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ABSTRACT: In the PLP-requiringx,32 tryptophan synthase complex, recognition of the substr&er at

the p-site includes a loop structure (residug410-115) extensively H-bonded to the substrate
o-carboxylate. To investigate the relationship of this subsite to catalytic function and to the regulation of
substrate channeling, two loop mutants were construgfddrl10— Val, andGIn114— Asn. The
AT110V mutation greatly impairs both catalytic activity in theeaction, and allosteric communication
between thex- and -sites. The crystal structure of tii 110V mutant shows that the modifiedSer
carboxylate subsite has altered protein interactions that infgsitle catalysis and the communication of
allosteric signals between tle andj-sites. Purified5Q114N consists of two species of mutant protein,
one with a reddish coloitf,ax = 506 nm). The reddish species is unable to react wiBer. The second
PQL14AN species displays significant catalytic activities; however, intermediates obtained on reaction with
substrate -Ser and substrate analogues exhibit perturbed UV/vis absorption spectra. Incubatici$esith
results in the formation of an inactive species during the first 15 min @ith ~ 320 nm, followed by

a slower conversion over 24 h to the species With = 506 nm. The 320 and 506 nm species originate
from conversion of thei-aminoacrylate external aldimine to the internal aldimine eraminoacrylate,
followed by the nucleophilic attack @f-aminoacrylate on C:4f the internal aldimine to give a covalent
adduct with PLP. Subsequent treatment with sodium hydroxide releases a modified coenzyme consisting
of a vinylglyoxylic acid moiety linked through C*4o the 4-position of the pyridine ring. We conclude

that the shortening of the side chain accompanying the replacemg@h14fGIn by Asn relaxes the steric
constraints that prevent this reaction in the wild-type enzyme. This study reveals a new layer of structure
function interactions essential for reaction specificity in tryptophan synthase.

Pyridoxal phosphate-requiring enzymes play critically channeled from the:-site to thep-site via a 25 A tunnel,
important roles in the metabolism of amino acids and some reacts with E(A-A) to give.-Trp. Hence the3-subunit is a
other amino-containing compoundE) 11). The classes of member of the class of PLP enzymes that carry out
reactions catalyzed by PLP-dependent enzymes includeS-replacemeng-elimination reactions, it belongs to the
decarboxylation, transamination, epimerizatign,and y- p-family (type Il fold) of PLP enzymesl), and thea,(,
eliminations, ang- andy-substitutions. Tryptophan synthase complex is an important paradigm for substrate channeling
is a PLP-requiring bienzyme complex that catalyzes the lastin a metabolic pathway4( 7).
two steps in the biosynthesis ofTrp* (Scheme 1)10, 12—

Qi i _ . 1 Abbreviations: a3, native form of tryptophan synthase frag
14). The a-site cleaves 3-indole-glycerol 3-phosphate typhimurium o, the alpha subunif, the beta subunit; L, loops, and

(IGP) to give indole and-g_lyceraldehyde 3-phosphate (63_P_) H, helices of the tryptophan synthase subunB®114N, thes-site
(Scheme 1A). The reaction sequence at the PLP-requiringmutant enzyme with GIn114 replaced by A$#T110V, the j-site
p-site accomplishes the replacement of the hydroxyl group mutant enzyme with Thr110 replaced by Val; E(Ain), the internal

. : . aldimine intermediate; E(Ag)k the external aldimine intermediate
at C{ of L-Ser with the indolyl group derived from cleavage formed between the PLP cofactor aner; E(GD), the gem diamine

of IGP at thea-site. This reaction sequence occurs in two species; E(A-A), the-aminoacrylate external aldimine; E{QtheL-Ser
stages (Scheme 1B); in stage I, the external aldimineSxér quinonoid intermediate; E@D the quinonoid intermediate that ac-

_Aliminati ; ; cumulates during the reaction between E(A-A) and indole; EfAex
undergoes g6-elimination reaction to give the external the L-Trp external aldimine intermediate; PLSSer pyridoxal phos-

aldimine of a-aminoacrylate, E(A-A); in stage Il, indole,  phate external aldimine; PLP, pyridoxal phosphat&er, L-serine;
L-Trp, L-tryptophan; IGP, 3-indole-glycerol 3-phosphate; GRy-b,
L-glycerol phosphate; G3B;glyceraldehyde 3-phosphate; ASi-site
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Reaction Specificity of Tryptophan Synthase
Scheme 1: Catalysis by Tryptophan Syntliase
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a(A) The a-reaction consists of the cleavage of IGP to give indole and G3P. (BFkaction occurs in two stages. In stage-5er reacts with
enzyme-bound PLP to give tlieaminoacrylate external aldimine, E(A-A). In stage Il, E(A-A) reacts with indole to gifep and regenerates

E(Ain), the internal aldimine form of the enzyme.

Scheme 2: Application of Dunathan’s Hypothesi$,(17) to
Tryptophan Synthase

a According to the hypothesis, alignment of the-B8 bond at Ce
perpendicular to the plane of the PPsystem of the external aldimine

are dominated by chargeharge Coulombic interactions
involving an Arg residue in the side chain subsite and an
Arg residue in thea-carboxylate subsite. These arginine
residues (R292 and R386, respectivelyEincoli ASpAT)
function to lock the substrate into the correct position for
reaction and are derived from different subunits. Cronin and
Kirsch (18) and Almo et al. {9) examined substrate
specificity requirements at the side chain subsite of ASpAT.
Via appropriate amino acid residue substitutions, they were
successful in switching specificity from acidic amino acids
and o-keto dicarboxylic acids to substrates with nonpolar
or positively charged side chains. Toney and co-workers have
extended the understanding of substrate specificity and
reaction specificity in the alanine racemase (alanine racemase

favors scission of this bond to give the resulting resonance-stabilized family) and dialkylglycine decarboxylase-family) systems

quinonoid intermediate.

The first step in virtually all reactions catalyzed by PLP

enzymes involves substrate reaction with enzyme-bound PLP

to give an external aldimine species, for example E@hex
in Scheme 1B11). Dunathan’s hypothesid, 17) provides
a mechanistic framework for understanding the diversity o

reactions arising from this common intermediate. Dunathan
proposed that reaction specificity arises from alignment of
the scissile bond perpendicular to the plane of the PLP
m-system so that the anion derived from bond cleavage
becomes delocalized, both in the transition state and in the

(15) through detailed solution mechanistic and structural
studies 20—24). These investigations provide new insight
into the role played by stereoelectronic control in the
determination of substrate fate regarding transamination,
decarboxylation, or racemization. All of these studies and

f the available PLP enzyme structure data base confirm the

structure-function relationships implied by Dunathan’s
hypothesis. Nevertheless, the role of protein conformational
dynamics in substrate and reaction specificity is an emerging
area of importance with respect to specificity and to the
relationship between structure and function in PLP requiring

resulting resonance delocalized carbanion, the quinonoid®nZymes. In this context, substrate interactions at the

intermediate (as shown in Scheme 2).

o-carboxylate subsite also appear to play an important role

Substrate specificity has long been a subject of interest N triggering conformational transitions in the protein that

for the PLP-requiring enzymes especially in tidamily

(type | fold). For example, interactions at the substrate

are essential for catalysis in several PLP enzyme systems.
Inoue et al. 25) examined the effects of Lys substitution

binding sites of the aspartate amino transaminases (AspATs)or R386 at thex-carboxylate subsite i&. coli ASpAT. This
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substitution was found to give a strong adverse effect on A

Vmax @and large increases ik, and it was concluded that
substitution of Lys for Arg at position 386 is not structurally

adequate to ensure the productive binding of substrates during
catalysis. The replacement of R386 with Tyr or Phe reduced

activity by a factor>1CP (26) and appeared to stabilize an
open conformation similar to wild-type enzyme.

While the above works are interesting they do not help in
understanding thg-family of PLP enzymes because there
is neither sequence homology between théamily, the
alanine racemase family, and tigamily of PLP enzymes
nor similarity in substrate binding sites. In contrast to
a-family enzymes, thex-carboxylate subsites g-family
enzymes all involve extensive H-bonding interactions be-

tween backbone and neutral side chain residues of a main

chain loop but do not involve Coulombic chargeharge

interactions to balance the formal negative charge on the

a-carboxylate. InO-acetylserine sulfhydrylase fror8. ty-
phimurium(a g-family enzyme), binding of substrate to the

a-carboxylate loop appears to induce a large conformational

change in the enzyme, stabilizing the closed struct2g (
Mutants of thea-carboxylate loop in cystathioning-syn-
thase (also #-family enzyme) were found to significantly
alter substrate reactivity and reaction specific®B)( The
side reaction involving conversion ofSer to pyruvate and
NH; via ano-aminoacrylate intermediate was enhanced by

mutations in the loop, and mutations of residues that interact

with the loop facilitated reaction of releaseeaminoacrylate
with the internal aldimine to give a covalent adduct with

PLP. This same side reaction previously was reported to

occur in amino transferase®9 30) and several tryptophan
synthase mutants81—34).

In tryptophan synthase, the-carboxylate binding loop,
pL3, includes residue®T110, G111, pA112, G113,
pQ1L14, and5H115 (Figure 1B) 9). This loop also is part
of the communication (COMM) domain, a mobile but rigid
domain involved in the allosteric signaling between the
and S-active sites 1, 5, 35—37). H-bonding interactions
between the substrate carboxylate andah@-loop residues
include the backbone amide groupsfg111,5Q114, and
BH115 and the side chain hydroxyl group/®f110. In this
study, we report investigations of the roles played by loop
residuesfT110 andfQ114 in the catalytic activity and
reaction specificity of tryptophan synthase through mutation.
The side chain hydroxyl ofT110 is fixed in the correct
position for H-bond formation with one oxygen atom of the
substrateo-carboxylate and by an H-bond donated by the
amide N-H of another loop residugG113 (see Figure 1B).
The mutationfT110V was selected so that the disruption
of this constellation of H-bonds resulting from replacement
of the fT110 O-H by a CH; group could be investigated.
The backbone amide NH of Q114 makes an H-bond to
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Ficure 1: Structural overview of the closed conformation of the
of-dimeric unit of tryptophan synthase with teaminoacrylate
Schiff base bound to thg-site andb-glycerol-3-phosphate bound
to the a-site (PDB 2J9X)9). (A) The aj-dimeric unit shown in
ribbon representatiomsubunit yellow S-subunit violet and pink,
with the latter representing the COMM domain). Important
structural elements, such as loapls2 and aL6 in the a-subunit
and helixfH6 of the COMM domain in thg-subunit, are labeled,
as is loogsL3 (#110—£115) which interacts with the-carboxylate

of the bound substrate subsite residugk3 contains the two
mutated residue$iT110 andfQ114, which are shown in cyan.
The a-site ligand, b-glycerol-3-phosphate (GP), and tlfesite
ligand, thea-aminoacrylate Schiff base of PLP (AA-PLP), are
shown as green sticks. The approximate location of the intercon-
necting ~25 A-long tunnel is indicated by a dotted line. (B)
Expanded view of thg-catalytic site showing the interactions of
the a-aminoacrylate Schiff base (green sticks) with the protein,
including the catalytic residugdk87 andE109, and the interac-
tions of the mutated residughl110 andfQ114, labeled in red.
Color coding is according to Figure 1A, with the COMM domain
depicted in pink. H-bonds are indicated by dashed lines.

PQL14N mutation was selected to weaken or destroy these
interactions and to potentially alter the motion of the COMM

the other oxygen of the substrate carboxylate. The side chaindomain in the switch between open and closed states.

of fQ114 is located in a niche that is formed on one side of
the COMM domain. In this pocket, the side chain carbonyl
oxygen atom OE1 gfQ114 is held in place by H-bonds to
the side chain amide group 8N145 and the Nk nitrogen

of the guanidinium group g¥R148, and the side chain amide
group of Q114 is held by H-bonds to the carbonyl O of
$G83 and to a water molecule (see Figure 18) These
interactions anchor the COMM domain and may also
influence the position of the catalytically essenflfl87. The

TheT110V and5Q114N mutations reveal important new
aspects of the structural determinants for reaction specificity
in tryptophan synthase. These structural determinants reflect
subtle weak bonding interactions within thecarboxylate
subsite that are essential for biasing reaction in favor of one
chemical path over competing pathways that lead to different
fates, both for the substrate and for the coenzyme. We also
show that structural perturbations at th&era-carboxylate
subsite can result in unexpected consequences both for stage
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| of the -reaction and for allosteric signaling between the stopped-flow kinetic measurements, and activity measure-
o- and 3-sites. These results have important implications ments were performed as described previoudly, 46).
regarding the evolution of enzyme catalysis in the class of Kinetic time courses were fitted by nonlinear least-squares
PLP enzymes that catalyfereplacement an@-elimination regression analysis using the software Peakfit (version 4,
reactions involving a reactivex-aminoacrylate external Jandel Scientific) to a sum of exponentials according to
aldimine intermediate. eql

MATERIALS AND METHODS @,=0, + z @, expl/) (D)

Materials. L-Ser, 2-aminophenol (2-AP), serinol, and
B-mercaptoethanol were purchased from Sigma as the highest ) , .
purity materials available and used without further purifica- Where @is the absorbance or fluorescence at tin@, is
tion. Indoline was purified as previously describ8g)( The the final value of the absorbance or fIl_Jorescenc_e, ang J
procedures for the synthesis and purification Nf(4'- the absorbance or fluorescence due taﬂle_elaxatlon,_and
trifluoromethoxybenzenesulfonyl)-2-aminoethyl phosphate 1/7i corresponds to the observed rate for iterelaxation.

(F9) and its characterization as assite ligand for tryptophan  Circular dichroism (CD) measurements were performed on
synthase are described elsewhed®) ( a Jobin-Yvon Dichrograph Mark V spectrometer.

The 1.7 kb EcoRI/HindIll fragment of pSTB7Q) (gift *H NMR SpectroscopyThe preparation of samples and
from R. Bauerle) was subcloned into the EcoRI and Hindlll data collection for analysis of the 426 nm species was

site of pUCBM20 (Boehringer). This yielded plasmid puc1. conducted as previously describeaBy

For mutagenesis, the 1.1 kb ECORI/ECORV fragment of puc1 _ Crystallization, Complex Formation, Diffraction Data
was excised and inserted into the EcoRI and EcoRV site of Colléction, and RefinemenfThe fT110V and Q114N

PUCBM20 to construct pTS-1.1RI/RV. The mutation at tryptophan synthase mutants were crystallized as previously

codon 114 of the trpB gene was introduced by a PCR-baseddescribed for the Wild-type_ en_zymd)( Crystals of the
method 1) using pTSL.IRIRV as template and the BQL14N mutant were reddish in color. Attempts to form
following oligonucleotides: complexes were undertaken by soaking native crystals for
) , ) 10 min in a solution containing 90 mM bis-tris-propane pH
TSA (5-GACCATGATTACGARTTCGGCGGCATGY 7.6, 150 i Nacl, 15% (wh) PEG 8000, 2096 gycerol,

and 10 mM of indolepropanol phosphate (IBF110V only)
Q114N.1 (5ACCGGCGCCGGTAACCACGGCGTCGCC in the presence or absence of 200 mier. No complexes

3) ! : i
were obtained with thgT110V mutant as judged from the
3,)Q114N'2 (5GGCGACGCCGTGGTTACCGGCGCCGET- electron density obtained from soaked crystals (data not

. . . shown). For thegQ114N mutant, soaking with-Ser in the
(site of mutation underlined) absence of aw-site ligand was also performed overnight.
The nonmutated 1.1 kb EcoRI/EcoRV fragment of pUCL pigraction data were collected either at the National

was replaced with the 1.1 kb PCR product containing the Synchrotron Light Source (NSLS; Brookhaven National

m.utation to generate plasmid pTS-Q114N. The 1_.7 kb EcoRI/ Laboratory, New York) or the Swiss Light Source (SLS:

Hindlll fragment from pTS-Q114N was recloned into ECORI/ - pay|-Scherrer Institute, Villingen, Switzerland) with the

Hindlll digested pSTB7 and the resulting plasmid termed cysials kept at 100 K. Diffraction data were processed with

pSTB7£Q114N was transformed into thescherichia coli the XDS suite of programs4(), see Table 1. The IPP

CB149 strain lacking the trp operon. complex with wild-type E(Ain) (PDB code 1QOP) was used
The threonine to valine mutation at codon 110 (T110V) 55 a starting model for structure determination. To reduce

of the trpB gene was introduced accordingly using the mgdel bias, loopsL2 andalL6, IPP, PLP, the sodium ion,

following oligonucleotides: and all water molecules were omitted. For each structure,
T110V.1 (3-GATTATCGCTGAAGTTGGCGCCGGT-  the initial model was divided into three parts-§ubunit,
CAG-3) COMM domain (1), and the core of thg-subunit) that were
T110V.2 (83-CTGACCGGCGCCAACTTCAGCGATAA-  subjected to rigid body and simulated annealing refinement
TC-3) by CNS 1.1 48).
Subsequent cloning of the mutated gene was performed In the structures obtained f#T110V and3Q114N, loop
as described above. olL6 is disordered and was therefore omitted in the refine-
Purification of the wild-type and mutant tryptophan ment, whileaL2 was included. Most water molecules were
synthase species frofBalmonella typhimuriunwas per- placed automatically using the CNS Waterpick routine.

formed as described previousiQ 42, 43). In contrast to Structures were superimposed with the program “@3) (
the preparations of the wild-type an@T110V mutant and Xfit (50) using all G, atoms for each pair of structures
enzymes that yield yellow colored proteif#Q114N puri- except those belonging to loogl?2, loop oL6, and the
fication yields a protein solution of reddish color. Unless COMM domain.

otherwise stated, all solution studies were carried out in 100 Quantum Chemical Calculations of Pyridoxal Phosphate

mM NacCl to keep the enzyme in the Néorm (38, 44), all Intermediates.To support the assignment of the optical
of the reactions were run at 2& in 50 mM TEA buffer absorption spectra, the energies of the electronic transitions
pH 7.8. Enzyme concentrations were typically-ZD uM of the intermediates of thg-reaction in the mutant were
ofS-sites. calculated usingab initio quantum chemical methods.

Static and Stopped-Flow Kinetic UX¢ Absorbance and  According to experimental observations, the dephosphory-
Circular Dichroism MeasurementsAbsorbance spectra, lated analogue exhibits absorption properties very similar to
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Table 1: Crystallographic Data

complex ATLIOVE (Ain) AQUANE(CPII)
PDB code 2J97Z 2J9Y
crystal parameters
space group Cc2 Cc2
unit cell 182.8,59.9, 67.6 182.7,60.7, 67.4
(a, b, c[A], B [deg]) 94.40 94.83
data collection
beamline X12C X10SA
X-ray source NSLS SLS
wavelength [A] 1.0 0.905
data statistics
resolution [A] 20-1.8 20-1.7
no. of observations/ 172916/64747 247781/80056
unique reflections
completeness (total/high) [%6] 95.5/90.2 98.7/98.8
M/o(1)total/high} 7.1/2.0 9.0/3.8
Reym(total, high}? 11.6/33.0 8.6/34.4
refinement statistics
resolution range [A] 19.851.8 19.45-1.8
refinement program CNS 1.1 CNS 1.1
included amino acids A1177 A1-178
A 194-267 A 194-267
B 2—393 B 2-394
no. of protein atoms 4785 4875
no. of waters 574 564
no. of ligand atoms 15 21
no. of Na ions 1 1
Ruorks Reree [%0]© 18.7/21.8 22.8/26.3
rms deviation for bonds/ 0.006/1.34 0.006/1.25

angles [A/deg]

a CompletenesRsym, and M/o(l)Uare given for all data and for the highest resolution shell. Resolution shells are1.2.8T110V), 1.71.8
(Q114N)." Reym = Z|I — OOVEI. © Ryork = Z|Fobd — K|Fcad/Z|Fond. The calculation oRiee involved 5% of randomly chosen reflections.

that of compound Il obtained in the enzymatic reactia®) (

SB-elimination to give an external aldimine comprised of PLP

Therefore, to reduce the size of the model system, theand 2-aminopropenol. Consequently, the shifted spectra
molecules without the phosphoryl group were used for the indicate that the mutation perturbs the microenvironment of
calculations. The geometries of the model compoundsthe PLP chromophore, and that ti€110V mutant reacts

were optimized by the B3LYP/6-31G(d) methdatl( 52).
Energies of the firstz—x* electronic transition were

with L-Ser or serinol to give Schiff base species with
absorption bands that are also perturbed in comparison to

estimated as a difference between diagonal elements of thehe wild-type enzymel(0, 56, 57). No evidence was found

second-order MCQDPT Hamiltoniarb3) with the state-

indicating that serinol reacts with the wild-type enzyme.

averaged CASSCF(2,2) zero-order wave function accounting  Titration of theT110V mutant withL-Ser indicates that

for the excitations within the active space containingnd

a* MOs. For all considered molecules, by the inspection of
the CHSD wave functions calculated for the five low-lying
electronic states, the andz* MOs were identified to be
HOMO and LUMO of the Hartree Fock reference electronic
configuration. The PC GAMESS 6.4 versioB4] of the
GAMESS quantum-chemical packagg5( was used for
calculations.

RESULTS

The fT110V Mutant Exhibits a Perturbed Absorption
SpectrumThe spectrum of TM1OVE(Ain) (Amax = 404 nm)
is blue-shifted from the wild-type form by approximately
10 nm (Figure 2A). This shift in the internal aldimine

the binding and reaction efSer to form the E(Aey species

is impaired, giving a considerably weakened interaction
(Figure 2B,Kpapp= 90 uM for the wild-type enzyme while
Kpapp= 27 mM for the mutant). The titration of th#r110V
mutant with serinol indicates that the interaction with this
analogue is even weaker, and a meaningful apparent dis-
sociation constant was not determined. Upon addition of
L-Ser, both the wild-type an@T110V mutant enzymes show

a decrease in the CD signal centered around 410 nm,
indicating formation of E(Aey, a species with a much lower
ellipticity than the E(Ain) (Figure 2C). In the case of the
wild-type enzyme, there is also a large negative band in the
330 nm region indicating formation of E(A-A), while in the
mutant there seems to be only a slight decrease at that

spectrum implies that the mutation causes a perturbedwavelength, which may correspond to a small amount of

microenvironment of the PLP chromophore.

Reactions oBT110V with.-Ser and SerinolThe reaction
of eitherL-Ser or serinol with thT110V mutant results in
a shift of the PLP spectrum t,ax = 410 nm and increases

E(A-A). This is consistent with the-Ser titrations in the

absence of ther-site ligand (ASL) F9 (data not shown).
These findings indicate that ti#E110V mutation influences
both the substrate specificity and reaction specificity.

the absorbance at 330 nm (Figure 2A). The predominating The Influence of F9 on the Reaction of fiEL10V Mutant
species formed appear to be the respective external aldimineswith L-Ser and 2-APIn wild-type tryptophan synthase, the

Very little, if any, E(A-A) is formed with.-Ser, and there is

reaction of 2-aminophenol (2-AP) with the wild-typeami-

no indication that the serinol external aldimine undergoes noacrylate intermediate gives a stable quinonoid species with
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0.20 1 A +L-S Table 2: Comparison of the Steady-State Parameters of the
oer Wild-Type Enzyme to thggT110V Mutant in the Presence of NaCl
015 + Serinol reaction type wt (5% AT110V (sY) wt/fT110V
' o 0.091 0.034 ~3
BT11WE(Ain)(Na+) B 7.0 0.003 ~2300
a+2mMF9 0.012 0.006 ~2
p+2mMF9 0.72 - -

absorbance
o
S
1

found for the serinol complex. These results indicate the
mutation has modified the reaction specificity of the enzyme.
Steady-State Kinetic Actties of the fT110V Mutant.
Steady-state kinetic measurements show thatttheaction
of the mutant is slightly impaired by the mutation (decreased
by ~1/3), whereas thg3-reaction is strongly impaired
(decreased by~1/2300) (Table 2). The rate of production
of pyruvate is slow compared to the rate obtained with the
wild-type enzyme under the same conditions. This result is
Dapp consistent with the absence of a quinonoid species and thus
5 20 40 60 80 100 confirms that the mutant makes very little E(A-A), demon-
[L-Ser] in mM strating that the mutant has an altered reaction specificity.
Structure of thefT110V Mutant and Effects of the
Mutation on theS-Site. To investigate the structural basis
for the kinetic impairments exhibited by thgT110V
] e mutation, an effort was undertaken to determine the structures
0.0 — of the internal aldimine species and th&Ser complex of
] E(Ain) the mutant in the absence and the presence of ASL.
Interestingly, none of the mutant crystals that were soaked
with IPP displayed electron density for thesite ligand and
therefore were not refined beyond the first refinement step.
Since none of the expected E(Agxomplexes prepared in
the presence of an excessLe$er showed electron density
for an external aldimine but only for an E(Ain)-like co-
valently bound PLP at thg-active site, refinement of those
] W structures was stopped also after the first cycle.
-3 4 E(Aex,) All attempts to prepare complexes of thdomain,
] whether soaked in the presence or absence of IRPSar,
7 — respectively, gave highly similar structures (deviations are
350 400 450 500 within experimental error) and display an internal aldimine
wavelength (nm) state with an unoccupiegt-active site. Comparing the E(Ain)
Ficure 2: Comparison of the UV/vis and CD spectra of the wild- mutant without ASLs with th_e wild-type structure (PDB code
type enzyme and of thT110V mutant. (A) Reaction dff110VE- 1KFK), several structural differences can be observed.
(Ain) (Amax = 404 nm) withL-Ser and serinol. (B) Titration of In the wild-type protein, the subsite that binds the
FTLOVE(Ain) with 0—250 mM L-Ser in the presence of 20eM a-carboxylate of the substrateSer is formed by loopL3
F9. Following theL-Ser titration, 60Q«M 2-AP was added. In the (see Schneider et all) for description of the structural

presence of 2-AP, a small amount of quinonoid accumulates. (C) | ts. | heli dd - f trvotooh
CD spectra of the reaction gT110V and wild-type with.-Ser in elements, loops, helices, and domains or tryptophan syn-

the presence of CsCI. The wild-type enzyme shows a decrease inthase). In this loop, the hydroxyl group #7110 is engaged
the signal centered around 410 nm and a large negative band inin a H-bond network with the backbone amidespéf111

the 330 nm region; the mutant gives only a slight decrease around(3_1 A) andfG116 (3.1 A), and WAT155 (2.9 A) which is
330 nm and an increase in the 410 nm region. coordinated by the amide group/f115, thereby stabilizing
the position of loogsL3 (Figures 1 and 3). The loss of this
Amax = 466 Nm andyax > 60 000 Mt cm™! (spectrum not interaction in the3T110V mutant leads to an expansion of
shown). Consequently, the 2-AP reaction provides a sensitivethe loop region§A108—H115) that affects the surrounding
assay for the formation of the-aminoacrylate external structural elements of thgd-domain and thus impacts
aldimine. The binding of ligands to the-site, for example enzymatic function, allosteric communication, and substrate/
a-D,L-glycerol-phosphate (GP) or F9, further stabilizes the reaction specificity.
2-AP quinonoid species. Addition of 2-AP to the mutantin ~ The fT110V Complexes Exhibit a Distorted Allosteric
the presence of saturatingSer gives no detectable quinonoid Interface.As a result of the mutation-induced changes in
species. Repetition of this experiment in the presence of F95L3, all regions within theg-subdomain that were previously
appears to give a trace amount of quinonoid species,attributed to the allosteric network that conveys signals
corresponding to at most2% of enzyme sites (Figure 2B).  during intersubunit communication at different steps of the
No evidence of the formation of a quinonoid-like species enzymatic reactionl( 9, 33-36, 39, 58-60) were found to
with 2-AP in either the presence or the absence of F9 wasbe changed31132—/F185, the region preceding and includ-
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Ficure 3: Structural consequences of th€110V mutation in tryptophan synthase. (A) Structural detail$lo8. Superposition of the
wild-type ASL-free E(Ain) state (PDB code 1KFK, gray) with tAE1OVE(Ain) mutant complex (green). ResiduespAif3 are labeled:;

dashed lines indicate H-bonds in the wild-type protein. Those side chains of the mutant that were not visible in the electron density were
replaced by alanines. (B) Structural superposition ofAfmibdomain of the E(Ain) structure and tf&110V mutant complex in worm
representation. The mutant structure was superimposed on the E(Ain) complex as in (A) (white and black). Only those regions that were
found to change significantly in the mutant structure are displayed (green) and the same area highlighted for the wild-type protein (black)
for contrast and clarity. (C and D) Details of the intersubunit interface of tryptophan synthase. Shown are the interacting side chains and
H-bonds betweenL.2 andSH6 of wild-type E(Ain) (C) and’™10VE(Ain) (D). The side chains are labeled and color-coded as in A. The
backbone of thex loop and the helix are displayed in black for clarity.

ing the SH6 helix (BE165-5H181), and to a minor degree  (Figure 3D). As a consequence of the lost contact between
pP285-5Y298 are massively changed by an altered set of fJR175 andaD60, the arginine side chain becomes mobile
intramolecular H-bonds within this region (Figure 3B). and thus is not observed in the electron density of the
Consequentially, the intersubunit interface betweks and structure. These results demonstrate the structural origins of
SHG6 that conveys signals between theand thes-sites (, the modified specificity exhibited by the mutant.

5,9, 39) is structurally changed by the movement of the  The SQ114N Mutant Exhibits an Unusual Absorption
BH6 helix. In the corresponding wild-type enzyme structure Spectrum.To investigate the impact of the amino acid at
(PDB code 1KFK), the interface consists mainly of the position 5114 on the enzymatic reaction of tryptophan
interactions between the side chaings#f167, SN171 and synthase,fGIn114 was replaced by Asn. TheQ114N
BR175, andaD56, aP57, andaD60 within aL2 of the mutant is reddish, with UV/vis absorption bands located at
o-subdomain (Figure 3C). In th@T110V mutant, the  ~410 nm and~500 nm (Figure 4A). Analysis of these bands
interface consists only of the interactionsffsn171 with using lognormal curves6() to decompose the spectrum
the main chain carbonyl groups oP57,0A58, andaD60 indicates that the band maxima occurlatx 414 and 506
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Ficure 4: (A) Comparison of the wild-type internal aldimine, t.00 rrrprorr---
E(Ain) (black), with the Q114N mutant enzyme, E(Ain) (red). 250 400 450 500 550 600
(B) Lognormal deconvolutiong(l) of the spectrum of th6Q114N wavelenath (nm
internal aldimine, E(Ain), into peaks withn.x = 311, 414, and avelength (nm) —
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nm, respectively (Figure 4B). Assuming the extinction @0-05 ® /
coefficient for the 414 species is comparable to the 414 nm | ¢ .04 - 00167,
species of the wild-type enzyme, the 506 nm peak of the | ® 0,03 ®g12 4/
perturbed E(Ain) spectrum of the mutant accounts for ) L T
approximately 35% of total sites. 0 4time8(mir11§ 1° 0 gme1(2hou1rgs) 4

Reaction of thggQ114N Mutant with_-Ser.Reaction of
the fQ114N mutant with.-Ser gives a~424 nm band that FiGurRe 5: Panel A shows the reaction of ti@114N E(Ain) with
forms relatively rapidly (within 10 s). There is no change in ;-Seizés-r\t]viethiimei efSLVﬁfn isrﬁ)?g\t/ﬁf gfhg‘r’]"irt]ft‘:rn?j;;g?eea; af;ce of a
the 506 nm spectral band during th'.s time period. Time- ~p320 nm formr%xed within the initial 15 min. This spectral chegnge
resolved spectra for the 10 to 900 s interval show that the js followed by appearance of a species Withy = 506 nm that
424 nm band disappears with concomitant formation of a occurs on a 24 h time scale. Panel B shows the disappearance of
~320 nm species, whereas the 506 nm band remainsthe 424 nm species, while panel C shows formation of the 506 nm
unchanged (Figures 5A and B). Since the amplitude and theSP€Ces:
position of the maximum of the 506 nm band do not change . ) ) ) )
during the course of the reaction, while the 424 nm band is /ACtivity measurements establish that fhsite of this species
almost completely converted to the 320 nm band after 900 also is c_atalyt|cally |r_1act|ve. Th_e_se r_esults stron_gly suggest
s, it appears that there are at least two species of enzymeIhat during expression or purification, a fraction of the

bound PLP present after 10 s, a 424 nm species and a 506/Q114N mutant reacts with-Ser present in the growth

nm species. The 424 nm species is reactive, converting to anedia and/or the cells to give the 506 nm species. When

~320 nm species over the 900 s time interval shown in incubated with.-Thr, no changes in the absorption spectrum
Figure 5. The 506 nm species is unreactive towager were observed, indicating that no reaction occurs with this

and corresponds to the 506 nm species found in the isolated®MiNo acid and that the spectral changes observed véer
and purified enzyme. Upon completion of the conversion of &€ indicative of a speC{flc reaction of the mutant with
the 424 nm species to the320 nm species, all activity of ~ Substrate,-Ser. These findings demonstrate that/#@ 14N
the fQ114N mutant in theB- and o8- reactions has mutation strongly alters the reaction specificity of the
disappeared, and tifesite appears to have been inactivated. €NZYMe-
The activity of thepQ114N mutant in thes-reaction (the Reaction offQ114N withL-Ser and Nucleophilic Ana-
reaction ofL-Ser and indole to give-Trp) decays away, logues of IndoleThe reaction of3Q114N withL-Ser and
following the same kinetic time course as the formation of €ither S-mercaptoethanol, indoline8(62), or 2-AP gives
the 320 nm species. The coupled assay for pyruvate (usingduinonoid species exhibiting absorption bands that differ
lactate dehydrogenase and NADH) shows that during the from those formed with the wild-type enzyme (Figure 6).
initial 900 s time period, there is significant conversion of Analysis of these spectra indicates that there is no change
L-Ser to pyruvate. The time course for pyruvate formation in the amount of the 506 nm species present. The quinonoid
(data not shown) indicates that as the 424 nm species isformed withg-mercaptoethanol gives a maximum at 492 nm
converted to the-320 nm species, the rate of formation of (vS 466 nm for wild-type enzyme), indoline gives a maxi-
pyruvate also decreases to zero. Owing to the small extinctionmum at 486 nm (wild-type 468 nm), and 2-AP gives a
coefficient of pyruvate, the amount produced makes only a maximum at 484 nm (wild-type 466 nm).
minor (~10%) contribution to the absorbance at 320 nm.  Rapid kinetic studies (data not shown) demonstrate that
Comparison of the yield of pyruvate formation to the fraction the reaction of indoline with th6Q114N a-aminoacrylate
of inactivation indicates that the partitioning between these shows a rapid formation of the mutant quinonoid species,
paths appears to favor pyruvate formation over inactivation #Q1*NE(Q)naoiine, Similar to that exhibited by the wild-type
by a ratio of about 50:1. enzyme 8, 6, 8, 62, 63). With the wild-type enzyme, it has
Upon incubation with exceasSer for~ 24 h, all of the been shown that when aasite ligand is bound, the reaction
species withtmax ~ 320 nm converts to the 506 nm species. is greatly slowed, indicating that access to fhsite via the
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0.5 1 426 nm species is increased by treating the-3240 nm
] ( ) species with NaOH.
041 E@Q .. ) ZAP To further characterize the enzyme species formed during
] ndoline e 404 nm the incubation of -Ser with the mutant followed by treatment
1 Ay = 486 nM EQ ) with NaOH, the following experiments were performed.
0.3 1 B-ME Deconvolution analysis shows that addition of NaOH to the

BQL14N mutant results in a mixture of 390 and 426 nm
peaks (Figure 7A). The 390 nm species was shown to be
the enzyme-free PLP hydrate, a well-documented species
(Amax = 390 nm) 61) (Figure 7B). The 426 nm species has
been previously isolated and identified as a covalent product
formed with PLP, a consequence of a side-reaction previously
seen with tryptophan synthase and at least two other PLP-
dependent enzyme2%—34). The'H NMR spectrum of the
426 nm species isolated after the reaction of NaOH with the
PQL14AN mutant is indistinguishable from said species
isolated previously33, 34). Repetition of the NaOH treat-
ment following incubation of the mutant withSer for 24

h gives only the 426 nm species (Figure 7C). These results
give three conclusions: (a) a fraction of {f@114N mutant

as isolated and purified behaves normally, releasing PLP at
high pH, (b) a second fraction of ti#114N mutant exhibits

o
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Ficure 6: Reaction of thegQ114N E(Ain) withL-Ser and either
2-aminophenol, indoline, gi-mercaptoethanol, giving, respectively,

E(Q)-apr, E(Q)ndoline: OF E(Q}—nE.

a-site and the interconnecting tunnel is blocked by the
conversion of thex-site to the closed conformation. These
studies confirm that the8Q114N o-aminoacrylate acts abnormal behavior suggesting that some of the pre-existing
similarly when thea-site is occupied by F9, indicating that enzyme-bound PLP is covalently modified, and (c) incuba-
allosteric communication and the switching between open tion with L-Ser for long time periods>24 h) results in a
and closed states is not drastically altered by the mutation.series of reactions that generate the 506 nm species.

Steady-State Catalytic Actiies for thea-, -, and oS-
Reactions 0fsQ114N.At relatively short incubation times
with L-Ser, thefQ114N mutant exhibits catalytic activities
in the a-, 5-, andoS-reactions that are similar to the wild-

Treatment of this species with NaOH gives a 426 nm species
previously identified as compound Ill. These findings
demonstrate that the mutation causes structural and catalytic
changes that alter the fate of the substrate and the coenzyme.

type enzyme (Table 3). This comparison shows that the Theoretical Quantum Mechanical Calculations of Absorp-
mutant preparation, isolated and purified by the same tion Maxima of PLP-Related Species Formed byA@4 14N
procedure employed for the wild-type enzyme, is ap- Mutant in Stage | of thg-Reaction.To further assess the
proximately 35% less active than the wild-type enzyme. This nature of the 506 nm species, quantum chemical calculations
decrease in activity appears due to the presence of ap-of the theoretical absorption maxima of different PLP
proximately 35% of the enzyme as the inactive, 506 nm intermediate analogues were performed. The structures of
species. The remaining protein appears to have essentialljthe models together with the calculated and experimental
full, wild-type-like, catalytic activity. In the Na form of absorption maximajmax are presented in Table 4. The first
the wild-type enzyme, reaction ofSer at the3-site to give m—s* transition in the compounds can be assigned to the
E(A-A) triggers an allosteric interaction that causes20- HOMO—-LUMO. The calculatedlnax values are in good
fold activation of theo-site @, 4, 64). Conversion of the agreement with experimentally determined ones, supporting
mutant to the 506 nm species by incubation witBer for the assignment. The calculated absorption maximum of the
24 h reduces the-site activity only slightly (Table 3). The  PLP analoguélmax cac= 397 nm compares well with the
af/a activity ratio measures the activation of thaeaction experimental value atma.x = 390 nm. Also, the calculated
resulting from the allosteric signaling arising from E(A-A) value @max cac= 420 nm) for the external aldimine modeled
formation at the3-site @2, 65). The 29-fold activation of the  as the methylamine imine analogue fits nicely with the
o-reaction activity exhibited by the mutant enzyme prepara- experimental value of 424 nm for the enzyme-bound serine
tion measured immediately after reaction.eSer (Table 3) external aldimine. As previously assigne@6( 67), the
demonstrates that allosteric interactions betweermtrend calculated value matches best with a model that contains a
p-sites are essentially intact in the unmodified mutant. protonated pyridine-nitrogen and a deprotonated 3-hydroxyl
Characterization of the-Ser InactvatedQ114N Mutant. group.
The formation of a 426 nm PLP species via~820 nm The discrepancy between calculated and experimental
species during the reaction ofSer with the3Q114N mutant values is somewhat larger for compound I. For this calcula-
(Figures 5 and 7) is similar to the behavior of several other tion, the molecular model for compound | was locked in a
tryptophan synthase mutants (but not the wild-type enzyme) conformation by an intramolecular H-bond between the
(31—34) and to the behavior of at least two other PLP carboxylic acid group and the pyridine ring phenolate O
enzymes 29, 30). Such a 426 nm species (designated here This interaction was chosen to mimic the expected H-bonding
as compound Ill, Scheme 3) has been isolated previouslyinteraction analogous to the H-bond observed between the
and shown to be due to a covalently modified PLP produced fAsn114 side chain amide NH and the phenolateii®the
in a side-reaction believed to involve the transient species, mutant complex assigned as compound Il (Figure 8). We
o-aminoacrylate, released within the catalytic s28-{34) propose that this H-bond has special significance in the
(Scheme 3). In these systems, the rate of formation of the mutant system. In the wild-type enzyme, the corresponding
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Table 3: Comparison of the Steady-State Parameters of the Wild-Type EnzymeAQ1idN Mutant

a (s B(sh af (s apla.
wt Q114N BQ114N 24k wt Q114N wt Q114N wt Q114N
0.1 0.098 0.05 7.4 6.8 3.0 2.8 30 29

a After incubation withL-Ser for 24 h? Values adjusted assuming that only 65% of the mutant protein is active, see Figure 4.
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Ficure 7: Comparison of the effects of NaOH on the wild-type g@114N mutant enzymes. (A) Addition of NaOH to ti€114N
mutant E(Ain) results in a broad envelope with an appaigatat 402 nm. This spectrum can be decomposed via lognormal fitéil)g (
into a mixture of species withn.x = 390 and 426 nm. (B) Addition of NaOH to wild-type, E(Ain), such that a pH-df3 is reached,
results in a species with &anax = 390 nm. (C) Addition of NaOH to th8Q114N mutant, after incubation for 24 h withserine, results
in a species with dmax = 426 nm. Panels AC: red circles, experimentally measured spectrum; solid black line, fitted spectrum.

Scheme 3: Proposed Mechanism for Covalent Inactivation of@&14N Mutant and the Possible Identities of the
Intermediates Detected via UV/vis Spectroscopy
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BGIn114 does not form an H-bond with the phenolate O tramolecular interactions resulting from the different orienta-
of the cofactor and instead in the clogggdubunit structure,  tions and properties of the functional groups with respect to
(9) itis folded away from the coenzyme and makes H-bonds each other. For example, compound 1l is likely to occur in
to fG83,5N145,5R148, and a water molecule. The altered a zwitterionic state, while compound Il is a carboxylate
side chain orientation and the new H-bond observed in the anion (viz. Scheme 3 and Table 4), and the positively charged
BL14N mutant is likely to be essential for the altered iminium ion of compound Il facilitates more charge delo-
chemistry performed by the mutant, resulting in increasing calization at the phenolate Ghan does the corresponding
either the yield or the stability of compound |. Compounds carbonyl of compound Ill. Compound III dissociates from
Il and 1l have essentially isosteric molecular frameworks, the binding pocket after the alkaline treatme2®, (33, 34).

and thus, cannot be distinguished from each other in theIn solution, the rotation of the fragment around the-C;
electron density maps for compound Il. The different UV/ bond is not restrained, yielding two rotamers with calculated
vis absorption properties of compounds Il and Il (Figures maxima at 407 and 456 nm, respectively, for comparison
4,5, 7, and Scheme 3) are caused by different protonationwith the observedm.x = 426 nm (Table 4).

patterns resulting from replacement of the iminium ion of  Structural Analysis of thggQ114N Mutant.In order to
compound Il by the carbonyl of compound Ill, different identify the structural basis of the kinetic and spectroscopic
extents ofz-electron delocalization, and by changed in- effects measured for th8Q114N mutant, the structures of
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Table 4: Calculated Absorption Spectrum Maxima of PLP
Intermediate Analogues

PLP intermediate analogue Structure formula Amax cale
(Amax exp)”
H. _O
€
Free PLP analogue HaC A O 397 nm
|
SN CH, (390 nm)
H
CH3
®|
Protonated methylamine H NH ° 420 nm
imine PLP external aldimine HsC _A_O (424 nm)
analogue o
SN eH
N 3
362 nm
Compound I (320 nm)
o)
@
Q
HoN o
Compound II 7 ° 532 nm
HsC A\ O (506 nm)
)
N~ "CH
N 3
(o]
0. 09
Compound III 7 ° 407 nm
HiC ~ | 0 (426 nm)
SN cH
N 3
o
€]
o (0]
Compound IIT N ° 456 nm
HaC O (426 nm)
N | CH
N 3

@ Amax expmeasured for free and bound species identified in Figures
4,5, 7, and Scheme 3).

the mutant in the absence and presence.-&er were
determined to a resolution of 2.3 A and 1.7 A, respectively

Blumenstein et al.

show two distinct absorption bands instead of one (see
paragraph above, Figure 4), itis likely that there is a mixture
of states consisting of the covalently linked E(Ain) and a
noncovalently bound, external aldimine-like species (data not
shown). In the crystals soaked for 10 min wittSer, the
cofactor molecule at thg-site appears to be fully occupied,
showing electron density of am-aminoacrylate-like com-
pound (see next paragraph). Close inspection, however,
revealed that thg-subunit still displays features of at least
two different structural states, the open and the closed
conformations of thes-domain. This is in line with the
solution kinetic studies (see Figure 5A) which have estab-
lished that the 10 min incubation period witkSer used for
soaking yields the 320 nm species and is insufficient to allow
completion of the conversion to the 506 nm species which
displays a closefl-subunit (see below). Because refinement
of the mixture of different structural states with varying
occupancies for the E(Ain) and the E(Agxomplexes of

the fQ114N mutant was unsuccessful, these structures are
not described further and have not been deposited with the
PDB.

The Querall Structure of the3Q114N (-Ser, long soak)
Complex.As described above, tH&“NE(Ain) short soak
andfQMIANE(Aex,) structures were not structurally interpret-
able because of the mixture of states; thus, a second mutant
E(Aex)) complex was obtained. Since the spectral studies
established that incubation overnight gives complete conver-
sion of the mutant to the 506 nm species (Figures 5A and
C), an extended-Ser incubation time of about 24 h was
used. In agreement with these findings, only those crystals
that were soaked with-Ser overnight (long soak) yielded a
fully occupied complex that displays no residual density of
additional intermediates or precursors.

The interdomain communication network found in the
wild-type enzyme stabilizes and “primes” tleactive site
in the absence of an ASL9( 39). The a-subunit of the
BQL14N complex obtained under the long soak conditions
has an open conformation that is influenced by the closed
conformation of thgg-subdomain (see below). In the mutant
E(Ain) structure,alL6 and the catalytic residues including,
oD60 andaE49, are not visible; however, unexpectedly, all
other secondary structure elements involved in ligand binding
(e.g., residuesnG212-al214 (oL7) and aG234-aA236
(aH8) that normally participate in the coordination of the
phosphoryl group and hydrophobic groups) are well defined

(see below), and compared with the respective structures ofand closely match the conformations of thedomains of

the wild-type enzyme (PDB codes 1KFK E(Ain) and 1KFJ
E(Aex)). The complex obtained in the presenceLefer
was produced by soaking the preformed crystajs@114N

for 10 min in a solution containing a high concentration of
L-Ser, just as described for other wild-type and mutant
E(Aex) complexes §). Although the resulting mutant

the wild-type E(Aex) and E(Ain) structures (PDB codes
1KFJ and 1KFK). The superimposed structures give an
average rmsd value of 0.4 A. Additionally, despite large
positional changes in thgsubunit resulting fronf-closure,

the structure of the interdomain interface betwes?
(aP53-0D60) andSH6 (8T165—[/Y181) is highly con-

structures display secondary and tertiary structures similarserved. Due to the COMM domain movement that gives the
to those observed in other tryptophan synthase complexesclosed f-domain structure, there is a shift @fL2 and

(1, 5, 6, 9, 35), there are distinct differences at the active
site of theB-subunit. In the case of tH81*NE(Ain) structure,

associated regionst§550P78, regions both preceding and
succeeding the loop as well as sections connected by

weak electron density was observed for the side chain of intramolecular interactions). Superposition of the mutant and

BK87 to which the cofactor is usually covalently bound in
the internal aldimine state. Moreover, the density for the
cofactor was not very well defined, indicating that the

wild-type E(Ain) (PDB code 1KFK) structures (Figures 9A
and C) gives an average rmsd value of 0.9 A. The
superposition of the domains also reveals a second but

electron density reflects either a mobile compound or severalsmaller interface at the C-terminus consisting of papitdé
different structural states. Given that the spectroscopic resultsand a loop ¢C154-aD159) betweermS5 andaH5. These
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FiGure 8: Stereoview of the structural model of compound Il bound tgsée with the final &q,s — Fcaic €lectron density map contoured
at lo. For comparison, the mutant complex structure, depicted in yellow, is superimposed with the (GP)E(A-A) complex (PDB code 2J9X),
shown in cyan. Residues discussed in the text are labeled, orange dashed lines represent H-boA@E4iEfaempound 1) complex.

auxiliary contacts between the side chairo®157 and the Comparison of thg-sites of the mutant structure and the
hydroxyl group of Y181 and the main chain carbonyl of closed (GP)E(A-A) complex9) reveals that compound Il
pl20 seem to act as a secondary contact point that isadopts a conformation in the active site that is similar to the
established when thé&-domain closes. o-aminoacrylate conformation (Figure 8). The carboxylate
TheS-subunit of the complex obtained under the long soak of compound Il makes H-bonds to theOH of fT110 and
conditions exhibits a closed conformation which has only the backbone NH groups ¢fG111, AN114, andfH115.
been observed before for tiK87T E(Aex) and E(Aex) Additional contacts involve the region consistinga®232—
mutant structures generated by cocrystallization in the fN236, fT190, andBH86 that coordinate the phosphoryl
presence of eithaer-Ser orL-Trp and ano-site ligand b), group and residugS377 which aligns the pyridine ring. The
and recently in the closed (GP)E(A-A) complex of tryptophan H-bond linking the8D305 carboxylate to the-hydroxyl of
synthase in the presence of ‘Cat pH 6.5 Q) (viz., Figure 3S292 and the H-bonded salt bridge betwgdB805 and
1). A comparison of these structures shows that-alibunits BR141 are characteristic of the closgeubunit conforma-
with closed conformations closely resemble each other with tion. These structural results indicate that the mutation shifts
rmsd values of 0.2 A (PDB code 2J9X, Cs, low pH), 0.3 A  the relative thermodynamic stabilities of the open and closed
(PDB code 2TSY), respectively (Figure 9B). conformations of thgs-subunit in favor of the closed state.
The fQ114N Mutants-Site Structure Resals an Ami-
noacrylate-Like Compoun@he3-site of the mutant complex  DISCUSSION
displays some interesting features. The replacement of GIn
with Asn at position 114 withir8L3 leads to a shortening Structure-Function Relationships at the-Carboxylate
of the site chain by one methylene groupl(5 A). As a  Subsite in thg-Subunit of Tryptophan Synthagi110 and
consequence of this chang®\114 in the mutant is rotated  fQ114 are highly conserved residues located in I6bf
relative toQ114 in the wild-type structure by 84round of the domain that mediates communication betweeruthe
Cp toward the pyridine ring of the PLP cofactor, making an and j-sites, the COMM domain (see Figure 1). These
additional H-Bond (2.6 A) between ND2 gN114 and the residues are also components of tikearboxylate subsite
phenolic hydroxyl group of the ring (Figure 8). and are involved in H-bonds with the intermediates that form
Clear electron density was observed for the cofactor itself With PLP during thegs-reaction. These H-bonding interactions
after the first cycle of simulated annealing refinement, include the Q114 main chain NH and the side chain
displaying am-aminoacrylate-like electron density that was hydroxyl group of3T110. Replacement of GIn by Asn at
present in alpQ114N mutant complexes even in the absence 114a priori would seem to bring about a minor perturbation
of L-Ser. Both spectroscopic and structural evidence hint of the site resulting from a shortening of the side chain of
toward a different albeit similar molecule that is covalently the residue by only-1.5 A at a location not directly involved
bound to the cofactor. Together with the solution studies with the substrate-carboxylate. In contrast, replacigg 110
(Figures 4 and 5), the quantum chemical calculations (Table by Val removes a potentially important electrostatic interac-
4), and the positive identification of compound Il by NMR  tion within 5L3 that could impact the structural integrity of
as the species released by NaOH (see paragraph abovdhe loop that contacts the carboxyl group binding site. As
Figure 7), the electron density strongly supports the assign-documented in this report, both mutations cause profound
ment of this molecule to the 506 nm species, named changes in the catalytic and allosteric properties of tryptophan
compound Il (Scheme 3, Table 4). synthase.
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FIGURE 9: Structural comparison between t#H&14NE(compound 1) and the wt E(Ain) state. Plots show the rms deviation between the
main chain atoms of the corresponding residues of the ASL-free E(Ain) state (PDB code 1KFK) and the mutant complex and other states
(external aldimine and-aminoacrylate) in stage | of thereaction [in (A) thea-subunit and in (B) thg-subunit]. The plots were generated

by Isgkab. Black:#R14NE(compound I1); red: E(Aey, PDB code 1KFJ; green: E(A-A), PDB code 1A5S. (C) Structural superposition of

the wt E(Ain) structure (PDB code 1KFK, gray) and tf&*NE(compound II) complex in worm representation. For clarity, only those
regions that were found to change significantly are displayed (green).

Origins of the Blue-Shifted Spectral Bands of fiel10V binding of ASLs to theo-subunit, respectively, have been
Mutant Assigned to the E(Ain) and E(ApSpeciesThe found to be effective in rescuing othgrsubunit mutants
evidence presented in Figure 2 and Table 2 indicates thatwith impaired catalytic activity 3, 34, 58, 65, 68—70).
the replacement of the polar hydroxyl @¢#fT110 by a However, the binding of a high affinity ASL (FO9B®) and
nonpolar methyl group alters the local microenvironment and the substitution of Csfor Na* failed to rescue th6T110V
interferes with the delicate balance of those electrostatic mutant, presumably because the binding interactions with
forces at thea-carboxylate subsite evolved to stabilize F9 and/or C$ are insufficient to overcome the effects of
binding of the carboxylate moieties of substrate, intermedi- mutation that distort the allosteric interface, as observed in
ates, and product. Consequently, the blue-shifting of the longthe structure (Figure 3). The Thr to Val mutation leads to a
wavelength spectral bands assigned to E(Ain) and E{Aex change of those parts of the COMM domain that are crucial
are consistent with a perturbedcarboxylate binding site  for the structural signaling of both domains. The widening
exhibiting decreased polarity. of the S-active site by the shift of loopL3 likely causes

Origins of the Impaired Catalytic Aatity of the 5T110V the decreased affinity afSer. The rate of thg-reaction of
Mutant. The inability of the fT110V mutant to give the mutant enzyme is strongly reduced, and the mutant is
significant amounts of thex-aminoacrylate intermediate not capable of producing pyruvate. Therefore, it can be
(Figure 2) correlates with the greatly reduced activity of the concluded that impairment of E(A-A) formation is due either
mutant in thes- ando-reactions (Table 2). The allosteric to the prevention of, or an unfavorable equilibrium for,
effects due to the binding of C4o theS-subunit and to the  formation of the external aldimine. Either explanation is in
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line with the lack of electron density for theSer moiety in one inactivates g3-site via reaction with the internal

the mutant structures. aldimine. The resulting inactivated, enzyme-bound species
Additional catalytic defects arise in th#r110V mutant undergoes further reaction ove24 h, giving a conjugated
from alterations in the communication interface betwek# species Wittlmax = 506 nm, proposed to be compound II

andfH®6, leading to an uncoupling of thee andS-reactions (Scheme 3). (c) Treatment of the 506 nm species with NaOH
through the loss of allosteric communication in the enzyme. releases the covalently modified coenzyme, giving a 426 nm
Although thea-subunit exhibits catalytic activity, no ligand  species identical (via UV/vis antH NMR) to the species
could be observed in the structures obtained after incubationobtained with other tryptophan synthase mutaB® 384),

with oa-site ligands that exhibit high affinity for the wild-  designated compound Ill. These assignments of compounds

type enzyme. The structure of tkedomain is very similar Il and IlIl are supported by the good agreement of the
to the unligatedo-domain of the wild-type protein (PDB  experimentally measured and quantum chemically calculated
code 1KFK). This observation suggests that the altered- absorption maxima (Table 4).

subunit interface stabilizes thee-domain in the open (low Structural Consequences of the Gth Asn Substitution

activity) conformation characteristic of the wild-type internal at Position 114 of theg-Subunit.It has long been known
aldimine, and this stabilization of the inactive conformation that the reaction af-Ser triggers an allosteric conformational
gives a mutant enzyme that no longer responds to the ligandchange that enhances catalytic cleavage irtisebunit —
upon binding, leading only to transient binding, reduced 4, 6, 12, 40, 64, 72). Brzovic et al. @) established that this
affinity, or a bound ASL that is too mobile to be observed activation is due to formation of the-aminoacrylate
in the crystal structure. Since ANS (8-anilino-1-naphthale- intermediate at thé-site. It has been proposed that when
nesulfonate) displacemeni) could not be employed to  E(Aex) is converted to E(A-A) in thexS-reaction cycle,
measure the actual affinity of the ligand for the enzyme both subdomains have been switched to the closed confor-
because of the absence of allosteric communication betweermations and ther- and S-sites are both activate@,(4, 8,
the sites in the mutant (the effect that ANS actually 73).
measures), neither of these possibilities could be excluded. The Q114N mutant reported here displays some unique
Altered Properites of the Catalytically Acg Q114N features not observed before. The structure of the mutant
Mutant. While the fraction 0f3Q114N mutant that is notin ~ complex shows the-subunit in its open conformation with
the form of the 506 nm species exhibits catalytic activities an unoccupied active site. Thsubunit, however, shares
in the a-, -, andoS-reactions that are very similar to the all of the structural features of a closedaminoacrylate
wild-type enzyme (Table 3), the UV/vis absorption spectra species 9) (Figures 8 and 9). This finding was surprising
of the PLP intermediates are slightly perturbed by the since it has proven difficult to produce crystals of the closed
mutation. The internal aldimine form of the active mutant o-aminoacrylate complex of tryptophan synthase under the
exhibits almax 0f 414 nm. Reaction with-Ser (Scheme 3,  conditions normally used for data collection (temperature 100
Figure 5) gives a transiert424 nm species that appearsto K, pH 7.8, Na) because of a temperature-dependent
be theL-Ser external aldimine together with theami- equilibrium between the E(Agkand E(A-A) states, favoring
noacrylate external aldimine. This mixture undergoes further the former, which is affected further by pH, ASLs, and
reaction to give a~320 nm species (compound |, Scheme monovalent cations (MVCs)9( 45, 46, 58, 67, 70).
3, Figures 5 and 8) which slowly converts to the 506 nm Nevertheless, kinetic evidence predicts an E(A-A) state with
species (compound Il). When reacted in the presence of thea closeds3-domain in solutionZ, 8, 31, 45, 46, 63, 64, 66,
indole analogues/nucleophiles that are capable of reacting73, 74), and a closed crystal structure of the*Germ of
with E(A-A), the resulting quinonoid species exhibit spectra the (GP)E(A-A) complex at pH 6.5 has been determined
that are significantly red-shifted10 nm) in comparisonto  recently Q) (see Figure 1). During the catalytic cycle, it is
the wild-type enzyme (Figure 6). These perturbed spectranecessary for both the- andf-sites to switch between open
demonstrate that the mutation causes conformational changeand closed states to prevent indole from escaping when IGP
in the 3-subunit and affects the microenvironments of these is cleaved in thex-reaction 2, 4, 9, 39, 60, 73). Interestingly
chromophores. and despite closure of thsubunit in theQ114N mutant
Origins of the 506 nm Absorption Band in tf3€114N after reaction with.-Ser, theo-subunit is not in the closed
Mutant. The experiments presented in Figuresrdand Table conformation. This finding clearly demonstrates that the
3 established the following: (a) The fraction BQ114N SB-subunit has not induced closure of tiresubunit on it own,
mutant that is not in the form of the 506 nm species exhibits and that closure of the-subunit occurs when aa-site
nearly normal activities in the-, 8-, andoS-reactions (Table  ligand is bound.
3). (b) In stage | of the3-reaction, theo-aminoacrylate Implications of thefQ114N Mutation for Structure
intermediate Amax~ 320 nn) formed with the mutant follows ~ Function Relationships in PLP Enzyme Reaction Specificity.
a side path wherein this intermediate is cleaved giving While Dunathan’s hypothesis (Scheme 2) provides a mecha-
o-aminoacrylate and the internal aldimine (Scheme 3, Figuresnistic framework for explaining how different PLP enzymes
4 and 5). Thex-aminoacrylate formed is a reactive species select for a particular reaction specificity (e.g., decarboxy-
that partitions between reaction with water to give pyruvate lation vs transamination gi-replacement)16, 17, 26-23,
(a well-known side-reaction of tryptophan synthase) and 28), the hypothesis does not readily explain why in the
nucleophilic attack on E(Ain) to form a-©C bond at C-4 tryptophan synthase system the transiminations of the
of the PLP moiety of the internal aldimine, inactivating the substrate and product external aldimine species are facile,
tightly bound cofactor. For every-50 turnovers of the  while transimination of thet-aminoacrylate external aldimine
o-aminoacrylate external aldimine teaminoacrylate;~49 is rendered unfavorable (Scheme 4). Sineaminoacrylate
o-aminoacrylate molecules are converted to pyruvate, andis a reactive nucleophile (an enamine), it is reasonable to
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Scheme 4: Interconversion of theSer,oa-Aminoacrylate,
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wild-type enzyme efficiently releasesaminoacrylate, thereby
avoiding adduct formation with the internal aldimine. In
contrast, the mutant has a significant rate of adduct formation
with a-aminoacrylate.

A priori, the enamine reaction af-aminoacrylate with
the coenzyme could be facilitated by electrostatic/base
catalysis. Adduct formation occurs at a rate that§50th
of the rate of pyruvate formation via partitioning @fami-
noacrylate between reaction with water (presumably a
nonenzymatic process) and reaction with the coenzyme. For
example, a side chain carboxylate within the site could
facilitate the nucleophilic attack af-aminoacrylate on the
internal aldimine by stabilizing the development of positive
charge on the enamine N as the-C bond is formed
between the C-3 ofi-aminoacrylate and the C-#f the
internal aldimine. However, inspection of the X-ray structure
of the adduct shows no carboxylate (or similar group) near
enough to be effective in this role: the nearest carboxylates,
BE109 ang3D305, are respectively 8.2 A and 9.9 A distant.
Furthermore theBD305 carboxylate is tied up in the

expect that the site structure has evolved to select againsy_ponded salt bridge witiBR141, and this salt bridge is

the internal aldimine electrophile.
The conversion of the.-aminoacrylate external aldimine
to internal aldimine andw-aminoacrylate requires no more

of the 8-subunit. Alternatively, the-NH; group of fLys87
is ~4.5 A distant from the enamine N and appears to be too
far to provide base assistance to the attack unless there is

chemical catalysis to occur than does either the conversionmoyement of thee-NH, group. Thus, there is no clear

of theL-Trp external aldimine to the internal aldimine with
release ofL-Trp, or the conversion of the-Ser external
aldimine back ta-Ser with formation of the internal aldimine
(Scheme 4). From a chemical perspective,dh@minoacry-

candidate within the site to facilitate the attack.

Therefore, the most likely explanation for the different
fates ofa-aminoacrylate is that the mutation either orients
or immobilizes the PLP via the H-bond betweg&x114 and

late external aldimine should be slightly more reactive than he phenolic oxygen atom of the PLP ring for attack by the
either the-Ser orL-Trp external aldimines. In each of these  ;_aminoacrylate, or that the mutation stabilizes the closed
transimination reactions (Scheme 4), thamino group of  conformation, sequesteringaminoacrylate within the site,
BK87 initiates a nucleophilic attack on the external aldimine thereby increasing the probability of reaction with the
species at the C+&arbon to give the correspondim@m  coenzyme. Because the releaseraiminoacrylate (presum-
diamine species, which then collapses to the internal ald|m|neab|y via a switch to the open conformation) is rapid in the
with release of the amino acid{aminoacrylatei-Trp, or wild-type enzyme compared to the rate of adduct formation,
L-Ser). Like other PLP-requiring enzymes, tryptophan syn- attack ofo-aminoacrylate on the wild-type internal aldimine
thase has evolved to make the transimination processes facilgg ot significant. This conclusion suggests that the mutation

for substrate and product external aldimines (processes alongnroduces a defect in the mechanism for switchingtsite

the catalytic path) but not for the-aminoacrylate external

aldimine (a side-reaction). This is also true for other PLP-

requiring enzymes that involve reactiveaminoacrylate
internal aldimines irg-elimination and3-replacement reac-
tions 27, 28, 75—80).

Since the transimination chemistry is essentially the same

for theL-Ser,L-Trp, ando-aminoacrylate species, side chain
structure only matters within the context of catalytic site
conformation. Therefore, the explanation for facile conver-
sions of the.-Ser and.-Trp external aldimines and retarda-
tion of thea-aminoacrylate external aldimine reaction in the
wild-type enzyme must be conformational (steric) not
chemical Since both the wild-type and mutant enzymes
exhibit similar activities in the physiological reactions and
in pyruvate formation (Table 3), both must “catalyze” the
transimination reaction of thex-aminoacrylate external

between open and closed conformatiéns.
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