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ABSTRACT: The isochorismate-pyruvate lyase from Pseudomonas aeruginosa (PchB) catalyzes two pericyclic
reactions in a single active site. PchB physiologically produces salicylate and pyruvate from isochorismate for
ultimate incorporation of the salicylate into the siderophore pyochelin. PchB also produces prephenate from
chorismate, most likely due to structural homology to the Escherchia coli chorismate mutase. The molecular
basis of catalysis among enzymatic pericyclic reactions is a matter of debate, one view holding that catalysis
may be derived from electrostatic transition state stabilization and the opposing view that catalysis is derived
from the generation of a reactive substrate conformation. Mutant forms of PchB were generated by
site-directed mutagenesis at the site (K42) hypothesized to be key for electrostatic transition state stabilization
(K42A, K42Q, K42E, and K42H). The loop containing K42 is mobile, and a mutant to slow loop dynamics
was also designed (A43P). Finally, a previously characterized mutation (I87T) was also produced. Circular
dichroism was used to assess the overall effect on secondary structure as a result of the mutations, and X-ray
crystallographic structures are reported for K42A with salicylate and pyruvate bound and for apo-I87T.
The data illustrate that the active site architecture is maintained in K42A-PchB, which indicates that
differences in activity are not caused by secondary structural changes or by differences in active site loop
conformation but rather by the chemical nature of this key residue. In contrast, the I87T structure
demonstrates considerable mobility, suggesting that loop dynamics and conformational plasticity may be
important for efficient catalysis. Finally, the mutational effects on k., provide evidence that the two activities
of PchB are not covariant and that a single hypothesis may not provide a sufficient explanation for catalysis.
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The isochorismate-pyruvate lyase (IPL)' from Pseudomonas
aeruginosa (PchB) physiologically catalyzes the elimination of
the enolpyruvyl side chain from isochorismate to make salicylate
for incorporation into the siderophore pyochelin (Figure 1a) (7).
The IPL reaction is a concerted but asynchronous quantitative
hydrogen transfer, with a pericyclic transition state (2). The
structure of PchB was determined (3), confirming that this
enzyme is a structural homologue of the Escherichia coli chor-
ismate mutase (EcCM) (4). This structural similarity possibly
accounts for residual chorismate mutase (CM) activity, albeit
with considerably lower efficiency (/). This single-substrate
chorismate mutase reaction has one chemical step: concerted
bond breaking at the ether oxygen and formation of a bond
between C1 and C9 with a cyclic transition state (Figure 1b) (5).
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Therefore, this one enzyme catalyzes two pericyclic reactions,
unusual reactions in cellular metabolism, in a single active site.
Two structures have been reported for PchB (3), an apo
structure in which the active site loop was disordered and a
pyruvate-bound structure in which the active site loop was
ordered and closed. Lys42 of the mobile active site loop hydrogen
bonds to a pyruvate molecule that was hypothesized to bind to
the site occupied by the pyruvate formed in the elimination
reaction (3). Corresponding amino acids in EcCM (Lys39) and
the B. subtilis chorismate mutase (BsCM) (Arg90) have been det-
ermined to be critical for catalysis by mutational analysis (6—10).
Whereas it may be likely that PchB will perform the CM reaction
using a mechanism similar to that seen for its structural homo-
logue EcCM, it does not necessarily follow that PchB will use the
same mechanism to perform the physiologically important IPL
activity. Therefore, it is necessary to perform a complete steady
state kinetic analysis of both the CM and IPL activities to identify
a possible role for Lys42. Toward this end, we generated the
following PchB mutant enzymes: K42A, K42E, K42Q, and
K42H. We have also generated a mutation at a site adjacent to
K42 in the active site loop. This mutation, A43P, inserts a rigid
amino acid into the flexible active site loop to test the hypothesis
that loop movement correlates to catalytic rates. In other words,
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FIGURE 1: Catalytic activities of PchB: (a) isochorismate pyruvate
lyase, a quantitative hydrogen transfer, and (b) chorismate mutase,
a Claisen rearrangement.

Table 1: Primers for Site-Directed Mutagenesis

K42A  5-GCG TCG CGC TTC GCG GCC AGC GAG GCG-3'
K42E 5-GCG TCG CGC TTC GAG GCC AGC GAG GCG-¥
K42Q 5-GCG TCG CGC TTC CAG GCC AGC GAG GCG-¥
K42H 5-GCG TCG CGC TTC CAT GCC AGC GAG GCG-3¥'

A43P  5-GCG TCG CGC TTC AAG CCG AGC GAG GCG GCG-3¥
I87T  5-C ATC CAC TGG TAC ACC GCC GAG CAG ATC-¥

we hypothesize that a mutant variety with a less flexible active site
loop would exhibit slower catalytic rates. Finally, we generated
the previously described I87T active site mutant (/), which was
documented to have CM activity comparable to that of the wild
type, but no detectable IPL activity.

The molecular basis for catalysis for enzymatic pericyclic
reactions has been proposed by Bruice and his co-workers
(11—15) to be derived from the formation of a reactive substrate
conformation [termed the near attack conformation (NAC)]. The
rotation of the pyruvylenol tail over the ring of the isochorismate
(lyase reaction) or chorismate (mutase reaction) into an unfavor-
able, pseudodiaxial conformation is required to enhance the rate
of reaction. This is accomplished by strategically placed arginines
that align the two substrate carboxylates forming the reactive sub-
strate conformation (15). Other computational results obtained by
Mulholland and his co-workers (16—19) suggest that the forma-
tion of a reactive substrate conformation provides only a portion
of the energy required to surpass the energy barrier, and that
transition state stabilization is as important or even more im-
portant to catalysis. In each of the chorismate mutases, a charged
amino acid (Arg or Lys) has been identified in the active site in the
proximity of the ether oxygen of bond cleavage. This amino acid
has been mutated to a variety of uncharged amino acids, resulting
in a considerable decrease in catalytic efficiency (6—10, 20). These
results have supported the hypothesis that electrostatic transition
state stabilization is required for catalysis. This idea has met with
the criticism that changes in the active site at this amino acid may
result in changes in active site architecture (/7).

PchB provides an exciting platform for testing the competing
hypotheses of electrostatic transition state stabilization versus
reactive substrate conformation and a means of measuring the
relative contributions of both mechanisms for catalytic enhance-
ment of two pericyclic activities performed in the same active site.
The first step toward this goal is to determine if mutational
changes in the active site merely change the active site architecture
or if instead the mutations provide a valid basis for determining
the catalytic importance of particular amino acids. Herein, we
describe the generation and characterization of the PchB active
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site mutants described above. We report the structural character-
ization of the mutant enzymes by circular dichroism and report
the crystallographic structures of two of the active site mutants
(K42A and I87T). We also compare the kinetic parameters of
these mutants for both catalytic activities, including a discussion
of the change in the free energy of activation of the mutants
relative to that of the wild type.

EXPERIMENTAL PROCEDURES

Preparation of PchB and PchB Mutants. Wild-type PchB
without a histidine tag was prepared as previously described (3).
Site-directed mutants of PchB were prepared using the Quik-
Change kit (Stratagene, as per the manufacturer’s instructions)
with the plasmid generated for wild-type protein overexpres-
sion (3), and the primers listed in Table 1 (mutant codons
underlined). All mutations were confirmed by sequence analysis
(DNA Facility of the lowa State University Office of Biotech-
nology, Ames, TA). The resultant plasmids encoding the pchB
gene mutants were transformed individually into BL21(DE3)
E. coli (Stratagene) for overproduction. Mutant protein over-
expression and purification were performed as previously de-
scribed for the wild-type PchB protein (3) with comparable yields
of ~250 mg/L of E. coli culture.

Preparation of Isochorismate and Chorismate. Isochor-
ismate was isolated from Klebsiella pneumoniae 62-1 harboring
the entC plasmid pKS3-02 (2/) with only minor changes. One
significant change was the use of a Nucleosil 5 um CI8 100A
column (250 mm x 21.2 mm; 5 wm). The concentration
of isochorismate was determined by UV spectroscopy using an
€375 of 8300 M~ cm ™!, Chorismate (Sigma, 60—80% pure) was
recrystallized as previously described (22).

Circular Dichroism Spectroscopy. CD spectra of wild-type
and mutant PchB enzymes [~2 uM protein in 20 mM sodium/
potassium phosphate (pH 7.0)] were recorded with a Jasco
(Easton, MD) J-815 spectrometer at 25 °C with a path length
of 1 cm. Spectra were recorded five times for each sample and
averaged. The step size and bandwidth were 1 nm, and the
averaging time at each wavelength was 1 s.

Crystallization of K42A-PchB. Crystallization was carried
out by the hanging drop method at 18 °C. Purified K42A-PchB
(44 mg/mL) was incubated with 37 mM salicylate and 37 mM
pyruvate on ice for 30 min. Drops containing 1 4L of this protein/
reaction product solution were mixed with 2 uL. of a well solution
consisting of 0.1 M Tris-HCI (pH 8.5), 2 M ammonium phos-
phate, and 13% glycerol. Hexagonal pyramidal crystals grew
to ~1 mm x 0.7 mm X 0.4 mm in one week.

Crystallization of 187T-PchB. 187T-PchB crystals were
grown at 25 °C by the hanging drop method. Drops containing
1.5 uL of I87T-PchB (19 mg/mL) were mixed with 1.5 uL of
reservoir solution composed of 0.1 M Bis-Tris propane (pH 6.5),
0.14 M calcium chloride, 23% PEG 3350, and 10% glycerol.
Rectangular box crystals with dimensions of up to 0.4 mm X
0.06 mm X 0.05 mm were obtained in one week.

Collection of Crystallographic Data and Structure
Determination for K42A4-PchB. A K42A-PchB crystal was
harvested from the drop and flash-cooled to —160 °C. Diffraction
data were collected using a Rigaku RUH3R rotating anode
generator equipped with an R-axis IV image plate detector at the
University of Kansas Protein Structure Lab. The exposure time
per image was 10 min with 1° oscillation steps and a crystal—
detector distance of 150 mm. Diffraction data were indexed and
scaled using the hkl program package (23). The structure was
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Table 2: Crystallographic Statistics

K42A
with products apo-187T
Data Collection
resolution range (A) 41.5-2.5 100—2.15
space group P2,2,24 P2,2,24

unit cell dimensions (A)

a = 48.0,b = 532,

a=545b =749,

¢ =823 ¢ =885
no. of observations
unique 7706 20232
total 50717 345137
completeness (%)" 99.9 (99.9) 99.2 (98.6)
Reym™” 0.101 (0.227) 0.108 (0.423)
% >30(1)" 85.7(72.9) 80.4 (55.4)
Refinement
resolution range (A) 41.5-2.5 44.24-2.25
no. of reflections 7346 16778
R-factor® 0.218 0.219
Rere” 0.276 0.256
no. of dimers per 1 2
asymmetric unit
no. of atoms
protein, non-hydrogen 1580 2726
non-protein 48 77
root-mean-square deviation
lengths (A) 0.01 0.008
angles (deg) 1.22 1.02
overall B-factor (A?) 15.6 20.1
protein 15.8 20.1
ligands 12.3 -

“Values in parentheses are for the highest-resolution shell: 2.59—-2.5 A
for K42A and 2.23—2.15 A for I87T. ° Ryym = D obs — Lavel /> Tobs, Where
the summation is over all reflections. © R-factor = Y |F, — F¢|/>_F,. dFor
calculation of Rpee, 4.5% (K42A) and 5.1% (I87T) of the reflections were
reserved.

determined with the molecular replacement program Phaser from
the CCP4 program suite (24) using the PchB pyruvate-bound
structure (Protein Data Bank entry 2H9D) as a model, with the
water and ligands omitted. Model building and refinement were
conducted with Coot (25) and REFMAC (26). The model
includes residues 1 — 99 in each monomer, 16 water molecules,
two salicylates, and two pyruvates. A Ramachandran plot
generated in PROCHECK (27) shows that the model exhibits
good geometry with 96.6% of the residues in the most favored
regions, 2.8% in the additionally allowed regions, and 0.6% in
the generously allowed regions. The amino acid that is generously
allowed is Ala50 of the A chain, an active site loop amino acid in
an area of poor electron density. Data collection and refinement
statistics are listed in Table 2.

Collection of Crystallographic Data and Structure
Determination for 187T-PchB. An 187T-PchB crystal was
transferred to cryoprotectant solution containing 0.1 M Bis-Tris
propane (pH 6.5), 0.2 M calcium chloride, 30% PEG 3350, and
20% glycerol and flash-cooled to —160 °C. Collection of data and
structure determination were carried out as described for K42A-
PchB. Included in the model are four monomers, each with
varying flexibility in the active site loop (residues 39—51) and
termini. Monomer A comprises residues 2—43 and 56—94.
Monomer B comprises residues 10—41 and 51—93. Monomer
C comprises residues 2—39 and 54—98. Monomer D comprises
residues 2—98. The model also includes one calcium ion at a
crystal contact and 76 water molecules. A Ramachandran plot

Biochemistry, Vol. 48, No. 23, 2009 5241

generated in PROCHECK (27) shows that the model exhibits
good geometry, with 99% of the residues in the most favored
regions and 1% in the additionally allowed regions. Data
collection and refinement statistics are listed in Table 2.

Structural Analysis. All root-mean-square deviations were
calculated using LSQMAN in the DEJAVU program pack-
age (28). Protein structure figures were generated using
PyMOL (29).

Protein Data Bank Submission. The atomic coordinates
and structure factors (entries 3HGW and 3HGX) have been
deposited in the Protein Data Bank, Research Collabora-
tory for Structural Bioinformatics, Rutgers University, New
Brunswick, NJ.

Chorismate Mutase (CM ) Activity Assays. Initial velo-
cities of the CM reaction catalyzed by PchB and its mutants were
determined by measuring the decrease in absorbance at 310 nm,
which corresponds to the disappearance of chorismate (e3;9 =
370 M~ em ™), with a Cary 50 Bio spectrophotometer (Varian).
The enzyme was incubated in 50 mM sodium/potassium phos-
phate buffer (pH 7.5) for 10 min at room temperature (22 °C).
The reaction was initiated by the addition of chorismate, varied in
concentration from 0.1 to 1.4 mM for the wild type and A43P and
from 0.1 to 8 mM for K42A, K42H, and I87T. Kinetic data were
fit to the Michaelis—Menten equation by the nonlinear regression
function of SigmaPlot (SSPS, Inc.). The assay at pH 5.0 for
K42H was performed as described above, except that the buffer
was a multicomponent buffer containing 50 mM formate, 50 mM
MES, and 100 mM TrisHCI adjusted to the desired pH with
HCI (30).

Isochorismate Pyruvate Lyase (IPL) Assays. Initial
velocities of the IPL reaction were determined by measuring
the accumulation of salicylate by fluorescence with an excitation
wavelength of 300 nm and an emission wavelength of 430 nm
using a Cary Eclipse fluorescence spectrophotometer (Varian).
The reactions were assessed in 50 mM sodium/potassium phos-
phate (pH 7.5) at room temperature and initiated by the addition
of isochorismate, varied in concentration from 1 to 80 uM for the
wild type, I87T, and A43P and from 5 to 390 uM for K42A,
K42H, and K42Q. The amount of salicylate formed was deter-
mined from a standard curve with a varied salicylate concentra-
tion (0—80 #M) in the reaction buffer. Kinetic data were fit to the
Michaelis—Menten equation by the nonlinear regression func-
tion of KaleidaGraph (Synergy Software). The assay at pH 5.0
for K42H was performed as described above, except that the
buffer was a multicomponent buffer described for the chorismate
mutase assay.

Preparation of AAG* Plots. The “mutational effect”
recorded in Table 3 was determined by dividing the k., or kcy/
K., of the mutant enzyme by that of the wild type. The points on
the AAG* plots were calculated from the equation

AAG = —RT In(mutational effect)

RESULTS

Secondary Structure Maintained As Detected by
Circular Dichroism Spectroscopy. Circular dichroism spec-
troscopy was used to assess the secondary structure of the mutant
proteins. All six mutated proteins were found to be comparable
to the wild type with strong minima at 208 and 212 nm,
characteristic of helical structure (Figure 2).

Active Site Architecture of K42A-PchB Maintained. The
structure of the K42A mutant with salicylate and pyruvate bound
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FiGuRre 2: Circular dichroism spectra of PchB and mutants, demon-
strating maintained helical structure. It should be noted that the PchB
mutants at K42 did not produce a shoulder at ~210 nm as docu-
mented for comparable mutants in ECCM (9), a feature that has been
used to argue that the ECCM mutant proteins are not structurally
intact.

in the active site was determined to 2.5 A. Whereas the K42A and
pyruvate-bound wild-type (3) proteins crystallized in the same
space group (P2,2,2,), the unit cells were significantly different.
The K42A structure has only one dimer per asymmetric unit, as
opposed to two in the wild-type crystal, and has a significantly
smaller unit cell (>150000 A* smaller). In the K42A structure,
both active sites are closed, and each contained one salicylate and
one pyruvate. We previously hypothesized by wrong-ligand
crystallographic modeling (3) that the salicylate binds more
deeply than pyruvate in the active site pocket. In this experi-
ment (3), each of the pyruvates was individually substituted with
salicylate and both models were subjected to simulated annealing.
Only in the case in which the salicylate carboxylate was aligned by
Arg31 was a reasonable hydrogen bonding pattern maintained
with this modeling procedure. In the K42A mutant structure, the
carboxylate of the salicylate is indeed aligned in the active site by
the side chain of Arg31, and the pyruvate is aligned in the active
site by Argl4 as predicted. The wild-type and K42A active sites
are overlaid in Figure 3A. The root-mean-square deviation
(rmsd) for the monomer displayed is 0.43 A for 98 a-carbons
(of the 99 in the K42A structure) and for the dimer is 0.58 A for
197 a-carbons, which demonstrates the expected overall con-
servation of structure between the wild type and the mutated
enzyme. The architecture of the active site is conserved in the
mutated enzyme despite the differences in crystal systems and
previously documented flexibility in this loop. The rmsd for the
a-carbon at the 42 position is 0.21 A in the monomer displayed
and 0.46 A in the opposing monomer, which had somewhat less
well-defined density. A stereoimage of the active site is displayed
in Figure 3C to further emphasize that the active sites of the
K42A mutant enzyme and the wild type overlay with surprising
exactness, and that changes in activity are not the result of subtle
changes in active site architecture.

Increased Flexibility of the I87T-PchB Active Site.
In contrast to K42A, the apo-187T protein crystallized in the
same crystal system (space group and unit cell) of the previously
published pyruvate-bound wild-type (WT) structure (3) and also
contained two dimers per asymmetric unit. Despite this similar-
ity, only one of the four active sites was closed (Figure 4A).
The remaining active sites had disordered active site loops
(Figure 4B), as previously documented for the apo-wild-type
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structure. However, the apo-I87T structure is more mobile
than that seen in previous PchB structures, and the disorder
is not confined to the active site loop (amino acids 39—51) in
some of the monomers. Previously documented structures
with open active sites have disorder from amino acid 42 to amino
acids 47—51, depending on the monomer. The I87T structure
has three open active sites of the four in the two dimers,
and disorder begins at residues 40—44 and continues until
residues 50—355. This means not only that the loop is disordered
in most monomers but also that there is some unwinding of the
helix following the loop, specifically in monomers A and C.

Flexibility of the Active Site Is Not Linked to Crystal-
lization Buffers, Precipitants, or the Unit Cell. Four struc-
tures of PchB have now been reported, two here and two
previously (3). While it might be tempting to hypothesize that
increased loop flexibility in these structures is correlated to pH or
precipitant, this is not the case. First, all four crystallized from
different mother liquors ranging in pH from 4.7 (apo-WT
structure) to 8.5 (K42A structure). The most disordered structure
is of intermediate pH (6.5, I87T). Second, the precipitants for
crystallization were PEG3350 (I87T and pyruvate-bound WT)
and salts (nitrate for apo-WT and phosphate for K42A),
with both precipitant groups containing ordered and disordered
active site loops. The two structures that crystallized from
PEG3350 (I87T and wild type with pyruvate bound) have
isomorphous crystal systems, yet in no case is the active site
loop involved in a crystal packing interface, which could thereby
potentially cause closing or deformation of this loop. Therefore,
we conclude that active site loop flexibility is not a function
of crystallization.

Changes in k.,,/K,, Due to Active Site Mutation Show
a Surprising Level of Correlation. The k., /Ky, for both the
IPL and CM activities measured for the wild-type enzyme is ~4-
fold lower than that reported previously (/). This result is most
likely caused by several differences in how the enzyme was
produced and purified, and in the how the assays were conducted.
The most probable reason for the difference is the temperature at
which the assays were conducted: our assays were conducted at
22 °C instead of 37 °C. Since the goal of this work is to compare
wild-type to mutated enzymes and for this work all enzyme
preparations and assays were done comparably, the differences
between this work and that done previously do not change the
conclusions drawn.

All of the Lys42 mutations caused a significant reduction in
activity for both IPL and CM activity (Table 3). The K42E
mutation changes the side chain charge from positive to negative,
and the mutated form of the enzyme showed no detectable
activity in either assay; whereas the K42Q mutation had detect-
able activity only in the IPL assay. For the variants at the K42 site
with detectable activity, the changes in activity were all compar-
able with a decrease of ~100-fold in k,/Ky,. In other words, the
mutational effects ranged from 0.01 to 0.04. The mutational
effect for the A43P (in the flexible loop) and I87T (active site)
mutations were less pronounced. For all of the mutations that
had both IPL and CM activity, the AAG" values of the muta-
tional effect are plotted in Figure SA. This plot shows a surprising
level of correlation such that the active site changes yield changes
in k.,/K, that are covariant for the two activities. The linear
regression produces a line with a slope of 0.93 £ 0.15 and an R?
value of 0.92.

Changes in k., Due to Active Site Mutation Are Not
Correlated. The mutations resulted in more varied effects
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FIGURE 3: K42A structure. (A) Cartoon of the K42A active site (light purple) superimposed on WT (yellow) (Protein Data Bank entry 2H9D)
highlighting conservation of secondary structure and active site loop conformation. The salicylate and pyruvate molecules of the K42A structure
are shown as green sticks with red oxygens, and the pyruvates of the wild-type structure are shown as yellow sticks. (B) An electron density map of
the K42A active site highlights the loop that is mobile in the open structures of PchB. The salicylate is colored purple, and the pyruvate is colored
red. (C) Stereodiagram of the superimposed WT and K42A active sites displaying the conservation of active site architecture. For WT, the sticks
are colored orange with the active site loop colored yellow; for K42A, the sticks are colored dark blue with the active site loop colored light purple
(thereby somewhat conserving the color system of panel A). K42 is colored red and K42A dark purple. The brown (WT) and aquamarine (K42A)
sticks are arginines 14 and 31 that align the substrates. The pyruvates of the WT structure are colored cyan with red oxygens, and the salicylate and

pyruvate of the K42A structure are colored pink with red oxygens.

FIGURE 4: Comparison of I87T molecules. (A) Electron density map
of the monomer D active site of I87T with the active site loop ordered
(bottom). (B) Electron density map of the monomer A active site of
187T with the active site loop (residues 44—55) disordered. In both
panels, Arg31iscolored red, Argl4 blue, Lys42 orange, and Thr87 (of
the I87T mutation) purple. In the two active sites, Lys42 isin different
positions, with the position in panel A (monomer D) equivalent to
that observed in the pyruvate-bound wild-type structure.

for ke, For example, the K42 mutations all caused consistent
decreases in IPL activity, but the CM activity for the same
mutations ranged from complete abrogation of activity to a
kea similar to 2-fold higher than that of the wild type. The two
other active site mutations were comparable to WT (A43P; both
activities) to a mutational effect of 2.89 for I8§7T CM activity, but
0.08 for IPL activity. These data are more easily visualized in the
AAG* of the mutational effect plot of Figure 5B. Clearly, the

mutational effect on k., is not covariant for the two activities.
The linear regression produces a line with a slope of 0.15 £ 0.41
and an R” value of 0.04.

DISCUSSION

Active Site Maintained in K42 Mutants. Lys39 of EcCM
(comparable to Lys42 in PchB) has been identified as an amino
acid important in stabilizing the developing negative charge at the
ether oxygen of the pyruvylenol tail during bond breaking in a
polar transition state (9). However, the CD spectra of mutated
EcCM with changes at this site had a small shoulder at ~210
nm (9), leading to arguments that decreased activity in chor-
ismate mutases altered at this site is due to changes in the active
site architecture (11, 12). Clearly, this does not hold for PchB: the
CD spectra of the K42 mutants are predominantly o-helical and
have spectra comparable to that of the wild type (Figure 2).
Furthermore, the structures of K42A-PchB and the wild type
have active sites equivalent in shape, and the salicylate and
pyruvate are in comparable binding modes (Figure 3C). There-
fore, the ~100-fold decrease in kc./K,, for the CM and IPL
activities of the K42A-PchB mutated enzyme must be a result of
the change in the side chain at this position.

I87T-PchB Is More Flexible than Wild-Type PchB.
Unlike the previous report (), we do find PchB-I87T to be
IPL active, instead having an only ~3-fold decrease in kea/Kpn
relative to that of the wild type. Whereas this mutant does retain
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Table 3: Steady State Kinetic Parameters for PchB and Active Site Mutants

chorismate mutase activity

isochorismate-pyruvate lyase activity

keat mutational k. /K,  mutational keat mutational k., /K,  mutational

Ky (uM)  (x1073s7h effect” M5! effect” Ky (uM)  (x1073s7h effect M tsTh effect”
wild type 12010  23.5+0.5 196 43402 17742 41100
K42A 720 + 30 1.5+0.00 0.06 2 0.01 5143 24.540.5 0.14 480 0.01
K42E b b b b
K42Q b b 6643 46.8 £0.8 0.26 709
K42H (pH 7.5) 377040  26.840.3 1.14 7 0.04 5742 37.0£0.7 0.21 650 0.02
K42H (pH 5.0) 5800100 48 +3 2.04 8 0.04 66+ 1 118+7 0.67 17900 0.04
A43P 186 +2 26.2+0.2 111 141 0.72 53+0.1 188+5 1.06 35500 0.86
87T 440 + 20 68+1 2.89 155 0.79 1.09+0.05 142403 0.08 13000 0.32

“(Mutant value)/(wild-type value). b Below the limits of detection (8 uM for the CM assay and 0.03 uM for the IPL assay).
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FIGURE 5: Mutational effect on key/Km (A) and ke, (B). The points on the AAG* plots were calculated as described in the experimental procedures
for each mutant protein that displayed both chorismate mutase and isochorismate-pzyruvate lyase activities. (A) The linear regression produces a

line with the equation y = 0.93x + 0.26 (slope of £0.15, intercept of £0.26) and an R

value 0f 0.92, demonstrating a clear correlation between the

mutational effects on the two activities. (B) In contrast, there is no correlation between the mutational effects on k., since the linear regression
produces a line with the equation y = 0.15x + 0.74 (slope of £0.41, intercept of +0.32) and an R> value of 0.04.

nearly wild-type CM activity, the enzyme is still nearly 100-fold
more efficient as a lyase than as a mutase. Gaille et al. (/)
hypothesized that the change in activities is due to the differing
alignment of the substrates in the active site due to H-bonding
with the threonine. Since chorismate lacks a hydroxyl at the
2-position (Figure 1) necessary for H-bonding to the threonine,
there should be no change in the binding mode of this substrate
because of the mutation. This could be an explanation for the
difference in activities that we observe, with nonproductive
binding of isochorismate (the 2-OH hydrogen bonding to the
threonine at the 87 position) causing the more significant change
in the IPL &,/ K, The structure does not have ligands bound, so
we cannot promote or discount this hypothesis; however, we can
offer a second hypothesis. 187T-PchB is the most mobile of the
PchB structures determined, and the mobility is not limited to the
active site loop. The N-terminus of the o-helix following the active
site loop is also disordered. This change in protein flexibility
may also contribute to the changes in activity. Flexibility in
a chorismate mutase with a fold comparable to that of PchB has
been documented previously (3/—34). Hilvert and co-workers
generated a monomeric form of the Methanococcus jannaschii
chorismate mutase (MjCM) through mutations in the C-terminal
helix and in the N-terminal long helix such that the long helix
folds over to complete the active site. This functional monomer is
catalytic with an only 3-fold decrease in activity relative to that
of wild-type MjCM and is predominantly a molten globule unless
a substrate or a transition state analogue is present.

Mutational Effects on k.,/K,, for the CM and IPL
Activities Are Covariant, whereas Those for k., Are Not.
The PchB variants exhibited a surprising level of correlation in
mutational effects between the Iyase and mutase activities when
keat/ K Were compared (Figure 5A), with the exception of the
K42Q mutation which was IPL active and CM deficient. The
high correlation with unit slope suggests that each mutation
produces a unique change in transition state free energy that is
shared by both IPL and CM transition states. Consequently,
in the rate-determining step for kg, /K., both transition states
(CM and IPL) are structurally and electrostatically similar. This
is appropriate for the electrostatic transition state hypothesis, but
if a near attack conformation is involved in k., /K, then the
NAC must form between the reactant state and the transition
state. In contrast, the two activities are decidedly not covariant
with respect to ke, (Figure 5B). The lack of correlation is derived
from a structural lack of similarity between reactant states and/or
transition states, suggesting most simply that neither a reactive
substrate conformation nor electrostatic transition state stabili-
zation completely accounts for the rate-determining step for
keat, but perhaps there are differing mixtures of the two.

CONCLUSIONS

PchB is a unique enzyme that performs two pericyclic reac-
tions: a physiological lyase activity and an adventitious mutase
activity. A debate in the field concerning chorismate mutases
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suggests that the arginines deep in the active site cavity are
necessary and sufficient for catalysis, organizing the substrates
for catalysis (reactive substrate conformation or near attack
conformation). In the opposing view, substrate organization is
viewed as an effect of the formation of the enzyme—substrate
complex and the lysine at the 42 position is required for activity
(electrostatic transition state stabilization). We show by CD and
X-ray crystallographic methods that the changes in activity after
mutation at the 42 site are not due to the change in active site
architecture but are an effect of the side chain at the 42 position.
Whereas mutation of the comparable amino acids to Lys42 in
BsCM and EcCM led to complete abrogation of catalytic
activity, we show that for similar mutations in PchB activity
decreases by only 100-fold. The A43P-PchB mutant designed to
increase the rigidity of the active site loop had small mutational
effects, suggesting that loop dynamics at the active site may play a
role in catalysis. A formerly characterized mutation (I87T)
caused considerable protein disorder which may account for
the mutational effects. While the lysine at position 42 certainly
aids in enzymatic efficiency, activity was detectable in mutants
without a positive charge at this site. The mutational effects on
CM and IPL k., /K., are covariant; however, mutational effects
on ke, are not. Catalysis by PchB cannot be solely explained by
either of the two extreme hypotheses for enzymatic pericyclic
reactions. Instead, the IPL and CM activities are most likely the
result of a mixture of the formation of a reactive substrate
conformation and electrostatic transition state stabilization.
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