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Κεφάλαιο 8

Ένζυμα: Βασικές αρχές και κινητική

Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

Τα ένζυμα, οι καταλύτες των βιολογικών
συστημάτων, είναι σημαντικά μόρια που
προσδιορίζουν τον τρόπο των χημικών
μετασχηματισμών και μεσολαβούν στο
μετασχηματισμό διαφόρων μορφών
ενέργειας.

Βιοχημεία I
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Τα ένζυμα αποτελούν στόχο πολλών φαρμάκων 

Ομεπραζόλη

Το ένζυμο Κ+/Η+ ΑΤΡάση (παραγωγή HCl)

• Σχεδόν όλα τα γνωστά ένζυμα είναι
πρωτεΐνες

• Υπάρχουν όμως και καταλυτικά
ενεργά μόρια RNA (από τους
πρώτους βιοκαταλύτες στην εξέλιξη)

• Ενεργό κέντρο

• Καταλυτική ισχύς και εξειδίκευση

• Σταθεροποιούν τις μεταβατικές 
καταστάσεις
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8.1 Τα ένζυμα είναι ισχυροί και σε μεγάλο βαθμό εξειδικευμένοι καταλύτες

Τα ένζυμα επιταχύνουν τις αντιδράσεις
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CHAPTER 8 Enzymes: Basic Concepts 
and Kinetics

  8.1      Enzymes Are Powerful and Highly Specific Catalysts  

  Enzymes   accelerate reactions by factors of as much as a million or more 
(Table 8.1). Indeed, most reactions in biological systems do not take place 
at perceptible rates in the absence of enzymes. Even a reaction as simple 
as the hydration of carbon dioxide is catalyzed by an enzyme—namely, 
carbonic anhydrase. The transfer of CO  2   from the tissues to the blood and 
then to the air in the alveolae of the lungs would be less complete in the 
absence of this enzyme (p.   203    ). In fact, carbonic anhydrase is one of the 
fastest enzymes known. Each enzyme molecule can hydrate 10  6   molecules 
of CO  2     per second.   This catalyzed reaction is 10  7   times as fast as the 
uncatalyzed one. We will consider the mechanism of carbonic anhydrase 
catalysis in Chapter 9.  

 Enzymes are highly specific both in the reactions that they catalyze and 
in their choice of reactants, which are called  substrates . An enzyme usually 
catalyzes a single chemical reaction or a set of closely related reactions. Let 
us consider  proteolytic enzymes  as an example. The biochemical function of 
these enzymes is to catalyze  proteolysis,  the hydrolysis of a peptide bond. 
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 Most proteolytic enzymes also catalyze a different but related reaction in 
vitro—namely, the hydrolysis of an ester bond. Such reactions are more eas-
ily monitored than is proteolysis and are useful in experimental investiga-
tions of these enzymes. 
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 Proteolytic enzymes differ markedly in their degree of substrate speci-
ficity. Papain, which is found in papaya plants, is quite undiscriminating: it 
will cleave any peptide bond with little regard to the identity of the adjacent 
side chains. This lack of specificity accounts for its use in meat-tenderizing 
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TABLE 8.1 Rate enhancement by selected enzymes

    Rate
 Nonenzymatic Uncatalyzed Catalyzed enhancement
Enzyme half-life rate (kun s21) rate (kcat s

21) (kcat s
21ykun s21)

OMP decarboxylase 78,000,000   years 2.8 3 10216 39 1.4 3 1017

Staphylococcal nuclease 130,000   years 1.7 3 10213 95 5.6 3 1014

AMP nucleosidase 69,000   years 1.0 3 10211 60 6.0 3 1012

Carboxypeptidase A 7.3 years 3.0 3 1029 578 1.9 3 1011

Ketosteroid isomerase 7   weeks 1.7 3 1027 66,000 3.9 3 1011

Triose phosphate 1.9 days 4.3 3 1026 4,300 1.0 3 109

  isomerase
Chorismate mutase 7.4 hours 2.6 3 1025 50 1.9 3 106

Carbonic anhydrase 5   seconds 1.3 3 1021 1 3 106 7.7 3 106

Abbreviations: OMP, orotidine monophosphate; AMP, adenosine monophosphate.
Source: After A. Radzicka and R. Wolfenden. Science 267:90–93, 1995.

Ενυδάτωση του CO2 ώστε να είναι εφικτή η μεταφορά του από τους ιστούς στο αίμα



4Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

8.1 Τα ένζυμα είναι ισχυροί και σε μεγάλο βαθμό εξειδικευμένοι καταλύτες

Υψηλό βαθμό εξειδίκευσης:

• Αντιδράσεις που καταλύουν:
Υδρόλυση ενός πεπτιδικού και
εστερικού δεσμού

• Επιλογή αντιδρώντων: υποστρώματα
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Π.χ. Πρωτεολυτικά ένζυμα
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8.1 Τα ένζυμα είναι ισχυροί και σε μεγάλο βαθμό εξειδικευμένοι καταλύτες

• Διαφορετικός βαθμός εξειδίκευσης

Π.χ. Πρωτεολυτικά ένζυμα

Θρυψίνη

Θρομβίνη
(συμμετέχει στην πήξη του αίματος)

• Οφείλεται στην ακριβή αλληλεπίδραση του
υποστρώματος και του ενζύμου

Που οφείλεται αυτό;

Που οφείλεται αυτή η ακρίβεια;

• Η ακρίβεια αυτή είναι αποτέλεσμα της
τρισδιάστατης δομής της πρωτεΐνης
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8.1 Τα ένζυμα είναι ισχυροί και σε μεγάλο βαθμό εξειδικευμένοι καταλύτες

Π.χ. Θρομβίνη

venom-derived peptides

Βδέλλα
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8.1 Τα ένζυμα είναι ισχυροί και σε μεγάλο βαθμό εξειδικευμένοι καταλύτες

• Δεν κάνει διακρίσεις (θα διασπάσει οποιοδήποτε πεπτιδικό
δεσμό)

• Απουσία εξειδίκευσης

• Χρησιμοποίηση της σε σάλτσες για να κάνουν το κρέας πιο
τρυφερό

Π.χ. Πρωτεολυτικά ένζυμα

Παπάγια

Παπαΐνη
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8.1 Τα ένζυμα είναι ισχυροί και σε μεγάλο βαθμό εξειδικευμένοι καταλύτες

Πολλά ένζυμα χρειάζονται συμπαράγοντες για δραστικότητα

Αποένζυμο + συμπαράγοντας = ολοένζυμο

Οι συμπαράγοντες υποδιαιρούνται σε δύο κατηγορίες:

• Μέταλλα

• Μικρά οργανικά μόρια (συνένζυμα)
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8.1 Τα ένζυμα είναι ισχυροί και σε μεγάλο βαθμό εξειδικευμένοι καταλύτες

Τα ένζυμα μπορούν να μετασχηματίσουν ενέργεια από μια μορφή σε άλλη

• Ενέργεια από το ATP • Μεταφορά μορίων ή ιόντων

Το ένζυμο Κ+/Η+ ΑΤΡάση
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8.2 Η ελεύθερη ενέργεια Gibbs είναι μια χρήσιμη θερμοδυναμική συνάρτηση για την κατανόηση των ενζύμων

Δυο θερμοδυναμικές ιδιότητες της αντίδρασης:

1. Την διαφορά ελεύθερης ενέργειας (ΔG) μεταξύ
των προϊόντων και αντιδρώντων

2. Την ενέργεια που απαιτείται για να αρχίσει η
μετατροπή των αντιδρώντων σε προϊόντα

Αυθόρμητη αντίδραση ή όχι

Ταχύτητα αντίδρασης

Που παίζουν ρόλο τα ένζυμα;
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8.2 Η ελεύθερη ενέργεια Gibbs είναι μια χρήσιμη θερμοδυναμική συνάρτηση για την κατανόηση των ενζύμων

Η μεταβολή της ελεύθερης ενέργειας δίνει πληροφορίες για το αυθόρμητο μιας αντίδρασης αλλά όχι για την ταχύτητα της

1. Μια αντίδραση μπορεί να γίνει αυθόρμητα όταν η ΔG είναι αρνητική

2. Ένα σύστημα βρίσκεται σε ισορροπία και καμία μεταβολή δεν μπορεί να συμβεί εάν ΔG = 0

3. Μια αντίδραση ΔΕΝ μπορεί να γίνει αυθόρμητα εάν η ΔG είναι θετική
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8.2 Η ελεύθερη ενέργεια Gibbs είναι μια χρήσιμη θερμοδυναμική συνάρτηση για την κατανόηση των ενζύμων

Η μεταβολή της ελεύθερης ενέργειας δίνει πληροφορίες για το αυθόρμητο μιας αντίδρασης αλλά όχι για την ταχύτητα της

4. Η ΔG μιας αντίδρασης εξαρτάται ΜΟΝΟ από τη διαφορά της ελεύθερης ενέργειας των προϊόντων (τελικό στάδιο)
από την ελεύθερη ενέργεια των αντιδρώντων (αρχικό στάδιο)

5. Η ΔG δεν δίνει πληροφορίες για την ταχύτητα μας αντίδρασης (εξαρτάται από την ελεύθερη ενέργεια ενεργοποίησης
(ΔG‡)
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8.2 Η ελεύθερη ενέργεια Gibbs είναι μια χρήσιμη θερμοδυναμική συνάρτηση για την κατανόηση των ενζύμων

Τα ένζυμα μεταβάλλουν μόνο την ταχύτητα και όχι την ισορροπία
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8.3 The Transition State

the amount of product formed is the same whether or not the enzyme 
is present but, in the present example, the amount of product formed in 
seconds when the enzyme is present might take hours (or centuries, see 
Table 8.1) to form if the enzyme were absent.  

 Why does the rate of product formation level off with time? The reaction 
has reached equilibrium. Substrate S is still being converted into product P, 
but P is being converted into S at a rate such that the amount of P present 
stays the same. 

 Let us examine the equilibrium in a more quantitative way. Suppose 
that, in the absence of enzyme, the forward rate constant ( k  F ) for the conver-
sion of S into P is 10 2  4  s 2  1  and the reverse rate constant ( k  R ) for the conver-
sion of P into S is 10 2  6  s 2  1 . The equilibrium constant  K  is given by the ratio 
of these rate constants: 

S∆
1024 s21

1026 s21 P

  K 5
[P]
[S]

5
kF

kR
5

1024

1026 5 100  

 The equilibrium concentration of P is 100 times that of S, whether or not 
enzyme is present. However, it might take a very long time to approach this 
equilibrium without enzyme, whereas equilibrium would be attained rap-
idly in the presence of a suitable enzyme (Table 8.1).  Enzymes accelerate the 
attainment of equilibria but do not shift their positions. The equilibrium position 
is a function only of the free-energy difference between reactants and products . 

  8.3     Enzymes Accelerate Reactions by Facilitating the 
Formation of the Transition State  

  The free-energy difference between reactants and products accounts for the 
equilibrium of the reaction, but enzymes accelerate how quickly this equi-
librium is attained. How can we explain the rate enhancement in terms of 
thermodynamics? To do so, we have to consider not the end points of the 
reaction but the chemical pathway between the end points.  

 A chemical reaction of substrate S to form product P goes through a 
 transition state  X ‡  that has a higher free energy than does either S or P. 

  S ¡ X‡ ¡ P  

 The double dagger denotes the transition state. The transition state is a 
transitory molecular structure that is no longer the substrate but is not yet 
the product. The transition state is the least-stable and most-seldom- 
occupied species along the reaction pathway because it is the one with the 
highest free energy. The difference in free energy between the transition 
state and the substrate is called the  Gibbs free energy of activation  or simply 
the  activation energy,  symbolized by  D  G  ‡  (Figure 8.3). 

  ¢G‡ 5 G ‡
X 2 GS  

 Note that the energy of activation, or  D  G  ‡ , does not enter into the final  D  G  
calculation for the reaction, because the energy required to generate the 
transition state is released when the transition state forms the product. The 
activation-energy barrier immediately suggests how an enzyme enhances 
the reaction rate without altering  D  G  of the reaction: enzymes function to 
lower the activation energy, or, in other words,  enzymes facilitate the forma-
tion of the transition state . 
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Substrate

∆G
for the

reaction

∆G‡ (uncatalyzed)

∆G‡ (catalyzed)

Product

FIGURE 8.3 Enzymes decrease the 
activation energy. Enzymes accelerate 
reactions by decreasing DG‡, the free 
energy of activation.

Τα ένζυμα επιτυγχάνουν την επίτευξη της
ισορροπίας αλλά δεν μεταβάλουν την θέση της

χωρίς ένζυμο…
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8.3 Τα ένζυμα επιταχύνουν τις αντιδράσεις διευκολύνοντας τον σχηματισμό της μεταβατικής κατάστασης

Μετατροπή υποστρώματος σε προϊόν
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Ενέργεια ενεργοποίησης
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CHAPTER 8 Enzymes: Basic Concepts 
and Kinetics

 One approach to understanding the increase in reaction rates achieved 
by enzymes is to assume that the transition state (X ‡ ) and the substrate (S) 
are in equilibrium. 

S ∆ X‡¡P

 in which  K  ‡  is the equilibrium constant for the formation of X ‡  and  v  is the 
rate of formation of product from X ‡ . The rate of the reaction  v  is propor-
tional to the concentration of X ‡ , 

  v r [X‡] , 

 because only X ‡  can be converted into product. The concentration of X ‡  at 
equilibrium is in turn related to the free-energy difference  D  G  ‡  between X ‡  
and S; the greater the difference in free energy between these two states, the 
smaller the amount of X ‡ . Thus, the overall rate of reaction  V  depends on 
 D  G  ‡ . Specifically, 

  V 5 v[X‡] 5
kT
h

[S]e2¢G‡yRT  

 In this equation,  k  is Boltzmann’s constant, and  h  is Planck’s constant. The 
value of  kTyh  at 25 8 C is 6.6  3  10 12  s 2  1 . Suppose that the free energy of acti-
vation is 28.53 kJ mol 2  1  (6.82 kcal mol 2  1 ). If we were to substitute this value 
of  D  G  in equation 7 (as shown in Table 8.3), this free-energy difference 
would result when the ratio [X ‡ ]y[S] is 10 2  5 . If we assume for simplicity’s 
sake that [S]  5  1 M, then the reaction rate  V  is 6.2  3  10 7  s 2  1 . If  D  G  ‡  were 
lowered by 5.69 kJ mol 2  1  (1.36 kcal mol 2  1 ), the ratio [X ‡ ]y[S] would then be 
10 2  4 , and the reaction rate would be 6.2  3  10 8  s 2  1 . A decrease of 5.69 kJ 
mol 2  1  in  D  G  ‡  yields a 10-fold larger  V . A relatively small decrease in  D  G  ‡  
(20% in this particular reaction) results in a much greater increase in  V . 

 Thus, we see the key to how enzymes operate:  enzymes accelerate reactions 
by decreasing   D  G  ‡ ,  the activation energy . The combination of substrate and 
enzyme creates a reaction pathway whose transition-state energy is lower 
than that of the reaction in the absence of enzyme (Figure 8.3). Because the 
activation energy is lower, more molecules have the energy required to reach 
the transition state. Decreasing the activation barrier is analogous to lower-
ing the height of a high-jump bar; more athletes will be able to clear the bar. 
 The essence of catalysis is facilitating the formation of the transition state . 

  The formation of an enzyme–substrate complex is the first step in 
enzymatic catalysis  

  Much of the catalytic power of enzymes comes from their binding to and 
then altering the structure of the substrate to promote the formation of the 
transition state. Thus, the first step in catalysis is the formation of an 
  enzyme–substrate   (ES) complex. Substrates bind to a specific region of the 
enzyme called the   active site  . Most enzymes are highly selective in the sub-
strates that they bind. Indeed, the catalytic specificity of enzymes depends 
in part on the specificity of binding.  

 What is the evidence for the existence of an enzyme–substrate complex? 

  1. The first clue was the observation that, at a constant concentration of 
enzyme, the reaction rate increases with increasing substrate concentration 
until a maximal velocity is reached (Figure 8.4). In contrast, uncatalyzed 
reactions do not show this saturation effect.   The fact that an enzyme- catalyzed 
reaction has a maximal velocity suggests the formation of a discrete ES complex  . 
At a sufficiently high substrate concentration, all the catalytic sites are filled, 
or saturated, and so the reaction rate cannot increase. Although indirect, the 

“I think that enzymes are molecules that are 
complementary in structure to the activated 
complexes of the reactions that they 
catalyze, that is, to the molecular 
configuration that is intermediate between 
the reacting substances and the products of 
reaction for these catalyzed processes. The 
attraction of the enzyme molecule for the 
activated complex would thus lead to a 
decrease in its energy and hence to a 
decrease in the energy of activation of the 
reaction and to an increase in the rate of 
reaction.”

—Linus Pauling 
Nature 161:707, 1948
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reaction approaches a maximal velocity.
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by enzymes is to assume that the transition state (X ‡ ) and the substrate (S) 
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8.3 The Transition State

the amount of product formed is the same whether or not the enzyme 
is present but, in the present example, the amount of product formed in 
seconds when the enzyme is present might take hours (or centuries, see 
Table 8.1) to form if the enzyme were absent.  

 Why does the rate of product formation level off with time? The reaction 
has reached equilibrium. Substrate S is still being converted into product P, 
but P is being converted into S at a rate such that the amount of P present 
stays the same. 

 Let us examine the equilibrium in a more quantitative way. Suppose 
that, in the absence of enzyme, the forward rate constant ( k  F ) for the conver-
sion of S into P is 10 2  4  s 2  1  and the reverse rate constant ( k  R ) for the conver-
sion of P into S is 10 2  6  s 2  1 . The equilibrium constant  K  is given by the ratio 
of these rate constants: 

S∆
1024 s21

1026 s21 P

  K 5
[P]
[S]

5
kF

kR
5

1024

1026 5 100  

 The equilibrium concentration of P is 100 times that of S, whether or not 
enzyme is present. However, it might take a very long time to approach this 
equilibrium without enzyme, whereas equilibrium would be attained rap-
idly in the presence of a suitable enzyme (Table 8.1).  Enzymes accelerate the 
attainment of equilibria but do not shift their positions. The equilibrium position 
is a function only of the free-energy difference between reactants and products . 

  8.3     Enzymes Accelerate Reactions by Facilitating the 
Formation of the Transition State  

  The free-energy difference between reactants and products accounts for the 
equilibrium of the reaction, but enzymes accelerate how quickly this equi-
librium is attained. How can we explain the rate enhancement in terms of 
thermodynamics? To do so, we have to consider not the end points of the 
reaction but the chemical pathway between the end points.  

 A chemical reaction of substrate S to form product P goes through a 
 transition state  X ‡  that has a higher free energy than does either S or P. 

  S ¡ X‡ ¡ P  

 The double dagger denotes the transition state. The transition state is a 
transitory molecular structure that is no longer the substrate but is not yet 
the product. The transition state is the least-stable and most-seldom- 
occupied species along the reaction pathway because it is the one with the 
highest free energy. The difference in free energy between the transition 
state and the substrate is called the  Gibbs free energy of activation  or simply 
the  activation energy,  symbolized by  D  G  ‡  (Figure 8.3). 

  ¢G‡ 5 G ‡
X 2 GS  

 Note that the energy of activation, or  D  G  ‡ , does not enter into the final  D  G  
calculation for the reaction, because the energy required to generate the 
transition state is released when the transition state forms the product. The 
activation-energy barrier immediately suggests how an enzyme enhances 
the reaction rate without altering  D  G  of the reaction: enzymes function to 
lower the activation energy, or, in other words,  enzymes facilitate the forma-
tion of the transition state . 
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FIGURE 8.3 Enzymes decrease the 
activation energy. Enzymes accelerate 
reactions by decreasing DG‡, the free 
energy of activation.
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8.3 Τα ένζυμα επιταχύνουν τις αντιδράσεις διευκολύνοντας τον σχηματισμό της μεταβατικής κατάστασης

Σχηματισμός συμπλόκου-υποστρώματος (ES) είναι το πρώτο βήμα στην ενζυμική κατάλυση

Ποια είναι η ένδειξη ύπαρξης του ES;

1. Η ταχύτητα μιας ενζυμικής αντίδρασης, σε σταθερή
συγκέντρωση ενζύμου, αυξάνεται με την αύξηση

συγκέντρωσης του υποστρώματος, μέχρις ότου επιτευχθεί
μια μέγιστη ταχύτητα

Γιατί; Τι γίνεται σε υψηλές συγκεντρώσεις υποστρώματος;
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8.3 Τα ένζυμα επιταχύνουν τις αντιδράσεις διευκολύνοντας τον σχηματισμό της μεταβατικής κατάστασης

Σχηματισμός συμπλόκου-υποστρώματος (ES) είναι το πρώτο βήμα στην ενζυμική κατάλυση

Ποια είναι η ένδειξη ύπαρξης του ES;

2. Τα φασματοσκοπικά χαρακτηριστικά πολλών ενζύμων και
υποστρωμάτων αλλάζουν με τον σχηματισμό ES

Οι αλλαγές αυτές είναι πιο έντονες εάν το ένζυμο περιέχει μια

έγχρωμη προσθετική ομάδα

π.χ Η συνθετάση της θρυπτοφάνης, ένα βακτηριακό ένζυμο που

περιέχει μια προσθετική ομάδα φωσφορικής πυριδοξάλης (PLP),
καταλύει την σύνθεση της L-Trp από L-Ser και ένα παράγωγο ινδολίου
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Problems

  36.   Mental experiment.   Picture in your mind the velocity 
vs. substrate concentration curve for a typical Michaelis-
Menten enzyme. Now, imagine that the experimental con-
ditions are altered as described below. For each of the condi-
tions described, fill in the table indicating precisely (when 
possible) the effect on V  max   and K  M   of the imagined 
Michaelis-Menten enzyme.  

Experimental condition Vmax KM

a. Twice as much enzyme is used.

b. Half as much enzyme is used

c. A competitive inhibitor is present.

d. An uncompetitive inhibitor is present.

e. A pure non-competitive inhibitor is present.

  37.     Too much of a good thing.   A simple Michaelis–Menten 
enzyme, in the absence of any inhibitor, displayed the 
 following kinetic behavior.  
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Vmax

[S]

  (a)   Draw a double-reciprocal plot that corresponds to the 
velocity-versus-substrate curve.  
  (b)   Suggest a plausible explanation for these kinetic results.  

  38.     Rate-limiting step.   In the conversion of A into D in the 
following biochemical pathway, enzymes E  A  , E  B  , and E  C   
have the   K  M   values indicated under each enzyme.   If all of the 
substrates and products are present at a concentration of 
10  2  4   M   and the enzymes have approximately the same   V  max  , 
which step will be rate limiting and why?  

A ∆
EA

 B ∆
EB

 C ∆
EC

 D

KM 5  1022 M      1024 M   1024 M

  39.     Colored luminosity   Tryptophan synthetase, a bacterial 
enzyme that contains a pyridoxal phosphate (PLP) pros-
thetic group, catalyzes the synthesis of L-tryptophan from 
L-serine and an indole derivative. The addition of L-serine 
to the enzyme produces a marked increase in the fluores-
cence of the PLP group, as the adjoining graph shows. The 
subsequent addition of indole, the second substrate, reduces 
this fluorescence to a level even lower than that produced 
by the enzyme alone. How do these changes in fluorescence 

support the notion that the enzyme interacts directly with 
its substrates?  
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 Chapter Integration Problems 

  40.     Titration experiment.   The effect of pH on the activity of 
an enzyme was examined. At its active site, the enzyme has 
an ionizable group that must be negatively charged for sub-
strate binding and catalysis to take place. The ionizable 
group has a p  K  a   of 6.0. The substrate is positively charged 
throughout the pH range of the experiment.  

E21 S1 ∆  E2S1 ¡ E2 1 P1

1

H1

∆

EH

  (a)   Draw the   V  0  -versus-pH curve when the substrate con-
centration is much greater than the enzyme   K  M  .  
  (b)   Draw the   V  0  -versus-pH curve when the substrate con-
centration is much less than the enzyme   K  M  .  
  (c)   At which pH will the velocity equal one-half of the 
maximal velocity attainable under these conditions?  

  41.     A question of stability.   Pyridoxal phosphate (PLP) is a 
coenzyme for the enzyme ornithine aminotransferase. The 
enzyme was purified from cells grown in PLP-deficient 
media as well as from cells grown in media that contained 
pyridoxal phosphate. The stability of the two different 
enzyme preparations was then measured by incubating the 
enzyme at   37  8  C   for different lengths of time and then assay-
ing for the amount of enzyme activity remaining. The fol-
lowing results were obtained.  
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8.3 Τα ένζυμα επιταχύνουν τις αντιδράσεις διευκολύνοντας τον σχηματισμό της μεταβατικής κατάστασης

Σχηματισμός συμπλόκου-υποστρώματος (ES) είναι το πρώτο βήμα στην ενζυμική κατάλυση

Ποια είναι η ένδειξη ύπαρξης του ES;

3. Η κρυσταλλογραφία με ακτίνες Χ

π.χ. ένζυμο κυτόχρωμα Ρ450
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8.3 Τα ένζυμα επιταχύνουν τις αντιδράσεις διευκολύνοντας τον σχηματισμό της μεταβατικής κατάστασης

Τα ενεργά κέντρα των ενζύμων έχουν κάποια κοινά χαρακτηριστικά

1. Είναι μια τρισδιάστατη εσοχή ή σχισμή
(έχει σχηματιστεί από απομακρυσμένα αμινοξέα)

2. Μικρό μέρος από τον συνολικό όγκο

3. Είναι μοναδικά μικροπεριβάλλοντα
(το μη πολικό μικροπερριβάλον ενισχύει την πρόσδεση του S και
την κατάλυση. Υπάρχουν επίσης και κάποια πολικά αμινοξέα, που
βοηθούν στην πρόσδεση)



19Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

8.3 Τα ένζυμα επιταχύνουν τις αντιδράσεις διευκολύνοντας τον σχηματισμό της μεταβατικής κατάστασης

4. Το S προσδένεται στο Ε με πολλαπλές ασθενείς έλξεις

Επίσης και οι αναστολείς… αλλά με περισσότερους δεσμούς!
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8.3 Τα ένζυμα επιταχύνουν τις αντιδράσεις διευκολύνοντας τον σχηματισμό της μεταβατικής κατάστασης

5. Εξειδίκευση της πρόσδεσης εξαρτάται από την επακριβώς τοποθέτηση των ατόμων στο ενεργό κέντρο

Ενέργεια πρόσδεσης: ελεύθερη ενέργεια που απελευθερώνεται κατά την πρόσδεση του S

Μοντέλο κλειδιού-κλειδαριάς Μοντέλο επαγόμενης προσαρμογής

Emil Fisher, 1890

Πότε και από ποιόν;
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8.4 Το μοντέλο Michaelis-Menten περιγράφει τις κινητικές ιδιότητες πολλών ενζύμων
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(hence,  V  0 ) when there is negligible product formation and thus no back 
reaction ( k  2  2  [E][P]  ̄   0). 

     k1 k2
 E 1 S ∆ ES ¡ E 1 P (12)
     k21

 Thus, for the graph in Figure 8.11,  V  0  is determined for each substrate 
concentration by measuring the rate of product formation at early times 
before P accumulates (Figure 8.10A). 

 We want an expression that relates the rate of catalysis to the concentra-
tions of substrate and enzyme and the rates of the individual steps. Our 
starting point is that the catalytic rate is equal to the product of the concen-
tration of the ES complex and  k  2  .  

   V0 5 k2[ES]   (13)  
 Now we need to express [ES] in terms of known quantities. The rates of 
formation and breakdown of ES are given by 

    Rate of formation of ES 5 k1[E][S]    (14)  

   Rate of breakdown of ES 5 (k21 1 k2)[ES]   (15)  

 We will use the  steady-state assumption  to simplify matters. In a steady state, 
the concentrations of intermediates—in this case, [ES]—stay the same even if 
the concentrations of starting materials and products are changing. This steady 
state is reached when the rates of formation and breakdown of the ES complex 
are equal. Setting the right-hand sides of equations 14 and 15 equal gives 

   k1[E][S] 5 (k21 1 k2)[ES]   (16)  

 By rearranging equation 16, we obtain 

   [E][S]y[ES] 5 (k21 1 k2)yk1   (17)  

 Equation 17 can be simplified by defining a new constant,  K  M , called the 
Michaelis constant: 

   KM 5
k21 1 k2

k1
   (18)  

 Note that  K  M  has the units of concentration and is independent of enzyme 
and substrate concentrations. As will be explained,  K  M  is an important 
characteristic of enzyme–substrate interactions. 

 Inserting equation 18 into equation 17 and solving for [ES] yields 

   [ES] 5
[E][S]

KM
   (19)  

 Now let us examine the numerator of equation 19. Because the substrate is usu-
ally present at a much higher concentration than that of the enzyme, the con-
centration of uncombined substrate [S] is very nearly equal to the total substrate 
concentration. The concentration of uncombined enzyme [E] is equal to the 
total enzyme concentration [E] T  minus the concentration of the ES complex: 

   [E] 5 [E]T 2 [ES]   (20)  

 Substituting this expression for [E] in equation 19 gives 

   [ES] 5
([E]T 2 [ES])[S]

KM
   (21)  

 Solving equation 21 for [ES] gives 

   [ES] 5
[E]T[S]yKM

1 1 [S]yKM
   (22)  

FIGURE 8.11 Michaelis–Menten 
kinetics. A plot of the reaction velocity (V0) 
as a function of the substrate concentration 
[S] for an enzyme that obeys Michaelis–
Menten kinetics shows that the maximal 
velocity (Vmax) is approached asymptotically. 
The Michaelis constant (KM) is the substrate 
concentration yielding a velocity of Vmaxy2.
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velocity (Vmax) is approached asymptotically. 
The Michaelis constant (KM) is the substrate 
concentration yielding a velocity of Vmaxy2.
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 or 

   [ES] 5 [E]T  
[S]

[S] 1 KM
   (23)  

 By substituting this expression for [ES] into equation 13, we obtain 

   V0 5 k2[E]T  
[S]

[S] 1 KM
   (24)  

 The  maximal rate,   V  max , is attained when the catalytic sites on the 
enzyme are saturated with substrate—that is, when [ES]  5  [E] T . Thus, 
   Vmax 5 k2[E]T   (25)  
 Substituting equation 25 into equation 24 yields the  Michaelis–Menten 
equation:  

   V0 5 Vmax
[S]

[S] 1 KM
   (26)  

 This equation accounts for the kinetic data given in Figure 8.11. At very 
low substrate concentration, when [S] is much less than  K  M ,  V  0   5  ( V  max y K  M )
[S]; that is, the reaction is first order with the rate directly proportional to the 
substrate concentration. At high substrate concentration, when [S] is much 
greater than  K  M ,  V  0   5   V  max ; that is, the rate is maximal. The reaction is zero 
order, independent of substrate concentration. 

 The significance of  K  M  is clear when we set [S]  5   K  M  in equation 26. 
When [S]  5   K  M , then  V  0   5   V  max y2. Thus,  K  M   is equal to the substrate con-
centration at which the reaction rate is half its maximal value . As we will see, 
 K  M  is an important characteristic of an enzyme-catalyzed reaction and is 
significant for its biological function. 

  Variations in   K  M   can have physiological consequences  

  The physiological consequence of   K  M   is illustrated by the sensitivity 
of some persons to ethanol. Such persons exhibit facial flushing and 

rapid heart rate (tachycardia) after ingesting even small amounts of alcohol. 
In the liver, alcohol dehydrogenase converts ethanol into acetaldehyde.  
 Alcohol
 dehydrogenase

CH3CH2OH 1 NAD1 3:::::::4 CH3CHO 1 NADH 1 H1

 Ethanol Acetaldehyde
 Normally, the acetaldehyde, which is the cause of the symptoms when present 
at high concentrations, is processed to acetate by aldehyde dehydrogenase. 
 Aldehyde
 dehydrogenase
CH3CHO 1 NAD1 1 H2O 3:::::::4 CH3COO2 1 NADH 1 2H1

  Acetate
 Most people have two forms of the aldehyde dehydrogenase, a low  K  M  
mitochondrial form and a high  K  M  cytoplasmic form. In susceptible per-
sons, the mitochondrial enzyme is less active owing to the substitution of a 
single amino acid, and acetaldehyde is processed only by the cytoplasmic 
enzyme. Because this enzyme has a high  K  M , it achieves a high rate of 
catalysis only at very high concentrations of acetaldehyde. Consequently, 
less acetaldehyde is converted into acetate; excess acetaldehyde escapes into 
the blood and accounts for the physiological effects. 

  K  M   and   V  max   values can be determined by several means  

  K  M   is equal to the substrate concentration that yields   V  max  y2; however   V  max  , 
like perfection, is only approached but never attained. How, then, can we 
experimentally determine   K  M   and   V  max  , and how do these parameters enhance 

σταθερά Michaelis

εξίσωση Michaelis-Menten

Η KM είναι ίση με [S] όπου η 
ταχύτητα της αντίδρασης είναι το 

ήμισυ της μέγιστης (Vmax)

Η υπόθεση της σταθερής κατάστασης διευκολύνει την περιγραφή της ενζυμικής κινητικής
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our understanding of enzyme-catalyzed reactions? The Michaelis constant, 
  K  M  , and the maximal rate,   V  max  , can be readily derived from rates of catalysis 
measured at a variety of substrate concentrations if an enzyme operates accord-
ing to the simple scheme given in equation 26. The derivation of   K  M   and   V  max   
is most commonly achieved with the use of curve-fitting programs on a com-
puter. However, an older method, although rarely used because the data points 
at high and low concentrations are weighted differently and thus sensitive to 
errors, is a source of further insight into the meaning of   K  M   and   V  max  .  

 Before the availability of computers, the determination of  K  M  and  V  max  
values required algebraic manipulation of the Michaelis–Menten equation. 
The Michaelis–Menten equation is transformed into one that gives a 
straight-line plot that yields values for  V  max  and  K  M . Taking the reciprocal 
of both sides of equation 26 gives 

   
1

V0
5

KM

Vmax
?

1
S

1
1

Vmax
   (27)  

 A plot of 1y V  0  versus 1y[S], called a  Lineweaver–Burk  or  double- 
reciprocal plot,  yields a straight line with a  y -intercept of 1y V  max  and a 
slope of  K  M y V  max  (Figure 8.12). The intercept on the  x -axis is  2 1y K  M . 

  K  M   and   V  max   values are important enzyme characteristics  

  The K  M   values of enzymes range widely (Table 8.4). For most enzymes,   K  M   
lies between 10  2  1   and 10  2  7   M. The   K  M   value for an enzyme depends on the 
particular substrate and on environmental conditions such as pH, temperature, 
and ionic strength.   The Michaelis constant,   K  M  , as already noted, is equal to 
the concentration of substrate at which half the active sites are filled. Thus,   K  M   
provides a measure of the substrate concentration required for significant 
catalysis to take place. For many enzymes, experimental evidence suggests that 
the   K  M   value provides an approximation of the substrate concentration in vivo, 
which in turn suggests that most enzymes evolved to have a   K  M   approximately 
equal to the substrate concentration commonly available. Why might it be 
beneficial to have a   K  M   value approximately equal to the commonly available 
substrate concentration? If the normal concentration of substrate is near   K  M  , 
the enzyme will display significant activity and yet the activity will be sensitive 
to changes in environmental conditions—that is, changes in substrate concen-
tration. At values below   K  M  , enzymes are very sensitive to changes in substrate 
concentration but display little activity. At substrate values well above   K  M  , 
enzymes have great catalytic activity but are insensitive to changes in substrate 
concentration. Thus, with the normal substrate concentration being approxi-
mately   K  M  , the enzymes have significant activity (1y2   V  max  ) but are still sensi-
tive to changes in substrate concentration.  

 Under certain circumstances,  K  M  reflects the 
strength of the enzyme–substrate interaction. In 
equation 18,  K  M  is defined as ( k  2  1   1   k  2 )y k  1 . 
Consider a case in which  k  2  1  is much greater than 
 k  2 . Under such circumstances, the ES complex dis-
sociates to E and S much more rapidly than prod-
uct is formed. Under these conditions  (k21 W k2)  

   KM <
k21

k1
   (28)  

 Equation 28 describes the  dissociation constant  
of the ES complex. 

  KES 5
[E][S]
[ES]

5
k21

k1
    (29)  

1/V0

1/[S]

Intercept = 1/Vmax

Slope = KM/Vmax

Intercept = −1/KM

0

FIGURE 8.12 A double-reciprocal or 
Lineweaver–Burk plot. A double-
reciprocal plot of enzyme kinetics is 
generated by plotting 1yV0 as a function of 
1y[S]. The slope is KMyVmax, the intercept 
on the vertical axis is 1yVmax, and the 
intercept on the horizontal axis is 21yKM.

TABLE 8.4 KM values of some enzymes

Enzyme Substrate KM (mM)

Chymotrypsin Acetyl-L-tryptophanamide 5000
Lysozyme Hexa-N-acetylglucosamine 6
b-Galactosidase Lactose 4000
Threonine deaminase Threonine 5000
Carbonic anhydrase CO2 8000
Penicillinase Benzylpenicillin 50
Pyruvate carboxylase Pyruvate 400
 HCO3

2 1000
 ATP 60
Arginine-tRNA synthetase Arginine 3
 tRNA 0.4
 ATP 300
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εξίσωση Lineweaver-Burk

Οι τιμές ΚΜ και Vmax προσδιορίζονται με αρκετούς τρόπους
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(hence,  V  0 ) when there is negligible product formation and thus no back 
reaction ( k  2  2  [E][P]  ̄   0). 

     k1 k2
 E 1 S ∆ ES ¡ E 1 P (12)
     k21

 Thus, for the graph in Figure 8.11,  V  0  is determined for each substrate 
concentration by measuring the rate of product formation at early times 
before P accumulates (Figure 8.10A). 

 We want an expression that relates the rate of catalysis to the concentra-
tions of substrate and enzyme and the rates of the individual steps. Our 
starting point is that the catalytic rate is equal to the product of the concen-
tration of the ES complex and  k  2  .  

   V0 5 k2[ES]   (13)  
 Now we need to express [ES] in terms of known quantities. The rates of 
formation and breakdown of ES are given by 

    Rate of formation of ES 5 k1[E][S]    (14)  

   Rate of breakdown of ES 5 (k21 1 k2)[ES]   (15)  

 We will use the  steady-state assumption  to simplify matters. In a steady state, 
the concentrations of intermediates—in this case, [ES]—stay the same even if 
the concentrations of starting materials and products are changing. This steady 
state is reached when the rates of formation and breakdown of the ES complex 
are equal. Setting the right-hand sides of equations 14 and 15 equal gives 

   k1[E][S] 5 (k21 1 k2)[ES]   (16)  

 By rearranging equation 16, we obtain 

   [E][S]y[ES] 5 (k21 1 k2)yk1   (17)  

 Equation 17 can be simplified by defining a new constant,  K  M , called the 
Michaelis constant: 

   KM 5
k21 1 k2

k1
   (18)  

 Note that  K  M  has the units of concentration and is independent of enzyme 
and substrate concentrations. As will be explained,  K  M  is an important 
characteristic of enzyme–substrate interactions. 

 Inserting equation 18 into equation 17 and solving for [ES] yields 

   [ES] 5
[E][S]

KM
   (19)  

 Now let us examine the numerator of equation 19. Because the substrate is usu-
ally present at a much higher concentration than that of the enzyme, the con-
centration of uncombined substrate [S] is very nearly equal to the total substrate 
concentration. The concentration of uncombined enzyme [E] is equal to the 
total enzyme concentration [E] T  minus the concentration of the ES complex: 

   [E] 5 [E]T 2 [ES]   (20)  

 Substituting this expression for [E] in equation 19 gives 

   [ES] 5
([E]T 2 [ES])[S]

KM
   (21)  

 Solving equation 21 for [ES] gives 

   [ES] 5
[E]T[S]yKM

1 1 [S]yKM
   (22)  

FIGURE 8.11 Michaelis–Menten 
kinetics. A plot of the reaction velocity (V0) 
as a function of the substrate concentration 
[S] for an enzyme that obeys Michaelis–
Menten kinetics shows that the maximal 
velocity (Vmax) is approached asymptotically. 
The Michaelis constant (KM) is the substrate 
concentration yielding a velocity of Vmaxy2.
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our understanding of enzyme-catalyzed reactions? The Michaelis constant, 
  K  M  , and the maximal rate,   V  max  , can be readily derived from rates of catalysis 
measured at a variety of substrate concentrations if an enzyme operates accord-
ing to the simple scheme given in equation 26. The derivation of   K  M   and   V  max   
is most commonly achieved with the use of curve-fitting programs on a com-
puter. However, an older method, although rarely used because the data points 
at high and low concentrations are weighted differently and thus sensitive to 
errors, is a source of further insight into the meaning of   K  M   and   V  max  .  

 Before the availability of computers, the determination of  K  M  and  V  max  
values required algebraic manipulation of the Michaelis–Menten equation. 
The Michaelis–Menten equation is transformed into one that gives a 
straight-line plot that yields values for  V  max  and  K  M . Taking the reciprocal 
of both sides of equation 26 gives 

   
1

V0
5

KM

Vmax
?

1
S

1
1

Vmax
   (27)  

 A plot of 1y V  0  versus 1y[S], called a  Lineweaver–Burk  or  double- 
reciprocal plot,  yields a straight line with a  y -intercept of 1y V  max  and a 
slope of  K  M y V  max  (Figure 8.12). The intercept on the  x -axis is  2 1y K  M . 

  K  M   and   V  max   values are important enzyme characteristics  

  The K  M   values of enzymes range widely (Table 8.4). For most enzymes,   K  M   
lies between 10  2  1   and 10  2  7   M. The   K  M   value for an enzyme depends on the 
particular substrate and on environmental conditions such as pH, temperature, 
and ionic strength.   The Michaelis constant,   K  M  , as already noted, is equal to 
the concentration of substrate at which half the active sites are filled. Thus,   K  M   
provides a measure of the substrate concentration required for significant 
catalysis to take place. For many enzymes, experimental evidence suggests that 
the   K  M   value provides an approximation of the substrate concentration in vivo, 
which in turn suggests that most enzymes evolved to have a   K  M   approximately 
equal to the substrate concentration commonly available. Why might it be 
beneficial to have a   K  M   value approximately equal to the commonly available 
substrate concentration? If the normal concentration of substrate is near   K  M  , 
the enzyme will display significant activity and yet the activity will be sensitive 
to changes in environmental conditions—that is, changes in substrate concen-
tration. At values below   K  M  , enzymes are very sensitive to changes in substrate 
concentration but display little activity. At substrate values well above   K  M  , 
enzymes have great catalytic activity but are insensitive to changes in substrate 
concentration. Thus, with the normal substrate concentration being approxi-
mately   K  M  , the enzymes have significant activity (1y2   V  max  ) but are still sensi-
tive to changes in substrate concentration.  

 Under certain circumstances,  K  M  reflects the 
strength of the enzyme–substrate interaction. In 
equation 18,  K  M  is defined as ( k  2  1   1   k  2 )y k  1 . 
Consider a case in which  k  2  1  is much greater than 
 k  2 . Under such circumstances, the ES complex dis-
sociates to E and S much more rapidly than prod-
uct is formed. Under these conditions  (k21 W k2)  

   KM <
k21

k1
   (28)  

 Equation 28 describes the  dissociation constant  
of the ES complex. 
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k1
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FIGURE 8.12 A double-reciprocal or 
Lineweaver–Burk plot. A double-
reciprocal plot of enzyme kinetics is 
generated by plotting 1yV0 as a function of 
1y[S]. The slope is KMyVmax, the intercept 
on the vertical axis is 1yVmax, and the 
intercept on the horizontal axis is 21yKM.

TABLE 8.4 KM values of some enzymes

Enzyme Substrate KM (mM)

Chymotrypsin Acetyl-L-tryptophanamide 5000
Lysozyme Hexa-N-acetylglucosamine 6
b-Galactosidase Lactose 4000
Threonine deaminase Threonine 5000
Carbonic anhydrase CO2 8000
Penicillinase Benzylpenicillin 50
Pyruvate carboxylase Pyruvate 400
 HCO3

2 1000
 ATP 60
Arginine-tRNA synthetase Arginine 3
 tRNA 0.4
 ATP 300
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our understanding of enzyme-catalyzed reactions? The Michaelis constant, 
  K  M  , and the maximal rate,   V  max  , can be readily derived from rates of catalysis 
measured at a variety of substrate concentrations if an enzyme operates accord-
ing to the simple scheme given in equation 26. The derivation of   K  M   and   V  max   
is most commonly achieved with the use of curve-fitting programs on a com-
puter. However, an older method, although rarely used because the data points 
at high and low concentrations are weighted differently and thus sensitive to 
errors, is a source of further insight into the meaning of   K  M   and   V  max  .  

 Before the availability of computers, the determination of  K  M  and  V  max  
values required algebraic manipulation of the Michaelis–Menten equation. 
The Michaelis–Menten equation is transformed into one that gives a 
straight-line plot that yields values for  V  max  and  K  M . Taking the reciprocal 
of both sides of equation 26 gives 

   
1

V0
5

KM
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?

1
S

1
1

Vmax
   (27)  

 A plot of 1y V  0  versus 1y[S], called a  Lineweaver–Burk  or  double- 
reciprocal plot,  yields a straight line with a  y -intercept of 1y V  max  and a 
slope of  K  M y V  max  (Figure 8.12). The intercept on the  x -axis is  2 1y K  M . 

  K  M   and   V  max   values are important enzyme characteristics  

  The K  M   values of enzymes range widely (Table 8.4). For most enzymes,   K  M   
lies between 10  2  1   and 10  2  7   M. The   K  M   value for an enzyme depends on the 
particular substrate and on environmental conditions such as pH, temperature, 
and ionic strength.   The Michaelis constant,   K  M  , as already noted, is equal to 
the concentration of substrate at which half the active sites are filled. Thus,   K  M   
provides a measure of the substrate concentration required for significant 
catalysis to take place. For many enzymes, experimental evidence suggests that 
the   K  M   value provides an approximation of the substrate concentration in vivo, 
which in turn suggests that most enzymes evolved to have a   K  M   approximately 
equal to the substrate concentration commonly available. Why might it be 
beneficial to have a   K  M   value approximately equal to the commonly available 
substrate concentration? If the normal concentration of substrate is near   K  M  , 
the enzyme will display significant activity and yet the activity will be sensitive 
to changes in environmental conditions—that is, changes in substrate concen-
tration. At values below   K  M  , enzymes are very sensitive to changes in substrate 
concentration but display little activity. At substrate values well above   K  M  , 
enzymes have great catalytic activity but are insensitive to changes in substrate 
concentration. Thus, with the normal substrate concentration being approxi-
mately   K  M  , the enzymes have significant activity (1y2   V  max  ) but are still sensi-
tive to changes in substrate concentration.  

 Under certain circumstances,  K  M  reflects the 
strength of the enzyme–substrate interaction. In 
equation 18,  K  M  is defined as ( k  2  1   1   k  2 )y k  1 . 
Consider a case in which  k  2  1  is much greater than 
 k  2 . Under such circumstances, the ES complex dis-
sociates to E and S much more rapidly than prod-
uct is formed. Under these conditions  (k21 W k2)  

   KM <
k21

k1
   (28)  

 Equation 28 describes the  dissociation constant  
of the ES complex. 
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FIGURE 8.12 A double-reciprocal or 
Lineweaver–Burk plot. A double-
reciprocal plot of enzyme kinetics is 
generated by plotting 1yV0 as a function of 
1y[S]. The slope is KMyVmax, the intercept 
on the vertical axis is 1yVmax, and the 
intercept on the horizontal axis is 21yKM.

TABLE 8.4 KM values of some enzymes

Enzyme Substrate KM (mM)

Chymotrypsin Acetyl-L-tryptophanamide 5000
Lysozyme Hexa-N-acetylglucosamine 6
b-Galactosidase Lactose 4000
Threonine deaminase Threonine 5000
Carbonic anhydrase CO2 8000
Penicillinase Benzylpenicillin 50
Pyruvate carboxylase Pyruvate 400
 HCO3

2 1000
 ATP 60
Arginine-tRNA synthetase Arginine 3
 tRNA 0.4
 ATP 300
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(hence,  V  0 ) when there is negligible product formation and thus no back 
reaction ( k  2  2  [E][P]  ̄   0). 

     k1 k2
 E 1 S ∆ ES ¡ E 1 P (12)
     k21

 Thus, for the graph in Figure 8.11,  V  0  is determined for each substrate 
concentration by measuring the rate of product formation at early times 
before P accumulates (Figure 8.10A). 

 We want an expression that relates the rate of catalysis to the concentra-
tions of substrate and enzyme and the rates of the individual steps. Our 
starting point is that the catalytic rate is equal to the product of the concen-
tration of the ES complex and  k  2  .  

   V0 5 k2[ES]   (13)  
 Now we need to express [ES] in terms of known quantities. The rates of 
formation and breakdown of ES are given by 

    Rate of formation of ES 5 k1[E][S]    (14)  

   Rate of breakdown of ES 5 (k21 1 k2)[ES]   (15)  

 We will use the  steady-state assumption  to simplify matters. In a steady state, 
the concentrations of intermediates—in this case, [ES]—stay the same even if 
the concentrations of starting materials and products are changing. This steady 
state is reached when the rates of formation and breakdown of the ES complex 
are equal. Setting the right-hand sides of equations 14 and 15 equal gives 

   k1[E][S] 5 (k21 1 k2)[ES]   (16)  

 By rearranging equation 16, we obtain 

   [E][S]y[ES] 5 (k21 1 k2)yk1   (17)  

 Equation 17 can be simplified by defining a new constant,  K  M , called the 
Michaelis constant: 

   KM 5
k21 1 k2

k1
   (18)  

 Note that  K  M  has the units of concentration and is independent of enzyme 
and substrate concentrations. As will be explained,  K  M  is an important 
characteristic of enzyme–substrate interactions. 

 Inserting equation 18 into equation 17 and solving for [ES] yields 

   [ES] 5
[E][S]

KM
   (19)  

 Now let us examine the numerator of equation 19. Because the substrate is usu-
ally present at a much higher concentration than that of the enzyme, the con-
centration of uncombined substrate [S] is very nearly equal to the total substrate 
concentration. The concentration of uncombined enzyme [E] is equal to the 
total enzyme concentration [E] T  minus the concentration of the ES complex: 

   [E] 5 [E]T 2 [ES]   (20)  

 Substituting this expression for [E] in equation 19 gives 

   [ES] 5
([E]T 2 [ES])[S]

KM
   (21)  

 Solving equation 21 for [ES] gives 

   [ES] 5
[E]T[S]yKM

1 1 [S]yKM
   (22)  

FIGURE 8.11 Michaelis–Menten 
kinetics. A plot of the reaction velocity (V0) 
as a function of the substrate concentration 
[S] for an enzyme that obeys Michaelis–
Menten kinetics shows that the maximal 
velocity (Vmax) is approached asymptotically. 
The Michaelis constant (KM) is the substrate 
concentration yielding a velocity of Vmaxy2.
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 In other words,  K  M  is equal to the dissociation constant of the ES complex 
if  k  2  is much smaller  than k  2  1 . When this condition is met,  K  M  is a measure 
of the strength of the ES complex: a high  K  M  indicates weak binding; a low 
 K  M  indicates strong binding. It must be stressed that  K  M  indicates the 
affinity of the ES complex only when  k  2  1  is much greater than  k  2  .  

 The maximal rate,  V  max , reveals the  turnover number  of an enzyme, 
which is the number of substrate molecules converted into product by an 
enzyme molecule in a unit time when the enzyme is fully saturated with 
substrate. It is equal to the rate constant  k  2 , which is also called  k  cat . The 
maximal rate,  V  max , reveals the turnover number of an enzyme if the con-
centration of active sites [E] T  is known, because 
   Vmax 5 kcat[E]T   (30)  
 and thus 
   kcat 5 Vmax/[E]T   (31)  
 For example, a 10 2  6  M solution of carbonic anhydrase catalyzes the forma-
tion of 0.6 M H 2 CO 3  per second when the enzyme is fully saturated with 
substrate. Hence,  k  cat  is 6  3  10 5  s 2  1 . This turnover number is one of the 
largest known. Each catalyzed reaction takes place in a time equal to, on 
average, 1y k  cat , which is 1.7  m s for carbonic anhydrase. The turnover num-
bers of most enzymes with their physiological substrates range from 1 to 10 4 

 per second (Table 8.5). 
  K  M  and  V  max  also permit the determination of   f  ES , the fraction of active sites 

filled. This relation of   f  ES  to  K  M  and  V  max  is given by the following equation: 

   fES 5
V

Vmax
5

[S]
[S] 1 KM

   (32)  

  k  cat  y  K  M   is a measure of catalytic efficiency  

  When the substrate concentration is much greater than   K  M  , the rate of 
catalysis is equal to   V  max  , which is a function of   k  cat  , the turnover number, 
as already described. However, most enzymes are not normally saturated 
with substrate. Under physiological conditions, the [S]y  K  M   ratio is typically 
between 0.01 and 1.0. When    [S] V KM     ,   the enzymatic rate is much less 
than   k  cat   because most of the active sites are unoccupied. Is there a number 
that characterizes the kinetics of an enzyme under these more typical cel-
lular conditions? Indeed there is, as can be shown by combining equations 
13 and 19 to give  

   V0 5
kcat

KM
[E][S]   (33)  

 When  [S] V KM , the concentration of free enzyme [E], is nearly equal 
to the total concentration of enzyme [E] T ; so 

   V0 5
kcat

KM
[S][E]T   (34)  

 Thus, when  [S] V KM , the enzymatic velocity depends on the values of 
 k  cat y K  M , [S], and [E] T . Under these conditions,  k  cat y K  M  is the rate constant 
for the interaction of S and E. The rate constant  k  cat y K  M , called the  specific-
ity constant , is a measure of catalytic efficiency because it takes into account 
both the rate of catalysis with a particular substrate ( k  cat ) and the nature of 
the enzyme–substrate interaction ( K  M ). For instance, by using  k  cat y K  M  
values, we can compare an enzyme’s preference for different substrates. 
Table 8.6 shows the  k  cat y K  M  values for several different substrates of chy-
motrypsin. Chymotrypsin clearly has a preference for cleaving next to 
bulky, hydrophobic side chains. 

TABLE 8.5  Turnover numbers of 
some enzymes

 Turnover number
Enzyme (per second)

Carbonic anhydrase 600,000
3-Ketosteroid isomerase 280,000
Acetylcholinesterase 25,000
Penicillinase 2,000
Lactate dehydrogenase 1,000
Chymotrypsin 100
DNA polymerase I 15
Tryptophan synthetase 2
Lysozyme 0.5

• Η Vmax αποκαλύπτει τον αριθμός μετατροπής ενός ενζύμου (αριθμός μορίων S που μετατρέπονται σε P ανά
μονάδα χρόνου από ένα E)
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8.4 Το μοντέλο Michaelis-Menten περιγράφει τις κινητικές ιδιότητες πολλών ενζύμων

Τιμές ΚΜ μερικών ενζύμων

?

?

Ποια  είναι η σωστή;
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8.4 Το μοντέλο Michaelis-Menten περιγράφει τις κινητικές ιδιότητες πολλών ενζύμων

Προτιμήσεις της χυμοθρυψίνης για υποστρώματα

Τι παρατηρείτε; Πως το ερμηνεύετε;
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

μη αντιστρεπτή αντιστρεπτή

ΑΝΑΣΤΟΛΗ
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Συναγωνιστική αναστολή
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increasing the substrate concentration. A more complex pattern, called  mixed 
inhibition,  is produced when a single inhibitor both hinders the binding of sub-
strate and decreases the turnover number of the enzyme. 

  The different types of reversible inhibitors are  kinetically distinguishable  

  How can we determine whether a reversible inhibitor acts by competitive, 
uncompetitive, or noncompetitive inhibition? Let us consider only enzymes that 
exhibit Michaelis–Menten kinetics. Measurements of the rates of catalysis at 
different concentrations of substrate and inhibitor serve to distinguish the three 
types of inhibition. In   competitive inhibition,   the inhibitor   competes with the 
substrate for the active site. The dissociation constant for the inhibitor is given by  

  Ki 5 [E][I]y[EI]  

 The smaller the  K  i , the more potent the inhibition. The hallmark of competitive 
inhibition is that it can be overcome by a sufficiently high concentration sub-
strate (Figure 8.16). The effect of a competitive inhibitor is to increase the 
apparent value of  K  M , meaning that more substrate is needed to obtain the 
same reaction rate. This new value of  K  M , called  Kapp

M   is numerically equal to 

  Kapp
M 5 KM(1 1 [I]yKi)   

 where [I] is the concentration of inhibitor and  K  i  is the dissociation constant 
for the enzyme–inhibitor complex. In the presence of a competitive inhibi-
tor, an enzyme will have the same  V  max  as in the absence of an inhibitor. At 
a sufficiently high concentration, virtually all the active sites are filled with 
substrate, and the enzyme is fully operative. 

 Competitive inhibitors are commonly used as drugs. Drugs such as ibu-
profen are competitive inhibitors of enzymes that participate in signaling 
pathways in the inflammatory response. Statins are drugs that reduce high 
cholesterol levels by competitively inhibiting a key enzyme in cholesterol 
biosynthesis (Section 26.3). 

 In  uncompetitive inhibition,  the 
inhibitor binds only to the ES com-
plex. This enzyme–substrate–inhibi-
tor complex, ESI, does not go on to 
form any product. Because some 
unproductive ESI complex will 
always be present,  V  max  will be lower 
in the presence of inhibitor than in its 
absence (Figure 8.17). The uncom-
petitive inhibitor lowers the apparent 
value of  K  M  because the inhibitor 
binds to ES to form ESI, depleting 
ES. To maintain the equilibrium 
between E and ES, more S binds to 
E, increasing the apparent value of  k  1 
 and thereby reducing the apparent 
value of  K  M  (see equation 18). Thus, 
a lower concentration of S is required 
to form half of the maximal concen-
tration of ES. The herbicide glypho-
sate, also known as Roundup, is an 
uncompetitive inhibitor of an 
enzyme in the biosynthetic pathway 
for aromatic amino acids. 

 In  noncompetitive inhibition  (Fig-
ure 8.18), substrate can bind either 
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FIGURE 8.16 Kinetics of a competitive 
inhibitor. As the concentration of a 
competitive inhibitor increases, higher 
concentrations of substrate are required to 
attain a particular reaction velocity. The 
reaction pathway suggests how sufficiently 
high concentrations of substrate can 
completely relieve competitive inhibition.
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FIGURE 8.17 Kinetics of an 
uncompetitive inhibitor. The reaction 
pathway shows that the inhibitor binds only 
to the enzyme–substrate complex. 
Consequently, Vmax cannot be attained, 
even at high substrate concentrations. The 
apparent value for KM is lowered, becoming 
smaller as more inhibitor is added.

ES

Re
la

tiv
e 

ra
te

No inhibitor

[ I] = 10 Ki

[ I] = Ki

[ I] = 5 Ki

EI

S

ESI
S

[Substrate]

100

80

60

40

20

0

E + PE + I

Ki

KM

FIGURE 8.18 Kinetics of a 
noncompetitive inhibitor. The reaction 
pathway shows that the inhibitor binds both 
to free enzyme and to an enzyme–substrate 
complex. Consequently, as with uncompetitive 
competition, Vmax cannot be attained. In 
pure noncompetitive inhibition, KM remains 
unchanged, and so the reaction rate 
increases more slowly at low substrate 
concentrations than is the case for 
uncompetitive competition.

Ιβουπροφαίνη

KM

Vmax

Στόχος η κυκλοξυγενάση (COX)
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Ασυναγώνιστη αναστολή

Roundup

Στόχος ένα ένζυμο στην βιοσυνθετική
πορεία αρωματικών αμινοξέων

KM

Vmax
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Μη συναγωνιστική αναστολή

Δοξυκυκλίνη

KM

Vmax

Στόχος ένα πρωτεολυτικό ένζυμο
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Ενζυμική κινητική αναστολέων
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Vmax

KM

Vmax
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Vmax
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Μη αντιστρεπτοί αναστολείς – Τα αντιδραστήρια με εξειδίκευση ομάδας

Πόσο καλή εξειδίκευση;

Από τι εξαρτάται;
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Μη αντιστρεπτοί αναστολείς – Αντιδραστικά ανάλογα υποστρωμάτων

Πόσο καλή εξειδίκευση;

Από τι εξαρτάται;
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Μη αντιστρεπτοί αναστολείς – Αναστολείς αυτοκτονίας

Πόσο καλή εξειδίκευση;

Από τι εξαρτάται;

MAO

Parkinson's disease
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Η πενικιλίνη

Sir Alexander Fleming
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

σάκχαρα

τετραπεπτίδια

γέφυρες πενταγλυκίνης

Το βακτηριακό κυτταρικό τοίχωμα (πεπτιδογλυκάνη)
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Αντίδραση της τρανσπεπτιδάσης
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8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Αντίδραση της τρανσπεπτιδάσης



39Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Αναστολή μηχανισμού (αυτοκτονίας)



40Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

8.5 Τα ένζυμα είναι δυνατόν να ανασταλούν από ειδικά μόρια

Αναστολή μηχανισμού (αυτοκτονίας)
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8.5 Τα ένζυμα μπορούν να μελετηθούν ένα μόριο τη φορά

Μελέτες συνόλου και μελέτες μεμονωμένων μορίων
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8.5 Τα ένζυμα μπορούν να μελετηθούν ένα μόριο τη φορά
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Problems

  36.   Mental experiment.   Picture in your mind the velocity 
vs. substrate concentration curve for a typical Michaelis-
Menten enzyme. Now, imagine that the experimental con-
ditions are altered as described below. For each of the condi-
tions described, fill in the table indicating precisely (when 
possible) the effect on V  max   and K  M   of the imagined 
Michaelis-Menten enzyme.  

Experimental condition Vmax KM

a. Twice as much enzyme is used.

b. Half as much enzyme is used

c. A competitive inhibitor is present.

d. An uncompetitive inhibitor is present.

e. A pure non-competitive inhibitor is present.

  37.     Too much of a good thing.   A simple Michaelis–Menten 
enzyme, in the absence of any inhibitor, displayed the 
 following kinetic behavior.  

Re
ac

tio
n 

ve
lo

ci
ty

V 0
   

   
  

Vmax

[S]

  (a)   Draw a double-reciprocal plot that corresponds to the 
velocity-versus-substrate curve.  
  (b)   Suggest a plausible explanation for these kinetic results.  

  38.     Rate-limiting step.   In the conversion of A into D in the 
following biochemical pathway, enzymes E  A  , E  B  , and E  C   
have the   K  M   values indicated under each enzyme.   If all of the 
substrates and products are present at a concentration of 
10  2  4   M   and the enzymes have approximately the same   V  max  , 
which step will be rate limiting and why?  

A ∆
EA

 B ∆
EB

 C ∆
EC

 D

KM 5  1022 M      1024 M   1024 M

  39.     Colored luminosity   Tryptophan synthetase, a bacterial 
enzyme that contains a pyridoxal phosphate (PLP) pros-
thetic group, catalyzes the synthesis of L-tryptophan from 
L-serine and an indole derivative. The addition of L-serine 
to the enzyme produces a marked increase in the fluores-
cence of the PLP group, as the adjoining graph shows. The 
subsequent addition of indole, the second substrate, reduces 
this fluorescence to a level even lower than that produced 
by the enzyme alone. How do these changes in fluorescence 

support the notion that the enzyme interacts directly with 
its substrates?  

Wavelength (nm)

Fl
uo

re
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en
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 in
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ity

+ Serine

+ Serine
and indole

550500450

Enzyme alone

 Chapter Integration Problems 

  40.     Titration experiment.   The effect of pH on the activity of 
an enzyme was examined. At its active site, the enzyme has 
an ionizable group that must be negatively charged for sub-
strate binding and catalysis to take place. The ionizable 
group has a p  K  a   of 6.0. The substrate is positively charged 
throughout the pH range of the experiment.  

E21 S1 ∆  E2S1 ¡ E2 1 P1

1

H1

∆

EH

  (a)   Draw the   V  0  -versus-pH curve when the substrate con-
centration is much greater than the enzyme   K  M  .  
  (b)   Draw the   V  0  -versus-pH curve when the substrate con-
centration is much less than the enzyme   K  M  .  
  (c)   At which pH will the velocity equal one-half of the 
maximal velocity attainable under these conditions?  

  41.     A question of stability.   Pyridoxal phosphate (PLP) is a 
coenzyme for the enzyme ornithine aminotransferase. The 
enzyme was purified from cells grown in PLP-deficient 
media as well as from cells grown in media that contained 
pyridoxal phosphate. The stability of the two different 
enzyme preparations was then measured by incubating the 
enzyme at   37  8  C   for different lengths of time and then assay-
ing for the amount of enzyme activity remaining. The fol-
lowing results were obtained.  

A 1 3
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ıȝȫȞ� ıĲȠȣȢ� ȠʌȠȓȠȣȢ� ĲȠ� įİȪĲİȡȠ� ĮȝȚȞȠȟȪ� İȓȞĮȚ� ȝİȖȐȜȠ� țĮȚ�
ȣįȡȩĳȠȕȠ�
�ȕ��Ǿ� ĲȚȝȒ�kFDW�K0�ȖȚĮ�ĮȣĲȩ� ĲȠ�ȣʌȩıĲȡȦȝĮ� İȓȞĮȚ� ���ǻİȞ� İȓȞĮȚ�
ʌȠȜȪ�ĮʌȠĲİȜİıȝĮĲȚțȩ��Ǿ�ĲȚȝȒ�ĮȣĲȒ�ȣʌȠįȘȜȫȞİȚ�ȩĲȚ�ĲȠ�ȑȞȗȣȝȠ�
ʌȡȠĲȚȝȐ�ȞĮ�įȚĮıʌȐ�ʌİʌĲȚįȚțȠȪȢ�įİıȝȠȪȢ�ȝİ�ĲȘȞ�ĮțȩȜȠȣșȘ�İȟȚ-
įȓțİȣıȘ��ȝȚțȡȒ�ȠȝȐįĮ�5-ȝİȖȐȜȘ�ȣįȡȩĳȠȕȘ�ȠȝȐįĮ�5�
���� ǼȐȞ�ĮȣȟȘșİȓ�Ș�ıȣȞȠȜȚțȒ�ʌȠıȩĲȘĲĮ�ĲȠȣ�İȞȗȪȝȠȣ� �(7���șĮ�
ĮȣȟȘșİȓ�țĮȚ�Ș�VPD[��įȚȩĲȚ�VPD[ 5 k2>(7@��ǹȜȜȐ�K0 5 (k–1 1 k2��
k1�� įȘȜĮįȒ� İȓȞĮȚ� ĮȞİȟȐȡĲȘĲȘ� Įʌȩ� ĲȘ� ıȣȖțȑȞĲȡȦıȘ� ĲȠȣ� ȣʌȠ-
ıĲȡȫȝĮĲȠȢ�� Ǿ� ȝİıĮȓĮ� ȖȡĮĳȚțȒ� ʌĮȡȐıĲĮıȘ� ʌİȡȚȖȡȐĳİȚ� ĮȣĲȒ�
ĲȘȞ�țĮĲȐıĲĮıȘ�
42. 

Πειραματική συνθήκη Vmax KM

α. Χρησιμοποιείται διπλάσια 
 ποσότητα ενζύμου Διπλασιάζεται Δεν αλλάζει
β. Χρησιμοποιείται υποδιπλάσια 
 ποσότητα ενζύμου Υποδιπλασιάζεται Δεν αλλάζει
γ. Υπάρχει ένας συναγωνιστικός 
 αναστολέας Δεν αλλάζει Αυξάνεται
δ. Υπάρχει ένας ασυναγώνιστος 
 αναστολέας Μειώνεται Μειώνεται
ε. Υπάρχει ένας καθαρός μη 
 συναγωνιστικός αναστολέας Μειώνεται Δεν αλλάζει

���� �Į��

1/V0

1/[S]

�ȕ��ǹȣĲȒ� Ș� ıȣȝʌİȡȚĳȠȡȐ� İȓȞĮȚ� ĮȞĮıĲȠȜȒ� ȣʌȠıĲȡȫȝĮĲȠȢ�� ıİ�
ȣȥȘȜȑȢ�ıȣȖțİȞĲȡȫıİȚȢ��ĲȠ�ȣʌȩıĲȡȦȝĮ�ıȤȘȝĮĲȓȗİȚ�ıĲȠ�İȞİȡȖȩ�
țȑȞĲȡȠ�ȝȘ�ʌĮȡĮȖȦȖȚțȐ�ıȪȝʌȜȠțĮ��ȉȠ�ʌĮȡĮțȐĲȦ�ıȤȑįȚȠ�įİȓȤȞİȚ�
ĲȚ�ȝʌȠȡİȓ�ȞĮ�ıȣȝȕİȓ��ȉȠ�ȣʌȩıĲȡȦȝĮ�țĮȞȠȞȚțȐ�ʌȡȠıįȑȞİĲĮȚ�ȝİ�
ȑȞĮȞ�țĮșȠȡȚıȝȑȞȠ�ʌȡȠıĮȞĮĲȠȜȚıȝȩ��ʌȠȣ�įİȓȤȞİĲĮȚ�ıĲȠ�ıȤȑįȚȠ�
ȦȢ�țȩțțȚȞȠ�ȝİ�țȩțțȚȞȠ�țĮȚ�ȝʌȜİ�ȝİ�ȝʌȜİ��Ȉİ�ȣȥȘȜȑȢ�ıȣȖțİ-
ȞĲȡȫıİȚȢ��ĲȠ�ȣʌȩıĲȡȦȝĮ�ȝʌȠȡİȓ�ȞĮ�ʌȡȠıįİșİȓ�ıĲȠ�İȞİȡȖȩ�țȑ-
ȞĲȡȠ�ȑĲıȚ�ȫıĲİ�Ƞ�țĮĲȐȜȜȘȜȠȢ�ʌȡȠıĮȞĮĲȠȜȚıȝȩȢ�ȞĮ�ȣʌȐȡȤİȚ�ȖȚĮ�
țȐșİ� ȐțȡȠ� ĲȠȣ� ȝȠȡȓȠȣ�� ĮȜȜȐ� ʌȡȠıįȑȞȠȞĲĮȚ� įȪȠ� įȚĮĳȠȡİĲȚțȐ�
ȝȩȡȚĮ�ȣʌȠıĲȡȫȝĮĲȠȢ�

Κανονική πρόσδεση υποστρώματος 
στο ενεργό κέντρο. Το υπόστρωμα θα 
διασπαστεί στις κόκκινες και μπλε 
μπάλες.

Ενεργό κέντρο
ενζύμου

Αναστολή
υποστρώματος

Ενεργό κέντρο
ενζύμου

���� ȉȠ�ʌȡȫĲȠ�ȕȒȝĮ�șĮ�İȓȞĮȚ�ĲȠ�țĮșȠȡȚıĲȚțȩ��ȉĮ�ȑȞȗȣȝĮ�(%�țĮȚ�
(&�șĮ�ȜİȚĲȠȣȡȖȠȪȞ�ıĲȠ�ò�VPD[��İȞȫ�Ș�K0�ȖȚĮ�ĲȠ�ȑȞȗȣȝȠ�($�İȓȞĮȚ�
ȝİȖĮȜȪĲİȡȘ�Įʌȩ�ĲȘ�ıȣȖțȑȞĲȡȦıȘ�ĲȠȣ�ȣʌȠıĲȡȫȝĮĲȠȢ��ȉȠ�($�șĮ�
ȜİȚĲȠȣȡȖİȓ�ıİ�ʌİȡȓʌȠȣ���–2VPD[.
���� Ǿ� ĳĮıȝĮĲȠıțȠʌȓĮ� ĳșȠȡȚıȝȠȪ� ĮʌȠțĮȜȪʌĲİȚ� ĲȘȞ� ȪʌĮȡȟȘ�
İȞȩȢ� ıȣȝʌȜȩțȠȣ� İȞȗȪȝȠȣ�ıİȡȓȞȘȢ� țĮȚ� İȞȩȢ� ıȣȝʌȜȩțȠȣ� İȞȗȪ-
ȝȠȣ�ıİȡȓȞȘȢ�ȚȞįȠȜȓȠȣ��

���� �Į��ǵĲĮȞ�Ș�>61@�İȓȞĮȚ�ʌȠȜȪ�ȝİȖĮȜȪĲİȡȘ�Įʌȩ�ĲȘȞ�ĲȚȝȒ�ĲȘȢ�
K0��ĲȠ�S+�șĮ�ȑȤİȚ�ȝȚĮ�ĮȝİȜȘĲȑĮ�İʌȓįȡĮıȘ�ıĲȠ�ȑȞȗȣȝȠ�įȚȩĲȚ�ĲȠ�
61�șĮ�ĮȜȜȘȜİʌȚįȡȐ�ȝİ�ĲȠ�(–�ȝȩȜȚȢ�ȖȓȞİȚ�įȚĮșȑıȚȝȠ��

2 6
pH

104 8

Vmax

V 0

Vmax

V 0

2 6
pH

104 8

�ȕ��ǵĲĮȞ�Ș�>61@�İȓȞĮȚ�ʌȠȜȪ�ȝȚțȡȩĲİȡȘ�Įʌȩ�ĲȘȞ�ĲȚȝȒ�ĲȘȢ�K0��ĲȠ�
įȚȐȖȡĮȝȝĮ�ĲȘȢ�V0�ȦȢ�ʌȡȠȢ�ĲȠ�S+�ȠȣıȚĮıĲȚțȐ�ȖȓȞİĲĮȚ�ȝȚĮ�țĮȝʌȪ-
ȜȘ�ĲȚĲȜȠįȩĲȘıȘȢ�ȖȚĮ�ĲȚȢ�ȚȠȞĲȚȗȩȝİȞİȢ�ȠȝȐįİȢ��ȝİ�ĲȘȞ�İȞȗȣȝȚțȒ�
įȡĮıĲȚțȩĲȘĲĮ� ȞĮ� ȖȓȞİĲĮȚ� Ƞ� įİȓțĲȘȢ� ĲȚĲȜȠįȩĲȘıȘȢ�� Ȉİ� ȤĮȝȘȜȩ�
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ΑΠΑΝΤΗΣΕΙΣ ΣΤΙΣ ΑΣΚΗΣΕΙΣ

36. 11 mPRO�PLQ–1

���� �Į��ǹȣĲȒ�Ș�ʌȜȘȡȠĳȠȡȓĮ�İȓȞĮȚ�ĮȞĮȖțĮȓĮ�ȖȚĮ�ĲȠȞ�ʌȡȠıįȚȠȡȚ-
ıȝȩ�ĲȘȢ�ȤȠȡȒȖȘıȘȢ�ĲȘȢ�ıȦıĲȒȢ�įȩıȘȢ�ĲȘȢ�ȘȜİțĲȡȣȜȠȤȠȜȓȞȘȢ�
�ȕ��Ǿ�įȚȐȡțİȚĮ� ĲȘȢ� ʌĮȡȐȜȣıȘȢ� İȟĮȡĲȐĲĮȚ� Įʌȩ� ĲȘȞ� ȚțĮȞȩĲȘĲĮ�
ĲȘȢ�ȤȠȜȚȞİıĲİȡȐıȘȢ�ĲȠȣ�ȠȡȠȪ�ȞĮ�țĮșĮȡȓȗİȚ�ĲȠ�ĳȐȡȝĮțȠ��ǼȐȞ�
ȣʌȒȡȤİ� ĲȠ� ȑȞĮ� ȩȖįȠȠ� ĲȘȢ� įȡĮıĲȚțȩĲȘĲĮȢ� ĲȠȣ� İȞȗȪȝȠȣ�� Ș� ʌĮ-
ȡȐȜȣıȘ� șĮ�ȝʌȠȡȠȪıİ� ȞĮ� įȚĮȡțȑıİȚ� ȠțĲȫ�ĳȠȡȑȢ� ʌİȡȚııȩĲİȡȠ�
ȤȡȩȞȠ�
�Ȗ��Ǿ�ȀȂ�İȓȞĮȚ�Ș�ıȣȖțȑȞĲȡȦıȘ�ʌȠȣ�ȤȡİȚȐȗİĲĮȚ�ĲȠ�ȑȞȗȣȝȠ�ȖȚĮ�
ȞĮ�ĳșȐıİȚ�ĲȠ�ò�VPD[��ȈȣȞİʌȫȢ��ȖȚĮ�ȝȚĮ�įİįȠȝȑȞȘ�ıȣȖțȑȞĲȡȦıȘ�
ȣʌȠıĲȡȫȝĮĲȠȢ��Ș�ĮȞĲȓįȡĮıȘ�ʌȠȣ�țĮĲĮȜȪİĲĮȚ�Įʌȩ�ĲȠ�ȑȞȗȣȝȠ�ȝİ�
ĲȘ�ȝȚțȡȩĲİȡȘ�ȀȂ�șĮ�ȑȤİȚ�ĲȘ�ȝİȖĮȜȪĲİȡȘ�ĲĮȤȪĲȘĲĮ��ȅ�ĮıșİȞȒȢ�
ȝİ�ĲȘ�ȝİĲȐȜȜĮȟȘ�ȝİ�ĲȘ�ȝİȖĮȜȪĲİȡȘ�ȀȂ�șĮ�ĮʌȠȚțȠįȠȝȒıİȚ�ĲȠ�
ĳȐȡȝĮțȠ�ȝİ�ʌȠȜȪ�ȝȚțȡȩĲİȡȘ�ĲĮȤȪĲȘĲĮ���
�����Į��Ǿ�K0�İȓȞĮȚ�ȑȞĮ�ȝȑĲȡȠ�ıȣȖȖȑȞİȚĮȢ�ȝȩȞȠȞ�İȐȞ�Ș�k2�İȓȞĮȚ�
ʌİȡȚȠȡȚıĲȚțȒ�ȖȚĮ�ĲȘȞ�ĲĮȤȪĲȘĲĮ��ȖİȖȠȞȩȢ�ʌȠȣ�ȚıȤȪİȚ�ıĲȘȞ�ʌȡȠ-
țİȓȝİȞȘ�ʌİȡȓʌĲȦıȘ��ȈȣȞİʌȫȢ��Ș�ȤĮȝȘȜȩĲİȡȘ�K0�ıȣȞİʌȐȖİĲĮȚ�
ȣȥȘȜȩĲİȡȘ�ıȣȖȖȑȞİȚĮ��ȉȠ�ȝİĲĮȜȜĮȖȝȑȞȠ�ȑȞȗȣȝȠ�ȑȤİȚ�ȝİȖĮȜȪ-
ĲİȡȘ�ıȣȖȖȑȞİȚĮ�
�ȕ�����ȝPRO�PLQ–1�����P0�İȓȞĮȚ�Ș�K0��țĮȚ�Ș�K0�įȓȞİȚ�ò�VPD[��Ǿ�
VPD[�İȓȞĮȚ�����ȝPRO�PLQ–1��ț�Ƞ�ț�
�Ȗ��ȉĮ�ȑȞȗȣȝĮ�įİȞ�ĮȜȜȐȗȠȣȞ�ĲȘȞ�ȚıȠȡȡȠʌȓĮ�ĲȘȢ�ĮȞĲȓįȡĮıȘȢ�
����ȉȠ�ȑȞȗȣȝȠ����ȆĮȡȩĲȚ�ĲȠ�ȑȞȗȣȝȠ���ȑȤİȚ�ȝİȖĮȜȪĲİȡȘ�9PD[�Įʌȩ�
ĲȠ�ȑȞȗȣȝȠ����ĲȠ�ȑȞȗȣȝȠ���ʌĮȡȠȣıȚȐȗİȚ�ȝİȖĮȜȪĲİȡȘ�įȡĮıĲȘȡȚȩ�
ĲȘĲĮ� ıĲȘ� ıȣȖțȑȞĲȡȦıȘ� ĲȠȣ� ȣʌȠıĲȡȫȝĮĲȠȢ� ıĲȠ� ʌİȡȚȕȐȜȜȠȞ��
İʌİȚįȒ�ȑȤİȚ�ȤĮȝȘȜȩĲİȡȘ�K0�ȖȚĮ�ĲȠ�ȣʌȩıĲȡȦȝĮ�
���� �Į��ȅ�țĮȜȪĲİȡȠȢ� ĲȡȩʌȠȢ�ȝȑĲȡȘıȘȢ� ĲȘȢ�ĮʌȠĲİȜİıȝĮĲȚțȩ-
ĲȘĲĮȢ�İȞȩȢ�ıȣȝʌȜȩțȠȣ�İȞȗȪȝȠȣ�ȣʌȠıĲȡȫȝĮĲȠȢ�İȓȞĮȚ�ȞĮ�ʌȡȠı-
įȚȠȡȚıĲȠȪȞ�ȠȚ�ĲȚȝȑȢ�kFDW�K0��īȚĮ�ĲĮ�ĲȡȓĮ�ȣʌȠıĲȡȫȝĮĲĮ��ȠȚ�ĮȞĲȓ-
ıĲȠȚȤİȢ� ĲȚȝȑȢ�kFDW�K0�İȓȞĮȚ�� �����țĮȚ�����ȈȣȞİʌȫȢ�� ĲȠ� ȑȞȗȣȝȠ�
İʌȚįİȚțȞȪİȚ� ȚıȤȣȡȒ� ʌȡȠĲȓȝȘıȘ�ıĲȘ� įȚȐıʌĮıȘ� ʌİʌĲȚįȚțȫȞ� įİ-
ıȝȫȞ� ıĲȠȣȢ� ȠʌȠȓȠȣȢ� ĲȠ� įİȪĲİȡȠ� ĮȝȚȞȠȟȪ� İȓȞĮȚ� ȝİȖȐȜȠ� țĮȚ�
ȣįȡȩĳȠȕȠ�
�ȕ��Ǿ� ĲȚȝȒ�kFDW�K0�ȖȚĮ�ĮȣĲȩ� ĲȠ�ȣʌȩıĲȡȦȝĮ� İȓȞĮȚ� ���ǻİȞ� İȓȞĮȚ�
ʌȠȜȪ�ĮʌȠĲİȜİıȝĮĲȚțȩ��Ǿ�ĲȚȝȒ�ĮȣĲȒ�ȣʌȠįȘȜȫȞİȚ�ȩĲȚ�ĲȠ�ȑȞȗȣȝȠ�
ʌȡȠĲȚȝȐ�ȞĮ�įȚĮıʌȐ�ʌİʌĲȚįȚțȠȪȢ�įİıȝȠȪȢ�ȝİ�ĲȘȞ�ĮțȩȜȠȣșȘ�İȟȚ-
įȓțİȣıȘ��ȝȚțȡȒ�ȠȝȐįĮ�5-ȝİȖȐȜȘ�ȣįȡȩĳȠȕȘ�ȠȝȐįĮ�5�
���� ǼȐȞ�ĮȣȟȘșİȓ�Ș�ıȣȞȠȜȚțȒ�ʌȠıȩĲȘĲĮ�ĲȠȣ�İȞȗȪȝȠȣ� �(7���șĮ�
ĮȣȟȘșİȓ�țĮȚ�Ș�VPD[��įȚȩĲȚ�VPD[ 5 k2>(7@��ǹȜȜȐ�K0 5 (k–1 1 k2��
k1�� įȘȜĮįȒ� İȓȞĮȚ� ĮȞİȟȐȡĲȘĲȘ� Įʌȩ� ĲȘ� ıȣȖțȑȞĲȡȦıȘ� ĲȠȣ� ȣʌȠ-
ıĲȡȫȝĮĲȠȢ�� Ǿ� ȝİıĮȓĮ� ȖȡĮĳȚțȒ� ʌĮȡȐıĲĮıȘ� ʌİȡȚȖȡȐĳİȚ� ĮȣĲȒ�
ĲȘȞ�țĮĲȐıĲĮıȘ�
42. 

Πειραματική συνθήκη Vmax KM

α. Χρησιμοποιείται διπλάσια 
 ποσότητα ενζύμου Διπλασιάζεται Δεν αλλάζει
β. Χρησιμοποιείται υποδιπλάσια 
 ποσότητα ενζύμου Υποδιπλασιάζεται Δεν αλλάζει
γ. Υπάρχει ένας συναγωνιστικός 
 αναστολέας Δεν αλλάζει Αυξάνεται
δ. Υπάρχει ένας ασυναγώνιστος 
 αναστολέας Μειώνεται Μειώνεται
ε. Υπάρχει ένας καθαρός μη 
 συναγωνιστικός αναστολέας Μειώνεται Δεν αλλάζει

���� �Į��

1/V0

1/[S]

�ȕ��ǹȣĲȒ� Ș� ıȣȝʌİȡȚĳȠȡȐ� İȓȞĮȚ� ĮȞĮıĲȠȜȒ� ȣʌȠıĲȡȫȝĮĲȠȢ�� ıİ�
ȣȥȘȜȑȢ�ıȣȖțİȞĲȡȫıİȚȢ��ĲȠ�ȣʌȩıĲȡȦȝĮ�ıȤȘȝĮĲȓȗİȚ�ıĲȠ�İȞİȡȖȩ�
țȑȞĲȡȠ�ȝȘ�ʌĮȡĮȖȦȖȚțȐ�ıȪȝʌȜȠțĮ��ȉȠ�ʌĮȡĮțȐĲȦ�ıȤȑįȚȠ�įİȓȤȞİȚ�
ĲȚ�ȝʌȠȡİȓ�ȞĮ�ıȣȝȕİȓ��ȉȠ�ȣʌȩıĲȡȦȝĮ�țĮȞȠȞȚțȐ�ʌȡȠıįȑȞİĲĮȚ�ȝİ�
ȑȞĮȞ�țĮșȠȡȚıȝȑȞȠ�ʌȡȠıĮȞĮĲȠȜȚıȝȩ��ʌȠȣ�įİȓȤȞİĲĮȚ�ıĲȠ�ıȤȑįȚȠ�
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2. Ένα διανοητικό πείραμα…
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 substrate A, and do the same for   V  B  .) Is specificity deter-
mined by   K  M   alone?  

  29.     A tenacious mutant.   Suppose that a mutant enzyme 
binds a substrate 100 times as tightly as does the native 
enzyme. What is the effect of this mutation on catalytic rate 
if the binding of the transition state is  unaffected?  

  30.     More Michaelis–Menten.   For an enzyme that follows 
simple Michaelis–Menten kinetics, what is the value of 
  V  max   if   V  0   is equal to 1 mmol minute  2  1   at   10   K  M  ?  

  31.     Controlled paralysis  . Succinylcholine is a fast-acting, short-
duration muscle relaxant that is used when a tube is inserted 
into a patient’s trachea or when a bronchoscope is used to 
examine the trachea and bronchi for signs of cancer. Within 
seconds of the administration of succinylcholine, the patient 
experiences muscle paralysis and is placed on a respirator while 
the examination proceeds. Succinylcholine is a competitive 
inhibitor of acetylcholinesterase, a nervous system enzyme, 
and this inhibition causes paralysis. However, succinylcholine 
is hydrolyzed by blood-serum cholinesterase, which shows   a 
broader   substrate specificity than does the nervous system 
enzyme. Paralysis lasts until the succinylcholine is hydrolyzed 
by the serum cholinesterase, usually several minutes later.  
  (a)   As a safety measure, serum cholinesterase is measured 
before the examination takes place. Explain why this mea-
surement is good idea.  
  (b)   What would happen to the patient if the serum cholin-
esterase activity were only 10 units of activity per liter 
rather than the normal activity of about 80 units?  
  (c)   Some patients have a mutant form of the serum cholin-
esterase that displays a   K  M   of   10 mM  , rather than the 
 normal   1.4 mM  . What will be the effect of this mutation on 
the patient?  

 Data Interpretation Problems 

  32.   A   natural attraction, but more complicated.   You have 
isolated two versions of the same   enzyme, a wild type and a 
mutant differing from the wild type at a single amino acid. 
Working carefully but expeditiously, you then establish the 
following kinetic characteristics of the enzymes.  

Maximum velocity KM

Wild type 100 mmol/min 10 mM

Mutant   1 mmol/min    0.1 mM

  (a) With the assumption that the reaction occurs in two 
steps in which   k  2  1   is much larger than   k  2  , which enzyme 
has the higher affinity for substrate?  
  (b) What is the initial velocity of the reaction catalyzed by 
the wild-type enzyme when the substrate concentration is 
  10 mM  ?  

  (c) Which enzyme alters the equilibrium more in the direc-
tion of product?  

  33.     K  M     matters  . The amino acid asparagine is required by 
cancer cells to proliferate. Treating patients with the enzyme 
asparaginase is sometimes used as a chemotherapy treat-
ment. Asparaginase hydrolyzes asparagine to aspartate and 
ammonia. The adjoining illustration shows the Michaelis–
Menten curves for two asparaginases from different sources, 
as well as the concentration of asparagine in the environ-
ment (indicated by the arrow). Which enzyme would 
make a better chemotherapeutic agent?  

[S]

Asparaginase 2

Asparaginase 1

V 0

  34.   Enzyme specificity  . Catalysis of the cleavage of peptide 
bonds in small peptides by a proteolytic enzyme is described 
in the following table.  

Substrate KM (mM) kcat (s21)

EMTATG 4.0 24

EMTATA 1.5 30

EMTATF 0.5 18

  The arrow indicates the peptide bond cleaved in each case.  
  (a) If a mixture of these peptides were presented to the 
enzyme with the concentration of each peptide being the 
same, which peptide would be digested most rapidly?   Most 
slowly?   Briefly explain your reasoning, if any.  
  (b) The experiment is performed again on another peptide 
with the following results.  
   EMTI T F 9 18 

  On the basis of these data, suggest the features of the amino 
acid sequence that dictate the specificity of the enzyme.  

  35.     Varying the enzyme.   For a one-substrate, enzyme- 
catalyzed reaction, double-reciprocal plots were deter-
mined for three different enzyme concentrations. Which of 
the following three families of curve would you expect to be 
obtained? Explain.  

1/V0 1/V0 1/V0

1/[S]1/[S]1/[S]

Ποιο είναι το σωστό;
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  (b) What is the initial velocity of the reaction catalyzed by 
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• Η ασπαραγίνη είναι απαραίτητη για τον πολλαπλασιασμό των 
καρκινικών κυττάρων

• Θεραπεία με το ένζυμο ασπαραγινάση (χημειοθεραπεία)

• Την διασπά σε ασπαρτικό και αμμωνία

• ΜΜ από δύο ασπαραγινάσες από διαφορετικές πηγές

• Συγκεκριμένη συγκέντρωση της ασπαραγίνης στο περιβάλλον 

Η ΚΜ έχει σημασία…


