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Scheme III, Total Synthesis of 8,15-DIHETE (2)
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76% overall yield and with exclusive E geometry at the newly
generated double bond.

Selective hydrogenation (Lindlar catalyst, H,, hexane, 25 °C)!*
of the acetylene groupings of 12 proceeded smoothly, furnishing
the 5,15-DiHETE derivative 13 in 80% yield. Desilylation of this
intermediate with excess HF-pyr (THF, 25 °C)*’ led to the methyl
ester of 5,15-DiHETE (14) in 80% yield. Finally, alkaline hy-
drolysis (3.0 equiv of LIOH, THF-H,O0, 1:1, 25 °C) of 14 fur-
nished 5,15-DiHETE (1) in essentially quantitative yield. Both
synthetic 1 and its methyl ester 14 were spectroscopically (IR,
MS, 'H NMR, UV) and chromatographically (TLC, HPLC)
identical with naturally derived samples.'® This synthetic route
also provided the novel diacetylenic analogues 15 and 16 by de-
silylation and saponification of 12 as described above.

The construction of 8,15-DiHETE (2) proceeded along Scheme
II1. Lactone 17, readily available from (S)-malic acid according
to Still'” and Ohfune,!® was reduced with DIBAL (1.1 equiv of,
CH,Cl,, =78 °C) to afford lactol 18 (95% yield). Upon reaction
(THF, 78 — 25 °C) with excess ylide derived from Me,;SiC=
CCH,P*Ph;Br~ and n-BuLi (3.0 equiv of each, THF, -78 °C),!®
lactol 18 furnished hydroxy enyne 19 in 60% yield (R,0.29, silica,
70% ether in petroleum ether) together with its cis isomer (25%,
R/ 0.50 silica, 70% ether in petroleum ether). Oxidation of 19
with PCC (1.5 equiv of CH,Cl,, 25 °C) led to aldehyde 20 (82%
yield), which reacted (DME, —10 — 25 °C) with the ylide derived
from (4-carboxybutyl)triphenylphonium bromide (3.0 equiv) and
NaN(SiMe,), (6.0 equiv (DME, —10 °C) furnishing, after dia-
zomethane treatment and chromatography, methyl ester 21 (80%
yield) in essentially pure geometrical form.?° Removal of the
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tetrahydropyranyl ether protecting group (0.1 equiv of PPTS,
MeOH, 50 °C) followed by desilylation (1.1 equiv of n-Bu,NF,
THEF, 0 °C) led to the key intermediate terminal acetylene 22
in 95% overall yield. Coupling of 22 with vinyl bromide 8 (Scheme
II) (1.0 equiv) under carefully controlled conditions [0.04 equiv
of (Ph;P),Pd, 1.2 equiv of PrNH,, 0.05 equiv of Cul, benzene,
25 °C]® proceeded smoothly to furnish product 23 in 80% yield
and with complete preservation of geometry. Selective hydro-
genation of 23 (Lindlar catalyst, H,, hexane)!* afforded smoothly
compound 24 (87% yield based on ca. 50% conversion). Finally,
desilylation of 24 (excess HF-pyr, THF, 25 °C)!’ furnished, in
essentially quantitative yield, the methyl ester 25, which exhibited
the expected properties [![H NMR, MS, IR, UV, [a]p] for natural
8,15-DIHETE methyl ester.l:* Free 8,15-DiHETE (2) was pre-
pared by alkaline hydrolysis (1.5 equiv of LIOH, THF-H,0, 3:1,
25 °C, 95% yield) of its methyl ester (25). Furthermore, desi-
lylation and saponification of the acetylenic derivative 23 afforded
the novel analogues 26 and 27.

With 5,15- and 8,15-DiHETE’s and analogues synthetically
available, extensive biological investigations in this area are now
possible. Furthermore, these short and stereocontrolled total
syntheses demonstrate the generality and efficiency of the de-
veloped Pd/Cu-based technology for the construction of linear
eicosanoids as well as other, tailored-made biological tools of
similar structures. Other applications are currently in progress.?.22
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Supplementary Material Available: Listing of 'TH NMR and
IR spectral data for compounds 12-15 and 22-25 (4 pages).
Ordering information is given on any current masthead page.
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The characterization of the local structures about the redox
centers of mammalian cytochrome oxidase has recently been the
focus of extensive investigations.'> A variety of physical tech-
niques such as electron paramagnetic resonance (EPR), resonance
Raman, and x-ray absorption fine structure (XAFS) have been
employed in these studies, and significant structural insights
concerning the protein configurations about the active sites in the
equilibrium forms of the protein have been obtained.3!4
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Nonetheless, the molecular mechanisms by which this complex
protein functions remain unclear.

Here we report initial data from our efforts to probe the
mechanisms of cytochrome oxidase function by coupling a highly
specific structural technique, resonance Raman spectroscopy, with
time-resolved capabilities. Time-resolved investigations of
heme—protein dynamics are desirable since the relevant energies
and structural alterations associated with protein modulation of
the heme active sites may ultimately be delocalized and not ac-
cessible to equilibrium structural determinations. However, in
the species generated during ligand binding or electron transfer
these changes must be manifested, at least transiently, at the
heme-protein interface. Spectra of the transient species of cy-
tochrome a; generated within 10 ns of carbon monoxide photolysis
indicate that significant structural differences exist between it and
the equilibrium geometry of ferrous cytochrome a;. The most
significant of these is a shift of approximately 10 cm™ to higher
frequency of the Fe-histidine mode in the transient species.

Time-resolved Raman spectroscopy has proven to be a reliable
and informative technique when applied to photolytic transients
of human hemoglobin (Hb) and myoglobin (Mb).!* In particular,
the work of Friedman et al.!*'® has demonstrated that a correlation
exists between the dynamic behavior of heme-protein interactions
and the overall ligand affinity for a wide variety of hemoglobins.
Our data demonstrates that photolytic transients of cytochrome
oxidase can indeed be generated via analogous techniques.

Beef heart cytochrome oxidase was supplied to us by Dr. G.
T. Babcock and was prepared using a modified Hartzell-Bienert
preparation.?® Samples of reduced oxidase were prepared by
gentle degassing under an N, atmosphere of ~ 50-uM samples
in 50 mM HEPES (/V-2-hydroxyethylpiperazine-/V-2-ethane-
sulfonic acid) (Calbiochem Behring) and 0.5% Brij 35 (poly-
(oxyethylene) 23-lauryl ether) (Sigma Chemical) pH 7.1 followed
by the addition of slight excess of sodium dithionite. Carbon
monoxide oxidase samples were prepared from anaerobically
reduced samples by flushing the cuvette with CO gas. Absorption
spectra and pH of the samples were monitored and each was found
to be identical before and after Raman spectroscopy.

Resonance Raman spectra were obtained via a spectrometer
system described elsewhere.”l Laser excitation was obtained via
a Molectron DL-14 dye laser pumped by a Molectron UV 24
nitrogen laser (nominal pulse width, 10 ns) operating at 10-15
Hz. Average laser power was 0.5 mJ/pulse and a cylindricai lens
was used to focus the beam upon the sample. A backscattering
geometry was used.
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Figure 1. Upper panel: Comparison of low-frequency spectra of equi-
librium fully reduced cytochrome oxidase (lower trace) and the transient
species obtained within 10 ns of CO photolysis (upper trace). Both
samples were ~40 uM in protein with 0.05 M HEPES (pH 7.1) and
0.5% Brij. Spectra were obtained with 440-nm excitation and are the
unsmoothed sum of 10 scans. Spectral slit width was 8-10 cm™! and
spectra were scanned at 25 cm™/min. Lower panel: Comparison of the
high-frequency spectra of equilibrium (lower trace) and transient (upper
trace) cytochrome oxidase obtained under the same conditions except that
only four scans were averaged.

The spectra of the fully reduced, steady-state and photolytically
induced transient cytochrome oxidase species were obtained under
nearly identical conditions. The congruence of our steady-state
reduced cytochrome oxidase spectra with those previously pub-
lished’'? demonstrate that the higher peak powers of our
pulsed-laser system have no measurable effect on the spectra
obtained from the equilibrium species. At the laser powers and
concentrations employed the cytochrome oxidase—CO sample was
almost completely photolyzed during the laser pulse. Only scant
evidence of the liganded heme a; modes at 1374 (as a shoulder
of the 1358 peak) and 240 cm™ are seen.

Figure | compares the spectra of steady-state unliganded cy-
tochrome oxidase to the transient cytochrome oxidase species
generated within 10 ns of ligand photolysis. On this time scale
we anticipate that any differences in heme—protein interactions
between these species are localized at the heme a;—Cug site.

Of particular interest is the behavior of the mode at 213 em™!
in the equilibrium spectrum, which has been previously assigned
as the Fe—His stretching mode.®!! This mode shifts dramatically
to higher frequency (222 cm™) in the photolyzed transient. Modes
assigned to the heme @ moiety®!! at 266, 340, 393, and 437 cm™
remain unchanged. An additional heme a; mode®!! at 364 cm™
does not change frequency but displays a significantly reduced
intensity. Changes in the mode at 422 cm™ implicate it as a heme
a; mode. The magnitude of the observed transient shift in the
Fe—His frequency of heme a;, unlike the behavior of Hb transients,
is dependent upon laser power. At higher powers (achieved by
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a tighter beam focus), we observed much smaller shifts (+2 to
+5 cm™). No dependence upon protein concentration or laser
repetition rate (over a 2-20-Hz range) was detected in any of our
spectra.

Only minimal changes are evident in the comparison of the
high-frequency spectra of steady-state and transient cytochrome
oxidase. Changes in »,2” (from 1358 to 1359 cm™) and the heme
a; v, mode (from 1569 to 1573 cm™) may be indicative of a
decrease in both porphyrin «* electron density and core size,
respectively, in the transient heme a5 species. However, the former
speculation is tenuous since the certainty of a I-cm™ shift is
questionable at our spectrometer resolution. Also noteworthy is
the lack of a shift in the frequency of the formyl mode (at 1667
cm™) in the transient spectra.

Our present data indicate the heme aj; site of cytochrome ox-
idase remains in a transient conformation for at least 10 ns after
ligand photolysis. This is most clearly demonstrated in the be-
havior of the Fe-His vibrational mode in cytochrome oxidase
transients. It shifts to higher frequency in a manner analogous
to Hb transients.'®!® This increase can be interpreted as resulting
from a proximal perturbation induced by ligand binding. The
Fe—His behavior of photolytic transients of Hb can be assigned
to geometric constraints in the distal pocket (i.e., heme~histidine
tilt) by correlating crystallographic and transient Raman data.!’
Recent resonance Raman data obtained by Rousseau et al.!* from
a steady-state carbon monoxide cytochrome oxidase indicates that
the heme a; Fe-His bond is highly strained in both five- and
six-coordinate geometries. Thus it is not surprising that we find
significant reorganization of the heme a; proximal pocket sub-
sequent to CO photolysis. We believe that such behavior is a
generic property of the dynamics of the low-spin, in-plane to
high-spin, out-of-plane transition that occurs subsequent to ligand
photolysis. However, variability in the energetics involved in this
process may provide an important means of regulating ligand
affinity in a large class of proteins.

The possible changes observed in the high-frequency spectra
may indicate specific differences between Hb and cytochrome
oxidase photolytic transients. While the », mode of the heme a;
photolytic transient is clearly at a high-spin value within 10 ns
of ligand photolysis, it appears at a frequency indicative of a
contracted porphyrin core relative to the heme a; equilibrium. This
contrasts with the expanded core found in picosecond hemoglobin
photolytic transients and the lack of a difference in core size
between steady-state deoxyhemoglobin and nanosecond hemo-
globin photolytic transients.’* Furthermore, the position of », has
been found to inversely correlate with the Fe~His mode frequency
in a variety of hemoglobin photolytic transient species!® and
steady-state, deoxyhemoglobins.?>  Our cytochrome oxidase
photolytic transient spectra indicate either no change in », fre-
quency or a shift to higher frequency with increasing Fe—His
frequency. The lack of a difference in the formyl frequency
between steady-state and transient cytochrome oxidase species
is, at first, surprising in view of the mechanistic importance as-
cribed to the formyl group. However, Rosseau et al.>* have found
only a small (<3 cm™) difference in the frequency of this mode
between unliganded and CO liganded cytochrome a;. Evidently
even this difference has dissipated within 10 ns of CO photolysis.

The absence of any distinct bands assignable to the CO liganded
heme aj site in transient spectra generated with moderate laser
power (<0.5 mJ/pulse) contrasts with the behavior of HbCO
under similar conditions, where the rapid geminate recombination
of CO produces a significant amount of HbCO within 10 ns of
photolysis.?* The heme—carbon monoxide geminate recombination
rate in cytochrome oxidase is evidently slow on a 10-ns time scale.
This behavior may be a direct result of either the specific geometric
constraints imposed upon the bound CO by the distal heme a;
pocket!? or a secondary binding of the photolyzed CO to the Cug

(22) Ondrias, M. R.; Rousseau, D. L.; Shelnutt, J. A.; Simon, S. R. Bio-
chemistry 1982, 21, 3428-3437.
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Chem. Phys. Lett., submitted for publication.

site?> and is not totally unexpected in view of the lower overall
CO affinity of cytochrome oxidase relative to HbA.2®

In conclusion, we believe that this preliminary investigation has
established the following: (1) Time-resolved resonance Raman
investigation of the transient heme species generated by ligand
photolysis is a viable technique for the study of heme-ligand
dynamics in proteins other than hemoglobin. (2) A transient
proximal geometry leading to a strengthened Fe—His bond is
present in cytochrome oxidase photolytic transients. (3) The
interplay of porphyrin core size, 7* electron density, and Fe—His
bonding as modulated by heme-protein dynamics is different for
the ligand binding sites of Hb and cytochrome oxidase. An
extensive series of investigations utilizing extended time resolution
and a variety of cytochrome oxidase species has been initiated in
our laboratory in order to expand upon these promising initial
results.
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Recent studies from this laboratory!~* have demonstrated the
power of CMR spectroscopy in defining the structure and ster-
eochemistry of enzyme-inhibitor and enzyme—substrate complexes,
using proteases of modest molecular weight (<30000). In this
communication we describe NMR experiments with porphobil-
inogen (PBG) deaminase (EC 4.3.1.8) which catalyzes the
head-to-tail condensation of 4 mol of PBG (1) to pre-uro’gen,
whose release and stabilization as the (hydroxymethyl)bilane
(HMB, 7) has been the subject of extensive investigation.®-1°
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