyzed is bound at the interface of the two domains in a monomeric 
helicase PcrA. The use of such ATP analogs is often necessary to obtain a structure that illustrates 
the complex. (b) The core of helicases of SF3 through SF6 consists of six subunits with nucleotide-
binding pockets at the subunit-subunit interfaces. Shown here is the Rho transcription termination 
factor (discussed in Chapter 15). In the structure shown, ADP was present in the crystallization 
mixture, and its bound location in the resulting structure indicates the ATPase active site. (c) 
Helicase superfamilies. Core domains (blue and beige) and positions of the conserved sequence 
motifs that characterize a protein as a helicase (red) are shown for each family (“Transcript”). The 
sequence motifs are universal structural elements in all helicases and include motifs involved in 
the binding and hydrolysis of a nucleoside triphosphate. There are two different ATPase domain 
types in helicases, as shown in the “Domain type” column. Well-studied examples of each  
family, typical oligomeric structure, and functions are listed in the remaining three columns. 
[Sources: (a) PDB ID 3PJR (dimer). (b) PDB ID 3ICE (hexamer). (c) Data from M. R. Singleton et al., Annu. Rev. 
Biochem. 76:23–50, 2007.]
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Processivity refers to the number of base pairs un-
wound or the number of nucleotides translocated, on av-
erage, each time an enzyme of this type binds to a DNA 
molecule. Some helicases may unwind only a few base 
pairs before dissociating, whereas a much greater pro-
cessivity is the norm for hexameric helicases that encir-
cle DNA and function in such processes as chromosomal 
DNA replication. 

The step size is the average number of base pairs or 
nucleotides over which the helicase moves for each ATP 
molecule hydrolyzed. The ATP-coupling stoichiometry 
is the average number of ATP molecules consumed per 
base pair or nucleotide traversed. This may seem like 
another way of describing step size, and the two can be 
closely related. However, if coupling is not perfect and 
some ATP is hydrolyzed unproductively, the step size 
measured experimentally can be lower than the true step 
size that reflects the coupled ATP hydrolysis–movement 
cycle.

Most helicases seem to use a translocation mecha-
nism that can be described as “stepping.” It requires 
the helicase to have at least two DNA-binding sites. 
Using a series of conformational changes facilitated by 
ATP binding and hydrolysis, the enzyme moves along 
the DNA. Different sites on the same or different he-
licase subunits bind alternately to the DNA strand de-
fining directionality, in a closely orchestrated reaction 
sequence (Figure 5-15). When multiple subunits are 
employed (dimers or hexamers), DNA molecules may 
get passed between the subunits and step sizes can  
be larger.

Helicase translocation is necessary but not suf-
ficient for the unwinding of a nucleic acid. Unwinding 
mechanisms are classified as active or passive. In an 
active mechanism, the enzyme interacts directly with 
double-stranded DNA or RNA to destabilize the duplex 
structure. In a passive mechanism, the enzyme interacts 
only with single strands, moving onto the strands and 
stabilizing them as they form through normal thermal 
base-pair opening and closing. Although active mecha-
nisms are not yet well understood, they seem to be used 
by many helicases. In many cases, the destabilization of 
a double-stranded DNA or RNA is facilitated by a struc-
ture often described as a pin, a kind of wedge that pries 
the two strands apart. The ATPase motor pushes or pulls 
the paired strands past the pin (as seen in Figure 5-15a). 
Some dimeric helicases may employ an unwinding 
mechanism in which one subunit interacts with and de-
stabilizes the duplex DNA, while the other subunit acts 
as a translocase on adjacent single-stranded DNA (see 
Figure 5-15b).

A great variety of motor proteins, many of them in 
the helicase families, carry out a range of functions other 
than nucleic acid unwinding. We will encounter many 

3�
5�

5�

3�

5�
5�

3�

3�

figUre 5-14 Direction of movement by helicases. Helicases 
can be classified based on translocation directionality: 3′→5′ 
(top) or 5′→3′ (bottom).

Helicase Mechanisms Have characteristic 
Molecular Parameters

Any discussion of helicase mechanisms must take into 
account several key biochemical properties of these 
motor proteins: oligomeric state, rate of nucleic acid 
unwinding or translocation, directionality, processivity, 
step size, and ATP-coupling stoichiometry.

For some helicases, the oligomeric state in which 
they are active has been quite controversial. A few heli-
cases exhibit some activity as monomers but are greatly 
stimulated by the addition of more subunits or auxiliary 
proteins. The observed rates of DNA unwinding or trans-
location can thus be a complicated function of reaction 
conditions and proteins added.

Helicases are associated with DNA unwinding, the 
separation of the two paired strands of a nucleic acid. 
Closely related proteins are often involved in translo-
cation, which is movement along duplex DNA or RNA 
without separating the paired strands. These latter 
proteins are sometimes called translocases, but many 
other names are used that are more closely attuned to 
a protein’s specific function. In some cases, these pro-
teins are bound to a structure such as a membrane or a 
viral coat and function to pump DNA or RNA through 
it. Others function to eject bound proteins from a 
nucleic acid. 

Helicases move unidirectionally on a strand of nu-
cleic acid, and directionality—the direction in which the 
enzyme moves along the strand—is an important distin-
guishing characteristic of a helicase mechanism. Some 
helicases move only in the 3′→5′ direction, and some 
only in the 5′→3′ direction (Figure 5-14). With double-
stranded DNA, the direction of movement is defined by 
only one strand. The strand that guides the direction of 
movement is established during the process of loading 
the helicase onto the DNA. Helicases that translocate 
in the 3′→5′ direction seem to be more common than 
those moving in the 5′→3′ direction. 
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examples in later chapters, and we consider just a few 
here. 

The RuvB protein (SF6 class; its name derives from 
resistance to UV irradiation) is a DNA translocase in-
volved in the movement of four-armed DNA junctions 
called Holliday intermediates that appear during DNA 
recombination (we discuss recombination and Hol-
liday intermediates in Chapter 13). Acting with the 
RuvA protein, two hexamers of RuvB are arranged 
symmetrically to propel the DNA, catalyzing a rapid 
migration of the DNA branch to which they are bound 
(Figure 5-16a). 

The eukaryotic Snf proteins (SF2 class; named for su-
crose nonfermenting) are involved in the alteration and/
or disruption of a variety of protein-DNA interactions. 

Each of the many Snf proteins has a particular target pro-
tein or protein complex, or set of targets, including RNA 
polymerase, nucleosomes, and regulatory DNA-binding 
proteins. Snf proteins interact directly with their targets, 
utilizing their motor functions to displace or reposition 
the target proteins on the DNA (Figure 5-16b). Snf pro-
teins are also heavily involved in chromatin remodeling 
(see Chapter 10). The NPH-II RNA helicase (SF2 class; 
NTP (nucleoside triphosphate) phosphohydrolase) is a 
viral helicase that unwinds RNA, but it is also very effec-
tive as a translocase that displaces proteins from single-
stranded RNA. SF2 enzymes are particularly common 
and important in RNA metabolism. Many are critical to 
the maturation of large ribonucleoprotein complexes, 
such as ribosomes and spliceosomes.

Direction of unwinding

Process repeats

(c) Hexameric(a)

Direction of unwinding

Pin

Monomer

(b)

Direction of unwinding

Process repeats

Translocation

Dimer

figUre 5-15 Unwinding reaction mechanisms for DNA helicases. (a) A monomeric helicase 
hydrolyzes ATP, causing conformational changes that couple unidirectional DNA translocation with 
destabilization of the duplex. Some of these enzymes have pinlike structures that function in strand 
separation. (b) A functional dimer model. A dimeric helicase has two identical subunits. These may 
alternate in binding to single- and double-stranded DNA or may translocate linearly along one strand 
of DNA (as shown here). In either case, the protein unwinds the DNA as it moves. (c) Hexameric 
helicases move along one DNA strand of a duplex DNA, separating the strands as it moves. The 
bound DNA strand is usually bound alternately by three pairs of dimers within the hexameric 
structure. The passing of the strand from one dimer to another is coupled to conformational changes 
driven by ATP hydrolysis. In the diagram, the red, green, and yellow subunit pairs represent the three 
states: one state has bound ATP, the second has bound ADP (immediately after hydrolysis), and the 
third has no bound nucleotide.
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With respect to ATP hydrolysis, motor proteins gen-
erally exhibit the standard steady-state kinetic behavior 
of an enzyme. An example is the Michaelis-Menten ki-
netics seen for ATP hydrolysis by the helicase PcrA in the 
presence of single-stranded DNA (Figure 5-17). PcrA is 
an SF1 class helicase found in gram-positive bacteria. 

■ section 5.3 sUMMAry
●● Motor proteins combine the functions of ligand bind-
ing and catalysis. The ligand, often RNA or DNA, is 
bound reversibly. Movement involves protein confor-
mational changes triggered by ATP hydrolysis cata-
lyzed by the motor protein.

●● Helicases are ubiquitous motor proteins involved 
in DNA or RNA strand separation. Helicase mecha-
nisms are discussed in terms of oligomeric state, rate 
of nucleic acid unwinding or translocation, direc-
tionality, processivity, step size, and ATP-coupling 
stoichiometry.

●● Many motor proteins closely related to helicases are 
involved in translocation along nucleic acids, move-
ment of branches in double-stranded DNA during 
replication, protein displacement from nucleic acids, 
chromatin remodeling, and other functions. 

5.4 tHe regULAtion of Protein 
fUnction

In the flow of biological information, groups of en-
zymes often work together in sequential and intercon-
nected pathways to carry out a given process, such 
as the replication of a chromosome or the splicing of 
an intron in a messenger RNA. Such processes use 

figUre 5-16 DNA translocases. (a) Branch migration during double-stranded DNA translocation. 
The bacterial RuvA and RuvB proteins form a complex that binds to a four-armed DNA junction that 
often forms during recombination (a Holliday intermediate; see Chapter 13), and the RuvA protein 
binds to the junction itself. The RuvB protein is the translocase, propelling the DNA to the left and 
right, as shown (arrows). (b) Protein displacement during DNA translocation. Translocase proteins in 
both bacteria and eukaryotes displace proteins from nucleic acids.
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figUre 5-17 A plot of V0 versus [S] for the hydrolysis of ATP 
by the helicase PcrA. This hydrolytic reaction follows classic 
Michaelis-Menten kinetics. Compare this with Figure 5-11b. 
[Source: Data from C. P. Toseland et al., J. Mol. Biol. 392:1020–1032, 
2009.] 
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enormous amounts of chemical energy in the form of 
nucleoside triphosphates (NTPs). It is critical not only 
that these processes occur, but that they do so only at 
a specific time and in a specific place, so that resources 
are not wasted. In addition, the many reactions that 
carry out these complex processes must be precisely 
coordinated. Faulty coordination or poor timing could 
damage or alter the cellular genome. Regulation is 
thus an important aspect of virtually every process in 
molecular biology.

Most enzymes follow the Michaelis-Menten kinetic 
patterns described in Section 5.2. However, the timing 
and rate of many processes are governed by regulatory 
enzymes that exhibit increased or decreased catalytic 
activity in response to certain signals. The resulting reg-
ulation conserves cellular resources and prevents inap-
propriate alterations in the genetic material.

The activities of many proteins in DNA and RNA 
metabolism are regulated, including binding proteins 
that simply bind reversibly to DNA or RNA, enzymes, 
and motor proteins. Their functions can be modulated 
in several ways: by the noncovalent binding of allosteric 
modulators, autoinhibition by a segment of the protein, 
reversible covalent modification, proteolytic cleavage, or 
interaction with special regulatory proteins. We touch 
on all of these mechanisms, while focusing on those that 
are most common in enzymes and proteins involved in 
nucleic acid metabolism.

Modulator Binding causes conformational 
changes in Allosteric Proteins

Allosteric enzymes or allosteric proteins are those 
having “other shapes” or other conformations induced 
by the binding of modulators. This property is found in 
certain regulatory enzymes, as conformational changes 
induced by one or more allosteric modulators inter-
convert more-active and less-active forms of the enzyme. 

The modulators for allosteric enzymes may be inhibi-
tory or stimulatory. Often the modulator is the substrate 
itself, and a regulatory protein or enzyme for which 
substrate and modulator are identical is referred to as 
homotropic. When the modulator is a molecule other 
than the normal ligand or substrate, the enzyme or pro-
tein is said to be heterotropic.

The properties of allosteric enzymes are significantly 
different from those of simple, nonregulatory enzymes. 
Some of the differences are structural. In addition to  
active sites, allosteric enzymes generally have one or 
more regulatory, or allosteric, sites for binding the mod-
ulator (Figure 5-18). Just as an enzyme’s active site is 
specific for its substrate, each regulatory site is specific 
for its modulator. Enzymes with several modulators  
generally have different specific binding sites for each. 

Allosteric enzymes Have Distinctive Binding 
and/or Kinetic Properties 

Allosteric enzymes show relationships between V0 and 
[S] that differ from Michaelis-Menten kinetics. They do 
exhibit saturation with the substrate, but for some allo-
steric enzymes, plots of V0 versus [S] produce a sigmoid 
saturation curve, rather than the hyperbolic curve typi-
cal of nonregulatory enzymes (Figure 5-19a; compare 
with Figure 5-11b). On the sigmoid saturation curve, we 
can find a value of [S] at which V0 is half maximal, but 
we cannot refer to it with the designation Km, because 
the enzyme does not follow  the hyperbolic Michaelis-
Menten relationship. Instead, the symbol [S]0.5 or K0.5 is 
often used to represent the substrate concentration giv-
ing half-maximal velocity of the reaction catalyzed by an 
allosteric enzyme.

For homotropic allosteric proteins or enzymes, the 
substrate often acts as a positive modulator (an activator), 
because the subunits act cooperatively. Cooperativity oc-
curs when the binding of a substrate to one binding site 

figUre 5-18 Allosteric enzyme interactions. In many allosteric enzymes, the substrate-
binding site and the modulator-binding site(s) are on different subunits: catalytic (C) and 
regulatory (R) subunits, respectively. Binding of a positive (stimulatory) modulator (M) to its 
specific site on the R subunit is communicated to the C subunit through a conformational 
change, which renders the C subunit active and capable of binding the substrate (S) with 
higher affinity. On dissociation of the modulator from the regulatory subunit, the enzyme 
reverts to its inactive or less-active form.
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that small changes in the concentration of a modulator 
can be associated with large changes in enzyme activ-
ity. A relatively small increase in [S] in the steep part 
of the curve causes a comparatively large increase in 
V0 (see Figure 5-19a). Much rarer are cases of negative 
cooperativity, where the binding of one substrate mol-
ecule impedes the binding of subsequent molecules.

For heterotropic allosteric proteins or enzymes, 
those with modulators that are molecules other than the 
normal substrate, it is difficult to generalize about the 
shape of the binding or substrate-saturation curve. An 
activator may cause the curve to become more nearly 
hyperbolic, with a decrease in K0.5 but no change in Vmax, 
resulting in an increased reaction velocity at a fixed sub-
strate concentration (V0 is higher for any value of [S], as 
shown in Figure 5-19b, top curve). A negative modula-
tor (an inhibitor) may produce a more sigmoid substrate-
saturation curve, with an increase in K0.5 (Figure 5-19b, 
bottom curve). Other heterotropic allosteric enzymes re-
spond to an activator by increasing Vmax with little change 
in K0.5 (Figure 5-19c, top curve) and to an inhibitor by 
decreasing Vmax with little change in K0.5 (Figure 5-19c,  
bottom curve). Heterotropic allosteric proteins and en-
zymes therefore show different kinds of response in their 
substrate-activity curves, because some have inhibitory 
modulators, some have activating modulators, and some 
have both. 

Many of the allosteric effects encountered by mo-
lecular biologists are heterotropic. Numerous examples 
can be found among the regulatory proteins that bind 
to specific DNA sequences adjacent to genes, such as 
the cAMP receptor protein, or CRP (also called CAP, 
for catabolite gene activation protein; see Figure 4-18a). 
CRP is a dimeric DNA-binding protein that participates 
in the regulation of genes involved in bacterial carbohy-
drate metabolism. Each subunit has separate domains 
that bind a modulator, cAMP (cyclic AMP), and a spe-
cific site in the DNA. The binding of cAMP exhibits 
negative cooperativity, in which the binding of cAMP 
to the modulator-binding site of one subunit reduces 
the affinity of the cAMP-binding site of the other sub-
unit by two orders of magnitude. Bound cAMP also 
promotes conformational changes in the DNA-binding 
domain that facilitate the binding of CRP to its DNA 
binding site. This is just one example of the variety of 
allosteric effects observed in gene repressor and activa-
tor proteins that help modulate the sensitivity of these 
proteins to their environment.

Autoinhibition can Affect enzyme Activity

Many processes of DNA and RNA metabolism are pre-
cisely targeted; they are limited to particular locations 
and circumstances, some of which appear transiently 
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figUre 5-19 Substrate-activity curves for allosteric enzymes. 
(a) The sigmoid curve of a homotropic enzyme, in which the 
substrate also serves as a positive (stimulatory) modulator, 
or activator. (b) The effects of a positive modulator (+) and a 
negative modulator (−) on an allosteric enzyme in which K0.5 is 
altered without a change in Vmax. The central curve shows the 
substrate-activity relationship without a modulator. (c) A less 
common type of modulation, in which Vmax is altered and K0.5 is 
nearly constant.

alters an enzyme’s conformation and affects the binding 
of subsequent substrate molecules. Most commonly, the 
binding of one molecule enhances the binding of others, 
an effect called positive cooperativity. This accounts for 
the sigmoid rather than hyperbolic change in V0 with 
increasing [S]. One characteristic of sigmoid kinetics is 
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and unpredictably. For example, if DNA is damaged, 
the lesion must be repaired before the next replication 
cycle. The enzymes that repair DNA cleave the DNA 
strands near the lesion, remove damaged nucleotides, 
and replace them. It is essential that these enzymes be 
available on short notice and that they act only at DNA 
lesions. 

One way to make such enzymes generally avail-
able but not active until needed is by autoinhibition. 
A segment of the protein molecule, sometimes an 
entire domain, can reduce or eliminate the activity of 
the enzyme. The enzyme may be present in the cell 
at all times, but it functions weakly or not at all under 
normal circumstances. Activation of the enzyme re-
quires self-assembly into a more functional oligomer, 
the binding of an auxiliary protein, or interaction with 
a particular ligand. In all cases, the interaction results 
in a conformational change that repositions the auto-
inhibitory protein segment. The activity of the enzyme 
then increases.

Autoinhibition has been documented for several pro-
teins, including certain helicases and the bacterial RecA 
recombinase. In bacteria, the activity of a helicase known 
as Rep, involved in DNA replication, is autoinhibited by 
a subdomain called 2B. The bacterial RecA recombinase 
is autoinhibited by a short segment of polypeptide at its  
C-terminus (Figure 5-20). For most RecA proteins, this 
segment includes a high concentration of negatively 
charged amino acid residues, and it may interact with 
other parts of the RecA protein through electrostatic 
interactions. 

Autoinhibition may be just one aspect of a broad-
er regulatory strategy. The autoinhibited enzyme can 
be maintained in the cell without its activity causing 
problems when it is not needed. Activation by interac-
tion with additional proteins can occur quickly when 
its activity is required, and the enzyme’s function can 
be more readily targeted to specified locations and 
situations. 

some Proteins Are regulated by reversible 
covalent Modification

In another important class of regulatory mechanism, 
activity is modulated by covalent modification of 
one or more amino acid residues in a protein molecule. 
More than 300 different types of covalent modifica-
tion have been found in proteins. Common modifying 
groups include phosphoryl, acetyl, adenylyl, uridylyl, 
methyl, amide, carboxyl, myristoyl, palmitoyl, prenyl, 
hydroxyl, sulfate, and adenosine diphosphate ribosyl 
groups. There are even entire proteins that are used as 
specialized modifying groups, such as ubiquitin. Some 

of these modifications are shown in Figure 5-21. These 
varied groups are generally linked to and removed from a 
regulated enzyme or other protein by separate enzymes. 
When an amino acid residue is modified, a novel amino 
acid with altered properties is effectively introduced into 
the protein. The introduction of a charge can alter an 
enzyme’s local properties and induce a conformational 
change. The introduction of a hydrophobic group can 
trigger association with a membrane. The changes are 
often substantial and can be critical to the function of 
the altered enzyme.

The variety of protein modifications is too great 
to cover in detail, but we present a few examples here. 
In eukaryotic cells, histones are important modifica-
tion targets. As described in detail in Chapter 10, many 
histones and histone variants are subject to precise 
patterns of methylation, acetylation, phosphoryla-
tion, and ubiquitination. Such modifications play 
an important role in altering chromatin structure in 

(a)  Wild-type RecA protein

(b)  RecA mutant lacking its C-terminal residues

RecA

SSB

DNA

SSB

DNA

figUre 5-20 Autoinhibition. (a) The RecA recombinase (see 
Chapter 13) forms filaments on DNA, characterized by distinct 
nucleation and filament extension phases. In the bacterial RecA 
protein, a C-terminal segment prevents efficient nucleation  
of binding to single-stranded DNA when single-stranded  
DNA–binding protein (SSB) is bound to the DNA strand.  
(b) If the C-terminal segment is removed (by recombinant DNA 
techniques; see Chapter 7) to create a truncated RecA protein, 
nucleation and subsequent displacement of SSB to form a 
filament on the DNA are rapid.
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figUre 5-21 Some enzyme modification 
reactions. In the ubiquitination pathway, E2 
is a carrier protein for activated ubiquitin. 
See text for details.
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some Proteins Are regulated 
by Proteolytic cleavage 

In the process of proteolytic cleavage, an inactive pre-
cursor protein is cleaved to form the active protein. Many 
eukaryotic proteases (proteolytic enzymes) are regu lated 
in this way. A subunit of the E. coli DNA polymerase V 
(see Chapter 12) called MutD is also activated in this way, 
with cleavage producing the active form, MutD′. 

The larger, uncleaved precursor proteins, before 
proteolytic cleavage, are generally referred to as pro-
proteins or proenzymes, as appropriate. For example, a 
class of proteins known as transcription factors facilitate 
the function of RNA polymerases in all organisms. The 
process of sporulation (spore formation) in the bacteri-
um Bacillus subtilis is controlled in part by a transcription 
factor called σE, which is synthesized as an inactive pro-
protein, pro-σE. The conversion of pro-σE to the mature 
transcription factor involves the regulated proteolytic  
removal of 27 amino acid residues from the N-terminus 
of the precursor protein. 

As another example, the small number of pro-
teins that are encoded by the genomes of eukaryotic 
retroviruses, including the human immunodeficiency 
virus, HIV, are generally synthesized as one large poly-
protein, which must be cleaved into the individual 
functional proteins by a virus-encoded protease. The  
requirement for the HIV protease to activate the  
viral proteins has made this enzyme an important drug 
target (Highlight 5-2 on p. 164).

■ section 5.4 sUMMAry
●● Specific enzymes, motor proteins, and other proteins 
are subject to various types of regulation.

●● The noncovalent binding of allosteric modulators,  
either homotropic or heterotropic, can  facilitate or   
inhibit the activity of nucleic acid–binding proteins 
or enzymes.

●● Parts of a protein’s own structure can reduce the 
overall activity of the protein in the process of 
autoinhibition.

●● Covalent modification is a common mechanism 
used to alter the function of proteins and enzymes. 
Common modifications involve the addition and re-
moval of phosphoryl, methyl, acetyl, ubiquitinyl, and 
many other types of groups.

●● Ser, Thr, and Tyr residues can be phosphorylated and 
dephosphorylated by protein kinases and phospha-
tases, respectively. Kinases are specific to consensus 
sequences in the target protein, but phosphorylases 
are less specific.

●● Some proteins and enzymes are regulated by pro-
teolytic cleavage. These proteins are synthesized as 

specific regions, to facilitate gene expression and other  
activities. 

Phosphorylation is probably the most common type of 
regulatory modification. It is estimated that one-third of all 
proteins in a eukaryotic cell are phosphorylated, and one 
or (often) many phosphorylation events are part of virtu-
ally every regulatory process. Some of these proteins have 
only one phosphorylated residue, others have several, and 
a few have dozens of sites for phosphorylation. Because this 
mode of covalent modification is central to a large number 
of regulated processes, we discuss it in some detail. 

Phosphoryl groups Affect the structure 
and catalytic Activity of Proteins

The attachment of phosphoryl groups to specific amino 
acid residues of a protein is catalyzed by protein ki-
nases; the removal of the groups is catalyzed by protein 
phosphatases. The addition of a phosphoryl group to a 
Ser, Thr, or Tyr residue introduces a bulky, charged group 
into a region that was previously only moderately polar. 
The oxygen atoms of a phosphoryl group can hydrogen-
bond with one or several groups in a protein, commonly 
the amide groups of the peptide backbone at the start 
of an a helix or the charged guanidinium group of an 
Arg residue. The two negative charges on a phosphory-
lated side chain can also repel neighboring negatively 
charged (Asp or Glu) residues. When the modified side 
chain is located in a region of an enzyme critical to its 
three-dimensional structure, phosphorylation can have 
dramatic effects on enzyme conformation and thus on 
substrate binding and catalysis.

The Ser, Thr, or Tyr residues that are phosphorylated 
in regulated proteins occur within common structural 
motifs called consensus sequences that are recognized 
by specific protein kinases. Some kinases are basophilic, 
preferentially phosphorylating a residue that has basic 
neighbors; others have different substrate preferences, 
such as for a residue near a proline. Besides local amino 
acid sequence, the overall three-dimensional structure 
of a protein can determine whether a protein kinase has 
access to a given residue and can recognize it as a sub-
strate. Another factor influencing the substrate specific-
ity of certain protein kinases is the proximity of other 
phosphorylated residues.

To serve as an effective regulatory mechanism, phos-
phorylation must be reversible. Cells contain a family 
of phosphoprotein phosphatases that hydrolyze specific  
P –Ser, P  Thr, and P  Tyr esters ( P  is shorthand for the 

phosphoryl group), releasing inorganic phosphate (Pi). 
The phosphoprotein phosphatases we know of thus far 
act only on a subset of phosphoproteins, but they show 
less substrate specificity than protein kinases. 
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larger, inactive proproteins or proenzymes and are 
activated by the proteolytic removal of one or more 
amino acid residues.

■●UnAnswereD QUestions

The study of protein function is, arguably, the oldest 
subdiscipline in biochemistry and molecular biology. But 
there is still much to learn. The relatively young science 
of genomics keeps pointing to genes that encode pro-
teins about which we know little or nothing at all. Some 
shortcuts to functional discovery are discussed in later 
chapters. 
1. How does protein structure relate to function? This 

is an old but still very relevant question for every 
scientist who studies proteins. Advanced methods 
of structural analysis are providing more informa-
tion than ever before, but many of these structural 
pictures are static. A clear picture of a complete 
binding or catalytic cycle can require a detailed 
knowledge of the structure of multiple protein  
conformations. Certain structural motifs and do-
mains (e.g., the OB fold of single-stranded DNA–
binding proteins and other proteins, the AAA+ 
ATPase domain, and simple b-barrel structures) 
appear in proteins that often have seemingly un-
related functions. The manner in which particular 
structures are adapted to different functions is an 
ongoing area of investigation.

?

2. How do proteins function in the context of large pro-
tein assemblies? Many proteins act only as a part of 
a much larger protein complex, involving anywhere 
from a few to many dozens of additional proteins. 
Unraveling the individual contributions of the sub-
units of these large complexes has become one of the 
major challenges of modern molecular biology. 

3. Within the context of molecular biology, how many 
types of protein function remain to be discovered? A 
textbook such as this one might leave a student with 
the impression that the fundamental protein/enzyme 
activities underlying information pathways are now 
understood. This is not so! Although major process-
es such as DNA replication, RNA transcription, and 
protein synthesis are increasingly well understood, 
new types of proteins with important functions are 
continually being discovered. Many of the newer dis-
coveries involve proteins that have regulatory func-
tions, or facilitate changes in the bacterial nucleoid or  
eukaryotic chromatin during cell division, or carry 
out functions in RNA metabolism. There are no 
boundaries to these frontiers of protein research.

4. How do proteins in the small concentrations found 
in cells find their interacting partners—particularly, 
specific sequences on very large nucleic acids—in the 
complex cellular environment? This is an issue that 
remains of great interest to investigators in many  
areas of molecular biology.
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Hiv Protease: rational Drug Design Using Protein 
structure

Human immunodeficiency virus (HIV), the causative 
agent of AIDS, kills cells of the immune system. The 
development of a vaccine has been unsuccessful, because 
the surface glycoproteins targeted by antibodies change 
rapidly, in part due to the extremely high mutation rate 
of HIV (about one replication mistake in every 10,000 
nucleotides of HIV genome per generation). However, 
there has been substantial success in the development of 
drugs targeting HIV-encoded enzymes that are essential 
for viral propagation. HIV is a retrovirus, an RNA virus that 
converts, or reverse transcribes, its RNA genome into 
DNA. Before HIV was discovered, various laboratories 
had already studied the life cycle of retroviruses, many of 

which cause cancer in humans and other animals. With 
the arrival of HIV, researchers studying this new virus had 
a head start—a vast amount of established research that 
had already identified key enzymes required for retroviral 
propagation. Among these enzymes is a protease that 
digests long, precursor polypeptides into smaller, active 
viral proteins.

The usual route for developing a drug that inhibits 
enzyme activity starts with the random screening of 
hundreds of thousands of chemical compounds. Possible 
inhibitors are then chemically optimized for potency, 
availability in an oral form, and low toxicity. The U.S. Food 
and Drug Administration’s approval procedure for the use 
of a drug in humans usually takes well over a dozen years. 
This type of process has led to drugs that inhibit certain HIV 
enzymes, including the reverse transcriptase. Rational drug 

MeDicineHigHLigHt 5-2

figUre 1 In the chemical mechanism of peptide hydrolysis by the HIV protease, one active-site Asp 
residue is contributed by each of the identical subunits. One Asp activates a water molecule, while the 
other stabilizes the leaving group.
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design is another, shorter route to drug discovery. It starts 
with the target protein structure and designs chemicals that 
plug the active site and shut the enzyme down. This process 
short-circuits the random, brute-force approach to searching 
for chemical inhibitors and has the potential to cut years off 
the drug-discovery process.

An astounding success in rational drug design has 
been achieved with the HIV protease. This is partly due 
to the unique architecture of the protein. HIV protease is 
a dimer of identical subunits, but unlike typical dimers, 
which contain two active sites, the HIV protease dimer 
has a single active site located in the central hydrophobic 
chamber at the dimer interface. The active site has twofold 
symmetry; each subunit contributes a catalytic Asp residue, 
and the two cooperate to hydrolyze the peptide bond 
(Figure 1). Information obtained from the biochemical 
studies and crystal structures of HIV protease made 
possible the rational design of chemical inhibitors. By 
1996, the FDA had approved three HIV protease inhibitor 
drugs: indinavir (Crixivan), ritonavir (Norvir), and saquinavir 
(Invirase). Notably, all of these drugs are effective, in part, 
because they mimic the transition state of the proteolytic 
reaction catalyzed by the enzyme and thus bind to the 
enzyme virtually irreversibly (Figure 2).

Protease inhibitor drugs have helped reduce the viral 
titer in the plasma of HIV-infected individuals. However, 
because of the high mutation rate of the virus, these drugs 
are effective only for a limited time. Viral mutability can be 
countered by using different drugs at different times or in 
a combination cocktail with drugs that inhibit other HIV 
enzymes. An intensive study of the structure of HIV protease 
mutants that can circumvent drug action is underway to 
identify regions of the protein that cannot endure mutation, 
with the hope of designing inhibitors to which the virus 
cannot develop resistance.

figUre 2 Three HIV protease inhibitors used in the treatment 
of HIV infection. The hydroxyl group (light red) is designed to 
mimic the tetrahedral transition state of the enzyme-catalyzed 
reaction shown in Figure 1. The aromatic groups (beige) are 
designed to fit into other pockets on the surface of the enzyme.
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Jacques Monod, 1910–1976 
(left); André Lwoff, 1902–1994 
(middle); and François Jacob, 
1920–2013 (right).  
[Source: © Bettmann/Corbis.]

figUre 1 Bacterial colonies growing on an agar plate 
containing X-gal. Cells in the blue colonies have a mutation 
that results in constitutive expression of the lac genes.  
[Source: Courtesy Edvotek.]

How we KNow

the Discovery of the Lactose 
repressor: one of the great sagas 
of Molecular Biology

Rickenberg, H.V., G.N. Cohen, G. Buttin, 
and J. Monod. 1956. La galactoside-
perméase d’Escherichia coli. Ann. Inst. 
Pasteur 91:829–857.

Jacques Monod began his scientific career in the 
1930s, as a graduate student with André Lwoff, 

studying the capacity of E. coli to adapt its metabolism 
to different growth conditions. His approach to science 
was shaped in part by a 1936 trip to Thomas Hunt Mor-
gan’s laboratory at the California Institute of Technol-
ogy, where he found a stimulating environment domi-
nated by open collaboration and free discussion. Back 
in France, Monod’s scientific career was slowed but not 
halted by the outbreak of World War II. While continu-
ing his research, Monod was an active member of the 
French Resistance. His laboratory at the Sorbonne 
doubled as a meeting place and propaganda print-
ing press. In the lab, he hit on the idea of an inducer, 
a cellular signal that would trigger the production of 
new enzymes needed for adapting to new metabolic 
circumstances. After the war, he turned back to science 
full-time. With the help of Lwoff, he obtained a posi-
tion at the Pasteur Institute in Paris. The metabolism of 
lactose soon caught his attention.

The disaccharide lactose is cleaved to the 
monosaccharides glucose and galactose by the 
enzyme b-galactosidase. Monod found that when 
lactose was not present in the E. coli growth medium, 
b-galactosidase was barely detectable in cell extracts. 
When lactose was added as the sole carbon source for 
bacterial growth, the levels of b-galactosidase enzyme 
increased dramatically. Monod wondered how this 
might occur. In a 1940s’ scientific world in which DNA 
sequencing, PCR (the polymerase chain reaction), and 
the structure of DNA were unknown, and messenger 
RNA still remained to be discovered, the question was 
not trivial. 

Many bacterial enzymes of intermediary metabolism 
exhibit this inducible pattern. What recommended 
lactose metabolism as a subject of investigation? 
Like many other laboratories in the late 1940s, the 
Pasteur Institute lacked modern cold rooms and other 
facilities now commonly used to keep proteins active 

during purification. The one inducible 
enzyme stable enough to survive the 
summer heat of an attic lab in Paris 
was b-galactosidase, later shown to 
be encoded by a gene called lacZ. 
The enzyme was also fairly easy to 
assay. When it was present at high 
levels, it would cleave an alternative 
substrate, 5-bromo-4-chloro-3-indolyl-
b-d-galactopyranoside (denoted, more 
simply, X-gal), and the indole released 
would color the bacterial colonies blue. 
The Monod group initiated a study of 

bacterial lactose metabolism that featured a creative 
union of biochemistry and genetics.

Mutations were soon found that affected the 
induction of b-galactosidase. Colonies of these mutants 
turned blue on X-gal plates even in the absence of 
lactose. Most of the mutant cells had a mutation in a 
gene that came to be known as the i (inducer) gene, 
and later the lacI gene. In these mutations, the lacZ 
gene was expressed (produced b-galactosidase) all the 
time; this is known as constitutive expression (Figure 1). 
Moreover, the appearance of b-galactosidase activity 
was paralleled by the appearance of a function that 
transported lactose into the cell, an activity that Monod 
called a galactoside permease (this is encoded by the 
gene lacY ). The coordinated regulation of two genes, 
and the loss of regulation in constitutive mutants, led 
to the concept that some genes regulate other genes. 
When Monod explained this then-revolutionary idea 
to his wife, a nonscientist, he was somewhat pained at 
her reply: “Of course, it is obvious!” Monod now had 
to figure out what the lacI gene was doing, as the next 
part of the story recounts. 
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the lacI gene encodes a repressor

Jacob, F., and J. Monod. 1961. Genetic regulatory 
mechanisms in the synthesis of proteins. J. Mol. Biol. 
3:318–356.

Next door to Monod at the Pasteur Institute was the 
laboratory of François Jacob. Wounded as a mem-

ber of the Free French Forces during the Normandy 
campaign, Jacob could not pursue his planned career 
in surgery and instead turned to science. He studied a 
phenomenon dubbed the “erotic induction” of bacte-
riophage l. Bacteriophage l is a prophage, a bacterial 
virus that integrates its DNA into its host chromosome 
and remains quiescent there.

Some years earlier, Joshua Lederberg had 
discovered the phenomenon of bacterial conjugation 
(bacterial sex), in which DNA is transferred from a 
donor to a recipient cell. The transfer is mediated 
by a genetic element, separate from the bacterial 
chromosome, known as the F plasmid. In some 
cells, this plasmid becomes integrated into the host 
chromosome, creating a strain that mediates high-
frequency (Hfr) transfer of chromosomal genes. The 
transfer begins at the location where the F plasmid is 
integrated and proceeds linearly along the bacterial 
chromosome.

Jacob, working with Elie Wollman, used this 
technique to produce some of the first genetic maps, 
and they even deduced that the E. coli chromosome 
was circular. They also noticed that when an Hfr 
strain also contained an integrated prophage, the 
bacteriophage l was transferred into the recipient 
along with the chromosomal genes. When the dormant 
bacteriophage l was thus transferred to a strain 
that lacked an integrated prophage, the recipient 
cells were soon lysed. The prophage was somehow 
activated when it entered the recipient, leading to 
lytic reproduction—that is, it was induced. It gradually 
dawned on both Monod and Jacob that the induction 
phenomena they were studying were closely related, 
and one of the great scientific collaborations of the 
twentieth century was born. Their subsequent work 
defined the regulation of the lactose operon (described 
in detail in Chapter 20) and established many key 
regulatory principles.

Monod first liked the idea that mutation in the 
lacI gene (lacI2) produced some kind of inducer that 
made the addition of lactose unnecessary. If this 

was true, then the lacI2 gene should be dominant 
over the normal (wild-type) lacI gene (lacI1). To get 
the two variations of lacI (lacI2 and lacI1) into the 
same cell, Monod worked with Jacob and Arthur 
Pardee (on sabbatical leave from the University of 
California, Berkeley) to use the bacterial conjugation 
method. The resulting “PaJaMo” experiments at first 
supported Monod’s idea. When an Hfr strain was used 
to introduce the lacI1 and lacZ1 genes into a recipient 
that had both the lacI2 gene and another mutation 
that prevented b-galactosidase synthesis (lacZ2), 
b-galactosidase production occurred immediately 
after the lacZ1 gene arrived in the recipient. This 
seemed to indicate that the lacI2 gene of the 
recipient was dominant. However, after an hour or so, 
b-galactosidase production was halted as the product 
of the lacI1 gene built up. Clearly, lacI1 encoded a 
substance that shut off the lacZ gene. Continued 
experimentation refined the idea that lacI1 encodes 
some kind of repressor and that the interaction of 
lactose with the repressor is needed to induce the lacZ 
gene and the additional genes that are coregulated 
with it. A similar repressor normally suppresses 
activation of an integrated l prophage. The prophage 
is activated when transferred to the recipient cell 
during conjugation because no repressor is present in 
the recipient. Cell lysis results. 

The work continued. If lacI was encoding a 
repressor, this repressor had to interact with 
something to shut down the lactose genes. Monod 
and Jacob now mutagenized cells that had two good 
copies of the lactose genes. It was unlikely that both 
copies of lacI would be inactivated, but inactivation of 
one repressor target would be enough to induce the 
function of one set of lactose genes. The researchers 
predicted that the resulting mutations would appear 
at a site on the chromosome distinct from lacI and 
would lead to constitutive synthesis of the lactose 
gene products. The mutants were found, and they 
defined a site that Monod and Jacob called the 
operator.

In a famous 1961 paper, Jacob and Monod laid out 
these ideas and others as part of their operon model. 
The concepts have guided our thinking about gene 
regulation ever since. Other experiments, carried 
out in parallel, showed that bacteriophage l also 
encodes a repressor, and this repressor is needed to 
keep most other bacteriophage l genes from being 
expressed.
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How we KNow

Discovery of the Lactose 
repressor Helped give rise to 
DnA sequencing

Gilbert, W., and B. Müller-Hill. 1966. 
Isolation of Lac repressor. Proc. Natl. 
Acad. Sci. USA 56:1891–1898.

By 1961, it was clear that a repressor existed, but not 
at all clear what it was. It could be RNA or protein, 

or some other kind of molecule that was synthesized by 
a lacI enzyme. By 1966, nonsense-type mutations, those 
that prematurely halt protein synthesis, had been found 
in the lacI gene that produced a lacI2 effect. This finding 
had convinced most scientists that the repressor was a 
protein, but it was still necessary to isolate one to prove 
it. The isolation work was carried out at Harvard, by 
physicist-turned-biologist Walter Gilbert.

To isolate a protein, you need a way to measure its 
presence (an assay), but that was difficult to construct. 
The repressor presumably bound to operator DNA, but 
that DNA sequence was not yet defined. The repressor 
also bound to the inducer (then thought to be lactose, 
later shown to be allolactose, a metabolic by-product of 
lactose metabolism). Because lactose was metabolized 
in the cell, it would be destroyed in crude cell extracts 
and thus would be of little use to the researchers. 
Gilbert turned to isopropyl b-d-1-thiogalactopyranoside 
(IPTG), a molecule known to induce the lactose operon 
without being metabolized in the cell.

Using a technique known as equilibrium dialysis, 
the researchers suspended a dialysis bag containing a 
bacterial cell extract in a solution containing radioactive 
IPTG. Pores in the dialysis bag were sufficiently small 
to prevent the protein molecules from escaping, but 
smaller molecules such as IPTG could diffuse through. 
If the lactose repressor was present in the extract, it 
would bind to IPTG, and the concentration of IPTG 
would increase inside the dialysis bag relative to the 
surrounding solution. The assay eventually worked, but 
only after Gilbert and his colleagues developed methods 
to greatly increase its sensitivity. In 1966, they reported 
their detection of a repressor protein that bound IPTG.

The lactose repressor was finally purified to 
homogeneity by the Gilbert group and several other 
research groups in the early 1970s. Gilbert used the 
repressor problem to develop several new methods to 
define the DNA binding sites of proteins that bound 
DNA specifically. For example, his group found that when 
dimethylsulfate (DMS) was used to modify adenine or 

guanine residues in the DNA, the adjacent 
DNA backbone became more labile to 
cleavage in mild alkali. DMS methylates 
guanine residues at N-7 and adenine residues 
at N-3. If the treatment is done briefly so that 
only one A or G per DNA strand is labeled, 
on average, then subsequent cleavage will 
break each DNA strand at just one position. 
If all the strands are radioactively labeled at 
the same end, a banding pattern is produced 
that acts as a map of the A and G residues 
in the DNA strand (Figure 2; note that G 
residues are methylated preferentially and 

generate stronger bands). If a protein is bound to the DNA 
prior to addition of DMS, it partially protects the adenines 
and guanines from methylation in the region where it is 
bound. The resulting disruption of the base-methylation 
pattern helps to define the binding site of the protein; in 
Figure 2, the protein is the lactose repressor. 

In this technique, the control lane (lane C in Figure 2) 
proved to be as important as the protein that was the 
subject of the experiment. As Gilbert and his colleague 
Allan Maxam looked at one of these gels, they realized 
that the gel could be read to reveal the positions of all 
the A and G residues in the DNA strand. If they could 
find a technique to break the strands at C and T residues 
as well, they would have a new way to sequence DNA. 
The methods were developed and published as a new 
sequencing technology in 1977. The Maxam-Gilbert 
DNA-sequencing procedure was eventually supplanted 
by the Sanger sequencing method, published in the 
same year; that method, in turn, has given way to newer 
technologies (see Chapter 7). The effects of all these 
advances were profound, and they helped define the 
science of molecular biology in their time.

Walter Gilbert [Source: Ira 
Wyman / Sygma / Corbis.]

R C

–*

–*
–*

figUre 2 In this polyacrylamide gel, the C lane 
contains a control to which no repressor was 
bound. The darker bands pinpoint G residues; 
the less intense bands result from cleavage at A 
residues. The R lane includes added repressor. 
Several bands (*) exhibit diminished intensity in the 
R lane, defining sites to which the repressor was 
bound. [Source: R. T. Ogata and W. Gilbert, J. Mol. Biol. 
132:709–728, 1979. Photo courtesy of Ronald Ogata.]
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ProBLeMs

1. Protein A has a binding site for ligand X with a Kd of 106 m. 
Protein B has a binding site for ligand X with a Kd of 109 m. 
Which protein has a higher affinity for ligand X? Explain 
your reasoning. Convert Kd to Ka for both proteins.

2. The lactose (Lac) repressor has a binding site for DNA and 
binds to a specific DNA site with a Kd of approximately 
10210 m. The Lac repressor also has a binding site for the 
galactoside allolactose. When the Lac repressor interacts 
with allolactose, it dissociates from the DNA. When al-
lolactose is bound to the Lac repressor, does the Kd for 
the repressor’s specific DNA binding site increase or de-
crease? Explain.

3. The Lac repressor interacts with DNA through its helix-
turn-helix motif, primarily through the recognition helix. 
If amino acid residues in the recognition helix that inter-
act with DNA are changed, is the Kd for the repressor’s 
specific DNA binding site likely to increase or decrease? 
Explain.

4. The binding of any protein to DNA invariably involves the 
displacement of other atoms or molecules. What types of 
atoms or molecules are most commonly displaced?

5. When a protein binds to DNA nonspecifically, with 
which parts of the DNA does the protein generally inter-
act? When a protein binds to DNA at a site defined by a 

particular nucleotide sequence, with which parts of the 
DNA does the protein generally interact?

6. Which of the following situations would produce negative 
cooperativity? Explain your reasoning in each case.

(a) The protein has multiple subunits, each with a sin-
gle ligand-binding site. The binding of ligand to one 
site  decreases the binding affinity of other sites for 
the ligand.

(b) The protein is a single polypeptide with two indepen-
dent ligand-binding sites, each having a different af-
finity for the ligand.

(c) The protein is a single polypeptide with a single  
ligand-binding site. As purified, the protein prepara-
tion is heterogeneous, containing some protein mol-
ecules that are partially denatured and thus have a 
lower binding affinity for the ligand.

7. To approximate the actual concentration of enzymes in 
a bacterial cell, assume that the cell contains equal con-
centrations of 1,000 different enzymes in solution in the 
cytosol and that each protein has a molecular weight of 
100,000. Assume also that the bacterial cell is a cylinder 
(diameter 1.0 μm, height 2.0 μm), that the cytosol (specif-
ic gravity 1.20) is 20% soluble protein by weight, and that 
the soluble protein consists entirely of enzymes. Calculate 
the average molar concentration of each enzyme in this 
hypothetical cell.

8. Which of the following effects would be brought about 

by  any enzyme catalyzing the simple reaction S 
k1  
k2

 P, 

where Keq 5 [P]/[S]? (a) Decreased Keq; (b) increased k1; 
(c) increased Keq; (d) increased ΔG‡; (e) decreased ∆G‡; (f) 
more negative ∆G′o; (g) increased k2.

9. In the late nineteenth century, the famous chemist Emil 
Fischer proposed that an enzyme should possess a pock-
et that is complementary in shape to the substrate it in-
teracts with in its catalytic function. This “lock and key” 
hypothesis was highly influential at the time. Although 
Fischer made many important contributions to the de-
velopment of enzymology, this particular idea was largely 
wrong. Explain why.

10. If an irreversible inhibitor inactivates an enzyme, what is 
the effect on that enzyme’s kcat and Km? 

11. (a)  At what substrate concentration would an enzyme 
with a kcat of 30.0 s21 and a Km of 0.0050 m operate at 
one-quarter of its maximum rate? 

     (b) Determine the fraction of Vmax that would be achieved 
at the following substrate concentrations: [S] 5 ½Km, 
2Km, and 10Km. 

    (c) An enzyme that catalyzes the reaction X  Y is iso-
lated from two bacterial species. The two enzymes 
have the same Vmax but different Km values for the 

enzyme, 134
ligand, 134
binding site, 134
induced fit, 134
cooperativity, 135
dissociation constant 

(Kd), 135
cofactor, 142
coenzyme, 142
prosthetic group, 142
holoenzyme, 143
apoenzyme (apoprotein), 

143
substrate, 143
active site, 143
biochemical standard 

free-energy change 
(∆G′o), 145

transition state, 146
maximum velocity 

(Vmax), 146

steady-state kinetics,  
147

Michaelis-Menten 
equation, 147

Michaelis constant  
(Km), 147

turnover number, 149
helicase, 151
regulatory enzyme,  

158
allosteric enzyme 

(allosteric protein), 
158

allosteric modulator,  
158

homotropic, 158
heterotropic, 158
autoinhibition, 160
protein kinase, 162
protein phosphatase,  

162

Key terMs

Cox_2e_CH05.indd   169 11/09/14   12:51 PM



170   cHAPter 5: Protein Function

substrate X. Enzyme A has a Km of 2.0 μm, and enzyme 
B has a Km of 0.5 μm. The plot below shows the kinetics 
of reactions carried out with the same concentration 
of each enzyme and with [X] 5 1 μm. Which curve 
corresponds to which enzyme? 

[Y
]

Time

 12. A research group discovers a new enzyme, which they 
call happyase, that catalyzes the chemical reaction 
HAPPY  SAD. The researchers begin to characterize 
the enzyme. 

(a) In the first experiment, with a total concentration of 
enzyme, [Et], at 4 nm, they find that Vmax 5 1.6 μm s21. 
Based on this experiment, what is the kcat for happy-
ase? (Include the appropriate units.)

(b) In another experiment, with [Et] at 1 nm and [HAPPY] 
at 30 μm, the researchers find that V0 5 300 nm s21.  
What is the measured Km of happyase for its substrate 
HAPPY? (Include the appropriate units.)

(c) Further research shows that the supposedly purified 
happyase used in the first two experiments was 
actually contaminated with a reversible inhibitor 
called ANGER. When ANGER is carefully removed 
from the  happyase preparation, and the two 
experiments are repeated, the measured Vmax in (a) 
increases to 4.8 μm s21, and the measured Km in (b) 
is 15 μm. For the inhibitor ANGER present in the 
original preparation, calculate the values of a and 
a′ (see Highlight 5-1). 

(d) Based on the information given above, what type of 
inhibitor is ANGER?

 13. An enzyme is discovered that catalyzes the reaction  
A  B. Researchers find that the Km for substrate A is 
4 μm, and the kcat is 20 min21.

(a) In an experiment, [A] 5 6 mm, and the initial velocity, 
V0, is measured as 480 nm min21. What is the [Et] used 
in the experiment?

(b) In another experiment, [Et] 5 0.5 nm, and the mea-
sured V0 5 5 nm min21. What is the [A] used in the 
experiment? 

(c) The compound Z is found to be a very strong com-
petitive inhibitor of the enzyme. In an experiment 
with the same [Et] as in part (a) but a different [A], 

an amount of Z is added that produces an a 5 10. 
This reduces V0 to 240 nm min21. What is the [A] in 
this experiment?

 14. Although graphical methods are available for accurate de-
termination of the Vmax and Km of an enzyme-catalyzed re-
action (see the Additional Reading list), sometimes these 
quantities can be quickly estimated by inspecting values 
of V0 at increasing [S]. Estimate the Vmax and Km of the 
enzyme-catalyzed reaction for which the following data 
were obtained.

[S] (m) V0 (μm/min)

2.5 × 10−6 28

4.0 × 10−6 40

1 × 10−5 70

2 × 10−5 95

4 × 10−5 112

1 × 10−4 128

2 × 10−3 139

1 × 10−2 140

 15. The bacterial RuvB protein, a DNA translocase, belongs 
to helicase superfamily 6. RuvB functions as a circular 
hexameric complex with a central opening. Duplex DNA 
is bound in the opening. RuvB is also an ATPase, and it 
moves along the DNA when ATP is hydrolyzed. An amino 
acid substitution in the ATP-binding site of RuvB gen-
erates a protein that binds to DNA but does not hydro-
lyze ATP and does not translocate along the DNA. When 
normal RuvB protein subunits are mixed with an equal 
amount of mutant RuvB subunits, heterohexamer com-
plexes are formed that contain both normal and mutant 
subunits. These heterohexamers can hydrolyze ATP but 
do not move along the DNA. What conclusions can you 
draw from these observations?

 16. When eukaryotic DNA replication is prematurely halted, 
due to DNA damage or other causes, two proteins—ATM 
(ataxia telangiectasia mutated) and ATR (ATM related)—
initiate a response called a checkpoint, which involves reg-
ulated changes in the functions of many cellular proteins 
to facilitate DNA repair. ATM and ATR are enzymes with 
a regulatory function. They alter the covalent structure 
of the proteins they regulate, increasing their measured 
molecular weight. Suggest what kind of enzymatic activity 
they might possess.

 17. A biochemist is purifying a new DNA helicase encoded by 
a pathogenic virus. The enzyme activity is readily de tected 
after the first several purification steps that generate frac-
tions a, b, and c, each with successively greater purity. 

Cox_2e_CH05.indd   170 11/09/14   12:51 PM



Additional Reading   171

The researcher then puts fraction c on an ion-exchange 
column, and this process generates two new fractions, d 
and d′. The helicase activity cannot be detected in either 
of the new fractions. However, when fractions d and d′ are 
mixed, the activity reappears. Explain.
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