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relationships of the two highest occupied bands \p+ and tp- along 
some wavevector directions of the first Brillouin zone (see the inset 
of Figure 2). The \p+ and u/_ bands are largely represented by 
bonding and antibonding combinations of the HOMO's of two 
ET+ cations in each unit cell. It is noted from Figure 2 that the 
\p+ and ip- band overlap slightly. Since there are two electrons 
per unit cell of (ET+)2 to fill these bands, the top portion of the 
i/<+ band is empty and the bottom portion of the ^. band is filled. 
Consequently, (ET)Ag4(CN)5 is expected to be a semimetal.13 

Our calculations further reveal that the top portion of i/-+ is empty 
for the wavevectors in the vicinity of a line from the midpoint of 
KY to Y, from Y to L, and from L to the midpoint of LM. 
Likewise, the bottom portion of ^ . is filled for the wavevectors 
in the vicinity of a line from the midpoint of YK to K, from K 
to Z, from Z to N, and from N to the midpoint of NM. That 
is, the semimetallic nature of the ^ + and \p_ bands is present in 
all directions of the (ET)Ag4(CN)5 crystal, which is therefore 
expected to be a 3D metal. Nevertheless, a number of nesting 
wavevectors exist, which could lead to charge density wave in
stability. 
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(12) The lattice parameters of the triclinic primitive cell are: a, = 13.80 
A, 6, = 11.82 A, C1 = 11.75 A, a, = 71.69°,/3, = 54.78°, and T t = 53.93°. 
The primitive basis vectors are defined as 3, = '/2(5 + ?), 6, = 1J2(C + a), 
and c, = >/2(5 + *). 

(13) Ashcroft, N. W.; Mermin, N. D. "Solid State Physics"; Saunders 
College/Holt, Rinehart and Winston: Philadelphia, 1976. 

Table I. Kinetic Constants for Irreversible Inhibition of Isomerase" 

inhibitor KhixU 

FIPP 
FDMAPP 
NIPP 

0.22 ± 0.07 
0.4 ± 0.04 
1.2 ± 0.3 

0.09 ± 0.04 
0.6 ± 0.09 

15.2 ± 4.7 

'Measured at 37 °C in 10 mM HEPES, pH 7.0, 1 mM DTT, 2 mM 
MgCl2, 0.01% BSA; SA 0.7-1.2 i*mo\ min"1 mg" 

Table II. Stability of Isomerase-Inhibitor Complexes0 

inhibitor 

FIPP 

FDMAPP 

treatment 

7 days, 4 0C6 

70% ethanoF 
6 M urea"1 

0.5% SDS, 100 0C, 90 se 

5% BME, 0.5% SDS* 
70% ethanoF 
6 M urea'* 
0.5% SDS, 100 0C, 90 se 

5% BME, 0.5% SDS* 

3H 

retained 

23 000 
4 400 

20 900 
4 400 

23 000 
8 700 

15 300 
8 700 

18 900 

dpm 

released 

558 
72 
54 
93 

16 700 
69 

139 
87 

13 200 

% dpm 
released 

2.4 
1.6 
0.3 
2.1 

73 
0.8 
0.9 
1.0 

69 

"Filtration requires 45 min. 'Buffer A, 10 mM HEPES, 10 mM 
BME, pH 7. cIn 100 ML of buffer A diluted to 2 mL with 70% etha-
nol. ''In 100 ML of buffer A diluted to 2 mL with 6 M urea. eIn 
standard electrophoresis sample buffer, 30 mM imidazole, 20 mM 
HCl, 15% glycerol, pH 7.0. 

the biosynthesis of all isoprenoids. During the isomerization the 
pro-R proton at C2 of IPP is lost to water3 and a proton from 
water is added to the si face of the double bond.4 The functional 
groups that catalyze the antarafacial protonation-deprotonation 
are unknown and conclusive evidence for the mechanism of the 
isomerization is lacking.1'5 We decided to investigate the 
mechanism for isomerization with fluorinated analogues and by 
inhibition with a reactive intermediate analogue patterned after 
our experiments conducted with farnesyl diphosphate synthetase6"8 

and squalene synthetase.9 To our surprise these analogues were 
potent irreversible inhibitors of IPP:DMAPP isomerase. In this 
paper we report the first examples of active-site-directed inac-
tivation of the enzyme by covalent modification. 

Upon incubation with the allylic fluoro analogues FIPP and 
FDMAPP and with ammonium analogue NIPP,10 IPPiDMAPP 
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Isopentenyl diphosphate:dimethylallyl diphosphate isomerase 
(EC 5.3.3.2) catalyzes the conversion of the homoallylic substrate 

y^^^rpp — * X^^-"^ 

IPP 
OPP 

DMAPP 

to its allylic isomer by an antarafacial [1.3] transposition of 
hydrogen.1 This reaction provides electrophilic DMAPP2 for 
subsequent prenyl transfer reactions and is a mandatory step in 

In "Biosynthesis of Isoprenoid 
L., Eds.; Wiley: New York, 1981; 

(1) Poulter, C. D.; Rilling, H. C 
Compounds"; Porter, J. W., Spurgeon, S 
Vol. 1, pp 209-219. 

(2) Abbreviations used: BME, /?-mercaptoethanol; BSA, bovine serum 
albumin; DMAPP, dimethylallyl diphosphate; DTT, dithiothreitol; FIPP, 
3-(fluoromethyl)-3-buten-l-yl diphosphate; FDMAPP, (Z)-4-fluoro-3-
methyl-2-buten-l-yl diphosphate; IPP, isopentenyl diphosphate; NIPP, 2-
(dimethylamino)ethyl diphosphate; SDS, sodium dodecyl sulfate. 

<S*~v^-OPP 
FIPP 

"OPP 
FDMAPP 

Ni+ 
- - ^ O P P 
NIPP 

isomerase12 was irreversibly inactivated in a pseudo-first-order 
time-dependent manner. Kinetic constants for the inactivation 

(3) Popjak, G.; Cornforth, J. W. Biochem. J. 1966, 101, 553-568. 
(4) Clifford, K.; Cornforth, J. W.; Mallaby, R.; Phillips, G. T. J. Chem. 

Soc. D 1971, 1599-1600. 
(5) Cornforth, J. W. Chem. Soc. Rev. 1973, 2, 1-20. 
(6) Poulter, C. D.; Satterwhite, D. M. Biochemistry 1977, 16, 5470-5478. 
(7) Poulter, C. D.; Argyle, J. C; Mash, E. A. J. Biol. Chem. 1978, 253, 

7227-7233. 
(8) Poulter, C. D.; Wiggins, P. L.; Le, A. T. / . Am. Chem. Soc. 1981, 103, 

3926-3927. 
(9) Sandifer, R. M.; Thompson, M. D.; Gaughan, R. G.; Poulter, C. D. 

J. Am. Chem. Soc. 1982, 104, 7376-7378. 
(10) Syntheses of 3-(fluoromethyl)-3-buten-l-ol and (Z)-4-fluoro-3-

methyl-2-buten-l-ol will be reported elsewhere. 2-(Dimethylamino)ethanol 
was purchased from Aldrich Chemical Co. Diphosphates were synthesized 
by the procedure of Davisson et al.11 and were fully characterized by IR and 
1H, 13C, and 31P NMR spectroscopy. 

(11) Davisson, V. J.; Woodside, A. B.; Poulter, C. D. Methods Enzymol. 
1985, 110, 130-144. 

(12) Isomerase was isolated from the mycelia of Chviceps sp. strain SD58, 
by a modification13 of the published procedure.14 As a final step, ion-exchange 
chromatography of enzyme on a Waters Protein PAK 5PW column yielded 
isomerase, SA 1.5 ^mol min"' mg"1, which gave a single predominant band 
upon SDS gel electrophoresis. 

(13) Bruenger, E.; Rilling, H. C, unpublished results. 
(14) Satterwhite, D. M. Methods Enzymol. 1985, 110, 92-99. 
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reactions were measured by incubation of the enzyme with the 
inhibitors, periodic removal of portions which were then diluted 
25-fold, addition of [1-14C]IPP,15 and measurement of residual 
isomerase activity using the acid-lability assay.14,16 Control 
experiments without addition of the inhibitors established that 
the enzyme lost less than 1% of its initial catalytic activity. The 
results are given in Table I. 

As expected for an active-site-directed process, IPP protected 
isomerase from inhibition. In the presence of 1.0 /*M IPP, the 
rates of inactivation by 0.10 nM FIPP and 0.22 juM FDMAPP 
decreased by 42% and 37%, respectively. With 2 fiM IPP in the 
buffer, the rate of inactivation by 5.0 /*M NIPP decreased by 
75%.17 

We examined whether the inhibition was through covalent 
modification of the enzyme or slow release of a tightly bound 
inhibitor. Isomerase (15-60 fig, SA 0.3-0.6 fimol min~' mg_1) 
was incubated at 37 0 C with [4-3H2]FIPP and [1-3H]FDMAPP 
in 100 ML of buffer under conditions that resulted in >98% loss 
of catalytic activity. The solutions were then diluted to a final 
volume of 2 mL and treated as described in Table II. The samples 
were concentrated with a microconcentrator (Centricon-10 Amicon 
Corp., MW cutoff 10000 daltons). The radioactivity of con
centrate (100 JtL) and filtrate (1.9 mL) was measured. The 
concentrate was repeatedly diluted to 2 mL and reconcentrated 
until the radioactivity in the filtrate dropped to background levels. 
The results in Table II show that radioactivity from the fluorinated 
analogues remains with the enzyme under the denaturing con
ditions of 6 M urea, 70% ethanol/water, and 0.5% SDS at 100 
0C for 90 s. Radioactivity is, however, released when the isom-
erase-inhibitor adducts are treated with high levels of BME under 
denaturing conditions in buffer containing 0.5% SDS. Further
more, we found that catalytic activity could be restored to inac
tivated isomerase by thiol reagents. To restore activity, excess 
inhibitor was removed from a sample of isomerase inactivated by 
FIPP and FDMAPP by microconcentration. A portion of each 
sample was treated for 20 min at 37 0C with buffer containing 
100 mM DTT. Control samples treated in a similar manner in 
buffer without DTT had no detectable activity, while those treated 
with high levels of DTT regained 10% of their original activity.18 

Our data clearly support inactivation of isomerase by FIPP and 
FDMAPP through an active-site-directed covalent modification 
of the enzyme. The enzyme-adduct complexes are stable to a 
variety of conditions that denature the protein. Presumably co
valent modification involves displacement of the allylic fluorides 
in the inhibitors by a nucleophile(s) in the catalytic site by SN2 
or SN2' processes to generate catalytically inactive adducts.19 

Although we have not demonstrated covalent attachment for 
NIPP, the behavior of ammonium inhibitor is similar to the allylic 
fluorides, including partial restoration of activity upon treatment 
of inhibited enzyme with DTT. Alternatively, NIPP may function 
as a transition state or reactive intermediate analogue of a car-
bocation that binds extremely tightly.17 Regardless of the nature 
of the inhibition, the fluoro and ammonium pyrophosphate ana
logues are impressive inhibitors of isomerase. Work is in progress 
to determine the mechanisms of the inhibition reactions including 

(15) Available from Amersham. 
(16) In the same buffer ATM

IPP = 1.1 ± 0.3 nM and tfM
DMAPP = 0.9 ± 0.2 

MM. 
(17) Similar conclusions were recently reported for NIPP by Reardon and 

Abeles. We thank Professor Abeles for a preprint of his results. Reardon, 
J. E.; Abeles, R. H. J. Am. Chem. Soc. 1985, 107, 4078-4079. 

(18) Activity could also be recovered when isomerase irreversibly inhibited 
by NIPP was treated with DTT. 

(19) The observation that isomerase is inactivated by inhibitors of sulf-
hydryl groups has led to speculation that sulfhydryl groups are involved in 
catalysis.20-** 

(20) Agranoff, B. W.; Eggerer, H.; Henning, V.; Lynen, F. / . Biol. Chem. 
1960, 235, 326-332. 

(21) Ogura, K.; Nishino, T.; Seto, S. J. Biochem. 1968, 64, 197-204. 
(22) Shah, D. H.; Cleland, W. W.; Porter, J. W. J. Biol. Chem. 1965, 240, 

1946-1956. 
(23) Holloway, P. W.; Popjak, G. Biochem. J. 1968, 106, 835-840. 
(24) Banthorpe, D. V.; Doonan, S.; Gutowski, J. A. Arch. Biochem. Bio-

phys. 1977, 184, 381-390. 

the nature of the covalent attachments. 
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While built-up films of organic monolayers formed at the 
air-water interface (Langmuir-Blodgett films) have great potential 
for use in electronic devices,1 their fragility is a serious limitation.2 

Work on polymerizable monolayers has produced more structurally 
stable films but has been limited to aliphatic materials.3 A few 
studies on small molecules, such as anthracene4 and porphyrins,5 

avoided using long alkyl chains. We report that aromatic Schiff 
base oligomers formed at the air-water interface when dialkyl-
terephthalaldimines were spread onto acidic solutions of p-
phenylenediamine. Built-up films of poly(p-phenylenetere-
phthalaldimine) (PPTA)6 contained only a trace of aliphatic 
material, the original alkyl chains having served as disposable aids 
to surface layer formation. PPTA itself does not dissolve in known 
spreading solvents and cannot be spread on the water surface. 

Surface pressure studies of dialkylterephthalaldimines indicated 
that they have sufficiently strong interactions with the water 
surface to spread on it.7 The equilibrium spreading pressure 
(ESP) of liquid dihexylterephthalaldimine was 17.2 mN/m at 20 
0C. The excess aldimine formed lenses on the surface. This ESP 
is slightly less than the 20.7 mN/m of ethyl tetradecanoate.8 The 
pressure-area curves of dioctadecylterephthalaldimine indicated 
that while it might form a true monolayer at large surface areas, 
upon compression it collapsed to areas too small for a monolayer. 
The observed zero-pressure-extrapolated (zpe) areas9 were tem
perature-dependent (0.38 ± 0.02 nm2/molecule [sd of measure
ment, 2 determinations] at 5 0C, 0.34 ± 0.01 [2] at 10 0C, 0.24 
± 0.02 [9] at 20 0C, 0.17 ± 0.02 [2] at 30 0C, 0.14 ± 0.02 [2] 
at 40 0C). This was an equilibrium effect, not an artifact of 
spreading, since a film spread on a 40 0C subphase gave a zpe 
area of 0.34 nm2/molecule if the subphase was cooled to 10 0C 

(1) Kuhn, H. Pure. Appl. Chem. 1981, 53, 2105-2122. Vincett, P. S. Thin 
Solid Films 1980, 68, 135-171. 

(2) Sagiv, J. J. Am. Chem. Soc. 1980, 102, 92-98. Pitt, C. W.; Walpita, 
L. M. Thin Solid Films 1980, 68, 101-127. 

(3) See, for example: Lopez, E.; O'Brien, D. F.; Whitesides, T. H. Bio
chem. Biophys. Acta 1982, 693, 437-443. Folda, T.; Gros, L.; Ringsdorf, H. 
Makromol. Chem., Rapid Commun. 1982, 3, 167-174. Tieke, B.; Lieser, G. 
J. Colloid Interface Sci. 1982, 88, 471-486. Fukuda, K.; Shibasaki, Y.; 
Nakahara, H. Thin Solid Films 1983, 99, 87-94 and references cited therein. 

(4) Vincett, P. S.; Barlow, W. A.; Boyle, F. T.; Finney, J. A.; Roberts, G. 
G. Thin Solid Films 1979, 60, 265. Roberts, G. G.; McGinnity, T. M.; 
Barlow, W. A.; Vincett, P. S. Thin Solid Films 1980, 68, 223. 

(5) Jones, R.; Tredgold, R. H.; Hodge, P. Thin Solid Films 1983, 99, 
25-32. 

(6) Chemical Abstracts Nomenclature—poly(nitrilo-l,4-phenylenenitrilo-
methylidene-l,4-phenylene). 

(7) Doubly distilled water, dual stage quartz still preceded by ion exchange, 
activated charcoal, and membrane filter; commercial "Lauda" film balance. 

(8) Fukuda, K.; Ishii, Y. In "Shin Jikken Kagaku Koza (Lectures on New 
Experimental Chemistry)"; Iguchi, Iguchi, H., Ed.; Maruzen: Tokyo, 1975; 
Vol. 18, p 500. 

(9) Maximum slope extrapolated to zero pressure, hereafter referred to as 
the zero extrapolated (zpe) area; compression rate, 0.08 (nm2/molecule)/min; 
initial area: 3.0 nm2/molecule. 
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