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Figure 1. Representative gel shift data. (Left) Hairpin 1. (Right) Hairpin 5. ["P) end-labeled hairpin (0.1 nM, ~ 2300 cpm) was titrated with antibody
in TBE at pH 8.3. After equilibration for | h at 25 *C the mixtures were loaded onto a 6% polyacrylamide gel (9:1 acrylamide:bisacrylamide) at 300
V for 90 s and then clectrophoresed at 106 V for 30 min at 4 °C. The high cross-linking ratio affords a nonrestrictive gel that permits the complex
to enter the matrix.”™ The gels were then autoradiographed at -70 °C for 18 h. To determine K, values, DNA concentrations were quantified by
densitometry and the data were fit to the binding isotherm for the equilibrium Ab + DNA .+ Ab-DNA by nonlincar least-squares regression. The
protein concentration at which half the DNA is bound corresponds to the apparent K.

& & 7N
N, oS N L SR
unmodified crosslinked reduced
X« T 3422 (1) §23+£37 (5) 3115 (9)
C 4:3 > 3000 (6) 49+7 (10)
A 534 (3 >3000 (7) 48:+4 (11)

G 104:8 (4) 788+ 34 (8) 108+9 (12)
Figure 2. Apparent dissociation constants for BV04-01-hairpin complexes
(K, per 1gG binding site, nM). Each K is the average of at least three

scparate measurements with the associated error representing error 1o the
fit.

tinguishable from binding to 1-4.>' To provide further support
that BV04-01 alters the structure of DNA upon binding, we
synthesized 13 and 14, which are less stable than 1.7 If induced
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fit is important for complexation, then less binding energy will
be needed for structural reorganization of these new hairpins,
resulting in tighter binding to the antibody. Gel shift measure-
ments showed that both 13 and 14 form tighter complexes than
1 with BV04-01 (K4(13) = 17 £ 3 nM and K(14) = 22 + 4 nM).
However, the differences in stability between 1 and 13 and 1 and

(21) NOESY spectra indicate that the cross-link does not alter the con-
formation of native DNA structure. Cain, R.; Glick, G. D., unpublished
results

(22) T,.(1) = SS8°C, T, (13) = 47.7°C, T (14) = 495 °C. AG(1) =
$.3 kcal/mol, AG(13) = 4.2 kcal/mol, AG(14) = 4.4 kcal/mol (from van't
Hoff analysis of UV thermal denaturation curves).
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14 are not fully expressed as added binding energy, which suggests
that the hairpins may not be completely unfolded when bound
to the antibody.

To illuminate the specificity of anti-DNA, future studies must
focus on examining both free- and bound-state DNA geometries.
Such data will hopefully guide the synthesis of molecules that
specifically block autoantibody recognition of DNA and form the
basis for new and effective therapies to combat SLE.
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The metal-catalyzed reactions of a-diazocarbonyl compounds
with alkenes' and alkynes’ are widely employed in the synthesis
of hetero- and carbocyclic organic molecules. A central mecha-
nistic consideration in these reactions is the nature of the inter-
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of Chemistry (0506), University of California at San Dicgo. La Jolla, CA
92093-0506.
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mediate in which the alkyne (or alkene) and carbene are assembled
at the metal center. In the case of alkyne substrates, three related
yet fundamentally distinct species have been proposed: metal-
lacyclobutene I, 5'- or n’-vinylcarbene II, and zwiterion III.}

M M "M +
I o
I II III

Product distribution studies indicate that the intermediate may
vary depending on reaction conditions and the specific substrate.®®
We now present the first direct proof that diazocarbonyl and
alkyne substrates are indeed viable precursors to metallacyclo-
butene complexes.**

Hong previously reported the reaction of (n°-CsH;)Co-
(PPh,)(n*--PhC=CPh) (1) with alkyl diazoacetates to give a
mixture of two diene complexes (e.g., 2) and two dinuclear com-
plexes (e.g., 3), presumably via a common unobserved metalla-
cyclobutene intermediate (4).6 We have found that by simple

3 (plus isomer) 4

2 (two isomers)

manipulation of the alkyne substituents and reaction conditions,
the outcome of this reaction can be dramatically altered to provide
a stable metallacyclobutene product as a single regio- and ste-
reoisomer.

The n?-alkyne complex (n°-CsH;)Co(PPh;)(n?-Me;SiC=
CSO,Ph) (5)” was prepared by a procedure similar to that reported
for 1.2 When a benzene solution of § (250 mg, 0.4 mmol, 0.02
M) and ethyl diazoacetate (0.6 mmol) is allowed to stand at room
temperature for ~18 h and the reaction mixture is then subjected
to a chromatographic workup (alumina, 3% ethylacetate/benzene),
four distinct bands are observed. The first three bands correspond
to the n*-diene products 6, 7, and 8.>' The last band to elute

(3) In certain cases, the transition state for cyclopropanation may involve
reaction of the alkyne substrate directly at the metal-carbene carbon via a
congcerted process with no charge buildup: Brown, K. C.; Kodadek, T. J. Am.
Chem. Soc. 1992, 114, 8336.

(4) Stable metallacyclobutenes of the later transition metals have been
prepared by alternate routes; for leading references, see: (a) Casey, C. P;
Chae, S. Y. J. Am. Chem. Soc. 1992, 114, 6597. (b) O’Connor, J. M.; Pu,
L.; Woolard, S.; Chadha, R. K. J. Am. Chem. Soc. 1990, 112, 6731. (c)
Hemond, R. C.; Hughes, R. P.; Robinson, D. J.; Rheingold, A. L. Organo-
metallics 1988, 7, 2239, (d) Calabrese, J. C.; Roe, D. C.; Thorn, D. L.; Tulip,
T. H. Organometallics 1984, 3, 1223.

(5) For conversion of metal-carbene complexes and alkynes to stable
metallacyclobutene complexes, see: (a) Tebbe, F. N.; Harlow,R. L. J. Am.
Chem. Soc. 1980, 102, 6149. (b) McKinney, R. J.; Tulip, T. H.; Thorn, D.
L.; Coolbaugh, T. S.; Tebbe, F. N. J. Am. Chem. Soc. 1981, 103, 5584. (c)
Grubbs, R. H.; Tumas, W. Science 1989, 243, 907.

(6) Hong, P.; Aoki, K.; Yamazaki, H. J. Organomet. Chem. 1978, 150,
279.

(7) See supplementary material for full characterization.

(8) Alkyne complex 5 was prepared from (»°-C H:)Co(PPh,), and
TMSC=CSO,Ph at room temperature (1 h) in C;H,: Yamazaki, H.; Hag-
ihara, N. J. Organomer. Chem. 1970, 21, 431.

(9) A related NMR scale reaction was run, and the four new cyclo-
pentadienyl compounds (6, 7, 8, and 9) were observed by 'H NMR spec-
troscopy in ~6:3:1:12 ratio, respectively (80% combined yield).
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Figure 1. ORTEP drawing of 11 showing selected atom labeling: Co—P
2.167(1) A, Co-C(6) 2.054(4) A, Co-C(10) 2.574 A, Co-C(17)
1.918(4) A, C(6)-C(10) 1.523(5) A, and C(10)-C(17) 1.340(6) A,
C(6)-Co—C(17) 66.7(2)°, Co—C(6)-C(10) 90.8(2)°, C(6)~C(10)-C(17)
99.5(3)°, Co—C(17)-C(10) 103.0(3)°.

gives a red crystalline solid, which is isolated in 43% yield as a
single regio- and stereoisomeric cobaltacyclobutene complex 9
(Scheme I). From the '"H NMR spectrum of 9, it is clear that
starting complex 5 has incorporated a CH(CO,Et) fragment from
the ethyl diazoacetate. The '"H NMR spectrum (CDCl,) of 9
exhibits singlets at § —0.23 (9 H, SiMe,) and 4.21 (5 H, C;H;),
a triplet at 1.43 (J = 7.2 Hz, 3 H, CH,CH,), and a quartet at
4.26 (J = 7.2 Hz, 2 H, CH,CH,). In addition, a doublet at §
1.48 (Jpy = 7.2 Hz, 1 H) is assigned to a hydrogen atom on the
a-carbon of the metallacycle. Irradiation of the methine doublet
at 5 1.48 results in observation of a small NOE for the PPh,
resonance but not for the cyclopentadienyl hydrogen resonance.
This result supports an (SS, RR) relative stereochemistry for 9,
as expected on the basis of a simple steric argument: the ester
substituent is located anti to the bulky PPh; ligand. In the *C{'H}
NMR spectrum (CDCl,) the absence of a downfield shift in the
carbene region of the '*C NMR spectrum is inconsistent with a
vinylcarbene structure (II).

The indicated regiochemistry for formation of 9 is supported
by a single crystal X-ray diffraction study of the PMe, analogue
11 (Figure 1),'' formed as a 1:1 mixture of diastereomers upon
reaction of 9 with PMe; at 80 °C.” The crystallographic data
for 11 indicate a planar'? localized metallacyclobutene ring [C-
(6)-C(10), 1.523(5); C(10-C(17), 1.340(6) A}, with the C-
(6)-Co-C(17) angle constrained to 66.7°.'* For comparison,
the metallacyclobutene ring in fac-Ir[CH,C(p-tol)=C(p-tol)-
(PMe;); has a localized double bond [C—C, 1.525(7); C=C,
1.344(8) A] and a C-Ir-C angle of 64.5(2)°.4

The formation of 6-8 and 9 presumably involves initial for-
mation of a common unsaturated metallacyclobutene intermediate
(10) (Scheme I), which is then trapped with either additional
carbene to give diene products 6-8 or PPh;, to give 9. When the
reaction of § and ethyl diazoacetate is carried out in the presence
of a 9-fold excess of PPh,, the rate of reaction is significantly
diminished and the yield of 9 is only 27% after 4 days of reaction

(10) (a) For 5*-diene complexes the anti hydrogens resonate at higher field
than the syn hydrogens in the 'H NMR spectrum: Emerson, G, F.; Mahler,
J. E.; Kochhar, R.; Pettit, R. J. Org. Chem. 1964, 29, 3620. (b) In the 'H
NMR spectra the vinyl hydrogen chemical shifts for the diene ligands in 6-8
are observed as follows: for 6, 6 0.06 (s, 1 H) and 1.10 (s, | H); for 7, 1.09
(s, 1 H), 3.73 (s, | H); and for 8, 1.13 (s, | H), 4.55 (s, 1 H), respectively.

(11) Crystallographic data for C,;H,,CoO,PSSi: M = 524.6, triclinic, PI,
a=8762(2) A, b =9.332(2) A, ¢ = 16.783(3) A, a = 87.43(3)°, 8 =
85.06(3)°, v = 73.13°, ¥ = 1308.1(7) A}, Z = 2, D,y = 1.332 g cm™>, m(Mo
Ka) = 8.60 cm™', Mo Ka radiation (A = 0.71073 K), T=26K, R(F) =
4.19%, R (F) = 5.46%.

(12) Deviations from the mean plane defined by Co, C(6), C(10), and
C(17) are as follows: Co, -0.002; C(6), +0.003; and C(10), -0.004; C(17),
+0.004; S, -0.110; Si -0.069; C(7), +1.208.

(13) To our knowledge, 11 is the first observation and structural charac-
terization of a first-row metallacyclobutene complex of the late transition
metals.
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(balance of cobalt material is §). However, when 1 equiv of PPh,
(0.016 mmol) is added to a benzene solution of ethyl diazoacetate
(0.027 M) and 5 (0.027 M), the diazoacetate is slowly consumed
over the course of 4 days and an 84% yield of cobaltacyclobutene
9 is observed by 'H NMR spectroscopy.'# The isolated metal-
lacyclobutene 9 is stable to ethyl diazoacetate in benzene at room
temperature. However, when a benzene-dj solution of 9 and ethyl
diazoacetate (1.5 equiv) is heated at 50 °C, diene complexes 6-8
are formed in the same ratio as that observed from reaction of
5 with ethyl diazoacetate.'®

The dramatic difference in product distribution for 5 vs 1 is
presumably related to the stability of the unsaturated cobalta-
cyclobutene intermediate. The bulky trimethylsilyl group inhibits
the formation of bimetallic products, and the electron-withdrawing
sulfone substituent stabilizes the intermediate toward subsequent
reaction with additional carbene. When the reaction of 1 and ethyl
diazoacetate is repeated in the presence of PPhs, no metalla-
cyclobutene product is observed by 'H NMR spectroscopy.
Detailed mechanistic studies are currently underway to determine
the specifics of metallacyclobutene ring formation.
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(14) In a related NMR experiment, a 93% yield of 9 was achieved by
further addition of ethyl diazoacetate after ~80% conversion.
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The elucidation of the structure of an enzyme—substrate complex
at various points along the reaction coordinate is one of the most
sought after goals of enzyme chemistry. The two techniques that
generate the most structural information, X-ray crystallography
and NMR spectroscopy, also are among the slowest and most
insensitive methods for the data collection.! In this communi-
cation, we report the first application of a new NMR method,
which we call time-resolved solid-state NMR spectroscopy, to the
direct detection of the transient enzyme-intermediate complex
of 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, a key
enzyme in the aromatic amino acid biosynthetic pathway. Unlike
X-ray diffraction of enzyme crystals, which has difficulty defining

* To whom correspondence should be addressed at the Department of
Biochemistry/Biophysics. Telephone: (509) 335-3343. FAX: (509) 335-
9688. EMAIL: EVANSJ@WSUVMS|.CSC.WSU.EDU.

* Department of Biochemistry/Biophysics.

! Department of Chemistry.

(1) The technique of electro-spray ionization mass spectrometry [e.g.,
Fenn, J. B,; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M. Science
1989, 246, 64] is, in principle, amenable to use in time-resolved studies of
enzymes, and experiments using this method are currently underway (Good-
lett, D.; Shuttleworth, W. A.; Edmonds, C. G.; Smith, R. D.; Evans, J. N. S.,
unpublished results).
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intermediate structures due their intrinsic motions, time-resolved
solid-state NMR spectroscopy focuses primarily on the inter-
mediate. This provides a generally applicable technique for
“mapping out” intermediate structures as a function of time.

Time-resolved solid-state NMR spectroscopy is complementary
to X-ray crystallography, which to date has achieved time reso-
lution of the order of 0.5 h with cryoenzymological methods? and
1-3 s with Laue diffraction methods,** although in theory Laue
methods can achieve time-resolutions in the millisecond regime.’
However, the limitations of time-resolved Laue diffraction methods
that arise from substrate diffusion and transient lattice disorder
give rise to diffuse electron density maps, and this has been im-
proved only to an extent by using caged substrate molecules.®
Disordered substrates are not too surprising, since during catalysis
the enzyme-bound substrate is dynamic and undergoing significant
molecular motion, which is where NMR spectroscopy is useful.
Although NMR spectroscopy has been used to study rapid re-
actions in solution, in particular by continuous-flow and stop-
ped-flow methods,’ the time-resolution to date is at very best ca.
20 ms and in practice of the order of 200 ms to >10s. The method
of time-resolved solid-state NMR spectroscopy which we introduce
here has a time-resolution achievable on the order of ca. 2 ms.

We have examined a well-characterized enzyme, 5-enol-
pyruvylshikimate-3-phosphate (EPSP) synthase (EC 2.5.1.19),
which catalyzes the penultimate step in the aromatic amino acid
biosynthetic pathway in higher plants and bacteria. EPSP is
formed from shikimate-3-phosphate (S3P) and phosphoenol-
pyruvate (PEP) (see Scheme I). The enzyme is a monomer with
molecular weight M, = 46000, and the cloned E. coli gene has
been used to generate a hyperexpressing strain,® so the bacterial
enzyme is available in gram quantities. Furthermore, EPSP
synthase is the primary site of action of the herbicide glyphosate®
or N-phosphonomethylglycine.

This enzyme has been extensively studied by kinetic and bio-
physical methods in the last five years and is one of a limited
number of enzymes for which the full kinetic and thermodynamic
profile has been determined.'® The direct observation of the
enzyme-intermediate E-I complex was first reported by our lab-
oratory'' and later confirmed by another laboratory.'? The E:I

(2) Douzou, P.; Petsko, G. Adv. Protein Chem. 1984, 36, 245-361.

(3) Hajdu, J.; Machin, P. A.; Campbell, J. W.; Greenhough, T. J.; Clifton,
I. J.; Zurek, S.; Glover, S.; Johnson, L. N.; Elder, M. Narure 1987, 329,
178-181. Farber, G. K.; Machin, P.; Almo, S. C,; Petsko, G. A.; Hajdu, J.
Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 112-115. Hajdu, J.; Johnson, L. N.
Biochemistry 1990, 29, 1669-1678.

(4) Hajdu, J.; Acharya, K. R.; Stuart, D. I.; McLaughlin, P. J.; Barford,
D.; Oikonomakos, N. G.; Klein, H.; Johnson, L. N. EMBO J. 1987, 6,
539-546.

(5) Moffat, K. Annu. Rev. Biophys. Biophys. Chem. 1989, 18, 309-332.

(6) Duke, E. M. H.; Hadfield, A.; Martin, J. L.; Clifton, I. J.; Hajdu, J.;
Johnson, L. N.; Reid, G. P.; Trentham, D. R.; Bruce, I.; Fleet, G. W. J.
Protein Conformation, Ciba Foundation Symposium; John Wiley & Sons:
Chichester, 1991; pp 75-86. Stoddard, B. L.; Koenigs, P.; Porter, N.; Petratos,
K.; Petsko, G. A.; Ringe, D. Proc. Natl. Acad. Sci. U.S.A. 1991, 88,
5503-5507.

(7) Fyfe, C. A,; Cocivera, M.; Damji, S. W. H. Acc. Chem. Res. 1978, 11,
277. Grimaldi, J. J.; Sykes, B. D. J. Am. Chem. Soc. 1978, 97, 273.

(8) Shuttleworth, W. A; Hough, C. D.; Bertrand, K. P.; Evans, J. N. S.
Protein Eng. 1992, 5, 461-466.

(9) Steinrucken, H. C.; Amrhein, N. Eur. J. Biochem. 1984, 143, 35].

(10) Anderson, K. S; Sikorski, J. A.; Johnson, K. A. Biochemistry 1988,
27, 7395-7406.

(11) Barlow, P. N.; Appleyard, R. J.; Wilson, B. J. O; Evans, J. N. S.
Biochemistry 1989, 28, 7985-7991, 10093. Evans, J. N. S. NMR and En-
zymes. In Pulsed Magnetic Resonance: NMR, ESR and Optics (A Recog-
nition of E. L. Hahn); Bagguley, D., Ed.; Oxford University Press: Oxford,
1992; pp 123-173.

(12) Anderson, K. S.; Sammons, R. D.; Leo, G. C.; Sikorski, J. A.; Benesi,
A. J.; Johnson, K. A. Biochemistry 1990, 29, 1460-1465.
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