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Abstract

The role of transition-state stabilization in enzyme catalysis, as proposed by Pauling, has been clearly

demonstrated  by extensive  studies.   In  contrast,  ground-state  destabilization can also contribute to

enzyme catalysis, but experimental evidence has been more limited.  In recent years, high resolution x-

ray crystal  structures of enzyme-substrate complexes have been obtained which show evidence for

ground-state  strain.   We found  that  Y71F  and  F448H  mutant  tyrosine  phenol-lyase  (TPL)  form

complexes with 3-fluoro-L-tyrosine, a substrate, which shows a bending of the substrate aromatic ring

about 20º out of plane, and we suggested that this was evidence for ground-state destabilization in TPL

catalysis (Dalibor, M., Demidkina, T. V., Faleev, N. G., Phillips, R. S., Matkovic-Calogovic, D. and

Antson,  A.  A.,  J.  Am.  Chem.  Soc.  133,  (2011)  16468-16476).   Here,  we  have  now  evaluated

quantitatively the role of ground-state destabilization in TPL catalysis.  Phe- 448 and Phe-449 are in

close contact with the bound substrate side chain and by mutating these residues to alanine and leucine,

the contribution they play via ground state destabilization was investigated.  F448A, F448L and F449A

TPL have activity for elimination of phenol from L-tyrosine reduced by a factor of 104, 103 and 104,

respectively, but they have near normal activity with alternate substrates, S-(o-nitrophenyl)-L-cysteine

and S-ethyl-L-cysteine.  F448A TPL forms quinonoid intermediates from L-tyrosine and S-ethyl-L-

cysteine  with  rate  constants  similar  to  wild-type  TPL.   In  addition,  F448A  TPL  can  form  an

aminoacrylate intermediate from S-ethyl-L-cysteine, but not L-tyrosine, with a rate constant similar to

wild-type TPL.  Thus, the effect of the mutation is specifically on the elimination of phenol from L-

tyrosine.  We also examined the effect of hydrostatic pressure on the rates and equilibria of formation

of the quinonoid intermediates from F448H and F448A TPL and 3-fluoro-L-tyrosine.  Although the

fastest phase shows only a small effect of pressure, the three slower phases have significant pressure

dependences,  suggesting that they may be associated with a conformational change.  These results

demonstrate that Phe-448 and Phe-449 contribute a total of about 108 to catalysis in TPL, about 50% of
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the  estimated  rate  acceleration,  by  introducing  ground-state  destabilization  into  the  L-tyrosine

substrate.

Keywords:  Ground-state strain; Rate acceleration; Enzyme mechanism; Pyridoxal-5'-phosphate; 

Kinetics
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Introduction

The major contribution to rate acceleration in enzymatic reactions is generally considered to be

transition-state  stabilization  to  reduce  activation  free  energy, as  first  proposed  by  Linus  Pauling1.

However, it has also been suggested that ground-state destabilization can play an important role in

reducing activation energy2, 3.  The role of transition-state stabilization in enzyme catalysis has been

validated by an enormous amount of work in the years since Pauling's proposal4.  In contrast, relatively

little experimental validation for ground-state destabilization, sometimes called substrate distortion, has

been obtained.  Recently, we found that crystals of Y71F and F448H mutant tyrosine phenol-lyase

(TPL)  complexed  with  3-fluoro-L-tyrosine  show  clear  structural  evidence  for  ground-state

destabilization in catalysis5.

TPL catalyzes the reversible  β-elimination of L-tyrosine to phenol and ammonium pyruvate

(Equation  1).   In  addition  to  L-tyrosine,  TPL catalyzes  the  β-elimination  of  S-(o-nitrophenyl)-L-

cysteine (SOPC, Equation 2) and S-ethyl-L-cysteine (Equation 3), as well as other amino acids with

good leaving groups on the β-carbon6.  This pyridoxal-5'-phosphate (PLP) dependent enzyme requires
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extensive acid-base catalysis in the catalytic mechanism in order to eliminate the formally unactivated

carbon leaving group of phenol.  We demonstrated previously that Tyr-71 is the proton donor to the

phenol leaving group7, since Y71F mutant TPL has no detectable activity with L-tyrosine, although it

has activity with SOPC and S-ethyl-L-cysteine.  The crystal structure of wild-type TPL complexed with

a substrate analogue, 3-(4-hydroxyphenyl)propionic acid, showed that Thr-124 and Arg-381 are close

enough to form hydrogen bonds to the phenol of the bound substrate, and T124A and R381A mutant

TPLs have 103 and 105-fold lower activity, respectively, with L-tyrosine, but near normal activity with

SOPC and S-ethyl-L-cysteine8,  9.   The crystal  structure also showed that  Phe-448 and Phe-449 are

located in the active site, near the bound ligand.  As a result, we then prepared F448H mutant TPL, and

we found that it shows very low elimination activity (reduced about 105-fold) with L-tyrosine, but good

activity with SOPC and S-ethyl-L-cysteine9.  The crystal  structures of both Y71F and F448H TPL

complexed  with  3-fluoro-L-tyrosine  were  found  to  exhibit  two  different  quinonoid  conformations,

“relaxed” and “tense”5.   In the relaxed conformation,  the quinonoid complex with the substrate  is

unstrained, and the substrate aromatic ring is in plane with the Cβ-Cγ bond, as expected (Figure 1,

green).  However, in the tense conformation, the substrate is strained, with the aromatic ring bent about

20º out of plane with the Cβ-Cγ bond (Figure 1, blue).  In the tense conformation, a flexible loop moves

to close the active site, and Phe-448 and Phe-449 move about 3 Å toward the bound substrate, coming

within 2  Å of the substrate OH.  Consequently, the bending of the substrate ring relieves this steric

stress and results in formation of the hydrogen bonds from the phenol OH to Thr-124 and Arg-381

(Figure  1).   In  the  F448H  structure,  an  additional  hydrogen  bond  to  the  phenol  forms  with  the

imidazole ring of His-448.  Thus, it was not clear in that work whether the F448H mutation may be

contributing to the substrate strain.  In the present work, we have prepared new mutations of Phe-448,

F448A and F448L, and of Phe-449, F449A, and examined their kinetic and spectroscopic properties.

The results of these experiments provide additional support for our hypothesis that both Phe-448 and

5



Phe-449 contribute at least half of the rate acceleration in TPL catalysis by creating ground-state strain

in the bound substrate.

Experimental procedures

Materials. Lactate dehydrogenase (LDH) from rabbit muscle, PLP, NADH, L-tyrosine and S-ethyl-L-

cysteine were obtained from USB/Affymetrix.  4-Hydroxypyridine (4-HP) was obtained from Aldrich.

S-(o-Nitrophenyl)-L-cysteine  (SOPC)10 and  3-fluoro-L-tyrosine11 were  prepared  as  previously

described.   All other reagents and chemicals were obtained from Thermo-Fisher Scientific Co..          

Enzymes. The C. freundii TPL gene in pTZTPL12 was amplified by PCR with Phusion DNA polymerase

(Thermo-Fisher),  using  primers  designed  as  described  in  the  instructions  for  the  Alicator  ligation

independent  cloning  kit  (Thermo-Fisher).  The  amplicon  was  incubated  with  T4  DNA polymerase

together with GTP to generate the overhangs, then incubated with pLATE11 and used to transform E.

coli DH-5α completent cells.  The cells were grown overnight in LB containing 100 ug/mL ampicillin,

and the plasmid purified.  The plasmid was sequenced to confirm that no accidental mutagenesis had

occurred.  For expression, competent cells of E. coli BL21(DE3) with transposon tn5 in the genomic

copy of tnaA13 were transformed with the plasmid.  F448A, F448L and F449A TPL were prepared by

mutagenesis using the partially overlapping primer method14 with Phusion DNA polymerase (Thermo

Scientific Co.).  The mutagenic primers are shown below with the mutation indicated in bold.

F448A

5'-GCAGCTCCGTGCCTTTACTGCACGCTTTGACTATATC-3'

3'-CTTCAAATAAATGCTCGGCTTCGTCGAGGCACGGAAATG-5' 

F448L

5'-GCAGCTCCGTCTGTTTACTGCACGCTTTGACTATATC-3'

3'-CTTCAAATAAATGCTCGGCTTCGTCGAGGCAGACAAATG-5'

F449A
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5'-CGTTTCGCTACTGCACGCTTTGACTATATCTGACTTCCCATC-3'

3'-TTCAAATAAATGCTCGGCTTCGTCGAGGCAAAGCGATGACGT-5'

The  mutations  were  confirmed  by  sequencing  of  the  plasmids  obtained  after  transformation  of

competent GC-5 cells with the PCR reaction products.

The wild-type and mutant enzymes were purified by a modification of the procedure previously

published15  The cells containing the pLATE11 plasmid with wild-type or mutant TPL were grown in

Studier autoinduction medium16 at 37 ºC for 24 hours.  The cell extracts were treated with protamine

sulfate as described previously, then brought to 25% saturation in (NH4)2SO4 for the Octyl-Sepharose

column.  After the Octyl-Sepharose column, the flow-through fractions with TPL were brought to 60%

saturation with (NH4)2SO4 and centrifuged for 90 minutes.  The yellow pellet was redissolved in a

minimum volume of buffer and applied to a Sephacryl S-300 gel filtration column (90x2.5 cm), eluting

at 0.5 mL/minute, collecting fraction every four minutes.  The yellow fractions containing TPL were

pooled and concentrated in a centrifugal concentrator (Vivaspin, Sartorius) with a 30,000 MW cutoff.

Enzyme concentrations were estimated from the A278
1% = 8.37 6 assuming a subunit molecular weight of

51,00012.  The purified protein showed a single band on polyacrylamide gels.  Yields of wild-type,

F448A, and F449A TPL were >100 mg/liter of culture, while F448L TPL gave 20 mg/liter.  

Assays.  TPL activity was routinely measured with 0.6 mM SOPC in 50 mM potassium phosphate, pH

8.0, at 25  oC following the absorbance decrease at 370 nm (De = -1.86  ¥ 103 M-1  cm-1).  A unit of

activity is defined as the amount of enzyme which produces 1  µmol of product/min at 25  ºC.  The

activity of L-tyrosine and S-ethyl-L-cysteine was measured using the coupled assay with LDH and

NADH, measured at 340 nm (De = -6.22 ¥ 103 M-1  cm-1), as originally described by Morino et al. for

tryptophan indole-lyase17.  All  the  steady-state  kinetic  measurements  were  obtained on a  Cary  100

UV/visible  spectrophotometer  equipped  with  a  Peltier  thermoelectric  cell  block.   The  kinetic
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parameters were determined with the FORTRAN programs of Cleland18.  Because of the slow reactions

of the F448A and F449A mutant TPL, the formation of phenol from L-tyrosine was determined by

HPLC analysis of reaction mixtures on a C-18 reversed phase column (Machery-Nagel).    Reaction

mixtures were incubated for 1 hour at 25 ºC.  Aliquots of 20 µL were injected, and the elution was with

0.01 M NH4H2PO4/5% MeOH at 1 mL/min for 5 minutes, followed by a gradient to 70% MeOH over

20 minutes.  A standard curve was constructed with 10-100 µM phenol, following the absorbance at

276 nm (Figure S1B, Supplemental data).  Phenol eluted at 17.8 minutes.  The peak area was used with

the standard curve to determine the amount of phenol produced in the enzyme incubation.

Rapid  Reactions.  Rapid-scanning  stopped-flow  kinetics  experiments  were  performed  on  an  OLIS

RSM-1000 instrument, equipped with a stopped-flow mixer with a 1 cm pathlength, as described (15).

Single-wavelength stopped-flow kinetics experiments were performed on a Applied Photophysics MX-

18 instrument.   The  purified  mutant  TPLs  contained substoichiometric  amounts  of  PLP.  Prior  to

performing the rapid kinetic experiments, the stock enzyme was incubated with 0.5 mM PLP for 1 h at

30 ºC and then separated from excess PLP on a short desalting column (PD-10, Pharmacia) equilibrated

with 50 mM potassium phosphate buffer, pH 8.0.  The resulting enzyme exhibited an A280/A420 ratio of

6,  as  expected  for  a  stoichiometric  binding  of  PLP.   The  rapid-scanning  stopped-flow  kinetic

measurements  were performed at  room temperature,  which  was approximately 25  ºC.   The rapid-

scanning stopped-flow data  were analyzed with  the GlobalWorks program supplied by OLIS19  to

obtain the reported rate  constants.   Single-wavelength transients  were analyzed by fitting with the

SIFIT program (OLIS),  which  can  fit  up  to  three  exponentials  and  an  offset.   The  concentration

dependence of relaxations was fit to either Equation 4 for first-order reactions preceeded by a rapid

binding equilibrium exhibiting a hyperbolic concentration dependence or Equation 5 for first-order

reactions  followed by a  rapid  binding equilibrium exhibiting  an  inverted  hyperbolic  concentration

dependence. 
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High pressure stopped-flow.  Stopped-flow experiments at pressures between 0.1 and 150 MPa

were  performed  with  a  Hi-Tech Scientific  HPSF-56 high-pressure  stopped-flow spectrophotometer

(TgK  Scientific,  Bradford  on  Avon,  U.K.)   The  reactions  were  performed  at  25  ºC  in  0.1  M

triethanolamine-HCl, pH 8.0, 0.1 M KCl.  The F448H TPL was 2 mg/mL and the concentration of 3-F-

L-Tyr was 10 mM after mixing.  The data were collected at 1, 250, 500, 750, 1000, 1250, 1500, and

1750 bar.  The data were fit to 4 exponentials using the software provided by TGK Scientific.

Results

Steady-state kinetics of Phe-F448 mutant TPL.  We found previously that F448H TPL has very low

catalytic activity with L-tyrosine, with kcat and kcat/Km values reduced by about 105-fold, but the other

substrates, SOPC and S-ethyl-L-cysteine,  have nearly normal activity9.  Of the common S-alkyl-L-

cysteine substrates, S-ethyl-L-cysteine has the most favorable kinetic properties with TPL.  We have

now examined additional mutants of Phe-448 and Phe-449, F448A, F448L and F449A, which have the

catalytic properties given in Table 1.  These mutant TPLs have kcat and kcat/Km values for SOPC reduced

by about 10-fold, but for S-ethyl-L-cysteine the kcat/Km values are comparable or even greater than for

wild-type TPL for the Phe-448 mutant TPLs.  However, for L-tyrosine,  kcat values are reduced by a

factor of about 

Table 1.  Steady-state kinetic parameters of wild-type and mutant TPL

Substrate Wild-type TPLa F448H TPLa F448A TPL F448L TPL F449A TPL

kcat (s-1) kcat/Km 

(M-1s-1)
kcat (s-1) kcat/Km 

(M-1s-1)
kcat (s-1) kcat/Km 

(M-1s-1)
kcat (s-1) kcat/Km 

(M-1s-1)
kcat (s-1) kcat/Km 

(M-1s-1)

L-Tyr 3.5 1.75x104 3.4x10-5 0.37 (2.6±0.8)x10-4 1.3±0.4 b (5.0±0.4)x10-3 34.8±8.6 (1.6±0.3)x10-4 0.8±0.2 b

SOPC 9.7 4.6x104 0.60 3.3x103 2.5 ± 0.7 (9.6±1.9)x103 0.26±0.03 (4.5±1.2)x103 0.36±0.03 (6.2±0.9)x103

S-Et-Cys 3.9 590 0.27 170 0.51±0.02 965±4 0.23±0.06 994± 309 0.12±0.01 88±10
aFrom reference 9.
 bAssuming a Km of 0.2 mM, as with wild-type TPL.

104 for both F448A and F449A, and about 500 for F448L (Table 1).  For F448A and F449A TPL, the

low activity  made it  difficult  to measure kinetic parameters by the standard lactate dehydrogenase

9



(LDH) coupled  spectrophotometric  assay, since  the  rates  were  less  than  the  blank rate  of  NADH

consumption, so activity was measured by phenol production with HPLC (Figure S1, Supplemental

data).  In contrast, the activity of F448L TPL was high enough to measure using the LDH-coupled

assay.

Stopped-flow kinetics  of  F448A TPL.   When F448A TPL is  mixed  with  S-ethyl-L-cysteine  in  the

stopped-flow spectrophotometer, there is rapid formation of a peak absorbing at 510 nm, similar to

what  we  have  seen  previously  with  S-ethyl-L-cysteine  and  wild-type  and  F448H TPL9,  which  is

assigned to a quinonoid intermediate (Figure S2, Supplementa1 data).  This peak then partially decays

to reach a steady-state level.  In the case of wild-type TPL, we found previously that the decay of the

quinonoid complex of S-ethyl-L-cysteine has a much lower amplitude, which did not allow for accurate

fitting to an exponential20.   When 4-hydroxypyridine,  which binds selectively to  the aminoacrylate

intermediate20,  is included with F448A TPL and S-ethyl-L-cysteine, the amplitude of the quinonoid

intermediate decay phase is increased, similar to what was seen previously with wild-type TPL (Figure

2).  The absorbance decrease at 510 nm is associated with an increased absorbance peak at about 352

nm,  which corresponds to  the  formation of  an  aminoacrylate  intermediate  after  elimination of  the

ethanethiol  leaving  group20.   The  formation  of  the  quinonoid  intermediate  shows  a  hyperbolic

dependence of kobs on [S-Et-L-Cys] (Figure 3A), indicating a two step mechanism of formation, with

the first binding step in rapid equilibrium.  In addition, the decay of the quinonoid intermediate also

shows an increasing hyperbolic dependence on [S-Et-L-Cys] (Figure 3B), indicating that quinonoid

intermediate formation is at equilibrium.  Finally, the decay of the quinonoid intermediate shows a

decreasing hyperbolic dependence in the presence of 4-hydroxypyridine (Figure 3C).  The data of 

kobs = kf*[L]/(Kd+[L]) + kr  (4)

kobs = kf*Kd/(Kd+[L]) + kr (5)

Figure 3A and 3B were fit to Equation 4, and the data in Figure 3C were fit to Equation 5, where kf  is
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the rate constant in the forward direction, kr is the rate constant in the reverse direction, and Kd is the

apparent equilibrium constant.  These results are consistent with the mechanism shown in Equation 6,

where there is initial rapid binding (K1) to form an external aldimine, E.(S-EtCys)AL, followed by  α-

deprotonation  (k2)  to  form  the  quinonoid  intermediate,  E.(S-EtCys)Q,  followed  by  elimination  of

ethanethiol  (k3)  to  form an  aminoacrylate  complex,  EAA.   4-Hydroxypyridine  is  an  uncompetitive

inhibitor  that  binds  to  the  aminoacrylate  intermediate  as  an  isoelectronic,  but  non-nucleophilic,

analogue of phenol (K4),  thus stabilizing the aminoacrylate complex and increasing its  steady-state

concentration20.  The rate and equilibrium constants for F448A and wild-type TPL reacting with S-

ethyl-L-cysteine  and  4-hydroxypyridine  are  summarized  in  Table  2.   The  pre-steady  state  kinetic

parameters for F448A TPL are very similar to those of wild-type TPL, with the exception of  k-3, the

nucleophilic addition of ethanethiol back to the aminoacrylate to reform the quinonoid complex, which

is about 10-fold slower for F448A.  This is apparently the reason for the larger amplitude in the decay

of the initial quinonoid intermediate for F448A TPL than wild-type TPL without 4-hydroxypyridine

present.

          K1       k2 k3   K4

E + S-EtCys <=> E·(S-EtCys)AL <=> E·(S-EtCys)Q <=> EAA + EtSH + 4HP <=> EAA·4HP (6)

      k-2 k-3

Table 2.  Pre-steady-state kinetic parameters for reaction of wild-type TPL and F448A TPL with S-
ethyl-L-cysteine

TPL K1, mM k2, s-1 k-2, s-1 k3, s-1 k-3, s-1 K4, mM

F448A 8.6±0.6 44.5±0.8 7.1±0.4 1.9±0.1 1.5±0.1 0.22±0.02

WTa 4.9 59.4 3.9 4.0 18.2 1.0
aData from reference 9.

 

When F448A TPL is mixed with L-tyrosine, a stable quinonoid complex is observed, with a
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prominent peak at about 510 nm (Figure 4A), red-shifted from the λmax of 502 nm observed with wild-

type TPL20.  The formation of this complex requires at least three exponentials to obtain a good fit, as

can be seen from inspection of the time courses in Figure 4B.   A similar result was reported by Muro et

al. with wild-type TPL21, and in our previous work with wild-type TPL and 3-fluoro-L-tyrosine20.  The

apparent rate constants for the first two phases show hyperbolic dependencies on [L-Tyr] (Figure 5A,

B),  showing  that  both  phases  are  preceded  by  rapid  binding  equilibria.   The  slowest  phase  is

concentration independent, with an average value of 1/τ = 0.44 s-1 (Figure 5C).  There is a decrease in

absorbance  at  340  nm  and  an  increase  at  421  nm  concomitant  with  formation  of  the  510  nm

intermediate (Figure 4B).  Fitting the concentration dependence data in Figure 5 to Equation 4 gives the

parameters in Table 3.  Wild-type TPL exhibits a similar quinonoid intermediate, but with a much lower

steady-state absorbance amplitude, so that it is more difficult to obtain a concentration dependence on

its formation.  However, at 1 mM L-tyrosine, wild-type TPL exhibits kobs of about 80 s-1 20 or ~22 s-1 21

for  formation  of  the  quinonoid  intermediate,  which  is  comparable  to  the  kobs of  about  40  s-1 for

quinonoid intermediate formation of F448A at 1 mM L-tyrosine (Figure 5A).  Thus, these stopped-flow

kinetic data demonstrate that the mutation of Phe-448 to alanine does not affect the ability of TPL to

form  external  aldimine  or  quinonoid  intermediates  from  L-tyrosine  and  S-ethyl-L-cysteine,  or  an

aminoacrylate intermediate from S-ethyl-L-cysteine.  In contrast, F449A mutant TPL exhibits spectra

with prominent peaks at about 410 nm and very low absorbance peaks at about 500 nm in the presence

of 1 mM L-tyrosine or 20 mM S-ethyl-L-cysteine (Figure S3, Supplemental data).

Table 3.  Pre-steady-state kinetic parameters for reaction of TPL and F448A TPL with L-tyrosine.

TPL k2, s-1 k-2, s-1 K1, mM k3, s-1 k-3, s-1 K2, mM

F448A 117 ± 8.4 1.28 ± 0.77 2.42 ± 0.33 4.51 ± 0.38 0.74 ± 0.40 0.54 ± 0.25

WT 80 - - - - -
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We used 3-fluoro-L-tyrosine in our previous structural studies with F448H and Y71F TPL dueto

its  much higher solubility than L-tyrosine (20 mM compared to 4 mM) in aqueous buffers5,  22.   3-

Fluoro-L-tyrosine also is a good substrate and readily forms quinonoid complexes with both wild-type

and F448H TPL9,  10.  Formation of the quinonoid intermediate from reaction of 3-F-L-tyrosine with

F448H TPL is  complex,  requiring three exponentials  for an adequate fit  (Figure S4, Supplemental

data).  This is similar to what was observed previously with 3-fluoro-L-tyrosine and wild-type TPL,

which requires four exponentials  to  obtain an acceptable fit  of the data20,  and also the reaction of

F448A TPL with L-tyrosine shown in Figure 4.  Fitting of the data at 10 mM 3-fluoro-L-tyrosine gives

1/τ1 = 124 ± 15 s-1, 1/τ2 = 5.9 ± 0.2 s-1, and 1/τ3 = 0.22 ± 0.01 s-1.  The amplitudes of the phases are

about 0.03 A for 1/τ1, 0.02 A for 1/τ2, and 0.08 A for 1/τ3.  There is no isosbestic point between the 420

and 506 nm peaks, but there is a 326 nm peak which decays as the 506 nm peak forms. 

Effects of hydrostatic pressure on F448H and F448A TPL.  We then examined the effect of hydrostatic

pressure on the spectra of F448H and F448A TPL complexed with 3-fluoro-L-tyrosine (Figure 6).  In

both cases, the absorbance of the peak at 506 nm initially increases slightly as pressure increases, and

then decreases rapidly at pressures above about 60 MPa.  The changes in the spectra are completely

reversible when the pressure is released.  There is no isosbestic point between the 506 nm peaks and the

aldimine  bands  at  about  420  nm,  indicating  that  the  effect  of  pressure  does  not  simply  alter  the

aldimine-quinonoid equilibrium.  Fitting of the absorbance data to a Boltzmann function, Equation 7,

where Ap is the absorbance at pressure P, ΔA is the absorbance change, Keq is the equilibrium constant,

ΔV is the reaction volume, and A0 is the baseline absorbance, gives values of Keq and ΔV which are

very  similar  for  both  mutant  forms  of  TPL  (Table  4).   Although  applied  pressure  reverses  the

equilibrium position, these parameters are defined for the reaction in the direction of formation of the

quinonoid complex.
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Ap = ΔA*(Keq*exp(-ΔV/RT))/(1+Keq*exp(-ΔV/RT))+A0 (7)

Table 4.  Thermodynamic parameters for F448H and F448A TPL

Enzyme Keq ΔV, mL/mol

F448H 67.6 ± 14.6 +41.9 ± 8.4

F448A 51.5 ± 9.3 +57.3 ± 4.0

We next performed high pressure stopped-flow kinetic experiments with F448H TPL, using a

fixed concentration of 10 mM 3-fluoro-L-tyrosine, at pressures ranging from 0.1 to 150 MPa (Figure

7), to evaluate the effects of pressure on the kinetics of intermediate formation.  These data required

four phases to fit the data.  It can be seen that the values of k0 for the first three phases (Table 5) are in

excellent agreement with the 10 mM data obtained at 0.1 MPa (1 atm) discussed above.  The data for 

kp = k0*exp(-ΔV‡*P /(RT))*exp(Δβ‡*P2/(2RT)) (8)

all four phases fit well to Equation 8, with the parameters given in Table 5.  In Equation 8,  kp  is the

observed rate constant at pressure P, k0  is the rate constant at zero P, ΔV‡ is the activation volume and

Δβ‡ is  the  transition-state  compressibility.  The  data  for  the  second  and  third  phases  show  low

compressibility, Δβ‡  ~ 0 (Table 5), since there is no significant curvature in the pressure dependence

shown  in  Figure  7.   The  first  and  fourth  phases  fit  slightly  better  with  a  small  but  significant

compressibility (Table 5), as can be seen from the curvatures in Figure 7.  The first phase is not very

sensitive to hydrostatic pressure, with the rate constant increasing only slightly as pressure increases,

but the three slower phases show larger pressure dependencies, with the rate constants decreasing as

pressure increases.  This suggests that the three slower phases represent different physical processes

than the fast  phase.   It  was not possible to observe the fastest  phase at  pressures above 100 MPa

because its amplitude decreased rapidly with increasing pressure (Figure S5, Supplemental data).  
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Table 5.  Parameters for pressure dependence of F448H TPL reaction with 10 mM 3-fluoro-L-tyrosine.

Phase ko (s-1) ΔV‡ (mL/mol) Δβ‡ (mL/mol)

1 151.7 ± 2.1 -9.9 ± 4.8 -0.27 ± 0.18

2 6.35 ± 0.43 +24.3 ± 7.9 0.018 ± 0.11

3 0.274 ± 0.016 +29.4 ±  3.7 0.0040 ± 0.043

4 0.056 ± 0.009 +14.1 ± 9.8 -0.20 ± 0.12

Discussion

Although  ground-state  destabilization,  or  substrate  distortion,  was  previously  proposed  to

contribute to enzyme catalysis, evidence for it has been limited to date, and even the concept has been

controversial  recently24.   The first  example of ground-state  destabilization in  enzyme catalysis  was

proposed in 1967 by David Phillips25.  Based on the crystal structure of lysozyme, he proposed that the

reactive N-acetylglucosamine D-ring of the substrate would fit into the active site in the higher energy

half-chair  conformation,  in  order  to  facilitate  cleavage  of  the  glycosidic  bond  to  give  the  planar

oxocarbenium ion intermediate.  Jencks discussed the possible role of ground-state strain in catalysis in

his seminal volume,  Catalysis in Chemistry and Enzymology2, and in his later review on the Circe

Effect26.  In 1992, Menger proposed a “split-site” model to illustrate how binding energy of portions of

substrates remote from the chemical reaction could be used to introduce ground-state destabilization at

the  reactive  bond and hence accelerate  reaction  rates3.   More  recently, X-ray  crystal  structures  of

enzyme complexes have been obtained that clearly show ground-state distortion in bound substrates or

analogs.  The crystal structure of cytidine deaminase complexed with uridine shows bending of the

glycosidic  bond to  N by 19º out  of  plane,  which  was  suggested  to  play  an  important  role  in  the

deamination  reaction27.   Uracil-DNA  glycosylase  complexes  with  pseudouridine-containing  DNA

substrate  analogs  also  show  a  bending  of  the  glycosidic  bond28.   More  recently,  Lüdtke  et  al.
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determined the structure of transketolase with substrates bound at <1 Å resolution, and found that the

substrate bond to thiamine is bent out of plane about 20º, and the scissile C2-C3 bond is lengthened by

0.1 Å to about 1.6 Å29.  It has been suggested recently, based on mutagenesis and crystal structures, that

orotidine-5'-phosphate decarboxylase uses ground-state destabilization by bending the carboxylate out

of  plane  of  the  aromatic  ring  to  assist  in  decarboxylation30-33.   Similarly,  5-carboxyvanillate

decarboxylase was shown to bind the 5-nitro analogue with the nitro substituent bent out of plane by

about 20º 34.  Furthermore, the structures of Schiff's base intermediates in transaldolase were shown to

have substituents out of plane of the imine double bond, suggesting ground-state destabilization is

contributing to catalysis35.

Additional  evidence  for  ground-state  destabilization  has  come from mutagenesis  studies  in

other systems.  Mutation of the basic catalytic residue, Asp-99, to alanine in ketosteroid isomerase was

found to strengthen rather than weaken ligand binding, consistent with ground-state destabilization in

the substrate due to the proximity of the carboxylate36.   In the case of alkaline phosphatase, mutation of

the  active  site  Ser102 nucleophile  to  glycine  or  alanine  results  in  very  tight  binding of  trianionic

phosphate to the mutant enzymes, suggesting that there is ground-state destabilization resulting from

the proximity of the wild type serine alkoxide and the anionic phosphate ester in catalysis37.  Large

equilibrium  binding  isotope  effects  observed  for  aspartate  binding  to  K258A  asparatate

aminotransferase suggest ground-state destabilization of the  α-C-H bond of the external aldimine by

hyperconjugation with the PLP cofactor38.   Orotate phosphoribosyl transferases were also found to

exhibit large equilibrium secondary binding isotope effects indicative of ground-state destabilization39.

However, in most of these cases the contribution of ground-state destabilization to the enzymatic rate

acceleration was not quantified and has been generally thought to be fairly minor.
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We have obtained crystal structures of Y71F and F448H mutant TPL complexed with 3-fluoro-

L-tyrosine that clearly show evidence for strain in the bound substrate, and we proposed that this was

evidence  for  ground-state  destabilization  contributing  to  catalysis  in  TPL5.   In  order  to  test  this

hypothesis, we have now performed additional experiments with F448A, F448L, F448H and F449A

mutant TPL.  Since the previously studied F448H mutant TPL has a side chain of similar size to the

phenylalanine  in  wild-type  TPL,  but  forms  an  additional  hydrogen  bond  to  the  substrate,  the

contribution of strain arising from Phe-448 could not be quantified.  To obtain a more quantitative

estimate of the contribution of strain from Phe-448 to catalysis, we prepared two new mutant forms of

TPL, F448A and F448L.  These nonpolar side chains cannot have favorable polar interactions with the

substrate.  F448A TPL has kcat with L-tyrosine reduced by about 104, although these parameters with S-

ethyl-L-cysteine and SOPC are within an order of magnitude of wild-type TPL (Table 1).  Interestingly,

Scheme 1.  Proposed mechanism of TPL
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F448L TPL has about 30-fold higher activity with L-tyrosine than F448A (Table 1).  This suggests that

the steric strain from Phe-448 contributes about 104 to catalysis, and even a leucine isobutyl side chain,

instead of alanine, at that position can introduce enough steric strain to increase the rate by 30-fold.

Since F448H TPL has about 10-fold lower activity than F448A TPL (Table 1), we conclude that the

additional  hydrogen bond involving the  imidazole side chain of  the  histidine  does  in  fact  provide

additional stabilization of the strained intermediate that  does not  contribute to  catalysis,  but rather

opposes it, probably because it contributes only to ground-state destabilization, but not to transition-

state stabilization.  Similarly, F449A TPL shows  kcat for L-tyrosine reduced by about 104  in Table 1,

indicating  that  both  Phe-448  and  Phe-449  contribute  approximately  equally  to  the  ground-state

substrate destabilization.

The proposed mechanism for the reaction catalyzed by TPL is shown in Scheme 1.  The gem-

diamine forms initially, and eliminates Lys-257 to give the external aldimine with L-tyrosine.  It is

interesting that the F448A and F448H mutant TPLs accumulate gem-diamine intermediates to a greater

extent than wild-type TPL (Figure 4, note the 340 nm peak in the initial spectrum).  Deprotonation of

the external aldimine gives initially the relaxed, or open, quinonoid intermediate, which then forms the

tense, or closed, quinonoid intermediate, at that stage forming hydrogen bonds of the substrate OH with

Thr-124 and Arg-381, and Phe-448 and Phe-449 move into position near the substrate to introduce the

strain (Figure 1 and Scheme 1).  The multiphasic kinetics of quinonoid intermediate formation of TPL

with L-tyrosine and 3-F-L-tyrosine (Figure 4) are consistent with multiple quinonoid complexes.  It

should  be  noted  that  if  the  substrate  aromatic  ring  does  not  bend  out  of  plane  in  the  closed

conformation, the substrate phenolic OH and the phenyl rings of Phe-448 and Phe-449 would be about

2  Å apart  (Figure  1)  resulting  in  a  severe  steric  clash.   Elimination  of  phenol  from the  strained

intermediate  then  occurs  to  give  the  aminoacrylate  intermediate  non-covalently  complexed  with

phenol, with concomitant relief of strain.  This mechanism predicts that the crystal structures of F448A
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and F449A TPL complexed with 3-fluoro-L-tyrosine will  not exhibit the strain shown in Figure 1.

These  experiments  are  in  progress.   Finally,  phenol  is  released,  followed  by  iminopyruvate  to

regenerate the resting enzyme.

The stopped-flow reactions of F448A TPL with L-tyrosine and S-ethyl-L-cysteine show that

there  is  little  effect  of  the  mutation  on  the  rate  constants  of  formation  of  external  aldimine  and

quinonoid intermediates (Figures 2-4, Table 2 and 3).  Furthermore, F448A can form an aminoacrylate

intermediate from S-ethyl-L-cysteine that can be trapped in the presence of 4-hydroxypyridine (Figure

2)  with  a  rate  constant  similar  to  wild-type  TPL,  showing  that  Phe-448  is  not  required  for

aminoacrylate  intermediate  formation  if  a  good  leaving  group  is  present  on  the  β-carbon.   The

aminoacrylate intermediate should be identical, regardless of the structure of the leaving group, phenol

or ethanethiol.  Thus, the effect of the mutation of Phe-448 is specific for the elimination of phenol

from the  physiological  substrate,  L-tyrosine.   Although a  crystal  structure of  TPL with  S-ethyl-L-

cysteine is  not  available,  the structure  of  wild-type TPL with  L-methionine,  an inhibitor  which  is

isosteric with S-ethyl-L-cysteine, is a quinonoid complex in a closed conformation40.  It is likely that

the elimination reaction of all substrates occurs in a closed active site.  In contrast, F449A TPL does not

form  quinonoid  intermediates  comparable  to  F448A,  F448H,  or  wild-type  TPL  (Figure  S3,

Supplemental  data).   This  suggests  that  the  mutation  of  Phe-449  may  also  have  effects  on  the

movement of the loop that closes the active site.  This is consistent with the more dynamic motion of

Phe-449,  which  is  in  a  “flipped-out”  conformation  in  the  free  enzyme,  but  in  a  “flipped-in”

conformation  in  the  open quinonoid  complex,  moving about  6  Å (Figure  S6,  Supplemental  data).

Formation of the closed quinonoid structure results in an additional 3 Å movement of both Phe-448 and

Phe-449, as was shown in Figure 1.  Nevertheless, F449A TPL has about 10% of the activity with

SOPC and S-ethyl-L-cysteine (Table 1) as wild-type TPL, so at least 103 of the activity reduction with

L-tyrosine must come from the reduced ground-state destabilization.
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The  mechanism of  this  elimination  of  phenol,  a  carbon  leaving  group,  from L-tyrosine  is

mechanistically more complicated than elimination of a relatively good leaving group like ethanethiol

from S-ethyl-L-cysteine, since the carbon leaving group must be protonated prior to or concomitant

with  Cβ-Cγ bond  cleavage  to  avoid  formation  of  a  high  energy  phenyl  σ-carbanion.   The  strain

introduced by Phe-448 and Phe-449 shown in Figure 1 bends the aromatic ring of the substrate exactly

in the direction leading to the transition-state for the elimination, thus preorganizing the substrate into

the transition-state geometry and moving it forward and upward on the reaction coordinate, as can be

seen from Figure 8, in which the crystal structures of the substrate and product analogue complexes are

overlaid.  Furthermore, pyramidalization of Cγ due to this strain reduces the aromaticity of the substrate

and increases the basicity of the γ-carbon, facilitating proton transfer.  This ground-state destabilization

energy may be compensated by the formation of hydrogen bonds of the phenol of the substrate with

Thr-124 and Arg-381 only in the strained geometry (Figure 1, Figure 8 and Scheme 1).  The substrate O

to Thr-124 OG distance in the complex is ~2.6 Å, and the Arg-381 N to substrate O distance is ~2.9 Å.

Since mutations of Thr-124 and Arg-381 results in a combined decrease in catalysis by a factor of about

108, we had suggested previously that the overall contribution of ground-state strain to TPL catalysis is

about 108 23.  Our results in Table 1 show that Phe-448 and Phe-449 together are responsible for a 108-

fold rate acceleration, thus confirming our prediction.  This ground-state destabilization is relieved as

the substrate reaches the transition-state for elimination, since the geometry of the strained complex

becomes the transition-state geometry for the elimination.  It should be noted that the elimination step

is at least partially rate limiting in the steady-state for the reaction of L-tyrosine with wild-type TPL20.

The  structure  of  the  wild-type  TPL-L-Ala-pyridine-N-oxide  complex5 mimics  the  structure  of  the

phenol-aminoacrylate complex formed immediately after Cβ-Cγ bond cleavage (Figure 8, cyan).  In this

structure, there is no change in the position of Tyr(Phe)-71, Phe-448 and Phe-449, compared to the

destabilized substrate complex, and Thr-124 and Arg-381 are also hydrogen bonded to the O of the

20



phenol analogue.  Interestingly, the pyridine ring of the phenol analogue is not oriented parallel to the

plane of the PLP π-system, but rather is at an angle of about 60º, which is required to maintain the

hydrogen bonds with Thr-124 and Arg-381 (Figure 8).   The distance between Cγ of the bound strained

3-fluoro-L-tyrosine and the corresponding C-4 of the pyridine N-oxide in Figure 8 is 1.3 A.  Thus,

rotation of the substrate aromatic ring through an angle of less than 20º and movement of Cγ through a

distance of less than 1.3 Å from the strained geometry of the tense quinonoid structure will reach the

transition-state for Cβ-Cγ bond cleavage (Figure 8).

We do not know the exact rate acceleration in the TPL reaction, since the uncatalyzed reaction

rate has not been measured.  However, we can estimate that the transition-state for elimination should

be  at  least  as  high  in  energy  as  the  energy  difference  between  phenol  and  the  nonaromatic

cyclohexadienone  tautomer  of  phenol.   Experimental  and  computational  estimates  of  the  energy

difference between phenol and the 2,5-cyclohexadienone tautomer are ~18 kcal/mol41, 42.  Applying the

Hammond Postulate43, we can use this to estimate the lower limit for the transition-state energy for the

uncatalyzed elimination,  and we can predict a rate acceleration of  ≥1012 at  298 K for the reaction

catalyzed by TPL.  Thus, since our data suggests that ground-state destabilization contributes ~108 to

the rate acceleration of TPL, its contribution to catalysis is surprisingly comparable to or greater than

that of transition-state stabilization.  In the case of OMP decarboxylase, ground-state destabilization

was  estimated  to  contribute  10-15%  to  catalysis30,  32,  and  for  aspartate  aminotransferase

hyperconjugation was estimated to decrease the  α-C-H bond order of the external aldimine by about

20% 38.

Since F448H TPL appears from our previous work to form a more stable closed conformation

than wild-type TPL with substrates like 3-fluoro-L-tyrosine, we performed high pressure equilibrium

and stopped-flow kinetic studies to probe the conformational properties of the complex.  Both F448A

and F448H TPL form similar mixtures of equilibrating aldimine and quinonoid intermediates (Figure
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6). The thermodynamic properties of both mutant TPLs are similar as well (Table 4).  Since the crystal

structure of F448H TPL with 3-fluoro-L-tyrosine is in a closed conformation5, the similar effects of

pressure on the spectra of the F448H and F448A-3-fluoro-L-tyrosine complexes (Figure 6, Table 4)

provides strong evidence that F448A TPL can form a closed conformation with substrates as well.

High pressure results in a decrease in the quinonoid intermediate absorbance, due to relatively large

volume changes of about +50 mL/mol.  This suggests that there are significant changes in solvation

between the quinonoid intermediates and the aldimine.  The formation of the quinonoid complexes of

F448A TPL with L-tyrosine and F448H TPL with 3-fluoro-L-tyrosine exhibits at least 3 exponentials

(Figures 4 and 7).  Both F448H and F448A TPL exhibit an additional slow first-order relaxation in

formation of the quinonoid intermediate.  The fast phase has a hyperbolic concentration dependence,

and has a small negative ΔV‡, suggesting that there is no significant change in structure or solvation.

The  second  phase,  which  also  has  a  hyperbolic  concentration  dependence,  shows a  positive  ΔV‡,

probably  reflecting  solvation  differences.   The  rate  constant  for  the  slow phases,  with  the  largest

amplitude, do not depend on the ligand concentration, so they are not kinetically coupled to the binding

equilibrium.  Similar slow relaxations were observed previously in the reaction of wild-type TPL with

L-tyrosine and 3-F-L-tyrosine20.  This is consistent with the slow steps being conformational changes of

the  quinonoid  intermediate,  and  possibly  the  formation  of  the  closed,  tense  conformation,  which

introduces the substrate strain.  The pressure dependence of the stopped-flow kinetic data (Figure 7) for

the slow phases shows modest positive values of ΔV‡,  consistent with expulsion of bound water upon

formation of the strained complex, since tightly bound water in proteins has a volume approximately

20% smaller than the bulk solvent44.  The values of ΔV‡ suggest that at least 3-6 water molecules are

released on formation of the closed conformation.  In the crystal structure of the relaxed quinonoid

complex,  2  water  molecules  bridge  between Thr-124 and Arg-381 and the  substrate  OH5.   These

bridging  waters  are  released  in  the  tense  structure,  when  the  hydrogen  bonds  form  between  the
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substrate and the side chains.  However, comparison of the subunit structures of the Y71F TPL-3-F-L-

tyrosine complex, which has one relaxed and one tense subunit, shows that there are approximately 20

water molecules released upon formation of the closed quinonoid complex.

Conclusions.   Phe-448 and Phe-449 in TPL contribute ~104 each to catalysis for the  β-elimination

reaction of L-tyrosine catalyzed by TPL, by introducing ground-state destabilization in the substrate.

This ground-state destabilization may contribute as much or more to catalysis in TPL than transition-

state stabilization.  To our knowledge, this is the first example where ground-state destabilization may

make such a large contribution to enzyme catalysis.
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Figure legends

Figure 1.  Crossed-eye stereo view overlay of relaxed (green) structure of Y71F TPL and tense (blue)

structure of F448H TPL (blue) complexed with 3-fluoro-L-tyrosine.  (This figure was prepared with

Pymol Molecular Graphics System, Version 1.7.0 , Schrödinger LLC.)

Figure  2.   Stopped-flow  reaction  of  F448A TPL with  20  mM  S-ethyl-L-cysteine  and  1  mM  4-

hydroxypyridine. A.  Spectra shown at 0.008 (1), 0.050 (2), 0.104 (3), 0.200 (4), 0.400 (5), and 0.800

(6) seconds.  B.  Time courses at 352, 429, and 510 nm.

Figure 3.   Concentration dependence of  relaxations  of F448A TPL with S-ethyl-L-cysteine and 4-

hydroxypyridine.   A.   First  phase,  increasing absorbance,  without  4-hydroxypyridine.   B.   Second

phase, decreasing absorbance, without 4-hydroxypyridine. C.  Second phase, decreasing absorbance in

the presence of 4-hydroxypyridine.  The lines are the calculated curves with the parameters in Table 2.

Figure 4.  Stopped-flow reaction of F448A TPL with 1 mM L-tyrosine.  A.  Spectra are shown at 0.001

(1), 0.030 (2), 0.060 (3), 0.240 (4), 0.480 (5) and 0.900 (6) seconds.  B.  Time courses at 340, 421, and

510 nm.

Figure 5.   Concentration dependence of F448A reaction with L-tyrosine.   The lines are calculated

curves with the parameters in Table 3.

Figure 6.  A.  Effect of pressure on the F448H TPL complex with 10 mM 3-fluoro-L-tyrosine.  Spectra

are shown at 10 (1), 40 (2), 80 (3), 120 (4), 160 (5) and 200 (6) MPa.  B.  Effect of pressure on the

F448A TPL complex with 10 mM 3-fluoro-L-tyrosine.  Spectra are shown at 10 (1), 40 (2), 80 (3), 120
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(4), 160 (5) and 200 (6) MPa.  C.  Absorbance at 510 nm as a function of pressure.  Circles, F448A

TPL; squares, F448H TPL.  The lines are calculated using Equation 7 with the parameters in Table 4. 

Figure 7.  Effect of pressure on reaction of F448H TPL with 10 mM 3-fluoro-L-tyrosine.  Circles:  first

phase; Squares, second phase; Triangles, third phase.  Diamonds, fourth phase.  The lines are the results

of fitting the data to Equation 8 with the parameters given in Table 5.

Figure 8.  Crossed-eye stereo overlay of the relaxed and tense Y71F TPL 3-fluoro-L-tyrosine quinonoid

complex structures (green) (PDB accession 2YCN) and the wild-type TPL L-Ala-pyridine-N-oxide

structure (cyan) (PDB accession 2YCT). (This figure was prepared with Pymol Molecular Graphics

System, Version 1.7.0 , Schrödinger LLC.)  
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