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obtained by mere condensation of the anhydride acid chloride®
6 with histamine in pyridine.

Both structures permit only the more basic lone pairs of the
carboxylates to be directed toward one of the histidine nitrogens.
In doing so, they are the first model systems that reproduce this
structural feature of the serine proteases. The conformation shown
for § is taken from an energy-minimized structure obtained by
using the AMBER? force field. The calculations indicate bi-
furcated hydrogen bonding (ca. 2.65 A) between the heavy atoms
of the carboxylate and the disral nitrogen of imidazolium. Aryl
stacking between aromatic nuclei is also likely, as the calculated
distance between these surfaces is 3.4 A, Similar analysis of 7
also suggests bifurcated hydrogen bonding, but now the proximal
nitrogen of the imidazolium is involved with the carboxylate.

What is significance of this arrangement? Poor solubility of
5 in H,0 prevented its titration in that most biorelevant solvent.
The pK, of the acid in 5 is 4.7 (Table I) and that of the imida-
zolium function is 7.2 in 50% EtOH/H,0 (w/w). However, the
protonated acridine nitrogen shows a pK, of 6.2 in this molecule,
and its role in modifying the acidity of the other functions is not
easily predicted. The corresponding values for Z-His 8a in the
same solvent system suggest that only a slight enhancement of
imidazole basicity is due to the syn lone pairs (entry | versus 2).

Systems which permit unambiguous assessment of the ster-
eoelectronic effects rather than inductive effects, steric effects,
or entropic effects are difficult to find, but 7 is a reasonable
candidate. The acidity of 9'° or 10 may be used as the standard
for the carboxyl function in this skeleton; their pK, values are
unexceptional. In either EtOH/H,0 or H,O the interplay of acid
and base in 7 can be seen. Thus, the nearby carboxylate enhances
the basicity of the imidazole, and the imidazolium nucleus en-
hances the acidity of the carboxylic acid. Indeed 7 is the strongest
base of the series.

Relvant comparison are possible with the cis isomer 11 although
the alkene bond permits additional forms of communication be-
tween the two functions.”! The saturated 8b also shows enhanced
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basicity.’”? The high basicity of the imidazole of these (entries
7.8, and 9) is most likely due to the intramolecular hydrogen bond
involving the anti lone pair. Thus, even the anti lone pair of a
carboxylate can offer significant stabilization of an imidazolium
function. The additional effect of 0.3 to 0.7 pK, units (entry 5
versus 7—-9) can be attributed to the syn lone pair. This provides
modest support for Gandour’s hypothesis* concerning the ster-
eoelectronics of carboxyl oxygen at the active sites of enzymes.
Structure 5 also incorporates a primary hydroxyl group in the
vicinity of the acid~base pair, and its reactivity as an elaborated
serine protease model is under investigation.
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Cytochrome bs forms a reasonably stable 1:1 complex with
cytochrome ¢ in solution at low ionic strength and at a pH (7.5)
that is approximately the average of the isoelectric points of the
two proteins.! Previous studies of the interaction between these
two proteins have employed electronic difference spectroscopy,!
NMR spectroscopy.? specifically modified derivatives of cyto-
chrome ¢,? and computer graphics modelling® in combination with
electrostatics® and molecular dynamics calculations.® Together,
these studies have produced a reasonably detailed model for the
mechanism of interaction between these two proteins, many
features of which require further experimental evaluation. To
obtain complementary hydrodynamic information concerning the
cytochrome bs-cytochrome ¢ complex, we have now determined
the change in partial specific volume that occurs on formation
of this complex by monitoring the quenching of porphyrin cyto-
chrome ¢ fluorescence’ by cytochrome bs as a function of pressure
under solution conditions known to promote stable 1:1 complex
formation at ambient pressure.

Trypsin solubilized cytochrome b5 was purified from bovine liver
microsomes as described previously.!? Porphyrin cytochrome ¢
was prepared from horse heart cytochrome ¢ (Type VI, Sigma
Chemical Co.) as described previously.!™®* The quenching of
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Figure 1. The influence of pressure on complex formation by cytochrome
bs and porphyrin cytochrome ¢. (A) Titration of porphyrin cytochrome
¢ with cytochrome bs at atmospheric pressure. Defined mixtures of
porphyrin cytochrome ¢ and cytochrome b; were prepared in | mM
bisTris (pH 7.0) adjusted to u = 1 mM with KCI. The fluorescence yield
of the porphyrin cytochrome ¢ in the mixture was monitored (5 °C) with
an SLM Model 4800 fluorometer (8-nm bandwidth) with an excitation
wavelength of 500 nm and an emission wavelength of 620 nm. The
uncertainty in binding constants measured in this manner is ca. £20%.
(B) 1:1 mixtures of porphyrin cytochrome ¢ and cytochrome b; (3 uM
each) were placed in the pressure bomb that was interfaced to the fluo-
rometer.!™!5 The fluorescence of the mixture of the bomb was monitored
at | bar; the pressure was then raised until no further increase in
fluorescence was detectable. This value corresponded to the fluorescence
yield of the free porphyrin cytochrome ¢; on the basis of percent-free
porphyrin in the original 1 bar measurement and the value obtained at
the highest pressures, we verified that the fluorescence of the bound
porphyrin was 72% that of the free; 72% is the value obtained from
Figure 1A. Excitation and emission wavelengths, bandwidths, pH, and
temperature were as in A. As in our previous studies,!®!5 fluorescence
changes were completely reversible and independent of the direction from
which the pressure was approached: (0), x = | mM (K = 2 X 107" M);
(0), ¢ = 10mM (Kyg = 2.2 X 107 M).

porphyrin cytochrome ¢ fluorescence produced by addition of
cytochrome b5 was monitored, and the titration curve shown in
Figure | A was constructed.!'*® The results shown in this figure
are consistent with a 1:1 binding stiochiometry and a dissociation
constant, K4, of 2 X 1077 M~! (¢ = | mM, pH 7.0). The de-
pendence of K4 on ionic strength (data not shown) has been
analyzed by extended Debye—Huckel theory to yield a charge
product (Z,Z, of -26) and a dissociation constant of 1078 M
at ¢ = 0 M. Comparison of these results with those obtained from
difference electronic absorption spectroscopy of the two native
proteins! (Kg = 1077 M~ and Z,Z, = -60 * 10) indicates that
porphyrin cytochrome ¢ does not interact with cytochrome b5 in
exactly the same manner as the two native proteins interact with
each other.
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Communications to the Editor

Changes in volume accompanying the interaction of proteins
with substrates, ligands, or other macromolecules may be de-
termined by studying the effects of elevated hydrostatic pressure
on the complexes of interest.!> The effect of pressure on the
equilibrium constant for dissociation of the cytochrome bs-
porphyrin cytochrome ¢ complex at two ionic strengths as de-
termined from fluorescence intensity is shown in Figure |B. In
both cases, the response of the complex to increased pressure was
the same. AV® was calculated to be 46 and ~56 mL/mol for
the upper and lower curves in Figure |B, respectively, for an
average value of about ~50 mL/mol. The change in fluorescence
intensity observed at elevated pressure does not arise from an affect
on cytochrome bs, and the data have been corrected for the small
perturbation in the fluorescence of porphyrin cytochrome ¢ ob-
served under pressure.'> Furthermore, we do not observe the
pressure-induced solvation of the cytochrome b5 heme reported
by others using rat liver cytochrome bs.!* We attribute this
discrepancy in results to differences in the heme binding properties
of the two species of apo-protein.

The =50 mL/mol change in partial specific volume resulting
from dissociation of the cytochrome bs-porphyrin cytochrome ¢
complex is significantly greater than the values associated with
dissociation of the cytochrome ¢ peroxidase-porphyrin cytochrome
¢'% (0 mL/mol), cytochrome ¢ oxidase-porphyrin cytochrome ¢!
(~17 mL/mol), and cytochrome P-450; y:cytochrome bs!'* (=23
mL/mol) complexes. We propose that the observed decrease in
volume reflects the removal of solvent from the interface of the
two molecules on closest approach and the rehydration of the bare
surface charges with concomitant decrease in volume (electro-
striction) upon separation.!® This conclusion is fully consistent
with our previous thermodynamic data for the interaction between
cytochrome b5 and cytochrome ¢ and argues strongly that the
removal of water from the interface of cytochrome bs-cytochrome
¢ is the principal contribution to the free energy of complex
formation.!

As discussed by Fisher et al.,!* if the separation of charge in
a heterologous dimer dissociation is analogous to the ionization
of acetic acid!” and if solvent is completely excluded from the
protein—protein interface,'* our observed volume change for the
cytochrome bs-cytochrome ¢ pair of —50 mL/mol is consistent with
the involvement of roughly four or five ion pairs in the association
of these two proteins. This number correlates well with the number
of salt bridges that the Salemme model* has predicted to form
between carboxylate groups on the surface of cytochrome b5 and
lysyl e-amino groups on the surface of native cytochrome c.
However, similar analysis of the change in partial specific volume
for the porphyrin cytochrome c-cyanocytochrome ¢ peroxidase
complex indicates that no electrostatic interaction occurs between
these two proteins, a result clearly inconsistent with a large body
of work (e.g., ref 18). This apparent anomaly could result from
several causes,!® each of which would complicate the electrostatics
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analysis of Fisher et al.'* for protein—protein complexes.
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Note Added in Proof. After acceptance of this manuscript for
publication, Rodgers et al. (Science, (Washington, D.C.) 1988,
240, 1675) published similar studies on the interaction of re-
combinant rat cytochrome bs with horse heart cytochrome ¢. Our
results differ from theirs in one important respect: the changes
in volume on complex formation that we observe are approximately
50% of the values they report. In the absence of a precise account
of the methods employed by Rodgers et al., we temporarily ascribe
this difference to our use of different proteins, recombinant rat
cytochrome bs versus trypsin-solubilized bovine liver microsomal
cytochrome b5 and native cytochrome ¢ versus porphyrin cyto-
chrome ¢. We note that the recombinant rat cytochrome bs itself
is reported to be sensitive to pressure and that the volume changes
calculated by Rodgers et al. may include a contribution arising
from heme solvation as well as from the cytochrome bs-cytochrome
¢ interaction.
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The didemnenones—recently discovered, densely functionalized,
and biologically active—are marvelous synthetic targets.! We
have recently completed an efficient enantiospecific total synthesis
of didemnenones A (1) and B (2) and established the absolute
configurations shown in structures 1-3.

1 Ry=H, Rp=0OH
2 Ry« OH, RpuH

3 Ry=H, Rz=OCH,

The Caribbean tunicate Trididemnum cf. cyanophorum pro-
duced didemnenones A (1) and B (2), while halfway around the
world, the South Pacific tunicate Didemnum voeltzkow! produced
didemnenones C and D.! The relative stereostructures of the
didemnenones were established by an X-ray diffraction analysis
of the acetal 3 derived from 1 and 2 followed by chemical and
spectral correlations.!

Our approach to didemnenones A (1) and B (2) is shown in
Scheme 1. The most difficult issues were forming the C6-C7
bond and controlling the stereochemistry at C8. The C6~C7 bond
could be formed by using a mercuric chloride induced cyclization?
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of acetylenic silyl enol ether i. This transformation would be
followed by the stereospecific conversion of the resultant vinyl
mercurial ii to the corresponding halide and formation of the
C8-C9 bond by using the recently reported palladium-catalyzed
coupling of alkenyl halides and vinyl tin reagents.> Since re-
placement of the mercury and formation of the C8-C9 bond were
both expected to proceed with retention, the £-diene would be
formed.>* Allylic oxidation would provide the proper oxidation
level at C11. The configuration at Cé6 in the cis-fused cyclization
product ii would be defined by the configuration at C2 in cy-
clization precursor i. The configuration at C2, in turn, could be
established in iii via [,3-chirality transfer in a diastereofacial
selective nucleophilic addition to the chiral enone 4.5 Since both
antipodes of 4 were available.® both enantiomers of 1 and 2 could
be prepared.

The synthesis began with the addition of the hydroxymethyl
anion equivalent zert-butoxymethyllithium” (1.4 equiv in tetra-
hydrofuran(THF)/tert-butyl methyl ether, 78 °C, 5 min) to
(R)-4-(tert-butyldimethylsilyloxy)-2-cyclopentenone (4)® to afford
(1S.4R)-1-(tert-butoxymethyl)-4-(zert-butyldimethylsilyloxy)-2-
cyclopentenol (5)° (74.5% yield, [e]p?' + 79.6° (¢ 0.950, CHCl)).
The desired (15,4R) adduct was readily separated from the
(1R, 4R) adduct (7:1 ratio of diastereomers) by silica gel chro-
matography (hexane-ethyl acetate, 4:1). The stereochemistry of
the individual isomers of § was established by 'H NMR analysis
(see Supplementary Material). As anticipated, nucleophilic attack
occured predominantly from the face trans to the silyloxy group
of 4 and established the key stereocenter in §. Ether formation
(propargyl bromide, NaH, THF, 96.0%) gave 6, which was de-
silylated (nBu,NF, THF, 96.2%) to 7 and oxidized to enone 8
(pyridinium dichromate, CH,Cl,, 94.3%). Silyl enol ether for-
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