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An extraordinary harmony must exist among all the components 
of an organism for life to persist. At the molecular level this is 
most directly seen in the existence of specific binary complexes 
between macromolecules, where the stability or nature of the 
complex is regulated by the momentary needs of the organism. 
Where a molecular description of such a complex has become 
available, its stability is seen to derive from the intimate contact 
of complementary structural features found on the molecular 
surfaces. Thus, should a molecule be found that duplicates these 
features, it too will complex to the macromolecule surface. Such 
a molecule may be described as a topographical mimic. 

In the mitochondrial respiratory system, stable complex for
mation between protein pairs is necessary to the ordered transfer 
of electrons. Unquestionably the best studied of these proteins 
is cytochrome c; indeed the association of cytochrome c to its 
partners is arguably the best studied of all known macromolecule 
complexes.1 From the exemplary crystallographic data2 and 
exquisite protein modification studies,3 the structural features used 
by cytochrome c in complex formation are identified as a cluster 
of lysine residues surrounding a hydrophobic surface domain, in 
the center of which is found an exposed edge of the heme. The 
lysines' orientation establishes a dipole, that complements an 
opposite dipole in the cytochrome c partner, derived from anal
ogous carboxylate residues.4 This dipole orientation not only 
provides specificity and stability in complex formation but also 
orientates the prosthetic groups for intracomplex electron transfer.5 

It was our belief that this information was sufficient for the 
design of a topographical mimic of the cytochrome c enzyme 
binding domain. The four pertinent lysines (13,27,72,86) trace 
a squarelike pattern having approximately 1.5-nm edges.6 Thus 
the intended mimic must complement, both in charge and di
mension, this domain. With reference to this most important 
criterion and others (dimensional flexibility, spectroscopic char
acter, synthetic ease) the molecule identified as the requisite mimic 
is weso-tetrakis(4-carboxyphenyl)porphyrin (I).7 

The most straightforward, accurate, and reproducible method 
for the study of this porphyrin's association to cytochrome c is 
admixture within a split cell. By comparison of the spectrum 
before mixing (the linear sum of the two components) to that after 
(the spectrum of the complex) a characteristic difference spectrum 
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Figure 1. AU experiments are done with horse heart ferricytochrome c 
in 5 mM Tris-HCl pH 7.1 buffer (30.0 0C) using a tandem mixing cell, 
having two 4.5-mm pathlength compartments. Spectrum 1 (—) is the 
difference spectrum obtained by substraction of the spectrum after 
mixing (the porphyrin-cytochrome c complex) from that before mixing 
(the sum of the porphyrin and cytochrome c spectra). The final con
centrations of 1 and cytochrome c are equal, at 10.0 ^M. Spectrum 2 
(- - -) is the difference spectrum obtained by addition of 1 equiv of Me-
gasphaera elsdenii flavodoxin to 1 equiv of the porphyrin-cytochrome 
c complex. The mirror-image relationship of the spectra indicates that 
association to the cytochrome c surface, by the porphyrin and flavodoxin, 
is mutually exclusive. 

is obtained. Examination of the porphyrin-cytochrome c pair at 
the Soret bands shows a substantial hypochromic effect on mixing 
(Ae = -1.65 X 105 M"1 cm"1 at 414 nm; C41211n, of the complex 
= 2.98 X 105 M"1 cm"1). Analogous changes persist into the visible 
region (Figure 1). Several control experiments indicate that these 
changes are indicative of complex formation and not of a trivial 
association of this porphyrin to the protein. Only exceedingly small 
alterations occur at the Soret band upon addition of N-a-tert-
butoxycarbonyl-£-lysine (4 equiv) to the porphyrin, or benzoate 
(4 equiv) to cytochrome c. Likewise polyacetylated cytochrome 
c8 provides no spectral evidence indicative of complex formation 
to the porphyrin nor does coproporphyrin I (also a tetraanionic 
porphyrin) when mixed with native cytochrome c? On the other 
hand, analysis by continuous variance of the Ae upon mixing is 
consistent with the formation of a one-to-one complex of meso-
tetrakis(4-carboxyphenyl)porphyrin and cytochrome c, and the 
linearity of the observed Ae with concentration (5-60 ixM) in
dicates that the upper limit for KA of the complex is 5 fiM. 
Altogether these observations provide compelling circumstantial 
evidence in favor of specific complex formation between 1 and 
cytochrome c. 

Proof that 1 associates to the lysine-defined enzyme binding 
domain of cytochrome c is obtained by the use of a protein partner 
for cytochrome c. The bacterial flavodoxins are known to form 
a particularly stable complex with cytochrome c (K& ~ 0.05 ^M 
at low ionic strength).10,11 The details of this complex are 
known11,12 and involve the complementary pairing of the cyto
chrome c lysines and flavodoxin carboxylates across hydrophobic 
domains. Should porphyrin 1 occupy the enzyme-binding domain 
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of cytochrome c, and should the cytochrome c-flavodoxin complex 
be more stable than the porphyrin-cytochrome c complex, then 
addition of an equivalent of flavodoxin to the porphyrin-cyto
chrome c complex will displace ("unmix") the porphyrin and yield 
a mirror-image difference spectrum of that for complex formation. 
This proves to be so (Figure 1). The complete unmixing by a single 
flavodoxin equivalent places the boundaries on the porphyrin-
cytochrome c stability to correspond to 0.05 ^M < Kd < 5 /uM.14 

It is anticipated that this topographical mimicry may be of value 
in examination of the surface dynamics of complex formation, 
the exploration of analogous domains on other proteins, and the 
kinetics of electron transfer among these proteins. In this respect 
1 may complement the smaller redox-inert metal complexes.13 

Last, it provides a small yet satisfying vindication of the expec
tation that rational consideration of the structural elements of 
macromolecules may be used for the design of topographical 
mimics, as mechanistic principles now allow the design of 
mechanistic inhibitors. 
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Chorismic acid (1), the branch-point metabolite of the shikimate 
pathway, is the biosynthetic precursor of both anthranilic acid 
(AA) and p-aminobenzoic acid (PABA).3 In the mid-1970's, 
Dardenne4 and Haslam3c independently suggested that (a) AA 
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and PABA both originated from chorismate or (b) AA arose from 
chorismate and PABA from isochorismate (3) by parallel 1,5-
addition/elmination reactions of ammonia or glutamine (Scheme 
I). Amino enol pyruvates 2 and 4 were suggested as key "missing 
links". L-(p-Aminophenyl)alanine (L-PAPA), a microbial and 
plant precursor of chloramphenicol, could arise by the Claisen 
rearrangement of 4 to 5, an amino analogue of prephenic acid.4 

These proposals gained support when we5a and others5b reported 
the conversion of 2 to AA by subunit I of anthranilate synthase 
(AS-I), purified from Serratia marescens. Here we describe the 
total synthesis of 4-amino-4-deoxychorismate (±-4) and 4-
amino-4-deoxyprephenate (5). Enzymic studies indicate that 4 
and 5 are bona fide intermediates between chorismate and PABA 
and L-PAPA and that isochorismic acid apparently plays no part 
in the biosynthetic scheme. 

Racemic rraw-4-amino-3-hydroxy-1,5-cyclohexadiene-1 -
carboxylic acid (6)6 was smoothly N-protected with a BOC group 
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and then its sodium salt esterified (NaHC03 /CH3I/HMPA) to 
afford 7 in 46% overall yield. This substance was transformed 
to alkoxymalonate 8 [N2C(CO2CHj)2, Rh2(OAc)4, C6H6, 70 0C, 
56%] and then alkylated with Eschenmoser's salt [CH2=N-
(CH3)2I, CH2Cl2, Et3N, 94%] .7 The resulting Mannich base 9 
was quaternized (CH3I/CH2C12, room temperature) to ammonium 
salt 10 which, upon treatment with base (1 equiv of NaOH, 
THF/H 2 0) , furnished dimethyl ester 11 in 47% yield. Further 
saponification of 11 with 2.5 equiv of NaOH gave 12 in >90% 
yield after acidification with Amberlite IR-120-H resin. De-
protection of 12 in neat CF3CO2H (0 0C, 15 min) furnished the 
desired 4 as its TFA salt. Less polar aromatic impurities were 
removed by silica gel chromatography, thus affording pure 
(±)-4-TFA in 68% yield (mp 110-115 0C).8 
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