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ABSTRACT

Anthocyanins, which are the highly colored compounds responsible for
most of the non-green colors in plants, are glycosides of benzopyrilium (flavylium)
salts that are subject to hydration by water at the flavylium C-2 position, with loss
of coloration at near-neutral pH. Biosynthetic acylation with supplied cinnamic
or benzoic acids at the O-6 Glc terminus of a set of anthocyanins produces
compounds with enhanced color stability that are of the structure, 6-O-acyl-B-b-
Glcp-(1-6)-B-p-Galp-(1-03%)-cyanidin, with and without a B-D-Xylp branch at the
2-O-Gal position. In order to investigate the conformational behavior of these
compounds with the aim of probing the mechanism for their color stabilization,
five compounds, four with the 2-O-8-Xyl branch, including the non-acylated
compound and three compounds where acyl = 3,4,5-trimethoxybenzoyl, 4-
fluorocinnamoyl, 3,4,5-trimethoxycinnamoyl, plus the latter compound lacking the
2-0O-B-D-Xyl group, were subjected to quenched molecular dynamics (QMD) using
a dielectric continuum of methanol, and the results of these calculations were
correlated with NMR data to yield families of conformers. The result was the
finding that these molecules were quite flexible, with discrete families of
conformers that afforded differing degrees of protection from attack at C-2 by
solvent. MOLCAD was further used to visualize these characteristics. Two

mono-cinnamoylated anthocyanins have been subjected to similar QMD studies
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in a continuum of water, with the aim of correlating conformational preferences
with color stability in an aqueous environment. Structure—activity relationships
that emerged are being used to design highly color-stabilized anthocyanins that
have potential as food colorants.

The design and programmable synthesis of electroactive
oligodeoxynucleotides (ODNs) that bear a covalently attached 9,10-
anthraquinone (AQ) moiety via a hexylamino linker arm was achieved using a
phosphoramidite derivative of a 2’-O-modified uridine. Prior to the successful
synthesis of these ODNs, attempts were made to synthesize C-8-modified 2'-
deoxyadenosine derivatives that could be similarly used in an automated ODN
synthesizer, however, these were difficult to prepare and do not readily form
duplexes. Electrochemical studies of the 2'-O-modified AQ—ODNSs on a hanging
drop mercury electrode (HMDE) suggest that these ODNs may be useful as
probes for hybridization, but that the HMDE is an unstuitable electrode to study

these processes.
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PART ONE:

CONFORMATIONAL STUDIES OF MONOACYLATED
ANTHOCYANINS: FACTORS THAT AFFECT THEIR COLOR
STABILITY



I. INTRODUCTION'

A. Structure and Properties of Anthocyanins

1. Historical Perspective. Since the discovery by Willstatter in the early
part of this century that the same pigment cyanin (Fig. 1.)—a member of the
family of the highly colored compounds known as anthocyanins—was presentin
both the blue cornflower, Centaurea cyanus, and the red rose,? a considerable
amount of research has been done to establish what phenomena are responsible
for the beautiful colors of flowers observed in nature.® Structurally, anthocyanins
have both aglycon (anthocyanidin) and glycone domains. Itis the anthocyanidin
nucleus that is responsible for the intense color observed when these
compounds are dissolved in aqueous medium. Although not shown in Fig. 1.,
the vast majority of anthocyanins that occurs in nature is acylated along the
glycosidic backbone, which can consist of saccharide sub-units other than B-b-
glucopyranose. For example, an anthocyanin isolated from the potato, Solanum
tuberosum, bears a 4-O-acylated a-L-rhamnospyranosyl moiety.*

In very early studies, researchers observed that anthocyanins have an
orange-red color in strongly acidic medium, whereas in weakly acidic or near-

neutral pH, a purple to biue color was evident. Therefore, the difference in color

between the blue cornflower and the red rbse could be explained by a difference




R R? Anthocyanin Aglycon

H H Pelargonin Pelargonidin
OH Cyanin Cyanidin
OCH, H Peonin Peonidin
OH OH Delphin Delphinidin
OCH, H Petunin Petunidin
OCH, OCH, Malvin Malvidin

Fig. 1. The structure of common anthocyanins.
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in the pH of the sap. However, other workers indicated that sap could not be
alkaline and proposed that the distinct blue color resulted from a complexation
of magnesium ions and this anthocyanin.® Further studies have revealed that
this is a rather simplistic view of the phenomena that are observed in the blue
cornflower.® Although it was not until very recently that the precise nature of the
blue color development in the blue cornflower, Centaurea cyanus, was
elucidated.® The color results from a ligand-to-metal charge transfer (LMCT)
absorption band of the protocyanin pigment, which is composed of six molecules
each of maionylflavone and succinylcyanin, complexed with both ferric and
magnesium ions.

The search to explain the color development in flowers, such as the blue
cornflower, has resulted in advances in how to study the behavior of
anthocyanins in aqueous media.® Researchers have employed these methods
to assess the potential of these natural and highly colored substances as

colorants in the nutraceutical and pharmaceutical industries.>”®

B. The Food/Pharmaceutical, and Nutraceutical industry and Antho-

cyanins

Colorants used in the food, pharmaceutical, and nutraceutical industries

are, for the most part, synthetic dyestuffs that have come under increasing
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scrutiny in recent years for their safety. There is a movement among these
industries to find natural replacements for the synthetics, largely driven by the
perception by the public that synthetics are less healthful than natural colors.
Clearly there is a demand for stable, nontoxic colorants of natural origin, and the
consumer is ready to pay a premium price for all-natural foods.

Among the possibilities for natural colorants are the anthocyanins, which
are the compounds responsible for most of the non-green coloration in plants.
Anthocyanins are responsible for the coloring of apples, strawberries, grapes,
red cabbage, as well as for the reds, blues, and purples of flowers (for a general
structure of anthocyanins, see Fig. 1). While reviews in the field indicate that
industrial interest for anthocyanins is high,®'° there is only limited use of these
compounds at the present time, mainly due to the fact that these compounds (a)
are of limited availability and (b) many lose their color at or near-neutral pH,
precluding their use in most foodstuffs. These issues have been discussed in
the First International Symposium on Natural Colors for Foods, Nutraceuticals,
Confectionerys, and Beverages (November 7-10, 1993, University of
Massachusetts, Amherst, MA.) Anthocyanins derived from red cabbage, red
fruit, and grape are commercially available at this time. As for color stability,
most anthocyanins retain their color at low pH, i.e., at pH <2, but lose their color
due to hydration by water at pH ~6 (for details, see the next section).

There is a recognized need for new, color-stable anthocyanins in the food
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and related industries. Such products, which would easily sell for several
hundred dollars per kilogram, are “value-added” products in the truest sense, as

they can be derived from sugar sources available to the biotechnology industry.

C. Stability of Anthocyanins

Stable anthocyanins have been isolated, chemically characterized, and
studied for two decades. Goto et al. reported'’ in 1982 a stable anthocyanin
isolated from Gentiana makino. Subsequent reports of stable anthocyanins
include those of Idaka et al.'? (one from Brassica oleracea); of Kondo et al.™
(from Lobelia erinus); Kondo et al." and Terahara et al.'®'® (from Clitora
ternatea); Yoshida et al.''® (from Dioscorea alata); and Lu et al.’®? (from
Pharbitis nil). Goto and Kondo® in their comprehensive review conciude that
anthocyanins acylated with at least two molecules of cinnamic acid show
increased stability and offer explanations for their increased stabilities.
Additional acylated anthocyanins have been reported by Andersen et al.;* by
GlaRgen et al.;¥"Z by Idaka et al.;* by Johansen et al.;® by Lu et al.;?® by Odake
et al;’ and by Saito et al.?® However, no color and/or compound stability data
are provided, leaving stabilities of these compounds open to question.

The color stability of an anthocyanin is measured on solutions buffered

at pH 6-7 by the change in absorbance with time at the A, in the visible portion
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of the spectrum. While color stability is generally observed at pH <2, rapid
absorbance changes are observed at pH 6—7. Dangles et al.®* have attributed
this to the rapid hydration of the highly colored flavylium portion of the
anthocyanin at the C-2 position, giving rise to an uncharged, colorless
hemiacetal (OH group at C-2). This reaction, a part of a dynamic equilibrium, is
depicted in Fig. 2. While the hydration reaction is central to the process of color
loss, other pH dependent processes such as the loss of a proton from the
flavylium species to give a quinonoidal base, as well as ring-opening of the
hemiacetal, all serve to remove the red-colored species from the equilibrium.
The rate constants and equilibrium constants for the hydration reaction of
a series of five anthocyanins from Pharbitis nilhave been measured by Brouillard
and co-workers.?®* For this series, which has pelargonidin as a common
aglycon with sugars attached at the 3- and 5-positions of the aglycon and a
series of caffeic acid residues that number 0—4, the stabilities are shown to
increase (hydration decreases) with increasing acylation. The decreases in the
rate of hydration are believed to be due to the increased n-bond interactions
between the acyl moiety and the C=0" bond of the flavylium species. Goto and
Kondo,® and Yoshida et al.,'"*' have evidence from NMR spectral data on

anthocyanins from Gentiana makinoiand I[pomoea tricolor that, in acidic solution,



A: quinonoidal base (blue) OH

(several tautomers) B: hemiacetal (coloriess)

Fig. 2. Mechanisms for color loss in anthocyanins.
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the conformations of the molecules are such that the flavylium moiety and the
acyl groups are stacked with one another—termed intramolecular
copigmentation or sandwich-type stacking. The models they have suggested,
however, do not account for the observed decreases in hydration, as the site of
hydration at C-2 is not protected from attack by water on both sides of the C=0"
group. Furthermore, there have not been any studies to ascertain the effects of
other substituted cinnamoyl groups on color stability.

Although Goto and Kondo® concluded that only anthocyanins having two
or more cinnamoyl groups are stable, there were at least two examples, prior to
our work, where anthocyanin color stability was associated with one acyl group.
Yoshida et al.'” showed that the mono-sinapoylated B-D-Glc6Sin-(1-6)-p-D-Glc-
(1-0%-Cya (Sin = sinapoyl, 4-hydroxy-3,5-dimethoxycinnamoy!) from Dioscorea
alata was much more stable at pH 6.0 than its non-acylated counterpart. in work
carried out in these laboratories,* it was demonstrated that monosinapoylated
B-D-Glc6Sin-(1-6)-[B-D-Xyl-(1-2)-]B-D-Gal-(1-0%)-Cya (for the general structure
of these anthocyanins, see Fig. 3) from wild carrot cell cultures enjoys increased
color stability over its nonacylated counterpart. Thus monoacylated
anthocyanins of this type were recognized as potential candidates for stabilized
food coloring compounds. Furthermore, these compounds provide an
opportunity to explore the role of the acyl group in increasing the color stability

of the anthocyanin in solution.



—Flav

3
4||| 6'“ ORO3
m
R = H or B-Glc HOHm
M 2|||
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R3=Hor acyl group

. O 7A 2A
Cin= Z 3A
6 4

— Acyl

Fig. 3. General structures of anthocyanins produced from tissue

cultures of the Wild Carrot, Daucus carota.
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Il. STATEMENT OF THE PROBLEM

Both 1D and 2D NMR studies of certain monoacylated anthocyanins (see
Fig. 4) have revealed that the acyl moiety stacks with the A=C ring of the
flavylium moiety within the same molecule—this phenomenon is known as
copigmentation—thus impeding the attack of water; however, the precise nature
of these intramolecular interactions is not well understood.**

In order to rigorously examine the nature of the intramolecular interactions
in the series of semi-biosynthetically prepared anthocyanins,®* a general
molecular modeling protocol had to be developed that would permit the
construction of reasonable models of monoacylated anthocyanins in either water
or methanol. Moreover, the models thus generated should be validated by data
acquired in 2D NMR studies. Knowledge of the low-energy conformations that
these molecules adopt in water would permit a thorough examination of the
processes that result in the increased color stability of monoacylated
anthocyanins over their nonacylated counterparts.

If particular phenomena observed from the modeling protocol could be
correlated to the observed color stability in aqueous solutions, researchers
would have a potent weapon in their arsenal to predict the color stability of
monoacylated anthocyanins. Ultimately, this could lead to rational

design—analogous to the approach in the pharmaceutical industry—of a “super”
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o) 1
1=
R'=H or B -Xyl H03“ ol oH
4III 6“' OR3
o)
R?=H or B-Glc ”Ow
HO-
3 OH

R®=Hor acyl group

CyanGXG  R'=p-Xyl
345-TCIN R' = B-Xyl
345-TCIN-X R' =H

4-FCIN R! =B-Xyl
345-TMBENZ R' =pB-Xyl

R? = B-Glc
R? =B-Glc
R? = B-Glc
R? =B-Glc
R? = B-Glc

Re=H

R® = 3,4,5-(OMe),-Cin
R® = 3,4,5-OMe),-Cin
R® = 4-F-Cin

R®= 3,4,5-(OMe),-Bz

Fig. 4. Anthocyanins used in molecular modeling and 'H NMR studies.
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anthocyanin. This compound would exhibit greater color stability in neutral pH

than any compounds produced so far in the laboratories of Dougall and Baker.3*




lll. RESULTS AND DISCUSSION

A. Semibiosynthesis, Isolation and Characterization of Anthocyanins

The semibiosynthetic method used to acylate the 0O-6 Glc terminus of
anthocyanins of the general structure, B-D-glucopyranosyl-(1-6)-p-D-
galactopyranosyl-(1-0°%-cyanidin, with and without a B-D-xylopyranosy! branch
at the 2-O-Gal position (see Fig. 3) using wild carrot, Daucus carota, has proven
to be a robust and versatile method to incorporate various acyl moieties.®* Ofthe
24 compounds that have been prepared, isolated and fully characterized by 'H
NMR and mass spectrometry using this method, CyanGXG, 345-TMBENZ, 4-
FCIN, 345-TCIN, 345-TCIN-X (see Fig. 4) were judiciously selected as
candidates for rigorous conformational analysis, using a combination of NMR
and molecular modeling techniques (For full spectral data on all 24 compounds,
refer to pp 332-335 in Appendix A).

Once reasonable structures for each of the five compounds in solution are
generated, the effects that certain functionalities of the acyl groups have on the
conformation of these anthocyanins could be determined. For example, the
comparison of the models for 345-TCIN and 345-TMBENZ would permit the
effect on the structure of the exocyclic double bond to be studied. Comparison

of the molecular models constructed for 345-TCIN-X and 345-TCIN would show
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what influence the B-Xyl moiety exerts on the conformation of these
anthocyanins in solution. The precise role of each of the acyl moieties in
influencing the conformation of these anthocyanins in solution can be discerned
by comparing the models derived from the monoacylated anthocyanins to the
nonacylated CyanGXG. An added advantage is that the five compounds have
differing color-stability data profiles, from the worst (CyanGXG) to one of the
best (345-TCIN and 345-TCIN-X) (discussed in the section entitled,
“Determination of the Color Stability of Anthocyanins™). Thus, the conformational
preferences of these molecules in solution could be correlated to their color-

stability data.

B. Determination of the Color Stability of Anthocyanins

The rate constants in the key processes (see Fig. 2) involved in the loss
of color of anthocyanins for the entire series of 24 compounds® were determined
experimentally according the protocol used by Dangles and co-workers.? All the
constants for the five compounds examined are shown in Table 1 (for all the data
of the entire series of compounds, see Table 1 in recently submitted paper, p
336 in Appendix A). The rate constant for the hydration reaction at C-2 of the
flavylium nucleus (k,), and the rate constant for the dehydration reaction at C-2

(k,), lead directly to the calculation of the equilibrium constant for the hydration
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reaction (K,)—the key process that results in the loss of color in anthocyanins.
Therefore K, provides an excellent measure of the color stability of
anthocyanins, and a means to compare the color stability of each of the
anthocyanins under investigation. The larger the K|, for a particular anthocyanin,
the less color stable the anthocyanin. Thus, CyanGXG is the least color stable
compound, with 345-TCIN-X and 345-TCIN having comparable color-stability
profiles.

The compounds selected exhibit very different color-stability
characteristics, and provide an excelient opportunity to explore the structural

features in solution that may account for these differences in color stability.

Table 1. Rate and equilibrium constants involved in color loss in selected

anthocyanins.

Compound k, x 10? k, K, x 10°
(sec™) (sec'M) (M)
CyanGXG 6+1 139 + 1 4316
345-TMBENZ 8.7+0.6 586 + 6 149+0.8

4-FCIN 5.34 £+ 0.03 577 + 1 9.27 £ 0.06
345-TCIN-X 2.78 +0.08 519+ 20 5.38 +0.08
345-TCIN 3.57 £ 0.04 684 + 52 52103
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Before a thorough investigation could be undertaken, a molecular modeling
protocol had to be developed, which produced models that were validated by

data acquired from 2D 'H NMR studies.

C. 'H NMR Studies in Methanol-d,

1. General. In order to examine the behavior of CyanGXG, 345-
TMBENZ, 4-FCIN, 345-TCIN, 345-TCIN-X in their flavylium ion forms, both 1D
and 2D 'H NMR studies were conducted in methanol-d, that was acidified with
trifluoroacetic acid-d.>* The addition of trifluoroacetic acid-d was preferred to
DCI, because loss of the B-Xyl moiety , which had been observed in methanol-
d,~DCl solutions of anthocyanins over a period of time, was prevented.*
Methanol-d, was selected as the solvent of choice for these studies due to
superior spectral dispersion compared to spectra obtained in water. An added
advantage of methanol-d, over deuterated water was that low-temperature ‘H
NMR studies—down to -90 °C—couid be performed in this medium. This
proved to be a powerful tool in ultimately deducing the highly flexible nature of

these molecules in solution (see “Low-temperature 'H NMR Studies” section).

2. Analysis of 1D 'H NMR Data. In the study that produced 24

compounds, analysis of the 1D 'H NMR data revealed that the acyl moiety had
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a marked effect on the chemical shifts of H-4 and H-8. Comparison of the
chemical shifts for H-4 and H-8 in the anthocyanins CyanGXG, 345-TMBENZ,
4-FCIN, 345-TCIN-X, and 345-TCIN illustrates the observations noted for all 24
compounds (For the chemical shifts of the five compounds under discussion,
refer to Table 2).%

Irrespective of the acyl group at the O-6 Glc terminus of the anthocyanin,
the chemical shifts of H-4 are more upfield and more shielded than that of the
nonacylated CyanGXG.3** Thus, H-4 on these anthocyanins must be close
enough to the acyl moiety to experience the anisotropic effect of the benzene
ring of the acyl group in question. This phenomenon in which H-4 of
monoacylated anthocyanins is shielded is known, and has been interpreted as

evidence for intramolecular copigmentation (stacking), which has been invoked

Table 2. Effect of acylation on the chemical shifts of H-4 and H-8.

H-4 (ppm) H-8 (ppm)

CyanGXG 8.981 6.964
345-TMBENZ 8.447 6.741
4-FCIN 8.588 not seen®
345-TCIN 8.478 6.525
345-TCIN-X 8.663 6.548

a. Exchanges with CD,OD/TFA-d.
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to explain the enhanced color stability of monoacylated anthocyanins compared
to their nonacylated counterparts.®** Furthermore, an additional effect is noted
on the chemical shift of H-8 in only cinnamoylated anthocyanins. The chemical
shift of H-8 in the cinnamoylated anthocyanins 345-TCIN and 345-TCIN-X is
considerably more upfield compared to the corresponding chemical shift in the
benzoylated counterpart 345-TMBENZ. This implies that the exocyclic double
bond of the cinnamoyl moiety heavily influences the interaction between the acyl
moiety and the flavylium nucleus, and stacking is at a maximum in cinnamoylated
anthocyanins—with both H-4 and H-8 being affected by the cinnamoyl moiety.

Further evidence of the crucial role that the exocyclic double bond plays
in stacking is seen when the chemical shifts of H-4 and H-8 in the anthocyanin
acylated with 3-(4-hydroxyphenyl)propionic acid (HPPA) (not shown here) is
compared to its cinnamoylated counterpart (4-hydroxycinnamic acid). The
chemical shifts of H-4 and H-8 are (5 8.821 and 0 6.842, respectively) in the
anthocyanin acylated with HPPA versus the cinnamoylated anthocyanin (5 8.524
and 5 6.548, respectively). Clearly H-4 and H-8 are more shielded in the
cinnamoylated anthocyanin than the same set of protons in the anthocyanin
acylated with HPPA. Thus, in the absence of the exocyclic double bond, these
protons do not experience the same anisotropic effects from the acyl moiety and
the exocyclic double bond, and they do not stack as readily as in the case of

their cinnamoylated counterparts. Moreover the shielding observed in



20

cinnamoylated anthocyanins is due to the presence of the exocyclic double

bond, and not due solely to the extension of the acyl moiety’s chain of two
methylene units.*

The 1D NMR data generated for CyanGXG, 345-TMBENZ, 4-FCIN, 345-
TCIN-X, and 345-TCIN demonstrates thatlong-range intramolecular interactions
are operational between the A-C ring of the flavylium nucleus and the acyl
moiety. These effects are shown to be the greatest in cinnamoylated
anthocyanins, due to an additional effect of the exocyclic double bond. Although
this evidence was striking and indicated a strong interaction between the acyl

moiety and the flavylium nucleus, any comments about the role of the stacking

on the color stability of these compounds could not be substantiated based on
2D representations of these “folded” molecules. For example, this simplistic view
could not yield a satisfactory answer to the often-asked question:?
Why are cinnamoylated anthocyanins, such as 345-TCIN that
“stack”, less prone to attack of water at the C-2 position of the
flavylium nucleus (more color stable), even though one face of the
molecule would still be open to attack?
Therefore, realistic 3D models of the compounds that are validated by 2D 'H
NMR data were required to study at a molecular level, the events that lead to

color loss in these anthocyanins.
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3. 2D 'H NMR Studies. With the structural assignments of CyanGXG,
345-TMBENZ, 4-FCIN, 345-TCIN, and 345-TCIN-X in hand, 2D 'H NMR data
generated could be used to study the conformations of the anthocyanins.®
Nuclear Overhauser enhancement spectroscopy (NOESY) experiments were
performed at mixing times between 50 and 750 ms to study long-range
interactions within 4-FCIN.¥” However, the intensities of the nuclear Overhauser
effects (NOEs) observed in the case of 4-FCIN were weak, and there was no
discernible buildup of the intensity of the NOEs as a function of the mixing time
used in several NOESY experiments. This indicates that 4-FCIN, and molecules
like it, have a certain degree of flexibility, and the use of NOESY generated data
to validate structures produced from a suitable molecular modeling protocol was
not viable. In addition to this finding, low-temperature 'H NMR studies of all five
compounds demonstrated the highly flexible nature of these molecules (see the
next section). Thus rotating frame Overhauser enhancement spectroscopy
(ROESY) data may be used as a diagnostic tool to validate structures produced
from molecular modeling protocols, such as quenched molecular dynamics
(QMD). Previous studies have demonstrated the utility of this approach to study
flexible molecules, such as cyclic peptidomimetics,®*® short linear peptides,*°
and a-melanotropins.*! To date, no one has applied QMD to compounds such

as anthocyanins.

ROESY spectra at 20 °C and a mixing time of 500 ms revealed 15, 20, 21,
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10, and 17 interactions of CyanGXG, 345-TMBENZ, 4-FCIN, 345-TCIN-X, and
345-TCIN, respectively. Each interaction was categorized depending on their
respective intensities. Once assigned as either strong, medium, or weak
interactions, each one was assigned a distance range of 1.7 A-2.5 A, 1.7 A-3.2
A, and 1.7 A-5 A, respectively. Thus, if the distance between a certain set of
protons, i.e., H-4-H-1%2 fell into the range that was based on the above
categorization, the model could be said to be validated by NMR-derived
restraints (see Table 3, 4, 5, 6, and 7 for all the NMR-derived restraints used in
the study of CyanGXG, 345-TMBENZ, 4-FCIN, 345-TCIN-X, and 345-TCIN,
respectively). This provided a means of generating reasonable structures of
these anthocyanins in solution.

Examination of the 2D 'H NMR spectra provided further evidence that
long-range interactions are present in these anthocyanins and indicate that the
conformation that the molecule adopts in solution may help to explain why
monoacylated anthocyanins are more color stable than their nonacylated
counterparts. For example, the complete network of these long-range
interactions of 4-FCIN is shown in Fig. 5: a. H-7"~H-1% b. H-8"~H-1%¥ ¢c. H-
1%4-H-4, d. H-2%?-H-13 These data will be used to corroborate the validity

of structures produced from molecular modeling protocols.
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Table 3. NMR-derived restraints for CyanGXG in methanol-d,.

Proton-proton pairs Volume Strength of
measured interaction’
(x 10%)
H-1%3_H-65%4 (Pro-S)® 0.59 W
e "
Hed—H-169 0.45 W
H-4-H-2% 0.21 W
sty e S "
o o I ro- -

H-28k~H-gC¢ ((Pro-R;b = )
H_zGIc_H_SAGlc (PTO-S)b € W
H_zGIc_H_ZGaI _c W
H_SBanyI_H _4Xyl _c W
H-1 GIc__H_ZGIc _c W
H_SBanyI_H_ZXyI _c W
H-6¢¢ (Pro-S)>~H-2% =< W
H-6* (Pro-R)*-H-25 ~° W

a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A—3.2 A; weak interaction
(W)=1.7 A-5A. b. Cannot determine whether H-6%%* is Pro-R or Pro-S and so both were used
to validate structures generated from modeling protocols. c. An rotating frame Overhauser
effect (ROE) that was confirmed by visual inspection of the spectrum, but whose volume could

not be measured accurately due to either ¢, noise or overlap of signals. All these were assigned

as weak interactions.
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Table 4. NMR-derived restraints for 345-TMBENZ in methanol-d,.

Volume Strength of
Proton-proton pairs measured interaction®
(x 10°)

H-6'-H-5' 0.64 w
H-6%¥ (Pro R)-H-6%¥ (Pro S) 0.59 w
H-3%a_H-4¢% 0.35 w
H-1%k-H-3%¢ 0.34 w
H-1¢<-H-6%¥ (Pro S)° 0.32 w
H-1%-H-6% (Pro R)® 0.32 W
H-6*~OMe 0.31 w
H-2"-OMe 0.31 w
H-5%4H-4% 0.27 w
H-16¢-H-2¢¢ 0.26 w
H-569-H-3¢4 0.25 w
H-1%9-H-6* 0.13 w
H-1C64_H-24 0.13 w
H-4-H-1%4 0.1 w
H-162-H-3¢ 0.096 w
H-5%9-H-164 0.081 w
H-1*-H-3¢ 0.063 w
H-1_H-2¢ ¢ w
H-6%¢ (Pro R)-H-6%¢ (Pro S) = w
H-1%2-H-264 = W

a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A; weak
interaction (W) = 1.7 A-5 A. b. Cannot determine whether H-62%%is Pro-R or Pro-S and
so both were used to validate structures generated from modeling protocols. c. A
rotating frame Overhauser effect (ROE) that was confirmed by visual inspection of the

spectrum, but whose volume could not be measured accurately due to either t, noise or

overlap of signals. All these were assigned as weak interactions.



Table 5. NMR-derived restraints for 4-FCIN in methanol-d,.

Volume
Strength of
Proton—proton pair measured
interaction’®
(x 10°)
H-6Ckc_H-gBck 414 S
H-6¢3H.g8¢4 2.72 S
H-1%-H-2¢4 2.5 M
H-4%-H.3¢4 2.16 M
H-5Ae_H..58a0y! 2.03 M
H-2A-H-8* 1.81 M
H-6°-H-8" 1.81 M
H-2%/6"-H3"/5" 1.79 M
H-1%YH-5B 1.17 W
H-7A-H-24 1.11 W
H-7~H-6* 1.1 W
H-1%'-H-3% 1.07 W
H-4-H-16¥ 1 W
H-68¢ (Pro-S)-H-2¢¢ 0.751 W
H-7-H-1¢ 0.742 w
H-6'-H-5' 0.696 w
H-8%—H-16 0.445 W
H-168-H-3¢4 0.325 w
H-65%* (Pro-S)-H-4% 0.141 W
H-268-H-4%4 0.132 W
H-7A-H-8* 0.131 w
H-6"¢ (Pro-R)-H-4% 0.0715 W

a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A;

weak interaction (W) = 1.7 A-5 A,



Table 6. NMR-derived restraints for 345-TCIN-X in methanol-d,.

Proton—proton pairs Volume Strength of
measured interaction®
(x10°)

H-6/Ct—H-68% 1.2 S
H-74-H-2* 0.39 w
H-7A-H-6* b W
H-7A-H-8* b w
H-8A-H-2% b W
H-8*-H-6* b w
H-1%2-H-4 - w
H-18a_H-74 b w

H-16a_}-3064 _b W

H-6AGa_H-gBcal _b w

a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A;
weak interaction (W) = 1.7 A-5 A. b. A ROE that was confirmed by visual
inspection of the spectrum, but whose volume could not be measured accurately
due to either ¢, noise or overlap of signals. All these were assigned as weak

interactions.
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Table 7. NMR-derived restraints for 345-TCIN in methanol-d,.

Proton—proton pairs Volume Strength
measured (x of interaction®
10%)
H-8*—H-2* 3.8 S
H-8*-H-6* 3.8 S
H-6"C—H-g56"° 3.2 S
H-74-H-24 26 M
H-7A-H-6" 26 M
H-4%8—H-5% 1.01 w
H-4%%H-26! 0.91 w
H-7°-H-1% 0.8 w
H-4-H-1% 0.78 w
H-7"—H-2% 0.61 w
H-4—H-2¢% 0.48 w
H-1%3H-4% 0.27 w
H-1%¢_H-5%! 0.034 W
H-4%4—H-3% - w
H-4-H-3% - w
H-7"-H-3% = W
H-7—H-8* -0 w
H-4Y'—H-5hed! - w

a. Strong interaction (S) = 1.7 A-2.5 A; medium interaction (M) = 1.7 A-3.2 A;
weak interaction (W) = 1.7 A-5 A. b. A ROE that was confirmed by visual
inspection of the spectrum, but whose volume could not be measured accurately
due to either ¢, noise or overlap of signals. All these were assigned as weak

interactions.



Fig. 5. Network of long-range ROEs in 4-FCIN.

28



29

4. Low-Temperature 'H NMR Studies. The acidic methanolic solutions
of anthocyanins offered a unique opportunity to investigate the behavior of these
compounds at low temperatures. Previously unpublished results suggested that
anthocyanins similar to 4-FCIN, 345-TCIN-X, and 345-TCIN in an acidic medium
exhibit a certain degree of flexibility.*> In these preliminary low-temperature 'H
NMR studies, workers suggested that the xylose moiety suffers from
considerable internal motions, and this may be important in causing the
molecule to contort and fold to shield the C-2 position of the flavylium nucleus.
However, there was negligible difference in the color stability of 345-TCIN and
345-TCIN-X (see section on “Determination of the Color Stability of
Anthocyanins”), a fact that indicates that the B-xylopyranosyi moiety is not crucial
in rendering these cinnamoylated anthocyanins more color stable than their
nonacylated counterparts. Furthermore, the '"H NMR data of the 24 compounds
shows that there is a negligible difference in the chemical shifts of protons in the
glycosidic domain in either the benzoylated or cinnamoylated anthocyanins.
Clearly the saccharide sub-units, irrespective of the acyl moiety attached at the
O-6 Glc terminus, are positioned in such a way that results in the protons in
experiencing similar magnetic environments. Thus there must be other nuances
in the structure of these anthocyanins in solution that account for the difference
in color stability between the various cinnamoylated anthocyanins.

Examination of the aromatic region of the 'H NMR spectra at -20, -40,

-60, -80, and -90 °C of the five compounds, CyanGXG, 345-TMBENZ, 4-
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FCIN, 345-TCIN, and 345-TCIN-X, reveal that the flavylium nucleus (rings A, C,
and B in Fig. 4) is a highly flexible moiety (For low-temperature 'H NMR studies
of CyanGXG, 345-TMBENZ, 4-FCIN, 345-TCIN, and 345-TCIN-X, refer to Figs.
6, 7, 8, 9, and 10, respectively). Interestingly the A-C ring system of the
flavylium nucleus rotates more rapidly than the 3,4-dihydroxypheny! ring (ring
B), irrespective of the acyl moiety attached to the O-6 Glc terminus of the
anthocyanins. For compounds CyanGXG, 345-TMBENZ, and 4-FCIN, rotation
of ring B is severely retarded at -60 °C (see the signals marked H-2', H-6', and
H-5' in the Figs.); however, the singlets of H-4 and H-8 are persistent at even
-90 °C. This suggests that while rotation at low temperature essentially halts
for ring B, considerable motion is retained for the A-C ring system relative to the
sugar chain, giving rise to a large number of possible rotational states.
Remarkably, when the anthocyanins are cinnamoylated with 3,4,5-
trimethoxycinnamic acid, the A-C ring system of the flavylium nucleus behaves
very differently (see Figs. 9 and 10). At-90 °C the H-4 singlets become broad
doublets, indicating that the machinations of the A—C ring system of the flavylium
nucleus is impeded in the presence of this particular acyl moiety.

Figs. 6-10 show that it is not just the flavylium nucleus of the
monoacylated anthocyanins that have a high degree flexibility. The aromatic
protons H-2* and H-6* of the 3,4,5-trimethoxybenzoyl and 3.4,5-
trimethoxycinnamoyl moieties in 345-TMBENZ, 345-TCIN, and 345-TCIN-X,

respectively, broaden at -80 °C, indicating that the motion of the acyl moieties



Fig. 6. Low-temperature 'H NMR studies of CyanGXG in

methanol.
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Fig. 7. Low-temperature ‘H NMR studies of 345-TMBENZ in

methanol.
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Fig. 8. Low-temperature 'H NMR studies of 4-FCIN in

methanol.
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Fig. 9. Low-temperature 'H NMR studies of 345-TCIN in

methanol.
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Fig. 10. Low-temperature 'H NMR studies of 345-TCIN-X in

methanol.
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is essentially halted at this temperature (see Figs. 7, 9, and 10). The aromatic
protons of the 4-fluorocinnamoyl moiety behave similarly (see Fig. 8). Even the
exocyclic double bond in the cinnamoylated anthocyanins 4-FCIN, 345-TCIN-X
and 345-TCIN is subject to rapid internal motions, which are only diminished at
-80 °C. At this temperature the two doublet signals for H-7* and H-8" broaden
significantly. The exocyclic double bond of anthocyanin 4-FCIN experiences
more internal motions than the corresponding moiety in the anthocyanin acylated
with 3,4,5-trimethoxycinnamic acid.

These studies demonstrate that these molecules are subject to
considerable internal motions, irrespective of the acyl moiety attached to the 6-
O-Glc terminus of the anthocyanin. There are three major functionalities that
experience internal motions, that result in the molecule's inherent flexibility: the
A-C ring system of the flavylium nucleus, the 3,4-dihydroxypheny! moiety (ring
B). and in the case of cinnamoylated anthocyanins, the exocyclic double bond.
In the cinnamoylated anthocyanins investigated, the motions of the A-C ring
system are impeded when the anthocyanin is cinnamoylated with 3,4,5-
trimethoxycinnamic acid (345-TCIN and 345-TCIN-X). Additionally the flexibility
of the exocyclic double bond in the former two compounds is also reduced,
compared to the anthocyanin acylated with 4-fluorocinnamic acid (4-FCIN).

If molecular models of these anthocyanins are to be useful in studying the

molecular events that contribute to the mechanisms of color loss, they would
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have to incorporate the flexible nature of these monocinnamoylated
anthocyanins, which have been established using both 1D and 2D 'H NMR

studies.

D. Molecular Modeling Studies in Methanol

1. Quenched Molecular Dynamics (QMD) Studies. Molecular modeling
of anthocyanins using NMR data has been conducted by several groups.3'4*4°
These researchers used both restrained methods or distance geometry programs
to construct models of certain anthocyanins. However, these previous attempts
to model anthocyanins were totally unsuitable to construct reasonable models
of the highly flexible anthocyanins that include compounds CyanGXG, 345-
TMBENZ, 4-FCIN, 345-TCIN, and 345-TCIN-X.

Recently, an NMR-QMD protocol has been used by several research
groups to study flexible molecules in solution, such as cyclic peptidomimetics, %
short, linear peptides,® and a-melanotropins.*’ In these investigations,
conformations of the molecules that result from the QMD process are evaluated
based on both energy and NMR-derived restraints. The QMD calculation is a
two-stage process: a molecular dynamics simulation in a dielectric continuum
that represents the solvent used in the '"H NMR studies, which is followed by an

exhaustive minimization process. After generating a randomized structure by
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performing molecular dynamics simulations from 300 K to a 1000 K, the final

structure is subjected to an extensive molecular dynamics simulation at 1000 K.
During this simulation a snapshot of the trajectory of the molecule is taken every
picosecond. The resulting structures, between 600 and 1000, which have very
different consensus folds, are then exhaustively minimized with a suitabie force
field. By evaluating the conformations based on total energy and NMR-derived
restraints, reasonable structures of the molecules are thus generated.

Critical to the suitability of this approach to these anthocyanins was the
selection of a force field for the minimization sequence. The force field had to
be able to cope with two different domains within the anthocyanin—the charged,
aromatic flavylium nucleus and the carbohydrate units that comprise the
backbone of these anthocyanins. The only force field that met these
requirements was the consistent valence force field (CVFF).*

The utility of this QMD-NMR protocol has recently been demonstrated in
its application to the study of 4-FCIN in methanol.*’ An extensive molecular
dynamics simulation was performed at 600 K for 1 ns—a snapshot of the
molecule was taken every 1 ps. The resulting 1000 structures were evaluated
based on their total energy and NMR-derived restraints, which yielded 404
structures. In all prior QMD-NMR studies, several low-energy conformational
families were observed.*®*' Not surprisingly then, the 404 structures produced

in this study of 4-FCIN were categorized into 12 distinct conformational families.
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Previous models of anthocyanins, in addition to not taking into account the

flexibility of these anthocyanins, yielded only one low-energy conformation.3'434°

The same protocol was adopted for the other anthocyanins. For each

anthocyanin under investigation, the 1000 minimized conformations are

evaluated based on their total energy. If any of these conformations were

| greater than 5 kcal mol™' of the global minimum, these were not evaluated any
further. The remaining conformations are then validated by the NMR-derived

restraints (see Tables 3—7) acquired by ROESY experiments. 3 The results from

the QMD calculation are summarized in Table 8.

Table 8. Results of the QMD studies in methanol.

Compound® Total energy NMR-derived

(kcal mol™') restraints satisfied

CyanGXG (715) 141.7£1.0 >9
345-TMBENZ (511) 1973+ 1.7 > 18
4-FCIN (404) 101.3 £ 2.0 > 16
345-TCIN-X (832) 191.6 £1.0 >9
345-TCIN (689) 198.7 £ 1.2 > 12

a. The number in parentheses represents the total number of structures that are
within 5 kcal mol™' of the global minimum, and satisfy the NMR-derived

restraints.
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2. Conformational Families. A summary of the results of each QMD
calculation for the five anthocyanins is presented in Table 8. In order to group
conformers into conformational families, all 1000 structures for each anthocyanin
had to be evaluated based on their total energy, and how well they correspond
to the 2D NMR data collected (NMR-derived restraints). As mentioned in the
previous Section, all structures that had a total energy greater than 5 kcal mol™
of the global minimum were not considered further. Interestingly, this was found
to be the most discriminating method for evaluation of minimized structures, as
opposed to the use of NMR-derived restraints. This discovery allowed us to
pursue a similar study in water (see the section, “Molecular Modeling Study in
Water”)—the medium that simulates the conditions found in pharmaceutical and
nutraceutical formulations—without validating the models generated with the
NMR-derived restraints.

a. Classification of conformations. The structures of CyanGXG, 345-
TMBENZ, 4-FCIN, 345-TCIN-Xyl, and 345-TCIN from the above analysis were
inspected for their overall folding preferences. The coordinates of each particular
conformation were read in from the QMD archive file for each of the compounds
studied. In order to perform this classification, the molecule was orientated on
the screen such that the galactose residue (B-Gal in Fig. 4) was directed away
from the viewer and the acyl moiety (Ring D in Fig. 4) was below the flavylium

nucleus (Rings A, B, and C in Fig. 4). If the flavylium nucleus was oriented such
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that the nucleus reads “ACB’, the conformer in question was classified as
“nonflipped” structure (N was used in the code that follows the compound name,
for example 345-TCIN-XN). Conversely, if the flavylium nucleus reads “BCA”,
the conformer was classified as a “flipped” structure (F was used in the code that
follows the compound name, for example, 345-TCIN-XF). The next aspect of the
shape of the minimized structures considered was the alignment of the O-6
position of the B-Gal that is glycosylated with B-Gic. If the B-Glc moiety was
forced to be positioned to either the left, or the right, or underneath the flavylium
nucleus, the next letter of the compound code was L, R, and U, respectively, for
example 345-TCIN-XNR. Lastly, the relationship of the acyl moiety D to the
flavylium nucleus was noted. For example, if the acyl ring D was under the
naphthyl portion of the ring (A-C), or the 3,4-dihydroxypheny! moiety (ring B), or
not proximal to any of the units of the flavylium nucleus, the last letters of the
code were A-C, B, or D, respectively. When this initial classification was
performed for 345-TCIN-X and 345-TCIN, the B-Glc came up-and-over the
flavylium nucleus. If this occurred in any particular conformation, the term OP
was added to the code, for example 345-TCIN-XNUACOP. In the case of the
nonacylated anthocyanin CyanGXG, the position the B-Glc, with respect to the
flavylium nucleus was considered, i.e., if the B-Glc moiety was underneath the
A-C ring system in the “nonflipped” orientation, the code for that conformational

family becomes CyanGXGNUAC.
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Distinct conformational families for each anthocyanin that resulted from the
above classification system were proven by considering six dihedral angles,
¢~ (for the dihedral angles measured, see Fig. 11). These data and the RMS
deviation values from pairwise superimposition of each conformation within the
conformational family for each anthocyanin is given in Tables 9-18.

For the studies of the above compounds, a representative structure of
each family was selected based on the lowest energy conformation, which met
the greatest number of NMR-derived restraints. These representative structures
were used to examine the consensus fold of CyanGXG, 345-TMBENZ, 4-FCIN,
345-TCIN, and 345-TCIN-X in methanol.

Figs. 12-16 show the complete network of long-range rotating frame
Overhauser effects (ROEs) and which of the long-range restraints are satisfied
by the representative frame from each conformational family for CyanGXG, 345-
TMBENZ, 4-FCIN, 345-TCIN, and 345-TCIN-X, respectively. The total number
of NMR-derived restraints that is satisfied by these representative structures is
also shown in the above Figs.

Although very few of the representative low-energy conformations satisfy
all the long-range NMR-derived restraints (8 out of a total of 40 structures), all the
conformational families satisfy some of the long-range restraints, which have

been derived from ROESY studies at 500 ms. The failure of these low-energy
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Fig. 11. Dihedral angles of 4-FCIN used in the classification

system.
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Table 9. Dihedral angles measured in CyanGXG—a study in methanol.

Conformational family ¢ o, &, b, b (0N
ab
CyanGXGNUB (409) -80+4° 59+3° 37+25° -516° 126 + -55+57°
45°
CyanGXGNUAC (299) -83+14° 6214° 42+20° -2+5° -2+24° -44+55°
CyanGXGNRAC (2) -33° 74° 54° 3° 138° 177°
CyanGXGFUAC (5) 86+1° 471> 38x1° 21:202° -7+3° -39+74°

a. The number in parentheses is the total number of structures in the individual families. b. Values

that have no errors indicated in the table have an error less than + 0.01°. c. The dihedral angles

are defined in Fig. 11.
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Table 10. RMS deviation value for each conformational family of

CyanGXG in methanol.

Conformational family RMS deviation value

CyanGXGNUB 1.78 £ 0.698 A
CyanGXGNUAC 1.02 £ 0.667 A
CyanGXGNRAC 0.34 A

CyanGXGFUAC 0.63+0.091 A




Table 11.

methanol.
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Dihedral angles measured in 345-TMBENZ—a study in

Conformational family *° o, ¢ ¢, (0 o, o5 b

345-TMBENZNRAC (452) -57+44° 17+40° 49%13° -7+15° 14+28° -67%6°
345-TMBENZNRD (51) -97+£3° 141 3° -9+34° -1417° -52+1° -56+1°
345-TMBENZNLAC (8) 69° 54° 39° 13° -46° 26°

a. The number in parentheses is the total number of structures in the individual families. b.

Values that have no errors indicated in the table have an error less than £ 0.01°. ¢. The

dihedral angles are defined in Fig. 11.
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Table 12. RMS deviation values for each conformational family of 345-

TMBENZ—a study in methanol.

Conformational family RMS deviation value
345-TMBENZNRAC 214+ 0453 A
345-TMBENZNRD 1.02£0.259 A
345-TMBENZNLAC 0.53+0.053 A
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Table 14. RMS deviation values for each conformational family of 4-FCIN

in methanol.

Conformational RMS deviation
family value
4-FCINFRD 1.22 £ 0.303
4-FCINFRB2 0.67 £0.315
4-FCINFRB3 0.86 £ 0.327
4-FCINFRB1 0.58 + 0.266
4-FCINFRAC 1.13 £ 0.346
4-FCINFLD 1.12 £ 0.095
4-FCINFRB4 1.05
4-FCINFUB -
4-FCINNRAC1 0.99 £ 0.391
4-FCINNRD 1.24 £ 0.387
4-FCINNUAC 0.76 £+ 0.301
4-FCINNRAC2 0.56 £ 0.330
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Table 16. RMS deviation values for each conformational family of 345-

TCIN-X—a study in methanol.

Conformational family RMS deviation
value
345-TCIN-XFLAC 2.34 £0.407 A
345-TCIN-XFRB 1.87 £+ 0.607 A
345-TCIN-XFRAC 1.78 £ 0.622 A
345-TCIN-XFRD2 2.08+0.741 A
345-TCIN-XFUAC 1.93+0.738 A
345-TCIN-XFRD1 0.60 + 0.060 A
345-TCIN-XFLD 1.16 A
345-TCIN-XFUACOP 0.54 A
345-TCIN-XNLAC 1.39+0.312A
345-TCIN-XNLB 250+ 0.301 A
345-TCIN-XNUACOP 1.73+0.903 A
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Table 18. RMS deviation values for each conformational family of 345-

TCIN in methanol.

Conformational family RMS deviation value

345-TCINFRB 2.26+0.56 A
345-TCINFRAC 2.8510.823 A
345-TCINFRD2 1.93+0.663 A
345-TCINFLAC 1.64 £0.798 A
345-TCINFRD1 1.27+0.285 A
345-TCINFUAC 2.3210.525 A
345-TCINFLD 1.15A
345-TCINFUD -
345-TCINNLAC 2.8310.443 A

345-TCINNLD

21910513 A




Fig. 12. A complete network of long-range ROEs satisfied

in the conformational families of CyanGXG.
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Conformational Number of Long-range

family restraints restraints met
met

a b c
CyanGXGNUB 11 v v v
CyanGXGNUAC 11 v v v/
CyanGXGNRAC 10 v v v
CyanGXGFUAC 10 v X v
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Fig. 13. A complete network of long-range ROEs satisfied in
the conformational families of 345-TMBENZ.



Conformational Number of Long-range restraints
family restraints met
met
a b c d
345-TMBENZNRAC 19 v v v/ 4
345-TMBENZNRD 20 / v/ v v
345-TMBENZNLAC 18 v/ v X v
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Fig. 14. A complete network of long-range ROEs satisfied

in the conformational families of 4-FCIN.
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Conformational family Number of Long-range restraints
restraints met met

a b ¢c d e f
4-FCINFRD 20 v v 7/ /X
4-FCINFRB2 19 v v 7 v /X
4-FCINFRB3 19 X v v v v X
4-FCINFRB1 19 O X /7 7 7 X
4-FCINFRAC 20 v v v / /X
4-FCINFLD 18 X X v v v X
4-FCINFRB4 19 X v v v V X
4-FCINFUB 18 X x v v v/ X
4-FCINNRAC1 19 oOX /7 v /X
4-FCINNRD 20 v v /S vV X
4-FCINNUAC 19 X v v v v X
4-FCINNRAC2 18 v 7/ v /X
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Fig. 15. A complete network of long-range ROEs satisfied

in the conformational families of 345-TCIN=X.
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Conformational family Number of Long-range
restraints restraints met
met

a b
345-TCIN-XFLAC 9 v/ X
345-TCIN-XFRB 9 4 X
345-TCIN-XFRAC 9 v X
345-TCIN-XFRD2 9 v/ X
345-TCIN-XFUAC 9 v X
345-TCIN-XFRD1 9 v X
345-TCIN-XFLD 10 v/ /
345-TCIN-XFUACOP 9 v X
345-TCIN-XNLAC 10 v/ v/
345-TCIN-XNLB 10 v/ 4
345-TCIN-XNUACOP 9 4 X
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Fig. 16. A complete network of long-range ROEs satisfied

in the conformational families of 345-TCIN.
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Conformational Numberof Long-range restraints
family restraints met
met

a b c d e f

345-TCINFRB 13 S X X X X /
345-TCINFRAC 13 SoOX /L X X/
345-TCINFRD2 14 v 7/ X /7
345-TCINFLAC 14 " AR S
345-TCINFRD1 13 X 7/ X X /
345-TCINFUAC 13 SO X /7 X X/
345-TCINFLD 16 X v v v v /
345-TCINFUD 13 X v v X X V/
345-TCINNLAC 15 X 7 7 7/
345-TCINNLD 14 X v X 7/
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models to match all the long-range restraints is not surprising. ROE interactions
of these molecules more than likely represent an average structure—the
existence of an average structure is supported by low-temperature 'H NMR
studies (see section, “Low-temperature 'H NMR Studies”). Any specific restraint
can be the result of an average between more than one conformation. Thus, a
low-energy conformation, which represents a particular conformational family,
may not satisfy all the NMR-derived restraints, especially in the case of a flexible
molecule.** These findings validate that the models thus generated by the
QMD-NMR protocol are reasonable representations of the moiecules in an

acidic methanolic solution.

3. Structural Features of the Conformational Families. Using the
above classification system, each anthocyanin of the same conformational class
could be compared with one another. These similarities between the individual
anthocyanins are not apparent by examination of the dihedral angles in Tables
9-17.

Figs. 17-28 show the representative structures of each conformational
family for all five compounds under investigation. Broadly, the conformational
families can be separated into two categories: one category where the flavylium
nucleus is read “BCA” (flipped) (see Figs. 17-22), and the other category where

the flavylium nucleus is read “ACB” (nonflipped) (see Figs. 23-26). Figs. 27 and



Fig. 17. The FLAC conformational families in methanol.
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Fig. 18. The FLD conformational families in methanol.
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Fig. 19. The FRAC conformational families in methanol.
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Fig. 20. The FRB conformational families in methanol.
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Fig. 21. The FRD conformational families in methanol.
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Fig. 22. The FUAC conformational families in methanol.

80



OYNIX-NIDL-ST¢E

J¥NIDXOURAD







OYINX-NIDL-S7¢E

OVINZNHINL-S T €




Fig. 24. The NRAC conformational families in methanol.
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Fig. 25. The NRD conformational families in methanol.
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Fig. 26. The NUAC conformational families in methanol.
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Fig. 27. The OP conformational families in methanol.
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Fig. 28. Miscellaneous conformational families in methanol.
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28 show conformational families that are unique to a particular anthocyanin. In
order for the viewer to clearly identify the key functionalities within these
anthocyanins, ring A-C, ring B, and the acyl moiety has been colored yellow,
magenta, and blue, respectively. The C-2 site on the flavylium nucleus (C=0")
is prone to the attack of water at near-neutral conditions results in the loss of
color (see Fig. 2). In the above Figs. the C-2 and oxygen atom of the C=0" is
depicted as a yellow and red ball, respectively.

a. FLAC conformational families. In Fig. 17 there are only two
anthocyanins that populate this conformational family in methanol, 345-TCIN and
345-TCIN-X. Ifthe representative structure for each anthocyanin is viewed from
the same perspective, the overall shape of the molecule is comparable—clearly
the B-xylopyranose unit does not significantly affect the fold of anthocyanins
acylated with 3,4,5-trimethoxycinnamic acid. The perspective of the molecules
is the same as the one used to categorize the conformational classes, i.e., the
flavylium nucleus (reads “BCA”) is oriented towards the viewer, and the B-Gal
unit is directed away from the viewer. As the name of the conformational family
suggests, the acyl moiety, 3,4,5-trimethoxycinnamic acid attached to the O-6
terminus of the anthocyanins interacts with the A—C ring system of the flavylium
nucleus from the left with respect to the B-Gal moiety. The positioning of the
exocyclic double bond in these structures implies that the protons will be

influenced by the B ring of the flavylium nucleus, and may even stack with this
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portion of the flavylium nucleus. This observation in the models supports the
analysis of the chemical shift data in the section on the Analysis of 1D 'H NMR
Data.

b. FLD conformational families. (Same orientation as above) Three of
the five anthocyanins 4-FCIN, 345-TCIN-X, and 345-TCIN exhibit characteristics
of this conformational family (see Fig. 18). Irrespective of the acyl moiety on the
O-6 Gic terminus, the consensus fold adopted by these molecules is
comparable. Like the above conformational family, the O-6 of the B-Gal moiety
forces the B-Glc unity to the left with respect to the B-Gal unit. Although, in this
family the acyl ring does not stack with any portion of the flavylium nucleus, the
exocyclic double bond, however, does interact with the A-C ring system of the
flavylium nucleus. In this conformational family, the B-xylopyranose unit does not
significantly influence the conformational shape of the molecule; see 345-
TCIN-XFLD and 345-TCINFLD.

¢. FRAC conformational families. (Same orientation) Compounds 4-
FCIN, 345-TCIN, and 345-TCIN-X in methanol exhibit structures that adopt this
consensus fold (see Fig. 19). In this conformational family the B-linkage
between the O-6 Gal and Glc positions the B-Glc moiety to the right, with respect
to the Gal moiety. This results in the acyl moiety stacking with the A-C ring

system of the flavylium nucleus (reads “BCA”). The representative structures of
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4-FCINFRAC and 345-TCIN-XFRAC show that the exocyclic double bond
stacks with A—C ring system.

d. FRB conformational families. (Same orientation) The same
compounds 4-FCIN, 345-TCIN and 345-TCIN-X in methanol exhibit the fold that
exemplifies the FRB conformational family (see Fig. 20). In the modeling studies
performed on 4-FCIN, it was discovered that the structures that adopted this
shape could be sub-categorized into four families; 4-FCINFRB1, 4-FCINFRB2,
4-FCINFRB3, and 4-FCINFRB4. As with the FRAC family, the flavylium nucleus
is read as “BCA”, and the Glc moiety is positioned to the right of the molecule,
with respect to the B-Gal moiety. Each of the acyl moieties stacks with ring B via
arene—arene interactions. The fold that 4-FCINFRB3 adopts is the same as the
conformational family 345-TCINFRB. Similarities are observed when the
structure of the conformational family 4-FCINFRB4 is compared to that of 345-
TCIN-XFRB.

If the molecule adopts this particular shape, m—arene and arene—arene
interactions are optimal. The configuration that the molecule adopts to cause
ring D (blue) to stack with ring B (magenta), causes the exocyclic double bond
to be planar enough to interact with the A—C ring system of the flavylium nucleus.
Therefore, all parts of the acyl moiety, including the exocyclic double bond, are
proximal to the flavylium nucleus, and so maximum overlap is observed via

arene-arene and nm—arene interactions.
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e. FRD conformational familes. (Same orientation) The representative
structures of the conformational families 4-FCINFRD, 345-TCINFRD1, 345-
TCINFRD2, 345-TCIN-XFRD1, and 345-TCIN-XFRD2 are shown in Fig. 21. As
with the conformation family FRB, the Gic moiety is forced to the right, with
respect to the Gal moiety. However, the pheny! ring of the acyl moiety does not
interact with any portion of the flavylium nucleus, but the double bond, in certain
structures has the required configuration that permits a n—-arene interaction
between itself and parts of the flavylium nucleus (reads “BCA”). For example,
see the structures from the conformational families 4-FCINRFD, 345-TCINFRD1,
345-TCIN-XFRD1, and 345-TCIN-XFRD2. The exocyclic double bond interacts
with ring B, A-C ring system, A-C ring system, and the ring B, respectively.

f. FUAC conformational families. (Same orientation) This conformational
family is observed in three anthocyanins, CyanGXG, 345-TCIN, and 345-
TCIN-X, and is depicted in Fig. 22. The FUAC family adopts a very different
conformation to the families that have previously been described, in that the Glc
moiety does not position to the left or the right of the B-Gal unit, but comes out
directly toward the viewer. As with the previous conformational families, the
flavylium nucleus is read as “BCA”. The structure from CyanGXGFUAC has
been classified thus, because the Glc moiety resides underneath A-C ring
system of the flavylium nucleus, as a result of a number of carbohydrate—arene

interactions (CH-m).#" Representative members of the conformational family
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345-TCIN-XFUAC and 345-TCINFUAC show that the 3,4,5-trimethoxycinnamoyl
moiety stacks under the A—C ring system of the flavylium nucleus. In the case
of the conformational family 345-TCIN-FUAC, the B-Xyl moiety is positioned
directly above the C-2 of the flavylium nucleus.

g. NLAC conformational families. (Same perspective) Fig. 23 shows the
representative structures of the NLAC conformational family of 345-TMBENZ,
345-TCIN, and 345-TCIN-X. In all these structures, the flavylium nucleus is read
as “ACB”, and the Glc moiety is forced to the left, with respect to the Gal moiety.
This causes the 3,4,5-trimethoxycinnamoyl group to stack under the A—C ring
system of the flavylium nucleus. The conformational family 345-TMBENZNLAC
demonstrates that in the absence of the exocyclic double bond, the molecule is
able to adopt a similar conformation to the cinnamoylated counterparts.

h. NRAC conformational families. (Same perspective) Like the structures
from the conformational families in the previous family, the acyl group is
positioned underneath the A~C ring system of the flavylium nucleus (reads as
“ACB”) by the Glc moiety, which contorts to the right, with respect to the Gal unit
(see Fig. 24). The shape of the structure from the conformational family 345-
TMBENZNRAC bears a great deal of resemblance to 4-FCINNRAC.

i. NRD conformational families. (Same perspective) The only molecules
that adopt this conformation in methanol is 345-TMBENZ and 4-FCIN, are shown

in Fig. 25. Neither acyl moiety interacts with any part of the flavylium nucleus
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(read as “BCA”); however, the two structures 345-TMBENZNRD and 4-FCINNRD
exhibit a great deal of similarities to one another, even in the absence of the
exocyclic double bond in the anthocyanin 345-TMBENZNRD.

J- NUAC conformational families. (Same perspective) Fig. 26 shows
representative structures of the CyanGXGNUAC and 4-FCINNUAC families. In
these structures the Glc moiety comes towards the viewer and forces the acyl
moiety to stack under the A-C ring system of the flavylium nucleus (reads
“ACB”). The B-xylopyranose moiety positions itself directly above the C-2
position of the flavylium nucleus.

k. FUACOP and NUACOP conformational families. (Same perspective)
Fig. 27 shows the representative structures from the conformational families 345-
TCIN-XFUACOP and 345-TCIN-XNUACOP that are observed in the
NMR-QMD protocol in methanol. Unlike the previous conformational families
that have been fully described, the glycosidic chain comes up and over the
flavylium nucleus, which reads “BCA” and “ACB” in the 345-TCIN-XFUACOP
and 345-TCIN-XNUACOP families, respectively. In both cases the 3,4,5-
trimethoxycinnamoyl moiety stacks under the A—C ring system. These are the
only families observed where the Glc unit resides directly above the C-2 position
on the flavylium nucleus.

I.  Miscellaneous conformational families. (Same perspective) The

conformational families depicted in Fig. 28 show the representative structures
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from families that only occurred once in the study of the five anthocyanins, which
were subjected to the QMD-NMR protocol. The first of these conformational
families is CyanGXGNUB. The Glc moiety juts out directly towards the viewer
and positions itself underneath dihydroxyphenyl ring B (magenta) of the flavylium
nucleus (reads “ACB”). Presumably this is as a resuit of CH-m interactions*
between the Glc moiety and ring B.

In the structure 4-FCINFUB, the Gic moiety comes directly towards the
viewer, which forces the 4-fluorocinnamoyl functionality to stack with ring B. The
fold adopted by the anthocyanin shows that the exocyclic double bond interacts
with the A-C ring system of the flavylium nucleus (reads “BCA”). Additionally,
the contortion of the molecule results in the B-xylopyranosyl moiety is positioned
directly above the C-2 of the flavylium nucleus.

The next two structures shown in Fig. 28 are representatives of
conformational families of 345-TCIN. In both families, the acy! moiety (blue)
does not interact with any portion of the flavylium nucleus (reads “ACB” and
“BCA” for 345-TCINNLD and 345-TCINFUD, respectively). However, the fold
that the molecule adopts causes the exocyclic double bond of the 3,4,5-
trimethoxycinnamoyl moiety to interact (m—arene) with the different parts of the
flavylium nucleus-the A-C ring system and ring B for 345-TCINNLD and 345-
TCINFUD, respectively.

The final family shown in Fig. 28 is one which results in the monoacylated
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anthocyanin 345-TCIN-XNLB. In this structure, the Glc moiety positions itself
to the left, with respect to the Gal moiety, which causes the acyl moiety (blue)
and ring B (magenta) of the flavylium nucleus (reads “ACB”) to interact
(n—arene).

m. Summary. Utilizing the QMD-NMR protocol, the 3D models thus
generated exhibit certain characteristics (some of these observations are not
apparent from the examination of the representative frames of each compound’s
conformational families):

1. The flavylium nucleus in structures of these conformational
families can be read as “ACB” (“nonflipped”) or “BCA”
(“flipped”), when viewed from the same perspective.

2. In certain families, the exocyclic double bond interacts with
the flavylium nucleus.

3. The acyl moiety on the O-6 Glc terminus of these
anthocyanins can interact with either the A-C ring system
or ring B of the flavylium nucleus.

4, In certain families, the B-Xyl moiety can position itself over
the C-2 of the flavylium nucleus.

5. In the 3,4,5-trimethoxycinnamoylated anthocyanins, the
methoxy groups are proximal to the C-2 of the flavylium

nucleus.
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The most startling discovery in the study of the behavior of these

anthocyanins in methanol is that, irrespective of the acyl moiety on the O-6 Gic
terminus of the glycosidic domain, they have similar conformations in solution.
In the majority of these conformational families, one face of the C-2 of the
flavylium nucleus is exposed to possible nucleophilic attack. Thus it became
apparent that the shape of the anthocyanin in solution could not be used to
explain why certain compounds are more color stable than others.

It became evident that an important feature of these compounds that
warrants further investigation is their conformational flexibility, which has been
shown by 1D 'H NMR studies. The flexibility of CyanGXG, 345-TMBENZ, 4-
FCIN, 345-TCIN, and 345-TCIN-X may result in a conformational state or states,
which could be an overture to the processes involved in color loss of the
anthocyanins. Furthermore, a combination of the five observations listed above
and/or the flexibility of these molecules could account for the observed
differences in their color stability. The flexibility of the conformational families

was explored.

4. Molecular Dynamics Simulations of These Conformational
Families. Critical to the acceptance of these models as viable structures of the
conformations present in acidic solutions of anthocyanins CyanGXG, 345-

TMBENZ, 4-FCIN, 345-TCIN, and 345-TCIN-X is that the various representative
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structures can interconvert to one another; this flexibility is indicated by the low-
temperature 'H NMR studies. Extensive molecular dynamics simulations in a
dielectric continuum of methanol at 400 K applied to the representative structure
of the conformational family mimics the conditions experienced by the molecules
in acidic methanol. Of particular interest was, can the “flipped” structures
convert to “nonflipped” structures? And vice versa?

If this interconversion or “flip” can occur, the acyl moiety on the 0-6 Glc
terminus of the anthocyanin cannot stack with any portion of the flavylium
nucleus. To demonstrate the hypothesis the anthocyanin 4-FCIN was used. The
representative structure of the conformational family 4-FCINNRD, which is shown
in Fig. 25, could conceivably be an intermediate state in the process. Thus, the
representative structure of the family was subjected to a molecular dynamics
simulation in a dielectric continuum of methanol over 5 ns. The result of this
simulation is shown in Fig. 29.

Shown in Fig. 29 is the value of ¢, (this is depicted in Fig. 11) as a
function of the simulation time starting with the representative structure of the 4-
FCINNRD family. This dihedral angle was selected as a means to probe the
motions about the C-3—-0-1%* (see Table 13). Motion about this bond is
essential if the “flip” of the flavylium nucleus within conformational families can

occur. The results are in agreement with the discovery that anthocyanins, such
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Fig. 29. The dihedral angle ¢, of 4-FCINNRD as a function
of time during a 5 ns molecular dynamics simulation at

400 K in a dielectric continuum of methanol.
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as 4-FCIN are highly flexible. Nine of the twelve representative structures were
populated during the simulation starting with the structure 4-FCINNRD. The
interactions present in these conformational families provide a small barrier to
the rapid interconversion of conformational families. These resuits are
consistent with previous studies on acylated anthocyanins that suggested that
stacking is a rapid process and there is a distribution of conformations at
equilibrium.%

Various stages in the “flipping” process along the trajectory of the
molecular dynamics simulation are shown in Fig. 30. The molecule 4-FCIN is
oriented where the flavylium nucleus (reads “ACB”) is towards the viewer, and
the B-Gal unit away from the viewer, i.e, the same perspective used in the
classification of these anthocyanins (see Experimental Section). After a certain
amount of time, the acyl moiety moves further out of the way of the flavylium
nucleus, which provides enough clearance for the flavylium nucleus to move
(see structure “a” in Fig. 30). Thus from a congested state that is evident in the
4-FCINNRD family of structures, the C-2 attack site becomes more prone to the
deleterious nucleophilic attack by a water molecule. The congestion at C-2 is
further relieved as the flavylium nucleus moves close to, and perpendicular to
the glycosidic domain (see structures “b” and “c”, respectively). Unlike the
stacked conformational families, the conformation “c” is prone to attack from both

faces of the flavylium nucleus. From this conformation, the flavylium nucleus can
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Fig. 30. Conformations in the “flipping” process of

4-FCINNRD in methanol.
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return to its original orientation, i.e., it can be read as “ACB”, or can it invert and
be read as “BCA”. In the conformation “d” the flavylium nucleus moves past the
perpendicular and results in a congested conformation “e”, which is similar to the
structures of the 4-FCINFRD family.

Thus the flavylium nucleus can rotate about the glycosidic bond between
C-3 of the flavylium nucleus and the B-Gal unit of the anthocyanin. In itself, this
is not that remarkable as the flavylium nucleus has been shown to move more
rapidly than the dihydroxyphenyl ring (ring B, marked magenta); however, the
fact that C-2 can become more prone to attack through these motions indicate
that this could be an important factor in the processes responsible for color loss
in monoacylated anthocyanins. Moreover, subtle changes in the environment
around C-2 may account for the differences observed in the color stability of the
anthocyanins under investigation.

In order to prove this hypothesis, a molecular visualization method, such

as MOLCAD***2 would be extremely useful.

5. Molecular Visualization of Conformational Families Using
Molecular Computer Aided Design (MOLCAD). The computer program
MOLCAD has been used to study various properties of carbohydrates, such as
sucrose and cyclodextrins.?%%8%° The first stage in this visualization method is

that a water molecule is rolled over the surface of the molecule in question. A
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Connolly surface®® is thus generated and permits various properties of these
structures to be projected onto the surface. In this investigation, three molecular
properties using the MOLCAD module on SYBYL were studied: the molecular
lipophilic potential (MLP), the molecular local curvature (MLC), and molecular
electrostatic potential (MEP). Mapping the MLP property on the surface of the
molecule, graphically represents the lipophilicity of areas of the molecule; highly
hydrophobic areas are shown as brown, whereas highly hydrophilic areas are
shown as blue. The topography of the molecule can be studied by generating
the MLC property on the surface of the molecule; the convex areas and concave
areas of the molecule, shown as white and blue, respectively. The property MEP
shows areas within the molecule that are electropositive and electronegative,
shown as red and purple, respectively.

Figs. 31-33 show MLP, MLC, and MEP of the “flipping” process of the
representative structure from the 4-FCINNRD family, respectively. Unlike the
previous depiction of this flipping process in Fig. 30, the process is viewed from
a different perspective. Each structure in the Figs. is oriented where the C-2
position (shown as a yellow ball in each of these Figs.) of the flavylium nucleus
directly faces the viewer. Fig. 31 shows the MLP property mapped on a
Connolly surface of intermediates of the “flipping” process of the representative
structure of the conformational family 4-FCINNRD. In structure “a” the micro-

environment surrounding the C-2 position of the flavylium nucleus reveals that



Fig. 31. The “flipping” process of 4-FCINNRD in methanol

as visualized by Molecular Lipophilic Potential (MLP).
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Fig. 32. The “flipping” process of 4-FCINNRD in methanol

as visualized by Molecular Local Curvature (MLC).
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Fig. 33. The “flipping” process of 4-FCINNRD in methanol

as visualized by Molecular Electrostatic Potential (MEP).






17

is situated in a pocket of moderate hydrophobicity (green-brown coloration). As
the molecule progresses through the previously described stages of the “flipping”
process, the property of the pocket surrounding the reaction center becomes
more hydrophilic (see structures “b”, “¢c”, and “d”, and the blue region
surrounding the C-2 atom). When the molecule returns to folded state, which is
similar to the conformational family 4-FCINFRD, the micro-environment
surrounding the C-2 position of the flavylium nucleus still remains fairly
hydrophilic, i.e., shown as a blue region. This suggests that the “flipped”
structure has a micro-environment surrounding C-2 that is more hydrophilic than
the “nonflipped” counterpart (structure “a”).

As the “flipping” process progresses “a’-"e”, the topography of the 4-FCIN
molecule changes (shown in Fig. 32), revealed by mapping the MLC property.
In structures “a” and “e”, the strategic C=0" bond is inaccessible as it is in a
convex region, which is shown as brown areas in Fig. 32, i.e., the water molecule
that was used in the construction of the Connolly surface, was unable to
approach close to the flavylium nucleus). However, in the intermediates of the
“flipping” process (see “b”, “c”, and “d"), C-2 becomes more accessible, and
intimate contact with the incoming nucleophile can occur. Moreover, by mapping
the MLP property (see Fig. 31) the micro-environment surrounding C=0" of the
flavylium nucleus in these three structures encourages the approach of water

molecules.
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Areas within the molecule that are either electropositive or electronegative

can be revealed by mapping the MEP property (see Fig. 33). Electropositive and
electronegative areas are shown as red and purple regions, respectively.
Structures “a”, “b”, “c”, and “d” show that the C=0" resides in a pocket of
moderate electropositivity and thus promotes the deleterious attack of water on
this strategic bond. However, in the “flipped” structure “e”, the micro-
environment is more electronegative than the other structures.

For deleterious attack of the nucleophile on the C-2 position of the A-C
ring system of the flavylium nucleus, two criteria have to be satisfied, (1) the
reaction center must be exposed along the Birgi-Dunitz trajectory,’ which
governs attack of nucleophiles on the carbonyl moiety, and (2) the micro-
environment surrounding the C-2 position encourages the nucleophile to
approach the reaction center. In the “flipping” process of this conformational
family, the micro-environment of the site becomes more hydrophilic, accessible,
and more electropositive. Thus throughout the “flipping” process the reaction
site (C=0") becomes more prone to nucleophilic attack than the same site in the
folded conformations.

Using MOLCAD as a means of molecular visualization establishes that the
micro-environment surrounding the C-2 position of the flavylium nucleus changes
and promotes nucleophilic attack. However, the flexibility of anthocyanins in

methanol cannot be directly correlated to the color-stability data of these
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compounds, which was acquired in water. In order to establish the physical
behavior of anthocyanins and their color-stability data, reasonable models of the

anthocyanins in water needed to be generated.

E. Molecular Modeling Studies in Water

1. General. The aim of this entire investigation was to correlate the
physical behavior of the anthocyanins with color-stability data, which was
acquired in water according to a technique by Dangles and co-workers.?® Thus
reasonable models of these molecules in water needed to be generated. Prior
to these studies, models of anthocyanins in methanol were successfully
generated using a QMD-NMR protocol, which has been detailed in Section D of
the Results and Discussion chapter. This protocol could be easily adapted to
mimic the conditions experienced in aqueous medium. Two cinnamoylated
anthocyanins 4-FCIN and 345-TCIN were selected as candidates for the QMD

protocol.

2. QMD Studies. At the time of writing this document, no 2D 'H NMR
data are available. Prior studies in methanol that are described in Section D of
this dissertation suggest that the main means of identifying invalid structures is

achieved by rejecting the structures that have a total energy, which is 5 kcal
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mol™ greater than the global minimum. Thus in the absence of NMR-derived
restraints, the structures produced from the QMD calculations in a dielectric
continuum to mimic water (¢ = 80) were evaluated solely on total energy
considerations.

From the 1000 structures produced in each of the QMD calculations that
mimic aqueous medium, their evaluation based on the total energy yielded 641
and 724 structures for 4-FCIN and 345-TCIN, respectively, and average total
energy of anthocyanins 4-FCIN and 345-TCIN was 174.2+ 1.4 and 201.6 £ 1.0
kcal mol™', respectively. After the structures were initially categorized according
to Section D.2, 7 and 8 conformational families from anthocyanins 4-FCIN and
345-TCIN, respectively, were generated. The “flipped” structures of 4-FCIN and
345-TCIN in water are depicted in Figs. 34 and 36, respectively. The
“nonflipped” structures of 4-FCIN and 345-TCIN in water are shown in Figs. 35
and 37, respectively. As with the studies in methanol, the distinct conformational
families that result from the QMD calculation in water were characterized using
the same dihedral angles (¢,—¢,). These data along with RMS deviation values
from pairwise superimposition of each conformation within the conformational
family for 4-FCIN are given in Tables 19 and 20, and for 345-TCIN Tables 21

and 22.

3. Conformational Families. The representative structures of each



Fig. 34. “Flipped” conformational families of 4-FCIN in

water.
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Fig. 35. “Flipped” conformational families of 345-TCIN in

water.
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Fig. 36. “Nonflipped” conformational families of 4-FCIN in

water.
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Fig. 37. “Nonflipped” conformational families of 345-TCIN in

water.



OVTINNIDL-SPE dOODVNNNIDL-S V€




129

'} @inbi4 u pauysp ale sajbue |espayip ay| , 'LO'0 F UBY) SS9} 10118 U BARY 3|qe)} 3y} U

pajedipul $10118 OU @ABY Jey) Sanjep , ‘Saljie) [enplAIpUL 8y} Ui SBINJONSS JO Jaquinu [ejo} 8y} aJe sisayjualed ul siaquinu ayy ,

ol F991- C¥2T- L'0F 62 . FEG NAI 90F ¥iL- (S) LQUNNIDS-¥
oZ FE9- L F Y- L F - GE F 6€ SF6 oZ ¥ €6- (602) ZQUNNIOA-¥
oCF L9- o9 F GPb 8L FLL- LTF TG OFIG -C ¥68- (602) OVUNNIOL-¥
EFOL- oGl ¥ 62 BF |- P F VG 5 ¥ 801 VS F 2P (61) gY4ANIDS-P
oBE F vl - o8 F ¥E- ML FOT 9L ¥ 2¥ LFQE oGh F0E (€2)oVHdNIOS-¥
T FEY- o€ FGE- A FE ob'0F LS £0FE P F98- (9¥) OV14NIDS-¥
ol F¥9- b FGh- SFC -8l 92 -ZFBb SFLL (0g1) QY4ANIOE-¥
i ¢ i ‘¢ % 2'P v SOljjWed

"19)em Ul NID4-p Ul painseaw sajbue [eipayig ‘gL dlqel



Conformational family

RMS deviation value

4-FCINFRD
4-FCINFLAC
4-FCINFRAC
4-FCINFRB
4-FCINNRAC
4-FCINNRD2
4-FCINNRD1

1.06 £ 0.361 A
0.71+0.280 A
0.87 £ 0.406 A
1.21£0.495 A
1220271 A
0.63+0.140 A
1.33+0.264 A
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Table 20. RMS deviation value for each conformational family of 4-FCIN.
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Table 22. RMS deviation value for each conformational family of 345-

TCIN.

Conformational RMS deviation value
family
345-TCINFRD1 2.16+0.603 A
345-TCINFRAC 237+0519A
345-TCINFLAC1 2.60+0.159 A
345-TCINFLAC2 1.96 £ 0.459 A
345-TCINFRB 1.93+0.581 A
345-TCINNUACOP 0.83 £ 0.496 A
345-TCINNLAC one structure
345-TCINFRD2 one structure
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conformational family for both 4-FCIN and 345-TCIN are shown in Figs. 34-37.
Although these structures were not validated by NMR-derived restraints, several
of the conformational families have a similar shape as the families produced in
the studies in methanol. This suggests that, assuming similar long-range
interactions within the molecule are observed in water, the models of
anthocyanins produced are reasonable. Additionally, the representative
structures from the “flipped” families for both of the anthocyanins under
investigation, i.e., 4-FCINFRD and 345-TCINFRD1 closely resemble one
another, and similarly the representative structures of 4-FCINFRB, and 345-
TCINFRB show commonalities to one another (see Fig. 21 and 20, respectively).
Thus, irrespective of the acyl group on the O-6 Glc terminus of the anthocyanins,
the conformational families these anthocyanins populate can be the same.
Moreover, the “flipping” process that exists in methanol could exist in water and

explain the differences in the anthocyanin’s color stability.

4. Structural Features of the Conformational Families. In Figs. 34-37
the representative structures from each conformational family are depicted
according to the classification system previously described (see Section D.2),
i.e., the flavylium nucleus faces towards the viewer, and the B-Gal unit is facing
away from the viewer. Like the structures of CyanGXG, 345-TMBENZ, 4-FCIN,

345-TCIN, and 345-TCIN-X in methanol, the strategic C=0" in the C-2 position
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of the flavylium nucleus is shown as a yellow and red ball, respectively.
Salient features of these conformational families are the same as those
observed in the studies in methanol. Like the studies performed in methanol, the
characteristics are based on the 3D model, as well as the Figs. that feature the
representative structures of each conformational family. These observations are

summarized below:

1. The flavylium nucleus in structures of these conformational
families can be read as “ACB” (“nonflipped”) or “BCA”
(“flipped”), when viewed from the same perspective.

2. In certain families, the exocyclic double bond interacts with
the flavylium nucleus.

3. The acyl moiety on the O-6 Glc terminus of these
anthocyanins can interact with either the A—C ring system
or ring B of the flavylium nucleus.

4. In certain families, the B-Xyl moiety is positioned over the C-
2 of the flavylium nucleus.

5. In the 3,4,5-trimethoxycinnamoylated anthocyanin, the
methoxy groups are proximal to the C-2 of the flavylium

nucleus.
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The similarities between the conformational families for the anthocyanins
in water suggest that the overall shape of these cinnamoylated anthocyanins in
solution is not critical to explain the differences in the color stability of this type
of compounds. Thus, as with the studies in methanol, the differences in the
physical behavior of these compounds in solution could explain the different

color-stability profiles of these cinnamoylated anthocyanins.

5. Molecular Dynamics Simulations of These Conformational
Families. In the simulation studies in methanol (see Section D.4), the structure
that represents 4-FCINNRD was shown to be flexible and converted to structures
that were similar to other conformational families. By performing a 5 ns
molecular dynamics simulation in a dielectric continuum to mimic water (e = 80),
the motions of these particular anthocyanins could be established. Figs. 38~40
and Figs. 4142 show ¢, as a function of time for the duration of the simulation
for the representative structures from selected conformational families of 4-FCIN
and 345-TCIN, respectively.

As with the studies in methanol, the representative structures where the
acyl moiety is not interacting with any portion of the flavylium nucleus (the codes
for these structures end with a D) were subjected a 5 ns molecular dynamics
simulation in a dielectric continuum of water. The results of the simulations

suggest that the structures of 4-FCIN with a similar consensus fold as their



Fig. 38. The dihedral angle ¢, of 4-FCINNRD1 as a function
of time during a 5 ns molecular dynamics simulation at

400 K in a dielectric continuum of water.
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Fig. 39. The dihedral angle ¢, of 4-FCINFRD1 as a function

of time during a 5 ns molecular dynamics simulation at

400 K in a dielectric continuum of water.
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Fig. 40. The dihedral angle ¢, of 4-FCINNRD2 as a function

of time during a 5 ns molecular dynamics simulation at

400 K in a dielectric continuum of water.
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counterparts in methanol are not as flexible (compare Figs. 38—40 to Fig. 29).
Although the structures do interconvert and the “flipping” process in water does
occur, they reside longer in that particular conformational shape than their
counterparts in methanol. However, the structures of 345-TCIN that were
subjected to extensive molecular dynamics simulations revealed that these do
not spend any time in a particular conformation (shown in Figs. 41-—42) and the
clearly defined “flipping” process, which is apparent in the certain conformational
families of 4-FCIN are not observed for families of 345-TCIN. The difference in
the behavior of 4-FCINFRD and 345-TCINFRD1 is shown in Figs. 39 and 4142,

respectively. The structures “a” - “e” show the intermediates involved in the

“flipping” process of 4-FCINFRD (see Fig. 43). A similar series of events occurs

in water as observed in methanol (for the “flipping” process in methanol, see Fig.
30). In structure “a” the flavylium nucleus is facing the viewer and reads “BCA”
from left to right. The strategic C=0" is marked as a yellow and red ball,
respectively. As the intermediate “a” progresses to “b” the 4-fluorocinnamoyi
moiety moves closer to the B-Xyl moiety, which provides enough clearance for
the flavylium nucleus to rotate perpendicular to the glycosidic chain. This
orientation is clearly shown in “c” and “d”. In this position the flavylium nucleus
can revert to the original position, or it can position itself where the flavylium
nucleus now reads “ACB’, i.e., the “nonflipped” orientation.

Very different behavior is exhibited when 345-TCINFRD1 is subjected to
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Fig. 41. The dihedral angle ¢, of 345-TCINFRD1 as a
function of time during a 5 ns molecular dynamics simulation

at 400 K in a dielectric continuum of water.
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Fig. 42. The dihedral angle ¢, of 345-TCINFRD2 as a
function of time during a 5 ns molecular dynamics simulation

at 400 K in a dielectric continuum of water.
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Fig. 43. Conformations in the “flipping” process of

4-FCINNRD in water.
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extensive molecular dynamics simulations in a dielectric continuum that mimics
water. The unusual motions of the molecule are shown in Fig. 44. Interestingly,
the 3,4,5-trimethoxycinnamoyl moiety folds over the flavylium nucleus, thus
protecting both faces of the nucleus from the deleterious attack of water at the
C-2 position (see structures “b”, “c”,and “d"). The final structure “e” shows that
the flavylium nucleus reads “BCA” as in the initial structure. Thus, unlike the
conformational family 4-FCINFRD, the representative structure of the family 345-
TCINFRD1 and 345-TCINFRD2 does not “flip”. The failure for the latter structure
to “flip” implies that there is not enough clearance for the flavylium nucleus to
move. Clearly, the sterically demanding methoxy groups could cause the
congestion necessary to prevent the motion necessary for the flavylium nucleus
to “flip”. Additionally, the exocyclic double bond in this structure retains intimate
contact with the flavylium nucleus. This n—arene interaction prevents the acy|
moiety moving beyond the flavylium nucleus, closer to the B-Xyl moiety, which
normally precipitates the rapid rotation of the flavylium nucleus. The strength of
the interaction compared to that found in 4-FCIN is considerably greater. This
stems from the electron richness of the double bond in the anthocyanin 345-
TCIN, which results from through conjugation of the p-OMe group. Thus, the
differences in the physical behavior of the anthocyanins under investigation may
be result of both steric and electronic factors. Visualization of these structures
with MOLCAD *¢%2 could lead to further explanations of the differences in the

color-stability profiles of these anthocyanins.



Fig. 44. Conformations in the “flipping” process of

345-TCINFRD in water.
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6. Molecular Visualization of the Dynamics of 4-FCIN and 345-TCIN
Using MOLCAD.® (For further details about MOLCAD refer to Section D.5) As
with the studies of 4-FCIN in methanol, molecular visualization of the
intermediates involved in the “flipping” process in water was performed using
MOLCAD. By mapping MLP, MEP, and MLC on the surface of the conformations
of 4-FCIN, the properties of the pocket that encases the strategic C=0* bond
(yellow and red ball, respectively) can be examined. The C-2 attack site of the
flavylium nucleus is analogous to a protonated carbony!.

Nucleophilic attack at the carbon atom of this moiety is governed by the
Burgi-Dunitz trajectory,® which dictates that the incoming nucleophile
approaches the reaction center at 109° to n-plane. In Figs. 45-47, the C=0"
bond of the 4-FCIN conformations is positioned to face the viewer. Thus sighting
down the bond, the viewer can establish the conditions that the incoming water
molecule experiences. Although this is a qualitative analytical tool to establish
the conditions in the micro-environment around C-2, trends in the properties of
various anthocyanins can be readily established.

The MLP mapped onto the surface of the molecule indicates the
hydrophilic nature of areas within the molecule (see Fig. 45). The structures “a”

and “b” show that the strategic C=0" bond of the flavylium nucleus is in a
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Fig. 45. The “flipping” process of 4-FCINFRD1 in water as

visualized by Molecular Lipophilic Potential (MLP).






Fig. 46. The “flipping” process of 4-FCINFRD1 in water as

visualized by Molecular Electrostatic Potential (MEP).
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Fig. 47. The “flipping” process of 4-FCINFRD1 in water as

visualized by Molecular Local Curvature (MLC).
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moderately hydrophobic pocket (green). However, as the “flip” of 4-FCINFRD
progresses, the structures “c” and “d” show that the region around C-2 position
of the flavylium nucleus becomes bluer. This indicates that the pocket is
becoming more hydrophilic. In the final structure shown in Fig. 45, the area
around the C=0" bond returns to its original hydrophobicity (green/brown).
Thus, during the “flipping” process of 4-FCINFRD in water, mapping (“a” - “e”)
MLP reveals that the micro-environment surrounding the C-2 attack site becomes
more hydrophilic.

Mapping the MEP onto the surface of the intermediates involved in the
“flipping” process of 4-FCINFRD is particularly revealing (see Fig. 46). The
electrostatic potential remains essentially unaitered throughout the entire
process. Moreover, the local curvature, which is visualized by mapping the MLC
property, remains unaltered through the “flipping” process (see Fig. 47). These
findings suggest that the MLP property may be more sensitive to changes in the
conformational states of these anthocyanins in water than the other two
properties that were mapped.

As demonstrated in the prior study, MOLCAD is a powerful tool to reveal
the properties of the micro-environment of C-2 of monocinnamoylated
anthocyanins. Mapping of MLP, MEP, and MLC property on the surface of
conformational states involved in the motions of 345-TCINFRD1 in water is

shown in Figs. 48-50, respectively. The conformations of the anthocyanins are



Fig. 48. The “flipping” process of 345-TCINFRD1 in water

as visualized by Molecular Lipophilic Potential (MLP).






Fig. 49. The “flipping” process of 345-TCINFRD1 in water

as visualized by Molecular Electrostatic Potential (MEP).
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Fig. 50. The “flipping” process of 345-TCINFRD1 in water

as visualized by Molecular Local Curvature (MLC).
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shown in each of these Figs. from the same perspective as the Figs., which
involved 4-FCIN, i.e., the C-2 attack site faces the viewers. Unlike the behavior
of the representative structure of 4-FCINFRD in a dielectric continuum of water,
the motions of 345-TCINFRD1 observed shows that the micro-environment of C-
2 becomes more hydrophobic (see Fig 48). This is indicated by the blue region
in structure “a”, which makes way to a dark-green region in “b”, “c”, and “d”. In
the final structure “e”, the region surrounding the C-2 position is the most
hydrophobic (khaki) of all five structures.

In Fig. 49 the MEP property has been mapped onto the surface of
conformations of the 345-TCIN, which are involved in the motions of the
molecule in water. In progressing from “a” - “e”, the electrostatic potential of the
micro-environment encapsulating the C-2 position does change. Structures “a”
and “e” show that the region surrounding C-2 is more electronegative (bluish)
than the same region in structures “b”, “c”, and “d” (orangish)—conformation “d”
is more electronegative than “b” and “c”.

Accessibility of the C-2 in 345-TCIN to the incoming water molecule can
be revealed by mapping the MLC property on the surfaces of these
conformational states (see Fig. 50). The more susceptible the C=0" bond is to
attack by a water molecule the bluer the region surrounding the C-2 position.
This indicates a concave region where the C-2 position of the flavylium nucleus

is exposed. In “a” the strategic C=0" bond is more exposed (dark blue) than in
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the final structure “e” (brown). The intermediates “b”, “c”, and “d” show that the
site of deleterious attack at the C-2 becomes less exposed, but not as protected
as the final structure “e”.

MOLCAD has revealed that the micro-environment of the C-2 position of
the flavylium nucleus changes throughout dynamics simulations in a dielectric
continuum of water. Correlation of this discovery to their color stability would
permit researchers to design more color-stable monocinnamoylated

anthocyanins.

F. Correlating the Behavior of Monocinnamoylated Anthocyanins in

Water to Their Color Stability Data

1. General. In order to rationally design a “super color-stable”
monocinnamoylated anthocyanin, there has to be a relationship of the structure
of the anthocyanin to their color stability. The equilibrium constant of hydration
of the C-2 position of the flavylium nucleus, K, is an excellent measure of the
color stability these anthocyanins. The smaller the value, the greater the color

stability (see Table 1). Thus 345-TCIN is a more color-stable anthocyanin than

4-FCIN.

2. Ratio of “Flipped” to "Nonflipped” Conformers. When the QMD
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protocol®” was performed on 345-TCIN and 4-FCIN in a dielectric continuum of
water to most closely model natural conditions, we observed ratios of “flipped”
to “non-flipped” conformers (see IV.F.3) for each that were quite divergent: 79:1
“flipped:nonflipped” for 4-FCIN and 1:2 “flipped:nonflipped” for 345-TCIN. We
feel that the difference observed in these ratios is quite significant, as
compounds 4-FCIN and 345-TCIN, while different in their K, values, do not
represent extremes in color stabilities; thus the ratios should be highly sensitive
indicators to differences in color stability. Extension of these studies to other
monocinnamoylated anthocyanins couid lead to an excellent means of judging

the color stability of heretofore unmade anthocyanins.

3. Flexibility of the Monocinnamoylated Anthocyanins. In order to
determine the flexibility of the anthocyanins under investigation, the
representative structure of select conformational families, where the acyl moiety
does not interact with any portion of the flavylium nucleus, has been subjected
to a 5 ns molecular dynamics simulation in a dielectric continuum of water (400
K). By viewing dihedral angle ¢, as a function of time, and establishing the
interconversion of various conformational families, the flexibility can be
established. Another powerful tool used to ascertain the flexibility of these
anthocyanins was the visual inspection of the molecule during the simulation.

Of the two anthocyanins, the compound 345-TCIN, the most color-stable
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anthocyanin investigated, was the most inflexible. There are two reasons that
may account for this difference, (1) the n—arene and, or arene-arene interaction
is considerably stronger in 345-TCIN than the same interaction in 4-FCIN; thus,
preventing the motion of the flavylium nucleus, (2) the sterically demanding
methoxy groups results in congestion rendering the motion of the flavylium
nucleus difficult, or shields the reaction center from attack by water molecules.

Examination solely of the color-stability data of anthocyanins, illustrate
the impact a sterically demanding moiety has on the color-stability of
monocinnamoylated anthocyanins. Recently, in a study where the color-stability
data of all 24 compounds was reported, an anthocyanin acylated with 2-
methoxycinnamic acid was found to have a comparable K, vaiue to that of 345-
TCIN (5.0 0.2 x 10° M cf5.2+ 0.2 x 1075 M, respectively).*® This indicates
that the 2-OMe group is proximal to the strategic C=0" bond, either protecting
the reaction center, or preventing the motion of the flavylium, which will render
the C-2 site more exposed. Since the electron-donating ability of the 2-OMe
group is the same as the 4-OMe group in 345-TCIN, steric factors are clearly

important.

4. Micro-environment Surrounding C-2. Molecular visualization using
MOLCAD is an extremely powerful tool to probe the properties of region

surrounding the C-2. Of the three properties mapped on the surface of these
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molecules, the MLP property best correlates to the susceptibility of the C-2
position to the deleterious hydration reaction. This property reveals hydrophilic
and hydrophobic areas within the molecule. During the “flipping” process of 4-
FCINFRD, the micro-environment of C-2 becomes more hydrophilic, thus
potentially encouraging the attack of water at this strategic C=0" bond. However,
the internal motions of the anthocyanin 345-TCIN indicate that the pocket, which
encompasses C-2, becomes more hydrophobic, thus potentially discouraging the
attack of water at this strategic C=O" bond. Moreover, this would suggest that
345-TCIN is more color stable than 4-FCIN, a finding which is substantiated by
the experimentally determined color-stability data.

Considerable motions of these highly flexible compounds result in subtle
changes in the characteristics of the micro-environment of C-2, which can be
evaluated using MOLCAD. These characteristics appear to be different for each
cinnamoylated anthocyanin; thus, providing a possible means to explain the

differences the color stability of this series of anthocyanins.
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IV. EXPERIMENTAL

A. Materials and Methods

All the carboxylic acids used were obtained from Aldrich Chemical
Company, Milwaukee, WI. The deuterated solvents used in the NMR studies
were obtained from both Aldrich Chemical Company, Milwaukee, Wi and
Cambridge Isotopes Laboratory, Cambridge MA. Negligible difference was
observed between the solvents from the two sources. Mass spectra were
measured by FABMS in the positive-ion mode in thioglycerol*2 and by ESIMS in
the positive-ion mode in 50% MeOH-H, 0, except when noted otherwise. ESIMS
was performed with a Quattro-ll mass spectrometer (Micro-Mass, Inc.,
Manchester, UK). UV-vis spectra were measured in 1% v/v concd HCI in 95%
MeOH, and vis spectra were measured in 0.1 M acetate + 0.1 M phosphate
adjusted to pH 2.0 and to pH 6.0 (HCI) within an hour of preparing the solution
using a Hitachi Model U-2000 UV-vis spectrophotometer (Hitachi Instruments,
Inc., San Jose, CA). Unless otherwise stated, all other materials were available

from a number of different suppliers.



172

B. Biological Material

Work in section B, C, and D that follow were performed by Dr. Donald K.
Dougall and co-workers in the Botany Department. Procedures are included
here for background information.

The wild carrot (Daucus carota spp carota) cell clone used in these
studies was WC63-1-9-1-13-1%%, and a subline was selected from it for increased

anthocyanin yield.

C. Culture Preparation

For each acid tested, a concentration that gave little or no growth
inhibition and the best level of total and novel anthocyanin in the tissue was
selected experimentally. For purification of the novel anthocyanins, 1.5-2 L of
culture in 100-mL portions was grown for 12 days, with the chosen concentration
of the individual carboxylic acids in Me,SO added (1% of culture volume) at days
4 and 8. The tissue was filtered on Miracloth (Calbiochem—Novabiochem Intl.,
San Diego, CA.) washed with water, frozen in liquid nitrogen, and stored at -80

°C.



173

D. Isolation of Anthocyanins

The frozen tissue was extracted overnight in a refrigerator with 10 mL/g
fresh weight of methanol containing 5% v/v formic acid. The filtered extract was
concentrated approximately five-fold in vacuo at less than 30 °C to remove
methanol, extracted twice with 0.5 volumes of CH,Cl,, and then twice with 0.5
volumes of EtOAc. The aqueous residue was chromatographed on Amberlite
XAD-7 resin (Sigma Chemical Co., St. Louis, MO) (2.5 x 20 cm or 4 x 20 c¢m)
using a gradient from 0.1% formic acid in water to 0.1% formic acid in methanol.
The fractions containing the novel anthocyanin were selected by HPLC using
either a yBondapak C,; column (3.9 x 300 mm, Waters Associates, Inc., Milford,
MA.), or a Microsorb-MV C,; column (4.6 x 250 mm, Rainin Inst. Co., Woburn,
MA), and either isocratic mixtures of or gradients of (a) 5% formic acid in water,
and (b) 5% formic acid plus 55% methanol plus 10% acetonitrile in water. The
combined fractions were concentrated under reduced pressure and
chromatographed on a C,, reversed-phase column (1.5 x 44 cm, 28—40 uym, E.
Merck, Gibbstown, NJ.) with a gradient from 5% formic acid in water to 5% formic
acid plus 55% methanol plus 10% acetonitrile in water. The fractions containing
the novel anthocyanin were combined and concentrated under reduced
pressure. In some cases two novel anthocyanins were separated on the C,q

reversed-phase column and were treated separately. The new anthocyanins
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were then chromatographed on a lipophilic Sephadex LH-20 column (2.5 x 20
cm, Pharmacia Biotech, Inc., Piscataway, NJ) with 0.1% formic acid in water as
the solvent. The fractions containing the desired anthocyanin were combined,
concentrated in vacuo, dissolved in 0.1% formic acid and stored frozen. In the
cases of 345-TMBENZ, the anthocyanin after chromatography on Sephadex LH-
20 was rechromatographed on a PVP column (Polyclar AT > 0.2 mm, 2.5 x 20
cm), eluted with 0.1% formic acid in water, and the fractions containing the novel
anthocyanin were selected and treated as above. Compound 345-TMBENZ, at
this stage, was still contaminated with a component absorbing at 280 nm that
was removed by semipreparative chromatography on a 4.8 x 300 mm C,
puBondapak column eluted isocratically with a mixture of 0.1% formic acid and
80% methanol.

Compound CyanGXG was prepared from 345-TCIN that had been
chromatographed on Amberlite XAD-7 and C,; media as described above. The
anthocyanin (30 mg) in water at room temperature was treated with stirring,
under nitrogen, with an equal volume of 1.8 N KOH for 7 min, followed by 5
volumes of N formic acid. The deacylated product was purified by
chromatography as above on C,; reversed phase and on Sephadex LH-20
columns.

Compound 345-TCIN-X was prepared from an NMR sample of 345-TCIN

in CD,0D and DCI that had been observed to lose the xylose residue. The
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sample was chromatographed on C,, reversed phase and on Sephadex LH-20
columns to give pure 345-TCIN-X. Xylose was removed preparatively from 345-
TCIN by partial hydrolysis in 5 N HCI at 25 °C for 60 to 72 h, and the products
were chromatographed on C,, reversed phase and on Sephadex LH-20 columns

to give pure 345-TCIN-X.

E. 'H NMR Data Acquisition

1. Sample Preparation. 'H NMR spectra were measured using a Bruker
AMX 400 spectrometer as previously described,* except that CF,CO,D was
substituted for DCI to avoid the observed partial hydrolysis of xylose from the
compounds. This change made no observable difference to the spectrum of
345-TCIN, which demonstrates that spectra measured in either acid can be
directly compared. For some compounds, the assignment of peaks to specific
protons was done from 2D spectra, and in other cases by analogy to compounds

where the assignments had been determined from 2D spectra.

2. 2D 'H NMR Studies. In the NOESY experiments, a total of 256 FIDs
of 2K datapoints were collected with a total of 64 scans per FID with a spectral
width of 3205 Hz. The data were zero-filled to 1K points in f, and multiplied by

the sine? window function in both dimensions before Fourier transformation. The
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mixing times used were 50~-750 ms (the mixing time of 500 ms gave the
strongest NOEs), and the transmitter offset was placed on the H,O resonance,
which was irradiated with a lower power pulse during a relaxation delay of 2 s to
suppress the water signal. All processing was performed with FELIX 95 software
(Biosym/Molecular Simulations) on a Silicon Graphics Indigo2 workstation.
ROESY experiments on the anthocyanins in methanol-d, were performed
as follows. A ROESY spectrum® was acquired at 500 ms on a Bruker AMX-400
at 293 K. Processing was performed as previously described for the NOESY
experiments. The volumes of all the cross-peaks were measured in the Felix 95
NMR processing program (BIOSYM/ Molecular Simulations). For the structure
validation for CyanGXG, 345-TMBENZ, 4-FCIN, 345-TCIN-X, and 345-TCIN,
15, 20, 22, 10, and 18 ROEs were categorized as strong (1.7-2.5 A), medium
(1.7-3.2 A), and weak (1.7-5.0 A), respectively. The NMR-derived restraints are
shown in Tables 3-7 for CyanGXG, 345-TMBENZ, 4-FCIN, 345-TCIN-X, and

345-TCIN, respectively.

F. Molecular Modeling

1. General Procedures. All molecular mechanics and molecular

dynamics calculations were carried out with the CVFF force field* interfaced with

Insight 1l/Discover (BIOSYM/Molecular Simulations) operating on a Silicon
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Graphics Indigo® workstation. All calculations were carried out in vacuo with a
dielectric continuum of 32.6 and 80.0 to mimic methanol and water, respectively.
Molecular dynamics calculations were carried out using the Verlet Leapfrog
Integrator using a time step of 1 fs and an equilibration time of 0.1 ps. Al
simulations were done at constant temperature under canonical ensemble (NVT)
conditions. Molecular dynamics simulations on the twelve representative
structures were run over a 5 ns time period at 400 K.

QMD simulations were carried out using the general protocol of Burgess
and co-workers to treat flexible molecules.®®*3® A random structure of each
anthocyanin CyanGXG, 345-TMBENZ, 4-FCIN, 345-TCIN-X, and 345-TCINwas
subjected to conjugate gradient minimization until the root-mean-squared (RMS)
energy derivative was less than 0.0001 kcal mol* A"* and then heated from 300
K to 600 K over 30 ps by increasing the temperature by 10 K every 1 ps. An
equilibration step followed that consisted of molecular dynamics at 600 K for 10
ps. The resulting conformation was then subjected to 1 ns of molecular
dynamics at 600 K, and snapshots of the conformations were taken every 1 ps
to yield 1000 conformers. Each conformer was then subjected to conjugate
gradient minimization until the RMS energy derivative was less than 0.0001 kcal
mol™ A”'. The final molecular dynamics and minimization steps of the QMD
protocol were performed with the aid of an input file. (To view the file for the
simulations in methanol and water, refer to p 342 and p 343, respectively in the

Appendix A.)
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In order to establish that the conformational space was thoroughly
explored, Rachmandran plots were constructed of ¢, vs ¢, of the 1000
conformations in both the history and archive file for each of the compounds. A
table of ¢, and ¢, was constructed with the aid of the Decipher module in
Insightll/Discover. To produce the graphs, the text file was then imported into a

SigmaPlot file (SPSS, Inc., Chicago, IL).

2. Evaluation of the Conformers in Methanol. Each of the 1000
minimized structures were evaluated on the basis of energy and the number of
NMR restraints met. Conformers of CyanGXG, 345-TMBENZ, 4-FCIN, 345-
TCIN-X, 345-TCIN were further evaluated if their energy was within 5 kcal mol™
of the global minimum and satisfied at least 9 of the 15, 18 of the 20, 16 of the
22,9 0f 10, and 12 of the 18 NMR-derived distance restraints, respectively. This
analysis of CyanGXG, 345-TMBENZ, 4-FCIN, 345-TCIN-X, and 345-TCIN,
yielded 715, 511, 404, 832, 689 structures, respectively. A table of six dihedral
angles ¢,—¢; (refer to Fig. 11) and the total energy was constructed in the
Decipher module of Inisightll/Discover package (as detailed above) for each of

the anthocyanins investigated.

3. Classification System. The structures of CyanGXG, 345-TMBENZ,

4-FCIN, 345-TCIN-X, and 345-TCIN from the above analysis were inspected for
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their overall folding preferences. The coordinates of each particular
conformation were read in from the QMD archive file for each of the compounds
studied. In order to perform this classification, the molecule was orientated on
the screen such that the galactose residue (B-Gal in Fig. 3) was directed away
from the viewer and the acyl moiety (Ring D in Fig. 3) was below the flavylium
nucleus (Rings A, B, and C in Fig. 3). If the flavylium nucleus was oriented such
that the nucleus reads “ACB?”, the conformer in question was classified as “non-
flipped” structure (N was used in the code that follows the compound name, for
example 345-TCIN-XN). Conversely, if the flavylium nucleus read “BCA” that
was classified as a “flipped” structure (F was used in the code that follows the
compound name, for example 345-TCIN-XF). The next aspect of the “shape” of
the minimized structures considered was the alignment of the O-6 position of the
B-Gal that is glycosylated with B-Glc. If the B-Glc moiety was forced to be
positioned to either the left or the right or underneath the flavylium nucleus, the
next letter of the compound code was L, R, and U, respectively, for example 345-
TCIN-XNR. Lastly, the relationship of the acyl moiety D to the flavylium nucleus
was noted. For example, if the acyl ring D was under the naphthyl portion of the
ring (A=C), or the 3,4-dihydroxyphenyl moiety (ring B), or not proximal to any of
the units of the flavylium nucleus, the last letters of the code were A-C, B, or D,
respectively. When this initial classification was performed for 345-TCIN-X and

345-TCIN, the B-Glc came up-and-over the flavylium nucleus. If this occurred
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in any particular conformation, the term OP was added to the code, for example
345-TCIN-XNUACORP. In the case of the nonacylated anthocyanin CyanGXG,
the position the B-Gic, with respect to the flavylium nucleus was considered, i.e.,
if the B-Glc moiety was underneath the A—-C ring system in the “nonflipped”
orientation, the code for that conformational family becomes CyanGXGNUAC.

For each anthocyanin studied, the code for each conformation, such as
345-TCIN-XNRAC was entered into a spreadsheet using QuatroPro Corel
Corporation, Orem, UT, on an IBM clone personal computer, which contained the
following data: the total energy, the total number of NMR-derived restraints met,
and the six measured dihedral angles ¢,—¢; (refer to Fig. 11).. In the case of
each compound, conformations that had the same code were grouped together
and then made into separate worksheets within the spreadsheet notebook. The
families of conformations were then further sub-classified based on energy, RMS
deviation values, and the values of the dihedral angles given in Tables 9—-18.
This treatment yielded 4, 3, 12, 11, and 10 families of CyanGXG, 345-TMBENZ,
4-FCIN, 345-TCIN-Xyl, and 345-TCIN, respectively. The RMS deviation value
was calculated for the structures in each family and is an average of the pairwise
deviations when each conformer was superimposed on one conformer of the
family. This operation was performed by the construction of a separate archive
file (Analysis module of Insightll/Discover) for each family using the existing

QMD archive file. With the aid of the Get Molecule button under the Molecule
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button in Insightil/Discover, all the conformations can be superimposed on the
first one. Compiling the RMS data so generated allowed the RMS deviation
value in the Tabies to be determined. For the studies of the above compounds,
a representative structure of each family was selected based on the lowest

energy conformation, which met the greatest number of NMR-derived restraints.

4. Evaluation of the Conformers From the QMD Study in Water. Each
of the 1000 conformers produced were evaluated solely on the basis of energy.
The minimized structures were further evaluated as above without consideration
of NMR-derived restraints. In the case of 4-FCIN and 345-TCIN this process
yielded 641 and 724 structures, respectively. Utilizing the methods above, these
were categorized into 7 and 8 distinct conformational families, respectively.

(Refer to Tables 19-22).

G. Evaluation of Conformers with Molecular Computer Aided Design

(MOLCAD)*#2

Selected structures from the conformational families or the extensive
molecular dynamics study were saved as .mol2 files in Insightll/Discover (and
then imported onto an SGI O? that supports SYBYL (Tripos, inc. St Louis, MO)

modeling package. In the SYBYL program, the structures of interest were read
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into the program. Prior to using the MOLCAD module,® the charges on the
molecule were calculated using the Gastieger-Huckel method. Once the
charges had been calculated, a Connolly surface was constructed in the
MOLCAD module. Various surfaces could then be projected onto the Connolly
surface that permit the viewer to visualize different properties of the molecule.
If the molecular lipophilic potential (MLP) surface was selected, this mode
depicted the regions of hydrophilicity (blue regions) and hydrophobicity (brown
regions) of the molecule. If the molecular local curvature (MLC) surface is
selected, areas that are convex and concave are shown. [f molecular
electrostatic potential (MEP) surface is selected, areas of high and low electron

density can be observed.

H. Determination of Equilibrium Constants

These were performed in accordance with the protocol established by

Brouillard and co-workers.?
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V. CONCLUSIONS

Low-temperature 'H NMR studies on anthocyanins CyanGXG, 4-FCIN,
345-TMBENZ, 345-TCIN-X, and 345-TCIN have shown that these compounds
in acidified methanol-d, are highly flexible. Despite of their inherent flexibility,
reasonable molecular models have been successfully generated using the
QMD-NMR protocol (see Section lIl.D and Ill.E). Unlike the molecular modeling
studies in methanol, the structures produced in water have not been validated
by NMR-derived restraints at this time.

Prior modeling studies suggest that anthocyanins, which resemble the
structure of the anthocyanins under investigation, result in a single predominant
conformation.® However, utilizing the QMD-NMR protocol with a dielectric
continuum of both water and methanol, several distinct conformational families
of each anthocyanin are produced. Interestingly, irrespective of the acyl moiety
attached to O-6 Glc terminus of the anthocyanin, the families for different
anthocyanins possess the same consensus fold. A summary of the important

structural features from the conformational families found in water follows:

1. The flavylium nucleus in structures of these conformational
families can be read as “ACB” (“nonflipped”) or “BCA”

(“flipped”), when viewed from the same perspective.
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2. In certain families, the exocyclic double bond interacts with
the flavylium nucleus.

3. The acyl moiety on the O-6 Glc terminus of these
anthocyanins can interact with either the A-C ring system
or ring B of the flavylium nucleus.

4. In certain families, the B-Xyl moiety can position itself over
the C-2 of the flavylium nucleus.

5. In the 3,4,5-trimethoxycinnamoylated anthocyanins, the
methoxy groups are proximal to the C-2 of the flavylium

nucleus.

Furthermore, by subjecting structures from select conformational families of 4-
FCIN and 345-TCIN to a 5 ns molecular dynamics simulation in a dielectric
continuum of water, which is approximates the medium used experimentally to
determine the color stability data, the flexibility of these molecules can be gaged.
As the forces of attraction in the stacking of these molecules are weak,
interconversion between conformational families occurs—a “flipped” conformer
(flavylium nucleus reads “BCA”) can “flip” to a “nonflipped” (flavylium nucleus
reads “ACB”) conformer. However, this only occurs in conformational families
of 4-FCIN, and not 345-TCIN.

In order to study the stereoelectronic factors that cause the anthocyanins
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under investigation to have different color-stability profiles, the characteristics of
the intermediates adopted from the motions of each molecule during the
simulations were studied. These mimic the behavior of these molecules in acidic
aqueous medium, and permit the micro-environment around C-2 to be probed
using the molecular visualization technique MOLCAD.®® By mapping the MLP
property onto the surfaces of these intermediates, the hydrophilicity surrounding
the strategic C=0* bond can be determined. This site in the more flexible 4-
FCIN was found to be more hydrophilic than in the relatively inflexible 345-TCIN.

As a result of these studies on 4-FCIN and 345-TCIN, three methods to

correlate the color stability of monocinnamoylated anthocyanins to structure are

proposed:
1. The ratio of “flipped” to “nonflipped” conformers that result
from the QMD, or the QMD-NMR protocol. For example,
the ratio for 4-FCIN and 345-TCIN was 1:2 and 79:1,
respectively, i.e., the greater the ratio the greater the color
stability.
2. The conformational flexibility of the monocinnamoylated

anthocyanins as revealed by extensive molecular dynamics

simulations (5 ns) in a dielectric continuum of water. This
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can be judged by studying a plot of ¢, against time for the

duration of the simulation.

3. The micro-environment surrounding the strategic C=0"
bond in intermediates during the molecular dynamics
simulation in a dielectric continuum of water, which can be
determined by using the MLP property in the MOLCAD
module. The more hydrophilic the pocket is, the more

prone it is to the deleterious attack of a water molecule.

It has become clear from this work described herein, and in this
laboratory®*¥” that anthocyanins of the general structure 6-O-(substituted
cinnamoyl)-B-D-glucopyranosyl-(1-6)-B-b-galactopyranosyi-(1-0%)-cyanidins
(see Fig. 3) are more stable than their nonacylated counterparts due to the
following key factors. Moreover, these factors can be used to explain the

different color-stability profiles of the fifteen monocinnamoylated anthocyanins:

. The conformational flexibility of these compounds as
revealed by molecular dynamics simulations in a dielectric
continuum of water;

. The influence of substituents on the acyl moiety on the
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electron richness of the aromatic system and the exocyclic
double bond;

. The steric bulk of the substituents.

These factors and their points of origin are shown graphically in Fig. 51.
Color stability of a monocinnamoylated anthocyanin correlates to the flexibility
of the anthocyanin, which is judged by molecular dynamics simulations in a
dielectric continuum of water, and physical inspection of the intermediates. Our
studies suggest that if the powerfully electron-donating substituents are attached
in either the ortho- or para-positions, the compounds are more color stable
compounds. As a result, the electron-rich exocyclic double bond can form
stronger interactions (r—arene) with parts of the flavylium nucleus and reduce
the flexibility of the anthocyanin. Furthermore, the strategic positioning (2/6- or
3/5- position on the cinnamic acid residue) of a sterically demanding group on
the cinnamoyl moiety, such as a methoxy further reduces the flexibility of the
monocinammoylated anthocyanin.

If these structure—activity relationships, and hypotheses can be extended
to other monocinnamoylated anthocyanins, rational design of a “super color-
stable monocinnamoylated anthocyanin could be achieved. The plan is

described further in the next section.’
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Fig. 51. Factors that impact color stability of cinnamoylated

. Electron density of exocyclic double bond

. Bulky, electron-donating substituents

. Electron-donating substituents

. Electron-donating substituents

anthocyanins.
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IV. FURTHER WORK

This section is an excerpt from a research proposal submitted to the
USDA. It represents the strategy that will be employed by the author and co-
workers to design a “super’color stable monocinanmoylated anthocyanin

(citations refer to the bibliography that is found in “References” section):’

“General.—The developments outlined in the Progress
Report—advances in the biosynthesis, isolation, characterization,
as well as insights in increasing color stability via substituent
effects as determined by physicochemical studies and molecular
modeling—when taken together, allow us to now launch a
program, based on sound scientific principles, to design and carry
out the biosynthesis of anthocyanins that will have enhanced color
stability. Such an approach is reminiscent of that of rational
design, which is the very basis for research in areas such as drug
design, where structure—activity relationships (SAR) are developed
among congeners or analogues in a orderly, predictable fashion to
achieve a predetermined goal. Our systems allow us to
incorporate a variety of carboxylic acids into acylated anthocyanin

products. Our plan is to rely upon our modeling to guide us in



selecting candidates for tissue culture development, then proceed
to validate the model with experimentally determined color stability
measurements. Detailed color-stability studies will then be carried
out on the best compounds. Our goal is to identify in this project
period an acylated anthocyanin that is suitable for industrial
production and development as a food colorant. Spinoffs from
these studies may well benefit evailuation of other anthocyanin

types that hold promise as useful products.

Plan of Research.—Our pian is to (a) evaluate seven of the
compounds currently in hand via our NMR—molecular modeling
approach in order to fully validate the methods we have developed.
To date, two compounds, 345-TCIN and 4-FCIN, which represent
respectively a relatively color-stable and a moderately color-
unstable compound, have been subjected to the full QMD protocol
in agueous media. We will then (b) model a number of acylated
candidate compounds, whose acyl groups will serve to probe
critical stereoelectronic phenomena. Then (c) from the more
promising modeled candidates, we will choose the best for
synthesis, followed by in-depth color-stability studies. The final

phase (d) will be to gather essential data to promote a candidate
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or two for possible development as a food colorant. These steps

are discussed in depth in the paragraphs that follow. Details of

experimental protocol are presented under Research Methods.

a. Validation of our NMR-molecular modeling methods.—When
the QMD protocol®” was performed on 345-TCIN and 4-FCIN in a
dielectric continuum of water (see Progress Report, p. 6, bottom)
to most closely model natural conditions, we observed ratios of
“flipped” to “non-flipped” conformers (for terminology, see Progress
Report) for each that were quite divergent: 79:1
“flipped:nonflipped” for 345-TCIN and 1:2 “flipped:nonflipped” for
4-FCIN. We feel that the difference observed in these ratios is
quite significant, as compounds 345-TCIN and 4-FCIN, while
different in their K, values, do not represent extremes in color
stabilities; thus the ratios should be highly sensitive. These
studies will be extended to [other monocinnamoylatedjcompounds
CyanGXG, 5, 13, 14, 17, and 18 in a continuum of water. We
expect to see a trend in the ratios that reflects experimentally
measured color stability among these compounds. It is essential
that 2D NMR studies in water are conducted alongside the

modeling work to (a) provide assignments for all resonances in the



'H NMR spectra and (b) to make use of NMR-derived restraints
from the ROESY spectra to experimentally validate the models.
Details are provided in the Research Methods section and in the

manuscript”’ in Appendix B.

b. Molecular computer-aided design (MOLCAD) [see Section

IV.E.5]

c. Lead optimization strategies.—Of the compounds examined in
depth by both modeling and color stability measurements, the
3,4,5-trimethoxycinnamoyl derivative 345-TCIN (see Progress
Report) is selected as the lead compound on which to develop

strategies for enhancement of color stability.%

It has become clear from the work performed in this laboratory32"
that anthocyanins of the general structure 6-O-(substituted
cinnamoyl)-B-D-glucopyranosyl-(1-6)-B-D-galactopyranosyi-(1-0°3)-
cyanidins (see Fig. 2) are more stable than their nonacylated

counterparts due to the following key factors:

. The influence of substituents on the acyl moiety on the
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electron richness of the aromatic system and the exocyclic

double bond;
. The steric bulk of the substituents;
. The conformational flexibility of these compounds as

revealed by molecular dynamic simulations in a dielectric

continuum of water.

These factors and their points of origin are shown graphically in

[Fig. 51 in the Conclusions section of this document].

The strategy that we will use is outlined in the following list of eight
steps. The strategy is designed to further explore the above
factors that affect the color retention properties of cinnamoylated
anthocyanins similar to 5-19.°° Furthermore, the protocols
outlined permit the rational design of the next-generation of highly

color-stable monoacylated anthocyanins:™

1. Construct molecular models of the twelve proposed

compounds (refer to Fig. 52 for suggested acyl groups)

using QMD in a dielectric continuum of water. Choose

candidate compounds that show maximum ratios of
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Compound 25 can be synthesized from an aldehyde precursor;”’ compounds
26, 34, and 36 are commercially available;’> compound 27 is accessible via
the aldehyde;”® compound 28 can be prepared in an analogous manner to the
synthesis of 3,5-diisopropyl-4hydroxycinnamaldehyde;”* compound 28 is
commercially available;’* compound 30 can be readily synthesized from 2,6-
dihydroxy-4-methoxybenzaldehyde;”> compound 31 can be prepared in
analogous manner to the 2,6-dimethyl derivative;’® compound 32 and 33 can
be prepared from the same aldehyde;”” the synthesis of compound 35 (3-
bezofurancarboxylic acid) is well known.™

Fig. 52. Carboxylic acids to be used in the rational design of

a “super” color stable monoacylated anthocyanin.
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“flipped”:"nonflipped” families of conformers. Use
MOLCAD?®*761€2 tg examine the environment around the

reactive C=0".

Purchase or synthesize requisite substituted carboxylic
acids that have been identified by molecular modeling as

the acids that will lead to monoacylated anthocyanins that

behave similarly to 345-TCIN. See [Fig. 52] for structures

of a plausible set of carboxylic acids.

After the best candidates have been identified using
modeling methods, begin preliminary small-scale tissue-
culture studies to determine optimum conditions for

production of the anthocyanin.

Do scaled-up tissue cultures for the isolation of mg-amounts
of anthocyanin. Isolate, purify, and assess purity of the

product by HPLC.

With the compound in hand perform characterization
studies, i.e., NMR and ROESY experiments, as well as

mass spectrometry.




7. Measure the color stabilities of the novel anthocyanins

using pH-jump experiments.?

8. Correlate the color stability data to both the ratio of
“flipped™:"nonflipped” families of conformations found in step

1, above.

9. Subject the most promising candidates to long-term

evaluation of their color stabilities at 25 °C.

Modeling targeted acylated anthocyanins. The strategy in this
investigation is to model a variety of anthocyanins monoacylated
with substituted cinnamoyl groups and related carboxylic acid
groups and determine what acyl moieties give rise to compounds
that indicate protection from attack by water at C-2. Using this
information, one can then proceed with selecting a smaller group
of compounds for biosynthesis. This approach will be less time
consuming, as producing a new anthocyanin itself is very labor
intensive, and many of these new, proposed anthocyanins will

require synthesis of the carboxylic acids, most of which are not
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commercially available. The carboxylic acids chosen will be
selected from those in [Fig. 52]; however, as our studies progress,

we undoubtedly will need to consider other acids.

In order to optimize the color stability in our proposed set of
anthocyanins, we must fully assess the stereoelectronic effects
that are operative in the substituted cinnamoyl esters. It is
important to factor out steric from electronic effects at key positions
on the benzene ring of the acyl moiety [(see Fig. 51)]. Molecular
models of anthocyanins acylated with 25-28 [(see Fig. 52)] will be
constructed, and the compounds will be examined by the QMD
protocols. Ethyl groups, which are isosteric with MeO and are not
significantly electron donating, are proposed to probe the question
of which is the more important effect—steric or electronic.
Compound 28 permits further exploration of this complex issue by

increasing steric bulk at the 3- and 5-positions.

Analysis of the of the experimentally derived color stabilities for the
monomethoxy-substituted compounds 11-13 indicate that a MeO
group in the 2-position is the most color stable of the group,

comparing favorably with the 3,4,5-trimethoxy-substituted

|
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compound 345-TCIN (see data in Table 1, Appendix A). Thus a
single MeO group at C-2 functions extraordinarily well, apparently
shielding the C=0" attack site in addition to contributing to
increased electron density in the acyl moiety. Thus anthocyanins
that result from the cinnamic acids 29-31 will allow this effect to
be investigated. Additionally, strongly electron-donating
substituents at both the ortho and para positions of these
compounds will increase the electron density of the exocyclic

double bond, which is essential in their color stability.

As we currently understand the phenomena associated with color
stability, anthocyanins acylated with highly sterically hindered and
powerfully electron-donating groups such as those derived from
carboxylic acids 32 and 33 should yield the most color-stable

monocinnamoylated anthocyanin generated to date.

Compound 34 will be examined to determine whether such a rigid,
linear acetylenic system can orient itself to interact with the
flavylium nucleus. Compounds 35 and 36 are proposed to model
interactions of larger aromatic systems which may n-bond over a
larger area with the flavylium moiety. Other polycyclic aromatics

could also be considered.
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Carboxylic acid synthesis. The carboxylic acids 26-33 are all
substituted cinnamic acids, for which general synthetic procedures
are well known to the organic chemist. For example, most
cinnamic acids are synthesized from the aromatic aldehyde by
condensation with the appropriate aldol-type reagents via the well-
known Claisen, Knoevenagel, or Perkin condensations.”®% We
anticipate minimal problems in producing a variety of the acids
needed for this project, e.g., those listed in [Fig. 52]. References
for preparation or purchase of these acids are provided in [Fig.

52)”
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I. INTRODUCTION

A. Nucleic Acids'®

1. General. The information presented in this section on nucleic acids
is an overview of a huge field, which recently has become a partnership between
biology and chemistry. Contributors to the elucidation of the structure of both
deoxyribonucleic acid and ribonucleic acid are too numerous to mention in this
section (for a detailed account of the early studies, and modern developments,

refer to Reference 1).

2. Structure of Deoxyribonucleic Acid (DNA). Each piece of single-
stranded or double-stranded DNA (ss-DNA and ds-DNA, respectively) is a linear
array of monomers called nucleotides. These “building blocks” are
monophosphate esters of nucleosides and are components of both DNA and
RNA. A nucleotide is constructed from three residues: a nucleobase, a pentose
sugar, and a phosphate residue. In Fig.1 the major bases are shown. There are
two distinct families: the monocyclic structures (pyrimidines) or fused-ring
structures (purine). The major purine bases are adenine (A) and guanine (G),
and the major pyrimidine bases are cytosine (C), thymine (T), and uracil

(U)—uracil is only found in RNA. The nucleosides that afford the nucleotides
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found in DNA are shown in Fig. 2. Unlike RNA, DNA has a backbone that is
comprised of 2'-deoxynucieosides. The meteoric explosion of the field only

occurred in the 1970s when reasonable amounts of DNA couid be synthesized.

3. Synthesis of DNA. Since the pioneering work of Khorana to
synthesize oligomers of deoxyribonucleic acid (DNA) that led to the eventual
synthesis of an entire gene,* massive developments have resulted in facile
preparation of oligodeoxynucleotides (ODNs). The two main methods that are
routinely used in laboratories throughout the world are (1) the polymerase chain
reaction (PCR)>’ and (2) the phosphoramidite solid-phase synthesis
methodology.®

a. Polymerase chain reaction (PCR).>*° The polymerase chain reaction
(PCR) allows DNA from a selected region of a genome to be amplified by more
than a millionfold, provided that the sequences on either side of the section of
interest are known. Since many purified DNA polymerases from Thermus
aquaticus, which have resistance to high temperatures, and synthetic DNA ODN
primers'® are now commercially available, there has been an explosion in the
use of this technique to prepare DNA. Furthermore, this method has made it
possible to clone specific DNA sequences rapidly without the need of the living
cell. Itis this characteristic that has led the PCR technique to be an essential

tool in modern forensics.
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Portions of the sequence that surround the region to be amplified are
used to design two synthetic DNA ODNs (A and B), each complementary to the
ends of the DNA double-helix. These ODNs serve as primers for in vitro DNA
synthesis, which is catalyzed by the DNA polymerase, and determine the ends
of the final DNA fragment that is obtained.

Each cycle of the reaction requires a high temperature (95 °C) to separate
the two strands of the DNA double-helix (step 1). Subsequent cooling (37-65
°C) of the DNA in the presence of a large excess of the two primers affords the
annealed mixture. The specific primers are annealed to their complementary
sequences on opposite strands of the target DNA, with their 3’-ends pointing
toward each other (step 2). This is exploited by incubating with DNA polymerase
and the four 2’'-deoxyribonucleotide triphosphates so that the regions of DNA
adjacent to the primers are selectively synthesized (step 3). In this cycle, each
strand of the target DNA sequence is copied once to give a twofold amplification.
The newly synthesized strand contains a binding site for the primer used for
copying the other strand. A second round of denaturation, annealing, and primer
extension results in a fourfold amplification.

For effective DNA amplification, 20--30 cycles of the reaction mixture are
required, which results in the production of 22>* copies of the original target
DNA. Each cycle lasts only approximately five minutes, compared to the

standard cloning procedures that require several days. By modifying the
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nucleotides there is a means to obtain modified single-strands of the section of
interest.

b. Phoshphoramidite methodology.®* The strategy closely parallels the
innovative synthetic methodology used to produce peptides, which was
developed by Merrifield.""'3

The essence of the solid-phase synthesis (SPS) of oligodeoxynucleotides
(ODNs) is that a building block is heterogeneously coupled to another residue
bound to an insoluble support. Highly efficient coupling is achieved by the use
of large excesses of soluble building blocks. As the support is insoluble in the
reaction medium, the excess of reagents can easily be removed by copious wash
cycles. The entire series of steps has been automated, and ODNs are routinely
prepared on automated synthesizers.

The 2’-deoxynucleoside that will be the 3’-terminus of the growing ODN
is attached by means of a linker arm to a solid support. In Fig. 3, the coupling
of a 2’-deoxynucleoside to derivatized controlled pore glass beads (CPG) is
shown. Growth of the desired ODN sequence is built from the 3’-to-5'-terminus.
The building blocks that are routinely used are phoshporamidites.

in Fig. 4, the processes involved in the preparation of ODNs using
phosphoramidite methodology are shown. The removal of the 5'-O-(4,4'-

dimethoxytrityl) moiety (DMT) of the supported nucleoside is readily effected by

treatment of the surface-modified beads with either dichloroacetic acid or
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trichloroacetic acid (TCA) (step 1). Activation of the phosphoramidite building
block readily occurs when it is mixed with tetrazole in acetonitrile solution (step
2). The activated compound adds readily to the growing ODN chain (step 3).
In the previous coupling step, there may be some chains that failed to react.
Capping these chains results in a limited number of failure sequences, i.e., those
chains missing an internal residue. This is accomplished by the treatment of the
support with acetic anhydride and N-methylimidazole (step 4). The
phosphotriester functionality in the growing ODN is readily achieved by the
oxidation of the phosphite with iodine and water (step 5). The hydrogen iodide
produced in this step is then neutralized with either pyridine or 2,6-lutidine. A
20-mer is produced by repeating steps 1-5 a further 18 times. Concomitant
removal of protection groups and cleavage from the solid support is readily
achieved by reacting the CPG beads in concentrated (concd) ammonia for 5 h
at 50 °C. The end-result can also be accomplished by treating the beads with

concd ammonia at room temperature for approximately 24 h.

4. Nucleic Acid Hybridization.'* Hybridization of nucleic acids occurs
when two complementary strands “pair” with one another. This event occurs
because of the hydrogen bonding between the bases along the backbone of
different strands of DNA. These interactions that were first identified by Watson

and Crick and are shown in Fig. 5 in red. Base A is complementary with T, and
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the base C is compiementary with G. These and other more complex
interactions cause the duplex formed to adopt the immediately recognized helical
structure of DNA.

On hybridization of two complementary sequences, a small quantity of
energy is released via the formation of each hydrogen bond and the stacking of
each nucleobase. The total of this energy determines the stability of the double
helix (duplex). There is only a slight variation in energy between the deoxyribo-
and ribo-duplexes; thus, most experiments can be conducted with either, despite
the fact that deoxyribo-duplexes are less stable. However, since ODNs are

relatively easy to prepare, oligomeric DNA probes are preferred.

B. Probes for Nucleic Acid Hybridization®

1. General. There has been much work recently into the various
methods of detecting nucleic acid hybridization using DNA probes.'*'* Current
gene probe assay techniques are labor intensive and time consuming, taking
anything from several hours to days to complete. The major time-consuming
step is most frequently the hybridization detection step.

If there is an ODN with complementary antiparallel nucleotide sequence,

this ODN binds specifically to single-stranded nucleic acids to form a double

helix. Therefore, biological processes involving these nucleic acids can be
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modulated by addition of the respective ODNs. The effects of these ODNs and

the fields of potential application can be broadened by the introduction of
chemically modified bases. For example, replacement of one of the phosphate
groups on an ODN would result in a loss of negative charge, thereby increasing
its lipophilicity. Also, an ODN carrying a reactive group can modify its binding
partner.

DNA in the helical form is considered unreactive in the living cell.
However, single-stranded RNA and DNA (ss-RNA and ss-DNA) are relatively
reactive; for instance, DNA is replicated and transcribed, and mRNA is used as
a template in the biosynthesis of proteins. Therefore, ODNs of complementary
and antiparallel sequence can bind to these single-strands, thus forming a
double helix via Watson—Crick base pairing (see Fig. 5). This type of binding

can find two different applications:

1. An ODN labeled in some way can provide detection of the
complementary sequence in solution. This complementary
sequence can either be localized in an extract, a cell, or a
tissue. Therefore, labeled ODNs can be used for the
identification of specific sequences.

2. The ODNs can also be used for inhibition. This can be

thought of as the single-strand being suppressed, as the
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single-strand region is converted into the arrested form of

the double-helix.

These two factors can find interest in the detection and localization of a
messenger RNA or its gene. This is commonly referred to as antisense
technology and has recently been the subject of a review.'® The first antisense
ODN, Vitravene™ (fomivirsen sodium injectable) to be approved for marketing
in the US by the Federal Drug Administration (FDA) (September 16, 1998)," is
excellent in the treatment of cytomegalovirus (CMV) retinitis in acquired immune
deficiency syndrome (AIDS) patients.'® Apart from the treatment of diseases, a
suitably designed ODN (probe) can be used to detect specific bacterial or viral
sequences in biological specimens. Detection normally occurs through the use
of a reporter group attached to the probe ODN.

There are several types of labels for DNA probes used in the detection of
the hybridization step. The most common label is a radioisotope,’ although
several nonradioactive labels have recently been explored.'>'® These tend to be
preferred to the radioactive labels for reasons of safety and convenience. Such
nonradioactive labels include fluorescent agents?*%'> enzymatic agents, ' and,

more recently, electroactive agents.?*
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2. Methods of Labeling and Detection. (For a detailed discussion of
the functionalization of ODNs via phosphoramidites, see the review by Beaucage
and lyer.?®)

a. Radioactive labels."*'* Radioactive labels are direct labels, where the
radioactivity incorporated into the probe molecules may be directly detected.
Although nonradioactive labels may be preferable, radioactive labels are still
considered as the “gold standard” of probes because of their sensitivity to
detection. The most common technique to label ODNs is the enzymatic
incorporation of the radioisotopes =P or =S at the 5'-end of the phosphodiester.

The choice of labeling method is dictated by the nature of the probe.
Uniform labeling of double-stranded DNA probes may be accomplished by nick
translation,® random priming, and by PCR with one or more radioactive 2'-
deoxynucieotide triphosphates. Single-stranded DNA probes may be prepared
by primer extension from a single-stranded DNA template, by run-off
polymerization, or by asymmetric PCR using thermus aquaticus (Taq)
polymerase.

Double-stranded DNA may be labeled at the 3’-end via replacement
synthesis using T4 DNA polymerase. The 3’-end of oligodeoxynucleotides and
double-stranded DNA also may be labeled using a terminal transferase by
addition of one or more radioactive nucleotides. The 5'-hydroxy! on an ODN, or

on a DNA after treatment with alkaline phosphatase, may be phosphorylated
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using gamma *P-labeled ATP and T4 polynucleotide kinase. Simultaneous
application of probes labeled with different radioisotopes is unusual, but has
recently been used to compare two-dimensional restriction enzyme fingerprint
patterns of DNA from two strains of Escherichia coli."®

b. Nonradioactive labels. The importance of discovering alternatives to
radioactive labels is best summarized by this quote from Kessler in his

nonradioactive labeling and detection methods:*®

“During the last two decades the use of nonradioactive markers
instead of radioisotopes has gained increasing importance in
bioanalysis. Major disadvantages of isotope use, such as rapid
decay, radiation exposure, the need of specific isotope facilities,
and the elimination of radioactive waste by trained personnel, have
been overcome by the development of nonradioactive labeling and
detection techniques. In contrast to radioisotopes, the
nonradioactive modification groups are characterized by long-term
stability, general, rapid, but also easy-to-handle modification
procedures, by the existence of highly sensitive detection systems,

and by the avoidance of hazardous materials.”
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(i) Fluorescent reporter groups—The use of fluorescent ODN probes is
well established and the basis of commercial DNA analyzers. Reviews of the
older literature on this topic are available,'*?” and a summary of recent attempts
to improve detection of the hybridization event was given by Thiel et al.,® who
used surface plasmon resonance imaging to differentiate between ss- and ds-
DNA.

In simple cases the modified ODN is substituted with a colored,
chemiluminescent, or fluorescent marker. Suitable substituents include
fluorescein, isoluminol, and rhodamine compounds. The linkage of a dye to the
ODN can be accomplished in a variety of ways: for example, via the 3'-O-
phosphate.*®

Ability to directly attach different fluorescent dyes to different probe
molecules allows the simultaneous detection of hybridization and/or biosynthetic
products involving more than one probe. Based on differential hybridization of
mismatched and perfectly matched primers, a competitve PCR color
complementation test is available to detect human mutations and polymorphism.

Many fluorescent dyes are commercially available as fluorimetric reporter
groups attached to avidin, or streptavidin, or attached to primary or secondary
antibodies.

(i) Enzyme-linked ODNs—Enzyme-linked ODN probes can be used for

the recognition of an RNA or DNA sequence with high sensitivity comparable to
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that of radioactively labeled compounds.' The enzyme is designed to multiply
a signal, such as the production of a colored or fluorescent compound.

The enzyme can be linked to the ODN directly, or, alternatively, the
enzyme can be linked to any agent that immediately binds in situ to the enzyme.
In the first instance an enzyme and an ODN might be linked through a
bifunctional reagent, or by UV irradiation: normally, a spacer of about 30 atoms
in length is used. (An example of this type of probe is described in the next
section.) After the hybridization event, the alkaline phosphatase (ALP)-catalyzed
degradation of p-nitrophenyl phosphate to p-nitrophenol allows colorimetric
detection of the target phage sequence.

Alternatively, ALP can initiate the formation of 5-bromo-4-chloroindolyl
phosphate and nitroblue tetrazolium, also assayed colorimetrically.’® This
enzyme can also cleave 4-methylumbelliferone phosphate, which leads to a
fluorescent adduct.

The enzyme need not be linked directly to the ODN. Instead, the ODN
can be coupled to any agent that binds in situ to the enzyme. This antibody
variation of the system requires that the ODN carries an antigenic substituent
such as digoxigenin, 5-bromo-2’-deoxyuridine, or fluorescein.

An antibody linked to the enzyme then binds to the antigenic group, and
the enzyme generates a signal. The most widely used of these assays is the

biotin—(strept)avidin system.
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(i)  The ODN-biotin—avidin—XXX system—Biotin-linked ODNs in
solutions, extracts, or tissue specimens form very tight and specific aggregates
of the biotin group and the protein avidin or streptavidin.” Avidin can be easily
coupled to further agents suitable for recognition, such as ALP. In this instance
a chromogen is converted into a chromophore or visa versa.

The linking of biotin to an ODN can be facilitated chemically or
enzymatically, usually through a spacer of about 10 atoms.™ In the simple case,
biotin and the ODN are linked unspecifically through a bifunctional reagent.

Most of the coupling procedures form specific linkages so that the number
of biotin residues per ODN is known. In most cases, a nucleotide derivative
already substituted with all or part of the spacer is used in conjunction with an
automated ODN synthesis. The ODN is biotinylated after the synthesis is
complete.

Suitable nucleotide derivatives are 8-substituted adenosine and 5-
substituted 2'-deoxyuridine.?>?' Furthermore, biotinylation can use a terminal
phosphate group or a terminal hydroxyl group for attachment.?®?' Finally,
biotinylation of ODNs also can be accomplished by adding a biotin-carrying
nucleotide using an appropriate polymerase.

The synthesis of many biotinylated ODNs,?*2! has promoted their use in
nucleic acid recognition assays. Under optimal assay conditions, these assays

are sensitive enough to detect one nucleobase exchange in a target sequence.
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(iv) Electrochemical methods—An alternative property to those routinely
used with ODNs is the development of techniques for the detection of
hybridization that utilize the redox behavior of certain electroactive compounds.?
A modified electrode surface incorporating an electroactive probe would
have many attractive features common to modern electroanalytical techniques.
These include in situ analysis of small volumes and possibly no requirement for
washing of excess reactants from the surface reaction layer. ideally, a surface-
attached ODN with an attached electroactive group would mimic natural DNA,
which gives well-defined faradaic signals for ss-DNA and not ds-DNA.3* An
ideal tag for this purpose would give a persistent signal, preferably
electrochemically reversible, in a potential region well removed from where
natural DNA and RNA are electroactive, such that the signal could be easily
interrogated in a sensor configuration. ODNs with attached electroactive groups
or tags have been reported on by several groups.®** These applications have
involved chromatographic separation of the ss- and ds-DNAs with
electrochemical detection of the tag, although Xu and Bard used electrochemical
luminescence to detect ds-DNA with an end-tethered Ru(bpy),** group.*
The above strategy can be contrasted to other electrochemical means to
detect ds-DNA that have appeared in recent years, many of which involve the
use of electroactive intercalators that selectively bind to double-helix structures.

Most of these methods require the addition of a solution species, the intercalator,
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to perform the analysis. Thus hybridization can be detected by the
preconcentration or binding of the intercalator to a surface-confined DNA
molecule, which leads to an increase in the signal. Transition metal complexes,
which bind to DNA to give electroactive complexes,***' have been used in this
manner,**4>*5 as have a variety of other species including a Hoechst dye,*
ethidium, ¥ methylene blue,*® daunomycin,*® and aromatic amines.®® Other
electrochemical approaches involve the enhancement of the electrocatalytic
current for oxidation of ds-DNA by intercalating redox couples,** use of the
Fe(CN);>** couple as a permeability marker,*® and an attenuation of the

poly(pyrrole) doping process by a tethered ODN in the double helix form.%
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Il. STATEMENT OF THE PROBLEM

Since the discovery and widespread use of radioactively labeled
oligodeoxynucleotides (ODNs), considerable effort has been expended to find
alternatives that are cheaper and not as hazardous as their radioactive
predecessors.?? Probes tagged with UV or fluorescently active groups have
typically been employed.”® The objective of this study was to design and
synthesize labeled nucleosides that bear an electrochemically active group,
which can be used in the preparation of ODN oligomers, and assess their
usefulness as a probe of nucleic acid hybridization (see Fig. 6).

Critical to their use as probes for nucleic acid hybridization is that the
characteristic signal, albeit an electrochemical or fluorescence signal, should be
markedly different in double-stranded DNA (ds-DNA) compared to the single-
stranded DNA (ss-DNA), and be persistent. Additionally, the signal shoulid not
overlap with any signals that result from DNA itself. Thus, the judicious selection
of an electroactive reporter group that possesses these properties is critical in
the success of a probe.

Molecules in the quinonoid family give a persistent, electrochemically
reversible quinone/hydroquinone couple in aqueous solutions.” An added
advantage is that the electrochemical reversibility occurs in a potential region

distinct from where natural RNA and DNA are electroactive. This would permit



240

the interrogation of ODNs bearing these electroactive reporter groups in a
sensor configuration.?

Thus single or multiple incorporation of a suitable quinone-monomer
bioconjugate into an ODN via either the phosphoramidite methodology or
polymerase chain reaction (PCR) technology—utilizing the 5'-triphosphate of the
conjugate—would provide entry into a series of electroactive ODNs, which can

be used as possible probes to detect nucleic acid hybridization.

Nucleoside

N ‘\

/ /;
// ///
Covalently attached to the Member of the quinonoid
nucleoside family

A
B 4
v
Electroactive oligodeoxynucleotides

EAT = Electroactive tag

Fig. 6. Strategy to synthesize electroactive oligodeoxynucleotides.
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lll. RESULTS AND DISCUSSION

A. Overall Strategy

The key strategy underpinning this work is outlined in Fig. 6. Essential to
the synthesis of electroactive ODNs is the preparation of suitable precursors that
have the desired electroactive reporter group covalently attached to the
nucleoside. Through the design of this electroactive conjugate, the electroactive
ODNs could be secured via either standard phosphoramidite or PCR
methodology (for further details on the synthesis of DNA utilizing these methods,
see section 1.A.3). The point of attachment of these tags can be either to the
nucleobase®® or to the glycone. However, it is imperative that the attachment of
the electroactive tag (EAT) does not dramatically affect the hybridization of the
ODN with its complementary strand on the surface of a working electrode.*®
Failure of these ODNs to hybridize would render them unacceptable as probes

for nucleic acid hybridization.
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B. Synthesis of C-8 Modified 2’'-Deoxyadenosine (First-generation

Electroactive Bioconjugates)

1. Review of the Literature. In addition to the use of these modified C-8
purine nucleosides (for numbering of the purine ring system, refer to Fig. 2) as
building blocks to create ODNs that have been used as probes for nucleic acid
hybridization,%%2°¢'2 these compounds have been used to design antisense
ODNs® and ODNs that do not possess the adenine base at a certain position in
the sequence, i.e., DNA with abasic sites.®*% These modified nucleosides were
all obtained by treating 8-bromo-2’-deoxyadenosine®® with a variety of
nucleophiles.

Reaction of this 8-bromo-2'-deoxyadenosine® with® thiols results in the
covalent attachment of a linker arm to the C-8 position. Pieles and co-workers®
successfully attached a thiol tether indirectly via 8-mercapto-2’-
deoxyadenosine® and used this intermediate to build a psoralen adduct located
inan ODN, which upon hybridization and irradiation, formed a sequence-specific
cross-link to a target sequence. Two groups have attached thiol linker arms
directly to the C-8 position of 2’-deoxyadenosine using the common intermediate
of 8-bromo-2'-deoxyadenosine.®%3% Roduit and co-workers treated 8-bromo-
2'-deoxyadenosine with an acylated w-aminothiol.®® Synthesis of the

phosphoramidite of this modified nucleoside was then used in the preparation of
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ODNs. A standard deprotection with concd ammonia of the resultant ODN then
unveiled the terminal amino moiety, appended to the C-8 position, and permitted
facile conjugation with commonly used reporter groups, such as biotin.

Direct treatment of 8-bromo-2’-deoxyadenosine with 1-propanethiol
resulted in a modified nucleoside that was used to incorporate an abasic site into
an ODN.®*% An abasic site is defined as a nucleotide moiety that does not
possess a nucleobase, but the glycone moiety remains intact. Since hydrolytic
cleavage of adenine was greatly accelerated by the C-8 substitution of an
electron-withdrawing moiety,% oxidation with potassium persulfate (oxone) of the
thiol modified ODN afforded the strongly electron-withdrawing sulfoxide moiety.
Thus an abasic site was introduced into the ODN by selective hydrolytic
cleavage of the thiol modified adenine base.

Aliphatic amino tethers have been attached to the C-8 position of adenine.
Displacement of the 8-Br group was readily effected by treatment of this
invaluable precursor with diamines.?*%"2® Coupling of the amino moiety at the
terminus of these linker arms to a variety of fluorescent reporter groups, such as
dansyl”® and fluorescein,® yielded probes for nucleic acid hybridization.
However, even though these fluorescent groups attached via a linker arm to the
C-8 position of 2'-deoxyadenosine may have electrochemical signatures, no
research group has exploited this characteristic of these common fluorescent

labels.



244

Since 2'-deoxyadenosine has been modified in the C-8 position in a
number of ways, it was selected as a suitable nucleoside that would allow entry
into electroactive ODNs that bear quinone moieties. Thus the retrosynthetic

analysis shown in Scheme 1 was devised to achieve this goal.

2. Retrosynthetic Analysis. The key to the synthesis of
naphthoquinone-2’'-deoxyadenosine conjugate 1 was the procurement of a C-8
modified nucleoside 2. Compounds such as 2 have been prepared by others by
heating 8-bromo-2'-deoxyadenosine (4) with the appropriate diamine in ethanol
under reflux®?  However, in our hands, attempts to prepare the
hexamethylamino derivative 2 (where n = 5) with 1,6-diaminohexane failed to
yield the desired compound. An alternative to this route relied on securing a
monoprotected “masked” diamine compound 5—the azido moiety acts as a
“masked” amino functionality.®” Orthogonal protection of a diamine is achieved
indirectly by protecting the amino group of any w-aminoalcohol with the
benzyloxycarbonyl (Cbz) group and converting the hydroxyl moiety to a “masked”
amine via the mesylate. The Cbz protecting group was selected for two reasons:
(1) the azido functionality can be reduced to the amine without affecting the
integrity of the Cbz group, and (2) the removal of the Cbz group of the terminal
amino moiety of the tether can be readily achieved without affecting the purine

ring system.®® With 2 in hand, the naphthoquinone conjugate could be readily
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Electroactive oligodeoxynucleotides
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Scheme 1. Retrosynthetic analysis of the synthesis of electroactive

bioconjugates.
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prepared using the S-(2-methyl-1,4-naphthoquinonyl-3)-B-mercaptopropionic
acid N-Hydroxysuccinimide (NHS) ester, which has been used by Rokita to form

[2+2] cycloadducts between this naphthoquinone moiety at the 5’'-terminus of

an ODN and thymine bases in a complementary ODN.®° If the conjugate 1 could

be secured, electroactive ODNs can be prepared using either PCR or
phosphoramidite methodology. Additionally, studying the electrochemical
signature of the monomer 1 would be an excellent model that would aliow the
development of techniques that would permit the studying electroactive ODNs

in general.

3. Preparation of Monoprotected Diamines. The strategies involved in
securing the hexylamino and undecylamino “masked” monoprotected diamines
are shown in Schemes 2 and 3, respectively. Monoprotection of difunctional,
symmetrical compounds is notoriously difficult to carry out without the formation
of the bis-adduct and a subsequent loss of yield.” Atwell and Denny, and
Ponpipom and Rupprecht have prepared compound 15 from 1,6-diaminohexane
and benzyl chloroformate (CbzCl) in total yields of 34%’' and 35%,”
respectively—both research groups prepared the hydrochloride salt. To date,
there have been no reports of the preparation of the C,, analog.

The 1-aminohexan-6-ol (6) is commercially available; however, 11 had to

be prepared from 11-aminoundecanoic acid. Reduction of the carboxylic acid
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Scheme 2. Synthesis of monoprotected diamine 10.
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Scheme 3. Synthesis of monoprotected diamine 15.
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function was readily achieved by treating the acid with boron trifiuoride-etherate
and borane in tetrahydrofuran (THF) heated under reflux.”*’* The strategy
outlined in Schemes 2 and 3 shows that with the w-amino alcohols 6 (Scheme
2) and 11 (Scheme 3) in hand, selective protection of the amino moiety is

performed by the treatment of the alcohol with CbzCl under Schotten—Baumann
conditions.” Several alternative methods, which are similar to the one we
ultimately used, have been used to provide the monoprotected amino alcohol
6.7%7 The unaffected hydroxyl moiety can be readily converted to the mesylates
8%% and 13 (Schemes 2 and 3, respectively), which in turn can be displaced by
the azide to yield 9 and 14 (Schemes 2 and 3, respectively). Atmospheric
hydrogenation of the azido moiety over platinum(IV) oxide, left the Cbz protective
group unscathed, but yielded the amines 10 and 15 (Schemes 2 and 3,

respectively).%?

4. Attachment of the Hexylamino Linker Arm. In order to evaluate
these new “masked” monoprotected diamines, such as 9, as a means to attach
a hexylamino linker arm to the C-8 position of 2'-deoxyadenosine, a series of
experiments was performed with the isolated amine 10 and 8-bromo-2'-
deoxyadenosine. When the two compounds were heated under refluxin ethanol,
the desired C-8 adduct was not observed. Since the purity of the amino

compound was questionable, a reevaluation of the strategy was carried out.
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Since the final step in constructing the conjugate 1 is the reaction of “free”
amino moiety at the terminus of linker arms of variable length, conceivably, the
3'- and 5’'-hydroxyls of the C-8 modified nucleoside may lead to undesired ester
formation. Markiewicz and co-workers have used the tetraisopropyldisiloxane-
1,3-diyl (TIPDSi) protecting group to simultaneously protect the 3’- and 5'-
hydroxyls to great effect with a variety of nucleosides.®*% Markiewicz et al. have
generally used this protective group strategy on ribonucleosides,®*®° and other
groups have used this strategy to simultaneously protect the 3'- and 5’-hydroxyls
of unmodified® and C-8 modified 2'-deoxyadenosine.’? Another considerable
advantage of this procedure is that the fully protected nucleoside was more
easily handled than the “free” nucleoside. However, the TIPDSi ultimately
proved to be a blockade to the entry of the conjugate 1 (see Scheme 5, and
subsequentdiscussion). The TIPDSi group was installed by treating 8-bromo-2'-
deoxyadenosine (17)%°% with 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane in the
presence of imidazole (see Scheme 4).%
Additionally, the in situ reduction of the “masked” amine 9 and subsequent
treatment of the “free” amine 10 with silyl protected 8-bromo-2’-deoxyadenosine

was thought to be the best method to achieve the coupling between 10 and 18.
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As shown in Scheme 5, the newly adopted strategy was vindicated. However,
with the nearly completely protected C-8 modified nucleoside 19 in hand,
removal of the Cbz moiety on the terminus of the hexylamino linker arm using a

variety of methods proved to be unsuccessful.®®

5. Synthesis of the Naphthoquinone-2’-Deoxyadenosine Conjugate
1. In a last-ditch effort to secure the naphthoquinone conjugate 1, the TIPDSi
was completely removed by treatment of 19 with tetrabutylammonium fluoride in
the presence of acetic acid (see Scheme 6). Hydrogenolysis of the Cbz
protecting group on 21 was accomplished under an atmosphere of hydrogen in
the presence of Pearlman’s catalyst [palladium(ll) hydroxide, 20 wt. % Pd (dry
basis) on carbon]®” in absolute ethanol. Co-evaporation of 2 with anhydrous
pyridine and subsequent treatment with S-(2-methyi-1,4-naphthoquinonyi-3)-8-
mercaptopropionic acid N-Hydroxysuccinimide (NHS) ester(3)%® in DMF afforded

the NQ-conjugate 1.

6. Electrochemical Studies on the Novel Naphthoquinone-2’-
Deoxyadenosine Conjugate 1 (First-generation Bioconjugate).®® A cyclic
voltammogram (cv) was performed on an acidified, aqueous solution of the NQ
conjugate 1. The electrochemical signature produced was characteristic of the

2H"/2e” hydroquinone/quinone couple signal observed for other quinonoidal
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compounds in aqueous systems.”’ However, as a result of presenting this
work,% C-8-modified electroactive nucleosides as convenient building blocks in
the preparation of electroactive ODNs were no longer pursued (for the reasons

this approach was abandoned, see Section lII.C).

C. Synthesis of 2'-O-Modified Nucleosides (Second-generation

Electroactive Bioconjugates)*

1. General. After presenting the results detailed in Section Ill.B at the
212™ National Meeting of the American Chemical Society in Orlando, FL,* we
became aware that the use of C-8 modified nucleosides was flawed.®
Hybridization of certain base-modified ODNs is difficult®’ compared to the well
documented hybridization properties of 2’-O-modified ODNs, which have shown
potential as antisense therapeutic agents.?> Moreover, these modified ODNs
produce duplexes that have a greater stability than their unmodified
counterparts.*® Thus was launched a collaboration with the pioneers of these

modifications, Isis Pharmaceuticals, Inc., Carisbad, CA.%%

2. Synthesis 1,4-Naphthoquinone-Thymidine (NQ-Thymidine)
Bioconjugates. Scheme 7 shows a synthetic outline for the preparation of a

NQ-thymidine conjugate. The novel conjugate 25 was obtained by the reaction
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Scheme 7.2 Synthesis of the second-generation electroactive

naphthoquinone-thymidine conjugates 25 and 26.
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of the free amine 24%® with S-(2-methyl-1,4-naphthoquinonyl-3)-B-
mercaptopropionic acid pentafluorophenyl ester (23).° With 25 in hand, (a) the
electroactive phosphoramidite could be prepared, and (b) the free ribonucleoside
26 could be obtained by removal of the 5'-0-(4,4'-dimethoxytrityl) (DMT) group
with dichloroacetic acid.*®* Compound 26 couid be used as a model compound
in electrochemical studies of electroactive ODNs in aqueous systems.

However, before the synthesis of the 3’-O-phosphoramidite of the
NQ-thymidine conjugate was carried out by Isis Pharmaceuticals, Inc., Carlsbad,
CA, the stability of the NQ moiety upon treatment with the solutions routinely
used in automated ODN synthesis (this study is shown in Scheme 8)* needed
to be established. This was achieved by (a) monitoring the color of solutions,
and (b) by performing TLC on the resultant solutions. The detritylation and
oxidation solutions (see Fig. 4) did not affect the integrity of the NQ moiety.
However, in the presence of concd ammonia, which is used to completely
deprotect the synthetic ODN, the intense, bright yellow solution rapidly darkened,
and quickly became a dark-brown color. Presumably either a 1,4-Michael
addition of ammonia to the NQ moiety occurred'® or the quinone methide of the
NQ moiety formed and underwent further reaction.’” For each scenario, further
deleterious reactions could result, and decomposition of the NQ-thymidine

bioconjugate may even be a combination of both reaction pathways that
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Scheme 8. Can the NQ moiety survive the conditions

experienced in the automated ODN synthesizer?
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eventually leads to the formation of a polymer. As a consequence of these
observations, further work with NQ bioconjugates was abandoned (for the
implications that this study has to the future development of conjugates thatbear

novel EATSs, see Section VI).

3. Synthesis of 9,10-Anthraquinone-Uridine (AQ-Uridine)
Bioconjugates. As explained in the previous section, the NQ conjugate could
not be used to secure electroactive ODNs, because of the incompatibility of the
reporter group in the final deblocking step in the synthesis of ODNs.* This
discovery could explain why Rokita and Chatterjee chose to install the same NQ
moiety at the 5'-terminus of an already assembled synthetic ODN; i.e., the
NQ-ODN was not constructed using a phosphoramidite building block in an
automated ODN synthesizer.®® Thus alternative quinonoidal species were
sought that could act as EATSs.

a. General. Ample precedent exists in the literature that AQ-ODN
conjugates are known to survive the conditions experienced in the
oligonucleotide synthesizer.'%'% As with the NQ moiety, the AQ tag would give
the desired, persistent electrochemical signature, but not succumb to the
deleterious reactions that the NQ moiety would undergo.

Although the work described in this section focuses on the electrode

reactions of 2’-O-modified AQ—-ODN bioconjugates, others have prepared ODNs
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with tethered quinone groups for different applications. An increase in stability
has been noted for nucleic acid duplexes modified at the sugar 2'-position,®
including several studies using pendant AQ groups.'%*'% Rokita and co-workers
have used tethered quinones for photochemical methylation of DNA with known
sequences at specific sites,**'® and Gasper and Schuster found photooxidation
of GG sites in a DNA double-helix possessing an end-tethered anthraquinone
group.'” Cohen and co-workers utilized 5’-linked AQ-ODNSs to demonstrate that
AQ derivatives can be delivered to target nucleic acids (mMRNA or DNA).' AQ
tags were chosen for the present study since they can withstand the conditions
required for the solid-phase synthesis of ODNs,**'%” while also exhibiting a two-
electron electrode reaction characteristic of the quinone/hydroquinone couple.
The formal potential of this couple is well separated from potentials of redox
reactions associated with the ODNs. In addition, the electrochemical signal
provides a means to study interfacial electron and proton transfer reactions of
immobilized oligonucleotide probes on electrode surfaces.
b. Preparation of novel AQ-ODNs. Entry to the novel oligomers 27a—c
and 28 was crucial for this study (refer to Fig. 7). The key intermediate in the
synthetic sequence was the electroactive phosphoramidite 29 (see Fig. 8).
Additionally, the strategy provided access to the free nucleoside 31 that was
required to establish the experimental conditions for observation of the

distinctive electrochemical signature of the quinone moiety.
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5'-d(AU*G CAT TCT GCC CCC AAG AG)-3'
27a

5'-d(ATG CAT TCU* GCC CCC AAG AG)-3'
27b

5'-d(AU*G CAT TCU* GCC CCC AAG AG)-3'
27¢c

5'd(GAU*CT)-3'

28
U
—401_0
U=

Fig. 7. Electroactive AQ-ODN bioconjugates prepared using

phosphoramidite methodology.
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, U
RO1.04
3

RO O/\/\/\,ER
29: R'=DMT; R* = (-;P,N -P{y~_CN;R*=AQ
30: R'=DMT;R°=H;:R’=H
31: R =H;R°=H;R’= AQ

3'-d(TAC GTA AGA CGG GGG TTC TC)-5'
32

3'-d(GAG AAC CCC CGT CTT ACG TA)-5'
33

o 0
sa= (T2
0

Fig. 8. Building blocks in the synthesis of electroactive

AQ-ODN conjugates.
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Compound 34 was synthesized utilizing DCC to condense the
commercially available 9,10-anthraquinone-2-carboxylic acid with
pentafluorophenol (Scheme 9). Addition of 34 to 30% in the presence of pyridine
secured the modified nucleoside 35. With this essential intermediate in hand,
(a) the phosphoramidite 29 was prepared by lIsis Pharmaceuticals, Inc.,
Carlsbad, CA, using standard methodology® and, (b) removal of the 5'-0-(4,4'-
dimethoxyitrityl) (DMT) group was readily achieved with a 3% (v/v) dichloroacetic
acid in CH,Cl, solution® to afford the free ribonucleoside 31. A standard
protocol was performed to obtain AQ-ODNs 27a—c and 28 from 29 on an
automated oligonucleotide synthesizer.’” Prior to removal of the terminal DMT

group, the resulting oligomers were purified using reversed-phase HPLC.

D. Electrochemical Studies'®

In order to develop suitable protocols for the study of the electrochemical
behavior of 27a-c, extensive electrochemical studies on 28 and 31 were
required.’® Furthermore, before 27a—c could be assessed as probes for nucleic
acid hybridization, the melting temperatures (T,) of these novel electroactive

ODNs had to be established.
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®Reagents and conditions: a. DCC, 2,3,4,5,6-pentaflucrophenol, CH,Cl,, 0 °C
- RT over 12 h; b. 4, pyr, CH,Cl,, 0 °C for 50 min, RT for 3 h; c. 3% (V/v)
Cl,CHCOOH in CH,Cl,, 10 min; d. Diisopropylammoniumtetrazolide, 2-
(cyanoethyl)-N,N | N’ N-tetraisopropyl phosphoramidite, CH,Cl,, RT over 12 h.

e. Automated ODN synthesizer.

Scheme 9.7 Synthesis of electroactive AQ-ODN conjugates
27a—~c and 28.
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E. Hybridization Studies

To determine the T, of the electroactive 20-mers 27a—c, the tagged 20-
mer and its complementary strand were placed in a buffer, and the
melting/annealing process was followed by monitoring the UV absorption
spectrum as a function of temperature. Additionally, this buffer solution offered
the advantage that it could be used for electrochemical studies to be performed
simultaneously, i.e., the presence of ds-DNA could be confirmed, and then using
the same solution, cyclic voltammetry on this species could be carried out. Fig.
9 shows a cooling absorbance trace for a solution of 27a plus its complementary
strand, which exhibits a melting point at 66 °C. Interestingly, the melting
temperatures of the untagged duplex, i.e., 32:33, and the duplexes of the
AQ-ODNSs were approximately the same, indicating that the tethered AQ group
is not intercalated in the duplex structure. In pH 7.4, 0.1 M phosphate buffer
containing 0.05 M NaCl and 5 mM EDTA, the T,(AT,) values were 66.4,
68.3(1.9), 68.4(2.0) and 69.1(2.7) °C for the duplexes of 32 with 33, 27a, 27b,
and 27c¢, respectively. Somewhat larger AT, values were seen for 2’-O-modified
ribonucleotides with an intercalating substituent, 2-aminoanthraquinone, tethered
on shorter linker arms.'®

Cyclic voltammetry experiments were run in parallel with the melting

curves. In these experiments, solutions containing equimolar amounts of a
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Fig. 9. Typical melting curve for 0.35 uM 27a and 32 in pH 6.83 0.1 M

phosphate buffer, with 0.1 M NaCl.
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tagged AQ-ODN and either its complementary (32) or a non-complementary (33)
ODN species were split into two parts and subjected to both CV and UV-vis
analysis. The resulting voltammograms for compound 27a are shown in Figures
10 and 11 for a pH 7.4 phosphate buffer. The CVs marked A in these figures
were obtained on solutions containing 27a at a concentration sufficient to give
a limiting surface coverage of the AQ-ODN. Addition of the complementary
strand to the solution resulted in an attenuation of the signal; refer to CV marked
B in Figure 10. However, this result cannot be distinguished from simple
competitive adsorption of an untagged ODN since essentially identical behavior
was seen when the experiment was repeated with a non-complementary
sequence; see CV marked B in Figure 11.

Significantly, however, when the solution containing 27a and its
complement was annealed at 90 °C, followed by slow cooling to room
temperature, the resulting CV obtained on the solution was further attenuated
and shifted to slightly more negative potential; see CV marked C in Figure 10.
The corresponding CV obtained on the control solution with the non-
complementary species 33, CV marked C in Figure 11, was not attenuated.
These results are best understood if the hybridization is slow in these dilute
solutions at room temperature. In this case, the attenuation seen in the CVs
marked B in Figures 10 and 11 could be due to competitive adsorption as

described elsewhere. %
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Fig. 10. Cyclic voltammetry of 27a plus complementary 20-mer 32. (A)
0.695 uM 27a in pH 7.4 phosphate buffer (0.1 M), 0.05 M NaCl, 5 mM
EDTA; (B) Addition of equal amount of compound 32 at room temperature;
(C) After heating to 90 °C and cooling to room temperature; sweep rate:
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Fig. 11. Cyclic voltammetry of 27a plus noncomplementary 20-mer 33.

Conditions same as Figure 10.
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While the further attenuation seen in the CV marked C of Figure 10
appears to be related to formation of the duplex species in solution, the physical
phenomenon responsible for this effect is not clear. One possibility is that the
duplex 27a+32 species is electroinactive or not adsorbed on the electrode
surface and that the signal obtained after solution hybridization is due to
adsorbed 27a in equilibrium with a decreased concentration of 27a in the bulk
of the solution. Alternatively, the duplex 27a+32 might adsorb on the electrode
with a larger footprint (i.e., surface area per adsorbate) than the combined
footprints of the tagged and untagged 20-mers. More likely, the duplex 27a+32
is electroactive, but has a weaker attraction for the electrode surface than the
single-strand ODNs since the DNA bases are not free to interact with the
surface, so that when the duplex is formed in solution, the surface layer is no
longer at saturation coverage. In any case, the possibility of a simple in situ
electrochemical detection of the hybridization event based on these results is
problematic without a different strategy and further modification of the electrode

surface.
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IV. EXPERIMENTAL

A. General Methods

All reactions were monitored by thin-layer chromatography (TLC).
Adsorption chromatography was carried out using E. Merck silica gel products:
(a) TLC on 0.2 mm aluminum-backed plates, (b) column chromatography using
230—400 mesh silica gel. Visualization of the TLC plates was by 254 nm UV light
and by spray-heat development using a p-anisaldehyde—sulfuric acid reagent'®
(reagent A) and ninhydrin solution (reagent B).""® The solvent systems for
adsorption chromatography were A, 1.1 ethyl acetate~hexanes; B, 95:5
dichloromethane-methanol; C, 3:1 ethyl acetate-hexanes; D, 9:1
dichioromethane—methanol; E, 99:1 dichloromethane—methanol; F, 65:35:trace
ethyl acetate—hexanes—triethylamine; G, 70:30 ethyl acetate—-hexanes; H, 2:1
ethyl acetate—hexanes; |, 1:2 ethyl acetate—hexanes; J, 99:1
dichloromethane-hexanes; K, 99:1  chloroform—-methanol; L, 97.5:2.5
dichloromethane—methanol; M, 98:2 dichloromethane—methanol. All reactions
were carried out under a nitrogen atmosphere unless otherwise indicated.
Solvents were evaporated at aspirator vacuum at about 25 °C unless otherwise

indicated. Melting points were determined on a Thomas—Hoover capillary

melting point apparatus and are uncorrected. Elemental analyses were
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furnished by Atlantic Microlab, Inc., Atlanta, GA. 'H and *C NMR spectra were
recorded at 400.13 and 100.61 MHz, respectively, uniess stated otherwise. "°F
spectra were recorded on a Jeol FX90Q spectrometer at 84.24 MHZ using an
external standard of trifluoroacetic acid-d. 3'P spectra were recorded at 161.9
MHZ using an external standard of phosphoric acid (85%) at 37 °C.

Infrared spectra were acquired on a Perkin-Elmer 710B
spectrophotometer (Perkin-Eimer Corporation, Norwalk, CT) against a
polystyrene film standard (1601 cm™).

Positive-ion electrospray mass spectra of the 2'-O-modified nucleosides
were acquired on a Quattro-Il quadrupole instrument (Micromass Inc,
Manchester, UK) by infusion (5 puL/min) of a ca. 1 uM solution of the analyte in
methanol. Data were averaged in the “multi-channel acquisition” mode over a
2-min acquisition period. Conversely, negative-ion electrospray mass spectra
of the unmodified ODNs were obtained on the same instrument by infusion (5
HL/min) of a ca. 1 uM solution of the analyte in 1:1 methanol-water that contains
0.15% triethylamine. The averaging of the data was performed as above.

The detritylation, oxidation, and deblocking solutions used in the
compatibility testing of the NQ-2'-O-thymidine conjugate were the same as those

used in the automated synthesizer to prepare ODNs via phosphoramidites.*®
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The AQ-ODNs were synthesized using a Perspective Biosystems
Expedite 8901 Nucleic Acid Synthesis System (PE Applied Biosystems, Foster
City, CA).

Certain reactions of the C-8 modified nucleosides were monitored on
reversed-phase HPLC. This was performed on a Beckman 421 equipped with
an Altex Model 153 analytical detector, Beckman Ultrasphere ODS column (46
mm x 250 mm), and a linear strip-chart recorder (Beckman Couilter, Inc.,
Fullerton, CA). The solvent systems used for reversed-phase HPLC (N) 90:10
methanol-pH 6.86 phosphate buffer (200 fold dilution of a solution prepared
using Gram-Pac®, Fisher Scientific, Fair Lawn, NJ), (O) 60:40 methanol—pH 6.86
phosphate buffer, and (P) 50:50 methanol-pH 6.86 phosphate buffer. The
isocratic solvent system employed to study the hydrogenolysis of 19 was solvent
N using a flow rate of 2 mL/min (method A). The analytical purity of the free C-8
modified nucleoside 21 was assessed using solvent system O and a flow rate of
1.5 mL/min (method B). Hydrogenolysis of 21 was performed utilizing solvent
system P and a flow rate of 1.5 mL/min (method C).

Preparative reversed-phase HPLC on the monotritylated AQ-ODNs was
performed on a Waters 600E instrument (260 nm) equipped with a Waters Delta
Pak C4 column (7.8 x 300 mm) and a Waters 991 integrator (Waters Corp.,
Milford, MA). The solvent systems used for reversed-phase HPLC were Q, 50

mM triethylammonium acetate at pH 7.0; R, acetonitrile. The gradient system
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employed was 95:5 Q-R for 5 min with a linear increase to 4:6 Q-R over 50 min
(method D) using a flow-rate of 2.5 mL/min. Purity of the AQ-ODNs was
determined utilizing a Waters Delta Pak C4 column (3.9 x 300 mm) and the
same gradient system, as above at a flow rate of 1.5 mL/min (method E).

Additional analysis of the AQ-ODNs was conducted with capillary gel
electrophoresis (CGE). An 100-.L aliquot of the ODN (0.2 ODs) was injected
into a Beckman P/ACE System 5000 Capillary Gel Electrophoresis unit, coupled
to a UV-vis detector (Beckman and Coulter, Inc., Fullerton, CA) that was
equipped with a column (27 cm in total length with an effective length of 20 cm)
of 12% linear polyacrylamide in a buffer of 7M urea and 0.2M bis tris borate. A
voltage of 500 V/cm was supplied to the column at ca. 40 °C. A typical analysis
was completed in 12 min (method A).

Prior to acquisition of the negative-ion electrospray mass spectra of the
AQ-ODNSs on a HP 59987A Series Il APl 5989A Mass Spectrometer (Hewlett-
Packard Co., Paio Alto, CA), ca. 0.5 ODs was desalted by osmosis from water
that contained ammonium hydroxide using an Millipore VS 0.025 .m filter
(Millipore Corp., Bedford, MA). After 1 h the purified sample was then dissolved
in 1:1 2-propanol-water (100 »L). Before the sample was infused into the
spectrometer, a 2.5-uL aliquot of piperidine (100 mM) was added.

A Shimadzu UV-2101PC UV-vis scanning spectrophotometer (Shimadzu

Corp., Kyoto, Japan) was used to determine ¢, of the novel AQ—ODNs. Melting
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points of the ODNs were determined using an HP Model 8452A diode array
spectrophotometer equipped with a HP Model 89090A Peltier temperature
controller (Hewiett-Packard Co., Palo Alto, CA).

The electrochemical studies were performed using a hanging mercury
dropping electrode, HMDE (EG&G, Oak Ridge, TN). The electrode area was
0.0225 cm? for most of the voltammetric experiments; details are given
elsewhere."" The reference electrode was a Ag/AgCI wire immersed directly in
the test solution. A Cypress Model CS-2Ra (Cypress Systems, Inc., Lawrence,

KS) potentiostat was used.

B. Materials and Solvents

Solutions of non-modified phosphoramidites (0.1 M) were used as
purchased from PE Applied Biosystems, Foster City, CA. 5'-d(ATG CAT TCT
GCC CCC AAG AG)-3' (33) was supplied by Operon Technologies, Inc.,
Alameda, CA. The other unmodified ODN 5'-d(CTC TTG GGG GCA GAATGC
AT)-3' (32) was furnished by Isis Pharmaceuticals, Carisbad, CA. The entire
amount of the ODNs were diluted to 10 mL with sterile deionized water.
Anhydrous solvents were prepared as follows: tetrahydrofuran (THF) was
distiled from the benzophenone ketyl radical (Na/benzophenone);

dichloromethane and pyridine were distilled from calcium hydride at atmospheric
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pressure; N,N-dimethylformamide (DMF) was distilled from calcium hydride
under vacuum; 1,4-dioxane was distilled from lithium aluminum hydride;
triethylamine distilled from calcium hydride.

Unless otherwise stated all chemicals were purchased from Aldrich

Chemical Company, Milwaukee, WI.

C. Synthesis of C-8 Modified Nucleosides (First-generation Electroactive

Conjugates)?®

Preparation of 6-(N-Benzyloxycarbonylamino)hexanol (7). A solution
of 6-amino-1-hexanol (6) (10.0 g, 85.6 mmol) in 1 M NaOH (42.6 mL) was made
in a flask. The mixture was cooled to 0 °C under nitrogen, and benzyl
chloroformate (14.6 mL) and 1 M NaOH (42.6 mL) were added alternatively over
15 min. Once the addition was complete, the mixture was warmed to room
temperature. The progress of the reaction was monitored by TLC (R, = 0.28;
solvent H), which was complete after 3 h. The white solid that formed was
filtered and washed with ice water and triturated in hexanes overnight to remove
the non-polar impurities. The product 7 was filtered and dried in a vacuum oven
(19.8 g, 92%): R; = 0.28 (solvent H); mp 79-82 °C (lit.” 79-80 °C); ' H NMR
(250 MHz, CDCl,): 5 7.35 (5 H, s, Ar-H), 5.10 (2 H, s, Ar-CH,), 4.75 (1 H, br s,

NH), 3.63 (2 H,t, J=6.25, CH,~OH), 3.20 (2 H, br q, J = 6.31, CH,-NH-), 1.52
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(5 H, br s, -OH, CH,~CH,-CH, —OH), 1.36 (4 H, br CH,~CH,—CH, —NH); "*C
NMR (62.9 MHz, CDCI,): 5 156.44, 136.56, 128.39, 127.96, 66.49, 62.47, 40.81,
32.43, 29.82, 26.28, 25.22. Anal. Calcd for C,,H,,NO;: C, 66.91; H, 8.42; N,
5.57; 0, 19.10. Found: C,66.78; H, 8.36; N, 5.59.

Preparation of 6-(N-Benzyloxycarbonylamino)-1-0-
(methylsulfonyl)hexanol (8). To a cooled solution of 7 (15.0 g, 60 mmol) in
anhydrous dichlioromethane (360 mL) was added triethylamine (41.6 mL, 298
mmol), and the solution was stirred at 0 °C. Methanesulfonyl chloride (5.6 mL,
72 mmol) was added dropwise over 10 min, under nitrogen. The reaction
mixture was warmed to room temperature, and the reaction, followed by TLC (R;
= 0.49; solvent H), was complete after 6 h. The crude reaction mixture was
evaporated to dryness, and the white solid was subjected to column
chromatography (solvent ! - solvent A). The oil thus obtained turned to a white
solid 8 when dried on the vac-line (16.6 g, 84%): R; = 0.49 (solvent H); mp
32-35 °C; 'H NMR (250 MHz, CDCl,): 6 7.33 (5 H, s, Ar-H), 5.09 (2 H, s, Ar-
CH,), 4.78 (1 H, br s, NH), 4.21 (2 H, t, J =6.41 Hz,~CH,-OMs), 3.18 (2 H, m,
—CH,—NH), 2.99 (3 H, s, -0S0O,-CH,), 1.73 (2 H, m, CH,—CH,—OMs), 1.44 (6 H,
m, CH, s); *C NMR (62.9 MHz, CDCl,): & 156.35, 136.59, 128.40, 127.97, 77.51,
77.00, 76.50, 69.81, 66.47, 40.75, 37.25, 29.68, 28.91, 25.97, 24.9. Anal. Calcd
for C,sH,3NO,S: C, 54.69, H, 7.04, N, 4.25, S,9.73, O, 24.28. Found: C, 54.69;

H,7.08; N, 4.29; S, 9.77.
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Preparation of 1-Azido-6-(N-benzyloxycarbonylamino)hexane (9). To
a stirred solution of 8 (26.3 g, 79.8 mmol) in dry DMF (35 mL) was added sodium
azide (10.4 g, 160 mmol). After 22 h the reaction mixture still contained starting
material as shown by TLC. The reaction was stopped, and the DMF was
removed under vacuum. The residue was washed in ethyl acetate—water (60
mL:100 mL, respectively) mixture and then with brine (100 mL). The combined
aqueous layer was extracted with ethyl acetate (50 mL). The organic extracts
were combined, and the solvent was removed in vacuo. The resulting oil was
subjected to column chromatography (solvent ). The starting material 7 was
recovered by continued elution with solvent A. The combined organic extracts
were dried (MgSO,) and then evaporated to dryness to afford 9 [11.6 g, 59%,
based on recovered starting material (2.8 g)]: R,;=0.9 (solvent H); '"H NMR (250
MHz, CDCl,): 57.35(5H, s, Ar~H), 5.09 (2 H, s, Ar-CH,), 4.74 (1 H, br s, — NH),
3.23 (4 H, m, CH,—N, and —CH, -NH), 1.62-1.36 (8 H, m, CH, s); *C NMR (62.9
MHz, CDCl;): & 156.31, 136.55, 128.34, 127.91, 77.51, 77.00, 76.49, 66.42,
51.17,40.78, 29.71, 28.58, 26.22, 26.09. Anal. Calcd for C,,H,,N,O,: C, 60.85;
H, 7.29; N, 20.27; O, 11.58. Found: C, 60.67; H, 7.20; N, 20.15.

Preparation of 6-(N-Benzyloxycarbonylamino)hexylamine (10).
Compound 9 (1.0 g, 3.6 mmol) was added to a suspension of platinum(lV) oxide
(4.2 mg, 0.18 mmol) in absolute ethanol (60 mL). The flask containing the

reaction mixture was then evacuated and filled with hydrogen at atmospheric
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pressure. The reaction mixture was stirred for 4 h, filtered through Celite, and
evaporated to approximately 40 mL. Due to the difficulty in isolating pure amine
10, the 'H NMR data is presented here and the assumption is made that amine
is formed in 100% yield: '"H NMR (250.13 MHz, CDCl,): & 1.2-1.6 (overlapping
resonances and H,0, 9H), 2.25 (s, 3H. Exchanges with D,0), 2.70 (t, J= 6.86
Hz, 2H), 3.18 (q, J = 6.5 Hz, 2H), 4.81 (bs, 1H. Slowly exchanges with D,0),
5.09 (s, 2H), 7.35 (s, 5H).

Synthesis of 8-Bromo-3',5’-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-
diyl)-2’-deoxyadenosine (18). To a solution of imidazole (0.9 g, 13.2 mmol) in
anhydrous DMF (20 mL) was added 8-bromo-2’'-deoxyadenosine® (1.0 g, 3.0
mmol). After cooling the solution to 0 °C, 1,3-dichloro-1,1,3,3-
tetraisopropyldisiloxane (1.1 mL, 3.34 mmol) was added dropwise. A sandy-
brown solid formed immediately. The solution was allowed to warm up gradually
to RT, and the reaction was stopped after 1.75 h by removing the solvent in
vacuo. To the crude reaction mixture was added dichloromethane (50 mL). The
sandy-brown precipitate was filtered under vacuum, and the filtrate was
evaporated in vacuo. The crude reaction mixture was dissolved in the minimum
amount of dichloromethane (ca. 2 mL), and this solution was subjected to column
chromatography (solvent J), which afforded 18 as an off-white, amorphous solid
(1.02 g, 59%): 'H NMR (250.13 MHz, CDCl;): & 0.9-1.30 (overlapping

resonances, 28H), 2.50-2.7 (m, 1H), 3.15-3.28 (m, 1H), 3.85-3.95 (m, 1H), 5.46
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(bd, J = 7.97 Hz, 2H), 5.40-5.60 (overlapping resonances, 3H), 6.28 (dd, J =
2.49 Hz, J=8.78 Hz, 1H), 8.22 (s, 1H); '*C NMR (62.8 MHz, DMSO-d,): 5 12.0,
12.11, 12.47, 12.64, 12.87, 16.76, 16.85, 17.02, 17.13, 17.29, 37.55, 62.76,
72.11, 83.65, 84.21, 119.41, 126.72, 149.53, 152.25, 154.95. Anal. Calcd for
C,,H3sBrNsO,Si,: C, 46.14; H, 6.69; Br, 13.95; N, 12.23; O, 11.18; Si, 9.81.
Found: C, 46.19; H, 6.65; Br, 14.05; N, 12.15.

Synthesis of 8-[6-(N-Benzyloxycarbonylamino)hexylamino]-3',5'-O-
(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-2’'-deoxyadenosine (19).
Compound 9 (2.0 g, 3.6 mmol) was added to a suspension of platinum(IV) oxide
(82 mg, 0.18 mmol) in absolute ethanol (ca. 50 mL). The flask was then
evacuated and filled with hydrogen at atmospheric pressure. The reaction
mixture was stirred for 1.5 h, filtered through Celite, and evaporated to a total
volume of ca. 40 mL.

To the solution of 10 described above (assuming a complete conversion
from the azide precursor 9, (1.8 g, 7.2 mmol), 18 (1.03 g, 1.8 mmol) was added.
The solution was heated to reflux for 24 h. The solvent was removed in vacuo,
and the crude reaction mixture was subjected to column chromatography
(chloroform ~ solvent K) to afford a brownish paste. Lyophilization of the paste
with deionized water (2 x 20 mL) on a Virtis Freezemobile 5SL (Virtis Company,
Inc., Gardiner, NY) afforded a brown, glassy material [1.1 g, 82% (based on

recovered starting material)]: {; = 8.6 min (HPLC, method A); 'H NMR (250.13
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MHz, CDCI,): 6 0.90-1.20 (overlapping resonances, 28H), 1.20—1.40 (bs, 4H),
1.40-1.55 (bm, 2H), 1.50-1.65 (bm, 2H), 2.4-2.55 (m, 1H), 3.00-3.20
(overlapping resonances, 3H), 3.20-3.50 (overlapping resonances, 3H),
3.80-3.95 (bm, 2H), 3.95-4.05 (bm, 1H), 4.9-5.05 (bm, 1H), 5.08 (s, 2H), 5.26
(overlapping resonances, 2H), 5.67 (s, 2H), 6.16 (dd, J = 3.32 Hz, J = 7.63 Hz,
1H), 7.30 (bs, 5H), 8.09 (s, 1H); *C NMR (62.9 MHz, CDCl,): & 12.34, 12.75,
12.96, 13.17, 16.75, 16.82, 17.01, 17.17, 17.35, 26.08, 26.23, 29.17, 29.51,
29.67, 37.90, 40.69, 42.67, 62.35, 66.35, 71.20, 76.49, 82.43, 84.73, 117.45,
127.85, 128.29, 136.54, 149.27, 149.50, 151.98, 152.02, 156.36. Anal. Calcd
for C45HseN,O6Siy: C, 58.27; H, 8.01; N, 13.21; O, 12.94; Si, 7.57. Found: C,
58.33; H, 8.05; N, 13.08.
Attempted hydrogenolysis of compound 19. a. Trimethylsilyl iodide.
To a round-bottom flask of 19 (8 mg, 0.01 mmol), and dichloromethane (1 mL)
and cooled to -78 °C (dry ice/acetone) was added trimethylsilyl iodide (TMSI)
(1.8 uL, 0.013 mmol)."*? After 1.25 h the reaction was stopped, due to the
formation of many byproducts, as judged by reversed-phase HPLC (method A).
The reaction was abandoned at this point.
b. Catalytic hydrogenation using gaseous hydrogen. Pd black was freshly
prepared by placing palladium(li) chloride in an atmosphere of hydrogen. The
black solid was filtered and washed with copious amounts of absolute ethanoi.

The damp catalyst was added to fresh absolute ethanol and 19 (17 mg, 0.02
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mmol), and the mixture was then placed in an atmosphere of hydrogen. The
progress of the reaction was monitored by reversed-phase HPLC (method A).
After 3 h, more freshly prepared Pd black (11 mg) was added, and the flask was
re-evacuated and placed in an atmosphere of hydrogen. Negligible reaction, as
judged by HPLC, had occurred after 3 h.

Additionally, the hydrogenolysis of 19 with Peariman’s catalyst®’” and 10%
Pd on carbon was attempted; however, under similar conditions as above there
was no reaction.

c. Catalytic hydrogenation using hydrogen-transfer. In a similar fashion,
attempts were made to secure 20 under hydrogen-transfer conditions. Pd-
poly(ethyleneimine) in methanol-formic acid,'’® palladium(ll) acetate in
ammonium formate-water—~DMF,""* and Pd black in cyclohexene'"® all failed to
yield the desired amine 20.

Synthesis of 8-[6-(N-Benzyloxycarbonylamino)hexylamino]-2'-
deoxyadenosine (21). To a solution of 19 (1.8 g, 2.4 mmol) and acetic acid
(0.14 mL, 2.4 mmol) in anhydrous THF (10 mL), which was cooled to 0 °C, was
added 1 M tetrabutylammonium fluoride (TBAF) in THF (4.8 mL, 4.8 mmol). The
reaction was monitored by reversed-phase HPLC (method A) and was complete
after 30 min (the starting material was entirely consumed). In order to remove
the fluoride byproducts from the reaction, the crude reaction mixture was passed

through a pad of coarse silica gel in a fritted glass funnel under vacuum. The
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pad was washed copiously with reagent grade THF (800 mL). The solvent was
removed in vacuo, and the crude reaction mixture was adsorbed onto silica gel
and subjected to column chromatography (solvent L - solvent B), which afforded
21 (0.9 g, 75%): t; = 5.5 min (HPLC using method B); 'H NMR (DMSO-d,):
1.28 (bs, 4H), 1.36-1.39 (m, 2H), 1.41-1.43 (m, 2H), 1.95-1.20 (m, 1H),
2.64-2.68 (m, 1H), 2.97 (q, J = 6.45 Hz, 2H), 3.67 (bs, 2H), 3.88 (d, J= 1.93 Hz,
1H), 4.39 (bs, 1H), 4.99 (s, 2H), 5.27 (d, J = 3.82 Hz, 1H. Exchanges with D,0),
5.74 (t, J= 5.28 Hz, 1H. Exchanges with D,0), 6.35 (dd, J=5.81 Hz, J = 9.27
Hz, 1H), 6.44 (s, 2H. Exchanges with D,0), 6.93 (t, J=5.30 Hz, 1H. Exchanges
slowly with D,0), 7.20 (t, J = 5.38 Hz, 1H), 7.32 (m, 5H), 8.119 (s, 1H); 3C NMR
(DMSO-dy): 6 26.09, 26.19, 28.66, 29.38, 37.63, 40.22, 42.25, 61.62, 65.05,
71.38, 82.93, 116.98, 127.66, 128.29, 137.28, 148.37, 149.27, 151.09, 152.23,
156.06.

Preparation of S-(2-Methyl-1,4-naphthoquinon-3-yl)-pB-
mercaptopropionic Acid N-Hydroxysuccinimide (NHS) ester(3). Compound
3 was prepared from the acid'*® according to the procedure of Chatterjee and
Rokita.®®

Hydrogenolysis of 8-[6-(N-Benzyloxycarbonylamino)hexylamino]-2’-
deoxyadenosine (21). The consumption of the starting material 21 was
monitored by reversed-phase HPLC (method C). To a solution of Peariman’s

catalyst® (12 mg) in absolute ethanol (2 mL) was added compound 21 (20 mg,
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0.2 mmol). Air was removed from the flask, and the reaction mixture was placed
under an atmosphere of hydrogen and stirred for 1 h. The reaction was judged
to be complete, i.e., all of compound 21 was consumed, by reversed-phase
HPLC. The mixture was filtered under vacuum through a pad of Celite, and the
pad was washed with absolute ethanol (ca. 75 mL) and dichloromethane (ca. 75
mL). The crude reaction mixture was evaporated to dryness in vacuo and co-
evaporated with anhydrous pyridine (3 x 10 mL). The white solid 2 was dried in
vacuo (14 mg, 94%): t; = 4.25 min (HPLC using method C); '"H NMR (250.13
MHz, DMSO-d,): & 1.20-1.40 (m, 8H), 1.59 (m, 2H), 2.06-2.11 (m, 1H),
2.55-2.70 (m, 1H), 3.71 (s, 2H), 3.98 (s, 1H), 4.46 (d, J=5.37 Hz, 1H), 6.37 (dd,
J=5.81Hz, J=9.27 Hz, 1H), 6.51 (s, 2H. Exchanges rapidly with D,0), 7.00 (t,
J = 5.30 Hz, 1H. Rapidly exchanges with D,0), 7.96 (s, 1H); *C NMR (62.9
MHz, DMSO-d,): 5 25.98, 26.26, 28.7, 33.1, 37.65, 41.38, 42.10, 61.49, 71.35,
82.90, 87.4, 116.98, 148.36, 149.27, 151.08, 152.22. FABMS (m/ 2): [M + H]"
caled for C,gH,,N,O;, 366.22; found, 366.24.

Formation of the NQ-2'-Deoxyadenosine conjugate (1). In order to
prevent the invaluable 2 from deteriorating,''” the compound was not isolated,
but directly used after the co-evaporation with pyridine. A five-fold scale-up of
the above procedure afforded 2 was produced according to the above procedure
(assuming 100% conversion: 73 mg). To a solution of a compound 2 (73 mg, 0.2

mmol) in anhydrous DMF, compound 3% (75 mg, 0.2 mmol) was added at RT.
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After 50 min, the reaction was stopped. The solvent was removed in vacuo and
the crude reaction mixture was adsorbed onto silica gel. The pad of silica was
subjected to column chromatography (solvent B), which afforded in a bright-
yellow amorphous solid (70 mg, 62%): '"H NMR (DMSO-ds): 6 1.22-1.39
(overlapping resonances, 7H), 1.51-1.56 (m, 2H), 1.96 (dd, J=5.77, 12.73 Hz,
1H), 2.21 (s, 3H), 2.36 (t, J= 6.7 Hz, 2H), 2.62-2.69 (m, 1H), 3.63 (bs, 2H), 3.88
bs, 1H. Exchanges with D,0), 4.39 (bs, 1H. Exchanges with D,0), 5.72 (t, J =
4.83 Hz, 1H. Slowly exchanges with D,0), 6.34 (dd, J = 5.83 Hz, J = 9.28 Hz,
1H), 6.44 (bs, 2H. Exchanges with D,0), 6.92 (t, J = 5.28 Hz, 1H. Slow
exchange with D,0), 7.79-7.84 (m, 2H), 7.87 (s, 1H), 7.97-8.01 (m, 2H). Other
protons are obscured after irradiation of the HOD peak. ESIMS: Calcd for
CoH3,N,06S, (623.25); found [M + H]" 624.3.

Preparation of 11-Aminoundecanol (11). To a solution of 11-
aminoundecanoic acid, (20.0 g, 0.10 mol) in anhydrous tetrahydrofuran (40 mL)
was added boron trifluoride etherate (12.2 mL, 0.10 mol) under argon at room
temperature. The reaction mixture was then heated to reflux before adding 10
M borane-methy! sulfide (10.9 mL, 0.11 mol) dropwise over 30 min. The reaction
mixture was allowed to reflux for 20 h, at the end of which time it was cooled to
0 °C and quenched with methanol (20 mL). The clear solution was then
evaporated to dryness under high vacuum to yield a white foam that was then

refluxed in a 6 M sodium hydroxide solution for 4 h, during which time the
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suspension dissolved on heating. Potassium carbonate was then added to
saturation, and the solution was cooled (0 °C), filtered through a sintered glass
funnel, and washed with water to remove excess potassium carbonate. The
white solid remaining was dissolved in chioroform and washed with water (100
mL) and brine (3 x 100 mL). The organic layers were combined, dried (Na,SO,),
and evaporated to dryness to afford a white solid (18.2 g, 98%): mp 76-79 °C
(lit.”® 71-73 °C; methanol-water); 'H NMR (250 MHz, CDCl,): §3.62 (2 H,t, J
= 6.6 Hz, CH,-NH,), 2.68 (2 H, t, J= 6.7, CH,-OH), 1.55~-1.28 (21 H, M, -CH,, -
OH, NH,); *C NMR (62.9 MHz, CDCL,): d 62.83, 42.24, 33.82, 32.84, 29.55,
29.47, 26.86, 25.75. Anal. Calcd for C,,H,NO: C, 70.53; H, 13.45; N, 7.48.
Found: C, 70.51; H, 13.41; N, 7.43.

Preparation of 11-(N-Benzyloxycarbonylamino)undecanol (12). Toa
stirred solution of 11 (16.0 g, 0.09 mol) in chloroform (125 mL) was added 4 M
sodium hydroxide (125 mL). The resulting two-phase mixture was then cooled
to 0 °C, and benzyl chloroformate (16 mL, 0.11 mol) and 4 N sodium hydroxide
(20 mL) were added alternatively in portions over 40 min, all the while
maintaining the temperature at 0 °C. After the addition, the reaction mixture was
warmed to room temperature and stirred for 12 h. The mixture was then
separated, and the aqueous phase was extracted with chloroform (4 x 75 mL).
The combined organic layers were then washed with brine, dried (Na,SO,), and

evaporated to dryness. The resulting white solid was subjected to flash column
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chromatography (solvent A). The resulting white amorphous product was
crystailized from ethyl acetate—hexanes to yield a white solid (10.38 g, 38%): mp
71-73 °C; *H NMR (250 MHz, CDCl,): 5 7.35 (5 H, M, Ar-H), 5.09 (2 H, s, CH,-
Ar), 4.74 (1H,brs, NH), 3.64 (2 H, t, J=6.53, CH,-OH), 3.18 (2H,q, J=6.5, J
= 6.6, CH-NH), 1.54 (4 H, M, -OH, -CH,), 1.27 (15 H, s, -CH,). Anal. Calcd for
C,H.,NO,: C, 70.99; H, 9.72; N, 4.36. Found C, 70.79; H, 9.81; N, 4.30
Preparation of 11-(N-Benyloxycarbonylamino)-1(-O-methylsufonyl)
undecanol (13). To a cooled solution of 12 (11.8 g, 0.04 mol) in anhydrous
dichloromethane (100 mL) was added triethylamine (25.5 mL, 0.18 mol). After
10 min of stirring, methanesulfonyl chloride (3.7 mL, 0.05 mol) was added
dropwise over 20 min, under argon, and the temperature was maintained at0 °C.
The reaction mixture was allowed to warm to room temperature and stir for 12 h.
The reaction mixture was then poured onto water (100 mL) and extracted with
ethyl acetate (3 x 50 mL). The organic layer was then dried (MgSO,) and
evaporated to dryness. The resulting creamy white solid was passed through a
silica gel column, by elution with solvent system G. On collecting the fractions
containing product, there were still traces of impurity. The solid was then
triturated in hexanes and dried overnight in a vacuum oven to afford a white solid
(9.93 g, 68%): mp 70-73 °C; 'H NMR (250 MHz, CDCI,): 8 7.73 (5 H, s, Ar-H),
5.09 (2H,s,Ar-CH,),4.73 (1 H, brs, NH),4.22 (2H, t, J=6.5, S-OCH,), 3.18 (2

H,q,J=6.5 J=64, NH-CH,), 3.00(3H,s,CH;),1.75(2H,p,J=6.6, J=6.8,
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O-CH,CH,), 1.49-1.27 (16 H, M, CH,); *C NMR (62.9 MHz, CDCl,): 5 156.36,

136.67, 128.47, 128.04, 70.13, 66.54, 41.09, 37.34, 29.94, 29.38, 29.32, 29.17,
29.09, 28.94, 26.66, 25.36. Anal. Calcd for C,H,,NO,S: C, 60.12; H, 8.32;
N,3.51; S, 8.03. Found: C, 60.12; H, 8.39; N, 3.52; S, 8.08.

Preparation of 1-Azido-11-(N-benzyloxycarbonylamino)undecane
(14). To a cooled solution of 13 (9.93 g, 0.025 mol) in dry DMF (90 mL) was
added lithium azide (3.0 g, 0.062 mol). The reaction mixture was then allowed
to warm to room temperature and stir for 10 h. The solution was then evaporated
to dryness, and the resulting residue was dissolved in an ethyl acetate (200 mL)
and water (75 mL). The aqueous layer was extracted with ethyl acetate (3 x 50
mL), and the combined organic extracts were dried (MgSO,) and evaporated to
dryness. The resulting yellow oil became a solid when dried in vacuo. The
water was then removed by lyophilization to yield a white solid (8.29 g, 96%): mp
34-37 °C; 'H NMR (250 MHz, CDCl,): 5 7.35 (5 H, s, Ar-H), 5.09 (2 H, s, Ar-CH,),
4.74 (1 H, brs,NH), 3.21 (4H, M, CH,N,and CH,NH), 1.59 (2 H,t,J=7.2, CH,),
1.54-1.27 (16 H, M,CH,); IR (KBr), Polystyrene standard v,,, 3350 cm* (NH),
3050 cm (Ar), 2925 cm (Aliphatic), 2125 cm™, (N,), 1680 cm" (C=0). Anal.
Calcd for C,H,N,O,: C, 65.87; H, 8.73; N, 16.17. Found: C, 66.96; H, 8.78; N,
16.07.

Preparation of 11-(N-Benzyloxycarbonylamino)undecylamine (15).

To platinum(IV) oxide (9.7 mg, 0.043 mmol) was added absolute ethanol (5 mL).
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To this suspension was added a solution of 14 (298 mg, 0.86 mmol) in absolute
ethanol (5 mL). The reaction mixture was then carefully evacuated, and
hydrogen was added and maintained at atmospheric pressure via a balloon. The
mixture was then stirred for 12 h before filtering through Celite and evaporating
to dryness. The resuiting solid was then placed on a freeze dryer overnight (261
mg, 95%): '"H NMR (250 MHz, CDCI,): 57.35 (5 H, s, Ar-H), 5.09 (2 H, s, Ar-CH,),
474 (1H, brs, CO-NH), 3.18 (2 H, q, J=6.7, J=6.6, CONH-CH,), 2.67 (2 H,

t, J= 6.8, CH,-NH,), 1.46 (4 H, M, NH, and CH,), 1.26 (16 H, s, CH,).

D. Synthesis of 2'-O-Modified Nucleosides (Second-generation

Electroactive Conjugates)®

The phosphoramidite 29 and the modified 2’-O-modified nucleosides (24

and 30) were prepared by Isis Pharmaceuticals, Inc., Carlsbad, CA.

Preparation of S-(2-Methyl-1,4-naphthoquinon-3-yl)-p-
mercaptopropionic Acid Pentafluorophenyl Ester (23). To a solution of the
S-(2-methyl-1,4-naphthoquinonyl-3)-B-mercaptopropionic acid (22)'" (5 g, 18.1
mmol) in dichloromethane (40 mL) at 0 °C was added DCC (4.1 g, 19.9 mmol)
and pentafluorophenol (3.7 g, 19.9 mmol, Fluka Chemical Co.). The suspension

was allowed to warm up to room temperature overnight. The crude reaction
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mixture was adsorbed onto silica gel and submitted to column chromatography
(dichloromethane); compound 23 was obtained as an orange solid (6.9 g, 87%):
'H NMR (250.13 MHz, CDCl,): 5 2.34 (s, 3H), 3.12 (t, J = 6.8 Hz, 2H), 3.56 (t, J
= 6.8 Hz, 2H), 7.68-7.73 (m, 2H), 8.01-8.08 (m, 2H); *C NMR (62.9 MHz,
CDCl,): 5 28.56, 28.56, 34.85, 126.51, 126.67, 131.86, 132.59, 133.34, 133.68,
144.93, 147.54, 167.51, 181.08, 181.83. Higher-order resonances associated
with the pentafluoro moiety were observed between 5 120 and 150.
2'-0-[6-[2-Ox0-S-(2-Methyl-1,4-naphthoquinon-3-yl)-B-
mercaptopropionyilhexyl}-5'-0-(4,4' -dimethoxytrityl)thymidine (25). To a
solution of 23 (1.0 g, 2.3 mmol) in dichloromethane (10 mL) at 0 °C was added
triethylamine (0.32 mL, 2.3 mmol). Compound 24'%% (1,0 g, 2.0 mmol) was then
added. After 30 min, significant detritylation of the conjugate 25—formation of
the free nucleoside 26—was observed; thus the reaction was stopped. The
crude reaction mixture was then adsorbed onto silica gel and subjected to flash
chromatography (dichloromethane - solvent E - solvent M ), which afforded a
bright-orange, glassy material 25 (1.1 g, 60%): 'H NMR (CDCl,): & 1.39 (bm,
8H), 1.47 (m, 2H), 1.58-1.64 (m, 3H), 2.35 (s, 3H), 2.59 (t, J= 7.20 Hz, 2H), 2.80
(d, J=7.2 Hz, 1H), 3.23 (m, 2H), 3.41-3.46 (m, 3H), 3.53-3.67 (m, 2H), 3.79 (bs,
6H), 3.98 (dd, J = 3.60 Hz, J = 5.6 Hz, 1H), 5.97 (overlapping resonances, 2H),
6.83 (d, J = 8.80 Hz, 4H), 7.28-7.31 (m, 8H), 7.40 (d, J = 7.20 Hz, 2H), 7.63 (d,

J=0.80 Hz, 1H), 7.66-7.71 (m, 2H), 8.06-8.09 (m, 2H), 8.56 (s, 1H); °*C NMR
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(CDCl,): 5 11.68, 13.99, 15.21, 22.52, 25.33, 26.25, 29.16, 30.09, 31.45, 37.36,

39.28, 53.35, 55.11, 62.20, 69.08, 70.72, 81.97, 83.53, 86.79, 87.14, 111.06,
113.18, 126.40, 126.67, 127.03, 127.88, 128.07, 130.01, 131.86, 132.68, 133.26,
135.17,135.29, 144.24, 146.24,147.14,150.43, 158.61, 164.03, 170.56, 181.20,
182.02. Anal. Calcd for Cs,HssN;0,,5-0.25H,0: C, 65.94; H, 5.99; N, 4.50; S,
3.43. Found: C, 65.95; H, 6.05; N, 4.36; S, 3.27.
2'-0-[6-[2-Ox0-S-(2-Methyl-1,4-naphthoquinonyl-3)-B-
mercaptopropionyl]hexyljthymidine (26). Compound 25 (0.32 g, 0.37 mmol)
was stirred with a 3% (v/v) dichloroacetic acid—dichloromethane (5 mL) for 10
min. The crude reaction mixture was subjected to flash chromatography
(dichloromethane - solvent B) to afford a bright-yellow glassy material 26 (198
mg, 87%). Lyophilization with 1,4-dioxane afforded a bright-yellow solid: 'H
NMR (250.13 MHz, DMSO-d): 5 1.18-1.28 (m, 7H), 1.41-1.43 (m, 2H), 1.75 (s,
3H), 2.22 (s, 3H), 2.36 (t, J= 6.69 Hz, 2H), 2.87 (m, 2H), 3.26-3.67 (overlapping
resonances and 1,4-dioxane, 15H), 2.84 (m, 2H), 4.08 (bd, J = 4.85 Hz, 1H),
5.02 (d, J=5.73 Hz, 1H. Exchanges with D,0), 5.15 (bs, 1H. Exchanges with
D,0), 5.82 (d, J = 5.25 Hz, 1H), 7.78-7.86 (m, overlaps with resonance due to
the presence of residual CHCI;, 4H), 7.95-8.02 (m, 2H), 11.30 (s, 1H.
Exchanges with D,0); *C NMR (62.9 MHz, DMSO-d,): 5 12.21, 15.12, 25.04,
26.19, 28.95, 29.05, 29.60, 36.41, 38.13, 60.58, 68.37, 69.58, 79.13, 80.88,

85.05, 85.91, 109.34, 126.02, 126.44, 131.60, 133.72, 133.88, 136.05, 145.46,
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147.04, 150.55, 163.68, 169.72, 180.52, 181.76. Anal. Calcd for
C4oH3;N30,S:0.9H,0: C, §7.02; H, 6.19; N, 6.65; S, 5.07. Found: C, 57.06; H,
5.99; N, 6.50; S, 5.05.

Compatibility Testing of 2’'-O-[6-[2-Oxo0-S-(2-Methyl-1,4-
naphthoquinon-3-yl)-B-mercaptopropionyl]hexyl]thymidine (26) with
Solutions Used in an Automated ODN Synthesizer.*® (Scheme 8) To three
test tubes containing a solution of 26 (5 mg) in methanol, were added (a)
detritylation solution (1 mL), (b) oxidation solution (1 mL), and (c) concd
ammonia (1 mL). Five min after solutions (a) and (b) were added, the free
nucleoside remained intact, i.e., observed as a bright-yellow solution. Addition
of concd ammonia resulted in the immediate darkening of the solution and rapid
decomposition of the nucleoside.

9,10-Anthraquinone-2-carboxylic Acid Pentafluorophenyl Ester (34).
To a solution of the commercially available 9,10-anthraquinone-2-carboxylic acid
(2.1 g, 7.9 mmol) in dichloromethane (50 mL) was added DCC (0.67 g, 4.3 mmol)
and pentafluorophenol (0.90 g, 4.3 mmol, Fluka Chemical Co.) at 0 °C . The
suspension was allowed to warm up to room temperature overnight. The crude
reaction mixture was adsorbed onto silica gel and submitted to column
chromatography (hexanes) to give compound 34 as a pale-yellow solid (1.25 g,
45%): mp 197-205 °C; R, = 0.91 (solvent A); 'H NMR (CDCl,): 5 7.88 (m, 2H),

8.37 (m, 2H), 8.50 (d, 1H, J = 8.15 Hz), 8.58 (dd, 1H, J= 1.52 Hz, J = 8.09 Hz),
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9.13 (d, 1H, J = 1.33 Hz); "F NMR (CDCl,): 8 -52.35 (d, 2F, J = 18.31 Hz),

-57.23 (t, 1F, J = 21.98 Hz), -161.98 (dd, 2F, J = 18.31 Hz, J = 21.98 Hz); *C
NMR (CDCI; + two drops of DMSO-dy): & 127.19, 127.69, 129.34, 131.59,
133.13, 133.72, 134.34, 134.84, 137.01, 160.92, 181.35, 181.68. Higher-order
resonances associated with the pentafluoro moiety were observed between &
120 and 150. Anal. Calcd for C,,H,F;0O,: C, 60.30; H, 1.69. Found: C, 60.23;
H, 1.71. .
2'-0-[6-[2-Ox0-(9,10-anthraquinon-2-yl)amino]hexyl]-5'-0-(4,4'-
dimethoxytrityl)uridine (35). To a solution of 34 (1.0 g, 2.4 mmol) in
dichloromethane (40 mL) at 0 °C was added pyridine (0.19 mL, 2.4 mmol).
Compound 30"'%% (1.4 g, 2.2 mmol) was then added. After 50 min, the reaction
mixture was allowed to warm up to room temperature and stir for a further 3 h.
The crude reaction mixture was then adsorbed onto silica gel and subjected to
flash chromatography (solvent C), which afforded a pale-yellow, glassy material
35 (1.6 g, 83%): R, = 0.44 (solvent B) ; 'H NMR (DMSO-d;): 5 1.34 (bm, 4H),
1.54 (bm, 4H), 3.07-3.50 (bm, 3H. Obscured by the H,0 signal), 3.50-3.67
(overlapping resonances, 3H), 3.71 (s, 6H), 3.98 (bs, 1H), 3.91 (bs, 1H), 4.18 (t,
1H, J=5.23 Hz), 5.11 (bs, 1H. Exchanges with D,0), 5.28 (d, 1H, J = 8.04 Hz),
5.81 (d, 1H, J = 3.15 Hz), 6.88 (d, 4H, J = 8.65 Hz), 7.11-7.50 (overlapping
resonances, 9H), 7.73 (d, 1H, J = 8.04 Hz), 7.91 (dd, 2H, J = 3.36 Hz, J= 5.21

Hz), 8.04-8.41 (overlapping resonances, 4H), 8.61 (s, 1H), 8.88 (t, 1H, J=4.80
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Hz), 11.35 (bs, 1H, Exchanges with D,0) ; *C NMR (DMSO-d;): 6 26.28, 28.89,

29.04, 54.99, 62.58, 68.47, 69.82, 79.12, 80.91, 82.60, 85.87, 87.14, 101.43,
113.20,125.42,126.75, 126.96, 127.68, 127.84, 129.73, 132.73, 132.99, 134.39,
134.56, 135.05, 135.32, 139.50, 140.14, 144.60, 150.25, 158.10, 162.95, 164.44,
182.06. Anal. Calced for C4,H,N;0,,-2H,0: C, 66.95; H, 5.73; N, 4.59. Found:
C, 66.96; H, 5.57; N, 4.44. ESIMS: Calcd for C;,H,N;0,, (878.3); found [M +
Na]* 902.1, [M + K]* 918.0.
2'-0-[6-[2-Ox0-(9,10-anthraquinon-2-yl)amino}hexyljuridine (31).

Compound 34 (0.33 g, 0.38 mmol) was stirred with a 3% (v/v) dichloroacetic
acid—dichloromethane solution (7 mL) for 10 min. The crude reaction mixture
was subjected to flash chromatography (solvent A - ethyl acetate, followed by
dichioromethane - E) to afford a pale-yellow amorphous powder 31 (0.13 g,
60%). Lyophilization with 1,4-dioxane afforded an off-white, fluffy solid: R,=0.39
(solvent D); 'H NMR (DMSO-d,): & 1.31 (bm, 4H), 1.53 (bm, 4H), 3.40-3.63
(overlapping resonances, 6H), 3.86 (dd, 2H, J=2.28 Hz, J = 4.56 Hz), 4.06 (dd,
2H, J=5.28 Hz, J = 5.9 Hz. The signal collapses to a triplet upon the addition
of D,0), 5.02 (d, 1H, J = 5.9 Hz. Exchanges with D,0), 5.10 (t, 1H, J=5.14 Hz.
Exchanges with D,0), 5.63 (dd, 1H, J = 2.06 Hz, J = 7.87 Hz), 7.76-8.10
(overlapping resonances, 3H), 8.13-8.43 (overlapping resonances, 4H), 8.64
(bd, 1H, J= 2.54 Hz), 8.90 (t, 1H, J = 5.08 Hz), 11.31 (s, 1H); "*C NMR (DMSO-

d;): 0 25.32, 26.45, 29.07, 29.23, 60.74, 68.59, 69.92, 81.34, 85.31, 86.39,
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101.98, 102.05, 125.80, 125.90, 127.02,127.37, 133.24, 133.30, 139.79, 140.65,

140.77, 163.49, 165.04, 182.46. Anal. Calcd for C, H;,N,0,-0.5C,H;0, (1,4-
dioxane): C, 61.83; H, 5.67; N, 6.76. Found: C, 61.87; H, 5.78; N, 6.60.
2'-0-[6-[2-Oxo0-(9,10-anthraquinon-2-yl)aminolhexyl]-5'-0-(4,4'-
dimethoxytrityl)uridine 3'-[2-cyanoethylbis(1-methylethyl)phosphoramidite]
(29). Compound 35 (1.12 mmol, 0.98 g, dried in vacuo for 12 h) was dissolved
in dichloromethane (ca. 1 mL) and maintained under a blanket of argon. To the
solution was added diisopropylammoniumtetrazolide (1.13 mmol, 2.0 g) and 2-
(cyanoethyl)-N,N,N N “tetraisopropyl phosphorodiamidite (2.25 mmol, 0.14 g).
After stirring overnight, the crude reaction mixture was purified by column
chromatography (solvent F), which afforded the phosphoramidite 29 (0.750 g,
64%): R; = 0.36 (solvent F); 3P NMR (CDCl,) 5 150.89. FABMS: Calcd for

CooHesNsO1,P 1079.45; found [M + H]* 1080.11, [M + Na]* 1102.23.

E. 2'-O-Modified AQ-ODNs 27a—c and 28"1%%

The work described in Section D.1 was performed by our collaborators at

Isis Pharmaceuticals, Inc., Carlsbad, CA. The experiments described in Sections

D.3 and D.4 were conducted in the laboratories of Dr. James Q. Chambers,

University of Tennessee, Knoxville, TN.
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1. Synthesis and Characterization. All of the AQ-ODNs were
synthesized (2 umol scale)—at least two batches were prepared of each
modified ODN—using standard instrument chemistry with the exception of the
step to incorporate the modified uridine moiety. This was accomplished by
coupling the growing oligomer twice per cycle (5 min each cycle) utilizing an
acetonitrile solution of phosphoramidite 29 (0.08-0.1 M). At the end of the
synthetic sequence, the final DMT group was left intact. After treatment with
ammonium hydroxide (28—30%) for ca. 16 h at 55 °C, the CPG was removed by
filtration through a Gelman 0.45 .m nylon acrodisc syringe filter (Gelman
Sciences, Ann Arbor, Ml). The crude ODNs were purified employing reversed-
phase HPLC (method A). Final detritylation was accomplished with acetic acid
(80%) for ca. 30 min. The trityl residues and excess salt were removed by
passing the AQ-ODNs through a column of Sephadex G-25 (Sigma, St. Louis,
MO). Analytical details of AQ-ODNs were as follows:
5'-d(AU*G CAT TCT GCC CCC AAG AG)-3’ (27a). Analytical data for
27a: {z=21.77 min (HPLC using method E); {;= 4.12 min (CGE using method A).
ESIMS: Calcd for C,,3H,5,N;50,,,P,o: m/z 6397 .4; found: m/z 6398.8.
5'-d(ATG CAT TCU* GCC CCC AAG AG)-3’ (27b). Analytical data for
27b: {;= 19.97 min (HPLC using method E); {;= 5.89 min (CGE using method A).

ESIMS: Calcd for C,,3H,6,N;504,,P1o: miz 6397 .4; found: m/z 6398.6.
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§'-d(AU*G CAT TCU* GCC CCC AAG AG)-3’ (27¢c). Analytical data for
27c¢: tz=22.84 min (HPLC using method E); f;= 8.16 min (CGE using method A).
ESIMS: Calcd for Cy33H,74N;50,,5P1o: miz 6732.7; found: m/z 6732.9.
§'-d(GAU*CT)-3' (28). Analytical data for 28: {;= 34.72 min (HPLC using
method E); f; = 7.98 min (CGE using method A). 'H NMR (D,0): 5 5.84-5.88
(overlapping resonances, 3H), 5.98 (d, 1H, J = 7.55 Hz), 6.13 (d, 1H, J = 6.45
Hz), 6.10-6.30 (overlapping resonances, 3H), 7.53 (d, 1H, J = 6.59 Hz), 7.74 (s,
1H), 7.80-7.90 (overlapping resonances, 4H), 8.07-8.15 (overlapping
resonances, 3H), 8.20 (s, 1H), 8.24 (s, 1H), 8.34 (d, 1H, J= 1.78 Hz); 3'P NMR
(D,0): & -0.32, -0.28, -0.11, 0.11; ESIMS: Calcd for CgHgoN,055P,: m/z

1813.4; found: m/z 1813.2.

2. Determination of the Concentration of the Novel ODNs 27a—c and
28. In order to accurately determine the concentration of the AQ-ODNs 27a—c,
a stock solution of 20-60 ODs of each of the modified oligomer (dependent on
the amount available) was prepared in sterile, deionized water (10 mL). The
contribution of AQ to the e, for the modified AQ-ODN 27a was added to €,
for 5'-AUG CAT TCT GCC CCC AAG AG-3’, which was calculated by the
nearest-neighbor effect.”"® The e,5, of AQ was determined to be 26 400 M~' cm™
by subtracting the e, of uridine from the e,,, of monomer 31. Thus the e, of

27a was determined to be 214 000 M cm™ (260 nm). By measuring the
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absorbance at 260 nm, the concentration of the stock solution of 27a was found
to be 2.09 x 10> M. Similarly, the concentrations of the stock solutions of 32
(€260 194 000 M cm™), and 33 (e,, 188 000 M~* cm") were determined to be

2.04 x 10"° M and 2.83 x 10°° M, respectively.

3. Electrochemical Studies.?* Cyclic voltammetry (CV) was carried out
using aqueous buffers containing NaCl at various concentrations. For the
simultaneous . electrochemical-hybridization studies, experiments were
performed in 0.1 M phosphate buffer (pH ca. 7) containing 0.05 M NaCl and 5
mM EDTA. Before measurements were taken, solutions were purged with
purified nitrogen that had been passed through a column containing Mn(ll) oxide

dispersed on a vermiculite support to remove traces of oxygen.

4. Hybridization Conditions. Hybridization solutions were prepared by
mixing equimolar aliquots (ca. 50 pL) of the stock solutions with 2-3 mL of buffer
solution. Temperature profiles were obtained by heating the cell to 90°C for 10
min, followed by slow cooling in 1°C increments while measuring the absorbance
at 260 nm. Once confirmation of duplex formation was seen, CV was performed
on the solution as described above. Initial experiments used either pH 7.15 BR
buffer solution containing 0.25 M NaCl and 3.6 mM EDTA or 0.01 M ammonium

acetate—-0.001 M ammonium chloride buffer. The ammonium acetate buffers
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were chosen to mimic the conditions of Bayer et al.,'?° who detected duplexes in
solution using electrospray mass spectroscopy (albeit at higher concentrations).
The former experiments were performed in 0.1 M phosphate buffer (pH ca. 7)
containing 0.05 M NaCl and 5mM EDTA. In the latter procedure, melting curves
were obtained on solutions before exposure to the HMDE conditions, and the
voltammetric behavior was compared to that of an identical solution that was not
thermally cycled. Spurious voltammetric waves were obtained for solutions of
27a and 32 that had been exposed to the HMDE conditions before thermal

cycling.
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V. CONCLUSIONS

2’-O-modified nucleosides and phosphoramidites thereof

are more easily accessible than their C-8 counterparts.

Programing the modification of the electroactive
AQ-oligodeoxynucleotides in any position along its
backbone is readily achieved using standard

phosphoramidite chemistry.?

Hanging drop mercury electrodes (HDMESs) are unsuitable
electrodes as a means of detecting nucleic acid

hybridization'*'

The series of AQ—oligos produced in collaboration with Isis
Pharmaceuticals, Carlsbad, CA are potentially novel

electrochemical probes for nucleic acid hybridization.



VI. FURTHER WORK

Before preparing any novel electroactive second-generation
bioconjugates, which bear different EATs to the ones
discussed herein, one needs to establish that the integrity
of the reporter group will survive the conditions experienced
in the synthesis of ODNs (see Scheme 8). If the reporter
group is unstable under these conditions, post-
derivatization of the ODN with NHS esters of the EAT is a

viable alternative.

Preparation of thiol-modified ODNs that bear the AQ tag:
The thiol tether at the 5’-terminus permits modification of

gold electrodes.'?

Attach a donor molecule, such as tetrathiafulvalene'® to the

backbone of an ODN using the already established

=]

Tetrathiafulvalene (TTF)
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methodology by Isis Pharmaceuticals.%-%"

In order to examine the orientation of the EAT in these
modified electroactive ODNs, prepare a series of ODNs with

different linker arms of different lengths.

Attach a donor and acceptor to the backbone of the ODN to
study the conductivity of DNA,'?*'® and investigate the

utility as a ODN probe for hybridization.

Explore the use of these 2’-O-modified ribonucleosides as
substrates in the synthesis of ODNs via the PCR
methodology.'® Naturally, the requisite 5’-O-triphosphate

would have to be synthesized.

Preparation of AQ-peptide nucleic acids (PNAs), which are

considerably easier to synthesize.!?"'%8
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APPENDIX A. Miscellaneous Data that Pertains to the Conformational

Studies of Monoacylated Anthocyanins
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Rz=H
R'=H

R'= 4-OH-3,5-(0OMe),-Cin
R’ = 4-OH-3,5-(OMe),-Cin
R® = 3,4,5-(OMe),-Cin

R® = 3,4.5-(OMe),-Cin
R®= 4-OH-Cin

R?® = 4-OH-Cin
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R®= 3,4.5-(OMe),-Bz

R%= 4-OH-Bz

R’= 4-Cl-Bz
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R? = 4-OH-Phprop

Structure of anthocyanins 1-24 used in '"H NMR and color-stability studies.

Reprinted from Carbohydrate Research, Vol. 310, Donald K. Dougall, David C.

Baker, Elena G. Gakh, Mark A. Redus, and Neil A. Whittemore, Anthocyanins

from wild carrot suspension cultures acylated with supplied carboxylic acids, p

178, Copyright (1998), with permission from Elsevier Science.
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Table |
'H NMR data of anthocyanins 1-244
H 15¢ 2 39 4 s 6° 7° 8® 9 10 1
Flav 4 8.981 9.029 8976 9.027 8.474 8.605 8.478 8.633 8.524 8.702 8.524
brs brs brs brs d d d brs brs brs brs
0.9) 0.9) 0.9)
6 6.715 6.655 6.643 6.694 6.684 6.652 6.695 6.634 6.618 6.612 6.609
d brs d d d d d brs brs d d
(2.0) (1.8) (1.9) (2.0) (2.0 (2.0) (2.0) (2.0)
8 6.964 6.899 6.893 6.887 6.512 6.536 6.525 6.548 6.559 6.593 6.532
brd brd brd d dd d d brd brd d d
(0.8) (2.0 (0.9) 0.9) 2.0 Q0
0.9)
b 8.090 8.103 8.065 8.074 7.913 7.916 7.915 1.932 7.934 7.945 7901
d d d d d d d d d d d
(2.4) (2.4) (2.4) (2.3) (2.4) (2.3) (2.3) (24) 2.3) (2.3) 2.4)
s 7.041 7.018 7.016 7.015 7.022 7.033 7.018 7.028 7.051 7.030 7.046
d d d d d d d d d d d
(8.8) (8.7 (8.8) (8.8) (8.8) 8.7 (8.8) (8.8) (8.7 (8.8) (8.7
¢ 8.292 8.271 8.290 8.259 8.136 8.266 8.186 8.270 8.066 8.241 8.110
dd dd dd dd dd dd dd dd dd dd dd
(8.8; (8.7 8.7 (8.7; (8.8; 8.7, (8.8; (8.8; 8.7 (8.8: (8.7
2.4) 2.4) 2.4) 2.4) 2.4) 2.3) 2.3) 2.4) 2.3) 2.)) 2.9)
Gal I 5.398 5.217 5.402 5.241 5.256 5.191 5.286 5.218 5.268 5.216 5.260
d d d d d d d d d d d
(7.6) an (7.6) (7.7) 7.3) (1.3) (2.5) (2.5) (7.4) (7.6) (7.4)
2 4.196 3.956 4.213 3.982 4.276 3.994 4.296 3.997 4.218 3.966 4.223
dd dd dd dd dd dd dd dd dd dd dd
{1.6; o7 (2.7 (9.6; 9.2; (8.9; 9.3 (8.9; 9.4, (8.6. 9.3
9.4) 9.7) 9.3) 0 1.3) 71.3) 1.5) 1.5) 7.4) 7.6} 7.4)
3 3919 3.649 3.882 3.650 4.182 3.929 4.184 3.925 4.125 ~39 4127
dd dd dd dd dd dd dd dd dd dd
(9.4; 9.7, 9.3, 9.6; 9.2; (8.9, 9.3 (8.9; (9.4; 9.3
3.3) 3.4) 3.3 3.4) 3.3) 31.3) 3.4} 33) 313 3.4)
4 4.002 3.966 3.953 3942 3.944 3914 3951 3.909 3932 ~39 3.930
d d d d d d d d d d
(3.3) (3.4) (3.3) (3.4) (3.3) 3.3 (3.9) 3.3) (3.3) (3.4)
s! 4.064 ~39 ~318 ~3.7 4.483 4.427 4.500 4.446 4.427 ~4.4 4.420
dd dd dd dd dd dd dd
(7.3 96 (94, 9.2; 9.6 9.4, (9.4
4.9) 2.0) 1.5) 1.9) 2.0) 2.0) 2.0)
[ 3.997 ~39 ~38 ~37 4.215 4.224 4.222 4.229 4,195 4.184 4.192
dd dd dd dd dd dd dd dd
4.9; (=130 (=128 (~133;  (~13.0; (-13.0; (=128 (~129;
~11.2) 9.6) 9.4) 9.2) 9.6) 9.4) 9.5) 94)
68 3.879 ~39 ~38 ~37 3.747 1734 3.758 3732 3.742 3.743 3732
dd dd dd dd dd dd dd dd
(1.3 (=13.1; (128, (=132, (=130 (-130. (~132. (=129,
-11.2) 2.0) 1.5) 1.9) 2.0) 2.0) 2.4) 2.0)
Xyt " 4.695 — 4.684 - 4.829 -_ 4.856 - 4.660 — 4.694
d d d d d d
(7.6) amn (7.8) (7.8) (7.3) (14)
2 3158 - 3.135 — 3.193 - 3.148 - 3.240 — 3234
dd dd dd dd dd dd
(9.0 (8.9 9.0, (8.9, 9.1 [CAR
1.6) 1.7 71.8) 1.8) 7.4) 7.4)
3 3.296 — ¢ - 3333 - 3.342 - 3.298 - 3.303
dd dd dd dd dd
9.0; 9.0 (8.9; 9.7 [CAR
8.8) 9.0) 8.9) 9.1) 9.6}
4! 3.392 — ¢ - 3.251 - 3.266 — ~3.40 — ~3.4]
ddd ddd ddd
(10.2; (10.9; (10.5;
8.8; 9.0 8.9.
5.3) 5.2) 4.6)
sha 3.636 — 1.606 — 3.610 — 3.627 — 3484 - 3.52t
dd dd dd dd dd dd
{(=11.6; (~11.6; (=114, (=11.6; (=112 (=112,
5.3 5.3) 5.2) 4.6) 5.3) 5.3)
sie 3.019 — 3.007 — 321 - 3144 - 2810 - 2.850
dd dd dd dd dd dd dd
(~11.6; (=113 (~11.4; (=11.6; (=11.2; (=112
10.2) 10.3) 10.9) 10.5) 10.5) 10.8)

Reprinted from Carbohydrate Research, Vol. 310, Donald K. Dougall, David C.
Baker, Elena G. Gakh, Mark A. Redus, and Neil A. Whittemore, Anthocyanins
from wild carrot suspension cultures acylated with supplied carboxylic acids, p
180, Copyright (1998), with permission from Elsevier Science Publishers.
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12 13 14 15 16 17 18 19 20 21 2 23 24
8.526 8.603 8.583 8.588 8515 8.538 8.554 8.475 8.447 8.518 8.953 8.500 8.8
brs brs brs brs brs d brs d brs brs brs brs brs
(0.8) .
6.600 6.552 6.604 6.587 6.613 6.603 6.673 6.622 6,483 6.632 6.551 6.538 6.632
brs d brs brs brs d d d d d d d d
(1.9) (2.0) (2.0) (2.0) (2.0 .1) (1.7 (2.0) (2.3)
6.483 6.448 6.497 not 6.606 6.514 6.568 6.521 6.741 6.879 6.855 6.818 6.842
brd d brd seen brd d brd dd d brd brd brd brd
(1.4) (0.8) (2.0: (1.2)
t.1}
7913 7920 7915 7.952 7.961 7.951 7.958 7856 7973 8.022 8.023 8018 8.066
d d d d d d d d d d d d d
22) (2.4) 2.4) (2.3) 2.3) (2.4) (2.4) 2.3) 23) 2.3 (2.4) (2.4) QM
7.042 7.037 7.046 7.056 7.062 7.044 7.080 7.026 7.013 7.056 7.038 7.030 7.024
d d d d d d d d d d d d d
8.1 (8.8) (X)) (8.8) 3.7 (8.8) (8.7 8.7 8.7 (8.7) (8.7 (8.7 (8.7
8.095 8.17 8.093 8.114 8.100 8.080 8.116 8.146 8.219 8.230 8.222 8.208 8.257
dd dd dd dd dd dd dd dd dd dd dd dd dd
(8.7 (8.6: 3.7 (8.8; 8.7 (8.8, (8.7 (8.7, (8.7 (8.7 (8.7 (8.7 (8.7
2.2) 2.4) 24) 23) 2.3) 2.4) T 2.4) 23) 2.3) 2.3) 2.4) 2.4) 2y
5.294 5.392 5.304 s.2n 5.208 5.254 5.237 5.257 5.388 5.232 5178 5.190 5.289
d d d d d d d d d d d d d
(1.3) (7.5) (1.4) (7.4) (74) (7.4) (7.5) (7.3) (1.5) (7.4) (1.5) (7.4) (1.9
~4.2 4.240 4.218 ~4.2 4.221 4.24) 4.244 4232 ~4.2 4.169 4.182 4.186 4.203
dd dd dd dd dd dd - dd dd dd dd
(9.4; 9.4; 9.4; 9.4; (9.4, (9.2; 9.2; (9.3 (9.3 92
13 7.4) 7.4) 7.4) 1.9 1.3) 1.3) 2.5) 1.4) 7.5
~4. 4,128 4.100 4.091 4.102 4.108 4.09% 4.152 4.043 3.983 3.964 3.974 3912
dd dd dd dd dd dd dd dd dd dd dd dd
(9.2 %4 {9.3; (9.4; 9.4, (9.4; 9.2; 9.4; 9.2 {9.4; 9.3 9.2
3.4) 3.4) 1)) 33) 3.4) 34) 33) 33 3.4) 3.4) 3.4) 313
31934 3940 3.935 3.935 3932 3943 3972 3.920 3917 3.902 3.896 3.902 3.942
d d d d d d d d d d d d d
(3.3 3.3) (3.4) (3.3) 3.3 (&) 3.9 (3.3) (3.3) (3.49) 1.5) (3.4) (3.3)
~4.4 4.4%0 ~4.4 ~4.4 4.368 4.381 4.361 4.410 ~4.2 4.334 4.282 4.271 4.102
dd dd dd dd dd dd dd dd dd
(9.4; 8.7 9.5 9.5 (CAS (9.3 8.6 (8.8; (79.
2.2) L1y 2.2) 2.5) 1.9) 2.4) 2.4) 2.6) N
~4.1 420 ~4.| ~4 1 ~4.1 4.178 4.154 4.190 4.201 4.108 4.1t 4.093 3.986
dd dd dd dd dd dd dd dd dd
(=13.1; (=129, (=128 (-13.0; (=131, (=127 (=126; (=125 (=119,
9.3) 9.5) 9.1 9.7 9.2) 9.3) 8.8) 8.8) 79
~37 1767 3.763 3.766 3.752 3.769 3.802 3.729 3.783 3.799 3.798 3812 3.857
dd dd dd dd dd dd dd dd dd dd dd dd
(=1200  (-129:  (-13.5  (-129:  (-129: (=128 (=13.00  (-129; (=127 (=125 (=125 (=118,
1.5) 2.3) kN 2.0) 2.2) 2.3) 1.9) 2.0) 2.4) 2.6) 2.6) i
4 667 4.73] 4.655 4.659 4.656 4.686 4,702 4.755 4.765 4678 4.657 4645 4.666
d d d d d d d d d d d d d
(7.4) {7.4) (7.4) {7.4) {7.4) (7.4) (7.5} (7.3) {7.8) (7.5) (1.5 (7.4) (7.5)
N € 3.229 < 3221 3.235 3.219 3.267 ~33 3.198 3188 3.200 3183
dd dd dd dd dd dd dd dd dd
9.1; 9.1; 9.1; 9.2 (9.2; 9.2, 9.2 9.1. (9.0
7.4) 1.4) 7.4) 1.5) 7.3) 7.5) 7.5) 1.4) 7.5
N N ¢ ¢ N 3.300 37 3323 ~33 ~34 ~3.4 3.308 3.282
dd dd dd dd dd
9.1; 9.2, 9.2, [CAD 9.2,
9.1 8.9 9.2) 9.2) 2.0
N 3672 3.640 3.620 3.631 ~3.38 ~3.39 ~1.40 ~34 ~36 ~3.55 ~3.40 ~3.30
dd dd dd dd
(9.1 9.1 9.2 9.4
9.1y 9.0) 9.2) 9.0)
~3.5 3.622 ~3.5 ~34 ~34 3.506 3.538 3.589 ~3.6 3.594 ~3.55 3.540 3.582
dd dd dd dd dd dd dd
{=11.6; (-114; (—-11.4; {-114; (=11.6: (=11.4; (=11.4,
5.2) 4.9) 5.2) 4.3) 5.4) 5.3) 52)
2812 2.932 2.8t 2.825 2.824 2.856 2.860 2.922 3.049 2.837 2.841 2.833 2.967
dd dd dd dd dd dd dd dd dd dd dd dd dd
(-10.4; (-109; (~11.3; (-1t (~10.8; (=114, (-11.4; {(=114; (=114, (=116 (~11.3; {(-114; (=114
10 4) 10.9) 10.9) 10.4) 10.4) 10.2) 10.4) 10.5) 10.6) 10.5) 10.6) 10.6) 10 4)
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Table 1 contd
H 1o 2 3¢ 4 s 6° 7° 8® 9 i0 11
Gle p 4.267 4.234 — — 4.474 4.459 4.478 4.453 4.442 4.409 4.440
d d d d d d d d d
(1.1 (1.5) (7.4) (7.5) (7.5) (1.3) .2) (7.3) (7.0
2 3178 - - ~3.44 ~3.44 ~3.44 ~3.45 ~341 ~34i ~3.40
dd ~3.16
(9.3
.7
3 ~3.25 ~3.20 - — ~3.44 ~3.4 ~3.44 ~345 ~3.43 ~3.43 ~3.40
4t ~3.30 ~3.20 — — 3.746 3.697 3147 3.669 3.673 3618 3.661
dd dd dd dd dd dd dd
(95 (9.5 96 9.4, (9.4 9.4, (94
9.6) 9.5) 9.4) 9.4) 92) 9.3 9N
sm ~3.30 ~3.18 —_ - ~344 ~3.44 ~3.44 ~345 ~342 ~342 ~340
6liA 3.846 3.835 - — 5.33% 5.295 5.340 5.302 5253 5.169 5252
dd dd dd dd dd dd dd dd dd
(=107 (=117, (=12.1; (=119; (-12.2; (=120, (-12.0; {=11.9: (-120;
1.8) 2.2) 2.8) 2.8) 3.0) 2.8) 27) 2.6) N
ot 3.633 3.503 — - 4.115 4.085 4.134 4.106 4113 4.078 alls
dd dd dd dd dd dd dd dd dd
(=17 (=117 (=122, (=119 (=122, (=120 (-1200  (-12.0; (=120
5.8) 5.9} 1.3) 1.2) 1.6) 1.5) 1.6) 21) ()]
Acyl ke - — — - 6.195 6.267 6.221 6.303 6.949 6.904 7.046
H s s s d d d
(8.6) (8.6) 8.7
ke - - - - — — — - 6.368 6.356 6.492
d d d
(8.6) (8.6 8.7
4A - - - - - - - - - - -
54 - - - — — — — -— 6.368 6.356 6492
d d d
(8.6) 8 6) (87
[ - - - — 6.195 6.267 6.221 6.303 6949 6904 7040
s H H d d d
(8.6) (8.6) (87
bl - - — — 7.297 7.362 7.310 7.397 7.364 7.406 7404
d d d d d d d
(15.9) {15.9) (15.9) {16.0) (16.0) (15.9) {16 0)
84 - — — — 6.197 6.137 6.308 6.240 6.130 6.103 6.178
d d d d d d d
(15.9) (15.9) (15.9) (16.0) (16.0) (16.0} 160y
McO 3413 3431 3415 343 387
H s s s s
JA A 3AsA JA 54 M54 a4
3.823 3.762
47 4+
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4.359 4.430 4.422 4.426 4.431 4.434 4.458 4.452 4.452 4.429 4.403 4.644 4.278

d d d d d d d d d d d d d
{20 (1.3) {1.6) (1) (7.3) (7.4) (1.5) {1.2) (7.4) (1.3) (7.4) (7.4) (7.5)
N ¢ ¢ N < 3.354 ~137 ~3.42 ~34 ~3.40 < in2 3.206
dd dd dd
(9.4; 9.2; (9.3;
7.4) 7.4) 759)
¢ N 3.640 3.621 3.631 3.407 3.422 ~3.42 ~34 ~3.40 ~3.4 ~3.40 ~3.40
dd dd dd dd dd
[LRR (9.4; 9.4, 9.8; (8.8:
‘ 9.0) 9.2) 9.0) 9.4) 9.4)
| ~37 ~36 ~34 ¢ ~34 3.630 3.680 3.661 ~3.6 3644 ~3.5 1.589 ~3.30
dd dd dd dd dd
‘ (9.8, 9.8 9.4 9.6 (9.8
8.8) 8.8) 9.2) 9.4) 9.6)
¢ ‘ ~34 ~3.4 ~34 ~3.38 3.490 ~3.42 ~l4 3.495 1484 3.505 ~3.30
ddd ddd ddd ddd ddd
(8.8 9.8; (9.6. (9.5 (9.8
2.7 2.5 Lt 3.0: 33
2.1) 2.6) 2.2) 3.0) 2.5)
5.278 5.230 5.208 5.176 5.221 5.210 5.154 5.294 5.297 5.094 5.105 5122 4.589
dd dd dd dd dd dd dd dd dd dd dd dd dd
‘ (=11.9: {-12.8; (-11.9; (~10.8; (-11.8; (~12.0; (—12.0; (~12.0; (=11.8; (-12.0: (=119, (=12.0: (-12.3.
2.6 3 27 2.6) 2.6) 2.5) 2.5) 2.8) 2.3) 2.2) 23) 2.5) 2.0)
| ~42 ~4.2 ~4 | ~4.1 4.151 4.189 4.187 4.086 ~4.2 4.250 4.282 4.183 4.081
dd dd dd dd dd dd dd dd
(~11.8; (=120, (-12.0; (-12.0; (-12.0: (-12.2% (-12.0 (=123,
L9 2.1 2.6} 1.5) N 2.4) 1% 46)
699 723 7.135 1.207 7.154 7.378 7.465 6.92) 7.109 71.159 7.887dd  8.126 6.861d
‘ 6.92 7.3 d dd d d d d s d dd d d
‘ 6.92 AR 7n dd (8.5) (8.2) (8.8) 8.9 8.8) 6.6. (8.2) (8.6
| 6.81 6.71 @86 2.0
‘ 6.65 6.59 5.3)
7.046 6.776 6.971 7.300 7.870 6.208 - 6.405 7.097dd 7.468 6.506d
d dd d d d d d dd d d
(7.8) (8.6. (8.5) (8.2) {(8.8) (8.9) (8.8) (6.6. 8.2) (8.6}
8.7) 2.0)
7.264 — - - — — - - - - -
dd
(1.4,
7.2)
7.046 6.776 6.971 7.300 7.870 6.208 - 6.405 7.097dd 7468 6.506d
d dd d d d d d dd d d
(7.8) dd (8.5) (8.2) (8.8) (8.9) (8.8) (6.6, (8.2) (8.6)
(8.6 2.0}
8.7)
1 7135 7.207 7.154 7.3718 7.465 6.921 7.109 1.159 7.887dd  8.126 6.681d
d dd d d d d s d dd d d
‘ (7.1 dd {8.5) (8.2) (8.8) (8.9) d (6.6: (8.2) (8.6}
(8.6. ) (8.8) 2.0)
\ b}
7.385 7.535 7.450 2.439 7.445 7.532 1.538 7.382 - - - -— ~2.74
d d d d d d d d
(16.0) (16.2) (16.1) {16.1) (16.1) (16.1) (16.1) (16.0)
6.338 6.521 6.353 6.308 6.371 6.524 6.568 6.046 — — - — ~2.56
d d d d d d d d
(16.0) (16.2) (16.2) (16.1) (16.1) (16.1) (16.1) (16.0)
3602 3.593 3.623
s s s
il Rl 3484
3.605
s
4A

¢ Apparent. first.order couplings are indicated (br s, broad singlet; br d, broad doubiet: d, doublet; dd. doublet of doublets; ddd doublet of
doublets) in parcntheses in Hz.

" Chemical shift data have been reported. See ref 1],

¢ For a comparison spectrum, see ref [8).

° For a companson spectrum, see ref (10].

¢ Obscured by the MeOH-d, signal.

" Protons of the acyl mosety could not be assigned.
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K, x 10°

K, x 10°

k, x 10°

Cpd.”

(M)

(M)

(sec™ .M}

(sec™)

ca

+

w0

+

43

39
3.9 £ 0.5

+

139

+

+

(9]

+|

208 £ 1

52

633

.4

+

0
0.08

.65

0
1

0
0.

—

1
0.04
0.08

0
.57
.78

3

+l

\O

0.08

38

5.

<«

519
718

56

+l

(g}

7.9 % 0.7

17

588 t

11

[$]

+
\0

3.7 £ 0.1

12
13
14

-~

5.0 £ 0.c

0.02 732 t 18

.61

3

+H o+

1
2

7.3 £ 0.1
.27 + 0.06
.16 0.02

S
8

636 + 8

577 1
9
106

2
0.03
0.07

34

5.
4

15
16

590
601

.82

+

o

€

+

11

:

17

409

0.03

.88

7

18
20

.8
.4
.1

0
0
0

14.9

-
<

586

10.9

21

€~

+

o«

515 t ¢ 15.8

22
23

24

455 + 2

0.05

58
vsed in

to that

N
+

213 ¢ 1
the numbering of the compounds here is identica

1998.

Dougall et al.,

a

Color-stability data for all 24 anthocyanins (for the structures of these

anthocyanins, refer to p 331).
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t INPUT FILE FOR DISCOVER GENERATED BY INSIGHT

overlap = 0.0

begin simulation

* add-automatic bond torsion valence out-of-plane
reduce

!
set dielectric = 32.63

initialize dynamics at 600 K with a step size of 1.0 femtoseconds
* write history file every 1000 steps
loop=1
100 resume dynamics for 1000 steps
archive as file number loop
loop=loop+1l
if loop.le.1000 then 100
loop=1
200 retrieve file number loop
minimize using conjugate gradient for 1000000 steps
* until the maximum derivative is less than 0.0001000000 kcal/A
archive as file number loop
loop=loop+l
if loop.l1le.1000 then 200
end

Input file used in the QMD simulation of anthocyanins CyanGXG,
345-TMBENZ, 4-FCIN, 345-TCIN-X, 345-TCIN in methanol

(gmdanthocyanin.inp in /usr/people/neil on bionmr.bio.utk.edu).
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INPUT FILE FOR DISCOVER GENERATED BY INSIGHT

overlap = 0.01

begin simulation
* add-automatic bond torsion valence out-of-plane
reduce

set dielectric = 80

initialize dynamices at 600 K with a step size of 1.0 femtoseconds
* write history file every 1000 steps
loop=1
100 resume dynamics for 1000 steps
archive as file number loop
loop=loop+l
if loop.le.1000 then 100
loop=1
200 retrieve file number loop
minimize using conjugate gradient for 1000000 steps
* until the maximum derivative is less than 0.0001000000 kcal/A
archive as file number loop
loop=locp+l
if loop.1le.1000 then 200
end

Input file used in the QMD simulation of anthocyanins 4-FCIN and
345-TCIN in water (qmdanthocyaninwater.inp in /usr/people/neil

on bionmr.bio.utk.edu).



344

This represents a list of all the anthocyanins (NMR samples) that are in the
container in the freezer of R1. All samples are marked with the code and

experiment #.

Any questions can be directed to Neil Whittemore at University of Colorado,
Boulder (For contact information, please refer to Profs. Don Dougall or David C.

Baker).

CODE Expt#  Numbers used
are from ref 34
34,5 TRIMETHOXYBENZOICACID O

345TBENZ 1333 20
4DMACIN 1335 19
3MCIN 1347 12
4CCIN 1348 16
4CBENZ 1348 22
4FCIN 1350 15
345TC-X 1354 8
345TC-X 1354 8
345TCIN 1359 7
345TCIN 1359 7
345TCIN DRY DCI 1359 7
345TCIN FROZEN DC! 1359 7
CIN 1360 14
CYANXG 1372 3
CYANGXG 1372 1
4HCIN 1373 9
4HC-X 1373 10
CYANG 1376 4
CYANGG 1377 2
345TBENZ 1389 20
345TBENZ 1402 20
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Below are the filenames for select Figs. from Part One: Conformational Studies

of Monoacylated Anthocyanins: Factors that Affect Color Stability (these are

located in the....\NAW_dissertation\Part \Figs directory).

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1 figure1.wpd
A antho fig4.wpd
5 antho figs.wpd
B, cyangxg.tif
7S tmbenz. tif
B fein.tif
O tcin.tif
10, tein_x.tif
L antho fig6.wpd
12, restraints met CyanGXG.wpd
13 restraints met 345TMBENZ.wpd
14, restraints met 4FCIN.wpd
1S . restraints met 345TCIN_X.wpd
16, rests met 345_tcin.wpd
L/ anthoflac.pdf
18, anthofld.pdf
1. anthofrac.pdf
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File names for select Figs. from Part One: Conformational Studies of

Monoacylated Anthocyanins: Factors that Affect Color Stability contd.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

20, . e anthofrb.pdf
4 anthofrd.pdf
2. anthofuac.pdf
23 e anthonlac.pdf
24, e anthonrac.pdf
2. e anthonrd.pdf
26, anthonuac.pdf
2. e e anthoopface.pdf
28, anthomisc.pdf
4 T fcinnrd5ns.jnb
0. e fcinflipmeoh.pdf
X fcinflipmeohmip.pdf
32, fcinflipmeohmic.pdf
R fcinflipmeohmep2.pdf
34, fcinh2oflipstructs.pdf
3. tcinh2oflipstructs.pdf
36. fcinh2ononflipstructs.pdf

K tcinh2ononflipstructs.pdf
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File names for select Figs. from Part One: Conformational Studies of

Mo

noacylated Anthocyanins: Factors that Affect Color Stability contd.

Fig. 38. .. fcinnrd1.jnb
Fig. 89 .. fcinfrd1.jnb
Fig. 40. ... .. e fcinnrd2.jnb
Fig. 41, . e tcinfrd1.jnb
Fig. 42, ... . . teinfrd2.jnb
Fig. 43, ... e feinfliph2ostudy.pdf
Fig.44. . ... .. . .. e teinfliph2ostudy.pdf
Fig. 45, .. ... . e feinfliph2omip.pdf
Fig. 46. ... ... .. e fcinfliph2omep.pdf
Fig. 47. ... e feinfliph2omic.pdf
Fig. 48. .. ... . tcinfliph2omip.pdf
Fig. 4. . ... .. e tcinfliph2omep.pdf
Fig. 50. ... .. e teinfliph2omlc.pdf
Fig. 51, .. antho fig1.wpd

Fig.

D, e usda figure 10.wpd
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A graph of ¢, vs ¢, for the 1000 conformers of

4-FCIN after the molecular dynamics
phase of quenched molecular dynamics in
a dielectric continuum of methanol.
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A graph of ¢, vs ¢, for anthocyanin 4-FCIN after the

minimization phase of quenched molecular dynamics
in a dielectric continuum of methanol.
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APPENDIX B. 'H and *C NMR Spectra for Compounds Used to Synthesize C-

8-Modified Electroactive Nucleosides
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APPENDIX C. 'H and **C NMR Spectra for Compounds Used to Synthesize

2'-O-Modified Electroactive Oligodeoxynucleotides
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