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I. 
Traditional models of enzymatic catalysis 

 

Enzymes exhibit a high degree of specificity for the reactions they catalyze and the 
substrates involved in these reactions. The eminent specificity of enzymes inspired the Nobel 
laureate organic chemist Emil Fischer to define the classical textbook lock-key model of 
enzyme catalysis in 1894 [1]. This model used analogy between an enzyme, lock, and a 
substrate, key, to describe the need for matching size, shape and chemical nature of a 
substrate in order to fit to the complementary active site of an enzyme (Figure 1A). 

 Although the lock-key model successfully explains the great majority of specificity 
patterns exhibited by enzymes, the rigid enzyme model does not fit to all cases. In 1958, the 
model was markedly modified by David Koshland, Jr. to take into account flexibility of an 
enzyme that can accommodate the substrate by the induced-fit mechanism [2]. While the 
Fischer’s lock-key model assumes essentially the same conformation of free and ligand-
bound proteins, in the induced-fit model, ligand binding induces a conformational change in 
the protein (Figure 1B).  

Alternatively to the induced-fit model, the selected-fit model describes a different origin 
for the protein conformational change accompanied by ligand binding [3, 4]. The selected-fit 
model assumes equilibrium between multiple conformational states, in which the ligand is 
able to select and stabilize a complementary protein conformation [5, 6]. In the selected-fit 
model, the conformational change precedes ligand binding, in contrast to the induced-fit 
model, where binding occurs first (Figure 1C).  
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Figure 1.   Traditional models of enzymatic catalysis.  lock-key model (A),  induced-fit model (B), 
selected-fit model (C) 

 

 

For the models mentioned above, rigid or induced compatibility of the substrate and the 
active site is taken into consideration for specificity and catalytic performance of the 
enzymes. Such models describe catalysis by enzymes with wide-open active sites, localized 
on the protein surface, but are less descriptive for the enzymes with the active sites buried 
in the protein core. Buried active sites are typically localized in the internal cavities and 
connected with bulk solvent by the access pathways through which the substrates enter and 
the products leave the active site (Figure 2).   
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Figure 2. Schematic representation of protein channels (A) and tunnels (B-E). The terms tunnel and 
channel are often used interchangeably in the scientific literature, therefore, we establish unifying 
terminology for the following text. By channel we mean a pathway leading throughout the protein 
structure, without any interruption by an internal cavity, with both sides open to the surrounding 
solvent (A). By tunnel we mean a pathway connecting a protein surface with an internal cavity (B-D) 
or a pathway connecting more than one internal cavity (E). Based on this definition, the term tunnel 
is used for all pathways described in this contribution dealing with catalytic proteins with the active 
sites. The term channel is reserved for pathways of the protein transporting the ligands, e.g., 
transmembrane pores, which are not covered by this contribution. 

 

II.  
Definition of the keyhole-lock-key model 

 

As an extension of the traditional models of enzymatic catalysis, we propose a keyhole-
lock-key model for catalysis by enzymes with active sites buried inside the protein core and 
connected with a surface by access pathways (Figure 3). In this model, a substrate is 
represented by a key, active site is represented by a lock and the access pathway is 
represented by a keyhole. This model reflects the importance of the substrate entry and/or 
the product release for enzyme activity, specificity and stereoselectivity. Size, shape, 
physico-chemical properties and dynamics of protein tunnels – keyholes – discriminate 
interacting ligands and can determine kinetics and equilibria of substrate entry and/or 
product exit. We postulate that complementarity between these access pathways and a 
cognate ligand can be as important for substrate specificity as the [induced] match between 
the substrate and the active site. Thus, recognition of the substrate by the enzyme can be 
seen as a two-step process, consisting of the: (i) passage of the substrate via the tunnel and 
(ii) fit to the active site. Targeting the tunnels, rather than the active sites, by site-directed or 
saturation mutagenesis represents a new paradigm in protein engineering with wide 
practical applications. 
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Figure 3. Keyhole-lock-key model for enzymatic catalysis. Two-step process composed of a passage of 
substrate (key) via the tunnel (keyhole) and molecular recognition in the active site (lock). 

 

III. 
Robustness and applicability of the keyhole-lock-key model 

 

The following section aims to address questions related to the robustness and the 
applicability of established model: “How general is a newly introduced model”, “How many 
enzymes contain tunnels” and “Is the presence of tunnels restricted to certain enzyme 
classes or spread all over the protein world”?  

Many enzymes have now been identified that contain tunnels for the passage of reactive 
intermediates from one active site to another [7, 8] or tunnels for transport of ligands from 
the molecular surface to the deeply buried active site [9, 10]. The importance of tunnels for 
activity, substrate specificity and stereoselectivity has been explored by X-ray 
crystallography, steady state kinetics, pre-steady state kinetics and molecular modelling. 
Inspection of published literature revealed that the existence of tunnels, keyholes, is not 
restricted to a certain enzyme class, but is widespread all over the protein world. Selected 
examples of enzymes possessing the tunnels are listed in Table 1 and Figure 4. Enzymes with 
buried active sites can be grouped into categories according to the number and topology of 
the tunnel(s) in a structure:  

 enzymes with a single tunnel connecting buried active site with the protein surface 
(Figure 2B).  

 enzymes with more than one tunnel connecting a buried active site to the protein 
surface (Figure 2C,D).  

 enzymes with a tunnel between two distinct active sites (Figure 2E).  
We note that the classification may change based on the knowledge collected for particular 
enzymes using experimental techniques monitoring changes in protein and ligands in time or 
the computational approaches. 
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Table 1.   Selected examples of enzymes from different enzyme classes possessing the 
tunnels. 
 

EC No. Enzyme Tunnel Specification Tunnel Function Ref. 

1.- OXIDOREDUCTASES    

1.1.3.6 cholesterol oxidase 

oxygen tunnel 

positioned between 

substrate-binding 

domain and FAD-

binding domain 

entry of O2 to 

active site during 

oxidative half-

raction 

[11, 

12] 

1.2.1.3 aldehyde dehydrogenase substrate access tunnel entry of substrate [13] 

1.2.3.3 pyruvate oxidase 
tunnel leading to 

active site 
entry of substrate [14] 

1.2.4.1 pyruvate dehydrogenase 

30 Å long tunnel 

whose two entrances 

form CoA and 

dihydrolipoamide 

binding sites 

entry of substrate 

and egrees of 

products 

[15] 

1.2.7.4 carbon monooxide dehydrogenase 

hydrophobic tunnel 

extending from surface 

of dimer in COOH-

terminal domain 

continuing to 

positively charged 

water-filled catalytic 

cavity 

entry of substrate 

and water 

molecules to active 

site and egress of 

CO2 

[16] 

1.4.1.14 glutamate synthase 

31 Å long internal 

tunnel, constricted at 

one location by main 

chain atoms,  

connecting two 

separated active sites 

control of 

ammonia diffusion 

between two active 

sites by gating 

mechanism 

[7, 17] 

1.4.3.2 L-amino acid oxidase 

two hydrophobic 

tunnels connecting 

buried active site with 

bulk solvent 

entry of O2 to 

active site during 

the oxidative half-

reaction (tunnel A), 

egress of product 

H2O2 (tunnel B) 

[18] 

1.4.3.6 amine oxidase 

tunnel connecting 

active site with bulk 

solvent 

substrate 

recognition, entry 

of substrate and 

egress of products 

[19] 

1.4.7.1 glutamate synthase 

25 Å long hydrophilic 

tunnel leading from 

glutaminase site to 

synthase site 

transfer of NH3 

between active 

sites located on 

separate domains 

[20] 

1.5.3.11 polyamine oxidase 

30 Å long U-shaped 

catalytic tunnel, 

interface between 

FAD-binding domain 

and substrate-binding 

domain 

substrate 

recognition and 

entry of substrate 

[21] 

1.9.3.1 cytochrome c oxidase 
wide hydrophobic 

tunnel 

entry of O2 to 

active site 
[22] 

1.10.3.2 Laccase 
narrow tunnel leading 

to type-2 cooper site 

exchange of 

solvent molecules 

 

[23] 
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1.11.1.6 Catalase 

three tunnels (main 

tunnel, lateral tunnel 

and tunnel leading to 

central cavity) 

connecting buried 

active site with bulk 

solvent 

entry of substrate 

and egress of 

product 

[24] 

1.11.1.18 Bromoperoxidase 

5 Å long narrow 

tunnel connecting 

active site pocket with 

second pocket 

entry of peroxide 

and halide to active 

site, expulsion of 

solvent from active 

site during 

substrate binding 

[25] 

1.12.7.2 Fe-Fe hydrogenase 

hydrophobic 

permanent tunnel and 

transient tunnel, both 

connecting vacant 

coordination site in 

active site with bulk 

solvent 

entry of H2 and O2 

to active site 
[26] 

1.12.99.6 Ni-Fe hydrogenase 

four hydrophobic 

tunnels connecting 

active site with bulk 

solvent 

regulation of H2 

entry to active site 

and hydrogen 

storage inside 

protein 

[26] 

1.13.11.- Lipooxygenase 

40 Å long narrow 

oxygen tunnel 

intersecting substrate 

pocket near reactive 

C-11 

entry of O2 to 

active site 

[27, 

28] 

four dynamic oxygen 

tunnels connecting 

deeply buried active 

site with bulk solvent 

entry of O2 to 

active site 
[29] 

1.14.13.- toluene/o-xylene monooxygenase 

6-10 Å wide tunnel, 35 

Å in length connecting 

active site with bulk 

solvent 

entry of substrate 

and egress of 

product 

[30] 

1.14.13.2 4-hydroxybenzoate hydroxylase 

aqueous tunnel 

connecting substrate 

binding pocket with 

bulk solvent 

entry of substrate [31] 

1.14.13.7 phenol hydroxylase solvent tunnel 

entry of substrate 

and egress of 

product, entry of 

NADPH and O2 to 

active site 

[32] 

1.14.13.23 3-hydroxybenzoate hydroxylase 

large tunnel 

connecting substrate 

binding pocket with 

bulk solvent by two 

entrances 

entry of substrate 

and O2 to active 

site 

[33] 

1.14.13.25 methane monooxygenase 

tunnel created after 

binding of regulatory 

protein (MMOB) to 

active site containing 

hydroxylase 

component (MMOH) 

 

 

entry of CH4 to 

active site 
[34] 
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1.14.13.39 nitric oxide synthase 

30  Å  long active site 

tunnel created during 

dimerization 

entry of substrate [35] 

1.14.-.- 
cytochrome P450 

 

two tunnels connecting 

active site with bulk 

solvent, opening and 

closing of first and 

second tunnel driven 

by conformational 

change 

first tunnel for 

entry of substrate, 

second tunnel for 

egress of product 

[36] 

three opened active 

site tunnels (2a, 2e and 

S),  main egress tunnel 

(2c) opened by 

breakage of hydrogen-

bond - all connecting 

active site with bulk 

solvent 

entry of substrate 

and egress of 

product, exchange 

of solvent 

[37] 

main 22 Å long 

hydrophobic tunnel for 

substrate access and 

product egress (2a), 12 

additional tunnels (1, 

2b, 2c, 2ac, 2d, 2e, 2f, 

3, 4, 5, S and W) - all 

connecting active site 

with bulk solvent 

entry of substrate 

and egress of 

product, exchange 

of O2 and solvent 

[9, 38, 

39] 

1.14.99.1 Cyclooxygenase 

main substrate/oxygen 

tunnel and three 

additional tunnels 

connecting active site 

with bulk solvent 

entry of substrate 

and exchange of O2 
[40] 

1.16.3.1 Ferritin 

hydrophopbic tunnel 

connecting dinuclear 

centre with bulk 

solvent 

exchange of O2 and 

possibly ions 
[41] 

1.18.6.1 Nitrogenase 

30 Å long tunnel 

active site with bulk 

solvent 

entry of substrate 

and egress of 

product 

[42] 

2.- TRANSFERASES    

2.3.1.- polyketide synthase 

CoA binding tunnel 

and 20 Å long 

substrate binding 

tunnel connecting 

active site with bulk 

solvent 

entry of substrate 

and CoA 
[43] 

2.3.1.37 5-aminolevulinate synthase 

tunnel connecting 

active site with bulk 

solvent 

entry of substrate [44] 

2.3.1.74 chalcone synthase 

16 Å long CoA-

binding tunnel 

connecting active site 

with bulk solvent 

entry of CoA, 

positioning of 

substrates in active 

site 

[45] 

2.3.1.169 acetyl-CoA synthase 

solvent-inaccessible 

tunnel connecting two 

distinct active sites 

one-dimensional 

pathway for 

transport or 

tunneling of 

intermediate 

 

[46] 



Protein Engineering Handbook: Volume 3, First Edition. Edited by Stefan Lutz and Uwe Theo Bornscheuer.© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. 

Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA. 
 

2.3.1.180 
beta-ketoacyl-acyl-carrier-protein 

synthase 

20 Å long narrow 

hydrophobic tunnel 

connecting active site 

with bulk solvent 

entry of CoA [47] 

2.4.2.14 

glutamine 

phosphoribosylpyrophosphate 

amidotranferase 

20 Å long, narrow, 

solvent-inaccessible 

hydrophobic tunnel 

induced by substrate 

binding which 

connects two active 

sites located in 

different enzyme 

domains 

transfer of NH3 

intermediate 

between two active 

sites 

[7, 48] 

2.5.1.18 glutathione S-transferase 

narrow tunnel 

connecting active site 

with bulk solvent 

entry of substrates 

and release of 

products 

[49] 

2.5.1.90 octaprenyl pyrophosphate synthase 

elongated hydrophobic 

tunnel between D and 

F α-helices containing 

two DDXXD motifs 

for substrate binding 

entry of substrate [50] 

2.6.1.16 glucosamine 6-phosphate synthase 

18 Å long 

hydrophobic tunnel 

connecting 

glutaminase and 

isomerase active sites, 

gate residue W74 

controls access 

through tunnel 

transfer of NH3 

between two active 

sites 

[7, 51] 

2.7.1.78 polynucleotide kinase 
tunnel through protein 

core 

accomodation of 

single-stranded 

polynucleotide 

[52] 

2.7.7.6 DNA-dependent RNA polymerase 

two tunnels: upstream 

DNA-binding tunnel 

and RNA-exit tunnel 

(10-12 Å in diameter) 

entry of substrate 

and egress of 

product 

[53] 

2.7.7.63 lipoate-protein ligase 

10 Å deep tunnel 

connecting active site 

with bulk solvent 

accomodation of 

lysine side chain 

protruding from 

lipoyl domain 

[54] 

3.- HYDROLASES    

3.1.1.2 aryl esterase 
main tunnel and back-

access tunnel 

entry of substrate 

and egress of 

product 

[55] 

3.1.1.3 Lipase 

30 Å long narrow 

substrate binding 

tunnel covered by lid 

connecting buried 

active site with bulk 

solvent 

 

entry of substrate, 

egress of product 

and exchange of 

solvent 

[56] 

two narrow and 

tunnels running 

parallelly from active 

site to bulk solvent, 

accommodates acyl 

and alcohol moieties 

of monoester substrate 

 

entry and 

accomodation of 

monoester 

substrate 

[57] 
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long narrow 

hydrophobic tunnel 

entry of 

accomodation of 

18 C long fatty 

acids 

[58] 

17 Å long elliptical 

tunnel, width at base is 

4.5 Å and increases to 

10.5 Å at entrance to 

binding site 

entry of substrate [59] 

7 Å deep tunnel, its 

width at the base is 4.5 

Å and increases to 13 

Å at the entrance to 

the binding site 

entry of alcohol [59] 

3.1.1.7 Acetylcholinesterase 

two tunnels connecting 

buried active site with 

bulk solvent, one 

permanent and one 

transient with opening 

driven by 

conformational change 

of Y442 side chain 

entry of substrate, 

egress of product 

and exchange of 

solvent 

[60] 

3.2.1.14 Chitinase 

polar tunnel 

connecting active site 

with bulk solvent 

entry of substrate 

and egress of 

product 

[61, 

62] 

3.2.1.91 Cellobiohydrolase 
50 Å long substrate-

binding tunnel 

scaffold for ten 

well-defined 

binding sites for 

glukosyl units 

[63] 

2.3.1.94 
thioesterase domain from the            

6-deoxyerythronolide synthase 

20 Å long substrate 

tunnel that transpasses 

entire protein with 

active site located in 

middle, mouth 

diameter 8 Å on N-

side and 5.5 Å on C-

side 

entry of substrate 

from N-side, egress 

of product from C-

side 

[64] 

3.3.2.3 epoxide hydrolase 

20 Å long tunnel 

connecting back of 

active site cavity with 

bulk solvent 

entry of catalytic 

water to active site 

[65, 

66] 

3.4.21.26 prolyl oligopeptidase 

central tunnel 

connecting buried 

active site with bulk 

solvent 

entry of substrate, 

substrate 

discrimination 

[67, 

68] 

3.4.24.16 neurolysin deep narrow tunnel entry of substrate [69] 

3.6.1.25 Triphosphatase substrate tunnel 
scaffold for metal-

binding sites 
[70] 

3.8.1.5 haloalkane dehalogenase 

main tunnel 

connecting buried 

active site with bulk 

solvent, blocked by 

side chains of W194 

and L262 

 

entry of substrate 

and egress of 

product 

[10, 

71] 

two tunnels connecting 

active site with bulk 

solvent, main tunnel 

and slot tunnel 

 

entry of substrate, 

egress of product 

and solvent 

exchange 

[10, 

72, 

73] 
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three tunnels 

connecting active site 

with bulk solvent, 

lower tunnel 13 Å long 

, upper tunnel and slot 

tunnel 

entry of substrate, 

egress of product 

and solvent 

exchange 

[10, 

74, 

75] 

two tunnels connecting 

active site with bulk 

solvent, main tunnel 

and slot tunnel 

entry of substrate, 

egress of product 

and solvent 

exchange 

[76] 

4.- LYASES    

4.1.1.48 
imidazole glycerol phosphate 

synthase 

NH3 tunnel from 

glutaminase active site 

to cyclase active site 

with "charge gate" 

formed by conserved 

residues R239, E293, 

K360 and E465 

transfer of NH3 

between two active 

sites 

[7, 77] 

4.2.1.20 tryptophan synthase 

25 Å long  largely 

hydrophobic tunnel 

connecting two 

individual active sites 

of neighboring α and β 

subunits 

transfer of indole 

between two active 

sites 

[7, 78, 

79] 

4.1.2.37 hydroxynitrile lyase 

narrow tunnel flanked 

by predominantly 

apolar residues 

connecting deeply 

buried active site with 

bulk solvent 

entry of substrate 

and egress of 

product 

[80] 

4.2.1.60 
β-hydroxydecanoyl thiol ester 

dehydrase 

20 Å long and 6 Å 

wide binding tunnel 

with catalytic H70 

situated halfway along 

tunnel connecting 

hydrophobic core with 

bulk solvent 

entry and binding 

of substrate, 

solvent exchange 

[81] 

4.2.2.5 chondroitin lyase 

narrow and shallow 

tunnel containing 

substrate recognition, 

catalytic subsite and 

product release regions 

entry of substrate 

and egress of 

product 

[82] 

5.- ISOMERASES    

5.1.1.3 glutamate racemase 

tunnel connecting 

active site with bulk 

solvent 

entry of substrate 

and egress of 

product 

[83, 

84] 

5.3.3.1 Δ5-3-ketosteroid isomerase 

two 20 Å wide 

cylindrical tunnels 

(horizontal and 

vertical) connecting 

active site with bulk 

solvent 

 

entry of steroid 

substrates and 

inhibitors 

[85] 

5.4.99.2 methylmalonyl-CoA-mutase 

narrow substrate 

tunnel connecting 

active site with bulk 

solvent 

 

entry of CoA and 

substrates 
[86] 
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5.4.99.17 squalene-hopene cyclase 

nonpolar tunnel 

connecting active site 

with bulk solvent 

entry of substrate 

and egress of 

product 

[87] 

6.- LIGASES    

6.3.1.1 asparagine synthetase 

tunnel formed 

primarily by backbone 

atoms and 

hydrophobic or 

nonpolar side chains 

connecting two active 

sites 

transfer of NH3 

between two active 

sites 

[7, 88] 

6.3.5.5 carbamoyl phosphate synthetase 

hydrophobic ~ 80 Å 

long  internal 

molecular tunnel 

connecting three  

remotely located 

active sites 

transfer of 

intermediates 

between three 

active sites 

[7, 89-

91] 

 

 

 

(i) Enzymes with a single tunnel connecting a buried active site to the protein surface.  
 

Many globular enzymes possess active sites buried in the protein core that are 
accessible from the bulk solvent via an access tunnel, which can be permanent or transient 
[9, 10, 72]. The permanent tunnels can be observed in the structures determined by X-ray 
crystallography or NMR spectroscopy, while the transient tunnels are identified using 
molecular modelling described in the part VII. A single tunnel connecting a deeply buried 
active site to the protein surface and serving for exchange of ligands, e.g., substrate, product 
or solvent, has been identified in the structure of cytosolic sheep liver aldehyde 
dehydrogenase [13], pyruvate oxidase [14], amine oxidase (cooper-containing) [19], 4-
hydroxybenzoate hydroxylase [31], glutathione S-transferase [49], lipoate-protein ligase A 
[54], Candida antarctica lipase A [56], Candida rugosa lipase [58], Agrobacterium radiobacter 
epoxide hydrolase [65, 66], neurolysin [69], β-hydroxydecanoyl thiol ester dehydrase [81], or 
glutamate racemase [83, 84]. 

 

(ii) Enzymes with more than one tunnel connecting a buried active site to the protein 
surface.  
 
The connection between an enzyme active site deeply buried inside the protein 

interior and the bulk solvent can also be provided by multiple tunnels. A good example of an 
enzyme with multiple tunnels is cytochrome P450cam, which has a buried catalytic pocket 
connected to the surface by 13 distinct tunnels. The main 22 Å long hydrophobic tunnel 
serves for substrate access and product egress, while 12 additional tunnels provide 
alternative pathways for product release or the passage of water and oxygen molecules 
involved in the catalytic cycle [9, 38, 39]. Cytochrome P450 CYP51 represents another 
interesting example of the enzyme with multiple tunnels. The conformationally regulated 
opening of this enzyme for ligands is enabled by two distinct tunnels, one of them being 
open to the surface [36]. 
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Figure 4. Tunnels in selected examples of proteins from different enzyme classes calculated by 
CAVER software [10].  
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Although two tunnels are apparent in the enzyme structure, only the first tunnel for 
substrate access is opened at a time. It has been proposed, that the entrance of the second 
tunnel is closed from the surface by interaction between A' helix and the FG loop. Rotation 
of the F- and G-helix enables motion of the FG loop, resulting in the opening of the second 
tunnel synchronized with closing of the first tunnel. This synchronization might provide a 
means for substrate to enter one tunnel and product egrees the second tunnel [36]. Multiple 
tunnels have been described for most of the cytochromes [9], but also for a number of 
diverse enzymes: catalase [24], Ni-Fe hydrogenase [26], lipoxygenase 12/15 [29], L-amino 
acid oxidase [18], haloalkane dehalogenase DhaA [10, 72, 73] and haloalkane dehalogenase 
LinB [10, 74, 75], acetylcholinesterase [60], and Δ5-3-ketosteroid isomerase [85]. 

 

(iii) Enzymes with the tunnel between two distinct active sites.  

Multifunctional enzymes and multienzyme complexes are able to directly transfer 
substrates and intermediates between multiple active sites, located on separate domains or 
subunits. A common feature has emerged for such enzymes: the molecular tunnels 
connecting distinct active sites. Since the first tunnel connecting distinct active sites was 
discovered for tryptophan synthase [7, 78, 79], a number of similar tunnels have been 
identified in carbamoyl phosphate synthetase [7, 89-91], glucosamine 6-phosphate synthase 
[7, 51], imidazole glycerol phosphate synthase [7, 77], glutamate synthase (NADH) [7, 17], 
asparagine synthetase [7, 88], and acetyl-CoA synthase [46]. Direct transfer between active 
centers prevents the release of labile substrates into the solvent as well as entrance of 
intermediates into competing metabolic pathways. Likewise, it can increase the enzyme 
catalytic efficiency by reducing the transit time from and to binding sites. Moreover, 
substrate tunneling may serve the purpose of tightly regulating a block of consecutive 
reactions, which may be part of a metabolic pathway or a multistep catalytic cycle [8, 17]. An 
interesting case of the enzyme with the tunnel between two distinct active sites is 
represented by glutamine phosphoribosylpyrophosphate amidotransferase [48]. Its 
structural study revealed a unique feature of substrate tunneling: the formation of the 
tunnel only when both active sites are occupied by appropriate ligands. A hydrophobic NH3 
tunnel is formed during one step of the catalytic cycle of the enzyme by amino acids that are 
otherwise exposed to bulk solvent. The signal for activation of catalysis in the glutaminase 
domain is binding of phosphoribosylpyrophosphate (PRPP) to the phosphoribosyltransferase 
(PRTase) domain. Binding of the charged PRPP substrate induces ordering of the PRTase 
flexible loop accompanied by kinking of the C-terminal α-helix, which results in closure of the 
PRTase active site. The ordered PRTase loop and conserved hydrophobic residues from the 
interdomain cleft create a narrow solvent-inaccessible tunnel between the glutaminase and 
PRTase domain. This tunnel permits diffusion of NH3 between the two active sites. Direct 
consequence of the first two structural changes is restructuring of the glutamine loop 
residues. A new conformation of the glutamine loop serves as the major contributor to 
overall PRPP stimulation of glutaminase catalytic efficiency [7, 48].  
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IV. 
Evolutionary and functional implications of the keyhole-lock-key model 

 

Why is it advantageous for an organism to have specificity of its enzymes determined by 
both a lock and a keyhole? Two levels of discrimination offer greater possibilities for the 
correct identification of specific physiological substrates. Discrimination of the ligands before 
they enter the protein interior is beneficial due to the reduced formation of unphysiological 
complexes. Formation of unphysiological (non-productive) complexes is not desirable, since 
it leads to lower concentration of active catalysts inside the cells and reduced fitness of an 
organism. These issues become especially important when considering the thousands of 
proteins and ligands simultaneously co-localized inside a living cell. Complementarity 
between the substrates and a binding site which is being analysed in the search for 
structural determinants of cognate ligands [92, 93] may not be sufficient for proteins with 
buried active sites. Complementarity between the substrates and access pathways should be 
taken into consideration when analysing a metabolome by bioinformatics and 
chemoinformatics approches [94].  

The keyhole-lock-key model provides additional explanation for the size of proteins [95]. 
Larger structures provide more opportunities for the evolution of a sophisticated system of 
tunnels with a large variety of anatomies and conformational behaviour. These can be 
important to:  

 allow access of preferred substrates to the active site, while prevent access of 
unpreferred ones [96, 97],  

  allow entry of co-substrates with different physico-chemical properties [98],  

  prevent damage of the enzymes containing the transition metals by poisoning [97, 
99],  

 prevent damage of the cell by highly reactive intermediates and metabolites [100, 
101],  

 make reactions requiring the absence of water solvent kinetically and 
thermodynamically feasible [102],  

 orchestrate reactions requiring a precise order of individual steps [103],  

 synchronize reactions requiring the contact of a large number of substrates, 
intermediates and co-factors [103, 104], and  

 secure spatial concentration of reacting species [105].  
 

Longer tunnels in large proteins provide many possibilities for the evolution of bottlenecks 
and gates. These are typically made from side-chains of multiple residues, but also flexible 
loops and mobile secondary elements, mostly helices.  

Recent experimental and computational studies suggest the role of conformational 
dynamics for enzymatic catalysis [106-111]. While dynamics of buried active sites can be 
rather restricted and even undesirable due to the requirement for good stabilization of 
transition state by the catalytic residues; tunnels can easily adopt a large pleiotropy of 
motions, assisting binding of substrates and release of products. These processes may 
require proper timing within the catalytic cycle, which can be embedded in the protein 
structure in a form of atomic-scale fluctuations and large-scale motions. 
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We envisage difference in evolvability of the buried active sites and access pathways. 

Susceptibility of the access pathways to the mutations was proposed to differ significantly 
from buried active sites [112], resulting in variations in evolvability of these structural 
elements [113]. This view is supported by different rates of evolution in the regions of access 
tunnels compared to other regions of the protein structure [114]. A number of instances are 
described in literature, when mutations located outside the active site (even on the proteins 
surface) significantly changed the catalytic properties of the enzyme [115]. The effect of 
mutations located at a greater distance from the active site is often difficult to explain. We 
speculate that some of these mutations could have an effect on access tunnels and 
pathways, which remained unnoticed during structural analyses by X-ray crystallography or 
NMR spectrocopy. The application of computational methods developed for the analysis of 
tunnels (see part VII) will allow better understanding of the evolution and function of protein 
tunnels.  

   

V. 
Engineering implications of the keyhole-lock-key model 

 

The practical implications of keyhole-lock-key model can be envisaged in the field of 
protein engineering. Why it may be advantageous to target tunnels rather than active site by 
mutagenesis? The substitutions localized closer to the proteins surface are believed to be 
structurally more acceptable than mutations in the enzymes interior [116]. The replacement 
of relatively tolerant residues located at the access tunnels outside the active site does not 
lead to loss of functionality by disruption of the active site architecture [112] and can still 
provide impressive refinement of valuable enzyme properties [117]. Modifications in these 
natural hotspots provide higher chances of obtaining functional variants. Altering the size, 
physico-chemical properties or dynamics of these transport pathways can lead to significant 
changes in: (i) activity, (ii) specificity, (iii) stereoselectivity and (iv) stability of enzymes with 
buried active sites (Table 2). Published experimental examples clearly demonstrate that 
modification of access pathways is a successful strategy applicable to proteins from various 
enzyme classes. 

 

Table 2.   Selected examples of enzymes from different enzyme classes with engineered 
tunnels. 
 

EC No. Enzyme Mutation 
Affected 

Structure 
Affected Property Ref. 

1.- OXIDOREDUCTASES 

 

 

 

   

1.1.3.6 cholesterol oxidase 

F359X, G347X tunnel activity [118] 

R477X, E311X tunnel 
activity, 

mechanism 
[119] 

1.2.1.- 
aminoaldehyde 

dehydrogenase 

E106A, D110A, D113A 
tunnel 

entrance 
specificity 

[120] 

Y163A, W170A, W288A tunnel specificity 

1.2.4.1 pyruvate dehydrogenase D180A, E183A tunnel activity [121] 
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1.4.7.1 
ferredoxin glutamate 

synthase 
E1013X tunnel activity [122] 

1.2.7.4 
carbon-monoxide 

dehydrogenase 
A110C, A265M tunnel activity [123] 

1.4.3.6 amine oxidase L184X, L354X 
tunnel 

entrance 
selectivity [124] 

1.11.1.6 catalase 

F148V, F149V, F156V, 

F159V, V111A 
tunnel activity [125] 

R260A tunnel activity [126] 

H128X, D201X tunnel 
activity, reaction 

coupling 
[127] 

V169, D181, tunnel activity [24] 

1.12.99.6                                        Ni-Fe hydrogenase V74X, L122X tunnel inhibition [97] 

1.13.11.- lipoxygenase L367X tunnel affinity [128] 

1.14.13.- 
toluene-ortho-xylene-

monooxygenase 

E214X gate activity [129] 

I100X, F205X, A107X tunnel activity [130] 

1.14.13.- 
toluene 4-

monooxygenase 

D285I, D285Q, D285S 
tunnel 

entrance 
activity [131] 

I100A, I100S 
tunnel 

entrance 
activity [132] 

I100G 
tunnel 

entrance 

enantioselectivity, 

activity 
[133] 

1.14.13.39 nitric oxide synthase L337X,  N115X tunnel inhibition [134] 

1.14.13.2 
4-hydroxybenzoate 

hydroxylase 
R220Q tunnel activity, specificity [135] 

1.14.-.- 
cytochrom P450  

F483I, F483W 
tunnel 

entrance 
specificity [136] 

Val477X, G301, I114X tunnel activity [137] 

F108W, I120W tunnel activity 
[138, 

139] 

I115L tunnel activity [140] 

R47L/Y51F 
tunnel 

entrance 
activity [141] 

1.14.15.3 alkane hydroxylase W55X tunnel specificity [142] 

1.18.6.1 nitrogenase 
V70X, A94X, Y100X, 

T104X, T111X 
tunnel affinity [42] 

2.- TRANSFERASES 

 

 

 

 

   

2.6.1.16  
glucosamine-6-

phosphate synthase 
W74A, A602L, V605L 

tunnel 

closure 
activity [105] 

2.3.1.74 chalcone synthase 
F215S tunnel specificity [143] 

M207G tunnel specificity [144] 

2.3.1.180 
beta-ketoacyl-acyl-

carrier-protein synthase 
H95A, M99A 

tunnel 

entrance 
activity [145] 

2.3.1.- polyketide synthases C205F, A209F tunnel specificity [43] 

2.4.1.20 cellobiose phosphorylase N156D, N163D tunnel specificity [146] 

2.5.1.90 

octaprenyl 

pyrophosphate synthase 

 

F132A/L128A/I123A/D62A tunnel specificity [147] 
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2.5.1.31 
undecaprenyl 

pyrophosphate synthase 

L137A, A143V, A69L tunnel specificity 

[148] 
W75A, E81A, S71A 

tunnel 

entrance 
affinity 

S71A, N74A, R77A 
tunnel 

entrance 
activity 

L85A,  L88A, F89A 
tunnel 

entrance 
affinity [149] 

2.7.7.48 
RNA-dependent RNA 

polymerase 
K151E, R222E tunnel activity [150] 

3.- HYDROLASES 

 

 

 

   

3.1.1.2 arylesterase F125I 
tunnel 

entrance 
specificity [151] 

3.1.1.3 lipase 

P246F, L413F, L410W, 

L410F/S300E, 

L410F/S365L 

binding 

tunnel 
specificity [152] 

new termini between 

282/283 

access 

tunnel 
activity [153] 

I189A, L278V, A282L 
access 

tunnel 
enantioselectivity [154] 

L17S/L287I 
tunnel 

bottleneck 

enantioselectivity, 

activity 
[155] 

3.1.1.7 acetylcholinesterase 

E69X, Y324X, Y370X, 

F371X 
tunnel activity [156] 

W279A 
tunnel 

entrance 
inhibition [157] 

3.3.2.3 epoxide hydrolase 

A217X 
tunnel 

entrance 

enantioselectivity, 

activity 
[158] 

L215F, A217N, R219S, 

L249Y, T317W, T318V, 

M329P, L330Y, C350V 

tunnel enantioselectivity [117] 

3.8.1.5 haloalkane dehalogenase 

L177X 
tunnel 

bottleneck 
activity, specificity [159] 

I135F, C176Y, V245F, 

L246I, Y273F 

tunnel 

and slot 
activity [112] 

A172V, T148L, G171Q, 

C176F 
tunnel 

thermostability, 

solvent resistance 
[160] 

H139A tunnel enantioselectivity [161] 

T197A, F294A tunnel product transport [71] 

4.- LYASES 

 

 

 

   

4.1.1.48      

imidazole glycerol 

phosphate synthase 

 

R5A, K99A, T78A, T78F, 

P76F 
tunnel ligand transport [102] 

4.2.2.5 chondroitinase R292A tunnel substrate affinity [162] 

4.1.2.37 hydroxynitrile  lyase W128A 
tunnel 

entrance 
specificity 

[163, 

164] 

4.2.1.20 tryptophan synthase 
F280X, C170X tunnel activity [165] 

E49F, G51L, D60Y tunnel activity [166] 
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4.2.1.60 

3-hydroxydecanoyl-acyl 

carrier protein 

dehydratase 

Y100A 
tunnel 

entrance 
activity [167] 

4.5.-.- halohydrin dehalogenase W249F 
tunnel 

entrance 
activity, affinity [168] 

5.- 

 

ISOMERASES 

 

    

5.4.99.2 
methylmalonyl-CoA 

mutase 
W105R tunnel function [169] 

5.4.99.17 squalene-hopene cyclase E45X 
tunnel 

entrance 
activity, selectivity [170] 

6.- 

 

LIGASES 

 

    

6.3.1.1 asparagine synthetase E348D tunnel activity [171] 

6.3.5.5 
carbamoyl phosphate 

synthetase 

C232V/A251V/A314V tunnel activity [103] 

G359F, G359Y tunnel reaction coupling [172] 

E25Q, E383Q , E577Q, 

E604Q, E916Q 
tunnel activity [90] 

 

 

(i) Engineering activity  

The molecular basis for observed effects of tunnel engineering on activity can be 
explained by facilitation of substrate access or product release by the opening or restriction 
of transport pathways [42, 102, 103, 105, 118, 119, 128, 132, 141, 147, 151, 153, 156, 167, 
172, 173]. Changes in the permeability of tunnels between different active sites can 
significantly alter reaction rates and coordination of coupled reactions [102, 123, 156, 165, 
172]. Particularly interesting hotspots for modification of access pathways’ geometry are the 
residues forming the bottlenecks, i.e., the narrowest point of the access pathway, or the 
residues forming the gates, i.e., structural elements changing reversibly between open and 
close conformation [174]. Interestingly, the enzyme activity can be also significantly 
improved by closing the access pathway. The engineering of tunnels towards lower 
permeability for solvent molecules may be useful for improvement of enzyme activity when 
solvent molecules destabilize reactive states [112]. Such design is required to reduce number 
of solvent molecules able to penetrate the catalytic cavity, but at the same time do not 
impair the access of the substrate and release of the products. Besides the steric 
parameters, the polarity and hydrophobicity of access pathways can be also important for 
enzyme catalysis [24, 42, 90, 121, 150]. Electrostatics within a tunnel interior provides 
steering for substrate entrance or product release, whilst preventing the undesired 
transformation of the substrate and stabilizing the tunnel architecture. 
 
(ii) Engineering specificity  

Amino acid conservation and required structural similarity of active sites provides fewer 
possibilities for the design of new enzyme specificities. Several studies suggest that 
substitutions of the residues located in the access tunnel can be a successful concept for 
modulation of substrate specificity. Substitutions modulating shape of the tunnel or 



Protein Engineering Handbook: Volume 3, First Edition. Edited by Stefan Lutz and Uwe Theo Bornscheuer.© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. 

Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA. 
 

introducing different polarity were observed to bring significant modification of enzyme 
specificity [134, 142, 143, 146, 148, 149, 152, 157, 159, 162, 164]. These studies 
demonstrate that there are factors beyond the geometric shape of the active site that 
determine substrate specificity [175] and that classical lock- key model is not sufficient to 
explain the role of the tunnel residues on enzyme specificity. 
 

(iii) Engineering stereoselectivity  

Several studies demonstrate significant improvement of enzyme stereoselectivity by the 
access tunnel modification, often after the introduction of as few as single point substitution 
[154, 155, 158]. These findings suggest that enantiodiscrimination can be related to 
asymmetric interactions between the substrate, lock, and the active site, key, or preferential 
conversion of one enatiomer, but also due to distinct interactions of two enantiomers with 
the access pathways, keyholes. The molecular basis for the effect of access tunnels on 
enzyme stereoselectivity can be explained by: (i) difference in accessibility of enantiomers 
from the enzyme surface to the catalytic site [154], (ii) difference in steering of the substrate 
into the reactive configuration [133] or (iii) the diverse effect of solvation on stabilisation of 
competing enantiomers [161]; all being governed by shape and physico-chemical properties 
of the entrance tunnel(s). 

 

(iv) Engineering stability  

Redesigning access tunnels permeability towards solvent molecules also provides an 
interesting strategy for protein stabilization. Reducing the access of organic solvent to 
enzyme active site by modification of a tunnels permeability and packing can significantly 
influence the protein resistance towards organic solvents and/or elevated temperature [160, 
176].  

 

 

VI. 
Software tools for rational engineering of keyholes 
 

Rational design of tunnels is typically initiated by their identification in static or dynamic 
protein structures. Identification of tunnels by the visual inspection of a protein structure 
may not be sufficient, making the use of specialized software tools indispensable (Figure 5A). 
These software tools can be effectively coupled to the molecular dynamics (MD) simulation 
of an apo-enzyme (Figure 5B) or an enzyme-ligand complex (Figure 5C). Here we describe 
important considerations that have to be taken into account during selection of a proper 
computational method and interpretation of results. 

 
(i) Analysis of tunnels in a single protein structure  

The initial step in the analysis of enzyme tunnels requires a single static structure of the 
enzyme of interest as only input. Prior to the analysis, the enzyme structure should be 
purged of all unnecessary ligands and crystal waters. To facilitate the analysis, knowledge of 
an appropriate starting point for the calculation is beneficial. The starting point can be 
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represented by one or more atoms or residues located in the active site of an enzyme. If the 
starting point is not provided, the tools (Table 3) will estimate a position of the starting point 
automatically as a centre of the selected cavity or a mass of entire enzyme or using 
information from various bioinformatic databases. The tunnels leading from the starting 
point towards the surface of an enzyme are then delineated. 

 

Figure 5. Three levels of complexity analysed by in silico methods: Analysis of tunnels in a single 
protein structure (A), analysis of tunnels in the ensemble of protein structures (B) and analysis of 
tunnels in the ensemble of protein-ligand complexes (C). 

 

As the main output, the tools provide geometry of a given number of tunnels or all 
tunnels wider than a given radius. All identified tunnels are described by following 
parameters: (i) a tunnel length, (ii) an average width, (iii) a tunnel profile, i.e., tunnel 
width at a given distance from the starting point, (iv) a list of tunnel-lining residues and (v) 
a location of a tunnel bottleneck, i.e., the narrowest part of the tunnel. The differences in 
usage, outputs and algorithms of individual tools has been recently reviewed [177]. 
Residues forming a tunnel bottleneck represent a natural target for a design, as their 
substitutions tend to have a high impact on the function of the tunnel as described in 
parts II and VI. Identification of the tunnels in a single structure is rapid, taking only tenths 
of a second to complete on an average sized enzyme using a common desktop computer 
or a laptop. The main disadvantage of this simple approach lies in neglecting the enzyme 
dynamics. Only the tunnels that are open in the analyzed enzyme structure are identified, 
while temporarily closed tunnels will be missed by this analysis. 

 
 
(ii) Analysis of tunnels in the ensemble of protein structures 

 

To eliminate the main disadvantage of the approach described in the previous paragraph, 
the tunnels must be identified in a large ensemble of enzyme conformations obtained by MD 
simulation. In MD simulation, the enzyme molecule is approximated by a set of spheres 
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representing atoms, which are connected by springs representing bonds. This system is then 
subjected to the Newton’s law of motion, allowing tracking of its evolution in time. There are 
many software packages that can be used to carry out MD simulations of protein structures 
(Table 3). It is far beyond the scope of this chapter to describe details of the proper setup of 
MD simulation. However, one consideration should be mentioned – use of explicit solvents 
in the MD simulation is recommended since solvent molecules can promote tunnel dynamics 
and induce tunnels to open. Readers not interested in running MD simulations are advised 
to look for the trajectories in the databases (Table 3). The analysis of tunnels is performed 
on each structure from MD simulation in the same way as in the case of a single static 
structure [10, 178, 179]. The only difference is that the ensemble of all tunnels identified in 
all enzyme structures have to be clustered into groups reflecting the dynamics of a single 
tunnel throughout the time. The results are also similar to those obtained by analysis of a 
static structure with the exception that the geometry of identified tunnels is variable with 
time. The frequency with which the tunnels are opened can be employed as an indicator of 
their relevance for a ligand exchange. Tunnel dynamics not only provide a more 
comprehensive picture of enzyme tunnels and their relevance, but also enable identification 
of bottlenecks that could not be observed in a static structure [180]. This allows the 
targeting of all important bottlenecks providing better control over the transport of ligands 
through a tunnel. The main disadvantage of tunnel analysis in the data from MD simulation 
is the time requirement. The setup and calculation require more than a few weeks on a 
powerful workstation and a couple of days spent on the analysis of tunnels. Although this 
approach provides insight into the relevance of individual tunnels, it does not describe 
interactions of tunnel residues with the ligands themselves. 

 
 

(iii) Analysis of tunnels in the ensemble of protein-ligand complexes 

 

 The most detailed view of tunnels explored by a ligand on its way in and out of a 
buried cavity can be obtained by direct simulation of the transport processes. Since classical 
MD simulations do not allow coverage of sufficiently long times, methods for acceleration of 
these processes were developed [181] (Table 3). These methods push or pull a ligand out of 
an enzyme using addition force. The simulation can be performed either randomly [182], 
where many simulations are needed to evaluate the relevance of observed tunnels, or a 
ligand can be forced to pass through a particular tunnel, which has to be identified prior to 
the simulation [183]. The advantage of including ligand explicitly in the simulation is the 
possibility to determine an energy profile of ligand passage through the tunnel (Figure 5C). 
The energy profiles allow evaluation of the ligand preference for particular tunnels. When 
simulations are run with several different ligands, tunnel specificity can be determined [184]. 
This allows selective engineering of a tunnel for a particular ligand, while keeping the tunnels 
for other ligands intact. In addition, bottlenecks hindering ligand migration by non-sterical 
effects can also be identified and engineered. The main drawback of the direct simulation of 
ligand migration is specificity of obtained results. The simulation only provides information 
about the accessibility of tunnels for a particular ligand. Moreover, knowledge of possible 
pathways is often needed for effective setup of the simulation and many simulations have to 
be run in parallel. Selectivity of the results is thus redeemed by its high demands on the time 
and computing power. The calculations have to be performed on the computer clusters and 
usually require a few months of time. 
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Table 3.   Selected computational resources applicable for analysis of the tunnels. 
 

Applicability 

Resource WWW site Availability Ref. 
Static 

tunne

ls 

Dynam

ic 

tunnels 

MD 

simulati

on 

Ligand 

migrati

on 

+ + - - Caver http://caver.cz/ 

Free for  

non-

commercial 

research 

[10] 

+ + - - Mole http://mole.chemi.muni.cz/web/ Free 
[17

8] 

+ + - - MolAxis 
http://bioinfo3d.cs.tau.ac.il/Mol

Axis/ 

Free for  

non-

commercial 

research 

[17

9] 

+ - - - 3V http://3vee.molmovdb.org/ 
GNU General 

Public license 

[18

5] 

+ - - - Hollow http://hollow.sourceforge.net/ 
GNU General 

Public license 

[18

6] 

- - + + AMBER http://ambermd.org/ 

Reduced 

price for 

license for  

non-commer

cial research 

[18

7] 

- - + + CHARMM http://www.charmm.org/ 

Reduced 

price for 

license for  

non-commer

cial research 

[18

8] 

- - + + Gromacs http://www.gromacs.org/ 
GNU General 

Public license 

[18

9] 

- - + + NAMD 
http://www.ks.uiuc.edu/Researc

h/namd/ 

Free for  

non-

commercial 

research 

[19

0] 

- - + - 
Dynameom

ics 
http://www.dynameomics.org/ On request 

[19

1] 

- - + - 

Molecular 

Dynamics 

Extended 

Library 

http://mmb.pcb.ub.es/MoDEL/ 

Free for  

non-

commercial 

research 

[19

2] 
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VII.  
Case studies with haloalkane dehalogenases 

 

Studies on structure-function relationships of haloalkane dehalogenases demonstrate 
the importance of access pathways for the biochemical function of enzymes possessing 
buried active sites [10, 72, 74, 159, 193-196]. Haloalkane dehalogenases (EC 3.8.1.5) catalyze 
the hydrolytical cleavage of the carbon-halogen bonds in a wide range of halogenated 
compounds to corresponding alcohols and halides [197]. The reaction is accomplished by a 
catalytic pentad, including a nucleophile (Asp), a general base (His), a catalytic acid 
(Asp/Glu), and two halide-stabilizing residues (Trp and Trp/Asn) [198-202]. Structurally, 
haloalkane dehalogenases belong to the α/β-hydrolase superfamily [203]. The active site is 
deeply buried in the predominantly hydrophobic cavity at the interface of the α/β-hydrolase 
core domain and the helical cap domain, and is connected to the bulk solvent by the access 
tunnels [198]. Significant difference in substrate specificity has been observed for individual 
haloalkane dehalogenases regardless of the high conservation and structural similarity of 
their active sites. Comparative structural analysis of haloalkane dehalogenases from 
different species, possessing various substrate preferences, revealed striking differences in 
the entrance tunnels leading to buried active sites (Figure 6) [74]. In correspondence with 
the proposal that the character of the entrance tunnel is associated with differences in 
substrate specificity, phylogenetic analysis showed the highest evolutionary variability 
among residues serving as the structural components of the access pathways. Mutations at 
these residues modify the anatomy and physico-chemical character of the tunnels, which are 
important for the exchange of ligands between the buried active site and the bulk solvent, 
thus creating a structural basis for the molecular evolution of new substrate specificities 
[159, 202].  

 

Figure 6. Access tunnels connecting a buried active site with the protein surface of DhlA from 
Xanthobacter autotrophicus GJ10 (A), LinB from Sphingobium japonicum UT26 (B), DhaA from 
Rhodococcus rhodochrous NCIMB 13064 (C), DbjA from Bradyrhizobium japonicum USDA110 (D) 
calculated by CAVER software [10].  

 

High importance of the residue affecting the size and shape of the entrance tunnel 
for substrate specificity and enzymatic activity was demonstrated experimentally by site-
directed mutagenesis [159]. The surface residue leucine 177, positioned at the tunnel 
opening of the haloalkane dehalogenase from Sphingobium japonicum UT26, was selected 
for modification based on structural and phylogenetic analysis; the residue forms the 
bottleneck of an entrance tunnel, and it is the most variable pocket residue in haloalkane 
dehalogenase-like proteins with nine substitutions in fourteen proteins (Figure 7). The study 
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showed that replacement of this tunnel residue can effectively change the size of the tunnel 
and modify substrate specificity and activity of the haloalkane dehalogenase [159].  

 

 

Figure 7. Identification of a hot spot residue by phylogenetic analysis. Variability in amino acid 
residues at the positions equivalent to the active site and tunnel residues of haloalkane 
dehalogenase LinB derived from the multiple sequence alignment of 14 family members (A). The 
molecular surface of the active site and upper tunnel of haloalkane dehalogenase LinB from 
Sphingobium japonicum UT26; the substrate 1,2-dibromoethane is colored by atom type, the residue 
in the position 177 is in red (B). Adopted from Chaloupkova et al. [159]. 

 

Additional evidence for the importance of the tunnel residues for the activity of 
haloalkane dehalogenases were obtained from directed evolution experiments. Random 
mutagenesis has been applied to the dhaA gene from Rhodococcus rhodochrous 
NCIMB13064 to improve the kinetic properties of the DhaA enzyme for conversion of 1,2,3-
trichloropropane (TCP) [194, 204]. Two libraries of 10,000 variants constructed 
independently by error-prone PCR were screened and resulted in the double point mutants 
with improved activity toward TCP. In both cases, the mutants carried out mutation in the 
position 176, corresponding to the position 177 in LinB, with cysteine substituted by large 
aromatic phenylalanine or tyrosine. The molecular dynamics simulations and quantum 
mechanical calculations revealed that the mutations did not alter the positioning of the 
substrate TCP in the active site or the stabilization of the transition state, instead, they 
modified the mouth of the access tunnel connecting the buried active site with the 
surrounding solvent [205]. 
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The key residues forming access tunnels of DhaA were identified and targeted by focused 
directed evolution in the follow-up study [112]. The mutant enzyme exhibiting up to 32-fold 
higher catalytic activity towards TCP has been obtained. The most active mutant contained 
the large aromatic residues in four out of five positions targeted by the mutagenesis, leading 
to the most occluded active site. The improvement in catalytic activity was related to 
decreased accessibility of the active site for water molecules, promoting the formation of 
the reactive complex (Figure 8). This study provides the direct experimental evidence that 
the activity of enzymes can be improved by modifying access pathways connecting the 
buried active site cavity with the surrounding solvent [112]. 

 

Figure 8. Enhanced activity of haloalkane dehalogenase DhaA towards TCP by modification of protein 
tunnel. Accessibility of active sites to a bulk solvent during MD simulations: the active site cavity of 
the wild-type DhaA is accessible to a bulk solvent (red); the cavity of the mutant is closed, and only 
discrete internal positions are occupied by structural waters (blue); spheres representing waters 
have a radius of 0.5 Å centered on the oxygen atoms (A). Snapshots from MD simulations of the 
nonreactive configuration of TCP competing with waters for the nucleophile in the wild-type DhaA 
and the reactive orientation of TCP in the mutant; only polar hydrogens are shown for clarity (B). 
Adopted from Pavlova et al. [112]. 
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Importance of the tunnel residues also became apparent during engineering of a 
thermostable DhaA enzyme. The Gene Site Saturation Mutagenesis (GSSM) method [206] 
was used to create an enzyme library, comprising of all possible single mutant variants of the 
haloalkane dehalogenase DhaA. The single-point variants with improved thermostability 
were identified and combined in the final eight-point mutant, showing 30,000 times 
improved kinetic stability [204]. Contribution of substitutions localized on the protein 
surface and lining the access tunnel was dissected by the site-directed mutagenesis, 
revealing that four substitutions in the tunnel residues accounted for almost all stability 
improvements [160]. 

 
 
VIII.  
Conclusions 

 
Many existing enzymes contain tunnels for the exchange of ligands between the bulk 

solvent and the buried active site, or between two buried active sites. Published scientific 
literature contains numerous (>60) examples of such enzymes from all six enzyme classes: (i) 
oxidoreductases (27 families), (ii) transferases (12 families), (iii) hydrolases (11 families), (iv) 
lyases (5 families), (v) isomerases (4 families) and (vi) ligases (2 families). The tunnels allow 
access of the preferred substrates, while preventing the entry of unpreferred ones or other 
solvent molecules. Tunnels also synchronize reactions requiring a precise order of individual 
steps or the contact of a large number of substrates, intermediates and co-factors. 

Traditional models of enzyme catalysis do not consider the effects of size, shape, 
physico-chemical properties and dynamics of the access pathways on enzyme functionality 
and are therefore insufficiently descriptive for enzymes with buried active sites.  As an 
extension of the traditional models, a keyhole-lock-key model is proposed for the enzymes 
with active sites buried inside the protein core, shielded from water molecules and 
accessible from the bulk solvent via tunnels. In this model, the importance of the substrate 
entry and/or the product release through access tunnels is reflected. The keyhole-lock-key 
model postulates that complementarity between access pathways and a cognate ligand can 
be as important for substrate specificity as the match between the substrate and the active 
site.  

Two levels of discrimination offer greater possibilities for the correct identification of 
cognate ligands by an enzyme. Correspondingly, phylogenetic analysis showed the highest 
evolutionary variability among residues serving as the structural components of the access 
pathways. Mutations at these residue sites modify the anatomy and character of the tunnels 
and thus create a structural basis for the molecular evolution of novel functional properties. 
The practical implication of the keyhole-lock-key model is demonstrated in a range of protein 
engineering studies. A survey of 38 published examples revealed that the replacement of 
residues located at the access tunnels provides an impressive improvement of valuable 
enzyme properties, e.g., reaction mechanism, activity, substrate specificity, 
enantioselectivity and stability. We conclude, that targeting the tunnels, rather than the 
active sites, by site-directed or saturation mutagenesis represents a new paradigm in protein 
engineering with wide practical applications. 
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