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ABSTRACT:   The  structures  of  aminoacrylate  intermediates  of  wild-type,  F448A mutant,  and

perdeuterated tyrosine phenol-lyase (TPL) formed from L-tyrosine, 3-F-L-tyrosine, S-ethyl-L-cysteine,

and  L-serine,  with  4-hydroxpyridine  bound,  were  determined  by  X-ray  crystallography.   All  the

aminoacrylate Schiff’s base structures in chain A are identical regardless of the substrate used to form

them.  The 4-hydroxypyridine is  also in  an identical  location,  except  for F448A TPL, where it  is

displaced about 1 Å due to the increased size of the active site.  In chain B, we have found different

complexes depending on the substrate.  With wild-type TPL, L-tyrosine gave no density, 3-F-L-tyrosine

gave a  gem-diamine, and L-serine gave a  gem-diamine, in chain B.  S-Ethyl-L-cysteine formed an

aminoacrylate in chain B with both wild-type and F448A TPL, but perdeuterated TPL with S-ethyl-L-

cysteine  formed  a  gem-diamine  of  aminoacrylate.   The  kinetics  of  aminoacrylate  intermediate

formation from L-tyrosine and S-ethyl-L-cysteine were followed by stopped-flow spectrophotometry at

temperatures from 281 to 320 K, and hydrostatic pressures ranging from 1 bar to 1.5 kbar at 293 K.

There are large negative values of ΔS‡, ΔCp
‡, ΔV‡, and Δβ‡ for aminoacrylate intermediate formation for

L-tyrosine,  but  not  for  S-ethyl-L-cysteine.  Formation  of  the  aminoacrylate  intermediates  from  L-

tyrosine  and  S-ethyl-L-cysteine  show  heavy  enzyme  deuterium  kinetic  isotope  effects  with

perdeuterated TPL that are strongly temperature and pressure dependent, and may be normal or inverse

depending on conditions.  These results suggest that conformational dynamics as well as vibrational

coupling play a key role in the mechanism of the elimination reaction of L-tyrosine catalyzed by TPL.

Keywords:   Enzyme  mechanism;  Pyridoxal-5’-phosphate;  Stopped-flow  kinetics;  Temperature

dependence; Pressure dependence; Heat capacity; Compressibility
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Tyrosine  phenol-lyase  (TPL,  [EC  4.1.99.2])  is  a  pyridoxal-5’-phosphate  (PLP)  dependent

enzyme that catalyzes the reversible elimination of L-tyrosine to form phenol and ammonium pyruvate

(Eqn. 1) 1.  In addition to L-tyrosine, other amino acids with good leaving groups on the β-carbon, such

as S-alkyl and S-aryl-L-cysteines (Eqn. 2 and 3), L-serine and O-alkyl-L-serines, and β-Cl-L-alanine,

are substrates 2-4;  however, in contrast  to the reaction of L-tyrosine,  these reactions are not readily

reversible.  The mechanism of TPL has been of considerable interest, since phenol is formally not a 

(1)

(2)

(3)

good leaving group.  Initially, the proposed mechanisms utilized general acid/base catalysis to activate

the ring and facilitate elimination 3-7.  However, crystal structures of quinonoid complexes (see Scheme

1) showed that a bound substrate, 3-fluoro-L-tyrosine, has a strained aromatic ring geometry 8.  Hence,

we proposed that ground state strain contributes to TPL catalysis with L-tyrosine  8.  Mutagenesis of

Phe-448 or Phe-449, proposed to be responsible for the substrate strain due to steric effects, to alanine

results in ~104 fold decrease in activity, consistent with the proposed strain mechanism  9.  The X-ray

crystal  structures of F448A TPL complexes with L-alanine,  L-methionine,  L-phenylalanine,  and 3-

fluoro-L-tyrosine are very similar to those of wild-type TPL 10, 11.
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A key intermediate in the mechanism of TPL is the α-aminoacrylate Schiff’s base, formed after

the  elimination  of  the  β-leaving  group  (Scheme  1).   Previous  studies  showed  that  aminoacrylate

complexes of TPL can be kinetically trapped by binding of 4-hydroxypyridine (4-PD), an isoelectronic

but non-nucleophilic analogue of the product, phenol 12.  We have now obtained crystal structures of

wild-type TPL aminoacrylate  intermediates formed from L-tyrosine,  3-fluoro-L-tyrosine,  S-ethyl-L-

cysteine, and L-serine, and of perdeuterated and F448A TPL aminoacrylate intermediates formed from

S-ethyl-L-cysteine,  with  4-PD  bound.   Furthermore,  we  have  studied  the  effects  of  enzyme

perdeuteration,  temperature,  and hydrostatic pressure on the kinetics of formation of aminoacrylate

complexes by wild-type and F448A TPL with stopped-flow spectrophotometry.  We observe significant

‘heavy enzyme’ kinetic isotope effects (KIEs) on both reactions, with the reactions displaying very

different KIE behavior.  These results are consistent with the ground state strain mechanism proposed

previously 8, 9, and, moreover, suggest that in the reaction of L-tyrosine, but not S-ethyl-L-cysteine, the

elimination is coupled with protein conformational changes/dynamics, thus showing a link between

substrate strain and conformational dynamics.
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 Scheme 1.  Proposed mechanism of tyrosine phenol-lyase
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MATERIALS AND METHODS. 

Enzymes.   Wild-type  and  F448A TPL were  expressed  and  purified  as  previously  described 5,  9.

Perdeuterated TPL was prepared by growing the cells expressing TPL in D2O in a minimal medium,

with nondeuterated glycerol as a carbon source, at Oak Ridge National Laboratory.  The perdeuterated

protein was purified in H2O buffers, so exchangeable protons are largely expected to be non-deuterated.

The  perdeuterated  TPL  has  an  apparent  molecular  mass  of  53,980  Da  in  electrospray  mass

spectrometry (Figure S1), compared to the predicted mass of 51,500 Da from the protein sequence, for

an increased mass of 2,480 Da, or 4.8%.  There are 3,571 hydrogens based on the sequence, of which

766 are possibly exchangeable (on N, O, or S).  Since there are 2,805 predicted nonexchangeable

hydrogens in the structure, the perdeuterated enzyme is (2,480/2,805)x100% = 88.4% deuterated.

Crystals.  Crystals were grown in hanging drops in 0.05 M triethanolamine-HCl, pH 8, 1 mM EDTA, 5

mM 2-mercaptoethanol, 0.5 mM PLP with 36-40% PEG 5000 MME at ambient temperature, about 20-

22º C 10, 11.  Crystals appeared as yellow prisms in about 2 weeks.  The complexes were prepared by

soaking the crystals for 1-2 minutes in a cryoprotectant solution of the buffer, containing 40% PEG

5000 MME and 20% (v/v) ethylene glycol:dimethyl sulfoxide:glycerol (1:1:1) mixture, with either 4

mM L-tyrosine, 40 mM S-ethyl-L-cysteine, or 200 mM L-serine, and 10 mM 4-PD, then flash cooling

in liquid N2.

X-ray data collection and analysis.  Diffraction data were collected at the SER-CAT ID-22 or BM-22

beamlines at Argonne National Laboratory at 100 K for 360º with 0.5º or 1.0º oscillations.  The data

were integrated with XDS 13 and scaled and merged with XSCALE.  Resolution limits were determined

by  CC(1/2)  ~  0.3 14.   Phasing  was  performed  by  molecular  replacement  with  PHASER  15 using

2VLF.pdb as the search model.  Model building was performed, and water and ligands were added,

with COOT 16.  The disorder in chain A was modeled by combining the structure of residues 18-43,

346-376, and 428-456 from the small domain of 2TPL.pdb for the open conformation, and the same

residues of 2VLF.pdb for the closed conformation.  The open conformation was assigned to ALT.LOC
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A, while the closed conformation was assigned to ALT.LOC B.  Occupancies for both conformations

before  refinement  were  set  to  0.5.   The  structure  of  4-pyridone  (4PD)  was  built  with  CHEM3D

(Cambridge  Biosoft)  and  converted  to  cif  format  with  PHENIX.ELBOW.   The  structure  of  the

aminoacrylate complex was modeled with 0JO.cif.  The models were refined with PHENIX.REFINE 17

using  TLS  assignments  by  PHENIX.find_tls_groups.   The  statistics  for  the  final  structures  are

summarized in Table S1.  The structure figures were prepared with PYMOL 2.1.0 (Schrodinger, LLC)

and Ligplot+ 18.

Stopped-flow kinetics.  The TPL was incubated with excess PLP for 30 minutes at room temperature,

then rapidly passed through a gel-filtration column (PD-10, GE Healthcare), prior to performing the

reactions.  The reactions were performed in either 0.1 M triethanolamine-HCl, pH 8, 0.1 M KCl, or

0.05  M  potassium  phosphate,  pH  8.0,  in  an  OLIS  RSM-1000  rapid-scanning  stopped-flow

spectrophotometer for scanning experiments, or an Applied Photophysics SX-20 instrument for single

wavelength experiments.  The Applied Photophysics instrument was connected to a refrigerated water

bath for temperature control.  The scans were collected from 240-800 nm in 256 data points at 1000 Hz

and data were analyzed with the Global Fit program 19 provided by OLIS.  Single wavelength kinetic

data contained 1000 data points collected at 410 or 505 nm with a 4.5 nm bandpass, over 0.5-5 seconds,

and were fit to either two or three exponentials with SciDAVis 20.  The temperatures used were between

8º and 45º C, and the enzyme was only at the highest temperature for about 5 minutes.  No evidence of

turbidity due to denaturation was seen at the highest temperature.  At least three determinations at each

condition were fit and the rate constants were averaged.  The linear temperature dependence data were

fit to the Eyring equation (Eqn. 4, 21) and the nonlinear temperature dependence data were fit to Eqn. 5

21 with SciDAVis 20, with the reference temperature, T0, defined as 298.1 K.

ln(k) = ln(kBT/h)-ΔH‡/RT+ΔS‡/R (4)

ln(k)=ln(kBT/h)-[ΔH‡+ΔCp
‡*(T-T0)]/RT+[ΔS‡+ΔCp

‡*ln(T/T0)]/R (5)
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High pressure stopped-flow data were collected in single wavelength mode on an HPSF-56

instrument from TgK Scientific (Bradford on Avon, UK).  The reactions were performed at 20 º C

(293.1 K) in  0.1 M triethanolamine-HCl,  pH 8,  0.1 M KCl.   With L-tyrosine,  the  reactions  were

followed at 410 nm, and with S-ethyl-L-cysteine, the reactions were followed at 505 nm.  The data

were collected at 50, 250, 500, 750, 1000, 1250, and 1500 bar and fit to two or three exponentials using

the software provided by TgK Scientific.  Transients  were fitted to a 2 or 3-exponential function using

the software from TgK Scientific in order to extract observed rate constants. The pressure dependence

of these data was then fitted to Eqn. 6 22 with SciDAVis 20 in order to determine the apparent activation

volume (ΔV‡) and compressibility (Δβ‡) associated with each kinetic phase.  

k = koexp[(-PΔV‡/RT)Δβ‡P2/2RT] (6)

RESULTS

Structure of  the aminoacrylate complexes of wild-type TPL.   We showed previously that  4-PD, an

isoelectronic and structural analogue of the product, phenol, binds to the aminoacrylate intermediate of

TPL, stabilizing it and allowing for the kinetics of its formation to be determined spectroscopically  12.

The aminoacrylate complex has a unique absorption spectrum among PLP reaction intermediates, with

a λmax at about 350 nm and/or 460 nm, the exact position depending on the enzyme 12, 23.  Wild-type TPL

crystals soaked with 4 mM L-tyrosine and 10 mM 4-PD show new electron density in the active site of

chain A, which fits well to an aminoacrylate Schiff’s base complex of PLP and 4-PD (Figure 1A,

Figure S2);  Note that TPL is a homotetramer, with the asymmetric unit a homodimer, and active sites

found in chains A and B).  However, there is the initial internal aldimine electron density evident in the

active site of chain B (Figure S3).  Two different TPL crystals soaked with L-tyrosine and 4-PD both

showed new density of an aminoacrylate complex in chain A, and no new density in the active site of

chain B .  The aminoacrylate group in the complex in chain A is twisted slightly out of plane with the

pyridine ring of the PLP (Figure 1A).  The torsion angle of C3-C4-C4’-N is -15º.  There is no 
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A

B

 

Figure 1.  A.  Crossed-eye stereo view of the PLP-aminoacrylate complex and 4-PD in chain A of wild-
type  TPL modeled  into  the  mFo-Dfc  simulated  omit  electron  density  map  contoured  at  4  σ.   B.
Interactions of the PLP-aminoacrylate complex with the active site of TPL in chain A.
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significant remaining electron density in the 2mFo-DFc map at 1σ between NZ of Lys-257 and C4’ of

the PLP of the aminoacrylate complex.  The NZ of Lys-257 is hydrogen bonded to OG of Ser-51 (2.6

Å), OG of Ser-254 (3.2 Å), and one of the phosphate oxygens, OP3, (3.2 Å).  A network of hydrogen

bonds  connects  Lys-257  to  Tyr-71*,  through  Ser-51  and  a  bound  water,  as  was  seen  before  for

quinonoid complexes of TPL 10, 11.  The α-carboxylate of the aminoacrylate complex (Figure 1B, Figure

S2A) is ion paired to ND1 and ND2 of Arg-404 (2.9 Å) and hydrogen bonded to OG of Thr-49 (2.7 Å)

and  ND2 of  Asn-185  (2.9  Å),  as  was  seen  previously  for  quinonoid  complexes  of  L-alanine,  L-

methionine, and L-phenylalanine of TPL 10,  11.  Asn-185 was shown previously to stabilize quinonoid

intermediates of TPL by hydrogen bonding 24.  The 4-PD N-1 is hydrogen bonded to the OE of Tyr-71*

(2.5 Å), and the O-4 is hydrogen bonded to OG of Thr-124 (2.8 Å) and NZ of Arg-381 (2.9 Å) (Figure

S2B).  These interactions of 4-PD are very similar to those found previously in the complex of TPL

with pyridine-N-oxide and L-alanine 8, in which the oxygen of pyridine-N-oxide forms hydrogen bonds

with Thr-124 and Arg-381.  Furthermore, in the quinonoid complexes of 3-F-L-tyrosine with Y71F and

F448H TPL, the phenolic oxygen of the substrate forms short hydrogen bonds to Thr-124 and Arg-381

8.  The N-1 of 4-PD is also located 2.9 Å above Cβ of the aminoacrylate (Figure 1A).  Thus, 4-PD is

located in the expected position of the reaction product, phenol, immediately after cleavage of the Cβ-

Cγ bond.  The OE of Tyr-71* is also hydrogen bonded (2.8 Å) to NH2 of Arg-100.

Chain A shows significant disorder in the small domain, comprised of residues 14-43, 347-376,

and 428-456, that moves toward the large domain to form a closed conformation covering the active

site.  Refinement of the structure as the closed conformation resulted in significant remaining density in

the small domain.  Hence, the structure of chain A was refined as an ensemble of open and closed

conformations, as was done previously for some quinonoid complexes of TPL 11, 25, and the resulting

refined  structure  is  a  mixture  of  open  and  closed  conformations  in  an  approximate  30:70  ratio,

respectively.  Quinonoid complexes of TPL were found previously to have a similar ratio of open and

closed conformations 11, 25.  In the closed conformation, the side chains of Phe-448 and Phe-449 are in
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van der Waals contact with 4-PD (Phe-448 CZ is 2.5 Å away from C4 and CZ of Phe-449 is 2.5 Å from

N1), while in the open conformation, Phe-448 withdraws about 4 Å and Phe-449 rotates out of the

active site, with CZ moving more than 8 Å.  The refined occupancy of 4-PD in the active site is 86%;

thus,  since  the  closed  conformation  is  present  at  70%,  the  ligand  must  be  able  to  bind  to  the

aminoacrylate complex in both open and closed conformations.  Two additional large blobs of electron

density located near the protein surface were also adequately modeled as 4-PD, although it is unclear if

these have any mechanistic significance.

A complex was also prepared by soaking crystals of TPL with 20 mM 3-F-L-tyrosine, a good

substrate 3, and 4-PD.  The resulting structure of the aminoacrylate intermediate in chain A (Figure

S4A) is very similar to that formed from L-tyrosine, with 4-PD bound and a mixture of open and closed

conformations.  Chain B is in an open conformation, and there is electron density that fits well to 3-F-

L-tyrosine  (80% occupancy),  which  connects  from N1 to  C4’ of  the  PLP,  and also  there  is  clear

electron density between NZ of Lys-257 and C4’ of the PLP (Figure S4B).  The distance between Lys-

257 NZ and PLP C4’ is 1.45 Å, and the distance from the 3-fluoro-L-tyrosine N and PLP C4’ is 1.43 Å.

The geometry of the Cα of the 3-F-L-tyrosine is tetrahedral.  Thus, the ligand in chain B is most likely a

gem-diamine complex of 3-F-L-tyrosine (Figure S4C), rather than a mixture of internal and external

aldimines.  The complex of L-phenylalanine with wild-type TPL was also found previously to have a

gem-diamine complex in chain B 11.  This difference between the structures of the L-tyrosine and 3-F-L-

tyrosine  complexes  of  TPL is  possibly  due to  the  much higher  solubility  of  3-F-L-tyrosine in  the

cryosolvent soak solution (20 mM compared with ~4 mM for L-tyrosine).

We also soaked TPL crystals with 40 mM S-ethyl-L-cysteine and 10 mM 4-PD.  The resulting

structure has new density consistent with an aminoacrylate complex in both chains A and B.  The

aminoacrylate structure in chain A is very similar to that formed from L-tyrosine, with 4-PD bound and

a 30:70 mixture of open and closed conformations for the small domain.  The aminoacrylate structure
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found in chain B is also similar, but there is no electron density for 4-PD, and it is exclusively in an

open conformation, as can be seen from the position of Phe-448 and Phe-449 (Figure S5).  

Crystals of perdeuterated TPL (~88% deuteration of nonexchangeable hydrogens; see Methods

for more details) were also soaked with 40 mM S-ethyl-L-cysteine and 10 mM 4-PD.  These crystals

are  more disordered  than native  TPL,  diffracting to  lower  resolution,  possibly  because incomplete

incorporation of deuterium into the nonexchangeable hydrogen positions results in local heterogeneity.

The structure was found to contain an aminoacrylate intermediate in chain A nearly identical to that of

the hydrogenous TPL, and is a mixture of open and closed conformations.  However, in chain B, there

is only an open conformation; new electron density is connected to C4’ of the PLP, and Lys-257 is also

attached to C4’ (Figure S6A).  The new electron density was modeled as an aminoacrylate, since the

side chain density of the ethanethiol is absent (Figure S6A).  The Nα-C4’ distance is 1.25 Å, and the

Lys-257 NZ-C4’ distance is 1.44 Å in the refined model.  Thus, this complex is likely to be a  gem-

diamine  of  the  aminoacrylate,  immediately  before  product  release.   The  distance  between  the

carboxylate oxygens and Arg-404 is greater (Figure S6B, 3.15 Å) than in the aminoacrylate Schiff’s

base complexes (Figures 1, 2.9-3.0 Å), and only one nitrogen of Arg-404 interacts, possibly weakening

the ionic interaction in preparation for product release.

The structure obtained by soaking wild-type TPL crystals with 0.2 M L-serine and 10 mM 4-PD

also has an aminoacrylate structure bound in chain A.  Refinement as a mixture of open and closed

conformations gave a 30:70 ratio, similar to what was found with L-tyrosine and S-ethyl-L-cysteine.

However, chain B has electron density that fits with bound L-serine (85% occupancy), and there is also

strong electron density between C-4’ of the PLP and NZ of Lys-257 (Figure S7A).  Thus, this site also

appears to be in a gem-diamine complex (Figure S7B), as was also seen above with 3-F-L-tyrosine.  In

this complex, the OG of the bound serine has hydrogen bonds to OH of Tyr-71* and Arg-100 (Figure

S7B). 
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A

 

 

B

 

Figure 2. A. Aminoacrylate complex modeled into the mFo-Dfc simulated omit electron density map
contoured at 3 σ for the F448A TPL complex in chain A formed from S-ethyl-L-cysteine and 4-HP.  B.
Interactions of the aminoacrylate complex with the active site of F448A TPL in chain A.  
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Structure of the aminoacrylate complex of F448A TPL from S-ethyl-L-cysteine and 4-hydroxypyridine.

We found previously in rapid-scanning stopped-flow spectroscopic experiments that  F448A mutant

TPL can form an observable aminoacrylate complex with S-ethyl-L-cysteine, but not with L-tyrosine 9,

11.  Soaking crystals of F448A TPL with S-ethyl-L-cysteine and 4-PD resulted in new electron density

in both chain A and chain B that fits well to aminoacrylate complexes (Figure 2A).  Similar to what we

observed with wild-type TPL, the small domain of chain A has a molecule of 4-PD bound, while chain

B is in an open conformation, without 4-PD bound.  We attempted to fit chain A of F448A TPL as a

mixture of open and closed conformations, as we did above with wild-type TPL, but we were not

successful, possibly due to the lower resolution of F448A TPL crystals 11.  Thus, we modeled chain A as

a closed conformation.  Similar to wild-type TPL, the N1 of 4-PD is hydrogen bonded to Tyr-71* (2.7

Å), and the O is hydrogen bonded to OG of Thr-124 (2.8 Å) and NH2 of Arg-381 (3.0 Å) in chain A

(Figure 2B, Figure S8A).  However, the N-1 of 4-PD is located 3.95 Å above Cβ of the aminoacrylate,

an increased distance of about 1 Å compared with wild-type TPL, and the distance from the OH of Tyr-

71 to N-1 of PD is increased from 2.5 to 2.7 Å (Figure S8B).  The carboxylate of the aminoacrylate is

ion-paired with the guanidinium of Arg-404 and hydrogen bonded to ND2 of Asn-185 and OG of Thr-

49.  Phe-449 is almost perpendicular to 4-PD, and CZ is 3.4 Å from C4 of 4-PD.  The structure of the

complex in chain B is very similar to that of the B chain of wild-type TPL, with an aminoacrylate

structure in the open conformation and no 4-PD bound.

Kinetics  of  aminoacrylate  intermediate  formation  of  wild-type  TPL  from  L-tyrosine  and  4-

hydroxypyridine.  When TPL is mixed with 2 mM L-tyrosine and 10 mM 4-HP in the stopped-flow

spectrophotometer in phosphate buffer at pH 8, a new absorption peak with λmax at 338 nm is formed

which is assigned to the aminoacrylate intermediate (Figure 3A).  Initially, there is rapid formation (1/

τ~100 s-1) of a weakly absorbing band at 502 nm, attributed to a quinonoid intermediate 3, 5, 9, 11, 12, 26.  
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(7)

The simplest mechanism for reaction of TPL with substrates is shown in Eqn. 7, where EAL is the

external aldimine, EQ is the quinonoid intermediate, and EAA is the aminoacrylate intermediate.  For this

mechanism,  the  first  observable  relaxation,  1/τ1,  is  given  by  Eqn.  8  and  the  second  observable

relaxation, 1/τ2, is given by Eqn. 9.

1/τ1 = k2*[S]/(K1+[S]) + k-2 (8)

1/τ2 = k3*K4/(K4+[4PD]) + k-3 (9)

Figure 3.  Rapid-scanning stopped-flow measurements of the reaction of wild-type TPL with L-tyrosine
and 4-PD.   The reactions contained 20 µM TPL, 2 mM L-tyrosine,  and 10 mM 4-PD in 0.05 M
potassium phosphate, pH 8.0 at 295 K.  A.  Representative scans collected during the reaction.  The
scans were collected at 0.002 sec (black), 0.095 sec (red), 0.292 sec (green), 0.582 sec (blue), 0.872 sec
(orange), 1.452 sec (brown) and 2.612 sec (violet).  B.  Time courses at 337 nm (black), 418 nm (red)
and 502 nm (blue).  
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The formation of the aminoacrylate intermediate shows biphasic kinetics in phosphate buffer, as

seen before 12.  Decay of the external aldimine at 420 nm and quinonoid intermediate at 502 nm and

formation of the aminoacrylate at 338 nm follows identical kinetics (Figure 3B).  There is a clear

isosbestic point at 360 nm between the 338 nm peak of the aminoacrylate and the 418 nm peak of the

external aldimine during the decay, indicating that the external aldimine and quinonoid complexes are

in rapid equilibrium, and there is direct reaction of the quinonoid to the aminoacrylate.  Similar data are

obtained in triethanolamine buffer at pH 8, which is required for high pressure experiments; however,

the decay of the 418 nm intermediate and formation of the 338 nm aminoacrylate complex occurs in

only one exponential phase.

Kinetics  of  aminoacrylate  intermediate  formation  of  wild-type TPL from S-ethyl-L-cysteine and 4-

hydroxypyridine.   Mixing  of  wild-type  TPL with  40  mM S-ethyl-L-cysteine  and 10 mM 4-PD in

phosphate buffer at pH 8 results in rapid formation of a strong absorbance peak at 505 nm, which

subsequently decays concomitant with formation of a new peak at 342 nm (Figure 4A).  Similar data

were obtained when the reaction was performed in triethanolamine buffer.  There is an isosbestic point

at  about  362  nm between  the  505  nm peak  and  the  342 nm peak,  indicating  that  there  is  direct

conversion of the quinonoid intermediate (505 nm species) to the aminoacrylate (342 nm species).  The

decay of the quinonoid intermediate is biphasic under these conditions 12.  The observed rate constants

for  the second (1/τ2)  and third (1/τ3)  kinetic  phases (both describing the quinonoid decay)  display

opposite behavior as [4-PD] is increased; with kobs on 1/τ2 decreasing, as expected from Eqn. 9, and kobs

on 1/τ3 increasing 12.   This is consistent with a mechanism with a first step of aminoacrylate formation,

followed  by rapid  equilibrium binding of  4-PD,  as  shown in  Eqn.  7,  and  a  rearrangement  of  the

aminoacrylate following 4-PD binding.  F448A TPL also exhibits similar spectra after mixing with S-

ethyl-L-cysteine and 4-PD, although the peaks at 505 nm and 338 nm are less prominent than for wild-

type TPL, as was shown previously 9.
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Figure 4.  Stopped-flow measurements of the reaction of wild-type TPL with S-ethyl-L-cysteine and 4-
PD.  The reactions contained 20 µM TPL, 20 mM S-ethyl-L-cysteine, and 10 mM 4-PD in 0.05 M
potassium phosphate, pH 8.0.  A.  Representative scans collected during the reaction.  The scans were
collected at 0.002 sec (black), 0.095 sec (red), 0.292 sec (green), 0.582 sec (blue), 0.872 sec (orange),
1.452 sec (brown) and 2.612 sec (violet).  B.  Time courses at 342 nm (blue), 416 nm (red) and 505 nm
(black).

Temperature dependent kinetics of aminoacrylate intermediate formation of wild-type and F448A TPL.

The reactions were performed in 0.05 M potassium phosphate, pH 8.0, at temperatures from 281 to 318

K, collecting data at 410 nm for L-tyrosine (Figure 3) and 505 nm for S-ethyl-L-cysteine (Figure 4).

Typical data at  each temperature are shown in Figures S9 and S10.  Note that the first  order rate

constant for formation of the aminoacrylate intermediate is not dependent on the L-tyrosine or S-ethyl-

L-cysteine  concentration,  but  is  affected by the  [4-PD] 12,  as  shown by Eqn.  9.   4-PD was found

previously to bind with an apparent Kd of about 1 mM 12.  In the present experiments, 10 mM 4-PD was

used, so the rates are >90% saturated.  Most of the reactions show an obvious nonlinear dependence of

ln(k)  on temperature (non-Arrhenius behavior;  Figure 5).   Non-Arrhenius  behavior  can arise  for  a

number of reasons, including a change in rate-limiting step and enzyme denaturation. We have chosen 
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Figure 5.  Effects of temperature on quinonoid and aminoacrylate intermediate formation by TPL.  In
all cases, the lines are the calculated fits to Equation 5 with the parameters given in Table 1.  A.  Effect
of temperature on the formation of the quinonoid intermediate (1/τ1) of TPL with S-ethyl-L-cysteine.
Red  squares,  wild-type  TPL;  blue  squares,  perdeuterated  TPL;   green  diamonds,  first  phase  of
quinonoid  intermediate  formation  by  F448A  TPL;  green  triangles,  second  phase  of  quinonoid
intermediate formation by F448A TPL.  B.  Heavy enzyme deuterium KIE on quinonoid intermediate
formation  from  S-ethyl-L-cysteine.   C.  Effect  of  temperature  on  formation  of  the  aminoacrylate
intermediates  (1/τ2)  of  wild-type,  perdeuterated  and  F448A TPL from  L-tyrosine  and  S-ethyl-L-
cysteine.  Red circles, wild-type TPL with L-tyrosine; blue circles, perdeuterated TPL with L-tyrosine;
blue squares, wild-type TPL with S-ethyl-L-cysteine; red squares, perdeuterated TPL with S-ethyl-L-
cysteine; green diamonds, F448A TPL.  D.  Heavy enzyme KIE on aminoacrylate intermediate (1/τ2)
formation.  Squares and blue line, S-ethyl-L-cysteine; circles and red line, L-tyrosine.  E.  Effect of
temperature on the slow phase of aminoacrylate formation (1/τ3) of wild-type TPL from L-tyrosine.
Blue circles, wild-type TPL and L-tyrosine; red circles, perdeuterated TPL and L-tyrosine.  F.  Heavy
enzyme deuterium KIE on 1/τ3.  Circles and red line, L-tyrosine.  
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to describe these data using the macromolecular rate theory (MMRT) equation (Eqn. 5) 21 as it gives a

good fit to the data (Figure 5) and allows a quantitative comparison of the temperature dependence of

each enzyme reaction studied here (Table 1).  It should be noted that if the binding of 4-PD weakens

with increasing temperature, the observed relaxation rate constant, 1/τ2, would be expected to show a

nonlinear  upward  curvature,  rather  than  downward  as  is  observed.  Further,  if  some  of  the  non-

Arrhenius behavior is caused by a change in substrate saturation (and thus rate-limiting step), this effect

should largely cancel in the KIEs as substrate capture should not be significantly isotope dependent.

The results of fitting are given in Table 1, and the data points in Figure 5 used for the fitting are given

in Table S2.  Because of the small amplitude of the quinonoid intermediate at 505 nm for L-tyrosine

(Figure 3), we did not analyze the temperature dependence of the fast phase (1/τ1).  The first phase of

the reaction of L-tyrosine to form an aminoacrylate has small positive values of ΔH‡, but large negative

values of  ΔSS‡, suggesting that the transition state for elimination of phenol is highly ordered for L-

tyrosine.  Furthermore, the second phase of aminoacrylate intermediate formation with L-tyrosine  (1/

τ3) shows strong curvature (Figure 5E), resulting from a large negative value of the apparent ΔCp
‡ (heat

capacity). The reaction with perdeuterated TPL shows a significantly reduced ΔCp
‡ and ΔH‡,  and an

increase in  ΔS‡ (Table 1).  There is no significant KIE on the first phase of aminoacrylate formation

with perdeuterated TPL and L-tyrosine, but there is a small normal KIE (1.4 ± 0.2) on the second phase

at 295 K (Figure 5F), which becomes inverse at higher temperatures.

For S-ethyl-L-cysteine, we could readily determine the effect of temperature on both quinonoid

intermediate  (1/τ1)  and aminoacrylate  intermediate  formation  (1/τ2)  at  505 nm.   In  contrast  to  the

reactions of L-tyrosine, these reactions all have much larger values of ΔH‡, and positive values of ΔS‡

(Table 1).  ΔCp
‡ is very similar for quinonoid intermediate formation with native and perdeuterated

TPL, but it increases for aminoacrylate formation by perdeuterated TPL.  There is no significant KIE

on quinonoid intermediate formation below 310 K, but at higher temperature there is a small inverse
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KIE (Figure 5B).  There is a normal KIE (1.20 ± 0.04) at 300 K on aminoacrylate formation (Figure

5D), which increases at higher temperatures.   Formation of the quinonoid intermediate from S-ethyl-L-

cysteine by F448A TPL shows a decrease in ΔH‡ and ΔS‡ compared to wild-type TPL, but no difference

in  ΔCp
‡.   In  contrast  to  wild-type  TPL,  F448A TPL exhibits  biphasic  formation  of  the  505  nm

quinonoid intermediate (Figure 5A, green diamonds and triangles).  The fast phase  is slightly faster

than that of wild-type TPL, while the second phase is slower.   Aminoacrylate formation by F448A

TPL, in this case, 1/τ3, shows a decrease in ΔS‡, but little difference in ΔH‡ and ΔCp
‡.

Table 1
Effects of temperature on TPL kinetics                                                                          

Reaction  ΔH‡, kJ/mol  ΔΔH‡, kJ/mol ΔS‡, J/mol-K ΔΔS‡, J/mol-K ΔCp
‡, kJ/mol-K ΔΔCp

‡, kJ/mol-K

TPL+Tyr, 1/τ2 +38.1 ± 1.1 -100 ± 4 -0.88 ± 0.23

TPL+Tyr, 1/τ3 +3.2 ± 1.5  -228 ± 10 -4.8 ± 0.5

[2H]-TPL+Tyr, 1/τ2 +39.4 ± 0.5 +1.3 ± 1.2a -96.8 ± 4.7 +3.2 ± 6.2a -0.63 ± 0.57 +0.25 ± 0.31a

[2H]-TPL+Tyr, 1/τ3 +19.7 ± 0.4 +16.5 ± 1.6a -175 ± 4 +53 ± 10.8a -1.49 ± 0.56 +3.31 ± 0.75a

TPL+S-Et-Cys, 1/τ1 +74.1 ± 0.4 +35.3 ± 1.3 -0.53 ± 0.07

TPL+S-Et-Cys, 1/τ2 +78.2 ± 1.0 +33.9 ± 3.5 -1.22 ± 0.20

[2H]-TPL+S-Et-Cys, 1/τ1 +76.1 ± 0.5 +3.9 ± 0.8a +41.9 ± 1.8 +12.9 ± 3.8a -0.41 ± 0.10 +0.27 ± 0.22a

[2H]-TPL+S-Et-Cys, 1/τ2 +75.9 ± 1.7 -5.3 ± 2.9a +24.4 ± 4.1 -19.4 ± 10a -1.49 ± 0.13 -1.02 ± 0.55a

F448A TPL+S-Et-Cys, 1/τ1 +64.1 ± 0.4 -15.8 ± 1.3b +4.5 ± 1.5 -49.3 ± 5.1b 0 -0.28 ±0.3b 

F448A TPL+S-Et-Cys, 1/τ2 +66.4 ± 1.5  0 +0.68 ± 0.28

F448A TPL+S-Et-Cys, 1/τ3 +76.6 ± 0.6 +20.7 ± 2.1 -0.37 ± 0.12

a[2H]-TPL-TPL
bF448A TPL-TPL

Pressure dependent kinetics of  aminoacrylate intermediate formation of wild type and F448A TPL.

The  reactions  were  performed at  293 K in  single  wavelength  mode,  by  following the  absorbance

change at 410 nm for the reaction of L-tyrosine and 505 nm for the reaction of S-ethyl-L-cysteine.

Triethanolamine buffer was used for the high pressure experiments, since it has a much smaller ΔpKa

with pressure than phosphate.  For L-tyrosine, we only analyzed the formation of the aminoacrylate (1/
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τ2), due to the low amplitude of the first phase (1/τ1).  Due to the relatively large amplitudes of the

intermediates for S-ethyl-L-cysteine (Figure 4), we analyzed both formation of the quinonoid 

Figure 6.  Effects of hydrostatic pressure on quinonoid and aminoacrylate intermediate formation by
TPL.  In all cases, the lines are the calculated fits to Equation 6 with the parameters given in Table 2. A.
Effect of pressure on the formation of the quinonoid intermediate (1/τ1) of TPL with S-ethyl-L-cysteine.
Blue squares, wild-type TPL; red squares, perdeuterated TPL; green diamonds, F448A TPL.  B:  Heavy
enzyme deuterium KIE on 1/τ1 as a function of pressure.  C.  Effect of pressure on formation of the
aminoacrylate intermediates (1/τ2) of wild-type, perdeuterated and F448A TPL from L-tyrosine and S-
ethyl-L-cysteine.  Blue squares:  wild-type TPL and  S-ethyl-L-cysteine;  Red squares, perdeuterated
TPL and S-ethyl-L-cysteine; Blue circles, wild-type TPL and L-tyrosine; Red  circles,  perdeuterated
TPL and  L-tyrosine;  Green  diamonds,  F448A TPL and  S-ethyl-L-cysteine.   D:   Heavy  enzyme
deuterium KIE on 1/τ2 as a function of pressure. Red circles, tyrosine; Blue squares, S-ethyl-L-cysteine.

intermediate  (1/τ1)  and  subsequent  decay  to  the  aminoacylate  (1/τ2).   Typical  kinetic  traces  are

presented in Figure S11 and S12, and the data points in Figure 6 are given in Table S3.  The results of

fitting the pressure dependent data to Eqn. 6 are shown in Table 2.  The rate constant for formation of

the quinonoid intermediate from S-ethyl-L-cysteine decreases with increasing pressure (Figure 6A),

while  the  perdeuterated  enzyme  shows  a  normal  heavy  enzyme  deuterium KIE  of  1.3-1.4  which
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increases with pressure (Figure 6B).  In contrast, F448A TPL shows no curvature in the plot, so its

compressibility is zero.  Formation of the aminoacrylate intermediate from L-tyrosine shows downward

curvature (Figure 6C), as a result of a large negative compressibility, Δβ‡.  There is an inverse isotope

effect of about 0.8 at 1 bar, which is very pressure dependent (Figure 6D) and gives rise to large values

of ΔΔV‡ and ΔΔβ‡ (Table 2).    For aminoacrylate formation from S-ethyl-L-cysteine, there is much less

curvature in the plots because of smaller negative Δβ‡.  There is a normal isotope effect on the reaction

at 1 bar, but it reduces with increasing pressure and becomes inverse at 1.5 kbar.  

Table 2
Effects of hydrostatic pressure on TPL kinetics at 293 K

Reaction 1/τ1

s-1

ΔV‡      
mL/mol 

    Δβ‡    

ml/mol-
kbar

1/τ2

s-1

    ΔV‡    

mL/mol 

  Δβ‡    

ml/mol-kbar

1/τ3

s-1

    ΔV‡    

mL/mol 

  Δβ‡    

ml/mol-kbar

TPL+L-Tyr  nda nda nda 1.10 ± 0.09 -30.1 ± 5.5 -36 ± 7 nda nda nda

[2H]-TPL+L-
Tyr

nda nda nda 1.42 ± 0.03 -18.5 ± 1.4

(+11.6 ± 6.9)
b

-19 ± 7

(+17 ± 14) b

nda nda nda

TPL+S-Et-
L-Cys

54.3 ± 0.4

      

12.0 ± 0.8 -6.8 ± 1.2 5.01 ± 0.02  6.0 ± 0.9  

       

-4.7 ± 1.7 1.53 ±
0.01

 21.8 ± 1.5 

       

4.0 ± 1.0

[2H]-TPL+S-
Et-L-Cys

42.8 ± 0.4 12.1 ± 1.0 -4.5 ± 0.7 

(-2.3 ± 1.9)
b

3.8 ± 0.1 4.1 ± 0.6

(-1.9 ± 1.5) b

0

(+4.7 ± 1.7) b

1.30± 0.02 21.4 ± 1.6

(-0.4 ± 3.1)
b

7.8 ± 1.1

(+3.8 ± 2.1) b

F448A 
TPL+S-Et-
L-Cys

30.4 ± 0.5

     

19.1 ± 2.0 0  2.02 ± 0.02

      

-3.2 ± 0.4   -4.9 ± 0.9 nda nda nda

and, not determined.

bTPL-[2H]-TPL

DISCUSSION

The mechanism of  TPL.   The  mechanism proposed  for  TPL is  shown in  Scheme 1.   The

substrate  initially  undergoes  transaldimination  to  form  an  external  aldimine,  then  the  α-C-H  is

deprotonated  by  Lys-257  to  give  a  quinonoid  intermediate.   Previously,  we  found  that  quinonoid

complexes can exist in either open or closed conformations, where the small domain rotates toward the

large domain to close the active site 8, 11.  Elimination of phenol or another leaving group occurs in the
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closed conformation to give a closed aminoacrylate intermediate complex.  In addition to TPL, Schiff’s

base complexes of α-aminoacrylate are key intermediates in many PLP-dependent β-elimination and β-

substitution reactions.  Crystal structures of aminoacrylate intermediates of tryptophan synthase 27, O-

acetyl-L-serine sulfhydrylase  28, cystathionine β-synthase  29, alliinase  30, diaminopropionate ammonia

lyase 31, and O-phosphoserine sulfhydrylase 32 have been obtained previously.  In the present study, we

have obtained structures of aminoacrylate complexes of wild-type TPL by soaking the crystals with the

native substrate, L-tyrosine, as well as alternative substrates, 3-fluoro-L-tyrosine, S-ethyl-L-cysteine

and L-serine, together with 4-PD, a phenol isostere that binds to the aminoacrylate intermediate and

stabilizes it 12.  These structures show that quinonoid and aminoacrylate intermediates can exist in both

open and closed conformations.  We also obtained the structure of an aminoacrylate complex of F448A

mutant TPL formed from S-ethyl-L-cysteine and 4-PD.  This structure shows that F448A TPL can form

an aminoacrylate intermediate in a closed active site.  F448A TPL has very low activity (ca. 10-4 that of

wild-type TPL) with L-tyrosine 9, so we could not obtain an aminoacrylate structure from L-tyrosine or

3-F-L-tyrosine.  However, crystals of F448A TPL form a quinonoid complex with 3-F-L-tyrosine 11. 

Figure  7.   crossed-eye  stereo  view of  the  overlay  of  superposed aminoacrylate  (below) and 4-PD
(above) structures of TPL.  Green:  Wild-type TPL from L-tyrosine.  Cyan:  Wild-type TPL from S-
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ethyl-L-cysteine.  Red:  Wild-type TPL from L-serine.  Yellow:  Perdeuterated TPL from S-ethyl-L-
cysteine.  Gray:  Wild-type TPL from 3-F-L-tyrosine.  Orange:  F448A TPL from S-ethyl-L-cysteine.

The  structures  of  all  of  the  aminoacrylate  structures  in  Figure  7  are  identical,  within

experimental error, regardless of the substrate or form of TPL from which they were formed.  It is

interesting that they are not completely planar, as might be expected to optimize orbital overlap and

maximize π-system conjugation, but rather there is rotation of the plane of the C4’-Nα imine bond by

about -15º from the pyridine ring plane (for example, see Figure 1A).  Aminoacrylate structures in

other PLP-dependent enzymes also show deviation from planarity with the PLP, but the torsion angles

are generally less than those of TPL.  This distortion may help to make the imine more electrophilic for

subsequent nucleophilic attack by the ε-amino group of Lys-257 to form a gem-diamine.  We observed

an aminoacrylate complex in the B-chain of perdeuterated TPL that is consistent with an aminoacrylate

or dehydroalanine  gem-diamine (Figure S4B).  This is the expected step immediately before product

release for TPL.  The 4-PD structures in all of the TPL complexes also are superposable, except for that

of F448A TPL, which is shifted away from the aminoacrylate (Figure 7).  The distance between the N1

of 4-PD in wild type and F448A complexes is about 1 Å, and that of O4 is about 1.3 Å.  In the other

TPL structures, the CZ of the phenyl rings of Phe-448 and 449 is in van der Waals contact, about 2.5 Å

from 4-PD (Figure 8).  However, in F448A TPL, the CZ of Phe-449 is 3.5 Å from 4-PD.  The missing

phenyl side chain in F448A TPL thus results in more open space in the closed active site, allowing both

Phe-449 and 4-PD to have more flexibility.  This is also reflected in the increased B-factor of the bound

4-PD, which is 65 Å3 for wild-type TPL and 92 Å3 for F448A TPL.  As a result of this work and

previous studies  8, 10,  11,  25, crystal structures of every proposed intermediate shown in Scheme 1 have

been obtained.

The structures of the quinonoid and aminoacrylate complexes of TPL are shown overlaid in

Figure 8.  In the closed quinonoid conformation, Phe-448 and Phe-449 move toward the substrate.  The

substrate phenol ring can adopt two structures, one with the normal geometry, but with clashes with

Page 24 of 34

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Phe-448  and  Phe-449,  and  without  hydrogen  bonds  to  Thr-124  and  Arg-381,  and  one  which  is

hydrogen bonded, and bent about 20º out of plane with the bond to Cβ to relieve the clashes  8.  The

aromatic ring of the phenol product in the aminoacrylate complex has rotated upward about 30º, and

the  Cγ has  moved  1.3  Å (Figure  8)  from the  bent  quinonoid  structure.   The  O4 has  also  moved

downward, but the hydrogen bonding distances with Thr-124 and Arg-381 are nearly constant in the

quinonoid and aminoacrylate  structures.   The small  movement between these central  intermediates

makes  it  unlikely  that  there  is  a  discrete  cyclohexadienone  intermediate,  as  has  been  proposed

previously  3-7.   Thus,  the  transition  state  geometry  for  the  elimination  must  lie  between  the  bent

quinonoid (green) and aminoacrylate (magenta) structures in Figure 8.  The distortion of the substrate

in the bent quinonoid reduces aromaticity and makes the ring more basic, facilitating proton transfer 

Figure  8.    Crossed-eye  stereo  view  of  the  overlay  of  the  structures  of  TPL closed  quinonoid
(2YCN.pdb,  green)  and  aminoacrylate  (6MPD.pdb,  magenta)  complexes  of  3-fluoro-L-tyrosine.
Hydrogen bonds of the substrate and product with Thr-124 and Arg-381 are indicated by blue dashes. 

from Lys-257 through a Grötthuss proton hopping mechanism to Tyr-71* 8, 11, then to Cγ, most likely

concerted with the breakage of the Cβ-Cγ bond to form the phenol product.  It should be noted that there
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is a significant KIE on aminoacrylate formation with α-[2H]-L-tyrosine 12.  In the case of F448A TPL,

the motion of Cγ of the leaving group is at least 2.3 Å, and hence the transition state position is much

farther from Cβ of the aminoacrylate.  This accounts for the low activity (~10-4) of F448A TPL with L-

tyrosine 11.

Effect of temperature and pressure on TPL intermediate formation.  We studied the effect of

temperature and hydrostatic  pressure on the  formation of  quinonoid intermediates  from S-ethyl-L-

cysteine for wild-type, perdeuterated, and F448A TPL (Figures 5A and 6A, 1/τ1 in Tables 1 and 2).

Formation  of  the  quinonoid  intermediate  from  wild-type  TPL and  S-ethyl-L-cysteine  has  a  large

positive ΔH‡, but a compensating large positive ΔS‡ reduces ΔG‡.  Perdeuteration has only a small

effect  on  quinonoid  intermediate  formation.   With  F448A TPL,  the  rate  constant  of  quinonoid

intermediate formation from S-ethyl-L-cysteine is slightly increased, due to a large decrease of 15.8 kJ/

mol in ΔH‡, even though ΔS‡ has become negative.  This must be due to the structural changes in the

active site resulting from the mutation.  The heat capacity, ΔCp
‡, is similar and negative for quinonoid

intermediate formation from all three enzymes.  

The rate  of  formation of  the quinonoid  intermediate  of  S-ethyl-L-cysteine is  quite  strongly

pressure dependent, slowing with increasing pressure for wild-type, perdeuterated and F448A TPL. The

activation volume for quinonoid intermediate formation from S-ethyl-L-cysteine by all three enzymes

is similar and positive, while the formation of a quinonoid intermediate from 3-F-L-tyrosine by F448H

TPL was found previously to have a negative activation volume 9.  This suggests that the transition state

for Cα-deprotonation is different for these two substrates.  This could be due to the formation of new

hydrogen bonds in quinonoid intermediates formed by the phenolic group of tyrosine substrates  8,  11.

Furthermore,  the  compressibility,  Δβ‡,  is  negative  and  similar  in  magnitude  for  wild-type  and

perdeuterated TPL, but is  eliminated for F448A TPL, consistent with the structural changes in the

F448A active site inferred above.
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We studied the effect of temperature on formation of the aminoacrylate intermediate from L-

tyrosine  and  S-ethyl-L-cysteine  by  wild-type,  perdeuterated  and  F448A  TPL  (Figure  5).   The

temperature dependencies of both phases are clearly nonlinear, requiring the use of Equation 5, the

macromolecular rate equation 21, to obtain reasonable fits.  For S-ethyl-L-cysteine, ΔH‡ is rather large

and compensated by a large positive ΔS‡, with a modest negative ΔCp
‡.  Although ΔH‡ is reduced in

perdeuterated TPL, ΔS‡ is reduced by 19.4 J/mol-K and ΔCp
‡ is more negative by 1 kJ/mol-K.  F448A

TPL shows a similar value of ΔH‡, but smaller values of ΔCp
‡, Δβ‡, and ΔS‡, and a negative ΔV‡.  In

contrast, aminoacrylate formation from L-tyrosine has much lower values of ΔH‡, but large negative

values of ΔS‡ (-100 to -200 J/mol-K)  In particular, the temperature dependent data of the second phase

of aminoacrylate formation from L-tyrosine are strongly concave, with a resulting large negative ΔCp
‡

of -4.8 kJ/mol-K (Figure 5C).  Negative heat capacities have been seen previously for the reactions of a

number of enzymes 21, 33-38.  This has been proposed to result from the reduction of protein vibrational

motions coupled with the transition state.  We also found here that the magnitude of ΔCp
‡ and ΔS‡ for

the reaction of L-tyrosine with perdeuterated TPL are reduced due to a heavy enzyme KIE.   This is

consistent with our previously proposed mechanism where the L-tyrosine substrate is strained by steric

contact with Phe-448 and Phe-449 in the closed active site 8, 11if there is vibrational coupling between

these residues and the reaction intermediates and/or if closure of the active site to bring Phe-448 and

Phe-449 into contact with the substrate/intermediates is partially rate limiting and isotopically sensitive.

The formation of the aminoacrylate intermediate of wild-type TPL with L-tyrosine shows a

large negative activation volume and compressibility, with ΔV‡ = -30 mL/mol and  Δβ‡ = -36 mL/mol-

kbar (Figure 6C, Table  2).  This large activation volume is unlikely to be the result of motion of the

substrate alone, but also suggests that motion of the enzyme, likely the closure of the active site to

bring Phe-448 and Phe-449 into contact with the substrate, is necessary for the chemical step.  The

reaction  of  perdeuterated  TPL with  L-tyrosine  also  has  a  large  negative  activation  volume  and
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compressibility,  but  which  is  reduced  considerably  compared  with  wild-type  TPL (Table  2).   The

magnitude  of  the  resulting  isotope  effect  is  large  and may arise  due  to  the  involvement  of  many

residues in the relatively large motion of the active site closure, from faster coupling of individual

active site residues to the reaction coordinate. The large negative values of ΔV‡, Δβ‡, ΔCp
‡ and ΔS‡ for

aminoacrylate formation with L-tyrosine, but not for S-ethyl-L-cysteine, suggest that the transition state

for elimination of phenol from L-tyrosine is highly ordered and stiff, with significant loss of rotational

and vibrational freedom of the enzyme and substrate (consistent with the previous observation of a

strained L-tyrosine substrate 8, 11), while that for S-ethyl-L-cysteine is much less ordered and stiff.

Heavy enzyme kinetic isotope effects.   There are temperature and pressure dependent heavy

enzyme deuterium KIEs on formation of quinonoid and aminoacrylate intermediates by TPL (Figure

5B, 5D, 5F, 6B, and 6D).  There is a small normal heavy enzyme deuterium KIE on the formation of

the  quinonoid  intermediate  of  S-ethyl-L-cysteine  by  perdeuterated  TPL  which  decreases  with

temperature (Figure 5B), but increases gradually as pressure is increased (Figure 6B). The magnitude

of the heavy enzyme deuterium KIE on substrate deprotonation that we see here, Hk/Dk = 1.2 at 1 atm

and 293 K, is similar to that seen with alanine racemase 28, where the KIE = 1.32 and 1.21 for the L->D

direction and the D->L direction, respectively.  For alanine racemase, it was concluded that the heavy

enzyme kinetic isotope effect is the result of coupling of enzyme vibrational motion with the substrate

deprotonation  39.  In contrast with the KIE on quinonoid formation, formation of the aminoacrylate

intermediate from S-ethyl-L-cysteine shows a normal KIE that increases with temperature (Figure 5D),

but decreases with pressure (Figure 6D).  The reaction of unlabeled and perdeuterated TPL with L-

tyrosine also shows a strong concave bell shaped dependence on both temperature and pressure (Figure

5E and 6D),  becoming  inverse  at  higher  temperatures  and pressures.   These  heavy  enzyme KIEs

intrinsically arise from isotopic differences on ΔH‡, ΔS‡, and ΔV‡.  However, these parameters would

lead to simple linear dependencies of heavy enzyme KIEs on temperature and pressure.  The curved
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temperature dependences of the heavy enzyme KIEs seen in Figure 5 and 6 are the result of the effects

of isotopic substitution on ΔCp
‡ and Δβ‡, which changes the curvature of the temperature and pressure

dependence of the normal and perdeuterated enzymes.  This arises because the values of ΔCp
‡ and Δβ‡

result  from the  collective  populations  of  vibrational  modes  of  the  enzyme that  differ  between the

reactant state and transition state.  These vibrational modes, which could be single bond stretches or

more complex protein ‘dynamics’ such as active site loop or domain motions, are altered by isotopic

substitution.  Thus, the interpretation of heavy enzyme KIEs as normal or inverse measured at a single

temperature  or  pressure  should  be  done  with  care.   In  the  case  of  TPL,  the  reversible  nature  of

conversion of the quinonoid intermediate to aminoacrylate intermediate, which appears to be coupled

to active site loop closure  may  contribute to the isotope effects observed on ΔCp
‡ and Δβ‡.

There have only been two previous reports of an inverse heavy enzyme KIE, and in only one

case was the temperature or pressure dependence determined.  We have shown here that heavy enzyme

KIEs may be either normal or inverse for the same reaction under different conditions.  In purine

nucleoside phosphorylase, the enzyme labeled with heavy asparagine showed an inverse isotope effect

of 0.78, which  was interpreted as evidence for coupled femtosecond motions of the protein with the

transition state of the reaction 40.  In pentaerythritol tetranitrate reductase, the heavy enzyme showed an

inverse heavy enzyme KIE for FMN reduction with NADPH, but a normal heavy enzyme KIE with

NADPH  41,  suggesting  that  protein  vibrations  contribute  differently  to  the  NADPH  and  NADH

reactions. 41

Conclusions.   TPL forms  aminoacrylate  intermediates  from  a  wide  range  of  substrates.   These

intermediates  have  identical  structures  regardless  of  the  amino  acid  from which  they  are  formed.

However, not only the rates of formation, but also the values of thermodynamic activation parameters,

ΔH‡,  ΔS‡,  ΔCp
‡,  ΔV‡,  Δβ‡,  and  heavy  enzyme  KIEs  are  different  for  aminoacrylate  intermediate

formation from L-tyrosine and S-ethyl-L-cysteine.  These results support our proposed mechanism of
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substrate strain in TPL catalysis of the reaction of L-tyrosine, but not S-ethyl-L-cysteine.  The negative

values of ΔCp
‡,ΔS‡, ΔV‡ and Δβ‡ for L-tyrosine suggest that protein dynamics play an important role in

the mechanism of β-elimination reactions catalyzed by TPL.  The crystallographic results demonstrate

that conformational dynamics play a key role in aminoacrylate intermediate formation.  In contrast to

other studies employing heavy enzyme isotope effects where the focus has typically been on fast ps-fs

dynamics,  we interpret  the effect  of perdeuteration on the TPL reaction with L-tyrosine as arising

through perturbation of necessarily slower protein motions/dynamics involving active site closure, in

addition to any effects on vibrational coupling in the transition state.  The very different heavy enzyme

KIEs  observed  on  the  reaction  of  TPL  with  L-tyrosine  vs.  S-ethyl-L-cysteine  demonstrates  the

sensitivity of this analysis and can be rationalized, with the aid of X-ray crystallography, to reflect

differences  in  the  (potentially  much  faster)  dynamical  coupling  of  the  protein  to  these  substrates.

Recently,  negative values of ΔCp
‡ have been proposed to identify coupling of femtosecond protein

vibrational modes to enzyme transition states  21, 33-38.  Our results suggest that negative values of Δβ‡

should be considered as an alternative parameter to determine coupling of protein vibrational modes

with enzymatic transition states.
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