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ABSTRACT: X-ray crystallographic studies of the intradiol cleaving protocatechuate 3,4-dioxygenase from
Pseudomonas aeruginosa have shown that the enzyme has a trigonal bipyramidal ferric active site with
two histidines, two tyrosines, and a solvent molecule as ligands [Ohlendorf, D. H., Lipscomb, J. D., & Weber,
P. C. (1988) Nature 336, 403-405]. Fe K-edge EXAFS studies of the spectroscopically similar proto-
catechuate 3,4-dioxygenase from Brevibacterium fuscum are consistent with a pentacoordinate geometry
of the iron active site with 3 O/N ligands at 1.90 A and 2 O/N ligands at 2.08 A. The 2.08-A bonds are
assigned to the two histidines, while the 1.90-A bonds are associated with the two tyrosines and the coordinated
solvent. The short Fe—O distance for the solvent suggests that it coordinates as hydroxide rather than water.
When the inhibitor terephthalate is bound to the enzyme, the XANES data indicate that the ferric site
becomes 6-coordinate and the EXAFS data show a beat pattern which can only be simulated with an
additional Fe-O/N interaction at 2.46 A. Together, the data suggest that the oxygens of the carboxylate
group in terephthalate displace the hydroxide and chelate to the ferric site but in an asymmetric fashion.
In contrast, protocatechuate 3,4-dioxygenase remains 5-coordinate upon the addition of the slow substrate
homoprotocatechuic acid (HPCA). Previous EPR data have indicated that HPCA forms an iron chelate
via the two hydroxyl functions. For the iron site to remain 5-coordinate and the HPCA to be chelated to
the iron, the substrate must displace not only the hydroxide but also a ligand from the protein backbone,
probably a histidine. The mechanistic implications of the displacement of hydroxide and a protein ligand
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in the active site are discussed.

Protocatechuate 3,4-dioxygenase (3,4-PCD) catalyzes the
cleavage of protocatechuate (3,4-dihydroxybenzoate) to 3-
carboxy-cis,cis-muconic acid with incorporation of the elements
of dioxygen [Fujisawa & Hayaishi, 1968; for a review, see Que
(1989)]. This non-heme iron containing enzyme mediates the
critical ring opening step in the pathways of biodegradation
of many aromatic compounds, and it has been reported to be
present in at least 10 bacterial strains spanning the aerobic
genera (Durham et al., 1980). Along with catechol 1,2-di-
oxygenase, 3,4-PCD serves as the prototypical protein for the
class of iron-tyrosinate proteins (Que, 1983) that are char-
acterized by a distinctive visible absorption spectrum arising
from tyrosinate-to-iron(II1) charge-transfer transitions; this
assignment has been confirmed by resonance Raman spec-
troscopy (Felton et al., 1978; Keyes et al., 1978; Que & Ep-
stein, 1981). Spectroscopically and mechanistically, all of the
well-studied 3,4-PCD’s are very similar. The enzyme isolated
from Brevibacterium fuscum has been utilized for many
spectroscopic investigations because the environment of the
iron is apparently very homogeneous and exhibits well-resolved
spectra (Whittaker et al., 1984). The 3,4-PCD from Pseu-
domonas aeruginosa has been characterized crystallograph-
ically to a resolution of 2.8 A as a dodecamer of two noni-
dentical subunits, i.e., (a8Fe3*),, (Ohlendorf et al., 1988). The
3,4-PCD’s isolated from other strains all have the same fun-
damental «8Fe?* structure, but the number of dimeric units
varies (Durham et al., 1980). The active site of the P. aeru-
ginosa enzyme lies at the interface between the o and
subunits with the catalytic ferric ion coordinated by four
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residues from the 3 subunit: Tyr 118, Tyr 147, His 160, and
His 162. The iron coordination geometry forms an approx-
imate trigonal bipyramid with Tyr 147(8) and His 162(8)
located in the axial positions as shown:
Tyr
|
HgO—Fle‘Tyr
His
The third coordination site in the equatorial plane has electron
density that has been attributed to a bound solvent molecule.
The crystallographic results corroborate the active site model
(Pyrz et al., 1985) proposed on the basis of spectroscopic
studies (Que et al., 1976; Felton et al., 1978: Que & Epstein,
1981; Felton et al. 1982; Roe et al., 1984; Whittaker & Lip-
scomb, 1984). While the X-ray diffraction study has estab-
lished gross details of the active site coordination environment
of the native enzyme, its 2.8-A resolution is insufficient to
resolve the more precise aspects of metal-ligand bond lengths.
Furthermore, important questions regarding the impact of
changes in the iron coordination environment during catalysis
cannot be directly addressed from the crystal structure of the
native enzyme.

As the iron appears not to be reduced during the catalytic
cycle (Que et al., 1976; Bull et al., 1981; Walsh et al., 1983;
Whittaker & Lipscomb, 1984), a novel substrate activation
mechanism has been proposed for 3,4-PCD (Que et al., 1977;
Whittaker & Lipscomb, 1984; Cox & Que, 1988). In this
mechanism the catecholic substrate is activated by chelation
of the ferric ion and dioxygen directly attacks the aromatic
ring. Evidence for substrate chelation has been educed from
both NMR (Lauffer & Que, 1982) and EPR (Orville &
Lipscomb, 1989) studies. It is likely that one of the substrate
hydroxyl groups coordinates to the iron by displacing the
solvent molecule bound to the active site iron (Whittaker &
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Lipscomb, 1984; Orville & Lipscomb, 1989). However, it is
not known whether the second substrate hydroxyl is accom-
modated by expansion of the iron coordination number or by
displacement of one of the protein ligands to the iron.

Metric details of the active site environment of the iron
center can, in principle, be obtained by using X-ray absorption
spectroscopy (Scott, 1985). The previously reported EXAFS
study of 3,4-PCD from P. aeruginosa did not address this
question, presumably due to insufficient signal to noise in the
data (Felton et al., 1982). In this study, we take advantage
of the more homogeneous active site of the 3,4-PCD from B.
Sfuscum to afford insights into the coordination environment
of the iron in the native enzyme and the changes engendered
by the binding of the inhibitor terephthalate and the slow
substrate homoprotocatechuate (HPCA).

EXPERIMENTAL PROCEDURES

Preparation of Protein Samples. 3,4-PCD was isolated
from B. fuscum (ATCC 15993) as previously described
(Whittaker et al., 1984, 1990). The EXAFS sample for native
3,4-PCD had a concentration of | mM protein (5 mM iron)
in 50 mM MOPS buffer at pH 7.0. Iron concentrations were
determined by using inductively coupled plasma emission
spectroscopy and A,;, measurements (eg34 = 2.9 mM™!
cm™!/Fe) (Whittaker et al., 1984). Neutralized 0.5 M stock
solutions of terephthalate and HPCA from Aldrich were made
in 0.1 M MOPS buffer at pH 7.0. The terephthalate complex
was prepared by the aerobic addition of the inhibitor to | mM
3,4-PCD to give a final terephthalate and iron concentration
of 23 and 4.3 mM, respectively. For the anaerobic substrate
complex, the protein was degassed and cycled with argon
passed over a BASF copper catalyst at 170 °C to remove trace
oxygen. Anaerobic HPCA was added to the anaerobic enzyme
to generate a sample with 35 mM HPCA and a final iron
concentration of 4.3 mM.

EXAFS Data Collection and Analysis. X-ray absorption
spectra (XAS) were collected between 6.9 and 7.9 keV at
station A-3 of the Cornell High Energy Synchrotron Source
(CHESS) and at beamline X9A of the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratories.
The monochromator was calibrated by using the 7113.0-eV
Is — 3d peak in the XAS spectrum of [Et,N][FeCl,] (sus-
pended in Duco cement). The XAS data were obtained at 100
K. Ay (Ci/ Cy) was determined from an incident (Cy) ion-
ization detector and a final fluorescence (Cp) detector. A large
solid-angle Lytle fluorescence detector was used with a Mn
filter and Soller slits (Stern & Heald, 1979).

The treatment of the raw EXAFS data to yield x is dis-
cussed at length in several review articles (Teo, 1981; Scott,
1985). A modification of the program EXAPLT was employed
to extract x from A, by using a three-region cubic spline
function. Iron-ligand distances were determined by least-
squares refinement using the Newton—-Gauss algorithm and
locally developed software. The refinements reported were
on k3*x data, and the function minimized was R = [ kS(x.
- x)2/n]}/%, where the sum is over n data points between 2 and
14 A™! (Scarrow et al., 1987).

Use of Theoretical Phase and Amplitude Functions. Sin-
gle-scattering EXAFS theory allows each shell of n scatterers
at a distance r £ ¢ to be modeled separately, with the EXAFS
spectrum described as a sum of each shell (Scarrow et al.,
1987)

Xe = hz nA[fU) K 262 sin [2kr + a(k)]] (1)
shells

where k = [872m (E — 7125 eV + AE)/h?|'/2, The amplitude
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reduction factor (A4) and the shell-specific edge shift (AE) are
empirical parameters that partially compensate for imper-
fections in the theoretical amplitude and phase functions fand
a (Teo & Lee, 1979).

Our analysis procedure, a variation of FABM (fine ad-
justment based on models) (Teo et al., 1983), uses theoretical
amplitude and phase functions. For each shell, known crystal
structures are used to determine A4, AE, and, for Fe-C in-
teractions, where n would be unknown in the protein structures,
o? (Teo & Lee, 1979). This leaves two parameters per shell
(r and o2 or n) to be refined instead of the four parameters
refined using BFBT (“best fit based on theory™) (Teo et al.,
1983).

Recent studies have indicated that the single-scattering
EXAFS theory is valid to lower energies than previously be-
lieved (Bunker & Stern, 1984; Miiller & Schaich, 1983).
However, the amplitude and phase function tables of Teo and
Lee (1979) were calculated by using a plane wave approxi-
mation for the scattering of the photoelectron wave by the
neighboring atom and are unsatisfactory at low photoelectron
momentum. Recently McKale et al. (1988) have calculated
amplitude and phase shift functions for 2 < k < 20 A~! using
a curved-wave formalism, thus extending the range of EXAFS
data that can be used in refinement to X = 2 A-'. Use of these
“curved-wave” functions have consistently yielded better fits
than those determined with the Teo-Lee tables. Using the
data at low photoelectron momentum raises the question as
to whether other effects such as XANES may be contributing
to the EXAFS spectrum. However, in both model compounds
and proteins, analysis of the data in the range 2 < k < 14 gave
identical fits as when the data between 3 < k < 14 or even
4 < k £ 14 was used. Thus, it can be assumed that contri-
butions from phenomena other than EXAFS are negligible
in the k range (2 < k < 14) utilized in the fits presented here.

Integration of the |s — 3d Peak. The preedge peak areas
were calculated by subtracting an arctangent function from
the data and normalizing with respect to the edge jump height.
The background function was determined by a least-squares
fit of an arctangent together with a first-order polynomial to
the data below the inflection point to the edge as previously
described (Roe et al., 1984). The area of the preedge peak
after the background subtraction was obtained by integrating
over a range of 8 eV. This range centered on the peak and
any residual background function was interpolated over that
range. The edge jump was determined by fitting first-order
polynomials to the data as previously described (Roe et al,
1984). The difference between these two lines at the inflection
point of the edge was used as the normalization factor for the
preedge peak area. For example, the native 3,4-PCD from
B. fuscum has a normalized preedge peak area of 12.9 X 1072
eV, which is abbreviated as 12.9 units.

RESULTS AND DiscussioN

Native 3,4-PCD. The position of the Fe K-absorption edge
of 3,4 PCD from B. fuscum is consistent with the iron being
in a ferric oxidation state. The XANES spectrum of the Fe
K-edge region shows a definite absorption band about 10 eV
below the midpoint of the absorption edge that can be assigned
to the iron 1s — 3d transition (Figure 1A) (Shulman et al.,
1976). Previous EXAFS studies on model compounds and
molecular orbital calculations have demonstrated that the
intensity of this preedge feature relative to the edge jump
height can be correlated with the amount of iron 4p and 3d
orbital mixing and, consequently, with the ligand geometry
around the iron atom (Roe et al., 1984). In general, the
amount of 4p and 3d orbital mixing, and therefore the peak
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Table I: Results from Restricted Fits of First-Coordination-Sphere Fourier-Filtered EXAFS Spectra of 3,4-PCD
first shell second shell third shell
fitno. O R(A) o? N R(A) o? 0O R(A) o? Fe Figure
3,4-PCD 1 5 1.94 0.012 0.516
2 3 1.90 0.0050 2 2.08 0.0060 0.127 3
3 2 1.87 0.0027 3 2.04 0.0090 0.121
3,4-PCD + terephthalate 4 3 1.93 0.0047 2 2.13 0.0044 0.231 4A
5 3 1.94 0.0050 2 2.15 0.0044 1 2.46 0.0023  0.131 4B
6 2 1.92 0.0043 4 2.09 0.014 1 2.46 0.0008  0.098
7 4 1.95 0.0076 2 2.18 0.0049 1 245 0.0013  0.084 4C
3,4-PCD + HPCA 8 5 1.99 0.0035 0.130 5
9 4 1.97 0.0029 1 222 0.0029 0.144
10 3 1.97 0.0014 2 2.10 0.025 0.111
11 3 1.97 0.0012 2 2.16 0.004 0.400

4 F, the goodness of fit, is defined as rms(dev)/rms(dat) where the function minimized is R 8 [T k%(x. — x)?/n]'/? as described in the text.
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FIGURE 1: XANES data of (A) native 3,4-PCD, (B) 3,4-PCD +
HPCA, and (C) 3,4-PCD + terephthalate. The areas of the preedge
transitions are 12.9, 13.0, and 6.9 units, respectively. The intensity
of the 1s — 3d preedge peak indicates that the ferric site remains
pentacoordinate upon the binding of HPCA but becomes six coordinate
upon the addition of terephthalate.

intensity, increases with a reduction of the coordination num-
ber, i.e., Ile\rahedral > 15-coordinate > Ioctahcdral- The area of the
preedge feature of 3,4-PCD from B. fuscum is 12.9 units and
is within the range of intensities for a 5-coordinate species.
The intensity of the 1s — 3d absorption band together with
the presence of a crystallographically determined S-coordinate
iron site in the 3,4-PCD from P. aeruginosa (Ohlendorf et al.,
1988) strongly implies that the 3,4-PCD from B. fuscum is
likewise S-coordinate.

The unfiltered and filtered k3x data for 3,4-PCD is shown
in Figure 2. The quality of the data is limited by the necessity
of a dilute protein sample. The consequent noise is in part
compensated by the large number of data points measured and
does not become prohibitive until k > 13 A-!. Fourier filtering
can be used to study contributions to the EXAFS spectrum
arising from the first coordination sphere of the iron. The
Fourier-filtered (back transform 1.1-2.3 A) EXAFS spectrum
of the first coordination sphere of 3,4-PCD from B. fuscum
is shown in Figure 3. A one-shell fit (fit 1 in Table I) affords
an average metal-ligand distance of 1.94 A; however, the large
Debye—Waller factor suggests the need for a second shell to
model the first coordination sphere. The addition of a second
shell in the simulations dramatically improves the goodness
of fit, which justifies its inclusion. The data can be simulated

k (A1)

FIGURE 2: Raw (*) and Fourier-filtered (—) (back transform 1.0-5.0
A) K3x data of (A) native 3,4-PCD, (B) 3,4-PCD + terephthalate,
and (C) 3,4-PCD + HPCA.
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FIGURE 3. Two-shell restricted fits (—) to Fourier-filtered (back
transform 1.1-2.3 A) k%x EXAFS data (X) of protocatechuate
3,4-dioxygenase. The data were modeled by using 3 O/N scatterers
at 1.90 X and 2 O/N scatterers at 2.08 A. The other parameters
are as listed in Table I (simulation 2).

with comparable goodness of fit using 3 O/N atoms at 1.90
A and 2 O/N atoms at 2.08 A (fit 2 in Table I) or using 2
O/N atoms at 1.87 A and 3 O/N atoms at 2.04 A (fit 3 in
Table I). However, we favor fit 2 upon consideration of the
established protein ligands for 3,4-PCD and the unreasonably
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large Debye-Waller factor associated with the second shell
in fit 3.

Though oxygen and nitrogen ligation cannot be unequivo-
cally distinguished by EXAFS spectroscopy, the different shells
can be assigned to the crystallographically determined active
site ligands by comparisons with suitable model complexes.
In non-heme high-spin ferric complexes, Fe(I11)—Oppenojaee bond
lengths have a range of 1.87-1.95 A (Magurany & Strouse,
1982; Davis et al., 1986; Heistand et al., 1982a; Lauffer et
al., 1983), while Fe(II1)~N bond lengths for imidazole (or
pyrazole) range from 2.10 to 2.24 A for high-spin model
compounds (Armstrong & Lippard, 1984; Davis et al., 1986;
Gomez-Romero et al., 1988; Armstrong et al., 1984; Chen et
al., 1988).

In fit 2, the 1.90-A distance can be ascribed to tyrosine
ligation, while the 2.08-A distance is consistent with histidine
coordination. The Fe—Oyggn bond is then ascribed a length
of ca. 1.90 A. Such a short distance is best associated with
a coordinated hydroxide. Fe(IT1)-OH, bond lengths average
~2.06 A (Hamor et al., 1964; Ou et al., 1978: Murphy et al.,
1982; Murch et al., 1987), although they may be as short as
2.01 A, as in [Fe,(5-Me-HXTA)(OH)(H,0),]' (Murch et al.,
1987), or as long as 2.15 A, as in [Fe(PIH)Cl,(H,0)]
(Murphy et al., 1982). Fe(IIT1)-OH bonds are expected to be
shorter than Fe(IT11)-OH, bonds. The only crystallographically
characterized ferric compound with a terminal hydroxide
ligand, {«,y-di-tert-butyloctaethyl-a,y-dihydroporphinato]-
hydroxoiron(I1I), has an Fe(II1)~OH bond distance of 1.886
A (Buchler et al., 1982). Most of the structural data on
Fe~OH compounds are for (u-hydroxo)diiron species, which
would be expected to exhibit somewhat longer Fe-O bond
lengths, e.g., 1.94 A for [Fe,(5-Me-HXTA)(OH)(H,0),]
(Murch et al., 1987), 1.96 A for [Fe,(OH){HB(pz);},-
(OAc),]ClO, (Armstrong & Lippard, 1984), and 2.02 A for
[(TACN),Fe (u-0),(u-OH),]1, (Driieke et al., 1989).

In fit 3, we would similarly ascribe tyrosine and histidine
ligation to the first and second shells, respectively, on the basis
of the bond length differences. The Fe—O,yen bond would
then be ca. 2.04 A long, which is more consistent with a
coordinated water. However the Fe—Ny;, bonds would be
much too short at 2.04 A, given the weight of the model data.
One way to rationalize this low value with histidine ligation
would be to include a shorter bond in the second shell at 1.96
A. The average of two Fe-Ny;, bonds at 2.08 A and one
Fe~O,yyens bond at 1.96 A would give the fit value of 2.04 A,
and the range spanned by these bonds would explain the large
Debye~Waller factor. A solvent distance of 1.96 A would
again indicate a coordinated hydroxide.

Two other observations support the presence of a hydroxide
ligand. First, the Lewis acidity of a 5-coordinate ferric ion
with two neutral nitrogen ligands is expected to be large
enough to lower the pK, of a coordinated water molecule and
result in its deprotonation at neutral pH; note, for example,
the ready formation of oxo-bridged complexes of bis(salicyl-
idenamine)iron(I1T) (Mukherjee et al., 1988; Murray, 1974).
Second, NMR water relaxation studies on 3,4-PCD from P.
aeruginosa are consistent with the presence of a single proton

! Abbreviations: acac, acetylacetonate; catH,, catechol; cyclen,
1,4,7,10-tetraazacyclododecane; EDTA, ethylenediaminetetraacetate;
HB(3,5-iPryp);, hydrotris(3,5-diisopropyl-1-pyrazolyl)borate; HPCA,
homoprotocatechuate; hq, hydroquinone; 5-Me-HXTA, N,N-(2-
hydroxy-5-methyl-1,3-xylylene)bis[ N-(carboxymethyl)glycine]; OAc,
acetate; OBz, benzoate; PCA, protocatechuate; 3,4-PCD, protocatechuate
3,4-dioxygenase; PIH, pyridoxal isonicotinoy! hydrazone; salen, ethyl-
enebis(salicylidenamine); PSQ, phenanthrene semiquinone; saloph, o-
phenylenebis(salicylidenamine).
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2.7 A from the iron center (Felton et al., 1984), which is at
the appropriate distance for the proton on a coordinated hy-
droxide. Taken together, these observations suggest that the
coordinated solvent in 3,4-PCD is a coordinated hydroxide
rather than water,

Though the amino acid sequence of the enzyme from B.
Sfuscum is not known, the residues that are ligated to the iron
in the 3,4-PCD from P. aeruginosa are conserved in the other
intradiol dioxygenases that have been sequenced (Kohlmiller
& Howard, 1979a,b, Iwaki, et al., 1981; Franz & Chakra-
barty, 1987; Neidle et al., 1988; Zylstra et al., 1989; Hartnett
et al., 1990). Furthermore, the intensity of the preedge feature
in the XANES region is similar in the two species (Roe et al.,
1984). The EXAFS data indicate that the ligation of the Fe
is similar, and in all likelihood identical, in the two isofunc-
tional 3,4-PCD enzymes. These results indicate that the active
site of 3,4-PCD should be revised as shown:

Tyr

| WHis

HO F|e‘Tyr
His

3,4-PCD + Terephthalate. Terephthalate is a competitive
inhibitor of 3,4-PCD, suggesting that it occupies the same
binding site as the substrate (Whittaker & Lipscomb, 1984).
Since substrates are known to bind directly to the iron, similar
coordination of the carboxylate moiety of terephthalate is
likely. Spectroscopic changes observed for 3,4-PCD upon
terephthalate binding are consistent with the coordination of
the carboxylate. The 3,4-PCD—terephthalate complex exhibits
an EPR spectrum markedly different from that of the un-
complexed enzyme, and the zero-field splitting parameter D
changes from positive to negative on formation of the complex,
indicating that the iron environment is significantly perturbed
(Whittaker & Lipscomb, 1984). In addition, the hyperfine
broadening found in the EPR spectrum of native 3,4-PCD in
17OH, is not observed for the terephthalate complex with the
enzyme prepared in "OH,-enriched buffer solutions (Whit-
taker & Lipscomb, 1984), suggesting that the iron—solvent
interaction has been eliminated or significantly weakened.

The tyrosine-to-metal charge-transfer band in the optical
spectrum of the enzyme-terephthalate complex is red shifted
relative to that of the uncomplexed enzyme. Previous model
studies on Fe(salen)X complexes have demonstrated that the
more basic the ligand coordinated to the iron the more blue
shifted the salen-to-iron(IIl) charge-transfer band (Pyrz et
al., 1985). These studies are also applicable to the tyrosi-
nate-to-Fe(III) charge-transfer bands in 3,4-PCD’s and cat-
echol 1,2-dioxygenases (Heistand et al., 1982b). The red shift
seen upon addition of terephthalate to 3,4-PCD indicates an
increase in the Lewis acidity of the active site ferric center,
consistent with replacement of the coordinated hydroxide with
the less basic carboxylate.

The XANES spectrum of the enzyme-terephthalate com-
plex suggests a change in the iron coordination environment
relative to that of the native enzyme. The preedge feature is
dramatically less intense than is found for the native enzyme
(Figure 1C) with a peak area of 6.9 units. This suggests that
the ligation of terephthalate diminishes the 3d-4p orbital
mixing in the iron and makes the iron environment more
centrosymmetric. We thus propose that the iron becomes
6-coordinate in the 3,4-PCD-terephthalate complex. This
change in environment could occur following one of several
binding scenarios including monodentate or bidentate coor-
dination of the terephthalate carboxylate moiety coupled with
retention or elimination of the coordinated solvent. However,
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FIGURE 4: Two- (A) and three-shell (B) and (C) restricted fits (—)
to Fourier-filtered (back transform 1,1-2.4 A) k*x EXAFS data (X)

of the 3,4-PCD-terephthalate complex. Parameters are as listed in
Table I (simulations 4, 5, and 7, respectively).

another scenario in which the iron becomes 6-coordinate by
addition of a new ligand from the protein in addition to a
monodentate terephthalate is unlikely because the X-ray
structure shows no other potential ligands near the iron
(Ohlendorf et al., 1988).

The Fourier-filtered EXAFS spectrum (back transform
1.1-2.4 A) of 3,4-PCD complexed with terephthalate (Figure
4) shows a definite beat pattern, i.e., a perturbation of the
oscillations at k ~ 9 A~; this beat pattern is also discernible
in the unfiltered data (Figure 2). An attempt was made to
simulate the observed spectrum under the assumption that the
solvent molecule is displaced by terephthalate and the iron
remains 5-coordinate. Figure 4A shows a fit to the spectrum
assuming 3 Fe-O bonds at 1.93 A and 2 Fe-N bonds at 2.13
A (fit 4). Although satisfactory at low k values, this fit
matches the data poorly at higher k values and fails to re-
produce the beat pattern. This pattern could not be duplicated
without the presence of a low Z scatterer at 2.46 A (fit 5 in
Table I; Figure 4B) in addition to the first two shells.2 Two
other parameter sets which give simulations that match the
experimental data well (fits 6 and 7 in Table I; Figure 4C)
also require the 2.46-A shell. However, fit 6 has an unrea-

2 We have examined several 5-coordinate and 6-coordinate iron model
complexes which have one long Fe-O/N bond of ~2.4 with EXAFS
spectroscopy. In all cases, a shell corresponding to this scatterer was
needed to simulate the Fourier-filtered first-coordination-sphere data.
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sonably large Debye—Waller factor in the second shell and will
not be considered further.

In the fits for the terephthalate complex, the Fe-Or,, and
Fe—Nyy;, bond lengths increase relative to those of the native
enzyme, as expected for an increase in coordination number.
These increased bond lengths are precedented by the Fe-
(III)-salen complexes (Gerloch & Mabbs, 1967; Heistand et
al., 1982a; Lauffer et al., 1983). For example, the 5-coordinate
complexes [Fe(salen)],hq and [Fe(salen)Cl] have Fe—O dis-
tances of 1.91 and 1.88 A and Fe-N distances of 2.10 and 2.08
A, respectively, while the 6-coordinate [Fe(salen)(acac)] and
[Fe(salen)PSQ] have slightly longer Fe-O (1.93 and 1.92 A,
respectively) and Fe-N (2.12 and 2.14 A, respectively) bond
lengths. However, an added factor to the increase in the
average Fe~O bond length of the 3,4-PCD-terephthalate
complex is also the replacement of the Fe-hydroxide bond with
a longer Fe—carboxylate bond (Buchler et al., 1982; Carrell
et al., 1988), which on the average is 2.01 A but may range
from 1.90 to 2.08 A (Oumous et al., 1984; Vincent et al.,
1988).

We ascribe the 2.46-A scatterer to a feature of terephthalate
carboxylate coordination; reasonable candidates for this
scatterer are the carbon of a symmetrically chelated carbox-
ylate or the more distant oxygen of an asymmetrically chelated
carboxylate. A symmetrically chelated carboxylate mode
would result in a four-membered ring for which the stability
apparently depends on maintaining the carboxylate O-C-O
angle at ~120° and keeping the O—-M-0O angle reasonably
large (>60°) (Carrell et al., 1988). Such considerations would
require an average Fe—Oc,poxyiare distance of 2.15 A to afford
an Fe—C distance of 2.46 A.> The assignment of the chelated
carboxylate oxygens to the second shell in fits 5 and 7 would
require Fe—Nyy; bonds to be included in the first shell, but such
distances are much too short for imidazole ligation. Thus
neither fit supports a symmetrically chelated carboxylate in
the 3,4-PCD active site.

Asymmetric carboxylate binding is more readily rationalized
in the context of the data simulations. Fit 5 in Table I has
three Fe-O/N interactions at 1.94 A and 2 Fe-O/N inter-
actions at 2.15 A in addition to the scatterer at 2.46 A. In
this model, one carboxylate oxygen is placed at 1.94 A while
the second, more weakly coordinated oxygen is placed at 2.46
A, representing the low Z scattering atom,? i.e.

Tyr

.., | "°\c_©'°°°_
e
T | ~o”

His

The iron coordination environment associated with fit 7
would be similar to that shown above but would be modified
by the retention of a solvent molecule to afford a 7-coordinate
complex. The four atoms in the first shell would consist of
the two tyrosine oxygens, a carboxylate oxygen, and a solvent
oxygen. The coordination number of 7 would still be consistent
with the area of the preedge feature, since the 7-coordinate
Na[Fe(EDTA)H,O] also exhibits a preedge feature whose
area is in the range found for 6-coordinate complexes (Roe
et al., 1984). However, the absence of any hyperfine broad-

3 The distance of 2.46 A was calculated by assuming a C-O distance
of 1.3 A and a £0-C-0 of 120°.

# Using Fe—Oqyrbonyiare distances of 1.98 and 2.46 A and C-O bond
lengths of 1.3 A, the carbon from the carboxylate was calculated to be
at 2.6 A. This interaction is outside the Fourier-filtering region employed
in these simulations and as such would not be expected to contribute
significantly to the filtered EXAFS pattern. Indeed, increasing the third
shell to two atoms did not result in a good fit.
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ening in the EPR signal from "O-labeled solvent in the 3,4-
PCD-terephthalate complex (Whittaker & Lipscomb, 1984)
is inconsistent with the retention of a coordinated solvent
molecule on the basis of the accumulated EPR data on the
effects of H,'7O on the spectra of various 3,4-PCD complexes
(Orville & Lipscomb, 1989). We thus favor the model as-
sociated with fit 5 to describe the iron site of the of the 3,4-
PCD-terephthalate complex.

The proposed asymmetric carboxylate coordination mode
is precedented in two ferrous model complexes, [Fe(OBz)-
(MeCN)(HB(3,5-i-Prypz);)] (Kitajima et al., 1990) and
[Fe(cyclen)(OAc)](CF;S0O,) (K. Hagen, personal commu-
nication); in these structures, the Fe—O distances for the
carboxylate group differ by 0.11 and 0.30 A, respectively. In
the three structually characterized ferric complexes where the
carboxylate is free to choose its coordination mode, the car-
boxylate is essentially monodentate and coordinates to the Fe**
ion in the z configuration through the more basic syn lone pair
on the carboxylate oxygen with the other carboxylate oxygen
2.9-3.1 A away (Eremenko et al., 1983; Oumous et al., 1984;
Menage & Que, 1990). In this configuration, a decrease of
£Fe~O-C would engender the proposed asymmetric chelation
mode.

3,4-PCD + HPCA. There is strong evidence indicating that
substrate binds to 3,4-PCD in a bidentate manner (Lauffer
& Que, 1982; Pyrz et al., 1985; Orville & Lipscomb, 1989),
the most definitive being from EPR studies of the 3,4-PCD~
HPCA complex (Orville & Lipscomb, 1989). The line
broadening of the dominant rhombic EPR signal (g = 9.68,
4.28) seen upon selective 70 labeling of either the 3-OH or
the 4-OH moieties shows that the slow substrate HPCA can
coordinate to the iron through both of its hydroxyl functions.
Moreover, no broadening of the EPR resonances from '"OH,
is observed for this complex, suggesting that the solvent ligand
to the Fe is displaced when HPCA binds. If the catecholate
binds in a bidentate manner, it would presumably displace the
solvent molecule and render the ferric ion 6-coordinate in the
absence of any conformational changes as shown:

Tyr

©;\ o... Fle"“His
oY | YTy
His

Interestingly, addition of HPCA to 3,4-PCD causes little
change in the intensity of the preedge feature (13.0 units in
the 3,4-PCD-HPCA complex compared to 12.9 units in the
native enzyme, Figure 1), indicating that the ferric ion remains
5-coordinate in the 3,4-PCD-HPCA complex. As such, the
above model must be incorrect and one of the endogenous
protein ligands must be displaced. The 3,4-PCD-HPCA
EXAFS data can be reasonably fit to either a single shell of
5 O/N scatterers at 1.99 A from the ferric ion (Figure 5; fit
8 in Table 1) or two shells of scatterers with 4 O/N at 1.97
A and 1 O/Nat2.22 A (fit 9). Fits consisting of 3 O/N at
~1.97 A and 2 O/N at ~2.10 A afford either an unusually
large Debye-Waller factor for the scatterers at ~2.1 A (fit
10) or a significantly poorer F value (fit 11).

On the basis of fit 8 or 9, the average Fe—O/N distance seen
by EXAFS represents a significant lengthening of the Fe—Or,,
bonds relative to those of the native enzyme. However, this
lengthening is precedented in model systems. Fe(saloph)catH,
a complex with a monodentate catechol, has Fe—Ogecpointe and
Fe=Ojpenotere distances of 1.83 and 1.90 A, respectively
(Heistand et al., 1982a). In the chelated catecholate complex
[Fe(salen)cat]™, all four Fe—O bonds are 1.99 A long (Lauffer
et al., 1983), closely matching those found by EXAFS for the
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FIGURE 5: One-shell restricted fit (—) to Fourier-filtered (back
transform 1.1-2.3 A) k*x EXAFS data (*) of the 3,4-PCD-HPCA
complex. The data were modeled with 5 O/N scatterers at 1.99 A;
the other parameters are as listed in Table I (simulation 8).

3,4-PCD-HPCA complex. The 2.22-A distance in the 2-shell
fit would then correspond to a histidine ligand, its longer
distance also being a result of catechol chelation (Lauffer et
al., 1983). Taken together, the X-ray absorption data suggest
that the HPCA chelates to the Fe, displacing an axial ligand
as well as the hydroxide ligand as shown:

Tyr

| WHis
O—Fe;

oSN
(o]

It cannot be determined whether the 3-OH or 4-OH group
coordinates in the equatorial position. Likewise, the identity
of the displaced axial ligand cannot be determined unequiv-
ocally. For purposes of illustration we have portrayed the
histidine as being displaced upon chelation of substrate. The
observed Fe~O/N distance of 1.99 A in the 3,4-PCD-HPCA
complex is more consistent with an 1N/40 coordination en-
vironment than with an 2N /30 array. Furthermore, in studies
on the interaction of 3-chloro-4-hydroxybenzoate with 3,4-PCD
from P. aeruginosa, Felton et al. (1982) have suggested that
the inhibitor displaces a histidine ligand upon binding to the
ferric site, because of the reduction of area of the second-shell
Fe—C peak in the Fourier-transformed EXAFS data compared
to that of the native enzyme and the loss of the v(Fe-Ny;,)
stretch at 274 cm™ observed in the resonance Raman spectrum
of the native enzyme. Unfortunately, attempts to determine
the number of bound histidines from our data by analyzing
the contributions of more distant atoms using multiple-scat-
tering techniques have yielded inconclusive results due to the
insufficient signal-to-noise ratios of the data.

The X-ray absorption data thus favor a S-coordinate iron
complex for the enzyme-substrate complex. Such a conclusion
is also consistent with the acid—base chemistry associated with
substrate binding and required by the crystal structure data.
From a chemical standpoint, the displacement of an endoge-
nous ligand from the ferric active site may be necessary for
catecholate binding. Since the first pK,’s of the hydroxyl
moieties of PCA and HPCA are 8.84 and 9.50, respectively,
the substrate retains its full complement of catechol protons
at neutral pH (Smith & Martell, 1982). The spectral changes
resulting from substrate binding to the active site iron require
the loss of both hydroxyl protons, presumably to nearby bases
in the enzyme active site. However, the crystal structure of
native 3,4-PCD from P. aeruginosa shows that there are no
bases in the active site, save the five iron ligands (D. H.
Ohlendorf and J. D. Lipscomb, unpublished data). On dis-
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FIGURE 6: Mechanism for the chelation of substrate to protocatechuate
3,4-dioxygenase. In this proposed scheme the axial histidine is dis-
placed when it acts as a base to deprotonate the catecholate substrate.
However, it cannot be determined whether the 3-OH or the 4-OH
group binds in the equatorial position, and the displacement of the
axial tyrosine instead of the histidine cannot be ruled out.

placement, the coordinated OH could provide one of the
protonation sites, but the second site may be provided by
displacement of one of the protein ligands to the iron (Figure
6). The EXAFS fits would appear to favor the displacement
of one of the His ligands since the dominant bond length
obtained is more consistent with oxygen rather than nitrogen
coordination. However, displacement of the axial tyrosine
cannot be dismissed due to the difficulties inherent in fitting
EXAFS data for a complex in which all the ligands are oxygen
and nitrogen.

The putative binding cavity for the aromatic ring in sub-
strates and inhibitors observed in the crystal structure of
3,4-PCD provides another argument for the proposed mode
of binding. Extensive modeling of the crystal structure of
native 3,4-PCD with van der Waals surfaces suggests that the
orientation of the aromatic binding site will not allow the
catecholate substrate to approach the ferric site in an orien-
tation where both oxygens coordinate in the equatorial plane
(D. H. Ohlendorf and J. D. Lipscomb, unpublished data). In
the absence of major changes in the protein conformation upon
the interaction with substrate, the catechol ring must be or-
iented nearly perpendicular to the equatorial plane. The ca-
techolate oxygens would then occupy equatorial and axial
positions, respectively, as shown in Figure 6. In the case of
the terephthalate complex, the aromatic ring can bind in the
same orientation as the substrate, but the carboxylate is not
constrained to remain coplanar with the ring and could rotate
to chelate to the iron in the equatorial plane. These results
demonstrate that EXAFS spectroscopy can provide important
insights into the differing interactions of substrate and inhibitor
with an enzyme active site.
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