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Figure 2. Reversible photoregulated complexation of 2-modified Con A 
to 4. Points 2 and 4 (O) correspond to complexation states of the sub
strate when 2-modified Con A is in the C form. Points 1, 3, and 5 (•) 
correspond to decomplexation states when 2-modified Con A is in the E 
form. 

are anticipated to affect its binding properties toward these py-
ranoses. 

Fulgide dyes are well established photochromic materials.13 

Thiophenefulgide (I)14 undergoes three photostimulated isom-
erization processes15 (eq 1) where UV irradiation of X-Z results 
in X-E that undergoes subsequent conrotatory electrocyclization 
to 1-C. Reversible isomerization of \-C to \-E is photoinduced 

/iVuv 400 nm > X > 300 nm 
, = * 

X > 475 nm 

1-E 

(1) 

by filtered light, X > 475 nm.16 Con A (Sigma) was modified 
by thiophenefulgimide (2).17 The modification process was carried 
out by reacting 50 mg of Con A in 6 mL of an aqueous solution 
that contained 250 mg NaHCO3 with 5-15 mg of 2 dissolved in 
200 iiL of THF at 0 0C for 24-48 h (Scheme I). This modi
fication leads to functionalization of Con A lysine residues, and 
the loading degree is controlled by the amount of added 2 and 
the reaction time. The resulting modified protein, 3, exhibits 
photochromic properties (Figure 1). Illumination of 3-E, 300 
nm < X < 400 nm, results in isomerization to 3-C. Further 
illumination of 3-C, X > 475 nm, restores the original absorption 
spectrum of 3-£\ The loading degrees of Con A by 2 are de
termined by following the absorbance of 3-C at X = 532 nm (e 
= 2200 M"1 cm"1) and determining the protein content or by 
comparing the fluorescence intensities resulting from the inter
action of fluorescamine18 with 3-E and unmodified Con A. Both 
methods give excellent agreement (±5%). 

Photoregulated association of 4-nitrophenyl a-D-manno-
pyranoside (4) to 3-E and 3-C has been followed by determination 
of the association constants of 4 to the photochromic protein. 

Table I summarizes the association constants of 4 to Con A 
in its two photochromic states as a function of loading degree. 
It is evident that, as the loading degree of Con A increases, its 

(13) Photochromism: Molecules and Systems; Diirr, H.; Bouas-Larent, 
H. Eds.; Elsevier: Amsterdam, 1990. 

(14) Glaze, A. P., Harris, S. A.; Heller, H. G.; Johncock, W.; Oliver, S. 
N.; Strydom, P. J.; Whittall, J. J. Chem. Soc, Perkin Trans. 1 1985, 957. 

(15) Ulrich, K.; Port, H.; Wolf, H. C; Wonner, J.; Effenberger, F.; Ilge, 
H. D. Chem. Phys. 1991, 154, 311. 

(16) Ulrich, K.; Port, H.; Bauerle, P. Chem. Phys. Lett. 1984, 155, 437. 
(17) The synthesis of 2 will be published elsewhere. 
(18) Udenfriend, S.; Stein, S.; Bohlen, P.; Dairman, W.; Leimgruber, W.; 

Weigele, M. Science 1972, 178, 871. 
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affinity for 4 declines and the association constant decreases in 
its value. It is also concluded that, up to a loading degree of 9, 
the affinity of 3-C is higher than that of 3-E toward binding of 
4. At a loading degree of 12, where all lysine residues of Con 
A are modified by 2, a substantial decrease in the binding constant 
of 4 is observed, and no difference between states E and C is 
detected. The largest difference in binding constants of 3-E and 
3-C to 4 is observed at a loading degree of 9. This difference in 
the binding constants allows us to reversibly photoswitch the 
association and dissociation of 4 to 2-modified Con A (Figure 2). 
We see that in the presence of 3-E, only 2.4 X 10"6 M of 4 is 
bound. Upon illumination, X = 300-400 nm, and isomerization 
to 3-C, enhanced binding of 4 is observed. Further illumination, 
X > 475 nm, regenerates 3-E and the intermolecular complex is 
dissociated. 

We thus conclude that chemical modification of Con A by 
thiophenefulgimide (2) allows the photoinduced binding of 4-
nitrophenyl a-D-mannopyranoside to the protein. Photoswitchable 
association and dissociation of the protein-substrate assembly is 
induced by the two photochromic states of the protein. Further 
studies on photoregulation of the binding of substrates to other 
proteins using this approach are in progress in our laboratory. 
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Chorismate synthase (EC 4.6.1.4), the seventh enzyme in the 
shikimate pathway,1 catalyzes the conversion of 5-enolpyruvyl-
shikimate 3-phosphate (1, EPSP) to chorismate 1? The reaction 
involves the removal of the C-6 pro-R hydrogen and loss of 
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Figure 1. Absorbance changes occurring at 400 and 582 nm when 
chorismate synthase (40 MM) was mixed with (6R)-6-F-EPSP (100 MM) 
in an anaerobic stopped-flow spectrophotometer at 25 0C, pH 7.0. Both 
syringes contained FMNH2 (60 tiM) and Na2S2O4 (1 mM) in phosphate 
buffer (50 mM). Insert A: EPR spectrum of chorismate synthase (50 
MM), FMNH2 (50 MM), and Na2S2O4 (500 MM) in potassium phosphate 
buffer (50 mM) at pH 7.0. Insert B: same as for A except (6R)-6-F-
EPSP (100 IiM.) was reacted for ca. 60 min before the sample was frozen. 
Spectra were recorded on a Bruker ER 300 SH spectrometer at 120 K 
with 200 JiW of microwave power at 9.3667 GHz using 0.5 mT field 
modulation at 100 KHz. 

phosphate in what is formally a trans 1,4-elimination to generate 
a diene.3"5 
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Although the reaction does not involve an overall oxidation or 
reduction, all chorismate synthases require a reduced flavin 
(FMNH2) for activity (1 equiv of FMNH2 bound per 39K subunit 
for the Escherichia coli enzyme).6"10 Transient absorbance 
changes during single turnover experiments with EPSP (in the 
presence OfNa2S2O4 required to reduce FMN to FMNH2) showed 
a direct involvement of flavin in the catalytic cycle.'0,11 The 
difference spectrum ^ ^ , , o ^ = 1.3 mM"1 cm"1) calculated from 
the amplitudes of the stopped-flow traces recorded at several 

(3) Hill, R. K.; Newkome, G. R. J. Am. Chem. Soc. 1969, 91, 5893-5894. 
(4) Onderka, D. K.; Floss, H. G. J. Am. Chem. Soc. 1969, 91, 5894-5896. 
(5) Floss, H. G.; Onderka, D. K.; Carroll, M. J. Biol. Chem. 1972, 247 

(3), 736-744. 
(6) White, P. J.; Millar, G.; Coggins, J. R. Biochem. J. 1988, 251, 

313-322. 
(7) Hasan, N.; Nester, E. W. J. Biol. Chem. 1978, 253, 4999-5004. 
(8) Schaller, A.; Windhofer, V.; Amrhein, N. Arch. Biochem. Biophys. 

1990, 282, 437-442. 
(9) Mousdale, D. M.; Coggins, J. R. FEBS Lett. 1986, 205, 328-332. 
(10) Ramjee, M. N.; Coggins, J. R.; Hawkes, T. R.; Lowe, D. J.; 

Thorneley, R. N. F. J. Am. Chem. Soc. 1991, 113, 8566-8567. 
(U) This removes chorismate synthase from a class of enzymes that have 

a flavin requirement for activity for which no role in the catalytic mechanism 
is known: i.e., mandelonitrile lyase, Xu, P.-H.; Singh, B. K.; Conn, E. Arch. 
Biochem. Biophys. 1986, 250, 322-328; tartronate semialdehyde synthase, 
Cromartie, T. M.; Walsh, C. J. Biol. Chem. 1976, 251, 329-333; acetolactate 
synthase, Schloss, J. V.; Van Dyke, D. E.; Vasta, J. F.; Kutny, R. M. Bio
chemistry 1985, 24, 4952-4959. 
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Figure 2. UV/visible difference spectrum for the products and reactants 
under the conditions of Figure 1 (inserts A and B). Spectra were re
corded ca. 30 min after reaction in a 1-cm path length cell at 25 0C. The 
spectra were not recorded below 340 nm due to the strong absorbance 
of Na2S2O4. 

wavelengths suggests that either a charge-transfer complex or, 
more likely, a flavin-C4 adduct is an intermediate. After ex
haustion of substrate (EPSP), the flavin returns to the hydro-
quinone state. We now report that, with the substrate analogue 
(6.R)-6-F-EPSP ((67?)-6-fluoro-5-enolpyruvylshikimate 3-phos-
phate, (3), a competitive inhibitor of Neurospora crassa chorismate 
synthase, K1 = 3 ̂ M12), the FMNH2 cofactor of E. coli chorismate 
synthase is quantitatively oxidized to yield a stable flavin semi-
quinone radical that is not reduced in the presence of the dithionite 
ion ( 5 0 O M M ) . 

Figure 1 shows the absorbance changes occurring at 400 and 
582 nm when enzyme, pre-incubated with FMNH2 and Na2S2O4, 
is mixed in the stopped-flow spectrophotometer with (6R)-6-F-
EPSP under strictly anaerobic conditions. Unlike the rapid 
transient effects (millisecond time scale) observed with EPSP as 
substrate (see Figure 1 of ref 10), only a relatively slow increase 
in absorbance, which is greater at 582 than at 400 nm, occurs 
(Figure 1). The stability of the reaction product (no apparent 
change in the purple color of the solution after 6 h in the presence 
of Na2S2O4, 500 ^M) allowed the EPR spectrum (insert B, Figure 
1) and the UV/visible difference spectrum (Figure 2) to be re
corded. Both spectra are characteristic of a protein-bound, FMN 
semiquinone (FMNgq) free radical present as a mixture of neutral 
and anionic forms.13,1 The FMNSQ must be bound to the protein 
since FMN8Q free in solution rapidly conproportionates to oxidized 
FMN and FMNH2,15 and the oxidized FMN would be subse
quently reduced back to FMNH2 by the excess Na2S2O4 present. 
The value Ae582nm = 3.7 mM"1 cm"1, calculated from the enzyme 
concentration (50 uM), or 4.4 ± 0.5 mM"1 cm"1, calculated from 
the EPR signal spin integration (see below), is similar to that for 
Klebsiella pneumoniae flavodoxin in the semiquinone and hy-
droquinone states (Ae580nm = 4.1 mM"1 cm"1).16 The EPR signal 
has a 19 G line width and integrates to 42 ± 5 ^M spins on the 
basis of K. pneumoniae flavodoxin semiquinone and CuEDTA 
standards. The oxidation of the reduced flavin to generate the 
N-5 radical must be accompanied by an associated reduction. 
However, there is no evidence in the EPR spectrum for another 
radical derived either from (6/?)-6-F-EPSP or an aromatic side 
chain on the protein (cf. Trp 191 in cytochrome c peroxidase"). 
Using plasma emission spectroscopy, we fail to detect any Mn, 
Fe, Co, Ni, Cu, Zn, or Mo in homogeneous enzyme (detection 
limit 0.05 g-atom of metal ion per mole of enzyme monomer), 

(12) Balasubramanian, S.; Davies, G.; Coggins, J. R.; Abell, C. J. Am. 
Chem. Soc. 1991, 113, 8945-8946. 
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(14) Miiller, F.; Hemmerich, P.; Ehrenberg, A.; Palmer, G.; Massey, V. 

Eur. J. Biochem. 1970, 14, 185. 
(15) Mayhew, S. G.; Ludwig, M. L. Enzymes 1975, 12, 57-118. 
(16) Diestung, J.; Thorneley, R. N. F. Biochem. J. 1986, 239, 69-75. 
(17) Sivaraja, M.; Goodin, D. B.; Smith, M.; Hoffman, B. M. Science 

1989, 245, 738-740. 
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and so electron transfer to a transition metal appears unlikely. 
It is possible that the missing electron has been transferred to 
(bi)sulfite in the solution formed as a result of dithionite oxidation. 
This would require the enzyme-bound F M N H 2 / F M N S Q couple 
to have an unprecedentedly low Em of less than -550 mV (NHE).18 

It would also require a >100 mV decrease in the FMNH 2 /FMNSQ 
Em value when (6R)-6-F-EPSP binds since, in the absence of this 
substrate analogue, no FMNSQ (<2%) is detected by EPR (insert 
A, Figure 1) or UV/visible spectroscopy (data not shown). 

The observation of the stoichiometric formation of a stable N-5 
flavin radical upon binding (6J?)-6-F-EPSP to chorismate synthase 
was unexpected, as this was clearly not the same intermediate 
previously detected spectrophotometrically with the natural 
substrate EPSP.10 However, a free radical could be a transient 
intermediate in the enzyme reaction with EPSP which does not 
accumulate when rapid removal of a hydrogen radical from C-6 
is possible." 
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The nature of the transition metal-olefin bond has been the 
subject of significant experimental and theoretical work over the 
past four decades. Various levels of theory concur that the 
two-component interaction originally proposed by Dewar, Chatt, 
and Duncanson2 (Figure 1) is still the best way of picturing this 
interaction.3 Within a continuum of possible combinations of 
these two interactions, an increase in the contribution of the 
metal-d to olefin-7r* backbonding component is thought to be 
responsible for increased pyramidalization at the bound carbon 
atoms, leading to a more metallacyclopropane structure. The 
activation barriers to propellor rotation of the olefin about the 
metal-olefin bond axis have also been the subject of considerable 
theoretical and experimental attention.3'4 The rhodium complex 

(1) (a) Dartmouth College, (b) University of Delaware. 
(2) (a) Dewar, M. J. S. Bull. Soc. Chim. Fr. 1951, 18, C79. (b) Chatt, 

J.; Duncanson, L. A. J. Chem. Soc. 1953, 2339. 
(3) For recent treatments of this bonding model, see: (a) Albright, T. A.; 

Hoffmann, R.; Thibeault, J. C; Thorn, D. L. J. Am. Chem. Soc. 1979, 101, 
3801. (b) Mingos, D. M. P. Comprehensive Organometallic Chemistry; 
Wilkinson, G., Abel, E., Stone, F. G. A., Eds.; Pergamon: Oxford, 1983; Vol. 
3, Chapter 19, p 1. For discussion of the factors contributing to the activation 
barriers for propellor rotation of ligated olefins, see ref 3a. Faller, J. W. Adv. 
Organomet. Chem. 1977,16, 211. Cotton, F. A. In Dynamic Nuclear Mag
netic Resonance; Jackman, L. M., Cotton, F. A., Eds.; Academic Press: New 
York, 1975; p 377. 

(4) A compendium of such activation barriers appears in the following: 
Mann, B. L. Comprehensive Organometallic Chemistry; Wilkinson, G., Abel, 
E„ Stone, F. G. A., Eds.; Pergamon: Oxford, 1983; Vol. 3, Chapter 20, p 89. 
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Figure 1. (A) The olefin-metal donor and (B) olefin-metal acceptor 
components of the olefin-metal bond. (C) Effect of pyramidalization at 
carbon on the acceptor component. See ref 3 for more comprehensive 
treatments. 

F(2) 

Figure 2. ORTEP representation of 3a. 

1 is often used as a paradigm; its structure shows a more me
tallacyclopropane interaction for C2F4 than for C2H4. However, 
the C2H4 rotates fast on the NMR time scale yet the C2F4 is 
stereochemically rigid.5'6 Indeed, high barriers to propellor ro
tation are the norm for C2F4 complexes,7'8 and none has been 

(5) (a) The structure of 1 is discussed in the following: Guggenberger, L. 
J.; Cramer, R. J. Am. Chem. Soc. 1972, 94, 3779. (b) NMR studies are 
discussed in the following: Cramer, R.; Kline, J. B.; Roberts, J. D. / . Am. 
Chem. Soc. 1969, 91, 2519. 
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not because this olefin is an intrinsically better 7r-acceptor than ethylene but 
rather because it lowers the energy of the olefin ir*-orbital, giving a better 
energy match with the metal d-orbitals; see: Tolman, C. A. J. Am. Chem. 
Soc. 1974, 96, 2780. Pyramidalization also reduces repulsive interactions 
between F atoms and the C=C ir-bond in C2F4; see: Wang, S. Y.; Borden, 
W. T. J. Am. Chem. Soc. 1989, / / / , 7282. Getty, S. J.; Borden, W. T. / . 
Am. Chem. Soc. 1991, 113, 4334. 

(7) For representative references on C2F4 complexes, see: Burch, R. R.; 
Harlow, R. L.; Ittel, S. D. Organometallics 1987, 6, 982. More recent 
examples: Schroder, W.; Bonrath, W.; Porschke, K. R. J. Organomet. Chem. 
1991, 408, C25. Kaschube, W.; Schroder, W.; Porschke, K. R.; Kruger, C. 
J. Organomet. Chem. 1990, 389, 399. Burrell, A. K.; Clark, G. R.; Rickard, 
C. E. F.; Roper, W. R.; Wright, A. H. / . Chem. Soc, Dalton Trans. 1991, 
609. Burrell, A. K.; Clark, G. R.; Rickard, C. E. F.; Roper, W. R. / . Or
ganomet. Chem. 1990, 398, 133. Brothers, P. J.; Burrell, A. K.; Clark, G. 
R.; Rickard, C. E. F.; Roper, W. R. J. Organomet. Chem. 1990, 394, 615. 
Burrell, A. K.; Roper, W. R. Organometallics 1990, 9, 1905 and references 
cited therein. 
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