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ABSTRACT: Metal binding properties for a series of metal-substituted forms of 3-deoxy-D-arabino-
heptulosonate 7-phosphate synthase, DAHPS(Tyr), have been followed by UV-vis and EPR spectroscopy.
The results show that there are two metal species present at pH) 7.0 and these are coordinated in a
distorted metal binding site with a mixed nitrogen and oxygen donor atom coordination set. There is no
spectroscopic evidence for strong M-S interactions in this system at any pH. Metal saturation occurs at
a substoichiometric ratio of 0.8-0.85 metal/monomer, and the binding trends mirror previously published
enzyme activity profiles. There is a conformational change for CuDAHPS under basic conditions, and
equivalent protein handling for apoDAHPS leads to apparent loss of metal binding ability. Addition of
the substrate PEP does not alter the UV-vis spectra, but there are small changes in the EPR spectra of
CuDAHPS(Tyr). Further addition of the substrate analogue A5P has no effect on either spectra. Taken
together, these results serve to link previous studies on enzyme activity with the recently determined
X-ray crystal structure for DAHPS(Phe) and represent the first detailed spectroscopic characterization of
the metal binding properties of DAHPS(Tyr).

The enzyme 3-deoxy-D-arabino-heptulosonic acid 7-phos-
phate synthase (DAHPS)1 catalyzes the first committed step
in the shikimate pathway, which leads to the biosynthesis
of aromatic amino acids in microorganisms and plants (1,
2). DAHP synthases can be separated into two broad
groups: those from plants and those from bacteria (3, 4).
The reaction catalyzed is the formation of DAHP and
inorganic phosphate from phosphoenolpyruvate (PEP) and
erythrose 4-phosphate (E4P) (eq 1).

In Escherichia colithere are three isozymes, DAHPS(Phe),
DAHPS(Tyr), and DAHPS(Trp), each subject to feedback
regulation by one of the three aromatic amino acids (5).

These isozymes are encoded by the genesaroG, aroF, and
aroH, respectively, and the corresponding nucleotide se-
quences of these genes fromE. coli have been determined,
cloned, and overproduced (6-11). There is 41% sequence
identity between the proteins predicted from the three gene
products. For a catalytically competent system the enzyme
is in an aggregated form and contains a single divalent metal
ion per subunit. The enzymes DAHPS(Tyr) and DAHPS-
(Trp) associate as homodimeric units while DAHPS(Phe)
forms a homotetramer. The role of the metal may be for
catalysis and/or structural integrity. The identity of the metal
ion in vivo remains elusive, and different metal ions (Cu2+,
Co2+, Fe2+) have been found in the protein expressed from
the same gene either under identical or similar conditions
(6, 10-17). In pure preparations of DAHPS(Tyr), the native
metal was found to be either a Cu, Zn, or Fe, all in
substoichiometric amounts (11). In vitro, the enzyme can
be activated by a variety of divalent cations of Cd, Mn, Zn,
Fe, Mg, Co, and Cu (6, 10, 11). The diverse nature of these
metal activators suggests that their role is either structural
or as a Lewis acid but is not based upon any redox cycle.
No other cofactors have been identified for DAHPS from
bacteria, although the major enzyme from plants, MnDS, is
known to require reductants such as DTT (18, 19).

Previously, it has been proposed by Bauerle and co-
workers (10) that the metal probably polarizes the carbonyl
carbon of E4P and facilitates nucleophilic addition at that
carbon by C-3 of PEP. However, more recent work from
the same laboratory on the X-ray crystal structures of the
M‚DAHPS(Phe), M) Pb2+ (catalytically inactive as a PEP
complex) (20) and Mn2+ (catalytically active as a PGL
complex) (21), has demonstrated that the former structure
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has a weakπ-complex with the olefin-carboxylate moiety
of PEP (20) while the latter has a carboxylate-Mn2+ bond
to the PGL (21). The metal is clearly intimately required at
the active site, and these structures are a major advance in
our understanding of the catalytic mechanism and the method
of allosteric control by the appropriate aromatic amino acids.
Both structures are homotetramers comprised of two tight
dimer units and where the geometry of each monomer is
based upon a (â/R)8 barrel with some additional elements.
The active site is in a cleft at the C-terminal end of the barrel.
The metal binding site lies at the bottom of this cleft and is
covered by the PEP. It is postulated that E4P then occupies
the remaining space in the cleft and is partially exposed to
solvent. This geometry would enforce the required stereo-
chemistry of the pseudo-aldol condensation in eq 1. In both
structures the same amino acids, Cys61, His268, Glu302,
and Asp326, interact to varying extents with the metal. All
of the charged residues within 8 Å of the metal site are
invariant among microbial DAHPS enzymes. The putative
site for aromatic amino acid binding is remote from the active
site (>14 Å).

Solution-state studies have also probed enzyme structure
and function through the use of steady-state kinetics and
random mutagenesis (22). A number of critical residues have
been identified with these techniques (8, 17, 23-25). Notable
among these is the observation that Cys61 is essential for
catalytic activity (23). Furthermore, enzymatic activity can
be linked to the oxidation state of the enzyme, and disulfide
bond formation between Cys61 and Cys328 compromises
function (26). Enzymatic activity profiles for each isozyme
describe bell-shaped curves with respect to pH, with a
maximum at approximately pH) 7.0 (11). This is in contrast
to DAHPS from plants, where the two known isozymes
exhibit very different activity profiles, with MnDS active at
pH ) 7.0 and CoDS active at pH) 10.0 (27). Spectroscopic
studies on these enzymes have been limited to single UV-
vis spectra for the Cu2+, Co2+, and Fe2+/3+ derivatives (6).

We have previously designed a highly efficient system
for the overexpression and purification of DAHPS(Tyr) from
E. coli (11) and have also shown that DAHPS(Tyr) requires
a divalent metal cation in that removal of the metal by EDTA
results in the loss of enzymatic activity (>96%), but full
activity can be restored upon reconstitution of the apoenzyme
with a variety of divalent metal cations. In this work, to
characterize the structural features of the binding site of this
enzyme, the native metal in the enzyme was replaced with
several divalent metals, most notably, Cu2+, a complex with
an EPR-active center shown to retain at least 44% of wild-
type activity (11). Here, we report extensive characterization
of the metal binding properties of DAHPS(Tyr) and examine
the effects of pH and substrate on the metal center, using a
combination of UV-vis and EPR spectroscopy.

MATERIALS AND METHODS

Purification of DAHP Synthase (Tyr). The enzyme was
purified from E. coli according to the method previously
reported (11). All manipulations were carried out at 4°C.

Enzyme ActiVity Assay and Protein Determination.DAHPS-
(Tyr) activity was determined by measuring the rate of
disappearance of PEP (16). Protein concentrations were
determined by the method of Bradford (28) relative to bovine

serum albumin, which are known to correlate reasonably well
with spectrophotometric methods based on a calculated
extinction coefficient forA280 of 24 540 M-1 cm-1 for the
fully reduced enzyme.

Preparation and Reconstitution of Apoenzyme.DAHPS
(∼2 mg/mL) in 50 mM potassium phosphate buffer (pH)
6.8, 15% ethylene glycol) was dialyzed against 10 mM
EDTA until the activity was less than 3% of the initial value
(∼24 h). The metal-EDTA complex and excess EDTA were
removed by dialysis (three exchanges every 4 h) against
transition metal-free buffer. The apoenzyme was assayed for
enzymatic activity. Throughout these preparations careful
control of pH was maintained to avoid denaturation.

UV-Vis Spectroscopy.Data were collected on a Hewlett-
Packard HP 8453 diode array spectrometer. Sample volumes
were 400µL or 1.5 mL. All solutions were mixed thoroughly
following addition and stirred continuously thereafter.

Metal Binding. Metal solutions used were freshly prepared
2 mM Cu(NO3)2 or 1 mM CuSO4, fresh 2 mM CoAc2, 2
mM MnCl2, and 1 mM Fe(NO3)3. A period of 5 min was
allowed between metal additions.

pH Titration. A mixed buffer system, 10 mM Mes, 10
mM Hepes, 10 mM Tris, 50 mM KCl, and 10% glycerol,
with additions of 1 mM HCl or NaOH was used throughout.
The pH of the sample was checked before and after each
spectrum was recorded using a thin-stemmed combination
electrode.

EPR Spectroscopy.A Bruker EMX system operating at
9.66 GHz for X-band was used for data acquisition. This
was equipped with a dual mode cavity coupled to an Oxford
Instruments liquid helium flow cryostat for low-temperature
work. Samples for EPR spectroscopy were prepared by
treating metal-free apoDAHPS with 1 equiv of metal ion
for ca. 20 min, followed by two repeats of an ultrafiltration
and buffer wash step. The resulting solution was transferred
to an EPR tube, quench frozen in liquid nitrogen, and
maintained at 77 K until used for measurement.

RESULTS

Metal Binding to DAHPS(Tyr). (A) CuDAHPS.Addition
of Cu2+ to metal-free apoDAHPS(Tyr) results in a new peak
at 355 nm in the UV-vis spectrum (Figure 1a). This is
consistent with a ligand to metal charge-transfer band based
upon a nitrogen or sulfur donor atom ligand (29). In accord
with prior results (6), there is no absorption in the 600 nm
region, indicating that the sulfur from Cys61 is not a ligand
at pH) 7.0. The metal binding profile for replicate titrations
of apoDAHPS with Cu2+ is shown in Figure 1b. The
saturating metal/enzyme ratio is 0.8-0.85 for this set of
titrations, a value identical to that found for the uptake of
Mn2+ by DAHPS(Phe) (10). We note that the metal analysis
of previous samples revealed only fractional metal occupancy
(<10%) of the purified, metal-reconstituted, protein (11).
Recent work has demonstrated that the isozyme DAHPS-
(Phe) is sensitive to oxidation, which leads to inactivation
(26). However, the convergence of these three completely
separate measurements suggests that these fractional uptake
values are not entirely adventitious. Kinetic traces for the
addition of CuSO4 to DAHPS(Tyr) show the metal binds
rapidly to the apoenzyme (t1/2 ∼ 20 s) (Figure 1c,d). Analysis
of the kinetic traces at different wavelengths, and for the
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entire UV-vis spectrum, indicates that under these condi-
tions, once formed, the CuDAHPS complex undergoes a slow
conformational change. This is clearly seen in the biphasic
nature of the change in absorbance at 330 nm with time.
The time course for this conformational change is much
slower than for the initial binding reaction. In this experiment,
the enzyme was present in excess, and the change in
absorbance observed at 350 nm indicates∼100% coordina-
tion of the Cu2+. This suggests that the subsequent confor-
mational change is specific and not based upon enzyme
oxidation due to free Cu2+ in solution.

The X-band EPR spectrum of CuDAHPS at pH) 7.0
shows two axial signals (Figures 2a and 4a). Theg-values
for these two signals areg| ) 2.24 andg⊥ ) 2.036 andg| )
2.28 andg⊥ ) 2.019 (Table 1). It was not possible to
distinguish any variable temperature or power dependence
in these signals, so correlation ofg⊥ and g| is based upon
the behavior of the system with varying pH (see later).
Multifrequency EPR spectroscopy of this system is required
to more rigorously verify these assignments (30-33).

The high-field signal observed above 3450 G is an
“angular anomaly”. Angular anomalies, also called overshoot
lines, are a feature of Cu(II) EPR signals observed at X-band

frequency whenA| is large andg| is small. They are based
upon the angular dependence of the hyperfine splitting, which
drives theCuA (mI ) -3/2) line to higher field than theg⊥
manifold. Further treatment of this problem is available in a
number of texts (31, 34-36). As shown in Figure 3,
hyperfine coupling is observed in theg⊥ region, and it is
unambiguously highlighted in the second derivative of the
EPR spectrum in Figure 3b. The observed splitting, which
results in at least six lines, can result from a combination of
CuA⊥ and NA⊥ hyperfine interactions and is further compli-
cated by overlap by the two spectra in this region. Variable
power and temperature studies showed that the Cu EPR
signal begins to saturate above 1 mW at 20 K and is
significantly reduced in intensity above 40 K.

(B) CoDAHPS.As reported previously (6), the UV-vis
spectrum for Co(II)DAHPS(Tyr) shows a weak absorption
at 500 nm, in addition to several weak bands due to a minor
CuDAHPS impurity. It was not possible to completely
remove the contaminating Cu2+ even in the presence of
excess Co2+. This may be due to DAHPS(Tyr) having a
higher affinity for Cu2+ than Co2+ or slow kinetics for metal
exchange. Using the DAHPS(Phe) isozyme, Stephens and
Bauerle (10) reported relative metal affinities to be Co2+ >

FIGURE 1: UV-vis spectra for the addition of Cu2+ to DAHPS(Tyr). (a) Overlay spectra for the addition of 2 mM Cu(NO3)2 to 68 µM
DAHPS(Tyr). [Cu2+], µM: i, 0; ii, 10; iii, 20; iv, 30; v, 39; vi, 49; vii, 58; viii, 77. (b) Binding profile atA350 for the addition titration
shown in Figure 1a. (c) Overlay spectra with time following the bulk addition of 20µM CuSO4 to 42 µM DAHPS(Tyr): Time, s: i, 31;
ii, 63; iii, 110; iv, 180; v, 270; vi, 384; vii, 540; viii, 750; ix, 1020; x, 1390; xi, 1700. (d) Kinetic traces at 330 nm (O) and 350 nm (4)
extracted from Figure 1c.
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Cu2+. However, this work was based upon competitive
enzyme kinetics and did not measure metal coordination
directly. Later work, again by Bauerle (26), has demonstrated
the oxidative inactivation of the enzyme in the presence of
large quantities of Cu2+ or Fe3+, so this may explain the
relative affinities observed.

The EPR spectrum of CoDAHPS shows a single, broad,
rhombic signal (Figure 2b). This is consistent with transitions
from a single Kramers doublet of a high-spin,S) 3/2, system
(37). Theg-values are 5.6, 3.8, and 1.90 and suggest either
a distorted tetrahedral or tetragonal coordination (37, 38).
Of these two possibilities, the weak UV-vis bands (described
above but data not shown) are most consistent with the latter,
and we note that no hyperfine coupling to the Co2+ nucleus
(I ) 7/2) is observed for any of the resonances. In common
with other Co-protein complexes, the EPR signal is very
sensitive to temperature and microwave power. The signal
is completely lost above 15 K and shows signs of saturation
at 6.5 K above 1 mW power.

(C) MnDAHPS.For the titration of DAHPS with Mn2+

no new absorption peaks are observed in the UV-vis
spectrum. Of all the metal-substituted forms of DAHPS(Tyr),
the Mn-substituted form was the least stable, and routine
sample manipulation frequently leads to facile demetalation.
Under the experimental conditions employed, Mn2+ would
not be expected to cause oxidative degradation of the

FIGURE 2: Low-temperature X-band EPR spectra for metal-substituted DAHPS(Tyr). (a) Cu(II)DAHPS at pH) 7.0. Conditions: 20 K, 0.2
mW power, and 5 G modulation amplitude. (b) Co(II)DAHPS at pH) 7.0. Conditions: 6.5 K, 0.2 mW power, and 10 G modulation
amplitude. (c) Mn(II)DAHPS at pH) 7.0. Conditions: 10.0 K, 2 mW power, and 10 G modulation amplitude. (d) Fe(III)DAHPS at pH
) 7.0. Conditions: 9.0 K, 2 mW power, and 10 G modulation amplitude.

Table 1: Spectroscopic (EPR) Parameters for Metal-Substituted
DAHPS(Tyr)

metal pH g1 g2 g3 A, G

Co(II) 7.0 5.6 3.8 1.90
Mn(II) 7.0 9.7 4.32 1.92 90

7.0 9.7 4.18 1.92 90

metal pH g⊥ g| A|, G A⊥, G

Cu(II) 7.0 2.036 2.244 150 14
7.0 2.019 2.285 130
7.5 2.036 2.214 187 15
7.5 2.019 2.28 ∼125
8.7 2.036 2.206 190 16.5

+1 mM PEP 8.7 2.038 2.217 187 15
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enzyme, and it is significant that MnDAHPS(Tyr) has the
highest specific enzymatic activity of any metal substituents
including wild type (11). Stephens and Bauerle (10) reported
that only 80% saturation of DAHPS(Phe) was achieved
following exposure to a 10-fold excess of metal. It is possible
that trace amounts of Fe3+ impurities could be responsible
for oxidative damage. Indeed, when manganous chloride is
used as a starting salt, significant quantities of Fe(III)DAHPS
are observed in the EPR spectrum. This is analogous to the
Co/Cu system discussed earlier and, again, could be due to
relative binding affinities or the kinetics of metal exchange.

Use of manganous acetate almost eliminates the FeDAHPS
EPR signal. These samples are nevertheless still prone to
metal loss during sample manipulation.

The EPR spectrum for MnDAHPS shows a broad rhombic
signal for a high-spin system withg-values of 9.7, 4.3, and
1.92 (Figure 2c). The most striking feature of the spectrum
is the resolved hyperfine splitting of the signalg2 ) 4.3,
seen more clearly in Figures 2c and 4b. From this splitting,
it is possible to resolve two sets of overlapping six-line
patterns. This demonstrates that there are two different
MnDAHPS complexes present at pH) 7.0, as previously

FIGURE 3: Low-temperature X-band EPR spectrum for the addition of PEP and A5P to Cu(II)DAHPS(Tyr): (a) CuDAHPS; (b) CuDAHPS
+ 1 mM PEP; (c) CuDAHPS+ 1 mM PEP+ 1 mM A5P. In all three plots the measured data are shown on the left and the second
derivative on the right. Conditions for each measurement: pH) 7.0, 21-23 K, 1 mW, and 6 G modulation amplitude.

FIGURE 4: Assignment of EPR spectra. (a) Cu(II)DAHPS at pH) 7.0. Conditions: 20 K, 0.2 mW power, and 5 G modulation amplitude.
(b) Mn(II)DAHPS at pH) 7.0. Conditions: 10.0 K, 2 mW power, and 10 G modulation amplitude. The lower trace is the second derivative
of the EPR spectrum, shown on the sameX-axis scale.

Metal Center of DAHP Synthase Biochemistry, Vol. 40, No. 28, 20018391



observed for CuDAHPS. Although coordination geometry
can sometimes lead to further splitting of the Mn hyperfine
signals (39), the number and relative intensity of the signals
observed here are consistent with two separate species. For
manganese EPR, hyperfine splitting is often resolved for the
g ∼ 2 signal (e.g., MnTf, MnAc2), and in this case, hyperfine
splitting atg ) 4.3 and notg ) 2.0 serves as a useful marker
for specific binding following titration with MnAc2.

(D) FeDAHPS.The EPR spectrum of Fe(III)DAHPS at 9
K is dominated by an isotropic signal atg ) 4.3, indicative
of a high-spinS) 5/2 sample in a rhombic field, as is found
in many ferric siderophores (37, 47). In the EPR spectrum
of Fe(III)DAHPS this transition is relatively weak and has
an intensity comparable to that of the bands from contami-
nating CuDAHPS and free iron which are observed at higher
field. One possible origin for this diminished intensity could
be dipolar interactions of vicinal high-spin iron in adjacent
DAHPS subunits. No new signals are observed on elevating
the temperature to 15 K.

pH Titrations of Apo- and CuDAHPS. (A) Acidic pH
Range.The pH titration of CuDAHPS(Tyr) under acidic
conditions (Figure 5a) demonstrates that this complex is
stable in the range pH) 7.0 to pH) 6.0. Further decrease
in pH to below pH) 6.0 compromises stability and results
in significant protein precipitation. The metal stability profile,
as judged from the CuDAHPS absorption band, mirrors the
enzyme activity profile and demonstrates that the metal is
required for activity. The acidic pH titration of apoDAHPS-
(Tyr) has the same stability profile as does the metalated
enzyme. This suggests that precipitation is due to inherent
instability of the enzyme and is not triggered by metal
release. Following removal of precipitated protein and
restoration to pH) 7.4, the soluble apoenzyme was still
able to bind copper.

(B) Basic pH Range.A number of interesting features are
revealed in the titration of DAHPS(Tyr) with base (Figure
5b). The most significant feature for the copper-coordinated
enzyme is a reversible conformational change that occurs
between pH) 7.0 and pH) 8.5. This shows fairly well
defined isobestic behavior with the new species having an
absorbance maximum at 345 nm. This transition is ac-
companied by an increase in absorbance at 550 nm, possibly

due to the introduction of a sulfur ligand, presumably from
Cys61, into the copper coordination sphere. However, this
is not entirely consistent with the increase in energy (shift
to lower wavelength) observed for the ligand to metal charge-
transfer band around 350 nm. This suggests a weaker metal-
ligand interaction, with alternative explanations being that a
possible conformational change results in a more distorted
or less symmetrical coordination geometry or there is a
decrease in charge of the copper complex. In this case the
absorbance at 550 nm may be due to an increase in intensity
of the Cu d-d transitions, which are formally forbidden (29).
The relatively large changes observed in the EPR spectrum
at high pH could be based upon any of these factors but is
best supported by a change in coordination or charge. Up
until pH ) 8.75 the pH-dependent spectroscopic changes
are reversible and suggest that there is an equilibrium
transition in this pH range. Between 6< pH < 7 there are
no significant changes in the EPR spectrum (data not shown).
Further increases in pH from pH) 8.75 to pH) 9.45 (inset
Figure 5b) led to a decrease in intensity for the UV-vis
spectrum of CuDAHPS, which was presumably due to loss
of the metal. Back-titration of this sample from pH) 9.5 to
pH ) 7.0 did not reverse the conformational change observed
and only led to a further decrease in intensity of these bands.
This suggests that a chemical modification is involved as
opposed to a simple conformational change or deprotonation.
As for the titration of CuDAHPS under acidic conditions,
the UV-vis profile recorded mirrors the activity profile
published previously (11). Indeed, the activity profile sug-
gests a possible conformational change. Combining these two
results shows that the new conformation retains enzyme
activity, albeit slightly diminished.

The effect of pH upon CuDAHPS was also monitored
using EPR spectroscopy, and these spectra are shown in
Figure 6. In support of the UV-vis results, they demonstrate
that there is a change in conformation between pH) 7.0
and pH) 8.7. The EPR spectrum at pH) 8.7 indicates
that there is only one Cu species present, which is character-
ized by an axial pattern withg⊥ ) 2.03 andg| ) 2.206. The
notable features of the spectrum are an intense line at high
field, which is due to an angular anomaly, and the hyperfine
splitting of the perpendicular signal. The key features of this

FIGURE 5: UV-vis spectra for CuDAHPS at different values of pH in a mixed 10 mM Mes, 10 mM Hepes, 10 mM Tris, and 50 mM KCl
buffer system with 10% glycerol: (a) acidic pH adjusted with 1 mM HCl and (b) (and inset) basic pH adjusted with 1 mM NaOH.
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spectrum are common to CuTf, in which the Cu is coordi-
nated to one nitrogen ligand and multiple oxygen ligands
(30, 40). At the intermediate pH) 7.5, two Cu species are
present in different concentrations. Theg-values for these
species areg⊥ ) 2.019 andg| ) 2.2 for the minor component
andg⊥ ) 2.036 andg| ) 2.214 for the major component.
The former species was one of those present at pH) 7.0,
while the latter appears closely related to the final species
observed at pH) 8.7. Comparing the EPR spectra at pH)
7.5 and pH) 8.7 shows small differences ing|, A|, and
particularlyA⊥. None of these spectroscopic features suggest
cysteinyl sulfur coordination to the metal at any pH.

In contrast to the behavior of DAHPS in acidic conditions,
under basic conditions the metal binding capacity of apo-
DAHPS is apparently lost following cycling to pH) 10.
The protein appears to be more stable in basic conditions
with only a minimal change in the UV-vis spectrum
observed, due to precipitation, up to pH) 10. Back-titration
to pH ) 7.0 followed by addition of Cu2+ does not lead to
the characteristic absorbance peak at 350 nm for CuDAHPS
at this pH. There is a broad increase in the 350 nm region
and an increase in the absorbance at 280 nm. This could be
due to nonspecific copper binding or specific binding to an
altered conformational state. Although the spectrum observed
is similar to that seen following the bulk addition of Cu2+

to the enzyme in the absence of further data, it is not possible
to distinguish between these two possibilities. To summarize,
within the range 6< pH < 8.7 there are reversible
spectroscopic changes by UV-vis and EPR spectroscopy,
but at more extreme pH irreversible demetalation/denatur-
ation occurs.

Addition of Substrate.There was no change in the UV-
vis spectrum for CuDAHPS(Tyr) following the addition of
the substrate PEP. In the EPR spectrum (Figure 3b) minor
changes were observed with an increase in the resolution of

the signals. This appeared to be due to a change in the relative
populations of the two copper species observed at pH) 7.0.
These results show that PEP is not a direct ligand to the
metal but has some influence upon the overall first shell
coordination sphere. This is in accord with the X-ray crystal
structures for PbDAHPS(Phe) (20), in which the shortest
distance between the Pb2+ center and the carbonyl oxygen
of PEP is 3.74 Å. Similar observations can be made for the
addition of PEP to CuDAHPS(Tyr) at pH) 8.7. At first
glance, there appears to be a sharpening of the resonances,
but a closer inspection reveals that there are small changes
in both theg-values and the magnitude of the hyperfine
coupling. Analysis of the second derivative spectrum in the
g⊥ region in the presence and absence of PEP shows that
there is a divergence in the hyperfine splitting between the
two sets of spectra. That is, the splitting increases with
distance fromg⊥. This increase is larger in the absence of
PEP, and eventually the peaks between the two spectra
become out of phase and thus distinguishable. In fact, the
hyperfine coupling pattern at pH) 7.0 overlays the pattern
at pH ) 8.7 in the presence of PEP, although theg-values
do not. The basis of this divergence has not been determined.
It may be due to a combination of nuclear (CuA⊥) and ligand
(NA⊥) hyperfine interactions. Coupling constants to different
nuclear spin states are not necessarily equivalent. Again, this
indicates that binding of the substrate PEP does not cause a
major perturbation to the Cu coordination sphere. The small
changes that are observed at pH) 8.7 suggest that the
substrate binds to the enzyme at its normal position in this
different conformation. This is expected as the enzyme
retains activity at this pH.

No change was observed in the EPR spectrum for the
addition of the substrate analogue A5P to a sample containing
CuDAHPS and PEP (Figure 3c). This indicates that this
substrate binds at a site less associated with the metal. It is
known that DAHPS(Phe) can utilize A5P in place of E4P,
although at a lower level of enzyme activity (41, 42).

DISCUSSION

A combination of UV-vis and EPR spectroscopy was
used to probe the metal binding properties of DAHPS(Tyr)
and examine the role of the metal in enzyme activity.
Previous studies have been limited to UV-vis spectroscopy
and afforded little insight into the specific metal binding site.
The low-temperature EPR results presented here are con-
sistent with mixed ligation at pH) 7 including at least one
His residue. Copper binding is stable under acidic conditions,
to pH ) 6.0, but the metal is readily lost below this as a
result of protein precipitation. Stability is much greater under
basic conditions and is marked by a conformational change
at pH ∼8.5. This is consistent with either a change in
coordination, either ligand type or number, or a decrease in
charge of the coordinated copper complex, or to alteration
(shortening) of the Cu-S separation. Addition of the
substrate PEP causes a slight change at the metal binding
site, as evidenced by the EPR spectrum of CuDAHPS, but
it is not enough to cause perturbation of the spin state in
parallel experiments for CoDAHPS (data not shown). This
is consistent with the substrate PEP influencing the coordina-
tion sphere but not being directly bound to the metal center.
There was no further change in the EPR spectrum of

FIGURE 6: Low-temperature X-band EPR spectrum for the basic
pH titration of Cu(II)DAHPS(Tyr). Conditions: (a) pH) 6.98, 20
K, 1.0 mW power, and 10 G modulation amplitude; (b) pH) 7.50,
20 K, 1.0 mW power, and 10 G modulation amplitude; (c) pH)
8.68, 20 K, 1.0 mW power, and 10 G modulation amplitude.
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CuDAHPS upon addition of A5P, an analogue to the second
substrate E4P (41, 42).

The addition of small aliquots of Cu2+ to apoDAHPS-
(Tyr) at pH ) 7.0 was characterized by an increase in
absorbance at 350 nm in the UV-vis spectrum. This
absorbance was stable with time (>48 h at 4°C) and gave
indication of only one Cu2+ species. In contrast, the bulk
addition of Cu2+ to apoDAHPS was characterized by two
independent processes. The first step was indicative of
specific metal binding to the enzyme. The basis of the second
step is unknown. Under the reaction conditions, the enzyme
was present in excess, and after the initial fast process, no
unbound Cu2+ was present to promote random enzyme
oxidation. It is possible that this second step is due to a
kinetic rather than a thermodynamic phenomenon, with metal
exchange occurring between enzyme monomers and dimers.
The different UV-vis spectrum observed for this species,
as compared to the enzyme resulting from slow addition of
metal, suggests that this exchange is associated with a
chemical modification of the enzyme. The new conformation
is different from that formed during the pH titration of
CuDAHPS under basic conditions but may be related to the
copper-enzyme complex that is observed following the
addition of Cu2+ to apoDAHPS that has been cycled to pH
) 10.

Analysis of the EPR spectra shows two different confor-
mations at pH) 7.0 for both Cu2+- and Mn2+-substituted
complexes. For CuDAHPS there is a significant difference
between these two species. It is possible to predict the charge
and ligand set for copper complexes using a Peisach-
Blumberg plot ofg| versusA| (43). The relative positions
for theg| andA| values determined from this work on such
a plot are shown as crosses in the Supporting Information
(Figure S1). Both species observed at pH) 7 fall slightly
below the predicted region for mixed nitrogen and oxygen
coordination. This is generally assumed to be due to a
deviation from axial symmetry. In general, sulfur coordina-
tion to copper usually leads to a smaller value forg| than
nitrogen coordination. There are few examples of Cu2+

coordination to a single sulfur ligand in type 2 (nonblue)
copper complexes. On the basis of the behavior of the system
in basic conditions we believe that sulfur is not a metal ligand
at pH ) 7.0. The two new points marked on the Peisach-
Blumberg plot in the Supporting Information (Figure S1)
form a line that is approximately parallel to the boundary
line. The difference between them, therefore, suggests that
there is a change in the ligand set or charge of the complex.
The first species lies toward the bottom of the range for a
dinitrogen/dioxygen donor atom coordination. The second
species lies in an area where dinitrogen/dioxygen and
tetranitrogen donor atom sets all overlap. Within the same
coordination set there is a progression of decreasingg| and
increasingA| with decreasing charge on the complex. The
signal intensities for the two species are roughly equal,
suggesting that they are present in approximately equal
amounts. Possibilities for the groups and transformations are
deprotonation of His268, Cys61, or a coordinated water
molecule, but the limited pH stability range for this protein
prevents making a more comprehensive examination of the
pH-dependent spectroscopic changes impossible. If the ligand
set were to change, it would probably be from dinitrogen/
dioxygen to trinitrogen/oxygen. In the crystal structure of

PbDAHPS(Phe), only a single nitrogen ligand was bound
to the Pb2+, with the same being true for the MnDAHPS-
(Phe) structure. This fact, along with the behavior on titration
with base, suggests that this change is less likely. Another
possibility for the different species relates to the aggregated
state of the enzyme.

In the crystal structure of MnDAHPS the long Mn-S
separation, 2.74 Å, was interpreted as a bonding interaction
(21). The rmsds for the bond lengths in this determination
are listed as 0.012 Å, and given that this particular separation
is for the only two vicinal non first row elements in this
structure, this must be considered the upper limit for the
Mn-S separation. Thus a liberal estimate of the Mn-S
separation range is 2.62-2.86 Å. We note that the corre-
sponding range for Mn(II)-SR bond lengths from high-
resolution small molecule X-ray crystal structures is 2.393-
2.429 Å, for nonchelating thiolate donors to Mn(II) (44).
Thus any Mn-S interaction can only be described as either
nonexistent or, at the very most, weak, if present at all. The
spectroscopic results in this paper clearly indicate that in
CuDAHPS this interaction is absent.

We suggest that, at pH 7.0, the Cu2+ coordination sphere
is either a dinitrogen/dioxygen or a mononitrogen/trioxygen
ligand set in a distorted axial environment. His268 is certainly
one of the nitrogen ligands. In the first possibility, the second
nitrogen donor atom could possibly come from Lys97, the
next closest nitrogen ligand. In the crystal structure of
DAHPS(Phe) (20) Lys97 hydrogen bonds to a water
molecule coordinated to Pb2+ and to PEP. If the water
molecule was displaced, this may allow rearrangement of
Lys97 to become a ligand. In either possibility, two of the
oxygen donors could come from Glu302 and Asp326, both
of which are within 3 Å of the Pb2+ center, or a combination
of one of these ligands and a coordinated water molecule.
This situation is also true for the MnDAHPS(Phe) structure.
We favor one acidic residue and a coordinated water
molecule, which can be deprotonated to the hydroxide, but
are unsure of how this would correlate with the geometry of
the binding site. It was recognized by Bauerle et al. that the
Pb2+ ion occupies a much larger volume than other divalent
metal ions, which activate the enzyme, while lead does not,
and hence different coordination patterns may be observed
at the metal binding site (20). This is not uncommon. The
iron transport protein transferrin is capable of binding a
variety of different metal ions in vitro, all with different
association constants. Spectroscopic and crystallographic
studies have shown that the coordinating ligand set can vary
depending upon the metal bound (45, 46). However, the
recent structure of the MnDAHPS(Phe) suggests that, at least
at pH ) 8.7, the coordinating ligands do not change when
Pb2+ is substituted with Mn2+ (21).

The observations from the UV-vis and EPR spectra for
titration of CuDAHPS(Tyr) with base indicate that there is
a conformational change between pH) 7.0 and pH) 8.7.
The isobestic behavior of the UV-vis spectrum suggests a
simple transition between two species, such as a change in
charge or ligand set of the complex. The EPR spectra are
not as clear-cut with significant changes ing| andA|. At the
intermediate region pH) 7.5 two species can be identified:
a minor component, which is also observed at pH) 7.0,
and a major component, which appears closely related to
the final product at pH) 8.7. It is likely that these two
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species contain the same ligand set but have different outer
shells. This is supported by the fact that addition of PEP to
the sample at pH) 8.7 alters the EPR spectrum so that it
closely relates to that measured at pH) 7.0 in the absence
of PEP. When theg| andA| values, for the species at pH)
8.7, are added to the Peisach-Blumberg plot in Figure S1,
they fall in a region different from that observed for the two
complexes at pH) 7.0. This is within the normal regions
predicted and suggests a slight change in geometry to a more
closely axial system. In this region of Figure S1 mononi-
trogen/tetraoxygen, dinitrogen/dioxygen, trinitrogen/oxygen,
and tetranitrogen donor atom sets are expected to overlap.

The small changes observed in the EPR spectrum, fol-
lowing the addition of the substrate PEP, indicate that it is
not a direct ligand but does have an effect on the metal center.
The main differences are based upon a change in the
hyperfine coupling of theg⊥ region, which is based upon
interactions with surrounding nitrogen ligands and possibly
the copper nucleus itself. It is interesting, therefore, to note
that from the crystal structure His268 serves as a ligand to
both PEP and Pb2+. As a result of this, the residue is in a
strained conformation, and this could be the basis for the
changes in the EPR spectrum. Recent work has focused some
attention on the metal center of DAHPS. It is expected that
further work by ourselves, and others, based upon spectro-
scopic studies and X-ray crystallography of DAHPS contain-
ing different metals, will sharpen this picture and help to
determine the role of the metal in the enzymatic mechanism.

CONCLUSIONS

Previously it has been shown that DAHPS(Tyr), in
common with other members of this enzyme family, can bind
a variety of different metal ions to generate an active enzyme
complex (7, 11, 13, 15). The data presented here demonstrate
that there are a number of different enzyme conformations,
which can be characterized by their different spectroscopic
signatures. These conformations are likely to differ in terms
of the charge and ligand set of the metal center. The
conformation adopted is affected by a number of factors,
including the pH and the manner of metal addition, and is
an important consideration in sample preparation. The
addition of the substrate PEP leads to only minor alterations
in the EPR spectrum of CuDAHPS(Tyr). This is consistent
with the sharing of a common enzyme residue (His268) but
no direct metal-substrate interaction.

SUPPORTING INFORMATION AVAILABLE

Figure S1 showing a Peisach-Blumberg plot for the two
conformers of CuDAHPS. This material is available free of
charge via the Internet at http://pubs.acs.org.
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