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AgsTRAcT: Resonance Raman studies of the protocatechuate 3,4-dioxygenase (PCD) from Brevibacterium 
fuscum have been carried out to take advantage of the high iron-site homogeneity of this enzyme. Native 
uncomplexed PCD exhibits individual resonance-enhanced uco and BCH vibrations for the two tyrosinates 
coordinated to the active site iron center, which can be assigned to a particular residue by their excitation 
profiles. Of the two uco features observed at 1254 and 1266 cm-', only the latter is upshifted (to 1272 cm-l) 
when H20 is replaced by D20. Similarly the 1254-cm-l feature is unaffected, while the 1266-cm-1 feature 
is shifted to - 1290 cm-l when inhibitors such as phenolates or terephthalate bind to the active site. These 
observed shifts can be rationalized by the presence of hydrogen-bonding interactions with solvent in the 
active site cavity, which are modulated by DzO and eliminated upon inhibitor binding. Examination of the 
PCD crystal structure suggests that the axial tyrosine can be hydrogen bonded in the uncomplexed enzyme 
to water molecules present in the substrate binding pocket. The equatorial tyrosine may also be hydrogen 
bonded but to solvent molecules which are trapped in a pocket inaccessible to bulk solvent. These studies 
allow for the first time the association of particular Raman spectroscopic features, Le., the UCO'S at 1254 
and 1266 cm-l, with the equatorial and axial tyrosine residues in the PCD active site, respectively; they 
lay the groundwork for further Raman studies on catalytically important species to determine the roles these 
tyrosine residues may play in the PCD reaction cycle. 

Protocatechuate 3,4-dioxygenase (PCD) catalyzes the 
oxidative cleavage of protocatechuate (3,4-dihydroxybenzoate) 
to 8-carboxy-cis,cis-muconic acid. Along with catechol 1,2- 
dioxygenase (CTD), PCD belongs to a class of intradiol 
cleaving catechol dioxygenases that have active sites consisting 
of a high-spin ferric ion in a non-heme ligand environment 
[for recent reviews, see Que (1 989) and Lipscomb and Orville 
(1992)l. Enzymes of this type can be isolated from many 
widely divergent bacterial strains and are distinguished by 
their burgundy-red color. This characteristic color has 
prompted resonance Raman studies of the PCD's isolated 
from Pseudomonas aeruginosa and Pseudomonas cepacia and 
provided the first insights leading toward the proposal of 
endogenous tyrosyl coordination of the iron in the resting 
enzyme (Tatsuno et al., 1978; Felton et al., 1978,1982; Keyes 
et al., 1978; Bull et al., 1979; Que & Epstein, 1981). The 
presence of certain resonance-enhanced Raman features is 
now regarded as the signature for metal-tyrosinate coordi- 
nation and has engendered a subclass of metalloproteins with 
this structural motif (Que, 1983). 

Additional spectroscopic data on PCD and CTD have led 
to a proposed model in which the iron is in a five-coordinate 
complex with two tyrosines, two histidines, and a solvent 
molecule (Que et al., 1976; Felton et al., 1978, 1982, 1984; 
Que and Epstein, 1981; Roe et al., 1984; Whittaker & 
Lipscomb, 1984; Pyrzet al., 1985). This proposal hasrecently 
been confirmed by the crystal structure of the PCD from P.  
aeruginosa (Ohlendorf et al., 1988), which shows the ferric 
active site to have the coordination environment sketched 
as follows: 
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The crystallographic results show that the five irsn ligands 
define an approximately trigonal bipyramidal geometry with 
the two tyrosines occupying distinct coordination sites as 
suggested by the Raman excitation profiles ,of inhibitor 
complexes (Que & Epstein, 1981; Pyrz et al., 1985). 

The PCD from Brevibacteriumfuscum [ (apFe)s, 3 15 kDa] 
represents the dioxygenase with the most homogeneous iron- 
(111) environment on the basis of the sharpness of its EPR and 
Miissbauer spectra (Whittaker et al., 1984). Indeed, it was 
the sharpness of the EPR signal that allowed the observation 
of 1 7 0  hyperfine broadening from solvent water in the 
uncomplexed enzyme and provided the first evidence for solvent 
coordination at the iron center (Whittaker & Lipscomb, 1984). 
In addition, the sharp EPR spectra allowed for the observation 
of hyperfine broadening from 170-enriched substrate or 
phenolate inhibitors (Orville & Lipscomb, 1989), providing 
unambiguous evidence supporting the coordination of these 
exogenous ligands to the iron. Finally, recent EXAFS analysis 
of this PCD enabled us to deduce that in the resting enzyme 
the bound solvent is likely to be in the hydroxo form (True 
et al., 1990) and could thus serve as a base to deprotonate 
incoming substrates or inhibitors. In light of these cumulative 
results, the anticipated improved spectral resolution has 
prompted us to investigate the resonance Raman spectra of 
PCD isolated from B. fuscum. These studies, in conjunction 
with information from the crystal structure of P. aeruginosa 
PCD, allow us to associate Raman spectroscopic features with 
particular tyrosine residues in the active site and provide insight 
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into the factors that determine the Raman properties of metal- 
tyrosinate proteins in general. 

EXPERIMENTAL PROCEDURES 

PCD was isolated from B. fuscum (ATCC 15993) as 
previously described (Whittaker et al., 1990). Samples for 
the resonance Raman studies were prepared in 50 mM MOPS 
buffer at pH 7.0 at a concentration of 0.6 mM with a 
consequent iron concentration of 3 mM. Enzymeinhibitor 
complexes were obtained by the addition of buffered inhibitor 
solutions to the enzyme at 4 OC; inhibitor concentrations used 
were 50 mM for terephthalate, 25 mM forp-hydroxybenzoate, 
and 50 mM for p-hydroxyphenylacetate. D2O samples were 
prepared by repeated (4X) lyophilization of the appropriate 
protein solution and dissolution in D2O. DzO (99.9% isotopic 
purity), H2’*0 (95% isotopic purity), terephthalic acid, 
p-h ydroxybenzoic acid, and p-hydroxyphenylacetic acid were 
purchased from Aldrich and used without further purification. 
p-Hydroxyphenylacetate deuteriated at the C-3’ and (2-5’ 
positions was obtained by overnight base-catalyzed exchange 
at 140 OC with D20 in a sealed NMR tube (Heistand et al., 
1982). 

Electronic spectra were recorded on a Cary 14 spectro- 
photometer. Resonance Raman spectra were obtained using 
a Spex Model 1403 spectrometer that was interfaced with a 
Spex Datamate computer for data collection and processing. 
Laser excitation was provided by Spectra Physics Model 17 1 
argon ion and 375B dye (Rhodamine 6G) lasers. The Raman 
scattering was collected at 90° with a slit width of 4 cm-I. 
Samples were placed in a quartz spinning cell which was cooled 
to ca. 5 OC by blowing cold nitrogen gas on the cell. In all 
samples, 0.1 M K2SO4 was added as an internal standard. 
Excitation profiles were constructed by comparing peak heights 
relative to the sulfate standard; no attempts were made to 
deconvolute overlapping features. 

RESULTS AND DISCUSSION 

Enzyme As Isolated. One of the more distinctive features 
of the intradiol cleaving catechol dioxygenases is their intense 
burgundy color (Fujisawa & Hayaishi, 1968), which has been 
attributed to the presence of tyrosinate-to-iron(II1) charge 
transfer transitions (Tatsuno et al., 1978; Felton et al., 1978; 
Keyes et al., 1978; Bull et al., 1979; Que & Epstein, 1981). 
The visible spectrum of the PCD from B. fuscum, shown in 
Figure 1, consists of a broad absorption band with A,, at 435 
nm ( a  - 3.0 mM-’ cm-1 per Fe) and a shoulder near 525 nm. 
The appearance of the latter feature for the B. fuscum enzyme 
provides a clear indication that more than one visible spectral 
feature is present even in the uncomplexed enzyme. These 
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FIGURE 2: Resonance Raman spectra of B.fuscum PCD in (A) H20 
and (B) DzO. Conditions: 50 mM MOPS buffer, pH 7.0; 514.5-nm 
laser excitation; 150 mW of power; 4-cm-’ slit; sum of 20 scans at 
5 s/point. 

features can also be discerned in the visible spectra of the 
PCD’s from other bacteria but are not well resolved perhaps 
because of the greater heterogeneity of their active sites. 

Ligand-to-metal charge transfer (LMCT) bands are con- 
veniently probed by resonance Raman spectroscopy. The 
resonance Raman spectrum of B. fuscum PCD shown in Figure 
2A consists of vibrational features from 200 to 1700 cm-I, 
many of which have been previously assigned to tyrosinate 
deformations (Table I). Prominent in the spectrum are the 
signature features of tyrosinate coordination at ca. 1 170,1260, 
1500, and 1600 cm-’, which correspond to ~c-H, vco, and two 
YC-C’S, respectively (Que, 1983). Of interest is the splitting 
of the vco band into two peaks at 1254 and 1266 cm-I and 
the ~C-H band into peaks at 1 172 and 1 180 cm-’. These split 
features presumably arise from the two distinct tyrosinates in 
the active site. In studies of other PCD’s (Tatsuno et al., 
1978; Felton et al., 1978; Keyes et al., 1978; Bull et al., 1979; 
Que & Epstein, 1981), the YCO in particular has appeared 
asymmetric and broader than expected for a single peak, 
suggesting the presence of multiple components; only with 
the B. fuscum PCD have individual components become 
resolved. This observation supports our expectation that the 
B. fuscum PCD has the active site with least spectral 
heterogeneity among the catechol dioxygenases studied thus 
far. The Raman spectrum also includes peaks at 854 and 826 
(tyrosine Fermi doublet), 756,592 [ Y F ~ ( T ~ ) ] ,  and 524 cm-’, 
which have been observed in earlier work and associated with 
other tyrosinate deformations (Tatsuno et al., 1978; Felton et 
al., 1978, 1982; Keyes et al., 1978; Bull et al., 1979; Que & 
Epstein, 1981); no splitting of these features is evident, but 
the lower intensities of these peaks may not allow us to discern 
the differences. 
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Table I: Resonance Raman Features (cm-’) of B. fuscum PCD Complexes 

complex vFc-N(His) vF&(Tyr) 6c-H vc-0 vc-0 VC-0)” v c c  v c c  
PCD in H20 276.5 524 592 756 826 1172 1254 1266 1506 1604 

PCD in D20 274 527 592 757 827 1173 1255 1272 1507 1605 

PCD-terephthalate 523 589 759 813 1175 1255 1290 1505 1601 

854 1180 

859 1179 

859 
873 

856 

825 
866 

PCD-p-hydroxybenzoate 274 526 593 756 830 1172 1256 1288 1278 1506 1602 

PCD-PHPA 526 589 757 811 1172 1256 1288 1288 1506 1604 

PCD-PHPA-h 1172 1256 1288 1266 1506 1604 

0 Refers to vc-0 of bound phenolate inhibitor. 
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FIGURE 3: Excitation profiles for the ~ C - H  and vc-0 bands of B. fuscum 
PCD in 50 mM MOPS buffer, pH 7.0. Data points represent band 
peak heights relative to the 983-cm-1 band of SO4*-. Solid lines show 
second-order polynomial fits to the data. 

The excitation profiles of the uco and ~ C H  features allow 
the association of individual visible absorption peaks to one 
of the two tyrosinates (Figure 3). The 1172- and 1254-cm-l 
peaks exhibit maximum enhancement near 450 nm (Tyr A), 
while the 1180- and 1266-cm-l peaks show maximum 
enhancement near 500 nm (Tyr B). Thus the tyrosinate with 
the lower energy vibrations appears to give rise to the higher 
energy LMCT band. The presence of two distinct tyrosine 
environments, each associated with a different LMCT band, 
is in agreement with the crystal structure of the P.  aeruginosa 
PCD (Ohlendorf et al., 1988). Because equatorial ligands in 
a trigonal bipyramidal complex are expected to have shorter 
bonds than corresponding axial ligands (Kepert, 1982), the 
two tyrosinates in the PCD active site would be expected to 
give rise to tyrosinate LMCT bands of different energy. 

The two tyrosines are further distinguished by their Raman 
behavior in D20 buffer (Figure 2B). The 1266-cm-l peak 
experiences a 6-cm-I upshift to 1272 cm-l, while the 1254-cm-I 
uco feature remains at essentially the same position. The 
tyrosinate vco reflects the extent of double bond character 
associated with the phenolate C-0 bond. Phenol and its 
conjugate base exhibit YCO’S of 1249 and 1281 cm-I, respec- 
tively (Pinchas, 1972). The upshift for the 1266-cm-* feature 
indicates that the tyrosinate associated with it is involved in 
hydrogen-bonding interactions and that the hydrogen-bond 
donor moiety is accessible to bulk solvent. The replacement 
of hydrogen for deuterium in the hydrogen bond would be 
expected to weaken the hydrogen-bonding interaction and 

increase the YCO. Similar upshifts have been observed for the 
u0-0 and U F ~ O - F ~  features of oxyhemerythrin in DzO buffer 
and ascribed to hydrogen-bonding interactions (Shiemke et 
al., 1986). The low value of the 1254-cm-l uco also suggests 
the presence of hydrogen-bonding interactions, but its insen- 
sitivity to H20/D20 exchange requires that the solvent 
molecules hydrogen bonded to this tyrosinate be inaccessible 
to bulk solvent. Alternatively, the low YCO may result from 
a stronger Fe-0 interaction, which would mimic the effect of 
a proton. 

There is one other feature of the spectrum of uncomplexed 
PCD that is affected by D20, the peak at 276.5 cm-l downshifts 
to 274 cm-l in D20. Felton et al. (1978) previously noted this 
peak in the spectrum of P .  aeruginosa PCD and initially 
suspected it to be an Fe-S stretch; however, this possibility 
was eliminated by the lack of a 35S effect on the spectrum 
(Felton et al., 1982). It was then proposed to be an F e  
N(1m) stretch; our observation of its downshift in DzO for the 
B. fuscum enzyme supports its assignment to YF-N(Im). This 
downshift is comparable to the 2-cm-l shift observed for the 
YC,,-N(I~) in stellacyanin (Nestor et al., 1984). It is not clear 
at this point whether the 276.5-cm-l peak corresponds to one 
or both histidines in the active site. It seems likely that the 
axial and equatorial histidines would have different F e N  
bond strengths and thus exhibit different l’FeN(Im) features. 
Unfortunately, the weak enhancement of this feature makes 
an excitation profile study rather difficult to carry out and 
prevents us from associating this feature with the tyrosinate 
LMCT band to which it is coupled. 

We also attempted to observe Raman features that may be 
attributed to the coordinated solvent molecule by studying 
samples in H2I80 buffer. Such an isotopic substitution did 
not perturb the Raman spectrum of PCD, so the FeOH(2) 
stretching mode is apparently not coupled with the tyrosinate 
LMCT bands. 

Effect of Inhibitors. The spectral changes elicited by the 
binding of inhibitors serve to corroborate and amplify the 
conclusions we have drawn from the study on the uncomplexed 
enzyme. Three inhibitor complexes were investigated: tere- 
phthalate, p-hydroxybenzoate, and p-hydroxyphenylacetate. 
All three inhibitors possess a carboxylate functionality 
analogous to that of the native substrate to enhance access to 
the active site. The crystal structure has suggested that Arg 
133 on the (Y subunit serves as the locus of this carboxylate 
interaction (Ohlendorf et al., 1988). As was shown for the 
P .  aeruginosa enzyme (Que & Epstein, 1981), terephthalate 
is a weak competitive inhibitor with a Ki of 6 mM and induces 
a red-shift in the visible spectrum affording a A,,, of 520 nm. 



10446 Biochemistry, Vol. 31, No. 43, 1992 

The red-shift of the A,, relative to that of the uncomplexed 
enzyme is consistent with the replacement of the coordinated 
OH ligand with carboxylate. The other carboxylate pre- 
sumablyinteracts with Arg 133. Thecomplex exhibitsa well- 
resolved resonance Raman spectrum with features very similar 
to those found in the spectrum of the uncomplexed enzyme, 
but the two tyrosine vco features are now observed at 1256 
and 1290 cm-l (Table I). It would appear that the 1266-cm-l 
peak has shifted to 1290 cm-l in this inhibitor complex. An 
examination of the excitation profiles for the inhibitor complex 
(data not shown) reveals that the excitation maxima for the 
1256- and 1290-cm-l features have shifted to - 550 and >600 
nm, respectively, in accordance with the red-shift of the visible 
spectrum relative to that of the uncomplexed enzyme. These 
observations agree completely with earlier data obtained on 
the corresponding P.  aeruginosa PCD-terephthalate complex 
(Que & Epstein, 1981). With respect to the uncomplexed 
enzyme, bands from the two tyrosines in the terephthalate 
complex, although shifted, appear to retain their individual 
characteristics and relative energy relationships. We thus 
assign the 1256- and 1290-cm-l features to Tyr A and B, 
respectively. 

The phenolate inhibitors, p-hydroxybenzoate and p-hy- 
droxyphenylacetate, competitively inhibit PCD with Ki values 
of 1 and 5 mM, respectively. The introduction of a CHI 
group between the carboxylate and the ring appears to lower 
the inhibitor affinity for the active site, perhaps as a 
consequence of the diminished acidity of the phenol or the 
longer distance between the carboxylate and phenolate oxygen 
resulting in a poorer overall fit in the active site. The binding 
of the phenolate inhibitors to the PCD iron site engenders 
UV-vis spectral changes due to perturbations of the tyrosinate 
LMCT bands and the addition of an LMCT band from the 
inhibitor. Indeed, thep-hydroxyphenylacetate complex gives 
rise to a more pronounced low-energy shoulder (Figure 1) 
than found in the uncomplexed enzyme. In contrast, the 
p-hydroxybenzoate complex shows a spectrum with only one 
prominent band at 432 nm (CM = 17 000 or 3.4 mM-l cm-I 
per Fe), suggesting that the lower energy tyrosinate LMCT 
band is blue-shifted and merged with the higher energy LMCT 
band. 

Resonance Raman studies on these complexes show that 
both exogenous phenolates actually coordinate to the metal 
center because of the appearance of an additional vco feature 
which downshifts when the corresponding ring-deuteriated 
derivative is used (Table I). These conclusions agree with 
those obtained from EPR studies of complexes with ”0-labeled 
inhibitors (Orville & Lipscomb, 1989). In addition, the 
retention of the vco features associated with the tyrosinates 
indicates that these endogenous ligands are not displaced when 
the phenolate inhibitor binds. The p-hydroxybenzoate com- 
plexexhibits three VCO’S at 1256,1278, and 1288 cm-l,similar 
to those reported for the P .  aeruginosa enzyme inhibitor 
complex (Que & Epstein, 1981). The earlier study demon- 
strated that the 1278-cm-’ peak downshifted when the 
deuteriated inhibitor was used. The p-hydroxyphenylacetate 
complex, on the other hand, exhibits only two VCO’S at 1256 
and 1288 cm-l, suggesting that the vco from PHPA overlaps 
with the vco of one of the tyrosines. When the deuteriated 
inhibitor is used, a new feature appears at 1266 cm-l, indicating 
that the vco for PHPA is similar to that of Tyr B. The two 
inhibitors have different VCO’S because of the nature of the 
substituents para to the phenolate oxygen. Interestingly, as 
found for the terephthalate complex, only one of the two 
tyrosinate VCO’S is significantly shifted upon binding of either 
phenolate inhibitor; the vco at 1256 cm-l is essentially 

Siu et al. 
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FIGURE 4: vc0 region of the resonance Raman spectra of B. fuscum 
PCD complexed to p-hydroxyphenylacetate or its analogue deu- 
teriated at C-3’ and C-5’ in 50 mM MOPS buffer, pH 7.0. (A) 
PCD-PHPA with 488-nm excitation; (B) PCD-PHPA with 578-nm 
excitation; (C) PCD-PHPA-& with 488-nm excitation; (D) PCD- 
PHPA-d2 with 593.5-nm excitation. Spectrometer conditions are as 
given in the legend to Figure 2. 
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FIGURE 5 :  Excitation profiles for the vc-0 bands of B. fuscum PCD 
complexed to p-hydroxyphenylacetate or its analogue deuteriated at 
C-3’ and C-5‘ in 50 mM MOPS buffer, pH 7.0. The difference 
profile was obtained by subtracting the 1288-cm-’ profile of the 
deuteriated analogue from that of the protonated analogue. 

unaffected, while the other upshifts to 1288 cm-l. These 
features are also unshifted when D2O is used as solvent. 

The relatively well-resolved visible spectrum of the PCD- 
p-hydroxyphenylacetate complex was further probed with an 
excitation profile study (Figures 4 and 5) of the vco features. 
For the PHPA complex, the 1256-cm-l feature is maximally 
enhanced below 450 nm, as found for the analogous Tyr A 
in the uncomplexed enzyme. The 1288-cm-l peak, on the 
other hand, has a flat profile from 450 to 600 nm, suggesting 
that there are two VCO’S represented by the 1288-cm-l peak, 
each of which has a distinct excitation maximum. When the 
inhibitor vco is downshifted by ring deuteriation, the vco 
remaining at 1288 cm-l assigned to Tyr B shows a maximum 
near 500 nm, a behavior similar to that of Tyr B in the 
uncomplexed enzyme. When the 1288-cm-l profile of the 
PHPA-12 complex is mathematically subtracted from the 
composite 1288-cm-l profile of the PHPA complex, an 
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FIGURE 6: Thin slab view through the active site of PCD. The dots 
represent the solvent-accessible surface. The six-stranded ribbons 
represent the course of the polypeptide backbone of PCD. The four 
iron ligands are displayed as balls and sticks. Coordinates used are 
from the refined model of PCD from P. aerugimsa (D. H. Ohlendorf, 
manuscript in preparation). 

excitation maximum is found near 600 nm (Figure 5) ,  which 
we associate with the vco of the bound PHPA. Thus the three 
phenolates (two tyrosines plus inhibitor) in the PHPA complex 
appear to give rise to LMCT bands with three different 
energies. 

Relationship to the Active Site Structure. The resonance 
Raman data presented above show the presence of two distinct 
tyrosine residues bound to the activesite iron, Tyr A associated 
with the smaller vco and the higher energy LMCT band and 
Tyr B with the larger vco and the lower energy LMCT band. 
Furthermore, the vco of Tyr A appears insensitive to changes 
in the active site environment, while that of Tyr B shifts upon 
H2O/D20 exchange in the uncomplexed enzyme and upon 
formation of inhibitor complexes. Because of the availability 
of the crystal structure of PCD from P.  aeruginosa (Ohlendorf 
et al., 1988), these Raman properties may afford an oppor- 
tunity to associate a particular tyrosine residue in the active 
site with its spectroscopic features. The inherent assumption 
in this comparison is that the active sites of the PCD’s from 
P.  aeruginosa and B. fuscum are essentially the same; this 
assumption is borne out by the similarity of the spectroscopic 
properties of the two enzymes (Lipscomb & Orville, 1992). 

Examination of the crystallographically determined active 
site indicates that the twocoordinated tyrosines are in different 
environments (Figure 6). Tyrosine 108 occupies an equatorial 
site on the trigonal bipyramid adjacent to a solvent pocket 
that is isolated from bulk solvent. Tyrosine 147 occupies an 
axial site on the trigonal bipyramid and is in contact with bulk 
solvent in the active site. Solvent molecules in this region are 
likely to be displaced when substrates or inhibitors bind to 
PCD.’ Neither tyrosine appears to be within hydrogen- 
bonding distance of exchangeable protons not associated with 
solvent. The insensitivity of Tyr A to H20/D20 exchange 
and to inhibitor binding and the corresponding sensitivity of 
Tyr B to these changes compels us to assign Tyr A as the 
equatorial tyrosine (Tyr 108 in the P. aeruginosa structure) 
and Tyr B as the axial tyrosine (Tyr 147 in the P. aeruginosa 
structure). The Raman data clearly demonstrate that the 

~~ 

Analysis of electron density difference maps of monohydroxy inhibitor 
complexes of the PCD from P. aeruginosa indicate loss of crystallo- 
graphically defined solvent molecules from the active site packet. In 
contrast, no loss of the sequestered solvent from the vicinity of the 
equatorial ligands is observed in these complexes (A. M. Orville, D. H. 
Ohlendorf, and J. D. Lipscomb, unpublished observations). 

axial tyrosine is hydrogen bonded to solvent; exchange with 
bulk D20 thereby engenders the upshift observed in the 
spectrum of the uncomplexed enzyme. This hydrogen-bonding 
interaction is eliminated when inhibitors bind to the active 
site and displace the solvent molecules, causing the vco of 
axial Tyr B to shift to - 1290 cm-I. On the other hand, the 
equatorial tyrosine with its isolated solvent pocket is insulated 
from changes occurring in the active site. Its low vco value 
may arise from hydrogen bonding to solvent in this isolated 
pocket or from a stronger Fe-0 bonding interaction as expected 
for the equatorial site of a trigonal bipyramid (Kepert, 1982). 

The vco of the bound PHPA in comparison with those of 
Tyr A and B in the PCD-PHPA complex provides further 
insight into the Raman spectra of metal-tyrosinate proteins. 
The inhibitor most likely binds to the equatorial coordination 
site occupied by the solvent in the uncomplexed enzyme 
(Orville & Lipscomb, 1989; Ohlendorfet al., 1988; Whittaker 
& Lipscomb, 1984). Tyr A, Tyr B, and PHPA are all 
4-alkylphenolates and would thus be expected to have similar 
inherent vibrational features. Differences in phenolate vi- 
brations observed in the resonance Raman spectrum of the 
PCD-PHPA complex should then result from specific inter- 
actions in theactivesite. Interestingly, thevmoftheequatorial 
PHPA is 30 cm-’ higher than that of equatorial Tyr A and 
nearly identical to that of axial Tyr B. If the strength of the 
Fe-O phenolate interaction were the principal factor deter- 
mining the value of its vco, then the bound PHPA and Tyr 
A would be expected to have similarly low vco values, since 
both arecoordinated in equatorial sitesof a trigonal bipyramid. 
The observation that they are quite dissimilar suggests that 
some other factor principally determines the vco value of a 
coordinated phenolate. The nearly identical vco’s of Tyr B 
and PHPA suggest that the vco value is determined by the 
extent of hydrogen bonding, the presenceof which downshifts 
the vco value from its phenolate maximum (ca. 1290 cm-’) 
toward the phenol minimum (ca. 1250 cm-l) (Pinchas, 1972). 
We suggest that the vco of Tyr A in the PCD-PHPA complex 
remains at 1254 cm-I because Tyr A retains its hydrogen 
bonding with its isolated solvent pocket, while Tyr B and the 
bound PHPA both exhibit vco’s that are near the phenolate 
limit and insensitive to H20/D20 exchange, because the 
binding of inhibitor has expelled potential hydrogen-bonding 
solvent molecules. On the basis of these observations, we 
suggest that the vco value of a metal-coordinated tyrosinate 
provides little insight into the strength of the metal-phenolate 
interaction but instead may beuseful for assessing the presence 
of hydrogen-bonding interactions to the bound tyrosinate. 
Raman experiments on other metal-tyrosinate proteins should 
be carried out to corroborate this point. 

The proposed mechanism for PCD involves ligand variations 
and displacement during catalysis (Que, 1989; True et al., 
1991; Lipscomb & Orville, 1992). Our ability to assign for 
the first time particular optical and Raman features to 
individual tyrosines in B. fuscum PCD by a combination of 
Raman observations and crystallographic arguments lays the 
groundwork for the further useof these spectroscopic methods 
to determine how the individual tyrosine residues may 
participate in the catalytic cycle. 
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