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Role of Hydrogen Bonds in the Reaction Mechanism of Chalcone Isomierase
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ABSTRACT: In flavonoid, isoflavonoid, and anthocyanin biosynthesis, chalcone isomerase (CHI) catalyzes
the intramolecular cyclization of chalcones int§-{lavanones with a second-order rate constant that
approaches the diffusion-controlled limit. The three-dimensional structures of alfalfa CHI complexed with
different flavanones indicate that two sets of hydrogen bonds may possess critical roles in catalysis. The
first set of interactions includes two conserved amino acids (Thr48 and Tyr106) that mediate a hydrogen
bond network with two active site water molecules. The second set of hydrogen bonds occurs between
the flavanone 7-hydroxyl group and two active site residues (Asn113 and Thr190). Comparison of the
steady-state kinetic parameters of wild-type and mutant CHIs demonstrates that efficient cyclization of
various chalcones into their respective flavanones requires both sets of contacts. For example, the T48A,
T48S, Y106F, N113A, and T190A mutants exhibit 1550-, 3-, 30-, 7-, and 6-fold reductidng and
2—3-fold changes Ky, with 4,2 ,4'-trihydroxychalcone as a substrate. Kinetic comparisons of the pH-
dependence of the reactions catalyzed by wild-type and mutant enzymes indicate that the active site
hydrogen bonds contributed by these four residues do not significantly alteKilof the intramolecular
cyclization reaction. Determinations of solvent kinetic isotope and solvent viscosity effects for wild-type
and mutant enzymes reveal a change from a diffusion-controlled reaction to one limited by chemistry in
the T48A and Y106F mutants. The X-ray crystal structures of the T48A and Y106F mutants support the
assertion that the observed kinetic effects result from the loss of key hydrogen bonds at the CHI active
site. Our results are consistent with a reaction mechanism for CHI in which Thr48 polarizes the ketone
of the substrate and Tyrl06 stabilizes a key catalytic water molecule. Hydrogen bonds contributed by
Asnl113 and Thr190 provide additional stabilization in the transition state. Conservation of these residues
in CHIs from other plant species implies a common reaction mechanism for enzyme-catalyzed flavanone
formation in all plants.

Flavonoids are versatile secondary metabolites used byinto (29-flavanones (Figure 1A)5, 6). The three-dimen-
plants for protection against UV light, as floral pigments for sional structures dfledicago satia (alfalfa) CHI alone and
attracting pollinators, as inducers Bhizobiumnodulation complexed with different flavanones (Figure 1B) explain how
genes, and as potent anti-microbial compounds produced inthe enzyme controls the stereochemistry of the cyclization
response to pathogen infestationk). (Moreover, many reaction and suggest a likely catalytic mechanigmg. In
flavonoids and related compounds serve as important mi-the proposed reaction mechanism, tHeo®yanion forms
cronutrients with potent disease-preventing activities in spontaneously in solution. Once bound by CHI, tHe 2
human diets rich in plant-derived foodstuff3).(Given the oxyanion is positioned for a stereochemically defined
agricultural and health-promoting roles of flavonoids, there Michael addition to thea,/-unsaturated double bond of
is considerable interest in understanding and manipulatingchalcone substrates; meanwhile a water molecule situated
the biosynthesis of these compounds. For example, recentat the bottom of the active site acts as the general acid during
introduction of the petuni&HI gene into tomato resulted transient protonation of the enolate intermediate. Mechanistic
in fruits with increased flavonol contenB)( By examining studies examining the pH-dependence of the cyclization
the enzymes involved in flavonoid biosynthesis using reaction demonstrate that deprotonation of the chalcéne 2
structural and mechanistic studies, new opportunities arisehydroxyl group is facile at physiologic pH and that CHI-
for metabolic engineering of these biosynthetic pathwdys (  catalyzed flavanone formation occurs in a diffusion-limited

In flavonoid biosynthesis, chalcone isomerase (CHI, EC reaction 8). These studies suggest that CHI accelerates the
5.5.1.6} catalyzes the intramolecular cyclization of chalcones
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4.Rg structures of several CHlavanone complexes reveal two
Riz @ alternate conformations of the side-chain alcohol moiéty (
) ' 8). Asn113 and Thr190 contribute a second set of hydrogen
3 bonds to the flavanone 7-hydroxyl group.
R O Our goal is to evaluate the contribution of these hydrogen
chalcone (25)-flavanone bonds to the reaction mechanism of CHI. Comparisons of

the steady-state kinetic parameters;eite profiles, solvent
kinetic isotope effects, and solvent viscosity effects on the
reactions catalyzed by wild-type CHI and the T48A, T48S,
Y106F, N113A, and T190A mutants elucidate roles for both
sets of hydrogen bonds in the reaction mechanism of CHI.
Finally, the X-ray crystal structures of the T48A and Y106F
mutants support the hypothesis that the kinetic effects result
from the loss of key hydrogen bonds at the CHI active site.

EXPERIMENTAL PROCEDURES

Materials. All oligonucleotides were synthesized by Op-
eron, Inc. The QuikChange polymerase chain reaction (PCR)-
based site-directed mutagenesis kit was purchased from
Stratagene. Ni-NTA was bought from Qiagen. Benzami-
dine-Sepharose and the Superdex-75 FPLC column were
obtained from Amersham Biosciences, Inc. Deuterium oxide,
sodium deuterioxide, and deuterium chloride were ordered
from Aldrich. Thrombin was purchased from Sigma.' 42
Trihydroxychalcone, 24'-dihydroxychalcone, and 4;8i-
hydroxychalcone were bought from Indofine.

Expression Vector Construction and Site-Directed Mu-
tagenesisThe CHI T48A, T48S, Y106F, N113A, and T190A
mutants were constructed using the QuikChange PCR method
with the following pairs of primers (mutated codons are
underlined): T48A and T48S FTIGGAAACTTCATCAAGT-

) o L TC(T/G)CTGCCATAGGTGTTTATTTGG-3 and 3-dC-
Ficure 1: CHI reaction and actl_ve site. (A) F:I—!I cyclizes 4426 '- CAAATAAACACCTATGGCAG(A/C)GAACTTGATGA-
tetrahydroxychalcone (RR;, Rz = OH), 4,2,4'-trihydroxychalcone ) ;

(Ry, R; = OH, R, = H), 2 4-dihydroxychalcone (R= OH, Ry, AGTTTCC-3]; Y106F [5-dGGGAATTGAGTGGTCCTG-
Rs = H), and 4,2-dihydroxychalcone (R R, = H, R = OH) into AGTTCTCAAGGAAGGTTATGG-3 and 3-dCCATAAC-
5,7 4-trihydroxyflavanone (R R, Rs = OH), 7,4-dihydroxyfla- CTTCCTTGAGAACTCAGGACCACTCAATTCCC-3;
\éan%ne (%)R; n:d Cj"k'; dR?oj g;kl;;]fmg%gfgvanan% (R=§H";’ N113A [5-dGGAAGGTTATGGAGGCCTGTGTGGCA-
rezépesctivelyl. Note th);t th()e/'-hydroxyl groupzl of e‘ac% substrate  CACTTGAAATCAGTTGG-3 and 3-dCCAACTGATTTC-
becomes the 7-hydroxyl group of the product. (B) Ribbon diagram AAGTGTGCCACACAGGCCTCCATAACCTTCC-J;
of CHI showing the location of bound 7;dihydroxyflavanone at ~ T190A [S-dGCATTCAGCAGTGTTGGAGGCTATGAT-
the active site. (C) View of the active site hydrogen bond network. CGGCGAGCACG-3 and 3-dCGTGCTCGCCGATCAT-

Water molecules are shown as red spheres. Dotted lines (rose)AGCCTCCAACACTGCTGAATGC-S’] Automated nucle-
indicate hydrogen bonds. The conserved residues of the hydrogen——— : ) .
bond network are noted in blue. The residues that hydrogen bond°tide sequencing confirmed the fidelity of the PCR products

with the flavanone 7-hydroxyl group are noted in red. Figure (Salk Institute DNA sequencing facility). The resulting

prepared with MOLSCRIPT29) and rendered with POV-Rag(Q). mutant cDNAs were subcloned into the pHIS8 expression
vector Q).

intramolecular cyclization reaction leading ®-flavanones Protein Expression and PurificatiolVild-type and mutant

by precisely positioning a reactive substrate conformer in a PHIS8-CHI constructs were transformed irocoli BL21-

preorganized active site. (DE3) and expressed as described previousy. AQll

In the CHI active site, the bound flavanone interacts with recombinant proteins were purified to homogeneity using
the enzyme through complementary van der Waals contactsNi*"-affinity chromatography, benzamidine-Sepharose chro-
and two sets of hydrogen bonds (Figure 1C). The extensivematography, and gel filtration chromatography on a Super-
hydrogen bond network located at the bottom of the binding dex-75 column §).
cleft contacts the ketone oxygen of the bound flavanone Kinetic MeasurementsThe standard CHI assay was
through a water-mediated interaction. Of the five amino acids performed at 253C in a 0.5 mL reaction volume containing
(Thr48, Ala49, Lys97, Tyr106, and Tyr152) contributing to 50 mM HEPES (pH 7.5) and 5% (v/v) ethanol as cosolvent
this network, Thr48 and Tyr106 are conserved in all CHIs (10). Measurement of initial velocities used the standard
(7). Preliminary studies suggest that Tyr106 contributes to assay system with varied concentrations of eithet4,8-
stabilization of the charged transition state that forms as the tetrahydroxychalcone (X200uM), 4,2 ,4'-trihydroxychal-
cyclization reaction proceedg)( The contribution of Thr48  cone (2-75 uM), 2',4'-dihydroxychalcone (250 uM), or
to catalytic rate enhancement is unresolved, since the crysta#,2-dihydroxychalcone (250 uM). Maximum substrate
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Concentrat_'ons were limited by compound solubility. All Table 1: Crystallographic Data and Refinement Statistics for the
assays using 4,2',6'-tetrahydroxychalcone as a substrate cH| T48A and Y106F Mutants

were corrected for the background reaction rate. Individual

; . X T48A Y106F
saturation curves were fitted to the Michaelenten wavelength (8) 0970 To08
equation using Kaleldagraph (Synergy _Sof;ware). Determi-  .colution range (A) 7942 30 58.0-2 85
nation of pH-rate profiles and examination of solvent total observations 326009 261225
viscosity effects for mutant CHI enzymes were performed  unique reflections 63669 19000
as previously described). The relative solvent viscosity ﬁomF"etenegﬁ(%) ?g-é (1%3) fg-g (36;-1)
(") was determined by comparison to the buffer conditions Rs"aa,b %) 68 (58' 6)) 6.4 (él' 6))
V\{ithqut sucrose using an Ostwald viscomet&)r. 60Ive'nt Rcfy”;c/R"eed(%) 23.0/28.6 26.3/28.4
kinetic isotope effects orker and K, using 4,2,4'-tri- protein atoms 9703 3193
hydroxychalcone as a substrate were measured by direct Wwater molecules 518 101
comparison of initial velocities as in the standard assay avanone atoms 19 19

. . : sulfate atoms 15 20
described above. HEPES reaction buffer was prepared in  rmnsq lengths (A) 0.008 0.012
D,0, and the pH was adjusted with NaOD or DCI to the rmsd angles (deg) 1.4 1.7
appropriate pD, where pB= pH + 0.4, to correct for the protein avgB-factor '8(\5\2) 43.9 68.6
isotope effect on the response of the glass electrode. The Vater avgB-factor (%) 48.4 69.5

. ligand avgB-factor (A2) 83.0 104

effects onk.y and Ky, due to QO are expressed using the Numbers . PR—— ution &

i H H D\/ — D a2Numbers in parentheses are for the highest resolution m
EOtatIOE of NorthroKpll) in which °V = kuolko,0 andViK = Ylln — <Ip>|/YIh where <l,> is the average intensity over
= (Keal Km)H,0/(Keaf Kim)p,0- symmetry-equivalent reflectionsR-factor = ¥ |Fops — Fead/3 Fobs

Structure of the CHI Y106F MutanErystals of the CHI where summation is over the data used for refinenfeR¢eefactor
Y106F mutant grew at 4C using the hanging-drop vapor was calculated using 5% of data excluded from refinement.
diffusion method from a 2L drop containing a 1:1 mixture ] ] .
of protein and crystallization buffer [25% glycerol (v/v), 2.0 Per asymmetric unit and a solvent content of 65%. Pr_|0r to
M ammonium sulfate, and 0.1 M TRISHCI, pH 8.0] in data collection, crystals were soaked in mother liquor
space groufP6s22 (a = b = 89.56 A;c = 351.66 A) with containing 2 mM 4,24 -trihydroxychalcone. Diffraction data
two molecules per asymmetric unit. Prior to data collection, Were collected at 105 K from a single crystal on beamline
crystals were soaked in mother liquor containing 2 mMm SSRL 9-1using a 34.5 cm MAR imaging plate detector and
4,2 4-trihydroxychalcone; however, color change of the drop Were processed as described previously. The three-dimen-
from yellow to clear indicated formation of 7-dihydroxy- sional structure of the T48A mutant was solved by molecular
flavanone in the crystal. Diffraction data were collected at re_placement using CNS and the CHI apoenzyme structure
105 K from a single crystal on beamline 9-2 of the Stanford With an alanine in place of Thr48 as the search model.
Synchrotron Radiation Laboratory (SSRL 9-2) using a Rotation and translation searches identified six solutions that
Quantum 4 CCD detector. Data reduction was performed Packed well in the asymmetric unit. After rigid-body
with DENZO/SCALEPACK (L2). The structure was solved  refinement in CNS, th&yst and Ryee values were 32.7%
by molecular replacement with CN$3) using a model of and 37.5%, respectlvely.' S}_nct noncrysta_llograpmc symm'etry
the apoenzyme structure with an alanine in place of Tyr106. (NCS) was used for the initial round of simulated annealing,
After rigid-body refinement, th&.ys: andRyee Values were pos!tlonal, andI_S-facto_r _reflne_ment. In the next round of
33.8% and 34.9%, respectively, and electron density corre-conjugate gradient minimizatiorg-factor refinement, and
sponding to Phel06 was visible in each monomer. In Manual rebuilding in O, the NCS constraints were relaxed
addition, electron density resembling Zehydroxyfla- for residues at the N- and C-termini, the active site, and
vanone was observed in monomer A and modeled as suchresidues 3550. During subsequent rounds of refinement and
Strict noncrystallographic symmetry (NCS) was used during model building, the NCS constraints were released to reflect
the initial round of simulated annealing, positional, and differences between the six monomers with Ractors

B-factor refinement. In subsequent rounds of conjugate converging to those listed in Table 1. The overall structure
gradient minimization,B-factor refinement, and manual of each monomer is similar to each other with rms deviations
rebuilding in O (4), the NCS constraints were relaxed for ©f matching G atoms of 0.34-0.66 A. Although the crystals
residues at the N- and C-termini, the active site, and residuesvere soaked with 4,2¢-trihydroxychalcone, weak electron
35-50 (thep-strand stalk at the top of the structure). In the density for 7,4dihydroxyflavanone was observed only in
final rounds of refinement and model building, the NCS mono_merCof the_asymmetnc unit and was modeled as such.
constraints were released with tRefactors converging o 1he final model includes residues-80 and 43-222 of
those listed in Table 1. The final model includes residues Monomer A, residues-4220 of monomer B, residues-215
2—222 of monomer A, residues—39 and 45217 of of monomer C, residues-29 and 46-222 of monomer D,
monomer B, 101 waters, 4 sulfates, and 1'-gifiydroxy- residues 3-38 and 44-220 of monomer E, residues-38
flavanone molecule (monomer A). Atomic coordinates and and 44-215 of monomer F, 3 sulfates, 518 waters, and 1 7,
structure factors for the CHI Y106F mutant have been 4-dihydroxyflavanone molecule (monomer C). Atomic
deposited in the Protein DataBank as 1JXO. coordinates and structure factors _for the CHI T48A mutant
Structure of the CHI T48A MutanCrystals of CHI T48A have been deposited in the Protein DataBank as 1JX1.
mutant were obtained in conditions similar to those described RESULTS
for wild-type CHI [25% glycerol (v/v), 2.2 M ammonium
sulfate, and 0.1 M HEPES, pH 7.5] and grew in space group Expression and Purification of Recombinant Proteins.
P6s (a = b = 90.94 A;c = 349.99 A) with six molecules  Recombinant wild-type and mutant CHIs were overexpressed
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Table 2: Steady-State Kinetic Parameters of Wild-Type and Mutang CHI

4,2 .4 6'-tetrahydroxychalcone

4 2 -trihydroxychalcone

Keat (Min~?) Km (uM) kealKm (M~ s7%) keat (Min~?) Km (uM) kealKm(M~1s7%)
CHIP 11180+ 1380 112+ 28 1660000 225@ 165 8.4+ 2.0 4460000
T48S 12900+ 6500 516+ 341 420000 83@- 86 21.3+4.1 650000
T48A 88.6+ 13 182+ 91 8110 1.45-0.11 18.9+ 3.2 1280
Y106F 396+ 93 168+ 70 39300 75.2£ 6.4 124+ 2.4 101000
N113A 783+ 154 449+ 79 29100 304t 33 24.3+ 3.8 209000
T190A 506+ 160 263+ 132 32100 379% 54 19.8+ 2.7 319000

2',4'-dihydroxychalcone 4,dihydroxychalcone

Keat (Min~?) Km (uM) kealKm (M~ s7%) Keat (Min~?) Km (uM) kealKm (M1 s7%)
CHIP 755+ 33 22.7+ 4.2 554000 92.% 20.5 425+ 5.3 36100
T48S 519+ 63 41.0+ 4.2 197000 54.%# 9.7 56.0+ 4.6 16,100
T48A 1.07+ 0.06 15.0+ 2.2 1190 0.28t 0.05 46.4+ 7.6 101
Y106F 34.1+ 3.1 34.6+5.9 16400 53.5: 8.4 46.9+ 7.0 19000
N113A 284+ 42 17.4+ 3.6 272000 343 58 52.5+ 10.6 109000
T190A 176+ 20 19.2+2.5 153000 225 47 55.9+ 8.4 67100

a Reactions were performed in HEPES buffer (pH 7.5) as described under Experimental ProcediggsntlK, values are expressed as mean
=+ SE forn = 3. " Values for wild-type CHI were previously determineg).(

in E. coli as octahistidine-tagged proteins and purified to
homogeneity using NRi-affinity and gel filtration chroma-
tography. The His-tag was removed prior to gel filtration
by thrombin digestion. All CHI forms migrated on SBS
PAGE gels with a molecular mass of 24 kDa and eluted from
the gel filtration column as monomers of approximately the
same molecular mass (not shown). Yields were typically
7—10 mg of pure protein per liter d&. coli.

Steady-State Kinetic Parameters of the CHI Mutaftse
first set of mutations (T48S, T48A, and Y106F) focus on
the hydrogen bond network located at the bottom of the
active site cleft. The second set of mutations (N113A and
T190A) target residues that potentially interact with the
chalcone 4hydroxyl group (Figure 1C). The steady-state
kinetic constants of wild-type and mutant CHI for 44,6'-
tetrahydroxychalcone, 4,2'-trihydroxychalcone, '24'-di-
hydroxychalcone, and 4;2lihydroxychalcone are summa-
rized in Table 2.

Of the mutations to the hydrogen bond network, substitu-
tion of Thr48 by serine yields the smallest changes in the

measured kinetic constants with all four chalcones examined.

The Y106F and T48A mutants exhibit the largest changes
in the kear andkeo/Km values for each substrate. Mutation of
Tyrl06 to a phenylalanine reduces thg values nearly 30-
fold for both 4,2,4' 6'-tetrahydroxychalcone and 4,2-
trinydroxychalcone, 22-fold for'2-dihydroxychalcone, and
2-fold for 4,2-dihydroxychalcone with minor variations in
theKn, values. Replacement of Thr48 with an alanine causes
130-, 1550-, 700-, and 330-fold reductions kg, with

4,2 .46 -tetrahydroxychalcone, 4,2 -trinydroxychalcone,
2',4-dihydroxychalcone, and 4;@8ihydroxychalcone, re-
spectively, with less than 2-fold differences Ky, for the
same substrates.

Mutation of either Asnl113 or Thrl90 to an alanine
eliminates a potential hydrogen bond to the substrate
4'-hydroxyl group. The N113A mutation reduces thg;
values for 4,24',6 -tetrahydroxychalcone, 4,2 -trihydroxy-
chalcone, and'2¥'-dihydroxychalcone by 14-, 7-, and 3-fold,
respectively. Likewise, the T190A mutant exhibits 22-, 6-,
and 4-fold reductions in thé values with 4,24',6'-
tetrahydroxychalcone, 4,2 -trihydroxychalcone, and' &' -
dihydroxychalcone, respectively. Both mutants display?2

fold changes inKy for these chalcones. With 4;2
dihydroxychalcone as a substrate, the calcul&tgd/alues
and the corresponding../Kn values of the N113A and
T190A mutants increase-23-fold compared to wild-type
CHI. Since the determinel{,, values are at the limit of
solubility for this substrate, these values are estimates of the
actual steady-state parameters.

Effect of CHI Mutations on the pH-Dependence of 4,2
Trihydroxychalcone Cyclizatioff.o evaluate the contribution
of each set of hydrogen bonds toward altering tkg pf
the CHiI-catalyzed cyclization reaction, the pH-dependence
on Kear andkeafKr, of the T48A, T48S, Y106F, N113A, and
T190A mutants was examined using '42trihydroxychal-
cone as a substrate (Figure 2 and Table 3). Since saturation
of wild-type and mutant CHI occurs with 4,2 -trihydroxy-
chalcone, the solvent viscosity and solvent kinetic isotope
effect experiments described below employ this substrate.
None of the mutations significantly alter the protonation state
of either free substrate or free enzyme, since tkgvyalues
for keaf K, Of each mutant enzyme are similar to that of wild-
type CHI. Each mutation shifts theKp of k. closer to the
pK, values ofk../Knm, suggesting that elimination of indi-
vidual hydrogen bond interactions partly affects the ionization
state of the enzymsubstrate complex.

Sobent Viscosity Effects on 4,2-Trihydroxychalcone
Cyclization Catalyzed by Mutant CHIPreviously, we
established that the cyclization of 4£-trihydroxychalcone
catalyzed by wild-type CHl is a diffusion-controlled reaction
(8). Since diffusion of a small molecule is inversely
proportional to the relative viscosity of bulk solvent, increas-
ing the concentration of microviscogens, like sucrose or
glycerol, can affect the diffusion of substrates and products
and provide an estimate of the diffusional control of a
bimolecular reaction. Here we examine the effect of active
site mutants on the rate-limiting step of the reaction mech-
anism (eq 1) by perturbing the steady-state kinetic mecha-
nism using solvent viscosity experimentib{-20).

kl k2 k3
E+S<—=ES=EP<E+P (1)
—1

If this kinetic mechanism is diffusion-controlled, changes
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Ficure 2: pH-dependence of 4,2 -trihydroxychalcone cyclization
catalyzed by mutant CHI. (A) logs) versus pH. (B) lod:a/Km)
versus pH. The pH-dependence of the T48S (circles), T48A (open
circles), Y106F (triangles), N113A (diamonds), and T190A (open

8.5

1

5.5

squares) mutants was determined using a triple buffer system as

described previously8). Each data point represents the mean of
three measurements with standard errors-018%.

Table 3: K, Values from pH Profiles fokear and keaf K for
Mutant CHI with 4,2,4'-Trihydroxychalcong

Keat (Min?) kealKm (M~1s71)
pKa Ymaxb pKa Yma><b

CHI° 6.20+ 0.06 6370+ 36 6.70+ 0.09 339000Gt 22800
T48S  6.58+-0.10 500+ 5 6.66+ 0.18 285000+ 3260
T48A 6.56+0.08 2.99+0.18 6.47+0.12 2240+ 62
Y106F 6.72+0.06 219+4 6.83+ 0.04 575000+ 2490
N113A 6.91+0.16 767+22 6.49+0.18 392000t 3810
T190A 6.82+0.21 524+28 6.59+0.17 47800Gt 3280
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Ficure 3: Solvent viscosity effect on 4,2 -trihydroxychalcone
cyclization catalyzed by mutant CHI. (A) Plot of the relative second-
order rate constant as a function of relative viscosit§')(for the

T48S (circles), T48A (open circles), Y106F (triangles), N113A
(diamonds), and T190A (open squares) mutants. Each data point
represents the mean of three measurements with standard errors of
5—10%. The superscript ‘0’ denotes the absence of viscogen. The

2 Determination of steady-state kinetic parameters over a pH range upper solid line (slope= 1) represents the limit of a diffusion-

(5.5-8.5) was performed using a triple buffer system as described
previously g). ° pH-independent values fég,; andk../K are expressed

in units of mimr! and Mt s71, respectively® Wild-type CHI values
were previously determined)

in microviscosity affeck; andk_;, but notk; (19). The ratio
of Ki/Vimax Will depend on the relative viscosity'€") of the
solution according to eq 26, 17; and if the rate of product
dissociation is kinetically limiting, then W« versus relative
viscosity ¢ will vary as eq 3 20).

Kmlvmax =

1N

max

7"ky + KoKk, )

®3)

7"kg — 1/,

Each CHI mutant behaves differently as the solvent
viscosity is varied (Figure 3A). Mutation of either Tyr106
to a phenylalanine or Thr48 to an alanine yields enzymes
exhibiting a cleanly rate-limiting chemical step, since

controlled reaction, and the lower solid line (slop®) represents

a reaction without any viscosity effect. The dashed lines from top
to bottom are fits of the T190A, N113A, T48S, Y106F, and T48A
data, respectively. (B) Plot d/k.a: versus relative viscosity for
the T48S (circles), N113A (diamonds), and T190A (open squares)
mutants. (C) Plot of K., versus relative viscosity for the T48S
(circles), N113A (diamonds), and T190A (open squares) mutants.

solution is varied. High molecular weight polymers, like
Ficoll, alter the macroviscogenic properties of solvent without
affecting the diffusion of small molecules in solution. To
verify that the observed effects result solely from changes
in microviscosity, the T48S, N113A, and T190A mutants
were assayed in the presence of Ficoll 490' = 2.2), a
macroviscogen, without any effect.

Quantitative analysis of the T48S, N113A, and T190A
solvent viscosity experiments provides estimates of the
microscopic rate constants for the CHI reaction mechanism
(15, 17, 20. A plot of Ki/keat VErsus relative viscosity yields
values fork; and the partition ratiok(,/k;) (Figure 3B and

increasing the solvent viscosity of the reaction solution does Table 4). Likewise, a plot of k/ versus relative viscosity

not alter the measured kinetic constari2d)( The T48S,
N113A, and T190A mutants, like wild-type CHI, display a
kinetic dependence only when the microviscosity of the

provides the values df, and ks (Figure 3C and Table 4)
and indicates that product dissociatidg) {s not rate-limiting
for either the T48S, N113A, or T190A mutants. The quotient
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Table 4: Values of Kinetic Constants Derived from Solvent
Viscosity Effects

kk(M~ts )2 ky(minTh°  ky(min71)° ks (min~1)d
CHIe 5210000 1330 2736 33700
T48S 508000 2717 961 8760
N113A 460000 81 382 2282
T190A 417000 319 406 35200

ak,, determined from slope of fit (eq 2) in Figure 3B, 17). ® k-,
determined from intercept of fit (eq 2) in Figure 3BY, 17. ¢k,
determined from intercept of fit (eq 3) in Figure 3QQ]. ks,
determined from slope of fit (eq 3) in Figure 320j. ¢ Rate constants
for wild-type CHI were previously determine@®)(

Table 5: Solvent Isotope Effects for Wild-Type and Mutant CHI
with 4,2,4'-Trihydroxychalcong

by PV/K
CHI 1.01+0.01 1.46+ 0.09
T48S 1.06+ 0.03 1.35+0.01
T48A 1.26+0.01 1.08+ 0.04
Y106F 1.32+0.04 1.08+ 0.06
N113A 1.00+ 0.06 1.27+0.02
T190A 0.99+0.01 1.49+0.03

aAll values are meant SE forn = 3.

of kea/ Km andk; demonstrates that the reactions of the T48S,
N113A, and T190A mutants are 78%, 45%, and 77%
diffusion-controlled, respectively.

Effect of DO on 4,2,4-Trihydroxychalcone Cyclization
Catalyzed by Wild-Type and Mutant CHBolvent kinetic
isotope effects were determined using ' Zrihydroxy-
chalcone as a substrate for wild-type CHI and the T48A,
T48S, Y106F, N113A, and T190A mutants (Table 5). Wild-
type CHI and the T48S, N113A, and T190A mutants exhibit
D,0O effects onk../Km, while there is a substantial loss of
the D,O effect for the T48A and Y106F mutants. Moreover,
wild-type CHI and the T48S, N113A, and T190A mutants
do not display solvent kinetic isotope effects kg, while
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the asymmetric unit which lack the flavanone at the active
site, the water molecule that forms a hydrogen bond with
Lys97 remains in position, but no electron density corre-
sponding to the second water molecule that interacts with
Tyrl06 and the flavanone ketone oxygen is discernible.

The 2.85 A resolution crystal structure of the CHI Y106F
mutant exhibits alterations in the positions of several active
site residues (Figure 4D), and no electron density corre-
sponding to the active site water molecules is discernible in
the Y106F mutant. Although accurate depiction of the active
site water network is problematic given the resolution of the
Y106F structure, the three-dimensional structure of this
mutant confirms that mutation of Tyr106 to a phenylalanine
eliminates a hydrogen bond with the water molecule interact-
ing with the flavanone ketone oxygen without perturbing the
active site architecture. In addition, the position of'7,4
dihydroxyflavanone in the active site of the Y106F mutant
is nearly identical to the position first observed in the
structure of wild-type CHI complexed with the same fla-
vanone 8). In the structure of the Y106F mutant, Thr48
adopts the conformation originally observed in wild-type CHI
and the CHinaringenin complex®). In these instances, the
side-chain hydroxyl group points toward the water network
and not toward the ketone oxygen of the bound flavanone.
Interestingly, the)-guanido moiety of Arg36 shifts position
in the Y106F mutant structure following disruption of the
electrostatic interaction between this basic side-chain and
Asp200.

DISCUSSION

We have examined the contribution of two sets of
hydrogen bonds to the intramolecular cyclization reaction
catalyzed by CHI using steady-state kinetic analysis of a
series of point mutants. These functional studies and the
three-dimensional structures of the T48A and Y106F mutants
elucidate the contribution of hydrogen bonds to the reaction
mechanism of CHI.

the T48A and Y106F mutants again behave in an opposite Hydrogen Bonding with the Chalcon&HMydroxyl Group

fashion, showing measurable® effects onke:

Structures of the T48A and Y106F MutanBnce the
T48A and Y106F mutations had the largest effect on the

during Catalytic Turneer. The three-dimensional structures
of wild-type CHI complexed with naringenin (5,7-#i-
hydroxyflavanone), 7,4dihydroxyflavanone, and 7-hydroxy-

steady-state kinetic parameters of CHI and precipitated aflavanone indicate that Asn113 and Thr190 form hydrogen
change in the rate-limiting step compared to wild-type CHI bonds with the 7-hydroxyl group of the flavanone product
and the other mutants, the X-ray crystal structures of these(7, 8). Although the corresponding-#tydroxyl group of a
two CHI mutants were determined to evaluate potential chalcone substrate is not formally involved in the intramo-
structural alterations at the CHI active site. The overall three- lecular Michael addition, mutation of either Asnl113 or
dimensional structures of the T48A and Y106F mutants are Thr190 to an alanine has a large effect ke with each
similar to those of the wild-type CHF,4-dihydroxyfla- chalcone tested. Such effects indicate that these mutations
vanone complex8) with 0.41 and 0.38 A rms deviations of  eliminate potential interactions with the transition state of
the G, atoms, respectively. the reaction. Likewise, the pH-dependence of the N113A
The 2.3 A resolution crystal structure of the T48A mutant and T190A mutants supports this assertion. Experiments
reveals that substitution of an alanine for Thr48 causes no€xamining the pH-dependence of the nonenzymatic and CHI-
significant structural variations among the residues of the catalyzed cyclization of chalcones into flavanones demon-
CHI active site (Figure 4A). Although this mutation abrogates Strate that deprotonation of thé2ydroxyl group to yield a
formation of the hydrogen bond between the side-chain reactive oxyanion readily occurs in solutid @2-24). The
hydroxyl group of Thr48 and the flavanone ketone oxygen, observed effect of the N113A and T190A mutations on the
the flavanone observed in monomer C is positioned as in PKa 0f kear and notkea/Km in the cyclization of 4,24'-
the wild-type CH17,4-dihydroxyflavanone complex8). The trihydroxychalcone shows that interaction between these
major difference between the wild-type and T48A complexes residues and the substrate slightly polarizes the enzyme
is that both active site water molecules are missing in the substrate complex during the reaction.
structure of the T48A7,4-dihydroxyflavanone complex Previous studies show that the cyclization reaction cata-
(Figure 4B,C). However, in the other T48A monomers of lyzed by wild-type CHI is approximately 90% diffusion-
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FiGurRE 4: Active site comparison between wild-type CHI and the T48A and Y106F mutants. (A) Overlay of the active sites of wild-type
CHI complexed with 7,4dihydroxyflavanone (green, r&) and the T48A mutant (gold). (B) The active site hydrogen bond network of the
wild-type CHI-7,4-dihydroxyflavanone complex8]. (C) The active site hydrogen bond network of the T4BA-dihydroxyflavanone
complex. (D) Overlay of the active sites of wild-type CHI complexed with-djdydroxyflavanone (green, r&) and the Y106F mutant
(gold). Figure prepared with MOLSCRIPBY) and rendered with POV-RaB2).

controlled @). Although the N113A and T190A mutants step involving proton transfer to the overall reaction rate is
exhibit solvent viscosity effects similar to wild-type CHI, negligible. The observed effect oflK for wild-type CHI

the reduction irk.,: for each mutant suggests that a chemical and these two mutants likely results from the 23% higher
step has become more rate-limiting, as reflected in the viscosity of 3O over HO (25).

partially diffusion-controlled reactions of the N113A and The overall effect of the N113A and T190A mutations
T190A mutants (45% and 77% diffusion-controlled, respec- on turnover rate may derive from the loss in polarization of
tively). However, the observed solvent kinetic isotope effects the enzymesubstrate complex and/or from alterations in how
on V/K and notV for wild-type CHI and the N113A and the chalcone binds at the active site. The percentages of
T190A mutants indicate that the contribution of a chemical catalytically productive collisions offer support for the latter
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Ficure 5: Hydrogen bonds in the reaction mechanism of CHI. The roles of Thr48, Tyr106, Asn113, and Thr190 in the reaction mechanism
are shown for the cyclization of 4,2 -trihydroxychalcone into 7;4dihydroxyflavanone. Note that the substratdnidroxyl group becomes
the 7-hydroxyl group of the product.

hypothesis. The theoretical diffusion limit for a bimolecular limited one. This is evident from the solvent viscosity
reaction is 16-10° M1 s, At pH 7.5, roughly 5% Keaf experiments in which there is no alteration in kinetic
Km divided by 16 M~1 s7%) of the diffusional collisions  parameters for either mutant.

between wild-type CHI and 4,2'-trihydroxychalcone are The effect of BO on the steady-state kinetic parameters
catalytically productive §. With the N113A and T190A  also corroborates the solvent viscosity experiments. The
mutants, less than 0.03% of collisions between substrate andabsence of a solvent kinetic isotope effect\0K supports
enzyme are productive. Moreover, the effect of these the loss of diffusional control in the reactions catalyzed by
mutations on the substrate disassociation ratg) @nd the the T48A and Y106F mutants and supports the assertion that
rate of product releaséd) indicates that Asn113 and Thr190 a chemical step has become rate-limiting. The approximate
contribute differently to binding chalcones and flavanones. 1.3-fold decrease in turnover rate for both these mutants in
These results suggest that Asn113 and Thrl190 orient theD,O suggests that a proton transfer step in the reaction

substrate at the active site and position the reactive 2
oxyanion of the substrate in proximity to the5-unsaturated
double bond for the intramolecular cyclization reaction.
Role of Thr48 and Tyr106 in CatalysiStructurally, Thr48
and Tyrl06 form part of a hydrogen bond network that
includes two water molecules at the bottom of the active
site cleft and are strictly conserved in CHIs from other plant
species 7). The three-dimensional structure of CHI com-
plexed with naringenin and preliminary kinetic characteriza-

mechanism now partially contributes to limiting the reaction
rate.

The three-dimensional structures of the T48A and Y106F
mutants confirm that the overall positions of residues lining
the active site are not rearranged, with the exception of Arg36
in the Y106F structure, as discussed later. Substitution of
an alanine for Thr48 does not alter the position of the
flavanone in the active site complex, but this mutation may
affect the active site water structure. Although no water

tion of the Y106F mutant suggested that Tyr106 stabilizes a molecules are observed in the active site of the T48A
catalytic water molecule, which contacts the chalcone ketonemonomer with 7,4dihydroxyflavanone bound, the water
and may act as a general acid in the transient protonation ofmolecule that hydrogen bonds to Lys97 is present in other

the enolate intermediat&) Based on the structure of the
CHiI-naringenin complex, Thr48 appeared to help maintain
the structure of the active site water network (However,

T48A monomers of the asymmetric unit. In none of the six
monomers of the asymmetric unit is electron density corre-
sponding to the second water molecule observed. Likewise,

subsequent determination of the three-dimensional structuresn the Y106F mutant structure, no waters are observed at

of CHI complexed with 7,4dihydroxyflavanone, 7-hydroxy-

flavanone, and'4hydroxyflavanone revealed an alternative
conformation of Thr48 that allows the side-chain hydroxyl
group to directly interact with the flavanone ketone moiety,

the active site, despite the presence of Thr48 and Lys97,
which can interact with the first water molecule. The
resolution of the Y106F structure makes an accurate assess-
ment of the active site water structure problematic. Nonethe-

suggesting that this residue directly participates in catalysis less, these X-ray crystal structures verify that elimination of

(8).

key hydrogen bonds from the CHI active site correlates with

Comparison of the steady-state kinetic parameters of thereductions in the catalytic efficiency of the enzyme either

T48A, T48S, and Y106F mutants versus wild-type CHI
indicates that both Thr48 and Tyr106 facilitate the intramo-
lecular cyclization of chalcones into flavanones. Although
substitution of a serine for Thr48 is tolerated, the T48A and
Y106F mutants are catalytically impaired. Examination of
the effect of these mutations &g, andk../K, indicates that
Thr48 is more important for efficient catalysis than Tyr106.
These mutations, like the N113A and T190A mutations, only
slightly shift the K, of the enzymesubstrate complex. The
most dramatic effect of the T48A and Y106F mutants is the
change from a diffusion-controlled reaction to a chemically

through a loss of direct interactions with the substrate during
catalysis and/or by disrupting the active site water network.
Given the three-dimensional architecture of the CHI active
site, both explanations are likely entwined.

Reaction MechanisnCHI catalyzes the intramolecular
cyclization of chalcones intd§-flavanones with a 16fold
rate enhancement over the nonenzymatic cyclization &te (
10). The three-dimensional structure of CHI indicated that
the active site limits the conformation of the chalcone
substrate and brings the reactive centers of the chalcone
molecule, i.e., the'2oxyanion and a,3-unsaturated double
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bond, into proximity for catalysis7). The experiments  Biomedical Technology Program, and the DOE, Office of
presented here provide the first functional evidence that Biological and Environmental Research.

specific hydrogen bond interactions at the CHI active site

contribute to catalysis (Figure 5). REFERENCES

Examination of the steady-state kinetics of the N113A and
T190A mutants, combined with solvent kinetic isotope effect
and solvent viscosity effect experiments, demonstrates the
role of the interaction between these two residues and the
chalcone 4hydroxyl group. While not directly involved at
the site of catalysis on the chalcone, these hydrogen bonds
likely contribute binding energy to enhance the catalytic rate
(26—28). Likewise, steady-state kinetic experiments and
crystallographic examination of the T48A and Y106F
mutants confirm the importance of the hydrogen bond
network at the bottom of the active site for CHI-catalyzed
flavanone formation. Based on previous work § and the
experiments presented here, we propose that Thr48 directly
interacts with the ketone of the chalcone and that Tyr106
stabilizes the catalytic water molecule during transient
protonation of the intermediate enolate. Both these inter-
actions stabilize the transition state during the intramolecular
cyclization reaction.

Comparison of the amino acid sequences of CHI from 12.

1.

2.
3.

Bohm, B. A. (1998)Introduction to Flasonoids Harcourt,
Singapore.

DellaPenna, D. (199%cience 285375-379.

Muir, S. R., Collins, G. J., Robinson, S., Hughes, S., Bovy,
A., De Vos, C. H. R., van Tunen, A. J., and Verhoeyen, M.
E. (2001)Nat. Biotechnol. 19470-474.

4. Dixon, R. A., and Steele, C. J. (1999)ends Plant Sci. 4

5.

394-400.
Moustafa, E., and Wong, E. (196Phytochemistry 6625—
632.

. Hahlbrock, K., Zilg, H., and Grisebach, H. (197Byr. J.

Biochem. 1513-18.

7.Jez, J. M., Bowman, M. E., Dixon, R. A., and Noel, J. P.

8.
9.

10.

(2000) Nat. Struct. Biol. 7786-791.

Jez, J. M., and Noel, J. P. (20Q2)Biol. Chem277, 1361~
1369.

Jez, J. M., Ferrer, J.-L., Bowman, M. E., Dixon, R. A., and
Noel, J. P. (2000Biochemistry 39890-902.

Bednar, R. A., and Hadcock, J. R. (1988Biol. Chem. 263
9582-9588.

11. Northrop, D. B. (1981Annu. Re. Biochem. 50103-131.

other plant species suggests that these enzymes share a

common reaction mechanism. Conservation of Thr48, Tyr106,
and Asn113 occurs in all CHIs examined to datg CHls
from legumes have a threonine at position 190, but CHIs
from other plants have a serine at this position. Previously,
we suggested that this change may explain the difference in
substrate specificity between CHI from legumes and other
plants {); however, substitution of a serine for Thr190 does
not change the substrate specificity or steady-state kinetic
parameters of alfalfa CHI using a variety of chalcones (J.M.J.
and J.P.N., unpublished observations).

Finally, the observed movement of Arg36 toward thé-7,4
dihydroxyflavanone molecule in the three-dimensional struc-
ture of the Y106F mutant suggests that this basic residue
may have a role in catalysis. Crystals of this mutant only
grew at a higher pH (8.0) than used for previous crystal-
lization experiments, and the change in pH seemingly alters
the electrostatic interaction between Arg36 and Asp200. Each
of the previous structures of CHIF( 8) showed that the
0-guanido group of Arg36 and the carboxylate of Asp200
form an electrostatic interaction. In the conformation ob-
served in the Y106F mutant, the positively chargeglianido
group of Arg36 is in proximity to the aromatic ring of the
chalcone substrate bearing theoyanion. Currently, we
are exploring the potential role of Arg36 in the CHI reaction
mechanism.

ACKNOWLEDGMENT

We thank the Pollard lab for use of their spectrophotom-
eter, E. Dutil and S. Koenig for assistance during data
collection at SSRL, and C. Dana (Virginia Tech) for
providing a sample of 4,2',6'-tetrahydroxychalcone for
these studies. The SSRL Biotechnology Program is supported
by the NIH, National Center for Research Resources,

13.

15.

[y

6.
17.
18.
9

Otwinowski, Z., and Minor, W. (199 Wlethods Enzymol. 276
307—326.

Bringer, A. T., Adams, P. D., Clore, G. M., DelLano, W. L.,
Gros, P., Grosse-Kunstleve, R. W., Jiang, J. S., Kuszewski,
J., Nilges, M., Pannu, N. S., Read, R. J., Rice, L. M.,
Simonson, T., and Warren, G. L. (1998)ta Crystallogr. D54
905-921.

.Jones, T. A,, Zou, J. Y., Cowan, S. W., and Kjeldgaard, M.

(1993) Acta Crystallogr. D49148-157.

Loo, S., and Erman, J. E. (197ipchim. Biophys. Acta 481
279-282.

Dunford, H. B., and Hewson, W. D. (197Bjochemistry 16
2949-2957.

Brouwer, A. C., and Kirsch, J. F. (198Bjochemistry 21
1302-1307.

Blacknow, S. C., Raines, R. T., Lim, W. A., Zamore, P. D.,
and Knowles, J. R. (198&8iochemistry 271158-1167.

19. Cleland, W. W. (1990Enzymes (3rd Ed.) 199—-158.

20.
21.
22.
23.
24.
25.
26.

27.

28.

29.
30.

Kurz, L. C., Weitkamp, E., and Frieden, C. (198&ipchem-
istry 26, 3027-3032.

Grace, M. R., Walsh, C. T., and Cole, P. A. (19B®chem-
istry 36, 1874-1881.

Miles, C. O., and Main, L. (1985) Chem. Soc., Perkin Trans.
2, 1639-1642.

Furlong, J. J. P., and Nudelman, N. S. (1985Chem. Soc.,
Perkin Trans. 1] 633—-649.

Furlong, J. J. P., and Nudelman, N. S. (1988Chem. Soc.,
Perkin Trans. |} 1213-1217.

Walsh, C. (1979) iEnzymatic Reaction Mechanisme 121+
122, W. W. H. Freeman, New York.

Leatherbarrow, R. J., Fersht, A. R., and Winter, G. (1985)
Proc. Natl. Acad. Sci. U.S.A. 82840-7844.

Fersht, A. R., Shi, J. P., Knill-Jones, J., Lowe, D. M.,
Wilkinson, A. J., Blow, D. M., Brick, P., Carter, P., Waye,
M. M., and Winter, G. (1985Nature 314 235-238.

Wells, T. C. N., and Fersht, A. R. (198Bjochemistry 25
1881-1886.

Kraulis, P. J. (1991). Appl. Crystallogr. 24946-950.
POV-Team (1997) POV-Ray: persistence of vision ray-tracer;
WWW.povray.org.

B10255266



