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An integrated NMR-quantum mechanical (QM) approach,
relying on the comparison between calculated and experi-
mental J-values, was applied to the analysis of the relative
configuration of four amino acid units (known as AGDHE, D-
aThrl, p-aThr2 and B-OMeTyr) contained in callipeltin A, a
cyclopeptide endowed with a powerful inhibitory activity on
the cardiac sodium/calcium exchanger and also showing

interesting antiviral and antifungal properties. In this paper
we report the first example of the application of this method
to a real case, which allowed the assignment of the relative
configuration of the B-OMeTyr residue and the revision of
the configuration of the Thr2 unit in callipeltin A.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

1. Introduction

Callipeltin A (1) and its congeners were isolated in our
laboratories from the sponges Callipelta sp.!"-?! and Latrun-
culia sp.Bl Callipeltin A shows both antiviral activity
against HIV-1-infected CEM4 lymphocytes and antifungal
activity against Fusarium oxysporum, Helminthosporium sa-
tivum, Phytophtora hevea, and Candida albicans. More re-
cently, callipeltin A was found to be a selective and power-
ful inhibitor of the cardiac sodium/calcium exchanger and
eliciting interest as a potential regulator of myocardial con-
tractility.™

Callipeltin A (1) is the first member of a growing group
of potent antiviral marine peptides, which comprises papu-
amides A-C,"! microspinamide,[® and neamphamide,!”! and
with which it shares a certain degree of structural homol-
ogy, suggesting in turn a potential common pharmaco-
phore.

Distinguishing structural characteristics of this family of
peptides include a preponderance of unusual amino acid
residues and unique N-terminal polyketide derived moieties.

In our original paper,!'! we proposed the configuration
of nine amino acid residues of callipeltin A as L-Ala,
(2R,3R.,4S5)-4-amino-7-guanidino-2,3-dihydroxyheptanoic acid
(AGDHE), (3S,4R)-3,4-dimethyl-L-glutamine (diMeGln), L-
Thr (two residues), b-Arg, L-Leu, L.-NMeAla. The configu-
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ration of B-OMeTyr residue, indeed, remained unassigned
due to the chemical degradation of this residue under acidic
hydrolysis conditions. Subsequent studies led to a revision
of L-Ala as D-Ala and L-Thr-1 as D-¢Thr-1.0]

Further insights arose from the synthetic studies on calli-
peltin A recently appeared in the literature. In fact, several
groups, including own, have reported the stereoselective
synthesis of all non-proteinogenic units in callipeltin.[®-17]
These efforts led to the revision of the 3-hydroxy-2,4,6-tri-
methylheptanoic acid end group,!'>!” and to the confirm-
ation of the 3,4-dimethylglutamine residue,®! nevertheless
several stereochemical issues are still unresolved (Figure 1).

First, the B-OMeTyr residue, common to callipeltins,
papuamides A-D and neamphamide, lacks a definition of its
relative and absolute configuration. The relative configura-
tion of 4-amino-7-guanidino-2,3-dihydroxyheptanoic acid
(AGDHE) also requires an unambiguous definition. Indeed,
whereas the S configuration of C4 of this residue was secured
by reliable chemical methods, the relative configuration pro-
posed on the basis of homonuclear J coupling analysis!!l did
not receive unambiguous confirmation by subsequent syn-
thetic studies.['*! In addition, the presence of two D-aThr resi-
dues in neamphamide, a peptide which shows a high struc-
tural homology with 1, prompted us to further investigate
the identity of the two Thr residues in callipeltin A, which
were recently reported as D-aThrl, and L-Thr2.I%!

While the full configuration assignment of callipeltin A
could be determined by completing the total synthesis of
all the possible stereoisomers, we envisaged that the applica-
tion of the QM/NMR approach, recently proposed by our
group,!'81 should rapidly address the stereochemical quan-
dary.
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Figure 1. Callipeltin A (1) with amino acid residues still stereochemically undefined.

Our strategy is based on the comparison between calcu-
lated (at QM level) and experimental 3Jy and 23Jcy
coupling values; it employs accurate prediction of the J
coupling constants obtained at DFT (density functional
theory) level that allows a faithful assessment of the NMR
properties under examination. The theoretical data derive
from the calculation of homo- and heteronuclear coupling
constant values for each of the six main staggered rotamers
(three for each relative erythro and threo stereochemical ar-
rangement) in which any given two-carbon (chiral) frag-
ment can be ideally represented. For a molecule containing
more than a single pair of stereocentres, like callipeltin A,
the strategy examines each C, fragment independently from
the rest of the whole molecule, following a rationale build-
ing of a set of appropriate reduced systems.

Our choice of dividing the molecule depends at least on
two factors: from a computational perspective the configu-
rational determination of an entire system would limit the
analysis to compounds with no more than two/three

OH 0
H30HNN J

stereogenic centres; in addition, a strategy based on the dis-
section of the full molecular system may still be considered
reliable, since the magnitudes of coupling constants are af-
fected mainly by the local atomic environment, and effects
extending further than two atoms away from the nuclei in-
volved in the coupling are usually not relevant.

In practice, the division of the system in simplified frag-
ments is made substituting to the main chain at least two
heavy groups (carbon, oxygen atoms), and to every
branched chain at least one heavy atom (Figure 2).

The accuracy, the robustness and the precision attainable
by this method was shown on a model system, whose con-
figuration had already been determined through chemical
synthesis.l'8! We felt that callipeltin A with its key residues
may represent an ideal test system for our approach, thus
allowing to extend this methodology to a real case.

In this paper we report, through the application of the
QM/NMR method, a configurational analysis of callipeltin
A 1, involving the two threonine residues (named D-aThrl,
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Figure 2. Molecular Fragments representing the five C, reduced systems of callipeltin A; calculations of erythro and threo forms of
AGDHE, ; were performed varying centre C-4. Since the two sets of calculations pointed to the same results, and on the basis of the
results of the calculation regarding AGDHE; 4 we reported, for sake of simplicity, only the results of the set of calculations containing
the correct relative configuration of C-4. Same considerations apply for fragment AGDHE; 4, this time varying C-2. Also in this case,
we reported only the set of calculations containing the correct configuration of C-2. The complete set of results is reported in the

Supporting Information.
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and D-aThr2), the B-OMeTyr amino acid, and the two units
(named AGDHE,;, and AGDHE;,) contained in the
AGDHE fragment.

2. Results and Discussion

According to the above rational, callipeltin A was (vir-
tually) dissected prior to geometry optimization and calcu-
lation of the NMR properties. In particular, each C, frag-
ment represents one of the five fragments, namely
AGDHE,;, AGDHE;,, p-aThrl, p-aThr2, B-OMeTyr.
The so obtained reduced systems are depicted in Figure 2.

For each fragment, three (1 anti and 2 gauche) staggered
arrangements were considered for each of the two erythro
and threo stereochemical series. Subsequently, each arrange-
ment was optimised at mPWI1PW9I1 level of theory using
the 6-31G(d) basis set; the calculation of J couplings was
executed on the optimized geometries using the same func-
tional and the 6-31G(d,p) basis set.['”] For both the calcula-
tion steps, the IEF-PCM solvent continuum model (meth-
anol solvent) was used,?” since some of the fragments un-

Table 1. Calculated data sets of callipeltin A J values for the six
conformational arrangements belonging to erythro and threo series
in comparison with the experimental data: single deviations and
TAD (Z|Jcaie-Jexpl) values.

Calc. Exp.
erythro threo
gt anti g gt anti g

D-aThrl

3 o3 3.7 8.6 2.6 4.5 9.2 1.3 2.8
2Jh2-c3 0.9 44 49 45 42 06 57
3o Me 0.7 2.3 4.0 0.3 2.7 1.9 5.0

JHz 2 -1.4 -22 03 06 -18 06 -14
3J3-c=o 7.2 24 1.4 7.4 1.0 2.1 2.0
TAD 17.0 11.0 43 138 11.6 13.0
AGDHE, 3

3 o3 4.6 8.0 32 1.8 5.9 6.6 9.0
2Jtac3 -3.0 -3.7 -03 22 27 30 -40
3t cq 6.7 2.3 0.3 0.4 4.6 5.3 2.6
2Ji3-co 1.9 -0.8 -1.3 38 03 24 -35
3J3-c=o 0.1 1.8 6.6 0.2 4.0 7.1 1.2
TAD 16.0 4.9 194 239 13.0 13.1
AGDHE; 4

33 114 33 8.7 3.1 4.0 5.0 0.9 1.7
3¢5 0.4 1.5 4.9 3.8 0.0 2.6 1.7
2Jha-c3 4.3 44 05 -39 -53 07 1.2
3 taca 6.2 4.0 0.6 5.9 0.1 2.5 1.2
TAD 13.4 15.6 59 142 12,6 35
D-aThr2

313 3.7 8.6 2.8 4.6 7.7 1.7 3.5
23 -0.4 49 49 42 36 -15 -41
3t Me 0.5 1.9 4.1 4.3 4.4 1.6 1.1
2Jh3-co -1.6 -0.3 24 12 11 09 -28
3J3_c=0 7.3 32 0.7 7.0 1.5 2.0 7.3
TAD 5.7 132 162 62 17.6 138
p-OMeTyr

313 1.5 8.7 39 83 107 37 9.1
23 5.4 -32 00 -34 43 -34 -39
3J¥12_ph 3.8 2.5 0.7 5.6 1.8 1.1 1.3
Jus 0.8 26 27 -12 -23 04 32

isoeo 14 20 64 66 16 15 17
TAD 125 35 91
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der investigation contain HB (hydrogen bonding)-donor
and HB-acceptor groups, and the neglect of solvent effects
may seriously affect the conformational properties of the
system, eventually leading to the wrong configurational as-
signment.

Table 1 reports the experimental data sets of J values
along with all the calculated coupling constants for the vari-
ous conformational and configurational arrangements of
each of the five C, fragments originating from callipeltin A.
A careful data analysis allowed to assess that the accuracy
of the results is fairly good: in all the five independent C,
fragments examined, it can be seen that for only one of the
six arrangements the calculated J values are in agreement
with the experimental, by showing the lowest sum of abso-
lute errors X|Jeuic — Jexp| (Total Absolute Deviation values,
TAD) in the reproduction of J experimental data.

It has to be pointed out that a significant comparison of
the TAD values is possible only among the different con-
formers of a given C, fragment, while TAD values of dif-
ferent C, fragments should not be confronted. In fact, the
structural simplification of the molecule and its division in
the reduced fragments of Figure 2 is an approximation that
may differently affect the five C, fragments examined.

D-aThrl Residue

A careful analysis of the calculated vs. the experimental
data of the p-aThrl residue (Table 1) showed the lowest de-
viation between corresponding calculated and experimental
3Jun and 23Jc g values for the g~ erythro arrangement. In-
deed, the mean absolute error (Z|Jcuec — Jexpl/n, n = total
number of couplings) calculated for this arrangement was
0.8 Hz with the highest |Jou1c — Jexp| difference, correspond-
ing to 1.7 Hz, for the %Jyy3 ¢ coupling constant, whereas for
the remaining J pattern the |[Joe — Jexpl differences were
below 1.0 Hz. As evidenced in Table 1, incorrect arrange-
ments were characterized by larger values of the mean abso-
lute error, ranging from ca. 2.3 to ca. 3.4 Hz, and, in the
calculated pattern, each improper arrangement contained a
calculated coupling constant that deviated of about 6 Hz
from the experimental one.

Moreover, a further very informative indication was
given by the Total Absolute Deviation (TAD, sum of abso-
lute errors X|J.ac — Jexpl) that, more clearly than the mean
absolute error X|Jcuc — Jexpl/n, allowed us to safely draw
conclusions. In fact, the sum of absolute errors X|Jcuic — Jexpl
of g~ erythro arrangement was 4.3 Hz, while this parameters
in all other cases fell in the 11-17 Hz range.

AGDHE; ; and AGDHE; , C, Systems

As for the p-aThrl residue, the analysis of the calculated
vs. the experimental J values allowed the determination of
AGDHE, ; and AGDHE; 4 residues. For these fragments
the relative configurational arrangement was suggested by
a comparative estimation of the TAD values. In fact, for
the AGDHE; 4 residue, the best agreement between calcu-
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lated and experimental was found for the g~ threo arrange-
ment, characterized by a total deviation of only 3.5 Hz
(compared to TAD values of 5.9-15.6 Hz for the “wrong”
conformers, see Table 1). Also for the AGDHE, ; fragment,
the anti erythro model displayed the lowest TAD value of
4.9 Hz, much below the other deviations (13.0-23.9 Hz).

D-aThr2 Residue

The comparison between the J calculated and the experi-
mental data for the p-¢Thr2 amino acid preliminarily sug-
gested an erythro configuration. In fact, the g* erythro ar-
rangement showed the lowest TAD from the experimental
J couplings, even if the calculated data set for the g* threo
arrangement also displayed a fair agreement with the exper-
imental data. Indeed, both of the calculated g* erythro and
threo conformers displayed a qualitatively similar pattern of
2Jus-c> and 3Jys_c=o values, in particular the 2Jy3 ¢, val-
ues (-1.6 and —1.2 Hz for g erythro and threo rotamers
respectively, vs. the experimental value of —2.8 Hz) sug-
gested a gauche relationship between the H3 proton and the
nitrogen-substituent bonded to the adjacent coupled car-
bon. It is noteworthy that nitrogenated substituents are
known to induce a small variability range of 2J;; ¢ coupling
constant.[?!]

Since considerations relying on TAD values would only
slightly favour the g* erythro vs. the g* threo arrangement,
with very little difference (5.7 Hz vs. 6.2, respectively), a
confirmation of the g* erythro assignment was necessary.
In particular, the analysis of the NMR spectroscopic data
revealed the presence of a strong ROE dipolar effect be-
tween the H2 proton and the methyl group, allowing the
confirmation of the g* erythro arrangement. This observa-
tion was also consistent with the small 3/, v value and,
consequently, with a gauche relationship between these
groups. A plausible explanation for the poor reproduction
of the large experimental (—4.1 Hz) 2Jy»_c3 value in the g*
erythro conformer may be related to the inability of this
particular reduced system to represent the corresponding
fragment in the intact natural product.

Definition of the Absolute Configuration of the two Thr
Residues

In order to safely confirm the stereochemical assignment
of the Thr residues, derived from QM-NMR analysis, and
to define their absolute configuration, we applied the LC/
MS modification of Marfey’s method to the acid hydroly-
sate of callipeltin A.*?l We had already used Marfey’s
method for the stereochemical analysis of the conventional
amino acid residues in callipeltins,!! but the identity of each
residue was secured by comparison of the retention times
of the derivatives from 1 with the FDAA derivatives of ap-
propriate standards. A more reliable analysis involves the
use of LC-MS for the proper identification of the individual
peaks in the HPLC trace. A single peak corresponding to
D-aThr was observed by ion-selective monitoring for

Eur. J. Org. Chem. 2006, 604-609
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FDAA-Thr (m/z 372). Our original misassignment (L-Thr
vs. D-aThr) was likely due to the presence of an unassigned
peak,®! probably arising from a side reaction of a residue
in callipeltin A during the hydrolysis. This fortuitously had
the same retention time of FDAA derivative of L-Thr
(12.5 min), but different molecular weight (m/z 292).

P-OMeTyr Residue

Finally, relevant considerations concern the B-OMeTyr
residue. From a qualitative point of view, the /arge experi-
mental 3Jy iy coupling suggested one of the two possible
anti arrangements; it has to be kept in mind that a differen-
tiation of the two different anti arrangements (erythro and
threo) may not be obtained on the basis of the semiquantit-
ative classification (small, medium, and large) of the hetero-
nuclear J values proposed by the Murata J-based analy-
sis.?31 Conversely, the calculated J values for each relative
series, compared to the experimental J values, may allow to
identify the correct configurational arrangement through a
quantitative approach.['®]

First, we observed that the calculated data sets of J val-
ues for the four gauche arrangements of the two relative
series could be disregarded because they exhibited large de-
viations from the experimental counterparts (Table 1).

On the contrary, smaller discrepancies from the experi-
mental J values were observed for the anti arrangements. It
has to be pointed out that, even if in principle our QM/
NMR approach allows to discern among the two diastereo-
isomeric anti arrangements,!'® the calculated J values for
the erythro and the threo anti conformations of the B-OMe-
Tyr residue resulted very similar to each other (Table 1). In
particular, both the anti arrangement showed a satisfactory
agreement with the experimental, with only a slight prefer-
ence for the erythro arrangement (TAD values of 3.2 Hz vs.
3.5 Hz, see Table 1), revealing a limitation in our methodol-
ogy for all cases in which a determinate C,- fragment dis-
plays an intrinsic similarity of the J values pattern for two
diastereomeric arrangements.

For the above reasons, a conclusive and safe differentia-
tion was again achieved inspecting the ROESY spectrum
acquired in [Ds]pyridine: the presence of a diagnostic ROE
cross peak, that correlated the aromatic proton to the amide
proton of B-OMeTyr residue, allowed the exclusion of the
threo arrangement and suggested the erythro configuration
for the B-OMeTyr residue. Prompted by this result, we have
reported in a parallel paper the synthesis of all four di-
asteromers of this residue and have assigned the absolute
configuration as 2R,3R.1"

3. Conclusion

A recent QM/NMR approach, based on DFT calcula-
tion of proton-proton and proton-carbon J-coupling values
and their comparison with the experimental, was employed
for the first time to define some configurational features of
a natural product. In particular our strategy was directed
607
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Figure 3. Revised stereostucture of callipeltin A (1).

toward the assignment of the relative configuration of five
simplified segments of callipeltin A, to then transpose the
results to the full molecule.

The agreement between calculated and experimental data
can be considered satisfactory, suggesting a good reliability
of the configurational assignment here proposed. Some dis-
crepancies may be mainly due to the fact that the conforma-
tional properties of the whole molecule have not been taken
into account. On the other hand, the dissection of the full
molecular system into simplified fragments has the signifi-
cant advantage to limit the computational effort and to be
extremely rapid especially during the geometry optimization
step. Furthermore, it has to be kept in mind that experimen-
tal values are referred to the real molecule, therefore provid-
ing a meaningful reference data system to assess the reliabil-
ity of the strategic choices imposed to the calculations.

In conclusion, the application of the QM/NMR method
to the configurational analysis of callipeltin A led to the
following achievements: I) the first assignment of the rela-
tive configuration of the B-OMeTyr residue; II) the revision
of the configuration of the Thr2 residue, by replacing the
original proposed L-Thr with a D-aThr; III) the confirm-
ation of the 2R,3R,4S-configuration for the AGDHE frag-
ment, as shown in Figure 3.

4. Experimental Section

4.1 NMR Experiments: NMR measurements were performed on a
Bruker DRX-600 at 7= 300 K. All spectra were acquired in the
phase-sensitive mode and the TPPI method was used for quadra-
ture detection in the w; dimension. NMR sample was obtained
dissolving 10 mg of callipeltin A in two solvent systems (500 pL)
[D4gMeOH (CIL, 99.96% D) and [Ds]pyridine (Sigma Aldrich,
99.5%D). The spectra recorded dissolving callipeltin A in [Dg]-
MeOH were PFG-PS-HMBC,?42°1 PFG-HETLOC,?l ROESY, "]
and NOESY?®! experiments. 23/ values were obtained from
phase-sensitive PFG-PS-HMBC spectrum with a total of 128 scans
per t; value, acquiring 4K points in w,, and with a 7;,,,,, value with
a f1max Of 9.5 ms. The delay for long-range coupling evolution (A)

608
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was set at 50 ms. Upon 2D-FT, zero-filling (4K X 1K) was carried
out in w, and w,. For the phase-sensitive PFG-HETLOC spec-
trum, a total of 160 scans/t; were acquired using 4K points in w,,
with a spin lock of 50 ms and a #1,,, of 41.7 ms. The data matrices
were zero-filled to 4K x 1K affording a digital resolution of 0.4 Hz
in w,. The following acquisition conditions were set for the ROESY
spectrum 128 scans/t|, a f; . value of 37.7 ms and a mixing time
of 350 ms while for the NOESY spectrum 128 scans/f;, a fmax
value of 29.8 ms and a mixing time of 200 ms. The spectrum exe-
cuted on the sample prepared in [Ds]pyridine was a NOESY ex-
periment whose conditions were the following: 256 scans per f,
value, a #),.x value of 16.8 ms and a mixing time of 350 ms. The
NMR spectroscopic data were processed on a Silicon Graphic In-
digo2 workstation using the Bruker XWIN-NMR software. Stan-
dard Bruker pulse sequences noesyph and roesyph were used to
run NOESY and ROESY spectra, respectively; the PFG-PS-
HMBC pulse sequence is available on the internet (http://
www.bmrb.wisc.edu/pulse_seq/files/gradhmbc), the pulse sequence
for PFG-PS-HETLOC was obtained from the authors.[?¢!

4.2 QM Calculations: For the QM calculations, both the full geom-
etry optimization and the calculation of J-coupling values were per-
formed on a Pentium-4 at 2.8 GHz processor (running Microsoft
Windows 2000) using the Gaussian03W (version 6.0) software
package.””! The gauche or anti staggered conformers of the five
simplified fragments (Figure 2) were optimised at mPWI1PW91
level of theory using the 6-31G(d) basis set; the single-point calcu-
lation of J-coupling was executed on the optimized geometries
using the same mPWI1PWO1 functional and the 6-31G(d,p) basis
set. For both the calculations the IEF-PCM solvent continuum
model, as implemented in Gaussian, (methanol solvent) was
used.?

4.3 Determination of the Absolute Configuration

(a) Peptide Hydrolysis: Peptide samples (200 pg) were dissolved in
degassed 6 N HCI (0.5 mL) in an evacuated glass tube and heated at
160 °C for 16 h. The solvent was removed in vacuo and the resulting
material was subjected to further derivatization.

(b) LC-MS Analysis of Marfey’s (FDAA) Derivatives: A portion of
the hydrolysate mixture (800 pg) or the amino acid standard (500
pg) was dissolved in 80 pL of a 2:3 solution of TEA/MeCN and
treated with 75 pL of 1% N-(1-fluoro-2,4-dinitrophenyl)-5-L-alanin-
amide (FDAA) in MeCN/acetone, 1:2. The vials were heated at
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70 °C for 1 h, and the contents were neutralized with 0.2 N HCI
(50 pL) after cooling to room temperature. An aliquot of the L-
FDAA derivative was dried under vacuum, diluted with MeCN/
5% HCOOH in H,O (1:1), and separated on a Vydac CI8
(25x 1.8 mm i.d.) column by means a linear gradient from 10% to
50% aqueous acetonitrile containing 5% formic acid and 0.05%
trifluoracetic acid, over 45 min at 1 mL/ min. The RP-HPLC sys-
tem was connected to the electrospray ion source by inserting a
splitter valve and the flow going into the mass spectrometer source
was set at a value of 100 pL/min. Mass spectra were acquired in
positive ion detection mode (m/z interval of 320-900) and the data
were analyzed using the suite of programs Xcalibur (ThermoQuest,
San José, California); all masses were reported as average values.
The capillary temperature was set to 280 °C, capillary voltage at
37V, tube lens offset at 50 V and ion spray voltage at 5 V. Retention
times of authentic FDAA-amino acids (min): L-Thr (12.5), p-Thr
(17.6), L-aThr (13.1), p-aThr (14.1). The hydrolysate of callipeltin
A contained: D-Arg (13.1), p-aThr (14.1), (3S,4R)-3,4-diMe-L-Glu
(17.8), L-NMeAla (18.7), p-Ala (20.0) L-Leu (28.9).

Supporting Information (see footnote on the first page of this arti-
cle): Table S1 reports the two sets of calculated J-values of erythro
and threo forms of AGDHE, 3 obtained varying centre C-4, com-
pared to the experimental data. Moreover, Table S1 contains the
two sets of calculations performed on the erythro and threo forms
of AGDHE3;,, this time varying C-2.
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