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Pro-boroPro Determined by NMR Spectroscopy’
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ABSTRACT: Synthesis of the boronic acid analog of the dipeptide Pro-Pro yields a mixture of diastereomers
Pro-L-boroPro and Pro-D-boroPro, one of which is a potent inhibitor [K; = 16 pM; Gutheil, W. G., &
Bachovchin, W. W. (1993) Biochemistry 32, 8723-8731] of dipeptidyl amino peptidase type IV (DP IV),
also known as CD26. The structures of both diastereomers are determined here in aqueous solution by
means of 1D and 2D NMR of 'H, 13C, and !'B, and force-field calculations, and the inhibitor is proven
to have the L-L configuration. At low pH values (~2), both diastereomers are trans with respect to the
peptide bond. Populations of proline ring conformers are determined by pseudorotation analysis, using
vicinal proton spin-coupling constants obtained by computer analysis of 1D '"H NMR spectral fine structure.
At neutral pH values, the Pro-boroPro inhibitor of DP IV undergoes slow, reversible inactivation (Gutheil
& Bachovchin, 1993). By structural determination of the decomposition products of both diastereomers,
the process is shown here to involve formation of a six-membered ring between the residues by means of
trans—cis conversion and formation of a B-N bond, producing chiral nitrogen atoms in both cases having
the S configuration. Analogy to cyclic dipeptides suggests the new compounds be named cyclo(Pro-L-
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boroPro) and cyclo(Pro-D-boroPro).

Dipeptidyl amino peptidase type IV (DP IV),! also known
as CD26, is a membrane-anchored, highly glycosylated dimer
(molecular mass 110 kDa per subunit) which occurs widely
in mammalian cells and tissues and exhibits specific exopro-
tease activity for terminal Xaa-Pro dipeptides. A number of
biological functions of DP IV have been proposed, including
aminoacid salvage (Miyamotoetal., 1988, 1987), fibronectin-
mediated cells movement and adhesion (Hanski et al., 1988,
1985), processing of peptides, e.g., growth hormone releasing
factor (Frohman et al.,, 1989), and T cell activation and
immune system regulation (Ansorge & Schén, 1987; Schon
etal,, 1989, 1987, 1985). Among hematopoietic cells, DP IV
is found mainly on CD4+ T helper cells, and surface expression
increases markedly upon their activation (Schén & Ansorge,
1990). DPIV-positive cells include those responsible for recall
antigen responses (Hafler et al., 1989, 1986). Inhibitors of
DP IV suppress antigen-induced T cell proliferation in cell
cultures (Flentke et al., 1991) and suppress antibody produc-
tion in vivo in mice (Kubota et al., 1992). Recently, DP IV
(CD26) was reported to be essential for entry of the HIV-1
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1992).

virus in CD4+ T cells (Callebaut et al., 1993). On the basis
of the observation of decreased viral entry in the presence of
DP IV inhibitors, these workers propose that DP IV catalytic
activity is essential to the process.

Pro-boroProis a member of a class of extraordinarily potent
serine protease inhibitors known as “peptide boronic acids”,
whose high affinities for their target enzymes are attributed
in large part to close mimicry by boronyl-serine adducts of
tetrahedral transition states in enzyme-catalyzed reactions.
Of several known Xaa-boroPro inhibitors of DP IV, Pro-
boroPro is thus far the best characterized, having a K; value
of 16 pM (Gutheil & Bachovchin, 1993). Furthermore, the
Pro—Pro bond is not subject to proteolytic cleavage by any
known enzyme. Such unusual inhibitory potency and deg-
radation resistance make Pro-boroPro very promising as a
therapeutic agent for immune system modulation, and if the
proposal of Callebaut et al. proves correct, for blocking cellular
entry of the HIV virus in AIDS patients.

The synthesis of Pro-boroPro (Bachovchin et al., 1990)
produces racemic boroPro, which is coupled with L-proline to
produce a mixture of L,L and L,D diastereomers (structures
I and II).
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2D 2E X 2B

I: Pro-L-boroPro; X=A; Y= B(OH)2
II : Pro-D-boroPro; Y=A; X= B(OH)2

After separation by HPLC, one of the diastereomers proved
to be a better inhibitor of DP IV by orders of magnitude, but
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its stereochemical identity was unknown (Gutheil & Bachov-
chin, 1993), although the absolute configuration of one
enantiomer of boroPro has been determined (Kelly et al.,
1993a). Other questions arose concerning the nature of the
inactivation products which formed reversibly at neutral pH
values. Therefore a comprehensive study of the solution
structure of Pro-boroPro and its inactivation products was
undertaken.

Although Pro-boroPro is relatively small, determination of
its true structure in solution is far from simple. In the present
study, the identities and conformational populations of both
diastereomers and their inactivation products are determined.
Our strategy employs multinuclear and 2D NMR but also
relies heavily upon 'H 1D fine structure analysis, which is
only marginally feasible owing to strong overlap of dual seven-
spinsystems. The NMR spectral analysis and computational
methods employed here should prove applicable to other small,
conformationally labile compounds, and the results should
assist in future studies of both free and enzyme-bound boronic
acid inhibitors.

MATERIALS AND METHODS

Preparation of Pro-L-boroPro and Pro-D-boroPro NMR
Samples. Pro-boroPro was synthesized as described previously
(Bachovchinetal., 1990) and purified by C18 HPLC (Gutheil
& Bachovchin, 1993). The eluates were subsequently lyo-
philized and dissolved in either deionized water or 99.9% D,0.
Sample pH values were adjusted by addition of 6 M stock
solutions of either HCI, NaOH, deuterium chloride (DC1), or
sodium deuteroxide (NaOD). As long as 8 h were allowed
for attainment of pH equilibrium. Sample concentrations
were typically ~6 mM. The concentration of the more
abundant L-D isomer, however, was ~20 mM for the 13C
studies. Although a solvent may be referred to as “H,O” for
brevity, all samples contained a minimum of 10% D50 for the
NMR spectrometer field/frequency lock. Prior to NOESY
experiments, all samples were deoxygenated by gently bubbling
with nitrogen or argon gas for about a minute.

NMR Spectrometers. With one exception (see Acknowl-
edgments) the NMR experiments were carried out on the
Tufts Bruker AMX-500 and Bruker AM-400 spectrometers.
The AMX-500 is equipped with an X-32 computer (CPU 3),
multichannel interface, and a S-mm triple-resonance probe.
A 10-mm broad-band probe, the !'B background of which
was reduced by substitution of quartz for all Pyrex Dewars
and inserts, was also employed on the AMX-500. The AM-
400 is equipped with a wide-bore magnet, Aspect 3000
computer, digital phase shifters, and a variety of probes,
including a 10-mm !3C probe.

NMR Experiments. Forall !H spectra thecarrier frequency
was centered on the solvent peak, which also served as spectral
reference (4.760 ppm at 298.3 K and 4.960 ppm at 278.3 K).
For !H spectra in DO a sweep width of 8 ppm was generally
used, but for samples in H,O, greater sweep widths (11 ppm)
were required for inclusion of the low-field N-H resonances.
Toincrease the 'H 1D spectral resolution, samples were spun,
32K total data points were acquired, and Lorentzian—Gaussian
apodization (Ferrige & Lindon, 1978) using LB = -1.5 Hz
and GB = 0.3 with one zero-fill were employed before Fourier
transformation. Allspectral processing was carried out using
standard Bruker software, UXNMR and DISNMR. Solvent
suppression using soft-pulse presaturation (Campbell et al.,
1974) with a relaxation delay of 1.3 s and attenuation HL2
of 55-58 dB was normally employed during 'H spectral
acquisition, except for experiments employing “jump-return”
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nonexcitation of HyO (Clore et al., 1983) in order to avoid
saturation transfer of -NH resonances. Most 2D 'H experi-
ments were carried out on our Bruker AMX 500 using the
5-mm triple-resonance probe. The 90° hard pulses with 1 dB
attenuation (HL1 = 1) ranged from 7.4 to 8.1 us. These
experiments involved the acquisition of 512 FIDS, each
consisting of 2 K total data points. With one zero-fill in the
J1 dimension, sizes of the full transformed matrices were f>
=1K by fi = 512 complex data points. All 2D spectra were
runin the phase-sensitive mode using TPPI [time-proportional
phase incrementation (Marion & Wuthrich, 1983)]. Reduc-
tion in the residual solvent was achieved by the “QPOL”
command in UXNMR, which baseline corrects each FID by
subtracting an empirically fit polynomial prior to Fourier
transformation. Aftertransformationinboth dimensionsand
phase correction, all spectra were baseline corrected using
“ABS2”.

2QF-COSY spectra (Rance et al.,, 1983) were recorded
using a 16-step phase cycle designed for reduction of rapid-
pulsing artifacts (Derome, 1990). TOCSY spectra (Braun-
schweiler & Ernst, 1983) were recorded using a mixing time
of 72 ms and a “clean” DIPSI-2 (Shaka et al., 1988) mixing
sequence designed for reduction of cross-relaxation effects
(Cavanagh & Rance, 1992) with 13 dB attenuation and equal
(30 us) on and off times. Lorentzian—Gaussian window
functions were generally used in the f5 dimension and either
Lorentzian—~Gaussian or shifted sine bell in the f; dimension.
Forthe NOESY experiments (Kumaret al., 1980) with solvent
presaturation or “jump-return”, we employed a pulse program
with an extended 64-step phase cycle for artifact reduction
and a mixing time of 600 ms. NOESY spectra were processed
using Lorentzian—Gaussian window functions in both dimen-
sions with LB2 = -8 Hz, GB2 =0.05,LB1 = -8 Hz, and GB1
= 0.10.

1B spectra were carried out using 5-mm samples in the
Bruker AMX 500 10-mm broad-band probe. Using a sweep
width of 20 000 Hz, 8K total data, and a relaxation delay of
0.3 s, we obtained sufficient signal to noise within 3060 min.
All 1B spectra were referenced vs boric acid at 4 = 0.0 ppm.
A broad hump arising partly from materials inside the probe
and partly from the natural quartz NMR tubes employed was
reduced by convolution difference (Campbell et al., 1973) in
the frequency domain using values of line broadening LB =
1000 Hz and 100 Hz.

Computations. Analysisof 'H 1D fine structure was carried
out using the FORTRAN program LAOCNS (Attimonelli
& Sciacovelli, 1980), an expanded and improved version of
LAOCOON 3 (Bothner-by & Castellano, 1968). LAOCNS
was obtained from the Quantum Chemistry Program Ex-
change (Indiana University, QCPE No. 458) and adapted for
SUN Microsystems Sparc II and Apollo/HP DN3500
workstations. A Lorentzianlineshape routine, high-resolution
screen plot, spectral editing dialogue, and grid parameter
search was added to the Apollo version to facilitate initial
trials. Pseudorotation analysis was carried out using the
FORTRAN program PSEUROT 5.4 (De Leeuw & Altona,
1983; Altona, 1992), which was adapted for the Sparc Il and
Apollo workstations. Force-field calculations were carried
out using CHARMm 22 (Brooks et al., 1983; Momany &
Rone, 1992) and QUANTA 3.3 (Molecular Simulations, Inc.,
Burlington, MA) on a Silicon Graphics 4D70GT workstation.
Molecular coordinates were exported from QUANTA and
sent over the local network for additional processing on the
Apollo, as were NOESY cross-peak integration files from the
Bruker AMX500.
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FIGURE !:

1D 'H NMR spectra in DZO at 25 °C. (A) Compound I, pH 2, 600 MHz, (B) II, pH 2, 600 MHz; (C) III, pH 7, 500 MHz; (D)

IV, pH 7, 500 MHz. Asterisks denote sample impurities. The tops of the highest peaks in A, B, and C are clipped for compactness.

RESULTS AND DISCUSSION

NMR Spectral Assignment and Compound Identification.
1D 'H NMR spectra of compounds I and I (pH 2) are shown
in Figure 1,spectra A and B, and spectra of their corresponding
decomposition products (pH 7) are shown in Figure 1, spectra
CandD. Todetermine unambiguously by NMR that Figure
1A represents compound I and Figure 1B represents I1, rather
than vice versa, and to determine the identities of their
respective decomposition products, stereospecific assignment
of all proton resonances of the four compounds was under-
taken.

Some facts are evident by inspection of the « hydrogen
resonances alone (Van Wijk et al., 1992). Because of the
tendency of the boronic acid group to cause strong (~1.5
ppm) upfield shifts of neighboring geminal protons, the lowest
field resonances in Figure 1A-D are assigned to o hydrogen
atoms of the N-terminal proline residues, while the boroPro
ring o hydrogen atoms are found near 3.1 ppmat pH 2 (Figure
1A,B) and near 2.7 ppmat pH 7 (Figure 1C,D). Spin-coupling
of the o hydrogen atoms to neighboring 8 hydrogens may
produce either four-line multiplets (e.g., Figure 1A at 3.1
ppm), indicating two dissimilar vicinal coupling constants, or

triplets (e.g., Figure 1Bat 3.1 ppm), indicating similar coupling
constants. The triplet shows averaging between comparable
amounts of two or more conformers, whereas the four-line
pattern indicates strong preference for a single conformer.
The presence of several o hydrogen tripletsin Figure 1 indicates
that significant conformational averaging does occur.

Complete assignment of all proton resonances in Figure 1
was complicated by numerous peak overlaps and the presence
of impurities (marked with asterisks), including a slowly
growing decomposition product suspected of arising from air-
oxidative cleavage of the alkyl boronic acid {boron(I)] to boric
acid [boron(III)]. Chemical shift degeneracy of gamma
hydrogen atoms and some 8 and & hydrogens was sometimes
virtually complete (within .001 ppm). With the aid of 2D
NMR and computer analysis of the 1D 'H NMR spectral
fine structure at various frequencies, complete assignment
of the 'H NMR spectra of the four compounds was
achieved.

500-MHz 2D !'H spectra (COSY, TOCSY, and NOESY)
of I, 1I, and their decomposition products were collected.
Typical results for I are shown in Figure 2. The COSY
spectrum in Figure 2A reveals pairwise proton correlations
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FIGURE 2: 2D 'H 500-MHz spectra of compound I, pH 2, in D,0
at 25 °C. (A) 2QF-COSY; (B) TOCSY, mixing time = 72 ms; (C)
NOESY, mixing time = 600 ms.

through two or three bonds. The TOCSY spectrum (Figure
2B) exhibits proton connectivities through two to four bonds,
aligning all cross-peaks of each proline spin system in rows
and columns. NOESY spectra (€.g., Figure 2C) reveal 'H
connectivities through space, including any interresidue
contacts.

As was the case for the 1D 'H spectra, chemical shift
degeneracy confounded the interpretation of the 2D 'H NMR
spectra, resulting in substantial cross-peak overlap, especially
in the TOCSY and NOESY spectra. Nevertheless, the
combined 1D and 2D assignment strategy permits at least 12
cross-peaks in the NOESY spectrum (Figure 2C) to be
assigned unambiguously toI. The cross-peak labels in Figure

Sudmeier et al.

FiGuRE 3: Conformer of compound I, showing some through-space
interactions assigned by NMR. The numbering corresponds to
NOESY cross-peaks in Figure 2C.

2C correspond to the dotted lines showing 'H-'H interactions
in the structure of I in Figure 3. The web of through-space
proton interactions determines the stereospecific assignments
of all geminal proton pairs on the boroPro ring, the L
configuration of the boroPro ring, and the trans orientation
of the peptide bond, enabling the strong interaction of boroPro
6 hydrogen atoms with Pro « and 8 hydrogens (cross-peaks
1, 2, 6, and 8 in Figure 2C and dotted lines in Figure 3).
Stereospecific assignment of the 6 hydrogen atoms is the key
to determining the identities of diastereomers I and II. For
the boroPro ring of I, for example, the 8 hydrogens can be
identified by the large (11.2 Hz) trans A-1B spin-coupling
constant. Likewise the 4 and § geminal pairs can be assigned
duetolarge 1B-2G and 2G-1D spin-couplings (11.0 and 10.1
Hz respectively). However, due to strong overlap of the é
hydrogens and the overlapping 8 and v hydrogens, the 1D
spectral analysis may not have been possible without NOESY
cross-peaks such as 5,9, and 11 (Figure 2C) relating protons
on the same side of the ring.

Computer analysis of the 1D 'H NMR fine structure was
achieved for all eight seven-spin proline cases of the four
compounds, an example of which is shown in Figure 4. The
observed 600-MHz spectrum of I, the upfield portion of which
is shown in Figure 4A,was simulated, despite the interference
of chemicalshift degeneracy and impurities, as shown in Figure
4D, which is a summation of the boroPro (Figure 4B) and Pro
(Figure 4C) subspectra. ‘

Good agreement between simulated and observed spectra
such as those in Figure 4E,F and the corresponding 400-MHz
spectra yields the assignments in Table 1. Asshown in earlier
computer analyses of proline !H NMR fine structure (Pogliani
et al., 1975), even highly degenerate proton chemical shifts,
such as those of typical v and 8 hydrogen atoms, can be
determined accurately by their strong influence on remote
multiplets, such as those of neighboring « hydrogens. 1D
computer analyses, as well as aiding in the assignment process,
provide vicinal proton spin-coupling constants, which yield
valuable information regarding the structure and abundance
of various conformers. ‘

Accuracy of the parameters in Table 1 is estimated at £0.4
Hz, although in some cases, because of chemical shift
degeneracy, greater line widths, and /or impurities, it may be
1-2Hz. Overallaccuracy of the spectral analyses was limited
by rather large 'H NMR line widths (typically 1.2-1.5 Hz).
In some cases, the fit was improved by introduction of four-
bond spin-coupling constants (<[0.8| Hz) along “W” coupling
paths. The effect of four-bond couplings along nonplanar
paths [generally <|-0.4| Hz (Pogliani et al., 1975)] was not
explored in these simulations.

Table 1 also includes chemical shifts of the exchangeable
low-field -N-H protons on Pro (2E and 1E), which are
observable in H,O solvent. There are two broad (~ 50 Hz)
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FIGURE 4: Example of fine structure analysis of 1D 'H NMR spectra.
(A) Observed partial 600-MHz spectrum of compound I, expanded
and resolution-enhanced version of Figure 1A. (B) Computer
simulation of A arising from boroPro ring. (C) Same as B arising
from Pro ring. (D) Summation of computer simulated subspectra
B and C. (E) Expansion of multiplet at 2.5 ppm, showing fit of
calculated and observed spectra. (F) Same as E for multiplet at 1.94

ppm.

low-field resonances for I and ITin HO and new spin-couplings
in the a and & multiplets of Pro. Assignment of 2E and 1E
is based on NOESY spectra in H,O showing a cross-peak
between 2E and A of Pro. Cross-peaks between 2E and 2D
and between 1E and 1D reinforce all four assignments.
Because of rapid exchange even at 5 °C, the low-field -N-H
resonances of I and II are observable only by techniques for
avoiding H,O excitation, such as “jump-return” (Clore et al.,
1983), rather than H,O presaturation (Campbell et al., 1974),
which leads to disappearance of the -N-H resonances through
saturation transfer, '

The decomposition products of I and II at pH 7, however,
show only a single low-field -N-H resonance (Table 1), both
of which are assigned to 2E on the basis of NOESY spectra
in H,O showing through-space connectivities to A and 2D of
Pro. The decomposition product of I also exhibits a strong
cross-peak between 2E of Pro and A of boroPro, providing
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unequivocal evidence of a cis peptide bond. The !'B NMR
spectrum of the decomposition product of I as shown in Table
2 exhibits a single resonance at —17.6 ppm upfield of boric
acid, which is characteristic of tetrahedral boron atoms (Kidd,
1983; Tsilikounas et al., 1993). These observations confirm
earlier speculation regarding formation during the slow,
reversible decomposition of I of a boron~nitrogen bond (Flentke
etal., 1991; Gutheil & Bachovchin, 1993; Kelly et al., 1993b),
like the B-N bond in a recent X-ray crystallographic structure
of the Pro-L-boroPro pinenediol decomposition product
(Snow et al., unpublished data), proving the existence of
structure III, a new boronic acid analog of cyclo(Pro);
(Putochin, 1926).

1D OH O
H_;' - <B\N 167
| 2 | NB

2D 2E | A D

IIL: cyclo (Pro-L-boroPro)

The decomposition product of II is also proven to contain
atetrahedral boron atom as shown by the chemical shift (-17.1
ppm) of its !B resonance in Table 2. The 'H NOESY
spectrum of the decomposition product of II in H,O exhibits
no interresidue cross-peaks, which is consistent with the cis
conformer and boron—nitrogen bond (structure IV), taking

IV: cyclo (Pro-D-boroPro)

into account the larger interresidue proton distances in
cyclo(Pro-p-boroPro). The nitrogen atoms involved in B-N
bond formation possess the .S configuration in both compounds
IIT and IV. .

Low-field -N-H protons in cyclo(Pro-L-boroPro) (I1I) and
cyclo(Pro-D-boroPro) (IV) are shifted upfield compared to
the -N-H protons in I and II as shown in Table 1 and are
considerably narrower, nearly sufficient to resolve the quartets
caused by spin-coupling of neighboring protons A, 2D, and
2E. Line-narrowingis caused by longer -N-H proton lifetimes
forIIl and IV, as demonstrated by their observation (partially
in the case of III, and fully in the case of IV) during
presaturation of H,O, even at 25 °C.

1B NMR spectra of I and II exhibit multiple resonances,
as shown in Table 2. Two !B resonances downfield of boric
acid indicate different types of trigonal boron atoms in slow
exchange, possibly diborate species linked by -B-O-B- bonds,
which would also help explain the rather large 'H line widths.
The "B NMR spectrum of I also reveals about 10% of cyclic
product III at pH 2, showing an effective pX,, value of about
3. The !'B spectrum of II contains about 30% additional
cyclic product IV at pH 2, showing an effective pK, value of
about 2.5. Greater depression of proline’s pK, value by IV
indicates greater stability of IV vs III. A few percent of free
boric acid also appears in the !B spectra of I and II, probably
caused by slow, oxidative cleavage.
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Table 1: Proton Chemical Shifts, § (ppm), and Spin-Coupling Constants, J (Hz)
boroPro Pro
A 2B 1B 2G 1G 2D 1D A 2B 1B 2G 1G 2D ID 2E 1E
Pro-L-boroPro !
& 3.074 2119 1,708 1.944 2105 3.674 3.430 4.571 2.505 2016 2.056 2.066 3.385 3432 896 8.16
J(A-) 69 112 0.0 00 00 0.0 8.5 7.2 0.0 00 00 00  ~47 ~4-7
J(2B-) -12.3 6.6 3.2 0.0 0.0 -13.5 5.7 7.7 0.0 0.0 0.0 0.0
J(1B-) 11.0 61 00 0.0 7.6 7.2 00 0.0 0.0 0.0
J(2G-) -12.4 82 101 -129 65 ~8 0.0 0.0
J(1G-) 2.8 7.1 7.6 ~7 0.0 0.0
J(2D-) -10.4 -11.6 ~47 ~47
J(1D-) ~47  ~4-7
Pro-D-boroPro
8 3.088 1742 2118 206! 1975 3.512 3.563 4.527 2.523 1.961 2.060 2.061 3.373 3452 896 819
J(A-) 9.4 81 00 00 00 0.0 8.7 7.4 0.0 00 00 00 ~47 ~47
J(2B-) -126 6.5 9.4 00 0.0 -13.5 5.6 7.9 0.0 0.0 0.0 0.0
J(1B-) 4.6 66 0.0 0.0 ~8 ~7 0.0 0.0 0.0 0.0
J(2G-) -124 8.7 3.8 ~-13 9.5 6.5 0.0 0.0
J(1G-) 7.2 8.0 4.9 7.7 0.0 0.0
J(2D-) -10.2 -114  ~4T7  ~4T
J(1D-) ~4T  ~4T
cyclo(Pro-L-boroPro)
L) 2662 1.958 1.610 1.728 1982 3.494 3.284 3.997 2.289 1.962 1.863 2.007 3.161 3.287 6.427
J(A-) 59 123 00 00 00 0.0 7.5 112 0.0 00 00 00 ~7
J(2B-) -125 67 ~0 0.8 0.0 -12.6 7.6 21 00 0.0 0.0
J(1B-) 123 66 00 0.0 10.7 8.0 00 0.0 0.0
J(2G-) -123 93 111 -126 9.3 9.2 0.0
J(1G-) 1.0 7.0 3.5 7.8 0.0
J(2D-) -12.0 -11.6  ~7
J(1D-) ~7
cyclo(Pro-p-boroPro)
8 2700 1.569 1933 1973 1720 3.342  3.430 4.022 2358 2.034 1.829 1915 3.220 2929 6313
J(A-) 12.3 62 00 00 00 0.0 5.5 8.2 0.0 0.0 0.0 00 ~7°
J(2B-) -122 63 124 00 0.0 -13.4 8.1 85 00 0.0 0.0
J(1B-) 0.6 66 00 0.0 7.9 57 00 0.0 0.0
J(2G-) -124 10 0.6 -13.0 72 9.3 0.0
J(1G-) 11.0 9.5 4.2 7.1 0.0
J(2D-) -11.9 117 ~7
J(1D-) ~17
Table 22 B NMR Parameters Pseu;iorotatf'on Analysésiv Instabilli)ty o;‘ a plar}ar arragg;-
- - — ment of atoms in saturated five-membered rings is caused by
a
compound Chemlzal ;h)lfts 59(?3;";) hn;:;dth:o(;lz) unfavorable internal and torsion angles (Eliel et al., 1965).
Pro-L-boroPro 8.8 (60%), 10.9 (40% ~200, ~ : ; :
Proo-borcPro 9.7 (30%). 106 (10%)  ~200, ~ 500 Such rings are puckered by displacement of one atom

cyclo(Pro-L-boroPro) -17.6 ~150
cyclo(Pro-p-boroPro) -17.1 ~150

4 Chemical shift relative to boric acid at § = 0.0 ppm.

In the early stage of spectral assignment, valuable informa-
tion was obtained by the use of a 'H/13C 2D NMR correlation
experiment “heteronuclear DEPT” (Bendall & Pegg, 1983),
involving direct observation of natural abundance 13C. This
experiment was possible only for the more plentiful samples,
but enabled the correlation of all geminal 'H pairs. 13C
chemical shifts and 13C-'H spin coupling constants are
reported in Table 3.

(“envelope”) or two atoms (“twist™) as shown in Figure 5. The
infinite variety of such conformers has been systematized by
pseudorotation theory, where each conformer represents a
single point in a polar coordinate system, described by two
parameters: a maximum pucker angle, ®, and a phase angle,
P (Altona & Sundaralingam, 1972). For heterocycles such
as D-ribose or L-proline, zero phase angle is defined as the
twist conformer in which C3 (C3’ or C¥) is above the Cl-
X—C4 plane and C2 (C2’ or Cp) is below the plane viewed
as shown in Figure 5 (where N is remote from the viewer and
C1(Cl’or Ca)ison theright-handside). From thisreference
point, there is a 360° wheel of additiona] twist conformers,

Table 3: 13C Chemical Shifts, 6 (ppm), and *C-'H Spin-Coupling Constants, 1J (Hz)

boroPro Pro
CA CB CG CD CA CB CG CD C

Pro-L-boroPro

b) 49,24 27.4 27.4 47.9 59.8 28.9 24.7 47.3 167.3
Pro-D-boroPro

[ 49.0¢ 27.4 27.1 47.8 59.5 29 24.7 47.4 167.3

J ~132 135 128 143 150 136 135 147
¢yclo(Pro-L-boroPro)

8 27.5 ~23 47 61.5 28.4 ~24 44.5
cyclo(Pro-D-boroPro)

é 27.2 23.6 47.3 60.3 30.5 23.6 47.7 168.4

4 Broadened by directly attached boron atom.
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N, (North) "twist"

N, "envelope”

2g, p=162"

S, (South) "twist” /

2 o
3T, P=180

FIGURE 5: Schematic diagram of pseudoration “phase wheel”. The
structures shown are representative of 20 benchmark “twist” and
“envelope” conformers and an infinity of intermediate structures.
The numbering of substituents 1-8 is utilized in all pseudoration
analyses, regardless of optical isomer. Carbon 1 (C1’ or Ca) is on
the right-hand side and carbon 4 (C4’ or Cé) on the left.

envelopes, asymmetric twists, etc., some of which are depicted
in Figure 5. The top half of the phase wheel (-90° < P < 90")
represents confomers labeled “N” (north), while the bottom
half of the wheel (90" < P < 270") represents “S” (south)
conformers.

Given the puckering amplitude, ¥, and orientation, P, for
a symmetrical ring one can easily calculate 8p—0,, the five
endocyclic angles, i.e., torsion angles involving ring atoms,
beginning at C1-C2-C3-C4. By means of the equation

8, = &, cos (P + 0.87j) q9)

where j = 0-4, ring geometry is completely defined. The
original definition of “N” and “S” confomers (Altona &
Sundaralingam, 1972) was based on the sign of 8, being positive
for “N” conformers and negative for “S” conformers regardless
of the chirality of C1. Thus we apply these definitions to
L-Pro and D-Pro alike, even though historical definitions of
exo and endo may be violated in the process (De Leeuw et al.,
1983a).

Determination of the proline ring conformations in struc-
tures I-IV goes beyond the values of 3Jyy, the average vicinal
1H spin-coupling constants in Table 1. It also requires
knowledge of the relationships between 3Jyy and ¢un, the
proton torsion angle, and between ¢yy and pseudorotational
parameters &, and P, taking into account any distortion of
ring atoms from tetrahedral. These relationships are integral
to the computer program PSEUROT 5.4 (Altona, 1992),
which fits 3Jyy to the optimal binary mixture of conformers,
yielding fractional populations, X, which determine 3J,,, the
weighted averaged spin-coupling constant

Vo = X I+ XS (2)
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Table 4: Group Electronegativities, A, for ProboroPro in D,0

group compound 37 (Hz) A reference
-NHR diethylamine 7.08 129 this work
-NH;R+ diethylamine HCI 7.18  1.12¢ this work
-NR(COR’) N,N"diethylacetamide
(both ethyl groups) 7.18  1.12% this work
-NHB(OH);R 1:1 diethylamine 7.26 098 this work
methylboronate
-B(OH), 0.05% this work
-COOH(or R) 0.42 Altona
(1992)
-C 0.65 Altona
(1992)

9 Calculated from formula A = (7.84 — J)/0.59 (Altona et al., 1989).
5 Obtained from best fit to data presented in this work.

and the pucker angles, ®,, and phase angles, P, of both species.
The relationship between proton torsion angles and pseu-
dorotation parameters is given by

Oy = B + A% cos (P + phase) 3)

where constants A4, B, and phase are obtained by empirical
fitting of X-ray crystallographic structures, in conjunction
with neutron diffraction studies (Haasnoot et al., 1981).
Because of the relatively small amount of such data available
for prolines, the constant A is set equal to unity, and phase
is not aliowed to deviate from —0.87r (—144°, C1-C2 torsions),
0° (C2-C3), or 0.87 (144°, C3—-C4). The values employed
for constant B, reflecting deviations from ideal 120° projection
symmetry for each torsional pair are as follows: 1-3,-1.7°;
1-4,-122.9°;2-3,122.9°;2-4,1.7°;3-5,0.5°; 3-6,-121.7°;
4-5,121.6°;4-6,-0.6°;5-7,0.1°; 5-8,-121.5°; 6-7,122.2°;
and 6-8, 0.7° (values 1-3 and 1-4 are used for L-Pro, and 2-3
and 2-4 for D-Pro).

The relationship between 3/yy and ¢y was originally
presented by Karplus as a “cosine squared” law (Karplus,
1959):

3y = A cos? fy + B 4)
and later (Karplus, 1963) as the trigonometric series
g = A+ B cos b + C cos 2¢yuy) (%)

where A, B, and C are empirically determined parameters.
Despite Karplus’ caveats regarding additional factors, includ-
ing substituent electronegativity (Karplus, 1963), these equa-
tions and similar variants survive no doubt due to their
appealing simplicity. One popular variation (Demarcoet al.,
1978),

3w = A cos? g + B cos Oy + C (6)

where 4 =9.5, B=-1.6,and C = 1.8 (indicating that at the
90° minimum 3Jgy equals 1.8 Hz) is clearly wrong for our
system, as shown by a number of instances in Table 1 of very
small 3Jyy values, several within experimental error (£0.4
Hz) of zero.

Efforts to generalize the Karplus equation have led to
formulations with growing numbers of empirical parameters,
whose awkwardness has been justified by superior agreement
with experiment. For example, in order to account properly
for the electronegativies and orientations of the four substi-
tutent groups attached to any Ho,~C-C—Hp ethane fragment,
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Table 5: Calculated Phase Angles, P, Pucker Angles, $,, Mole Fractions, X, Spin-coupling Constants, 3J (Hz) and Dihedral Angles, 8 (deg),
from Pseudorotation Analysis and Force-Field Calculations

Pro-L-boroPro

boroPro Pro
N-type S-type wtd. av, N-type S-type wtd. av.
P —4.7° 167.0° 8.0° 214.3°
&y 42.8° 42.0° 48.1° 42.2°
X 0.864 0.136 0.503 0.497
D® 3y gPR GFF 3y gPR oFF 3y A3 3y §PR §FF 37 gPR §FF 3] AV
13 60 -383 -382 72 37.0 61 08 60 -363 -379 88 12.5 142 74 1.1
14 11.8 -159.5 -1592 0.8 -84.2 103.3 0.9 109 -157.5 -1602 24 -108.7 -1064 6.7 0.5
35 6.1 43.2 447 6.6 404 62 04 5.3 48.1 477 1.5 -344 377 64 07
36 1.0 -790 -763 124 -162.6 26 06 14 -741 -746 116 -1566 -159.1 64 1.3
45 126 1643 165.7 0.9 80.7 11.0 00 130 169.2 1683 0.8 86.7 813 69 07
46 6.3 42.1 448 6.4 —41.5 63 -02 5.5 47.0 460 7.3 -35.5 -40.1 64 08
57 79 -323 341 175 2117 78 04 65 424 430 54 42.3 463 60 05
58 1.1 -1539 -156.2 1.1 -93.9 97 04 123 -1640 -166.8 0.9 -79.3 -780 6.6 14
67 0.9 89.8 86.9 104 149.8 22 06 0.9 79.7 79.2 123 164.4 1678 6.6 1.0
68 69 -31.7 -352 84 98.3 7.1 0.0 55 418 445 6.5 429 435 60 1.0
0 42.7 40.6 -40.9 47.6 443 -34.9 -334
1 -324  -309 27.6 -42.5 406 42.2 41.3
2 9.8 9.7 =37 21.1 20.5 -334 333
3 16.5 15.5 -21.6 8.4 7.9 11.8 11.9
4 -36.6 343 38.7 -346 -33.1 14.2 14.1
AJ(rms) = 0.5 1.0
Pro-p-boroPro
boroPro Pro
N-type S-type wtd. av. N-type S-type wtd. av.
P 14.2° 165.4° -6.2° 173.9°
& 39.3° 38.8° 45.4° 33.4°
X 0.272 0.728 0.524 0.476
Db 3J §PR 9FF 3y §PR gFF 3] AW 37 gPR §FF 3y gPR §FF 37 AV
13 53 411 435 18 27.2 305 6.5 22
14 1.5 -162.3 -165.8 1.0 -940 -90.0 65 09
23 1.4 97.8 919 11.6 159.0 1587 89 0.6
24 89 -234 -286 6.0 37.8 383 6.8 1.3
35 7.2 38.6 415 6.8 -370 417 69 -04 57 45.6 460 7.7 -32.7 -385 67 -l1.1
36 08 -836 -79.2 120 -1592 -1620 9.0 04 1.2 -766 -755 113 -1549 -1591 60 1.9
45 1.5 159.7 1624 09 84.1 792 38 08 128 166.7 1670 0.8 88.4 808 7.1 09
46 7.2 37.5 417 6.8 -38.1 -411 69 -03 59 44.5 454 7.6 -33.8 -398 67 03
57 73  -36.3 -383 178 24.7 294 7.7 1.1 77 =335 356 18 24.8 309 78 1.7
58 1.5 -157.9 -160.3 1.1 -96.9 -922 39 -01 113 -1551 -158.6 1.3 -96.8 -91.3 65 00
67 0.8 85.8 827 9.6 146.8 1500 72 00 09 88.6 860 9.9 146.9 151.5 52 -03
68 62 -357 -393 87 253 283 80 00 68 -329 -37.0 8.6 25.4 292 7.7 0.0
0 38.1 36.9 -37.5 -36.3 45.1 42.5 -33.2 -32.9
1 -36.5 -343 24.6 24.5 -336 -32.6 24.8 25.4
2 20.9 19.6 =23 =31 9.3 9.0 -6.9 -7.4
3 2.6 33 -20.9 -19.4 18.6 18.2 -13.6 -13.7
4 =252 =250 36.1 33.9 -394  -38.1 29.0 29.3
AJ(rms) = 0.7 1.2
cyclo{Pro-L-boroPro)
boroPro Pro
N-type S-type wtd. av. N-type S-type wtd. av.
P -11.9° 167.0°¢ -15.6° 167.0°
& 40.3° 42,004 34.9° 42.0°
X 1.000 0.000 0.930 0.070
D? iy gPR gFF 3y PR GgFF 37 AT 3 §PR §FF 3y GPR GFF 37 A3J
13 5.9 -38.5 -39.7 7.2 37.0 59 00 65 -34.5 —426 712 37.0 6.5 1.0
14 11.8 -159.7 -1608 0.8 -84.2 118 05 107 -1557 -163.7 08 -84.2 0.0 1.2
35 6.7 39.9 422 6.6 —40.4 67 0.1 7.5 342 384 6.6 ~40.4 7.5 0.1
36 0.9 -82.3 -783 124 -162.6 09 -09 08 —-88.0 -82.1 124 -162.6 1.6 0.5
45 12.2 161.0 163.3 09 80.7 122 01 114 155.3 158.7 09 80.7 06 0.1
46 6.8 38.8 427 64 —41.5 68 -02 177 33.1 382 64 -41.5 76 04
57 8.5 -26.9 -29.7 1.5 27.7 85 08 9.0 -21.6 -25.1 7.5 27.7 89 04
58 102 -148.5 -151.7 1.1 -93.9 102 09 9.1 -1432 -147.1 1.1 -93.9 86 06
67 1.2 95.2 91.0 104 149.8 1.2 02 1.5 100.5 954 104 149.8 2.1 1.4
68 7.7 -26.3 -31.1 8.4 28.3 7.7 0.7 8.6 -21.0 -26.5 8.4 28.3 85 -0.7
0 42.7 37.8 —-40.9 33.6 333 —-40.9
1 -324 -26.3 27.6 -21.7 -21.9 27.6
2 9.8 4.3 -3.7 1.5 1.1 -3.7
3 16.5 19.4 -21.6 19.3 20.1 -21.6
4 -36.6 -34.8 38.7 -32.7 -33.4 387
AJ(rms) = 0.6 0.8
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Table 5: (Continued)
cyclo(Pro-p-boroPro)
boroPro Pro
N-type S-type wtd. av. N-type S-type wtd. av.
P 10.0°¢ 168.2° 13.4° 128.7°
®n 42.0°¢ 40.6° 54.7° 60.7°
X 0.000 1.000 0.521 0.479
D? 37 gPR gFF 3y gPR 9FF k¥ 4 AdJ 37 gFR 9FF 37 gFR gFF 37 AYJ
13 6.1 -37.3 -39.5 3.8 56.9 46.1 5.0 0.5
14 11.1  -158.5 -162.0 2.0 —64.3 -75.7 6.8 1.5
23 1.1 93.7 11.8 160.0 1629 8.9 0.6
24 8.4 -27.5 59 38.8 414 68 1.3
35 6.3 41.9 6.8 -39.3 -435 69 04 4.4 53.7 50.5 7.0 -37.4 -36.7 5.7 24
36 1.0 -80.3 123  -161.5 -1642 9.0 0.4 1.9 —68.5 -72.8 120 -1596 -157.8 6.8 1.8
45 12.5 163.0 0.9 81.8 777 3.8 0.8 133 174.8 171.9 0.8 83.7 848 7.3 0.6
46 6.5 40.8 6.6 —40.4 430 69 -03 4.6 52.6 48.7 6.9 -38.5 -36.2 57 0.0
57 7.2 -37.6 7.5 27.4 319 77 1.1 5.2 -50.4 —48.1 9.8 2.9 60 74 -02
58 11.8  -159.2 11 -94.2 -90.5 39 -0.1 128 -172.0 -1723 41 -1187 -1162 8.7 0.7
67 0.8 84.5 10.4 149.5 1525 7.2 0.0 1.4 71.7 75.0 5.3 125.0 1272 33 0.9
68 62 -37.0 8.4 28.0 301 80 00 45 498 491 9.8 3.5 50 7.1 0.0
0 41.4 —40.8 -39.0 53.2 48.2 -38.0 -334
1 -37.7 28.0 27.0 -50.5 -47.1 2.9 33
2 197 —4.5 -4.4 28.5 26.9 333 299
3 5.8 -20.7 -20.0 44 4.1 -56.8 -50.7
4 ~29.2 380 35.8 -35.6 -33.2 58.5 52.0
AJ(rms) = 0.5 1.1

7 Value fixed due to low abundance (<15%). ¢ Dihedral subscripts, two digits refer to H-C—C-H dihedrals, one digit numbers to endocyclic angles

as defined with eq 1.

the following equation has been proposed (Donders, 1989):

gy = Co + C, cos By + C, cos (20yy) +
C; cos (3pyyy) + S, sin (205 (7)

where
Co=701-058) A -0.24A N+ AM)  (8)

C,=-1.08 9)
C,=6.54-0.82D A+ 0200\ + M))  (10)
C, =—0.49 (11)

and
S, =0.68D_ £\ (12)

Substituent orientation effects (Booth, 1965; Pachler, 1972)
are accounted for by the sign factor, £, in eq 12, which has
permissible values of +1 or —1. Group electronegativities, A,
are based on measurement of 3Jyy in monosubstituted ethanes
(Colucci et al., 1985). Cross-terms in eqs 8 and 10 account
for nonadditivity of substituents when there are more than
one per carbon atom. Group electronegativity values exhibit
solvent effects (Colucci et al., 1986; Van Wijk et al., 1992),
and most literature values were measured in CDCly. Group
electronegativity values used in our pseudorotation calculations
are given in Table 4. They are the most recent values for
aqueous solvents supplied with PSEUROT 5.4 (Altona, 1992),
supplemented by our own 3Jyy measurements of substituted
ethanes in D,O and, in the case of -B(OH);, due to commercial
unavailability of ethaneboronic acid, a value producing the
best fit to our data.

A through-space effect on 'H spin-coupling across saturated
rings, the “Barfield transmission effect” (Marshall et al., 1976),
is known to occur, especially in highly puckered envelope
conformers, and is an option in PSEUROT. First discovered

in norbornanes, the effect of orbitals from the atom at the
envelope’s “flap” (the C7 methylene bridge in norbornane) is
known to cause as much as 3 Hz nonequivalence between
exo-exo and endo-endo coupling constants (the latter being
smaller) despite identical ¢yy angles. Theoretical studies on
five-membered rings containing heteroatoms -N and -O (De
Leeuw et al., 1983b) concluded that the Barfield effect plays
an important role in proline rings, explaining inequalities in
cisoid -+ and y—$é proton pairs. De Leeuw et al. found that
nitrogen atoms in the bridgehead position have a smaller effect
than methylene carbons, but larger than that of oxygen. A
simple cos? formula for calculating the Barfield effect was
presented, supplying coefficients for bridgehead carbon and
oxygen atoms, but inexplicably omitting the coefficient for
nitrogen. Pseudorotation calculationsin this work were carried
out using a variety of coefficients for bridgehead nitrogens,
yielding no improvement in fit to the data. Thus we join
previous workers in not correcting for the Barfield transmission
effect (De Leeuw et al., 1983a) for purely practical reasons.

Results of the pseudorotation analysis are summarized in
Table 5. Convergence was obtained in all cases, with rms
errors for J ranging between 0.5 and 1.2 Hz. Pucker angles
average about 42° for the proline rings, in agreement with
previous workers (Haasnoot et al., 1981; De Leeuw et al.,
1983a), as contrasted with about 38° typical of ribose rings
(Hoffmanetal., 1992). Phaseangles for N-and S-type species
range from —16° to +14° for Py and from 128° to 214° for
Ps. When the mole fraction, X, of either N- or S-type species
fell below about 15%, decreasing the reliability of the output
parameters, values of &, PN, and Ps were constrained to 42°,
10%, and 167, respectively. The boroPro ring of open chain
compounds I and II prefer the envelope conformations,
probably as a result of sp? hybridized nitrogens, whereas the
terminal proline rings, with their sp® hybridization, exist in
twist conformations, with nearly equal N and S conformations.
Compound IV shows the greatest values of pucker angle &,
with 54.7°and 60.7°in the N- and S-type Prorings, respectively,
probablyindicative of ring strain. The best values of the proton
dihedral angles and vicinal spin coupling constants calculated
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FIGURE 6: Stereopairs of the structures determined for compounds
I-IV (A-D, respectively). The structures were energy-minimized via
force-field calculations with endocyclic dihedral angle constraints
derived from pseudorotation analysis.

by PSEUROT for N-type, S-type, and weighted averages are
also listed in Table 5. From P and &, the phase and pucker
angles determined by PSEUROT, the five endocyclic angles
604 were calculated with eq 1 and listed in Table 5.
Computer Modeling and Force-Field Energy Minimiza-
tion. Computer models of compounds I through IV were
constructed and energy-minimized using QUANTA and
CHARMmMm and are displayed as stereopairs in Figure 6.

Sudmeier et al.

Table 6: Peptide Dihedral Angles ¥; and w; Calculated from
CHARMm Force-Field Minimized Structures

compound conformation XFbP Y1 wy

Pro-L-boroPro NN 0.503 165.9° 174.8°

SN 0.497 168.9° 174.6°
wtd. av. 167.4@2.1° 1746 £0.1°
Pro-p-boroPro NN 0.143 167.4° -177.2°

NS 0.381 155.3° -175.9°

SN 0.129 165.7° -177.3°

SS 0.347 158.8° -177.6°
wtd. av. 159.6 @ 5.3° -176.9 £ 0.9°
cyelo(Pro-L-boroPro) NN 1.000 5.2° -1.0°
cyclo(Pro-p-boroPro) NS 0.521 -32.1° 7.7°

ss 0479 26.8° -15.0°
wtd. av. -39%x41.6° -3.2816.0°

Because there is no evidence tosuggest any correlation between
the N = S conformational equilibria of the Pro and boroPro
rings, multiple computer models having sufficient combinations
of ring conformers, i.e., NN, NS,SN, and SS, were constructed
in order to account for the populations determined by
pseudorotation analysis. The mole fraction of each molecular
conformer, e.g., NN, is the product of the populations of
conformer N in the individual Pro and boroPro rings, so that

X" = XX (13)

and similarly for NS, SN, and SS. The contributions of
molecular conformers resulting from values of Xy or Xj less
than 15% was ignored.

Proper choice of the dielectric model is crucial in obtaining
force-field minimizations not overwhelmed by electrostatic
attractions. Good results were obtained using the distance-
dependent or radial dielectric model in CHARMm (RDIE)
with a value of constant EPS = 4. To include the phase and
pucker angles from pseudorotation analysis, proline endocyclic
angles 6p—8; were input as dihedral constraints (constraint
weight = 50). Absent these constraints, CHARMm tended
to underestimate pucker angles by about 8. CHARMm
parameter sets regarding boron are meager, and, except for
the important B-N bond distance of 1.74 A (Snow et al.,
unpublished data), default values for boron bond distances,
angles, and related force constants were adopted.

Proton and endocyclic dihedral angles resulting from force-
field minimizations are shown in Table 5. Good agreement
is obtained between dihedral angles from pseudorotation
analysis and from constrained force-field calculations, with
an rms error of 3.3°, and a maximum deviation of 11.4°,
Better agreement could be obtained by adding the !H dihedral
angles as constraints and /or increasing all constraint weights.
However, that would risk distorting carbon atom tetrahedral
geometries and seems unwarranted in view of the agreement
obtained by conservative measures.

With the imposition of proline conformer constraints,
dihedral angles ¢, (N1-CA1-C1-N2) and w; (CA1-C1-N2-
CA2) between rings are among the few remaining degrees of
freedom. Their values from the CHARMm force-field
minimized structures are shown in Table 6, along with
populations of various molecular conformers, weighted aver-
ages of ¢, and w,, and standard deviations of the weighted
averages

wtd. std. dev. = ’\/nf 1‘L“/\’,-(dev,.)z (14)

where n is the total number of observations. As shown in
Table 6, when boroPro has the N conformation, ; is in the
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Table 7: Comparison of Average Interproton Distances (A) of
Pro-L-boroPro in D,0 at pH = 2 Calculated by Two Methods:
NOESY Cross-Peak Volumes with Two-Proton Assumption vs
Pseudorotation Analysis and Force-Field Calculations

assignment  label® NOESY distance® PR/FF Distances dev.
bP:A/bP:2B 10 237x0.14 2.44 %+ 0.00 0.07
bP:A/bP:1B 12 3.12+0.21 3.06£000  —0.06
bP:A/bP:2G 11 286+ 0.18 277 £0.00 -0.09
bP:A/bP:2D b] 3.38£0.30 3.59 £ 0.00 0.21
bP:1B/bP:2B 1.81+0.01 1.77 £ 0.00 -0.04
bP:1B/bP:2G 2.89+0.15 3.05+0.00 0.16
bP:1B/bP:1D 9 2.86 £ 0.01 2.81 £0.01 -0.05
bP:2G/bP2D 7 242+ 001 2.38+£000  -0.04
bP:1G/bP:2D 2.83 £ 0.06 273£000 010
bP:2D/bP:1D 1.784 1.78 + 0.00 0.00
bP:2D/P:A 1 2.33+£0.21 2.23+0.01 -0.10
bP:2D/P:2B 6 3.36 £ 0.06 3.27+£0.21 -0.09
bP:1D/P:A 2 2.73£0.07 2.92%0.01 0.19
bP:1D/P:2B 8 2.57 £ 0.00 2.55£0.45 -0.02
P:A/P:2B 3 2.57+0.21 2.38 £0.09 -0.19

dev. (rms) = 0.12

4 Corresponding to Figures 2C and 3. % Averages and standard
deviations derived from cross-peak volumes on opposite sides of the
diagonal. ¢ Weighted averages and weighted standard deviations (eq 14)
from multiple structures. ¢ Geminal H-H distance taken from the
computer model as a reference.

165-167° range, but when it has the S conformation, y is in
the 155-159° range, the N vs S difference indicating some
steric interaction between rings. Because of peptide C-N
double bond character, w; deviates little from the expected
value of 180° in the trans, open-chain compounds I and II,
or from the expected 0° in the cis, cyclic compounds, III and
Iv.

Comparison of Distances from NOESY vs Force-Field
Calculations. In many studies of solutionstructures, NOESY,
the 2D NMR spectroscopic method which responds to through-
space internuclear interactions, is the method of choice for
determination of !H-'H distances. Inaddition topoor inherent
sensitivity, however, NOESY suffers a number of limitations.
Small cross-peaks are associated with greater relative error,
so that the most valuable (i.e., large) distances are invariably
the most uncertain. To minimize systematic errors due to
spin diffusion at long mixing times, NOESY spectra are
normally acquired with reduced mixing times, corresponding
to early-stage NOE buildup. However, this tends to increase
the contributions of random errors and other systematic errors,
such as incompletely cancelled through-bond COSY peaks
(e.g., peak 4 in Figure 2C).

When spatial averaging occurs among significant conformer
populations, as in the present study, utilization of NOESY
datain any quantitative sense is at its most doubtful (Neuhaus
& Williamson, 1989). Theory has been established for
“uniform averaging”, where nuclei range with equal prob-
abilities within certain distance boundaries (Braunetal., 1981).
Such distance averaging is nonlinear, depending upon 3 for
averaging, which is rapid compared to molecular tumbling
rates, and upon r¢ for slow averaging. The theory, however,
is inapplicable to the present case, where intramolecular
distances vary among discrete values. Regardless how
distances would be averaged in this situation, the populations
of contributing species are clearly indeterminate.

Limitations notwithstanding, NOESY spectra play essential
roles in the present study for assignment of 'H resonances and
for evaluating the outcome of force-field minimizations. A
mixing time of 600 ms was chosen for the four compounds
based on determination of ~800 ms as the time of maximum
NOE buildup for one of the compounds. NOESY cross-peak
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volumes were measured and subjected to first-order analysis
using a two-proton model, i.e., assuming each pair to interact
independently of all other protons. Cross-peak volumes in
this model are proportional to 75, and with referencing vs the
large cross-peaks from geminal protons of known separation
(1.78 A), average NOESY distances were calculated, as shown
inTable 7. Only cases giving unambiguously assignable pairs
of cross-peaks on both sides of the diagonal were included.
These distances are compared with linear weighted average
distances (and weighted standard deviations according to eq
14) obtained from the energy-minimized structures.

As shown in Table 7, the agreement between the distances
from NOESY spectra and from the computer models is very
good for compound I, producing an rms error of £0.12 A. The
agreement is thought to be fortuitous, however, because, for
compounds II-IV, higher errors are obtained. T values of
the 'H atoms in Pro-D-boroPro were measured, ranging from
0.5 to 2.0 s. Increasing the relaxation delay from 1.3 to 5.0
s surprisingly did not improve the fit of NOESY to computer
model distances. The agreement resulting from NOESY
distances is not bad in light of the simplifying assumptions,
and specific assignment clues provided by NOESY spectra
are invaluable in determining the structures shown in Figure
6.
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