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A trisulfide-linked glycoproteinf
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The first member of a novel class of chemoselective reagents,
glycosyl methanedithiosulfonates, has been synthesized, identi-
fied and employed in the first examples of chemical, site-
selective construction of a trisulfide-modified protein with
complete conversion.

Trisulfides are rare but important naturally occurring linkages in
biomolecules with functions ranging from subtle modulation of
conformation'™ and stability in proteins,*® such as human
superoxide dismutase™ and human growth hormone®’ and
peptides,” ! through to enediyne antitumor antibiotics.'*!* The
trisulfide motif can convey intriguing biological properties such
as fine-tuning of receptor interaction'® in hormones such as
vasopressin'® and oxytocin'® through to the trisulfide bridge
‘trigger’ that relieves strain and ultimately initiates'® radical-
mediated site-specific double-stranded DNA cleavage'® in cali-
cheamicins and esperamicins.'>!?

Glycosylation is the most diverse of all post-translational
modifications in Nature.!” ' It is estimated that over 50% of
all mammalian proteins carry carbohydrate appendages,®® which
affect biopharmacological properties, stability and signalling
functions of the proteins.”! As glycosylation is not under direct
genetic control, glycoproteins tend to exist as complex mixtures
of glycoforms;** proteins with the same protein backbone, but
varying in the nature and sites of glycosylation. This complexity
has plagued the structure-activity studies for specific glycoforms as
current separation procedures do not allow for the attainment of
sufficient quantities of glycoproteins for detailed studies. Chemical
glycosylation of proteins has therefore been an attractive strategy
for accessing single glycoform targets.'® Various approaches exist
for the precise incorporation of glycans at selected positions in
protein backbones.'® One such method relies on the attachment of
carbohydrate through a disulfide linkage onto the thiol of the
cysteine (Cys) sidechain;?> 2 cysteines are particularly attractive
target ‘tags’ due to their low natural abundance, especially in their
free-thiol form.™

Despite the availability of some methods for the formation of
small molecules containing polysulfides®!**!*? these are neither
selective for trisulfides, complete nor compatible with or applicable
to proteins as substrates. Moreover, the isolation of the small
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amounts of naturally-occurring protein containing, for example,
Cys—CH,SSSCH,-Cys trisulfides is either not possible or difficult
and low yielding (<1%).*® To our knowledge, until now, no
examples of either intermolecular protein trisulfides or trisulfide
glycoproteins exist. Here we present the discovery of a novel thiol-
selective modification agent for the direct and quantitative
formation of protein trisulfides.

Methanethiosulfonates (MTS, R-S-SO,CH5)** including glyco-
syl methanethiosulfonates (glyco-MTS)* such as Gle-MTS 3 are
powerful reagents for protein modification through disulfide
formation. However, the use, by logical extension, of methane-
dithiosulfonates (MDTS, R-S-S-SO,CH3) has surprisingly not
been investigated, perhaps due to their apparent instability.**
Glyco-MTS reagents are readily synthesized™*>** by displacement
of halide from the appropriate peracetohalohexose derivative with
methanethiosulfonate, typically sodium methanethiosulfonate.;*
The efficiency and stereoselectivity of this displacement can be
quite dramatically affected by conditions.*® During the course of
an investigation of the effect of solvent, temperature and additives
upon the reaction of glucosyl bromide 2°” with NaMTS to form
Glc-MTS 3 we observed and isolated, initially, very small amounts
(<2%) of an interesting by-product, tentatively assigned as the
glucosyl methanedithiosulfonate (Gle-MDTS) 4, of very similar
polarity to the expected product Glc-MTS 3. Variation of
conditions allowed some improvement of the yield to a workable
level (13%) capable of producing sufficient Gle-MDTS (Scheme 1)
using increased equivalents of NaMTS (5 equiv.) and dioxane at
70 °C for 70 h. Prolonged treatment or the use of other solvents
was found to give substantially lower yields.
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Scheme 1 Synthesis and X-ray crystal structures of glyco-MTS 3 and
glyco-MDTS 4.
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We are still investigating the mechanism behind the unusual
formation of 4. Although conditions that increased the yield of 4
led to lower concomitant yield of 3, we do not observe direct
conversion of 3 to 4 when re-exposed to the reaction conditions.
Not only was this formation of this rare compound type
surprising, the isolation of 4 is notable given the facile route for
gjection of molecular sulfur from polythiosulfonates.®* We
speculate that isolation and subsequent successful use of 4 as a
reagent may due to enhanced stability that is a consequence of the
presence of a more hindered, secondary (glycosyl) thiyl moiety.*®
Regardless, the identities of closely related compounds 3 and 4,
was unambiguously confirmed by full characterization and X-ray
crystallography§ (Scheme 1); the latter is the first known 3D
structure of an MDTS. Interestingly, the MDTS moiety appears to
be a powerful chirochromophore with significant ORD at 589 nm
in a manner consistent with Hudson’s isorotation rules:® the
specific rotation of Na D-line light ([o]5 = —235 (CHCl3)) by B-D-
4 is in the same direction but an order of magnitude greater than
that of B-D-3 despite only differing by one sulfur atom. In the
infrared spectrum of 4 two additional strong absorbances are also
observed (1258, 1226 cm ') due to S-S stretching.

Next, the potential of 4 as a novel class of trisulfide-forming,
protein modification reagent was investigated. In aqueous buffer
at pH 9.5, 4 cleanly and completely (>95%) converted cysteine
mutant protein SBL-S156C (Scheme 2 and Fig. 1) into trisulfide
glycoprotein  S156C-SSS—4, an intriguing and novel class of
glycoconjugate. This first, complete and site-selective chemical
construction of a trisulfide-containing protein has also allowed us
to clarify aspects of the long-standing speculation surrounding
proteins that contain ‘excess sulfur atoms’.* Such proteins*>* can
display unusual spectral properties due to the presence of an
intramolecular Cys—-CH,SSSCH,-Cys trisulfide. S156C-SSS-4
displayed a broad increase in absorption over unmodified protein
in the region ~250-270 nm (Fig. 2) consistent with the additional
presence of an wunstrained SS bond that gives rise to n — o*
transition but no absorption at 325 nm. These observations
confirm that transitions at 325 nm observed in other trisulfide—
containing proteins*>*° are due primarily to the dihedral strain
induced in an intramolecular trisulfide strained S-S° and not due
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Scheme 2 Conditions: 70 mM CHES, 5 mM MES, 2 mM CaCl,, pH
9.5, 50 equiv. of 4,9 protein concentration 2 mg mL ™.
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Fig. 1 ESI-MS spectrum of SBL-SSS-4. (Observed mass 27111,
calculated mass 27110).
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Fig. 2 UV spectrum of SBL-SSS-4. Both protein samples were recorded
at 1 mgmL ™,

simply to the presence of trisulfide.* We are currently exploring the
spectral profiles of intra- and inter-trisulfide proteins for the direct
monitoring of their presence, stability and kinetics (interaction and
reaction).

In summary, this communication describes the synthesis of a
novel and potent chemoselective reagent, Glc-MDTS 4 and its
successful use in the first site-selective construction of a trisulfide-
linked (glyco)protein. This method not only suggests strategies for
accessing this class of rare natural products but allows the creation
of novel (glyco)protein probes with unique reactivities and proteins
with manipulable spectral signatures, the full properties of which
are currently being determined.
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Notes and references

i Sodium methanethiosulfonate 1 for reaction with glycosyl halide was
prepared through direct reaction of sodium sulfide with methanesulfonyl
chloride in refluxing water.*

§ X-Ray data collection: Siemens SMART 1 K CCD area detector, Mo-
Ko radiation (4 = 0.71073 A), narrow-frame o scans covering full sphere of
the reciprocal space up to 20 < 587 structure solution (direct methods) and
least-squares refinement against F° using SHELXTL 6.14 programs
(Bruker AXS, Madison, Wisconsin, USA, 2003). The absolute structures
were determined from anomalous dispersion of sulfur by Flack parameter
(). Crystal data: 3, CisHx01,S,, M = 44245, T = 108 K, monoclinic,
space group P2, (no. 4), a = 8.790(1), b = 12.774(2), ¢ = 9.607(1) A, p =
113.60(2)°, U=988.4(2) A>, Z=2, 1 =033 mm ', 12 148 reflections (2731
unique + 2448 Friedels, R;, = 0.028), R(F) = 0.026 on 5038 data with 7 >
26(I), wR(F®) = 0.069 on all data, x = 0.06(4). CCDC 645866.

4, CsH»,0,,S;, M = 474.51, T = 120 K, monoclinic, space group P2,
(no. 4), a = 5.6609(6), b = 20.850(2), ¢ = 9.2785(10) A,  =105.45(3)°, U =
1055.6(2) A3, Z=2, ;=041 mm ", 11 166 reflections (2886 unique + 2405
Friedels, Ry, = 0.019), R(F) = 0.028 on 5119 data with I > 2a(1), wR(Fz) =
0.070 on all data, x = —0.07(4). CCDC 645867. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b706682a
9 This level of excess compares well with typical excesses used in protein
modification of 500-1000 equiv. 50 equiv. was chosen here to ensure
complete conversion and we are currently exploring the use of even less
reagent.
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