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respectively. These assignments are of course reversed in (R-)-1-d.
The present results show that the configuration of an intact
stereogenic methyl group,?! CHDT (so-called “chiral” methyl
group?), can be determined directly by tritium NMR.2-?" The
diastereomer, (1-S,7-S)-1-d-t, is calculated to have a tritium
chemical shift at room temperature that is about 15 ppb greater
(i.e., less shielded) than that of the other diastereomer, (1-S,7-
R)-1-d-t. With proton and deuterium decoupling, a mixture of
these diastereomers should then give sharp lines separated by 4.8
+ 0.3 Hz at 320 MHz, thus allowing an easy and accurate in-
tegration of the two signals on available instrumentation.
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Phenylalanine hydroxylase and other aromatic amino acid

hydroxylases are metalloenzymes that introduce a hydroxyl group
into the side-chain aromatic rings in the presence of the pterin
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Figure 1, ORTEP view of [Cu(bpy)(PC)(H,0)] (2) showing 50% thermal
ellipsoids. Selected bond lengths (A) and angles (deg) are as follows:
Cu-N(1) = 2.005 (3), Cu-N(2) = 1.993 (3), Cu~-N(3) = 2.013 (3),
Cu-0O(1) = 2.499 (3), Cu-0(3) = 2.391 (3), Cu-O(3W) = 1.972 (3);
N(D-Cu-N(2) = 81.1 (1), N(1)-Cu-N(3) = 97.0 (1), N(1)-Cu-O(1)
=83.0 (1), N(1)-Cu-0(3) = 94.7 (1), N(1)-Cu-O(3W) = 171.1 (2),
N(2)~-Cu-N(3) = 177.1 (1), N(2)-Cu-O(1l) = 104.4 (1), N(2)-Cu-O-
(3) = 108.0 (1), N(2)-Cu-O(3W) = 93.0 (1), N(3)-Cu~-O(1) = 73.1
(1), N(3)-Cu-0(3) = 74.3 (1), N(3)-Cu-O(3W) = 88.5 (1), O(1)~
Cu-0(3) = 146.7 (1), O(1)-Cu-O(3W) = 92.0 (1), O(3)-Cu-O(3W)
= 93.6 (1).

cofactor biopterin (1a).2® While the hydroxylases from mam-
malian and pseudomonas species require iron for their activity,
the phenylalanine hydroxylase from Chromobacterium violaceum
involves 1 mol of type 2 copper per mol of enzyme in place of
iron,* and a reduced pterin ring has been inferred to coordinate
to copper through the nitrogen atom from electron spin resonance
(ESR) spectroscopic studies by Benkovic and his collaborators.®
Their electron spin echo studies reported very recently indicated
that two imidazole groups from the enzyme are equatorially bound
to copper.” In the course of the studies on Cu(II)-folic acid
interactions, we found that folic acid (FA, 1b), also a pterin

Y

1a;R = ~CH{OH)CHIOHICH,

16; R= ~CH,NH CONHCHCH,CH,CO0H
COOH

1c; R= -COOH

cofactor, suffers oxidative cleavage at the side chain by Cu(bpy)?*
(bpy = 2,2’-bipyridine) at pH > 10 under aerobic conditions to
give a ternary copper(Il) complex involving bpy and pterin-6-
carboxylate (PC, 1c), Cu(bpy)(PC).® Since the same oxidation
was observed for Cu(phen)?* (phen = 1,10-phenanthroline) but
not for Cu(en)?* (en = ethylenediamine), electronic and steric
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effects due to coordination of two aromatic nitrogens of bpy or
phen seemed to be essential for the redox activities of copper—pterin
systems, which is in accord with the conclusion for the copper site
of the natural system.%’

We here report the molecular structure and ESR spectral
properties of the first known pterin-containing ternary Cu(II)
complex, [Cu(bpy)(PC)(H,0)]-:3H,0 (2), having a square-planar
structure with weak apical bonds suggestive of the copper envi-
ronment of the enzyme.

The green complex 2 was prepared as reported previously® from
Cu(NO;),, bpy, and 1b at pH > 10, and crystals of 2 suitable
for X-ray diffraction studies were obtained by recrystallization
from water.” The molecular structure of 2 shown in Figure 1
reveals that the Cu(II) ion is basically in a square-planar geometry
with two nitrogens of bpy, one nitrogen of PC, and one water
oxygen in the plane and with two oxygens of the pterin moiety
occupying remote axial positions. Although the Cu(II)-O(1) and
Cu(II)++O(3) (numbered according to Figure 1) distances, 2.499
(3) and 2.391 (3) A, are within the range of axial Cu-O bond
lengths,!® axial coordination of O(1) is very weak, and the C-
(15)-0(1) bond (1.238 (5) A) may better be regarded as a double
bond, because it is shorter than usual single bonds and appears
to be similar to a bond observed for 6-methyl-7,8-dihydropterin
hydrochloride and (6 R)-pentaacetyl-5,6,7,8-tetrahydro-L-neopterin
(1.24 A).''  Considering that the C(15)-C(16) (1.471 (6) A),
N(5)-C(14) (1.361 (6) A), and N(3)-C(11) (1.343 (5) A) bond
lengths are longer than the corresponding values, 1.402, 1.333,
and 1.294 A, respectively, for 6-methyl-7,8-dihydropterin,!1* we
may conclude that a proton has dissociated from the N(6)H group
of the pterin ring with a negative charge left in the ring. Coor-
dination of bpy and PC molecules at right angles is probably
attributed to the steric hindrance arising from the large planar
rings. The two axial bonds may further stabilize the structure.
In this connection xanthopterin in a molybdenum complex has
been shown to be coordinated through its nitrogen and oxygen
atoms by X-ray crystal structure analysis.!>! The square-py-
ramidal structure inferred for the ternary complex, Cu(bpy)(FA),?
is related to 2 in that the bpy and pterin rings are perpendicular
to each other.

The ESR spectra measured for Cu(DA)(PC) (DA = bpy or
phen) at neutral pH were of axial symmetry with almost identical
spin Hamiltonian parameters, gy = 2.268 (2.269), g, = 2.061
(2.061), and |4,] = 16.9 (16.7) mT for DA = bpy (phen), and
seven nitrogen superhyperfine structures were detected in the
perpendicular region (Figure 2a). The spectral parameters are
reminiscent of those reported for a dihydropterin adduct of the
phenylalanine hydroxylase (g, = 2.27; |4)| = 166 X 10 cm™ (15.7
mT)).® Addition of 1 equiv of imidazole (Im) to the above so-
lutions gave ESR spectra (g, = 2.245 (2.246), g, = 2.031 (2.053),
and |{4,| = 18.1 (17.9) mT for DA = bpy (phen)) with nine
nitrogen superhyperfine structures in both parallel and perpen-
dicular regions (Figure 2b), from which we see that Im displaces
the coordinated water molecule to form a 4N chromophore,
Cu(bpy)(PC)(Im), with an increased ligand field. The electronic
absorption spectrum of 2 at pH 6.8 has a peak at 676 nm, which
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V =2002.5 A3 Z =4, D, = 1.648 g cm™, u(MoKa) = 11.45 cm™, crystal
dimensions 0.20 X 0.20 X 0.15 mm?. Intensity data in the range 26 < 60°
were collected by the w26 scan technique using a Rigaku AFC-5R automated
diffractometer. The structure was solved by a heavy-atom method and was
refined by least-squares techniques. The final R and R, values were 0.040
and 0.044, respectively, for 2394 unique reflections with |F,| = 30]F,). Full
details are provided in the Supplementary Material.
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Figure 2. ESR spectra of Cu(bpy)(PC) (pH 7.2) (a) and Cu(bpy)(PC)
containing 1 equiv of imidazole (pH 7.0) (b) at 77 K. Conditions:
microwave frequency (GHz), 9.126 (a) and 9.133 (b); microwave power
(mW), 2 (a and b); modulation (mT), 0.63 (2 and b).

shifts to 650 nm upon addition of Im. This is consistent with the
change from a 3N to a 4N chromophore.!4

The molecular structure and the ESR spectra demonstrate some
important aspects probably characteristic of the active site type
2 Cu(Il) of Chromobacaterium violaceum phenylalanine hy-
droxylase,®” i.e., (a) coordination of two pyridine nitrogens’ which
have been found to be necessary for Cu(bpy)?**-catalyzed oxidation
of folic acid,® (b) Cu(Il)-cofactor bonding through the pterin
nitrogen atom,® and (c) presence of a readily displaceable water
molecule in an equatorial position which could be the binding site
for molecular oxygen or a substrate. The negative charge left after
deprotonation of the pterin ring is probably delocalized within
the ring.!* Interestingly McCracken et al.!¢ have identified by
electron spin echo studies on amine oxidase, which requires
pyrrolloquinolinequinone (PQQ), two magnetically distinct im-
idazoles, and an equatorially bound water which is displaced by
anions such as cyanide and azide. The present findings lend strong
support to the recent conclusions on the phenylalanine hydroxylase
Cu(II) site with two imidazoles, a pterin cofactor bound through
the ring nitrogen, and a displaceable water and further suggest
that the coordination structure of 2 may be common to other type
2 copper sites such as in amine oxidase requiring PQQ!$ whose
steric requirement'’ is similar to that of PC.,

Further studies on spectral and redox properties of related
systems are under way.
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The class of heme proteins known as cytochromes P450! are
involved in the cleavage of molecular oxygen and the stereospecific
insertion of a single atom of oxygen into a variety of substrates.?
A specific cytochrome P450,,, isolated from pseudomonas putida,
has been used in a variety of physical-chemical studies® in order
to elucidate some of the key structure—function relationships
common to the broad class of P450 enzymes. In particular, an
isotopically sensitive vibrational mode has been observed at 351
cm™' with resonance Raman spectroscopy and assigned to Fe-S
stretching involving cysteine.* Recent studies of the resonance
Raman excitation profile (REP) of this mode have resolved un-
usual and unexpected S — Fe charge-transfer electronic structure
to the blue of the Soret transition.’ In the present communication,
we consider these results in the context of the fundamental steps
involved in the mono-oxygenase reaction cycle. (For a recent
review see Dawson.®) We suggest that these steps are related
to specific electronic excitations of the sulfur, iron, porphyrin, and
oxygen orbitals.

The samples of cytochrome P450,,, used in the Raman studies
were prepared as discussed previously.>’ Figure | shows the
REP’s of the 1488-cm™ high-spin marker band of the heme and
the 351-cm™ Fe-S axial ligand mode of oxidized, substrate-bound
P450,,,. Absorption spectra are also shown for solution (thin solid
line) and for z-polarized single crystals® (thick solid line). Notice
the extreme blue shift and structure in the Fe-S REP (solid
triangles). We expect the REP’s of high-frequency modes to peak
to the blue of low-frequency modes when both modes are coupled
to the same electronic transitions. Thus, it is quite certain that
the 351- and 1488-cm™ modes are coupling to different electronic
excitations and that the Fe-S mode is activated by z-polarized
charge-transfer transitions, one of which is clearly observed in
the single-crystal absorption at 323 nm. The other z-polarized
transition, at 360 nm, was apparently missed in the single-crystal
analysis due to its proximity to the Soret band and the difficulty
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Figure 1. The Raman excitation profiles and absorption spectra of
P450,,,. The REP of the Fe-S mode is shown as solid triangles. The

thin solid line is the solution absorption spectrum. The thick solid line
is the z-polarized single crystal absorption (from ref 8).
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of subtracting the in-plane Soret transition moment from the
z-polarized spectrum (two hemes/unit cell with different orien-
tation). The small inflection at 360 nm is the residual of this
transition.

We believe that the two charge-transfer transitions in the
high-spin complex involve S — Fe excitations arising from
sp>-hybridized sulfur orbitals* that increase the = overlap with
the 4-fold symmetric heme while still accounting for the anisotropic
esr gvalues.® The S(sp?) — Fe(dr) excitations are quenched in
the low-spin complex, possibly due to filling of the d orbitals when
the iron moves into the heme plane (and the xy orbital is increased
in energy). In this respect, substrate-mediated spin-state equilibria
can act as a “switch” to control the S — Fe electron-donation
properties of the system.*

The sulfur — iron w-electron donation appears to have im-
portant mechanistic consequences not only in the dioxygen cleavage
step but also in the final hydroxyl insertion step. The high-valent
iron porphyrin intermediates that play a key role in the mechanism
of both peroxidases and cytochromes P450 have generally been
characterized as iron—-oxo w cation complexes (Fe!V .S = 1, por-
phyrin S ='/,),%'% although recent calculations!! indicate the
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