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include: (1) inadequacy in the basis set, (2) a significant difference
between the OVD and the MD, (3) instrumental broadening of
the experimental density, (4) contamination of the le” density
by the 6¢’, and (5) the effect of geometric distortion on the mo-
mentum density.

In order to test the importance of these possibilities, we have
carried out calculations of the 1¢” MD using 3-21G*, 3-21G***,
and 6-311*** bases. The OVD was then explicitly calculated from
CI wave functions using a 3-21G™ basis. In order to compare our
calculations with observations, the effect of finite angular and
energy resolution of the instrument has been simulated using the
convolution procedure devised by Bawagan.!® The momentum
scale for the experimental results was adjusted accordingly, and
the effects of resolution on the transmission function of the in-
strument was accounted for by a calibration against argon as
explained previously.!! Initially a geometry optimization was
performed on borazine at the SCF 3-21G** level in D, symmetry
using the program GAMESS, ' obtaining B-N, B-H, and N-H bond
distances of 1.429, 1.198, and 0.998 A, respectively, and a B-N-B
angle of 122.3°. These values are in good agreement with electron
diffraction results’* (R(B-N) = 1.435 A, /B-N-B = 122.5°) and
with previous calculations.? We then added diffuse s- and p-
functions on B and N so as to better represent the low-momentum
components'4 which are underestimated by split-valence bases.!s
As mentioned above, the momentum density obtained for the le”
HOMO of B;N;H with this 3-21G*** basis set is clearly more
localized in momentum space than the experimental result, al-
though its maximum is at about the same position.

We next calculated CI wave functions for neutral B;N;H, and
its various cations and used them to evaluate binding energies and
OVDs using the program MELD.!® Due to computer limitations
we were forced to employ for the CI calculations only a 3-21G*
basis (e.g., diffuse s- and p-functions, but no polarization func-
tions); however, the spin-coupled calculations,* going beyond the
SCF model, have yielded similar descriptions of correlation effects
using both double-{ and polarized-triple-{ bases, so our 3-21G*
basis set should still recover an important fraction of the correlation
effects. The 3-21G* canonical MO is almost indistinguishable
from the 3-21G*** result, indicating that polarization functions
have little effect upon the momentum densities at the Hartree—
Fock level. Freezing the six Bls and N1s core orbitals employing
29 virtual orbitals in the CI and using C,, symmetry, we obtained
the binding energies shown in Table I. These are comparable to
experimental binding energies® as well as those from previous SCF
calculations.” The calculated molecule—cation OVD for the lowest
energy (1e”)”! cation is also shown in Figure 1. Although its
amplitude at small momentum is increased somewhat compared
to that of the 1¢” CMO, its overall agreement with the experi-
mental result is only slightly improved.

Contributions from the 6¢’ orbital, with an experimental binding
energy of 11.4 eV, cannot explain the discrepancy between
measurement and calculation since our energy resolution is suf-
ficient to all but exclude the contributions from this orbital. In
any event, the 6e’ orbital has too little amplitude at momentum
values above 1.0 a;™! to explain the observed amplitude in the
high-momentum region.

Calculations indicate that the (1e”)™! cation in B;N;H¢ shows
an appreciable Jahn-Teller distortion.]” We have previously seen
Jahn-Teller effects in the momentum densities of cyclopropane
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and have analyzed them by considering distortions of the cations;'8
however, using equilibrium geometries for the borazine cations
calculated at the SCF 3-21G level (which are almost identical
to those previously reported!”), we find a MD for either component
of the 1e” MO almost identical to that in the neutral molecule.
Our CI calculations are certainly limited in scope because of our
small basis set and our truncation of the virtual orbital space, but
they do yield accurate binding energies (Table I) and give an
energy lowering using K orbital virtuals!® of 0.3175 hartrees
compared to the SCF result (almost 10 times larger than that from
a full-valence VB calculation®). Thus, at least on energetic
grounds, the CI calculations are of reasonable accuracy.

Finally, it is worth noting that previous (e,2e) studies of
benzene? and p-dichlorobenzene?! also showed experimental cross
sections systematically broader than those calculated at the
double-¢ SCF level. Inclusion of diffuse functions would be
expected to move momentum density to lower values of momentum
rather than making the distribution of density broader.

We are led to the conclusion that the borazine le” ionization
is much more localized in character than theory predicts. To
emphasize this conclusion we show in Figure 1 the momentum
density calculated at the SCF 3-21G*** level for the N2p electron
in *S atomic nitrogen. The experimental cross-section for the 1e”
orbital resembles that of an isolated N2p orbital more than a
(N2p,B2p)-r CMO. Such localization may be present in either
the neutral molecule or the cation, or both. Broken-symmetry
Hartree-Fock and CI calculations may be needed to describe it
correctly.??
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There have been an increased number of naturally occurring
C, symmetric molecules showing biological activities.> In the
structure determination of such symmetric molecules, some dif-
ficulties due to the presence of two equivalent units in a molecule
may arise. We have demonstrated methods for the detection of
the chemical connectivity between equivalent carbons of a C,
molecule, hopeaphenol (1), from an isotopomeric point of view.’
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In this communication, we apply this concept to the detection of
NOEs between equivalent protons which cannot be observed by
the conventional NMR methods. The two identical units of 1 are
connected with a single C8b—C8b’ bond and the whole molecule
has C, symmetry, regardless of the angle between two units.
Although the relative stereochemistry within each unit of 1 has
been clarified by X-ray analysis,® no information concerning the
spatial relationship between the two units has been available.
During the course of a search for antibacterial oligostilbenes in
Carex spp. (Cyperaceae),’ we have isolated 1 from Carex pumila.’®
Here, we determine the conformation around the central 8b—-8b’
bond by demonstrating the existence of an NOE between 7b-H
and 7b’-H.

Discrimination of equivalent protons, e.g., 7o-H/7b’-H of 1,
will be accomplished as '2C-H and 3C-H, since the former is
observed as a singlet in the 'H NMR spectrum whereas the latter
splits into a doublet by large !Jy. Recently, observation of
HOHAHA cross-peaks between overlapped protons by a similar
concept using a 2D *C-coupled HMQC-TOCSY sequence® was
reported, and the possibility of utilizing HMQC-NOESY for the
detection of NOE cross-peaks in such cases was indicated.%? At
first, we applied this '*C-coupled HMQC-NOESY sequence® to
detect an NOE between 7b-H and 7b’-H, which would give ev-
idence for the anti conformation of 1 as mentioned below. The
delay time immediately after the BIRD sequence for nulling center
signals was carefully optimized and set to 0.4 s, and the mixing
time was also 0.4 s. The result obtained (Figure 1A), however,
was disappointing in that only a weak positive cross-peak appeared
at the center of the positive doublet due to the direct correlation
of 7b-H/7b-C. This central in-phase peak is considered to arise
from a weak negative NOE between 7b-H and 7b’-H, as these
protons are located at the less mobile inner part of this molecule
of intermediate size.!° Thus the spatial proximity of these protons
should be detected more efficiently by using a rotating-frame NOE
(ROE).!! The C-coupled HMQC-ROESY sequence was then
constructed (Figure 2), and the resultant spectrum of the same
region as for the NOESY version is shown in Figure 1B. Both
the null interval for BIRD and the mixing time were set to 0.4
s. The spin-lock pulse was derived from the high-power output
of the decoupler attenuated by 18 dB, and the radio frequency
(rf) field strength, vB,, was 2.5 kHz. The carrier frequency was
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Figure 1. Part of the 2D phase-sensitive *C-coupled HMQC-NOESY
(A) and -ROESY (B) spectra of 50 mg of hopeaphenol (1) in acetone-d;
recorded on a Bruker AM 500 spectrometer (500 MHz). Negative
cross-peaks are marked by arrows. The spectra were obtained with the
pulse sequences reported by Crouch et al.® (A) and shown in Figure 2
(B). The BIRD delay and mixing time for both experiments were 0.4
s. The carrier frequency was positioned at 6.7 ppm, and a 2.5-kHz
spin-lock field was used in spectrum B. The spectra were measured
covering the spectral width of 3 (A) and 5 (B) kHz in 2K data points
using 224 transients for each of 116 ¢, increments. Zero-filling to 0.5K
for Fy and multiplication with squared cosine bell windows in both di-
mensions were performed prior to 2D Fourier transformation, The total
measuring time of each experiment was ca. 21 h.
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Figure 2. Pulse sequence for the 2D *C-coupled HMQC-ROESY ex-
periment. A, is 1/2"Jcy, where A, is a delay for eliminating ?C-bonded
proton signals. ROESY mixing was achieved by a spin lock divided into
two parts (shifted in phase by +90° and -90°).'> TPPI was applied for
quadrature detection in F;. Phase cycling used is as follows: ¢, =
X=X PV @ = mXX0s 63 = XXVP XX YTV @4 S VY XX ¢s
= -y yX,X.

Figure 3. Perspective view of 1.

positioned at 6.7 ppm. A strong ROE-relayed negative cross-peak
clearly appeared between the 7b-H/7b-C doublet. Additional
ROE correlations for 7b-H/8b-H and 8b-H/14b-H were also
detected in the region. This result strongly supported the anti
conformation of 1 in which 7b-H is located in close proximity to
7b’-H, as shown in Figure 3.

Detection of an NOE between equivalent protons by a 2D
13C-coupled HMQC-ROESY sequence at natural abundance has
thus been achieved. Although a 2D HMQC-ROESY sequence
with carbon decoupling was reported by Davis as a variant of its
HOHAHA analogue,? this is the first example of the application
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of the 13C-coupled sequence to the structural analysis of the C,
symmetric molecule.
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The deposition of AI** in the brain is known to cause dialysis
encephalopathy and may also be involved in other conditions of
medical concern.! The major transport agent for AI** in the body
is thought to be the Fe-binding protein transferrin,®’ and much
attention is now focused on the design of chelating agents to
remove Al’* from this protein. Recent UV data’ show that Al**
binds strongly to the specific Fe3* sites of human serum transferrin
(HTF) with log K values of 13.5 (C-lobe) and 12.5 (N-lobe).
Direct methods for detecting the binding of Al** to the individual
lobes of intact HTF in solution are required. In the only previous
high-resolution 'H NMR study of HTF,* it was noted that the
resolution and sensitivity did not allow the analysis of individual
resonances, as might be expected for such a high M, protein (79
kDa). We show here’ that many individual resonances can be
resolved in resolution-enhanced 500-MHz 'H NMR spectra of
intact HTF. This allows the study of sequential loading of Al3*
into the C- and N-lobes, Al’**-induced structural changes in the
protein, and the monitoring of Al’* removal by therapeutic
chelating agents.
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Many resonances are resolved in both the aliphatic and aromatic
regions of 500-MHz 'H NMR spectra of apo-HTF,%” when en-
hanced by combined application of exponential and sine-bell
functions to the free induction decay, as shown in Figure 1. This
procedure® removes broad resonances from the spectrum, leaving
sharp peaks from protons in the most mobile regions of the protein.
The most intense peaks, ca. 2.1 and 3.4-4 ppm (not shown), arise
from glycan N-acetyl and sugar ring protons, respectively, in two
biantennary chains in the C-lobe. High-field-shifted resonances
(ca. 0.6 to ~0.7 ppm), which are likely to arise from methyls close
to the faces of aromatic side chains, are clearly visible, and in the
aromatic region about six peaks assignable to His C2H protons
can be seen.’ Peaks for the majority of amino acids are absent
from enhanced spectra because they are very broad, which may
be related to the immobility of many regions of the apoprotein.

The effect of A** addition to HTF!° is shown in Figure 1. In
the high-field methyl region, new peaks a and e appear after
addition of 1 molar equiv of APP*, but these are little affected by
further addition of AI**, whereas peak d disappears progressively.
Peaks in the Lys/Arg ¢/8CH, region, ca. 3 ppm,'! also disappear
in the presence of Al**, but the sugar peaks are unaffected. In
the His C2H region, new resonances such as h, o, and q appear
on addition of A13*, increase in intensity until 1 equiv has been
added, and change little on further addition, whereas peaks r and
| disappear and appear, respectively, on addition of the second
equivalent of Al**; see inset in Figure 1B. Peaks such as p (ap-
parently a single His C2H on pH* titration) and d change their
intensities on binding both the first and second equivalents of AP*,
Other specific changes are notable in the region 6.2-7.4 ppm of
the aromatic region involving His C4H peaks and perhaps other
aromatic residues.

Thus A’ binding to intact HTF can be detected by 'H NMR
spectroscopy, and the data suggest that sequential binding of Al’**
to the C- and N-lobes of HTF can be followed together with
AP*-induced structural changes. With the assumption that Al**
binds more strongly to the C-lobe,® peaks h, o, and q can be
tentatively assigned to His residues in the C-lobe, and peaks | and
r to the N-lobe, although the possibility that binding to one lobe
affects resonances of the other cannot be ruled out. Several peaks
appear to be sensitive to the occupation of both lobes, and this
may indicate that Al** binding involves interlobal communication.
Peaks for >10 His residues appear to be seen in spectra of
Al,-HTF, but it is not clear yet whether these include His-249
and His-585 (Fe** ligands);? Al** would be expected to have a
lower affinity for N ligands than Fe3*. The changes in shift of
high-field methyl groups imply that Al** binding affects the
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