Biochemistry2004,43, 11403-11416 11403

Crystal Structure of Phenylalanine Ammonia Lyase: Multiple Helix Dipoles
Implicated in Catalysis*
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ABSTRACT. The first three-dimensional structure of phenylalanine ammonia lyase (PAL) has been determined
at 2.1 A resolution for PAL fronrRhodosporidium toruloidesThe enzyme is structurally similar to the
mechanistically related histidine ammonia lyase (HAL), with PAL having an additied&l0 residues
extending from the common fold. We propose that catalysis (including loweringdhefmonacidic C3

of L-phenylalanine for an E1cb mechanism) is potentially governed by dipole moments ofosbeéoes
associated with the PAL active site (six positive poles and one negative pole). Cofactor 3,5-dihydro-5-
methylidene-#-imidazol-4-one (MIO) resides atop the positive poles of three helices, for increasing its
electrophilicity. The helix dipoles appear fully compatible with a model of phenylalanine docked in the
active site of PAL having the first covalent bond formed between the amino group of substrate and the
methylidene group of MIO: 12 highly conserved residues (near the N termini of helices for enhancing
function) are poised to serve roles in substrate recognition, MIO activation, product separation, proton
donation, or polarizing electrons from the phenyl ring of substrate for activation of C3; and a highly
conserved His residue (near the C terminus of the one helix that directs its negative pole toward the
active site to increase the residue’s basicity) is positioned to act as a general base, abstracting the pro-
hydrogen from C3 of substrate. A similar mechanism is proposed for HAL, which has a similar disposition
of sevena helices and similar active-site residues. The helix dipoles appear incompatible with a proposed
mechanism that invokes a carbocation intermediate.

Phenylalanine ammonia lyase (PAEC 4.3.1.5) catalyzes  extreme the enzyme has greater specificity for tyrosine in
the nonoxidative deamination afphenylalanine tdrans certain photosynthetic bacteria where it serves to supply
cinnamic acid and ammonia, thus facilitating the commitment p-hydroxycinnamic acid as the chromophore for the photo-
step in phenylpropanoid pathways that produce lignins, active yellow protein; the latter enzyme has properly been
coumarins, and flavonoids in plants, fungi, and bactetja (  termed a tyrosine ammonia lyas8).(In monocotyledon
Depending on the enzyme’s biological source, it may act plants, PAL has similar substrate specificities for tyrosine
with greater or lesser efficiency on tyrosine, with the and phenylalanine and the catalyst serves double duty.
variation among relative substrate specificities for phenyla- Having roles of mediating the first step of the biosynthesis
lanine versus tyrosine documented to span a factor of of lignins for forming lignocelluloses, the second most
1 600 000 2, 3). At one extreme, PAL from dicotyledonous abundant biopolymer following cellulose, and that of more
plants is highly specific for phenylalanine, and at the other rare natural products, regulation of PAL activity has been
of some interest. Industrial applications include engineering
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Scheme 1

Scheme 2

L-phenylalanine and-histidine are less acidic than that of Reservations on this mechanism center on the ability to
L-aspartate, there has been considerable interest in angromote development and stabilization of carbanion inter-
numerous proposals for the mechanisms of the amino acidmediate2, and the mechanism of Scheme 2 was devised, in
lyases acting on these substrat®s-13). Recently, X-ray part, to provide a stronger means of supporting an Elch
structures of histidine ammonia lyase (HAL) have shown mechanism. In the steps of Scheme 2, in a Frie@zhfts-

that it contains the cofactor 3,5- dihydro-5-methylide&-4  type reaction the aromatic ring of phenylalanine attacks the
imidazol-4-one (MIO) 14—16), which is formed by cycliza-  MIO electrophile to form carbocatiod, which would
tion and dehydration of residues within its conserved Ala- stabilize intermediaté formed by removal of the substrate’s
Ser-Gly sequencelf, 18). MIO is a more electrophilic ~ C3 hydrogen. Collapse of the system to product occurs with
version of dehydroalanine that was previously thought to the elimination of NH and the release of cinnamate from
serve as cofactor in PAL and HAL. PAL enzymes have the the MIO cofactor. Reservations on this mechanism center
same Ala-Ser-Gly signature as HAL and have been deducedon the potentially large energy barrier that must be surpassed
to contain MIO by other method4.T, 18). In PAL, kinetic in forming the carbocation intermediate. Biochemical support
isotope effect (KIE) studies have determined that the strengthfor the outlined mechanisms of Schemes 1 and 2 stems from
of MIO as an electrophile is insufficient for reacting with alternate substrate studies for PAR1), solvent isotope
and removing the amino group of alternate substrate dihy- exchange studies in HAL2@), and KIE studies on the
drophenylalanine followed by loss of the C3 hydrogen as in perdeuterated and ortho-tritiated phenyl ring of phenylalanine
an E1 mechanism; instead the KIE results point to the for PAL (21, 23). Both mechanisms can be reconciled with
opposite end of the kinetic spectrum, an Elcb-like mecha- the alternate substrate, the solvent isotope exchange, and the
nism, where the C3 hydrogen is removed first, followed by perdeuterated phenyl ring KIE studies. Even the inverse
the elimination of ammonia2Q). Such a thorough kinetic  secondary KIE result (oiw/K) with ortho-tritiated phenyl-
study has not been reported for HAL. alanine, which would seem to strongly support Scheme 2

Two possible mechanisms for PAL and HAL, relevantto Over Scheme 1, can be reconciled with Scheme 1 if the
current considerations, are shown for the PAL reaction in observed KIE were of similar magnitude as an inverse
Schemes 1 and 2(9—20). Both are Elcb-like. In the steps  iSOtope effect on binding, as has been found for hydrogen-
of Scheme 1, the methylidene group of MIO reacts with the Ponding interactions4) and hydrophobic interaction2)
NH, group of substrate forming; the electron-withdrawing I other systems; the tritium binding effect in PAL remains
capability of the substrate’s aromatic side chain and the Undetermined. Thus, the opposed mechanisms described by
positively charged nitrogen of serve to activate C3 of Schemes 1 and 2 seem to resist biochemical attempts to
substrate for deprotonation by an enzyme general baseSeésolve the conundrum.
generating carbanioB; the bond between C2 of substrate The unliganded structure of HAL has been used to model
and the amino group is broken, formirgyand product substrate histidine into the active site and react with MIO
cinnamate; and the MIGONH, complex3 is protonated by  according to mechanism of Scheme12,(16), and one of
a general acid to eliminate NHand regenerate MIO. the reports briefly considered and dismissed the possibility



Structure of Phenylalanine Ammonia Lyase Biochemistry, Vol. 43, No. 36, 2004.1405

of the mechanism of Scheme 1§]. In addition, a homology = analysis, were obtained by macro seeding of 1-day-old
model of PAL, based on the HAL structure, has been used equilibrated drops, and they appeared fully grown following
to dock the substrate phenylalanine into the active site 1—2 days of incubation at room temperature. The reservoir
according to the mechanism of Scheme&8)( As such, the solution that produced the monoclinic crystal contained 17
mechanism of Scheme 2 might be considered “generally 18% poly(ethylene glycol) (PEG) 3000 and 0.1 M citrate,
accepted” in the recent literature. In this work, we report pH 5.6; that for the trigonal crystal contained the above plus
two X-ray structures of PAL determined from crystals grown 0.5% octylS-glucoside.

in the presence of its reaction produdtsns-cinnamate and Data Collection Structure Determinatigrand Refinement.
ammonia. This constitutes the first revelation of the three- pata for the trigonal crystal were collected at the National
dimensional structure of the enzyme. Indeed, there is an MIO gynchrotron Light Source of Brookhaven National Labora-
cofactor residing in PAL, here observed containing a putative sries at line X12C, and data for the monoclinic crystal were
NH, adduct. The structural results are interpreted in terms qjjected at the DND beam line at the Advanced Photon
of Schemes 1 and 2, respecting the conserved residues ok rce of Argonne National Laboratories. Data were pro-
PAL, the activities of site-directed mutations, and other ossed with DENZO and Scalepa®8), Direct methodsZ9
determinations relating to the'PAL and HAL mechanisms. 30) applied to the anomalous difference data yielded 54 of
The structures were determined for PAL froRhodo-  gg required Se positions in space grdef for the trigonal
sporidium toruloides(also known asRhodotorula glutinis - ¢5:m “Examination of this solution revealed that the Se
and otherwise depending on the organism’s stage in the lifé yigyipytion was consistent with either of two space groups
cycle), on which many of the relevant kinetic studies have ¢ he higher Laue point group symme@.2. Phases were
been performed. refined with SHARP 81) in both subgroups, and the correct
handedness was established by a comparison of the respective
EXPERIMENTAL PROCEDURES Fourier maps to be consistent with space gregg21. The
Expression and Purification. Escherichia cotiells, ~ Symmetry of this space group relates a single tetramer via
B834(DE3)pLysS, containing plasmid pEAL (PAL inserted its diagonal crystallographic 2-fold axis, requiring model
into pET-24a) were grown overnight at 3T in 50 mL of building of two independent polymeric chains. The mono-
minimal medium containing methionine, 5@/mL kana- clinic structure was solved via molecular replacement by use

mycin, and 34ug/mL chloramphenicol 7). Cells were of the program MOLREP 32) and coordinates for the
harvested, suspendedh i1 L of the minimal medium tetramer generated from the trigonal structure. Consistent

containing Se-methionine, and grown at 37. When the ~ With the cell volume, the best solution was obtained for two
cell density reached an QR of 0.5-1, the culture was tetramers in the asymmetric unit with a correlation coefficient

brought to 0.1 mM isopropy$-b-thiogalactoside. Cells were ~ Of 0.41. The model required building two independent
grown overnight at~23 °C, reaching an OB of 2.9, and tetrameric units (eight polymeric chains containing 5728
harvested by centrifugation. residues). Electron density maps were displayed and models

Protein isolation steps were performed &C4 Cells were were manually constructed with the programs 33)(and

washed with 100 mM Tris-HCI, pH 8.5, and suspended to 1 XtalView/Xiit (34).

g of cells/mL of buffer, containing 100 mM Tris-HCI, pH Refinement cycles were performed with the program CNX
8.5, 20 mM DTT, 1 mM EDTA, a Complete Mini tablet (Accelyris, Inc.), a commercial version of CN35), with
(Roche, no. 1836153), leupeptin gh/mL), pepstatin A (1 ~ coordinates for the MIO moiety initially taken directly from
ug/mL), bestatin (4Qg/mL), and DNase (Lg/mL, Sigma  the HAL structure {4). The standard CNX parameter and
D4527). Cells were passed twice through a French press atopology files were modified to incorporate the MIO moiety
~18 000 psi, and cell debris was removed by centrifugation. as an integral part of the polypeptide backbone. Data (2.5%)
The protein was purified by three chromatography steps: (1) were reserved for the calculation .. (36). Alternate
anion-exchange chromatography (65 mm, 5Qum HQ cycles of simulated annealing, omit maps, and the addition
column; Amersham Biosystems) with a gradient ranging of water molecules were continued until there was no
from 5 mM Tris-HCI, pH 8.5/10 mM DTT/0.2 mM EDTA significant improvement irRy.e Values. Careful inspection

to 0.5 M NaCl/10 mM Tris-HCI, pH 8.5/5 mM DTT/0.2 mM  at latter stages of refinement revealed that all 10 independent
EDTA,; (2) hydrophobic interaction chromatography (20 mm active sites of the two data sets contained an extra peak near
x 167 mm, 50uM PE column; Poros) with a gradient the methylidene group of MIO. This was further refined as
ranging fran 1 M (NH4),SOy/10 mM Tris-HCI, pH 8.5/5 the nitrogen of the reaction product, presuming ¢NBO,

mM DTT/1 mM EDTA to 10 mM Tris-HCI, pH 8.5/5 mM carryover from protein purification. Final refinements were
DTT/1 mM EDTA; and (3) gel-filtration chromatography continued with a MIG-NH rigid group built via Sybyl 6.7

(16 x 60 mm Superdex 200 column; Amersham Biosy- (Tripos, Inc.). Amide groups were reoriented to yield the
stems), equilibrated in 50 mM Tris-HCI, 0.1 M NaCl, and 5 most compatible hydrogen bonding by use of the program
mM DTT, pH 7.5. The protein was concentrated to 8 mg/ Reduce version 2.2137).

mL by use of a Centricon system (Amersham Biosystems).  The program TOP was used for making a comparison of
SDS-PAGE analysis of the preparation indicated that it was HAL and PAL tertiary structures3@). With the exception
predominately PAL with some contaminating bands. of the above-mentioned programs, incidental crystallographic
Crystallization. Crystallizations were performed by the calculations (Fourier maps, density modification, etc.) were
hanging-drop vapor diffusion method, addingR of the carried out with the CCP4 program sui9). Color figures
protein solution (8 mg/mL supplemented with 1 niMns were generated by use of Ribbong0), and sequence
cinnamate) to L of the well solution. Crystals, used for alignments were performed through CLUSTAL W1j.
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Ficure 1: Quaternary structure of PAL. The four individual monomers are color-coded in red, green, blue, and yellow, displaying the
approximate 222 symmetry of the PAL tetramer. (a) Stereoview of PAL from a side perspective. The bracketed areas represent the residues,
arranged in a fan, that are present in PAL and absent in HAL. (b) Top perspective of the PAL tetrahafg@0from that of panel a).

This view looks down into the active sites of two of the subunits; the other two active sites would be seen from a bottom view.

Table 1: Data Collection and Refinement Statistics sublattice data, the superlattice data were excluded from the
structure solution and refinement. The superposition is

crystal form trigond monoclinic evidenced primarily near the disordered N-terminal region,
PDB code 116 1T6P where the backbone trace diverges into two directions. The
beam line NSLS 12C APS DND 5ID . let ition likel ts for the hiaher th
wavelength (A) 0.978 85, 0.980 65 incomplete superposition likely accounts for the higher than
0.978 66°¢ expecteRyork andRyee Values for a resolution of this order.
0.963 50 It was considered necessary to refine the lower-resolution,
e OO b ¢ (A 1'303;23 1079 5’315 5 1810 monoclinic data set because the weak superlattice of the
b o044 1492 trigonal data set could potentially increase the number of
uniqueB angle (deg) 96.95 residues interpreted as disordered. However, comparison of
resolution of the structure A 25:2.10 25.1-2.70 the disordered regions between the data sets indicates that
gg;ﬂg%{:ﬂ:gg?% 75):})19 951;6 876 that they are similar: the monoclinic form lacked electron
0 . . . .
redundancy 6.33 305 density for reS|dues—l_38, 1_05—121, and 349358_f0r eqch
lo(l) 20.5 18.7 of the eight polypeptides in the asymmetric unit, while the
Rrerge(%) 8.9 7.1 trigonal form lacked electron density for residues3D,
”moo-r?; nfgrz'te; Aevmmetric unit 33 150 105126, and 349358 for its two polypeptides. Common
solvent Confem (O/i’) 45.6 46.8 to all 10 subunits refined are residues—41(I)4, 12}344,
amino acid residues 1294 5219 and 361716. Among the 10 crystallographically indepen-
no. of non-hydrogen atoms 10 300 40 380 dent subunits, the root-mean-square deviation from fitting
water molecules 411 651 i
Ruork/Riree 0.251/0.299 0.194/0.253 common (@ atoms 'S. 0'1? A .
rmsd of bond lengths (A)/ 0.0055/1.26 0.0067/1.37 PAL from R. toruloidesis a homotetramer (716 residues
bongaff'lgle$ (df]g)_ from ide%lity 204 579 per subunit; molecular mass 76 880 Da) arranged in 222
avgb o main-chain atoms . . H H « _
avgB of side-chain atoms(% 0.2 395 symmetry (Figures 1 and 2). Each subunit assumes a “sea

- Dat Iocted - - o 1080 °C horse” shape interlocking head-to-tail with two other sub-
ata were collected on a single crystal coole °C. ; i ; o ; Y
bWavelength used for MAD phasingWavelength used for refinement. unltls’ m?x[mlzmg adjacelgt SUbu.mt In;eLaCtlonS and glel_dlng
d The highest-resolution shell of the trigonal data set (2240 A) is a close-fitting tetramer-z ormation of the tetramer buries a
49% complete; that of the monoclinic data set (222570 A) is 80.6% surface area of 66 386%%among the monomers or 58% of

complete. their combined surfaces. Of 66 interactions between adjacent
subunits, 25 involve hydrogen bonds between Asp and Glu
RESULTS AND DISCUSSION carboxlyate oxygens and NFnd OH moieties, and there

PAL StructureTwo X-ray structures of PAL, crystallized iS, a prominent band of Asp and Glu.int.eractior_ls. With Arg
in the presence dfanscinnamate, were determined by using side chains between gdjacent subunits in the vicinity of the
MAD phasing and Se-Met substituted protein. Diffraction central bundle of hellces.. As well, j[he tetra'mer assembly
data for the trigonal form, containing two subunits per unit leads to a cluster_ of four vicinal cysteines (residues 140, 455,
cell, extended to 2.1 A, and that for the monoclinic form, 467, and 530) with the sulfur atoms of Cys467 and Cys530
containing eight subunits per unit cell, extended to 2.7 A. Separated by 3.62 A. Presumably, the presence of DTT in
Statistics for data collection and refinement are summarized Pufférs prevented the formation of disulfides. Regulatory
in Table 1. The trigonal data was affected by an imperfect Mechanisms involving disulfides of PAL, if any, are un-
superposition of two orientations of molecules in the lattice, KnOwn.
resulting in a weak superlattice along thaxis and doubling The structure of the main body of PAL has a similar fold
of the data along this direction. Since the average intensity as the HAL structurel{), with a root-mean-square deviation
of superlattice reflections was less than 1% that of the of 1.4 A from fitting the 440 closest&pairs between HAL
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fibrous proteins 43), suggesting a basis for a rigid central
core (Figure 2). The three central helices are oriented with
their resultant dipoles aligned similarly, creating an electro-
positive platform for cofactor MIO (Figure 2b). MIO
(residues 211213) is anchored to the three helices through
noncovalent bonding: the Ser210 hydroxyl group shares
hydrogen bonds with the amide NH of Ala506 of helix 505
565 and the OH group of Ser275 of the 2685 helix; the
carboxyl group of Asp214 forms a complex hydrogen-
bonding network with the hydroxyl groups of Ser210 and
Ser275 and the amide NH groups of Ser275 and Val274 of
helix 263-305; and the pinnacle of the third helix (residues
415-445) connects to Phe413, whose ring system appears
nearly ring-stacked with the ring of MIO and apparently
functions to stabilize the putative NFdduct (vide infra).
Covalent linkages of MIO to the PAL backbone are to a
loop on the cofactor’s C terminus and to@melix (residues
214-227) on its N terminus; the latter helix directs its
positive pole toward the cofactor and the active site.

PAL Actie Site HAL and PAL contain the highly
conserved Ala-Ser-Gly triad, which is converted autocata-
lytically, via internal cyclization and elimination of two water
molecules, to the electrophilic prosthetic group 3,5-dihydro-
5-methylidene-#-imidazol-4-one (MIO). As in the HAL
structure, the electron density well defines the MIO cofactor
\ (residues 211213 in PAL) that appears nearly planar

(Figure 3). However, unlike the HAL structure, there is
FlGUREZ: Tertiary_struc_ture of PAL. The three central core helices, additional electron density connected to the methy"dene
e e AL eer A Yl oroup of the MIO cofacior in all 10 crysallographically
numbering. Breaks in the polypeptide chain are indicated by iNdependent subunits of the two PAL structures (Figure 3
asterisks. (b) Close-up stereoview of MIO and Phe413 interactions and Supporting Information). The density is assigned as an
with the three central helices, polarized with their N termini directed NH, adduct to the MIO, because the penultimate purification
toward the active site. Hydrogen bonds are indicated by dashedstep for PAL included hydrophobic interaction chromatog-
lines. raphy, where we estimate the protein eluted in the presence
of 200 mM (NH,),SQO,. The final step of purification (gel
filtration), under our conditions, likely removed no more than
95% of the salt, leaving approximately 10 mM (kSO
in the crystallization drop. The inclusion of cinnamate in
the crystallization drop would serve to stabilize the NH
adduct, owing to the determined order of release of product
cinnamate before product NHn the enzyme-catalyzed
reaction 44). The phenyl ring of Phe413 is positioned to

and PAL. Both PAL and HAL structures are based on a
central core of nearly parallel helices of varying lengths.
The longest helix in PAL comprises 61 residues (5665)

and spans nearly the entire length of the monomer (Figure
2a). In PAL, there is only one section pfsheet longer than
three residues (strands of residues-2337 and 246-246);

it resides in the funnel region leading to the active site. PAL

differs from_ HAL by havmg. an additional 215 re3|dugs, stabilize the putative NpHadduct of MIO in a nitrogen lone
most of which are Iocateq in stretch_es at the .N—termmal pair or NH tosz-system acceptor interactiods). Also, upon
O e, "<llpoing he sie i amde of 270 by 190 0D
below the main body of the structure in a “fan” arrangement becomes positioned _to hydrogen-_bq_n d with the putative NH
(Figure 1a) adduct. There remains the possibility that the MIO adduct
) ' ) ) is something other than an Nigroup (e.g., perhaps itis an

In higher plants, protease degradation, signaled by phos-oH group), which cannot be definitively determined from
phorylation of PAL, is implicated as a regulatory mechanism the |imited resolution of the diffraction data. However, the
of PAL activity (42). The phosphorylation site of the French AL structure, which was determined from crystals grown
bean PAL has been identified as Thr545, which does notin the absence of reaction products urocanate and ammonia
have a corresponding Thr or Ser residue infh¢oruloides  and which has a similar structure to PAL, lacks evidence
primary structure from an alignment, though Ser 562, Thr565, for an adduct to the MIO cofactor, suggesting that the adduct
and Ser567 are in the vicinity. The latter residues reside nearig the MIO of PAL is a consequence of crystallizing PAL
the “fan” region of PAL and are more than 40 A away from i, the presence of products cinnamate and ammonia. As well,
the nearest MIO cofactor in the homotetramer, consistentthe structure of HAL crystallized in the presence of inacti-
with the lack of a direct effect of phosphorylation on PAL  yator L-cysteine shows that the methylidene group is co-
activity (42). valently linked to the amino group of cysteinks{. Among

Within each monomer of PAL, three central helices the 10 crystallographically independent subunits of the two
(residues 263305, 415-445, and 505565) form a triple- PAL structures, there is electron density to support the
coiled coil similar to those observed in keratin and other presence of cinnamate in only one subunit (Figure 3 and
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Ficure 3: Stereoview of the PAL active site. Electron densitlf{2- F¢) corresponding to the MIONH, complex and product cinnamate

in the active site of subunit B of the trigonal structure is shown. This is the only subunit (of the 10 subunits comprising the asymmetric
units of the two structures reported) that has sufficient electron density for cinnamate, and it was refined as cinnamate in this subunit but
not the others. All 10 subunits have sufficient electron density for the adduct connected to the methylidene group of MIO cofactor, refined
as MIO—NH; in all 10 subunits. The 2, — F. map is contoured atdl

Supporting Information). The electron density covering part
of cinnamate in one subunit and the lack of electron density
for cinnamate in the other subunits may be due to multiple
binding modes and/or high mobility of the product in the
active site. Between pH 8.3 and 9iBans-cinnamate is a
competitive inhibitor with respect to substrate phenylalanine
with a K value of 24uM (20). If transcinnamate has a
similar binding constant under our crystallization conditions,
the enzyme active sites would have been 98% occupied.

Although the MIO cofactor and its anchoring helices are Ficure 4: Severn helices associated with the active sites of PAL
a." Contam.ed Wlth.m a single monomer, a complete active and HAL. Shown are the six positive poles and the one negative
site comprises residues from three separate monomers. Thugyle of the sevem helices, directed toward active-site residues,

the four monomers in the PAL tetramer create four active with cofactor MIO shown for reference. (a) PAL. Clockwise from

sites, each consisting of an MIO group sitting at the base of the negative pole of helix 126139 of subunit B are the helices
a funnel of residues leading from the active site to bulk 467—486 of subunit C, 367393 of subunit D, 415445 of subunit

f B, 505-565 of subunit B, 263305 of subunit B, and 214227 of
solvent. In HAL the funnel is capped by two loops that subunit B. (b) HAL. The respective order of helices is-B4, 381~

enclose the active site, precluding access to bulk solvent,400, 284-309, 331361, 419-453, 188-230, and 145 158.
but in PAL the two loops (residues 18424 and 348 359)
are not resolved in the determination, suggesting that theymechanisms described by Schemes 1 and 2 is gleaned from
are highly mobile. This difference between the HAL and models of substrate docked into the active site of PAL.
PAL structures provides a likely mechanism for opening and  Models ofL-Phenylalanine in the Acte Site of PAIZ
closing the active site for substrate access. Differential crystal packing forces might be expected to
In addition to the association of helices with the MIO impart structural differences. However, an overlay of active-
cofactor, most of the active-site residues of PAL are memberssite residues from the 10 crystallographically independent
of a helices, whose positive poles are directed toward the subunits of PAL shows that the positions of the residues,
active site: in the active site with cofactor MIO formed by relative to that of cofactor MIO, are similar to one another
residues from subunit B, Leu215 belongs with the helix of (Figure 5); therefore, observations made on one active site
residues 214227 of subunit B; Leu266, Val269, and should not differ much from those made on the others. For
Asn270 belong with the helix of residues 26305 of subunit modeling purposes we chose the active site comprising the
B; Tyr363 and Arg366 belong with the helix of residues MIO formed in subunit B of the trigonal form, because it is
367—393 of subunit D; Phe413 belongs with the helix of from the higher-resolution structure and it contains electron
residues 415445 of subunit B; Lys468, Gly469, and lle472 density for a presumed cinnamate ion as shown in Figure 3.
belong with the helix of residues 467486 of subunit C; With the protein kept as a rigid body-phenylalanine was
and Glu496 and GIn500 belong with the helix of residues placed into the active site of PAL to approximate the
505-565 of subunit B (Figure 4a). Direction of the positive formation of compound4 and4, the first intermediates of
poles of sixa helices toward the active site of PAL suggests Schemes 1 and 2, respectively, (Figure 6). The models
a potential means of supporting the development of a remove the NiHadduct from the MIO cofactor of PAL, avoid
carbanion intermediate in the mechanism of Scheme 1, steric conflicts between phenylalanine and the protein where
without invoking the development of a carbocation inter- possible, and place the substrate in a position close to the
mediate as in the mechanism of Scheme 2. A positively
charged environment would disfavor the development of the 2 coordinates of the models shown in Figures 6 and 8 are available
carbocation of Scheme 2. A more detailed assessment of therom the corresponding authors.
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Ficure 5: Overlay of ten PAL active sites. The stereoview includes the active sites belonging to the 10 crystallographically independent
subunits of PAL contained in the two structures reported in this work. The active sites are centered on téHdI@mplex.
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FIGURE 6: Stereoview models of substratgphenylalanine docked in the active site of PABubunit B of the trigonal structure was used

for the docking. Bonds of substrate phenylalanine are colored yellow. (a) Docking of phenylalanine into the PAL active site to approximate
intermediatel of Scheme 1. (b) Docking of phenylalanine into the PAL active site to approximate intermédia&cheme 2. The subunit

origin of the residues is indicated by the suffix to the residue name (e.g., His137B is from subunit B).

methylidene group of MIO for forming a covalent bond with  structure 14) so that the carboxyl group of substrate shares
the cofactor (corresponding to that in intermediatesnd a salt bridge with an Arg side chain, similar to the models
4). Thus, the distance between the methylidene group of MIO of histidine in the active site of HAL14) and phenylalanine
and the amino group phenylalanine is 1.46 A (ideal bond in the active site of the homology model of PARE). In
length= 1.46 A) in Figure 6a, and the distance between the the model that is in accord with Scheme 1 (Figure 6a), the
methylidene group and the C2 atom of the phenyl ring of SO;?~ group is also considered an anion-friendly site, but
phenylalanine is 1.53 A (ideal bond length 1.55 A) in instead of placing the carboxyl group of substrate there, this
Figure 6b. The model of Figure 6b is based on the site is assumed to have a role in stabilizing the phenolate
superposition of the carboxyl group of the substrate onto the anion of Tyr363 formed after the residue donates a proton
location of an ordered S@ group found in the HAL crystal ~ to the NH: leaving group of intermediat8; the carboxyl
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) N o472 Lys468 Table 2: Conservation of Residues in the Active Sites of PAL and
H'S@[N\)_\ N/—/7 HAL and Effects of Single-Site Mutations on Catalysis
Leu215 Saar a4 no. of exceptions mutation to residue
ﬂ/ 496} 840 407 \_‘.‘b\'/\el/m % residue (replacement residue) (Vimasw! Vimaxmu)
o PAL HAL  PAL HAL PAL HAL
: Leul34 Leu79 8 (M) 41 ()
His137 His83 6(R,N) 3(L,S) L (18 000)
Ala211 Alal42 3(S) 4(C)
Ser212 Ser143 0 0 A (5000) A (1160)
I N Gly213 Glyl44 0 0
Neamm ol \_ Leu215 Leuld6 0 0
/—< NP @v Leu266 Leul9l 0 3(V
Leu266 { N, 3% Tyrae3 Val269 Leul94 6 (L) 69 (I, V)
¥, /\Q Asn270 Asn195 5(M,T) O A (2600) A (24 300y
—~ Tyr363 Tyr280 5 (H) 1(F) F (235) F (55F
Asn270 /0 Phed13 Arg366 Arg283 5(Q,V) 0 A(130) | (7840)¢
K (110§
Phe413 Phe329 0 4(G,A) A (340) A (500¢
b Tyr363 Lys468 Met382 0 1(A)
Lveds Gly469 11e383 3 (A) 4(V, G)
lle472 e y lle472 Val3ge 6 (V) 60 (Y, C)
o Glu496 Ser410 3(S,D)  5(C,N)

74 GIn500 Glu414 0 2(Q) A (605) A (101 250)¢

w215 / a0 S -3 1496 )
Le“134< S s2e S0y \(\/ E (6) Q (34 700§
= aResidue numbering for PAL is fronR. toruloides 195 PAL

251]
562

His137 ~.5. sequences were compared in an alignment. Residue numbering for HAL
\/(/‘/)N 615 ; Gin500 is from Pseudomonas putidd 52 HAL sequences were compared in
NT T2 > 129 N N an alignment® Single-letter designation of the residue change is
s O/)\N ;ndicated.c Data from ref46. 4 Data from ref12. € Data from refll.
Va|£9< : \Ar9366 Data from ref26.
o
/_< 2',,7.:2" shown in Figure 6 and their corresponding residues in HAL
Leuzss o W /% Tyses from a sequence alignment. It also indicates most of the
Asn270 7\©Phe413 active-site residues of PAL and HAL are highly conserved
or have conservative replacements according to separate
FIGURE 7: Schematics of interactions between substrgibenyl- multiple-sequence alignments and the effects of site-directed

alanine and residues in the active site of PAL. (a) Contacts betweenmutagenesis that have been reported for PAL and HL, (

substrate.-phenylalanine and active site in the model of Figure 6a 12, 26, 46). Most of the amino acid changes in the active
corresponding to the mechanism of Scheme 1. (b) Contacts betweerni . d latively | d &/ icularl
substrate -phenylalanine and active site in the model of Figure 6b SIt€ Produce relatively large decreases/i, particularly

corresponding to the mechanism of Scheme 2. Closest contacts ofconsidering that the change of the methylidene group of the
residues with the docked substrate are indicated along with otherMIO to a methyl group (Ser to Ala mutation) deteriorates

contacts. Distances are in angstroms. Vimax by factors of 5000 (PAL) and 1100 (HAL).
group of substrate is placed in an accommodating, hydro- Within the context of Scheme 1, the mechanism of enzyme
philic pocket of the active site. action can be postulated to proceed as follows. The funnel

Inspection of the models in Figure 6 reveals that there are leading to the active site is rich in basic amino acids (His408,
fewer steric conflicts between the docked substrate and theHis409, His307, His312, His344, His345, Arg333, Arg359,
protein in panel a than in panel b: for example, in panel a, Arg362, and Arg366), which could serve to favor binding
residues within 2.6 A of substrate are Leu215 and GIn500; of the NH, form of substrate phenylalanine over the NH
those in panel b are Leu215, Leu266, Phe413, and Arg366.form. The NH form of substrate is needed to fortn and
A major feature that distinguishes the two models is that this likely accounts for thelg, ~ 9 observed fov/K (20)
the side chains of the highly conserved lipophilic residues as suggested2(). The positively charged side chain of
(Leul34, Leu215, Leu266, and Val269) form an accom- Lys468 (connected to helix 467486 to augment its positive
modating pocket for the phenyl group of substrate in panel charge) could have a role in recognizing the carboxyl group
a, whereas a much less appealing pocket for the phenyl groupof substrate (by forming a salt bridge) when it is located in
is presented in the model of panel b. Specifically, the side the mouth of the funnel, and upon flipping the side chain
chains of Leul34, Leu215, Leu266, and Val269 are 3.52, downward it would chaperone the substrate to its reactive
2.27, 3.03, and 3.37 A, respectively, from the phenyl group position for sharing additional interactions (hydrogen bonds)
of substrate in Figure 6a, whereas in panel b the respectivebetween the substrate’s carboxyl group and the side chains
distances are 5.62, 2.51, 2.14, and 4.91 A. Also, the carboxylof Glu496 and GIn500 (attached to the positive pole of helix
group of substrate appears much better accommodated byp05-565) as shown in the model of Figure 6a. Lys468 is
the model of panel a than that of panel b, by having strictly conserved and the adjacent residue is almost always
interactions with three highly conserved, hydrophilic residues a Gly, which would increase the mobility of Lys468 in its
(Lys468, Glu496, and GIn500) rather than one (Arg366). role as chaperone for substrate. The chaperoning role of
Schematic drawings of Figure 6, indicating contact distances,Lys468 would have the dual purpose of placing the sub-
are shown in Figure 7. Table 2 lists the active-site residues strate’s NH group near the MIO for formingd and ensuring



Structure of Phenylalanine Ammonia Lyase

Biochemistry, Vol. 43, No. 36, 200411411

that the carboxylate group of substrate does not have anvolume of the active site selected for presentation, all have

opportunity to react nonproductively with the methylidene
of MIO by forming an ester. In these roles, the oth&g p-

9, determined forV/IK (20), would be assigned to the
positively charged form (active form) of Lys468. To promote
formation of intermediatél, the side-chain NEgroup of
Asn270 of helix 263-305 is positioned to share a hydrogen
bond with the developing enolate oxygen of MIO, increasing
the electropositivity of the MIO methylidene group. Abstrac-
tion of the proShydrogen from C3 of substrate to forris
catalyzed by His137, whiclsi5 A away (ND1 to H) in the
model and would need to move nearer for serving this
function: His137 is part ofa helix 126-139 that is
connected to loop regions on both its C and N termini, which
could allow movement. His137 is near the C terminus of
the singlea helix with its negative pole directed toward the
active site; this would increase the basicity of His137 in its

been accounted for in the mechanism of Scheme 1, with the
exception of lle472.

The mechanism of Scheme 2 is difficult to reconcile with
the pH studies of the PAL-catalyzed reaction and the
determined K, values; for example, theky ~ 9 for V/K,
assigned to the amine of substrate in the mechanism of
Scheme 1. In the mechanism of Scheme 2, the carboxyl
group of substrate phenylalanine forms a salt bridge with
Arg366 once it enters the active site, as shown by the model
of Figure 6b. Formation of intermediate (Figure 6b) is
promoted by the electrophilic character of MIO that is
enhanced by the polarized helices with which it is
associated; it is opposed by the positive poles of helices-214
227 and 263305 through the proximity of Leu215 and
Leu266 to the phenyl ring of substrate. The enolatd «f
stabilized by hydrogen-bond sharing with the nearby amide

role as a general base. His137 would be active when itsof Asn270. In proceeding from to 5, the phenol group of

imidazole group is in the neutral form, consistent with the
reported Ky ~ 7, determined foWmax in the PAL reaction
(47).3 Development and stabilization of carbani@nare

Tyr363, activated by Arg366, abstracts the nearby $ro-
hydrogen from C3 of substrate (2.6 A from O t§)HThe
third and final step has Asn270 reclaiming full possession

provided by the phenyl ring of the substrate whose electronsof its proton that leads to the collapseatio products. Thus,
are polarized away from the carbanion site from interactions the model of Figure 6b accounts for roles of the highly

with Leu215 of helix 214227 and Leu266 and Val269 of
helix 253-305 (both helix dipoles direct their positive poles

conserved residues Asn270, Tyr363 and Arg366 but not the
highly conserved residues His137, Glu496, GIn500, and

toward the residues), with some assistance from the electron_ys468, which are>6 A away from substrate phenylalanine

withdrawing capability of the MIO group (that is enhanced
by being at the apex of the positive poles of theekelices)

in the model. Clearly, the substrate could be oriented
differently than that shown in Figure 6b, which is purposely

and electron withdrawal from the substrate’s carboxyl group similar to that reported for a homology model of PA26].

by residues associated with the N terminicohelices. The
electron-withdrawing capability of the MIO group would
assist the breakage of the—@® bond of substrate in
proceeding fron? to 3 and productfrans-cinnamate. Once
the C—-N bond is broken, product cinnamate is free to leave
the active site with its carboxyl group escorted by Lys468,
which is consistent with the kinetic results that indicate
cinnamate is the first product to leave the enzyd®.(The
NH, adduct of3 is stabilized by sharing a hydrogen bond
with OD1 of Asn270 and by an interaction with the phenyl
ring of Phe413, which is near the positive pole of helix 415
445, suggesting a nitrogen lone pairt®ystem interaction.
Breakdown of3 to NH; and MIO is promoted by donation
of a proton from the hydroxyl group of Tyr363 to the NH
group of3. Tyr363 is near the N terminus of helix 367
393, whose positive pole would increase the acidity of

However, all attempts at improvement have yielded models
of 4 in the PAL active site that are inferior to the model of
1in the PAL active site (Figure 6a) from a structural point
of view.

Models ofL-Histidine in the Actie Site of HALZ PAL
and HAL active sites are similar and share many of the same
residue types (Table 2). In this work we point out that, similar
to PAL, the MIO of HAL sits atop a platform of three
helices with their positive poles directed toward the active
site. Also, we point out that active-site residues in HAL that
correspond to those in PAL (Table 2) belong to@ikelices
whose positive poles are directed toward the active site with
one helix directing its negative pole there, as found in PAL
(Figure 4b). Previous models of substrate histidine in the
HAL active site have assumed the mechanism of Scheme 2
(14, 16). The modeling results on PAL, which favor the

Tyr363 in its role as a general acid. The resting state of mechanism of Scheme 1 over that of Scheme 2, prompted

Tyr363 would be active when its hydroxyl group is in the
neutral form, consistent with thekp ~ 10, determined for
Vmaxin the PAL reaction47).2 The phenolate form of Tyr363
would be stabilized by the nearby guanidinium group of

us to explore models of HAL considering both mechanisms.
As with the PAL models, HAL was kept as a rigid body,
waters and the S@ group were removed, andhistidine
was placed into the active site of HAL to approximate the

Arg366 (made more positive by being near the positive pole formation of compound& and4 (replacing the phenyl ring

of helix 367-393). Exit of NH; and cinnamate from the
active site would be facilitated by opening the loops that

of phenylalanine with the imidazole ring of histidine),
corresponding to the first intermediates of Schemes 1 and

cover the active-site funnel leading to bulk solvent; exposure 2, respectively (Figure 8). The model of Figure 8b is similar

to bulk solvent would return the enzyme to its resting state.

to that reportedi4, 16); it places the carboxyl group in the

The residues shown in Figure 6a are either strictly conservedposition occupied by the S anion. In the model of Figure

or highly conserved among species of PAL (Table 2). Of

843, the site of the S@ group is considered an anion-friendly

the residues in Table 2 and Figure 6a, which are within the site, being near the hydroxyl group of Tyr363, which

8 Value determined for PAL from potato tubers. This enzyme does
not display Michaelis-Menten kinetics, andi values were estimated
from a plot ofVsam (velocity saturated with substrate at each pH) versus
pH (47).

becomes a tyrosyl anion in the reaction coordinate of Scheme
1. The schematic diagrams of Figure 9 indicate that there
are few steric conflicts in the models of Figure 8: for

example, there are two interactions closer than 2.0 A in both
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Ficure 8: Stereoview models of substratéhistidine docked in the active site of HM .Bonds of substrate histidine are colored yellow.
(a) Docking of histidine into the HAL active site to approximate intermedladé Scheme 1. (b) Docking of histidine into the HAL active
site to approximate intermediafieof Scheme 2. The subunit origin of the residues is indicated by the suffix to the residue name.

models. Possible mechanisms of the HAL-catalyzed reactionsome assistance from the electron-withdrawing capability of
according to Schemes 1 and 2 are similar to those describedhe MIO group (enhanced by being at the apex of the positive
for PAL. poles of threen helices) and electron withdrawal from the
HAL has a highly conserved Met382 (of helix 38400) carboxyl group of substrate by its associated divalent metal
that corresponds to Lys468 in PAL, but the proposed roles and residues belonging to the N termini of helices. The
would be similar according to the model of Figure 8a and electron-withdrawing capability of the MIO group would
Scheme 1; the side chain of Met382 (near the positive pole assist breakage of the-N bond of substrate in proceeding
of helix 381—400) would escort the carboxylate group of from 2 to 3 and productrans-urocanate. The NiHadduct
substrateL-histidine (chelated to a divalent metal) to its of the intermediate corresponding3ds stabilized by sharing
productive position. Once positioned, divalent metal would a hydrogen bond with the OD1 of Asn195 and by an
chelate the carboxyl group of substrate, the sulfur group of interaction with the phenyl ring of Phe329 (near the positive
Met382, the carboxyl group of Glu414, and the hydroxyl pole of helix 33+361). Breakdown o8 to NH; and MIO
group of Ser410 that form an appealing site for the cation. is promoted by donation of a proton from the hydroxyl group
The amino group of substrate would add to the methylidene of Tyr280 (near the positive pole of helix 28809) to the
group of cofactor MIO (assisted by Asn195 sharing a NH;group of3. The phenolate of Tyr363 would be stabilized
hydrogen bond with the developing enolate anion of MIO) by the nearby guanidinium group of Arg283 of the same
to form the intermediate correspondingltadRemoval of the helix. Exit of NH; and urocanate from the active site would
pro-Shydrogen from C3 of substrate to form the intermediate be assisted by opening of the loops that cover the active
corresponding t@ is catalyzed by His83, which is 3.3 A site funnel leading to bulk solvent.
away (ND1 to H) in the model. His83 is near the C terminus In the mechanism of Scheme 2, the carboxyl group of
of the singlea helix (helix 71-84) with its negative pole  substrate -histidine forms a salt bridge with Arg366 once
directed toward the active site, and this would support His83 it enters the active site, as shown in the model of Figure 8b.
in its role as a general base. Development and stabilizationFormation of intermediaté (Figure 6b) is promoted by the
of the carbanion corresponding2ads by the imidazole ring electrophilic character of MIO that is enhanced by the
of the substrate whose electrons are polarized away frompolarizedo helices to which it is attached; it is opposed by
the carbanion site from interactions with Leul46 of helix the positive pole of helix 145158 through the proximity
145-158 and Leul91 and Leul94 of helix 18830 (both of Leu146 to the imidazole ring of substrate. The enolate of
helices direct their positive poles toward the residues) with 4 is stabilized by hydrogen-bond sharing with the nearby
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of the catalyst to stabilize a carbanion intermediate when
there was not sufficient means known of doing so. Its appeal
is that addition of the phenyl ring of phenylalanine to the
methylidene group of MIO to form a carbocation provides
a mechanism to lower the<p of C3 considerably so that it
would match that of an enzyme base. However, substitution
of Ala for Ser of the Ala-Ser-Gly triad to change the
methylidene group of cofactor to a methyl group, so that
the carbocation intermediaté ©f Scheme 2) cannot be
formed, erode®/max by only a factor of 18-10* (Table 2).
Borohydride treatment of wild-type PAL or HAL, to reduce
the methylidene group of MIO to a methyl group for
achieving the same effect, causes similar erosior,in (12,

48). Therefore, the methylidene group of MIO accounts for
up to 4 but leaves~26 K, units unaccounted for in the
discrepancy between the C3 of substrate and the enzyme
base. This assessment of relevant experimental data raises
serious doubts as to the existence of carbocadion the
enzyme-catalyzed reaction. Clearly, the MIO cofactor has
roles in accelerating catalysis, but fully equalizing theg

lle383 SO
S e /O’T'y{zso is not its responsibility.

220 A viable means of equalizing theKp values of the C3

teutst <5 2 i Nirszes methylene group of phenylalanine and the enzyme base to
N 4140 P Oeeees zsgek favor the development of carbanion intermedizité Scheme
U 3.85 R

...... 1 is through the influence of dipole momentsahelices.
o ~d L The MIO cofactor of PAL is atop three helices that direct
/_< NN { N Phe329 and strengthen the MIO electrophile, and most active-site
Leut4s /—< é 5 residues are associated with sixhelices that direct their
o)
FIGURE9: Schematics of interactions between substrétistidine roles in catalysis. Electron-withdrawing capability associated
and residues in the active site of HAL. (a) Contacts between with active-site residues, which are modeled to interact with
8a corresponding to the mechanism of Scheme 1. (b) Contacts ;
between substratehistidine and active site residues in the model away from the ring system to lower thépof the C3 group.
contacts of residues with the docked substrate are indicated alongP0sitive poles of dipoles could assist in thié;hallenge.
with other contacts. Distances are in angstroms. The basicity of the enzyme general base (His137) is
amide of Asn270. In proceeding fromto 5, the phenol s no experimental accounting for the specific influences of
group of Tyr280 (attached to helix 284809), activated by  the individual residues and their associated helices in
substra'te (3.1 A frqm (0] tp Pl The final step has Asn270  equalization, but it can be evaluated by dividing th80
reclaiming possession of its proton that leads to the collapseunits of K, by the sevem helices associated with the active
6, the model of HAL according to the mechanism of Scheme helix dipole. The latter value is in line with the drop o6
1 (Figure 8a) accounts for the roles of more of the conserved pK, units of an active-site cysteineKpof 3.4) that has been
(Figure 8b). disulfide oxidoreductase49).

Conclusions.The existence of a carbanion intermediate, = The positive poles ofo. helices and their associated
alanine R0), is undisputed, and an Elcb-like mechanism is disfavor the development of carbocatibin the mechanism
explicit in both mechanisms of Schemes 1 and 2. In the E1cb-of Scheme 2 and the proposed roles of active-site residues
pKa values to support the development of a carbanion to prevail, it would appear to constitute the sole example of
intermediate. Off the enzyme, th&pof the C3 methylene  protein architecture working against an enzyme catalyzing
pH units to match thelkd, of an unactivated enzyme general o helices in the PAL structures, our modeling results of
base such as histidine or tyrosine for proton abstraction from substrate phenylalanine in the PAL structure favor the
the development of a carbocation intermediate on the phenylof intermediatel is well accommodated by the conserved
ring of phenylalanine at the expense of breaking ring hydrophobic and hydrophilic regions of the active site (Figure

their positive poles toward the environment of the active site
Asn195 Asn195 positive poles toward the active site for supporting specific

substrate -histidine and active site residues in the model of Figure the phenyl ring of substrate, would polarize electron density
of Figure 8b corresponding to the mechanism of Scheme 2. ClosestVIO and other active-site residues associated with the

strengthened by being near the negative pole of a helix. There
Arg283, removes the nearby p®hydrogen from C3 of  adjusting the , values of C3 and enzyme general base for
of 5to products. As in the case of the PAL models of Figure site to arrive at an average contribution-e# pK, units per
active-site residues than that of the mechanism of Scheme 2Zattributed to an individual helix dipole interaction in thiol
in the reaction coordinate of PAL acting on dihydrophenyl- residues in the active site of PAL appear to specifically
like mechanism, PAL faces a major challenge in adjusting within the mechanism. If the mechanism of Scheme 2 were
group of phenylalanine is high and would need to dr& its own physiological reaction. In addition to the dipoles of
C3 to proceed. The mechanism of Scheme 2, which invokesmechanism of Scheme 1 over that of Scheme 2: the model
aromaticity, was devised, in part, to account for the ability 6a), and conserved active-site residues, wiky palues
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similar to those determined for the enzyme-catalyzed reac-substrates49, 52—54). a Helices are abundant in PAL and
tion, are well positioned for participating in catalysis. In HAL. Of the 24a helices longer than three residues in PAL,
common with structures of other enzymes that catalyze Elcb-seven are directed toward the active site and implicated in
like mechanisms with active-site residues poised to remove catalysis; in HAL, of the 17o helices longer than three
both the proton and the leaving group from modeled substrateresidues, seven are implicated in catalysis and their residues
to approximate the appearance of an E2 mechan&dy (  align with the residues in the sevenhelices of PAL. The
PAL has His137 and the MIO group in place for achieving multiple helix dipoles implicated in the PAL and HAL
theanti elimination of the elements of ammonia (Figure 6a). reaction mechanisms are testimony to the difficulty of
Whereas the model of Figure 6a is imperfect in displaying activating the nonacidic C3 of substrate for proton abstraction
a near attack conformation (NAC»HY), it is close. Taken  and orchestrating the remaining reaction events. Polarizing
together, the PAL structure appears fully compatible with the aromatic ring of substrate through interactions with
the mechanism of Scheme 1 (model of Figure 6a), and it active-site residues connected to the N terminitdfelices
appears incompatible with the mechanism of Scheme 2appears to be the means by which PAL and HAL are best
(model of Figure 6b). equipped to activate C3 of substrate. Complementarities of

In this work we point out that, in common with PAL, HAL  the enzyme active-site residues and the aromatic ring of
has a similarly disposed bundle of thrednelices that direct ~ substrate would be crucial for realizing the effect of the helix
their positive poles toward MIO and a similar arrangement dipoles, and the effectiveness of the helix dipoles would have
of six o helices associated with active-site residues that direct governance over substrate specificity, particularly through
their positive poles toward the active site and one helix that an E1cb mechanism with its demandinggequirement.
has its negative pole directed toward His83 to strengthen Recently, another enzyme has been discovered to contain
the general base. The HAL active site well accommodates cofactor MIO €5, 56). Tyrosine aminomutase (TAM)
the intermediate that correspondsltof Scheme 1 (Figure  catalyzes the transfer of the amino group from C2 to C3 of
8a), and many of the same residue types, as implicated insubstrate -tyrosine in producings-tyrosine, a reaction that
the PAL reaction, are well positioned to serve similar has been shown to proceed througp-hydroxycinnamate
catalytic roles in the HAL reaction. The HAL model of intermediate and to have significant tyrosine ammonia lyase
Figure 8a displays a more appealing view of a NAC with activity. Further structurefunction studies should shed light
respect to the eliminated elements of ammonia than the PALon how TAM suppresses the ammonia lyase function to favor
model (Figure 6a). Our analysis of PAL, favoring the the aminomutase function; elucidate features in PAL, HAL,
mechanism of Scheme 1 over Scheme 2, applies to HAL. and TAL that govern substrate specificity; and define the
The multiplea helices associated with PAL and HAL active role of the metal cofactor in HAL (and possibly TAL).
sites cannot seriously be considered biological accidents,Together, such studies should serve to better define the roles
because the enzymes catalyze mainstream, physiologicabf the MIO cofactor and its associated helix dipoles in these
reactions subject to selection pressures for catalytic ef-fascinating catalysts that act on amino acid substrates.
ficiency.
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