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Figure 1. '*C NMR spectra. Samples were prepared in 10-mm NMR
tubes in 50 mM phosphate buffer, pH 6.20, containing 1% MeOH and
50% D,0. The pH of all samples was checked before and after spectral
acquisition and did not change. All spectra were recorded at 15 °C by
using a Varian XL-300 spectrometer. Broad-band decoupling was per-
formed in all experiments using the Waltz-16 program provided by Va-
rian (1.0-W power). A pulse width of 5.0 us and a pulse delay of 0.0's
were used with an acquisition time of 0.750 s. Methanol was used as the
internal reference (49.00 ppm). The concentrations of papain given are
based on active site titration.!®?® (a) 1.0 mM Ac-L-PheGly'*CN (800
transients). (b) 1.0 mM papain (43000 transients). After recording this
spectrum Ac-L-PheGly!*CN was added (1.5 mM) and the spectrum
shown in (c¢) was recorded (50000 transients). The sample was next
acidified with 1% v/v glacial acetic acid (pH 4.05), 2,2’-dipyridyl di-
sulfide (6 mM) was added, and the spectrum shown in (d) was recorded
(39800 transients; 179 ppm = HOAc).
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derives from the reversible addition of the active site sulfhydryl
of papain to the *C nitrile carbon, the sample used to record
spectrum (c) was acidified and treated with the thiol reagent
2,2’-dipyridyl disulfide to trap free E-SH covalently.®'* This
resulted in the rapid (i.e., within 10 min) and complete disap-
pearance of the 182.08 ppm peak with concomitant growth in
intensity of the peak due to free inhibitor (spectrum d).

The above experiments clearly indicate that 1b and papain
interact via reversible formation of a covalent adduct involving
the nitrile carbon. Since the nitrile carbon in 1b corresponds
directly with the carbonyl carbon of typical papain substrates (e.g.
1c), the adduct formed is most likely the thioimidate depicted in
Scheme I. This is completely consistent with the known chemical
reactivity of nitriles and thioimidate esters. It is surprising,
however, that the thioimidate adduct fails to yield hydrolysis
products, since it is a close analogue of the acyl enzyme inter-
mediate formed during turnover of normal substrates by papain.
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We describe here the first stable Cu(II) complex (1) that
incorporates “biological” S(cys) ligation. Except for Cu(tet b)-
SCH,CH,CO, (2),! stable Cu(II) aliphatic thiolates have been
limited to type 1 proteins? and possibly the Cu, site in cytochrome
¢ oxidase.>” From X-ray absorption edge,®® EXAFS,'° EPR,
and ENDOR studies, Chan et al.® suggested that the Cu, site
is a pseudotetrahedral CuN,(his)S,(cys) unit with considerable
Cu(I)-thiyl radical'! or unusually covalent Cu(II)-thiolate
character.® The large covalency of Cu(II)-thiolate bonding re-
cently has been evaluated.'?

A solution of N,N”-ethylenebis(L-cysteine)' (3 g) in 100 mL
of dry methanol (saturated with HCI(g) at 268 K) was heated
to 318 K for 10 h. The resulting diester dihydrochloride was
isolated (2.9 g) after the solution was reduced to 50 mL and cooled
to 298 K. A suspension of the dihydrochloride in dry ether was
treated with NH;(g) for 0.5 h, NH,Cl was removed, and the
solvent evaporated to yield the free ester. The title complex
deposited as aggregated red-brown plates (=90% yield) from an
argon-purged solution of 0.2 mM of ester and 0.2 mM of Cu(tet
a)*2C10,'* in 10 mL of DMF/MeOH/H,0 (5:1:1). This lig-
and-exchange reaction depends on the Cu(II) starting material.'¢

Due to the importance of the structure, a data set was collected
on the only apparently single plate even though twinning was
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Figure 1. Structure of the title compound (1) showing the atom num-
bering scheme. For clarity, H atoms have been omitted and only one
orientation of the ester groups is shown. Selected interatomic distances:
Cu-S8(1), 2.230 (5); Cu-S(2), 2.262 (4); Cu-N(1), 2.002 (11); Cu-N(2),
2.059 (13); S(1)++:8(2), 3.406 (6) A. Selected bond angles: S(1)-Cu-
S(2), 98.6 (2)°; S(1)=Cu-N(1), 89.7 (4)°; S(1)-Cu-N(2), 165.1 (3)°;
S(2)-Cu-N(1), 162.6 (4)°; S(2)-Cu-N(2), 88.4 (4)°; Cu-S(1)-C(1),
97.0 (5)°; Cu-S(2)-C(6), 96.8 (6)°; N(1)-Cu-N(2), 87.2 (5)°.

present.'” The structure of this neutral monomer is shown in
Figure 1. The Cu-S(1)-S(2)/Cu-N(1)-N(2) angle (21.0°)
defines the small pseudotetrahedral twist of the approximately
planar cis CuN,S, unit; the Ni(II) analogue is structurally sim-
ilar.'® Observed Cu-S distances are longer than that in plas-
tocyanin (X-ray, 2.13 A; EXAFS, 2.08-2.10 A),2° shorter than
those in Cu(tet b)-2-mercaptobenzoate!® (2.359 (4) A) (3) and
the mercaptopropionate analogue 2! (2.314 (2) A), and agree well
with the average Cu=S distance determined by EXAFS (2.27 (2)
A) for cytochrome ¢ oxidase.’® The Cu-S-C bond angles are
smaller than those reported for 3! (108.4 (4)°) plastocyanin?!
(107°), and 2! (115.9(2)°). The intramolecular S(1)---S(2)
distance is shorter than the van der Waals contact of 3.7 A.
Shorter S+++S contacts (=2.8 A) are present in Mo(VI) complexes
with O,N,S, donor sets.?? The bulky ester groups are equatorially
oriented on the A conformation NS chelate rings.2*> Stable
analogues of 1 can be prepared from ester-free, linear tetradentate
amino thiol ligands.?*
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V=3584(6) A%, Z = 1; dypeg = 1.64 (1), degyeq = 1.66 g/cm’. The structure
was solved by using 884 unique reflections (I > 3o([)) collected with Mo Ka
radiation (A = 0.71073 A) to 26 = 50° using an Enraf-Nonius CAD-4
diffractometer. All atoms were located on completely occupied sites except
for certain ester group atoms (O(1)-0(4), C(9), C(10)), which were located
on half-occupied sites. Refinement with all atoms anisotropic except those
of the ester groups yielded Ry = 0.057, R,r = 0.065, and GOF = 1.80. The
crystal is multiply twinned with [101] as the twin diad axis which interchanges
a and ¢ and converts b to —b. Except for the disordered atoms, it generates
a pseudo-two-fold axis in the molecule with equivalent atoms at x,y,z and
z,-y,x. The structure factors reflect this equivalence: |Fy} = |Fysl. Re-
finement of the multipliers of the disordered C and O atoms showed that these
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it is not possible to refine the twins individually.!® Finally, the twinning causes
unusual orientations of some thermal ellipsoids and larger than expected esd’s
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The magnetic moment (1.70 (4) ug)> and spectroscopic features
of 1 are those of Cu(II). The isotropic EPR parameters (DMF,
298 K) are g, = 2.066 and A4,,,** = 88 X 10~ cm™!; at 80 K (in
DMEF or the Ni(II) analogue), the spectra are those of a tetragonal
Cu(II) species with g = 2.126, g, =2.039, 4, = 182 X 107,
and 4,“* =49 x 10 cm™. An absorption at 545 nm (¢ ~1000)
is assigned as a LF band, possibly enhanced by “intensity stealing”
from the nearby LMCT bands.?® The near-UV bands at ~400
nm (sh, ¢ >1000) and 345 nm (e ~5800) are those of thiolate —
Cu(II) LMCT for complexes having typical (i.e., nontetrahedral)
geometries.»!>?” The EPR parameters and absorption maxima
are remarkably similar to those of the unstable bis Cu(II) com-
plexes of L-cysteine and other NS donor ligands.?*-*°  Finally,
the presence of two cysteine ligands does not in itself generate
either the peculiar EPR or intense 600-nm absorption of the Cu,
protein site.> The additional effects of imidazole ligation and
tetrahedral distortion are being explored.
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Unlike the ubiquitous iron porphyrin containing cytochromes
found in animals and plants, d-type cytochromes present in many
microbial nitrite reductases—cytochrome oxidases contain a green
heme prosthetic group whose structure has been assumed for the
last 2 decades to be a chlorin (dihydroporphyrin).2 On the basis
of spectroscopic data collected by Timkovich et al.,* one of us
(C.K.C.) has recently proposed that heme d, isolated from
Pseudomonas aeruginosa and Parracoccus denitrificans is not
a chlorin but a dioxoisobacteriochlorin.*  Crucial to this as-
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