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ABSTRACT

A MECHANISTIC INVESTIGATION OF MIO-BASED
AMINOMUTASES

By

Udayanga Wanninayake

B-Amino acids are biologically active compounds mitierest in medicinal chemistry, which
are used as precursors for the biosynthesis ofrael@logically active compounds such as
taxol, andrimid, chondromides and C-1027. Also they used as important precursors for the
synthesis of3-lactams ang-peptides. A class | lyase-like family of aminonséa isomerizes

(S-a-arylalanines to the correspondifigamino acids by exchange of the MH pair. This

family uses a 3,5-dihydro-5-methylideneHmidazol-4-one (MIO) group within the active site
to initiate the reaction. The structures of a ph&lapine aminomutases froffaxus canadensis
(TcPAM) and fromPantoea agglomeran@aPAM) have been determined at 2.4 A and 1.7 A

resolution, respectively.

TcPAM catalyzes the isomerization d){a- to (R)-p-phenylalanine, makingge}-cinnamate
(~10%) as a by-product at steady state. In contkasen @)-styryl-a-alanine is used as a
substrateTcPAM produces (B,4E)-styrylacrylate as the major product (>99%) aRyt<tyryl-
B-alanine (<1%). Comparison of the rates of coneersof the natural substrateS){a-

phenylalanine andg-styryl-a-alanine to their corresponding produckg,(values of 0.053 +

0.001 and 0.082 + 0.002srespectively) catalyzed BycPAM suggests that the amino group

resides in the active site longer than styryladeyl@o demonstrate this principle, inhibition



constantsK,) for selected acrylates ranging from 0.6 to 106 were obtained, and each had a
lower K, compared to that of B4E)-styrylacrylate (337 + 12M). Evaluation of the inhibition

constants and the rates at which both dffgamino acids (between 7 and 80% vyield) and
styrylacrylate were made from a corresponding arylate and styryk-alanine, respectively,

by TcPAM catalysis revealed that the reaction progreas largely dependent on tKeof the

acrylate. Bicyclic amino donor substrates alsodf@med their amino groups to an arylacrylate,
demonstrating for the first time that ring-fusedimmacids are productive substrates in the

TcPAM-catalyzed reaction.

Burst-phase kinetic analysis was used to evaluaedeamination rate of the aminated—

methylidene imidazolone (N4AMIO) adduct of TCPAM. The kinetic parameters were

interrogated by a non-natural substra®-styryl-a-alanine that yielded a chromophoric
styrylacrylate product upon deamination by the amiaotase. Transient inactivation of the

enzyme by the NE-MIO adduct intermediate resulted in an initial $tuof product, with

reactivation by deamination of the adduct. Thidgtualidated the rate constants of a kinetic

model, demonstrating that the MHWIO adduct and cinnamate intermediate are sufftbye

retained in the active site to catalyze the natu#b B-phenylalanine isomerization.
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1. INTRODUCTION

1.1. B-Amino Acids as Important Precursors in Biologicaly Active

Molecules

Aryl-B-Amino acids belong to an important class of conmmpasithat are present in

medicinally and pharmaceutically important natupabducts (Figure 1.1).

Andrimid- Antibiotic Taxol- Anticancer Agent
0]

XX NHOK/
©MN 0 EP
H 3
o O 'NH ¢
HN :

O

A;R;=0CH3,Ry=H
HN \ 0 B'R1=OCH3,R2=CI
C;R1=R
o R; O 172"
—2:@ D; Ry =H, R2 Cl
C-1027- Antitumer Agent Chondramides (A-D)
& Antibiotic Cytotoxic Agent

Figure 1.1. B-amino acids, found in some of the important bin@ctcompounds, are
highlighted colored (red). (For interpretation betreferences to color in this and all other

figures, the reader is referred to the electroerson of this dissertation)

Some examples are the antineoplastic agent 'Ilafmlr,n plant Taxus sp., the pigment,



Fe(lll)-catecol complex R)-B-dopa (3,4-dihydroxy-phenylalanine)) from mushroom

Cortinarius sp.,2 the antifungal agent Jasplakinolide from marine;mge\]aspissp.,3 antibiotic
enediyne C-1027 from bacter&ireptomyces gloibisporudéthe cytotoxic agents Chondramides
from bacteriaChondromyces crocatu% and the antibiotic Andrimid from bacterRantoea
agglomerans6 Other amino acids have been used as building bltaward the synthesis of
complex bioactive molecules, includir[glactams? and B-peptides as mimics odi-peptide
hormones and as antimicrobial compougr;lo[s.peptides demonstrate an increased metabolic

- . , .10 , : 11
stablllty,9 a higher structural dlversnly, and well-defined formation of secondary structure,

compared to theiw-analogues.
1.2. Synthesis off-Amino Acids

An increasing demand f@+amino acids has resulted in the development abuarsynthetic

. : ., 12-16 : 17 .
routes to synthesizgamino acids. Such as Arndt-Eistert homologation Stereoselective
. : . . .18 . ... 19 .
synthesis o3-amino acids starting from aspartic acidasparagine, and derivativesCurtius
2t0 . : . L 21
rearrangement, through the intermediary preparation of perhydropidin-4-ones,
: " - &2 . 23 :
conjugate addition toa,p-unsaturated esters and imides,hydrogenation, reductive

... 24 : . 25 : 26
amination, amino hydroxylation,” and through asymmetri@-lactam synthesis. The

resolution of enantiomers from racemic mixturepasformed by synthesizing the diastereomers

with chiral bases, such as (-)—ephedrllge.



Scheme 1.1. Synthesis of-Amino Acids.14(a) Michael addition of ammonia to 3-
methylbut-2-enoic acid derivatives. (b) Hydrolysisof 6,6-disubstituted dihydrouracils. (c)
Three component Mannich reaction of a ketone, Nkl and a malonic acid derivative. (d)
Ritter transformation of 3-hydroxycarboxylates with nitriles in the presence of conc.
H->S0O4. (e) Cycloaddition of chlorosulfonyl isocyanate viih allenes to give an alkylidengs-

lactam. (f) Reaction of substituted cyclopropanes ith chlorosulfonyl isocyanate to yieldp-
lactams. (g) Cycloaddition of disubstituted alkenesand chlorosulfonyl isocyanate,

reductive cleavage of the chlorosulfonyl group. (h)ndium-mediated reaction of enamines

: , 14
with methyl bromoacetate in the presence of am%}.
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However, these approaches have their inherent bdrelwg; involvement of multistep

synthesis schemeS¢heme 1.}, use of less greener chemicals, and productidoygdroducts.



Due to the difficulty of resolving-amino acid enantiomers, kinetic resolution of ramep-
amino acid derivatives or precursors (such as sstaitriles, amides,p-lactams, and

dihydrouracils) are performed using enzymatic nasoh, employing such enzymes as

27 . 28
aspartases and aminotransferases.

1.3. Biosynthesis off-Amino Acids

Due to the inherent drawbacks of chemical synthast semi-synthesis of enantiopyie

amino acids, greener, novel, biocatalytic asymmetapproaches, with fewer steps were
. 029 o . : . . .
introduced.” Therefore,in vivo biocatalysts using enzymes expressed in host lde€. coli,
: .29 : L

and yeast have been mvestlga%edAmlnomutases expressed . coli, utilized for the
asymmetric synthesis of enantiopyr&mino acids, can potentially function as a biodgaita

30 . . . . . . 31,32
system.  Semi-synthesis of chiral amino acids uses hydmlghzymes such as lipases,

.33 " .

acylases and hydantoinasesin addition, new methods have been developed, whie based

) . 30 . . . ) .
upon asymmetric transformations, such as resolution of racemic amines using amine

) 34 . 35, 36
oxidases, and also transaminases.

1.3.1. Biosynthesis offf-Amino Acids by Aminomutases

A phenylalanine aminomutase fromiaxus canadensi{TcPAM) catalyzes the 2,3-

isomerization of §-a-phenylalanine to F{)-[B-phenylalaninég.7 The TcPAM reaction also has

38, 39

broad substrate specificityFigure 1.2a). In addition to catalyzing its forward reaction,

TcPAM catalyzes an amination reaction in the presefid¢Hz and substituted analogs todns



cinnamate FKigure 1.2b) to form enantiomerically pure Sfa-arylalanine and R)-p-

.40 . . . .
arylalanine.” In an independent studied by another group, tles€lse” reaction was further

modified through mutation (Q319M) to increase mkmegioselectivitylf'1
& %
0 o R O LY
_ NH 0O
A8
X=H,Br,CLF,Me, AL =1
NO,, OMe, t-Bu CS)/ ©/\/
NH30

@
0 0 \
b Ru_'__\ X %) PAM / NH3 Ru_'__\ %) + Rn_'__\ - 8
L~ - NH3 '/

R"=H, Br, Cl, Et, F, Me, and NO»

0 0
Ve S PAL/NH3 N\ S
¢ L~ ~ NH3
R=H, F and Cl

Figure 1.2.a) 2,3-isomerization of the analogs 8J-¢-phenylalanine to corresponding analogs

I\}?S’ 39, 42

of (R)-B-phenylalanine by PA b) Ammonia addition to substitutéchns-cinnamate

analogs to form corresponding analogs Bf-o-phenylalanine andR)-B-phenylalanine by

40 . . . . .
PAM. =~ ¢) Ammonia addition to substitutddans-cinnamate analogs to form corresponding

(9-a-phenylalanine analogs by PAL\‘f'.



Furthermore, a phenylalanine aminomutase (also knas AdmH) from Pantoea

agglomerangPaPAM) produces 9-p-phenylalanine fromS)-a-phenyIaIanineG.’ 42 Therefore,

phenylalanine aminomutases are efficient catalf@tsthe enantiopure synthesis pfamino
acids. Also, phenylalanine ammonia lyase frRfmodotorula glutiniSRgPAL) was reported to

catalyze the production oBf-a-phenylalanine, in the presencetmnscinnamate analogs and

high concentrations (8M) of I\g:l43This ammonia addition reaction has broad substrate
specificity (Figure 1.2(:).44 These a-phenylalanine analogs are further isomerized pto
phenylalanine analogs by phenylalanine aminomutse99% eee’.9 In addition, tyrosine
aminomutases SgcC4 fronStreptomyces globisporus(SgTAM),4 and CmdF from

5 : :
Chondromyces crocatu@CcTAM) ~ are also known to produdétyrosine from a-tyrosine.

Furthermore, we recently found thEdPAM can act as a transaminase enzyme in the presénc
an amino group donor (substrates showing predorilyase activity) and an amino group
acceptor (cinnamate analog) to form enantiomesiqalirea- andp-arylalanines. Several amino

group donors, including bicyclo compounds, alonghwseveral amine group acceptors were

found to be functional in the transaminase reacataalyzed byfcPAM (Figure 1.3).35A more

detailed explanation will be found in the Chaptef 3his thesis.
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Figure 1.4. Sequence homology model #tPAM, PaPAM, SgrAM, CcTAM, PAL from

Petroselinum crispunPcPAL), TAL from Rhodobacter sphaeroidéRsTAL), and HAL from

Pseudomonas putid®pHAL), showing conserved residues in shaded areas.



1.4. Aromatic Amino Acid MIO-dependent Aminomutases

Phenylalanine- and tyrosine aminomutases (P%kMéls5 and TAMS?" 46 respectively)

catalyze the 2,3-isomerization ofS){a-arylalanine to R)- or (S-p-arylalanine. These

aminomutases (AMs) are members of the class | djsefamily and show high sequence

homology with its members: phenylalanine ammongsés (PALsf]',7 tyrosine ammonia lyases
48 s . . 49

(TALs), ~ and histidine ammonia lyases (HALs) (Figure 1.4)PALs, TALs, and HALs

produce aryl acrylates from the corresponding armaicid substrate by the elimination of

ammonia.

1.4.1. 3,5-Dihydro-5-methylidene-4-imidazol-4-one (MIO) Prosthesis
. 4 46 45
By analogy, PALs, HALs, and TALs, aminomutas8glAM, CcTAM, ~ TcPAM, ~ and
PaPAM6 all use an electrophilic prosthetic group 3,5-difoy5-methylidene--imidazol-4-one

L . 50 . i
(MIO), which initiates the reaction. However, early studies suggested that the actitee s

prosthesis was a dehydroalanine, which was thaiogterive by dehydration of a conserved Ser

residue in the histidine ammonia lyase frddseudomonas putidaPpHAL).51 When the

ammonia lyase was treated with of I\?&B, and the enzyme was cleaved hydrolytical?yi][

labeled alanine was recovered. This evidence dyauggested the identity of a dehydroalanine
group in the active site of the enzyme. Furtherpsupthat the dehydroalanine served as an

active site moiety came from a substrate-shield@irgeriment; preincubation of the HAL with

. 3 . b1
histidine prevented the NaB4 reduction.



It was not until the crystal structure BpHAL was solved that the MIO group was first

characterizeé.0 The MIO group is proposed to form post-translaibnby a tandem of active

50, 52

site residues, typically Ala-Ser-Glp€éheme 1.2a The amide nitrogen of the Gly residue

presumably attacks the carbonyl carbon of Ala eat the five membered imidazolidin-4-one
ring precursor, followed by two dehydration step$arm the MIO moiety. The first dehydration

step resembles that found for the formation ofdhemophore in the green fluorescent protein
(Scheme 1.2)153 yet the overall mechanism of formation is slightlifferent from that of the

MIO.

Scheme 1.2: a) Formation of MIO, and b) The Structte of the Chromophore of Green

Fluoroscence Protein.

H

o g N\§ 0 ©
|/,/| Gly s
= Ho

HO ser N

HN OH
HN ) % ,\,)( /%1
|
+H,0 || -H,0 0 N

The MIO is believed to function as an electrophii§-unsaturated keto functional group

(i.e., a 1,4-Michael acceptor). The nucleophileramyroup of the substrate purportedly attacks

10



the exocyclic methylidene carbon of MIO moiety. §ddition reaction is proposed to be driven

by the aromatization of the MIO to an imidazolegrsystem Figure 1.2).50’ 52,54

1.4.2. Reaction Mechanism of MIO-Based Aminomutases

Two mechanisms for MIO-based aminomutase were exgbdan early reports and the
debates continued until 20?8.|n one mechanism, the amino group of the amind sgbstrate
acts as a nucleophile and attacks the methyliddntheo MIO through conjugate addition,
forming anN-alkyl adductf.s5 TheN-alkyl group is subsequently expelled from substtatough
a/B-elimination to form an acrylate reaction internadi Notably, in MIO-dependent ammonia
lyase reactions, this acrylate intermediate isas#e as the produtigure 1.3\).56 However, in
the MIO-aminomutase reactions the acrylate remairtse active site for amino group rebound
to form thef-amino acid produc?fg’ 57A second proposed mechanism suggestsrtiedectrons

of the phenyl ring of the substrate attack the M¥Q Friedel-Crafts-like activation, to formea

47, 58, 59

complex through thertho-carbon of the substratgidure 1.D). The second process was

e . : 47, 49, 58 .
principally assigned to ammonia lyase reactions, but was extended to include the

. . 60
aminomutase reactions.

11



Scheme 1.3: Two Proposed Mechanisms for the Conves of Substrate to Product in a
Generic Aminomutase: a) Amino-group Alkylation Pathway and b) Friedel-Crafts Aryl-

Alkylation Pathway.

2 O
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AM»/N N—/&N\N AM/’/N / MN/N / /vvv/N
MIO MIO MIO MIO MIO
~ ®
0 B o B-H 0 R B B NH3O
3 O S 0 O
O = O O ©
NH3 NH N NH O~ R
R@k\ ® R ® 3 R 3 NH3
NG N N G N N
MIO MIO MIO MIO MIO
R =H: Phe
R =OH: Tyr

It should be noted thatcPAM and PaPAM enzymes catalyze residual ammonia lyase

. . . . . . . 38, 45
activity and producérans-cinnamic acid as a minor product during steadiestatalysis. '

61 Likewise, theSgTAM and CcTAM enzyme show similar relictual chemistry, prothgtrans

. 46,62
coumarate anfl-tyrosine.

12



Tyr63 Arg311

.‘ ’ His93

Tyr63 i \‘

His93

Figure 1.5 The crystal structure &grAM with a bound mechanism based inhibitor, a) 2,2-
difluoro-(3R)-p-tyrosine (PDB 2QVE) and b) }-amino-2,2-difluoro-3-(4'-

methoxyphenyl)propanoic acid (PDB 2RJS)

The mechanism by which these enzymes catalyze th@ations remained ambiguous until

now. Two SgrAM, crystal structures were resolved with sepadyat®und mechanism-based

inhibitors, 2,2-difluoro-(®)-p-tyrosine (PDB 2QVES" and (&)-amino-2,2-difluoro-3-(4'-

13



methoxyphenyl)propanoic acid (PDB ZR\?g)where the amino group of the inhibitor was
bound to the MIO groupHgure 1.5).

However, in the present study described in thisifhen collaboration with crystallographer
Prof. James Geiger, we resolved the crystal streotd PaPAM forming a covalent adduct
partially with both §-a-phenylalanine andS-p-phenylalanine (PDB 3NUV). Both ligands
were attached to the MIO group by the amine graipchapter 2), which showed definitively

that the MIO formed a covalent adduct during th&algais of MIO-dependent aminomutases

(Figure 1.2a).64 The deamination rate of the NH/IO formed after removal of Ngifrom the

substrate was determined for the first time, foy RHO-dependent enzyme, in this study. Burst

phase kinetic analysis 0ttPAM catalyzing the lyase reaction dp-o-styrylalanine was used to

calculate the residence time of the NMIO adduct?s5 This study is explained in further detalil
in Chapter 4.
1.4.3. Stereochemistry of the Phenylalanine Aminomutase Galysis

Due to their dependence on the MIO moiety, ALs Bh@-based AMs likely follow similar
mechanistic courses. Thudransstereoisomers of cinnamate and coumarate represent
intermediates on the reaction pathway of the plaagine and tyrosine aminomutases,
respectively. HoweverSgrAM and PaPAM produce predominantly the correspondiiSyf-
amino acids with stereochemistry opposite to thathe [R)-p-amino acids products made by
TcPAM and CcTAM. However, the mechanism by which these enzymestrol their

stereoselectivity was further elucidated and vaéiddor the first time in this thesis work. To

provide detailed mechanistic information, the stehemistry of the migrating NyfH pair upon

14



reattachment to the phenylpropanoid skeleton tm fire f-amino acid isomer was conducted

for two PAM enzymes]’cPAM,66 and PaPAM.61 The studies showed that both PAMs initiate
the catalysis by abstractimyo-(3S) proton and eliminating the Nibf the substrate to form a
trans-cinnamic acid intermediatﬁel.’ 60

Scheme 1.4: Stereochemistry of the Migrating AminoGroup and the Proton of the

Substrate and the Product during the Catalysis of aTcPAM and (The Configurations at

both Cq and Cg Positions are Retained) bPaPAM (The Configurations at both Cy and Cg

Positions are Inverted) is Shown.*

@
HR HS O HaN 1 O
N 8 Taxus canadensis N 8
2 "NH3 TcPAM iy
(S)-a-phenylalanine (R)-B-phenylalanine
s ®
HRH” @ o Pantoea agglomerans HsNH O o
N O N O
b NH PaPAM ¥
(S)-a-phenylalanine (S)-B-phenylalanine

* Color Coding of the Protons: Pro (3S) Proton (Redro (3R) Proton (Blue) and [Proton.

The abstracted proton and the amino group, dwelhmgmentarily in the active site,

exchange positions and are rebounded faa@ G positions respectively to form the fing

phenylalanine product. Stereospecific deuteriunellag studies revealed thatPAM proceeds

15



through retention of configuration at botly @d G (Scheme 1.4a3f,3 whereas?aPAM through

an inversion of configuration at both terminal b (Scheme 1.463)1. Even though the

stereochemical studies reveal the different modsr{tion or inversion of configuration) of the

stereochemical reattachment of the I\t pair, we also provided preliminary data showioyv

these enzymes create a microenvironment that deremtes the mode of retention or inversion
of configuration. We propose that thieor re face selectivity of the intermediati&ns-cinnamic
acid governs the observed stereochemistries dugatplysis of all MIO dependent

aminomutases. After the initial E2-tymnti elimination step, the resultant intermediate can
reattach at g to the amino group bound by the MIO amino grouptioe same face or the
opposite face. If the rebound approaches on the ajrface, §)-p-stereochemistry results from

inversion of configuration at £and @ of PaPAM and SGTAM. Alternatively, if rebound

approaches from the oppositee)( face, the observedR)-p- stereochemistry results from

retention of configuration at both migration terimoh TcPAM andCcTAM.SB’ 01, 64,67

There is a debate over how tiePAM and CCcTAM present the opposite face of the
intermediate to the MIO-bound NHgroup. Wu et al., in a separate account, propdbgd
inference from empirical data from our group) tater the initial E2-typenti elimination step
in the TcPAM reaction sequence, a 180° rotation of the-Gyso bond of the cinnamate

intermediate, in complex through a strong bidensatebridge with Arg325 and H-bonding with
surrounding residues, is preferred. This rotat®purported to re-orient the carboxylate of the
cinnamate, after breaking the salt bridge, intca@ofable trajectory to form a monodentate

interaction and H-bonding network with Arg325 anuitier H-bond interactions with GIn319,

16



Asn355, and Asn231Fgure 1.6). It should be noted that during this proposednentation, to
place the @ at the correct geometry for the amino group aftétoé phenyl ring is forced into a
sterically crowded active-site pocket that is elmuically unfavorable (Glu455, Lys427, and
lle431) for binding an aromatic ring. Thereforetatn about the g-Cipso bond alone followed
by lateral translation of the phenylpropanoid staieinto a proper trajectory seems relatively

unlikely as a mechanism to present thdace of the cinnamate intermediate to theoNHO
adduct.

The authors of the independent study witPAM continue and suggest that the loss of

bidentate salt bridge and the formation of H-boitmser the energy of the LUMO of the

carboxylate to promote the conjugate addition &f K, bound to the MIO at £ Thus, the

Q319M mutant made Wu et al. should lose an H-bangertner, and thus increase the LUMO
of the carboxylate group compared to the wild tgoeyme. Accordingly, the preference for
conjugate addition should decrease, based on theralexplanation. Interestingly, the Q319M

mutant shows highdi-regioselectivity, compared to the wild typePAM during the catalyzed
addition of NH; to cinnamic acid, used in this case as a substfdte authors continue to
suggest that interactions between cinnamic acidt@desidues in the Q319M mutant oriented
the cinnamate at a trajectory that disfavored trenétion ofa-phenylalanine Kigure 1.6).41

The latter observation seems paradoxical; the Q3IfiMtant, with one less H-bonding
interaction, should likely favor rotation of thenoamate back to the stronger bidentate salt
bridge interaction with Arg325, and thus preferalhyi makea-phenylalanine. Also, the authors

investigate an Arg325K mutant, showing increafaegioselectivity. Lysine, like arginine, is

17



known to form strong electrostatic interactionsipaharges) and H-bond interactions with
counter-charged carboxylate anions. In our vieuwg #hectrostatic complex would increase the

LUMO energy level of the cinnamate carboxylate grand should therefore dissuade conjugate

addition of the amino group atg®f the o/B-unsaturated carboxylate in the PAM reaction.

Furthermore, the authors argue that the carboxgedap of the cinnamate intermediate is an

electron sink. They conclude that during the coajagaddition, ther-bond electrons between
Co—Cp, shift to form a=n-bond between §-Cq, placing a negative charge on both of the

carboxylate oxygens. They continue to surmise thatmigratorypro-(3S) proton (which is

partially exchanged with solvent protons as disskat our laboratory) could transfer to one of
the carboxylate oxygens, which then would be vhkr for exchange with protons within the
enzyme. If this mechanistic consideration is eva&daacross all PAM enzymes, then the

PaPAM reaction mechanism should proceed similarlywieer, 100% of the migratorgro-

. . . .61
(39 proton transfers from gCto G, in the PaPAM-catalyzed isomerization reaction,an

observation that contradicts the one posited byother research group. An additional piece of
evidence shows th&aPAM andSdrAM, which form the §-p-amino acid isomers, do not form

a bidentate salt bridge with the Arg residue posgd analogously as that foundTidPAM and

CCTAM.63’ 64Instead,PaPAM and SgrAM lock their substrates in a monodentate inteoact

through sterics and/or electrostatics. These tr@jes are analogous to those proposed by Wu,

et al. forTCPAM after the enzyme rotates the cinnamate interatednto a favorable position

for amino group attack atgCThus,PaPAM andSgrAM, according to the rationale posited by

Wu, et al., regarding the cinnamate trajectory yabposhould catalyze the addition of jkb the

18



cinnamate substrate in the "reverse" and produeelopninantly thef-amino acid isomer.

However, our group showed that the "reverse" reaatatalyzed byaPAM produces a 50:50

distribution ofa- andp-phenylalanine product634

) | _
EZ GIn459' sn458
Arg325

©Gludss

N>~

Figure 1.6. a) Crystal structure oTcPAM with bound cinnamic acid intermediate. b) The

Asn231

proposed orientation of the cinnamic acid interragdiwhich leads to the formation dR){p-
phenylalanine with a retention of configuratiorbath migration termini, by Wu. et al. (Modeled

using Pymol from PDB# 3NZ4)

After consideration of our empirical data and thedretical speculations offered by Wu, et

al., we support a mechanism for aminomutase th&eni®)-p-amino acid isomers that proceed

via 180° rotation of the transient cinnamate intermtedabout the £-C, and G-Cjpso bonds.
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In view of a molecular model, this crankshaft rmat results in minimal translational

displacement of the phenyl ring, the rotating cadyoand the carboxylate group. Also, this
model keeps the bidentate salt bridge intact betwbe carboxylate and active site arginine.
This rotation mode also minimizes unfavorable stemd electronic interactions between the
phenyl ring and active site residues. Chapter Ziges details on the monodentate salt bridge
between the§)-pB-amino acid ligands iPaPAM and SgTAM, formed without rotation of the

cinnamate intermediate. The adducts shown in tlystalr structures of these enzymes are

contrasted to the bidentate salt bridge interastibatween the ligand found ihd®PAM and

purported to reside igcTAM, 38 61, 64

Prior to the work studied in this body of work, pthe stereochemistry of the PAM reactions
was known. This thesis explores the complete dseatochemical analysis for a TAM enzyme.
The stereochemistry oSgTAM was indirectly explored using an epoxide SER)-3-(4-
fluorophenyl)oxirane-2-carboxyate) as suicide sudbst The epoxide analog formed a covalent

interaction with the MIO through the epoxide oxydeliowed by an epoxide ring opening by a
water molecule. Inversion at3Cof the substrate in the active site resulted irsirgle
diastereomer [®,39-2,3-dihydroxy-3-(4-fluorophenyl)propanoic acid saoved in the crystal

structure. The observed diol was proposed to bergerd either through any$ or §y2-type

. . . . . . 63
mechanism, yet with net inversion of configuratairGs.

While this was an elegant inference of the reacti@neochemistry dbgrAM, we sought to
understand the complete stereochemistry of a hampa® MIO-dependent tyrosine

aminomutase GCcTAM). So far, five MIO-dependent aminomutases amdwn to isomerize

either §-a-phenylalanine (EncP frontreptomyces maritim;ﬁsszz3 AdmH (PaPAM) from

20



Pantoea agglomeran% 61anchPAM from Taxusplants4 > 6% or (9-a-tyrosine (§-1) (SgcC4
. 57, 69
(SgrAM) from Streptomyceglobisporus and CmdF CcTAM) from Chondromyces

crocatusf]'6 further described in Chapter 2 and 5) to their eespe f-amino acids. Efforts to

optimize the turnover of this family of aminomutasgrovide a potentially alternative means
toward scaleable biocatalytic production of novelamiomerically puref-amino acids as
synthetic building blocks in medicinal chemistrarker substrate specificity studies showed that
TcPAM can convert substituted aromatic and heteroatimm-alanines to the correspondifig

alanines. Apparently, since TAMs requires the 4lrbyyl group on the substrate for catalysis,
. : . . T %5, 57 . -
their use to biosynthesiggtyrosine analogs is limited. By employing stereospecifically

deuterium-labeled tyrosine substrates we were #@blase NMR and GC/EIMS analyses to

dissect the absolute stereochemistry of @& AM reaction, which is explained further in

Chapter 5?7
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2. INSIGHTS INTO THE MECHANISM OF MIO-BASED
PHENYLALANINE AMINOMUTASE CATALYSIS

Reproduced in part with permission from [Feng, Wanninayake, U.; Strom, S.; Geiger, J.;
Walker, K. D., Mechanistic, mutational, and struatuevaluation of alaxus phenylalanine
aminomutase.Biochemistry 2011, 50, (14), 2919-2930], and from [Ratnayake, N. D,
Wanninayake, U.; Geiger, J. H.; Walker, K. D., 8tmhemistry and mechanism of a microbial
phenylalanine aminomutasé&. Am. Chem. So@011,133, (22), 8531-8533] Copyright © 2011
American Chemical Society.

Reproduced in part with permission from [Strom, Wanninayake, U.; Ratnayake, N. D.;
Walker, K. D.; Geiger, J. H., Insights into the maugistic pathway of thPantoea agglomerans
phenylalanine aminomutasangew. Chem., Int. Ed. Endl012,51, 11-17] Copyright © 2012

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
2.1. Introduction

As described in Chapter 1 of this thesis, methyledemidazolone (MIO)-dependent

aminomutases (AM&)® 49 46 and ammonia lyas®s* are members of the class | lyase-like
family and use phenylalanine, tyrosine, and hisgdamino acids as substrates. The ALs produce
arylacrylates from the corresponding amino acidssabe by the elimination of ammorfig®
while the AMs isomerize the-amino acid substrates to thgiramino acid$’ © 45 46 These

enzymes use an active site prosthesis MIO to walheir reactions. In one proposed

mechanism for this group of enzymes, the amino grouthe amino acid substrate acts as a

nucleophil&® and in the second, theelectrons at thertho-carbon atom of the phenyl ring of
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the substrate attack the Lewis acidic MIO by Frie@eafts-like activation (see Scheme 148).
58 59 production otrans-cinnamate analogs as a result of residual ammigas® activity of the

MIO-dependent aminomutases during steady-statdysm@ 46 6 62 syggests that the lyases

and aminomutases follow analogous mechanistic esuand thatranscinnamate analogues

represent intermediates on the reaction pathwéysoAminomutases.

The structures of several enzymes of the MIO-depenthmily were characterized in earlier
reports® The structure ofRhodobacter sphaeroidetyrosine ammonia lyaseR6TAL) in
complex with the competitive inhibitor 2-aminoindasphosphonic acid, which is covalently
bound by its amino group to the MIO in the actiiee §PDB 207E) was determiné®.Yet,
despite acquiring the structure, neither MIO-baseethanism was discussed for tRETAL
reaction’® Also available are structures of the tyrosine amiotase fromStreptomyces
globisporus(SgrAM) in complex with inhibitors 2,2-difluoroS)-p-tyrosine (PDB 2QVE) and
separately with (8)-amino-2,2-difluoro-3-(4'-methoxyphenyl)propanacid (PDB 2RJS) (see
Chapter 1§3 Thesef-amino acids were alkylated at their amine groupshe MIO, which is
consistent with the aminoalkyl mechanism that imeslthe elimination of an alkylamine (see
Chapter 1). However, automated docking and molecdlinamics simulation studies of
phenylalanine ammonia lyase frdPetroselinum crispunPcPAL, PDB 1W27Y! suggested that
the Friedel-Crafts mechanism is nevertheless ugdibth PAL and PAM enzymé&8.A debate
about the mechanism used by these MIO-based enzymesned open. In addition, the crystal
structureSgrAM in complex with §-a-tyrosine (PDB 3KDZ) showed that Y63 was in close

proximity to the geminal protons of the substr&eion-functional Y63F mutant suggested the
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important catalytic function of the highly consedvigrosine residue towards abstracting ttige C

proton during the,B-elimination step of the aminomutase reacfbi addition to acquiring
crystal structure data to inform on the mechanidnthe PAM reactions, experiments were

conducted to assess whether the isomerization i@tinter- or intramolecularly. Earlier studies
on the TAPAM mechanism using cell free assaysTafxuscambial bark’ and recombinantly

expressedlcPAM® inferred that the amino group of th&-p-phenylalanine substrate was

transferred to g:intramolecularly, while the proton was reciprogalransferred partially

intramolecularly. It was clear from these earlitudses that the migratory amino group and

hydrogen reattached to the phenylpropanoid skelefitim retention of configuration at Gand

CB' It should be noted, that assays with the purifredombinanfTcPAM contained a cleaner
metabolite background with fewer contaminating eney than the assays derived from the
crude cell free extracts dfaxusbark3’ While this early study elucidated the mode of e

group transfer, the influence of cinnamate and rotirmamate modifying enzymes in the crude

plant enzyme extract on the Mittansfer process was not considered. Therefortharcurrent

study, the intramolecular mode of Mttansfer was re-examined by incubating purified,

recombinanTcPAM with a mixture of [ring,B-C-ZHél-transcinnamate and$N]phenylalanine.

This confirmatory study was important since a pedjf recombinantly expressédaxusPAM

was recently shown to catalyze the formatiorp-gghenylalanine from cinnamate and ammonia

co-substrate& In this scenario, it could be imagined that cinagenmolecules could bind and

de-bind theholo (NH,-MIO) form of TCPAM before the NErebound step.
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To provide further information on the mechanisntto$ class of catalysts, the X-ray crystal

structures ofPaPAM® and TcPAM38 were determined. Th&cPAM structure along with
modeled-in substrates also showed that the 3'-naybthe aromatic ring of the bound cinnamate
intermediate/substrate is proximate to and makeiseat hydrophobic interaction with Leul04.
This residue and several other distal hydrophobteractions between the aromatic ring of
cinnamate and Leul79, Leu227, and Val230 likelytdoate to substrate binding and to
defining the topology of the active site. In aduliti the mechanism and stereochemistry of how
(inter- or intramolecularly) the migratory groupdagh at their receiving carbon centers (with

retention or inversion of stereochemistry) durihg teaction was evaluated.
2.2. Experimental

2.2.1. Chemicals

(9-a-Amino acids R)/(9-B-amino acids were commercially available from Pegtile

Corporation (Burlington, MA), except for styryRJ-p-alanine, which was synthesized by
modification of a described procedufe.5-Phenyl-(E,4E)-pentadiencic acid KEE)-
styrylacrylate) was purchased from Alfa Aesar (WHIitl, MA). [ring, B-C-2H6]-trans-cinnamic
acid andtrans-2'methylcinnamic acid were obtained from Sigma-Aldr(&t. Louis, MO), and

[1N]phenylalanine was obtained from Cambridge Isotiogigoratories (Andover, MA).

2.2.2. Expression and Purification of TCPAM

Codon-optimized wild-typ& or a mutantTcPAM derived from the optimized clone was
overexpressed ikscherichia coliBL21 (DES3) cells. The cells (six 1-L cultures) wegrown in

Luria—Bertani medium supplemented with kanamycid (§/mL), induced for expression with
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isopropyl$-D-thiogalactopyranoside (100M) at 16 °C, and, after 16 h, were harvested by
centrifugation (4,009 for 20 min). To the cell pellet was added 100 nilresuspension buffer
(50 mM sodium phosphate containing 10 mM imidazb®, (v/v) glycerol, and 300 mM NacCl,
pH 8.5), the suspension was lysed by sonicatiod, tha cellular debris and light membranes
were removed by centrifugation at 9,40@5 min) then at 102,000(1 h), respectively. The
resultant crude aminomutase in the soluble fractvais purified by nickel-nitrilotriacetic acid
affinity chromatography according to the protocascribed by the manufacturer (Qiagen,
Valencia, CA);TcPAM was eluted in 250 mM imidazole (3 mL total vale, at >90% purity by

SDS-PAGE with Coomassie Blue staining).

The fraction of protein that eluted from the nickétilotriacetic acid affinity column
containing activeTcPAM (76 kDa) was exchanged with elution buffer @01 Tris-HCI, pH
7.5, 50 mM NaCl, and 5% glycerol) through severahaentration/dilution cycles using a
Centriprep centrifugal filter (30,000 MWCO, Millipe) to remove the 250 mM imidazole. The
protein, concentrated to 1 mL, was loaded ontoeacptibrated gel filtration chromatography
column (Superdex 200 prep grade, GE Healthcare &drences) connected to a Pharmacia
FPLC system (comprising a Biotech Recorder 102,riR@aia Pump P-500, and Liquid
Chromatograph Controller LCC-500)cPAM was eluted at 1 mL/min with elution buffer and
was isolated in two peaks, one with an elution r@uconsistent with that of a 150 kDa MW
standard, considered to be a dimer, and a largée pensistent with protein >300 kDa, likely a

multimeric aggregate.
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2.2.3. Expression and Purification ofPaPAM.

PaPAM was expressed according to a previously desdriprocedure, and is described

briefly herebl E. coli cells (twelve 1-L cultures) were grown in Luria+Bmi medium
supplemented with kanamycin (50 pg/mL), induced ®&xpression with isopropy-D-
thiogalactopyranoside (100 uM) at 16 °C and haegebty centrifugation after 16 h. To the cell
pellet was added 125 mL of resuspension buffemi®0 sodium phosphate containing 5% (v/v)
glycerol, 300 mM NaCl and 10 mM imidazole, pH 8. cells were lysed by sonication, and
the cellular debris and light membranes were remdwe centrifugation. The resultant crude
aminomutase in the soluble fraction was purified higkel-nitrilotriacetic acid affinity
chromatography according to the protocol describgdhe manufacturer (Qiagen, Valencia,
CA); PaPAM eluted in 250 mM imidazole. Fractions contagqactive solubléaPAM (59 kDa)
were combined, and the buffer was exchanged witmB0sodium phosphate buffer (pH 8.0)
containing 5% (v/v) glycerol through several cortcation/dilution cycles using a Centriprep
centrifugal filter (30,000 MWCO, Millipore) to arfal concentration of 7 mg/mL (calculated by
the Bradford protein assay). The purity of the @nated enzyme was assessed at >95% by

SDS-PAGE with Coomassie Blue staining.
2.2.4. PAM Activity Assays

An aliquot (50uL) of the fraction containingcPAM (~ 80ug) from the nickel-nitrilotriacetic
acid affinity column elusions was added to 50 mMogghate buffer solution (1 mL final
volume, pH 8.5) containing 5% glycerol arfg-¢-phenylalaning100uM), and the solution was

incubated at 31 °C for 1 h. This procedure wasatgaeforPaPAM.
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Equimolar amounts of protein from each fraction (40of the 150 kDa fraction and §@ of
the >300 kDa fraction) from the gel extraction ehedography were separately incubated with
(9-a-phenylalanine(100 uM) at 31 °C for 1 h. Products were analyzed using/E3MS
(described in sectiol.2.5. The aminomutase in the 150 kDa fraction hadl@-fagher activity
than in the >300 kDa fraction; therefore, the fi@ttcontaining the dimer was used for the
crystallographic study, loaded into a size-selectentrifugal filtration unit (30,000 MWCO),
and concentrated to 10 mg/mL. The purity (>95%)haf concentrated enzyme was assessed by
SDS-PAGE with Coomassie Blue staining, and the tfiyawas determined by the Bradford

protein assay.

2.2.5. GC/EIMS Analysis of PAM Catalyzed Products

The reactions were quenched with 6 N HCI, the pls adjusted to pH 2, and then internal
standards 3'-fluoroR)-B-phenylalanine (at 2(M) andtrans-2’-methylcinnamic acid (at 20M)
were added. The cinnamic acids were extracted dinéthyl ether, the organic solvent was
evaporatedn vacuq the residue was dissolved in ethyl acetate/meth@n1, v/v) (200uL), and
the solution was treated with a TMS-diazometharssalved in ether (~ fL) to convert the
acids to their methyl esters. Each sample was aggharanalyzed by GC/EIMS and quantified
by linear regression analysis. The remaining agsié@ction was adjusted to pH >10 with 6 N
NaOH, and the amino acids were derivatized to tNedli(ethoxycarbonyl) esters, as before.
Each sample was separately analyzed/quantified ®EMS; in brief, the relative amounts of
thea- or B-amino acid were determined by linear regressialyars of the area of the base peak
ion of the derivatized- andf-amino acids generated in the EIMS. The peak assaoenverted

to concentration by solving the corresponding lireguation, derived by plotting the area of the
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base peak ion (produced by the corresponding atith&tandard) against concentration ranging

from O to 1.5 mM.

2.2.6. Mutagenesis ofTcPAM cDNA for Expression of L104A Mutant.

Point mutations ofTcPAM were performed using the QuikChange Il XL Siteected
Mutagenesis Kit (Stratagene, La Jolla, CA). Thegatuucleotide primers used to exchange
residue L104 to alanine (Ala) in the mutagenes&tiens were as follows: L104A (forward
primer): 3-GCAGGAGAGUGCCATCCGCTGTC-3 (mutations are bold and underlined). The
corresponding reverse complement primeér@ACAGCGGATGGCGCTCTCCTGC-3 was
paired with the respective forward primer. Expressvector pET-28a(+) containing the wild-
type tcpam cDNA (10 ng) was used as the DNA template in tHeRPreactions, the
corresponding forward and reverse primers (150aafpe dNTP mix (1 pL), 10X reaction buffer
(5 pL), QuickSolution reagent (3 pLPfulltra HF DNA polymerase (1 pL at 2.5 U/uL) and
ddH20 to bring the volume to 50 pL. The PCR progrnditions were as follows: initial
denaturing at 95 °C for 2 min followed by 30 cyck95 °C for 50 s, 55 °C for 50 s, and 68 °C
for 7 min, and finally, the reactions were held8t°C for 7 min. The reactions were place on
ice, to each was added restriction enzybpmnl (1 pL at 10 U/uL), and the reactions were
incubated at 37 °C for 1 h to digest the templad#ADAnN aliquot (2 uL) of the plasmid solution
from each PCR reaction was used to transform XLb@@ltracompetent cells (provided in the
QuikChange Il XL Site-Directed Mutagenesis Kit).€eTtesultant plasmids encoding the L104A
mutation in thetcpam cDNA (designated as PAMelLA 104henylalanine aminomutase
exchangel eu—Ala_104) were confirmed by sequencing the correspgridpani04A cDNA.

The mutant gene was expressed as described failthéype.
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2.2.7. Analysis of Kinetic Parameters ofTcPAM and PAMeLA_104

The substratesS-a-phenylalanine, 3'- and 4'-methy${a-phenylalanine, and styryb(-a-
alanine were incubated separately with wild-tJygPAM and PAMeLA 104 to establish steady-
state conditions with respect to a fixed proteinaamtration and time at 31 °C. Under steady-
state conditions, each substrate at 10, 20, 40180, 300, 500, and 75UM was separately
incubated withTcPAM or PAMeLA 104 in triplicate, single stopped-Bnassays. Each of the
products in the reaction mixture was derivatizedhir N-(ethoxycarbonyl) methyl ester and

then quantified by GC/EIMS analysis, as describevipusly. The kinetic parameters,( and

kg were determined from the Hanes-Woolf pldR2 (was typically >0.98), and the

stereochemistry of enzyme-catalyzed products waesasd by chiral GC/EIMS analysis

(Chirasil-D-Val column, Varian}?

2.2.8. Analysis of Products Formed from the Incubation of TcPAM with

[1N]Phenylalanine and [ring, B-C-?Hg-trans-Cinnamate Acid

Purified TC(PAM (100 ug) was incubated with a mixture df]-phenylalanine and [ring-
C-2I-|6]-transcinnamate acid (10 mmol of each) for 1 h. Thendp-phenylalanine isotopomers

were derivatized to theM-(ethoxycarbonyl) methyl esters, and cinnamic agésd converted to

its methyl ester and analyzed by GC/EIMS.
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2.2.9. Assessing the Product Distribution ofPaPAM and TcPAM with 2'-Methyl-( S)-a-

Phenylalanine

PaPAM and TcPAM, each at 20 ug/mL in separate 1-mL assays, wengbated with 2'-
methyl-©)-a-phenylalanine (at 1 mM) at 31 °C for 1 h. Interrsédndards 3'-fluoroR)-p-
phenylalanine anttans-cinnamic acid (each at 20 uM) were added. Thetimacwere acidified
(pH 2, 6 N HCI) and the cinnamic acid analoguesavgaparately extracted (3 x 1 mL) into ethyl
acetate. An aliquot of a TMS-diazomethane soluti@as added to convert the acids to their
methyl esters. The remaining amino acids were dezed to their ethoxycarbonyl methyl esters
according to a previously described method sedsratelyzed by GC/EIMS, and the analytes

were quantified by comparison against a standangecu

2.2.10.Conversion of Cinnamate toa- and g-Phenylalanine byPaPAM

PaPAM (7 mg/mL) was incubated for 48 h at 31°C witimmamic acid (1.25 mM) in
phosphate buffer (pH 8.5) containing 60 uM of amrmaan triplicate 1-mL assays. The reactions
were quenched with 6 M NaOH and 3'-fluoR®)-f3-phenylalanine (20 nmol) was added as the
internal standard. To each assay was added etlydobbrmate (100 pL) tdN-carbonylate the
amino acids. The assay solutions were acidifiedN(6HCl) to pH 2 on ice, the putative,
derivatized amino acids were extracted with etlodtate (3 x 1 mL), and TMS-diazomethane
dissolved in methanol was added drop wise to tlgaroc fractions until the yellow color of
diazomethane persisted. The organic solvent wasvedy and the residue from each sample
was re-dissolved in 3:1 (v/v) ethyl acetate:methgA060 uL) and analyzed by GC/EIMS, and
the base peak ions were evaluated. The amounteofi¢hivatizeda- and -amino acid was

guantified as follows. Ratio 1 (abundance of theebygeak ion of the internal standard at 20 pM:
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abundance of the base peak ion of the analyte)used to calculate product concentration. The
abundance of the base peak ion produced by thespmnding authentic standard at varying
concentrations in a dilution series was plottedirsgjathe abundance of the base peak ion
produced by the internal standard (at 20 uM). Tiheak equation derived from this plot was

used to convert Ratio 1 to analyte (i.e., prodactjcentration.
2.3. Results

2.3.1. X-ray Crystal Structure of TcCPAM

In the TCPAM structure (PDB 3NZ4), Arans-cinnamate molecule is bound in the active site,
lying above the MIO and under a loop region thatudes residues 80-97, which define the top
of the active site Rigure 2.19. The transcinnamate molecule lies about 3.4 A above the
methylidene carbon of the MIO moiety. The carboteylaf the cinnamate makes a salt bridge
interaction with a strongly conserved Arg325, whsdrves to position the product in the active
site. The plane of the aromatic ring of the cinnawaas observed to be displaced ~ 40° relative
to then-bond plane of the propeonate C=C double bdfidufe 2.1g9. The aromatic ring is
bound relatively loosely in the active site, makogy one direct hydrophobic interaction with
Leu-104 (3.3 A, not shown). The only other closataot between cinnamate and an active site

residue is a 2.9 A interaction between the hydrafyTyr80 and G of the cinnamateR{gure

2.1b).38
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Figure 2.1 TheTcPAM active site-cinnamate complex (magenta) a)daiing the displacement
of plane of the aromatic ring of the cinnamate tredato then-bond plane of the propeonate

carbon-carbon double bond, and (b) the topside.vidwe PAM active site residues are colored

by atom as follows: C (green), O (red), and N (plue
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Figure 2.2 (b) the 3methyl-(§-a-phenylalanine substrate is modeled into the mutant

PAMeLA 104 active site where the steric volumenisréased through the mutation of Leu-104
to Ala; now, the closest distance between the bawidtrate and residue 104 is estimated at ~
4.4 A, and TheTcPAM-cinnamate complex is used to approximate thgctory of non-natural
substrates. (a) The-Bethylphenyla-alanine substrate is modeled into the activedifecPAM

showing the distance (~2 A) between then@thyl group of the substrate and Leu-104.
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Figure 2.2 (cont'd).

) styryl-(§-o-alanine modeled in th&cPAM active site showing the hydrophobic interaction
with Leu 104 at a distance of ~ 2.2 A. . (d} &nd 4-methyl-©)-a-phenylalanine are
superimposed and modeled in thePAM active site. The relative positions of the nyeth

substituents on the phenyl ring of each substmateeti-104 are shown along with the distances

(~ 2 and ~ 3.8 A, respectively) between thego€Leu-104 and 3methyl and 4methyl.
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2.3.2. Site-Directed Mutation of an Active Site Leu ofTcPAM

As noted earlier, th8cPAM-cinnamate complex shows that the 3'-carbonhef bound
intermediate is close to residue L104, likely inxemd in a van der Waals interaction with the
substrate Kigure 2.2). L104 of TcPAM was changed to an A104 mutant (designated as
PAMeLA 104) to assess how this would affect the reomutase reaction with sterically
demanding non-natural substrates compared to thetioa with the wild-type enzyme. The
kinetic parameters were obtained separately ToPAM with substrates 'dnethyl-(S)-o-
phenylalanine, styryl§)-a-alanine, and 'dmethyl-@§)-a-phenylalanine and compared to those

obtained for PAMeLA_104 in parallel enzyme assaith the same substrateBaple 2.1).

Notably, R)-pB-arylalanines and the variotians-cinnamate Table 2.1 are products of the
TcPAM reaction when §-a-arylalanines are used as substr&®eierefore, the sum of their

production rates at steady-state was used to esdctihe turnover ratek () (Table 2.1). The

catalytic efficiency K{K,, of TcPAM and PAMeLA_104 for the natural substra®-¢-

phenylalaninel is 1100 M1.s1 and 560 M. s respectively. The product distribution of the
TcPAM reaction, after 30 min, was dominated IR)-p-phenylalanine, made at 0.053.sand

cinnamate was made more slowly at 0.0I2 $Reciprocally, the product pool of the

PAMeLA 104 reaction withL principally contained cinnamate, which was madea atite of

0.073 s1, while thep-amino acid was made fractionally at 0.003 s
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Table 2.1 Kinetic Parameters for TcPAM and PAMeLA 104 with Various Substrates

ey KeatKnm
3 1la cat cat
Substrate Enzyme | Ky (M) x 10 ﬁkcat (sl) 1a 11
(s7) (M "es7)
0.057 0.053 0012 | 1100
o) TcPAM
o (£0.004) | (x0.001) | (#0.002) | (+100)
1
W 0.136 0.003 0.073 560
PAMeLA
(#0.002) | (<*0.001) | (#0.003) | (10)
0.397 0.022 0.017 100
o) TcPAM
o (#0.030) | (20.002) | (0.002) | (+20)
2
W 0.083 0.028 0.032 720
PAMeLA
(£0.008) | (x0.003) | (#0.003) | (+20)
0.091 0.030 0.005 380
o) TcPAM
o (#0.005) | (x0.002) | (¥0.002) | (+20)
3
/(j/\é;:3 0.073 0.020 0.017 510
PAMeLA
(£0.005) | (+0.002) | (:0.002) | (10)
0 0.250 0.082 330
TcPAM <0.0002
W@ (+0.004) (+0.002) | (+10)
4
NH3 0.120 0.003 0.12 1030
PAMeLA
(£0.004) | (20.002) | (<#0.01) | (+20)

a. The termsﬂ keat and kacat represent the kinetic constants for the formatminthe f-

arylalanines and trans-arylacrylates, respectively.

b. The Kkinetic constantck =

phenylalanine %), 4-methyl-(S)-phenylalanine §), and styryl-(Sk-alanine @) at steady-state.

Standard errors are in parentheses.
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The catalytic efficiency ofcPAM and PAMeLA 104 for 3methyl-(S)-a-phenylalanine 2)
is 48 ML s1and 720 ML sL respectively. The increase in catalytic efficigfior substrate is

due largely to the ~ 5-fold decreaseKg, of PAMeLA_104 (83uM) compared to thd,, of

TcPAM (397 uM). The distribution of the 'amethyl-R)-B-phenylalanine and '3
methylcinnamate was at ~1:1 for both PAMeLA 104 ardPAM catalysis; however, the

combined rate of formation of bothH-@ethyl-R)-B-phenylalanine and’3nethylcinnamate by
PAMeLA 104 (0.060 &) is slightly increased compared to the rate of shene reaction by

TcPAM (0.039 59 (Table 2.3). Interestingly, botiTcPAM (k= 0.035 5% and PAMeLA_104

(kegt=0.037 51 were kinetically similar when'4nethyl-(©S)-a-phenylalanine3) was used as the

substrate, and thelf,, values, 91uM and 73uM, respectively, were comparable as well as their

catalytic efficiency values (380 Ms™t and 510 ML s? (Table 2.1). However, the rates of
formation of the 4methyl-(R)-B-phenylalanine and’4nethylcinnamate products (0.03¢ and
0.005 sl respectively) catalyzed bycPAM from 3 were significantly different from the

respective distribution catalyzed by PAMeLA 1040@D s1 and 0.017 §). TcPAM was

incubated with styryk-alanine 4) and rapidly catalyzed the exclusive conversior @b the
corresponding 5-phenyl-B4E)-pentadienoate (i.e.E(E)-styrylacrylate) at 0.0828and styryl-
(R)-p-alanine at <0.00027% (Table 2.1). Comparatively, PAMeLA 104 convertetl to the

corresponding H,E)-styrylacrylate faster, at 0.1271s however, styryl®R)-B-alanine was

produced significantly faster by PAMeLA 104 thanTgPAM, yet still at a slow rate of 0.003

s7L It is worth noting that the Michaelis constants bothTcPAM and PAMeLA_104 are 250

uM and 120uM, respectively, for the styryl§-a-alanine substrate, suggesting that the L104A
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mutation is able to enhance the binding affinity 4cand thus contributes toward increasing the

overall catalytic efficiency from 330 M s for T(PAM to 1000 ML s1for PAMeLA 104.

2.3.3. Inter/Intramolecularity Analysis of the TcPAM Reaction

Table 2.2. GC/EIMS Analysis: Diagnostic lons of Bisynthetic [I™N]-p-Phenylalanineé®

@) o+ o) *+
163 * 0+ * 0+
« . NH NH O
LOJ\NH 0 ~ %\OJ\NH ? D5
(0] |\\ (0]
/O / P /
[M] = 259m/z 163 & 192m/z 179m/z 185m/z
a The asterisk indicates thleSN-atom

Authentic standards df-(ethoxycarbonylB-phenylalanine methyl ester eluted from the GC
column at 9.87 min. The mass spectrum of the diezee biosynthetic R)-p-phenylalanine (~

200 nmol) isolated from the incubation allowed fguantitative analysis of the isotope

enrichment and distribution. A molecular ion Jf m/z = 252 indicated that the biocatalyzed

product contained one extra mass unit compareldetoniass of the unlabeled isotopomefz(=

251). The molecular ion and diagnostic fragmensitase peak [M — C{EH,CO,) +=179, and
lesser abundant iomy/z = 192 [M — HC(O)OCH]* andnmvz = 163 Wz 192 - CHCH,]* (Table

2.2)) indicated that the additional mass unit wasved from the"N-atom. In addition, the ratio
(10:1) of the ion abundance for the base peék = 178 andm/z = 179 for authentid\-
(ethoxycarbonylB-phenylalanine methyl ester is identical to thecgkdted ratio of the base

peakm/z = 179 andm/z = 180 of theN-(ethoxycarbonyl) methyl ester of the biosynthedize

[1N]-(R)-B-phenylalanine made after the incubationTeéPAM with [1N]-(9-a-phenylalanine
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and [ring,B-C-2H6]-trans-cinnamate acid. This suggested™®™ enrichment of 98% and that no
unlabeled R)-p-phenylalanine derivative was present. A small eetage (3%) of the
biosynthetically derivedR)-p-phenylalanine contained seven additional mass uadcording to

a base peak fragment ian'z = 185; the }N]-(R)-p-phenylalanine derivative was present at

97%. The isotopomer containing seven additionalsmasts was derived from the [rinf;C-

2I—|d-transcinnamate acid in the mixed substrate assay WdPAM and was not present in

control assays where the labeled cinnamate acideftasut.
2.3.4. X-ray Crystal Structure of PaPAM

PaPAM has similar architecture to the class of MIQpeledent aminomutases and ammonia

lyases3® %0 6971 The monomer consists of mostiyhelices that run parallel to one another and

form a four helix bundle at the center. The catefjty relevant species is a dimer of dimers, in
which the two monomers in the asymmetric unit atated by a crystallographic twofold axis to
the other two monomers that comprise the cataljgidanctional PaPAM tetramer, and each
subunit contains an active skeAt the end of this bundle is the active site, whiesides at the
interfaces between three of the monomers in thranetr, and includes residues from all three
protomersPaPAM, similar to other bacterially derived membefghas family whose structures
are known, lacks the C-terminal capping domain thagiresent in the related plant enzymes,
such asTcPAM.38 The inner-loop region, which rests just aboveabiive site, is packed tighter
towards MIO than that ofcPAM, and is well ordered. However, tiaPAM MIO is made
autocatalytically from an amino acid tandem T-%-@stead of from the common A-S-G

sequence.
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Figure 2.3 a) Electron density (2FF; map, blue mesh) calculated at &.@round thex- andp-

phenylpropanoid that is covalently bound to the M&ind in monomer “B” (G and (3 are

indicated). Atoms are color-coded as C (green)red)( N (blue). b) Active site d?PaPAM in
complex with a MIO-boundS)-p-phenylalanine-type ligand (orange carbon atomsjivA site

residues contributed by three monomers are colacedrdingly (C: cyan, yellow, or green for

. 23
each monomer; oxygen: red; nitrogen: blue).

The active sites of the two monomeric structureshm asymmetric unit differ in what is
bound to them. In monomer “A”, a molecule thatndistinguishable (by electron density) from
(R)-B-phenylalanine is found covalently attached byaitsino group to the methylidene carbon

atom of MIO. This complex is consistent with an yne-bound R)--phenylalanine-type
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intermediate along the conjugate amino-additiorhyway (cf. Scheme 1.3pIn contrast, the
electron density of monomer “B” suggests partiadugancy of two ligand types. The electron
density for a §-p-phenylalanine-type complex is evident, as seemamomer “A”. However,
electron density shows a structural feature cosisisvith a §)-a-phenylalanine molecule
covalently attached by its amino group to the migbpe carbon atom of MIOF{gure 2.39.%4
These complexes are, to our knowledge, the firstgitral identification of naturally occurring
pathway intermediates from an unmodified MIO-depmridenzyme, and provide additional

evidence that reactions catalyzed®gPAM do not proceed through a Friedel-Crafts pathway

as recently proposéd.

2.3.5. Distribution of Products in the Catalysis of 2-Methyl-(S)-a-Phenylalanine by

TcPAM and PaPAM

Evidence to support the proposed pathways for RRBEAM and TcPAM reactions was
provided by incubating 'anethyl-@§)-a-phenylalanine (1 mM) at 31 °C for 1 h separatelthw
each enzyme. The distribution ofr@ethyl-@©)-p-phenylalanine andrans2’-methylcinnamate
made from 2methyl-©)-a-phenylalanine byPaPAM catalysis was 98:2, while a reciprocal

distribution (~1:99) was observed focPAM catalysis. Comparison of the kinetic parameters

for PaPAM (k= 0.061 s B-amino acid productior,, = 0.05 mM) andlcPAM (k= 0.002
sl cinnamate productiori,, = 0.01 mM) with 2methyl-@©)-a-phenylalanine showed that the

catalytic efficiency K_{K,, = 1.2 simM) of PaPAM was 6-fold greater than the efficiency of

TcPAM, due largely to the superilg,
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2.3.6. Formation of a- and g-Phenylalanines from Cinnamate and NH by PaPAM

Presumably, the- andp-phenylalanines were formed by the reaction olhaamate ion with

the covalent amino—MIO adduct, which was made whenrecombinant protein was expressed

in E. coli and retained during protein purification. Notabilye Luria-Bertan® media (pH 7.3)

that was used to grow the bacteria for this crimgehphy study was estimated to contain

ammonium salts at a concentration of 2.¥,ms assessed in an earlier st(Riyherefore, LB
media was a practical source of ammonia that cbitd to the MIO ofPaPAM that was
overexpressed iE. coli. To assess whethétaPAM could transfer the amino group to the

cinnamate ions that were added to the crystalbmabiuffer, in a manner similar to that of other

MIO-dependent enzyme$,PaPAM (7 mg in 1 mL assay), cinnamic acid (1.25/)nand

ammonia (6Qum) were incubated together for 48 h at°&1 Analysis of the products showed
that ©-a-phenylalanine (6.6 £ 0.9 nmol) andR){B-phenylalanine (8.7 = 0.9 nmol) were
produced. These results indicate that a concenras low as 6@M of ammonia in the bulk

media was sufficient to aminate the MIO BEBPAM and to catalyze the reverse reaction.

Similarly, MIO adducts of either amif® 70 or hydroxy? groups of MIO were detected in

previous crystallographic studies of enzymes ia tass.
2.4. Discussion

Structures have been determined for several memdethis lyase class I-like family,
including PpHAL,® RSTAL,”® PALs from Anabaena variabilig® Nostoc punctiformé®
Rhodosporidium toruloide® and Petroselinum crispurit respectively, andSGrAM from

Streptomyces globispor@2 All have very similar overall folds, contain MIGsbedded in an
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active site of similar overall architecture, andsexs homotetramers. In most structures, two of
the subunits significantly contribute active sigsidues, and a third subunit encapsulates one side
of the active site, while iBdgIrAM, this third subunit contributes a Tyr residimat interacts with

the 4'-hydroxy group of the substrate. In recendisss, a- and/or B-tyrosine mimics were

covalently trapped in the active sites ®§TAM,53 and RSTAL, 70 and their structures were
determined, demonstrating that the amino group hef substrate attacks the MIO of this

aminomutase. Th&drAM structures bound to the substrate or produanies show that a

nucleophile at either Cor G will attack the MIO moiety’” 8 These results have shed

considerable light on the mechanism of the MIO-Hasatalysts, countering previous work

inferring that the MIO couples as an electrophiléite aromatic ring of the substrate to activate

catalysis’

In earlier studies, the stereochemical evaluatiothe ammonia lyase reactions included an

assessment of the stereoselectivity, showing usellgr that thetransisomer of the acrylate
product is made exclusively upon elimination of aomia® and that one prochiral hydrogen at
CB is stereospecifically removed from the substrateéng the proces®! 8 SgrAM and PaPAM

of bacterial origin, and cPAM of plant origin are the only aminomutases ia thass | ammonia
lyase-like family whose structures are known, am@ treaction stereochemistry of the

aminomutases have been evaluated. 3@ieAM and PaPAM reactions were found to makg-

B-amino acids; the mode of transfer 8gTAM (inversion or retention of configuration and

intra- or intermolecular group transfer) was noaleatec®” 8 However, evaluation of the

cryptic components of thEcPAM andPaPAM reactions has shown that the amino group and

hydrogen are removed from the substrate, theitipasiexchanged, and then both are reattached
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intramolecularly to the original carbon skeletorthwietention of configuration ifcPAM® and
with inversion of configuration iPaPAM.1 The results of the mixed substrate assay conginin
[ring, B-C-H{-transcinnamate and fN]-(S)-a-phenylalanine indicate that the nitrogen

migrates quantitatively from the- to the p-carbon with negligible exchange to exogenously
supplied cinnamate molecules at a concentrationm(A) likely much higher than physiological
levels. TCPAM maintains high fidelity with the natural phealdnine substrate through tight
binding of the substrate and reaction intermedit¢he exclusion of competitive substrates, in

order to achieve the observed reaction efficiency.

Despite the wealth of structural data collectedtlua family of enzymes with overall very
similar active site architecture, none sheds agiyt lto explain how the stereochemistry of the
TcPAM reaction proceeds with retention of configuratiand makes the E3-p-phenylalanine
isomer, which is opposite to theSj3stereochemistry found in the product of thgfAM and
PaPAM reaction. Therefore, a favorable binding confation of thetrans-cinnamate substrate
in the TAPAM-cinnamate complexHgure 2.19 andPaPAM-a/B-amino acid complexHigure
2.38 were used as basis to understand how these amiases control product stereoselectivity.

The aminomutase reaction is proposed to be made droarylalanine via a concerted Hoffman-

like elimination reaction during the reaction cy®e he catalytic base Tyr is situated above the

Ca_CB bond of the bound phenylalanine substrate (inagggred conformation), with thwo-
(39 hydrogen closest to TyFigure 2.3b); the MIO moiety is positioned below th%{cﬁbond

of the substrate, with the amino group proximatéheomethylidene of the MIO. The formation

of the transoid acrylate product supports the esalective removal of tharo-(3S) proton by an

anti elimination3’ Furthermore, evaluation of the andp-phenylalanine complexes of monomer
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“B” (Figure 2.39 suggests that during the course of the aminogi®amerization catalyzed by
PaPAM, the phenylpropanoid carbon backbone remainstijnetationary above the amino
group that is attached to the MIO moiety. Thesefigamations are consistent with the

mechanism of stereoselectivity for this enzyme tirateeds with inversion of configuration at

each migration terminu&:

However, for the production oR}-B-phenylalanine, the mechanism of catalysis musewah
to an intramolecular amino group transfer, wheeeamino group does not exchange with that

from another substrate molecule. In addition, tieeemchemistry must account for the retention
of configuration at the migration termiffi. These data suggest that the amino group and
hydrogen displaced from the3Ra-phenylalanine substrate must rebind, respecti\aelslﬁ‘B and

C, of the transcinnamate before it diffuses from the active sitdhe constraints of the

intramolecularity and stereochemistry of thePAM reaction present a challenge because the

amino group must attach to the cinnamate on the fsiding opposite to that of the MWIO

intermediate (cfFigure 2.19 to produce theR)-product. Since this stereochemistry is opposite
to the ©-B-phenylalanine product made WBaPAM, the covalent intermediate derived by

reactingPaPAM with a product analog having the configuratiafnq3 as the naturalS)-p-

product is not a valid representation of Tfe® AM reaction stereochemistry.

The PaPAM active site contains key catalytic residued i@ found in other structurally
characterized enzymes in the class | lyase-likalya(figure 2.3b). Tyr78 (Tyr80 inTcPAM
and Tyr63 inSGrAM) is positioned above and within 3.5 A of botteti- andp-carbon atoms of
the phenylalanine complexes, and is poised to ded ee-protonate the intermediate

phenylalanine complexes at both th@ndp positions. Tyr320 (Tyr322 ifcPAM and Tyr308
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in SGTAM) is only 2.6 A from the amino group of the Miund €)-a-phenylalanine, and is
thought to facilitate proton transfers when the reanigroup is removed from theSfa-
phenylalanine substrate and added to MIO. In ceftdifferences in the residues near the active
site of PaPAM are notable when compared with those of othEDddependent catalyst&igure
2.4). For example, Phe455 (Asn458 TaPAM) is a glutamine or an asparagine in almost all
other enzymes in the family. When tfePAM-cinnamate structufe is overlaid onto the
PaPAM—phenylalanine structure, thEcPAM-cinnamate ligand clashes with the sterically
bulkier Phe455. In thBaPAM structure, however, the covalently-boundandp-phenylalanine
ligands avoid the steric clash with Phe455 by mltetheir trajectory through the active site,
which avoids the collision Eigure 1.5g9. The new trajectory results in a weaker mono atent
salt bridge with Arg323 (versus the bi dentate lsattge that is present iIncPAM) and is almost
identical to the trajectory of tyrosine in tBgF'AM structure. This similar alignment of ligands is
reinforced by the superimposition of the bridgingnas (likely nitrogen) of thex- and -
phenylpropanoid—MIO adducts PaPAM and the nitrogen and oxygen atoms, respectivaly

the a-difluoro-p-tyrosine and 2,3-dihydroxycoumarate inhibitor—iVd@ducts in the tw&grAM

structures Kigure 1.5b).5" 63
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PaPAM SNGLPPFLCAE- NAGLRLGLMGGQFMIASI TAESRASCVPMSI QSLS 450
*V. bact SNGLPAFL CAE- NAGLRLGLMGGQFMIASI TAESRASCVPMSI QSLS 450
*S.marit SNGLPAFLCRE- DPGLRLGLMSGQFMTASI TAETRTLTI PMSVQSLT 426
*B. subtl SNGLPAFLTKE- NPGLRLGLMEGQFMSTSLTAENRSLCTPLSI QTLT 432
*K. pneu SNGLPSFL CAE- NGGLRFGLMGGOFMSSSVTAENRSLATPVSI QTLT 438
*B.rhiz SNGLPPFLCAN- EQG RLGLMGGQFMSASLASENRSLCVPVSI HSLP 429

SgTAM SYGLPEFLVSG DPGLHSGFAGAQYPATALVAENRTI G- PASTQSVP 438
AvPAL SNGLPPSLLGNRERKVNMGLKG.Q CGNSI MPLLTFYGNSI ADRFPT 445
TcPAM SNGLPGNLSLGPDLSVDYGLKG.DI AMAAYSSEL QYLANPVTTHVHS 453

Figure 2.4 CLUSTAL 2.1 multiple sequence alignm?é%tof representative class | lyase-like

PAL, PAM and TAM enzymes whose structures are knoawrd five sequences highly
homologous tdPaPAM that were found in the GenBank database by BLA8arch:PaPAM,
PAM from Pantoea agglomerand/.bact possible PAM fromVibrionales bacteriunBWAT-3
S.marit PAL/PAM EncP fromStreptomyces maritimu®.subt| possible PAM fromBacillus
Subtlis K.pney possible PAM fromKlebsiella pneumonia&42, B.rhiz, possible PAM from

Burkholderia rhizoxinicaSgrAM, TAM from Streptomyces globisporuavPAL Phenylalanine

ammonia Iyasge9 from Anabaena variabilisTCPAM, PAM from Taxus Canadensi€nzymes

that have a concerved phenylalanine residue inbigl@active which correspond to F455 residue

in PaPAM, produce $-p-phenylalanine (designated with asterisk (*)).

SgrAM, however, contains a nonconserved His93 (ValiOBaPAM) that forms a hydrogen

bond with the hydroxy group of the tyrosine sulstP4 This hydrogen-bonding interaction,
which is absent ilPaPAM, enforces the trajectory of tyrosine in t8gTAM active site. Thus,

SgrAM and PaPAM catalyze equivalent stereochemistries, presiynbly orienting their
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substrates identically in their active sites, bsg @ distinct set of enzyme—substrate interactions
to accomplish thisPaPAM mutants F455A and F455N (F455N is analogousN#5b8 of
TcPAM) each form the same products, but at approxin@% of the rate ofPaPAM, in a
40:60 ratio, where@rans-cinnamate prevails. These data are consistent twgthypothesis that

Phe455 is important for the proper trajectory & $ubstrate in the active site for transfer of the

amino group from the to thef position®

Intrigued by the possibility that other class Idgdike enzymes that catalyze the formation of

the same$)-p-phenylalanine produced BaPAM may exist, a BLAS# search was performed,
and five other MIO-dependent enzymes, each fronstandt organism, were found to have a Phe
residue that is equivalent to PAe5 Figure 2.4). In each case, all of the other residues in the
vicinity of the active site were also identicalttmse ofPaPAM. Of these enzymes, EncP from

Streptomyces maritimpg/as characterized as a slow phenylalanine ammigasz k.,0.0061
s that is required for the biosynthesis of the laintic enterocin in this organisfi. 8 87

Subsequent studies, however, showed that this emzlas much higher phenylalanine

aminomutase activity (withSj-B-phenylalanine as the product) than lyase acthtpw 50°C .88
Furthermore, another organiswilrionales bacterium SWAT)-8lentified by the BLAST search

produces andrimid, which contains an amino acid etyoithat is derived from S-p-

phenylalaniné®
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a b
GIn319 GIn319

Leu227 Asn355 /\’/‘\ Leu2227 Asn355
ﬂ Arg325

Asn231

Figure 2.5 Cinnamate diastereoisomers modeled T#BAM. a) A space-filled rendering and
b) a skeletal structure ais-cinnamate are modeled infl@PAM by preserving the tight salt
bridge with Arg325. The phenyl ring of the cinnamas oriented toward the interior of the
active site pocket. The collision distances betwasive site residues and the phenyl ring of the
cisoid diastereoisomer are given: Asn231 - 0.8 Au227 - 2.7 A, Phe371 - 2.7 A, Asn355
(main chain) - 2.7 A. ¢) A space-filled renderinfgt@ns-cinnamate is modeled inf.cPAM by
orienting the carboxylate toward the salt bridgéhwArg325; occlusions by active site residues
on the transoid structure are absent. d) Shown @varlay of the space-filled structures a)-

and transcinnamates modeled in th&cPAM active site with the Arg325 salt bridge

3
preservec}.
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The trajectory of theS§)-a-amino acid in the active site dicPAM is determined by the
direction of the carboxylate group when it formsadt bridge with th&-guanidinium group of a

proximate Arg325, as in th&cPAM-cinnamate complex and all other bound structuoé

enzymes from the lyase-like fami}. 5 6971 78 |n previous investigations, assessing the

stereochemical course of thePAM reaction in the absence of structural dataas suggested
that the differences in the stereochemistry of TBPAM reaction compared to that of the
PaPAM reaction resulted from fundamental differenceshe active sites of these isomerases.
The substrate was hypothesized to bindTtd@AM active site with the carboxylate and phenyl
ring in a synperiplanar trajectory to position the migrating dtd NH, groups of the -
phenylalanine on the same side of the moleculetount for the retention of configuration at
the reaction termirff® Shown herein, however, the active siteToPAM is arranged similar to

the other MIO-dependent enzymes, where the catddgise and MIO (amino group acceptor) are

antipodal with respect to the substrate; thus,nigration of the H and Nkigroups must also

occur on opposite sides. Consequentlgymperiplanar trajectory acis-cinnamate configuration
of a reactive intermediate would confound the oles@r retention of stereochemical
configuration of theTcPAM reaction. More importantly, a cisoid phenylpaopid (either a&
cis-phenylalanine orcis-cinnamate) in a modeled complex willtPAM would be sterically
occluded by several active site residuegfre 2.5). Further, electron density consistent with a

trans-cinnamate is clearly observed in thePAM structure and provides good evidence that the

reaction proceeds via a transoid intermedfte.
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2.4.1. Stereoselectivity of the Aminomutase Reaction

In the PaPAM andSgrAM reactions, the amino group can migrate frogm:cB across the

same faceQ§i face) of the arylacrylic acid intermediate to isime §-a- to (9-B-arylalanine

(Scheme 2.1 In contrast, for th&cPAM reaction, and possibly for ti&cTAM reaction the G-
amino group must be removed from ®Bigace (using gof the arylacrylic acid intermediate as
reference), then reattach ag @n theReface. A possible explanation involves approximatel
180° rotations of the already-bound arylacrylatenmediate about both the€C, and G-Ci,
bonds prior to rebound of the amino group té)liy the NH-MIO, without breaking the salt

bridge to Arg-325, and with minor displacement loé aromatic ring from its original position

(Scheme 2.1 This rotamer positionsBCIor nucleophilic attack by the NFMIO moiety to form

the enzyme/product covalent intermediate. Catalitic residue is in position on the opposite

side to reprotonate the phenylpropanoid gtrésulting in overall retention of configuratiom i

the product. The nitrogen linking the MIO to theoghuct is likely protonated by Tyr-322 that

initiates the departure of the product from the M@ncomitant rotation about the+C_ and

Cg~Cipso bONds does not result in any steric clashes inattive site, nor in breaking direct
interactions between enzyme and substrate. Thedorg proposed mechanism is consistent

with all of the stereochemical and mechanistic ifigd for TcPAM. In addition, theKeq: 1 for

the TcPAM reactio®® suggests that the rotamers are energetically alguii
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Scheme 2.1: The Proposed Mechanism of the Aminoma Catalysis. Tyr is the Presumed

Catalytic Base, Situated “Above” the Intermediate,and the NH>-MIO Complex is Shown
“Below” the Intermediate. In SgTAM and PaPAM, After the Initial E o-Type Elimination

to Form the Intermediate, the Amino Group is Rebouw at the Gy Position from the Si
Face (Same Face), of the Intermediate while iI€CTAM and TcPAM, the Intermediate

Under Go 180° Rotation About the G-Cgand Cg-Cipso Bonds in order for the Amino

Group to Attack at the Cg Position from the Re Face (Opposite Face) of thetermediate.

Tyr-O Tyr-&H Tyr-&
C) si face / re face

%@3"‘% \R{}%@\ TcpAMKR H/ ) \?’@\

(gHZ NH2 CcTAM NH»
OH
N\J%/ N%/OH N%/OH
\

MIO N\ MIO M MIO \nnnv
PaPAM “ - L
SgTAM S
g Tyr-O Tyr-O
R = H; PAM "D M oo R H H oo
R = OH TAM << (&
NHp 7 O NHp O
@ ®
\ \
N N
MIO M MIO M
Inversion of Configuration Retention of Configuration
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To further confirm the above phenomena the prodiistribution of the catalysis of 2'-
methyl-©)-a-phenylalanine byfcPAM andPaPAM was analyzed. The 2'-methyl substituent at
ortho position of the cinnamic acid likely affected thaation of the intermediate to accd®s
face, and thus onlyrans-2’-methylcinnamate was made BycPAM. In contrast,PaPAM

presumably utilized a single’-Bhethylcinnamate rotameiS{ face) to make "2methyl-(S-a-

phenylalanine without encountering the torsionatibgl The difference in product distribution
between the two enzymes supports a model consigfémtsteric and torsional strain between

the 2-methyl substituent and the @ydrogen of the intermediatyans-2'-methylcinnamate in

the TCPAM reaction. Notably, alternative or additive steinteractions between thé-@ethyl
substrate and active-site residues can also préviemthange betweem andre face and abort
the TCPAM reaction §cheme 2.1 Conversely, it can be imagined that the singtamersi face

on thePaPAM pathway need not encounter the same activergieactions to proceed front-2
methyl-§)-a- to 2-methyl-(S)-p-phenylalanine. The underlying mechanism respoadit the
proposed rotational dynamics BEPAM and TcPAM is not fully understood and is intriguing
since the positions of most of the catalytic amaeals, the presumed H-bonding residues, and

van der Waals interactions in each active sitecanserved.
2.4.2. Effects of L104A Point Mutation on Enzymatic Activity of TCPAM

In this study, the effect of a targeted point motaton substrate selectivity and enzymatic
reactivity were investigated for thieaxusphenylalanine aminomutase. The structur@d @&¥AM
revealed that Leu-104 makes a direct hydropholieraction with the aromatic ring (nearest the
3’-carbon) of the presumed reaction intermediate arimate. Mutation of this Leu-104 to a

sterically smaller alanine residue was proposdddrease the active site volume, reduce a steric
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interaction between the substrate and the acttee @and thus increase the catalytic efficiency of
the catalyst for arylalanine substrates bearingbstguent on the'arbon of the ring. For proof
of principle, sterically demanding substratéam&thyl-©)-a-phenyl-, 4-methyl-©)-a-phenyl-,
and styryl-§-a-alanine were chosen to evaluate the effects oLfltBlA mutation inTCPAM

(PAMeLA_104).

In a previous investigatior;,cPAM was found to generally isomerizearylalanines to their

corresponding-arylalanines; however, the catalytic efficiencyTaPAM decreased markedly

with increasing steric bulk on theamino acid substraf®. Thus, the steric hindrance of the
active site seemingly limited its catalytic effio®y. Kinetic parameters of the PAMeLA 104
enzyme with non-natural aryl amino acids were camgbdo theTcPAM catalyst, demonstrating

that Leu-104 has significant influence on substiaiteding (approximated b¥,,), product
distribution, andk., Notably, theK,, of PAMeLA_ 104 increases over 2-fold with the
phenylalanine substraté)(compared to th&,, of TCPAM, suggesting that Arg-325 and Leu-
104 participate in substrate docking via a saliideiand hydrophobic interaction, respectively.
PAMeLA_104 released total producRJ{p-phenylalanine antranscinnamate) at a raté ;=
0.076 s comparable to that oTcPAM (k4 = 0.065 §Y but produced « 6-fold) more

cinnamate thaf-phenylalanine (cf. Table 2.1). Likely, an accekestbajectory of phenylalanine
in the mutant causes the reaction to stall afterfitst reaction step and release the acrylate
product. Apparently, this trajectory is not achieleain TCPAM, which preferentially makeg-

phenylalanine. In contrast, tig, of PAMeLA_104 was nearly 5-fold lower with-Bethyl-S)-
a-phenylalanined) compared to th&,, of TCPAM, suggesting that the-gethyl substituent of

the substrate enhanced substrate binding in thanmnuwiVhile the LewAla exchange likely
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reduced unfavorable steric strain f@fure 2.2g, the smaller alanine residue, however, could
still make a constructive hydrophobic interactiohvthe 3-methyl group of (cf. Figure 2.2b).
Remarkably, the catalytic efficiency of PAMeLA_1@dr 2 increased~ 7-fold compared to

TcPAM catalysis, which is primarily a reflection dfet considerable (5-fold) reduction k),

(i.e., better binding) of PAMeLA_104 compared tattbf TCPAM.

While TcPAM and PAMeLA 104 displayed dramatic differencegheir kinetic parameters
with o-phenylalanine and '3nethyl-§)-a-phenylalanine, they did not display significant

differences with 4methylw-phenylalanined). TheK,, of TCPAM with substrate3 was 1.6-fold

higher than that fol cPAM with its natural substrate, suggesting that the-methyl group of

the substrate only modestly affected binding. kgéngly, theK,, of PAMeLA_104 for3 was

slightly lower than that of cPAM, suggesting that the LewAla replacement likely enabled the
4'-methylphenyl functional group to adopt a suitabtsformation to interact favorably with
other distal hydrophobic residues (Leu-179, Leu;22W Val-230) of the active site pocket (cf.
Figure 2.2d). Moreover, the structural data focPAM shows no active site residues proximate
to the 4-carbon of the natural substrate that would interfgerically with a 4alkyl substituent

of 3. TCPAM converted styryk-alanine 4) almost exclusively to @4E)-styrylacrylate, while

PAMeLA 104 made the correspondifgamino acid fromd, albeit slowly, at about 3% of the

styrylacrylate production rate at 0.121sThe wild-type and mutant enzymes made the
styrylacrylate product fromd faster than they were able to convert any of tieroaryl amino
acid substrates to their correspondfhigmino acids and acrylate products combinedTable
2.1). These data suggest that the ammonia lyase &matdi both enzymes remains largely
efficient with 4. The stability of the conjugatettbonds and the larger steric volume of the

product, likely affected the rapid release of thieimediate, reducing the residence time needed
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to isomerize thes- to B-amino acid. PAMeLA 104 noticeably made more styR)lB-alanine
than doed cPAM under steady-state conditions, indicating thatmutation likely increased the

residence time of the substrate and ensuing intdiateein the active site. The 2-fold lowey,

of PAMeLA 104 compared to that GicPAM for substratel demonstrates that the mutant can
accommodatd better. (cf.Figure 2.29. Clearly, the hydrophobic region of tiePAM active
site surrounding the aromatic ring of the purpomntedction intermediate (cinnamate) plays a
major, but mechanistically unknown, role in sulistraelectivity and in governing the

distribution of the intermediate acrylic acid timteleased and is converted to flk@mino acid.

2.5. Conclusion

The structure oPaPAM was solved as- andp-phenylpropanoid adducts, presumably with

(9-a- and §)-p-phenylalanine. These intermediates provide stendence thaPaPAM reacts

by an alkylamine elimination pathway (such as a fiHahn-type or E2-type elimination
process), which involves covalent attachment batvtee amino group of the substrate and the
product as well as the MIO cofactor, as demonstrgteviously forSgrAM.®3 The results
indicate that the carbon skeleton of ti&-ghenylalanine substrate remains in one rotameric
conformation &i face) while the exocyclic C-N bond of the BHWIO adduct rotates into
position below thei- andp-carbon atoms to complete the isomerization readfigure 2.33).

Thus, the structure also confirms the inversioncoffiguration at each migration terminus

during the isomerization of theamino acid substrate into ifsisomer! The structure of the

phenylalanine aminomutase on the Taxol biosynthegithway® 9! has been presented. The

TcPAM active site was observed to be arranged sindahat of other members of the MIO-

dependent family of enzymes. Th&)-product stereochemistry catalyzed by the badteria
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SGrAM and PaPAM? 6 is opposite to theR)-product stereochemistry catalyzed BgPAM of

plant origin andCcTAM of bacterial origin. Conceptually, the stereentfistry of theTcPAM
andCcTAM reaction can be achieved by rotation of theintediate cinnamate in the active site

by approximately 180° about thelﬂzojcmo—cB bonds prior to rebinding of the amino group at

the B-position on thetranscinnamate intermediate. Comparing the active site3cPAM,
PaPAM and SgTAM showed subtle structural differences that magoant for the significant

changes in the trajectory of the substrate, poss#ulising stereodifferentiation.

On the basis of th@cPAM crystal structure complex, the PAMeLA 104 mutavas
constructed and demonstrated superior catalyticieficies for substrates’-Bhethyl-S)-a-
phenylalanine and styryl-alanine possessing larger molecular steric voluifiee L104A
mutation likely reduced unfavorable steric clasit ttonceivably created an altered alignment of
the substrate and/or the ensuing acrylate intembedvithin the active site that changed the

kinetic parameters of PAMeLA 104 compared to thielstype TCPAM.
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3. (S)-0-STYRYLALANINE USED TO PROBE THE
INTERMOLECULAR MECHANISM OF AN
INTRAMOLECULAR MIO-AMINOMUTASE

Reproduced with permission from [Wanninayake, UePDrre, Y.; Ondari, M.; Walker, K.
D., (S-Styryl-a-alanine used to probe the intermolecut@chanism of an intramolecular MIO-
aminomutase.Biochemistry 2011, 50, (46), 10082-10090] Copyright © 2011 American

Chemical Society
3.1. Introduction

A Taxus canadensigphenylalanine aminomutaseTdPAM) requires no cofactors to
intramolecularly transfer the amino group &-¢-phenylalanine to formR)-B-phenylalanine,
utilizing the same carbon skeletéhThis aminomutase activates the amino group of the
substrate as an alkylammonium leaving greiggigation with a 3,5-dihydro-5-methylidend44
imidazol-4-one (MIO) prosthetic group, formed byt@uatalytic post-translational condensation
of active site residues (Ala-Ser-GR}This MIO purportedly serves as an electrophilitksfa
1,4-Michael acceptor) and is nucleophilically akiat by the amino group of the substrate to
form the alkylammonium complex to facilitate Hofrmalike elimination® The pro-3S
hydrogen and an alkylamine are transiently elin@dab form a cinnamate intermediate and then
rebound to interchanged positions on the phenygmmoj skeleton. Under steady-state reaction
conditions, TCPAM catalyzes the production of a significant pndjom of (R)-B-phenylalanine

compared tdrans-cinnamate, the latter is ordinarily made betwe@mnd 20 times slowef
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A recent study showed that wheRcPAM was co-incubated with both™N]-(9-a-
phenylalanine ) and [ring,32Hé|-trans-cinnamate:{) (each at 10 mM), the'N]J-amino group

incorporated (97%) intramolecularly int&®)(p-phenylalanine. However, slight intermolecular
amino group transfer occurred, as well. Analysistled isolatedp-phenylalanine revealed a

crossover reaction, in which the amino groufd efas incorporated partially into precursbto

form [*N,?Hg-B-phenylalanine) in ~ 3% yield (Scheme 3.%.Thus, the unlabeled cinnamate

intermediate8 derived from NJ-a-phenylalanine did not appreciably dissociate ftbmactive
site or exchange with exogenati-labeled cinnamate (only a 3% occurrence), betteeeamino
group of the15NH2—MIO complex rebounded. A few labeled cinnamateanwales did, however,

competitively bind the active site, accounting tbe dearth of doubly labelegtamino acid

product observed.

The foregoing intermolecular data are supportedabyearlier study demonstrating that a

tyrosine aminomutase (TAM) transferred the aminougr from 3-chlorotyrosine to 4-

hydroxycinnamate to form’-8hloro-4-hydroxycinnamate and a mixture @f and {B-tyrosine@"2
The results of the latter intermolecular procesgevaradoxically used to explain that the TAM
reaction proceeds intramolecularly. This argumeas urther thought to be supported by the

faster transfer of the amino group in the crosstrea compared to the rate when exogenous
NH4+ was used as the amino group source. Notably, itferholar concentrations of ammonia
used in the catalysis of the reverse reaction \ilkagbproached conditions typically used to

precipitate and denature protefiisand thus affected the catalytic efficiency of tmmmonia

transfer reaction. In this earlier study, it alemained unclear whether the amino group removed
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from a-tyrosine was then transferred intramolecularl same ‘4hydroxycinnamate reaction
y

intermediate en route ftyrosine, on the natural reaction path\fay.

Scheme 3.1: Mechanism of the Transaminase Reacti@atalyzed by TcCPAM with Its

Natural Substrate (Exogenously supplied cinnamatesicolor coded in red)
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Moreover, a homologous phenylalanine aminomutagdijHsolated fromTaxus chinensjs

in an earlier study, was incubated with an exogensupply of 6 M NI;[+ salts (pH 10) to

provide ammonia to the reaction. The ensuing;NMHO complex (or other amine complex)

likely formed, and the hydrogen and amino groupr(frthe MIO complex) were transferred to

varioustrans-arylacrylates to form a mixture of the correspogdenantiopurer- and f-amino
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acids in the reverse reactifhh 3 This latter study was identical in technique to theo earlier
work demonstrating that mechanistically similar Md@&pendent enzymes also catalyzed their

reverse reactions. This earlier compendium of wankludes a description of how a

phenylalanine ammonia lyase added a hydrogen/agrioup pair from 6 M NiF" salts (pH 10)

to trans-arylacrylates to produce non-naturg)-¢-amino acid$* while a tyrosine aminomutase

analogously added the same pair from4NSaIts to 4-hydroxycinnamate to form a mixturexof

and p-tyrosine®2 Furthermore, whilef'cPAM converts §)-a-phenylalanine principally toR)-B-
phenylalanine at a rate of 0.053 + 0.00% & also converts§-styryl-s-alanine to (E,4E)-

styrylacrylate as the major product (99%) at appnately the same rate (0.082 + 0.003.88
Consequently, the styrylacrylate is released frtwm active site before the amino group can
rebound appreciably to form styrftalanine. These kinetic data along with the proddgéO-
dependent mechanism suggest that wh&gstyryl-a-alanine is converted to EAE)-

styrylacrylate, the transient amino group remamsha NH~-MIO complex, likely for the same

duration as the-B-phenylalanine isomerization reaction.

A hypothesis emerged from the aforementioned intad intermolecular mechanistic
evaluations® and observatior® 62 9 Conceptually, a weakly binding acrylate (AC1)
intermediate derived from an amino acid (AAl) ire thcPAM reaction was replaced in the
active site with a tighter binding, competitive @ate (AC2). The amino group removed from

AA1, but now in complex with the enzyme, could rebio AC2 and fornu- andf-amino acids

(AA2) different from those derived from AAl. Thuguided by the partial intermolecular

process observed faicPAM38 and by the details of the kinetic parameters desdrherein, we

explored four non-natural amino acids as amino grdanor substrates. The amino group of
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these donor substrates was transferred intermaldgulo another arylacrylate skeleton by

TcPAM catalysis to form an- andp-arylalanine mixture.

3.2. Experimental

3.2.1. Chemicals

(R)-p-Phenylalanine, 'amethyl-Q)-a-, 3-methyl-R)-p-, 4-methyl-©)-a-, 4-methyl-R)-p-,
4'-fluoro-(§-a-, 4-fluoro-(R)-p-, and 3-fluoro-(R)-B-phenylalanine and §-styryl-a-, (S-2'-
thienyla-, (R)-2-thienyl$3-, and @-2'-furyl-a-alanine were purchased from Peptech Inc.
(Burlington, MA). (1S-Camphanoyl chloride, §-a-phenylalanine, §-2-aminotetralin-2-
carboxylic acid, (B)-3-aminotetralin-(R)-2-carboxylic acid, -4chloro-a-phenylalanine methyl
ester, -4chlorof-phenylalaninetrans-2’-methyl- andirans-4’-methylcinnamatetrans-2'-furyl-
andtrans2’-thienylacrylate, antrans-cinnamic acid were purchased from Sigma-Aldrichk@al
(St. Louis, MO).trans-4'-Chloro-, trans-3-methyl-, andtrans4'-fluorocinnamate and B4E)-
styrylacrylate were acquired from Alfa Aesar (W&hil, MA). All chemicals were used without

further purification, unless noted.

3.2.2. Instrumentation

The GC oven (Agilent, model 6890N) conditions wasefollows. The column temperature
was programmed from 70 to 250 °C at a rate of 1LOnfi€ (18 min total run time); splitless
injection was selected, and helium was used asadher gas (1.2 mL/min). The GC oven was
coupled to a mass selective detector (Agilent, mb@&3inert) in ion scan mode from 100 to

300 atomic mass units at a 70 eV ionization voltage
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3.2.3. Expression of thetcpamand Purification of TCPAM

Codon-optimizedcpamcDNA was previously ligated into expression ve@&T28a(+), and
the recombinant plasmid encoded an N-terminaj tig/4 Thetcpamclone was overexpressed

in six 1 L cultures ofEscherichia coliBL21(DE3) cells by induction with isopropyi-D-

thiogalactopyranoside. The overproduced protein w@isited from the bacteria and purified to

95% by Ni affinity chromatography to yield 5 mg mftein, as described previousfyRoutine
assays for assessing enzyme function were condudtbdS)-o-phenylalanine at saturation (1

mM) andTcPAM (100pg, 1.3 nmol) in 50 mM phosphate buffer (pH 8.51imL assays.
3.2.4. Identification of an Amine Donor Substrate

(9-Styryl-a-alanine 6), 2-furyl-(S-a-alanine (5), (3R)-aminotetralin-(R)-carboxylic acid
(16), and ©§-2-aminotetralin-2-carboxylic acidL) (each at 1 mM) were incubated separately
with TcPAM (250 ug, 3.3 nmol) and 'anethylcinnamateld) (1 mM) in 5 mL assays at 31 °C.
To calculate the initial steady-state rates, aligy@ mL) were withdrawn at 10, 20, 30, and 40
min from the reaction mixture containiggat 15, 30, 45, and 60 min from the reaction nrixtu
containingl5, and at 1, 2, 3, and 4 h from the reaction mixtmetainingl6 or 17. An internal
standard R)-3'-fluoro--phenylalanine (20 nmol) was added; the reactioesewguenched by
increasing the pH to 10 (6 N NaOH), and the amitidsawere immediateliN-carbonylated by
adding ethyl chloroformate (1QQ.). After 10 min, the reaction mixtures were adiglf to pH 2
(6 N HCI), the derivatives were extracted with Higtether (2 x 1 mL), and the solvent was
removed in vacuo. To the remaining residue was éddg@rimethylsilyl) diazomethane solution

dissolved in an ethyl acetate/methanol mixture,(3/¢) (methanol was used to liberate the
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diazomethane), until the yellow color of diazomeidgersisted, to convert tidacyl amino

acids to their methyl esters.

3.2.5. Assessing the Optimal Concentration of Amino Grou@onor 6

After compound had been identified as an amino group doGavas incubated at 400, 600,
800, 1000, 2000, and 30QMM in the presence ofcPAM (50 ug, 0.7 nmol) in 1 mL reaction
mixtures for 30 min at 31 °C. An aliquot (1 mL) waghdrawn from the reaction mixture and
added to a 1.5 mL polystyrene cuvette (General tatboy Supply, Pasadena, TX) and analyzed

by UV-visible spectroscopy (Beckmann DU 640, BechmaCoulter, Brea, CA) withgy

monitoring of the sample to quantify the produck,@E)-styrylacrylate 7). The absorbance
values obtained from the samples were compareastgaiose of a concentration series (ranging
from 0.3 to 80uM) made from authentic 24E)-styrylacrylate dissolved in 50 mM phosphate

buffer (pH 8.5), analyzed by the same method. Agarblank of6 (A= 275 nm;Azz= 0.007

at 0.1 mM) was used to subtract the backgroundrebeoe. A nonlinear regression plot of the
steady-state production rate dfersus the concentration ®fwas used to calculate the maximal

steady-state velocity(,;) and to assess which concentration§ wlere atv, ..

3.2.6. Calculation of the Inhibition Constants of VariousAcrylates in the TCPAM Reaction

Kinetic parameters and inhibition constants foriaas substrates and inhibitors in the
TcPAM reaction were acquired by first establishing limearity of enzyme activity with respect
to both time and protein concentration for the snalbs without inhibitor. (E,4E)-Styrylacrylate
(at 50, 100, and 200M) (inhibitor) was incubated witlicPAM (30 ug, 0.4 nmol) containing'4

methyl-(S)-a-phenylalanine as the substrate at 10, 20, 40180, 300, 500, 750, and 10QM
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(in separate dilution series) in 50 mM phosphatiebypH 8.5, 1 mL) for 30 min. To each
reaction mixture were addedf8ioro-(R)-p-phenylalanine antrans-2’-methylcinnamic acid (at
final concentrations of 2(0M) as internal standards at O °C. The reaction unég were basified

to pH 10 (6 N NaOH). Ethyl chloroformate (1@Q) was added. After 5 min, the pH of the
samples was readjusted to 10. A second batch gf efforoformate (10Q.L) was added, and
the solution was mixed for 5 min. The samples werrlified to pH 2 (6 N HCI), and the
arylacrylic acids andN-(ethoxycarbonyl) amino acids were extracted intettdil ether (2 x 1
mL). The organic fractions were combined, and tblvent was removed in vacuo. To the
remaining residue was added a (trimethylsilyl) draethane solution dissolved in an ethyl
acetate/methanol mixture until the yellow colord@zomethane persisted to produce the methyl
esters of theéN-(ethoxycarbonyl) amino acids and arylacrylates. @bavatized samples were
guantified by GC/EIMS, wherein the relative abungemof the base peak fragment ions of the
amino acid derivatives present in the samples wenmapared to those of authentic standards at
various concentrations. From the Lineweaver—Bumtsplof the data, the Michaelis—Menten

constants, inhibition constants, and rates wereutzked.

trans-Cinnamate J), trans-4’-chloro-, trans4’-methyl-, trans4'-fluoro-, andtrans-3'-methyl-
cinnamate 9-11 and 14, respectively), andrans2’-thienylacrylate 13) (each at 50, 100, 150,
300, 500, 1000, and 20QMM in separate dilution series) were incubated WitkAM (50 pg,
0.7 nmol) containing (1 mM) as a cosubstrate in 50 mM phosphate byffier8.5, 1 mL) for
30 min. The reaction mixtures in each series w&aegn on ice and acidified to pH 2 (6 N HCI);
trans-2'-methylcinnamic acid (at a final concentration & 2M) was added to each as an
internal standard, and the carboxylic acids wergaeted into diethyl ether (2 x 1 mL). The

organic fractions were combined, and the solvens weamoved in vacuo. To the remaining
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residue was added a (trimethylsilyl) diazomethanglut®n dissolved in an ethyl
acetate/methanol mixture until the yellow colordadzomethane persisted to produce the methyl
esters of the acrylate. The derivatized samples weantified by GC/EIMS, wherein the relative
abundances of the base peak fragment ions of metyyylacrylate in the samples were
compared to those of an authentic standard (seem&ly) at various concentrations. From the

Lineweaver—Burk plots of these data, the Michadisrten constants and rates were calculated.

3.2.7. Time Course Assays for Intermolecular Amino Group Tansfer

TcPAM (300 g, 3.9 nmol) was incubated separately with variaaylates at 50, 100, 150,
300, 500, 1000, and 20@M and6 (1 mM) in 6 mL assays in 50 mM phosphate buffét §5).
Aliquots (1 mL) were withdrawn from each reactioixture at 0.5 h intervals over 1 h, and then
at 2, 4, 8, and 12 h. Internal standatdsns2’-methylcinnamic acid and’-8uoro-(R)-f-
phenylalanine (each at 20M) were added to each aliquot, and the reactione \ygenched by
increasing the pH to 10 (6 N NaOH). The amino aadsl acrylates were derivatized, as

described earlier, and quantified by GC/EIMS.

3.2.8. Assessing the Absolute Stereochemistry @f and p-Phenylalanine Product (8f) by

the TcCPAM Transaminase Pathway

trans-4'-Fluorocinnamate (500M) was incubated witAi"cPAM (200pug, 2.6 nmol) and (1
mM) in 1 mL assays in 50 mM phosphate buffer (pB) &t 31 °C. After 3 h, the amino acids
were derivatized to theiN-[(1'S)-camphanoyl] methyl esters. The derivatizedand p-amino
acids were identified by GC/EIMS analysis and corafaagainst the retention time and mass
spectrometry fragmentation of authend(1'S)-camphanoyl]-4fluoro-(29-a- and -4-fluoro-

(3R)-B-phenylalanine methyl esters (Figure A 4 & Figur® A Appendix).
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3.2.9. Assessing the Effects of Maintaining the Steady-Sta Conversion of 6 to 7 on the

Production of 8f

To a solution o6 (31 umol) in 50 mM phosphate buffer (pH 8.5, 30 mL) waddedirans
3’-methylcinnamic acid1(4) (31 umol) andTcPAM (1.5 mg, 20 nmol) at 31 °C. The reaction
mixture was shaken slowly in a water bath. An aig{20uL) was withdrawn from the reaction
flask every hour and diluted to 200 in 50 mM phosphate buffer. The entire sample added
to a 450uL cuvette (Quartz, Hellma GmbH & Co. KG, Millhei@ermany) and analyzed by

UV-visible spectroscopy (Beckmann DU 640, Beckm@uulter) with Ay monitoring of the

sample to quantify the product2E)-styrylacrylate 7) by comparison against a concentration
series (ranging from 1 to 1QM) made from authentic B4E)-styrylacrylate dissolved in 50

mM phosphate buffer (pH 8.5), analyzed by the sarethod. A sample blank & (A, = 275
nm; Ags= 0.007 at 0.1 mM) was used to subtract the backygt absorbance. Every hour, amino

group donot6 was added in an amount equal to thaf pfoduced, to keep at a concentration

of ~1 mM during reaction.

Aliquots (100uL) were withdrawn at 0, 4, 7, 10, 15, and 20 h, amceach were added
internal standards'-Inethylcinnamate and-8uoro-(R)-p-phenylalanine (100 nmol of each) and
6 N HCI, until the pH was 2. The samples were et with diethyl ether (2 x 1 mL). The
organic fractions were combined. The solvent waapexated, and the remaining residue was
treated with a dilute diazomethane solution to eshthe acrylic acids to their methyl esters.
Methyl esters of the biosynthetically deriv&@dand the unused acrylatdgl in the reaction
mixture were quantified by GC/EIMS. The abundancksheir base peak fragment ions were

compared to those of the same fragment ions getefeam authentic samples of the methyl
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esters off and14, analyzed by an identical method. The remainingeags fraction was basified
to pH 10 (6 N NaOH), and the amino acids were dtided to theilN-(ethoxycarbonyl) methyl
ester analogues by reaction with ethyl chlorofoemand subsequently with a dilute
diazomethane solution, as described before. Thersestere quantified by GC/EIMS analysis
where the abundance of the base peak fragmenerived from each ester was compared to that
of the same ion generated by identically analyagtiemtic samples dfl-acyl 3-methyl-©S)-a-

and R)-B-phenylalanine methyl esters at concentrations &etwl and 100M.

3.2.10.Biosynthesis and Characterization of a 3,4-Dihydroaphthalene-2-carboxylic Acid

(16-Acr) from 16

(1R)-1-Amino-1,2,3,4-tetrahydronaphthalene-2-carbaxycid (6) (5 mM) was incubated
with TcPAM (1 mg, 13 nmol) in 50 mM phosphate buffer (2Q,rpH 8.5) at 31 °C. After 3
days, the reaction mixture was acidified to pH 2N6HCI), and the acrylate derived by
deamination ofL6 (designated.6-Acr) was extracted into diethyl ether (3 x 20 mL). Tiker
layer was dried (NaSfp and evaporated to dryness. The residue (~ 10 nag)recrystallized

with a 0.1 M HCl/ethanol mixture (10:1, v/v), andetsolvent was decanted and removed in

vacuo. The resulting crystals were characterizedtbynd13C NMR and GC/EIMS analyses.

The exact mass was assessed on a Q-TOF Altima ARt repectrometer (Waters, Milford,

MA): 1H NMR (500 MHz, CDC)) 6: 7.65 (bs, 1H, H-€C, olefin), 7.22 (m, 4H, aromatic-H),
2.88 (t, 2H,%,, = 8.5 Hz, CH, benzylic), 2.61 (dt, 2H3J,,, = 8.5 Hz,4),, = 1.0 Hz, CH,
allylic); Y NMR (125 MHz, CDC)) §: 172 (G=0), 138.8 (H-&C—-COH), 126.8 (H-€=C—

CO,H), 137.2, 132.3, 129.9, 128.8, 128.4, 127.7 (atan@), 27.5 (CH benzylic), 21.8 (CH

69



allylic); exact mass [M — Hpbserved 173.0599, calculated 173.0603 fpHZO,(seeFigure A

3).
3.3. Results

3.3.1. Overexpression ofTcPAM

Codon-optimizedcpamwas overexpressed from a pET vector by inductigh isopropylp-
D-thiogalactopyranoside in six 1 L cultures ©f coli BL21(DE3) cells engineered to express

tcpam The overproduce@cPAM was isolated from the bacteria as an N-termitia} fusion,

purified to ~95% by nickel affinity chromatography, as descrilpeeviously’* A 1 mL stock of

this enzyme at 5 mg/mL was used as the sourdelRAM in the assays described herein.

3.3.2. Calculation of K, for Various Acrylates and Time Course Studies forOptimal

Amino Transfer

Preliminary guidelines were established to exantieintermolecular transfer of the amino
group from §-styryl-a-alanine 6) to an arylacrylate catalyzed BgPAM. First, under steady-

state conditions and in the absence of an inhibtavas optimally converted té atV, jwhen

the concentration d was 1 mM, but conversely, the rate plummeted wherconcentration of
6 exceeded 1 mM (data not shown), likely becaussubttrate inhibition by a so far unknown
mechanism. Therefore, 1 mM was used in reaction mixtures wiflcPAM to assess the
dynamics of the transamination reaction in the qumes of various arylacrylates at varying
concentrations. Next, arylacrylate3-14) were each separately incubated witPAM during

the catalysis ob to 7 to calculate the competitive dissociation conste[Kq(A)] of 9-14 A
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relationship betweend/vs [l ] was derived frontqn 3.1andK;, was extracted from the slope

(m) of the linear regression curves shown in figute(&ee als&gn 3.2 Egn 3.3 andEgn 3.4

).

o - 1Fd90ks
[S]o KM( KOJ Eqgn 3.1
1 Slo* Ku } Km
— (1] Eqn 3.2
o ([EJO[SO cat [ H)]SO léatlﬁ 0
K
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m [E]O[So Cat Egn 3.3
K
K, = M
I Eqgn 3.4
m([E]O[ Sf’O Iéat)

The Kl(A) values were lower for arylacrylate inhibitdds14 (Table 3.1 and Figure Al of the
Appendix) than for (E,4E)-styrylacrylate 7) (K, = 337 = 12uM) (Figure A 2 of the Appendix),

suggesting that in the amine exchange reacti®rd4 would bind TCPAM better than the
styrylacrylate product, derived from6. Amino donor substrat@at 1 mM (initial concentration)
was incubated with each acrylat®—{4 between 50 and 2000M and co-incubated with
TcPAM (50 ug, 0.7 nmol) to evaluate the steady-state ratenpeters and to assess the point at

which 6 could out compet8-14for the active site.
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Table 3.1. Kinetic Parameters of Various Arylacryldes and Their Conversion to Aminoo

Acids Using §)-Styryl-a-alanine in the TcCPAM Reaction

NH»o
1 R/\\/X Z 2a
a:Y=H;Z=NHjp
B:Y=NHp, Z=H
b d
Arylacrylate Kia) (=M) nmol° 2(nmol) | 2(%) 2(a:p)

o
3 GFelelo
/Ej/V 0.60 (+ 0.04) 150 726) | 48 Qa) | 49:51
Cl

Q
4 /©/\VCOO 1.70 (+ 0.05) 150 | 12p) | 80@b) | 17:83
©)
5 X 00 150
/(j/V 120(£05) | g3 | 12009 | 80@9 | 3367
F

C)
6 ©/\VCOO 23.0 (+ 0.7) 300 | 17@6) | 57 d) | 41:59
7 COO@
C,/\V 47.0 (+ 2.6) 1000 720 | 7309 | 7525
S
©)
O

co
8 \©/\V 106 (+ 8) 1000 2002) | 20@f) | 2575

: : b . :
®R- Substituents are inferred from structur@5cPAM catalyzed reaction convertidp/a to

8b/# was inhibited for the calculation ofj Kalues “Initial concentration of acrylate in the 12

h transamination assays containing TcPAM (0.1 mg/rﬁjh(ield Is with respect to the

arylacrylate substrate. The standard deviations sttewn and were calculated from triplicate
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The production of arylalanine84—f) for each reaction was measured over time, anglidhe
was found to be maximal afl2 h, typically when the corresponding arylacrylptecursor was
between 150 and 10Q@M (Table 3.1). TherB8a—f were converted to theM-(ethoxycarbonyl)
methyl ester derivatives and verified by GC/EIMSalgieis. The stereochemistry 8t was
assessed, as an example, by converting the amids tactheirN-[(1'S)-camphanoyl] methyl
ester derivatives. The retention times and masstgpeetry fragment ions determined by
GC/EIMS analysis of the derivatized biosyntheticirmonacid diastereomers were compared to
those of diastereomerically pure authentic compeutite stereochemistries of the biosynthetic

a- and B-amino acids were identified asS2and R, respectively. These stereochemical data

supported earlier findings reported elsewheretfeiTtPAM reactiond® 74

3.3.3. Relationship between the Rates of Formation of 7 &8 and theK, values of 9-14

The approximate steady-state production rat@a#f (designated as;—8), reflecting the
overall reaction flux after 1 h, was compared tat thf the formation of the NJ#MIO complex,
estimated by the observed rate at wiicfat 1 mM) was converted @ (designated ag;—7)
(Table 3.2). The «;—8)/(v;—7) ratio was charted versus the inhibition constdotseach
acrylate 9-149 [Kl(A)], yielding a logarithmic relationshig-{gure 3.1) (Egn 3.5. This set of

arylacrylate®9-14was selected for this study because the dissogiatinstants (0.6—1Q6V) of

these inhibitors were wide-ranging, thus allowihg fogarithmic dependence betwegenand

reaction rates to be observédgure 3.1).

The regression fit of the ratio of the steady states for the formation & from acrylate® —

14 and of the NB-MIO complex ¢;—8)/(v5—7) plotted againlel(A) for each compounél — 14
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is defined by the followingegn 3.5 Theoretically, ile(A) were increased to 43gM, the
(vg—8)/(vy—7) ratio would approach zero ag—8 was slowed because of the poor binding
acrylate (amine acceptor). Meanwhilg;—7 would effectively approach the maximum rate at

which 6 can be converted tg; i.e., the conditions could resemble those akeafdcrylate were

absent. By contrast, as(A) hypothetically approached M (Figure 3.1) (representative of an
irreversibly bound acrylate), the 8)/(v,—7) ratio mathematically approached a maximum of
~ 3.8 under steady-state conditio&)f 3.5. Thus, an amine acceptor that bound tightly and
nonproductively tofcPAM yet also bound productively to the acr’Vile—E complex (Scheme

3.1) would theoretically increase the overall reactate {;—8) ~ 3.8-fold relative ta/;—7.

Table 3.2: Steady-State Rate of Formation of 7 froré and of 8 from an Acrylate-+NH,

MIO Complex in the Intermolecular TcPAM Reaction2

Arylacrylate K Vg8 x 10t st v 7x 10t st
9 0.60 (+ 0.04) 8a:1.7 (£ 0.1) 17 (x0.1)
10 1.70 (% 0.05) 8b: 3.5 (£0.1) 4.4 (+03)
11 12.0 (+ 0.5) 8c:18(z 1) 29 (+ 3)
12 23.0 (+0.7) 8d: 26 (+ 2) 60 (= 5)
13 47.0 ( 2.6) 8e:46 (x 6) 150 ( 3)
14 106 (+ 8) 8f: 140 ( 13) 650 (+ 20)

aThe steady-state rate for the conversioB taf 7 (0.082 (+ 0.002)$ and theK, (337uM) of 7

in theTcPAM reaction are provided for comparison.
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Figure 3.1 Ratio [{/c—8)/(vo—7)] of the steady-state rates for the conversioacoflates9-14

to 8 and of the formation of the NHMIO complex plotted vKja) for 9-14 (shown in

parentheses).
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Understandably, the rate of production8#—f cannot exceed the rate at which the amine

complex is formed inTcPAM (estimated by;—7). Thereforeyv,;—8 can never exceeg,—7,
and consequentlyy{—8)/(v;—7) approaches 1 as tlh’q'(A) approaches (M (Figure 3.1) in the
ping-pong-like reaction mechanism (Scheme 3.1).sTWas evident when the steady-state
production rate o8a [v;—8a= (1.7 + 0.1) x 16*s7] was compared to that @f[v;—>7 = (1.7 +
0.1) x 104 sY (Table 3.2). These data indicated that the réteamsfer of an amino group to
acrylate9, producing8a, matched the amination rate for formation of thEl;Ne complex

(Scheme 3.1), suggesting that 100% of the aminopyweas transferred from the enzyme to the
acrylate. Further evaluation of the steady-statesr@emonstrated that the amino group was

likely lost from the NH-MIO complex as an inherent process of the reaclionillustrate, the
steady-state production rate &ff [v,—8f = (140 + 13) x 16*sY was compared to that af

[Vg—7 = (650 + 20) x 16*sY in a separate transamination reaction (Table 3¢ comparison

indicated that the rate of transfer of the amimorfithe enzyme to acrylatel, producing8f, was

4.6-fold slower than the rate of amination to fotine modified enzyme (N&E complex of

TcPAM (Scheme 3.1)) suggesting that only ~ 20% of #meino group was productively

transferred from the enzyme to the acrylate. Theareing NH~E complex must revert to free
enzymetrans (Scheme 3.1) by competitive loss of Mie keep the conversion 6fto 7 at steady

state, as observed.
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Figure 3.2 (a) Time course assay. Amounts §F$tyryl-a-alanine @, 6), (2E,4E)-styrylacrylate
(o, 7), (9-3-methyla- and R)-3-methyl$-phenylalanine 4, 8f-o. and 8f-p), and trans3'"-
methylcinnamate &, 14) in an aminotransferase reaction catalyzedlt§AM over 12 h. (b)
Steady-state conversion 6to 7 of 8f/a. and8f/p by transfer of an amino group froéno 14 (5
mg) by TCPAM catalysis: (E,4E)-styrylacrylate T, o), (9-styryl-a-alanine 6, m), trans-3'-

methylcinnamateld, #), and total of- andp-isomers of 3methylphenylalaninesf, A).
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3.3.4. Titration of the Amino Group Donor 6 to Maintain Steady-State Conversion to 7

Also observed during the time course study, whemxaure of6 and14 (each at 1 mM) and
TcPAM (300 g, 3.9 nmol in 6 mL of buffer) were incubated (12 the production oBf was
maximal at ~ 20% converted yield (36 ng). Beyonch18 was depleted, and consequently, the
rate of production o8f rapidly approached equilibriuntigure 3.28. Thus, as an alternative,

the conversion o to 7 was monitored by UV spectroscopyfaf- during the reaction, arivas

added accordingly to maintain its concentratiod atM in the presence d#4 (5 mg, 31umol)
andTcPAM (1.5 mg, 20 nmol). The production 8f was measured over 20 h and was obtained

at 42% converted yield (2.3 mg, L8ol) with respect td4 (Figure 3.2h).

Therefore, when the reaction mixture was titrateth \8, v,—7 was apparently kept at the
steady-state rate over a longer time frame, reguiti the greater production yields 8f As

mentioned previously, 6 M ammonium salts were usegrevious studieé to provide a
hydrogen/amino group pair that was added acrossldble bond of an acrylate substrate in
reverse reactions catalyzed by various MIO-depeindemymes. These reverse reactions were
typically conducted at pH 10 at high ammonium salcentrations, which likely affected the
catalytic activity. In this study, the metered dutsti of the amino group dond likely allowed

the pH of the reaction to remain optimal at 8.5,andre importantly, prevented an excessive
surplus of ammonium ions from accumulating in tleaction mixture that could potentially

affect the rate of catalysis.
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3.3.5. Other Amino Donor Substrates

Non-natural amino acidsSy-2'-furyl-a-alanine (5), (3R)-aminotetralin-(R)-carboxylic acid
(16), and §)-2-aminotetralin-2-carboxylic acidL{), were incubated in separate assays to assess
their utility as amino group donors. These aminmisgvere chosen because, li&ethey were
nearly exclusively converted bycPAM to their corresponding acrylates with only mino
(<10%), if any, isomeric amino acid made (Table).3This suggested that the acrylates from
15-17 were likely derived by a route mechanistically éamto that of7 (i.e., the acrylates

dissociate froniTcPAM and leave the NiHMIO enzyme complex behind). CompouhBs17

indeed transferred their amino groupl4 but 6 did so faster (0.56 + 0.02 nmol/min) (Table

3.3).
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Table 3.3. Relative Steady-State Rates of Transfef an Amino Group from Non-Natural

Amino Acids (6 and 15-17) to trans-3Methylcinnamate (14) by TcPAM Catalysis

- Vg X 102
Donor Substrate | Ky (M) | kear (Min )| Acryl: p-A.a’ °" T ¢
(nmol (8f) emin 7)
O
©
6 N O | 250 (x4) | 4.9(+0.1) 99:1 56 (& 2)
NH3
®
(0]
©
15 X o 130 (£ 6) | 2.5(+0.1) 91:9 22 (+ 1)
\_0 NH
3
®
i
16 N8 341 (+6) | 1.7 (£0.3) 100:0 1.0 (2 0.3)
NH3
®
®
NH3 O
17 ©i)l o 352 (x9) | 0.7 (£0.1) 100:0 0.4 (>+0.1)

2 Acryl, acrylate derived from elimination of H/NHrom the amino donog-A.a., f-amino acit
made from eithe8, 15, or 17 via TcPAM catalysis.

b .
Compoundl4 was used as the amino group acceptor.

© This ratio represents the proportion of acrylatest@amino acid. Supplied arylacrylat&s-14

were the sole means of amino group exchange taupeo(B)e- and (R)S-arylalanine.

Standard deviations are in parentheses and wereutatied from triplicate assays.
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To simplify the kinetic evaluation, the rate ofrtséer of an amino group ™ was considered
identical in each reaction; thus, the differentadiestate rates of production8bfby use of

“sacrificial” substrate$ and15-17were reflective of the N&H-MIO complex loading rate, e.qg.,

2.5-fold faster withé (0.56 + 0.02 nmol 08f/min) than with15 (0.22 + 0.01 nmol o8f/min).

This difference paralleled the 2-fold differencecatalytic efficiency K{K,,) betweert (0.020

+ 0.001 mirl pM—Y and15 (0.010 + 0.001 mirt pM—D). By contrast, the catalytic efficiencies of

tetralins16 (0.005 + 0.001 mit pM—Y and17 (0.0020 + 0.0003 mirt uM—Y were only 4- and
10-fold lower, respectively, than that@&fwhereas the transamination rates differed 56-1ad
fold, respectively (Table 3.3).Apparently, the tgia efficiencies of TCPAM, with amino
donors6 and15-17 trend with the transamination rate, yet the twoekim parameters are not
directly proportional. The identity of the 3,4-ddrpnaphthalene-2-carboxylic acid (designated
16-Acr) biosynthesized bycPAM from botHl6 and17, in the amino group transfer reactions,
was compared to an authentic standard derived milosically in a large-scale reaction that
convertedl6 to 16-Acr. NMR and mass spectrometry analysis verified tloglpct as authentic

3,4-dihydronaphthalene-2-carboxylic acid.
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3.4. Discussion

Overall, the intermolecular transamination reacteatalyzed byTcPAM required that the
amino donor substrate yield an acrylate intermedigth a binding affinity for the active site
lower than that of the acrylate serving as the anaoceptor. §-Styryl-a-alanine served as a
suitable amino donor for probing the kinetic partare of the transaminase reaction catalyzed
by TCPAM in the presence of a series of arylacrylataf) warying enzyme binding affinities
that served as amino group acceptor substrategsmnthibitors in a quasi-ping-pong exchange

mechanism. These results suggested that the nesclysive intramolecular transfer process

observed fofTcPAM and its natural substr&ferepresented an extraordinary balance between
both the retention of the cinnamate reaction inegtiate and the migratory amino group in the
active site. Moreover, the transamination reactmiowed a course on whidhand acrylate9—

14 engaged in a sequential ping-pong exchange irac¢hiee site. Becaus@-14 competitively
inhibited the catalysis of the conversion6aio 7 in the first step in which modifiedcPAM (the

NH-MIO complex) was produced, the transaminase mésmaaccordingly deviated from true
ping-pong (double-displacement) exchange. Generidlé/substrate of the second step does not

inhibit the first reaction step in a ping-pong maaism® Thus, strong inhibition of the first step
in the TCPAM transaminase reaction by a tight binding ad¢eyfamino group acceptor) resulted
in a slower than expected reaction flux to theandp-arylalanine product8 as the amount of

acrylate substrate was increased.

82



>\

Figure 3:3 Modeled in th‘eTcPAM active site are natural substrates (8&)-of
phenylalanine and (bR}-B-phenylalanine for reference, (§){styryl-a-alanine, (d) §-
2-furyl-a-alanine, (e) (B)-3-aminotetralin-(R)-2-carboxylate, and (f) §-2-
aminotetralin-2-carboxylate. PyMOL (Schrédinger LLCambridge, MA) was used for

the substrate modeling by preserving the key iotemas with the active site residues.
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Interestingly, theTcPAM active site can apparently accommodate thecbayetralin amino
acids16 and17 in an orientation that produces the correspondihgdronaphthalene derived

from each. The structure @icPAM in complex with cinnamate was determined inravpus

reporB® and is used here to approximate the trajectoryach non-natural amino acid substrate
used as an amino group donéigure 3.3. Key substrate docking interactions occur between
the natural substrate phenylalanine and activersgglues. The carboxylate and the aromatic

ring of the substrate form a salt bridge with Ar§3hd a hydrophobic contact with Leu104 of

TcPAM, respectively?8 The amino group of§)-a-phenylalanine is held above and proximate to
the methylidene carbon of the methylidene imidazeldMIO) group by a hydrogen bond
interaction between the amino group of the sulestaad the hydroxyl of Tyr322 (not shown) in
the active site Kigure 3.39. The trajectory of the natural substrate pheaylme essentially
traces the carbon skeleton of the cocrystallizethainate scaffold, and tH&phenylalanine

traces the carbon configuration of the presumedasitate rotamer needed to positiqpf@r the

amino group reboundF{gure 3.3b).38 TAPAM seemingly accommodate§){styryl-a-alanine
(Figure 3.39 and §)-2'-furyl-a-alanine Figure 3.3d) in a conformation similar to the trajectory
of the modeled natural substrateégure 3.39, and these substrates exhibited rates of amino
group transfer higher than those of the amino lieaThe furyl ring Figure 3.3d) is oriented

so that the heteroatom is pointed at Glu455 anditdwhe solvent-exposed entry point of the
active site, where it could engage in hydrogen bandBy contrast, the dimethylene bridge of
(3R)-3-aminotetralin-(R)-2-carboxylate Figure 3.3¢ causes the aromatic ring of the substrate
to reside at a displaced angle compared toBtpbenylalanine congener mod@&idgure 3.3b);

this displacement of the aromatic ring is more prorced in the model fo§-2-aminotetralin-

2-carboxylate [the presumed productive enantioiinat is analogous to the§Rantipode of the
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natural substrate]Hgure 3.3f). The distorted docking conformations of the latt&ely

contribute to their poor catalytic efficiencidg{K,,) in the transamination reaction catalyzed by

TcPAM. In addition, on the basis of the structure edfTcPAM—cinnamate comple® the
dimethylene bridge likely prevented the tetralingni adopting an optimal conformation for
binding to the active site and transferring theiwireo group. Further, the bridgelb and 17

likely also, in part, precluded the reversihl§-interchangevia a two-bond rotation of the

dihydronaphthalene intermediate, as proposed wigure accounts® 57 61

3.5. Conclusion

TcPAM was employed as an amino acid:arylacrylate seemnase, and an interesting
mechanistic property of the reaction was elucidaiée enzyme was originally characterized as

principally producing its natural producR)(p-phenylalanine from §-a-phenylalanine with

nearly exclusive retention of the amino group amel ¢arbon skeleton during the reacti
distinguishing feature of th&@cPAM reaction was revealed in this study whé&p<tyryl-a-
alanine 6) was used as a substrate. The release of thengrisfiiom TcPAM was apparently
significantly faster than the release of the amgmoup from the enzyme. Thus, a significant

proportion of TCPAM existed as the NJHMIO enzyme complex, and intermolecular transfer of

the amino group to the exogenously supplied arylatFs to produce- andp-arylalanines was
observed as the principal route of amino groupsfiem In addition, it was demonstrated that
under steady-state conditions, an appreciable anafuhe amino group is lost nonproductively,

likely as NH,, from the NH~MIO complex to resefcPAM for the next round of catalysis. This

loss of the amino group was observed to occur peattg when the exogenously supplied

acrylate (amino group acceptor) bound the enzymm mveakly in the reaction mixture. With an
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improved understanding of the mechanism T@PAM and knowledge of how to employ
surrogate substrates in examining cryptic aspdctsenaminomutase chemistry and kinetics, it
may become feasible to measure the rate at wheclntino group is released from the enzyme

complex.

In addition, bicyclic tetralin amino acid6 (a bicyclic B-amino acid) and.7 (a bicyclic a-
amino acid) were shown for the first time to funatias surrogate substrates in Te&AM
reaction, or in any MIO-dependent enzyme-catalyeedtion, to the best of our knowledge. The
product pools derived from substraté8 and 17 were comprised exclusively of the same
corresponding acrylatel§-Acr). This suggested that a so far unknown impedinténthe
reaction stalled the progress @ isomerization, such as the ring fusion of the gabss
preventing access to a productive rotamer of thgditonaphthalene intermediate. Moreover, the

amino acids produced during the transamination ti@acwere made concurrently with

significant (&,4E)-styrylacrylate 7) derived from6 at >99% de® Thus, T(PAM could be a
tractable resource of conjugated dienic carbongvdBves such a3 (and its analogues). Dienes

of this type are typical structural subunits foe thynthesis of natural products and useful as

synthetic precursor®
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4. ASSESSING THE DEAMINATION RATE OF NH ,-MIO

ADDUCT BY BURST PHASE ANALYSIS

Reproduced with permission from [Wanninayake, U.alk®r, K. D., Assessing the
deamination rate of a covalent aminomutase addubiubst phase analysiBiochemistry2012,

51, (26), 5226-5228] Copyright © 2012 American CieahSociety

4.1. Introduction

The subfamily of enzymes that includes aminomu##s&s% and ammonia lyasedepends

on the function of a 3,5-dihydro-5-methylidend-#midazol-4-one (MIO) cofactor within the

active site. The recently solved structures of @ngtalanine aminomutase frofantoea
agglomerans (PaPAM)® and a tyrosine aminomutase frorStreptomyces globisporus

(SGTAM) 89 support a mechanism where the amino group of thistsates attacks the MIO
moiety Scheme4.1). The alkyl ammonium group is presumably remobgdan elimination

(E2-like; E2 = bimolecular, concerted eliminatioeaction) mechanism that is initiated by
removal of thepro-(39) proton from the substrate by a catalytic tyrosiesidue3® 7  For
TcPAM, the resulting cinnamate intermediate is ppatly trapped in the active site for the
entire isomerization reacti&hand rotates 180° about thg-C,, and G—CipsoPonds. The amino
group of the aminated-MIO attack%,(and thepro-(39) proton is recovered by Qo complete
the isomerization. In th&cPAM reaction, the original stereochemical configiona at both G

and Cb is retained after the re-addition of the Md proton. In contrast, the bacterial isozyme
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PaPAM and the related catalySgTAM invert the stereochemistry at the migratiomtar to

make the correspondirfigamino acid product (cf. Chapter &)

Scheme 4.1: Mechanism of MIO-Dependent Aminomutases
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The TcPAM reaction was deemed predominantly intramolectle amino group and proton

from a-phenylalanine rebound exclusively to the samearadkeleton to mak@-phenylalanine.
Stable-isotope labeling studies revealed ~ 7% imdécular amino group transfer frod]-a-
phenylalanine toHJ-cinnamate (Scheme 4.28) This observation suggested the cinnamate
intermediate occasionally diffused from the actste while the ammonia—enzyme (BHUIO;

aminated 3,5-dihydro-5-methylidenétdmidazol-4-one) (cf.Scheme 4) adduct remained

intact. Thus, the lifetime of the NHMIO adduct was longer than the residence timehef t
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cinnamate complex in the active site. Reciprocalhger the same reaction conditioRsPAM

did not transfer any label from#N]-a-phenylalanine to?Hg-cinnamateb! suggesting that the
cinnamate remained in the active site longer thanlifetime of the NE-MIO. Another earlier
study showed that during ti8grAM catalytic cycle, the transient amino group viessferred
intermolecularly from 3'-chlorotyrosine to 4'-hydseinnamate (4'-HOCinn). This data
suggested that the transient amino group remaitiadn&d to the enzyme during the course of
the isomerization. This earlier study, however, diot evaluate an isotopically labeletd-4
HOCinn (an isotopomer of the natural pathway intdirate) to evaluate whether the amino
group could transfer fromu-tyrosine to 4HOCinn. Thus, it was unclear if the pathway

intermediate, after elimination of NHfrom a-tyrosine, could occasionally exchange

intermolecularly with an exogenous source ‘@f®Cinn already in solutiof?

An earlier study showed thatcPAM converted 99% of §)-styryl-a-alanine to (E,4E)-
styrylacrylate (Scheme 4.2b) at 0.082steady state raté L) which is at the same order as the
steady state rate of natura®)-o- to (R)-p-phenylalanine isomerization (0.052%)s8 This

suggested that during the conversion of stgr@lanine to styrylacrylate, the transient amino

group likely remained as the NFMIO adduct for the same duration as #heo B-phenylalanine

conversion. Therefore, deamination rate of the emyound amino adduct should provide
mechanistic details of the aminomutase reactiofs fippothesis was interrogated by a mixture
of (9-styryl-a-alanine (amino group donor) and an arylacrylateirfa group acceptor), both at
steady state concentration. Acceptor substrate€ \welected, based df, to estimate the
relative binding affinities compared to that oE(2E)-styrylacrylate. A model scheme for the

transaminase reaction was proposed in order totifi#ite deamination (Scheme 43).
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Scheme 4.2: a) Intermolecular Amino Group Transferfrom [ 1N]-a-Phenylalanine to FHG]

Cinnamate by TcPAM Catalysis. b) Predominantly Ammonia Lyase Behawr of TCPAM

with (S)-styryl- a-alanine.
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Scheme 4.3: Kinetic Model for Transaminase Reactio@atalyzed by TcPAM2
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Shaded inset: Kinetic model to evaluate the bursttics of the deamination of (S)-stynyl-

alanine.

4.2. Experimental

4.2.1. Chemicals

(2E,4E)-styrylacrylate was acquired from Alfa Aesar (Watdl, MA), (S—-o—phenylalanine
was purchased from Sigma-Aldrich, af)-{3—phenylalanine was obtained from PepTech Corp.

(Burlington, MA).
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4.2.2. Enzyme Preparation

Codon-optimized cDNA fronTaxus canadensisas previously ligated into expression vector
pET28a(+), and the recombinant plasmid encoded -derNinal His6 tad* The tcpamclone
was overexpressed in six 1 L culturesksicherichia coliBL21(DES3) cells by induction with
isopropyl B-D-thiogalactopyranoside. The overproduced proteas isolated from the bacteria
and purified to 95% by Ni affinity chromatography yield 5 mg of protein, as described
previously (1). The purity of the enzyme was detagd by the SDS-PAGE method. Routine
assays for assessing enzyme function were condweid (S)-a-styrylalanine at apparent
saturation (1 mM) and@cPAM (100pug, 1.3 nmol) in 50 mM phosphate buffer with 5% giya
at pH 8.5 in 1 mL assays. The assays were analyzé&tl/—visible spectroscopy (Beckmann DU

640, Beckmann Coulter, Brea, CA) wifly,, monitoring of the sample to quantify the product

(2E,4E)-styrylacrylate.
4.2.3. Quantification of Biosynthetic Styrylacrylate during Kinetic Progressions

The molar absorptivity constantggy = 4 x 16 Mlcm, pH 8.5, 23 °C) for (B,4E)-

styrylacrylate was calculated from standard cuneembed by UV-visible spectroscopy

(Beckmann DU 640, Beckmann Coulter Brea, CA). Theodbance af\y,,was measured for a

series of concentrations of H2E)-styrylacrylate (1-10QuM) dissolved in 50 mM phosphate
buffer (pH 8.5). A sample blank of 50 mM phospHhaéfer was used to subtract the background

absorbance. It should be noted, the 1 6 M@vsfyryl-a-alanine substraté.(, = 275 nm) does
not have an absorbance signaturdgg Beer's law was used to calculate the molar akisdyp

constant, which was then used to convert the absogbof styrylacrylate produced during the
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stopped flow experiment to concentration. The fdroma of (2E,4E)-styrylacrylate was
monitored atAg,g (€340= 4 x 16 ML cnTl, pH 8.5) with a stopped flow spectrometer (model

SX.18MV-R, dead-time = 2 ms, 1 cm optical path,rthastatically controlled at 23 °C).
Aliquots (125 uL) of both TCPAM (5.5 uM final concentration) and styryl-alanine (final
concentrations between 50 and 780) (Figure 4.1) were separately mixed, and the absorbance

was measured at 0.12 s intervals over 50 s.
4.3. Results

The TcPAM catalysis of the§)-styryl-a-alanine ammonia lyase reaction shows a pre-steady
burst at the initial progression of the reactiomg(ife 4.1). The resulting absorbance data at each
concentration at each time point were fit by nogdin least-squares regressidqr 4.1) to
obtain the burst amplitud#) of the presteady-state and the velocity of #ection at steady-
state A). is used generally to define the kinetic paramsetéhen an enzyme-bound intermediate
slowly dissociates to form the free enzyfehis equation was applied to calculate the rate

constants and burst phase parameters ofdh&M reaction.
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[Pl = At+ HL- €KY Eqn 4.1

0 10 20 30 40 50
Time (s)

Figure 4.1 Evaluation of the kinetic model (Scheme 4.3, sldaidset) forTcPAM burst kinetics
(Eqn 4.1) was used to globally fit experimentalgyess curves (Kaleidagraph 4.0) spanning six

different ©)-styryl-a-alanine concentrations incubated wiltPAM (5.5 uM). Release of

(2E,4E)-styrylacrylate was measured in a stopped-flow lmglAz40 monitoring. Each time point

is an average of three progression curves.
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Where the terms areP]: product concentrationd: steady state velocity (Egn 4.8B; burst

amplitude (Eqgn 4.3); time; andk’: apparent first order rate constant of the pradstestate.

A:L %} 843,

Eqn 4.2
Kot k3K P IS,
2
2
Alko*kg) | k2PP4[g)

Where the terms aré],: total-enzyme concentration; [3]initial substrate concentration;

and the appareiit)y (KMapp) defined in Eqn 4.4 and thggatis defined in Eqn 4.6.

KaPP - ( 3 J Eqn 4.4
M M :
ky +kg
k ,+k
Ky :( _1k1 2} Eqn 4.5
k. k
- 23
k(:at_k + Eqn 4.6
2

The linear relationship with [§]A to [S], was derived from Eqn 4.2 via a series of

rearrangements and simplifications (Eqn 4.7, Ed) &. Eqn 4.9). TheK|\/|aIOIO of TcPAM for

styryl-o-alanine was determined from the ratio of Intercéptthe gradient of the linear

regression fit of [SJA vs [S}, (Figure 4.2).

A _[ %5 ] [Hg
S Lo k)kePP+g),

Eqn 4.7
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Figure 4.2 Hanes-Woolf analysis of the steady-state ratdse Pprogress curves) were
individually fit to the burst equation to evaluatke steady-state velocitie))( for each

concentration of styryle-alanine, of thefcPAM burst kinetics. The average value for each data

point A was used. The dependencey]BJon [S], with S.D. for the triplicate measurementsfof

Linear regression fit ([3JA = 554.7 + 5.309[3} R2 = 0.9913) to the data (solid line).
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Figure 4.3 The progression curves were individually fit teetburst equation to evaluate the

steady-state velocitp and the burst amplitudB for the TCPAM burst kinetics. The average

value for each data poimdA was usedA2 dependence oM with S.D. for the triplicate

measurements. Linear regressionm% € 0.001037 + 0.0091%8 R2 = 0.9914) to the data (solid

line).
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TermSA2 andB were simplified and then rearranged (Eqn 4.1@etiine a linear relationship
betweerA2 andB at each substrate concentration (Eqn 4.11). $Hgewas knownks was thus
calculated from the sIopeE([okgz) of the plot ofA2 againstB (Figure 4.3). The steady state
kinetic parameterKMapp(Eqn 4.4) andke4t of TCPAM for styryl-u-alanine were calculated from

a Hanes-Woolf plot of§| /A against [S) (Figure 4.2), wherd was extracted from the steady-

state formation of styrylacrylaté-igure 4.4 The progress curves were individually fit to the
burst equation to evaluate the steady-state vglécdand the burst amplitud® for the TcPAM

burst kinetics. The average value for each datatpbiwas used. The dependenceAdB on

1/[S]p with S.D. for the triplicate measurements. Lineagression fit &/B = 0.049558 +
6.88821/[S}; R2 = 0.97933) to the data (solid linelgure 4.4). Rate constarky was calculated
from kgt that relatesks andky (Eqn 4.6). A linear relationship betwe#&#B and 1/[S} was
established from Eqgn 4.12 whég{ks + ko)/ko is the intercept (Figure 4.4). The experimentally
determined values foko (0.19 + 0.01 _s]) and k3 (0.041 + 0.002 _s]) were substituted into
ka(kstko)/ko, and the resulting value (0.050 * 0.0(ﬁ)swas comparable to the intercept (0.049

+ 0.004 §]) from Eqn 4.12. Thus, the burst phase kinetic yammsl of styryle-alanine

deamination byfcPAM was considered reliable.

é:k3(k2+k3)+ k3( k2+ k:‘) lﬁlpp 1 Egn 4.12
Bk % (39
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Figure 4.4. The progress curves were individually fit to the'st equation to evaluate the steady-

state velocityA and the burst amplitud® for the TCPAM burst kinetics. The average value for

each data poinA was used. The dependence ABB on 1/[Sh with S.D. for the triplicate
measurements. Linear regression At = 0.049558 + 6.88821/[§] R2 = 0.97933) to the data

(solid line).

TermsAZ andB were simplified and then rearranged (Eqn 4.1@efine a linear relationship

betweenA? andB at each substrate concentration (Eqn 4.11). SiElcavas knownks was thus

calculated from the sIopeH[Ok32) of the plot of A2 againstB (Figure 4.3). The steady state
kinetic parameterKMapp(Eqn 4.4) and . of TcPAM for styryl-w-alanine were calculated from

a Hanes-Woolf plot of] A against [S] (Figure 4.2), wheré was extracted from the steady-
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state formation of styrylacrylate. Rate constigwvas calculated frork, that relates, andk,
(Egn 4.6). A linear relationship betwe&B and 1/[S} was established from Eqn 4.12 where

ky(ks + ko)/ksis the intercept (Figure 4.4). The experimentakyedmined values fdk, (0.19 +
0.01 sY) andk; (0.041 + 0.002 8) were substituted intéy(ks+ky)/k,, and the resulting value

(0.050 + 0.002 %) was comparable to the intercept (0.049 + 0.084fom Eqgn 4.12. Thus, the

burst phase kinetic analysis of stymyalanine deamination bicPAM was considered reliable.

4.4. Discussion

TheK,, """ of T(PAM for styryl--alanine was 105 + 16M and thek,was 0.034 + 0.002°%

at 23 °C (pH 8.5). These values were agreea®|g?¥= 250 uM; k= 0.082 s) to those

reported in an earlier study for the same react®1 °C® The Ky (588 = 37uM) of TcPAM
was calculated fronKMapp (see Eqn 4.4 and Eqn 4.5) for styeyklanine in the ammonia

elimination reaction that produced styrylacrylgBelfeme 4.3, shaded inset). The burst amplitude
(B) and steady-state velocitj)was dependent on [S]The rate constank{= 0.041 + 0.0027s
D for the release of Nfithat rese’cPAM for another catalytic cycle) was similarkg;(0.034

+ 0.002 sY for the conversion of styryt-alanine to styrylacrylate. In contrast, the caiced
rate constantkp = 0.19 + 0.01 ) for the release of styrylacrylate was 5-fold geedhank
Therefore kfor the overall reaction was slowed 5-fold likély the slower deamination rate of

enzyme.
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TcPAM normally deaminates-phenylalanine in the first committed step, and émsuing

cinnamate complex, the protonated catalytic residnd the NE-MIO adduct (see Scherdel)

are retained long enough to complete the intranddecisomerizatio?® Under steady-state
conditions, thek&,j\t"/[3 for this conversion was 0.014 + 0.00% at 23 °C, corresponding to a
transit time (]kcaI"’B) of 71 s. In additionp-phenylalanine and cinnamate were produced at a 9:1
ratio. This kinetics data suggested that the ttaimse (1k; + 1kg + 1ky) from thea-Phe<NH-
MIO-E complex to the release of NHia the cinnamate-production pathway (Scheme #&$

~9 times longer (639 s) thanl%{”ﬁ. Since 1K5 (24 s) on this pathway is known, thenk{l#
1/kg), the estimated transit time to cinnamate (Schémk was therefore 615 s. The latter transit

time supported the notion that the dwell time afnamate in the active site is sufficient to

preferentially promote the intramolecular aminowgreebound pathway {&phenylalanine.

101



Scheme 4.4: Kinetic Model for the Proposed Mechams of the TcPAM-Catalyzed

Conversion ofa- to p-Phenylalanine

kg ®©
MIO—E T ﬁ-Phe—NHz—MIO—E
k—1 Ol[k»]()

a-Phe B-Phe

Cjnn
Ke ® ke
o-Phe—NH,—MIO—E =—= NH, ~MIO-E

6 :}H‘*'_ _91P Cinn

MIO-E o) NH;—MIO—E

MIO-E. TcPAM; a-Phe: (S)-o-Phenylalanine;
Cinn: (E)-Cinnamate; B-Phe: (R)-[3-Phenylalanine

The efficiency of the amino group transfer from tNei~MIO adduct in the described

exchange reaction was largely dependent on thergraffinity of the acceptor arylacrylate for
TcPAM. The amino group transferred at nearly 100%ciefficy to a tighter-binding acceptor,

while the efficiency decreased exponentially foraker-binding acceptors when the and -
amino acid mixtures were maé&This suggested that the transit timekg¥ 1kg) progressing

from the amination of the acceptor to the reledsin@® amino acids was significantly less than

the transit time (k5 for the deamination of the NHMIO adduct to theapo-MIO cofactor

(Scheme 4.3). Reciprocally, for the weakest bindingeptor, the transit times were exchanged,

where (1k, + 1kg) > (1ky), and now the deamination of the BMIO adduct predominated. To

further understand why the amine transfer efficjethecreased with weaker binding acceptors in
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the transamination reaction, and to infer the kosebf the mechanistically similar MIO-

dependent catalysts, the dissociation rfedf the NH,~MIO adduct inTcPAM was calculated

herein.

SinceTcPAM forms a transient covalent NHMIO adduct in its interaction with amino acid

substrates, a burst kinetic method was employesstablish the decay rate of the addus) (
Styryl-a-alanine (Peptech Inc., Burlington, MA) was usedaasadventitious substrate in the
TcPAM-catalyzed reaction to show direct kinetic evide of the accumulation of the purported

(NH>-MIO)-modified enzyme. The burst phase TdPAM was evident in assays whe§)-(
styryl-a-alanine was converted to chromophoric produgt42)-styrylacrylate in a fast step,
followed by slower releasekd of the second product NHScheme 4.2, shaded inset). The
slower NH;release step led to the observed pre-steadylstase In stopped-flow experiments,

styrylacrylate was produced from styrylalaninei@liy along an exponential burst phase prior to
reaching a steady-state progression. The burseptesmeters were then used to calculate the

rate constantk, andk, (Scheme 4.3).

4.5. Conclusion

TcPAM undergoes finite inactivation during turnovér(§)-styryl-a-alanine to styrylacrylate,
resulting in burst kinetics with the steady-statte being a dynamic balance between the inactive

modified enzyme (NB-MIO adduct) and reactivation by deamination of guluct. To our

knowledge there are no reports on the direct kir@taluation of this deamination for any MIO-
dependent enzyme. Furthermore, above study provkileetic data to indirectly obtain the

dwelling time of cinnamic acid intermediate in thetive site offTcPAM during the aminomutase
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reaction. It will be in great interest to perfornsieilar study on PAL enzymes to understand the
effect on deamination rate and cinnamic acid dwgltime to the PAM and PAL activity. In this

study, the calculated deamination rate constanttterdissociation of the NHMIO adduct

contributes information to further understand thechanism of th& cPAM reaction.
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5. A BACTERIAL TYROSINE AMINOMUTASE PROCEEDS
THROUGH RETENTION OR INVERSION OF
STEREOCHEMISTRY TO CATALYZE ITS ISOMERIZATION

REACTION

Reproduced with permission from [Wanninayake, Ualkér, K. D., A bacterial tyrosine
aminomutase proceeds through retention or inversibnstereochemistry to catalyze its
isomerization reaction]. Am. Chem. So@013, 135, (30), 11193-11204] Copyright © 2013

American Chemical Society
5.1. Introduction

B-Amino acids are emerging as an important clasofpounds that are present in bioactive

natural products, such as the antineoplastic phagutmal paclitaxel isolated fronfaxus

plants?’ % the aminopeptidase inhibitor bestatin obtainednf@treptomyceslivoreticuli,® an

antibacterial blasticidin S frof8treptomyces griseochromogef®&he antibiotic agent enediyne
C-1027 from Streptomyces globispord@l the anti-tuberculosis agent viomycin from
Streptomyces vinaceti® the antibiotic andrimid fronPantoea agglomeransand cytotoxic
agents chondramides A-D fro@hondromyces crocatisin addition, single3-aryl-B-alanines
show anti-epileptogenesis activif§f Otherp-aryl-B-alanines have been used as building blocks
toward the synthesis of complex bioactive moleculesluding p-lactams'® B-peptides as

mimics ofa-peptidel® 1%and antimicrobial compound&’
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Several chiral synthetic strategies have been dpedl for variously substituted-
arylalanines that include tandem one-pot procé%sasmd conjugate addition of homochiral
lithium amides tax,p-unsaturated acceptot® The Knoevenagel condensation of benzaldehyde
and malonic acid in the presence of XIAC produced a series of racerfii@rylalaninest1oBy

contrast, there are only a few reports on the babgsis of asymmetri@-arylalanines from the
corresponding readily available natural and nomaatu-amino acids through aminomutase

catalysis.

So far, five 3,5-dihydro-5-methylidend4dimidazol-4-one (MIO)-dependent aminomutases

are known to isomerize eithe®){a-phenylalanine (EncP frortreptomyces maritim$AdmH

(PaPAM) from Pantoea agglomerarfs 6l and TcPAM from Taxusplant$® 9 or (9-o-tyrosine
((9-1) (SgcC4 BJrAM) from Streptomycesglobisporu§® 11 and CmdF CcTAM) from

Chondromyces crocatffs further described herein) to their respecfivemino acids. Efforts to
optimize the turnover of this family of aminomutagarovide a potentially alternative means
toward scalable biocatalytic production of novelaetromerically purep-amino acids as
synthetic building blocks in medicinal chemistrarkier substrate specificity studies showed that
TcPAM can convert substituted aromatic and heteroatizm-alanines to the correspondifig

alanines. Apparently, since TAMs requires the 4lrbyyl group on the substrate for catalysis,

their use to biosynthesifetyrosine analogues is limite§.111

These aminomutases belong to a class | lyasedikéy (comprised of ammonia lya$éd12

113 and aminomutas&s® & 6 where, mechanistically, the amino group of thgladanine
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substrate nucleophilically attacks the MIO to foarm amino acid-MIO adduct. Removal ofa

proton via a tyrosine residue, and concommitamhietion of the NH-MIO adduct from the

substrate produces an intermediary arylacrylatdym Interchange and rebound of the transient

hydrogen and NKMIO to the intermediate, and release of famino acid complete the

conversion (Scheme 5.1). Stereochemical evidenoesithat these enzymes can be sorted by
their enantioselectivity for thf-amino acid product; EnciRaPAM and SgTAM make ©)-f-
arylalanines, and€CcTAM and TcPAM make R)-B-arylalanines. Further, the properties of the

MIO aminomutases segregate according to whethecrjptic stereochemistry at @Gnd Cé of

the product is inverted or retained. The differemantioselectivities of these isozymes is

determined by the fate of the intermediate formedlistinct reaction pathways.

Scheme 5.1: General MIO-dependent Aminomutase Mech&sm

-
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X =H, Phenylalanine
X = OH, Tyrosine
MIO = 3,5-Dihydro-5-methylidene-4 H-imidazol-4-one

For example, botiPaPAM and SgTAM presumably bind their respective substrates and

displace the NEMIO adduct ancpro-(3S) hydrogen byanti-elimination. For both enzymes, the
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NH,-MIO and hydrogen interchange positions and rebdnthe same face of the cinnamate

intermediate from which they were removed to fohm {§-p-amino acids, with inversion of

configuration at Gand Cﬁ Therefore, the intermediate on this reaction saga must reside as a

single rotamef 83 By contrast, for the isozymEEPAM, the cinnamate intermediate is proposed

to rotate 180° about the,&C_ and %—Cipso bonds. Then the labile NHandpro-(3S) hydrogen

exchange positions and reattach to the opposite dathe intermediate from which they were

removed. This mechanism results in retention offiganation at ¢ and % to form ®R)-p-

phenylalanine® 62 66 114

Scheme 5.2: Th&€CcTAM Reaction on the Chondramides A-D Pathway

/,‘m\\\

o o0~ >N~
R1 o
N/U\./N\
H =
HO

/;

HO

Ir=

R2

(9-1 (R)-2 Chondramides
A:Ry=OMe, R = H
B: Ry = OMe, Ry = Cl
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Interestingly, the tyrosine aminomutases (TAMs)lass enantioselective than the PAMs. The

former make both enantiomers of {fyrosine @) at steady state and show significantly lower

enantiomeric excess after reaching equilibrft¥ml® while the PAM enzymes make product at

>99% ee, even after reaching equilibrium, and razation is not observe® 45 6L 114t should

be noted that earlier mutational studiesGuTAM (E399K) improved the enantioselectivity for
(R)-2 from 69% to 97% e Despite this earlier study to correlate active sésidues with the
stereoselectivity o€cTAM, the basis for why th@-amino acid enantioselectivity was enhanced
remained unexplored. In addition, the mode of &ttaent (i.e., retention or inversion of

configuration) of the reciprocally migratory Nigroup and the hydrogen af @nd Cé during the

reaction is unknown.

To understand and ultimately improve the substsgtecificity profile, turnover rate, and
enantioselectivity ofCcTAM, its mechanisms must be fully understood. T tbnd, we add
further mechanistic detail t6CTAM, which converts $-1 to (R)-2 on the biosynthetic pathway

of the cytotoxic cyclodepsipeptide chondramides ARDC. crocatus myxobacteria (Scheme

5.2)% 4 116 The R)-product stereochemistry catalyzed ISCTAM suggested that its

stereochemical course is related to that cataliettPAM. Herein, we used deuterium-labeled
isotopomers ofi-tyrosine to evaluate the cryptic stereochemistrihe CcTAM mechanism and

compare it to other aminomutases.
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5.2. Experimental
5.2.1. Chemicals and Reagents

(9-a-Tyrosine, 4'-hydroxycinnamic acid, unlabeled- ahd?H]-4'-hydroxybenzaldehyde,
hippuric acid, ethyl chloroformateS¢t2-methylbutyric anhydride, acetic anhydride, pyme,
bicyclo[2.2.1]hepta-2,5-diene (norbornadieném2 gas, (25)-[3,3-2Hz]-a-tyrosine (B-[3,3-
2I—I2]-1) and Dowex 50W (100-200 mesh; fbrm) ion exchange resin were purchased from
Sigma Aldrich (St. Louis, MO).R)-3-Amino-3-(4'-hydroxyphenyl)propanoic acid ang)-8-
amino-3-(4'-hydroxyphenyl)propanoic acid were pas#d from Peptech Inc. (Bedford, MA).
(R)-1,2-Bis(diphenylphosphino)propaneRj{Prophos) was purchased from Alfa Aesar (Ward
Hill, MA). Bicyclo[2.2.1]hepta-2,5-diene-rhodium(Bhloride dimer ([Rh(NBD)CH) and silver
perchlorate were purchased from Strem Chemicals/iNeyport, MA). Hydrogen gas (99.995%

purity) was obtained from Airgas Great Lakes (Inetegence, OH 44131).

5.2.2. Instrumentation

IH-NMR (500 MHz),2H-NMR (76.7 MHz) andl"C NMR (126 MHz) spectra were obtained
on a Varian NMR-Spectrometer using standard adipnsparameters. X-ray crystallographic
data were collected using a Bruker CCD (charge leaugevice)—-based diffractometer equipped
with an Oxford Cryostream low-temperature apparatpsrating at 173 K. The biosynthetic
products were quantified and analyzed by gas chagn@phy/electron-impact mass
spectrometry (GC/EIMS): GC (model 6800N, Agilenang Clara, CA) was coupled to a mass
analyzer (model 5978ert, Agilent, Santa Clara, CA) in ion scan mode fro0+4®0 atomic

mass units. The GC conditions were as follows: rmoluemperature was held at 200 °C for 1
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min and then increased linearly at 20 °C/min to 25Qvith a 1-min hold. Splitless injection was

selected, and helium was used as the carrier gas.

5.2.3. Subcloning, Expression, and Purification ofCcCTAM

The cctamcDNA was codon-optimized by GenScript (Piscataviy,08854) in the pUC57
vector. The clone was ligated into the pET-28a(@qtor between thBdd/BanHl| cloning sites.
Recombinant plasmids were used to transf@scherichia coliBL21(DE3) cells, which were
grown in 1 L Luria—Bertani medium supplemented wi#tmamycin (50 pg/mL). Overexpression
of CCTAM was induced by the addition of isoproB#Ab-thiogalactopyranoside (100 uM) to the
medium, and the cells were grown at 16 °C for 16The cells were then harvested by
centrifugation, and the resulting pellet was resuasied in buffer (50 mL of 50 mM sodium
phosphate containing 5% (v/v) glycerol, 300 mM Na&ld 10 mM imidazole, pH 8.0). The
cells were lysed by sonication, and the celluldsrideand light membranes were removed by
centrifugation. The crude, functionally soluble aomutase was purified by nickel
nitrilotriacetic acid (Ni-NTA) affinity chromatogphy according to the protocol described by the
manufacturer (Qiagen, Valencia, CA). Fractions #dated from the column, containing active
CcTAM (62 kDa)in 250 mM imidazole, were combined. The buffer washanged with 50 mM
sodium phosphate (pH 8.0) containing 5% (v/v) glgtéhrough several concentration/dilution
cycles, using a Centriprep centrifugal filter (SMOMWCO, Millipore). The purity of the
concentratedCcTAM (15 mg/mL in 4 mL, estimated by the Bradford thhed) was >95% by

SDS-PAGE with Coomassie Blue staining.
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5.2.4. Assessing the Activity and Stereochemistry of th€cTAM Reaction

(9-1 (1 mM) was incubated witiccTAM (0.1 mg) at 31 °C in 50 mM phosphate buffer (1
mL, pH 8.5) for 1 h. The assay mixtures were treatetwice (5 min each time) with pyridine
(0.6 mmol) and ethyl chloroformate (0.5 mmol). The&dep, containing excess ethyl
chloroformate, caused partial ethyl esterificatiéfterwards, the reaction was acidified to pH 2
(6M HCI), and the 40,2-N- and 4'O,3-N-di(ethoxycarbonyl) derivative ai- and p-tyrosine,
respectively, were extracted into ether and treatgld a slight excess of diazomethane. The
resulting sample contained a mixture of ethyl (~201%) and methyl (80 mol%) esters. 4'-
Hydroxycinnamic acid by-product was converted ®4tO-ethoxycarbonylH)-coumaric acid
ethyl (10 mol%) and methyl (90 mol%) esters untiesé conditions. The methyl esters ofdhe
tyrosine derivative and the @-ethoxycarbonylH)-coumaric acid, and the ethyl ester of fhe

tyrosine derivative were analyzed by GC/EIMS.

To confirm the stereochemistry of thésomer product® another sample &@cTAM (0.1 mg)
was incubated at 31 °C witld)¢1l (1 mM) in phosphate buffer (1 mL, pH 8.5) for 1T this
solution were added pyridine (50, 0.64 mmol) and §-2-methylbutyric anhydride (1QL,
0.05 mmol), and the mixture was stirred vigorously5 min. Another batch of pyridine (0.64
mmol) and §)-2-methylbutyric anhydride (0.05 mmol) was addadd the reaction was stirred
for 5 min. The solution was acidified to pH 2 (6MCH and extracted with diethyl ether (3 x 2
mL). The ether fractions were combined and dridt fiesulting residue was dissolved in diethyl
ether (100uL) and the solution was titrated with a dilute $mo of diazomethane dissolved in
diethyl ether until the yellow color persisted. Shesamples were analyzed by GC/EIMS and

compared to the retention time and mass fragmentafi authentic standards (Figure A 38-40)
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5.2.5. Synthesis of Authentica- (1) and g-Tyrosine (2) and €)-4-Hydroxycinnamic Acid

Derivatives

To (9—0-, (R)f-tyrosine or(E)—4'-hydroxycinnamic acid (0.1 mmol of each) dissdlue 50
mM phosphate buffer (1 mL, pH 8.5) were added pyed(200uL, 2.4 mmol) and ethyl
chloroformate (20Q.L, 1.6 mmol). The reactions were stirred for 5 ramd treated with another
batch of pyridine and ethyl chloroformate (bot2@0 L) for 5 min with stirring. The ethanolic
mixtures caused partial ethyl esterification. Eaalkture was acidified to pH 2 (6M HCI), and
extracted into diethyl ether (3 x 2 mL). The ethractions were combined, dried under vacuum,
and the residue was dissolved in methanol (LQR To this solution was added a dilute
diazomethane solution dissolved in diethyl ethatil the yellow color persisted. This procedure

resulted in a mixture of ethyl and methyl estersefach sample, as described earlier.

5.2.5.1. 4'-O-Ethoxycarbonyl-(E)-coumaric Acid Methyl Esee., 4'-O-Ethylcarboxy-

(E)-4'-Hydroxycinnamic Acid Methyl Ester)

The coumarate ester was recrystallized from ethandlisolated at 80% yield (20 mg). Exact
mass [M + Hf observed 251.0890 & calculated 251.0919 fopdfz:Od*. 1H NMR (500 MHz,
CDCIy &: 7.68 (d,J = 16.1 Hz, 1 H), 7.55 (d = 8.3 Hz, 2 H), 7.22 (d} = 8.3 Hz, 1 H), 6.41 (d,
J=16.1 Hz, 1 H), 4.34 (4l = 7.3 Hz, 2 H), 3.82 (s, 3 H), 1.41 {t= 7.3 Hz, 3 H)1*C NMR
(126 MHz, CDC) &: 167.2 (0)OCHy), 153.2 (OC(0)0), 152.4 (C4'), 143.64C132.2 (C1),
129.2 (C2), 121.6 (C3), 118.1 {C 65.1 (OC(O)QEICHy, 51.7 (C(O)QEly, 14.2

(OC(O)OCHLCH,). (Figure A 6-Figure A 8 for GC/EIMS fragmentatidataand NMR Spectra)
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5.2.5.2. The 4'-0,2-N-Di(ethoxycarbonyb-tyrosine Methyl Ester.

A mixture of ethyl (10 mol%) and methyl (90 mol¥%sters of 4©,2-N-di(ethoxycarbonyl)-
tyrosine was obtained at 74% vyield (25 mg). Thethylester of thex-tyrosine derivative was
used in the GC/EIMS analyses of labeled and unégbeltyrosine substrates. Therefore, the
mixed ester sample, dissolved in chloroform (%00, was loaded onto a preparative silica gel
TLC plate and eluted with 90:10 hexane:ethyl aeetatthentic 40,2-N-di(ethoxycarbonyl)x-
tyrosine methyl ester was isolateg € 0.65) at 67% yield (22.5 mg). Exact mass [M +H
Pyridine]* observed 419.1781 & calculated 419.1818 fosfiGN,0]*. H NMR (500 MHz,
CDCly &: 7.21 - 6.98 (m, 4 H), 5.10 (d,= 7.3 Hz, 1 H), 4.67 - 4.55 (m, 1 H), 4.28 {5 7.1
Hz, 2 H), 4.08 (q) = 6.7 Hz, 2 H), 3.69 (s, 3 H), 3.10 (db= 6.1, 14.0 Hz, 1 H), 3.05 (dd=
6.1, 14.0 Hz, 1 H), 1.36 (§ = 7.0 Hz, 3 H), 1.20 (tJ = 6.7 Hz, 3 H).1XC NMR (126 MHz,
CDCly) 8: 171.9 (GO)OCHy), 155.8 (OC(O)NH), 153.5 (OC(0)0), 150.2 (C4)38(C1)),
130.3 (C2), 121.0 (C3), 64.8 (REH,OC(0)0), 61.2 (CHCH,OC(O)NH), 54.5 (C(0)08.,),
52.3 (G), 37.6 (G), 14.4 ((HCH,OC(0)0), 14.1 (BI{CH,OC(O)NH). (See Figure A10-12 for
GC/EIMS fragmentation data and NMR spect)O,2-N-Di(ethoxycarbonyly-tyrosine Ethyl
Ester The corresponding ethyl ester was isolatd-(0.50) from the TLC plate at 7% yield (2.5
mg). Exact mass [M + H + Pyridinelobserved 433.1933 & calculated 433.1974 for
[C,H,N,0]* IH NMR (500 MHz, CDC) §: 7.17 (d,J = 8.6 Hz, 2 H), 7.14 — 7.11 (= 8.6
Hz, 2 H), 5.14 (dJ = 7.8 Hz, 1 H), 4.63 (dd] = 5.6, 13.4 Hz, 1 H), 4.33 (d,= 7.1 Hz, 2 H),
4.17 (q,d = 7.2 Hz, 2 H), 4.12 (g1 = 7.1 Hz, 2 H), 3.11 (d] = 5.1 Hz, 2 H), 1.40 (] = 7.1 Hz,

3 H), 1.25 (tJ = 7.3 Hz, 3 H), 1.24 (§ = 7.2 Hz, 3 H)3X NMR (126 MHz, CHC)) 5: 171.7

114



(C(O)OCHy), 156.1 (OC(O)NH), 153.8 (OC(0)0), 150.4 (C4")31B(C1'), 130.6 (C2'), 121.3
(C3), 65.1 (CHCH,OC(0)0), 61.8 (CHCH,0OC(0)), 61.4 (CHCH,OC(O)NH), 54.9 (¢), 38.0
(Cp, 14.7 (G15CH,OC(0)0), 14.4 (BICH,OC(0)), 14.3 (E1CH,OC(O)NH). (See Figure A

12-14 for NMR spectra)
5.2.5.3. 4'-0,3-N-Di(ethoxycarbonylp-tyrosine Ethyl Ester

A mixture of ethyl (33 mol%) and methyl (67 mol%sters of 40,3-N-di(ethoxycarbonyl)3-

tyrosine was isolatedRf = 0.38) at 68% yield (24 mg). Thethyl ester of thep-tyrosine

derivative was used in the GC/EIMS analyses ofl&aband unlabeled biosynthefietyrosines.
Thus, authentic ethyl ester was purified by siieh TLC (90:10 hexane:ethyl acetate) O42-N-

Di(ethoxycarbonyl)B-tyrosine ethyl ester was isolated at 23%yield (§.nkxact mass [M + H +

Pyridine] observed 433.1922 & calculated 433.1974 fogfiGN,0]". H NMR (500 MHz,
CDCly) 6:7.30 (d,J=8.8 Hz, 2 H), 7.12 (d] = 8.8 Hz, 2 H), 5.67 (d] = 6.8 Hz, 1 H), 5.12 (br.

s., 1 H), 4.28 (q) = 7.3 Hz, 2 H), 4.08 (g} = 6.8 Hz, 2 H), 4.05 (g} = 7.0 Hz, 2 H), 2.91 - 2.69
(m, 2 H), 1.36 (tJ = 7.1 Hz, 3 H), 1.20 (1) = 6.8 Hz, 3 H), 1.14 (t) = 7.3 Hz, 3 H). (See

Supporting Information Figures S17 — S19 for NMR&pa and GC/EIMS fragmentation data).
13 NMR (126 MHz, CDCJ) &: 170.7 (§O)OCH,CH,), 155.8 (OC(O)NH), 153.5 (OC(0)0),
150.3 (C4), 138.8 (C1'), 127.4 (C2), 121.3 (C3§4.8 (CHCH,OC(0)0O)), 61.0
(CHLCH,0C(0)), 60.7 (CHCH,OC(O)NH), 51.0 (@), 40.6 (G), 14.5 (G1;.CH,O0C(0)0), 14.1
(CHLLCH,0C(O)), 14.0 (GI,CH,OC(O)NH). (Figure A 15-18 for GC/EIMS fragmentatidata

and NMR spectra)4'-O,3-N-Di(ethoxycarbonyl}-tyrosine Methyl Estewas isolated R; =

0.54) at 46% vyield (16 mg). Exact mass [M + H +iéipe]" observed 419.1770 & calculated
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419.1818 for [GH,N,0,*. 1H NMR (500 MHz, CDC}) 5: 7.29 (d,J = 8.5 Hz, 2 H), 7.12 (d]
= 8.5 Hz, 1 H), 5.66 (br. s., 1 H), 5.17 - 5.07 (irH), 4.28 (q,) = 6.9 Hz, 2 H), 4.08 (q] = 7.3
Hz, 2 H), 3.60 (s, 3 H), 2.90 - 2.73 (m, 2 H), 1(86) = 7.3 Hz, 3 H), 1.20 (1) = 7.0 Hz, 3 H).
13C NMR (126 MHz, CRCOCD) &: 170.7 (GO)OCHy), 155.9 (OC(O)NH), 153.4 (OC(0)0),
150.5 (C4), 1403 (Cl), 1284 (C2), 121.7 (C3§5.0 (CHCH,OC(0)O), 64.4
(CH4CH,OC(O)NH), 60.0 (C(0)QHy, 51.0 (G), 40.2 (G), 14.1 (HiCH,OC(0)O), 13.6

(CHLCH,OC(O)NH). (See Figure A 18-20 for NMR spectra).

5.2.6. Synthesis of [Rh(NBD}|CIO , Complex.

The [Rh(NBD)JCIO, complex was synthesized according to a descrivedepstt’ 118

Briefly, a mixture of dimeric [Rh(NBD)C} (0.46 g, 1 mmol) and norbornadiene (0.19 g, 2
mmol) dissolved in CBCl, (15 mL) was added to silver perchlorate (0.42 gyrdol) under N,

and stirred for 1 h. The suspension was filterecetaove the white precipitate, and the filtrate
was diluted with dry THF (15 mL). The sample was@ntrated under vacuum until the orange

needles of [Rh(NBDJCIO, appeared. The crystals were collected, washed isétirold, dry

THF, and dried under vacuum to obtain 0.65 g (8S&taied yield) of rust brown crystafd

NMR (500 MHz, CDC}) 5: 5.20 (q.J = 2.0 Hz, 4 H), 4.13 (br s, 2 H), 1.510t= 1.6 Hz, 2 H).

5.2.7. Synthesis of [Rh(NBD)(R)-Prophos)]CIO, Complex.

The Rh-Prophos catalyst was prepared by an estatlisroceduré!? 118 To the orange-red

solution of [Rh(NBD)|CIO, (0.54 g, 1.4 mmol) andR{-Prophos (0.57 g, 1.4 mmol) dissolved in
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a mixture of dry CHCl, and THF (5 mL of each) was added hexane (5 mLjwlige under N

The solution stood, undisturbed at room temperdur® h, and then at 5 °C for 16 h. Orange-
red crystals were collected by vacuum filtratiord amashed with ice-cold, dry THF and then
with hexane. The crystals were dried undgrtdobtain 0.8 g (80% isolated yield) of the Rh-

catalyst.'H NMR (500 MHz, CDC}) &: 7.79 - 7.73 (m, 2 H), 7.72 - 7.67 (m, 3 H), 7:65.61

(m, 2 H), 7.61 - 7.58 (M, 6 H), 7.58 - 7.55 (m,  A47 - 7.41 (m, 2 H), 7.35 - 7.29 (m, 2 H),
5.42 (br. s., 2 H), 5.33 (br. s., 1 H), 5.31 ($4)1 4.87 (br s, 1 H), 4.28 (br s, 1 H), 4.16 (bdLs,
H), 3.84 - 3.67 (m, 1 H), 2.71 - 2.59 (m, 2 H), 2(8,J = 2.2 Hz, 1 H), 2.04 (td] = 7.4, 12.9
Hz, 1 H), 1.88 - 1.84 (m, 1 H), 1.84 - 1.76 (m, R K20 (dd.J = 6.5, 12.3 Hz, 4 H*C NMR

(126 MHz, DMSO-¢) 5. 143.1, 135.1, 135.1, 134.8, 134.5, 134.1, 13B32.8, 132.7, 132.0,

131.9, 131.7, 131.1, 131.0, 130.9, 130.1, 129.9,31228.9, 128.8, 128.8, 128.6, 128.5, 128.2,

127.8, 125.9, 125.5, 67.0, 63.4, 48.2, 25.1, 14&,.

5.2.8. Synthesis of fH]-Labeled (2S)-1 Isotopomers

5.2.8.1. Synthesis of (Z)-2-Benzamido-3-(4'-hydroxypheogw)a Acid

According to a described proceddf,a mixture of 4-hydroxybenzaldehyde (1.9 g, 12.5

mmol), KHPQ, (2.2 g, 12.5 mmol), and acetic anhydride (3.8 @,mmol) was stirred and
heated at 80 °C under,Nor 5 min. To the mixture was added hippuric a@d g, 12.5 mmol)

in one lot, and the reaction was stirred at 80 6€ X h. Yellow crystals were collected by
vacuum filtration and washed with water to obtamnoxazolone intermediate (3.1 g, 81% yield)
that was used without further purification. To tweazolone (3.07 g, 10 mmol) was added 2%

NaOH in 70% aqueous ethanol (100 mL), and the sisspe was refluxed for 12 h. The reaction
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mixture was cooled to room temperature, dilutechwistilled water (~50 mL) and titrated with
12 M HCI until precipitation of the product ceasdthe mixture was vacuum filtered, washed

with distilled water, dried, and recrystallized fieethanol:water (70:30, v/v) to obtain 3 g (85%
yield) of the desired productd NMR (500 MHz, DMSO-g) 8: 12.49 (br s, 1 H), 9.91 (s, 1 H),
9.77 (s, 1 H), 7.99 (dl = 7.1 Hz, 2 H), 7.59 () = 7.3 Hz, 1 H), 7.54 (dd} = 3.4, 8.8 Hz, 3 H),
7.51 (d,J = 7.3 Hz, 1 H), 6.77 (d] = 8.7 Hz, 2 H}C NMR (126 MHz, DMSO-g) 3: 166.6,

165.9, 158.8, 134.0, 133.7, 131.9, 131.8, 128.8,312427.7, 127.5, 124.6, 124.0, 115.5, 115.4.

(See Figure A 20 for crystallographic data).
5.2.8.2. Synthesis of (Z)-2-Benzamido48}-3-(4'-hydroxyphenyl)acrylic Acid

The [32H]-acrylic acid isotopomer was synthesized analstjouo the unlabeled isomer
(above), exceptdk?H]-4'-Hydroxybenzaldehyde (0.62 g, 5 mmol) was uskcktic anhydride

(1.6 mL, 17 mmol), KHPQ, (0.9 g, 5 mmol), and hippuric acid (0.9 g, 5 mmagre varied to

make the intermediate oxazolone (1.26 g, 82 % Yidltle oxazolone (1.23 g, 4 mmol) was
saponified under reflux with ethanolic NaOH as befd’he mixture was diluted with distilled
water (25 ml), and the product was precipitatedHgyadding 12 M HCI at room temperature.

The suspension was worked up and the product wagstallized as described previously to
obtain 1 g (88% yield) of productH NMR (500 MHz, DMSO-g) 6: 12.49 (s, 1 H), 9.91 (s, 1

H), 9.77 (s, 1 H), 7.99 (dl = 7.1 Hz, 1 H), 7.60 (] = 7.3 Hz, 1 H), 7.56 - 7.48 (m, 4 H), 6.77
(d,J =8.8 Hz, 1 H)1C NMR (126 MHz, DMSO-g) 5: 166.6, 165.9, 158.8, 133.8, 131.9, 131.8,

131.6, 128.5, 128.4, 127.7, 127.5, 124.6, 123.%.611115.4. (See Figure A 20 for

crystallographic data).
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5.2.8.3. Synthesis of (2S,3S)-[228+]- and (2S,3R)-[3H]-1

The following procedure is based on previously dbsd methoddl? 118 120 (7).2.

Benzamido-[3%H]-3-(4"-hydroxyphenyl) acrylic acid (1 g, 3.5 mmoland 10 mg of
[Rh(NBD)((R)-Prophos)]CIQ were dissolved in dry THF (25 mL) in a Parr reactde reactor
was successively evacuated and filled withgds and kept under,tgas (2.0 bar) for 16 h. The
solvent was evaporated, followed by azeotropic mahof residual THF with methanol. To the
resultant yellow residue dissolved in methanol {15 was added dry Dowex 50 W (100-200
mesh) cation exchange resin (1.5 g). The mixture stiared until a clear solution was obtained,
and then filtered. The retained resin was washdtl warm methanol. All methanol filtrates
were combined and dried under vacuum to obtaircthde N-benzoyl-(%5,3R)-[3-2H]-tyrosine
(0.9 g). The product was then refluxed with 40% H&gueous) (10 mL) for 3 h. The mixture
was cooled to room temperature, and the benzot @gstals were removed by filtration. The
filtrate was washed with diethyl ether (3 x 20 ndd.yemove residual benzoic acid. The aqueous
layer was lyophilized, and the crude product wassalved in 0.2 M NaOH (10 mL) and
acidified with acetic acid to yield crystals aftdr at O °C. The product was isolated by vacuum
filtration and the retentate was washed with icéd agater to yield ($3R)-[3-2H]-1 as its

zwitterionic amino acid (0.41 g, 70% yield).

(2338)-[2,3-2I-Iz]-1 was synthesized by a procedure analogous to thstrided for the

synthesis of (33R)-[3-2H]-1 with the following exceptions. Zj-2-Benzamido-3-(4'-

hydroxyphenyl)acrylic acid was used instead ofuhtabeled isotopomer, and,Das was used
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in place of H gas for the reduction step to obtairSGB)-[Z,B-sz]-l as the zwitterionic amino

acid (038 g, 65% yield).
5.2.9. Characterization of (25,35)-[2,3H]- and (2S,3R)-[3-?H]-1

(2S39-[2,3H,]- and (B3R)-[3-2H]-1 (1 umol of each) were separately derivatized &ir th

4'-0,2-N-di(ethoxycarbonyl) derivatives in water (1 mL) iethyl chloroformate (50 pL, 0.5
mmol) and pyridine (50 uL, 0.6 mmol), and the sasphere acidified to pH 2 (6M HCI) and
extracted into diethyl ether (1 mL). After treatmhenf the ethanolic extract with diazomethane,
the derivatives were isolated as a mixture of e{h@l mol%) and methyl (90 mol%) esters, as

described before. The methyl esterified amino aadvative was analyzed by GC/EIMS. The
[?H]-labeled fragment ions originating from the ideatly derivatized (S)-[3,3-2HZ]-1 were
used to interpret the structures of various iotie felative ratio of diagnosti€éH]-labeled ions
was compared to that of identical fragment ionthefunlabeledS)-1 derivative to calculate the
deuterium enrichment of labeled isotopomer$38)-[2,3-2HZ]-1 and (5,3R)-[3-2H]-1 (Table A

1, and Figure A 28-31).

The coupling constantg))(for the geminal protons (Hand Hs) against K observed byH

NMR for authentic §)-1 in DO wereJ,y, = 5.0 Hz a6 3.23 (H,) andJgy = 7.8 Hz a6 3.081%

In a previous study, the preferred conformatioriS)1 in water was established by NMR using

stereospecifically deuterium isotopomerslaio correlate chemical shift and the magnitude of

coupling constants with the conformation of theghical hydrogend?? These earlier findings

put the dihedral angle between the carboxy groupp @@ aromatic ring at 180°. In this
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conformation, H and H, were separated by ~ 60°, angd Bind H, by 180°. Using this earlier

data along with the magnitude of thealues?2observed for$)-1, we assigned Kaspro-(39)

and H; aspro-(3R). This data was used to assign the absolute steeeustry at %Z of the

synthetic (539)-[2,3-°H]- and (Z5,3R)-[3-2H]-1.

Authentic §-1 (10 mg) was dissolved in£) (1 mL), and transferred to a 5 mm diameter

NMR tube, and analyzed B NMR [(500 MHz, DO, 32 scans, 25 °@) 7.23 (dJ=8.5 Hz, 2
H), 6.93 (d,J = 8.5 Hz, 2 H), 3.97 (dd] = 5.1, 7.8 Hz, 1 H), 3.23 (dd,= 5.0, 14.7 Hz, 1 H),

3.08 (dd,J = 7.8, 14.7 Hz, 1 H)]. @39)-[2,3°H]- and (B3R)-[3-2H]-1 (10 mg of each) were
separately dissolved in D (and HO) and analyzed biH NMR (and?H NMR). (25,39-[2,3-
2H,-1: 'H NMR (500 MHz, DO, 32 scans, 25 °@) 7.23 (d,J = 8.5 Hz, 2 H), 6.93 (d] = 8.5
Hz, 2 H), 3.07 (s, 1 HPH NMR (77 MHz ,H0, 512 scans, 25 °G) 3.97 (bs, 1 H), 3.21 (bs, 1
H). (2S3R)-[3-H]-1: 'H NMR (500 MHz, DO, 32 scans, 25 °G). 7.23 (d,J = 8.3 Hz, 2 H),

6.93 (d,J = 8.8 Hz, 2 H), 3.97 (d] = 4.9 Hz, 1 H), 3.22 (d] = 4.9 Hz, 1 H)?H NMR (77 MHz,

H50, 512 scans, 25 °@) 3.07 (bs, 1 H)

5.2.10.Synthesis of Authentic 4'0O,3-N-Di((S)-2-methylbutanoyl) Methyl Esters of R)- and

(9)-2

To a sample ofRf)-and §)-2 (0.5 umol of each) dissolved in 50 mM phosphate buffem(1)
were added pyridine (50L, 0.6 mmol) and §-2-methylbutyric anhydride (10L, 5 umol ) at O
°C. The reactions were stirred for 5 min and tréatgh another batch of pyridine (5Q.) and

(9-2-methylbutyric anhydride (1QL) and stirred for 5 min. The mixtures were eacluified
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(pH 2 with 6 M HCI) and extracted with diethyl eth@ x 2 mL). The ether fractions were
combined, dried under vacuum, and the residue wssolded in methanol (100L). To this
solution was added a dilute diazomethane solutissotied in diethyl ether, until the yellow
color persisted. The resultant @;3-N-di((S-2-methylbutanoyl-tyrosine methyl ester
diastereoisomers were analyzed by GC/EIMS; theemteon times and fragment ions are noted

in Figure A 38-40

5.2.11.Assessing the Stereospecificity of the I3€I-|ydrogen Abstraction Catalyzed by

CcTAM

(2S39-[2,3H,- and (B3R)-[3-2H]-1 (each at 1 mM) were separately incubated with

CcTAM (0.1 mg) at 31 °C in 50 mM phosphate buffernil, pH 8.5) for 1 h. The tyrosine
isomers were derivatizeid situ with ethyl chloroformate (50 pL, 0.5 mmol) and ipyme (50
pL, 0.6 mmol) to their 40,N-di(ethoxycarbonyl) derivatives. The samples wardiied to pH

2 (6M HCI) and extracted into diethyl ether (1 mAfter treatment of the extract with excess
diazomethane, the amino acid derivatives were tsdlas a mixture of ethyl and methyl esters
and analyzed by GC/EIMS, as before. Diagnosticnraxgf ions from the ethyl ester derivative of

the biosyntheti@-2 were analyzed to determine the regiochemistrpefeuterium atoms.

5.2.12.Assessing the Stereospecificity of the Hydrogen Retnd at C, Catalyzed by

CcTAM

(28)-[3,3-2H2]-1 (5 mM) was incubated wit€cTAM (0.8 mg) at 31 °C in 50 mM phosphate
buffer (40 mL, pH 8.5) for 36 h. The incubation muise was lyophilized, and the remaining

residue was dissolved in methanol (7 mL)4drNMR analysis or CROD (7 mL) forlH-NMR
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analysis. As a control sample, authentic unlab@®e (2 mM) in 50 mM phosphate buffer (40
mL, pH 8.5) was lyophilized, and the remaining desi was dissolved in GDD (7 mL) for1H-
NMR analysis. The magnitude of the coupling cortstan the ABX spin system observed in the

IH NMR for authentic unlabeledRj}-2 in CD;OD was used to assign the chemical shifts of the

protons at the prochiral center & This data was then used to assign the absolute

stereochemistry at ®f the biosynthetic?H]-2.
5.2.13.Assessing the Intramolecular Proton Transfer Stepfahe CCTAM Reaction

(28)-[3,3-2I-IZ]-1 (2 mM) was incubated wit&cTAM (0.1 mg) at 31 °C in 50 mM phosphate

buffer (10 mL, pH 8.5). Aliquots (1 mL) were witlawn from the reaction mixture at 10 min,
then at 2, 4, 7, 12, 22, 33 and 45 h. The sampégs derivatizedh situ with ethyl chloroformate
(50 pL, 0.5 mmol) and pyridine (50 pL, 0.6 mmol) tieeir 4'O,N-di((ethoxycarbonyl))
derivatives, acidified to pH 2 (6M HCI), and extieat into diethyl ether (1 mL). After treatment
of the ethanolic extract with diazomethane, thenanaicid derivatives were isolated as a mixture
of ethyl and methyl esters. During the derivatati4'-hydroxycinnamate was converted to its
4'-O-(ethoxycarbonyl)4)-coumaric acid as an ethyl and methyl ester metlihe methyl esters
of the a-tyrosine and E)-coumaric acid derivatives and the ethyl estertlté B-tyrosine
derivative were analyzed by GC/EIMS (see Figure 4#48) for representative diagnostic
fragment ions observed for the derivatized biosgtiti2 and 4'-hydroxycinnamate in this time

course study). GC/EIMS was used in selected-ionertodcalculate the ion abundance ratio of
[2I-|1](M)+ (m/z 354) and {HZ](M)+ (m/z 355) for the derivatives of the biosynthetic deiut®

labeled2. This ratio informed on the BH exchange during the reaction. The ion abundahce o
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[2I-|2](M)+ (m/z 355) was corrected by subtracting the abundandkeohaturally occurringC-

isotopomer (i.e., the?i,J(M + 1)* (m/z 355) of the molecular iorAfi,J(M)* (m/z 354)) of the

singly deuterium-labeled derivative.
5.2.14 Assessing the Effect of pH oil€cTAM Stereoselectivity

(9-1 (1 mM) was incubated witiicTAM (0.1 mg) separately at pHs 7, 8, and 9 (6 mL of
each) in 50 mM phosphate buffer at 31 °C. AligudtsnL) were withdrawn at 1, 2.5, 5, 11, and
25 h. The amino acids were derivatizecitu with (S-2-methylbutyric anhydride to form the 4'-

0O,3-N-di((9-2-methylbutanoyl2 and methyl esterified with diazomethane and aralyby
GC/EIMS. The sum of ion abundances for fragmens iz 278 [M — methyl butyl} (90% of

base peak) antvz 194 [M — (2 x methyl butyl) + H] (base peak) for each enantiomer was

compared to calculate the product ratioRF @nd §)-2 in the sample.
5.2.15.Synthesis of R)-2 Methyl Ester

In brief, to R)-2 (18.1 mg, 0.1 mmol) dissolved in methanol (1 mb, @mol) was added
trimethylsilyl chloride (25uL, 0.2 mmol)123 The suspension was stirred for 16 h and the
methanol was evaporatéd vacuoto obtain the (19.5 mg, quantitative yieldd NMR (500

MHz, CDLOD) &: 7.29 (d, 8.5 Hz, 2 H), 6.85 (d, 8.5 Hz, 2 H),3@d,J = 6.3, 7.8 Hz, 1 H),

3.69 (s, 3 H), 3.09 (dd,= 7.8, 17.0 Hz, 1 H), 2.98 (dd~= 6.3, 17.0 Hz, 1 H).
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5.3. Results

5.3.1. CcTAM Activity and Stereochemistry

CcTAM was expressed from the pET-28a(+) vectorEscherichia coli(BL21), and then
CcTAM and (§-1 were incubated. The amino acids and hydroxycintamware derivatized and
analyzed by GC/EIMS to show that prod@ct90 mol %) and by-product 4'-hydroxycinnamate
(20 mol %) were formed (Figure A 40 and Figure A.4llhe biosyntheti@-tyrosine was also
derivatized with a chiral auxiliary that indicatadnixture containingR)-2 and §)-2 at an 85:15

ratio (See Figure A 38 and Figure A 39). This prdiistribution was consistent with that shown

in an earlier stud§?
5.3.2. Assignment of the Prochiral Hydrogens of R)-2 by 1H-NMR

The IH-NMR of authentic unlabeled?}-2 showed signals @t4.41 (dd,J = 4.4, 10.1 Hz, ﬁ:
H), 2.73 (dd,J = 10.1, 16.6 Hz, GH), 2.61 (dd,J = 4.4, 16.7 Hz, GH) in CDOD solvent
(Figure 5.1). According to the Karplus equation ¥drNMR 1243 coupling constants of vicinal
protons are largest when the dihedral torsion argle is constrained at 0° (eclipsed
conformation) or 180° (anti conformation). Smaff@rcoupling constants are observed whken
approaches 90°. Thus, the magnitudes ofifmuplings aeqeqandJeqﬂx(d) = 60°) between 3-4

Hz, andJ = 180°) between 8-13 Hz) of the conformationa#igtricted vicinal axial (ax)

ax-ax (¢

and equatoriaf® protons of cyclohexad® 126 were used as a guide to assign HeNMR

signals of R)-2. The geminal ¢zH signals (designated as A and B spins) of thahgled R)-2
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spin-coupled with g—H (designated as the X spin) were identified irtklistinctJ-values [AX
(35 = 10.1 Hz = 180°) and BX gy = 4.4 Hz,$ = 60°)] (Figure 5.4),

Ha Hg
3Jax = 10.1 Hz 3Ugyx =4.4 Hz

«—>

275 270 2.65 2.60 2.55

Chemical Shift (8)
Figure 5.1 Partial'H-NMR profile of unlabeled 2 and th coupling constants for the ABX

spin system ofRf)-2.

126



(Area=1.0) CDH,0H

b NH30 4.41
X Q 2H-NMR (Area =0.7)
H D ° ___ 261
HO 2 geminal-D E
(2S3R)-[2,3- Ho]-2 a of substrate -

3.20 590
Biosynthetic Product

DD O

o
X O
HO ®

TH-NMR N
b CHD,OD : i |
(29-[3,3°Hzl-1 Glycerol — i
Substrate b J
Moy " r/j..(\ ! :,_\E\ -
2730 |l 2.64
"H-NMR 11
ol e
H NHL B R | R
N S 276 1 ||} ] 12.67
X O CHD,0D o |
HR H | : | :
HO : 1 : 1
C A
(R-2 L
J JL =;“u
LA L DAL EL AL IR AL LA L L L L L '_l__ _'_'_I T
45 4.0 3.5 3.0 2.5

Chemical Shift (5)
Figure 5.2.a) 2H-NMR (after solvent exchange into GBIH); the relative area of the peaks at

0 4.41 and 2.61 are shown dm)j]1—|-NMR (after solvent exchange into GDD) of a mixture
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Figure 5.2 (cont'd).
containing the remaining substrateS)(—:{ZS,B-sz]-l and the biosynthetic SZBR)-[Z,B-ZHZ]-Z

after aCcTAM-catalyzed reaction.cH-NMR (in CD;0OD) of authenticR)-2. The signals for

the prochiral protons of authenti®)¢2 are aligned (boxes) with signals for the deutar

labeled product in the biosynthetic sample.

5.3.3. Using NMR to Assess the Mechanism of the Hydrogenrdnsfer at C, in the CcTAM

Reaction

The 2H-NMR chemical shifts of the propanoid side chagutriums at ¢and qg of [ZHZ]-Z

biosynthesized from @-[3,3-2HZ]-1 by CCcTAM were até 2.61 (relative peak area = 0.7) and
4.41 (relative peak area = 1.0), respectively (Fedu2a). The deuterium signals were compared
to thelH-NMR chemical shifts of the prochiral hydrogensanfthentic R)-2 (Figure 5.2a and

Figure 5.2c) to assign the absolute stereochenu$tiye PH]-labeled biosynthetic sample.

The lH-NMR signal ats 2.73 (singlet) produced by the biosynthefid]flabeled R)-2 (Figure
5.2b) coincided with the chemical shift of theo-(2R) proton of authenticR)-2 (Figure 5.2c).
Two nearby doublets were also observed 275 (d,J = 16.8 Hz, 1 H) and 2.63 (d,= 16.8 Hz,

1 H) with a peak area that was ~30% of the singlét 273 (Figure 5.2b). These resonances
corresponded to #Hl]-labeled isotopomer & containing two geminal hydrogens g}, Creating

an AB-coupled spin system.
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5.3.4. Assessing the Mode of the Amino Group Attachmerﬁlﬁehy CcTAM.
5.3.4.1. Synthesis of (2S,3S)-[228+]- and (2S,3R)-[3H]-(S)-1

The mode of the amino group transfer tg during the isomerization reaction catalyzed by
CCTAM was assessed. $89-[2,3°Hj- and (B3R)-[3-H]-1 were synthesized by
stereospecific  reduction of unlabeled and 2fHabeled ©)-2-benzamido-3-(4*

hydroxyphenyl)acrylic acid using a chiral [RR[{Prophos)(NBD)]CIO4 catalyst with deuterium

or hydrogen gas, according to an earlier procetffréhe PH]-labeled isotopomers df were
treated with a chiral auxiliary§-2-methylbutyric anhydride and titrated with diazethane to

make the 40,3-N-di((S)-2-methylbutanoyle-tyrosine methyl ester derivatives. The retention

times and mass spectrometry fragmentation of tmehegized 9H]-labeled ©-1 derivatives
observed by GC/EIMS analysis were identical to ¢hosan identically derivatized sample of

authentic §-1.

5.3.5. Analysis of 2 Made byCcTAM Catalysis from (2S,35)-[2,3H,]- and (2S,3R)-[3-2H]-

1

CCTAM was incubated separately with§39)-[2,3H.]- and (5,3R)-[3-2H]- 1. Afterwards,

the reaction was basified, and the amino acids weeeivatized to their 40,3-N-
di(ethoxycarbonylgerivatives, acidified, extracted from the aque@action buffer, and reacted
with diazomethane to make the methyl esters. Istexgly, during the basification step of the
derivatization procedure, ethanol by-product fréra excess ethyl chloroformate caused partial

ethyl esterification of the amino acids (10 — 30%h@compared to the methyl esters).
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Table 5.1. EI-MS Fragmentation of 4'O,3-N-Di((ethoxycarbonyl)) Ethyl Ester Derivatives

of Labeled and ﬁH]-LabeIed Biosynthesred Isotopomers of 2

—0
1) CcTAM
0 NHH O
o  2) Ethyl chloroformate/pyridine O a & J
/©/\HJ\ ° Sen<2 0 ¢ p° ©
HO NH3 4) Extract with diethyl ether (3 x) ~ o~ $0
5) CHoNo
m/z 353
Fragment ion F3:
Isotopomers of Fragment ion F1: Fragment ion F2: | Cleavage at bonds b
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The mass spectrum of theethylester derivatives of thHg&isomers yielded ions of diagnostic
labeled fragments that were perturbed by overlappatellite fragment ions. Therefore, dtayl
esters of thgd-isomers were separated by GC, and the fates ofieh&eriums on th@-amino
acids, originating from the substrate, were evaldidtty the identity of diagnostic fragment ions
made in the mass spectrometer (Figure A 41, Figu4@, and Figure A 43 for fragment ions).
The molecular ion [M+] 1Yz 353) of the 40,3-N-di(ethoxycarbonyl) ethyl ester derivative of
unlabeled R)-2 fragmented into diagnostic iofslA, F2A, and F3A (m/z 280, 266, and 194,

respectively) (Table 1A). The corresponding fragmems of the derivatize@-amino acid
biosynthesized bcTAM from (28,38)-[2,3-2HZ]-1 wereF1B, F2B, andF3B (m/z 282, 266, and

194, respectively, Table 1b). Fragment i¢f&B (m/z 266) andF3B (nV/z 194) are identical to

those of the unlabeled derivatized product (Tallg ithdicating that deuterium was not %t@

the biosyntheti@. Further, the fragment idAlB (m/z 282, Table 1b) corresponding to the intact
phenylpropanoid was shifted by twaass units above the similar fragment ion of thehaled

isotopomer. These data indicate that both deuteriane at ¢ of the biosynthetic product
derived from (838)-[2,3-2I—|2]-1. Notably, the mass spectrum of the biosynthettipct2 made
from (2539-[2,3°H,-1 showed a molecular ion Zj,J(M)+, miz 355) and ionmz 354
([2Hl](M)+), one mass unit lower (Table 1b), indicatiB§% deuterium was lost from the
product compared to the substrate. This deuterasmytirogen (B>H) exchange during the
CcTAM isomerization of (838)-[2,3-2|—|2]-1 was also supported by the ratio of diagnostic
fragment ionF1B (m/z 282) (Table 1b) and itsFLlB — 1] partner ifvz 281), showing 32%

deuterium loss. Conversely, wherS@R)-[3-2H]-1 was used as the substrate W&tiTAM, the

resulting derivatized?H]-labeled 2 yielded fragment iorF1C (m/z 281) that was shifted one
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mass unit over its unlabeled counterpart (Table ibdjcating retention of one deuterium in the
propanoid side chain. Fragment idf&C (m/z 267) and=3C (m/z 195) (Table 1c) were also one
mass unit higher than the corresponding fragmesrisetl from the unlabeled product. The latter

clarified that the deuterium atB(bf the substrate remained at this position aterGcTAM

isomerization reaction t@.

5.3.6. Assessing the B>H Exchange Rate duringCcTAM Catalysis

(28)-[3,3-2I-IZ]-1 was incubated witlccTAM in a time course experiment to assess the éxten

of the D>H exchange during the isomerization (Table 1d). Pk&mino acids isolated at

designated time intervals were derivatized to tA&d,3-N-di(ethoxycarbonyl) ethyl esters and

analyzed by GC/EIMS, as before. Tracking the mdécion [2H2](M)+ (m/z 355) and its

[2Hl](M)+ partner (Wz 354) showed that the deuterium enrichment decdefisen 85% at 10

min to 60% after 12 h, under steady state reactanditions. After 45 h, the reaction reached
equilibrium (70% conversion of substrate to produtthydroxycinnamate arZ] and the B>H
exchange stabilized at 30% deuterium retention Taeé 1d, Figure A 43, Figure A 44, Figure A
45). Moreover, the relative abundances of fragmens F2D (m/z 267) andF3D (m/z 195)
(Table 1d) (both one mass unit above their unlabaleunterparts) from the derivatized

biosynthetic produc, at each time point, confirmed that a deuteriumai@ed at g Thus, one

of the geminal deuteriums of$2[3,3-2HZ]-1 was 100% retained atﬁ(bf the product, while the

migratory deuterium was partially exchanged witldidmgen. This deuterium loss during the
reaction was supported by the parallel decreasthenratio between iofr1D (m/z 282) (a

fragment containing two deuteriums, one gt(€changeable during catalysis), the other @t C
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(100% retained)) and io-LD — 1] (m/z281) (a fragment containing one deuterium @tiﬁ?the

same spectrum (Table 1d and see Figure A 43 aznefe).
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Figure 5.3.Plotted are the D H exchange>) and (5)-[3,3-*H,]-1 (e), [2,3’H,]-2 (A), and

[3-2H]-4"-hydroxycinnamic acida() (as mol %) during th€cTAM conversion of ($)-[3,3-

2H,]-1 to labeled.

5.3.7. Re-evaluation of the Stereoisomeric Product Distribtion Catalyzed by CcTAM

A previous study oi€cTAM reported that the enzyme stereoselectivity 8% ee for R)-2
at pH 8.8% The earlier study however also showed tiSx2(was produced at <5 mol% for the
duration of the steady state (0 to 4 h) of the treaccontainingCcTAM (10-50 pg), but
increased significantly as the reaction enteredliegum.? This interesting perturbation in the

production of R)- and §)-2 at equilibrium prompted us to re-evaluate thictiea phenomenon.
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Here, GC/EIMS was used to separate the diasteraeiso 4'O,3-N-di((S)-2-methylbutanoyl)-
B-tyrosine methyl estederivatives of enantiomers & produced byCcTAM at steady state.
Even after 1% conversion of the substrate, aftarily CCTAM (50 pug) was already producing
an enantiomeric mixture containing 80% ee Bj-Z from 1 mM of substrate. The mixture
approached 85:1RS (i.e., 70% ee of §)-2) at a steady state rate just before reaching
equilibrium at 120 min (Figure 5.5). The steadytestaroduction of §-2 (from 5 mol% to 15

mol%) over 2 h starkly contrasted the <5 mol% paidun of -2 prior to reaching equilibrium

over 4 h, as reported earlfér.
5.3.8. pH Effect on the Stereoselectivity of the Reactio@atalyzed by CCTAM

The CcTAM reaction was incubated witt5f1 separately at different pH values. After the
conversion of §-1 to 2 reached 13, 35, and 56% at each pH, the amouhed®)-isomer (the
minor antipode) relative to the total amount2oWas calculated. The rate of the reaction was
similar at pHs 8 and 9, yet half as fast at pH #eAthe conversion of substrate to product
reached ~13% in each assay, the samples incubapttsat, 8, and 9 contained 10.8%, 13.0%,
and 16.7% 9)-2, respectively, relative to th&®)-antipode (Figure 5.6). At higher percentages of
conversion, the proportion 02 continued to increase, and the trend of increagiguction

of (§-2 with higher pHs was also maintained (Figure 5.6).
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5.4. Discussion

5.4.1. Retention of Configuration at the Migration Termini during the CcTAM Reaction.
5.4.1.1. Amino Group Migration

The stereochemistry of the major biosynthetic pobdimade byCcTAM was confirmed
herein as (B); this was consistent with the assignment madmiearlier reporé The synthesis
of stereospecifically deuterium labeled isotopoméﬁSBS)-[Z,B-sz]- and (%53R)-[3-2H]-1
made it possible to assess the mode of attachnfetheoamino group at [g:during the

isomerization reaction catalyzed B¢TAM. GC/EIMS profiles of derivatized isotopomers 2f

showed diagnostic fragment ions that informed @nldication of the deuteriums. Fragment ions
F2B andF3B (Table 2b) revealed that thq5 Geuterium of the (838)-[2,3-2I—|2]-1 substrate was

replaced by the amino group en rout@ {@able 1).

Fragment ionF1B revealed that the deuterium migrated reciprocallyC, (Table 2b), thus
confirming thatCcTAM migrated thepro-(3S hydrogen from gto C, Further, fragments ions
F2C andF3C of the derivatized?H]-labeled product (Table 2c) showed complementiaay the
Cg deuterium of the @3R)-[3-?H]-substrate was retained at its original positiGoupled with

the known R)-2 stereochemistry made in the aminomutase readtiendeuterium remaining at

CB confirmed thatCcTAM uses a retention-of-configuration mechanisnth& amino migration

terminus.
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5.4.1.2. Hydrogen Migration Stereochemistry

The transient B;deuterium of (838)-[2,3-2!42]-1 migrates from gto C, as the amino group
moves reciprocally from Cto CB The stereochemical mode of attachment of theedieun to
C, was assessed Bid- and 2H-NMR analyses of the zwitterion of the productsdised in
methanol. The magnitude of the difference betwéenAX and BX coupling constantad) ~ 6
Hz) of (R)-2 was measure and compared to the experimentakyletédA3) (~7 Hz) for the
vicinal protons of the cyclohexane structdfé 126 These similann3) magnitudes calculated for
these two structures suggested that the propiomadeogens of R)-2 are conformationally

restricted as they are in cyclohexane. It can kegined that a monodentate interaction between

the ammonium cation and carboxylate anion of Re2(zwitterion forms a pseudo-staggered

six-membered ring to account for the magnitudenefabserved3J (Figure 5.4).

o)

H Hx 1
B C H
PN/

Hy H2

HO

_ \
pro-(2S) pro-(2R) Newman Projection

Figure 5.4. Intramolecular salt-bridge between the ammonium aad carboxylate group of

(R)-2 in methanol. Dihedral angleg,(and¢,) between H and H, and between gland H,,

respectively, in the pseudo six-membered ring farimg2 are shown in Newman Projection.
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To support the proposed restricted rotamer confoomathe carboxylate group oR)-2 was
methyl esterified to disrupt the ionic ammoniumbzatylate ionic interaction. In acyclic

systems, the conformational preference of hydrogeas ABX spin system is commonly lower
than in a restricted conformer. As an examﬁﬂ%m (7.8 Hz) and3J(BX) (6.3 Hz) coupling
constantsA3J(AX)_(Bx) = 1.5 Hz) of theR)-2 methyl ester were nearly identical in LID. This
observation suggested thajyHand H; in the R)-2 methyl ester was conformationally more
equivalent with respect to,Hlue to greater rotational freedom about tlaf%tbond. This likely

resulted from removal of thatramolecularionic interaction of underivatizedR)-2 (see Figure

5.4).

The proposed six-membered ring conformationR)f4 places the side chain hydrogens of

the amino acid in defined axial and equatorial fp@s$ by restricted rotation about thgt-CB
bond (Figure 5.4). In addition, the carboxylate @ndmatic ring of R)-2 are considered to be
positionedanti, according to a described lowest energy rotamdr1éf Therefore, based on the

IH-NMR chemical shifts and coupling constants, Was definitively assigned gso-(2R) and
Hg aspro-(29) (see Figure 5.1). These chemical shift assignsneete used as referencelfh

and 2H-NMR analyses of the deuterium-labeled biosyntheimples.CCTAM shuttled one
deuterium of (S)-[3,3-2HZ]-1 from CB and attached it to Cwith retention-of-configuration,

placing the deuterium in the formaio-(2S) position of R)-2.

Previous stereochemical studies showed that aecdeldfllO-dependent phenylalanine

aminomutase fromTaxus plants TcPAM) exchanges the position of the Midnd hydrogen

migration partners of §)-a-phenylalanine with retention of configuration dtetterminal
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carbons® Thus, theCcTAM and TcPAM reactions are likely mechanistically simif&rwhere

both remove NHand H from their substrates to form an acrylatermediate. Apparently, these

enzymes can rotate their intermediates 180° abwutG-C, and C@-Cipso bonds prior to the

rebound of NH and H to retain the stereochemistry in the coordngB-products
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Figure 5.5 Analysis of the diastereomeric mixture of producatalyzed b cTAM. Plotted are
mol % of R)-2 (e) and §)-2 (m) relative to amount of3)-1 added. The amount oR)-2 (as %)
(A) relative to the total amount oR)- and §)-2 made at steady state. (Average of duplicate

assays is plotted).

It is important to note thaRj-2 produced byYCcTAM decreased from 90% to 80% (whilg){

2 increased accordingly) during the steady statseloé the reaction from 5 to 120 min (Figure

5.5). The isotope enrichment in fragment ion clisstef the biosynthetic?H]-2 (Table 1) in the

mass spectrometer did not indicate that 8)agomer was labeled regioselectively differentiro

(R)-2. In addition,2H-NMR analysis of the labeled mixture ®fndicated isochronous signals for
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the deuteriums at Cof both enantiomers dt present in the reaction mixture. Therefore, the

biosynthetic fH]-(9-2 was labeled as the enantiomer Rf--isomer. In contrast to the retention
of configuration mechanism to acce$§-g, CCTAM must use an inversion-of-configuration

process to obtain th&gtisomer (Scheme 5.3)

30-

(S)-2 (%)

128 = 354 556
% Conversion

Figure 5.6.(9-2 (as % of total) measured after substratg-( was depleted by 13%, 35%, and

56% at pHs 7, 8, and 9 while incubated Wit AM.

5.4.2. Hydrogen Exchange during Migration

(28)-[3,3-2I-Iz]-1 was incubated withCCTAM in a time course study to track the—tH
exchange rate of the migratopro-(3S deuterium during the isomerization reaction. The

deuterium enrichment in theH]-2 decreased from 85% at 5 min to 30% after 10 hhas t
reaction reached equilibrium. This level oI exchange was also observed for tRg-[-

phenylalanine product made in a similar reacticialgaed by the plantcPAM with (29-[3,3-
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2I—I2]-0L-phenylalanine as the substr&ddowever, no deuterium exchange was observed in the
reaction catalyzed by an isozyme from the bacteaatoeaagglomerangPaPAM) with (29)-

[3,3H,]-a-phenylalanine substrafé.Structural data showed that tiRaPAM active site is

slightly smaller and more ordered th@d”AM.3® 114 Thus, bulk water likely can access the

active site off[cPAM better than that d?aPAM. While theCcTAM structure is not yet solved, it
can be imagined that its active site, like thaTd?AM, allows access by bulk water to account

for the observed proton exchange during catalysis.

The D>H exchange rate progressively increases as théaegogresses under steady state

conditions. A monoprotic Tyr52 residue, also repdrtor other MIO aminomutases (and located

on a flexible loop structuréd 8 114 presumably, serves as the general base inCti&M

reaction. In this case, after deuterium abstradtiom the (25)-[3,3-2HZ]-1, the D>H exchange

on the catalytic Tyr52 should theoretically remaonstant if all of the conditions stayed the
same for the duration of the reaction; howevess thinot the case. One notion to explain the

observed increase in deuterium washout uses uraasgesnodel. Ureases are known to change

the pH of the enzyme-microenvironment upon relegfsammonia from ure&’ 128 Likewise,

each of the known MIO-dependent arylalanine amirtas®es catalyzes an ammonia lyase

reaction that releases ammonia and produces aaceyldte as a by-product (see Figure A#5).

46 6 115 Thys, the microenvironment @cTAM, containing increasing amounts of ammonia,

might increase the pH and influence the proton amgbk rates during catalysis. It is conceivable
that as the microenvironment ultimately reachesiliogum with bulk water, the BH

exchange becomes zero order as the reaction reaghddbrium (see Figure A 45). To assess
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this, CCTAM was separated from the$)2[3,3-2Hz]-1 substrate and biosynthesized products after

a 24-h time course study. The isolated enzyme eaiscubated with more @-[S,B-ZHZ]-L and

the change in the deuterium washout rate was time & observed before (see Figure A 45).
Thus, the factors affecting the deuterium exchangee reversible, and the microenvironment

was reset to its initial conditions.
5.4.3. Diastereomeric Product Ratio Catalyzed byCcTAM

Thus far, the MIO-dependent aminomutases can begeodred according to their

stereoselectivitySgTAM and PaPAM catalysis stereoselectively produ@-f-arylalanine$ 61

It can be imagined that these aminomutases folloginalar stereochemical course during

removal and rebounding of the transient hydrogehNir, groups.

Scheme 5.3: Inversion and Retention of Configuratio Pathways Catalyzed byCcTAM @

(9-1

(9-1

a(Path a) Retention andPath b) inversion-of-configuration at Gnd Cﬁ after exchange and

reattachment of thero-(39) proton (H) and the NH of the §)-1 substrate to maké]-2 and
(9-2, respectively byCcTAM catalysis.
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a) PaPAM b) SGTAM

} Phed28 Phe"SSB

Arg32 V

Va1108
c) TcPAM d) CcTAM
Asn458 }‘ | Tyr403 5:;5
Tle431 ¥ Asnd30
Arg32 Arg29§
Leul08

A

Figure 5.7. Comparison of thelTcPAM, PaPAM, and SgTAM active site structures co-
crystallized with phenylpropanoid adducts or compke and theCcTAM active site with 4'-
hydroxycinnamate was modeled on #&AM crystal structure (PDB# 3NZ4). The orientation
of phenylpropanoid (center of each diagram) retativ the Arg residue (at right of each
diagram) is shown. Also shown are key non-catalygsidues involved in binding and
positioning the substrate; the catalytic tyrosiegidue is above the plane in each drawing and is

not shown.

142



The crystal structures of a phenylalanine aminosei@aPAM) (Figure 5.7a) and a tyrosine
aminomutase3grAM) (Figure 5.7b) show that the trajectories of fthenylalanine and tyrosine
substrates, respectively, are nearly identical. &l@y these aminomutases use distinct
enzyme/substrate interactions to orient their sabet. SgTAM apparently uses residues His93

and Tyr415 to form a hydrogen bond network with 4h©H of the tyrosine substrate and place

the carboxylate in a monodentate salt bridge intEma with Arg31112° By contrast, these
H-bond interactions are absentRaPAM, which has hydrophobic residues Val108 and RBe4
positioned analogously to His93 and Tyr415, respelgt of SQTAM. Instead,PaPAM uses the
steric bulk of Phe455 to force the phenylalaninbstiate into a monodentate salt bridge
interaction with Arg323. This steric interactionigals phenylalanine ilPaPAM at a similar
orientation as the enzyme/substrate pairin§ghAM. It was postulated that after elimination of

the hydrogen and Njfrom thePaPAM substrate, the distinct angle somehow prevesttion
of the cinnamate intermediate. In this way, therbgdn and NH can rebound to the same face

of the intermediate from which they were removelge Fimilar substrate docking conformations
and trajectories ofPaPAM and SgTAM likely, in part, define their identical §&-product

stereoselectivity. By analog;cTAM (described herein) an@icPAM from Taxusplants both

make B-amino acid product with @&-stereochemistry: 4% %6 thus, these aminomutases likely

progress through similar stereochemical profilesrli&r structural analyses showed thePAM

has Asn458 positioned in contrast to the stericllger Phe455 of isozymBaPAM. The
smaller Asn offTcPAM enables the carboxylate of the transient ciratearmtermediate to engage
in a bidentate salt bridge with Arg325 (Figure %.7n addition, the aryl portion of cinnamate
sits in hydrophobic pocket that is, in part, corspd of residues Leul08, and lle431, which also

help aligns the reaction intermediateTdPAM ~ 15° different from that of phenylalanine abou
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the Gyaxis in thePaPAM14 (Figure 5.7a). The altered angle presumably alltvesTcPAM

intermediate to rotate 180° and retain the conégan at the chiral and prochiral centers of the
(R)-B-phenylalanine productCcTAM probably also proceeds through an identicalcpss to

obtain R)-2.

The CcTAM structure has not yet been solved. However, rdaction stereochemistry

(retention of configuration at both,@nd Cé in the major reaction product) is identical tottbh

TcPAM. This suggested that the two enzymes have camactive site architecture and likely
position their reaction intermediates similarly.UBhCcTAM was modeled oiTcPAM (PDB#
3NZ4) (30% sequence similarity). Placing the 4'fioygcinnamate in an orientation identical to
that of cinnamate iTcPAM shows the hydroxyaryl portion of the formerdracts with His81
and Tyr403 residues @cTAM (Figure 5.7d).The plausible hydrogen bonding betw&stTAM
and the 4'-hydroxyaryl of the substrate likely seldign the substrate with Arg298 to form a

bidentate salt bridge interaction (Figure 5.7d)ikir to the interaction ificPAM.

As mentioned, a significant difference between dhgnomutase isozymes is the TAMs use
His and Tyr residues in the aromatic pocket to féha and orient the tyrosine substrate through
hydrogen bonding. The PAMs, instead, use hydroghoésidues in the aromatic pocket and
likely, other not yet fully understood factors tiredt the substrate binding orientation and
stereoselectivity. It is feasible that hydrogen diog with the phenol of the substrate, in part,
governs the stereoselectivity of the TAMs and esmlihe minor antipodal product to form
through a new reaction route. As mentioned prelypusach MIO-dependent arylalanine

aminomutases catalyzes an ammonia lyase reacat@gsing ammonia and an arylacrylate as

by-products (see Figure A 4834661115\ posited earlier that the observe® B exchange for
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the CCTAM reaction was likely influenced by the increag®d of the microenvironment caused

by ammonia-release (Figure A 45). Variation in baflid local pH is known generally to disturb

hydrogen bonding networks within an enzyme actiite. 189132 |n the TAM enzymes, the

perturbation of the local pH could also affect tHebonding network within the active site.
Alteration of the hydrogen bonding network in thehyidroxyaryl binding pocket of the TAM
enzymes could potentially change the enantioselggtisince this region likely contributes
significantly to the substrate docking conformati®herefore, in this study, the buffered pH of a
CcTAM reaction was adjusted to 9 and below to assdsther this would change the % ee of

the product.

A lower % conversion of)-1 to 2 correlated with a higher % ee &){2 for each pH tested.
Also, at higher pHs, the relative proportion 8f-2 made byCCTAM increased compared t&)-
2. CCTAM consistently produced mor&)(2 enantiomer at higher pHs, regardless of the amount
of (9-1 converted t® (Figure 5.6). As we proposed earli€®)-2 is made via a conformer of a

4'-hydroxycinnamate intermediate that receives Nid, group and hydrogen (dwelling

temporarily on the enzyme) on the same face thag wemoved fromJ-1. (R)-2 is provided
via a rotamer of the initially formed conformer #thydroxycinnamate. Therefore, since the
production of §-2 increases with higher pH, these conditions camniagined to restrict the
rotation of the 4'-hydroxycinnamate intermediatehwi the CCTAM active site by possibly
altering the substrate binding angle or by stremgtig the hydrogen bond network with the 4'-
OH of the substrate. Increases in pH are knownattitpn the phenol groups of active site
tyrosines to the phenolates and thereby shortemobgd bond distances interacting with these
oxyanionst3! However, the mechanism through which the pH eyaaffects the product

stereochemistry dEcTAM remains unclear and will require further inguir
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5.5. Conclusion

In summary, the synthesis of stereospecifical§]{abeled1 enabled us to provide evidence
to support thaCcTAM catalyzes its isomerization reaction along thgamilar to that offcPAM
from a plant. That is, both likely overcome a torsl barrier to access two pivotal rotameric
intermediatesCcTAM converts one rotamer tdR)-2 as the major product through retention of
configuration. This pathway competes with a routeolving a second rotamer, producirt§-g
as the minor enantiomer through inversion of camfjon. TC(PAM uses only one rotamer to

advance to a single enantiomd&)--phenylalanine.

Thus, this study potentially starts to shed lighthmw CCTAM catalysis uses the 4'-hydroxyl
group to orient the substrate in the active siteaddition, this investigation provides a basis to
probe the driving force that rotates the brancmioitermediate inCcTAM to produce two

enantiomers.
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Figure A 1. The linear relationship between the reciprocahef steady-state rate ¥g) and the

concentrations of competitive inhibitors (lih eq. 4 above): Top Leftjans4'-Chloro- (9), Top

Right) trans-4'-Methyl- (10), Middle Left)trans-4'-Fluorocinnamate (11), Middle Rightans

Cinnamate (12).
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Figure Al (cont'd).
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The linear relationship between the reciprocal bé tsteady-state rate () and the

concentrations of competitive inhibitors (l]in eq. 4 above): Bottom Leftfrans2'-

Thienylacrylate 13), and Bottom Right}rans-3'-Methylcinnamate 14) (each at 50, 100, 150,
300, 500, 1000, 200QM) are shown. The inhibitors were co-incubated WitPtAM and §)-

styryl-a-alanine 6), in triplicate. The production of B4E)-Styrylacrylate ) was monitored.

The standard deviation for each calculated slépewas approximately + 6% of the mean.
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Figure A 3. a) lH-NMR spectrum ((500 MHz, CDg) &: 7.68 (s, 1 H), 7.32 - 7.17 (m, 4 H),
2.91 (t,J = 8.4 Hz, 2 H), 2.64 (dt] = 1.5, 8.5 Hz, 2 H))of and tHs ~-C-NMR spectrum ((126

MHz, CDCk) &: 172.2, 138.7, 137.2, 132.3, 129.9, 128.8, 1284,7, 126.8, 27.5, 21.9) a6

Acr
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Figure A 4. Overlay of gas chromatography profiles of Na)(1'S)-camphanoyl] methyl esters
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Figure A 4 (cont'd).

of (29-a-4'-fluorophenylalanine (13.72 min) derived fromemmolecular amino group transfer
by TcPAM catalysis (solid line) and of thN-[(1'S-camphanoyl] methyl ester of $Ra-4'-
fluorophenylalanine (13.75 min) (dashed line);Na)(1'S)-camphanoyl] methyl ester of -
4'-fluorophenylalanine (13.82 min) derived fromamholecular amino group transfer catalysis of
TcPAM  (solid line) and of the N-[(1'S-camphanoyl] methyl ester of Rpp-4'-
fluorophenylalanine(13.83 min) (dashed line). Thasmspectrometry profile of &-[(1'S)- of
(29-0-4'-fluorophenylalanine (13.72 min), and M)[(1'S)-camphanoyl] methyl ester of -
4'-fluorophenylalanine (13.82 min) and derived frantermolecular amino group transfer

catalysis ofTcPAM.
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Figure A 5. GC EI/MS fragments of a)-[(1'S)-camphanoyl] methyl ester of $Ra-4'-
fluorophenylalanine and b)N-[(1'S-camphanoyl]] methyl ester of Rpp-4'-

fluorophenylalanine
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S © 1) Ethyl chloroformate/pyridine . ,5/
O 2)pH<2 0. 0
HO 3) Extract (Diethyl ether) /\0)155

4) CH,N,
4'-Hydroxycinnamic acid M = vz 250
o+
o} ®
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100 - 147
80
)
(&)
g
o 60 4
5
3 178
<
>
= 40
)
Q
o
20 250
o1 119
219
JL i
O || 1 ||,I,|| Ll 1 I|" a Iils 1 t 1 II| || . - .| 1 I|
50 100 150 200 250
m/z

Figure A 6. EI-MS fragmentation of 40-(ethoxycarbonyl) methyl ester derivative of

authentic 4'-hydroxycinnamic acid. Diagnostic fragrions are m/z 178 and 147.
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ethanol

Chemical Shift (ppm)
Figure A 7. a) lH NMR of 4'-O-(ethoxycarbonyl) methyl ester of 4'-hydroxycinnaracid

ethanol

'H NMR (500 MHz, CDC#) & 7.68 (d,J = 16.1 Hz, 1 H), 7.55 (dl = 8.3 Hz, 2 H), 7.22

(d,J=8.3Hz, 1 H), 6.41 (d] = 16.1 Hz, 1 H), 6.41 (d} = 16.1 Hz, 1 H), 4.34 (g} = 7.3

Hz, 2 H), 3.82 (s, 3 H), 1.41 @= 7.3 Hz, 3 H)
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Figure A 8. a) 130 NMR of 4'O-(ethoxycarbonyl) methyl ester of 4'-hydroxycinnarabid130

NMR (126 MHz, CDC}) &: 167.2, 153.2, 152.4, 143.6, 132.2, 129.2, 12118,11, 65.1, 51.7,

14.2
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Figure A 9. EI-MS fragmentation of 40,3-N-di(ethoxycarbonyl) methyl ester derivatives of

unlabeled §-1. Diagnostic fragment ions are m/z 250, 178, Hdid.
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Figure A 10. a) lH NMR of 4-O,2-N-di(ethoxycarbonyl) methyl ester aftyrosine.lH NMR

(500 MHz, CDCI3)s = 7.21 - 6.98 (m, 4 H), 5.10 (d,= 7.3 Hz, 1 H), 4.67 - 4.55 (m, 1 H),
4.28 (q,J = 7.1 Hz, 2 H), 4.08 (q] = 6.7 Hz, 2 H), 3.69 (s, 3 H), 3.10 (dtk 6.1, 14.0 Hz, 1

H), 3.05 (dd,J = 6.1, 14.0 Hz, 1 H), 1.36 @,= 7.0 Hz, 3 H), 1.20 (i = 6.7 Hz, 3 H).
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Chemical Shift (ppm)
Figure A 11 a) 13C NMR of 4'0,2-N-di(ethoxycarbonyl) methyl ester oftyrosine. 13C

NMR (126 MHz, CDCI3) = 171.9, 155.8, 153.5, 150.2, 133.6, 130.3, 18408, 61.2, 54.5,

52.3,37.6,14.4,14.1
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Figure A 12. 1H NMR of 4'-O,2-N-di(ethoxycarbonyl) ethyl ester aftyrosine.lH NMR (500

MHz, CDCI3)$ = 7.17 (d,J = 8.6 Hz, 2 H), 7.14 - 7.11 (nd,= 8.6 Hz, 2 H), 5.14 (d] = 7.8
Hz, 1 H), 4.63 (ddJ = 5.6, 13.4 Hz, 1 H), 4.33 (d,= 7.1 Hz, 2 H), 4.17 (g] = 7.2 Hz, 2 H),
4.12 (qJ=7.1 Hz, 2 H), 3.11 (d1 = 5.1 Hz, 2 H), 1.40 (] = 7.1 Hz, 3 H), 1.25 (1] = 7.3 Hz,

3 H), 1.24 (tJ= 7.2 Hz, 3 H)
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Figure A 13. 13C NMR of 4'0,2-N-di(ethoxycarbonyl) ethyl ester @f—tyrosine.l?’c NMR

(126 MHz, CHC$) &: 171.7, 156.1, 153.8, 150.4, 133.9, 130.6, 12153],661.8, 61.4, 54.9,

38.0,14.7, 14.4, 14.3
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Figure A 14 a) GC profile of derivatizefi-tyrosine (with ethylchloroformate and GN»

163



Figure A 14 (cont'd).
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b) MS profiles of peak at 9.09 min retention tinmel &) of peak at 9.79 min retention time.
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Figure A 15. EI-MS fragmentation of 40,3-N-di(ethoxycarbonyl) ethyl ester derivatives of

authentic R)-2. Diagnostic fragment ions are m/z 280, 266, Hodl
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Figure A 16. a) lH NMR of 4'-O,3-N-di(ethoxycarbonyl) ethyl ester @Ftyrosine.lH NMR

(500 MHz, CDC}) &: 7.34 (d,J = 8.5 Hz, 2 H), 7.16 (d] = 8.8 Hz, 2 H), 4.33 (] = 7.3 Hz, 2

H), 4.12 (qJ = 7.1 Hz, 2 H), 4.09 (q] = 7.3 Hz, 2 H), 2.92 - 2.78 (m, 2 H), 1.40& 7.3 Hz,

3 H), 1.24 (tJ= 7.2 Hz, 3 H), 1.19 (] = 7.3 Hz, 3 H)
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Figure A 17. a) 13C NMR of 4O, 3-N-di(ethoxycarbonyl) ethyl ester q3ftyrosine.130 NMR

(126 MHz, CDC§) &: 170.7, 155.8, 153.5, 150.3, 138.8, 127.4, 12143,661.0, 60.7, 51.0,

40.6, 14.5, 14.1, 14.0

167



O NH O
: A _&
1 O O
h
1
Lo s e
a | ° f j

50 45 40 35 3.0 25
Chemical Shift (ppm)
Figure A 18 1H NMR of 4'-O,3-N-di(ethoxycarbonyl) methyl ester @ftyrosine 1H NMR

(500 MHz, CDCh) § = 7.29 (d,J = 8.5 Hz, 2 H), 7.12 (d] = 8.5 Hz, 1 H), 5.66 (br. s., 1 H),

5.17 - 5.07 (m, 1 H), 4.28 (d,= 6.9 Hz, 2 H), 4.08 (q] = 7.3 Hz, 2 H), 3.60 (s, 3 H), 2.90 -

2.73 (m, 2 H), 1.36 (] = 7.3 Hz, 3 H), 1.20 (] = 7.0 Hz, 3 H)
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Figure A 19. 13C NMR of 4'O,3-N-di(ethoxycarbonyl) methyl ester @Ftyrosine.l?’c NMR

(126 MHz, C3COCDg) &: 170.7, 155.9, 153.4, 150.5, 140.3, 128.4, 1215/0,664.4, 60.0,

51.0, 40.2, 14.1, 13.6
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Figure A 20. Crystal structure of a)Z][-Z-benzamido-[fH]-B-(4'-hydroxyphenyl) acrylic acid

and Color coding: Carbon (black), Hydrogen (Cyabguterium (green) Oxygen (red), and

Nitrogen (blue),
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Figure A 20 (cont'd).
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Crystal structure of b)Z)-2-benzamido-3-(4'-hydroxyphenyl) acrylic acid.|@ocoding: Carbon

(black), Hydrogen (Cyan), Deuterium (green) Oxy@enl), and Nitrogen (blue),
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Figure A 21. 1H NMR spectrum of1)-2-Benzamido-[32-H]-3-(4'-hydroxyphenyl)acrylic Acid.

'H NMR (500 MHz, DMSO-g) & 12.49 (br. s., 1 H), 9.91 (s, 1 H), 9.77 (s, 1 H%9 (d,J =

7.1 Hz, 2 H), 7.59 () = 7.6 Hz, 1 H), 7.56 - 7.49 (m, 4 H), 6.77 Jc; 8.3 Hz, 2 H)
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Figure A 22 13C NMR spectrum on)-Z-Benzamido-[32-H]-3-(4'-hydroxyphenyl)acrylic Acid.

13c NMR (126 MHz, DMSO-¢) &: 166.6, 165.9, 158.8, 133.7, 133.4, 131.9, 131285,

128.3, 127.7,127.5, 124.6, 123.9, 115.5, 115.4
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Figure A 23. 1H NMR spectrum of Z)-2-Benzamido-3-(4'-hydroxyphenyl)acrylic Acicjo

NMR (500 MHz, DMSO-@) & 12.49 (br. s., 1 H), 9.91 (br. s., 1 H), 9.8272(m, 1 H), 7.99

(d,J=7.3 Hz, 2 H), 7.59 (1 = 7.1 Hz, 1 H), 7.56 - 7.47 (m, 4 H), 7.41 (s, )} 6177 (d,J= 8.3

Hz, 2 H)
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Figure A 24. 130 NMR spectrum of4)-2-Benzamido-3-(4'-hydroxyphenyl)acrylic Acié.3C

NMR (126 MHz, DMSO-d) &: 166.6, 165.9, 158.8, 134.0, 133.8, 131.9, 13128,5] 128.4,

127.7,127.5, 124.6, 124.0, 115.5, 115.4
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Figure A 25. "H NMR spectrum of [Rh(NBDJCIO,. “H NMR (500 MHz, CDG4) &: 5.20 (q,J

= 2.2 Hz, 8 H), 4.15 - 4.11 (m, 4 H), 1.510& 1.6 Hz, 4 H)
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Figure A 26. lH NMR spectrum of [Rh(NBDR)-Prophos]CIQ+0.5 CHCl». Trace amounts of

THF, HyO, and silicon grease are present as impurljﬂdsNMR (500 MHz, CDC4) 0 = 7.79 -

7.73 (M, 2 H), 7.72 - 7.67 (m, 3 H), 7.65 - 7.61 @H), 7.61 - 7.58 (m, 6 H), 7.58 - 7.55 (m, 6
H), 7.47 - 7.41 (m, 2 H), 7.35 - 7.29 (m, 2 H),B(®r. s., 2 H), 5.31 (s, 1 H), 4.87 (br. s., 1 H),
4.28 (br. s., 1 H), 4.16 (br. s., 1 H), 2.71 - 2(69 2 H), 2.04 (tdJ = 7.4, 12.5 Hz, 1 H), 1.84 -

1.76 (m, 2 H), 1.21 (dd = 6.5, 12.5 Hz, 3 H)
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Figure A 27. 13C NMR spectrum of [Rh(NBDR)-Prophos]CIQ+<0.5 CHCl,. Trace amounts

of THF, is present as impuritie%.?’C NMR (126 MHz, DMSO-¢) 6 = 143.1, 135.1, 135.1,

134.8, 134.5, 134.1, 133.9, 132.8, 132.7, 132.0,913131.7, 131.1, 131.0, 130.9, 130.1, 129.3,

129.3, 128.9, 128.8, 128.8, 128.6, 128.5, 128.2,812425.9, 125.5, 63.4, 48.2, 34.2, 33.0, 14.7
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Table A 1. EI-MS Fragment lons of 4'0O,2-N-Di(ethoxycarbonyl) Methyl Ester
Derivatives of Authentic and Synthesied Isotopomers of §)-1.
O 1) Ethyl chloroformate/pyridine e tﬁ\
NH; 3) Extract (Diethyl ether) HN. _O
m/z 339
Isotopomers of Fragment ion F4: lon abundance ratio’ D atom
Substrate 1 Cleavage at Bonde Fa " [Fa" -1 [Fa—2]" | %
o /\O H
o Y N O 100:0:0 0
NH ©- 0 Ehg W -
HO ®° 0
a (29)-unlabeled m/z 280 280:279:278
D
HD O
W@ -0 m ° 93:5:2 08
3 (0] 2\ D!
S HN._O
D NH
HO K 0~ 0 @\g/ W
b (2539)-[2,3-°H,] m/z 282 282:281:280
D
DH O H
) o m 98:2:0 99
o) Pe :2:
N HN. O
H NH
HO o o~ O @\g/ W
C (2S3R)-[3-°H] miz 281 281:280:279
5D O D D
R o} 2\ 93:5:2 98
N HN._ O
H NH
HO o o~ O @\g/ W
d (29)-3,3°Hs] miz 282 282:281:280

®Ratio of ion abundances ofiz [F4]+:[F4 - 1]+:[F4 - 2]+ for entriesb, ¢, andd (where

[F4]+ = [M+ - 59] is calculated to determine deuterium enriehth
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HD O 1) Ethyl chloroformate/pyridine DO
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(25,39-[2,3-Hy]-1 M =miz341
D(H) O o+ D(H) O ot D
/\O wo/ wo/ /@)@
041\0 D HO D HO
m/z 252 (251) m/z180 (179) m/z108

Elimination ofN-(ethoxycarbonyl) Cleavage at bonds a

Elimination ofN-(ethoxycarbonyl)
and G-H; Cleavage at bond a; H-and b; H-transfer to
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transfer to 4O 4'-O
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Figure A 28. EI-MS fragmentation of 40,2-N-di(ethoxycarbonyl) methyl ester derivatives of

(2838)-[2,3-2H2]-1. Diagnostic fragment ions are m/z 252, 180, 308.

180



DH O 1) Ethyl chloroformate/pyridine DO

MO@ 2) pH <2 | ;T)k
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HO 5 3 3) Extract (Diethyl ether) 4'\

4) CH,N, \[(1)/ j
(2S,3R)-[3-H]-1 M =miz340
D(H) O ot D(H) O ot D
-0 /@/\)J\O/ /@/\)J\O/ /@)@
o)\o HO HO
m/z 251 (250) m/z179 (178) m/z108
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Figure A 29. EI-MS fragmentation of 40,2-N-di(ethoxycarbonyl) methyl ester derivatives of

(283R)-[3-2H]-1. Diagnostic fragment ions are m/z 251, 17% 468.
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MO@ 2) pH <2 | ;T)k
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Figure A 30. EI-MS fragmentation of 40,2-N-di(ethoxycarbonyl) methyl ester derivatives of

(28)-[3,3-2Hﬂ-1. Diagnostic fragment ions are m/z 251, 179, 20@.
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Figure A 31 Partial NMR spectra of isotopomers 8J-(.
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Figure A 31 (cont'd).
PartiaIZH-NMR Spectra
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Partial NMR spectra of isotopomers &§-(.
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Figure A 32 1H NMR spectrum ofx-tyrosine.lH NMR (500 MHz, BO) &: 7.22 (d,J = 8.5 Hz,
2 H), 6.92 (dJ=8.5Hz, 2 H), 3.96 (ddl = 5.1, 7.8 Hz, 1 H), 3.23 (dd,= 5.0, 14.8 Hz, 1 H),

3.08 (dd,J = 7.8, 14.6 Hz, 1 H)
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Figure A 33 a) 1H NMR spectrum of (33S)-[2,3-2Hﬂ-a-tyrosine.1H NMR (500 MHz,
Do0) &: 7.22 (d,J=8.5 Hz, 2 H), 6.92 (d] = 8.5 Hz, 2 H), 3.08 (s, 1 H). %b—l NMR spectrum

of (2539-[2,3-°H]-a-tyrosine.’H NMR (77 MHz, H0) &: 3.97 (bs, TH) 3.22 (bs, TH).
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Figure A 34. a)'H NMR spectrum of (8 3R)-[3->H]-o-tyrosine.’H NMR (500 MHz, D,0) &

7.22 (d,J = 8.5 Hz, 2 H), 6.92 (dl = 8.5 Hz, 2 H), 3.97 (dl = 5.0 Hz, 1 H), 3.22 (d] = 5.0 Hz,
1 H) b)H NMR spectrum of (8 3R)-[3-°H]-o-tyrosine.’H NMR (77 MHz, FO) &: 3.08 (bs, 1

2.
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Figure A 35. lH NMR spectrum oﬁ-tyrosine.lH NMR (500 MHz, C3OD) &: 7.25 (d,J = 8.8

Hz, 2 H), 6.81 (d,) = 8.8 Hz, 2 H), 4.41 (dd} = 4.2, 10.0 Hz, 1 H), 2.73 (dd= 10.0, 16.6 Hz,

1 H), 2.61 (dd,) = 4.2, 16.6 Hz, 1 H)
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Figure A 36. a) 1H NMR and b)2H NMR spectra of the reaction mixture of biosynibhed

products catalyzed b§cTAM from (28)-[3,3-2Hﬂ-a-tyrosine.
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Figure A 37. 1H NMR spectrum of3-tyrosine methyl esterl.H NMR (500 MHz, CI30OD) &:

7.29 (td,J = 2.2, 8.5 Hz, 2 H), 6.85 (td,= 2.2, 8.5 Hz, 2 H), 4.63 (dd,= 6.3, 7.8 Hz, 1 H),

3.09 (dd,J = 7.8, 16.6 Hz, 1 H), 2.98 (dd= 6.3, 16.7 Hz, 1 H)
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Figure A 38. GC trace of 40,3-N-di((S-2-methylbutanoyl) methyl ester derivatives of

authentic §-2 (18.68 min) andR)-2 (19.06 min) (a). EI-MS fragmentation of @,3-N-
di((9-2-methylbutanoyl) methyl ester derivatives oftaairttic R)-2. Diagnostic fragment ions

are m/z 278 and 194.
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Figure A 38 (cont'd).
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(b). EI-MS fragmentation of 43,3-N-di((S)-2-methylbutanoyl) methyl ester derivative of

authentic §-2 was virtually identical.
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Figure A 39. GC trace of 40,3-N-di((S-2-methylbutanoyl) methyl ester derivatives §f-2

(18.68 min) and R)-2 (19.06 min) (a) and EI-MS fragmentation of G}3-N-di((9-2-

methylbutanoyl) methyl ester derivatives &) biosynthesized bcTAM from unlabeled

(9-1.
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Figure A 40. EI-MS fragmentation of 40-(ethoxycarbonyl) methyl ester derivative of 4'-

hydroxycinnamic acid biosynthesized 6¢TAM from unlabeled §-1.
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Figure A 40 (cont'd).
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Diagnostic fragment ions are m/z 178 and 147.@i|pgnostic fragment ions are m/z 278 and
194). EI-MS fragmentation of €;3-N-di((S-2-methylbutanoyl) methyl ester derivatives of

(9-2 biosynthesized bcTAM from unlabeled §-1 was virtually identical.
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Figure A 41. EI-MS fragmentation of 40,3-N-di(ethoxycarbonyl) ethyl ester derivatives of 2
biosynthesized byCcTAM from unlabeled §-1. Diagnostic fragment ions F1, F2, and F3

(m/z 280, 266, and 194) are highlighted.
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Figure A 42. EI-MS fragmentation of 40,3-N-di(ethoxycarbonyl) ethyl ester derivatives of

isotopomers of 2 biosynthesized B¢TAM from (2838)-[2,3-2Hﬂ-1. Diagnostic fragment

ions F1, F2, and F3 (m/z 282, 266, and 194) arkligioted.
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Figure A 43. EI-MS fragmentation of 40,3-N-di(ethoxycarbonyl) ethyl ester derivatives of

isotopomers of 2 biosynthesized 6¢TAM from (283R)-[3-2H]-1. Diagnostic fragment ions

F1, F2, and F3 (m/z 281, 267, and 195) are higtedh

198



Dp O  1)CcTAM ){NHD

N © 2) Ethyl chloroformate/pyridine
<6 ) Ethy Py W& o
1N 3)pH<2 )l
5 3 4) Extract (Diethyl ether) o7 R0

HO
5) CH,N,
2 .
(29-[3,3-Hy]-1 M =miz355
o F1
100 - 267 282
80 -
F3

© 195

(&)

C

g 60 - 281

5

3 123

< 210

g

T 151

x

355
20 179 223
238
310
0 - , |
50 100 150 200 250 300 350
m/z

Figure A 44. EI-MS fragmentation of 40,3-N-di(ethoxycarbonyl) ethyl ester derivatives of

isotopomers of 2 biosynthesized 6¢TAM from (28)-[3,3-2Hﬂ-1. Diagnostic fragment ions

F1, F2, and F3 (m/z 282, 267, and 195) are higtdigh
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Figure A 45 EI-MS fragmentation of 40-(ethoxycarbonyl) methyl ester derivative of

biosynthesized [§H]-4'-hydroxycinnamic acid biosynthesized BCcTAM from (29-[3,3-

2Hz]-l. Diagnostic fragment ions are m/z 179 and 148.
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