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ABSTRACT: Understanding the catalytic efficiency and specific-
ity of enzymes is a fundamental question of major practical and
conceptual importance in biochemistry. Although progress in
biochemical and structural studies has enriched our knowledge of
enzymes, the role in enzyme catalysis of residues that are not
nearest neighbors of the reacting substrate molecule is largely
unexplored experimentally. Here computational active site
predictors, THEMATICS and POOL, were employed to identify
functionally important residues that are not in direct contact with
the reacting substrate molecule. These predictions then guided
experiments to explore the active sites of two isomerases,
Pseudomonas putida ketosteroid isomerase (KSI) and human phosphoglucose isomerase (PGI), as prototypes for very different
types of predicted active sites. Both KSI and PGI are members of EC 5.3 and catalyze similar reactions, but they represent
significantly different degrees of remote residue participation, as predicted by THEMATICS and POOL. For KSI, a compact
active site of mostly first-shell residues is predicted, but for PGI, an extended active site in which residues in the first, second, and
third layers around the reacting substrate are predicted. Predicted residues that have not been previously tested experimentally
were investigated by site-directed mutagenesis and kinetic analysis. In human PGI, single-point mutations of the predicted
second- and third-shell residues K362, H100, E495, D511, H396, and Q388 show significant decreases in catalytic activity relative
to that of the wild type. The results of these experiments demonstrate that, as predicted, remote residues are very important in
PGI catalysis but make only small contributions to catalysis in KSI.

Reactions catalyzed by enzymes are typically many orders of
magnitude faster than the corresponding uncatalyzed

reactions,1,2 with high substrate specificity and regio- and
stereoselectivity. As enzymes have evolved to catalyze biological
reactions inside living cells, they generally work well under mild
conditions and in aqueous solution. These properties of
enzymes have made them attractive for many medicinal and
industrial applications, including green chemistry.3,4 To be
optimally useful in commercial applications, the catalytic and
physical properties of enzymes, including their stability, activity,
specificity, and solubility, often need to be modified. The
largest barrier for the rational design of enzymes is the lack of a
detailed theoretical basis for the high catalytic efficiency and
exquisite specificity of enzymes. Much of the prior work
addressing this issue1,2,5,6 has focused on the amino acid
residues that are involved in catalysis through direct spatial
contact with the reacting substrate molecule(s). The role of
remote residues, i.e., residues that are not in the immediate area
of the reacting substrate molecules but nevertheless contribute
to the progress of the reaction, in catalysis has not been
extensively explored previously. In many enzymes, especially

non-metalloenzymes, the chemical steps are conducted by the
catalytic amino acid residues, which often have chemical
properties (e.g., shifted pKa) different from those of the
corresponding amino acids free in solution. These unusual
properties may be the result of interactions of these catalytic
residues with other residues in the enzyme. Identifying and
understanding the interactions between residues that contribute
to catalysis could point the way toward systematic modulation
of the desired properties of catalytic residues, and thereby the
development of better control of enzyme activity and
specificity.
We previously developed THEMATICS7 (Theoretical

Microscopic Anomalous Titration Curve Shapes) and POOL8

(Partial Order Optimum Likelihood), computational predictors
of residues involved in catalysis and binding. Both utilize the
three-dimensional structure of the query protein as input.
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Strikingly, in some cases, these methods predict the
participation in catalysis by residues not in direct contact
with the reacting substrate molecule. Briefly, the THEMATICS
method solves the Poisson−Boltzmann equations and yields
the electrical potential function for the protein and then
computes the theoretical microscopic titration curves for all of
the ionizable residues in the protein structure. When the
protonation equilibria of multiple ionizable residues are
coupled, the titration curves of these residues will have
perturbed shapes. It is the shapes of these titration curves,
and not the predicted pKa shift, that form the basis for
THEMATICS predictions. The residues with the most
perturbed titration curve shapes tend to be active site residues,
and thus, spatial clusters of residues with the greatest anomalies
in the theoretical titration curve shapes are predicted to be
functionally important. POOL is a machine learning method
based on a monotonicity-constrained maximum likelihood
technique. POOL utilizes THEMATICS and other input
features to place all of the residues in a protein structure in
rank order according to their probability of functional
importance. While THEMATICS predicts only the seven
ionizable amino acid types, POOL utilizes environment
variables to predict all 20 amino acid types. Typically, the set
of residues in the top 8−10% of the POOL ranking is taken as
the active site prediction.
In a preliminary study, we conducted an analysis of nitrile

hydratase from Pseudomonas putida,9 in which second- and
third-shell residues predicted by THEMATICS were mutated
using site-directed mutagenesis and the resultant variants were

analyzed for activity. Four of five single-residue variants with
conservative mutations at predicted positions, three in the
second shell and one in the third shell, showed activity
decreased by 1−2 orders of magnitude. This shows that the
active site of nitrile hydratase is built in multiple layers, where
interactions between first-shell residues (residues in direct
contact with substrate) and residues behind them in the second
and third shells are important for catalysis.
In this study, to test whether second- and third-shell residues

participate as predicted, we chose two enzymes for
experimental analysis, ketosteroid isomerase (KSI) from P.
putida and human phosphoglucose isomerase (PGI). KSI and
PGI both catalyze isomerization reactions as shown in Scheme
1, but they have very different degrees of remote residue
participation predicted by THEMATICS. For KSI, all of the
residues that THEMATICS predicts to be participating in
catalysis are, with one exception, in direct contact with the
reacting substrate. On the other hand, for PGI, THEMATICS
predicts participation in catalysis by multiple layers of residues
in the first, second, and third shells surrounding the reacting
substrate molecule. These two enzymes represent two extremes
in the predicted degree of remote residue participation and thus
serve as good test cases for the question at hand.
Δ 5-3-Ketosteroid isomerase (KSI, EC 5.3.3.1) has been

studied both computationally10−12 and experimentally13−15

because of its high catalytic activity, with a rate approaching
the diffusion-controlled limit. KSI catalyzes the isomerization of
Δ 5-3-ketosteroid to Δ 4-3-ketosteroid, involving C−H bond
cleavage and formation through a dienolate intermediate

Scheme 1. Mechanisms of KSI and PGI
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(Scheme 1A).16 The formation of the enolate intermediate was
established previously as the rate-determining step;17 however,
Hawkinson et al.18 showed that no single chemical step can be
clearly rate-limiting when 5-androstene-3,17-dione is the
substrate. KSI has a metabolic role in the degradation of
steroids in bacterial species that can live on steroids as their sole
carbon source.19 High-resolution crystal structures have been
reported for two orthologous enzymes from Commamonas
testosteroni (ctKSI)20 and P. putida (ppKSI) Biotype B.21 Site-
directed mutagenesis experiments identified D40 (ppKSI
numbering) as the catalytic base responsible for proton
transfer.22 Y1622 and D10323−25 are identified as residues
responsible for stabilizing the transition state.
Phosphoglucose isomerase (PGI, EC 5.3.1.9) is an example

of a moonlighting protein.26 Inside the cell, PGI catalyzes the
reversible isomerization of glucose 6-phosphate and fructose 6-
phosphate, an essential step of glycolysis and gluconeogenesis.
Extracellular PGI has many other functions, including acting as
a neuroleukin,27,28 an autocrine motility factor,29 and a
maturation factor.30 Human PGI (hPGI) is of particular
medical interest, as a deficiency in hPGI leads to non-
spherocytic hemolytic anemia.31,32 Also, PGI is used as a
biomarker because of its high level of expression observed in
patients with certain cancers.33 Crystal structures with and
without ligand bound are reported for both PGI from mammals
(rabbit,34−38 human,39 and mouse40) and bacteria (Bacillus
stearothermophilus41,42). The proposed mechanism of isomerase
activity is shown in Scheme 1B.36,43 Crystal structure analysis of
rabbit,36,38 human,44 and mouse40 PGI in complex with mimics
of the cis-enediol intermediate and site-directed mutagenesis of
bacterial PGI identified E358 (where residues are numbered
according to the UniProt sequence of hPGI) as the catalytic
base; R273 helps to stabilize the intermediate in the
isomerization step, and H389 and K519 are most likely
involved in the ring-opening and closing steps.
We identified second- and third-shell residues that are

predicted by THEMATICS and POOL to contribute to
catalytic activity for KSI and PGI. We constructed site-directed
variants of these enzymes to test our prediction that relatively
few residues outside the first shell of KSI contribute to activity,
whereas several second- and third-shell residues contribute to
PGI activity. Some residues in the second shell of KSI and PGI
that were not predicted to be functionally important were also
included as negative controls. In addition, one first-shell residue
in hPGI, H389, was predicted to be important for catalysis but
had not been studied previously in human PGI; therefore,
H389 was also included in our study. Our experimental results
support our predictions, as only one mutation in KSI leads to a
significant decrease in activity, and this effect is relatively small.
However, mutations of predicted residues in both the second
and third shells lead to dramatic decreases in activity in PGI.

■ MATERIALS AND METHODS
Theoretical Methods. Functional Site Prediction and

Shell Analysis. The X-ray crystal structures of wild-type KSI
from P. putida (PDB entry 1OH0)21 and wild-type human PGI
(PDB entry 1IAT)39 (where residues are numbered according
to the UniProt sequence) were preprocessed using the
molecular modeling software YASARA45 to add any missing
atoms. THEMATICS7 calculations were performed as
described previously,46 except that in this case for the
identification of remote residues, a decreased cutoff of 0.96
was used instead of 0.99.46 For POOL8 calculations, along with

THEMATICS features, INTREPID47 evolutionary scores are
included.48 INTREPID scores were obtained from the Berkeley
phylogenomics web server (http://phylogenomics.berkeley.
edu/intrepid/). First-shell residues, the residues in contact
with a bound ligand, were identified using the Ligand-Protein
Contacts (LPC) server.49 Second-shell and third-shell residues,
i.e., residues in contact with the first shell and second shell,
respectively, were identified using the Contacts of Structural
Units (CSU) server.49

Electrostatics Calculations. MCCE (MultiConformer Con-
tinuum Electrostatics),50,51 which allows conformational
flexibility of amino acid side chains, was implemented to
predict pKa values. Structures of wild-type hPGI and ppKSI
were used as input for the MCCE calculations. Because of the
size of hPGI with more than 1100 residues, the “quick” method
was used for the calculations. Mean field analysis was
performed at a pH equal to the MCCE-predicted pKa for
each of the catalytic residues. In addition, to compare the
results from MCCE, we also employed UHBD52 to predict pKa
values, to verify that the two methods predict the same trends.
UHBD calculations were performed assuming a protein internal
dielectric constant of 20; HYBRID53 was employed to calculate
the mean net charge as a function of pH for each ionizable
residue in the protein structure, and from this theoretical
titration curve, the pKa values for each of these residues are
computed.
Experimental Methods. Mutagenesis. A plasmid ex-

pressing human PGI and expression strain Escherichia coli
DF2145 were obtained from M. Meng.54 Plasmids expressing
KSI55 were gifts from K. Y. Choi. Mutations were constructed
by using a QuikChange site-directed mutagenesis kit (Agilent)
and confirmed by DNA sequencing analysis (Massachusetts
General Hospital DNA Core, Cambridge, MA).

Protein Expression and Purification. KSI. Wild-type KSI
and variants were purified using the published protocol13 except
that an affinity column was not employed. Briefly, expression of
wild-type KSI and variants was conducted in BL21(DE3) cells
in 1 L of Luria broth supplemented with 100 μg/mL ampicillin
at 37 °C. Cells were disrupted by sonication, and the lysate was
clarified by centrifugation at 24610g for 60 min. The
supernatant was loaded onto a 10 mL DEAE ion-exchange
column (GE Healthcare) pre-equilibrated with buffer contain-
ing 20 mM potassium phosphate (KPO4), 1 mM EDTA, 1 mM
DTT, and 50 mM NaCl (pH 7) and eluted with a linear
gradient from 50 to 500 mM NaCl. Fractions containing KSI
were pooled and concentrated to ∼1−2 mL with 5 kDa
MWCO Vivaspin 6 (Vivaproducts). The protein sample was
then loaded onto a Superdex 75 size exclusion chromatography
column [26 mm × 70 cm (GE Healthcare)] and eluted with
buffer containing 40 mM potassium phosphate (KPO4), 1 mM
EDTA, and 1 mM DTT (pH 7). Protein concentrations were
determined by the Bradford assay (Bio-Rad).

PGI. Wild-type hPGI and variants were purified from E. coli
strain DF2145 in 1 L of Luria broth supplemented with 100
μg/mL ampicillin according to the published protocol.54

Clarified supernatant was then loaded onto a 10 mL MonoQ
ion-exchange column (GE Healthcare) equilibrated in buffer A
[10 mM triethanolamine (pH 7.5), 1 mM EDTA, phenyl-
methanesulfonyl fluoride (PMSF), and 0.1% β-mercaptoetha-
nol]. The flow-through containing hPGI was collected and
loaded onto a 5 mL SP ion-exchange column (GE Healthcare)
pre-equilibrated in buffer A and eluted with a linear gradient
from 0 to 0.75 M NaCl in buffer A. Fractions containing hPGI
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were pooled and concentrated, and the buffer was exchanged
with 20% glycerol in buffer A using 5 kDa MWCO Vivaspin 6
(Vivaproducts). Protein concentrations were determined by the
Bradford assay (Bio-Rad).

Steady-State Enzyme Kinetics. Kinetic parameters for wild-
type and variant enzymes were determined by nonlinear
regression using GraphPad. Reported values for kcat and KM are
from at least three independent trials.

KSI. Activity of KSI was measured spectrophotometrically56

by following the conversion of 5-androstene-3,17-dione to 4-
androstene-3,17-dione (Steraloids Inc.) at 248 nm. Reactions
were conducted at 21 °C in a buffer containing 34 mM
potassium phosphate (KPO4), 2.5 mM EDTA (pH 7), various
substrate concentrations, and enzyme as described previ-
ously.24,25

PGI. A coupled assay54 was employed to measure the activity
of hPGI with fructose 6-phosphate (Sigma) as the substrate.
Reactions were conducted in a 500 μL cuvette at 21 °C in the
presence of 20 mM HEPES buffer (pH 7.5) 10 units of glucose-
6-phosphate dehydrogenase (Worthington), 1 mM β-NAD+

(Sigma), enzyme, and various substrate concentrations.
CD Spectroscopy. Before the CD measurements, buffers

were exchanged into 50 mM potassium phosphate (pH 7.5)
using Zeba Spin (Pierce Scientific) buffer-exchange columns.
Ultraviolet CD spectra (200−300 nm) were recorded using a
JASCO J-715 CD spectrometer with protein concentrations of
0.1 mg/mL in a cuvette with a path length of 0.1 cm. Spectra
were recorded at a scan speed of 50 nm/min and averaged over
nine scans at room temperature.

Thermofluor Stability Assay. Reaction mixtures were
assembled in 96-well optical plates with each sample (16 μL
total volume) containing 15 μM protein, storage buffer [10
mM triethanolamine (pH 7.5), 1 mM EDTA, phenyl-
methanesulfonyl fluoride (PMSF), 0.1% β-mercaptoethanol,
and 20% glycerol], and 25× Sypro Orange (Invitrogen), and
then the plate was sealed with an optical adhesive film (Applied
Biosystems).57,58 The temperature was increased from 25 to 75
°C in an increment of 0.2 °C using an iCycler iQ5 Real Time
PCR system (Bio-Rad). The change in fluorescence was
detected with a built-in CCD camera with an excitation
wavelength of 490 nm and an emission wavelength of 575 nm.
The melting temperature (Tm) is obtained by fitting the data to
the sigmoidal Boltzmann model equation using curve-fitting
software XLfit 5, a Microsoft Excel add-on program. The
relationship among the temperature, melting temperature, and
fluorescence intensity is given by the expression intensity = A +
(B − A)/[1 + e(Tm − temperature)/D], where A and B are pre- and
post-transitional fluorescence intensities, respectively, and D is
a slope factor. Reported values are from at least three
independent trials.

Crystallization, Data Collection, and Crystallographic
Refinement. Crystals of the ppKSI variant M105A were
grown by vapor diffusion using the hanging drop method at
25 °C. Equal volumes of protein at 20 mg/mL ppKSI and a
crystallization solution containing 1.4 M ammonium sulfate and
6.5% isopropyl alcohol were mixed. After a few days, crystal
clusters appeared in the drops. These clusters were dissected
and transferred to a solution containing 2.9 M sodium malonate
and subsequently flash-frozen in liquid nitrogen prior to data
collection.
Data were collected at beamline ID-23D at GM/CA-CAT

(APS, Argonne, IL) at 100 K using a MARMosiac 300 CCD
detector. Diffraction data were indexed in orthorhombic space

group C2221, integrated, and scaled using HKL2000.59

Molecular replacement was conducted with PHENIX Au-
toMR,60 using the coordinates of wild-type ppKSI (PDB entry
1OH021) as a coordinate model. After a molecular replacement
solution was obtained, the model was improved with PHENIX
AutoBuild.60 A test set of 5% of randomly chosen reflections
was selected and used for the calculation of the Rfree value. After
a round of simulated annealing, multiple cycles of iterative
manual building were performed with Coot61 and refined
against an amplitude-based maximum-likelihood target function
in PHENIX60 until the Rfree could no longer be reduced. The
atomic coordinates of ppKSI M105A, as determined in this
study, have been deposited in the Protein Data Bank as entry
3SED.

■ RESULTS
Functional Site Prediction by THEMATICS and POOL.

Ketosteroid isomerase (KSI) and phosphoglucose isomerase
(PGI) both belong to EC 5.3 (isomerases and intramolecular
oxidoreductases), but they have very different degrees of
remote residue participation predicted by THEMATICS
(Table S1 of the Supporting Information).

KSI. THEMATICS and POOL calculations were performed
on wild-type KSI from P. putida (PDB entry 1OH021). As
shown in Figure 1, THEMATICS predicts a compact active site

for KSI with a cluster of five residues (Y16, D40, Y57, D103,
and Y32), among which four residues belong to the first shell
and only one residue (Y32) belongs to the second shell. POOL,
which generates a ranked list of residues in order of their
probability of functional importance, with rank 1 being the
most likely to be functionally important, predicts very few
second-shell residues in the top ranks (Table S2 of the
Supporting Information). This atypical prediction, with a very
low degree of participation by second-shell residues, suggests
that residues outside the first shell are less likely to be
important for catalysis in KSI than in other enzymes.
To improve our understanding of the nature of the active site

in ppKSI, four second-shell residues (M31, E39, M84, and
M105) were chosen for site-directed mutagenesis. Typically,
when POOL is used to predict the functionally important
residues in a given protein structure, the set of residues in the
top 8% of the rank-ordered list is taken as the prediction. For
KSI, the only second-shell residue in the top 8% is Y32, which

Figure 1. THEMATICS functional site predictions for ppKSI and
hPGI. For KSI, THEMATICS predicts a compact active site of mostly
first-shell residues, but for PGI, THEMATICS predicts a multilayered
active site. Ligands are shown as gray sticks. Predicted residues are
shown in ball-and-stick form. First-shell residues are colored green,
and second- and third-shell residues are colored blue and orange,
respectively.
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has already been tested experimentally and shown to have a
small effect on catalysis.24,62 The next highest-ranking second-
shell residue, which falls just outside the top 8%, is E39, which
was chosen for testing in this study. Additionally, three more
residues (M31, M84, and M105) with lower POOL rankings
were chosen on the basis of their proximity to the catalytic
residues (Figure 2) and sequence conservation (Table 1). As

shown in Figure 2, M31 is located behind the known active site
residue Y16 with respect to the substrate, M84 makes contacts
with the active site residue D103, M105 makes contacts with
both Y16 and D103, and E39 is located adjacent to the catalytic
base D40; all four are well conserved.

PGI. THEMATICS predicts four clusters for hPGI. Two
clusters contain residues that are located far from the site of
isomerase activity; hPGI is known to be multifunctional, and
because of their location, these residues could be important for
functions of hPGI other than its isomerase activity and
therefore are not pursued further here. The remaining two
are equivalent clusters with residues from both subunits; these
clusters correspond to the two equivalent sites of isomerase
activity in the dimer. THEMATICS correctly identifies three
major catalytic residues (E358, H389, and R273); the only
known catalytic residue that is not predicted by THEMATICS
is K519. As shown in Figure 1, THEMATICS predicts a total of
eight second- and third-shell residues; most of them are located
around the catalytic residues, suggesting these residues may
have some role in catalysis. The rank-ordered residues in the
top 10% of the POOL predictions obtained using THE-
MATICS and INTREPID features are listed in Table S3 of the
Supporting Information. Again, there are some residues in the
top 10% of the POOL rankings that are located far from the
isomerase active site; these may be important for some other
function of hPGI. However, all four known catalytic residues
occur in the top 8% of the POOL rankings. The three major
catalytic residues (E358, R273, and H389) are predicted within
the top 3% of the POOL rankings. Indeed, H389 is ranked #1
of 558 residues; K519 is predicted by POOL to be #39 of 558
residues, in the top 7%. Like THEMATICS, POOL predicts
many second- and third-shell residues, also suggesting that
these residues have a role in catalysis. To test the contributions
of second- and third-shell residues to catalysis, we chose the
following nine residues for site-directed mutagenesis: H100,
Y274, Y341, K362, N386, Q388, H396, E495, and D511. All
nine of these residues are located in the second or third shells
and are in the top 10% of the POOL rankings. All but one,
D511, are in the top 8% of the POOL rankings. Distances of
each residue to the bound ligand are in the 10−15 Å range and
are listed in Table 1, along with the shell assignments and the
closest first-shell residue. Y274, K362, N386, Q388, E495, and
D511 belong to the second shell and H100, Y341, and H396 to
the third shell. In addition to these, two more residues, N154
and S185, were chosen as negative controls because they are
residues that are not predicted by POOL and hence are
expected to have no significant role in catalysis. Both N154 and
S185 are second-shell residues and have high sequence
conservation scores. In Table 1, ConSurf63 conservation scores
are presented, normalized such that zero is the average for all
the residues in a given protein and with scores expressed in
units of standard deviation; the lowest score represents the
most conserved position. Thus, a residue with a score of −1 is
more conserved than the average residue in that protein
sequence by one standard deviation.
Fraction of Total Residues Predicted, by Shell. For

KSI, the residues predicted by THEMATICS constitute 22% of
all first-shell residues, less than 2% of all second-shell residues,
and none of the third-shell residues. For PGI, THEMATICS
predicts 16% of the residues in the first shell, 7% of those in the
second shell, and 3% of those in the third shell. A summary of
the numbers of residues predicted by THEMATICS and

Figure 2. Cartoon diagram showing the location of four second-shell
residues of ppKSI chosen for site-directed mutagenesis. (A) M31 is
located behind the catalytic residue Y16. (B) M84 makes contacts with
the catalytic residue D103. (C) M105 contacts both Y16 and D103.
(D) E39 is located adjacent to the catalytic base D40. Second-shell
residues are colored blue, and first-shell residues are colored green; the
ligand is shown in ball-and-stick form.

Table 1. Shell Assignments, Distances from Each Residue to
the Bound Ligand, Their Closest First-Shell Residues, and
Sequence Conservation Scores for Each Remote Residue of
ppKSI and hPGI Chosen for Analysis

residue shell

distance
from
ligand

closest first-
shell residue

ConSurf63 normalized
conservation score

ppKSI
M31a second 10.2 Å Y16 −1.0
E39a second 7.4 Å D40 −1.3
M84a second 5.6 Å D103 −0.63
M105a second 5.4 Å Y16 and

D103
−1.2

hPGI
H100 third 12.6 Å R273 −0.90
Y274 second 10.6 Å R273 −0.88
Y341 third 14.7 Å H389 −0.77
K362 second 10.2 Å E358 −0.89
N386 second 12.4 Å H389 −0.91
Q388 second 11.4 Å H389 −0.91
H396 third 13.0 Å K519 −0.91
E495 second 12.5 Å R273 −0.90
D511 second 10.6 Å E358 −0.90
N154a second 11.3 Å S160 −0.91
S185a second 10.6 Å I157 −0.91

aNegative controls (residues not predicted by POOL).
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POOL, sorted by shell, for KSI and PGI is given in Table S4 of
the Supporting Information.
Effect of Second- and Third-Shell Residue Mutations

on Catalysis. Results of kinetic assays for wild-type (WT) KSI
and PGI and their variants are listed in Tables 2 and 3,
respectively.
KSI. Among the four variants of KSI tested, M31A, E39Q,

M84A, and M105A, the largest decrease in activity was
observed for M105A, which showed a 15-fold decrease in kcat
and a 7.6-fold decrease in catalytic efficiency (kcat/KM). The
other variants did not show significant decreases in activity,
with <3-fold decreases in kcat and in kcat/KM (Table 2). M105 is
located behind catalytic residues Y16 and D103 with respect to
the substrate. The catalytic role of both Y16 and D103 is to
form hydrogen bonds with the C3 oxygen atom of the substrate
and to stabilize the negative charge developed on the
intermediate. Mutating M105 to A decreases the steric volume
and may change the positions of the side chains of Y16 and
D103, making them less available for hydrogen bonding. The
crystal structure of this variant was determined to test for such
structural changes in the region of the active site.
Structure of ppKSI M105A. The crystal structure of the

second-shell variant ppKSI M105A was determined to identify
any structural changes induced by the mutation. Details of the
structure determination and refinement parameters are listed in
Table 4. The electron density for ppKSI M105A was
continuous throughout the entire model with the exception
of the first two N-terminal residues and the last four C-terminal
residues where no electron density was observed. The electron
density for residues W92, N93, G94, and Q95 was initially very
weak. This region was truncated, and subsequently, the
backbone was rebuilt manually. As the phases improved, the
side chain of N93 was built; no electron density appeared for
the side chains of W92 and Q95 so they were modeled as Ala,
and residue G94 was deleted from the model. The complete
refined model includes one copy of the protein from residues
3−93 and residues 95−127 and 39 water molecules. The

protein exhibits good geometry as determined by PRO-
CHECK;64 98% of the residues are in the favored regions of
the Ramachandran plot, with no outliers. The average overall
temperature factor for the protein is 14.2 Å2. After initial

Table 2. Steady-State Kinetic Parameters of ppKSI and Its Variants

KSI shell POOL percentile kcat (×10
4 s−1) KM (μM) kcat/KM (M−1 s−1) relative kcat relative kcat/KM

WT 3.6 ± 0.5 89 ± 12 4.1 × 108 1 1
M31A second 74 1.8 ± 0.3 89 ± 18 2.0 × 108 0.49 0.49
E39Q second 91 1.9 ± 0.4 110 ± 42 1.7 × 108 0.51 0.41
M84A second 82 3.4 ± 0.9 81 ± 12 4.2 × 108 0.93 1
M105A second 88 0.24 ± 0.03 44 ± 5 5.4 × 107 0.067 0.13

Table 3. Steady-State Kinetic Parameters of hPGI and Its Variants

PGI shell
POOL

percentile kcat (s
−1) KM (μM) kcat/KM (M−1 s−1) relative kcat relative kcat/KM

WT 500 ± 53 290 ± 48 1.7 × 106 1.00 1
H389L first 99 <0.04 − − − −
K362A second 95 <0.04 − − − −
Q388A second 95 45 ± 6 500 ± 44 9.0 × 104 0.090 5.3 × 10−2

E495Q second 97 1.6 ± 0.1 230 ± 32 6.7 × 103 3.2 × 10−3 3.9 × 10−3

D511N second 90 1.3 ± 0.8 180 ± 47 7.4 × 103 2.6 × 10−3 4.4 × 10−3

Y274F second 96 240 ± 62 300 ± 50 0.79 × 106 0.47 0.46
N386A second 95 470 ± 41 780 ± 300 0.61 × 106 0.94 0.36
H100L third 96 0.6 ± 0.01 210 ± 41 2.7 × 103 1.2 × 10−3 1.6 × 10−3

H396L third 99 21 ± 2 290 ± 51 7.2 × 104 0.042 4.2 × 10−2

Y341F third 98 340 ± 41 300 ± 97 1.1 × 106 0.67 0.65
N154Q second 75 470 ± 52 1040 ± 130 0.45 × 106 0.93 0.26
S185A second 75 360 ± 19 730 ± 57 0.49 × 106 0.72 0.29

Table 4. Summary of Crystal Parameters and Data
Collection and Refinement Statistics for ppKSI M105A

Data Collection
beamline APS, GM/CA-CAT, ID-D
wavelength (Å) 0.95
space group C2221
cell constants a = 35.1 Å

b = 95.0 Å
c = 72.3 Å
α = β = γ = 90°

total no. of reflections 153171
no. of unique reflections 26517
resolution limit (Å) 1.3 (1.3−1.35)a

completeness (%) 88.4 (65.2)a

redundancy 5.8 (3.1)a

I/σI 23.1 (1.5)a

Rmerge (%) 4.1 (38.1)a

Refinement
resolution range (Å) 1.3−22.6
Rfree test set size 1871
Rcryst (%) 20.9
Rfree (%) 23.1
no. of atoms
total 995
protein 956
water 39
overall B factor (Å2) 14.2
rmsd
bond lengths (Å) 0.010
bond angles (deg) 1.1
aData for the highest-resolution bin are given in parentheses.
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rounds of refinement, the side chains of residues Q7, E8, M13,
E18, Q30, Q44, H48, E51, Q52, R58, Q59, R87, E89, M90,
C97, E109, R112, T115, M116, and E122 had a significant
amount of negative electron density, presumably as a result of
radiation damage that occurred during data collection. For this
reason, their occupancies were adjusted to a value that was
consistent with the electron density. Radiation damage during
data collection is a common occurrence in high-energy X-ray
beams.65 Extraneous electron density was observed around the
side chain of C69, consistent with the oxidation product sulfinic
acid (CDS). Residue C69 was modeled as a pair consisting of
Cys and CDS with occupancies of 0.4 and 0.6, respectively.
The overall structure of ppKSI M105A is similar to that of

wild-type ppKSI. Superimposing the coordinates of wild-type
ppKSI (PDB entry 1OH0)21 and ppKSI M105A (this work)
yields an rmsd of 0.5 Å over 123 α-carbon atoms (Figure 3).

Despite the overall similarity between the wild type and the
M105A variant ppKSI forms, two loop regions (residues G63,
G64, and K65 and residues A92, N93, A95, and P96) show
some differences. The loop region defined by residues A92−
P96 has shifted by approximately 3 Å, while the loop region
between residues G63 and K65 has shifted by approximately 2
Å in the structure of the M105A variant. Overall, the mutation
at residue 105 does not alter the structure significantly, and
therefore, the change in activity is most likely not caused by
structural changes.
PGI. As described above, 11 second- and third-shell residues

were chosen for mutagenesis and kinetics analysis to test for
their participation in catalysis of hPGI. In addition, H389L, a
POOL-predicted first-shell residue that had not been studied
previously for hPGI, was included in the study. Kinetic
parameters for wild-type PGI and variants were determined
and are summarized in Table 3. Overall, four of the six
predicted second-shell residues, and two of the three predicted
third-shell residues, showed a significant effect on kcat. The six

hPGI variants that showed significant effects on kcat, K362A,
H100L, E495Q, D511N, H396L, and Q388A, were also
analyzed using CD spectroscopy (Figure 4), and their thermal
stabilities were determined (Table 5). The variants are
discussed below in detail.

The first-shell variant H389L showed a significant effect on
catalysis, as expected. No activity was detected for this variant,
corresponding to a reduction in kcat of more than 104-fold
compared to the wild-type value. The mutation to Ala at the
corresponding position in the B. stearothermophilus enzyme,
H311, shows a 103-fold reduction in kcat.

66

K362 is predicted by POOL to be important for catalysis
[top 5% (Table S3 of the Supporting Information)]. K362 is a
second-shell residue located close to known catalytic residues
E358 and R273 (Figure 4). The K362A mutation resulted in a
drastic decrease in the activity of hPGI. Even at a very high
enzyme concentration (1 μM), the activity was almost
undetectable; hence, individual kinetic parameters could not
be determined, and only the observed limit of detection of the
activity is reported. K362 is located adjacent to α-helix 17 on
which the catalytic residue E358 is located, forming a salt bridge
with another second-shell residue, D511 (vide infra). Mutating
K362 to Ala removes the charge at this position and also

Figure 3. Crystal structure of the M105A variant of ppKSI. (A)
Structural overlap of WT ppKSI (orange) and the M105A variant
(blue). (B) Overlap of known catalytic residues and M105.
Refinement statistics are listed in Table 4.

Figure 4. (A) Location of the six second-shell (blue) and third-shell
(orange) residues of hPGI at which mutations resulted in significant
effects on catalysis. First-shell residues are colored green, and the
ligand is shown in ball-and-stick form. (B) CD spectra of the six
second- and third-shell variants whose positions are shown in panel A.

Table 5. Melting Temperatures of WT hPGI and hPGI
Variants

Tm (°C)

WT 54.8
Q388A 50.8
H396L 48.4
E495Q 54.5
D511N 48.4
H100L 49.9
K362A 48.9
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disrupts the salt bridge between K362 and D511. One reason
for the drastic decrease in activity could be the loss of this salt
bridge, causing α-helix 17 to be more mobile, such that E358 is
less likely to be in the proper position for catalysis relative to
the other essential residues. The CD spectrum of hPGI K362A
can be superimposed on that of wild-type hPGI, suggesting that
the effect on catalysis is not due to major overall structural
changes (Figure 4), while the stability is decreased by ∼6 °C
relative to that of wild-type hPGI (Table 5). Mean field analysis
of the catalytic base E358 in wild-type hPGI shows that K362 is
involved in strong electrostatic interaction with E358 and shifts
its pKa by more than 2 pH units. The absence of the Coulomb
interaction in the K362A variant could be another reason for
the drastic decrease in activity.
H100 is a third-shell residue located 12 Å from the active site

(Figure 4). It is among the top 5% of POOL-ranked residues
(Table S3 of the Supporting Information) and hence is
predicted to be important for catalysis. Mutating H100 to L had
no effect on KM but resulted in a >800-fold decrease in kcat
relative to that of wild-type hPGI (Table 3). The H100L
mutation decreased the stability of the enzyme by ∼5 °C
(Table 5). H100 interacts with several second-shell residues,
mainly with E495 (Figure 4) and Y274; the E495Q mutation
also has a significant effect on catalysis (vide infra). It is
interesting to note that while H100 is a third-shell residue that
interacts with the catalytic residues only indirectly, the H100L
mutation has a larger effect on the catalytic efficiency than
some of the second-shell residues that interact directly with the
catalytic residues. The CD spectrum of the H100L variant is
similar to that of wild-type PGI (Figure 4); hence, the variant is
folded, and its effect on catalysis is probably not due to a major
overall structural change. Mutating H100 to L does change the
electrostatic and hydrogen bonding network around the active
site, and these changes are the likely source of the decrease in
catalytic efficiency by 3 orders of magnitude.
E495 is a second-shell residue predicted to be in the top 3%

of the POOL ranking (Table S3 of the Supporting
Information) and is therefore thought to be important for
catalysis. The conservative E495Q mutation in hPGI resulted in
a >300-fold decrease in kcat, but the KM is essentially the same
as that of wild-type PGI (Table 3). Also, the E495Q mutation
has no effect on the thermal stability of the enzyme, as
measured by thermofluor (Table 5), and the CD spectrum of
this variant is very similar to that of wild-type hPGI (Figure 4).
E495 is located behind R273 with respect to the substrate
(Figure 4); the side chain of E495 interacts with the catalytic
residue R273 and is also located close to H100 (vide supra),
R104, and W277. Mutating E495 to Q eliminates the ability to
form a charge at this position but preserves the dipolar and
hydrogen bonding interactions, as well as the steric bulk.
Therefore, the observed 250-fold reduction in catalytic
efficiency for the E495Q mutation suggests that E495
contributes to electrostatic properties within the active site
and that these contributions are important to catalysis; this is
discussed further below.
In hPGI, D511 is a second-shell residue located behind

catalytic residues R273 and E358 with respect to the substrate
(Figure 4). It is ranked in the top 10% by POOL (Table S3 of
the Supporting Information). The D511N variant showed a
decrease in kcat of >300-fold (Table 3) and a decrease in the
stability of the enzyme by 6 °C (Table 5). The CD spectrum of
the D511N variant is slightly changed compared to that of wild-
type PGI (Figure 4). D511 forms a salt bridge with K362;

disruption of this salt bridge is probably a major reason for the
decreased activity and decreased stability.
H396 is a third-shell residue located near the interface of the

two subunits. It is near the top of the POOL rankings (Table
S3 of the Supporting Information) and is predicted to be
important for catalysis. The H396L variant shows a 24-fold
lower kcat than the wild type, while its KM remains essentially
the same as that of wild-type PGI (Table 3). This mutation
resulted in a 6 °C decrease in Tm (Table 5), whereas the CD
spectrum is essentially superimposable with that of wild-type
hPGI (Figure 4). The side chain of H396 forms a hydrogen
bond with the backbone oxygen atom of Y391, stabilizing α-
helix 29. This, together with the observed loss of stability,
suggests that structural and dynamic effects are a part of the
role that H396 plays in catalysis.
Q388 is among the top 8% of POOL residues (Table S3 of

the Supporting Information) and is predicted to be important
for catalysis. Analysis of the Q388A variant of PGI resulted in a
10-fold decrease in kcat, a 19-fold decrease in the catalytic
efficiency (Table 3), and a 4 °C decrease in Tm (Table 5).
There is a slight increase in the KM of the Q388A variant
compared to that of wild-type PGI. The CD spectrum of the
Q388 variant is essentially superimposable with that of wild-
type hPGI (Figure 4). Q388 is located next to catalytic residue
H389. The side chain oxygen atom of Q388 is approximately 5
Å from the ring nitrogen atom (Nε) of His389, but Q388 also
forms hydrogen bonds with N428, Q432, and Y341. Disrupting
these hydrogen bonds by mutating Q388 to A could shift the
side chain position of H389 away from the substrate and
therefore lead to the decrease in activity and stability.
Effects of Second- and Third-Shell Residues on the

pKa Values of Active Site Residues. The location, environ-
ment, and electrostatic interactions of an ionizable residue can
affect the pKa of that particular residue. A large shift in the pKa
of active site residues in variants compared to the wild type
suggests that there is a change in the electric field at the active
site, which can then lead to altered activity. Continuum
electrostatics calculations were performed to predict the pKa
values of active site residues. For each variant, a homology
model was built with YASARA (http://www.yasara.org) using
the corresponding wild-type enzyme as the template structure.
MCCE50 calculations were performed on the homology
models, in a fashion similar to that used for the wild type.
While pKa is the best metric for gaining insight into the changes
in the electrostatic interactions and electric field environment
of the active site, the predicted or computed pKa can be difficult
to interpret because of the perturbed titration curves of active
site residues.7 For this reason, titration curve moments46,67

were also computed for the active site residues of each second-
or third-shell variant and wild-type enzyme using THE-
MATICS. Curve moments (especially μ 3 and μ 4) can provide
valuable information about the electrostatic interactions of a
given residue,67 in addition to the pKa.
MCCE-predicted pKa values for the catalytic base (D40 in

ppKSI and E358 is hPGI) are listed in Table 6, and the effects
of second- and third-shell residue mutations on the pKa of the
catalytic base E358 of hPGI, as computed by both MCCE and
UHBD, are listed in Table 7. We note that the computed pKa
values of active site residues have inherently large errors, but
the relative pKa values for the wild type and single-point
variants are more meaningful. Our analysis therefore focuses on
the shifts in the computed pKa of the catalytic base upon
mutation of a nearby residue. The mean field approximation
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performed at a pH equal to the pKa of the residue in question
allows identification of the other residues that contribute to the
free energy of protonation of that residue. Those residues that
cause a pKa shift of the catalytic residue by more than 0.5 pKa
unit are listed in Table 6. As shown in Table 6, the predicted
pKa for D40 in ppKSI is not shifted from its free solution value,
and there are no other residues that influence the pKa of D40.
On the other hand, the pKa of hPGI E358 is shifted, and there
are many other residues that influence the pKa, as identified
through the mean field approximation. These results strongly
suggest that second- and third-shell residues are important in
the control of the pKa of E358 and that this is one mechanism
by which remote residues influence catalysis in hPGI. Both
methods predict a very low pKa and a highly perturbed titration
curve for E358. A major shift in the pKa of E358 relative to that
of the wild type is observed for variants E495Q and K362A.
Note that even though there are differences in the pKa values,
as computed by MCCE and UHBD, the trend is similar; i.e.,
according to both methods, K362A and E495Q are the variants
with the greatest shifts in the computed pKa values of the
catalytic residue E358 compared to that of the wild type. Also,
the curve moment μ 4 is reduced ∼2-fold for these two variants.
Clearly, the computed titration curve of the catalytic base
differs the most from that in WT in those variants that have the
greatest effect on catalysis. After K362A and E495Q, the
H100L variant showed the next largest shift in the pKa of E358
according to MCCE. However, the titration curves of E358 are
similar in shape for the H100L variant and wild-type hPGI;
both exhibit highly perturbed theoretical titration behavior, as
shown by the large μ 4 values.

■ DISCUSSION

Understanding the catalytic efficiency of enzymes is a
fundamental question in biochemistry and a subject of intense

study, in part because of the many current and potential
applications in medicine and industry. Linus Pauling68 was one
of the first to propose an explanation for the catalytic power of
enzymes, in terms of transition-state stabilization by enzyme
active sites. Since then, several other theories that describe the
origins of enzyme catalysis have been proposed with terms such
as electrostatic preorganization,69 low-barrier hydrogen
bonds,70 near-attack conformations,71 entropic effects, dynam-
ics,72 and quantum tunneling.73 Rapid progress in experimental
and computational investigations has enhanced our under-
standing of how enzymes affect catalysis. One example of an
application of this understanding is the recent report of the
design of artificial enzymes using computational methods.74,75

Despite the major progress and breakthroughs in the field of
enzymology, designed or engineered enzyme catalysts generally
do not match naturally evolved enzyme catalysts in terms of
efficiency. For example, the efficiency of the artificially designed
Kemp eliminase74 is very low compared to those of naturally
occurring enzymes. When this designed enzyme was subjected
to directed evolution, the resulting protein with multiple
mutations showed improved catalytic efficiency by >200-fold,
and most of the required mutations were not in direct contact
with the reacting substrate molecules but located away from the
catalytic residues.
Other work has shown that mutations of second- and third-

shell residues can have dramatic effects on enzyme activity.
Specifically, our previous work with nitrile hydratase showed
that mutations of either of two THEMATICS-predicted
second-shell residues, which are involved in a hydrogen
bonding interaction, resulted in a 2-order of magnitude
decrease in catalytic efficiency, while in the case of one of the
variants, the crystal structure was nearly identical to that of the
wild type.9 Mutation of the second-shell residue D270 in
mandalate racemase led to a 104-fold decrease in activity that
may be due to the loss of a specific rotameric state of the
catalytic H297, stabilized by D270, and also to a shift in the pKa
of H297;76 both D270 and H297 are predicted by POOL and
are in the top 5% of the POOL ranking. In another example,
mutation of second-shell residue Y208 and third-shell residue
E129 of triosephosphate isomerase (26.5 kDa) resulted in
2400- and 30-fold reductions in catalytic efficiency, respectively,
which were attributed to destabilization of a “closed,”
catalytically proficient conformation of the enzyme.77 These
results supply further evidence that remote residues can help in
optimizing the properties of active site residues and should be
taken into account in protein design. Moreover, Morley and
Kazlauskas78 in a literature survey noticed that mutations at

Table 6. Predicted pKa Values for Catalytic Residues in
ppKSI and hPGIa

catalytic
residue

MCCE-
predicted

pKa residues influencing the pKa

D40
(KSI)

4.1 −

E358
(PGI)

−7.8 R96, R104, D161, K211, E217, R273, Q354, D356,
K362, E495, K497, D511, K519, E382, H389

aResidues contributing more than 1 pKa unit are listed in the right-
most column. Bold residues belong to the first shell; underlined
residues belong to the second shell.

Table 7. Effects of Remote Residue Mutations on the pKa of hPGI E358

MCCE UHBD curve moments

pKa ΔpKa pKa ΔpKa μ 3 Δμ 3 μ 4 Δμ 4

WT −7.8 −3.20 12.5 186.7
H100L −11.7 −3.91 −3.76 −0.56 16.4 3.93 198.5 11.8
Y274F −10.8 −2.98 −3.93 −0.73 8.50 −3.99 145.3 −41.4
Y341F −9.71 −1.91 −3.97 −0.77 10.6 −1.86 153.9 −32.8
K362A −13.1 −5.30 −5.28 −2.08 8.03 −4.46 96.25 −90.5
N386A −10.8 −3.00 −4.29 −1.09 8.21 −4.28 140.7 −46.0
Q388A −11.1 −3.29 −3.92 −0.72 13.0 0.49 192.6 5.86
H396L −8.80 −1.00 −3.63 −0.43 6.13 −6.36 122.0 −64.67
E495Q −13.7 −5.91 −4.95 −1.75 7.32 −5.17 103.2 −83.5
D511N −10.2 −2.37 −4.86 −1.66 10.5 −2.03 123.0 −63.7
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remote residues could be sometimes as effective as mutations
close to the active site in improving the catalytic activity and
thermal stability of enzymes.
We note that for PGI, the second- and third-shell residues

with the greatest effect on the catalytic efficiency, K362, H100,
E495, and D511, are those located behind E358 or R273. These
results suggest that these four residues are involved in imparting
the necessary chemical and electrostatic properties to the
catalytic base E358 and to R273 and in positioning them
correctly. Thus, K362, H100, E495, and D511 are part of a
spatially extended network that facilitates proton transfer and
stabilization of the intermediate. These residues appear to be
more important than those behind H389 and K519 that are
involved in the more facile ring-opening and ring-closing steps.
There are many possible mechanisms by which mutations at

remote residues can affect the catalytic process, including
changes in the hydrogen bonding network, changes in the
electric field at the active site, quantum mechanical effects,
dynamic effects, or structural effects. In the case of hPGI, these
results suggest that multiple such effects are in play. The
MCCE- and UHBD-computed pKa values of the catalytic base
of wild-type hPGI and variants indicate that K362 and E495
have the greatest effect on the pKa of the catalytic base.
Mutations of these two second-shell residues are also observed
to have the greatest decrease in kcat/KM, suggesting that control
of the protonation behavior of the catalytic base is one of the
functional roles of K362 and E495.
On the other hand, the minimal participation of second- and

third-shell residues in KSI suggests that the electrostatic
couplings within its first shell are sufficiently strong that
residues outside the first shell are not required. This is
plausible, given the highly hydrophobic active site of KSI; the
very low effective dielectric constant within the active site of
KSI would correspond to stronger Coulomb forces than in the
more hydrophilic PGI active site. The very strong coupling
between hydrogen bonds observed within the active site of KSI
by proton NMR and deuterium isotope effects79 constitutes
further evidence of strong interactions within the first shell of
KSI.
The catalytic importance of K362 and D511 observed here

for hPGI also lends support to the suggestions made
previously37,38 that conformational changes, including motion
of α-helix 23, are important for catalysis.34,38,39 On the basis of
structural changes observed with bound ligands in rabbit PGI,
Lee et al. reported38 that motion of “a helix containing amino
acids 513−520 moves in toward the substrate to form
additional hydrogen bonds with the substrate” as a key part
of the catalytic mechanism, wherein substrate binding can be
described by an induced fit model. Later, Davies and Muirhead
made a similar inference from rabbit PGI structures with
different bound ligands and suggested that multiple conforma-
tional shifts are required for catalysis; in particular, they inferred
that, in a given turnover cycle, α-helix 23 moves toward the
substrate binding pocket before isomerization and then away
from the pocket following isomerization, so that the catalytic
K519 (K519 in human and K518 in rabbit) is brought into
contact with the substrate and then retreats to release the
product.37 In hPGI, one might view α-helix 23 as part of an
extended helical structure starting with a 3/10-turn at residues
511−513, followed by an α-helix running from residue 514 to
529, with a slight bend at residue 520 and with the catalytic
K519 located in the middle. At the N-terminal end of this
extended helix is D511, which forms a salt bridge with K362.

The catalytic importance of K362 and D511 observed here,
together with the previous structural observations of Lee et al.38

and Davies and Muirhead,37 suggests that the K362−D511
couple is vital to the positioning of the catalytic K519 and also
to the conformational changes that allow the entry of substrate
and subsequent release of product. Mutation of K362 or D511
to residues that cannot form the salt bridge thus may disrupt
the sampling of conformational states that is needed for
efficient PGI catalysis. We note that THEMATICS predicts
that both the charged and uncharged states exist with significant
populations in equilibrium for both K362 and D511. Therefore,
the K362−D511 salt bridge in wild-type hPGI is able to break
to allow motion of the extended helix and then to re-form to
relock it into position.
In contrast, the rapid catalysis by KSI that approaches the

diffusion-controlled limit has been described in terms of
electrostatic preorganization, wherein the dipoles within the
active site are already substantially prearranged to stabilize the
transition state10 and the substrate binds according to a lock
and key model. While the relatively small size of KSI (14.4
kDa) is one possible explanation for the low level of
participation by residues outside the first shell, we note that
there are other relatively small enzymes in which a remote
residue has been shown to be critical for catalysis, such as T80
in HIV protease (a dimer of 11 kDa subunits),80,81 where T80
appears to be essential for motion of a hinge region that allows
access to the active site.
This report provides evidence that enzyme active sites can

exist either as compact or as multilayered assemblies of
residues, although more examples are needed to understand
more generally the extent and prevalence of multilayered
enzyme active sites and the roles of remote residues.
Specifically, ppKSI has a very compact active site consisting
mostly of first-shell residues, whereas hPGI has an extended
multilayered active site with significant participation by certain
second- and third-shell residues. These results also suggest that
second- and third-shell residues affect catalysis in PGI through
electrostatic coupling with the catalytic residues in the first shell
and also by participation in conformational changes that are
important to the catalytic mechanism. Perhaps more
importantly, these results show that computational methods,
specifically THEMATICS and POOL, are robust enough to
identify functionally important residues that are located away
from the active site.
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