
6296 / . Am. Chem. Soc. 1991, 113, 6296-6298 

above-mentioned A"d values." This result indicates that nonco-
valently bound species can be detected directly in a complex 
mixture without chromatographic separation. 

Other macromolecular complexes may be detectable under 
conditions which are compatible with ion-spray MS.12 In the 
negative-ion mode, this technique might be appropriate for highly 
acidic proteins or oligonucleotides. The use of MS to detect and 
identify complexes of charged macromolecules with their specific 
molecular ligands (or vice versa) may also find application in 
exploring signal transduction,13 cellular adhesiveness,14 and other 
multicellular processes.15 Antibody-antigen recognition and 
aggregation phenomena may likewise be amenable to study with 
antibody Fab fragments,16 single chain VL/VH and VH antigen-
binding proteins17,18 as well as other, lower MW immuno­
globulins.19 Ongoing research in our laboratories will address 
these issues. 
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An analogue1 (1, Scheme I) of a reactive intermediate (A, 
Scheme I) formed during 3-dehydroquinate synthase (DHQ 
synthase) catalyzed2 conversion of 3-deoxy-r>araW«o-heptulosonic 
acid 7-phosphate (DAHP) to 3-dehydroquinate (DHQ) has been 
discovered to be an irreversible inhibitor. Ketocarbaphosphonate 

(1) Schloss, J. V. Ace. Chem. Res. 1988, 21, 348. 
(2) For recent research dealing with inhibition or delineation of the 

mechanism of action of DHQ synthase, see: (a) Widlanski, T.; Bender, S. 
L.; Knowles, J. R. J. Am. Chem. Soc. 1987, 109, 1873. (b) Widlanski, T.; 
Bender, S. L.; Knowles, J. R. J. Am. Chem. Soc. 1989, / / / , 2299. (c) Bender, 
S. L.; Mehdi, S.; Knowles, J. R. Biochemistry 1989, 28, 7555. (d) Bender, 
S. L.; Widlanski, T.; Knowles, J. R. Biochemistry 1989, 28, 7560. (e) Wid­
lanski, T.; Bender, S. L.; Knowles, J. R. Biochemistry 1989, 28, 7572. (f) 
Bartlett, P. A.; Satake, K. J. Am. Chem. Soc. 1988,110,1628. (g) Nikolaides, 
N.; Ganem, B. Tetrahedron Lett. 1989, 30, 1461. (h) Myrvold, S.; Reimer, 
L. M.; Pompliano, D. L.; Frost, J. W. / . Am. Chem. Soc. 1989, 111, 1861. 
(i) Pompliano, D. L.; Reimer, L. M.; Myrvold, S.; Frost, J. W. / . Am. Chem. 
Soc. 1989, 111, 1866. (j) Piehler, L. T.; Montchamp, J.-L.; Frost, J. W.; 
Manly, C. J. Tetrahedron 1991, 47, IAIi. 

Time (min) 
Figure 1. Time-dependent inhibition of DHQ synthase by keto­
carbaphosphonate 1. Enzyme (0.2 jiM) was incubated at 15 0C in 
MOPS buffer (50 mM, pH 7.5) containing NAD (0.25 mM), CoCl2 

(0.25 mM), and one of the following: (*) 800 MM DAHP and 0 nM 1; 
(O) 0 MM DAHP and 8 MM 1; (D) 800 MM DAHP and 8 /M 1; (•) 800 
MM DAHP and 160 ̂ M 1. Aliquots were removed at timed intervals and 
diluted. Enzyme activity was then determined by colorimetric quanti­
tation (ODgjo) of product inorganic phosphate.10 Grade V-C NAD 
(Sigma) was used for all experiments. All lines are based on linear 
regression analysis of each set of data points. Insert: Steadily increasing 
concentrations of DAHP (50, 100, 200, 500, and 800 uM) restore en­
zyme activity when DHQ synthase (0.025 u.M) is incubated for a rela­
tively short time (1.5 min) with a reduced concentration (2 ^M) of 
ketocarbaphosphonate 1. 
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1 is the first reported irreversible inhibitor of DHQ synthase and 
one of the few examples3 of irreversible inhibition of an enzyme 
in the common pathway of aromatic amino acid biosynthesis.4 

The unique enzymology associated with ketocarbaphosphonate's 
inhibition of DHQ synthase also suggests a general strategy for 
irreversibly inhibiting enzymes that exploit nicotinamide adenine 
dinucleotide (NAD) as a catalyst rather than a cosubstrate.5 

Ketocarbaphosphonate 1 was synthesized (Scheme II) from 
quinic acid in 12 steps with an 8% overall yield.6 Incubation of 

(3) Bugg, T. D. H.; Abell, C; Coggins, J. R. Tetrahedron Uu. 1988, 29, 
6783. 

(4) Kishore, G. M.; Shah, D. M. Annu. Rev. Blochem. 1988, 57, 627. 
(5) For a general review, see: Frey, P. A. In Pyridine Nucleotide Co­

enzymes: Chemical, Biochemical, and Medical Aspects; Wiley: New York, 
1987; Part B, Chapter 13. 
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Scheme II' 
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"(a) PhCHO, p-TsOH, C6H6, reflux, 85%; (b) NaBH4, EtOH, 0 
0 C, 76%; (c) 2-methoxypropene, p-TsOH, DMF, room temperature, 
79%; (d) NBS, C6H6, room temperature, 79%; (e) MeONa, MeOH/ 
THF (1:2), O 0 C, 87%; (O NaH, n-Bu4NI, BnBr, THF, O 8C, 96%; (g) 
((-PrO)2P(O)CH2Li-BF3, THF, -78 DC, 79%; (h) (COCl)2, DMSO, 
TEA, CH2Cl2, -78 0 C, 95%; (i) AcOH/H 2 0/THF (2:2:1), 65 0 C, 
80%; (j) H2, 10% Pd on C, MeOH, 100%; (k) (i) TMSBr, Pyr, CH2-
Cl2, room temperature, (ii) H2O, 100%; (1) O2, Pt, NaHCO3, H2O, 55 
0 C, 42%. 

DHQ synthase with ketocarbaphosphonate resulted in enzyme 
inhibition that was time-dependent in nature. At relatively short 
incubation times (Figure 1, insert), ketocarbaphosphonate was 
found to be a competitive inhibitor with Kx = 0.15 i*M. Incubation 
of DHQ synthase with ketocarbaphosphonate and DAHP for 
longer time intervals (Figure 1) resulted in pseudo-first-order loss 
of enzyme activity, which was not recovered even after dialysis 
of the enzyme.7 Such enzymology is reminiscent of the irreversible 
inhibition observed with suicide inactivators.8 An important 
difference is the ability of substrate to protect against suicide 
inactivation. Substrate DAHP does not protect DHQ synthase 
from irreversible inhibition by ketocarbaphosphonate. In fact, 
the presence of substrate DAHP accelerates the rate of irreversible 
inhibition (Figure 1). 

Slow-binding inhibition9 of DHQ synthase has been reported 
to lead to formation of enzyme-bound NADH along with oxidation 
of the inhibitors. The enzyme-generated carbonyl-containing forms 
of the inhibitors are reduced before release of the inhibitor from 
the enzyme active site. Such a reduction would not be possible 
if ketocarbaphosphonate 1 bound to DHQ synthase containing 
NAD. A resulting inability to clear ketocarbaphosphonate 1 from 
its active site might account for irreversible inhibition of the 
enzyme. A related situation could arise if ketocarbaphosphonate 
bound to DHQ synthase which lacked NAD. Bound NAD is 
released from DHQ synthase during active turnover of substrate 
to product.20 The required presence of DAHP for such release 
of NAD may also be an explanation for the more rapid irreversible 
inhibition of the enzyme by ketocarbaphosphonate in the presence 
of DAHP. Alternatively, substrate DAHP bound to DHQ syn-

(6) Spectral data for ketocarbaphosphonate 1: 1H NMR (500 MHz, D2O, 
internal sodium 3-(trimethylsilyl)propionate-2,2,i,i-rf4 S "O) S 4.7 (dd, J = 
7, 13 Hz, 1 H), 3.2 (m, 1 H), 2.4-2.5 (m, 2 H), 2.2 (ddd, J = 16, 5, 5 Hz, 
1 H), 2.1 (dd, J - 14, 14 Hz, 1 H), 1.4 (ddd, / = 16, 16, 8 Hz, 1 H); 13C 
NMR (50 MHz, D2O, internal CH3CN « = 3.69) S 217 {JKCc = 12 Hz), 
184, 77.7, 74.7, 47.3, 46.5 (/pec = 5 Hz), 42.9, 28.8 (JK = 134 Hz); high-
resolution FAB MS calcd 269.0426, found 269.0420. Organophosphonate 6 
can also be converted into the slow-binding inhibitor, (lS)-(la,3/3,4a,5/3)-
5-(phosphonomethyl)-l,3,4-trihydroxycyclohexane-l-carboxylic acid.M In­
hibitor synthesized from organophosphonate 6 is identical with the same 
inhibitor synthesized by an independent, published route.211 

(7) Inhibited-enzyme-containing solution (0.5 mL) was dialyzed at 4 0C 
against a solution (500 mL) of MOPS buffer (50 mM, pH 7.5), NAD (0.25 
mM), and CoCl2 (0.25 mM). The dialysis solution (500 mL) was changed 
after 3 h, and dialysis continued for an additional 21 h. 

(8) (a) Kitz, R.; Wilson, I. B. / . Biol. Chem. 1962, 237, 3245. (b) Abeles, 
R. H.; Maycock, A. L. Ace. Chem. Res. 1976, 9, 313. (c) Walsh, C. MoI. 
Biol. Biochem. Biophys. 1980, 32, 62. (d) Walsh, C. Tetrahedron 1982, 38, 
871. 

(9) (a) Williams, J. W.; Morrison, J. F. Methods Enzymol. 1979, 63,437. 
(b) Morrison, J. F.; Walsh, C. T. Adv. Enzymol. 1988, 61, 201. 

(10) Ames, B. N. Methods. Enzymol. 1966, S, 115. 

thase could induce an enzyme conformational change. Release 
of bound DAHP prior to its oxidation to intermediate A (Scheme 
I) may leave DHQ synthase conformationally disposed for more 
rapid binding by ketocarbaphosphonate. 

DHQ synthase is a premier example of the steady evolution 
of strategies directed toward inhibition of an enzyme. Micromolar, 
competitive inhibition of the enzyme was first achieved with a 
nonisosteric organophosphonate analogue of substrate DAHP." 
Inhibition of DHQ synthase was then moved to nanomolar levels 
with slow-binding, carbacyclic analogues of DAHP.2bd,i Keto­
carbaphosphonate constitutes the next step in inhibitory potency 
with its irreversible inhibition of the enzyme. 

The importance of ketocarbaphosphonate's irreversible inhib­
ition becomes apparent when regulatory responses to disruption 
of biosynthetic pathways are considered. Plants, for instance, 
respond to inhibition of an enzyme in the common pathway of 
aromatic amino acid biosynthesis by increasing the flow of carbon 
into the common pathway.12 Resulting buildup of the inhibited 
enzyme's substrate can readily override competitive inhibition of 
the enzyme.2' Metabolic override of enzyme inhibition can be 
circumvented if the rate of release of the inhibitor from the enzyme 
is sufficiently slow. The apparent irreversible inhibition of DHQ 
synthase by ketocarbaphosphonate and the acceleration of this 
inactivation by DAHP would be ideal for maintaining in vivo 
enzyme inhibition. 

Beyond DHQ synthase, carbonyl-containing analogues of re­
action intermediates might irreversibly inhibit S-adenosylhomo-
cysteinase13 and wyo-inositol-l -phosphate14 synthase, which also 
use NAD as a catalyst.5 These enzymes play critical roles during 
methylations involving S-adenosylmethionine and maintenance 
of wyo-inositol levels in brain tissue. Disruption of S-
adenosylmethionine methylation is associated with antiviral ac­
tivity15 while diminished levels of myo-inositol in brain tissue 
characterize control of manic depression with Li+ treatment.16 

Ketocarbaphosphonate 1 may thus point the way to a sizable class 
of reaction-intermediate analogues whose irreversible inhibition 

(11) (a) Le Marechal, P.; Froussios, C; Level, M.; Azerad, R. Biochem. 
Biophys. Res. Commun. 1980, 92, 1104. (b) Le Marechal, P.; Froussios, C; 
Level, M.; Azerad, R. Carbohydr. Res. 1981, 94, 1. 

(12) (a) Herrmann, K. M. In Amino Acids: Biosynthesis and Genetic 
Regulation; Herrmann, K. M., Somerville, R. L., Eds.; Addison-Wesley: 
Reading, 1983; Chapter 17. (b) Dyer, W. E.; Weller, S. C; Bressan, R. A.; 
Herrmann K. M. Plant Physiol. 1988, 88,661. (c) Pinto, J. E. B. P.; Dyer, 
W. E.; Weller, S. C; Herrmann, K. M. Plant Physiol. 1988, 87, 891. 

(13) (a) Palmer, J. L.; Abeles, R. H. J. Biol. Chem. 1976, 251, 5817. (b) 
Richards, H. H.; Chiang, P. K.; Cantoni, G. L. J. Biol. Chem. 1978, 253, 
4476. (c) Palmer, J. L.; Abeles, R. H. J. Biol. Chem. 1979, 254, 1217. (d) 
Fujioka, M.; Takata, Y. J. Biol. Chem. 1981, 256, 1631. (e) Abeles, R. H.; 
Fish, S.; Lapinskas, B. Biochemistry 1982, 21, 5557. (0 Chiang, P. K.; 
Guranowski, A.; Segall, J. E. Arch. Biochem. Biophys. 1981, 207, 175. (g) 
Guranowski, A.; Montgomery, J. A.; Cantoni, G. L.; Chiang, P. K. Bio­
chemistry 1981, 20, 110. (h) Hershfield, M. S. J. Biol. Chem. 1979, 254, 22. 

(14) (a) Wong, Y.-H. H.; Sherman, W. R. J. Biol. Chem. 1985, 260, 
11083. (b) Donahue, T. F.; Henry, S. A. / . Biol. Chem. 1981, 256, 7077. (c) 
Maeda, T.; Eisenberg, F., Jr. J. Biol. Chem. 1980, 255, 8458. (d) Barnett, 
J. E. G.; Corina, D. L. Biochem. J. 1968, 108, 125. (e) Barnett, J. E. G.; 
Rasheed, A.; Corina, D. L. Biochem. J. 1973, 131, 21. (0 Chen, C. H.-J.; 
Eisenberg, F., Jr. J. Biol. Chem. 1975, 250, 2963. (g) Eisenberg, F., Jr.; 
Maeda, T. In Inositol and Phosphoinositides; Bleasdale, J. E., Eichberg, J., 
Hauser, G., Eds.; Humana: New Jersey, 1985; p 3. (h) Loewus, M. W. J. 
Biol. Chem. 1977, 252, 7221. (i) Byun, S. M.; Jenness, R. Biochemistry 1981, 
20, 5174. (j) Sherman, W. R.; Rasheed, A.; Mauck, L. A.; Wiecko, J. J. Biol. 
Chem. 1977, 252, 5672. (k) Sherman, W. R.; Loewus, M. W.; Pina, M. Z.; 
Wong, Y.-H. H. Biochim. Biophys. Acta 1981, 660, 299. (I) Otsuka, H.; 
Mascaretti, O. A.; Hurley, L. H.; Floss, H. G. / . Am. Chem. Soc. 1980,102, 
6817. (m) Loewus, M. W.; Loewus, F. A.; Grillinger, G.-U.; Otsuka, H.; 
Floss, H. G. / . Biol. Chem. 1980,255,11710. (n) Chen, I. W.; Charalampous, 
F. C. Biochim. Biophys. Acta 1967, 136, 568. (o) Barnett, J. E. G.; Brice, 
R. E.; Corina, D. L. Biochem. J. 1970, 119, 183. 

(15) (a) Robert-Gero, M.; Lawrence, F.; Farrugia, G.; Berneman, A.; 
Blanchand, P.; Vigier, P.; Lederer, E. Biochem. Biophys. Res. Commun. 1975, 
65, 1242. (b) Raies, A.; Lawrence, F.; Robert-Gero, M.; Loche, M.; Cramer, 
R. FEBS Lett. 1976, 72, 48. (c) Chiang, P. K.; Cantoni, G. L.; Bader, J. P.; 
Shannon, W. M.; Thomas, J. J.; Montgomery, J. A. Biochem. Biophys. Res. 
Commun. 1978, 82, 417. (d) Bader, J. P.; Brown, N. R.; Chiang, P. K.; 
Cantoni, G. L. Virology 1978,89,494. (e) Pugh, C. S. G.; Borchardt, R. T.; 
Stone, H. O. J. Biol. Chem. 1978, 253, 4075. 

(16) Drummond, A. H. Trends Pharmacol. Sci. 1987, 8, 129. 
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of enzymes is of considerable agricultural and medicinal impor­
tance. 
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One of the most intriguing aspects of C60
1 is its a*7-A-diameter 

cavity, which may be impregnated by other elements and perhaps 
even by small molecules, thus altering its chemical and physical 
properties. Even before a macroscopic synthesis of C60

2 was 
available, Smalley and co-workers demonstrated that metal-in­
cluded species could be generated in the gas phase by growing 
them in a supersonic expansion source following laser desorption 
from a graphite target dosed with various metals, M = La, K, 
and Cs.3,4 Also formed are a variety of less symmetrical MCn 
complexes. These species, in particular MC60 and its singly 
charged counterpart, are highly stable. In all cases the complexes 
were predicted to have the metal atom either wholly or partially 
surrounded by a shell of carbons. Supporting this hypothesis was 
the fact that the MC60

+ ions fragmented only under the extreme 
activation conditions of multiphoton absorption at high ArF ex-
cimer laser fluence and, then, only by sequential C2 loss.4 Further 
loss of C2 ceased at some critical even number of carbon atoms 
depending on the metal, such as C44La+ (possibly C42La+), C44K

+, 
and C48Cs+. Again, these results are in accord with expectations 
of a central metal enclosed in an inert carbon cage. While these 
MC60 species were grown in situ in the supersonic expansion, the 
question arises as to whether a metal ion interacting with a 
preformed fullerene will attach externally or internally. Looking 
at a space-filling model for CsC60 and KC60,

5 for example, one 
would predict external attachment. Recently, potassium-doped 
C60 has shown a superconducting transition; the metal ions are 
externally bound.6 

Although our initial attempts to generate a LaC60
+ species failed 

due to the rapid reaction of La+ with background gas to form 
LaO+,7 FeC60

+ was formed in our Nicolet FTMS-2000 Fourier 
transform mass spectrometer via the following multistep sequence:8 

(1) Fe+ was generated by laser desorption from an Fe target in 
a source external to the solenoid magnet;9 (2) the Fe+ was per-

* Department of Chemistry, Miami University, Oxford, OH. 
(1) Kroto, H. W.; Heath, J. R.; O'Brien, S. C; Curl, R. F.; Smalley, R. 

E. Nature 1985, 318, 162. 
(2) Kratschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. R. 

Nature 1990, 347, 354. 
(3) Heath, J. R.; O'Brien, S. C ; Zhang, Q.; Liu, Y.; Curl, R. F.; Kroto, 

H. W.; Tittel, F. K.; Smalley, R. E. / . Am. Chem. Soc. 1985, 107, 7779. 
(4) Weiss, F. D.; Elkind, J. L.; O'Brien, S. C; Curl, R. F.; Smalley, R. E. 

J. Am. Chem. Soc. 1988, 110, 4464. 
(5) Computer simulations by Smalley, R. E., in the following: LaBrecque, 

M. Mosaic (NSF Publication) 1991, 22, 40. 
(6) Hebard, A. F.; Rosseinsky, M. J.; Jaddon, R. C; Murphy, D. W.; 

Glarum, S. H.; Palstra, T. T. M.; Ramirez, A. P.; Kortan, A. R. Nature 1991, 
350, 600; Stephens, P. W.; Mihaly, L.; Lee, P. L.; Whetten, R. L.; Huang, 
S.-M.; Kaner, R.; Deiderich, F.; Holczer, K. Nature 1991, 351, 632. 

(7) Just prior to publication we succeeded in generating LaCe0
+ by direct 

attachment of La+ to preformed C60- CID of this ion readily yields La+ in 
accordance with an externally bound complex. 

(8) Freiser, B. S. Chemtracts 1989, /, 65. 
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Figure 1. (A) Isolated FeC60
+ and FeC70

+. The peak at mjz 388 is 
attributed to a harmonic. (B) Collision-induced dissociation of FeC60

+ 

at 76 eV in laboratory energy, and 3.7 eV in center-of-mass energy. Both 
spectra were obtained using 16K data points. 

mitted to react with pentane at 1 X 10"* Torr, generating Fe-
(C„H2„)+ (n = 2-5); (3) these ions then underwent ligand-ex-
change reactions with preformed C60 and C70 heated at 350 0C 
off a solids probe to generate FeC60

+ and FeC70
+; and (4) after 

a total reaction time of 300 ms, C60
+, C70

+, and other, lower mass 
ions were ejected by double-resonance techniques,10 Figure IA. 
The FeC60

+ and FeC70
+ were not observed to react further with 

background pentane. 
Collision-induced dissociation of FeC60

+ was performed by rf 
irradiation of the ion at its resonant frequency in the presence 
of Ar at a pressure of 3 X 10"* Torr. As shown in Figure IB, 
C60

+ is the sole product ion observed. This result is consistent 
with IP(Fe) =7.9024 eV" > IP(C60) =7.61 eV12 and contrasts 
with the results of the earlier studies on MC60

+ species in requiring 
relatively little activation energy (12-241 eV in laboratory energy 
and 0.6-11.8 eV in center-of-mass energy13) and in generating 
the intact C60

+ rather than losing C2 molecules. Thus, either the 

(9) Weller, R. R.; MacMahon, T. J.; Freiser, B. S. In Lasers in Mass 
Spectrometry; Lubman, D. M., Ed.; Oxford University Press: New York, 
1990; p 249. 

(10) Comisarow, M.; Parisod, G.; Grassi, V. Chem. Phys. Lett. 1978,57, 
413. 

(11) Sugar, J.; Corliss, C. J. Phys. Chem. Ref. Data 1985, 14, Suppl. 2. 
(12) Zimmerman, J. A.; Eyler, J. R.; Bach, S. B. H.; McElvaney, S. W. 

J. Chem. Phys., submitted. 
(13) The laboratory energies correspond to the maximum translational 

energy acquired by the ion in the absence of collisions. The center-of-mass 
energies are calculated with the assumption of a single collision with Ar. 
However, multiple collisions can occur with Ar and to a lesser extent with 
background pentane and fullerenes. 
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