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In summary, this paper describes a unique general method for
the synthesis of 8-cyano-, formyl-, acyl-, and alkoxycarbonyl-
substituted 8,e-unsaturated ketones, which demonstrates the power
of free-radical carbonylation. To the best of our knowledge, this
is the first example of a successful intermolecular four carbon
component coupling reaction by a free-radical process except for
polymerization. Application to carbonylative cyclizations will be
the subject of a forthcoming paper.

Supplementary Material Available: Detailed experimental
procedures and physical characteristics of 4a-k (5 pages). Or-
dering information is given on any current masthead page.
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Hydration water molecules associated with protein-DNA
complexes have been observed by X-ray diffraction in single
crystals diffracting to a higher resolution than 2.5 A.23 On the
basis of these observations, important roles in sequence-specific
DNA recognition have been attributed to water molecules located
in the protein-DNA interface which are hydrogen-bonded to polar
groups of both the protein and the DNA bases.? Hydration water
molecules in aqueous solution have been detected by NMR for
both proteins® and DNA,* using the NOEs between water protons
and protons of the solute.® The present communication reports
the NOE detection of hydration water molecules bound with
residence times longer than | ns in the protein-DNA interface
of a I:1 complex formed between the Antp(C39S) homeodomain
and the l4-base-pair DNA duplex d(GAAAGCCATTA-
GAG)-(CTCTAATGGCTTTC).

Individual cross peaks among the numerous overlapping signals
in the '"H NMR spectrum of the homeodomain-DNA complex
were resolved using 3D *N-correlated ['H,'H]-NOESY with a
complex containing the uniformly 'N-enriched Antp(C39S)
homeodomain bound to the unlabeled 14-base-pair DNA duplex,
and 3D '*C-correlated ['H,'H]-NOESY with a similar complex
containing the uniformly '*C-labeled homeodomain. The data
were recorded using the experimental scheme of Messerle et al.’
In these 3D NMR spectra the cross peaks are separated in the
w,-dimension by the different '*C or N chemical shifts, re-
spectively, of the individual '*C-'H and '*N-'H fragments involved
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Figure 1. wy("*C)-w;('H) cross plane taken at the w,('H) frequency of
the water signal through a 3D '’C-correlated ['H,'H]-NOESY spectrum
of the 1:]1 complex of the uniformly '’C-enriched Antp(C39S) homeo-
domain with the DNA duplex d(GAAAGCCATTAGAG)-
(CTCTAATGGCTTTC). (Concentration of complex = 2.3 mM, solvent
90% H,0/10% *H,0, pH = 6.0, T = 36 °C, 'H frequency = 600 MHz,
mixing time = 60 ms, |, = 52.8 ms, t, = 13.3 ms, 15, = 67.6 ms,
time domain data size 400 X 64 X 1024 points, total recording time about
130 h, States-TPPI with delayed acquisition'” in the #,('*C) dimension.)
The peak identification is by one-letter amino acid symbols, sequence
positions, Greek letters, and where applicable, numerals for the type of
hydrogen atoms of the Antp(C39S) homeodomain that are involved in
the cross peaks with the water signal. Underlined symbols identify in-
termolecular NOE cross peaks with water molecules (see text). Because
of spectral folding along w,('*C), the chemical shift positions 30, 40, and
50 ppm coincide with, respectively, chemical shifts of -1.9 and 61.9 ppm,
8.1 and 71.9 ppm, and 18.1 and 81.9 ppm.

in the '"H-'"H NOEs with the water.® Figure | shows the two-
dimensional cross section through the 3D '*C-correlated
['H,'H]-NOESY spectrum taken at the w,('H) chemical shift
of the water resonance. For an analysis of the NOEs with hy-
dration water, one has to account for the fact that most of the
cross peaks in Figure | correspond to intramolecular NOEs with
solvent-exchangeable protons of NH and OH groups, which are
relayed to the water line by chemical exchange.®® This situation
prevails quite generally for all nonlabile hydrogen atoms that are
spatially close to protons in rapid chemical exchange with the
solvent, e.g., the lysyl ¢CH,, arginyl 6CH,, and threonyl yCH,
groups (Figure 1). Correspondingly, in the 3D 'N-correlated
['H,'H]-NOESY spectrum, intense exchange peaks with the water
resonance were observed, for example, for the eNH and nNH,
groups of the arginyl side chains. To unambiguously identify
intermolecular NOEs between protons of the complex and protons
of hydration water molecules against this background of exchange
peaks, NOE identification was accepted only for nonlabile hy-
drogen atoms and for potentially labile protons!'® that had been
shown to exchange slowly in the Antp(C39S) homeodomain-DNA
complex. Furthermore, these hydrogen atoms had to be more than
4.0 A away from the nearest rapidly exchanging proton in any
of the 16 conformers representing the refined solution structure
of the complex (Billeter, M.; Qian, Y. Q.; Otting, G.; Miiller, M;
Gehring, W. J.; Wiithrich, K., to be submitted). In Figure 1, the
cross peaks involving SCH and yCH,; of Ile 47 were thus unam-
biguously identified as NOEs with hydration water molecules,
while, for example, cross peaks with Ile 47 5CH; and Met 54 ¢CH,
were dismissed because these methyl groups are near the labile
side chain protons of Lys 46 and Arg 53, respectively, in about
half of the 16 conformers. In the 3D '"N-correlated ['H,'H]-
NOESY experiment, a NOE with hydration water was similarly
identified for the amide proton of Trp 48.!' Clearly, with these
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Figure 2. View along the axis of the recognition helix of one of the 16
NMR conformers representing the solution structure of the Antp(C39S)
homeodomain-DNA complex (Billeter, M.; Qian, Y. Q.; Otting, G.;
Miiller, M.; Gehring, W. J.; Wiithrich, K., to be submitted). The
presentation includes all heavy atoms of base pairs 5-12 of the 14-
base-pair DNA, the polypeptide backbone of residues 8-56 of the
Antp(C39S) homeodomain, and with bold lines, the side chains of Ile 47
and Trp 48 of the homeodomain. The arrow indicates the location of the
hydration water molecules detected by NMR.

stringent requirements, it is likely that additional cross peaks
representing intermolecular NOEs with hydration water were not
identified as such. On the other hand, since several intermolecular
NOEs were observed between the side chain of Ile 47 and the
DNA (Billeter, M.; Qian, Y. Q.; Otting, G.; Miiller, M.; Gehring,
W. J.; Wiithrich, K., to be submitted), and since the amide proton
of Trp 48 is next to Ile 47, we have well established that the few
NOEs attributed to hydration waters are with hydrogen atoms
in the interface between the protein and the DNA (Figure 2).

Only very few of the water molecules hydrating the homeo-
domain—-DNA complex could be observed by NOEs. Apparently,
most of the other solvent—solute NOEs are very weak, indicating
that the residence times of water molecules in the surface hydration
sites are shorter than about 0.5 ns, as was found in other peptides
and proteins.* The negative sign and the higher intensities of the
NOEs with the water molecules in the protein-DNA interface
show that the lifetimes of these hydration water molecules are
longer than 1 ns, and since these water molecules have the same
chemical shift as the bulk water, we can also establish an upper
limit for the lifetimes of about 20 ms.!? This coincides with the
behavior of hydration water in interior cavities of globular proteins,
where the water molecules constitute integral parts of the mo-
lecular architecture, #1213 The present studies thus indicate an
important structural role of the hydration water in the protein—
DNA interface. Since the lifetimes of these waters are much
shorter than the lifetime of the complex,'# they also show that
the structure of the complex undergoes time fluctuations with
similar frequencies and amplitudes as observed for globular
proteins. 2
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Alkoxysilane coupling agents are commonly used to bond
polymers to glass surfaces by the following reaction:'

R’Si(OR), + HOSi= — R'Si(OR),0Si= + ROH (1)

R is typically a methyl or ethyl group, and R’ contains a func-
tionality that can react readily with the polymer (e.g., mercaptan
or epoxide). HOSi= can be either an isolated surface silanol or
a hydrogen-bonded hydroxyl group. The rate of the coupling
reaction can be further increased in the presence of water by first
hydrolyzing the silane.! Until now, it was thought that reactive
hydroxyl groups must be present on the surface in order for
bonding to take place. Here we demonstrate that alkoxysilane
coupling agents can react directly with highly strained siloxane
bonds present on dehydroxylated silica, thus yielding a new
mechanism for polymer-silica surface adhesion.

Strained siloxane bonds can be formed readily on high surface
area silica samples by heating to temperatures in excess of 900
K.>* The most reactive of these sites are edge-shared tetrahedra
formed by the dehydroxylation of adjacent, isolated silanol
groups.2®> The strain in these four-membered-ring structures

OH OH (o)

N E |7 N N\_/

Si Si —= 8 Si_ + HO (2)
/7 \o/ AN 7/ \o/ \

(estimated to be 23 kcal/mol of Si—O bonds®) is due to the large
distortion of both the O-Si-O and Si-O-Si bond angles*’ and
resultzs 4in infrared active Si-O stretching modes at 888 and 908
cm .

The adsorption of methyltrimethoxysilane (MTMSi) on a
dehydroxylated silica surface at 330 K is followed using infrared
spectroscopy (Figure 1a).2 From this data it is clear that the
intensity of the CH, stretching vibrations from both the methyl
(asym: 2978; sym: ~2920 cm™!') and methoxy (asym: 2957; sym:
2851 cm™) groups increases as a function of time.!® A corre-
sponding decrease in the intensity of the bands due to the Si-O
stretching modes of the strained siloxane rings is also observed.'®
These data, normalized to a constant peak height, are summarized
in Figure 1b.

The intensity of the isolated (i.e., non-hydrogen-bonded) O-H
stretching vibration (3750 cm™) remains constant at 0.104 £ 0.001
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