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The Axial Tyrosinate F& Ligand in Protocatechuate 3,4-Dioxygenase Influences
Substrate Binding and Product Release: Evidence for New Reaction Cycle
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ABSTRACT. The essential active site ¥eof protocatechuate 3,4-dioxygenase [3,4-PCD, subunit structure
(0fF€¥)17] is bound by axial ligands, Tyr447 (18Y and His462 (1682), and equatorial ligands, Tyr408
(1083), His460 (16@), and a solvent OH(Wat827). Recent X-ray crystallographic studies have shown
that Tyr447 is dissociated from the ¥dn the anaerobic 3,4-PCD complex with protocatechuate (PCA)
[Orville, A. M., Lipscomb, J. D., and Ohlendorf, D. H. (199Bjochemistry 3610052-10066]. The
importance of Tyr447 to catalysis is investigated here by site-directed mutation of this residue to His
(Y447H), the first such mutation reported for an aromatic ring cleavage dioxygenase contaifiing Fe
The crystal structure of Y447H (2.1 A resolutioR;factor of 0.181) is essentially unchanged from that

of the native enzyme outside of the active site region. The side chain position of His447 is stabilized by
a His44191—Pro44& hydrogen bond, placing thed® atom of His447 out of bonding distance of the

iron (~4.3 A). Wat827 appears to be replaced by as€Qthereby retaining the overall charge neutrality

and coordination number of the ¥ecenter. Quantitative metal and amino acid analysis shows that
Y447H binds Fé" in ~10 of the 12 active sites of 3,4-PCD, but ks is nearly 600-fold lower than that

of the native enzyme. Single-turnover kinetic analysis of the Y447H-catalyzed reaction reveals that slow
substrate binding accounts for the decredsgd Three new kinetically competent intermediates in this
process are revealed. Similarly, the product dissociation from Y447H is slow and occurs in two resolved
steps, including a previously unreported intermediate. The firARCA complex (E9 and the putative
E-product complex (ES®) are found to have optical spectra that are indistinguishable from those of the
analogous intermediates of the wild-type enzyme cycle, while all of the other observed intermediates
have novel spectra. Once theSscomplex is formed, reaction with,@s fast. These results suggest that
dissociation of Tyr447 occurs during turnover of 3,4-PCD and is important in the substrate binding and
product release processes. Once Tyr447 is removed from &iarFthe final EPCA complex by either
dissociation or mutagenesis, the &tack and insertion steps proceed efficiently, suggesting that Tyr447
does not have a large role in this phase of the reaction. This study demonstrates a novel role for Tyr in
a biological system and allows evaluation and refinement of the proposédiiesygenase mechanism.

Protocatechuate 3,4-dioxygenase (EC 1.13.11.3) (3,4-the intradiol-cleaving catecholic dioxygenase class. 3,4-PCD
PCD}) catalyzes the cleavage of,@nd concomitant ring  enzymes isolated from at least 10 different classes of bacteria
opening of protocatechuate (3,4-dihydroxybenzoate, PCA) have been shown to be composed of between 4 and 12
to yield g-carboxyeis,cissmuconate §-CM) which contains protomers, each with am3Fe** subunit structure. Extensive
both oxygen atoms from Lfor a review, see ret). The spectroscopic studies (for reviews, see tefgl) of several
enzyme has been the most thoroughly studied enzyme ofof the enzymes and crystallographic studiés &) of the
enzyme isolated fronPseudomonas putidg@ormerly clas-
sified asPseudomonas aerugindghave shown that the iron
is bound in thef subunit in a five-coordinate trigonal
bipyramidal ligand environment with Tyr43and His462
as the axial ligands and Tyr408, His460, and a OH
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Ficure 1: Structure of the active site region of 3,4-PCD with PCA bound from crystallographic st@jli€&hpwn in white for reference
is the position of Tyr447 in the active site structure determined in the absence of ®CBatkbone carbon atoms from tleand
subunits are colored red and green, respectively. Prepared with MID@8S from the Computer Graphics Laboratory of the University
of California, San Francisco (supported by NIH Grant RR-01081).

(WatB827) as the equatorial ligands (Figure 1). The burgundy the C4-phenolate group, thereby displacing or shifting
color of the enzyme is a consequence of ligand to metal Wat827 and converting the coordination geometry to octa-
charge transfer (LMCT) from the tyrosinate ligands to the hedral. Finally, the substrate is thought to shift to a chelate
iron (reviewed in ref2 and 3). The optical spectrum is  structure in which the C4-Odisplaces Tyr447 from an axial
relatively broad because Tyr408 and Tyr447 contribute ligation site, the C3-OH is deprotonated and binds in the
discrete LMCT bands at about 435 and 525 nm, respectively equatorial plane, and solvent is displaced if it remained bound
(9). Wat827 extends into the active site and is displaced by in the previous step.
substrates and some inhibitors as they bind to the enzyme There are relatively few well-characterized examples of
and theiron. . the displacement of an endogenous ligand in metalloproteins.
As illustrated in Figure 1, our recent crystallographic The strycturally defined examples include (i) the carboxylate
studies of a range of inhibitor and substrate complexes of ghift opserved in binuclear iron enzymes such as ribonucle-
3,4-PCD show that substrate binds as arff'Fehelate,  qige reductase and methane monooxygenase (reviewed in
displacing the equatorial OHand axial Tyr447 ligands o512 and13), (i) dissociation of the oxo ligand and the
(7,10, 11). The displaced ligands are both anions and appeargitt of the dithiolene S ligands to the molybdopterin cofactor
to function as active site bases to facilitate deprotonation of | iin dimethyl sulfoxide reductase upon two-electron

PCA so that it can bind to the Fein the dianionic state,  reqyction (4), (iii) expansion of the iron coordination sphere
thereby maintaining the zero net charge of the iron center.;, .o superoxide dismutase upon azide (a substrate
The binding of substrate also converts the iron coordination analogue) binding1), (iv) displacement of GIn330 from
geometry to five-coordinate octahedral with a vacant site in the coordination by su,bstrate binding to thé'Fef isopeni-

the equatorial plane adjacent to the substrate binding Site'cillin N-synthase 16), and (v) the ligand switching at both
The crystal structures of several monohydroxybenzoate homes of cytochromed nitrite reductase during catalysis

inhipitor qomplgxes of 3,4-PCD_reveaIed many possiple (17, 18). However, 3,4-PCD, perhaps better than the other
binding orientations for substrate-like molecules in the active examples, defines the role of exogenous ligand binding in

site, but no dlsplaggment of the axial Tyr447. Viewed the alteration of the iron coordination sphere and correlates
together, these inhibitor and substrate complex structure

. . *Sthese to the function of the enzyme.
provide structural models for a reasonable series of steps in . :
the substrate binding process. Substrate is postulated to enter, 1€ displacement of Tyr447 in 3,4-PCD upon substrate
the active site to form a weak complex away from the iron, Pinding in the enzymesubstrate complex at equilibrium
and then form a monodentate complex with the iron through "&iS€S t_he guestion of whether_ thls d|splacemer_1t occurs during
catalysis. One way to test this is to characterize the enzyme
3The amino acid residue numbering scheme is from the refined structure and catalytic properties after replacing Tyrd47 with

structure of 3,4-PCD as isolated frdPnputida(6): a subunit (residues  Other amino acids by site-directed mutagenesis. Although
1—-200) andp subunit (residues 361538). random mutagenesis has been successfully applied to 3,4-
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PCD isolated fromAcinetobacter calcoaceticud9), site- tetracycline, 15ug/mL for pALTER derivatives, 2%g/mL
directed mutagenesis and characterization of the recombinanfor pKMY319 derivatives inE. coli, or 150 ug/mL in P.
mutant forms have not been reported. We recently cloned, fluorescens Lactose phenotypes were screened as previously
sequenced, and overexpressed the 3,4-PCD Roputida described Z0).

(20). Physical, spectroscopic, and kinetic characterization  Transformations and matings were as previously described
showed that this recombinant 3,4-PCD is essentially indis- (20) except that transconjugants were selected atG0on

tinguishable from the natural enzyme, showing that this is Hutner's minimal media supplemented with 0.2% glucose
an excellent system in which to pursue site-directed mu- and 150ug/mL tetracycline.

tagenesis stud|es._ i _ . Site-Directed Mutagenesis.The procedures used for
Here we d_escnbe thg f|r§t construction and extensive cloning and plasmid manipulations were as previously
characterization of a site-directed mutant for an*’Fe  gescribed 20). Restriction endonucleases and modifying
containing aromatic ring-cleaving dioxygenase. It is shown enzymes were supplied by New England Biolabs and
that exchange of histidine for Tyr447 causes little change in Promega. All restriction digests and DNA modifications
the overall structure of the enzyme, but it does dramatically \yere carried out as recommended by the supplier. All
alter the spectra and catalytic parameters of 3,4-PCD. yytants were made using the Altered Sites kit purchased
Evaluation of the transient kinetics of turnover as well as fqm Promega Inc., following the manufacturer’s protocol.
the spectra of both the substrate complex and the reactiontpe pALTER-1 plasmid was engineered to produ@stll
cycle intermediate complexes suggests that the major catasjie in the SP6 promoter just downstream of the multiple
lytic changes occur in the substrate association and productdoning site using an oligonucleotide having the sequence
release phases of the catalytic cycle. The oxygen insertions _cTTGAGTATTCTATAGGGTGACCTAAATAGCTTG-
reaction itself appears to remain relatively unaffected, 3 positive clones were identified by digestion WBBEII.
consistent with the proposal that the ligand in question is gpe clone, containing both ampicillin and tetracycline
displaced during the oxygen insertion steps of the cycle. (asistance as well as thBsEll site, was designated
Several new intermediates of the catalytic cycle are revealedyr\wE117. TheBsEll-containing 470 bpClal—Pst frag-
due to the decrease in the rate of the substrate binding amﬁ]ent from pRWF117 was cloned back into pALTER-1,
product release processes. These intermediates are consisteateating pRWF119. Plasmid pRWF120, the template for

with the stepwise substrate binding process suggested by th‘?nutagenesis, was constructed by cloning BeEll—Sal
structural studies of inhibitor complexes described above. fragment from pRWF115 into pRWF119.

EXPERIMENTAL PROCEDURES 'The Y447.H mutant was made using pRWF120 and an
oligonucleotide having the sequence@CCGGGCCCG-
Chemicals and Standard Procedureall chemicals used = CACCCCTGGCG-3which is complementary to the non-

were reagent grade quality or better and were obtained fromcoding strand except at the single base mutation in the
either Sigma or Aldrich Inc. Protocatechuate (PCA) was tyrosine codon, TAC. Potential mutants were screened by
recrystallized from distilled water and dried under a vacuum sequencing the DNA as described below (see DNA Sequenc-
in a sealed desiccator. Glass-distilled water was used in alling). A clone, designated pRWF133, containing the desired
buffers, while water treated by reverse osmosis was used inmutation was completely sequenced over BsEIll—Sal

the growth media. Anaerobic sample handling techniquesregion to ensure that secondary mutations were not intro-

have been described previousRaij. duced. TheBsEll—Sal fragment from pRWF133 was
Strains and PlasmidsAll recombinant expression was ~subcloned to pRWF115 in place of the wild-type fragment.
performed inPseudomonas fluoresceASCC 17557. Es- A clone, containing the mutant fragment, was identified by

cherichia coliJM109 has the genotypndA1l recAl gyr96  DNA sequencing and designated pRWF156. Expression
thi hsdR1{r«~, mk™) relAl supE44i~ A (lac-proAB [F' plasmid pPRWF158 was constructed by cloning @lal—
traD36 proA'B* lacld ZAM15]. E. coli RR1 has the Xhd fragment from pRWF156 into the broad-host range
genotype F mcrB mrr hsdS20s~ mg~) leuB6 recA hisB  expression plasmid pKMY319.

ara-14 proA2 lacY1 galk2 xyl-5 mtl-1 rpsLgi) supE44 DNA Sequencing Potential Y447H subclones were
A~ (22). E. coliECY5058 is strain HB101hsd20 recA13  screened and verified using the dideoxy method of DNA
proA2 leuB6 thi-) (23) carrying pRK2013 24). E. coli sequencingd7) as previously describe@().

BMH 71—18 mutS has the genotypiéi SUPEA (lac-proAB Western Analysis. Antibodies against 3,4-PCD were
[mutS:Tn10] [F proA'B" lacl® ZAM1S]. prepared by Bethyl Laboratories from dissolved crystals of
Plasmid pKMY319 was kindly provided by K.-M. Yen  p_ putidawild-type 3,4-PCD. Cultures were grown in either
of Amgen Corp.25). Plasmid pRWF115 and the expression  terrific broth (TB, 1.2% tryptone, 2.4% yeast extract, and

vector for 3,4-PCD, pRWF113, were constructed as previ- 70 mM KPQ, at pH 7.0) 28) or Hutner's minimal media
ously described20). Plasmid pALTER-1 was purchased supplemented with 0.5% glucose. Salicylate was added to
from Promega as part of the “Altered Sites Mutagenesis” 0.35 mM, while p-hydroxybenzoate was added to 5 mM
kit. when indicated by the protocol described. Cell extracts were

Culture Conditions. All E. coli strains were grown in  prepared and denatured and companion gels stained as
Luria broth (LB) at 37°C. Pseudomonas fluoresce#dsTCC previously described2Q). SDS-polyacrylamide gel elec-
17557) was grown in either LB or Hutner’'s minimal media trophoresis (Page) of-520 uL of protein extract per lane
(26) supplemented with 1% glucose at 30. Antibiotics was performed using a constant voltage (200 V) via standard
were used in selection media at the following concentra- techniquesZ9) and a Bio-Rad Mini Protean Il system at 4
tions: ampicillin, 150ug/mL; kanamycin, 5Q:g/mL; and °C.
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_Electrophoretically resolved _proteins were transferred 10 Table 1: Purification Summary of Recombinant 3,4-PCD
nitrocellulose membranes, which had been pretreated with

total specific

transfer buffer [25 mM Tris (pH 8.3), 192 mM glycine, and volume activity protein activity — -fold %
20% methanol], at 100 V (constant) and°€ for 1 h. step (mL) (UmL) (mg) (U/mg) purification yield
Membranes were processed as described in the Biorad goagell-free extract 740 137 18460 0.55 0 100
anti-rabbit antibody horseradish peroxidase (GAR-HRP) kit. ggzjo Ewg% liigg lé.i 18%8 8.31 %g gf
_ _ i (] 2 . . .

3,4 PCD. challenged _rabblt sera (IlgG) was added and theDEAE_Sephalrose 230 267 2760 292 4 61
mixture mcuba.ted W|th shaklng at room temperature for octyl-sepharose 130 383 360 13.8 25 49
2—20 h in antibody dilution buffer (Biorad). After the phenyl-Sepharose =~ 80  51.1 110 37.2 68 40

mixture was treated with a blocking solution [20 mM Tris aBased on 300 g of wet weight cells.
(pH 7.5), 0.5 M NaCl, and 3% gelatin], GAR-HRP was
added and the mixture incubated as above. Detection of

cross-reactive proteins involved incubating membranes até] 4a;zg:l)ow| r?tzcg(z\.s bidlvolrl:éng geli/lhorl;l’]r[:n Rn?C%mb'ﬂa?t
room temperature for 0.5 h in fresh color development 227 eluted betwee a ; ammonium suffate.

: : ; The pooled octyl-Sepharose fraction was loaded onto a
- 0 - -
i?::g';r?tr(ﬁ)-rns buffered saline, 0.015%3;, and 4-chloro phenyl-Sepharose CL4B column (2.5 cn20 cm) equili-
Growth and Expression. P. fluorescensntaining either \?vr:;e\?v;r;r?:gh\e/\;i@] %%%OJL“/(L]S'\;?%S(%?“A tagrgh?e'\r/lmztu[ rle
PRWFL13 or pRWFL58, was grown in 45 L carboys SO, the protein was eluted with a linear radient (500 mL
containing Hutner's minimal media supplemented with 1% ' P g

: . of buffer A and 0.7 M (NH),SO, to 500 mL of buffer A) at
glucose, 150ug/mL tetracycline, and 3.5 mM sodium . i
salicylate. A 5 mL overnight culture oP. fluorescens a flow rate of 0.5 bed volume per hour. Recombinant 3,4

carrying recombinant 3,4-PCD expression constructs, WaSEgEtiglnuste\?ve?gwgizg 2§5ar?gd gb?e'c\j/l :;ngggé:?edsuggg%e
used to inocula 1 L of thesupplemented Hutner's minimal Y P '

media. The culture was grown overnight to an optical Zog?r;';'{‘ ?V\;dc;a(l%s;sn(t?geﬁ4(§)fogu[;fae:ngletﬁjelaérr]r;asr,:ecg\tlggf)
density of greater than 2.0 (at 550 nm) with shaking at 30 9 ng . ’ yme wa

N . concentrated using an Amicon concentrator (15 psi) with a
C. A 0.5 L volume of the culture was used to inoculate YM-100 filtration membrane. Pure, concentrated prepara-
each carboy. Details of aeration, harvesting, and storage X ' prep

were as described previousBQj except that the temperature 't&otns w elre frg;.zerty n |.IQUId hitrogen dgndet&re(i—%O C.

was maintained at or below 3C. During log phase growth, ypical puriication 1S summanze n fable - .

significant amounts of acidic byproducts were produced and ENZyme Assays and Protein Analysinzymatic activity

this required frequent neutralization Wi N NaOH. (W|Id-type), protein concentrations, and iron quantitation were
Purification of Recombinant 3,4-PCDsAll purification determined as previously describef, Since the mutants

steps were carried out at°€. Approximately 3068-500 g demonstra_tgd (_extrt_emely low activity, assays for the enzyme

(wet weight) of bacteria was resuspended in 2 volumes during purification involved SDSPAGE (12.5% homoge-

(W/v) of buffer A [50 mM Tris-HCI (pH 8.5) and 10 mM neous) using a Pharmacia Phastgel system. Fractions were

p-mercaptoethanol]. Bacteria were disrupted by sonication Pe0l€d by visual estimation of quantity and purity from
as previously describe@(): the suspension was diluted to  Standard Coomassie or silver staining procedures.

1 L with buffer A and centrifuged in JA-17 rotors (Beckman) Product Identification A quartz cuvette was filled with

at 17 000 rpm (3550Qg) for 90 min. While a pH of 8.5was 987 uL of 50 mM Tris-HCI (pH 7.5) and 1L of enzyme
maintained by additionfo6 N NaOH, the cell-free extract ~ (native 3,4-PCD, 0.3 mg/mL; and Y447H 3,4-PCD, 15.0 mg/
was brought to 35% saturation in (WSO, and centrifuged ~ ML). PCA was added to a final concentration of 140

in a JA-10 rotor at 10 000 rpm (139@0for 60 min. The  for the wild-type 3,4-PCD and 18@M for Y447H. Reac-
supernatant was brought to 55% saturation with NGO, tions were followed optically until no further changes were
and centrifuged as above. The (§EBO, pellets were observed and are reported as difference spectra to remove
resuspended ir 1 L of buffer B [20 mM Tris-HCI (pH 8.5)  the absorbance due to the enzyme.

and 10 mMg-mercaptoethanol] until the conductivity was Steady-State KineticsThe Ky andVyax were determined
less than 7.5 mS (Radiometer CDM83 conductivity meter). from a series of initial velocity measurements at increasing
The extract was loaded onto a DEAE-Sepharose fast-flow substrate concentrations. The constants were obtained by
column (4.8x 16.5 cm) equilibrated in buffer B and washed nonlinear regression fitting of the initial velocity data to the
with 750 mL of buffer B and 75 mM NaCl. The protein Michaelis—-Menten equation using the program KFIT de-
was eluted with a linear gradient (1.5 L of buffer B and 75 veloped by N. C. Millar (Nmillar@thenet.co.uk). Reactions
mM NacCl to 1.5 L of buffer B and 250 mM NacCl) at a flow  were carried out in 1 mL of 50 mM Tris at pH 8.5 and 25
rate of 0.5 bed volume per hour. Recombinant 3,4-PCD °C using a GBC UV/visible spectrophotometer. The initial
eluted between 150 and 190 mM NacCl. Fractions containing velocities were determined from linear least-squaresd regres-
greater than 20% of the peak activity were pooled. The sion analysis of the decrease in PCA absorption. However,
DEAE pool was brought to 1.5 M (Nf£SO,, centrifuged since both PCA{ = 3870 cm! M%) and the productA-

in a JA-10 rotor at 10 000 rpm (139@Pfor 30 min, and CM, € = 1590 cm* M) (30) absorb light at 290 nm, the
loaded onto an octyl-Sepharose column (2.5xr80.5 cm) observedAAyq per second was divided by the difference
equilibrated in buffer A and 1.5 M (NpLSO,. After the between the extinction coefficientd¢ = 2280 cmt M 1).
mixture was washed with 300 mL buffer A and 1.5 M In assays where [§ was varied at several fixed PCA
(NH,).S0O,, the protein was eluted with a linear gradient [750 concentrations, the reaction buffer containing either purified
mL of buffer A and 1.5 M (NH),SO, to 750 mL of buffer native 3,4-PCD (5L of a 1.6 mg/mL solution) or purified
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Y447H (_5/“L of a_lOO mg/mL SOIUtiO_n) was equilibrated Table 2: Summary of Data Collectidband Model Refinement
with a mixture of air and nitrogen ranging from 0.5 to 100%

air. The reaction was initiated with 4L of 90 mM

Data Collection

anaerobic PCA. For assays in which PCA was varied (30 [szr',‘iffe'}f[;tﬁff;f& 129'%4, 127.2,134.6, 97.7

uM to 6 mM) at a fixed oxygen concentration-250 uM ¢ (A) andg (deg)]

0,), 5 uL of enzyme (WT, 1.6 mg/mL; and Y447H, 100 total observations (unique) 333815 (161689)

mg/mL) was used to initiate the reaction. E_";j:;phou 10 native 8:%2 (0.107y
Dissociation Constant Measurement&naerobic Y447H fraction of data (resolution shell) 0.78 (32.1 A)

(4.8 uM; 50 uM iron sites) in 50 mM Tris-HCI buffer (pH . 051(2.2-2.14)

8.5) was mixed with aliquots of anaerobic PCA (0.75 mM  2verage intensityfo(1)] 18 (10-2.1 Ay

stock solution), and the optical density at 450 nm was i A Model Refinement

recorded after a 10 min incubation. The fraction bound was igﬁg;}gonnsrmﬂg (> 2) 01y 12'29529'2

determined as the ratio of the change in optical density R-factor o 0.18 (6.0-2.1 A)

relative to the maximal change after adding a large excess 0.25(2.2-2.1A)

of PCA. This was plotted versus the free concentration of ~ Ms deviation fro? ideal

PCA and fit as a regular hyperbola using nonlinear regression ggnsg Egggzés )( A) 0(')1532

analysis to yield th&kp value. The free concentration of bond angles (deg) 31

PCA was calculated from the total concentration of PCA  number of non-hydrogen 20502

added, the fraction bound, and the total number of active protein atoms

. . il number of solvent O atoms 1428
sites present. The latter was determined by quantitative meanB values (&)

analysis of the total iron using inductively coupled plasma o subunit 23.7

emission spectroscopy (Soil Sciences, University of Min- B subunit (F&") 16.6 (17.3)

nesota). Previous experiments indicate that the amount of  solvent (carbonate) 18.4 (18.6)

iron present but not in active sites is very 00 2Data from one crystaP WeightedRmerge = [SnuXi[(li — GG:)/

Dissociation constants for the wild-type recombinant enzyme o173 n3.(li/0i)’]*% where, for observationof reflectionhkl, ; is the

were determined simi ; ; obse_rved intensityjﬂlllis its mean ir_lte_nsityGi is the scaling function
similarly except that the active sites applied, ands; is the standard deviatiofi Absolute Rnerge = > il

concentration was 2sM. — GG/ Y Y ili- @ Rsomorphous = Y il Fyaazn — Fwrl/3 naFwr, where
Spectroscopy Optical analyses were as previously de- Fvasn andFwr are the structure factors for t.he 3,4-PCD as isolated

scribed p0). PCA was introduced anaerobically to anaerobic oM t/he Y447H mutant and wild-type, respectivelyr-factor= 3 nlFo

3,4-PCD. Spectra were collected at concentrations of — Fel/2 e

substrate or inhibitor which saturated the enzyme &t4

Stopped-Flow Absorption Spectroscopy ExperimeAis RESULTS

data were collected at 23C as described elsewher8lj Bacterial Cell Growth and Recombinant Enzyme Purifica-
using an Update Instruments stopped-flow device. EXperi- tion. In our previous study of the cloning and expression
mental parameters are given in the figure legends. Absor-of 3 4-PCD, Proteus mirabiliswas used as a host for
bance changes were monitored with either a diode array expression because it contains no endogenous 3,4-P@D (
detector (Princeton Instruments) or at a single wavelength However, very high levels of salicylate were required for
using a conventional photomultiplier detector. Pseudo-first- optimal induction, leading to poor cell growth. After further
order conditions were established for each reaction. The datastudy,P. fluorescensvas identified as a strain &fseudomo-
were analyzed by fll'tlng to mUItlple exponential phases USing nasreported to be |acking an endogenous 3,4-P@D, (and
nonlinear regression analysis as described previoldly ( this was subsequently verified by enzyme assay and Western
Crystallization and X-ray Diffraction Crystals of the  analysis (see below)P. fluorescensharboring expression
Y447H mutant 3,4-PCD were obtained by vapor diffusion plasmid pRWF113, has proven to be a superior host for
with (NH4).SO; as the precipitant at 4C following previ- expression, yielding higher levels of cell growth and twice
ously reported procedure§)( X-ray diffraction data col-  the recombinant enzyme activity at lower inducer concentra-
lection and processing were according to Orville et &) ( tions.
(Table 2). Model refinement was carried out in two phases The a and  subunits of recombinant 3,4-PCD were
with PROTIN/PROLSQ 32, 33) on a Cray YMP or C90  apparent following PAGE and Western analysis of cell
supercomputer. The model for the first refinement phase extracts fromP. fluorescensontaining pRWF158 (Figure
was derived from the wild-type 3,4-PCD structu® (n 2). Figure 2 also demonstrates that, under a variety of growth
which all solvent molecules in the active site were removed conditions known to induce 3,4-PCIP. fluorescensex-
and Tyr447 was replaced by His. The second phase ofpresses no proteins that cross-react with 3,4-PCD polyclonal
refinement included several additional active site solvent antibodies, suggesting th& fluorescensontains no en-
molecules and th8-mercaptoethanol modification at Cys429  dogenous 3,4-PCD. Accordingly, no 3,4-PCD activity was
(10), as well as either (i) a solvent molecule, (ii) a 0 detected under these growth conditions. 3,4-PCD was
molecule, or (iii) a C@ molecule coordinated to the iron. detected only inP. fluorescenscarrying pRWF113 and
There were no irortligand bond distance restraints during induced with salicylate (Figure 2). These data show Ehat
the refinements. The stereochemical quality of the final fluorescengan be used as a host for high-level expression,
model (Table 2) was assessed with WHAT CHEG34)( purification, and characterization of recombinant 3,4 PCDs.
Figures 5 and 11 were prepared with MOLSCRIB®)(@nd Purification of the recombinant wild-type enzyme as
MINIMAGE/MOLSCRIPT (36). described in Experimental Procedures results in a 68-fold
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1 2 3 4 5 6 7 8 9 activity of the mutant enzyme was very low. This neces-
sitated assay of column fractions by PAGE in the early stages

of purification. Apparently homogeneous Y447H 3,4-PCD
was obtained (Figure 3) and crystallized (see Experimental
Procedures).
- General Characterization Y447H catalyzes the formation
of the normal-CM product from oxidation of PCA as
revealed by its characteristic UV spectrubgd = 230 nm,
isosbestic point vs PCA spectrum, 281 nm), albeit at a greatly
decreased rate relative to that of the recombinant wild-type
—— — enzyme (data not shown). No evidence for any product other
than 5-CM was observed. In particular, the characteristic
yellow-colored products of ring cleavage outside the vicinal
hydroxyl groups were not observed, showing that the
fundamental catalytic specificity of the wild-type enzyme is
FIGURE 2: Western blot of cell-free extracts from fluorescens ~ Maintained. The enzyme activity of Y447H was monitored
grown in the presence of various carbon sources under inducingboth by Q uptake using an oxygen electrodgB) and by
and noninducing conditions for 3,4-PCD. The presence of 3,4-PCD the rate of decrease of the characteristic 290 nm optical
is indicated by the two low-molecular mass bands from the similarly |\, 5vimum of PCA. Both assay methods gave the same

ﬁggnggfgrzwnumﬁgngntg %%%ndmmogé?fng 'Sn;ﬁgy:;g? éll;'e o specific activity and the same absolute utilization of the two

P. fluorescengrown in TB; lane 3P. fluorescengRWF113 grown substrates, showing that the mutation does not uncouple the
in TB and 0.35 mM sodium salicylate; lane B, fluorescens strictly stoichiometric Q utilization and substrate oxidation
pRWF113 grown in TB; lane . fluorescengrown in Hutner's characteristic of this enzyme class.

minimal media and 0.5% glucose and 5 mM 4HBA; laneP6, — . .
fluorescengrown in Hutnerqs minimal media and 0.5% glucose; The kinetic parametgrs for wild-type and recomblnant 34-
lane 7,P. putida(ATCC 23975) grown in Hutner's minimal media  ~CD are compared with those of Y447H in Table 3. The
and 0.5% glucose and 5 mM 4HBA,; lane B, putida (ATCC wild-type and recombinant enzymes are comparable in their
23975) grown in Hutner's minimal media and 0.5% glucose; and values ofKy for PCA and Q, as well as in theik., values
23975). exhibited a 10-fold loweKy pca value and an approximately

1 2 3 600-fold lowerkgy at 25°C. Thekgy calculation is based

on the number of iron-containing active sites present in the

MW, kDa

enzyme. For the wild-type enzyme, there are less than 12
66.0 -] = functional active sites per holoenzyme as observed in the
4501 crystal structure because only about half bind"H89). In
ridll . —_ (I./B contrast, F& is bound in greater than 80% of the active
36.0 -| v sites of the purified Y447H mutant holoenzyme. The ratio
29.0 -| of kear 1o Ky pca provides a measure of the efficiency of the
enzyme. The wild-type and recombinant enzymes have a
keaf Km pca Within approximately 2 orders of magnitude of
280- 1 G5 === e |— B the diffusion-controlled limit, whereas the mutant is-45
- | — 0O 50-fold less efficient. The Y447y for O; is too low to
2011 &8 ; be determined directly by our methods, but it is certainly
I lower than 6uM as indicated in Table 3. Thus, it is likely
142 -] o> that theKy for O, is also at least 10-fold lower than that
observed for the wild-type enzyme.

- _ Optical Spectrum of the Y447H MutantThe optical
FIGURE 3: SDS-PAGE (9-18%) gel of purified Y447H and wild- ~ gpectrum of the Y447H mutant enzyme shown in Figure 4

type 3,4-PCD: lane 1, molecular mass markers (Sigma Inc., Dalton S ; ; ; :
Mark VII-L): lane 2, Y447H (1ug); and lane 3, purified wild-type (solid line) is bleached in the 4600 nm region relative

3,4-PCD (1ug). Thea (22 kDa) and3 (25 kDa) subunits of 3,4- to that of the wild-type enzyme (dotted Ime_$9). The
PCD are apparent along with a lesser amount ofoiAgorotomer spectrum of the yellow mutant enzyme exhibits spectral
typically observed under the conditions used here. shoulders at 410 and about 690 nm. The bleached spectrum
in the 466-700 nm range is expected on the basis of the
purification and~40% recovery (Table 1). The protocol loss of one tyrosine from the iron ligation sphere.
yields apparently homogeneous preparations as shown in Structure of the Y447H MutantThe Y447H mutant 3,4-
Figure 3. The physical and kinetic parameters of the PCD crystallized isomorphously to the wild-type enzyme.
recombinant enzyme obtained froR. fluorescenswere Analysis of the structural data shows that there are no
essentially indistinguishable from those of the natural enzyme significant differences between the wild-type and the Y447H
purified from P. putida (Table 3) or recombinant enzyme mutant 3,4-PCD outside the active site. The initial averaged
purified fromPr. mirabilis (20). Purification of the Y447H  (|Fyas7dl — |Fwrl)e WD Fourier maps contoured at50
mutant enzyme was completed using the same protocol.for the Y447H mutant active site region are shown in Figure
Although Western analysis showed that comparable amountsba superimposed on the structure of the native enzyme. The
of wild-type and mutant enzyme were expressed, the specificlargest negative feature in the map is a consequence of the
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Table 3: Comparison of Physical and Kinetic Propetties

KealKm pca mol of F&t/
enzyme Kp pca (uM) Kwm pca (uM) KM oxygen (M) keaf (571) (x1FM1sh mol of PCD
natural 3,4-PCPB 10 30 40 70 2.33 6
recombinant WT 10 29 56 68 2.34 6.5
mutant Y447H 40 2.9 <gd 0.12 0.05 105

2 At 25 °C. P Normalized to the number of active sites that contaifir FeAdapted from refl. ¢ Maximal velocity did not change significantly
from 250 to 20uM oxygen, suggestingiy < 6 uM.

0.8 putative carbonate anion asymmetrically chelates the iron
in a manner similar to that observed for PCA in the anaerobic
3,4-PCDPCA complex of the wild-type enzyme. The short
Fet*—carbonat€! bond is trans to His46%2, whereas the
longer F&t—carbonat€? bond is trans to Tyr4(8. This

is similar to the distortion in the PGA€e*" chelate complex

of the wild-type enzyme™); however, the resulting asym-
metry of the carbonate chelate is more extreme than that in
the PCA complex. The bond distances and bond angles
suggest that the axial ligand axis of the trigonal bipyramidal

. . . e coordination sphere is aligned with the Tyr#08and

350 450 550 650 750 .
2
Wavelength (nm) carbonat€ Ilgands.

Ficure 4: Comparison of the optical absorption spectra of Y447H ~ Electrostatic neutrality on the ferric ion in the Y447H

and wild-type 3,4-PCD. The enzyme and complexes were preparedmutant is maintained by assuming that the bound form is
in 50 mM Tris-HCl at pH 8.5 under anaerobic conditions: Y447H COz?~. This is also consistent with the presumption that
(145uM Fe** sites) as isolated (heavy solid line) and E'“_S 1 MM the large positive electrostatic potential adjacent to the iron,
PCA (light solid line) and wild-type enzyme (148/ Fe*" sites) due in large part to the guanidinium group of Arg457, would

as isolated (dotted line) and plus 1 mM PCA (dashédited line). gep 9 group gaof,

disfavor additional positive electrostatic potential on the

Tyr447 to His447 mutation and clearly suggests that, in Metal center. Hydrogen bonding to the axial and equatorial
contrast to Tyr447, His447 does not coordinate the iron. In 0XYgen atoms of the carbonate appears to stabilize the iron
addition, the bound hydroxide molecule, Wat827, has either in the active site relative to the wild type. Indeed, the thermal
dissociated or shifted to a new coordination site on thig.Fe  factors for the iron in the mutant (17°Aare 2-fold lower
The locations of the five coplanar solvent molecules normally than those in the wild-type structure (34)A6). This may
found within the active site cavity have also been shifted. @S0 corroborate the observation of greater iron incorporation

After the first phase of refinement (see Experimental N this mutant relative to that in wild-type 3,4-PCD based

Procedures), a large positive feature in fiig — |F| electron upon elemental analysis.
density maps clearly indicated the presence of an exogenous The structure of the polypeptide backbone around the
ligand to the active site iron (not shown). The peak intensity mutation site is essentially unaltered relative to the wild-
of this difference feature in the average difference map wastype structure. Because His residues are shorter than the
approximately 26. In contrast, the peak difference intensity Tyr residues, His447 cannot coordinate the iron, and
typical of solvent molecules in the active site, but remote consequently, His447? and His44 ! participate in hydro-
from the iron, was between 4 an@.8 A solvent molecule  gen bonding with carbonéte and Pro448, respectively
was placed into each of these difference features in the active(Figure 5c). These interactions suggest a positive charge
site as well as the 20peak adjacent to the iron. Two on His447 and stabilize the side chain in an orientation
additional models were also independently refined, each with between the positions of Tyr447 in the uncomplexed and
either a S@* or a CQ? molecule placed into the 20 anaerobic PCA complex, respectively, of the wild-type 3,4-
difference density rather than the solvent molecule. Each PCD (Figure 5¢). The carbonate O1 atom is 1.8 A from the
model was refined to equivaleRtfactors, but the averaged Fe*t, forms a 108 His460'>—Fe** —carbonaté! bond angle,
2|Fo| — |F¢| and|F,| — |F¢| electron density maps as well and forms a 3.0 A hydrogen bond with His447 In the
as the occupancy and thermal factors for the;C@nodel wild-type enzyme, the distance between the position of
were far superior to either the O or solvent model. The  Tyr447°7 in the uncomplexed structure and that of PCA
final 2|F,| — |F.| electron density map superimposed on the in the substrate complex is only 0.9 A, and consequently,
carbonate model is shown in Figure 5b. This structural Tyr447 must rotate out of the way upon substrate binding.
analysis suggests that carbonate (or bicarbonate), apparentlyn the wild-type substrate complex, PCAis 2.2 A from
originating from atmospheric GQcoordinates the iron in  the iron and forms a 101His460'<>—Fe&**—PCA®* bond
the Y447H mutant 3,4-PCD. angle. In the Y447H mutant, the Featom is displaced
The bond distances and bond angles for the iron coordina-approximately 0.6 A relative to its position in the native 3,4-
tion sphere are compared to those of the wild-type 3,4-PCD PCD-PCA structure, and the distance between the position
PCA complex in Table 4. A comparison of the Y447H of His44™< and the position of PCH in the substrate
mutant 3,4-PCD structure to that of the uncomplexed and complex structure is 2.6 A. On the basis of these measure-
anaerobic PCA complex of the wild-type enzyme is shown ments, there is no compelling structural reason that substrate
in Figure 5c. From these comparisons, it is clear that the binding to the mutant enzyme would require His447 to rotate

B o
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difference Fourier maps contoured-85c superimposed on the wild-type 3,4-PCD uncomplexed structure. Maps of the [foymy§ —

|Fwr|)e W) were calculated with structure factors from the mutant and wild type, respectively, using calculated phases from the refined
wild-type structure. Positive difference contour levels are blue, whereas negative levels are red. (b) The final ajfefjageB2 electron

density maps contoured at for the Y447H 3,4-PCBCO; model. (¢) Comparison of the Y447H 3,4-P€DD; model (black lines; dashed

lines indicate hydrogen bonds), the wild-type uncomplexed structure (blue lines), and the wild-type 3REGRCEdmplex (red lines).

into an orientation analogous to that observed for Tyr447 in An essentially identical spectrum is observed for the substrate
the wild-type substrate compléx.On the other hand, if  complex of the wild-type enzyme (see Figure 89 The
His447 does change orientation upon PCA binding, then red shift of the maximum and the increase in long-
His44M%t could hydrogen bond with Gly486 From this wavelength absorbance have been attributed to the formation
orientation, His44%2? would be too far away to form  of two new iron-catecholate bonds as substrate chelates the
hydrogen bonds with Tyrf8' and Asp418°! analogous to  iron (4, 9, 11). Itis probably also due, in part, to the loss of
those formed by Tyrd4H in the wild-type structures. a bond from the Tyrd447. Thus, the substrate complex for

Substrate Complex of Y447H.he anaerobic addition of  Y447H appears to involve direct coordination of the substrate
PCA to Y447H causes a discrete maximum to form at 485 to the iron, probably as a chelate complex very similar to
nm in the optical spectrum (Figure 4). In addition, a large that observed for the wild-type enzyrhe.

increase in extinction is noted in the 44800 nm region. The changes in the optical spectrum that occur as substrate
binds allow the determination of a dissociation constant for
4N. Elango, K. B. Dolbeare, J. D. Lipscomb, and D. H. Ohlendorf, the complex_ Kp values of 10 and 4p|\/| (each:l:zo%) were

unpublished observations. The preliminary structure of a substrate ; ; A
analogue complex of Y447H shows that the analogue chelates the iron,determlned for the recombinant wild-type enzyme and

the carbonate is displaced, and His447 remains approximately in the Y 447H, respectively, in 50 mM Tris-HCl at pH 7.5 and 25
same location. °C (Table 3).
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Table 4: Distancésand Angle for the Active Site F&" 0.2
Y447H WT PCA complek 0.19
distance (A) g )
Tyr408”—Fe 1.9 20 £ o1l £
His460'2—Fe 23 23 g 4
His462'<?—Fe 2.1 2.2 <
carbonaté?—Fe 25 2.4 (PCRY 0.17
carbonaté'-Fe 1.8 2.2 (PCAY
His44 N2—Fe 43 7.7 (Tyrd4q) 0.16 ,
angle (deg) 0 1 2 3 4 5 6
Tyr408%—Fe—His460'? 89 90 B
Tyrd408—Fe—His462'< 105 96 AY
Tyr408”—Fe—carbonat? 168 171 (PCA?®)
Tyr4087—Fe—carbonaté! 106 103 (PCA?) g
His460'2—Fe—His462'2 91 92 2 ——
His460'>—Fe—carbonat@? 95 99 (PCA?) 2 019
His460'<—Fe—carbonat@! 108 101 (PCAY <
His462'>—Fe—carbonat@? 87 85 (PCA®) 400 nm
His462'<>—Fe—carbonaté! 145 157 (PCAR?)
carbonat@'-Fe—carbonaté”> 63 75 (PCA® and PCA*?) 0.18; t " s P 0
2 Estimated bond distance errors ar@.25 A on the basis of Luzzati Time (s)

(42) analysis? Estimated bond angle errors a#8°. ¢ The wild-type

3,4-PCDPCA complex 7). Ficure 7: Time course of PCA binding to Y447H. Single-

wavelength time course data were extracted from data sets
analogous to those shown in Figure 6 (open circles) and fitted to

summed exponentials using nonlinear regression (solid lines). (A)
0220 . Time course recorded at 525 nm recorded at 20 ms intervals and
Ejnal fitted to three summed exponentials (reciprocal relaxation times of
02} s 3.5+ 0.5, 0.6+ 0.15, and 0.0%+ 0.02 s!). (B) Time course
8 recorded at 400 nm at 0.2 s intervals (first 1 s) and then 0.5 s
E 0.18 Sl 130 s intervals (1-30 s) and fit to three summed exponentials. The fastest
5 Jpitial 05s exponential was assigned a reciprocal relaxation time of 35s )
2016 120 ms because there were insufficient data to determine an accurate fit.
Data recorded at 20 ms intervals at this wavelength are fit well
0.14 U e ed using a 3.5 st reciprocal relaxation time (data not shown). The
reciprocal relaxation times for the second two exponentials were
] 0.5-130's determined to be 0.6 0.05 and 0.085: 0.01 st. The dashed
ool T 0-2s line in panel B is the two-exponential fit for the data.

1 1 1 1 1 1
425 450 475 500 525 550 575

wavelength detector (which allows more rapid data collec-
Wavelength (nm)

_ _ ~ tion) shows that the reaction actually has several interme-
Ficure 6: Rapid scan stopped-flow optical spectra of the binding djates (Figure 7). Followed at 525 nm under pseudo-first-

of PCA to Y447H mutant 3,4-PCD. Anaerobic Y447H (138M i :
F&* sites) in 50 mM Tris-HCI at pH 8.5 was mixed 1:1 with order conditions (large excess of PCA) at°Z5 the reaction

anaerobic 4 mM PCA in the same buffer atZ5using a stopped- ~ IMe course was best fit as the sum of th_ree gxponentlal
flow device. The reaction time course was monitored using a diode phases with observed reciprocal relaxation times (rate
array detector at 20 ms intervals, and then a second identical reactiorconstants for irreversible reactions) of 33.5, 0.6+ 0.15,

was monitored at 500 ms intervals. Every 10th spectrum is shown gnd 0.094+ 0.02 s'. The same reciprocal relaxation times

for each time domain (see the legend on the figure) for clarity. ... . . : .
The spectrum of the uncomplexed Y447H at the concentration of within experimental error were obtained when the optical

the enzyme after mixing is shown as a heavy solid line for reference. change was followed at 400 nm, but the final two phases
were observed to proceed with decreasing absorbance. An

Transient Kinetics of Substrate Binding®CA binding to attempt was made to fit the 400 nm data with only two
wild-type 3,4-PCD occurs at a rate that is at the high limit exponential phases, but an adequate fit could not be obtained
for determination by stopped-flow technique40( 41). (Figure 7B, dashed line). When the PCA concentration was
However, estimates of the rate from the two independent varied in the range of 0:55.0 mM, no changes in the
studies cited suggest that it occurs with a rate constant inobserved rate constants were apparent for any phase at either
excess of 2x 10° Mt s tat 4°C. In contrast, the rate of  wavelength (data not shown). This would not be the case if
PCA binding to Y447H 3,4-PCD is readily followed using the actual second-order binding step was observed or if the
a stopped-flow device and a rapid scan diode array detectorbinding step was reversibly connected to the observed steps.
as shown in Figure 6. Itis evident that the binding process This suggests that there is an unobserved step in which
proceeds through at least two intermediates. The final stepsubstrate binds in the active site ahead of the observed steps.
of the reaction proceeds relatively slowly, and the spectra This step must be either irreversibl&d; (see below)
exhibit an isosbestic point at 430 nm suggesting that only approaches zero] or in rapid equilibrium compared to the
two forms of the enzyme exist in this phase. However, the other steps and saturate&p(; < [PCA]), making it
initial step(s) of the reaction does not exhibit such an effectively irreversible. The first observed phase of the
isosbestic point, so other, more rapidly formed intermediates reaction begins with an optical density significantly less than
must precede the final step of the reaction. Analysis of the that of the resting enzyme at 400 nm, suggesting that the
reaction time course by selecting time slices at specific spectrum is bleached in this initial fast phase, but our
wavelengths from the diode array data or using a single- methods are not fast enough to determine the spectrum of
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Ficure 8: Comparison of the optical spectra of the BSO
intermediates of Y447H and wild-type 3,4-PCD. (Solid line)
Anaerobic Y447H (60Q«M Fe** sites) in 50 mM Tris-HCI (pH

8.5) and 4 mM PCA was mixed 1:1 at°€ with the same buffer
saturated with pure 9(equilibrated at 25C, ~1.4 mM) using a
stopped-flow device. Spectra were recorded using a diode array
detector at 20 ms intervals. The spectrum shown is the first spectrum
obtained and represents the average of 15 experiments. (Dotted line
The spectrum of the same intermediate from the wild-type enzyme
isolated fromPseudomonas cepadaconstructed from a series of
single-wavelength measurements (triangldd) {s shown super-
imposed and scaled to the spectrum from the Y447H intermediate
for reference. The intermediate from 3,4-PCD isolated filem
cepaciahas spectral features very similar to those of the intermedi-
ate observed for the wild-type enzyme frdPn putidaused here

(40, 41).

this first intermediate. The transient kinetic evaluation of

anaerobic substrate binding thus suggests that the process

must have at least four steps. The simplest (but not unique)
interpretation is

KDl
E~==ES, —ES,—~ES,—ES,

Spectra of Y447HPCA:O, Complexes Rapid mixing of
an anaerobic, preformed 1:1 complex of Y44PEA with
buffer containing excess Lallowed a single turnover to
occur. The concentrations of Y447H and PCA used were
well above theKppca SO that the complex was nearly

Frazee et al.

Absorbance

Final phase
575

425 475 525

Wavelength (nm)

FIGURE 9: Rapid scan stopped-flow optical spectra of the reaction
of O, with the Y447HPCA complex. Anaerobic Y447H (13aM
Fet sites) in 50 mM Tris-HCI (pH 8.5) and 136M PCA was
mixed 1:1 with the same buffer saturated with pugg(©1.4 mM)
at 25°C using a stopped-flow device. The reaction time course
was monitored using a diode array detector at 20 ms intervals, and
then a second identical reaction was monitored at 500 ms intervals.
Every 10th spectrum is shown for each time domain for clarity
see the legend on the figure). The spectrum of the final Y447H

CA complex (E9 at the concentration of the enzyme after mixing
is shown as a heavy solid line for reference. The premixed Y447H
PCA complex was assumed to be saturated, and the 1:1 mixture
limited the turnover to a single cycle ending with uncomplexed
Y447H mutant 3,4-PCD.

V
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0.2

0.18 400 nm
0.16
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Ficure 10: Time course of product formation uporn @action

with a premixed Y447HPCA complex. Single-wavelength time
course data were extracted from an experiment conducted under
the same conditions described in Figure 9 except that the spectra
were recorded at 200 ms intervals (open circles) and fitted to two

0 2 8

completely formed at the start of the reaction. The formation summed exponentials using nonlinear regression (solid line). (Top)
of a new intermediate was complete before the first spectrumTime course recorded at 400 nm (reciprocal relaxation times of
was recorded at 20 ms (Figure 8, solid line). The spectrum 3-5= 0.3 and 0.43t 0.05 s*). (Bottom) Time course at 525 nm

of the intermediate is essentially identical with that formed (féciProcal relaxation times of 3% 0.3 and 0.4% 0.15 s). The
by wild-type enzyme reacted in the same manner (Figure 8,
dotted line). This intermediate, termed ESQs believed

to be the product complex of the enzym&0). In the
reaction cycle of the wild-type enzyme, EgQ@ecays very
rapidly (k = 36 s! at 4 °C) to the resting enzyme or the

last phase of this time course has a very low amplitude because
the data were recorded at a wavelength close to the isosbestic point
for the ESQ@** to uncomplexed Y447H conversion.

of the resting, substrate-free enzyme is restored. The
conversion of Egto ESQ* is fast and probably passes
through an ES@intermediate (perhaps an organic peroxy

substrate complex depending upon whether excess substratmitermediate) as reported for the native enzyd®, (but this

is present. The decay of the intermediate for Y447H is much
slower and passes through another intermediate that has
spectrum similar to, but easily distinguishable from, that of

has thus far not been observed. Reciprocal relaxation times
a&f 3.5+ 0.3 and 0.43t 0.05 s?! were determined for the
decay for ES@ and ESQ**, respectively, from two

the substrate-free enzyme (Figure 9). This new intermediateexponential fits of single-wavelength data as shown in Figure

(ESO**) then decays to the substrate-free enzyme while

10. The major change in this conversion is an increase in

exhibiting an isosbestic point at about 525 nm. These dataextinction in the spectral range 6f410 nm. The ES@*

indicate that the decay of the enzyrmubstrate complex
upon reaction with @must consist of at least three steps,
the simplest form of which is given by

ES,+ O, =ESQ* = ESO** —E

species is unlike any observed for the wild-type enzyme
during turnover, and its possible significance will be
discussed below.
DISCUSSION

The replacement of Tyr447 in 3,4-PCD by histidine has

The last step is likely to be irreversible because the spectrumbeen shown here to profoundly affect the spectroscopic and
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Ficure 12: Comparison of the rates of interconversion of inter-
mediates detected in the reaction cycles of Y447H mutant 3,4-PCD
(outer cycle) at 23C and wild-type 3,4-PCD (inner cycle) at€
(compiled from refs40 and41). The two cycles are independent,
and there is no interconversion of the intermediates. The cycles

Ficure 11: Iron coordination environment in the crystal structure are drawn together only to facilitate comparison.

of the Y447H mutant 3,4-PCD. The dashed lines represent the L . . .
H447N2 to carbonate and H447 to P44® hydrogen bonds. two vicinal iron sites are available in the mutant that can be

occupied by exogenous ligands and serves to maintain the

kinetic features of the enzyme. However, neither the nature pentacoordinate ligation of the native structure through
nor the specificity of the ring cleavage reaction is altered by addition of only one ligand. Moreover, the addition of two
the mutation, and the known intermediates in the reaction negative charges upon carbonate binding would restore a
cycle of the wild-type enzyme can be recognized in the neutral metal center which is observed for native and all
reaction cycle of the mutant. Consequently, it is likely that ligand complexes of 3,4-PCD that have been structurally
the substrate binding and oxygen activation and insertion characterized?d, 10, 11). The fact that Wat827 is OHin
reactions are fundamentally unchanged. The observation thathe native enzyme and apparently £0in the mutant
some parts of the reaction cycle are greatly decreased in ratainderscores the tendency of the metal center to maintain
is useful in two ways. First, it allows the specific steps which neutrality, which we believe has important mechanistic
are most affected by Tyr447 to be identified, and second, it significance as discussed below. It is interesting to point
allows intermediates to be detected in these steps that areut that the structure of the probable £0-iron complex
not apparent in the equivalent reactions of the wild-type observed for Y447H is strikingly analogous to that of the
enzyme. In the following discussion, we relate the inter- ferric center of the transferrins48, 44). Indeed, the
mediates that have been detected to those that are proposeicarbonate in the transferrin structures also binds in an
to exist. asymmetric manner, and there is hydrogen bonding to a

Structure The structural aspects of the active site of nearby Arg residue.
Y447H are summarized in Figure 11 and Table 4. Since Thus far, attempts to demonstrate that bicarbonate is an
the changes in structure from the native enzyme appear toinhibitor for either native 3,4-PCD or Y447H have not been
be localized to rather subtle changes in this region, Y447H successful. If the carbonate dissociation occurs early in the
appears to be a good system in which to investigate the effectsubstrate binding sequence, then the results presented here
of changes in the iron site environment on catalysis. indicate that this process would not be rate-limiting, and thus
Histidine was chosen for the substitution because it cannot perturb the steady-state kinetic parameters.
potentially become a good Feligand and might substitute Intermediates. The rates for interconversion of intermedi-
for Tyr in its proposed role as an active site base. Although ates and comparison to the reported interconversion rates
His is aboti 2 A shorter than Tyr, comparisons with the local ~ for the native enzyme are shown in Figure 12. The binding
structure of the vestigial active site located in theubunit of PCA, and alternate substrates such as 3,4-dihydroxyphenyl
of 3,4-PCD 6) suggested that there might be sufficient acetate that have lower turnover numbers, are comparatively
flexibility in the antiparallels sheet containing residue 447 fast processes. To the extent that they can be evaluated by
to allow a His in this position to coordinate to the iron. This transient kinetic techniques, they are described well as a
turned out not to be the case, and the new histidine is reversible second-order association procesig<ll). Some
stabilized in a position off the iron roughly midway between indication that substrate binding is, in fact, more complex
the two orientations for Tyr447 in the native enzyme with was derived from our study of the binding of the strong
and without substrate bound, respectively. In this position, substrate analogue inhibitors isonicotinic ailidxide (INO)
His447 would not interfere sterically with substrate binding, and nicotinic acidN-oxide (NNO) @5). Crystal structures
based on structural comparisons with the native enzymeof these inhibitor complexes with 3,4-PCD)(show that
substrate complex. Despite the fact that His447 does notthey bind in the same position as PCA and cause dissociation
bind to the iron, it has significant effects on catalysis and of Tyr447, but they are not turned over by the enzyme.
engenders some changes in active site structure. Despite the fact that these inhibitors form very strong

The most dramatic new feature of the Y447H structure is complexes with the enzyme, their binding reactions are slow
the likely presence of a carbonate (or bicarbonate) as a newand have at least three intermediates that differ significantly
iron ligand. In retrospect, this is a logical ligand for the in their spectral properties. A similar series of intermediates
Fe** in Y447H because it takes advantage of the fact that is observed here, but the spectral properties of the intermedi-
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ates are different. Most significantly, the final species in thus causing a bleaching in the 450 nm region as observed.
the INO and NNO binding processes is bleached and These questions can be investigated through the study of the
associated with binding of the ketonized tautomer of these binding of other substrates and through systematic variation
inhibitors, while the final intermediate observed here is dark of dissolved CQ concentrations and other reaction condi-
blue and likely to be the dianionic PCA complex on the basis tions; these studies are in progress.
of an analogy to model complexes. The spectrum of one of The optical data presented here strongly indicate that the
the transient intermediates in the binding of t®xides is substrate binding processes of native and Y447H enzymes
also optically similar to that of the dianionic substrate conclude with very similar enzymesubstrate complexés.
complex of the mutant, suggesting that these inhibitors passThis is in accord with the crystallographic studies of the static
through this state before assuming the stable ketonizedenzymePCA complex which showed that Tyr447 is dis-
tautomeric form. sociated when substrate binds, and thus, it should not

The existence of a series of steps in the substrate bindingcontribute to the optical properties of the iron in this complex
process was predicted from structural studies of a series of(7). If this dissociation also occurs during catalysis, Tyr447
aromatic inhibitors and substrate complexes of the enzymewould not be expected to influence the chemistry of
as described in the introductory sectidh 10). Depending subsequent steps directly through its role as a metal ligand.
on the size and nature of the ring substituents, different Accordingly, as observed for the native enzyme, the reaction
orientations for the binding molecule were observed in the of the Y447HPCA complex with Q is very fast. Our
active site. Due to structural constraints within the active current results indicate that, to a first approximation, the
site of the resting enzyme revealed by the crystal structure,chemical steps of the cycle appear to proceed with similar
the predicted early intermediates would be relatively weakly efficiency in the mutated and native enzymes which is
associated with the iron, forming either no direct bond or a consistent with the dissociation of the Tyr during these steps
monodentate bond through the C4-@nction. This bond in the native enzyme cycle.
would form opposite Tyr40® which would further weaken It is interesting to note that Y447H has a low&y; value
it due to the influence of the negativeans ligand. As a for O, than the native enzyme. One possible explanation
result, a comparatively less intense and shifted LMCT band for this would be an increase in the rate of linding. On
would be expected for these early intermediates relative to the basis of the crystal structure of the wild-typdPEA and
that of the final chelated #CA complex in which a strong  E:INO-CN complexes?), we have proposed that the release
second F&-PCA° bond forms. This is what is found for  of Tyr447 from the iron has an effect beyond the provision
each of the intermediates that are actually observed. Afterof an appropriately placed active site base. It also appears
an initial bleaching relative to the resting Y447H enzyme, to allow formation of a solvent-excluded pocket the size of
each intermediate becomes more intense and shifts towardD, immediately adjacent to the site of substrate ring cleavage.
the final maximum absorbance wavelength. Thus, the seriesin this way, the enzyme controls the order of PCA and O
of intermediates we observe is consistent with the stepwisebinding as well as directing the site of,@ttack on the
progression of enzymesubstrate complexes previously substrate. Our preliminary crystal structure of the Y447H
proposed. substrate analogue compfesuggests that the Lavity is

The rates of interconversion of the intermediates in the more accessible than that in the wild-type substrate complex.
substrate binding process become progressively slower withThus, the smaller size and location of His447 may facilitate
the formation of the final EScomplex representing the rate- O, entry and consequently affect the obserggvalue.
limiting step in both substrate binding and turnover. This  The optical spectrum of the ESOproduct complex is
is consistent with a linear progression of steps, but it does readily detected using slow alternative substrates of 3,4-PCD
not rule out parallel or reversible dead-end steps leading because the decrease in rate for these substrates can be
eventually to the EScomplex. Moreover, the likely  attributed to slow product releasédj. ESQ* formed with
presence of carbonate in the iron coordination may perturb PCA as the substrate is much less stable, but its spectrum
both the binding kinetics and the optical spectral changeshas been reconstructed from separate transient kinetics
that are observed. For example, the large decrease inexperiments at different wavelengthkl). The spectrum is
absorbance during the first, very fast phase of substratered-shifted relative to those formed by the slower substrates,
binding to Y447H is unexpected because the progressivebut it is superimposable on that of the ES@ormed by
substrate association model would predict that only minor reacting E$ of Y447H with O, (Figure 8). This is again
orientation changes in the iron ligands should occur at this consistent with the reaction being largely unaffected by the
stage. One possibility is that the binding of the putative mutation during the product-forming steps in which the
carbonate is perturbed in this step, ultimately leading to Tyr447 is thought to be off the iron. However, in the case
carbonate displacement in this or the following step, due to of Y447H, the dissociation of the PCA product is slow and
the steric bulk of the substrate binding in the active Site. apparently passes through intermediate ES@hich has
Loss of a negatively charged carbonate opposite Tyr408 not been previously observed. One interpretation of these
would facilitate charge transfer to the iron from the latter observations is that a major role of Tyr447 and the solvent
ligand and shift the observed optical spectrum to the red, OH~ ligands is to serve as appropriately placed active site
bases which facilitate deprotonation of PCA as it binds to

5 Preliminary studies show that the absolute amplitudes of the fast the iron (@, 9). Similarly, these groups may subsequently
unobserved and first observed phases are significantly increased byserve to promote protonation of the anionic product at the
the presence of sodium bicarbonate in the reaction solution while end of the reaction so that it can leave the positive region of
subsequent phases are unaffected (K. B. Dolbeare and J. D. Lipscomb . . . .
unpublished observations). This is consistent with our hypothesis that th€ active site near the iron. Although carbonate and His447
carbonate dissociation occurs during the initial phases of the reaction. might act as active site bases, they are poorly matched to
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Ficure 13: Proposed reaction cycle for Y447H mutant 3,4-PCD. The points of carbonate release and rebinding are unknown and are
shown only to complete the stoichiometry of the reaction.

the deprotonation of PCA hydroxyl functions, whereas OH steps in ways that are consistent with our previous mecha-
and the tyrosinate anion are ideally suited. The final step nistic proposals. Specifically, the most direct interpretation
in substrate binding is predicted to be deprotonation of the of the observations is that the principal role of the ligand
PCA®3 which has a [, of ~11.7 @6). This step would be  dissociation is to generate an active site base to facilitate
poorly catalyzed by either bicarbonate (formed after depro- the binding of PCA as a dianion that can be attacked directly
tonation of the PCAR* or positively charged histidine by O,. The availability of a mutagenesis system that yields
predicted from the hydrogen bonding pattern observed in active enzymes with little overall structural change will be
the crystal structure (see Figure 11), and thus, it might occur useful in the study of other aspects of the catalyzed reaction,
very slowly, as observed. The protonation of the tricar- including the influence of the nondissociating ligands to the
boxylic acid product would be a significantly more facile iron and the roles of other active site residues. The
process and could be promoted more readily by the proto- contribution to catalysis of metal ligands dynamically dis-
nated forms of the bases available. Thus, although thesociating and reassociating during the reaction cycle has not
process of product dissociation is slowed significantly, its been widely explored in biological system. The studies
rate is decreased much less than that of the substrate bindingjescribed here are the first to examine the details of such a
and therefore, it is no longer the rate-limiting step in catalysis. process and demonstrate that its disruption profoundly affects
It is postulated that the ring-opening process involves the efficiency of turnover. Itis likely that similar mechanistic
generation of product in theis,cis conformation adjacent ~ strategies are applied by other metalloenzymes as a means
to vacant sites in the iron coordination. Consequently, it is 0f unmasking nucleophilic reagents at the time required
reasonable that a bidentate product chelate of the iron isduring the catalytic cycle.
formed as an intermediate, possibly ESOIf, in Y447H,
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