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ABSTRACT: The crystal structure of the anaerobic compleXPseudomonas putidarotocatechuate 3,4-
dioxygenase (3,4-PCD) bound with the alternative substrate, 3,4-dihydroxyphenylacetate (HPCA), is
reported at 2.4 A resolution and refined toRfactor of 0.17. Formation of the active site FedHPCA
chelated complex causes the endogenous axial tyrosinate, Tyr443) (1@ldissociate from the iron and
rotate into an alternative orientation analogous to that previously observed in the anaerobic 334PCD
dihydroxybenzoate complex (3,4-PE@ECA) [Orville, A. M., Lipscomb, J. D., & Ohlendorf, D. H.
(1997)Biochemistry 3610052-10066]. Two orientations of the aromatic ring of HPCA related by an
approximate 180rotation within the active site are consistent with the electron density. Resonance Raman
(rR) spectroscopic data frorevibacterium fuscun8,4-PCDHPCA complex in solution reveals low
frequency rR vibrational bands between 500 and 650'cs well as a band at1320 cnt?! which are
diagnostic of a HPCAFe(lll) chelate complex.’®0 labeling of HPCA at either the C4 or C3 hydroxyl
group unambiguously establishes the vibrational coupling modes associated with the five-membered chelate
ring system. Analysis of these data suggests that the FeHAPICA®* bond is shorter than the Fe(I#)
HPCA2 bond. This consequently favors the model for the crystal structure in which the C3 phenolic
function occupies the Feligand site opposite the endogenous ligand Ty &083). This is essentially

the same binding orientation as proposed for PCA in the crystal structure of the anaerobic 3RIGRCD

complex based solely on direct modeling of thE2 —

conformation required for catalysis.

Protocatechuate 3,4-dioxygenase (3,4-PCjlizes a
mononuclear, non-heme Fecenter to catalyze reactions of

|F¢| electron density and suggests that this is the

and shows that the trigonal bipyramidal iron coordination
sphere is comprised of Tyr488and His460< as equatorial

the type shown in Scheme 1. The enzyme has been isolatedigands with Tyr44?” and His462< as axial ligands. A

from many soil bacteria but has been particularly well
characterized fromPseudomonas puti¢fa Pseudomonas
cepacia andBrevibacterium fuscunffor reviews see Lip-

solvent molecule (Wat827, a hydroxide ion) completes the
equatorial coordination plane. Several previous spectro-
scopic results indicate that the iron coordination environments

scomb and Orville (1992), Que (1989), and Que and Ho in 3,4-PCDs from the other bacterial sources are very similar

(1996)]. The crystal structure of the enzyme as isolated from
P. putidahas been determined (Ohlendorf et al., 1988, 1994)

1 Abbreviations used: 3,4-PCD, protocatechuate 3,4-dioxygenase;
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Scheme 1: General Reaction Catalyzed by 3,4-PCD (Top) (LMCT) bands. For example, in the 3,4-PCD isolated from

with Kinetic Constants (Bottord) B. fuscum,the LMCT bands near 450 nm from the two
R OH 3.4-PCD R endogenous tyrosinate ligands give rise to IR features at 1254

’ - Z Scoo and 1266 cm!, respectively. It has been noted that the

o 0, o - COO formation of a chelated Fé-catecholate complex can give

rise to distinctive, low-frequency rR features betwees00
and~640 cn1? that are coupled to the LMCT bands between
Km (M) Ka TON 600 and 850 nm of these complexes(€tram & Michaud-
Substrate R organic O o) e’ Soret, 1996; Michaud-Soret et al., 1995; Ling et al., 1994;
Salama et al., 1978). This has been particularly useful in
demonstrating the direct chelation of exogenous catecholic
HPCA  -CH,COO' 6.7 1.2 220 ~0.15 ligands to the ferric ion in phenylalanine hydroxylase (Cox
et al., 1988; Michaud-Soret et al., 1995), tyrosine hydroxylase
(Michaud-Soret et al., 1995), lipoxygenase (Nelson et al.,
1995), and the endogenous dopa residue in the FgR8Y
maThe é“;?ﬁée{pgirﬁgfééﬁo(ﬂé é«i\pgatg% ;gp;h?D ;f;gg%ls”evcvias mutant R2 protein of ribonucleotide reductase (Ombal.,
easure . . i
from Fujisawa and Hayaishi (1968), Fujisawa et al. (1972, 1972), Que 1992; Aberg et al., 1993; ng. e.t al., 1994). The substrate
et al. (1977) and Bull et al. (1981).] complex of 3,4-PCD also exhibits the 66850-nm LMCT
bands, and consequently this same approach should be useful
to that of P. putida despite quaternary structures that range in the detection of an Fé—substrate chelate in the 3,4-
from (afF€"), to (0 5F€*t)12 (Lipscomb & Orville, 1992) PCD-substrate complexes. Moreover, through the use of
and primary sequence homology within the structural core appropriately mass-labeled substrate analogs, these results
of the enzymes that ranges from-4@6% identity (Ohlendorf may be extended to determine the occurrence and nature of
et al.,, 1994). However, the analogous residues that coor-asymmetry in this complex.

PCA -COO 30 43 2.5 ~33

DHPP -CH,CH,COO" 2.3 4.5 ~70 ~0.022

dinate the iron (and interact with substrates) inBhgutida Two difficulties in the application of rR spectroscopy to
structures are 100% conserved in the 3,4-PCD family this problem are the relatively broad rR bands observed for
(Ohlendorf et al., 1994; Orville et al., 1997b). P. putida 3,4-PCD and the inherent fluorescence that is

Several crystal structures of 3,4-PCD complexed with observed from the PCA complex. These can be respectively
competitive inhibitors, protocatechuate (PCA), and substrate addressed through the use of the 3,4-PCD fRnfluscum
analogs were communicated in two previous reports (Orville which gives sharper rR features (Whittaker et al., 1984; Siu
et al.,, 1997a,b). Those studies demonstrated that the axiakt al., 1992) and the use of alternate substrates such as
tyrosinate (Tyr447) is dissociated from the 3Feupon homoprotocatechuate (HPCA) or 3,4-dihydroxyphenylpro-
substrate binding as part of a conformational change thatprionate (DHPP) which elicit less fluorescence. These
yields the chelated F&-PCA complex. In this complex, the alternate substrates may also be expected to give sharper rR
reoriented Tyr447 forms the top of a small, bulk solvent spectra than the PCA complex because other spectroscopic
excluded cavity, which is proposed to be theglihding site. techniques have shown that their enzyme complexes are
One side of this cavity includes an open*Féigation site much more homogeneous than the 3,4-PRXDA complex
which could be utilized to bind the distal end of a peroxy (Orville & Lipscomb, 1989).
intermediate during catalysis, thereby promoting@bond The alternative substrates are turned over slowly to give
cleavage, and retaining the distal oxygen for incorporation intradiol cleavage products like PCA (Scheme 1). As shown
into the product as required by the dioxygenase stoichiometryin Scheme 2, transient kinetic results suggest that the lower
(Orville et al., 1997b). turnover numbers for HPCA and DHPP reflect the reduced

Careful modeling of the substrate to the 2.1 A resolution rates for substrate association and product release (the rate-
electron density in the active site suggested that tié+e  limiting step) rather than the ring opening reaction itself.
PCA®3 bond is longer than the Fe-PCA%* bond. We Consequently, the structures of final substrate complex and
postulate that this asymmetry in the’fFe PCAcatecholatgygngd of the intermediates in which the chemical steps occur are
lengths derives primarily frontrans influences of the likely to be similar in the 3,4-PCD complexes with PCA
endogenous iron ligands. This structure would have the and the slower substrates. This presumption is supported
mechanistic consequence that the PEAvould have a by the observation of similar optical and magnetic spectro-
greater tendency to ketonize and therefore initial electrophilic scopic features from all of the anaerobic 3,4-PQlibstrate
attack by Q would be directed to the PCAC4 where complexes as well as their reaction cycle intermediates
negative charge would develop. While the initial attack at formed after the introduction of O However, the sharper
PCA—C4 is chemically reasonable and agrees with the spectra from the enzymsubstrate analog complexes have
current mechanistic hypothesis (Lipscomb & Orville, 1992; allowed experiments such as the detection of magnetic
Orville et al., 1997b), the critical assignment of the identity hyperfine interactions from labeled analogs by EPR spec-
of the short F& —PCAcatecholatehond js based primarily on  troscopy. For example, it was shown that both'®[HPCA
our ability to distinguish between subtly different models and 4-}’7O]JHPCA broaden the EPR spectrum, which strongly
for the crystal structure of the enzyrRCA complex. suggests that a chelated 3F¢HPCA complex is formed

Another approach to this problem is to make use of (Orville & Lipscomb, 1989).
resonance Raman (rR) spectroscopy which has been valuable In this report, we present the crystal structure of the
in studies of the iron ligation of 3,4-PCD [reviewed in Que anaerobic 3,4-PCIHIPCA complex fromP. putida and
(1989, 1983)] and numerous other iron-containing enzymes correlate it to highly resolved rR spectroscopic data of the
with ligands that give rise to ligand to metal charge transfer same complex formed in solution with the 3,4-PCD isolated
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Scheme 2: Kinetic Mechanism Determined for Three Aromatic Substrates at’)Bull et al., 1981) and at (b) 24C
(Fujisawa et al., 1972)
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2x10° 35x10°  4x10°
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450s' 7 =300 s
from B. fuscum The crystal structure reveals an asymmetri- Table 1: Data Collectichand Model Refinement Summary
cally chelated F&-HPCA complex. Accordingly, the Data Collection
resonance Raman spectra exhibit the low frequency bands ligand (concentration) HPCA (75 mM)
diagnostic of a chelated Fecatecholate complex. Unam-  resolution cutoff A) 2.4
biguous assignment of the long and short'FeD bonds in 1§tg{‘gbcs‘fe':r'vg'tig'ncs(é)ﬁiﬁjg‘)gle 196'67*91221'051* (113247'3é29;7)'7
the chelate complex are then made based on IR spectra fromg _ 0.072 (0.110§
180-labeled HPCA. The correlation of the spectroscopic and  Resomorphoud native? 0.173
structural data is consistent with our mechanistic proposals  fraction of data (res. shell) 0 gé9(72(£-1 '1}3\3)
zssllr;(;v(?[fljrer:z\)‘grrt:l;; |2f5|gr;té&r.1to the origin of the relatively average intensity[o(1)] 10.0 (10-2.4 A)
Model Refinement

EXPERIMENTAL PROCEDURES Str. A Str. B

Isolation of Enzymes3,4-PCD was purified from either ﬁiﬁg'&f?{;r@ﬂﬁ? (>_A)100 1869 Sﬁ 61'&)20';17
P. putida(ATCC 23975} or B. fuscun{ATCC 15993) grown Rfactor (6.0-2.42)0.166 (6.6-2.4 A) 0.164
on 4-hydroxybenzoate as the only carbon source according - . (26-2.44)0.209 (2.6:2.4 A)0.205
to established procedures (Que et al., 1976; Whittaker et al., rmg:g’ﬁﬂ?&:ﬁ%'dea‘ 0.154 0.159
1990). 4-Hydroxyphenylacetate 3-hydroxylase was isolated  hond distances (A) 0.017 0.017
from B. fuscuntultured on PHP as the sole source of carbon  bond angles 28 2.8
and energy (Orville & Lipscomb, 1989; Orville et al., 1990).  no. of non-H protein atoms 20,568 20,568
Enzyme assays were performed with a polarographic oxygen ”moé;rfseg’lﬁgtsn(%ec“'es 1,380 L34
electrode following @consumption (Whittaker et al., 1990). a-subunit B-subunit)  25.4 (19.2) 25.4 (19.2)

Crystallization and Structure DeterminatiorCrystals of HPCA (solvent) 16.6 (20.5) 16.4 (20.6)

P. putida3,4-PCD were grown aerobically by vapor diffusion aData combined from two crystaldWeightedRnerge = [ShaSi{ (I

at 4°C according to Ohlendorf et al. (1994). Two anaerobic — OGG)/oi} ¥ ZnaZi(liloi)? 2. © Absolute Ruerge = Zniilli — DGGi|/
3,4-PCDHPCA complexes were formed by the method of _ZhHZiIi_. Wherg, _for obser_vationh_of re_ﬂection hk_I, I is tht_a obser\(ed
Orville et al. (1997b). The X-ray diffraction data were :ar\]rtlzljjlitgﬂ?:t;\trsm d';‘%age'cit:t?ggﬁ;;ir::lic{;I;Eﬁ:::’n:itx'O_n lfn‘;pv!ﬁd'
collected at 23C using the methods described in previous s . whereF ompexandFoaieare the structure factors for the 3,4-
reports (Orville et al., 1997b; Ohlendorf et al., 1994). Data PCDHPCA complex and 3,4-PCD as isolated, respectiveR/factor
sets from the two anaerobic 3,4-PEIPCA complexes were = ZnlFo — Fel/ZhiFe.

merged and the statistics for data processing and model

refinement are reported in Table 1. X-ray reflections to a et al., 1994) from which all the active site solvent molecules
resolution limit where the averadés, > 1 were retained  had been removed and the axial tyrosine (Tyr447) was
for model refinement. The idealized atomic model, bond rotated into the alternative position indicated by the difference
distances, and bond angles for HPCA were obtained from Fourier maps. The atoms in HPCA were restrained to two
an energy-minimized (DISCOVER) model built with In- planes during refinement; bond distances between tfie Fe
sightll (Biosym Corporation, La Jolla, CA). Diffraction data and coordinating atoms were not restrained during refine-
with structure factorsz 1o between 6 and 2.4 A were used ment. The final metatligand distances are consistent with
to refine the atomic models (Ohlendorf et al., 1994; Orville other protein-transition metal bond distances (Glusker, 1991,
et al, 1997b) with PROLSQ (Hendrickson & Konnert, 1980; Holm et al., 1996) and the irefligand distances determined
Hendrickson, 1985) on a Cray Y-MP supercomputer. The from EXAFS results of theB. fuscum3,4-PCDHPCA
starting model for the anaerobic 3,4-PEPCA complex complex (True et al.,, 1990). The stereochemical quality
was derived from the refined 3,4-PCD structure (Ohlendorf of the final structures was assessed with the program
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WHAT CHECK (Hooft et al., 1996). The atomic coordi-
nates for the R2-F208y¥,. structure (1RNR; Aerg et al.,

1993) were obtained from the Protein Data Bank (Bernstein

et al., 1977).

Preparation of Labeled Compound8-[**0]HPCA and
4-[180]JHPCA were prepared according to the method of
Orville et al. (1990). Labeling at the C4 hydroxyl position

was achieved by conversion of 4-aminophenylacetate (Al- .

drich) to the diazonium salt followed by hydrolysis 1#0O-
enriched water (99% enriched, Isotec, In@}Hydroxylation

of p-hydroxyphenylacetate (PHP, Sigma) was catalyzed by w
PHP 3-hydroxylase, a flavoprotein monooxygenase isolated

from B. fuscuncultured on PHP using the method of Orville
et al. (1990). When th&0 was to be incorporated into the

C3 OH position, this enzymatic synthesis was carried out

Biochemistry, Vol. 36, No. 38, 199711507

per Fe 3*)

-1

cm

(mM

400 500 600 700
Wavelength (nm)

under an %0, (95%, Cambridge Isotope Laboratories) Rgure1: Optical absorption spectrum of tBe fuscunB,4-PCD-
atmosphere. Purification of PHP and HPCA was achieved HPCA complex. 3,4-PCD~200uM Fe*") was mixed anaerobi-
with reversed-phase HPLC using an Ultremex 5 C18 column cally with 100 mM HPCA in 50 mM MOPS buffer at pH 7.0. For
(250 x 10 mm, Phenomenex) with an isocratic mobile phase comparison the spectrum of the enzyme as isolated is also shown

(89% water, 10% 2-propanol, 1% acetic acid pH2.5).

Electrospray ionization mass spectral data were collected on

a Sciex API lll mass spectrometer and confirme@84%
enrichment of'0 for both isotopomers.

Resonance Raman ConditionResonance Raman spectra

were collected using a Spex model 1403 spectrometer

interfaced with a Spex DM3000 data acquisition system.

Laser excitation was provided by a Spectra-Physics 2030
argon ion laser or a 375B dye laser using Rhodamine 6G
dye (Exciton, Inc.). The laser power measured at the sample,

was typically ca. 50 mW. The Raman scattering was
collected at 99with a slit width of 4 cnt’. Protein samples
for rR studies were prepared in 50 mM MOPS buffer at pH
7.2. These protein samples hadFeoncentrations of 0.58
mM, determined by absorption at 435 neaz6~ 2900 M*
cm! per iron), corresponding to protein concentrations of
0.12 mM. The anaerobic enzymsubstrate complex was
prepared with an HPCA (Sigma) concentration of 25 mM.
Anaerobic 3,4-PCEHPCA samples were sealed in a quartz
spinning cell held at ca. 3C by a constant stream of cold

nitrogen gas. Raman shifts were referenced against the 98

cmt A; stretch of a Ng&SO, standard solution.

RESULTS

Crystal Structure of the P. putida Anaerobic 3,4-
PCD-HPCA Complex. Formation of the anaerobic 3,4-
PCD-HPCA complex turned the burgundy-red crystal$of
putida 3,4-PCD dark blue. The crystals were virtually
identical in color to anaerobic HPCA complexes formed in
solution with enzyme isolated from eithér putida(Fujisawa
et al., 1972) oB. fuscun(Figure 1). X-ray diffraction data

in the 3,4-PCDBPCA and substrate analog complexes (Orville
et al., 1997b) and reveal conformational changes restricted
to the active sites and along thé5-subunit interfaces. After
several rounds of refinement without HPCA or solvent
molecules in the active site, HPCA was placed into the active
site |Fo| — |F¢| and 3F, — |F| density in two different
orientations. Each model was independently refined further
to yield equivalentR factors and electron density maps
(Figure 2). Therefore, the data are apparently not of
sufficient resolution to unambiguously distinguish between
homogeneous models of either HPCA orientafiomhe
resolution of the data also does not warrant refining a single
atomic model containing both HPCA orientations at 50%
occupancy. As shown in Figure 3, the two structures are
related to each other by an approximately 1 8&tation of

the aromatic ring. We present structures of both possible
HPCA orientations and refer to them as HR&4), and
HPCAsus), for the substrate orientation with HPCAor
HPCAP* coordinating the F& from the equatorial siteans

éo Tyr408, respectively.

Despite the uncertainty of the HPCA orientation in the
active site, formation of the chelated¥¥eHPCA complex
clearly causes the dissociation of Tyr447 from the iron
(Figures 2 and 3). Tyr447 is rotated into the alternative
orientation previously observed in the 3,4-P@TA and
substrate analog complexes (Orville et al., 1997b) and is
stabilized by hydrogen bonds with Ty@6and Asp413°L,
Tyr44™N and Tyr44P? also form hydrogen bonds with
Arg457° and Arg45T, respectively, while Asp4132 forms
a hydrogen bond with Tyrd08 An oxygen atom in the
acetate group of HPCA in either HP(fw) or HPCAsys)

from two crystals were collected and merged to yield a nearly forms a hydrogen bond with Tyr324, albeit at different
complete and highly redundant data set for the complex distances{2.5 A for HPCAsuay; and~ 3.3 A for HPCAs.

(Table 1). TheRmerge for the combined data set is only

w8)). Several solvent molecules also hydrogen bond to

slightly higher than either individual data set, suggesting that residues near the HPCA molecule in each structure. Wat605

the two are very similar. ThRsomorphousmagnitude, which

hydrogen bonds with His4&2'; Wat606 hydrogen bonds

is typical of the exogenous ligand complexes of 3,4-PCD With Trp400'%, Tyr16", and Alal®; and Wat643 hydrogen
(Orville et al., 1997a,b), suggests that the structure of the bonds with Tyr408".

complex is altered relative to that of the uncomplexed
enzyme. On the other hand, the similarity of the unit cell

parameters indicates that the complex is isomorphous to

uncomplexed 3,4-PCD. The inititlp.qpcal — |Fp| differ-

4 Similar refinement trials were performed for the 3,4-PEDA and
substrate analog complexes (Orville et al., 1997b). For those complexes
the orientations reported exhibited distinctly less residual electron
density after modeling than for the alternative orientation in which the

ence Fourier maps (not shown) are similar to those observedring was rotated by 180
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Ficure 2: Divergent stereoviews of the 6-fold averagd#.R2 — |F.| electron density contoured at Tor the HPCAsya) model (white
atoms, black bonds). The HPGfe) model (black atoms, white bonds) yields essentially identiffal| 2- |F¢| electron density (not shown).
The views in a and b are related by & 96tation about the horizontal axis. This figure was prepared with MINIMAGE (Arnez, 1994) and
MOLSCRIPT (Kraulis, 1991).

FIGURE 3: Diver'gent stereoview comparing the two orientations of HPCA in the 3,4-ABDBA complex showing all residues within
approximatef 6 A of the HPCA molecules in HPCAra (black bonds) and HPC#g (white bonds). Hydrogen bonds are indicated by the
dashed lines. This figure was prepared with MOLSCRIPT (Kraulis, 1991).

The solvent-exposed surface area for the bound HPCA in complex. Moreover, since this is the only solvent-exposed
HPCAsue) (35 A2, 23% of the total HPCA surface area) is  portion of HPCA in each orientation, it appears likely that
very similar to that in HPCAuay (33 A2, 21% of the total O, attacks from this site, analogous to our proposal for the
HPCA surface area). Each is only slightly greater than the 3,4-PCDPCA complex.

28 A? solvent-exposed surface area calculated for PCA bound The five-coordinate iron geometry in each complex is
in the 3,4-PCD active site (Orville et al., 1997b). Several significantly distorted from either ideal square pyramidal or
atoms from the acetate group of HPCA in each structure trigonal bipyramidal coordination geometry (Figure 3 and
constitute the majority of the solvent exposed surface area.Table 2). Several obtuse bond angles including that mea-
The C3 and C4 atoms of HPCA in both orientations also sured between either His488-Fe** —HPCAC* (HPCAsta)
have solvent-exposed surface areas adjacent to the putativgl46’) or His460'?—Fe**—HPCAP® (HPCAsws) (132)

O, binding site observed at the PEA® bond in the 3,4-
PCD-PCA complex (Orville et al., 1997b). However, the
HPCA binding orientation is rotated relative to PCA,
suggesting that the volume of the @avity is slightly less
in the 3,4-PCBHPCA complexes than in the 3,4-PGECA

clearly illustrate the distorted coordination geometry. Inthe
HPCAsia) model, the HPCA3—Fe* and HPCAR*—Fe*
bond distances are 2.0 an@2 , respectively. In contrast,
the HPCAsys) model has 1.7 and 2.1 A bond distances for
the HPCA3—Fe** and HPCA*Fe*t bonds, respectively.



Asymmetric Substrate Chelation to¥en 3,4-PCD Biochemistry, Vol. 36, No. 38, 199711509

Table 2: Averaged Bond Distanéeand Angles for the Six F&" oo ’ T T
Centers per Asymmetric Unit
PCA® HPCAsya) HPCAsy) MHPY PHP

distance (A) a

Tyr408%—Fe 2.0 1.9 1.9 1.8 1.8

Tyr447°1—Fe 20 1.9

His460'<2—Fe 2.3 2.2 2.2 2.2 2.2

His462N2—Fe 2.2 2.2 2.2 2.3 2.3

LO3—Fes 2.4 2.0 1.7 1.9 oy

LO*—Fe 2.2 18 2.1 18 =
angle (deg) g b
Fe—L 03— C6 103 103 112 112 E
Fe—L 04— CL 114 106 99 119 =
Tyr408%—Fe—Tyr447°1 102 103
Tyr408%7—Fe—His460%2 90 92 92 97 103
Tyrd08"—Fe—His462¥<2 96 98 101 91 97
Tyr408"—Fe—L3 171 171 94 115
Tyr408%"—Fe—L%4 103 88 169 119
Tyrd47°1—Fe—His460'2 90 90
Tyrd4701—Fe—His462V<2 166 160
Tyr447°1—Fe—LOH 84 92 d
His46QV2—Fe—His4622 92 92 95 90 87 ! I I 1 I I 1
His460'2—Fe—L 93 99 96 132 146 900 1100 1300 1500 1700
His46QV2—Fe— 04 101 146 96 136 . 1
His462V2—Fe—L 03 85 81 131 88 Raman Shift (cm™)

i €2 o4
Egii?;mi“ l% 1552 ;g 76 Ficure 4: The 9006-1700 cnt? portion of the rR spectra for (a)

: _ ' B. fuscunB,4-PCD as isolated with 578 nm excitation; (b) the 3,4-
aEstimated bond distance errors ar®.25 A based on Luzzati PCDPHP complex with 568 nm excitation; (c) the anaerobic 3,4-

analysis.® Estimated bond angle errors at3°. ¢ From Orville et al. PCD-HPCA complex with 580 nm; and (d) 514 nm excitation. The
(1997b).4 From Orville et al. (1997a)f The C3-O~ group of HPCA starred features at 1262, 1320, and 1470 km@re assigned to
and analogous substituents in the other compleXBse C4-O~ group catecholate vibrations, while the vertical line denotes the position
of HPCA and analogous substituents in the other complexes. of the 1256 cm? bands associated with Tyr408 in the 3,4-PED

HPCA complex. Other vibrational features of Tyr408 are observed
. . . at 1165, 1498, and 1598 crh Other conditions: 4#C, 50 mM
The iron is also approximately 0.4 A out of the plane of the \0ps buffer, pH 7.2; 598 nm laser excitation; 50 mW of laser
HPCA aromatic ring in each model. These measurementspower, 4 cmt slit; sum of 30 scans at 5 s/point.

suggest that regardless of absolute orientation, the HPCA
molecule chelates the Feasymmetrically with the longer PCD-HPCA complexes are shown in Figure 4. The rR
Fe**—catecholate bonttansto Tyr408”. These parameters spectrum in each case exhibits high-frequency bands that
also suggest that in the trigonal bipyramidal description of are characteristic of Fé-phenolate coordination (Siu et al.,
the iron coordination sphere, the axial ligand axis is defined 1992), whereas only the 3,4-P@IPCA complex exhibits
by Tyr408" and the exogenous ligatichnsto it (C3—O in bands characteristic of Fecatecholate coordination (the
HPCAGsua) or C4-0 in HPCAgyg). Thus, this axis is rotated  starred peaks in Figure 4c,d) (Michaud-Soret et al., 1995).
~90° relative to the iron ligand geometry of uncomplexed For example, the uncomplexed enzyme exhibits rR bands at
3,4-PCD. 1254 and 1266 cnt which derive from the endogenous
Resonance Raman Spectra of B. fuscum 3,4-PBICA Tyr408 and Tyr447, respectively (Siu et al., 1992). However,
Complex. The visible absorption spectrum of the anaerobic When 578 nm excitation is used (Figure 4a), the high-
B. fuscunor P. putida3,4-PCDHPCA complex exhibits low  frequency rR spectrum is dominated by the band associated
energy catecholate-to-iron charge transfer bands (Figure 1)with Tyr447 because it gives rise to a lower energy LMCT
like those of ferrie-catecholate complexes found in other band (Siu et al., 1992). Addition of PHP causes the 1266
proteins, siderophores, and small molecule metal chelatorscm™ feature to shift to 1288 cnt and overlaps with the
[e.g, Cox et al. (1988)]. Resonance Raman spectroscopy iscorresponding feature derived from the exogenous ligand
an effective technique for exploring the vibrational coupling (Figure 4b), while the rR band from Tyr408 remains at 1256
of the endogenous and exogenous ligands to these LMCTcm™ (Siu et al., 1992).
transitions (Que, 1988). Since the rR spectra from the Formation of the anaerobic 3,4-P@GIPCA complex
enzyme isolated frorB. fuscunare the most highly resolved  results in the appearance of a new longer wavelength feature
of any 3,4-PCD (Siu et al., 1992), this was the system we in its visible spectrum (Figure 1), attributed to a catecholate
focused on for a detailed Raman study. Unfortunately, the LMCT band. Excitation into this band with 580 nm light
inherent fluorescence of the 3,4-PGICA complex has  affords Raman bands at 1262, 1320, and 1470'dfigure
prevented the collection of rR spectra from this species. 4c), features previously shown to be characteristic of a
Although fluorescence is also present in the 3,4- RIRECA chelated catecholate complex (Salama et al., 1978 tem
complex, it contributes to a much lesser extent than in the & Michaud-Soret, 1996). As observed for the tyrosine
PCA complex. The rR spectra of this HPCA complex are hydroxylasedopamine complex (Michaud-Soret et al., 1995)
also better resolved (Figure 4) than the spectrum reportedand the DOPA derivative of R2-F208¥.(Ling et al. 1994),
for the DHPP complex formed with the. putidaenzyme  these peaks are quite insensitive to the introductiotf®@f
(Felton et al., 1978). in the catecholate oxygens, consistent with the notion that
The rR spectra in the 96aL700 cn? region from these are predominantly catecholate ring modes with only
uncomplexedB. fuscum3,4-PCD, 3,4-PCEPHP, and 3,4- minor contributions from the €0 bonds (Orniet al., 1992;
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L B B B LA B is observed in the rR spectrum of uncomplexed 3,4-PCD
640 (Siu et el., 1992) and is therefore not likely to be associated
with substrate binding. Isotopic labeling studies demonstrate
that the 544 and 560 crhbands shift to 538 and 550 ¢
respectively, whert®O is substituted at the C3 hydroxyl
position of HPCA (Figure 5b). Labeling HPCA at the C4
hydroxyl position with®O results in shifts of the 544 and
640 cnm! bands to 536 and 630 cth respectively (Figure
5¢). On the basis of these labeling studies, we can

[" unambiguously assign the two vibrations at 560 and 640
cmt as arising fromv(Fe—HPCAP®) and v(Fe—HPCA®4)
b ‘ . modes, respectively. The band at 544 ¢émhifts upont®O

: substitution at either the HPCA or the HPCA* position,

\ consistent with the assignment of this band as a combination
bending and stretching mode of the five-membered ring in
c the chelated Fe-HPCA complex §,v chelate; @rstram &
Michaud-Soret, 1996).

DISCUSSION

We have used X-ray crystallography and resonance Raman
e e spectroscopy to investigate the coordination of the slow
450 500 550 600 650 700 substrate, HPCA, to the Fe of 3,4-PCD. At 2.4 A
. 1 resolution, the electron density is consistent with two
Raman Shift (em™ ) orientations of HPCA in the active site. However, no matter
Ficure 5. Effect of'80-enriched HPCA on the low-energy Raman  which orientation is chosen, the HPCA chelates the iron,
L%?;‘gii Svf;';‘f?omzzrevtﬁ Llése%ljrﬁﬁél:(,;?-lﬂpc%A (%%%'ﬁégxe causes the dissociation of the endogenous axial tyrosinate
or (c) 4-[BOJHPCA. Instrument conditions are éiven in Figuré 4. ligand (Tyr447), and e;tabllshes anew aX|a_I I|g_and axis for
the resulting trigonal bipyramidal iron coordination sphere.
Michaud-Soret et al., 1995). When the resonance RamanConsequently, the Fé—chelate is asymmetric with the
spectrum of the 3,4-PCBIPCA complex is obtained with  longer Fé"—catecholate bondrans to Tyr408 and along
514 nm excitation (Figure 4d), the catecholate features atthe newly defined axial axis. We show here that the correct
1320 and 1470 cmt decrease in intensity relative to the structure can be determined by correlating it with the Raman
spectrum obtained with 580 nm excitation (Figure 4c). This spectroscopic results that unambiguously indicate that the
change indicates that the 514 nm laser excitation wavelengthstronger F& —catecholate bond is from HPCA The
has moved out of resonance with the catecholate LMCT observation of asymmetric chelation in the anaerobic sub-
band, consistent with earlier studies showing that the strate complex of 3,4-PCD has mechanistic implications and
catecholate LMCT band is centered in the red region of the will be discussed in the following sections.
visible spectrum (Que & Heistand, 1979). In contrast, the  Structural Comparisons to Other 3,4-PCD Ligand Com-
band at ca. 1260 cmi does not behave in a similar fashion plexes. The crystal structures of 3,4-PCD complexed with
with 514 nm excitation; rather it retains its intensity and shifts PCA (Orville et al., 1997b) or the competitive inhibitors,
to 1256 cnTl. In addition, features at ca. 1165, 1498, and m-hydroxyphenylacetate (MHP) @ehydroxyphenylacetate
1598 cnt! become evident. These four features are the (PHP) (Orville et al., 1997a), provide structural precedence
fingerprint vibrations of a tyrosinate derived from excitation for both potential HPCA orientations (Figure 6 and Table
into a tyrosinate LMCT band at higher energy than the 2). For example, the positions of the acetate groups from
catecholate LMCT band (Que, 1988). Thus the ca. 1260cm HPCA in HPCAswa) and PHP virtually superimpose, as do
peak consists of two overlapping features, one arising from the positions of the acetate groups of HPCA in HR&#4
the substrate catecholate and the other from an endogenouand MHP (Figure 6a,b). Because HPCA chelates the Fe
tyrosinate. The tyrosinate vibrations arise from Tyr408, and monodentate complexes are formed by the inhibitors,
consistent with earlier Raman assignments (Siu et al., 1992)the positions of the aromatic rings of these exogenous ligands
as well as the crystal structure of the 3,4-PEBCA differ slightly. Nevertheless, the binding orientations of
complex. No Raman feature is observed from Tyr447 since HPCA in HPCAsya) and HPCAsyg) are much more similar
the rR spectra of a number of inhibitor complexes suggest to those of MHP and PHP in their 3,4-PCD complexes than
that Tyr447 should give rise to a unique vibration at ca. 1290 to the binding orientation of PCA in the 3,4-PEECA
cm™! (Siu et al., 1992). The absence of this feature in the complex (Figure 6¢,d). In the crystal structure of the latter
spectra of the 3,4-PCGBIPCA complex is in consonance with  complex, PCA coordinates the iron to yield a distorted
its crystal structure showing dissociation of Tyr447 from the octahedral coordination sphere in which the P€And
iron center upon substrate binding. PCAP*ligands occupy equatorial and axial sites, respectively.
Of particular interest in the rR spectrum of the 3,4-P€D  This consequently aligns the aromatic ring of PCA ap-
HPCA complex is the low-frequency region from 400 to 700 proximately parallel with the iron axial ligand plane. In
cm* (Figure 5 and Table 3) where metal-ligand vibrational contrast, in HPCfsyay and HPCAgus), both orientations of
modes are routinely found (Nakamoto, 1986). Four promi- HPCA are rotated relative to that of PCA in the 3,4-PED
nent bands appear at 526, 544, 560, and 640'dor the PCA complex so that the HPCA aromatic plane is not parallel
3,4-PCDHPCA complex. The vibrational band at 526 cm  to either the iron axial or equatorial ligand plane. For this

526 544
[

560
I

Intensity
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Table 3: Selected Resonance Raman Features®ofCleelate Complexes

d,v chelate v(Fe—0) Av(Fe-0)

complex (cm™) (cm™) (cm™) refd
Fe(NTB)(cat) @ 518 630 1
Fe(PDA)(cat) ° 523 633 1
Fe(NTA)(caty~ ° 526 630 1
Fe(salen)(cat)®¢ 511 614 2
[Fe(caty]*—® 533 621 3
PAH-catechdl 531 621 1
hTH-catechdl 528 619 4
hTH-noradrenalif 530 624 636 12 4
hTH-dopaminé 528 592 631 39 4
hTH-3-[**0]dopaminé 522 580 629 4
hTH-3,4-[¥0].dopaminé 509 578 619 4
R2-F208Y-dop& 512 592 619 27 5
R2-F208Y-3-fé0]dop& 499 584 617 5
3,4-PCDDHPP 518 581 638 57 6
3,4-PCDHPCA 544 560 640 80 7
3,4-PCD3-[0]HPCA 538 550 640 7
3,4-PCD4-[**O]HPCAf 536 560 630 7

a CD30D, ambient temperatur@ H,O, ambient temperaturé CD;CN, ambient temperaturé4 °C. €90 K. f 5 °C. 9 References: (1) Cox et al.,
1988; (2) Pyrz et al., 1988; (3) Salama et al., 1978; (4) Michaud-Soret et al., 1995; (5) Ling et al., 1994; (6) Felton et al., 1978; (7) this report.

FicURe 6: Comparison of the Fé coordination geometry for 3,4-PCBPCA and related complexes. (a) Superposition of 3,4-fREP
(white bonds) and HPCéya) (black bonds); (b) superposition of 3,4-PBIHP (white bonds) and HPGAvg) (black bonds); (c) superposition
of 3,4-PCDPCA (white) and HPCAy») (black bonds); and (d) superposition of 3,4-PEBA (white bonds) and HPGArs) (black bonds).
This figure was prepared with MOLSCRIPT (Kraulis, 1991).

reason, only the phenolic group that coordinaiess to HPCAsye. PCA would be predicted to bind tighter than
Tyr408 in either HPCAsya) or HPCAsys) superimposes  HPCA in either orientation, and this is in accord with the
approximately with PCA? in the 3,4-PCBPCA complex. increasedKy for HPCA (~220 uM) relative to PCA (2.5
The difference in binding orientations of PCA and HPCA uM). Transient kinetic analysis shows that the association
in either model suggests a structural basis for the different rate of HPCA is approximately 2 orders of magnitude slower
kinetic parameters obtained for these substrates (Schemes fhan that of PCA (Bull et al., 1981; Fujisawa et al., 1972).
and 2). Examination of the van der Waals and hydrogen Since both complexes cause a very similar overall confor-
bonding interactions of PCA or HPCA with the active site mational change upon binding to 3,4-PCD, the decreased
residues in their respective 3,4-PCD complexes suggests thaassociation rate of HPCA may result from a decreased
HPCAsua) Will have a higher affinity for HPCA than  driving force for dissociation of the axial Tyr447 due to the
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yi22 Y447 \ (a) y122 Y447 (a)

y122 Y447 \ (b) y12 Y447 (b)

FIGURE 7: Superposition of ribonucleotide reductase-fR208 Yyqpawith 3,4-PCDHPCA or 3,4-PCBPCA complexes. Divergent stereoviews
of (a) HPCAsua) (black bonds, white atoms) and RE208Yyqpa (White bonds, black atoms), (b) 3,4-PE&ECA (black bonds, white atoms)
and R2-F208Y¥.,. Uppercase and lowercase labels designate 3,4-PCD or R2-g08idues, respectively. This figure was prepared
with MOLSCRIPT (Kraulis, 1991).

decreased stability of the final complex. On the other hand, subsequently termed th&v chelate mode (Brstram &
once either ES complex is formed, the very similar off rates Michaud-Soret, 1996). Three vibrational bands are observed
indicate that some step other than the actual release of HPCAfor para-alkyl-substituted, bidentate catecholate complexes
from its binding site is rate limiting. One possibility is the (Table 3). Substitution in theara position of the catecholate
rotation of Tyr447 from its alternative binding site and ring removes the degeneracy of th&e—O) vibrations and
ligation to the Fé&", which is a process common to both the both Fe-O stretching modes are observed in addition to the
dissociation of HPCA and PCA. 0,v chelate mode (Table 3). The isotopic labeling studies
Structural and Mechanistic Implications of the Resonance of the THdopamine complex and R2-F20&y. clearly
Raman SpectraFormation of a chelated substrate complex demonstrate that the(Fe—dop&?) is at higher energy than
is proposed to be essential for the activation of substrate forthe v(Fe—dop&3).
electrophilic attack by @that leads to intradiol cleavage of These assignments are corroborated by the isotope labeling
catecholic aromatic substrates (Lipscomb & Orville, 1992; data for the 3,4-PCEHPCA complex, but the difference in
Orville et al., 1997b). To date, the best spectroscopic dataenergy between the twifFe—0) bands is significantly larger
in support of a chelated Fecomplex has derived from the  than for any other complex listed in Table 3. The 640&m
evaluation of’O-enriched HPCA perturbations of the EPR band of the 3,4-PCIHPCA complex §(Fe—~HPCAP%] is
spectrum (Orville & Lipscomb, 1989). However, the low- comparatively higher in energy and the 560 ¢érband -
frequency rR features reported here uniquely arise from the (Fe—HPCA®3)] lower in energy than those of the other alkyl-
five-membered ring structure formed when the substrate substituted catecholate-protein complexes. These differences
binds in this mode and thus provide a more definitive suggest that the Fecatecholate in the 3,4-PCBPCA
indication of the chelated binding conformation. Low-energy complex is asymmetrically coordinated with the Fe-HPEA
rR vibrational frequencies for a series of model compounds bond stronger than the Fe-HP€%bond. Moreover, since
with this type of F&"-catecholate coordination are listed in the crystal structure for thE. coli ribonucleotide reductase
Table 3 for comparison with the current results as well as R2-F208Yiqpa (Aberg et al., 1993) is available, the degree
those from other proteins that bind catechols. of asymmetry in the two catecholate complexes can be
Chelation of unsubstituted catechols tg*Fgives rise to directly evaluated. As shown in Figure 7, the superposition
two vibrational bands in the low-frequency region: a of the atomic model for the R2-F208y.(Protein Data Bank
combination mode associated with the chelated ring betweenentry code 1RNR) with either the HP(gw) or the 3,4-
511 and 526 cmt and an Fe-O stretching mode between PCDPCA structure reveals that the F208y chelate
614 and 633 cmt (Salama et al., 1978; Michaud-Soret et complex is indeed more symmetric than that of either PCA
al., 1995). Density function calculations have been used to or HPCA bound in 3,4-PCD.
describe the combination mode as being comprised of a one- On the basis of this analysis and the fact that the
to-one mixture ofé(Fe—O) and v(Fe—O) vibrations and HPCAgsuwa) is the orientation most similar to that proposed
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for the 3,4-PCDBPCA complex (Figure 6c¢), it appears that
this may be the catalytically relevant species. The lorig+e
catecholate bonttansto Tyr408 appears to derive in part
from the effect of placing two anionic ligandsansto each
other. We proposed in a previous report (Orville et al.,
1997b) that the asymmetry in the¥Fesubstrate complex is

essential for substrate activation and subsequent events i

Biochemistry, Vol. 36, No. 38, 19971513
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catalysis. The current results appear to corroborate this gg 2239-2314.

proposal. Thestansligand effects are proposed to enhance
catalysis by weakening the F@rcatecholate hond trans to
Tyr408 relative to thatransto His462, thereby promoting
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boxylate), the driving force for creating asymmetry in the

chelated F&-catecholate is not as strong as in 3,4-PCD. To
the extent that this asymmetry is important in the creation

of a catecholate susceptible to electrophilic attack by O
the R2-F208Y,paWould be less likely to efficiently initiate
this aspect of intradiol ring cleavage process.

It is interesting to note that in the superposition shown in
Figure 7, the putative oxygen binding cavity of 3,4-PCD-
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after initial O, attack on the substrate (Orville et al., 1997b).
Subsequently, anothérans influence involving His460 is

postulated to stabilize the transition state during the hetero-

Iytic cleavage of the peroxo-©0 bond. It is conceivable
the putative @ binding site of R2 site could be used to
promote O-O bond cleavage in a peroxy intermediate of
R2-F208Y,0pa in the same way. However, the analogous
residue in the R2-F20&Y¥pastructure is Asp84 which is less
likely than histidine to stabilize the developing negative
charge on the distal oxygen necessary for heterolyti€QO
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