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The coupling of the *C~H stretch and other C~H stretching
coordinates in 1a and 1b is removed by deuteration of their methyl
groups. Calculations for 1a-dg and 1b-d, (Table II) also predict
large *C~H stretching VCD in both conformers. In particular,
R,, is again large in both conformers and larger in 1b-dg than in
1a-d,. We therefore predict that study of the (simpler) C~H
stretching absorption and VCD spectra of 1-d will yield identical
conclusions.

VCD of magnitude comparable to that of the *C~H stretch
of methyl lactate has been observed in the *C~H stretches of
similar molecules and attributed to intramolecular ring currents
around internally H bonded rings."> Our results are in direct
conflict with these analyses and lead to the conclusion that large
methine stretch VCD cannot be uniquely correlated with the
presence of a ring. More generally, our results do not support
the invocation of the “ring-current mechanism” in the elucidation
of the unknown stereochemistry of chiral molecules from their
VCD spectra.
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That DNA base pairs are propeller twisted in a sequence-de-
pendent manner has been evident only in viewing crystal structures
of oligonucleotides.’””  Here we report that shape-selective
DNA-binding molecules can recognize and distinguish propeller
twisted DNA sites in solution on the basis of shape and symmetry.
Enantioselective discrimination is apparent in photocleavage by
Rh(phen),phi** (phen = 1,10-phenanthroline; phi = 9,10-
phenanthrenequinone diimine) at 5’-pyr-pyr-pur-3’ steps which
are characterized by a high degree of differential propeller twist®
but not at homopyrimidine~homopurine segments. Neither isomer
targets 5’-pur-pyr-3’ steps.

Previously we reported that Rh(phen),phi**, which binds DNA
avidly by intercalation and upon photolysis promotes DNA strand
scission, targets DNA sites where the major groove is open and
accessible.*'® rac-Rh(phen),phi** primarily targets two families
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of sequences, 5-pyr-pyr-pur-3’ segments,>56!"-13 and homo-
pyrimidine sites.>!*!5  Resolution of Rh(phen),phi®* into its A
and A enantiomers yields mirror-image probes with different
specificities for these two target sequences. As can be seen in parts
A and B of Figure 1, the A isomer cleaves strongly at the 5’
CCAG-3' sequences and throughout the homopyrimidine region
while both A and A isomers cleave to equivalent extents in the
homopyrimidine segments of the fragment. The chiral discrim-
ination evident at 5’-pyr-pyr-pur-3’ steps must therefore result
from sensing an asymmetry in these steps which is absent at
homopyrimidine-homopurine sites.

Cleavage by the enantiomers was next examined on the well-
characterized dodecamer®'* d(CGCGAATTCGCG), (Figure
1C,D). Here, A-Rh(phen),phi** cleaves predominantly at the C9
site whereas the A isomer cleaves only weakly at C9. The high
level of enantioselectivity is understandable since this C9~G 10
step has the highest associated differential propeller twist (~11.8°)
within the dodecamer. This high differential propeller twist creates
a large chiral pocket in the major groove. The cleavage seen at
T8 can be accounted for in terms of base tilting (1.1° at T8 and
1.6° at A17) which opens the major groove,'* and here, where
the differential propeller twist is ~1.0°, there is no associated
enantioselectivity. Helical twist provides the only alternate
structural parameter which is intrinsically chiral,!® but helical
twisting cannot account for the chiral discrimination observed here.
On the basis of the chirality of helical twisting, we would expect'™'®
low enantioselectivity at the C9-G10 step, which is undertwisted
(32.3°), and high enantioselectivity at the G10-C11 step, which
is overtwisted (44.7°), contrary to what we observe. Instead,
therefore, the chiral discrimination in site recognition must depend
upon the asymmetry associated with propeller twisting.

It is curious that intercalation which itself produces a structural
perturbation at the binding site is still able to sense propeller
twisting. Likely the propeller twisting is stabilized by the stacking
of purine bases. Perhaps intercalative stacking reinforces this.'

The chiral discrimination apparent in the recognition of sites
with large differential propeller twist and the absence of such
discrimination at homopyrimidine segments which lack differential
propeller twisting reflect the different symmetries associated with
these steps. The 5’-pyr-pur-3’ step, in contrast to the 5-pyr-pyr-3’
step, contains a C, axis, the basis for chiral discrimination, per-
pendicular to the helix along the pseudodyad axis. As shown in
Figure 2, the propeller twist of purines at the 5-pyr-pur-3’ site
is disposed in an orientation that permits facile intercalation by
A-Rh(phen),phi®*, but the alignment of the ancillary phenan-
throline ligands in the A isomer, with a contrary orientation
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Figure 1. (A) Photocleavage by Rh(phen),(phi)** enantiomers on a DNA restriction fragment rich in 5-CCAG-3' sites. The homopyrimidine stretch
is marked with a bracket, and the two strongest sites of cleavage by A- and rac-Rh(phen),(phi)** are indicated with arrows at the right. Also given
is the sequence within the marked region. The autoradiograph shows (left to right) lane LC, the light control, irradiation of the fragment for 5 min
at 365 nm in the absence of metal complex; lane MC, the metal control, incubation of the DNA with rac-Rh(phen),phi** for 5 min in the absence
of light; lane DC, the DNA fragment in the absence of metal complex and light; Maxam-Gilbert G reaction;?® T + C reaction;? irradiation for 5 min
at 365 nm with 5 uM A-Rh(phen),Phi**; A-Rh(phen),phi**; and rac-Rh(phen),phi**. Each of the samples contained 50 uM DNA (nucleotides) in
tris—acetate buffer (50 mM tris, 20 mM Na acetate, 18 mM NaCl, pH 7.0) and was irradiated with a 1000-W Hg/Xe lamp and monochromator. The
DNA fragment was obtained by digestion of pUC19 with Poull, 5’-end-labeled with [y-**P]ATP and polynucleotide kinase, and a second digestion
with HindIIl. The resultant 144 bp fragments were separated on a nondenaturing polyacrylamide gel and were isolated by electroelution. A-Rh-
(phen),(phi)** was obtained by selective precipitation with potassium (+)-tris[L-cysteinesulphinato]cobaltate(I111).?! Ae(A) was +138 at 277 nm, and
Ae(A) was =130 at 277 nm. The absolute configuration was assigned by comparison to Rh(phen);**, in accordance with exciton chirality theory as
described in the literature.?? (B) Histogram showing the sequence, cleavage pattern, and enantiomeric preferences for the region 330-374 of plasmid
pUC19. The cleavage data for the top strand are given in Figure 1A. Cleavage data for the bottom strand are not shown. Stars on the histogram
represent relative intensity of cleavage by Rh(phen),phi** determined on the basis of densitometry. A represents a large observed chiral selectivity
at the site for the A isomer; & represents a small preference at the site for the A isomer; and R indicates no appreciable enantiomeric preference. Note
the distinct 5’-asymmetry in cleavage, in particular at the pyr-pyr-pur steps with a single base offset. This pattern is consistent both with binding from
the major groove and for the pyr-pur steps with the C, symmetry characteristic of the step. (C) Photocleavage by Rh(phen),(phi)** enantiomers on
d(CGCGAATTCGCG), showing the autoradiogram of a 20% denaturing polyacrylamide gel after photocleavage of the 5-*?P-labeled dodecamer. Lane
1, fragment in the absence of metal complex and light; lane 2, Maxam-Gilbert®® G + A reaction; lane 3, C + T reaction;* lane 4, fragment after cleavage
by rac-Rh(phen),phi**; lane 5, A-Rh(phen),phi**; lane 6, A-Rh(phen),phi**; lane 7, fragment after irradiation without metal complex. Samples contained
500 uM nucleotide of dodecanucleotide and 25 uM Rh complex in 50 mM sodium cacodylate buffer, pH 7.0. Samples were irradiated at 313 nm for
7.5 min. The dodecamer had been synthesized with a Pharmacia Gene Assembler using the phosphoramidite method and 5-end-labeled with [y-*?P]ATP
and T4 polynucleotide kinase. (D) Histogram showing the sequence, cleavage pattern, and enantiomeric preferences on the dodecamer. Symbols are
as described in Figure 1B.

clashing with the pyrimidines, precludes similar association. It propeller twisting, evident in crystals, occurs in solution and can

should be noted that the A isomer would not be expected to
associate preferentially with a 5’-pur-pyr-3’ step since in that case
the predominant opening arises in the minor groove. Hence it
is the consideration of shape that is used in distinguishing between
5’-pur-pyr-3’ and 5’-pyr-pur-3’ steps.

The chiral discrimination observed here demonstrates that

serve as an important recognition determinant. Cleavage ex-
periments with these chiral metal complexes now provide a route
to examine the sequence dependence of differential propeller
twisting in solution on long DNA fragments. Furthermore, just
as chiral metal complexes sense the asymmetry in propeller-twisted
DNA segments, so too may larger peptide domains. The local
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Figure 2. An illustration of the basis for the enantioselective cleavage
by Rh(phen),phi** at propeller-twisted sites on DNA. Shown sche-
matically in A is the 5’-pyr-pur-3’ step, with the purine bases propeller
twisted either upward (in the top base pair) or downward (in the bottom
base pair), matching the disposition of the A isomer, and pyrimidines
oriented perpendicular to the helical axis. The C, axis along the dyad
is marked by the ®. The A isomer, with the opposite orientation of
ancillary ligands, would clash with the pyrimidine bases. In B are shown
the disposition of ancillary phenanthroline ligands in the A isomer, also
viewed along the intercalative dyad axis, and the schematic illustration
of a 5’-pyr-pyr-3’ step, which lacks a C, axis along the dyad direction.
Because of the absence of this C, axis, enantiomeric discrimination does
not accompany intercalation into the 5-pyr-pyr-3’ sequence.

nucleotide symmetry of DNA helices may provide an indirect,
sequence-selective element that is important in the recognition
of sites by proteins.
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The conformation of the highly active immunosuppressant FK
506'-3 (Figure 1) has been examined by high-resolution NMR
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Figure 1. Constitution of FK 506 illustrating the numbering of the
atoms.

Table I. Averages and Standard Deviations of Dihedrals of FK 506
from Molecular Dynamics and X-ray Structure?

cis trans

torsion av SD av SD X-ray
02-1-2-3 -63 15 75 33 72
1-2-3-4 -80 1.7 -116 It -76
2-3-4-5 =51 8.0 =51 8.2 =52
3-4-5-6 51 1.7 58 12 56
4-5-6-N7 =51 8.0 -43 19 -53
5~-6-N7-2 53 8.4 47 It 50
6-N7-2-3 =51 7.2 -50 7.6 -47
6-N7-8-9 3 8.3 -178 6.1 1
7-8-9-10 -90 6.9 -98 8.5 -95
8-9-10~11 -47 8.8 134 8.7 -28
9~10-11-12 166 6.9 158 9.0 164
10-11-12-13 -53 6.6 -50 7.3 -54
11-12-13-14 56 5.8 53 7.3 58
12-13-14-15 178 5.8 -173 8.1 -175
13-14-15-16 174 7.4 -175 8.2 -178
14-15-16-17 60 10 58 8.4 68
15-16-17-18 -163 8.5 -140 16 172
16-17-18-19 100 27 151 12 66
17-18~19-20 165 18 174 18 -132
18-19~20-21 174 14 165 12 ~168
19-20~-21~22 -102 20 -106 16 ~141
20-21-22~23 39 40 83 37 137
21-22-23~24 -66 31 ~13 46 -118
22-23~24-25  -175 8.3 157 25 59
23-24-25-26  ~117 13 73 6.7 -168
24-25-26-27 -89 8.2 177 7.4 56
25~-26~27~28 -136 10 =72 8.1 -128
26-27-28~29 180 9.9 176 10 180
27-28-29-30 125 19 116 28 100
28-29-30-31 176 6.9 179 8.2 175
29-30-31~32 =52 6.9 -53 7.6 ~56
30-31-32~33 52 7.2 53 7.6 62
31-32-33~34 -52 7.6 -53 1.7 ~62
32-33-34~29 53 1.6 53 1.5 59
33-34-29-30 -54 7.2 -53 7.4 ~55

“The dihedrals are defined by using the numbering of the heavy at-
oms from the Cambridge Data Bank. The values are given in degrees.

and NOE restrained molecular dynamics simulations. All of the
'H and '3C resonances were assigned by using a combination of
2D NMR techniques*® including TOCSY $ E. COSY,” ROESY !

(4) All NMR spectra were recorded at —30 or 27 °C on an AMX 600 (600
MHz) spectrometer equipped with ASPECT X32 and 3000 computers. A
sample of FK 506 (20 mg) was dissolved in 0.5 mL of deuterated chloroform
to give a final concentration of approximately 25 mM for each of the two
configurational isomers.
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