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ABSTRACT: The structure of a phenylalanine aminomutase
(TcPAM) from Taxus canadensis has been determined at 2.4 A
resolution. The active site of the TcPAM contains the signature
4-methylidene-1H-imidazol-S(4H)-one prosthesis, observed in all
catalysts of the class I lyase-like family. This catalyst isomerizes (S)-
o-phenylalanine to the (R)-3-isomer by exchange of the NH,/H
pair. The stereochemistry of the TcPAM reaction product is
opposite of the (S)-f-tyrosine made by the mechanistically related
tyrosine aminomutase (SgTAM) from Streptomyces globisporus.
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Since TcPAM and S¢TAM share similar tertiary- and quaternary-structures and have several highly conserved aliphatic residues
positioned analogously in their active sites for substrate recognition, the divergent product stereochemistries of these catalysts likely
cannot be explained by differences in active site architecture. The active site of the TcPAM structure also is in complex with (E)-
cinnamate; the latter functions as both a substrate and an intermediate. To account for the distinct (3R)-(-amino acid
stereochemistry catalyzed by TcPAM, the cinnamate skeleton must rotate the C;—Cg and Ci,io—Cp bonds 180° in the active
site prior to exchange and rebinding of the NH, /H pair to the cinnamate, an event that is not required for the corresponding acrylate
intermediate in the S¢TAM reaction. Moreover, the aromatic ring of the intermediate makes only one direct hydrophobic
interaction with Leu-104. A L104A mutant of TcPAM demonstrated an ~1.5-fold increase in k., and a decrease in Ky values for
sterically demanding 3'-methyl-t-phenylalanine and styryl-0i-alanine substrates, compared to the kinetic parameters for TcPAM.
These parameters did not change significantly for the mutant with 4’-methyl-0.-phenylalanine compared to those for TcPAM.

yrosine aminomutases from Streptomyces globisporus

(S¢TAM)," Chondromyces crocatus, and Myxococcus fulvus,”
and the ghenylalanine aminomutase from Taxus canadensis
(TcPAM)® belong to the S-methylideneimidazol-4-one (MIO)
subcategory of isomerases. These isomerases show high se-
quence homology to a family of MIO-dependent phenylalanine,
tyrosine, and histidine ammonia lyases (PAL, TAL, and HAL,
respectively) whose reaction mechanism aborts after the o-
NH,/f-H-elimination from the substrate to liberate an aryl
acrylate product.”® On the basis of a compendium of supporting
structural data, the MIO purportedly acts as an electrophile in the
aminomutase active site to alkylate the substrate via direct
electrophilic activation of the amino group® (Figure 1). This
step is proposed to facilitate the elimination of the amino group,
followed by enzyme-catalyzed exchange and Michael-type re-
bound of the labile a-NH,/H pair to the phenylpropenoid to
produce the S-amino acid (Figure 1). Residual ammonia lyase
activity of the TcPAM enzyme produces trans-cinnamic acid as a
minor product compared to the f-amino acid product during
steady-state catalysis;” the SgTAM enzyme shows similar chem-
istry, producing trans-coumarate and f3-tyrosine.” This suggests
that the lyases and aminomutases follow analogous mechanistic
courses and that frans-stereoisomers of cinnamate and coumarate

represent intermediates on the reaction pathway of the pheny-
lalanine and tyrosine aminomutases, respectively. However,
S¢TAM produces predominantly the corresponding (S)-f-tyr-
osine with stereochemistry opposite to that of the product made
by TcPAM.

The mode of f-H and NH, exchange was evaluated for the
native Taxus PAM, in an early study where the bark of Taxus
brevifolia plants was used to obtain an aqueous extract that
contained a crude mixture of enzymes.® Likely present in the
milieu were ammonia lyases, now known to be operationally
similar to MIO-dependent aminomutases,” and other soluble
enzymes involved in cinnamate metabolism (e.g., CoA ligases or
hydroxylases). Cinnamate was not imagined, at the time, to
participate in the reaction (KDW). To assess if the native Taxus
PAM reaction was inter- or intramolecular, a 1:1 mixture of
[ring-"Hs, "*NJ]- and unlabeled-phenylalanine was incubated
with the native PAM, and gas chromatography—mass spectro-
metry analysis of biosynthetically derived S-phenylalanine isoto-
pomers showed fragment ions consistent with an inframolecular
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Figure 1. An MIO-dependent mechanism for TcPAM catalysis. A proposed mechanism that begins with attack on the MIO by the amine at C,, of the
substrate, followed by a concerted elimination pathway to a cinnamate intermediate. Interchange of the amino group and the hydrogen and Michael-type
rebound produces the $-amino acid. The step designated “rotation” signifies a rotation of the acrylate intermediate about the C;—C and Cg—Cips,
bonds. The open circles (O) and the filled circles (@) on the cinnamate molecule are used to distinguish the si- and re-faces of the double bond,

respectively, using Cg as the reference.

mechanism.® While this early study elucidated the mode of the
NH,-group transfer, the influence of cinnamate and other cinna-
mate modifying enzymes on the NH,-transfer process was not
considered.

Therefore, in this study, the intramolecular mode of NH,-
transfer was corroborated by 1ncubat1ng purified, recombinant
TcPAM with a mixture of [ring, -C- ’Hg)cinnamate and ["°N]-
phenylalanine. This confirmatory study was important since a
purified, recombinantly expressed Taxus PAM was recently
shown to catalyze the formation of -phenylalanine from cinna-
mate and ammonia cosubstrates.'’ Also described herein is the
X-ray crystal structure of a recombinant phenylalanine amino-
mutase—cinnamate complex at 2.4 A resolution. This is the first
structure reported on an aminomutase of plant orlgm and is one
of two enzymes (the other is taxadiene synthase'") on the Taxol
biosynthetic pathway whose structures have been solved. The
intramolecular mechanism of the reaction in conjunction with
the X-ray crystal structure answered a central question regarding
how TcPAM catalyzes a different stereoisomer of its 3-amino
acid product compared to that of the structurally similar
SgTAM.12 Herein, evaluation of the TcPAM-cinnamate sub-
strate/intermediate complex enabled us to posit a reaction
sequence that is consistent with the stereospecificity of TcPAM
catalysis and with a mode that retains the configuration at the
migration termini. In addition, The TcPAM structure along
with modeled-in substrates also shows that the 3’-carbon of the
aromatic ring of the bound cinnamate intermediate /substrate is
proximate to and makes a direct hydrophobic interaction with
Leu-104. This residue and several other distal hydrophobic
interactions between the aromatic ring of cinnamate and Leu-
179, Leu-227, and Val-230 likely contribute to substrate bind-
ing and to defining the topology of the active site. This
document describes a rational point mutation that exchanges
Leu-104 for a sterically smaller Ala residue that yielded a
mutant TcPAM with increased catalytic efficiencies for non-
natural arylalanines.

B MATERIALS AND METHODS

(R)-f-Amino acids were commercially available from PepTech
Corporation (Burlington, MA), except for styryl-(R)-f- alamne,
which was synthesized by modification of a described procedure."
S-Phenyl-(2E,4E)-pentadienoic acid ((E,E)-styrylacrylate) was

purchased from Alfa Aesar (Ward Hill, MA). (E)-[ring, S-
C-"Hg]Cinnamic acid and (E)-2'methylcinnamic acid were
obtained from Sigma-Aldrich (St. Louis, MO), and ["*N]phen-
ylalanine was obtained from Cambridge Isotope Laboratories
(Andover, MA).

Construction of Site-Directed Mutants of PAM. TcPAM
point mutants were generated using the QuikChange II site-
directed mutagenesis kit (Stratagene, La Jolla, CA) and Turbo
Pfu polymerase (Stratagene, La Jolla, CA) along with the
respective oligonucleotide primers: YS8OF-For-(5-AGACGGT
GCTGATATCTTTGGCGTTACCACGGGTTTCGG-3')
and L104A-For-(5'-GCAGGAGAGCGCCATCCGCTGTC-3').
The corresponding reverse-complement primer was paired with
the respective forward primer. The mutation is highlighted in
bold and underlined. The pET28a expression vector DNA
containing wild-type TcPAM was used as a template, and the
mutation in the TcPAM gene was confirmed by DNA
sequencing.

Expression and Purification of N-Terminal His-Tagged
PAM. Codon-optimized wild-type'* or a mutant TcPAM derived
from the optimized clone was overexpressed in Escherichia coli
BL21(DE3) cells. The cells (six 1-L cultures) were grown in
Luria—Bertani medium supplemented with kanamycin (50 ¢#g/mL),
induced for expression with isopropyl-3-p-thiogalactopyranoside
(100 uM) at 16 °C, and, after 16 h, were harvested by centri-
fugation (4,000g for 20 min). To the cell pellet was added
100 mL of resuspension buffer (S0 mM sodium phosphate
containing 10 mM imidazole, 5% (v/v) glycerol, and 300 mM
NaCl, pH 8.5), the suspension was lysed by sonication, and the
cellular debris and light membranes were removed by centrifuga-
tion at 9,700g (45 min) then at 102,000g (1 h), respectively. The
resultant crude aminomutase in the soluble fraction was purified
by nickel-nitrilotriacetic acid affinity chromatography according
to the protocol described by the manufacturer (Qiagen, Valencia,
CA); TcPAM was eluted in 250 mM imidazole (3 mL total
volume, at >90% purity by SDS—PAGE with Coomassie Blue
staining). An aliquot (S0 L) of this fraction containing TcPAM
(~80 ug) was added to SO mM phosphate buffer solution (1 mL
final volume, pH 8.5) containing 5% glycerol and (S)-0.-pheny-
lalanine (100 #M), and the solution was incubated at 31 °C for
1 h. The reaction was quenched with 6 N NaOH to adjust the pH
to >10, and then ethyl chloroformate (100 uL) was added to
N-acylate the phenylalanines. After 5 min, the solution was again
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basified (pH > 10), a second batch of ethyl chloroformate
(100 uL) was added, and the reaction was stirred for 5 min.
After derivatization, the mixture was acidified to pH 2—3 with 6
N HCl and extracted with diethyl ether (2x 1 mL). The organic
solvent was evaporated in vacuo, the residue was dissolved in
ethyl acetate/methanol (3:1, v/v) (200 uL) [methanol was used
to liberate diazomethane in the following step], and the solution
was treated with excess (trimethylsilyl)diazomethane (~5 uL) to
make the methyl ester of the N-acyl amino acid. The production
of (R)-B-phenylalanine was assessed by GC/EI-MS fragmenta-
tion analysis, and the relative abundances of the base peak
fragment ions of the amino acid derivatives were compared to
those of an authentic standard.

The fraction of protein that eluted from the nickel-nitrilotria-
cetic acid affinity column containing active TcPAM (76 kDa) was
exchanged with elution buffer (20 mM Tris-HCI, pH 7.5, S0 mM
NaCl, and 5% glycerol) through several concentration/dilution
cycles using a Centriprep centrifugal filter (30,000 MWCO,
Millipore) to remove the 250 mM imidazole. The protein,
concentrated to 1 mL, was loaded onto a precalibrated gel
filtration chromatography column (Superdex 200 prep grade,
GE Healthcare Life Sciences) connected to a Pharmacia FPLC
system (comprising a Biotech Recorder 102, Pharmacia Pump
P-500, and Liquid Chromatograph Controller LCC-500).
TcPAM was eluted at 1 mL/min with elution buffer and was
isolated in two peaks, one with an elution volume consistent with
that of a 150 kDa MW standard, considered to be a dimer, and a
larger peak consistent with protein >300 kDa, likely a multimeric
aggregate. Equimolar amounts of protein from each fraction (40
ug of the 150 kDa fraction and 80 ug of the >300 kDa fraction)
were separately incubated with O-phenylalanine (100 #M) at
31 °C for 1 h. The amino acids were derivatized to their N-acyl
methyl esters, as described earlier, and analyzed by GC/EI-MS
fragmentation analysis. The aminomutase in the 150 kDa frac-
tion had 3-fold higher activity than in the >300 kDa fraction;
therefore, the fraction containing the dimer was used for the
crystallographic study, loaded into a size-selective centrifugal
filtration unit (30,000 MWCO), and concentrated to 10 mg/mL.
The purity (>95%) of the concentrated enzyme was assessed by
SDS—PAGE with Coomassie Blue staining, and the quantity was
determined by the Bradford protein assay.

PAM Activity Assays. Pilot assays to test for enzyme activity
and to identify productive substrates were conducted separately
at 31 °C with 750 ug of wild-type TcPAM or its mutant forms
with an appropriate substrate (at 1 mM) in S0 mM phosphate
buffer solution (pH 8.5) containing $% glycerol. The reactions
were quenched with 6 N HCI, the pH was adjusted to pH 2, and
then internal standards (3R)-(3'-fluoro)-f-phenylalanine (at
20 uM) and trans-2'-methylcinnamic acid (at 20 M) were added.
The cinnamic acids were extracted into diethyl ether, the organic
solvent was evaporated in vacuo, the residue was dissolved in
ethyl acetate/methanol (3:1, v/v) (200 uL), and the solution was
treated with a (trimethylsilyl)diazomethane dissolved in ether
(~S uL) to convert the acids to their methyl esters. Each sample
was separately analyzed by GC/EI-MS and quantified by linear
regression analysis. The remaining aqueous fraction was adjusted
to pH >10 with 6 N NaOH, and the amino acids were derivatized
to their N-(ethoxycarbonyl) methyl esters, as before. Each
sample was separately analyzed/quantified by GC/EI-MS; in
brief, the relative amounts of the a- or -amino acid were
determined by linear regression analysis of the area of the base
peak ion of the derivatized 0.- and 3-amino acids generated in the

EI-MS. The peak area was converted to concentration by solving
the corresponding linear equation, derived by plotting the area of
the base peak ion (produced by the corresponding authentic
standard) against concentration ranging from 0 to 1.5 mM.

The substrates O.-phenylalanine, 3'- and 4'-methyl-a.-pheny-
lalanine, and styryl-a-alanine were incubated separately with
wild-type TcPAM and its point mutant (L104A, designated
PAMeLA_104: phenylalanine aminomutase exchange Leu—
Ala_104), to establish steady-state conditions with respect to a
fixed protein concentration and time at 31 °C. Under steady-state
conditions, each substrate at 10, 20, 40, 80, 150, 300, 500, and
750 uM was separately incubated with TcPAM or PAMeLA 104
in triplicate, single stopped-time assays. Each of the products in
the reaction mixture was derivatized to their N-(ethoxycarbonyl)
methyl ester and then quantified by GC/EI-MS analysis, as
described previously. The kinetic parameters (Ky; and k) were
determined from the Hanes-Woolf plot (R* was typically >0.98),
and the stereochemistry of enzyme-catalyzed products was
assessed by chiral GC/MS analysis (Chirasil-D-Val column,
Varian).15

Intramolecular Analysis of the TcPAM Reaction. ['>N]Phe-
nylalanine (98% enriched) (10 mM) and [ring, B-C-*Hg]cinna-
mate acid (98% enriched) (10 mM) were incubated together
with TcPAM (100 ug) using standard conditions in 1-mL assays.
The reaction was quenched, and the amino acids isotopomers
were derivatized to their N-(ethoxycarbonyl) methyl esters,
and the sample was analyzed by GC/EI-MS, as described
previously. The configuration of the f-phenylalanine was as-
sessed by chiral GC/EI-MS analysis (Chirasil-D-Val column,
Varian), as before.

Crystallization and Substrate Soaking of the TcPAM. A
Crystal Gryphon nanodispenser (Art Robbins Instruments) was
used to set up sitting drop vapor diffusion crystallography plates
(Intelli-Plate from Art Robbins Instruments) comprising an array
of crystallization conditions in 96-well format. Crystals were
grown in a condition containing TcPAM apoenzyme (0.4 uL)
and a reservoir containing 0.4 4L of 100 mM HEPES, pH 7.0, 1.0
M LiCl, and 15% PEG 6000. Crystals formed in a drop that had
been left undisturbed for 10 days at 20 °C. Cinnamic acid
(1.3 mM) was added to the crystallization buffer solution for
substrate soaking studies, and the apo-TcPAM crystals were
picked up from the sitting drops and soaked over a range of 3
to 10 h in the buffer containing cinnamate. No crystal cracking
was visualized under the microscope. Crystals were then flash-
frozen in liquid nitrogen after soaking in cryoprotectant (30%
glycerol in the reservoir solution). The native X-ray diffraction
intensity data were collected under a continuous stream of liquid
nitrogen at 100 K on beamline 21-ID-D, LS-CAT (Argonne
National Laboratory, Advanced Photon Source, Chicago, IL) ata
wavelength of 1.0782 A. The data were processed using the
HKL2000 software package.'®

Molecular Replacement, Refinement, and Structural Anal-
ysis. Phasing information was acquired by the molecular re-
placement method (Table 1). A homology model based on the
structures of a phenylalanine ammonia lyase (PDB entry
1W27)17 and a tyrosine aminomutase (PDB entry 2R_]R)18 was
built by the SWISS-MODEL online server with the MIO moiety
removed.'” A molecular replacement solution was found using
the constructed model as the search query in the MOLREP
program in the CCP4 suite’® The solution consisted of
two monomers in one asymmetric unit, and the presence of
the MIO moiety (formed autocatalytically by condensation of
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Ala-Ser-Gly) in the active site of each monomer was confirmed
by the electron density map. This structural motif was edited into
the PAM structure from the model structures above (1W27 and
2RJR). The monomer library file was generated with the
Sketcher program in the CCP4 suite. Model building and
structural analysis were performed with the COOT program
(version 0.6.1).'

Within the active site of PAM, the electron density of (E)-
cinnamic acid was identified, and the corresponding molecule
was built in. Restrained refinement with the RefmacS program
(in the CCP4 suite) was used to improve the electron density
map for the PAM structure bound to trans-cinnamate. The final
model contained 1289 residues from the two molecules in the
asymmetric unit, 277 water molecules, and one cinnamate
molecule bound to the active site of each monomer.

B RESULTS

Expression and Characterization of Recombinant PAM.
TcPAM cDNA was codon optimized for expression as a soluble
His-tagged protein in E. coli, as described previously.'* Subse-
quent purification of TcPAM by nickel affinity and gel filtration
chromatographies yielded protein of 76 kDa at >95% purity. In
vitro assays of the purified protein and GC/EI-MS analysis of the

Table 1. Data-Collection and Structure-Refinement Statistics

data collection

wavelength (A) 1.0782
total reflection 250966
unique reflection 55249

space group C121

a=118.73,b =76.11, c = 120.39 (A)
o=y =90°f=1204°

unit-cell parameters

molecules per ASU 2
resolution range (A) 2.38
completeness (%) 96.8 (79.6)
I/o 18.8 (2.05)
Rinerge (%) 10.1 (42.4)

structure refinement
resolution (A) 2.38
Reryst/Reee (%) 0.1830/0.2392

rmsd from ideal values

bond length (A) 0.0097
bond angle (deg) 1.3102
average B factor 47.12

PDB # 3NZ4

amino acid derivatives'* confirmed that TcPAM was functional.
The TcPAM reaction converts (S)-0-phenylalanine stereoselec-
tively to (R)-B-phenylalanine.”” The relatively high primary
sequence homology of the active site residues between TcPAM
and SgTAM (whose structure has been solved'”) suggests that
the locations of the residues would also be the same. However,
TcPAM preferentially catalyzes the formation of (3R)-f3-pheny-
lalanine, while the SgTAM-catalyzed reaction forms (3S)-f-
tyrosine of opposite stereochemistry; the observed differences
in stereochemistry for these two aminomutases inferred that
their active sites must be conformationally distinct. To assess this
hypothesis, the crystal of a TcPAM-cinnamate complex was
obtained, and the three-dimensional structures of the TcPAM
and SgTAM active sites were compared. This evaluation should
begin to elucidate how TcPAM directs the stereospecific detach-
ment and rebound of the migratory amino group and hydrogen
at Cg and C of the reaction intermediate.

Analysis of -Phenylalanine Formed from the Incubation
of TcPAM with ['>N]Phenylalanine and [ring, f-C-*Hg]Cinna-
mate Acid. Purified TcPAM (200 ug) was incubated with a
mixture of ["*N]phenylalanine and [ring, B-C-*Hg)cinnamate
acid (20 mol of each). The o.- and f-phenylalanine isotopomers
were derivatized to their N-(ethoxycarbonyl) methyl esters, and
cinnamic acid was converted to its methyl ester and analyzed by
GC/EL-MS. Authentic standards of N-(ethoxycarbonyl)-f3-phe-
nylalanine methyl ester eluted from the GC column at 9.87 min.
The mass spectrum of the derivatized biosynthetic 3-phenylala-
nine (~200 nmol) isolated from the incubation allowed for
quantitative analysis of the isotope enrichment and distribution.
A molecular ion (M) of m/z = 252 indicated that the biocata-
lyzed product contained one extra mass unit compared to the
mass of the unlabeled isotopomer (m/z = 251). The molecular
ion and diagnostic fragment ions (base peak [M — CH3CH,-
CO,]" = 179, and lesser abundant ions m/z = 192 [M —
HC(O)OCH;]" and m/z = 163 [m/z 192 — CH;CH,]"
(Table 2)) indicated that the additional mass unit was derived
from the "*N-atom. In addition, the ratio (10:1) of the ion
abundance for the base peak m/z = 178 and m/z = 179 for
authentic N-(ethoxycarbonyl)-S-phenylalanine methyl ester is
identical to the calculated ratio of the base peak m/z = 179 and
m/z = 180 of the N-(ethoxycarbonyl) methyl ester of the
biosynthesized [**N]-B-phenylalanine made after the incubation
of TcPAM with [15N]phenylalanine and [ring, ﬂ—C-sz]cinna—
mate acid. This suggested a '°N enrichment of 98% and that no
unlabeled f-phenylalanine derivative was present. A small per-
centage (<5%) of the biosynthetically derived 3-phenylalanine
contained seven additional mass units, according to a base peak
fragment ion m/z = 185; the ['°N]-B-phenylalanine derivative
was present at >95%. The isotopomer containing seven addi-
tional mass units was derived from the [ring, B-C-*Hg]cinnamate

Table 2. GC/EI-MS Analysis: Diagnostic Ions of Biosynthetic ['°N]-B-Phenylalanine”

o -+ -
163 O
PN L, H
0" *N" 0o 307N
o-CHs (_H
M H
mlz 252 m/z 163 and m/z 192

o ; -
H DpN O
*N O D ~CHg
_CH, o
0
D D
D
miz 179 miz 185

“The asterisk (*) indicates the "*N-atom.
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Active site

Figure 2. Overall structure of PAM from Taxus canadensis. (A) A single monomer is shown and is colored by domain: N-terminal domain (red), central
domain (green), and C-terminal domain (blue). The cinnamate molecule (light blue, designated with hashed arrow) and MIO (yellow, designated with
solid arrow) are shown as space-filling spheres. (B) The PAM tetramer is shown, which can be seen as a dimer of two head-to-tail dimers resulting in a
homotetramer with approximate 222-point symmetry. The subunits (red and orange) are related by a noncrystallographic 2-fold axis approximately
perpendicular to the plane of the page, while the operation of a vertical crystallographic 2-fold axis produces the protomers (green and cyan) that

complete the tetramer.

acid in the mixed substrate assay with TcPAM and was not
present in control assays where the labeled cinnamate acid was
left out.

X-ray Crystal Structure Determination of TcPAM. The
TcPAM structure was determined by molecular replacement
using a search model derived by fitting the TcPAM amino acid
sequence to the published coordinates of PALs from R
toruloides™ or SgTAM from S. globispora.'> TcPAM shares the
tertiary (Figure 2A) and quaternary (Figure 2B) structural
features of the highly homologous and mechanistically similar
members of the ammonia lyase family and SgTAM (28—46%
sequence identity), existing as a homotetramer.'>'”*372¢ In this
study, TcPAM was observed crystallographically as a tetramer
with the protomers in the same relative orientation as observed
for the PAL'” and SgTAM'” tetramers.

Phenylalanine aminomutase from Taxus chinensis was shown
to catalyze the conversion of the (E)-cinnamic acid substrate to
enantiopure Q.- and [3-phenylalanines when incubated in 6 M
aqueous ammonium carbonate at pH 10, in a previous study; cis-
cinnamic acid was shown to be a nonproductive substrate.>”
Thus, cinnamic acid was used as a co-crystallization substrate to
assess the docking conformation of the phenylpropenoid skele-
ton within the TcPAM active site relative to the position of the
catalytic residues. The crystals of the aminomutase formed as
small irregular polyhedra and belong to space group C2 with cell
dimensions of a = 118.7 A, b = 76.1 A, and ¢ = 120.4 A; two
76 kDa monomers reside in the asymmetric unit, while a
crystallographic 2-fold axis relates both halves of the tetramer.
The final structure was refined to 2.38 A (Figure S1, Supporting
Information) with Reryst/Reree = 0.1883/0.2432. Ramachandran

plots suggested that the numbers of disallowed residues were
within the tolerance limit.

A (E)-cinnamate molecule (cf. Figure S1, Supporting Infor-
mation, for density map) is bound in the active site, lying above
the MIO and under a loop region that includes residues 80—97,
which define the top of the active site (Figure 3A and B). The
(E)-cinnamate molecule lies about 3.4 A above the methylidene
carbon of the MIO moiety. The carboxylate of the cinnamate
makes a salt bridge interaction with a strongly conserved Arg-
325, which serves to position the product in the active site. The
plane of the aromatic ring of the cinnamate was observed to be
displaced ~20° from the perpendicular relative to the sr-bond
plane of the propenoate carbon—carbon double bond. The
aromatic ring is bound relatively loosely in the active site, making
only one direct hydrophobic interaction with Leu-104 (3.3 A, not
shown). The only other close contact between cinnamate and an
active site residue is a 2.9 A interaction between the hydroxyl of
Tyr-80 and C of the cinnamate (Figure 3B).

Structural Characteristics of TcPAM. The TcPAM struc-
ture, like other MIO-based enzyme structures, contains a
central domain made almost exclusively of O-helices that
run mostly parallel to the long axis of the molecule (cf.
Figure 2A). The center of the domain consists of a four-helix
bundle surrounded mostly at its base by six additional o-
helices that define the C-terminus of the monomer. An
additional four-helix bundle domain resides at the bottom of
the structure and contains an insertion of about 100 amino
acids (residues 500—610 in TcPAM) compared to closely
related members in the class I lyase-like family. This structural
domain is conserved in the PAL enzymes from plants but is
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Figure 3. Stereoview of the TcPAM active site-cinnamate complex
(cyan). The PAM active site residues are colored by atom as follows: C
(green), O (red), and N (blue). (A) Side view and (B) topside view.

absent in the structures of all other enzymes in the family
isolated from different organisms.”* The MIO moiety is
located at the top of the four-helix bundle and is contained
by the N-terminal domain, which is also almost exclusively a.-
helical and defines the top of the monomer. The active site is
therefore located between the central and N-terminal domains
and comprises amino acid residues from both domains. The
oligomerization interface runs the length of the central and
N-terminal domains, and numerous intersubunit intera-
ctions are evident in both domains, though the majority of
the interface is contained within the central domain
(Figure 2B). Contributions to the active site from adjacent
subunits come from the bottom C-terminal end of the mole-
cule. The interface buries 16756.7 A> (74.36% of the total
area), indicating a relatively strong oligomeric association.
The active site is made up almost entirely of loop regions that
surround the MIO moiety, and most of the residues that make
up the active site are highly conserved in all the MIO-contain-
ing enzymes known (Figure S2, Supporting Information).
Site-Directed Mutation of an Active Site Leu of TcPAM. As
noted earlier, the TcPAM-cinnamate complex shows that the 3'-
carbon of the bound intermediate is close to the Leu-104 residue,
likely involved in a van der Waals interaction with the substrate
(Figure 4; Leu-104 of TcPAM was changed to the Ala104-mutant
and is designated as PAMeLA 104) to assess how this would
affect the aminomutase reaction with sterically demanding non-
natural substrates compared to the reaction with the wild-type
enzyme. The kinetic parameters were obtained separately for
TcPAM with substrates 3'-methyl-0-phenylalanine, styryl-o.-
alanine, and 4’-methyl-0.-phenylalanine and compared to those

LEL-227
A

A 104

LEU-108

1 ’ LEU-227
C
L_

LEU-227

AL201 o mus30¢

LEU-108

Figure 4. The TcPAM-cinnamate complex is used to approximate the trajectory of non-natural substrates. (A) The 3'-methylphenyl-oi-alanine
substrate is modeled into the active site of TcPAM showing the distance (~1.9 A) between the 3'-methyl of the substrate and Leu-104, (B) the 3'-
methylphenyl-a--alanine substrate is modeled into the mutant PAMeLA_ 104 active site where the steric volume is increased through the mutation of
Leu-104 to Ala; now, the closest distance between the bound substrate and residue 104 is estimated at 4.2 A, and (C) styryl-at-alanine modeled in the
TcPAM active site showing the hydrophobic interaction with Leu 104 at a distance of 1.3 A. (D) 3'- and 4'-methyl-a-phenylalanine are superimposed
and modeled in the TcPAM active site. The relative positions of the methyl substituents on the phenyl ring of each substrate to Leu-104 are shown along
with the distances (1.9 and 3.4 A, respectively) between the 0-C of Leu-104 and 3'-methyl and 4'-methyl.
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Table 3. Kinetic Parameters for TcPAM and PAMeLA 104 with Various Substrates

Substrate Enzyme  |Ku(M)x10° | Phou(s) | e (s :n’;l?" o (Mr"s’ﬁ';' ’m!!fs'".f)
o N TcPAM ( 10690501) (&fgf) ( i°d_°Jozz) 930 (+20) 210 (£30) 1100 (£100)

Nz PAMeLA_104 | 106_103062) (<260.8§ Y ( t06907033) 22 (+2) 540 (<£10) 560 (£10)

0 N TcPAM (&f_gg) ( iod_oozozz) ( io().?(;072) 55 (£7) 42 (£5) 48 (£20)

NH, PAMeLA_104 | 106.()08038) ( 106902083) ( 106903023) 340 (+50) 380 (+60) 720 (+20)

9 N TcPAM ( 106909015) ( 106903002) ( 106900052) 330 (+20) 55 (+3) 380 (+20)

NH PAMeLA_104 | 106907035) ( i00..002002) ( iod96]072) 270 (£20) 230 (£20) 510 (10)

A TcPAM (+5.004) <0.0002 (£0.002) <1 330 (<210) 330 (+10)
9 PAMeLA_104 | 106.1020(21) ( 106900032) (<:'01_§ Y 25 (£2) 1000 (+100) 1000 (+100)

“The terms ” keye and Ci'_’kcat represent the kinetic constants for the formation of the $-arylalanines and trans-arylacrylates, respectively. ® The kinetic
constant keye = "keqr + ““keqr- 0-Phenylalanine (1), 3'-methyl-a-phenylalanine (2), 4’ -methyl-a-phenylalanine (3), and styryl-ct-alanine (4) at steady-

state. Standard errors are in parentheses.

obtained for PAMeLA 104 in parallel enzyme assays with the
same substrates (Table 3).

Notably, -phenylalanine and trans-cinnamate are products of
the TcPAM reaction when phenylalanine is used as the
substrate,® and therefore, the sum of their production rates at
steady-state was used to calculate the turnover rate (k) of all
the products (Table 3). The catalytic efficiency (ke./Km) of
TcPAM and PAMeLA 104 for the natural substrate 0.-phenyla-
lanine 1 is 1100 M~ '-s™ ' and 560 M~ '+s™ ", respectively. The
product distribution of the TcPAM reaction, after 30 min, was
dominated by B-phenylalanine, made at 0.053 s~ ', and cinna-
mate was made more slowly at 0.012 s~ '. Reciprocally, the
product pool of the PAMeLA 104 reaction with 1 principall?r
contained cinnamate, which was made at a rate of 0.073 s,
while the B-amino acid was made fractionally at 0.003 s~ .

The catalytic efficiency of TcPAM and PAMeLA 104 for 3'-
methylphenyl-oi-alanine (2) is 4 M~ '+s™ ' and 720 M '+s7,
respectively. The increase in catalytic efficiency for substrate 2 is
due largely to the ~S-fold decrease in Ky; of PAMeLA 104 (83
UM) compared to the Ky; of TcPAM (397 uM). The distribution
of the 3'-methyl-3-phenylalanine and 3'-methylcinnamate was at
~1:1 for both PAMeLA 104 and TcPAM catalysis; however, the
combined rate of formation of both 3'-methyl--phenylalanine
and 3'-methylcinnamate by PAMeLA 104 (0.060's ") is slightly
increased compared to the rate of the same reaction by TcPAM
(0.039 s ') (Table 3).

Interestingly, both TcPAM (ke = 0.035 s~ ') and PAMe-
LA 104 (k. = 0.037 sfl) were kinetically similar when 4’-
methyl-0-phenylalanine (3) was used as the substrate, and their
Ky values, 91 uM and 73 uM, respectively, were also comparable
as well as their catalytic efficiency values (380 M~ "+s™ ' and 510
M '-s7! (Table 3)). However, the rates of formation of the 4’
methyl-5-phenylalanine and 4'-methylcinnamate products
(0.030 s~ ' and 0.005 s, respectively) catalyzed by TcPAM
from 3 were significantly different from the respective distribu-
tion catalyzed by PAMeLA 104 (0.020 s ' and 0.017 s~ ).

TcPAM was incubated with styryl-at-alanine (4) and rapidly
catalyzed the exclusive conversion of 4 to the corresponding
S-phenyl-(2E4E)-pentadienoate (i.e, (EE)-styrylacrylate) at
0.082 s ' and styryl-B-alanine at <0.0002 s ' (Table 3). Com-
paratively, PAMeLA_ 104 converted 4 to the corresponding

(E,E)-styrylacrylate faster, at 0.12 s~ '; however, styryl-3-alanine
was produced significantly faster by PAMeLA 104 than by
TcPAM, yet still at a slow rate of 0.003 s . It is worth noting
that the Michaelis constants for both TcPAM and PAMeLA 104
are 250 #M and 120 uM, respectively, for the styryl-at-alanine
substrate, suggesting that the L104A mutation is able to enhance
the binding affinity for 4 and thus contributes toward increasing
the overall catalytic efficiency from 330 M~ '+s™ " for TcPAM to
1000 M~ *+s~" for PAMeLA_104.

Preliminary Mutagenesis of the Putative Catalytic Residue
of TcPAM. A previous evaluation of the structure and mechanism
of the MIO-dependent ammonia Iyases'”>* >® and a tyrosine
aminomutase'” revealed several active site residues proposed for
substrate binding and MIO-charge management. Of interest, a
conserved Tyr residue present in all members of the lyase family
(cf. Figure S2, Supporting Information, Tyr-80 in TcPAM) has
been proposed to serve as the catalytic base.”'®?* It is postulated
that the conserved Tyr removes a prochiral hydrogen at Cg of the
arylpropanoid substrates in the lyase and mutase reactions. Thus,
Tyr-80 in TcPAM was targeted as the general base; the hydroxyl
group of this residue is close to the Cy and Cg of the bound
cinnamate molecule (Figure SA). The function of Tyr-80 in
TcPAM was assessed herein by characterizing a YS80F mutant,
which when incubated with o-phenylalanine did not produce
detectable 3-phenylalanine nor trans-cinnamate compared to the
wild-type enzyme. In previous reports, analogous Tyr mutants of
HAL and PAL also displayed dramatic reduction in catalytic
activity.zg’zg

l DISCUSSION

Course of MIO-Dependent Enzyme Reaction Mechanisms.
Structures have been determined for several members of this
lyase class I-like family, including HAL from Pseudomonas
putida*® TAL from Rhodobacter sphaeroides (RsTAL),>® PALs
from Anabaena variabilis,”* Nostoc punctiforme,”* Rhodosporidium
toruloides,”® and Petroselinum crispum,17 and SgTAM.12 All have
very similar overall folds, contain MIOs imbedded in an active
site of similar overall architecture, and exist as homotetramers. In
most structures, two of the subunits significantly contribute
active site residues, and a third subunit encapsulates one side
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Figure 5. Modeling of the reaction pathway. (A) Using the atom color
scheme as described in Figure 3 (except for the carbon atoms of the
phenylalanine substrate, which are cyan), phenylalanine is modeled in
the active site based on the structure of the TcPAM-cinnamate complex;
cinnamate is superimposed. (B) Two conformations of cinnamate are
shown; the initial bound structure (green carbon atoms) and the
postulated conformation after rotating about the C;—Cqy and Cipo—Cp
bonds by 180°. (C) The 3-phenylalanine-MIO intermediate is modeled
in the TcPAM active site showing a potential interaction between
Glu4SS and the amino group.

of the active site, while in SgTAM, this third subunit contributes
residues that interact with the substrate. In recent studies, o.-
and/or [3-tyrosine mimics were covalently trapped in the active
sites of SgTAM18 and RsTAL,> and their structures were
determined, demonstrating that the amino group of the substrate
attacks the MIO of this aminomutase. The SgTAM structures
bound to the substrate or product mimics show that a nucleo-
phile at either C, or Cg will attack the MIO moiety.”'® These
results have shed considerable light on the mechanism of the
MIO-based catalysts, countering previous work inferring that
the MIO couples as an electrophile to the aromatic ring of the
substrate to activate catalysis.*’

Stereochemical Course of the TcPAM Reaction. In earlier
studies, the stereochemical evaluation of the ammonia lyase
reactions included an assessment of the stereoselectivity, show-
ing universally that the trans-diastereomer of the acrylate product
is made exclusively upon elimination of ammonia®' and that one
prochiral hydrogen at C3 is stereospecifically removed from the
substrate during the process.*>** SgTAM of bacterial origin and
TcPAM of plant origin are the only aminomutases in the class I
ammonia lyase-like family whose structures are known, and the
reaction stereochemistry of the aminomutases have been eval-
uated. The SgTAM reaction was found to make (3S)--tyrosine;
the mode of transfer (inversion or retention of configuration and
intra- or intermolecular group transfer) was not evaluated.”'>
However, evaluation of the cryptic components of the TcPAM
reaction has shown that the amino group and hydrogen are
removed from the substrate, their positions exchanged, and then
both are reattached intramolecularly to the original carbon
scaffold (as confirmed herein) with retention of configuration.

The results of the mixed substrate assay containing [ring, f-
C-"Hg]cinnamate and ["°N]phenylalanine indicate that the
nitrogen migrates quantitatively from the a- to the 3-carbon
with negligible exchange to exogenously supplied cinnamate
molecules at a concentration (10 mM) likely much higher than
physiological levels. TcPAM maintains high fidelity with the
natural phenylalanine substrate through tight binding of the
substrate and reaction intermediate, at the exclusion of compe-
titive substrates, in order to achieve the observed reaction
efficiency.

Evidence for Substrate Rotation in the TcPAM Active Site.
Despite the wealth of structural data collected on this family of
enzymes with overall very similar active site architecture, none
sheds any light to explain how the stereochemistry of the TcPAM
reaction proceeds with retention of configuration and makes
the (3R)-f3-phenylalanine isomer, which is opposite to the (3S)-
stereochemistry found in the product of the S¢gTAM reac-
tion. Therefore, a favorable binding conformation of the (E)-
cinnamate substrate in the TcPAM-cinnamate complex (see
Figure 3B) was used as a basis to understand how these
aminomutases produce 3-amino acids of opposite stereochem-
istry. The product of the TcPAM reaction is proposed to be made
from phenylalanine via a concerted Hoffman-like elimination
reaction during the reaction cycle.® The catalytic base Tyr-80 is
situated above the C,—Cpg bond of the bound phenylalanine
substrate (in a staggered conformation), with the pro-(3S)
hydrogen closest to Tyr-80 (Figure SA); the MIO moiety is
positioned below the C,—Cg bond of the substrate, with the
amino group proximate to the methylidene of the MIO. The
formation of the transoid acrylate product supports the stereo-
selective removal of the pro-(3S) proton by a Taxus PAM,
described previously.®

However, for the production of (R)-f-phenylalanine, the
mechanism of catalysis must adhere to an intramolecular amino
group transfer, where the amino group does not exchange with
that from another substrate molecule.® In addition, the stereo-
chemistry must account for the retention of configuration at the
migration termini.”> These data suggest that the amino group
and hydrogen displaced from the (25)-a.-phenylalanine substrate
must rebind, respectively, at Cg and C,, of the (E)-cinnamate
before it diffuses from the active site. The constraints of the
intramolecularity and stereochemistry of the TcPAM reaction
present a challenge because the amino group must attach to the
cinnamate on the side facing opposite to that of the NH,-MIO
intermediate (cf. Figure 3A) to produce the (R)-product. Since
this stereochemistry is opposite to the (S)--tyrosine product
made by SgTAM, the covalent intermediate derived by reacting
SgTAM with a product analogue having the configuration at Cg
as the natural (S)-f-product is not representative of the TcPAM
reaction stereochemistry.

In the SgTAM reaction, the amino group can migrate from Cg,
to Cg across the same face of the coumarate intermediate to
isomerize (S)-0- to (S)—ﬂ—tyrosine.g’18 In contrast, for the
TcPAM reaction, the Cy-amino group must be removed from
the re-face (using Cg of the cinnamate intermediate as reference),
then reattach at Cg on the opposite face (cf. Figure 1). A possible
explanation involves approximately 180° rotations of the already-
bound cinnamate intermediate about both the C;—C, and
Cipso—Cp bonds prior to rebound of the amino group to Cg by
the NH,-MIO (Figure SB), without breaking the salt bridge to
Arg-325, and with minor displacement of the aromatic ring from
its original position (Figure 6 and cf. Figure SB). This rotamer
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Figure 6. Shown is a rendering of the in situ progression of one near-planar rotamer of (E)-cinnamate (I) in the TcPAM active site to the other (III) viaa
midpoint rotational intermediate (II). Key catalytic residues are included, and their relative positions are based on those in the TcPAM structure: Arg-
325 forms a salt bridge with the carboxylate of cinnamate, Tyr-80 is the presumed catalytic base, situated “above” the cinnamate, and the NH,-MIO
complex is shown, “below” the cinnamate. For rotamer I, the NH, of NH,-MIO is closer to C, while for rotamer III, NH, is closer to Cg and faces the
opposite side of the cinnamate. The p-orbitals on the C=C and the ring are provided for the perspective of rotation. In particular, the lobes of the orbitals
on the ring remain oriented in the same direction, while those on the acrylate rotate about the C,—Cg and Cj,,—Cpg bonds.

positions Cg for nucleophilic attack by the NH,-MIO moiety to
form the enzyme/product covalent intermediate. Tyr-80 is in
position on the opposite side to reprotonate the phenylpropa-
noid at Cg, resulting in overall retention of configuration in the
product. The nitrogen linking the MIO to the product is likely
protonated by Tyr-322 that initiates the departure of the product
from the MIO (Figure SA). Concomitant rotation about the
C,—Cq and Cipo—Cp bonds does not result in any steric clashes
in the active site, nor in breaking direct interactions between
enzyme and substrate. The foregoing proposed mechanism is
consistent with all of the stereochemical and mechanistic findings
for TcPAM. In addition, the K.y ~1 for the TcPAM reaction 2
suggests that the rotamers are energetically equivalent.

The orientation of the (S)-0-amino acid in the active site of
TcPAM is determined by the direction of the carboxylate group
when it forms a salt bridge with the d-guanidino group of a
proximate Arg-325, as in the TcPAM-cinnamate complex and all
other bound structures of enzymes from the lyase-like
family.">'7>*72% In previous investigations, assessing the stere-
ochemical course of the TcPAM reaction in the absence of
structural data, it was suggested that the differences in the
stereochemistry of the TcPAM reaction compared to that of
the SgTAM reaction resulted from fundamental differences in the
active sites of these isomerases. The substrate was hypothesized
to bind the TcPAM active site with the carboxylate and phenyl
ring in a syn-periplanar orientation to position the migrating H
and NH, groups of the (S)-phenylalanine on the same side of the
molecule to account for the retention of configuration at the
reaction termini.*> Shown herein, however, the active site of
TcPAM is arranged similar to the other MIO-dependent en-
zymes, where the catalytic base and MIO (amino group ac-
ceptor) are antipodal with respect to the substrate; thus, the
migration of the H and NH, groups must also occur on opposite
sides. Consequently, a syn-periplanar orientation or cis-cinna-
mate configuration of a reactive intermediate would confound
the observed retention of stereochemical configuration of the
TcPAM reaction. More importantly, a cisoid phenylpropanoid
(either as s-cis-phenylalanine or cis-cinnamate) in a modeled
complex with TcPAM would be sterically occluded by several
active site residues (Figure S3, Supporting Information). Further,

sn355 n2il
2
[

Tyr415

Figure 7. Comparison of the TcPAM and SgTAM active sites. (A)
Stereoview of the active sites showing a TcPAM-cinnamate complex and
a SgTAM-2,3-dihydroxy-(para-fluoro)phenylpropanoid complex over-
laid on their MIO-groups; the latter complex was derived from para-
fluorocinnamate epoxide. The epoxide attacked the MIO (Lewis acid)
likely forming an oxonium, and then was ring-opened nucleophilically by
H,O at the (-carbon to yield the dihydroxy derivative covalently
attached to the MIO via ether linkage. Atoms are colored accordingly:
carbon atoms of the TcPAM complex (green) and carbon atoms of
S¢TAM (magenta). (B) “Side” view of the SgTAM-2,3-dihydroxy-(para-
fluoro)phenylpropanoid complex overlaid on the TcPAM-cinnamate
complex.

electron density consistent with a (E)-cinnamate is clearly
observed in the TcPAM structure and provides good evidence
that the reaction proceeds via a transoid intermediate.
Differences in Substrate Trajectory in SgTAM and TcPAM.
The active sites of SgTAM and TcPAM were overlaid with the
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MIO groups superimposed (Figure 6A and B). The salt bridge to
Arg-325 involving both oxygens of the cinnamate in TcPAM is
replaced in SgTAM by a much weaker interaction with the Arg
(3.2—3.4 A) and a strong interaction with Asn-20S (Asn-231 in
TcPAM), which is proposed to also stabilize the protonated enol
of the MIO (cf. Figure 1). Consequently, the carboxylate of the
SgTAM substrate is placed proximate to the amine at Cg, as seen
in both SgTAM/product-mimic structures.'® The hydrogen
bonds made by His-93 and Tyr-41S (which comes from the
third protomer in the SgTAM tetramer) to the hydroxyl group of
the tyrosine substrate lead to rotation of the aromatic ring of the
substrate by about 40° relative to that of the ring of the cinnamate
substrate in TcPAM, causing a change in the trajectory of each
substrate through its corresponding active site. This altered
substrate docking in the SgTAM active site enables the Cypo-
N bond of the NH,-MIO intermediate to rotate and position the
amino group near Cg of the acrylate intermediate. Interestingly,
two distinct regions in the SgTAM active site are used to perform
amination chemistry; at one location, the amino group is
transferred from the substrate to the MIO, and at the other
location via Cyjo-N bond rotation, the amino group is trans-
terred from the MIO to the substrate. These MIO-rotamers in
SgTAM are also required to give the stereochemistry observed in
the product. In TcPAM, however, the transfer of the amino group
to and from the MIO occurs in the same location. Thus, the
different rotamers of the bound cinnamic acid in TcPAM,
described in the previous section, must place either the C, or
the Cg proximate to the amino group of the NH,-MIO complex,
and rebound of the amino group to the appropriate phenylpro-
penoid rotamer establishes whether a- or [-phenylalanine is
produced. Consequently, the resultant altered trajectory of the
substrate through the active site in TcPAM versus SgTAM
(Figure 7A and B) may contribute to the different stereochemical
outcomes of the two enzymes. However, it must be pointed out
that while the substrate/intermediate cinnamate is bound in the
TcPAM, covalent intermediates are bound in SgTAM, which may
also contribute to the differences in trajectory.

Effects of L104A Point Mutation on Enzymatic Activity. In
this study, the effect of a targeted point mutation on substrate
selectivity and enzymatic reactivity were investigated for the
Taxus phenylalanine aminomutase. The structure of TcPAM
revealed that Leu-104 makes a direct hydrophobic interaction
with the aromatic ring (nearest the 3’-carbon) of the presumed
reaction intermediate cinnamate. Mutation of this Leu-104 to
a sterically smaller alanine residue was proposed to increase
the active site volume, reduce a steric interaction between the
substrate and the active site, and thus increase the catalytic
efficiency of the catalyst for arylalanine substrates bearing
a substituent on the 3'-carbon of the ring. For proof of
principle, sterically demanding substrates 3’-methyl-ot-phen-
yl-, 4-methyl-o-phenyl-, and styryl-o-alanine were chosen
to evaluate the effects of the L104A mutation in TcPAM
(PAMeLA_104).

In a previous investigation, TcPAM was found to generally
isomerize Ot-arylalanines to their corresponding S-arylalanines;
however, the catalytic efficiency of TcPAM decreased markedly
with increasing steric bulk on the 0-amino acid substrate.'® Thus,
the steric hindrance of the active site seemingly limited its
catalytic efficiency. Kinetic parameters of the PAMeLA 104
enzyme with non-natural aryl amino acids were compared to
the TcPAM catalyst, demonstrating that Leu-104 has significant
influence on substrate binding (approximated by Ky;), product

distribution, and k.. Notably, the Ky; of PAMeLA 104 in-
creases over 2-fold with the phenylalanine substrate (1) com-
pared to the Ky; of TcPAM, suggesting that Arg-325 and Leu-104
participate in substrate docking via a salt bridge and hydrophobic
interaction, respectively.

PAMeLA 104 released total product (/3-phenylalanine and
cinnamate) at a rate (ke = 0.076 s~ ') comparable to that of
TcPAM (kee = 0.065 s~ ') but produced (~6-fold) more
cinnamate than f3-phenylalanine (cf. Table 3). Likely, an acces-
sible orientation of phenylalanine in the mutant causes the
reaction to stall after the first reaction step and release the
acrylate product. Apparently, this orientation is not achievable
in TcPAM, which preferentially makes 3-phenylalanine. In con-
trast, the Ky; of PAMeLA 104 was nearly 5-fold lower with 3'-
methyl-o-phenylalanine (2) compared to the Ky of TcPAM,
suggesting that the 3/-methyl substituent of the substrate en-
hanced substrate binding in the mutant. While the Leu—Ala
exchange likely reduced unfavorable steric strain (cf. Figure 4A),
the smaller alanine residue, however, could still make a con-
structive hydrophobic interaction with the 3'-methyl group of 2
(cf. Figure 4B). Remarkably, the catalytic efficiency of PAMe-
LA_104 for 2 increased ~7-fold compared to TcPAM catalysis,
which is primarily a reflection of the considerable (S-fold)
reduction in Ky (i, better binding) of PAMeLA 104 com-
pared to that of TcPAM.

While TcPAM and PAMeLA_104 displayed dramatic differ-
ences in their kinetic parameters with a-phenylalanine and 3'-
methyl-0-phenylalanine, they did not display significant differ-
ences with 4'-methyl-a-phenylalanine (3). The Ky, of TcPAM
with substrate 3 was 1.6-fold higher than that for TcPAM with its
natural substrate 1, suggesting that the 4'-methyl group of the
substrate only modestly affected binding. Interestingly, the Ky, of
PAMeLA 104 for 3 was slightly lower than that of TcPAM,
suggesting that the Leu—Ala replacement likely enabled the 4'-
methylphenyl functional group to adopt a suitable conformation
to interact favorably with other distal hydrophobic residues (Leu-
179, Leu-227, and Val-230) of the active site pocket (cf.
Figure 4D). Moreover, the structural data for TcPAM shows
no active site residues proximate to the 4’-carbon of the natural
substrate that would interfere sterically with a 4'-alkyl substituent
of 3.

TcPAM converted styryl-Q-alanine (4) almost exclusively to
(E,E)-styrylacrylate, while PAMeLA 104 made the correspond-
ing f-amino acid from 4, albeit slowly, at about 3% of the
styrylacrylate production rate at 0.12 s~ '. The wild-type and
mutant enzymes made the styrylacrylate product from 4 faster
than they were able to convert any of the other aryl amino acid
substrates to their corresponding (-amino acids and acrylate
products combined (cf. Table 3). These data suggest that the
ammonia lyase function of both enzymes remains largely efficient
with 4. The stability of the conjugated 7z-bonds and the larger
steric volume of the product, likely effected the rapid release of
the intermediate, reducing the residence time needed to isomer-
ize the @t~ to f-amino acid. PAMeLA 104 noticeably made more
styryl-B-alanine than does TcPAM under steady-state conditions,
indicating that the mutation likely increased the residence time of
the substrate and ensuing intermediate in the active site. The
2-fold lower Ky; of PAMeLA 104 compared to that of TcPAM
for substrate 4 demonstrates that the mutant can accommodate 4
better. (cf. Figure 4C).

Clearly, the hydrophobic region of the TcPAM active site
surrounding the aromatic ring of the purported reaction
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intermediate (cinnamate) plays a major, but mechanistically
unknown, role in substrate selectivity and in governing the
distribution of the intermediate acrylic acid that is released and
is converted to the $-amino acid.

Concluding Remarks. The structure of the Fhenylalanine
aminomutase on the Taxol biosynthetic pathway' ' ** has been
presented. The TcPAM active site was observed to be arranged
similar to that of other members of the MIO-dependent family of
enzymes. The (3S)-product stereochemistry catalyzed by the
bacterial SgTAM and PaPAM? is opposite to the (3R)-product
stereochemistry catalyzed by TcPAM of plant origin. Concep-
tually, the stereochemistry of the TcPAM reaction can be
achieved by rotation of the intermediate cinnamate in the active
site by approximately 180° about the C;—Cq/Cipso—Cp bonds
prior to rebinding of the amino group at the S-position on the
(E)-phenylacrylate intermediate. Comparing the active sites of
TcPAM and S¢TAM showed subtle structural differences that
may account for the significant changes in the orientation of the
substrate, possibly causing stereodifferentiation.

On the basis of the TcPAM crystal structure complex, the
PAMeLA 104 mutant was constructed and demonstrated super-
ior catalytic efficiencies for substrates 3'-methyl-ot-phenylalanine
and styryl-O.-alanine possessing larger molecular steric volume.
The L104A mutation likely reduced unfavorable steric clash that
conceivably created an altered alignment of the substrate and/or
the ensuing acrylate intermediate within the active site that
changed the kinetic parameters of PAMeLA 104 compared to
the wild-type TcPAM.

This investigation of the TcPAM structure provides a solid
framework for further research into the details of stereochemical
control in this enzyme that will require a combination of
biochemical, synthetic, and structural approaches, with the
eventual goal of both improving and rationally manipulating
the enzyme for increased production of f-amino acids, all-trans-
styrylacrylates, and paclitaxel and its analogues. Furthermore, the
ability of TcPAM to catalyze the production of aryl-3-amino acids
via the isomerization of non-natural aryl-Q-amino acids and
through the addition of NH; to non-natural arylacrylate
supports its potential use as a biocatalyst.
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(s ) Supporting Information. TcPAM density map, amino
acid sequence comparison of lyase family members, and cis-
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