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ABSTRACT: We here use an approach of active site alignment and clustering of many evolutionarily distant enzymes catalyzing
alike reactions to identify conserved residues/interactions that may play key chemical roles in catalysis. Then density functional
theory (DFT) calculations on cluster models are used to investigate the chemical essentialness of such residues/interactions and
its mechanistic basis. We apply this approach to 130 glycoside hydrolases (GHs) of the (βα)8-barrel fold. These enzymes adopt
either a classical retaining mechanism or a substrate-assisted intramolecular nucleophilic attack mechanism, both in need of a
general acid/general base residue for catalysis. On the basis of the multiple active site alignments, the enzyme active sites can be
clustered into six categories. The conserved or convergently evolved hydrogen bond/salt bridge involving the general acid/
general base in different categories suggests the importance of this interaction. DFT calculations indicate that its presence may
reduce the energetic barrier by as large as 17−20 kcal mol−1. The mechanistic explanation for this large effect is that a proton
transfer from the general acid to the leaving group takes place before the nucleophile attacks the transition state. The large
energetic effect suggests that this interaction should be considered as chemically essential, although it is realized with varied
residue types in different GH categories. In addition, for the substrate-assisted mechanism, an interaction between the substrate
nucleophile group and a tyrosine is found to have been convergently evolved in enzymes of two different categories. This
interaction does not seem to have favorable effects on the energetic barrier. Instead, it might contribute to reducing the activation
entropy. In summary, active site alignment of distant enzymes combined with quantum mechanical calculation may comprise a
powerful approach to obtain new insights into enzyme catalysis.

KEYWORDS: active site alignments, quantum chemistry calculations, glycoside hydrolase, conserved interactions,
general acid/general base catalysis

1. INTRODUCTION
Through chemical intuitions combined with extensive biochem-
ical studies, especially structural analysis and site-directed
mutagenesis of representative enzymes, general mechanisms of
many enzymes catalyzed reactions have been depicted.1,2 A
general mechanism usually includes the basic chemical steps as
well as some core catalytic residues that participated in these steps,
such as the residues forming chemical bonds with the substrate in
covalent catalysis, or the residuesproviding/acceptingprotons to/
from the substrate in general acid/general base catalysis.1,3,4

Beyond such a general mechanism and besides the core catalytic

residues it considers, it is often still interesting to ask towhat extent
thebasic chemical steps are assistedby the remainingenvironment
of an enzyme’s active site, and how. If theoretical analysis or other
evidence indicates high activation barriers associated with one or
more of the basic chemical steps without extra interactions other
than those proposed in the general mechanism,5,6 one may even

Received: October 31, 2014
Revised: March 12, 2015
Published: March 13, 2015

Research Article

pubs.acs.org/acscatalysis

© 2015 American Chemical Society 2559 DOI: 10.1021/cs501709d
ACS Catal. 2015, 5, 2559−2572

pubs.acs.org/acscatalysis
http://dx.doi.org/10.1021/cs501709d


raise the question whether there are additional residues and/or
chemical interactions that contribute critically to catalysis, and if
yes, what are these residues/interactions? To answer such
questions is important not only for deeper mechanistic insights
but also for inhibitor design7 and enzyme design.8

Questions regarding key catalytic residues in an enzyme were
usually addressed by human inspection of the three-dimensional
organizations of the active sites of individual enzymes.3,4

Candidate residues were suggested and then verified using
experiments such as site-directed mutagenesis.2 Although this
approachhasyieldedextensive knowledgeabout enzymecatalysis,
the suggestion of key residues based on structure inspection is
somewhat subjective. Some chemically critical residues/inter-
actionsmight be overlooked. Sequence alignment of homologous
enzymes has for long played an important role in elucidating
enzymatic mechanisms by telling the evolutionary variability of
different residues.3 However, sequence alignments are more
reliable for enzymes that are evolutionarily close to each other.
Such alignments usually yield many highly conserved residues in
the active site, not all of them playing important chemical roles. In
addition, important interactions conserved in structure but not in
sequence9 may not be recognized.
Enzymes with different overall sequences and structures may

share similar catalytic mechanisms. Therefore, focusing the
comparisons betweendifferent enzymeson the active sites instead
of their overall sequences or structures could bemore efficient and
accurate. As evolutionarily distant proteins are compared,
conserved residues and interactions are more likely to be
catalytically important. In this work, we use a structure-based
sequence-order-independent active site alignment approach
(SMAP) to identify chemically essential residues/interactions in
enzyme catalysis.10−12 In this approach, the active sites of a
relatively large number of evolutionarily distant enzymes
catalyzing alike reactions are compared and aligned. The SMAP
method is used to perform the pairwise alignments. Then a
multiple active site alignment is built from all pairwise alignments.
A minimummodel of the reaction center can be proposed on the
basis of the aligned active sites. Such a model may include
additional residues/interactions besides those indicated in the
respective general mechanism. The necessity to include them can
be verified using quantum mechanical (QM) calculations.
Weapplied thisapproachtoglycosidehydrolases(GHs)13−16of

the (β/α)8-barrel fold or the triosephosphate isomerase (TIM)-
fold.17,18 GHs are a widely distributed group of enzymes. They
cleave glycosidic bonds in glycosides, glycans, and glycol
conjugates, and they are important candidates in the development
of biofuels and in disease research.19,20 TheTIM-fold is one of the
most ancient protein folds17 and themost commonly adopted fold
inGHs.18Todate,GHsof theTIM-foldhavebeenobserved touse
either a classical mechanism that retains the anomeric
configuration (Figure 1A) or a substrate-assisted mechanism
(Figure 1B).15,16,18The classicalmechanismwasfirst proposed by
Koshland in 1953.21 It involves two core catalytic residues, both
being either glutamate or aspartate, to provide two carboxyl
groups,oneactingasanucleophile toattackonthecarboncenterof
the scissor glycosidic bond and the other as a general acid to
protonate the leaving glycosidic oxygen. The second carboxylate
also acts as a general base to deprotonate the nucleophilic water in
thesubsequenthydrolysis step(Figure1A).Thesubstrate-assisted
mechanism works with N-acetyl-glucosamine-containing sub-
strates.15,16 It also uses two core catalytic carboxylates. One plays
the same roles of the general acid/general base as in the classical
mechanism, whereas the other stabilizes the charge-redistributed

intermediate (Figure1B).Comprehensive classificationsbasedon
sequence and structure information on a large number of TIM-
barrel GHs are available in the database of carbohydrate-active
enzymes (CAZy).22 The compiled sequence and structure data
provide solid starting ground for applying the active site
comparison approach to these enzymes. In addition, existing
knowledge about the catalytic mechanisms provide good
references for the judgment of results for validity and for new
insights.
We use the SMAP program developed by Bourne and co-

workers to carry out the pairwise comparisons of the active sites of
TIM-fold GHs.10−12 The program uses a graph algorithm to
performastructure-basedsequence-order independentalignment
between the two sets of amino acid residues forming the active
sites, respectively, with the alignment score defined based on the
chemical similarity between aligned residues. The significance of
an alignment is defined as the probability for two unrelated active
sites to produce a better-scoring alignment than the alignment in
consideration. The method has been applied mainly to predict
target proteins for a given ligand based on the known binding sites
for the target in some template proteins.23,24 Here we apply it to
identify structurally conserved residues at the active sites of TIM-
fold GHs. For this purpose, we developed a tool to merge the
pairwise alignments into a single multiple alignment including all
considered GH active sites. This allows us to group the GHs into
different categories, each has a characteristic set of structurally and
chemically conserved active site residues. Within each category,
some specific interactions involving the chemically active groups
of the substrate or of the core catalytic residues emerge as being
highly conserved, suggesting their potential importance for the
proposed chemical steps in respective general mechanisms.
To look at the essentialness of these residues/interactions for

catalysis,QMcalculationsarecarriedout to investigate their effects
on the activation barriers of the chemical steps proposed for the
classical retaining mechanism or substrate-assisted mechanism.
Here we have used gas phase cluster models,6 which include only
thechemically activepartsof theactive site and thesubstrate.More
sophisticated approaches including combined quantum mechan-
ical/molecular mechanical (QM/MM) models have been widely
used to simulate enzymatic reactions (for reviews, see refs 25,26).
Such methods allow the effects of the entire enzymatic and
solutionenvironmenton thechemical pathways and the transition
barriers to be modeled, with contributions of thermodynamics

Figure 1. General mechanisms of TIM-fold GHs. (a) The classical two-
step retaining mechanism. (b) The substrate-assisted intramolecular
nucleophilic attack mechanism.
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fluctuations to free energy barriers taken into account.27 In the
current context, however, small QM models that are limited to
include only the interactions common to different enzymes are
preferred over QM/MM models. With a QM/MM model
considering an enzyme-specific environment, it would be difficult
to separate the effects of enzyme-specific interactions from those
of the common interactions. In addition, the effectswe are looking
at are so significant that they can already be captured largely by
relatively small gas phase clustermodels that can be treated purely
quantummechanically.6

We note that there have been a number of previous QM/MM
studies on several GHs of the TIM-fold, including the studies of
Jitonnom et al.28,29 and Greig et al.30 on different GH enzymes
adopting the substrate-assisted mechanism, and the study of
Badieyan et al.31 on an enzyme adopting the classical retaining
mechanism. Compared with these studies, the shift of focus from
specific/individual enzymes to common features of different
enzymes allows us to obtain new insights into the roles of key
residues shared by different enzymes.More details will be given in
discussion of results.

2. MATERIALS ANDMETHODS

2.1. Data Set of TIM-Fold GHs. Glycoside hydrolase (GH)
familiesof(β/α)8 foldwere retrieved fromtheCAZydatabase,22as
described below. There are a total of 1468 PDB entries.32 From
them, we found 747 structures that contained at least one
carbohydrate ligand. Then we selected only one enzyme to
represent a group of enzymes having higher than 40% sequence
identity with the representative enzyme. This led to a final data set
of130singleprotein chains representing26GHfamilies according
to the CAZy classification (see Table 1).
2.2. Pair-Wise Comparisons of Binding Sites. The

carbohydrate binding sites of each pair of GH were compared
and aligned using the SMAP software10−12 version 2.0. An all-
against-all schemewasused to compare the130enzyme structures
in a pair-wise manner. As the method including the reported
significance of alignments is not symmetric with respect to
changing the order of the two GHs in a pair, each GH pair was
compared twice with the order of the two enzymes swapped. The
alignment with a larger significance (i.e., a smaller SMAP P-
value11) was retained. We have also used another active site
alignment program, ProBiS33,34 to validate the pairwise binding
site alignments generated by SMAP. SMAP and ProBiS indeed
give quite similar results: pairs that give significant SMAPP-values
are always associated with large ProBiS Z-scores (Figure S1). For
these pairs, the corresponding alignments are also equivalent
(results not shown).

2.3. Build Multiple Structure Alignments. The pairwise
alignments were merged into one multiple active site alignment
that included all considered enzymes. Not all the pairwise
alignments are consistentwith eachother (for example, supposing
residue A in enzyme 1 is aligned to residue B in enzyme 2 and to
residueCinenzyme3 inrespectivepairwise alignments, residuesB
andCmay not necessarily be aligned to each other in the pairwise
alignmentof enzyme2versus enzyme3).To resolve suchconflicts
during the building of a multiple active site alignment, we
developed a heuristic procedure called P2M. It comprises the
following steps.

1. A graph G is constructed to summarize all the pairwise
alignment results. Each vertex (V) of G represents one
residue in one of the enzymes to be aligned. An edge
between two vertices indicates that the two residues
represented by them are aligned to each other in the
pairwise alignment of their containing enzymes.

2. A column of the multiple active site alignment can be
represented by a connected subgraph C of graph G. Note
that no two vertices of C can be associated with the same
enzyme for C to represent an alignment column. Such a
subgraph C is extracted in the following manner. First, a
degree of connection between any two vertices associated
with different enzymes is calculated as the total number of
paths connecting them in G. Then the pair of vertices with
the highest degree of connection is taken as initial seeds to
build the subgraph C by iterations described in step 3.

3. Check each vertex that is not inCbut connected toC, to see
if it is directly connected to more than a threshold fraction
(here 50%)of vertices inC. If yes, the vertex is added toC. If
twovertices inCwouldbeassociatedwith thesameenzyme,
the one with a smaller number of connections within C is
removed from C. Then each previous vertex in C is
rechecked to see if it remains to be sufficiently connected
within the enlargedC. If not, it is also removed fromC.This
process is repeated until C no longer increases. An aligned
column is formed by the residues corresponding to the
vertices inC. It contains residues that are densely aligned to
each other in the pairwise alignments (all each residue is
aligned to more than 50% of the remaining residues in the
column), and no two residues are from the same enzyme.

4. The vertices and edges in the subgraphC are removed from
G, and step 2 is reentered.

5. Steps 2−4 are repeated until G is empty. The aligned
columns are put together to produce the overall multiple
enzyme alignment.

Table 1. PDB Chains and GH Families Covered by Different Active Site Categories

category PDB entries GH families

I 1GJW_A, 1HX0_A, 1IV8_A, 1JDC_A, 1JG9_A, 1LWJ_A, 1MXG_A, 1UA7_A, 1UH4_A, 2BHZ_A, 2D2O_A, 2D3N_A, 2FHF_A,
2GDV_A, 2GVY_A, 2QPU_A, 2VR5_A, 2YA1_A, 2YA2_A, 2Z1K_A, 3AXI_A, 3BC9_A, 3BMW_A, 3EDF_A, 3FAX_A, 3K8M_A,
3VGF_A, 3VU2_A, 3WDJ_A, 3ZOA_A, 3ZT5_A, 4E2O_A, 4J3V_A, 3AIB_A, 3KLL_A, 1ESW_A

GH13, GH70, GH77

II 1T0O_A, 1UAS_A, 3A23_A, 3LRL_A, 4DO4_A, 2F2H_A, 2G3N_A, 2XVK_A, 3L4Y_A, 3MKK_A, 3W37_A, 4AMW_A, 4BA0_A,
4KWU_A, 2YFO_A

GH27, GH31, GH36

III 1EOM_A, 1LLO_A, 1UR9_A, 2A3E_A, 3A4X_A, 3ALG_A, 3ARQ_A, 3CO4_A, 3N17_A, 3WL1_A, 4B16_A, 4MB4_A, 4PTM_A GH18

IV 1C7S_A, 1NOW_A, 3OZP_A, 3SUV_A, 4AZ6_A, 4H04_A GH20

V 1UWS_A, 1V03_A, 3AIR_A, 3QOM_A, 3VIG_A, 4PBG_A, 1JZ8_A, 2VJX_A, 2VZS_A, 3HN3_A, 3OB8_A, 1CEN_A, 1ECE_A,
1QNR_A,1UZ4_A,2CKR_A,2JEQ_A,2OSX_A,2WHL_A,3AOF_A,3N9K_A,3NDZ_A,3PZI_A,3QHO_A,3ZMR_A,4HU0_A,
8A3H_A, 4GZJ_A, 1ODZ_A, 2BVT_A, 2V3G_A, 3VPL_A, 3WDR_A, 4CD5_A, 2NT0_A, 2Y24_A, 3OGV_A, 3THC_A, 3W5G_A,
4E8C_A, 1UHV_A, 4KH2_A, 1KWK_A, 3TTY_A, 4BQ4_A, 1QW9_A, 2VRQ_A, 3UG4_A, 2GFT_A, 4CCD_A, 2W62_A,
3VNZ_A, 4AW7_A, 4CD8_A

GH1, GH2, GH5, GH17,
GH26, GH30, GH35,
GH39, GH42, GH50,
GH51, GH53, GH59,
GH72, GH79, GH86,
GH113

VI 1E5N_A, 1US2_A, 1V0L_A, 2D22_A, 2W5F_A, 3W25_A GH10
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2.4. Cluster theEnzymesand theAlignedPositions.The
enzymes and aligned positions (columns) are clustered based on
themultiple active-site alignment.Thealignedcolumnsare ranked
indescendingorderbasedon thenumberof enzymes contributing
toeachof them.Thefirst304columns, eachcontainingat least four
alignedresidues,havebeenconsidered insubsequentanalysis.The
alignment is converted into amatrix of elements 0 and 1. Each row
of thematrix corresponds toanenzyme.Eachcolumncorresponds
to an aligned position. An element of 0 indicates the absence of an
aligned position from an enzyme, while an element of 1 indicates
the opposite. Similarity between any two enzymes (aligned
positions) is defined as the Pearson correlation between the
corresponding two row (column) vectors of the 0−1matrix.With
this definition, hierarchical clustering of the enzymes as well as of
thealignedpositions isperformedusing theCluster 3.0 software.35

Based on the clustering, the 130 enzymes are found to fall into six
categories. For eachcategory, a setof conservedactive site residues
emerge from the multiple active site alignment.
2.5. QM Calculations.Guided by the general mechanisms in

Figure 1, small sets of residues/interactions that are potentially
very important for the chemical steps could be recognized for
respectiveenzymecategories.Foranenzymecategory, this setmay
include residues and/or interactions beyond those depicted in the
respective general chemical mechanisms. Various cluster models
are defined to investigate whether the extra residues/interactions
are truly essential for the chemical steps to be feasible by first
principle DFT calculations. A cluster model is usually extracted
from a representative PDB structure, containing several catalytic
side chains surrounding the substrate. The side chains are
connected to methyl groups fixed at positions of corresponding
Cα atoms in the PDB structure. A reaction coordinate is chosen
based on the possible chemical mechanism. The energy profile
along the reaction coordinate is obtained by geometry
optimization at the B3LYP/6-31G* level36−38 of theory with the
reaction coordinate restrained to change from the reactant to the
product (see also captionsof Supporting InformationFiguresS2−
S4). Specifically, a harmonic restraining potential of the form
Vrestrain = 1/2 krestrain (Rc − Rc

ref)2 is applied to the system. The
reaction coordinate Rc is defined as a combination of interatomic
distances associated with forming/breaking covalent bonds in the
concerned mechanism, namely, Rc = ∑i cidi, in which di are the
distances,with ci=1 if thebond is tobebrokenor ci=−1 if thebond
is to be formed. The restraining force constant krestrain is 1000 kcal
mol−1Å−2.The reference reaction coordinate valueRc

ref starts from
that of starting reactant and is changed by 0.1Å after one point has
been optimized to optimize the next point. The actual reaction
coordinate values after restrained optimization are always within
0.01 Å from the respective reference values.
For results of this reaction coordinate driving approach to be

meaningful, it is important to make sure that the system closely
follows a single minimum energy path throughout the energy
profile. This can be determined from continuity of the curves of
individual distances and of the energy changing with the reaction
coordinate. Thus, geometries and energies are monitored to
ensure smooth and continuous reaction paths. When not certain,
the reaction coordinate driving calculation has been repeated in
the backward direction using the final optimized structure of the
forwardcalculationasstartingpoint.Smallhysteresis indicates that
both the forward and backward profiles closely follow the same
single minimum energy path. Composition of the various cluster
modelsandtherespective reactioncoordinates aregiven inResults
and in captions of Supporting Information (Figures S2−S4). QM
calculations have been performed using the Gaussian03 program

using the program’s default convergence criteria for geometry
optimization (maximum force below 0.00045 and root-mean-
square force below 0.000300 in atomic unit).39 All calculations
have been carried out on a DAWNING-A840 computer.

3. RESULTS
3.1. Alignment and Clustering of Active Sites. The

complete multiple alignment merged from the all-against-all
pairwise alignments between the 130 enzyme active sites
contained 304 columns (see Supporting Information Table S1).
Figure 2 depicts the 0−1 alignment matrix, with the orders of the

alignment columns as well as of the enzymes rearranged to have
elements belonging to same hierarchical clusters next to each
other. The pattern of rectangular blocks suggests that the 130
enzymes canbepartitioned into sixmaincategories (Table1).The
different categories obtained here through three-dimensional
structural alignment of only the active sites are in general
consistent with the respective CAZy classifications which have
been derived from overall sequence comparisons, indicating
validity of the SMAP alignments. At the level of GH Family of
CAZy, different categories cover varied numbers of GH families
(Table 1). At the level of GH Clan of CAZy, the GH-families
clustered into category I formClan-H in theCAZyclassificationof
GHs.22TheGH families clustered into category II belong toClan-
D. The GHs clustered into categories III and IV both belong to
Clan-K,whileGHfamilies clustered intoCategoriesVandVIboth
belong to Clan-A.

3.2. Conserved Residues and Interactions at the Active
Sites of Different Categories. In the following results, a
conserved residue in a categoryofGHactive siteswill be labeledby
on which one of the (βα)8 structure unit the residue is located,
followedby the conserved residue type (for example, “4-D” stands
for an aspartate on the fourth (βα) unit of the TIM-barrel fold). If
circular permutationshave takenplace in someof thememberGH
families (for example, GH-70 compared with GH-13 or GH-77 in
category I), the numbering of the (βα) unit will be just based on

Figure 2. Multiple alignment matrix showing the effects of clustering.
Each column corresponds to an aligned column of amino acid residues,
and each row corresponds to a GH protein. A filled area represents the
presence of an aligned residue in the corresponding GH protein at the
corresponding aligned column, while an empty area represents a gap. To
showtheeffectsofclustering, thecolumnsandproteinshavebeenordered
so that similar elements are next to each other to form a continuous block.
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one circular permutation form. The correspondences of the
conserved positions to their actual sequence locations in a
representative GH (indicated by PDB ID and chain ID in a PDB
structure) belonging to the category are given under the sequence
conservation logos for different categories in Figures 3a−8a.

Category I. GHs in this category contained seven active site
residues that have been aligned. The conserved residue types can
be visualized from the sequence profile for these positions shown
as a sequence logo in Figure 3a. Figure 3b shows superposed
conserved residues from different GHs surrounding a glycosidic
partial substrate. The conserved interactions involving these
residues are schematically drawn in Figure 3c. Residue 4-D is the
catalytic nucleophile in the classical retaining mechanism, while
residue 5-E is the general acid/general base.Most of the remaining
conserved residues interact with the chemically inactive parts of
the substrate, except for residue4-R,whoseguanidinegroup forms
a salt bridge with the nucleophilic residue 4-D.
Structural or functional rolesof the conserved residues inFigure

3 have been discussed in a number of previous studies on various

GHs. For examples, residues 4-D and 5-E have been mutated to
investigate their roles in catalysis.40−45Residues 2-Y, 3-H, and7-H
have also been mutated.46,47 Residue 7-D has been suggested to
play an important role in stabilizing the transition state.48,49 It
together with the residues 4-D and 5-E has been named a catalytic
triad.50 From the aligned active sites here, themain role of residue
7-D seems to be not a chemical one but to hold the sugar ring in
position through hydrogen bonding with the 2-hydroxyl. Residue
4-Rwasmostly conserved, butwas replacedbyLys in someGH-77
proteins.51,52 Mutations of this residue in human pancreatic α-
Amylase resulted in a 20−450-fold decrease in the activity of the
enzyme toward starch and shifted thepHoptimumto amorebasic
pH.53Nosignificant structural changesof thecatalytic nucleophile
and only aminor reorientation of the carbonyl group of acid/base
catalyst have been observed in the mutant. Thus, its contribution
to catalysis had been attributed mainly to electrostatic effects on
transition state stabilization.53

Category II.Activesitesof thiscategorycontainedcharacteristic
residues whose sequence locations, three-dimensional arrange-
ments, and specific interactions are shown in Figure 4. The core
catalytic residues in theclassical retainingmechanismscorrespond
to residues 4-D (nucleophile) and 6-D (general acid/general
base). In someGHsof this active site category (members of family
GH-27), there is alsoaconservedarginine(residue6-R)that forms
a salt bridgewith residue 6-D.However, the residue aligned to this

Figure 3. Conserved residues of active sites in category I. (a) Sequence
conservation logo of the most conserved aligned positions. The amino
acid types observed at a position are shown by the stacked one-letter
codes. The size of a letter is proportional to the frequency of the
corresponding amino acid type. (b) Superimposed conserved residues
surrounding a partial substrate. (c) Schematic representation of the
interactions between these residues. The number in a residue label
represents the (βα) unit on which the residue is located, while the letter
indicates the conserved residue type. The general acid/general base is
indicated with a bold label. The nucleophile is indicated by a star. The
residue forming specific interactions with the core catalytic residues is
underlined. Sequence conservation logos in this and in subsequentfigures
have been generated using WebLogo.85

Figure 4. Same as Figure 3, but for active sites of category II.
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position is a tryptophan inotherGHs(membersof familiesGH-31
and GH-36).
GHs in this category may fall into two subcategories, one

subcategory comprising the GH-27 and GH-36 family members,
the other the GH-31 family members. Within the GH-31 family,
there are additional conserved residues and interactions (see
Supporting Information Figure S5). Among them is an arginine
residue5-Rinteractingwiththecatalyticgeneral acid/generalbase.
Category III. The conserved sequences, structures, and

interactions are shown in Figure 5. GHs in this category adopt

the substrate-assisted mechanism. The conserved residue 4-E
provides thegeneral acid/generalbase.Anotherconservedresidue
4-D stabilizes the intermediate. In some PDB structures, Ala, Asn,
orGlnoccur in these positions because structures ofmutantswere
reported.44,54−57

The aligned structures show two conserved interactions that
involve the chemically active groups suggested by the general
mechanism but not included in the description of themechanism.
One is the hydrogen bond interaction between the two core
catalytic residues 4-D and 4-E (Figure 5c). The other is the
hydrogen bond interaction between the phenol of the conserved
residue 6-Y and the substrate N-acetyl carbonyl, which is the
suggested nucleophile in the substrate-assisted mechanism. In
addition, 1-Y is hydrogen bondedwith another conservedAsp but
far from the substrate (shown in white in Figure 5b). The residue
interacts with the N-acetyl group from the other side can also be
well aligned and is relatively conserved (residue 6-M/Q).
Previous analysis of the conserved residues in this category

includes the mutation of 6-Y, which was found to reduce specific
activityby2ordersofmagnitude.58An interestingQM/MMstudy
by Jitonnomet al. specifically discussed the roles of 4-D and 6-Y in
SerratiamarcescensChitinase B.29 They suggested that a neutral 4-
D is preferred to provide electrostatic stabilization of the
oxazolinium ion intermediate formed in the reaction and that 6-

Yplaysacritical role inthedeglycosylationstepof thereaction.The
residue 6-Dhas been suggested to promote distortion of the sugar
ring and to increase the pKa of the catalytic acid.

58 The role of
another conservedAsp(shown inwhite inFigure5b)hasalsobeen
suggested to form a catalytic DxDxE motif with 4-D and 4-E.59

Category IV. The conserved sequences, structures, and
interactions are shown in Figure 6. GHs in this category also

adopt the substrate-assisted mechanism, with residue 4-E as the
general acid/general base and residue 4-D to stabilize the
intermediate. Unlike category III, there is no direct hydrogen
bonding interaction between the two residues. Instead, the side
chain of a conserved histidine (residue 3-H) forms a hydrogen
bond with residue 4-E. As in category III GHs, the side chain of a
conserved tyrosine (residue 7-Y) is also observed to interact with
the N-acetyl carbonyl. This tyrosine, however, is located on a
different β strand as compared with the residue 6-Y in category III
GHs. In addition, theN-acetyl groupof the substrate iswrappedby
the side chains of three conserved tryptophans 5-W,6-W, and8-W
(Figure 6 B).
Previously,mutationof 7-Y toPhe in an enzymeof this category

was found to reduce both the Km and kcat significantly.
60 The

mutation of 3-H to Phe also showed reduced kcat.
60

Category V.Conserved sequences, structures, and interactions
for the GHs in this category are shown in Figure 7. These GHs
adopt the classical retaining mechanism, with the conserved
residue 7-E as the nucleophile and residue 4-E as the general acid/
general base. In most GHs of this category, there is a conserved
hydrogen bond between the chemically active 4-E and the side
chain of a histidine (residue 6-H).
Previously, a QM/MM simulation has indicated significant

contributionsof4-Nand6-Ytocatalysis, andsomeminoreffectsof

Figure 5. Same as Figure 3, but for active sites of category III. Figure 6. Same as Figure 3, but for active sites of category IV.
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3-H.31 In β-mannosidase, 4-N is replaced by Asp. Mutations and
inhibitor analyses suggested that this position contributes to
substrate recognition and transition-state stabilization.61 Muta-
tion of 6-Y to Phe reduces the hydrolytic activity and results in a
slight conformational change of the general acid/general base.62

Residue 6-H has been suggested to form a distinctive catalytic
module Glu−His−Glu with the two catalytic glutamates.63

Mutation of residue 2-R suggested that it is involved in the
structural organization of the protein.64 It was also suggested to
play a role in the activation of the nucleophile.65 Mutation of 2-R
may also be related to some diseases.66 Residue 8-W has been
discussed for its stacking with substrates.67

CategoryVI.Conservedsequences, structures, and interactions
for the GHs in this category are shown in Figure 8. As GHs in
category V, these GHs also adopt the classical retaining
mechanism, with the conserved residue 7-E as the nucleophile
and residue 4-E as the general acid/general base (Residue 4-E is
absent from the sequence logo in Figure 8a because it has been
mutated in four out of six PDB structures in this category).
Characteristic interactions involving the core catalytic residues
include a hydrogen bond between 4-E and the side chain of a
glutamine (residue 6-Q), and another hydrogen bond (or salt
bridge)between7-Eandthesidechainofahistidine(residue6-H).
Previously, residues 4-N and 4-E have been recognized as a

conserved NE pair. Suzuki et al. provided snapshots of the
components of the entire reaction using double mutant of the
conserved NE pair, including the E-S complex, the covalent
intermediate, breakdown of the intermediate and the enzyme−
product (E-P) complex.68 Residue 6-H was suggested to stabilize
thenucleophile residue7-E throughelectrostatic interactions.69,70

3.3. Comparing theActiveSitesofDifferentCategories.
Althoughtheactivesites indifferentcategoriesusuallydonotshare
aligned columns in the multiple alignment (Figure 2), reasonably

significant pairwise alignment scores were observed occasionally,
suggesting that the organizations of the active sites in different
categories could still be related. Figure 9 shows for each category
the locations of the core catalytic residues and some of their
interacting residues in the overall (αβ)8 fold. Like in many other
enzymes of this fold, these residues are located at the C-terminal
end of the β strands or the N-terminal end of the βα loops.
Categories I, II, III, and IV all have a core catalytic Asp (residue 4-
D) at a similar location, although this Asp has been suggested to
play different chemical roles: although it acts as the nucleophile of
the classical retainingmechanism in categories I and II, it is the key
intermediate-stabilizing residue in the substrate-assisted mecha-
nism in categories III and IV. Beside residue 4-D, remaining
catalytic residues in categories I and II do have similar locations.
These two categoriesmay be evolutionarily related, with the other
catalytic residues evolved independently despite their similar
chemical roles. Categories III and IV may also be evolutionarily
related.However, the catalytically similar residues 4-Dand4-E are
separatedbyoneresidue incategory IIIbutarenext toeachother in
category IV. The arrangement of the two residues in category III
makes it possible for residue 4-D to form a direct hydrogen bond
with the residue4-E,making it abetter general acid/general base in
the chemical steps. Although this interaction ismissing in category
IV, a conserved histidine not found in category III is hydrogen
bonded to 4-E. In addition, the conserved Tyr that has similar
interactions with the substrate carbonyl in categories III and IV
does not locate on the same β strand in different categories,
suggesting it to be a result of independent but convergent
evolution.CategoriesVandVIandcategories III and IVare similar
in the location of their catalytically conservedGlu (residue 4-E) in
theoverall fold.ThisGluplaysasimilar roleasgeneral acid/general
base. Categories V and VI are further similar to each other in their

Figure 7. Same as Figure 3, but for active sites of category V.

Figure 8. Same as Figure 3, but for active sites of category VI.
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location of the nucleophilic Glu residue (residue 7-E) and the
residue specifically interacting with the general acid/general base
residue4-E (residue6-H in categoryVand residue 6-Q in category
VI).
From the above comparisons, several observations emerged

regarding interactions that are conserved across evolutionarily
distant enzymes and potentially have significant effects on the
chemical steps. These interactions have not been emphasized in
the general mechanisms, but they directly involve the chemically
active groups proposed in the general mechanism. A most
ubiquitous interaction is thehydrogenbonding interactionoreven
charged interaction involving the general acid/general base
residue. Another interaction that may be essential for the
substrate-assistedmechanism is the interactionbetweena tyrosine
and the substrate carbonyl, because different evolutionary
processes have probably led to the same interaction.
3.4. Effects of Conserved Interactions Determined by

QuantumMechanical Calculations.To verify the essentiality
of the above specific interactions and to investigate the roles of
them in the chemical steps, we extracted models of small clusters
from the active sites of representative enzymes, and we
investigated energetics of respective chemical processes using
first principle density functional theory calculations. Three
enzymes have been selected on the basis of their suggested
chemical mechanisms and available structural data. The selected
enzymes,Ostrinia furnacalisGroup IChitinase, β-hexosaminidase
from Paenibacillus, and family 5 xyloglucanase from Paenibacillus,
belongs to categories III, IV, and V, respectively. The respective
PDB IDs are 3WL1, 3SUV, and 2JEQ.

In 3WL1, which adopts the substrate-assisted mechanism, the
general acid/generalbaseE148 interactsdirectlywithanothercore
catalytic residue D146. In 3SUV and 2JEQ, the respective general
acid/generalbaseresidues(E322in3SUVandE182in2JEQ)both
interactwithahistidine(H258 in3SUVandH264 in2JEQ).3SUV
adopts the substrate-assisted mechanism, whereas 2JEQ adopts
the classical retaining mechanism. The effects of the conserved
substrate carbonyl-binding tyrosine in the category III and
category IV enzymes are also investigated by including respective
tyrosines(Y217of3WL1andY395of3SUV)insomeof thecluster
models. Although the QM model representing the classical
retaining mechanism has been extracted from one member of
CategoryVamong the fourCategories (Categories I, II,V, andVI)
that adopt such amechanism, themodel comprised key residues/
interactions common to all these Categories. Except for the
starting structureandtheboundaryatompositions, theQMmodel
isnotspecificfor thechosenenzyme, sorepetitivecalculationswith
QM models extracted from other categories of enzymes are
unnecessary. Compositions of the different cluster models,
including possible protonation states and reaction schemes, are
summarized in Figure 10. In this figure and in the following
discussions, the label of amodel includes the enzyme category and
the one-letter codes of residues included. For residues with
alternative protonation states, the bare one letter amino acid code
represents a deprotonated state, whereas an “H” in parentheses
following the one letter code indicates the protonated state (The
general acid is always considered to be protonated in the reactant
state, so its protonation state was not labeled for clarity). For
example, CM_III_YED represents a cluster model for enzyme
category III containing side chains of a Tyr, the protonated Glu as
the general acid and an Asp in the deprotonated state, while
CM_III_YED (H) represents the samemodel except that the last
Asp is in the protonated state.

Energetics of the CM_III Models. Based on the changes of
relevant interatomic distances along the reaction pathways
(Supporting Information Figure S2) obtained from the reaction
coordinate driven calculations (See caption of Supporting
Information Figure S2), the chemical events should take place in
the following order: proton transfer from the general acid E148 to
the substrate leaving group, intramolecular nucleophilic attack
leading to transition state TS1, dissociation of the leaving group
from TS1 to form the intermediate. The hydrolysis of the
intermediate takes place in a reversed order. Figure 11a shows the
calculated energetics of thedifferentCM_IIImodels. Frommodel
CM_III_YED to CM_III_YED(H), there is a large decrease (ca.
17 kcal mol−1) in the energy barrier associated with TS1,
suggesting that the protonation of D146 is of critical importance.
Only aprotonatedD146 can formahydrogenbondwith theE148.
This is consistent with the fact that proton transfer from E148 to
the leaving group is an early event in the chemical process. Then at
TS1 the D146 is fully deprotonated and much more strongly
stabilized by hydrogen bonding interactions than at the reactant
state.FromCM_III_YED(H)toCM_III_ED(H), there is a small
decrease in the TS1 barrier, suggesting that Y217 does not
contribute in an energetically favorable way to the nucleophilic
substitution step. We also have investigated the hydrolysis step
using theclusterCM_III_YED(H). It turnsout that thehydrolysis
step has a much lower transition barrier than the nucleophilic
substitution step (Figure 11a). So the overall energetic effect of
Y217 is not favorable (actually may be slightly unfavorable based
on the energy profiles in Figure 11a) on the chemical steps, even
though it lowers thebarrierof thehydrolysis step.Thisunfavorable
energetic effects on the nucleophilic attack step is understandable

Figure9.Locationsof core catalytic residues and someof their interacting
partners in the overall (α/β)8 fold. The labels I−VI represent categories
I−VI, respectively. Residues are labeled by the index of the α/β unit and
one-letter code residue type. Bold labels indicate the general acid. Stars
indicate the nucleophile.
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Figure 10. continued
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from the expected charge redistribution during this step: negative
charge density around the nucleophilic carbonyl is expected to
decrease, thus thehydrogenbondwithY217wouldbeweakenedat
the transition state relative to the reactant.
Energeticsof theCM_IVModels.Thevariousdistance changes

along the optimized reaction pathways (Supporting Information
Figure S3) suggested a similar order of chemical events as in the
CM_III models. Again, from model CM_IV_ED to
CM_IV_EDH(H), and then to CM_IV_YEDH(H), the
presence of a hydrogen bond with the general acid/general base
and the increase of its strength have very large effects on the
energetic barrier associated with TS1 (Figure 11b). Also in
agreement with the results on theCM_IIImodels, Y395 has small
unfavorable energetic effects on the nucleophilic attack (Figure
11b).Thehydrolysis step isalsoassociatedwith lowerbarriers than
the nucleophilic substitution step in CM_IV_YEDH(H).

Energetics of the CM_V Models. The order of chemical steps
according to the distance changes along the reaction pathways
(Supporting Information Figure S4) are the following: proton
transfer to the leavinggroupfromthegeneral acid/baseE182; then
E182 is stabilized by the proton transferred from H264;
nulceophilic attack that leads to the transition state TS1; and
subsequent dissociation of the leaving group. As shown in Figure
11c, a protonated H264 on the reactant is important. The energy
barrier of 19.64 kcal mol−1 of the CM_V_EEH(H) model with a
protonated H264 is much lower than the energy barrier of 38.22
kcal mol−1 of the CM_V_EEH model with a neutral H264.
WithoutH264residue intheCM_V_EEmodel, theenergybarrier
is even higher (39.24 kcal mol−1).
On thebasis of theQMresults (Figure11a−c),wecan conclude

that the hydrogen bonding or salt bridge interactions with the
general acid/general base are indeed essential for GH catalysis. Its
energetic effects in gas phase can be as large as 17−20 kcal mol−1,

Figure10.Proposed reaction schemes fromreactant (R) toproduct (P) for the largest clustermodels representing active sites of different categories. In the
smallermodels, only someof the side chains are included(which residues are includedare indicatedbycompletemodel labels asdescribed in themain text).
The transition state 1 (TS1)occurs between the reactant and the intermediate (IM). (a)−(g) showdifferentmodelswith varied protonation schemes.The
residues that may be absent in smaller models are colored in green. (a) CM_III_YED(H) or CM_III_ED(H); (b) CM_III_YED; (c) CM_IV_ED; (d)
CM_IV_YEDH or CM_IV_YED; (e) CM_IV_YEDH(H) or CM_IV_EDH(H); (f) CM_V_EEH or CM_V_EE; (g) CM_V_EEH(H).
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bringing thepotential energybarriers fromabove30kcalmol−1 for
the bare models without such interactions to around 17−20 kcal
mol−1. These may be considered as reasonably low gas phase
barrier heights for viable enzyme mechanisms.
We think that such large effects can be largely understood based

on the order of chemical events that lead to the transition state.

From the distance change curves in Supporting Information
Figures S2−4, we can see that the proton transfer from the general
acid is always predicted to complete before the nucleophilic attack
transition state. These curves have been obtained by reaction
coordinate driving calculations in which the order of events have
not beenassumed; that is., thenucleophilic attack coordinate (d2−
d1, see Figure S2−S4) and the proton transfer coordinates (d4−d3
and d6−d5, see also Figure S2−S4) have been treated in the same
way in the overall driving coordinate. This conclusion should be
robust because calculations on the three QM models extracted
fromdifferent enzymes gave the same order of events. In addition,
reaction coordinate driving calculations using only the nucleo-
philic attack coordinate d2−d1 as the driving coordinate have been
attempted for several models (results not shown). Then the
proton transfers take place automatically and abruptly (shown as
sudden jumps of the respective interatomic distances) after a
certain point along the calculated paths. The associated energy
barriers are always much higher. Proton transfer from the general
acid can significantly lower the energy of the transition state for
nucleophilic attack by stabilizing the leaving group. Then the
strong hydrogen bond/charged interaction with the general acid
can significantly stabilize the transition state by stabilizing the
deprotonated general acid. From the calculations, we also see that
the bare models without including this interaction are all
associated with so high transition barriers that they should not
be considered as feasible at room temperature by themselves.
Thus, we think this interaction should qualify as an essential
component of the chemical mechanisms.
In fact, such a strong hydrogen bond interaction involving the

general acidhasbeennoted inGHsthatarenotof theTIM-fold.An
example is the family 7 GHs, which are of the β-jelly roll fold. An
example structure of thisGH family is theCellobiohydrolase from
a Fungus Heterobasidion irregulare (PDB entry 2XSP).71 In this
enzyme, the suggested general acid E219 and a conserved D216
showed a relative arrangement for hydrogen bonding similar to
that between E148 and D146 in 3WLl of Category III discussed
here. The interaction there has been suggested to be important for
catalysis.72

The above suggested mechanism requires the residues
interacting with the general acid to be protonated in the reactant
states. We used ProPKA3.173−77 (https://github.com/
jensengroup/propka-3.1) to estimate the pKa of these residues.
Ligand has been included as part of the system for these
estimations. The results are 12.8 for D146 in 3WL1, 15.31 for
H258 in 3SUV, and 7.12 for H264 in 2JEQ. Such pKa values are
consistent with the assumption that these residues are protonated
in the reactant state. On the other hand, the predicted pKa of the
proposed general acid residues are acidic (6.50 for E148 in 3WL1,

Figure11.Calculatedenergyprofiles fordifferentclustermodels. (a)−(c)
correspond to results for the series of CM_III, CM_IV, and CM_V
models, respectively. The TS energies have been taken as maxima on
respectivepotential energycurves,notexactly thefirstorder saddlepoints.
Thehydrolysispartof thecalculatedenergyprofilehasbeensimplyshifted
togivethesameenergyat theIMstateas thenucleophilic substitutionpart.

Table 2. Energy Barriers (ΔE) Calculated by Continuum Solvation with Different Dielectric Constantsa

models ΔE (ε = 0.0) ΔE (ε = 4.9) ΔE (ε = 20.70) ΔE (ε = 78.39)

CM_III CM_III_YED(H) 17.85 28.46 29.24 30.18
CM_III_YED 34.65 33.02 32.45 30.6

ΔΔE −16.8 −14.56 −3.21 −0.42
CM_IV CM_IV_YEDH(H) 21.28 22.03 22.97 23.18

CM_IV_YEDH 33.55 31.02 29.1 27.28
ΔΔE −12.27 −8.99 −6.13 −4.1

CM_V CM_V_EEH(H) 19.64 25.29 26.42 27.36
CM_V_EEH 38.22 34.99 33.92 31.32

ΔΔE −18.58 −9.7 −7.5 −3.94

aΔΔEs are the differences between the energy barriers associated with models in different protonation states. The values are in kcal mol−1.
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3.69 for E322 in 3SUV, and 3.02 for E182 in 2JEQ). It is possible
that the substrate imposes a pKa shift on the catalytic residues: as
these latter groupof residues should beprotonated in the reactant,
otherwise even the general chemical mechanism would not be
possible.
The above results have been obtained without considering

possible dielectric screening effects. To look at if dielectric
screening may substantially affect the results, we recalculated the
energetic barriers for clusters CM_III_YED and CM_III_YED-
(H), CM_IV_YEDH, CM_IV_YEDH(H), CM_V_EEH and
CM_V_EEH(H) in different dielectric continuums by using the
polarizable continuum model.78 Single-point calculations on the
gas phase-optimized geometries have been used. The results are
summarized in Table 2. In general, increasing dielectric constant
lead to increasedTS1barriers.This canbeunderstoodon thebasis
of the overall increased charge delocalization upon the
nucleophilic attack. The effects of the hydrogen bond/salt bridge
with the general acid−general base are reduced in high dielectric
mediums (see the large ΔΔE values in Table 2) because of
dielectric screening. However, inside the enzyme active sites, the
effective dielectric constants will be small, so the effects would
most probably remain quite large.
The calculated energetic effects of Y217 and Y395 in respective

CM models may seem to conflict with their independent
appearance in evolutionarily optimized substrate-assisted GH
enzymes. Although a role of such a Tyr to lower the barrier of the
hydrolysis step instead of the nucleophilic substitution step has
been suggested,29 this explanation is somewhat unsatisfactory as
the hydrolysis step is associated with lower barriers than the
nucleophilic substitution step. Here we speculate that the role of
this Tyr may be related to activation entropy, which has not been
included in the energetic barriers. Compared with the linearly
branched flexible reactant, the transition state of the intra-
molecular nucleophilic attack step leads to a rigid five-membered
ring (Figure 1B). This change would be expected to be associated
with highly unfavorable activation entropies.We have seen that in
the aligned active sites, the substrateN-acetyl group is sandwiched
by conserved residues with bulky side chains. This may serve to
reduce theflexibility of the substrate and thus reduce the activation
entropy. But such sandwich interactionsmight still be not enough.
The presence of the conserved Tyr might further reduce the
entropy of the reactant state (at the transition state, the substrate
structure is by itself very rigid and Tyr should not change the
entropy much). To just qualitatively look at the possibility of this
effect, we used vibrational analysis to estimate the activation
entropies in the CM_III_ED(H) andCM_III_YED(H)models,
the respective results of around −3 cal mol−1 K−1 for the former
and ca. 6 calmol−1K−1 for the latter indicate thatTyrmight indeed
increase the activation entropy, even though the vibrational
analysis should have significantly underestimated the flexibility of
the substrate N-acetyl in reactant state in the CM_III_ED(H)
cluster. Activation entropy from vibrational analysis for
CM_IV_EDH(H) (ca. 7 calmol−1K−1) andCM_IV_YEDH(H)
(ca. 10 cal mol−1 K−1) show the same trend. We must, however,
emphasize that the discussions regarding the possible role of this
Tyr to reduce activation entropy, although reasonable, are highly
speculative. The entropy estimation from vibrational analysis is
presented just to show that the signof entropy change estimated in
thisway does not contradict this speculation. To address this issue
more reliablymay require free energyprofile calculations inside an
enzyme environment usingQM/MMmodels andmay be subject
of future investigations.

QMmodeling in the current work has focused on verifying and
rationalizing chemically essential interactions deduced from
common active site features of different enzymes. This focus has
led to insights different from a number of previous QM/MM
studies focusing on individual GH enzymes. Jitonnom et al. have
reported QM/MM studies on a member of the GH family 18
which belongs to category III in our active site-based
clustering.28,29 They investigated the effects of different
protonation states of an Asp142 (corresponding to residue 4-D
in Figure 5) in the reactant state. However, the focus had been on
the role of this Asp in stabilizing the oxazolinium ion intermediate,
forwhichaprotonatedAsp142wouldactuallybe lesseffective.The
possibility of a protonated Asp142 to assist the catalytic general
acid/generalbasegrouphadnotbeen fullyexploredordiscussed in
their studies. Another QM/MM study by Greig et al. investigated
an enzyme that belongs to Category IV.30 Again, the focus there
had been on the pKa of the oxazolinium ion intermediate inside an
enzymatic environment relative to solution. The interaction
betweentheconserved3-Handthegeneral acid4-E(seeFigure6),
themain point of interest in our study, was not their focus. AQM/
MM study on amember of the Category V enzymes has also been
reported by Badieyan et al.31 That study has focused on active site
residues interacting with the glucose moiety. The conserved
interaction between 6-H and the general acid 4-E (see Figure 7)
was also not their focus. Actually, the barrier for the glycosylation
step calculated in thatworkwas relatively high, being above29kcal
mol−1. The barriers for the gas phase clustermodels ofCategoryV
enzymeswithout a charged 6-H to assist the general acidwere also
high (Figure 11c).
Wewould like topointout that thehydrogenbondor salt bridge

interaction involving the general acid have been widely noticed in
experimental structural analyses of different GHs (for examples,
see references63,79), and its potential roles have been discussed
along with other specific interactions observed for respective
enzyme. For some enzymes, site-directed mutagenesis have been
used to probe the effects of this interaction.63,79 Relative to these
works, the current work highlighted the general existence of this
interaction in TIM-fold GHs across wide families, suggested it to
be essential for the chemical process, and provided insights to
rationalize this essentiality.

4. CONCLUSIONS
Wehavepresentedanapproachofcombiningactive sitealignment
with quantum mechanical calculations to reveal chemically
essential interactions in enzymes that use the same or similar
general mechanisms to catalyze alike reactions. Applying this
approach to TIM-fold GHs suggested the chemical essentialness
of a hydrogen bond/salt bridge interaction with the general acid/
general base, a feature examined in a number of previous studies of
specificenzymesbutnotemphasized in thegeneralmechanisms. It
is suggested that the essentialness of this interaction is due to the
early proton transfer from the general acid to the leaving group
before the transition state. In those TIM-fold GHs adopting the
substrate-assisted mechanism, a tyrosine conserved in three-
dimensional position but not in sequence position is hydrogen
bonded to the nucleophilic carbonyl. This Tyr was not found to
contribute favorably to lower the energetic barrier from the QM
calculations. We speculated that the role of this interaction could
be to lower the activation barrier through entropic effects.
The active site alignment approach allows for common active

sitestructuresandinteractions inevolutionarilydistantenzymesto
be extracted in a systematicmanner. In addition, protein structure
models predicted through reliable comparative modeling (e.g.,
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model structures built based on templates of >40% sequence
identity) may also be considered as valid inputs for active site
alignment, thus extending applicability of the approach. On the
other hand, we note that for active site comparisons, other
methods besides SMAP have been proposed, such as ProBiS,33,34

CMASA80 or the method of Steinkellner et al.81 For our purpose,
these methods could have been used as well to achieve the same
goal. Active site comparisons based onoverall structure alignment
methods such as MUSTANG have also been reported.82−84

Alignmentofoverall structures usually, thoughnot always, leads to
themost sensible alignment of active sites. In addition, residues of
similar spatial but different sequence locations (for example, the
Tyr interactingwith the substrate carbonyl in theCategory III and
Category IV enzymes) may only be aligned by the active site
alignmentapproach. Inprinciple, approaches likeSMAPorProBiS
may also be applied to find similarities across different folds. In
practice, however, the similarity between the active sites ofGHs of
different folds seems to be below the threshold of being detectable
by the SMAPor ProBiS approach in their general form. Earlier we
have mentioned the similarity in the arrangement of two
chemically important residues of the β-jelly roll fold family 7 GH
enzymes to the TIM fold GHs considered here. Automatic
alignments through SMAP or ProBiS are not yet able to align the
respective active sites with significantP-values orZ-scores. That is
probably because all residues surrounding the binding site have
been treated as of equal importance for significant alignments,
while the conservation across fold families can be limited to only a
few key residues. The main reason that the SMAP alignment
approach was not able to detect the active sites of nonTIM-barrel
GHs is that all residues surrounding the binding site have been
considered to be of equal importance, while the conservation
across different folds seems to be limited to only the few key
catalytic residues. It may be possible to circumvent this limitation
by restricting the alignment to include only these key residues.
However, for thisapproach tobepractical,onealsoneeds tofindan
accompanying strategy to avoid yielding a large number of false
positive alignments.
Compared with models constructed by inspecting unaligned

individual enzymes, quantum mechanical models based on
examining the aligned active sites may better capture features
that are truly essential for catalysis. Our results on the TIM-fold
GHs indicate that given a well-known general enzymatic
mechanism, the basic chemical steps may still be unfeasible in
lack of some chemically essential interactions. The proposed
approach of combining active-site-oriented bioinformatics
analysis with QMmodeling provides a useful way to gain insights
into such aspects of enzyme catalysis.
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were made to Figure 10. The corrected version was reposted
March 24, 2015.

ACS Catalysis Research Article

DOI: 10.1021/cs501709d
ACS Catal. 2015, 5, 2559−2572

2572

http://dx.doi.org/10.1021/cs501709d

