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and isolated by crystallization from CH;CN in 36% yield.}* The
tertiary proton and carbon resonances for the i-Pr groups on the
aryl imide ligand are broadened at room temperature in purple
S, presumably due to hindered rotation about the (i-Pr)-C¢H,
bonds. The 'H NMR signal sharpens into a septet at 40 °C while
no other line-shape changes are observed.

Reactions of 2a with alcohols depend on the nature of the
substituent. Complex 2a did not react with -BuOH at room
temperature, but the deep red CymOs(O-7-Bu), (6) could be
prepared by treatment of 1a with 2 equiv of -BuOK in THF.!6
Complex 6 was characterized spectroscopically, but repeated
attempts to isolate it in analytically pure form have not succeeded.
The bis(tert-butoxide) 6 was converted to the monomeric imido
complex 2a upon addition of -BuNH,, demonstrating that AG®
> 0 for the 2a + ¢-BuOH reaction. In contrast to these obser-
vations with ¢-BuOH, addition of pinacol (HOC(CH,),C(C-
H;),0H) to 2a in pentane led to >98% yield (by !H NMR in-
tegration against an internal standard) of the red pinacolate
CymOs[OC(CH,),C(CH;),0] (7). The compound was isolated
in 34% yield on a preparative-scale reaction after purification by
crystallization from diethyl ether. Electron-impact mass spec-
troscopy of complex 7 shows the monomeric molecular ion at m/e
442,

Although 2a does not react with -BuOH, addition of t-BuSH
to 2a in toluene gave the violet CymQOs(S-t-Bu), (8) in 95% yield.!®
The bis(zert-butoxide) 6 was also converted to 8 upon addition
of 2 equiv of 1-BuSH. In each case, t-BuNH, or -BuOH was
observed by 'H NMR spectrometry as a byproduct of the
transformation. Variable-temperature 'H and *C{!H} NMR
studies show no line-shape changes from 25 to —80 °C.} The
thiolate 8 is monomeric in the mass spectrum, showing [M]* at
m/e 504, but no peak at higher mass. Attempts to prepare
CymOs(NH-t-Bu), for direct comparison with 6, 7, and 8 by
addition of limited amounts (2 equiv) of LINH-z-Bu to 1a led only
to a mixture of 1a and 2a.

Monomeric compounds 2a and 2b provide additional evidence
for the enhanced reactivity of late transition metal imides. These
complexes have opened up an opportunity to study Os—X bonds
(X =N, 0,8) in low-valent osmium compounds and to prepare
unusual late transition metal heteroatom bonded complexes.
Experiments aimed at exploring these possibilities are under way.
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Short, alanine-based peptides that are made water-soluble by
insertion either of glutamic acid and lysine residues! or of lysine
alone? can adopt an a-helical structure in aqueous solution. A
recent calorimetric study? suggests that the a-helical polypeptide
backbone itself is responsible for the stability of the helix in water.
These and other peptides are being used to study the helix pro-
pensities of amino acids by substitution experiments.*? Intro-
duction of an uncharged reference peptide could be a significant
advance, particularly for determining helix propensities of charged
amino acids. We report the synthesis and characterization of such
an uncharged helix-forming peptide that contains naturally oc-
curring amino acids.® The 16-residue peptide contains three blocks
of the simple repeat!! AAQAA,; four alanine residues separate
successive glutamine residues. The peptide sequence is Ac-
(AAQAA);Y(NH,). The single tyrosine residue allows accurate
measurement of peptide concentration by tyrosine absorbance.?
The acetyl and amide blocking groups eliminate the charges on
a-NH;* and «-COO~ groups, respectively. Insertion of three
glutamine residues provides water solubility; the poly-L-alanine
sequence is not soluble.

The circular dichroism (CD) spectrum of the peptide (Figure
1) shows the two minima at 222 and 208 nm and the maximum
close to 190 nm that are characteristic of mixtures of a-helix and
random coil structures,!? and the helix unfolds with increasing
temperature (Figure 1), like other alanine-based peptides.!”> The
value of —[6],5, at 0 °C in 0.1 M NaCl (16 500 deg cm? dmol ™)
is somewhat lower than the values reported? (~22 000) for some
different 16-residue, alanine-based peptides that contain three
lysine residues. Thermal-unfolding curves are coincident over a
broad range of peptide concentration (from 8.5 to 119 uM), which
shows that helical stability is not concentration dependent and
therefore the helix is probably monomeric. An earlier study of
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Figure 1. Circular dichroism (CD) spectra of Ac(AAQAA);Y(NH,)
recorded at 0, 20, 40, 60, and 80 °C with an Aviv 60DS spectropolar-
imeter as described.}™# At 222 nm, the bottom curve represents the
spectrum at 0 °C and the top curve at 80 °C. The peptide concentration
was 24.2 uM in 1 mM KH,PO, containing 0.1 M KF at pH 7.0.

lysine-containing, alanine-based peptides* showed that this is a
reliable test by comparison with measurements of molecular weight
by sedimentation equilibrium.

Availability of a completely neutral helix allows us to test a
prediction based on the 1943 theory of Kirkwood!? for the
thermodynamic interaction between a dipolar ion and an elec-
trolyte. The prediction is that increasing ionic strength should
stabilize the helix by shifting the equilibrium between the a-helix
(which should have a large dipole moment!*!%) and the random
coil (which has a small dipole moment since the peptide dipoles
are oriented almost randomly). Like the Debye—Hiickel theory,!¢
Kirkwood’s theory is a limiting law, applicable at low values of
the ionic strength.'” Figure 2A shows that there is an increase
in a-helix content with ionic strength, at low ionic strength, for
each of three salts that are either helix-stabilizing (Na,SO,) or
-destabilizing (CaCl,, NaCl) at high ionic strength. In Figure
2B, AG?® for helix formation has been calculated from a-helix to
random coil theory.!®1? The lines at high electrolyte concentration
show the linear behavior expected for the effect of a Hofmeister
series salt on the logarithm of the activity coefficient of a nonpolar
molecule.?® Figure 2C compares the change in AG® with ionic
strength for the three salts after subtracting the Hofmeister effect.
An identical linear change with ionic strength is found for the
three different salts, as expected from Kirkwood’s theory.

The magnitude of the dipole moment of the a-helix, estimated
from the slope of the line in Figure 2C using Kirkwood’s model,!3’
is 51 D. This gives a per residue dipole moment of 3.2 D, which
is identical with the residue dipole moment (3.2-3.4 D) measured
for the y-benzyl ester of poly-L-glutamate in various organic
solvents.'* The agreement between these values may be coinci-
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in the calculations along with CD values of =33 750 deg cm? dmo!™! for 100%
helix and +640 deg cm? dmol™ for 0% helix (J. M. Scholtz and R.L.B.,
unpublished results). Helix—coil theory, together with the determined values
of s and o, indicates that a distribution of partially helical molecules, each
with strongly frayed ends, is present. From the values of s and o, it is
nevertheless possible to compute AG® for the complete helix, as indicated. The
lines were determined from a linear least-squares fit of the data at high ionic
strength (I'/2 > 1.2) by imposing a common AG® value at I'/2 = 0.2 The
slopes of the lines, X, are used to subtract the Hofmeister effect for each salt
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Figure 2. (A) Helical content of the peptide as a function of ionic
strength for each of the three salts: Na,SO, (w), NaCl (@), and CaCl,
(a). The helical content was determined by CD at 0 °C in 1.0 mM
NaH,PO, at pH 7.0. (B) Changes in free energy (AAG®) for helix
stability'® as a function of jonic strength for each of the three salts:
AAG® = AG°(T'/2=0) - AG°(T'/2>0). (C) Changes in free energy for
helix stability after subtraction of the specific Hofmeister effect (K,
(T'/2)) for each of the three salts. The limiting slope can be used to
calculate the dipole moment of the dipolar ion using Kirkwood’s model
(see text).!?

dental; a detailed investigation of Kirkwood’s theory, for the
specific case of a neutral a-helix, may show that the electrolyte
ions interact with partial charges on the NH and CO groups that
are not H-bonded at either end of the helix, rather than with the
a-helix macrodipole itself.2!
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Matched contacts between amino acid residues and DNA bases
are important for sequence discrimination by DNA binding
proteins.! DNA base contacts are thus the subject of chemical
methods that probe molecular recognition in protein-DNA com-
plexes.>* These interference footprinting methods involve treating
DNA with reagents that produce lesions, which are then assayed
site-specifically for interference of protein binding; interfering sites
are interpreted as contact bases and vice versa. Current methods
are limited by a common problem: the difficulty of carrying out
selective chemical modification of DNA to produce defined lesions
that do not significantly alter secondary structure. We report an
alternative approach—template-directed interference (TDI)
footprinting—that achieves these objectives by enzymatically
incorporating base analogues into DNA. Below, we demonstrate
the use of TDI footprinting in the analysis of contacts between
the 434 repressor protein and guanine (G) residues of the 434 Ogl
operator (binding site).’

For TDI footprinting of guanine (TDI-G footprinting), we chose
the analogue N’-methyl-2'-deoxyguanosine (1, Scheme I),% in
which the N-methyl group is the interfering function.? A ra-
diolabeled primer, annealed to single-stranded DNA? containing
Or1, was extended enzymatically by using the four natural 2’
deoxynucleoside 5'-triphosphates (ANTPs) plus the 5'-triphosphate
of 1 (1TP) in an amount sufficient to afford approximately one
random incorporation per extension.” The resulting ensemble
of G-methylated DNA molecules was incubated with 434 re-
pressor'® over a range of protein concentrations,!! and the pro-
tein-bound DNA molecules were separated electrophoretically
from unbound DNA.!? The DNA samples were recovered,
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cleaved at residues 1 with piperidine,? and electrophoresed on a
DNA sequencing gel.’

Contact analysis of the Ogl upper strand (cf. Scheme I) is
presented in Figure 1. Sanger sequencing!? lanes define the Ogl
region, as indicated. The bands in the TDI-G footprint lane Cn
reveal all sites at which analogue 1 was incorporated; its 1:1
correspondence with the Sanger G-lane demonstrates that the
analogue base-pairs only as G. In contrast to the clean DNA
modification effected by incorporation of 1, alkylation of DNA
by dimethyl sulfate (DMS lane) produces numerous cleavable
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