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1. INTRODUCTION

Enzymes, as the natural catalysts, have evolved ivéons of years to perform
specific reactions within living organisms. Becaa$eheir large complexity and variability,
the structural basis for their efficiency and speity is not fully understood. At the same
time, there is an increasing demand to engineeymeez for the reactions needed for
production of chemicals, pharmaceuticals, foodicatjural additives and fuefs’.

Many of known enzymes have their active siigged inside their protein core, rather
thanexposedto the bulk solvent at the protein surfaGeThis may be due to several reasons,
such as the need of solvent absence to carry adifgpchemical reaction, a means of
controlling the substrate specificity, or regulgtithe release of products to the surrounding
solvent. These buried active sites are connectditetbulk solvent througtunnels, which act
as the exchange pathways for the substances beanadk solvent and the active site. Hence,
taking into account the very complex mixture oftpimos co-localized within a living cell, the
tunnels can be very important systems for accommplis the enzyme functions. Thus,
additionally to the simplistic Fischerleck-and-key model or the more realistic Koshland’s

induced-fit modef, the enzymes bearing tunnels can be described Ibgkakeyhole-key
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modef. This model takes into account that tkey (substrate) needs to pass through a
keyhole (tunnel) in order to reach theck (active site). Considering this model it becomes
very intuitive that access tunnels represent ingmbrtstructural features for regulating
enzymatic functions.

The enzymes frequently possess the structural elesni@r controlling the transport of
substances through tunnels and channels, cghéesS. Protein gates are dynamic systems
which can reversibly switch between open and ckiates through conformational changes
and by this way control the passage of moleculés amd out of the protein. The gates
provide a privileged mode for selecting the molesuhat are allowed to enter the structure,
as well as the frequency with which they can phssugh. Protein gates have been described
and studied befofe™ but the knowledge has been very dispersed wuéntly Gora et df*
surveyed the literature and systematized the irdtion using a newly established
classification system.

Due to their primary importance for the enzyme datite and function; tunnels,
channels and gates have revealed good potentiahffineering of enzyme properties. There
are many examples showing how mutations in ther&sigues defining the tunnel geometry
or gate mobility have contributed to change actj\specificity, and stability of enzymes. The
grand challenge in this context is to understand #tructural basis and underlying
mechanisms that will allow rational engineeringfalty functional access pathways in the

future.

2. PROTEIN TUNNELS
2.1 Structural basis and function
Many of the known enzymes possess buried acties,sand one of the possible

reasons is to regulate the substrate specificityp areate the suitable environment for their
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chemical reaction. Because the terminology in iterdture is diverse, herein we define
proteintunnels as the transport pathways between the surfacéhandctive sites which are
buried inside the protein structures or connectlifierent active sites within the proteins or
protein complexes; we definehannels as the conduits connecting different parts of the
protein surface through which the molecules mag pdthout transformatiofi.®*°

Structurally, the protein tunnels often contaibadtleneck, which is its narrowest part
and is determinant of tunnel selectivity. The laotdcks are often controlled by the gates that
open and close the narrowest part of the tunndi wértain frequencies. The existence of
tunnels and channels is not restricted to a smaligof enzymes, but it is rather widespread
and can be found in all the six enzyme classesteTaee proteins containingl)(channels
passing throughout the structure connecting twéehiht parts of protein surface?)(one
single tunnel connecting the surface with the lbaetive site cavity; ) more than one

tunnel connecting the surface with the buried &csite; and4) more than one active site

connected with each another and with the surfacgelgral tunneld<jgure 1).
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1. NaK channel " 2. Candidarugosa lipase &J

PDB-ID 3E8G E.C.3.1.1.3; PDB-ID 1CRL

3. [NiFeSe]-hydrogenase ' 4, carbamoyl phosphate synthetase
E.C. 1.12.99.6; PDB-ID 4KL8 E.C. 6.3.5.5; PDB-ID 1A9X

Figure 1. Channels and tunnels in proteinsExamples of proteins containing a chanrel (
NaK channel), and one single tunn@ Candida rugosa lipase) or multiple tunnels3(
[NiFeSe]-hydrogenase) connecting the active sitetycavith the bulk solvent, or a tunnel
connecting different active sitegl, (carbamoyl phosphate synthetase). The channels and

tunnels are represented in orange colour and thesagites in purple.

In the first class¥), the channels serve as a pathway for the sulesaoccross the
protein structures, for which there is usually dlwegulated mechanism. We may find them,
for example, in the ion channéfst’ which allow the crossing of specific ions through
membrane proteins (K* channel, C& channel, etc.), ifon pumps (Na'/K*-adenosine

triphosphatas& neurotransmitter transporteretc.), or in theporins.
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In the second clas®)( a single tunnel connecting a deeply buried acsite with the
surface has the role for exchange of the substragesducts, and solvent molecules
throughout the catalytic cycle. Many enzymes passa®e permanent tunnel as well as
several transient tunnels, which can be revealgdlpynstudying protein dynamic&igure 2).
Transient tunnels occur upon dynamic conformatiahainges or protein gating mechanisms,
and their emergence may be stochastic or inducethéybinding of a substrate or the
presence of a ligand molecule to be transpbrtdd examples of enzymes with only one
tunnel areoxidoreductases(e.g. cytosolic sheep liver aldehyde dehydrogehapggruvate
oxidasé®, amine oxidas€, 4-hydroxybenzoate hydroxyl#8e transferases(glutathione S-
transferas®, lipoate-protein ligase ), hydrolases(Candida antarctica lipase A’, Candida
rugosa lipasé®, Agrobacterium radiobacter epoxide hydrolag®® neurolysift), lyases(p-
hydroxydecanoyl thiol ester dehydréeandisomeraseqglutamate racemase™).

In the third class3), several tunnels are connecting the buried adite with the
surface, and they may or not serve the equivalamigse in the catalytic process. In some
cases their roles are distinct. One such an exape cytochrome P450, which has a main
22 A-long hydrophobic tunnel with the role in subg access and product egress, while 12
other secondary tunnels allow the exchange of axygel solvent molecules and also provide
alternative pathways for the product release. aiyil the haloalkane dehalogenases possess
a main tunnel, used for the halogenated substitehol and halide products exchange, and
several secondary tunnels are used for the alcaflehse and water solvent exchafge
Multiple tunnels have been identified in the stunes ofoxidoreductases(cytochrome¥,

catalas&, Ni-Fe hydrogenas® lipoxygenase 12/% L-amino acid oxidas®), hydrolases

41 g0,42,43

(haloalkane dehalogenases Df and Lin *  acetylcholinestera&®, and

isomerasegA5-3-ketosteroid isomera®k
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Finally, in the fourth class4f, we find multifunctional enzymes and multienzyme
complexes, which contain separate active sitescotmected by the tunnels. These enzymes
are able to carry out sequential reactions, in whém internal pathway conducts the
intermediate products from one catalytic site tothar. This mechanism may be necessary to
increase the enzyme's efficiency to: (i) prevertepually toxic intermediates to be released
into the medium, (ii) avoid labile intermediatestie released into the medium and undergo
side reactions, or (iii) reduce the transfer tineéweeen different catalytic sites. Such transfer
process is always tightly regulated, often throogklecular gating mechanism. In this type of
enzymes we findbxidoreductases(glutamate syntha$&”), transferases (glucosamine 6-
phosphate synthak¥, glutamine phosphoribosylpyrophosphate amidotras&*® and
acetyl-CoA synthad®), imidazole glycerol phosphate syntha¥% lyases (tryptophan

synthas&®!*2 andligases(carbamoyl phosphate synthefa¥e>> asparagine synthet4s8.
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Figure 2. Permanent and transient tunnels in proteins.Example of a protein containing
permanent and transient tunnels, shown by the dipsaoh their bottleneck radii: tunnel 1 is
permanently open (bottleneck radius > 1.4 A alnadisthe time); tunnel 2 has closed and
open periods, and hence it is considered a gatedekutunnel 3 is permanently closed
(bottleneck radius < 1.4 A most of the time). Altlgh tunnels 2 and 3 were both closed in the
beginning of the simulation, they revealed différemportance and behaviours with the MD.

Only tunnels wider than 1 A radius are displayed:he

The single most important function of protein tulsns to control the ligands entry to
the active site. The selection of the ligands whitdy pass through the tunnels prevents the
formation of non-productive complexes in the bimdsite, which would reduce the enzyme

efficiency. It may also avoid the poisoning of thetive centre by certain compounds and by
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this way completely inactivating the catalyst, likeansition metal ions-dependent
metalloenzymes. Tunnels connecting multiple actites may also prevent the release of
toxic intermediate products or metabolites into ¢e#. The same class of tunnels provide an
excellent way for synchronizing reactions whichuieg the contact of multiple substrates or
cofactors; control the order of multistep catalygactions and provide the environment for
carrying out reactions which require the absencavatker. These functions are particularly
important considering the thousands of proteins bBgahds that are simultaneously co-

localized within a living cell.

2.2. ldentification methods

Two primary experimental methods that allow dineentification of the tunnels and
channels within the protein structures to the atoresolution are-ray crystallography and
nuclear magnetic resonanc€NMR) spectroscopyThese experimental techniques are often
followed by theoretical analyses usimgplecular dynamics(MD) simulations.

In the last few decades, advances in biologicalmistey were boosted by the
determination of high-resolution three-dimensionstfructures of proteins byX-ray
diffraction , which allowed a deeper understanding of the uyigder catalytic mechanism of
enzymes at the atomic leVelLikewise, also the tunnels of some enzymes staliging
described into greater detail and their functioesdy better understood. The higher is the
number of crystal structures solved, the deep#rasknowledge attained about that enzyme
by sampling different conformational states. Howewaystallography only supplies static
structures and cannot show metastable conformatants hence the insight given about the
transient tunnels can be limited.

NMR spectroscopy can also provide the 3D structures of proteingheei from

solution or solid state studies. But rather thagingle structure, the NMR analysis supplies
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results in the form of ensembles. Modern proteinR&pectroscopy has largely developed in
the last 10-15 years, and currently it is possibl®bserve the dynamics of proteins at the
atomic level by using specific methods, in the Sgames ranging from picoseconds to
second¥ ™ Therefore, NMR spectroscopy has the potentiaupply relevant information
regarding not only the permanent tunnels, but #t&transient ones. In some cases, the
transient states of tunnels and channels haveerttirbeen investigated by using particular
methods of NMR. For example, wataagnetic relaxation dispersion(MRD) has been used,
in combination with molecular dynamics simulatiots,track the internal water molecules
buried inside myoglobfff and the bovine pancreatic trypsin inhibitpandsolid-state NMR
spectroscopy (ssSNMR) has been used to track the buried wateecutes within a K
channel in different gating modés

MD simulation is themethod par excellence for detecting and studyiregttansient
tunnels in proteins. MD simulates the behavioumaholecule under certain conditions of
pressure and temperature, preferably in the presehexplicit solvent molecules. AMBER,
CHARMM,® GROMACS”® and NAMD® are among the most used software packages to
perform such calculations. However, this importand widespread method still has its
limitations. One of them is the timescale whiclpassible to survey. Long timescales are very
demanding in terms of calculation time and companal resources. Unless one has access to
very expensive resources, such as the ANTON supgratef’, it is currently possible to
reach only the hundreds of nanoseconds’ or fewasemonds’ timescales, by using graphics
processing unifé. Several techniques have recently emerged to orersuch limitation and
sample a broader conformation spaaeeelerated molecular dynamic®'’® conformational
flooding’*" hyperdynamics’>" and metadynamics>’% which allow sampling of a

conformational space comparable to the millisedondscale.
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Tunnel dynamics can also effectively be studied dmnulating protein-ligand
complexes. Ligands may induce conformational chamgé¢he protein and by this way affect
the shape of the tunnel and/or frequency of gaflis can be studied by MD simulations
that make use of extra forces to let the ligand entbwough the tunnels, either randomly in

D’""® or with directed forces in the

the random acceleration molecular dynamics RAM
steered molecular dynamics SMD®®% These procedures can also elucidate the energy
profile along the ligand pathway, the preferenca ckrtain ligand for one or another tunnel,
or the tunnel-specificity towards particular ligand

Because of the high complexity of most systemsjalisnspection is unlikely to be
sufficient for identifying the voids in protein stitures, such as clefts, pockets, pores, tunnels,
and channels. Several specialized software toelsw@arently available to accurately calculate
those voids. The most commonly used programs flmulzdion of tunnels and channels in
proteins areCAVER,"®> MOLAXIS ,* and MOLE 3. These programs mainly differ in the
model used to describe the protein and the bourukgtiyeen the surface and the bulk solvent;
the algorithms used to calculate the tunnels aedctist of individual tunnels; the way of
treating multiple tunnels and the ability to analyswltiple structures. All of them can
identify the static tunnels in single structuregt bnly the first two can handle ensembles of

structures to calculate dynamic tunnels. Detailescdption and comparison of these tools is

provided in the recent review by Brezovsky et*al.

2.3. Molecular engineering

It has been observed in many cases that the muitafioesidues far from the active
site have led to important enhancements in enzgnpatiperties such as activity, specificity,
enantioselectivity, stability, etc. Whereas for meazymes with solvent-exposed catalytic

sites the mutations in or near the substrate-bindisidues have been more succe®sftdr

10



Understanding Enzymes: Function, Design, Engineering and Analysis
Ed. Allan Svedsen, PanStandford Publishing

the enzymes with buried active sites the situatiam be different. It may be difficult to find
the residues susceptible to mutagenesis withoufatiag the active site architecture. On the
other hand, mutations targeting the residues farydvwom the active site are more likely to be
accepted without loss of function. Considering ittgortant roles of the access pathways,
their modification appears to be an attractive gogy for generating functional variants
with rationally tuned properties.

For the enzymes with buried active sites and ratgdtion at the substrate entry or
product release, theatalytic activity can be effectively engineered by pathway modifocat
The most promising residues to perform positiveatiohs are those forming the bottleneck.
There are a number of reports on activity improvetsidoy modification of tunnel residues.
Among these we may findoxidoreductases (cholesterol oxidadé&®’ pyruvate
dehydrogenad® ferredoxin glutamate synth&3e carbon-monoxide dehydrogendse
catalas& ™ toluenee-xylene-monooxygenast™ toluene 4-monooxygend§e® 4-
hydroxybenzoate hydroxylede cytochrom P45837% transferases (glucosamine-6-
phosphate  synthaSé  B-ketoacyl-acyl-carrier-protein  synthd®®  undecaprenyl

pyrophosphate synthd8é RNA-dependent RNA polymerd8d, hydrolases (lipasé®**°

acetylcholinesteras€*2 epoxide hydrolase® haloalkane dehalogenasés?!y, lyases
(tryptophan synthas¥!’ 3-hydroxydecanoyl-acyl carrier protein dehydretts halohydrin
dehalogenas®), and isomerases (squalene-hopene cycld&®, asparagine synthetdse
carbamoyl phosphate synthetésé). In our laboratory, Pavlova et &P performed saturated
mutagenesis in the tunnel residues of the haloalki@halogenase DhaA, aiming at increasing
its ability to degrade the toxic anthropogenic coomud 1,2,3-trichloropropane. These efforts
resulted in the discovery of a variant DhaA31 conitg five mutations, four of them located

in the access tunnels. DhaA31 showed 32-fold erdraant in the overall catalytic activity

due to an increase in rate of the carbon-halogenl lsteavage rate and a shift of the rate-

11
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limiting step to the product release. Modellingdsés revealed that the origin of the enhanced
activity is the lower number of water moleculestl® active site, which would otherwise
hinder the formation of the activated comptéx.

Mutations in the tunnel residues may also modulhéeenzyme specificity or the
enantioselectivity This is rationalised considering that the actesgels are the first sieves
prior to the molecules access the active site. eleby changing their physicochemical
properties or stereochemistry, one may tune the tfpsubstrates or stereoisomers that are
able to pass through and enter the active sitemples can be found amoogidoreductases
(aminoaldehyde dehydrogen¥Se amine oxidasé’ toluene 4-monooxygendse 4-
hydroxybenzoate hydroxyla®e cytochrom P458, alkane hydroxylas®), transferases
(chalcone synthas®'?” polyketide synthas&S cellobiose phosphoryla€é octaprenyl
pyrophosphate  synthd$® undecaprenyl pyrophosphate syntfi%$e hydrolases
(arylesterasg’, lipasé'®132133 epoxide hydrolase®** haloalkane dehalogenate™®,
lyases(hydroxynitrile lyas&®®*), isomerasegsqualene-hopene cyclaé®. Chaloupkova et
al** from our lab designed and constructed a completeo§ single-point mutants of the
haloalkane dehalogenase LinB at the position Liwtich is the residue located near the
entrance to the main tunnel. Fifteen active vasiahtowed activities and specificities towards
the halogenated substrates very different fromatihe type, and the activities correlated with
the size and the hydrophobicity of the amino actcoduced.

Improvements oprotein stability may also be achieved through tunnel engineering.
It may occur in case the permeability of the tuanielthe water or organic solvent is changed
in such a way that the hydrophobic packing of treen is enhanced. In this case the protein
becomes less affected by the presence of an orgasiclvent or temperature rise, thus
increasing its general stability. This has beencdme of the haloalkane dehalogenase variant

DhaA85, which carried four mutations in the tuntieing residue$®®. Compared to the wild

12



Understanding Enzymes: Function, Design, Engineering and Analysis
Ed. Allan Svedsen, PanStandford Publishing

type enzyme, this variant revealed an increastsahelting temperature by 19 °C in aqueous
buffer, and a half-life rise from minutes to we@&kg0% dimethyl sulfoxide.

One last example of how significantly the enzymmlgéic properties can be affected
by modifications on the access tunnel is the charighe mechanismof the catalytic cycle.
Biedermannova et af° have observed a change in the kinetics mechanisithé conversion
of 1,2-dibromoethane by the LinB L177W variants@gated with a dramatic change of
substrate specificity. The substitution of the tiAming leucine at position 177 for a bulkier
tryptophan changed the bromide ion binding kineticem a one-step to a two-step

mechanism, and significant drop in the bromideasderate (from >500'g0 0.8 &).

3. PROTEIN GATES
3.1 Structural basis and function

Many enzymes possessing tunnels or channels atgaicsome type of gate, since
the traffic of ligands, ions and solvent in thosghpvays is susceptible to regulation. However,
the gates are not limited to the enzymes contaitungels. Molecular gates can be found in a
wide variety of biological systems, suchewymes, ion channels, protein-protein complexes,
and protein-nucleic acid complexes. The gates pteseenzymes may have three major roles:
(1) control the access of the substrate to the asttee @) control the access of the solvent to
the active site; and] synchronization of molecular events occurringlifferent locations of
the protein.

Considering thesubstrate access(l), the gates may account for the substrate
specificity of the enzyme. Based on physico-chemigmlarity, lipophilicity, charge,
polarizability, etc.) and geometric (bulkiness,dtn stereochemistry, etc.) properties, gates
can act as filters that control which compoundsmass through and which cannot. Examples

of such case is th&liFe hydrogenase, which blocks the access of oxymesr carbon

13
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monoxidé*®'*! the catalase which is more permeable to the erithydrogen peroxide than
water*#1*3 cytochromes P4586'** epoxide hydrolaséS and undecaprenyl-pyrophosphate
synthase¥’, cellobiohydrolase'f>.

Concerning thesolvent access(2), in some cases the catalytic reaction requires
reduced number or absence of water molecules inatitwe site. In those cases it is
fundamental to control the access of solvent toctitalytic site by a gate. The mechanisms
regulating solvent accessibility can permit entfyttte solute alone, allow entry of only a
limited number of water molecules, or even to fessthe access of water molecules to some
parts of the active site cavity, e.g., cytochrorRd§F®, carbamoyl phosphate syntheta&e
imidazole glycerol phosphate synth#$@nd glutamine amidotransfer&%e*’ In other cases,
water molecules are not allowed to enter the adites unless the substrate or cofactor is
present, such as in rabbit@Bydroxysteroid dehydrogendé®

Synchronization of reactions(3) may occur in the enzymes with more than one
active site, interconnected by the tunnels. In daise only the proper intermediate from the
first reaction is allowed to cross the gate andkasthe second site. This may be necessary in
cases of instability or toxicity of intermediater tw avoid their unfavourable hydration.
Examples of enzymes with gates involved in syncizaiion of reactions are the carbamoyl
phosphate synthetd$é asparagine synthetdét glucosamine 6-phosphate syntH&eand
glutamate syntha$€, all of which possess tunnels for ammonia trartspion, and the first
one also for carbamate; tryptophan synthase foroléhd, and carbon monoxide

dehydrogenase/acetyl coenzyme A synthase for carfooroxide transportatior.

14
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1. a-amylase
E.C. 2.4.1.18; PDB-ID 3N98

2. Methane mondoxygenase hydroxylase
E.C. 1.14.13.25; PDB-ID 1MHY, 1XVG RN

3. Acetylcholinesterase
E.C. 3.1.1.7; PDB-ID 2XI4

15
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4. Triosephosphate isomerase
E.C. 5.3.1.1; PDB-ID 1TIM, 1TPH

6. Acylaminoacyl peptidase
E.C. 3.4.19.1; PDB-ID 304G

Figure 3. Classification of molecular gates. Examples and respective schematic
representationwing (1, a-amylase)swinging door (2, methane monooxygenase hydroxylase),
aperture (3, acetylcholinesterase)drawbridge (4, triosephosphate isomerasejpuble

drawbridge (5, HIV protease), and shelb,(acylaminoacyl peptidase). The gating elements

are represented in red colour and the access &iimetange.

16
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Molecular gates can operate based on a very digtnsetural basis, involving side
chain conformational changes of one or more residom®vement of the backbones of a few
residues, of longer peptide chains, loops or atleeondary elements, or even the motions of
entire domains. Gates have been classified acapitdirtheir structural-basis1) wings —
single residue motion2) swinging doors — two residues motio3) @pertures — backbones
motion of several residuesf)(drawbridges and5] double drawbridges — motions of loops
and secondary elements) 6hell — motion of a domain (Figure'3)

Wing (1) corresponds to the side chain rotation of onglsiresidue. It represents the
simplest of all types of gating mechanisms andss the most commdf The movement of
wing gates cannot be large in amplitude and havee gmall activation barriers. They are
typically located at the bottlenecks of tunnelscbannels. Interactions with certain residues,
termed “anchoring residues”, allow stabilizationeafch state. Such interactions can be H-
bonds, salt bridgesr 1t contact, etc. The most common amino acids involaetthis type of
gating are W, F and ¥. Examples of the enzymes containing wing gatesterémidazole
glycerol phosphate synthas® cytidine triphosphate synthetdSe methane monooxygenase
hydroxylasé®, Fabz B-hydroxyacyl-acyl carrier protein dehydratd8e cytochrome
P453****3 and cellobiohydrolasé*f.

Swinging door (2) corresponds to two amino acids’ side chains nmpvin a
synchronized manner and represents the secondfregsent type of gating. In this case, the
closed state involves a close interaction betwherngating residues, operated either through
et stacking (F-F, F-Y, W-F, pairs), ionic interact®oonR-E, R-D pairs), aliphatic
hydrophobic contacts (F-I, F-V, F-L pairs), alipleahteractions (L-1, L-V, R-L, pairs), or H-
bonds (R-S pair). However, the most common interggpair in the swinging-door type of

gate is F-E*. Examples of enzymes bearing such type of gatetharacetylcholinesterdsé

17



Understanding Enzymes: Function, Design, Engineering and Analysis
Ed. Allan Svedsen, PanStandford Publishing

toluene-4-monooxygendsg and the cytochromes P4a@%'*S P45Q,, P45@ws, and
P45erFl44,153?

Aperture (3) corresponds to another type of residue movéméns time involving
the backbone atoms of two to four residues withlbeteed for side chain movements. In this
case it is common to observe several of the ba@tlerresidues of a tunnel performing a
synchronized motion towards each other. Enzymesasong this type of gating are, for
example, the carbamoyl phosphate synth&tgseholine oxidasg’, glutamate synthase§
extradiol dioxygenases-homoprotocatechuate 2,3ydiexas€™, cytochrome P45 and
acetylcholinesteras¥®.

Drawbridge (4) anddouble drawbridge (5) function by the motions of loops or
secondary structure elements, involving one or éments, respectively. These types of
gates are privileged mechanisms to control the sscodé large ligands, which cannot be
accomplished by the previously described typesatégy The loops may even be involved in
the formation of the binding cavity for the substrar cofactor. In some cases, the gating can
also be part of complex machinery that controlsdpening and closing of different tunnels,
merges several tunnels, or even forms smaller aoré selective gates. The cytochrome P450
family is a good example of such large complexrgpsiyster:10%161.162

Shell (6) is represented by large motions of entireggrodomains. It can be found in
ion channel¥, but also in enzymes that catalyse reactions vetly large substrates, such as
RNA polymeras®®. Such type of domain-displacement gating may sé&swe the purpose of
a stricter control of the tunnel networks, in orderprevent the substrate leakage, e.qg.,
dehydrogenase/acetyl coenzyme A syntffasepoxide hydrolase fronMycobacterium

tuberculosis*®, phospholipase A2°, and prolyl oligopeptidasé.

18



Understanding Enzymes: Function, Design, Engineering and Analysis
Ed. Allan Svedsen, PanStandford Publishing

Concerning thédocation, the enzyme gates can be found Bttlje entrance to or even
at the active site itself2] the mouth or the bottleneck of the access tur{Bglthe interface
between the active site and cofactor binding sitgure 2).

Entrance to the active site(1) is a very suitable location for a gate whictectly
controls the access of the substrate to the asttee It can either prevent the entry of the
substrate before the catalytic residues are prppmiented or act as a substrate sieve to
control selectivity. In particular cases, the gatmay even be operated by the residues which
are part of the active sif€. Examples of enzymes bearing gates at the catadifé or its
entrance are acetylcholinestera§eimidazole glycerol phosphate synthidSe glutamate
synthas&”®, toluenee-xylene monooxygena¥¥, monooxygenasé€®, choline oxidasg’, NiFe
hydrogenasé$§, carbonic anhydras®s formiminotransferase-cyclodeamin&Se type |lI
polyketide synthaseéS, and FabZ3-hydroxyacyl-acyl carrier protein dehydratd8e

Mouth or bottleneck of tunnels (2) is the most common location of a gate in
enzyme¥’. Tunnels connecting buried active sites with protsurface are privileged
structures to control the access of ligands angestl Therefore, they are naturally privileged
locations for the gates. The mouth of the tunnéhesfirst barrier that a molecule faces before
entering into a tunnel. On the other hand, theldmodtk is the narrowest part of a tunnel, and
it may be regarded as one of the easiest hotspotcdntrolling the molecules being
transferred. Figure 2 presents different dynamiab® bottleneck radius in a tunnel with and
without a gate. Examples of enzymes containingsglteated in tunnels are the cholesterol
oxidase type f? toluene-4-monooxygendse undecaprenyl-pyrophosphate syntfi&se
homoprotocatechuate  2,3-dioxygerfase 4-hydroxy-2-ketovalerate aldolase/acylating
acetaldehyde dehydrogenHSeepoxide hydrolase fromspergillus niger M200™3, and FabZ

B-hydroxyacyl-acyl carrier protein dehydratd8e glucosamine 6 phosphate syntH&se
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imidazole glycerol phosphate synth#$e cytidine triphosphate synthetd¥e carbamoyl
phosphate synthetd$and glutamate synthasés

Entrance to cofactor cavity (3) is also a suitable location for a gate, sitice
interface between the cofactor cavity and the actite often plays a critical role in the
catalytic process. The gates in these locations enayrol the binding rate of the cofactor to
the enzyme. Examples are the NADH oxidd5e3-hydroxybenzoate hydroxyld$g 4-
hydroxy-2-ketovalerate aldolase/acylating acetafdehdehydrogena$€ and cholesterol
oxidase type'f? and type 1"® In more specific cases, the cofactor may perftrengating
function by opening the access tunnels for the tsales, such as in

digeranylgeranylglycerophospholipid reductde

3.2. Identification methods

Identification and description of a gating processiot simple task because of their
complexity, and hence experimental and modellirthneues are usually combined with
each other. TheX-ray crystallography can provide important insights on the possible
presence of gating mechanisms in some proteinseXiséence of different crystal structures
with amino acid residues, or even larger elementdjfferent conformation, may be a good
indication of a gating process occurring in thattegyn. Trough X-ray ensembles, for instance,
it is possible to infer about protein flexibilitglynamics and functid®® However, it is
necessary that both open and closed states hamechptired with significant representation.
Examples of enzymes with gates identified by teishhique are the tryptophan syntHae
haloalkane dehalogenase LfiB L-amino acid oxidadé® toluenee-xylene
monooxygenasé’, acetylcholinesterat® and phospholipase A?.

Similarly to the identification of the protein tuels, theNMR spectroscopy may

supply important evidences regarding the presehgates in proteins. Advanced solution or
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solid state NMR methods may be used to study thmamycs of protein systems and give
insight to the conformational changes. These metmody survey very different timescales,
ranging from picoseconds to secon@s’ thus allowing to study different types of gating
mechanisms. It is even possible to study the lepsilpted conformations and the exchange
rate between different conformatiét*?!%* NMR spectroscopy has been used, for instance,
to investigate the conformational changes in théngaof triosephophate isomera%e'®®
HIV-1 proteas&’, and dihydrofolatereducta$d

Fluorescence-based methodfiave become very popular in investigating biomaliac
systems, namely in detecting and characterizindocorational changes in proteins. Hence,
although not often used for that purpose, they lggieat potential to investigate protein gates.
Fluorescence emission by fluorophore groups is ngat of the immediate surrounding
environment, namely the polarity of the neighbognmolecules or residues. Hence, it can be
used to detect changes in the microenvironmentuofdscent residues within the proteins,
thus allowing tracking of eventual conformationahanges. Intrinsic tryptophan
fluorescence emissionITFE), for instance, has been used to study tfbeed and open
conformations of a dimeric phospholipase A2 homo&®Y and cytochrome ¢ oxida$d
Other methods employ unnatural fluorescent probdasatk the dynamics of proteins. These
can be covalently bond&d, or inserted as part of the protein by mutageneitfs unnatural
fluorescent amino acif¥. Time-resolved fluorescence spectroscopgan be applied with
different methods and assess the dynamics of eweuisrring in timescales ranging from
femtoseconds to nanosecohidsThis technique has been used, for example, tdystie
hydration and protein dynamics at the tunnel moathhaloalkane dehalogenas®s®
Fluorescence (or Forster) resonance energy transf€FRET) is a method that makes use
two fluorophores, a donor and an acceptor, whiafopa nonradiative energy transfer with

each other and are bound to the protein at a nediatance. The efficiency of this energy
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transfer is proportional to the sixth power of thetance between the two fluorophores, and is
correlated to the changes of their fluorescencetspeSince the conformational changes in
the protein will affect the distance between the fluorophores, this method can report on
the dynamics of the specific parts of protein. FRE® versatile technique that can be used
not only intra, but also intermolecularly to stuthe protein functions and interactions with
other proteins, or even in living ceff$:1**|t can be applied on average ensembles or
single-molecule studies, giving great insight oa ttynamics and kinetics of conformational
changes occurring in timescales ranging from narwsis to seconds or even mindtés™

MD simulation is a very important theoretical techugiqfor identifying and
characterizing protein gates. This method has deearibed in section 2.2, and it can be used
to sample the different conformational states pf@tein gate, their respective energies, and
interconversion frequencies. It may be difficuit gurvey the timescales of certain gates
involving larger movements by using classical M@ymely apertures (ngs), drawbridges
and double drawbridges (nss), or shell gates (msi8) In these cases, the enhanced-
sampling techniques, i.eaccelerated molecular dynamics, conformational floding,
hyperdynamics and metadynamics must be used. In addition to these, B®wnian
dynamics simulations have also been used to investigatesgaf enzymés’?®® while
several other methods may be used to study thendgsaof ligand binding to proteins and
give important insight to gating procesSesFor the proteins bearing gates at their tunnels,
the study of tunnels’ dynamics is essential. Fat,thhe use of specialized programs for
performing tunnel analysis in MD trajectory is nesary to determine bottleneck residues and
potential key residues involved in the gat8AVER 3.0™%*is currently the only software
tool that can handle analysis of large trajectoaed supply information about various time-

dependent tunnel properties.
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3.3. Molecular engineering

Three main approaches of gate engineering canllogvéal: (1) Gates can be modified
by mutating the residues of existing gates, th@dior the anchoring residues. In this way it
may be possible to rationally modify the gate atode, frequency or the affinity towards
certain substrates or solven?) (Gates can be removed by mutating the gating wesidn
order to leave the pathway permanently open. Tbiddclead to an increase of the ligand
exchange rate, but also change the access of enso@) Gates can be introduced into
enzyme pathways that were originally open, thusvinog control over the transport of
substances. It can be achieved by mutating tummelglresidues, preferably in the bottleneck
or in the entrance.

Modification of catalytic activity by gate engineering can be easily rationalized
considering exchange of substrates and productgtatcontrolled rates, which limit the
overall catalytic cycle. Gate can also control ascef water molecules to the active site,
making the chemical reaction more or less favouldekre are many examples wherein the
enzyme activity has been changed by mutation & gegidues. Oxidation @fnitrophenol in
toluenee-xylene monooxygenase was improved the by 15-fald th E214G mutatich
Also in lipase fromBurkholderia cepacia it was observed an overall 15-fold increase of
specific activity towardsK,S)-2-chloro ethyl 2-bromophenylacetate by the douhlgation
L17S+L2871° Several mutations on V74 and V74+L122 residuediffie hydrogenase
attained reduced transport rates of CO and nidlecules through the tunnel, thereby
increasing the resistance of that enzyme to théiiidn by these moleculd¥. The gate
removal in tryptophan synthase with the F280C @02mutations led to increase the rate of
indole binding™®. In imidazole glycerol phosphate synthase, gatewal by T78A mutation
increased the ammonia transfer rate and also taelbenzyme activit{/®. On the other hand,

a gate disruption by R5A led to an increased acockegamter to the active site, which impaired
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the enzyme activity. The same mutation also cauwsathonia to leak through the inter-
domain tunnel to the bulk solvent, resulting irf-1dld decrease of the cyclase reaction’f4te
A similar ammonia leakage was observed with G358& G359Y mutations in carbamoyl
phosphate synthet£8&?°® The gate removal in Fabg-hydroxyacyl-acyl carrier protein
dehydratase by mutation Y100A leaves the activeestposed to the bulk solvent and results
in a much stronger binding of the product to thivacsite, reducing the enzyme activity by
50%'% The DhaA31 mutant with enhanced activity for 3;2ichloropropane, developed in

111% contains substitutions at the main tunnel residbig76Y

our laboratory by Pavlova et &
and V245F. Unpublished MD simulations demonstraledexistence of a gating mechanism
involving these residues, which controls the acodédgjands and solvent to the tunnel. This
is a case of gate insertion that resulted in im@noents of the enzyme activity.
Substrate-specificity of the enzymesas also been modified by gate engineering. It
can be rationalized by the fact that gates corttrelnature and geometry of the substrates
accessing the active site and change in the gagaesalt in shift of substrate specificity. The
specificity increase of toluenexylene monooxygenase towards the oxidation pef
nitrophenol was observed upon mutation of gating4€2*. A double mutant (L17S+L2871)
of Burkholderia cepacia lipase resulted in 178-fold improvement of tBevalue towards
(R,9-2-chloro ethyl 2-bromophenylacetate comparecheowild-type'® Q230P mutation at
the hinge region of rabbit 26hydroxysteroid dehydrogenase decreased the flayibf loop
B, which led to narrowing its specificity comparedthe wide range of substrat&s The gate
removal from toluene-4-monooxygenase, by the D28&l D285Q mutations at the tunnel
entrance, increased its ability to hydroxylate mrksubstrates as 2-phenylethanol and
methylp-tolyl sulphide by 8- and 11-fold, respectivBlyMutations at the access tunnel of

Candida rugosa lipase changed its substrate specificity in teohghe fatty acids’ chain

lengths accepted. Introduction of bulkier aromatigidues at the entrance or inside the tunnel
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changed the substrate specificity profile. We slageuhat these mutations are likely to have
introduced some type of gating common for F andédidues, e.g., wing or swinging door
gates®

Modulation ofproduct specificity by mutation of gate residues has been reported in
few casesEscherichia coli undecaprenyl-pyrophosphate synthase condensesotentenyl
pyrophosphate with allylic pyrophosphate units émeyate linear isoprenyl polymers. It was
found that a gate formed by the flexible loop colstrthe extent of the reaction and the
product release, and thus the length of the polyiorened. The L137A mutation, located at
the bottom of the tunnel, led to formation ofp@olymer rather than the smallegsGn the
wild-type. On the other hand, the A69L mutant prekithe smaller 45 polymer instealf”.

To the best of our knowledge, there have been porte regardingrotein stability
enhancements achieved by gate modification to détsvever, considering the structural

6

basis for improving enzyme stabifi} 2% it should be in principle possible to construct

stable mutants by engineering enzyme gates.

4. CONCLUSIONS

Molecular tunnels, channels and gates are strudeatures widely represented in the
protein world. Protein tunnels can be found in angyme containing a buried active site, in
which they serve as a pathway connecting the aditee with bulk solvent or connecting
multiple active sites. We note that proteins comtey tunnels of some type can be found in all
six classes of enzymes and same is true also fymangates. The gates can be very diverse
in terms of localization, involved structural elems amplitude and frequencies of motion.

Tunnels, channels and gates play important rolésimrsome cases are essential for
enzymatic catalysis. They control the transporsrofll ligands and solvent molecules to and

from the active site, and in this way modulate emeyactivity and substrate specificity.
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Furthermore, they enable synchronization of mokacalents taking place in distinct part of
the protein structure and control properties of dogve site environment during individual
phases of a catalytic cycle.

We have surveyed existing methods suitable forstdy of tunnels, channels and
gates in the protein structures. The X-ray crystglphy is one of the most important
experimental tools for identification of permandonnels and channels, while it is less
suitable for visualization of transient structusesd the gates. The NMR spectroscopy may
supply missing information on dynamical proteinustures. Fluorescence spectroscopic
methods may provide additional evidences for can&dional changes in proteins and reveal
details about the gating processes. Classical aha@need variants of MD are currently one of
the most useful tools for identifying and charaziag transient tunnels and gates. Combined
with specialized void-detection tools, MD allowspéxation of a large conformational space
and study of the mechanisms involved in dynamicat@sses.

Due to their structural and functional importancelecular tunnels and gates appear
to be very attractive targets for protein enginagriThe provided examples demonstrate that,
by changing a specific tunnel or gate residues piassible to modify enzyme properties such
as activity, specificity, enantioselectivity analsitity. It is already possible to tune properties
of a target enzyme by performing such modificatiamsa rational manner. With further
expansion of our knowledge on enzyme tunnels atesg# will be possible to design these

fascinating structural features novo in the future.
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