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Figure 1, Static structures for Sng*~.

of Sne*~ and has predicted nonrigidity.! Our experiments
confirm this expectation.

We also have found from 1'°Sn NMR that the extraction
of Na-Sn-Pb and Na-Sn-Sb alloy with en gives solutions
containing new clusters in addition to Sng*~ The en solutions
obtained from the Na-Sn-Pb alloy contain at least six new
clusters observable by 11°Sn NMR. Each cluster gives a dis-
tinct multiplet to the high-field side of Sny*~ with the dis-
placement of successive multiplets gradually increasing from
42 to 60 ppm. Although the signal-to-noise ratio for these
signals is poorer at higher field, our analysis of the multiplet
patterns>® indicates that they arise from (PbSng)*~,
(PbSn5)4=, (PbsSng)*, (PbySns)*~, (PbsSns)4~, and
(PbgSn3)*~ clusters, respectively. Each multiplet shows
119§n-117Sn coupling of ~260 Hz and 19Sn-207Pb coupling
of ~560 Hz. The 297Pb NMR*4 at 16.591 MHz shows the
clusters (Pb3Sneg)*—, (PbySns)4~, (PbsSn4)*—, (PbsSn3)4-,
(PbsSn»)4~, (PbsSn)4~, and (Pbe)*~ with the latter at 1190.9
ppm upfield from 1 M Pb(NO3), and successive displacements
to lower field of ~185 ppm/Sn atom.

The Na-Sn-Sb alloy yields a new cluster 108.1 ppm
downfield fron Sng*~ with Jiisga_117g, = 84 Hz and relative
intensities indicative of nine tin atoms in the new cluster. No
evidence of 119Sn-121Sb or 1198n-123Sb coupling has been
observed. Therefore, NMR cannot establish the number of Sb
atoms in the new cluster, and antimony may be exchanging
rapidly on the NMR time scale. Isolation is currently being
attempted; however, it is interesting to speculate regarding the
nature of the cluster. For instance, the PERC® approach would
suggest either SbSno?~ or SbSny~ if a single Sb atom per
cluster is present. The latter is expected to have a bicapped
square antiprism structure, the former a more open struc-
ture.
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The Molybdenum-Iron-Sulfur Cluster Complex
[Mo2FesSofSC,Hs)s]P~. A Synthetic Approach to the
Molybdenum Site in Nitrogenase

Sir:

EXAFS (extended x-ray absorption fine structure) spec-
troscopy of FeMo proteins of nitrogenase! and of the FeMo
cofactor? (FeMo-co) isolated thereform? has demonstrated
that the molybdenum coordination sites in these species are
distinctly similar, and has implicated molybdenum in a Mo-
Fe-S cluster unit as yet undefined in detail. Noting the spon-
taneous self-assembly of the ferredoxin analogue clusters
[FesS4(SR)4)2~ from simple reagents,* a similar approach to
the synthesis of Mo-Fe-S clusters is under investigation by us.
Anaerobic reaction of 1 equiv of (Et4N)>,MoS,, 3 equiv of
FeCl;, and 9 equiv each of ethanethiol and NaOMe in meth-
anol afforded, after unexceptional workup and recrystallization
from acetonitrile-THF, black crystals whose composition is
consistent with the formulation (Et4N)s;[Mo,FegSo(SEt)g]:?
Amax 274 nm (ep 58 100), 395 (38 000) in DMF.

The compound crystallizes as hexagonal rods in space group
P63/m witha = b =17.230(6),c = 15999 (4) A; V =4113
A3; and Z = 2.8 Data collected on a Syntex P2, diffractometer
using graphite monochromatized Mo Ko radiation yielded 800
unique reflections with F2 > 3a(F,)? out to 26 of 50°. The
structure (Figure 1) was solved by MULTAN and refined by
standard procedures; at the current refinement stage R = 5.6%
and R,, = 8.6%. Two molybdenum atoms, each in a MoFe3S,
cubane-type cluster, are bridged by three sulfur atoms across
the mirror plane at z = Y4 in P63/ m. All atomic positions ex-
cept for those of the bridging atoms were readily determined.
Fourier and difference Fourier maps of the bridging region
revealed electron density elongated in the mirror plane and
attributable to sulfur atoms of SEt groups with partial occu-
pancy, This density was satisfactorily refined in terms of the
Mo(u-S){(u-SEt)>sMo unit whose bridging groups are disor-
dered by the crystallographic threefold axis.”

The presence of two (but not one or three) u-SEt groups in
the 3 anion requires a paramagnetic ground state and is further
supported by these observations; (i) u = 4.83 ugat 4.2 K and
Hy = 3.890 kOe; (ii) magnetic hyperfine 3’Fe Mdssbauer
spectrum at 4.2 K and Hy = 60-80 kOe (consisting of two
superimposed spectra with opposite hyperfine interactions of
ca. —210 and +150 kOe); (iii) strong EPR spectrum with
apparent g values near ~10, 4.0, 1.9,and 1.2 (4.2 K, DMF);
(iv) isotropically shifted TH NMR spectrum with signals at
54.2 ppm downfield and 3.1 ppm upfield of Me,Si in a ~3:1
intensity ratio (CD3CN, ~25 °C) (these signals are tentatively
assigned to the Fe-SCH; and Mo-SCH), units, respectively).
The Mdssbauer spectrum in zero magnetic field consists of a
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[Mo,FegSq(SCHg)g

Mo--Mo 3.306(3)
Fe--Mo 2.730(2)
Figure 1, Structure of [Mo:FecSo(SEt)g]3™ as its EtyN7 salt; the two
disordered ethyl groups in the MoS(SEt),Mo bridge unit and those of the
six terminal thiolate ligands are omitted. Estimated standard deviations
of the indicated cluster distances are 0.003-0.006 A.
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Figure 2. Curve-fitting analysis of Mo EXAFS for the FeMo protein of
Clostridium pasteurianum (left) and [MozFeeSs(SEt)s]~ (center). In
each case the data (—) are fit (- - -) using three waves: Mo-S, Mo-Fe,
and Mo-§’. Details of the fitting method are given elsewhere.!® A more
direct comparison of the contribution to the EXAFS of the short Mo-S
and the Mo-Fe interactions within one cluster is shown on the right. The
close agreement between the sum of the Mo-S plus Mo-Fe components
(and, likewise, the very close agreement between the parameters!? de-
termined from the fits) established that the FeMo protein possesses Mo
to S and Fe interactions that dictate the presence of a structural fragment
similar to the MoFe3S4 cube that constitutes one half of the complex
[M02F66SQ(SE1)3]3_.

‘30, 7.0 1.0
(27

single slightly asymmetric quadrupole doublet with somewhat
broadened lines; at 77 K, 6is 0.27 £ 0.02, AEg = 0,95 £ 0.03,
and I'y> = 0.31 mm/s. Isomer shifts of other Fe-S complexes®
vary nearly linearly with formal oxidation state (dreqn)
- OFeriny = 0.47 mm/s, source and absorber at 77 K). Inter-
polation of the observed 6 value gives Fet267 or a formal
2Fe(I11) + Fe(IT) configuration. From this result it follows that
the molybdenums in [Mo,FesSo(SEt)g]?~ are also formally
mixed valence (very likely Mo(II1) + Mo(IV)); however, the
molybdenum sites are symmetry related in the crystal struc-
ture.

Molybdenum K-edge x-ray absorption data on (Et4N);-
[Mo,FesSo(SEt)g] were collected using previous methods!-®
and curve-fitting analysis of the EXAFS was performed in a
manner identical with that described previously.? Initial fitting
to the EXAFS data assuming two coordination shells (Mo-S,
Mo-Fe) was very unsatisfactory. Addition of a third shell
(Mo-S) reduced the fit residual by threefold and gave the
excellent fit in Figure 2, center. Calculated from the EXAFS
analysis were 3.7 S and 2.2 S’ atoms at 2.35 and 2.55 A, re-
spectively, from Mo and a Mo-Fe distance of 2.76 A. These
results further verify the Mo(u-S)(u-SEt);Mo bridge and
provide individual Mo-S distances unavailable from crystal-
lography owing to disorder.

One proposed structure for the molybdenum site in FeMo
proteins, derived from curve-fitting analysis of the Mo EXAFS
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analogous to that employed here, was a cubane-type MoFe;S,
cluster,! The protein and [Mo,FeSo(SEt)g]3~ EXAFS data
and the fits used to obtain Mo-S, Mo-S’, and Mo-Fe distances
are shown in Figure 2. Striking similarities can be seen in
Figure 2, right, which compares the sum of the Mo-Fe and the
shorter Mo-S waves from each of the two fits. Differences near
k ~ 8 A~1result from slightly different Mo-Fe distances and
Mo-S amplitudes. Actual distances and numbers of atoms in
each shell derived from the fits are extremely similar for the
proteins!® and [Mo;FegSo(SEt)s]3~.

These results show that [Mo>FegSo(SEt)g]3~ possesses a
molybdenum structural fragment in common with FeMo
proteins! and FeMo-co,2 both of which, therefore, contain
Mo-Fe and Mo-S interactions at distances similar to those in
the synthetic species. Because the EXAFS of [MoyFegSo-
(SEt)g]3~ does not reflect the presence of the more distant S(2)
atom (Figure 1), it is not possible to assert that the complete
MoFe;S, cluster is present in the proteins or cofactors. For this
reason and because of differences in Fe;S:Mo atom ratios and
in certain spectroscopic properties between FeMo proteins,!!
FeMo-co,3!2 and [Mo,FecSo(SEt)g]3, the latter in its entirety
cannot be designated as a true analogue of molybdenum sites
in nitrogenase. It is, however, the closest synthetic approach
to these sites yet available.
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Generalized Affinity Chromatography:
Enzyme-Sulfonamide Conjugates Can Be Isolated by
Adsorption on Immobilized Carbonic Anhydrasel
Sir:

The practicality of synthetic procedures involving enzymes
as catalysts often depends on the ease with which these en-
zymes can be recovered for reuse.2 Enzyme recovery is com-
monly facilitated by immobilization on an insoluble matrix.?
Immobilization is, however, not always practical, and in several
circumstances it may be advantageous to employ a soluble
enzyme; when a substrate, product, or cofactor of the enzyme
is itself insoluble; when the enzyme is deactivated by immo-
bilization; when association of the enzyme with other macro-
molecules is required for activity;* or when diffusion of sub-
strate through an immobilizing matrix is rate limiting. In
principle, recovery of soluble enzymes from synthetic reaction

-mixtures can be accomplished by a number of conventional
techniques for isolating proteins; in practice, each has disad-
vantages. Ultrafiltration may denature enzymes by shear at,
or adsorption on, the filter face; further, it involves apparatus
not commonly available in organic laboratories. Gel perme-
ation and ion-exchange chromatographies and protein pre-
cipitation techniques are inconvenient when applied to large
volumes of solution containing low concentrations of enzyme.
Affinity chromatography requires both the development of an
appropriate adsorbent for each enzyme,® and a preliminary
separation of reactants, products, and cofactors which compete
with the affinity ligand for the enzyme active site.

To circumvent the limitations of conventional affinity
chromatography for enzyme recovery from synthetic reaction
mixtures, we have developed a varient on this technique which
utilizes a single affinity column to isolate previously modified
enzymes from solution. In this procedure, the enzyme of in-
terest is first coupled covalently with an aryl sulfonamide
moiety. The enzyme-sulfonamide conjugate may subsequently
be isolated easily from reaction mixtures by adsorption on a
column of immobilized carbonic anhydrase (CA, from bovine
erythrocytes, E.C. 4.2.1.1) and desorption by treatment with
solutions of either 0.01 M p-toluenesulfonamide or 1.0 M so-
dium chloride (Scheme I). We have selected carbonic anhy-
drase as the adsorbing protein for several reasons: it is com-
mercially available and inexpensive; it is easily immobilized
in good yield; it does not catalyze reactions likely to destroy
probable reactants or products of enzyme-catalyzed synthetic
processes; it binds a wide variety of sulfonamide derivatives
at its active site with affinities sufficient to make biospecific
adsorption easily practical, but not so high as to make de-
sorption difficult or slow (K; =~ 10~7 M).® Since aryl sulfon-
amides are readily manipulated synthetically, generation of
appropriate reagents for the preparation of protein-sulfona-
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Scheme I, Preparation and Affinity Adsorption of Enzyme-Sulfon-
amide Conjugates (Enz-1) (NHS, N-hydroxysuccinimide; DCC,
dicyclohexylcarbodiimide; DMF, dimethylformamide)

HOZC—Q—SOZNHZ

1) NHS, DCC, DMF, 25°C
2) glygly, EtyN, 0q ocetone, reflux
3) NHS, DCC, DMF, 0°C

,:(:) o o)
N— 0O NH}/\NH)_@'SOENW
0

° L (38%)

Enzyme, substrotes, ond cofactors
pH 7,8, 1-2 h, 25°C

[o] (o]
Enz-{-NH/L\/NH\r(\NH/ < >502NHz]n
(o]

Enz ~|
~ column

Adsorb on CA-ogorase -
regeneration D IM NaCl
Enz~|+ CA-agaro ’
~l garose pH 5.5,
) wosh acetote
2) desorb ond elute’ 2) ;ulf:rT_
, ris-
ArSO,NH,, 0.5M NoCl phosphate
buffer,
Enz~| + ArSO,NH,+ CA-agarose pH 7.5

mide conjugates is straightforward. We have found 17 to give
good results {Scheme I).2

Compound 1 was coupled with three representative enzymes,
glucose 6-phosphate dehydrogenase (G-6-PDH, from Torula
yeast, E.C. 1.1.1.49), hexokinase (from Baker’s yeast, E.C.
2.7.1.1), and lysozyme (from egg white, E.C. 3.2.1.17) (all
from Sigma Chemical Co.) to yield enzyme-sulfonamide
conjugates according to the following general procedure. A
glass vial was charged with 200 uL of 2 M Hepes buffer (pH
7.8), 50-100 uL of solution containing enzyme (50-100 U of
G-6-PDH or hexokinase; 10° U of lysozyme), and 40-100 uL
of solution containing appropriate substrates and cofactors in
concentrations well above their Michaelis constants.® A 10-uL
aliquot of a solution of 1 (0.4 umol) in dimethyl sulfoxide was
added to the vial, mixed, and allowed to remain at room tem-
perature for 1-2 h. At the end of this coupling period, solutions
of G-6-PDH, hexokinase, and lysozyme retained respectively
60, 90, and 90% of their original enzymatic activities,!® The
reaction mixture was loaded onto a column containing CA
immobilized on cyanogen bromide activated Sepharose 4B.!!
The column was washed with 50 mL of 0,1 M Tris-phosphate
buffer (pH 7.5), to remove unbound enzyme, and then 50 mL
of the same buffer containing 0.01 M p-toluenesulfonamide
(KicsH,80,NH, = 1.0 X 10-7 M)¢ and 0.5 M NaCl (K ¢- =
0.05 M)6 to elute the enzyme-1 conjugate.!?

Average yields of activities eluted by the sulfonamide-con-
taining buffer were 50% for G-6-PDH, 80% for hexokinase,
and 50% for lysozyme,'4 based on the original activities of the
native enzymes prior to the coupling reaction. The proteins
eluted with sulfonamide were retained essentially quantita-
tively on reapplication to the column of immobilized CA, and
are assumed to be modified by the covalent attachment of at
least one sulfonamide moiety. Figure 1 illustrates represen-
tative chromatographic behavior of enzyme-1 conjugates.
These plots indicate that the retention volume of the conjugates
is not related to that of the native enzymes and is apparently
not influenced by the presence of a large quantity of an un-
functionalized protein (here, horseradish peroxidase) in so-
lution. Moreover, elution of adsorbed enzyme-1 conjugates
from the CA column can be accomplished easily and in high
yield.

Since column chromatography may be inconvenient in
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