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Κεφάλαιο 9

Στρατηγικές κατάλυσης

Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

Στρατηγικές κατάλυσης από 4 τάξεις
ενζύμων:

• Σερινοπρωτεάσες

• Ανθρακικές ανυδράσες

• Περιοριστικές ενδονουκλεάσες

• Μυοσίνες

Βιοχημεία I

Επεξηγεί την χρήση στρατηγικών για να λυθεί
ένα διαφορετικό πρόβλημα
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9.0 Εισαγωγή

Μερικές βασικές αρχές της κατάλυσης χρησιμοποιούνται από πολλά ένζυμα:

• Ομοιοπολική κατάλυση
το ενεργό κέντρο πρέπει να έχει μια δραστική ομάδα (π.χ. ένα ισχυρό πυρηνόφιλο)

• Γενική οξεοβασική κατάλυση
ένα μόριο παίζει τον ρόλο του δότη ή δέκτη πρωτονίων
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9.0 Εισαγωγή

Μερικές βασικές αρχές της κατάλυσης χρησιμοποιούνται από πολλά ένζυμα:

• Κατάλυση με προσέγγιση
πρόσδεση δύο υποστρωμάτων μαζί σε μια μοναδική επιφάνεια πρόσδεσης

• Κατάλυση μέσω ιόντος μετάλλου
μπορεί να α) διευκολύνει τον σχηματισμό πυρηνόφιλων

β) λειτουργήσει σαν μια ηλεκτρονιόφιλη οντότητα
γ) λειτουργήσει σαν μια γέφυρα μεταξύ Ε και S (αυξάνοντας την ενέργεια πρόσδεσης/σωστή γεωμετρία)
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Υδρόλυση του πεπτιδικού δεσμού
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9.1 Proteases

Finally, a metal ion may serve as a bridge between enzyme and substrate, 
increasing the binding energy and holding the substrate in a conformation 
appropriate for catalysis. This strategy is used by myosins (Section 9.4) and, 
indeed, by almost all enzymes that utilize ATP as a substrate.  

  9.1      Proteases Facilitate a Fundamentally Difficult 
Reaction  

 Peptide bond hydrolysis is an important process in living systems 
(Chapter 23). Proteins that have served their purpose must be degraded so 
that their constituent amino acids can be recycled for the synthesis of new 
proteins. Proteins ingested in the diet must be broken down into small pep-
tides and amino acids for absorption in the gut. Furthermore, as described 
in detail in Chapter 10, proteolytic reactions are important in regulating the 
activity of certain enzymes and other proteins. 

 Proteases cleave proteins by a hydrolysis reaction—the addition of a 
molecule of water to a peptide bond: 
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 Although the hydrolysis of peptide bonds is thermodynamically favorable, 
such reactions are extremely slow. In the absence of a catalyst, the half-life 
for the hydrolysis of a typical peptide at neutral pH is estimated to be 
between 10 and 1000 years. Yet, peptide bonds must be hydrolyzed within 
milliseconds in some biochemical processes. 

 The chemical nature of peptide bonds is responsible for their kinetic 
stability. Specifically, the resonance structure that accounts for the planarity 
of peptide bonds (Section 2.2) also makes them resistant to hydrolysis. This 
resonance structure endows them with partial double-bond character: 

R1

C
N

R2

O

H
R1

C
N

R2

O–

H

+

 The carbon–nitrogen bond is strengthened by its double-bond  character. 
Furthermore, the carbonyl carbon atom is less electrophilic and less suscep-
tible to nucleophilic attack than are the carbonyl carbon atoms in more 
 reactive compounds such as carboxylate esters. Consequently, to promote 
 peptide-bond cleavage, an enzyme must facilitate nucleophilic attack at a 
normally unreactive carbonyl group. 

  Chymotrypsin possesses a highly reactive serine residue  

 A number of proteolytic enzymes participate in the breakdown of proteins 
in the digestive systems of mammals and other organisms. One such 
enzyme, chymotrypsin, cleaves peptide bonds selectively on the carboxyl-
terminal side of the large hydrophobic amino acids such as tryptophan, 
tyrosine, phenylalanine, and methionine (Figure 9.1). Chymotrypsin is a 
good example of the use of  covalent catalysis . The enzyme employs a power-
ful nucleophile to attack the unreactive carbonyl carbon atom of the sub-
strate. This nucleophile becomes covalently attached to the substrate briefly 
in the course of catalysis. 
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10 έως 1000 χρόνια

χαρακτήρα διπλού δεσμού

Σε ουδέτερο pH και απουσία καταλύτη

Γιατί;
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Η χυμοθρυψίνη διασπά επιλεκτικά πεπτιδικούς δεσμούς

• καρβοξυλική πλευρά

• Αρωματικά ή μεγάλα υδροφοβα
αμινοξέα (Trp, Tyr, Phe, Met)

• Ομοιοπολική κατάλυση
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Η χυμοθρυψίνη διασπά επιλεκτικά πεπτιδικούς δεσμούς

• Δραστικό κατάλοιπο Ser195

• Πειράματα με χρήση του μη αντιστρεπτού
αναστολέα DIPF

• 28 πιθανά κατάλοιπα Ser, μόνο ένα αντιδρά

Πως ξέρουμε ότι αντιδρά μόνο ένα;
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Κινητική κατάλυση της χυμοθρυψίνης

Μελέτη της κινητικής χρησιμοποιώντας ένα ανάλογο υποστρώματος
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Κινητική κατάλυση της χυμοθρυψίνης

Υποδηλώνει τις δύο φάσεις της υδρόλυσης

• Γρήγορο και αργό στάδιο

• Φάση έκρηξης (γρήγορο)

• Φάση σταθερής ταχύτητας (αργό)
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Κινητική κατάλυση της χυμοθρυψίνης

Μπορείτε να εξηγήσετε τι δύο φάσης σύμφωνα με αυτό;
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

3 πολυπεπτιδικές αλυσίδες ενωμένες με S-S δεσμούς

Η Ser είναι μέρος της καταλυτική τριάδα η οποία
περιλαμβάνει επίσης His και Asp

Ποια αμινοξέα βλέπετε;
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Η καταλυτική τριάδα
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9.1

Μηχανισμός υδρόλυσης
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Οπή οξυανιόντος

9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Πως γίνεται η σταθεροποίηση;



14Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Προτίμηση για την διάσπαση πεπτιδικών δεσμών

• Θήκη εξειδίκευσης της χυμοθρυψίνης (S1)

• Η θήκη στην εικόνα είναι επενδυμένη με υδρόφοβα
αμινοξέα, ευνοώντας την πρόσδεση καταλοίπων με μακριές
υδρόφοβες πλευρικές αλυσίδες (π.χ. Phe)

Τι περιμένουμε να βρούμε εκεί;
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Προτίμηση για την διάσπαση πεπτιδικών δεσμών

Ονοματολογία εξειδίκευσης για αλληλεπίδραση πρωτεάσης-υποστρώματος

αμινοτελική πλευρά καρβόξυτελική πλευρά
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Καταλυτικές τριάδες απαντούν και σε άλλα υδρολυτικά ένζυμα

Δομική ομοιότητα της θρυψίνης και χυμοθρυψίνης

Πολύ διαφορετική εξειδίκευση υποστρώματος

• Χυμοθρυψίνη (μακριά μη πολική πλευρική αλυσίδα)

• Θρυψίνη (μακριές θετικά φορτισμένες πλευρικές αλυσίδες, π.χ. Arg, Lys)

• Ελαστάση (μικρές πλευρικές αλυσίδες, π.χ. Ala, Ser)
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Οι θήκες S1 της χυμοθρυψίνης, της
θρυψίνης και της ελαστάσης

Ορισμένα κατάλοιπα παίζουν
καθοριστικό ρόλο στον προσδιορισμό
της εξειδίκευσης αυτών των ενζύμων
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Η λειτουργεία της καταλυτικής τριάδας έχει αναλυθεί με μεταλλαξιγένεση σε συγκεκριμένη θέση

Καταλυτική τριάδα και οπή οξυανιόντος της σουμπτιλισίνης
Άλλες μεταλλάξεις;
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Τρεις άλλες τάξεις πρωτεασών



20Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Τρεις άλλες τάξεις πρωτεασών
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Τρεις άλλες τάξεις πρωτεασών
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Η πρωτεάση του HIV (διασπά τις ιικές πρωτεΐνες στην ενεργό μορφή τους)
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9.1 Οι πρωτεάσες διευκολύνουν μια θεμελιωδώς δύσκολη αντίδραση

Σύμπλοκο πρωτεάσης HIV-ινδιναβίρης
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9.2 Οι ανθρακικές ανυδράσες κάνουν μια γρήγορη αντίδραση γρηγορότερη

Η ανθρακική ανυδράση περιέχει ένα προσδεμένο Zn2+ απαραίτητο για την καταλυτική δραστικότητα
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The active site of HIV protease is covered by two flexible flaps that fold 
down on top of the bound inhibitor. The OH group of the central alcohol 
interacts with the two aspartate residues of the active site. In addition, two 
carbonyl groups of the inhibitor are hydrogen bonded to a water molecule 
(not shown in Figure 9.20), which, in turn, is hydrogen bonded to a pep-
tide NH group in each of the flaps. This interaction of the inhibitor with 
water and the enzyme is not possible within cellular aspartyl proteases 
such as renin. Thus, the interaction may contribute to the specificity of 
indinavir for HIV protease. To prevent side effects, protease inhibitors 
used as drugs must be specific for one enzyme without inhibiting other 
proteins within the body. 

  9.2     Carbonic Anhydrases Make a Fast Reaction Faster  

 Carbon dioxide is a major end product of aerobic metabolism. In mammals, 
this carbon dioxide is released into the blood and transported to the lungs 
for exhalation. While in the red blood cells, carbon dioxide reacts with water 
(Section 7.3). The product of this reaction is a moderately strong acid, car-
bonic acid (p K  a   5  3.5), which is converted into bicarbonate ion (HCO 3  

2 ) on 
the loss of a proton. 
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 Even in the absence of a catalyst, this hydration reaction proceeds at 
a moderately fast pace. At 37 8 C near neutral pH, the second-order rate 
constant  k  1  is 0.0027 M 2  1  s 2  1 . This value corresponds to an effective first-
order rate constant of 0.15 s 2  1  in water ([H 2 O]  5  55.5 M). The reverse 
reaction, the dehydration of HCO 3  

2   , is even more rapid, with a rate constant 
of  k  2  1    5  50 s 2  1 . These rate constants correspond to an equilibrium con-
stant of  K  1     5  5.4  3  10 2  5  and a ratio of [CO 2 ] to [H 2 CO 3 ] of 340  : 1   at 
equilibrium. 

 Carbon dioxide hydration and HCO 3  
2    dehydration are often cou-

pled to rapid processes, particularly transport processes. Thus, 
almost all organisms contain enzymes, referred to as  carbonic anhydrases,  
that increase the rate of reaction beyond the already reasonable spontane-
ous rate. For example, carbonic anhydrases dehydrate HCO 3  

2    in the blood 
to form CO 2  for exhalation as the blood passes through the lungs. 
Conversely, they convert CO 2  into HCO 3  

2    to generate the aqueous humor 
of the eye and other secretions. Furthermore, both CO 2  and HCO 3  

2    are 
substrates and products for a variety of enzymes, and the rapid intercon-
version of these species may be necessary to ensure appropriate substrate 
levels. So important are these enzymes in human beings that mutations in 
some carbonic anhydrases have been found to be associated with osteope-
trosis (excessive formation of dense bones accompanied by anemia) and 
mental retardation. 

 Carbonic anhydrases accelerate CO 2  hydration dramatically. The most-
active enzymes hydrate CO 2  at rates as high as  k  cat   5  10 6  s 2  1 , or a million 
times a second per enzyme molecule. Fundamental physical processes such 
as diffusion and proton transfer ordinarily limit the rate of hydration, and so 
the enzymes employ special strategies to attain such prodigious rates. 



25Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

9.2 Οι ανθρακικές ανυδράσες κάνουν μια γρήγορη αντίδραση γρηγορότερη

Θέση πρόσδεσης του CO2 και μηχανισμός ανθρακικής ανύδρασης
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9.2 Οι ανθρακικές ανυδράσες κάνουν μια γρήγορη αντίδραση γρηγορότερη

Επίδραση του pH στην δραστικότητα της ανθρακικής ανύδρασης
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9.2 Carbonic Anhydrases

  Carbonic anhydrase contains a bound zinc ion 
essential for catalytic activity  

 Less than 10 years after the discovery of carbonic anhydrase in 1932, this 
enzyme was found to contain a bound zinc ion. Moreover, the zinc ion 
appeared to be necessary for catalytic activity. This discovery, remarkable at 
the time, made carbonic anhydrase the first known zinc-containing enzyme. 
At present, hundreds of enzymes are known to contain zinc. In fact, more 
than one-third of all enzymes either contain bound metal ions or require the 
addition of such ions for activity. Metal ions have several properties that 
increase chemical reactivity: their positive charges, their ability to form 
strong yet kinetically labile bonds, and, in some cases, their capacity to be 
stable in more than one oxidation state. The chemical reactivity of metal 
ions explains why catalytic strategies that employ metal ions have been 
adopted throughout evolution. 

 X-ray crystallographic studies have supplied the most-detailed and 
direct information about the zinc site in carbonic anhydrase. At least seven 
carbonic anhydrases, each with its own gene, are present in human beings. 
They are all clearly homologous, as revealed by substantial sequence iden-
tity. Carbonic anhydrase II, a major protein component of red blood cells, 
has been the most extensively studied (Figure 9.21). It is also one of the 
most active carbonic anhydrases. 

Zn2+

H2O

His 119His 96

His 94

 FIGURE 9.21 The structure 
of human carbonic anhydrase II 
and its zinc site. (Left) Notice 
that the zinc ion is bound to the 
imidazole rings of three histidine 
residues as well as to a water 
molecule. (Right) Notice the 
location of the zinc site in a 
cleft near the center of the 
enzyme. [Drawn from 1CA2.pdb.]
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FIGURE 9.22 Effect of pH on carbonic 
anhydrase activity. Changes in pH alter 
the rate of carbon dioxide hydration 
catalyzed by carbonic anhydrase II. The 
enzyme is maximally active at high pH.

 Zinc is found only in the  1 2 state in biological systems. A zinc atom is 
essentially always bound to four or more ligands; in carbonic anhydrase, 
three coordination sites are occupied by the imidazole rings of three histi-
dine residues and an additional coordination site is occupied by a water 
molecule (or hydroxide ion, depending on pH). Because the molecules 
occupying the coordination sites are neutral, the overall charge on the 
Zn(His) 3  unit remains  1 2. 

  Catalysis entails zinc activation of a water molecule  

 How does this zinc complex facilitate carbon dioxide hydration? A major 
clue comes from the pH profile of enzymatically catalyzed carbon dioxide 
hydration (Figure 9.22). 

 At pH 8, the reaction proceeds near its maximal rate. As the pH 
decreases, the rate of the reaction drops. The midpoint of this transition is 
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FIGURE 9.23 The pKa of zinc-bound water. Binding to zinc lowers the pKa of water from 
15.7 to 7.
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FIGURE 9.25 Mechanism of carbonic 
anhydrase. The zinc-bound hydroxide 
mechanism for the hydration of carbon 
dioxide reveals one aspect of metal ion 
catalysis. The reaction proceeds in four 
steps: (1) water deprotonation, (2) carbon 
dioxide binding, (3) nucleophilic attack by 
hydroxide on carbon dioxide, and (4) 
displacement of bicarbonate ion by water.

FIGURE 9.24 Carbon dioxide binding 
site. Crystals of carbonic anhydrase were 
exposed to carbon dioxide gas at high 
pressure and low temperature, and x-ray 
diffraction data were collected. The electron 
density for carbon dioxide, clearly visible 
adjacent to the zinc and its bound water, 
reveals the carbon dioxide binding 
site. [Information from J. F. Domsic, et al., 
J. Biol. Chem. 283:30766–30771, 2008.]

CO2

Zn

near pH 7, suggesting that a group that loses a proton at pH 7 (p K  a   5  7) 
plays an important role in the activity of carbonic anhydrase. Moreover, the 
curve suggests that the deprotonated (high pH) form of this group partici-
pates more effectively in catalysis. Although some amino acids, notably 
histidine, have p K  a  values near 7,  a   variety of evidence suggests that the 
group responsible for this transition is not an amino acid but is the zinc-bound 
water molecule.  

 The binding of a water molecule to the positively charged zinc center 
reduces the p K  a  of the water molecule from 15.7 to 7 (Figure 9.23).    With 
the p K  a  lowered, the water molecule can more easily lose a proton at neutral 
pH, generating a substantial concentration of hydroxide ion (bound to 
the zinc atom). A zinc-bound hydroxide ion (OH 2 ) is a potent nucleophile 
able to attack carbon dioxide much more readily than water does. Adjacent 
to the zinc site, carbonic anhydrase also possesses a hydrophobic patch that 
serves as a binding site for carbon dioxide (Figure 9.24). Based on these 

observations, a simple mechanism for carbon dioxide hydration can be 
 proposed (Figure 9.25): 

  1.   The zinc ion facilitates the release of a proton from a water molecule, 
which generates a hydroxide ion.  

 2. The carbon dioxide substrate binds to the enzyme’s active site and is 
positioned to react with the hydroxide ion. 

 3. The hydroxide ion attacks the carbon dioxide, converting it into bicar-
bonate ion, HCO 3  

2 . 

  4.   The catalytic site is regenerated with the release of HCO  3  
2   and the bind-

ing of another molecule of water.  

 Thus, the binding of a water molecule to the zinc ion favors the formation 
of the transition state by facilitating proton release and by positioning the 
water molecule to be in close proximity to the other reactant. 

 Studies of a  synthetic analog model system  provide evidence for the mech-
anism’s plausibility. A simple synthetic ligand binds zinc through four 
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9.2 Οι ανθρακικές ανυδράσες κάνουν μια γρήγορη αντίδραση γρηγορότερη

Η ανθρακική ανυδράση II έχει αναπτύξει ένα σύστημα μεταφοράς πρωτονίων
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protons and hydroxide ions are limited to 10 2  7  M at neutral pH, the con-
centration of buffer components can be much higher, of the order of 
several millimolar. If the buffer component BH 1  has a p K  a  of 7 (match-
ing that for the zinc-bound water molecule), then the equilibrium con-
stant for the reaction in Figure 9.28 is 1. The rate of proton abstraction is 
given by  k  1  9     ?    [B]. The second-order rate constants  k  1  9  and k 2  1  9  will be 
limited by buffer diffusion to values less than approximately 10 9  M 2  1  s 2  1 . 
Thus, buffer concentrations greater than [B]  5  10 2  3  M (or 1 mM) may be 
high enough to support carbon dioxide hydration rates of 10 6  M 2  1  s 2  1  
because k19 ? [B] = (109 M21s21) ? (1023M) 5 106 s21. The prediction that 
the rate increases with increasing buffer concentration has been confirmed 
experimentally (Figure 9.29). 
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His
His

O

His
Zn2+

His
His

O–H H H

+ BH+
k1!

k–1!
K = 1≈k1!/k–1!+ B

FIGURE 9.28 The effect of buffer on 
deprotonation. The deprotonation of the 
zinc-bound water molecule in carbonic 
anhydrase is aided by buffer component B.
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FIGURE 9.29 The effect of buffer 
concentration on the rate of carbon 
dioxide hydration. The rate of carbon 
dioxide hydration increases with the 
concentration of the buffer 
1,2-dimethylbenzimidazole. The buffer 
enables the enzyme to achieve its high 
catalytic rates.
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FIGURE 9.30 Histidine proton shuttle. 
(1) Histidine 64 abstracts a proton from the 
zinc-bound water molecule, generating a 
nucleophilic hydroxide ion and a protonated 
histidine. (2) The buffer (B) removes a 
proton from the histidine, regenerating the 
unprotonated form.

 The molecular components of many buffers are too large to reach the 
active site of carbonic anhydrase. Carbonic anhydrase II has evolved a  pro-
ton shuttle  to allow buffer components to participate in the reaction from 
solution. The primary component of this shuttle is histidine 64. This resi-
due transfers protons from the zinc-bound water molecule to the protein 
surface and then to the buffer (Figure 9.30). Thus, catalytic function has 
been enhanced through the evolution of an apparatus for controlling proton 
transfer from and to the active site. Because protons participate in many 
biochemical reactions, the manipulation of the proton inventory within 
active sites is crucial to the function of many enzymes and explains the 
prominence of acid–base catalysis. 

Η καταλυτική λειτουργία αυξήθηκε μέσω της εξέλιξης μια συσκευής για τον έλεγχο της μεταφοράς πρωτονίων από και
προς το ενεργό κέντρο!
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9.3 Τα περιοριστικά ένζυμα καταλύουν πολύ εξειδικευμένες αντιδράσεις διάσπασης του DNA

Υδρόλυση ενός φωσφοδιεστερικού δεσμού
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9.3 Τα περιοριστικά ένζυμα καταλύουν πολύ εξειδικευμένες αντιδράσεις διάσπασης του DNA

Το Mg2+ βοηθά στην ενεργοποίηση του ύδατος και το τοποθετεί έτσι ώστε να μπορεί να επιτεθεί στην φωσφορική ομάδα

Πως το βλέπουμε αυτό;
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9.4 Οι μυοσίνες χρησιμοποιούν αλλαγές στην στερεοδιάταξη του ενζύμου για να συζεύξουν την υδρόλυση της 
ΑΤΡ με μηχανικό έργο

Δομή συμπλόκου μυοσίνης-ΑΤΡ



31Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

9.4 Οι μυοσίνες χρησιμοποιούν αλλαγές στην στερεοδιάταξη του ενζύμου για να συζεύξουν την υδρόλυση της 
ΑΤΡ με μηχανικό έργο

Διευκολύνοντας την επίθεση του Η2Ο
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9.4 Οι μυοσίνες χρησιμοποιούν αλλαγές στην στερεοδιάταξη του ενζύμου για να συζεύξουν την υδρόλυση της 
ΑΤΡ με μηχανικό έργο

Ανάλογο της μεταβατικής κατάστασης
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9.4 Οι μυοσίνες χρησιμοποιούν αλλαγές στην στερεοδιάταξη του ενζύμου για να συζεύξουν την υδρόλυση της 
ΑΤΡ με μηχανικό έργο

Αλλαγές στερεοδιάταξης
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9.4 Οι μυοσίνες χρησιμοποιούν αλλαγές στην στερεοδιάταξη του ενζύμου για να συζεύξουν την υδρόλυση της 
ΑΤΡ με μηχανικό έργο

Κίνηση ενός διμερούς μορίου

280

Tracking individual molecules reveals that each moves in steps of approxi-
mately 74 nm as shown in Figure 9.48. The observation of steps of a fixed 
size as well as the determination of this step size helps reveal details of the 
mechanism of action of these tiny molecular motors. 

  Myosins are a family of enzymes containing P-loop structures  

 X-ray crystallography has yielded the three-dimensional structures of 
a number of different enzymes that share key structural characteristics 

and, almost certainly, an evolutionary history with myosin. In particular, a 
conserved NTP-binding core domain is present. This domain consists of a 
central  b  sheet, surrounded on both sides by  a  helices (Figure 9.49). A char-
acteristic feature of this domain is a loop between the first  b  strand and the 
first helix. This loop typically has several glycine residues that are often 
conserved between more closely related members of this large and diverse 

 FIGURE 9.49 The core domain of 
NMP kinases. Notice the P-loop shown in 
green. The dashed lines represent the 
remainder of the protein structure. [Drawn 
from 1GKY.pdb.]

Adenylate kinase ! subunit of transducin " subunit of ATP synthase

 FIGURE 9.50 Three proteins containing P-loop NTPase domains. Notice the 
conserved domains shown with the inner surfaces of the ribbons in purple and the 
P-loops in green. [Drawn from 4AKE.pdb; 1TND.pdb; 1BMF.pdb.]

FIGURE 9.48 Single molecule motion. (A) A trace of the position of a single dimeric myosin 
V molecule as it moves across a surface coated with actin filaments. (B) A model of how the 
dimeric molecule moves in discrete steps with an average size of 74 6 5 nm. [Data from 
A. Yildiz, et al., Science 300(5628):2061–2065, 2003.]
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9.4 Οι μυοσίνες χρησιμοποιούν αλλαγές στην στερεοδιάταξη του ενζύμου για να συζεύξουν την υδρόλυση της 
ΑΤΡ με μηχανικό έργο
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Σημαντικό μόριο

Ethylenediaminetetraacetic acid (EDTA)

Αιθυλενοδιαμινοτετραοξικό οξύ

Mg(II)-EDTA

Metals-EDTA 
complexes 
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Άσκηση 1

Ας πάρουμε τα υποστρώματα:

binding energy (p. 252)
induced fit (p. 252)
covalent catalysis (p. 252)
general acid-base catalysis (p. 252)
catalysis by approximation (p. 252)
metal ion catalysis (p. 252)
chemical modification reaction (p. 254)

chromogenic substrate (p. 254)
catalytic triad (p. 256)
oxyanion hole (p. 257)
protease inhibitor (p. 263)
proton shuttle (p. 267)
recognition sequence (p. 269) 
in-line displacement (p. 270)

methylases (p. 274)
restriction-modification system 

(p. 274)
horizontal gene transfer (p. 275)
ATPase (p. 276)
P-loop (p. 281)

  KEY TERMS  

  PROBLEMS  

  1.     No burst.   Examination of the cleavage of the amide sub-
strate, A, by chymotrypsin with the use of stopped-flow 
kinetic methods reveals no burst. The reaction is monitored   
  by noting the color produced by the release of the amino 
part of the substrate (highlighted in orange). Why is no 
burst observed?  

N
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CH2 H

C

  2.     Contributing to your own demise.   Consider the subtilisin 
substrates A and B.  

   Phe-Ala-Gln-Phe-X     Phe-Ala-His-Phe-X  

     A     B  

  These substrates are cleaved (between Phe and X) by native 
subtilisin at essentially the same rate. However, the His 
64-to-Ala mutant of subtilisin cleaves substrate B more 
than 1000-fold as rapidly as it cleaves substrate A. Propose 
an explanation.  

  3.   1 1 1 ? 2. Consider the following argument. In sub-
tilisin, mutation of Ser 221 to Ala results in a 10  6  -fold 
decrease in activity. Mutation of His 64 to Ala results in a 
similar 10  6  -fold decrease. Therefore, simultaneous muta-
tion of Ser 221 to Ala and His 64 to Ala should result in a 
106 3 106 5 1012-fold reduction in activity. Is this reduc-
tion correct? Why or why not?  

  4.     Adding a charge.   In chymotrypsin, a mutant was con-
structed with Ser 189, which is in the bottom of the sub-
strate-specificity pocket, changed to Asp. What effect 
would you predict for this Ser 189  S  Asp 189 mutation?  

  5.     Conditional results.   In carbonic anhydrase II, mutation 
of the proton-shuttle residue His 64 to Ala was expected to 
result in a decrease in the maximal catalytic rate. However, 
in buffers such as imidazole with relatively small molecular 
components, no rate reduction was observed. In buffers 
with larger molecular components, significant rate reduc-
tions were observed. Propose an explanation.  

  6.     How many sites?   A researcher has isolated a restriction 
endonuclease that cleaves at only one particular 10-base-
pair site. Would this enzyme be useful in protecting cells 
from viral infections, given that a typical viral genome is 
50,000 base pairs long? Explain.  

  7.     Is faster better?   Restriction endonucleases are, in gen-
eral, quite slow enzymes with typical turnover numbers of 
1 s  2  1  . Suppose that endonucleases were faster, with turn-
over numbers similar to those for carbonic anhydrase (10  6
s  2  1  ), such that they act faster than do methylases. Would 
this increased rate be beneficial to host cells, assuming that 
the fast enzymes have similar levels of specificity?  

  8.     Adopting a new gene.   Suppose that one species of bacte-
ria obtained one gene encoding a   restriction endonuclease 
by horizontal gene transfer. Would you expect this acquisi-
tion to be beneficial?  

  9.     Chelation therapy.   Treatment of carbonic anhydrase 
with high concentrations of the metal chelator EDTA (eth-
ylenediaminetetraacetic acid) results in the loss of enzyme 
activity. Propose an explanation.  

  10.     An aldehyde inhibitor.   Elastase is specifically inhibited 
by an aldehyde derivative of one of its substrates:  

C

O

H
N

H3C H

H
N-Acetyl-Pro-Ala-Pro

C

  (a) Which residue in the active site of elastase is most likely 
to form a covalent bond with this aldehyde?  
  (b) What type of covalent link would be formed?  

283
Problems

• Αυτά τα υποστρώματα διασπώνται μεταξύ Phe και X από την φυσική σουμπλιτίνη (WT) με την ίδια ταχύτητα

• Η μετάλλαξη της His64 σε Ala διασπά το υπόστρωμα Β περισσότερο από 1000 φορές σε σχέση με το Α.

Γιατί; Προτείνετε μία εξήγηση.
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Άσκηση 2

Η ελαστάση αναστέλλεται εξειδικευμένα από ένα παράγωγο αλδεΰδης ενός από τα υποστρώματά της

• Ποιο κατάλοιπο στο ενεργό κέντρο της ελαστάσης είναι πιο πιθανό να σχηματίσει ένα ομοιοπολικό δεσμό με την
αλδεΰδη αυτή;

• Τι θα σχηματιστεί;

binding energy (p. 252)
induced fit (p. 252)
covalent catalysis (p. 252)
general acid-base catalysis (p. 252)
catalysis by approximation (p. 252)
metal ion catalysis (p. 252)
chemical modification reaction (p. 254)

chromogenic substrate (p. 254)
catalytic triad (p. 256)
oxyanion hole (p. 257)
protease inhibitor (p. 263)
proton shuttle (p. 267)
recognition sequence (p. 269) 
in-line displacement (p. 270)

methylases (p. 274)
restriction-modification system 

(p. 274)
horizontal gene transfer (p. 275)
ATPase (p. 276)
P-loop (p. 281)

  KEY TERMS  

  PROBLEMS  

  1.     No burst.   Examination of the cleavage of the amide sub-
strate, A, by chymotrypsin with the use of stopped-flow 
kinetic methods reveals no burst. The reaction is monitored   
  by noting the color produced by the release of the amino 
part of the substrate (highlighted in orange). Why is no 
burst observed?  
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  2.     Contributing to your own demise.   Consider the subtilisin 
substrates A and B.  

   Phe-Ala-Gln-Phe-X     Phe-Ala-His-Phe-X  

     A     B  

  These substrates are cleaved (between Phe and X) by native 
subtilisin at essentially the same rate. However, the His 
64-to-Ala mutant of subtilisin cleaves substrate B more 
than 1000-fold as rapidly as it cleaves substrate A. Propose 
an explanation.  

  3.   1 1 1 ? 2. Consider the following argument. In sub-
tilisin, mutation of Ser 221 to Ala results in a 10  6  -fold 
decrease in activity. Mutation of His 64 to Ala results in a 
similar 10  6  -fold decrease. Therefore, simultaneous muta-
tion of Ser 221 to Ala and His 64 to Ala should result in a 
106 3 106 5 1012-fold reduction in activity. Is this reduc-
tion correct? Why or why not?  

  4.     Adding a charge.   In chymotrypsin, a mutant was con-
structed with Ser 189, which is in the bottom of the sub-
strate-specificity pocket, changed to Asp. What effect 
would you predict for this Ser 189  S  Asp 189 mutation?  

  5.     Conditional results.   In carbonic anhydrase II, mutation 
of the proton-shuttle residue His 64 to Ala was expected to 
result in a decrease in the maximal catalytic rate. However, 
in buffers such as imidazole with relatively small molecular 
components, no rate reduction was observed. In buffers 
with larger molecular components, significant rate reduc-
tions were observed. Propose an explanation.  

  6.     How many sites?   A researcher has isolated a restriction 
endonuclease that cleaves at only one particular 10-base-
pair site. Would this enzyme be useful in protecting cells 
from viral infections, given that a typical viral genome is 
50,000 base pairs long? Explain.  

  7.     Is faster better?   Restriction endonucleases are, in gen-
eral, quite slow enzymes with typical turnover numbers of 
1 s  2  1  . Suppose that endonucleases were faster, with turn-
over numbers similar to those for carbonic anhydrase (10  6
s  2  1  ), such that they act faster than do methylases. Would 
this increased rate be beneficial to host cells, assuming that 
the fast enzymes have similar levels of specificity?  

  8.     Adopting a new gene.   Suppose that one species of bacte-
ria obtained one gene encoding a   restriction endonuclease 
by horizontal gene transfer. Would you expect this acquisi-
tion to be beneficial?  

  9.     Chelation therapy.   Treatment of carbonic anhydrase 
with high concentrations of the metal chelator EDTA (eth-
ylenediaminetetraacetic acid) results in the loss of enzyme 
activity. Propose an explanation.  

  10.     An aldehyde inhibitor.   Elastase is specifically inhibited 
by an aldehyde derivative of one of its substrates:  
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H
N-Acetyl-Pro-Ala-Pro

C

  (a) Which residue in the active site of elastase is most likely 
to form a covalent bond with this aldehyde?  
  (b) What type of covalent link would be formed?  
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Άσκηση 3

Ποιο ένζυμο (αυτού του κεφαλαίου) αναστέλλει το μόριο Α πιο αποτελεσματικά και γιατί;

284
CHAPTER 9 Catalytic Strategies

  11.     Identify the enzyme  . Consider the structure of molecule 
A. Which enzyme discussed in the chapter do you think 
molecule A will most effectively inhibit?  

C
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H3C
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H

H3N+

Molecule A

  12.     Acid test  . At pH 7.0, carbonic anhydrase exhibits a 
  k  cat   of 600,000 s  2  1  . Estimate the value expected for   k  cat   at 
pH 6.0.  

  13.     Restriction  . To terminate a reaction in which a restric-
tion enzyme cleaves DNA, researchers often add high 
concentrations of the metal chelator EDTA (ethylenedi-
aminetetraacetic acid). Why does the addition of EDTA 
terminate the reaction?  

  14.     Labeling strategy  . ATP is added to the myosin ATPase 
domain in water labeled with   18  O. After 50% of the ATP 
has been hydrolyzed, the remaining ATP is isolated and 
found to contain   18  O. Explain.  

  15.     Viva la resistance  . Many patients become resistant to 
HIV protease inhibitors with the passage of time owing to 

mutations in the HIV gene that encodes the protease. 
Mutations are not found in the aspartate residue that inter-
acts with the drugs. Why not?  

  16.     More than one way to skin k  cat  . Serine   236 in     Dictyostelium 
discoideum   myosin has been mutated to alanine. The 
mutated protein showed modestly reduced ATPase activ-
ity. Analysis of the crystal structure of the mutated protein 
revealed that a water molecule occupied the position of the 
hydroxyl group of the serine residue in the wild-type     pro-
tein. Propose a mechanism for the ATPase activity of the 
mutated enzyme.  

  17.     A power struggle  .     The catalytic power of an enzyme can 
be defined as the ratio of the rate of the enzyme catalyzed 
reaction to that for the uncatalyzed reaction.     Using the 
information in Figure 9.15 for subtilisin and in Figure 9.22 
for carbonic anhydrase, calculate the catalytic powers for 
these two enzymes.  

  18.     Wounded but not dead  .     How much activity (in terms of 
relative k  cat   values) does the version of subtilisin with all 
three residues in the catalytic triad mutated have compared 
to uncatalyzed reaction?     Propose an explanation.  

  Mechanism Problem  

  19.     Complete the mechanism.   On the basis of the informa-
tion provided in Figure 9.17, complete the mechanisms for 
peptide-bond cleavage by (a) a cysteine protease, (b) an 
aspartyl protease, and (c) a metalloprotease.   
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Άσκηση 4

Έχουμε την χυμοθρυψίνη με την μετάλλαξη S189D (βρίσκεται στον πυθμένα της θήκης εξειδίκευσης).

Τι αποτέλεσμα θα προβλέπαμε;

• Χυμοθρυψίνη (μακριά μη πολική πλευρική αλυσίδα)

• Θρυψίνη (μακριές θετικά φορτισμένες πλευρικές αλυσίδες, π.χ. Arg, Lys)


