Biophysical
Chemistry

ELS

EVIER Biophysical Chemistry 90 (2001) 75-87
www.elsevier.nl/locate/bpc

Interactions of cyclic AMP and its dibutyryl analogue
with model membrane: X-ray diffraction and Raman
spectroscopic study using cubic liquid—crystalline
phases of monoolein

Valdemaras Razumas**, Gediminas Niaura®, Zita Talaikyté?,
Adomas Vagonis?, Tommy Nylander®
* Institute of Biochemistry, Mokslininky 12, LT-2600 Vilnius, Lithuania

bDepaﬂmenz of Physical Chemistry 1, Center for Chemistry and Chemical Engineering, P.O. Box 124, §-221 00 Lund,
Sweden

Received 1 August 2000; received in revised form 31 October 2000; accepted 19 December 2000

Abstract

Interactions of adenosine 3':5'-cyclic monophosphate (cAMP) and its dibutyryl analogue, N°2’-O-dibutyryla-
denosine 3':5’-cyclic monophosphate (dbcAMP), with a lipid bilayer were studied by small-angle X-ray diffraction
(SAXD) and Raman spectroscopy. The cubic Pn3m phase of monoolein (MO) served as a bilayer-based model
system. SAXD measurements have indicated that incorporation of approximately 3 wt.% cAMP leaves the phase
parameters practically unaltered, whereas the same content of dbcAMP induces the intercubic Pn3m — la3d
transition. By applying the concepts of lipid shape parameter and infinite periodic minimal surface to these MO
phases, we have suggested that, as opposed to cAMP, dbcAMP associates with the MO bilayer. This conclusion has
been supported by the different effects of phase matrix on the Raman shifts of the adenine and phosphate
vibrational modes of these two nucleotides. Moreover, Raman spectra have indicated that dbcAMP inserts into the
bilayer through the butyryladenine group, positioning dbcAMP preferentially at the polar /apolar interface. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The discovery of adenosine 3':5'-cyclic
monophosphate (cAMP; Fig. 1) by Sutherland
and co-workers (see, e.g. Sutherland and Rall [1])
was the key step in the formation of the current
concept of hormone signaling through secondary
messengers. Despite the fact that many other
secondary messengers have been discovered since
then, cAMP, up to now, remains the focus of
attention of numerous investigations. One such
research area is related to the cellular site of
cAMP generation.

It is well known that cAMP is formed by a
family of membrane enzymes, adenylyl cyclases,
and, hence, it might be speculated that the hor-
mone-stimulated buildup of cAMP concentration
at the membrane/cytosol interface affects the
properties of biomembrane lipid phase. Actually,
this hypothesis is supported by experimental re-
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sults. For example, when employing oocytes [2]
and erythrocytes [3] as model systems, it has been
demonstrated that cCAMP changes the fluidity of
membranes. Thus, in the study of human erythro-
cytes by Raman spectroscopy, Li et al. [3] have
shown that, at cAMP concentrations higher than
107°® M, the conformational order of the acyl
chains of lipids decreases slightly, whereas the
mobility of the zwitter-ionic head-groups of phos-
pholipids increases.

It is hardly surprising that the spectroscopic
effects observed by Li et al. [3] were rather poorly
defined (particularly for the head-group and C-H
stretching vibration modes). Because it is very
polar, cAMP penetrates the cell membrane only
in very small quantities. This fact is well-known
from numerous experiments of the exogeneous
application of cAMP to the cells. Thus, to mimic
a hormonal message across the plasma membrane
of the intact cell, it is necessary to use high doses
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Fig. 1. Molecular structures of adenosine 3':5'-cyclic monophosphate (cAMP), N ,2'-O-dibutyryladenosine 3’:5'-cyclic monophos-

phate (dbcAMP), and 1-monooleoylglycerol.
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of cAMP, exceeding by several orders of magni-
tude the physiological levels (approx. 107 8-107°¢
M). For this reason, in hope of increasing the
permeability across the membrane, Posternak,
Sutherland and Henion [4] have introduced the
first acyl derivatives of cAMP. From among all of
the substances synthesized, N°2’-O-dibutyryla-
denosine 3':5'-cyclic monophosphate (dbcAMP;
Fig. 1) showed the highest physiological activity.

Although hundreds of cAMP derivatives have
been synthesized and investigated since the pio-
neering work by Posternak et al. [4], the dibutyryl
analogue of cAMP is still largely used in biologi-
cal experiments. However, it was not the inten-
tion of our paper to discuss and expand the
research area of the hormonal action of cyclic
nucleotides. Rather, using cAMP and dbcAMP as
representative examples of the natural and syn-
thetic cellular messengers, in the present report,
we have introduced the reversed (‘water-in-oil’
type) bicontinuous cubic phases of aqueous
monoolein (MO; Fig. 1 shows the structure of
1-monooleoylglycerol which constitutes the
greater part of MO) as lipid bilayer-based systems
for the model investigation of biomembrane-cyclic
nucleotide interactions. It is important to note
that there are compelling evidences of the occur-
rence of the bicontinuous cubic structures (‘cubic
membranes’) in many cell types and their or-
ganelles [5]. Therefore, for the present purposes,
the choice of cubic phases looks quite well-
founded, although it should be remembered that
the cellular cubic membranes and the lipid cubic
phases differ in a number of features (e.g. differ-
ent scales of periodicity, mechanisms of stabiliza-
tion presumably also differ, etc.).

At 25°C and with increasing water content,
1-monooleoylglycerol forms two reversed bicon-
tinuous phases of cubic symmetry [6—-8]: (i) the
phase of space group type la3d (19-38 wt.% of
water); and (ii) the phase of space group type
Pn3m (37-42 wt.% of water; at higher water
content, this cubic phase coexists with bulk water).
According to our earlier investigation [8], the
presence of diglycerides and polyunsaturated
monoglycerides in the commercial preparation of
MO (see Section 2) shifts the phase boundaries
towards lower water content by up to 6 wt.%.

On the basis of investigations performed to

date (see, e.g. [6,10—14]), the reversed cubic phases
of aqueous 1-monooleoylglycerol and MO can be
visualized in terms of a curved continuous lipid
bilayer, which subdivides three-dimensional space
into two disjointed continuous water channels.
Moreover, for these cubic mesophases, the center
of the lipid bilayer is expected to lie on an infinite
periodic minimal surface (IPMS) of hyperbolic
shape. Specifically, the Ila3d and Pn3m cubic
phases can be represented by the ‘gyroid’- (G)
and ‘diamond’-type (D) IPMS, respectively (Fig.
2). All IPMS including the G- and D-type sur-
faces have zero mean curvature and non-positive
Gaussian curvature at all points, whereas parallel
surfaces a distance +/ from IPMS have non-zero
mean curvatures.

Among other things, there is also practical in-
terest in the cubic phases of lipids. For example,
since the Pn3m cubic phase of 1-monooleoylg-
lycerol or MO is stable in the presence of excess
water, this structure has already found use in the
development of drug delivery systems [15,16], pro-
tein crystallization matrices [17,18], complex bio-
electrodes [19,20] and enzyme-based biosensors
[21,22]. For the same stability reasons, in the
present study, we chose the MO Pn3m cubic
phase containing 39 wt.% of H,O (or D,0) as a
reference system. Furthermore, this phase was
modified by the entrapment of approximately 3
wt.% of cAMP or dbcAMP. To evaluate the MO
bilayer—cyclic nucleotide interactions, the refer-
ence and cAMP (or dbcAMP)-containing systems
were analyzed by two techniques: small angle
X-ray diffraction (SAXD) and Raman scattering
spectroscopy.

2. Experimental

The mixture of mono- and diglycerides (approx.
25:1 w/w), denoted as monoolein (MO), was
kindly provided by Danissco Ingredients
(Brabrand, Denmark) with the following acyl
chain composition (batch TS-ED 173): 90 wt.%
oleic acid; 5 wt.% linoleic acid; 2.7 wt.% stearic
acid; 1 wt.% palmitic acid; 0.3 wt.% linolenic
acid; and 1 wt.% other fatty acids. The same
batch of MO was used in all experiments. Sodium
salt of adenosine 3':5'-cyclic monophosphate
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Fig. 2. The infinite periodic minimal surfaces (IPMS) are the
structural bases of the reversed bicontinuous cubic phases.
The unit cells of (a) the G-type surface which forms the
mid-plane of a lipid bilayer of the la3d cubic phase, and (b)
the D-type surface which forms the bilayer mid-plane of the
Pn3m cubic phase. The lipid bilayer is indicated at the bottom
of (a).

(cAMP; purity ca. 98%, Reanal, Hungary), sodium
salt of N°®2'-O-dibutyryladenosine 3':5’'-cyclic
monophosphate (dbcAMP; purity ca. 97%, Sigma,
USA) and deuterium oxide (D,0; 99.9 at.% of D,
Isotech, USA) were used as received. The water
was distilled and passed through a Milli-Q water
purification system (Millipore S.A., Molsheim,
France).

Samples were prepared by weighing appropri-
ate amounts of MO into 6-mm (i.d.) glass am-
poules, melting MO at 40°C, and then adding

appropriate volumes of pure solvents or of the
cAMP or dbcAMP solutions in H,O or D,0O. The
ampoules were immediately flame-sealed and the
samples were then centrifuged for 1 h at 3000 X g
and 25°C before storing them in the dark at 20°C
for at least 2 weeks.

Small-angle X-ray diffraction (SAXD) studies
were performed at 20°C using a Kratky compact
small angle system equipped with a position sensi-
tive detector OED 50M (MBraun, Graz, Austria)
containing 1024 channels of width 53.1 um. Cu
K, nickel-filtered radiation (A =1.542 A) was
provided by a Seifert ID 3000 X-ray generator
(Rich. Seifert & Co, Ahrensburg, Germany),
operating at 50 kV and 40 mA. Diffraction data
were collected over 2-3 h at a sample-to-detector
distance of 277 mm. Temperature control within
0.1°C was achieved by using a Peltier element.

Raman spectra were recorded by a computer-
controlled DFS-24 spectrometer (Leningradskoje
Optiko-Mekhanitcheskoje Ob’jedinenije, St. Pe-
tersburg, Russian Federation) with samples in a
glass ampoule using 90° scattering geometry. An
argon ion laser LGN-503 (Lvov, Ukraine) was
used for the excitation of the samples at 514.5
nm. The laser plasma lines were attenuated by
means of an interference filter. Spectra were
recorded at 2 cm~! resolution and with laser
power of approximately 50 mW. The Raman scat-
tering light was analyzed by a f/5.3 double
monochromator with 1200 lines /mm gratings, and
detected by a water cooled (to approx. 10°C)
photomultiplier and a photon counting system.
Spectroscopic experiments were performed at
20°C. The overlapping Raman bands were decon-
voluted into the sum of Gaussian and Lorentzian
shapes. Positions, bandwidths and amplitudes
were varied until good agreement was achieved
between actual and simulated spectra (correlation
coefficients were no less than 0.999).

3. Results and discussion

3.1. Small-angle X-ray diffraction study

Small-angle X-ray diffraction (SAXD) provides
information on the long-range organization of the
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liquid—crystalline phases of lipids and, therefore,
this technique was applied to establish possible
effects of cAMP and dbcAMP (as well as of D,0)
on the essential structural features of the cubic
mesophase(s) of MO.

Table 1 presents the results of SAXD measure-

Table 1
X-Ray diffraction data of the cubic phase samples

ments for the pseudobinary and pseudoternary
systems (recall that monooleoylglycerol comprises
only 86 wt.% of the MO preparation). The index-
ing of the diffraction data was performed as shown
in Fig. 3 by a plot of d,,, vs. (h* +k*+1>)71/%
where d,,, is the spacing of Bragg reflections, and

Cubic phase composition dygy (A) hkl Space group a, Ay
MO /H,0 (61:39 wt.%) 68.8 110
56.4 111
48.7 200
39.9 211 Pn3m 97.0+0.9
34.6 220
325 221, 300
MO /D,0 (60.9:39.1 wt.%) 68.9 110
555 111
47.9 200
39.5 211 Pn3m 97.6 £2.2
34.2 220
32.1 221, 300
MO /H,0 /cAMP (57.3:39.5:3.2 wt.%) 72.7 110
58.8 111
50.9 200
41.9 211 Pn3m 101.7+ 1.8
36.4 220
34.6 221, 300
MO /D,0/cAMP (58.4:38.8:2.8 wt.%) 70.1 110
57.6 111
50.3 200
40.4 211 Pn3m 98.6 +2.4
35.4 220
335 221, 300
MO /H,0 /dbcAMP (58.4:38.4:3.2 wt.%) 64.1 211
575 220
435 321
40.4 400 la3d 160.5 + 1.1
36.2 420
34.4 332
MO /D,0 /dbcAMP (56.8:40.0:3.2 wt.%) 65.5 211
57.1 220
42.8 321 la3d 161.1 + 1.8
40.0 400
35.7 420
34.5 332

*Values are given +S.E. of the best linear fit (+ > 0.9980) of the experimental points to the equation dy, = a,/(h* + k* +12)!/2,
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Fig. 3. Plot of dy, vs. (h* +k?+12)"1/2 of the reflections
obtained for the dbcAMP-containing samples (cubic phases of
space group la3d), and for the reference and cAMP-contain-
ing systems (cubic phases of space group Pn3m). The sample
compositions and calculated lattice constants are presented in
Table 1.

h, k and 1 are the Miller indices. For the correct
choice of space group, this plot gives a straight
line passing through the origin and having a slope
of the unit cell axis (a,).

For the pseudobinary and cAMP-containing
pseudoternary phases, six separate reflections are
observed, which could be indexed according to
the primitive cubic lattice of space group Pn3m.
The fit of the cubic lattice relationship, given
above in the experimental results of the MO
sample containing 39 wt.% of H,O (Fig. 3), re-
sulted in an a, value of 97.0 + 0.9 A (value + S.E.
of the linear ﬁt correlation coefficient = 0.9998),
which is only slightly decreased when compared
to the pure 1-monooleoylglycerol /water system
[7,8]. Although D,0O and cAMP leave the diffrac-
tion pattern of the Pn3m cubic phase practically
unaltered, the pseudoternary sample containing
the highest amounts of H,O (39.5 wt.%) and
cAMP (3.2 wt.%) is characterized by slightly in-

creased a, (approx. 102 A). However, since this
lattice parameter is obtained from a single sample
measurement, the increased swelling of the
MO/H,0/cAMP phase should be considered
with some caution.

As distinct from the cAMP-containing cubic
phases, for the pseudoternary systems with en-
trapped dbcAMP, six Bragg reflections could be
assigned to the body-centered cubic lattice of
space group la3d. The d,, vs. (h* +k*+1?)"1/2
plots shown in Fig. 3 give the a, values of approx-
imately 160 A for the H,O- and D,O-containing
systems. This result is quite surprising since, using
the same commercial preparation of MO, we
have demonstrated that a lattice parameter of
approximately 140 A is reached at the maximum
swelling (< 34 wt.% water) of the pseudobinary
Ia3d phase [9].

Thus, our SAXD data indicate that the entrap-
ment of approximately 3 wt.% dbcAMP into the
Pn3m phase of MO leads to the intercubic Pn3m
— la3d transition. This experimental fact de-
serves more detailed consideration, and we will
do that by analyzing the local geometrical
parameters of a MO pseudomolecule (an am-
phiphilic molecule with the average geometrical
parameters of the molecular MO mix) in the
phases under discussion.

It has been demonstrated by Israelachvili et al.
[23] that the lipid geometry in the self-assembled
structures is most conveniently characterized by
the dimensionless lipid shape parameter V/(Al),
which relates the molecular volume (V) to the
lipid head-group area (A) and lipid length (/;
normal to the interface). For the reversed
liquid—crystalline phases, the shape parameter ex-
ceeds unity, and it generally varies between 1.05
and 1.5 for the cubic phases [23,24]. However, to
express the shape parameter in terms of a, or
phase composition, the geometrical and topologi-
cal features of the reversed bicontinuous cubic
phases must be taken into account.

As mentioned in the introduction, it is believed
that the ‘gyroid’- (G) and ‘diamond’-type (D) in-
finite periodic minimal surfaces (IPMS) (Fig. 2)
afford structural models of the la3d and Pn3m
cubic phases of aqueous MO, respectively. These
two IPMS can be distinguished by their topology,
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which characterizes the connectivity of the chan-
nel network of the bicontinuous morphology. The
topology of the bilayer, conventionally parameter-
ized by the Euler—Poincaré characteristic (x) per
unit cell of the underlying IPMS, is linked to the
surface-averaged Gaussian curvature [(K)] of
IPMS by the following equation:

<K>AUC=2qTX7 (1)

where A4, is the IPMS area per unit cell. The
value of x has been calculated by a number of
authors and equals —8 for the G- and —2 for the
D-type IPMS.

For the present purposes, one more global
parameter of the IPMS form is important. This is
a dimensionless constant, known as the ‘homo-
geneity index’ (H ), which links A, x and a,:

H= (Auc)3/2/[(—27rx)'/2af,]. )

The value of H also depends on the IPMS and is
0.7665 and 0.7498 for the G- and D-type minimal
surfaces, respectively.

Let us assume that the head-groups of MO
pseudomolecules lie on the plane which is moved
away from the underlying IPMS by a constant
distance /, i.e. a polar /apolar interface is parallel
to the IPMS. In such a situation, according to
differential geometry, the surface-averaged
head-group area of the pseudomolecule ({A4)) is
given by Eq. (3):

(A) ={A,)A+{(K)I?), (3

where (A,) is the surface-averaged area per
pseudomolecule at the mid-surface of bilayer.
Further, the parallel surface model gives the aver-
aged volume of MO pseudomolecule [{V)]:

Vy=C(ANI1+ (K)I?/3)]. 4)
A combination of Egs. (1)-(4) enables one to

express the surface-averaged shape parameter by
the following equation:

WY /KA) =1+ Quxi?/30a2)] /

[1+(21’rxl2/(m§)], (%)

where o =(—2wxH?)"?3.

On the other hand, the same model of parallel
surfaces gives the relation between the volume
fraction of bilayer (®,) and shape parameter (for
convenience, (V) /{A)l is denoted by s in the
equation) [24]:

®, =4x37H5[(s - 1D/Gs -] (©®

Thus, once the value of / is chosen or known,
Egs. (5) and (6) provide a means of estimating
(V> /{A)Il and, thence, @, using the experimen-
tal parameter a,. Based on our earlier investiga-
tion of the swelling behavior of MO cubic phases
(the same commercial preparation of MO has
been studied over the H,O content interval of
13-40 wt.%) [9], we operformed these calculations
by setting /= 17.2 A. Fig. 4 presents the results
together with the theoretical curves [Eq. (6)] for
the bicontinuous mesophases of la3d and Pn3m
symmetries.

Although the errors in the estimated values of
(V) /{ Al [determined by the SE values of a, in
Eq. (5)] and ®, [determined by the consecutive
application of Egs. (5) and (6)] are rather high
(particularly for the MO/D,0 and cAMP-con-
taining systems), some useful conclusions can be
drawn from Fig. 4.

First, for the Pn3m cubic phases, a simultane-
ous decrease in the shape and composition
parameters according to the order MO/H,O
>MO,/D,0 >MO0/D,0/cAMP >MO/H,0/
cAMP reflects surprisingly well a decrease in the
MO content in these samples (Table 1). In other
words, this result is consistent with the conventio-
nal viewpoint that the swelling with water of the
reversed bicontinuous cubic phases necessarily
means a reduction in the wedge-shape of lipid
molecules.

Second, since it is well known that the Pn3m
phase of 1-monooleoylglycerol [6-8] and MO
preparation [9] transforms to the la3d phase with
increasing @, (decreasing hydration), our SAXD
data (Table 1) and Fig. 4 reveal that dbcAMP
stabilizes the la3d phase at unusually low values
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Fig. 4. Plot of ‘volume fraction of bilayer’ (®, ) vs. ‘molecular
shape parameter’ [(V') /({A)]) or s] of the data points calcu-
lated [Egs. (5) and (6)] for the dbcAMP-containing samples
(filled circles), and for the reference and cAMP-containing
systems (filled squares), together with the completely theoreti-
cal [Eq. (6)] curves for the Ia3d (full curve) and Pn3m
(long-dashed curve) cubic structures. The lattice constants
+S.E., used in the calculations of the data points and their
errors, as well as sample compositions are presented in Table
1. Inset schematically illustrates the relation between the
molecular shape and shape parameter.

of ®, and (V')/{ A4l In contrast, more polar
nucleotide, cAMP, does not exhibit this property.
Therefore, it might be speculated that the effect
is determined by some type of interaction between
the MO bilayer and dbcAMP.

Here, we recall that the above analysis is based
on the assumption that the polar/apolar inter-
face is parallel to the underlying IPMS. The alter-
native is to represent the interface as a surface of
constant mean curvature. However, the visualiza-
tion and mathematics of the latter model become
somewhat more complicated (see, e.g. Anderson
et al. [25] and Grosse-Brauckmann [26]). There-
fore, considering the main objective of the pre-
sent work, we will not pursue the theoretical
modeling of our systems. Rather, to check the
validity of the above hypothesis, we extended the

investigation of the cAMP- and dbcAMP-contain-
ing systems through the use of Raman spectros-
copy. It is well-known that this technique provides
valuable information on the molecular interac-
tions and dynamics.

3.2. Interactions of cAMP and dbcAMP with MO
bilayer as monitored by Raman spectroscopy

Using vibrational spectroscopy, the substance—
lipid interactions are generally analyzed by de-
termining the way in which each component in-
fluences the vibrational modes of the other. In
this part of the paper, we will deal with the
Raman scattering characteristics of cAMP and
dbcAMP first.

3.2.1. Vibrational modes of cAMP and its dibutyryl
analogue

Fig. 5a and Fig. 6a present Raman spectra of
the MO/H,0/cAMP and MO/H,0/dbcAMP
cubic phases over the wavenumber range of
600—1800 cm ™. As could be expected under these
sample compositions, only a few bands in the
spectra of the pseudoternary phases can be asso-
ciated with the cyclic nucleotides. Thus, when
compared to the Raman features of the Pn3m
cubic phase of aqueous MO (Fig. 5b), the spec-
trum of the cAMP-containing sample (Fig. 5a)
exhibits two additional bands of low intensity at
approximately 1338 (shoulder) and 1580 cm™!.
Similarly, for the dbcAMP-containing phase, only
three features at 1168, 1356 and 1587 cm™' can
be assigned to the vibrational modes of dbcAMP
(see Fig. 6a,b).

As opposed to the observed spectra of the
pseudoternary phases, the digital difference spec-
tra (spectrum of the pseudoternary sample minus
spectrum of the reference pseudobinary system,
satisfying a criterion of zero intensity of the 1656-
cm ™! MO peak) shown by traces (a)—(b) in Figs. 5
and 6 reveal a number of peaks, most of which
agree closely with the spectral features of cAMP
and dbcAMP in H,O (Fig. 5¢ and Fig. 6¢, respec-
tively). Here, attention must be drawn to the fact
that reference spectra (b) in the figures pertain to
the same pseudobinary cubic phase of Pn3m
symmetry, whereas, as shown above, the db-
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cAMP-containing phase is characterized by the
space group symmetry la3d. However, trace (d) in
Fig. 6, which is achieved by subtracting reference
spectrum (b) from the spectrum (not shown) of
the MO/H,0O sample containing 26 wt.% H,O
(the Ia3d cubic phase is formed at this composi-
tion [9]), clearly demonstrates that spectrum
(a)—(b) in Fig. 6 represents predominantly fea-
tures of the entrapped dbcAMP. Given this re-
sult, we now may pursue a comparison analysis of
the corresponding traces (a)—(b) and (¢) in more
detail. For this purpose, Table 2 summarizes the
band frequencies and assignments for the cyclic
nucleotides in H,O and D,O over the wavenum-
ber range of 600-3050 cm™~'. However, since the
spectral region 1800-3050 cm ™' did not reveal
any reliable differences in the Raman features of

2
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Fig. 5. Raman spectra of: (a) the cubic MO/H,0/cAMP
phase of 57.3:39.5:3.2 wt.% composition; (b) the cubic
MO /H, 0 phase of 61:39 wt.% composition; and (c) the 0.6 M
cAMP solution in H,O. Excitation, 514.5 nm. Integration
time, 4 s. Three scans were co-added for one spectrum. The
digital difference spectrum (a)—(b) is also shown (spectrum of
the cAMP-containing cubic phase minus spectrum of the
cubic MO /H, 0O phase, satisfying a criterion of zero intensity
of the 1656-cm™! MO peak).
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Fig. 6. Raman spectra of: (a) the cubic MO /H,0 /dbcAMP
phase of 58.4:38.4:3.2 wt.% composition; (b) the cubic
MO /H, 0 phase of 61:39 wt.% composition; and (c) the 0.3 M
dbcAMP solution in H,O. Excitation, 514.5 nm. Integration
time, 4 s. Three scans were co-added for one spectrum (a) or
(b), whereas four scans were co-added for one spectrum (c).
Digital difference spectrum (a)—(b) is also shown (spectrum of
the dbcAMP-containing cubic phase minus spectrum of the
cubic MO /H,0 phase, satisfying a criterion of zero intensity
of the 1656-cm™! MO peak). Trace (d) demonstrates the
digital difference spectrum, achieved by subtracting spectrum
(b) from the spectrum (not shown) of the Ia3d cubic MO /H,0
phase of 74:26 wt.% composition.

the entrapped and solubilized nucleotides, this
frequency range was omitted from the following
discussion.

When assigning vibrational modes, we refereed
extensively to the earlier investigations of differ-
ent nucleotides and their models [27-37]. Thus, it
is well known that vibrations in adenine nu-
cleotides are extensively coupled because of the
lack of symmetry and large ring system consisting
of the fused cycles of six-membered pyrimidine
(Pyr) and five-membered imidazole (Im) (see Fig.
1). Nevertheless, the investigations performed
with N-, 3C-, and D-labeled adenine rings, cou-
pled with normal coordinate analysis have led to
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Table 2
Raman peak-frequencies (cm~!) and vibration assignments of the cAMP and dbcAMP solutions in H,O and D,0
cAMP* dbcAMP* Assignment”
H,0 D,0 H,0 D,0
3007 w 3009 sh 3009 sh v(C-H) ring
2956 w, sh 2963 ? v(C-H)
2944 m 2944 m v(C-H)
2910 m 2911 m 2913 m 2914 m v(C-H)
2880 m 2881 m v(C-H)
1710 m 1693 m w(C=0)
1621 vw 1622 w, sh Pyr + 3(NH,)
1580 s 1578 s 1590 s 1590 s Pyr
1509 s 1518 m 1493 s, br 1507 s Im
1482 s 1483 s 1493 s, br 1478 s Pyr + Im
1460 m 1465 sh 3(CH,)
1425 vw 1427 vw 1416 vw 1423 sh Im
1376 s 1380 m 1391s Pyr + Im
1339 vs 1342 vs 1359 vs 1345 vs Pyr
1305 s 1305 vs 1294 vs 1284 vs Pyr and /or Pyr + Im
1248 w 1247 w, sh 1262 sh 1220 w, sh 1,,(PO,7); Pyr + Im
1175 vw 1183s 1166 s 1174 s Im + v(N9-C1")
1088 s 1090 s 1093 s 1092 s v(PO, ")
1011 m 1043 w 1050 w, sh 1043 w v(C-0; C-O) ribose; Pyr + Im
952 w 967 w 961 vw v(C-0) ribose
863 m 862s 902 m 903 m Im
769 w 772 m 767 vw 771w v (PO%)
726 vs 718 vs 7257 Pyr + Im
664 w 664 m 645 m 655 vw Ribose—phosphate moiety

“Abbreviations: v, stretching; 3, deformation; s, strong; vs, very strong; w, weak; vw, very weak; m, middle; sh, shoulder; br, broad;
Pyr, vibration of pyrimidine ring; Im, vibration of imidazole ring; O*, ester oxygen atom.

hAssignments are based on refs. [27-37].

the assignment of certain vibrations concentrated
on the motions of particular molecular group or
one of the rings. Moreover, it has been demon-
strated that a number of those modes are useful
for the identification of the intermolecular inter-
action sites. For example, as in the case of other
adenine-containing substances [29,31,36], the band
for aqueous cAMP at 1509 cm ™! (see Fig. 5¢ and
Table 2) is associated with the motion of Im ring
and serves as a marker band of the N7-site. As
shown in Table 2, for cAMP in D,0, the N7-site
mode undergoes the frequency upshift by 9 cm .
The corresponding bands for dbcAMP in H,O
and D,0O are observed at approximately 1493 and
1507 cm~! (Fig. 6¢c and Table 2). However, as
evident from Fig. 5, the entrapment of cAMP in
the cubic phase of MO leaves the characteristics

of this marker mode practically unaltered, and
the same is true for the majority of the cAMP
ring modes, with one exception. In the cAMP-
containing phase, the ‘Pyr and/or Pyr + Im’ vi-
bration band is upshifted by 5 cm~! and appears
at 1310 cm ™! (Fig. 5). At this point, we note the
first difference in the effects of entrapment of
these two cyclic nucleotides in the cubic phases.
Thus, as opposed to the ring modes of cAMP, the
1294-, 1359- and 1590-cm ™' ring features in the
aqueous dbcAMP (Fig. 6¢) undergo a significant
downward shift by 7, 3 and 3 cm™!, respectively,
upon the incorporation of this cCAMP analogue in
the MO phase. Interestingly, the above-men-
tioned modes for dbcAMP are basically due to
the Pyr ring (Table 2).

Another important difference between the ef-
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fects of phase matrix on the Raman features of
cAMP and dbcAMP comes from the analysis of
the phosphate group modes.

It is well known that the presence of two pairs
of non-equivalent oxygen atoms in the phosphate
group, ester oxygen atoms (denoted as O*; see
Fig. 1) and anionic oxygen atoms (denoted as
O7), results in the appearance of two sets of
stretching vibrations: (i) the symmetric v, (PO%)
and asymmetric v,(PO%) stretching motions at
approximately 750 and 820 cm™!; and (ii) the
corresponding v,(PO;) and v, (PO;) vibrations
at approximately 1090 and 1220 cm ™! [30,32-35].
However, the v, bands always exhibit consider-
ably higher Raman intensity compared to the v,
features [32,35]. Besides, the positions of the
v (PO%) and v, (PO%) modes are indicators of the
conformations in the C-O*-P-O*-C segment
[34], whereas the peak-frequencies of the PO;
stretching vibrations are sensitive to the interac-
tions of this group with water molecules [30,34].
Thus, the hydrogen bonding PO™***HOH de-
creases the frequency of both PO; stretching
modes, and yet the effect is more pronounced for
the v, (PO ) mode.

As can be seen from Table 2, the v(PO53)
mode for the cAMP solution in H,O is located at
1088 cm~'. For the dbcAMP solution, this fea-
ture is slightly upshifted and centered at 1093
cm~ !, The bands of low intensity at 769 cm™!
(cAMP/H,0) and 767 cm™' (dbcAMP/H,0)
can be assigned to the v(PO%) mode (Table 2).
At the same time, as one would expect, the v,
vibrations are not clearly defined in the spectra.

Inspection of traces (a)-(b) and (c) in Fig. 5
shows that, in the cAMP-containing cubic phase,
the band arising from the symmetric vibration of
PO; is shifted to the higher frequency region by
approximately 6 cm ™! (4 cm™! in the D,0O-based
phase; data not shown) as compared to the 1088-
cm~! peak of this feature in the aqueous nu-
cleotide solution. Since the symmetric mode is
less sensitive to the degree of hydration than the
asymmetric one [30,34], the shift observed should
be regarded as quite significant. Similarly, com-
parison of traces (a)—(b) and (c) for dbcAMP (Fig.
6) also reveals the upward shift of the v, (PO;)
mode in the cubic phase; however, the effect does

not exceed 3 cm™! (2 cm™! in the D,0-based
cubic phase; data not shown). As noted above, the
v (PO3) band shifts to the lower frequencies as
the hydration of PO, increases. Therefore, the
upward shift of the band can be related to the
decreased hydration or weaker H-bonding of the
PO; group in the MO cubic phase.

We now are in a position to make some pre-
liminary conclusions from the above Raman scat-
tering experiments. First, there are grounds to
believe that, as distinct from the adenine ring of
cAMP, the butyryladenine group of dbcAMP par-
titions, to some extent, into the MO bilayer of the
cubic phase. Secondly, it is conceivable that this
interaction furnishes a higher degree of hydration
or stronger H-bonding of the PO, group of
dbcAMP compared to that of cAMP. Two effects
of the lipidic matrix on the Raman characteristics
of the nucleotides support our conclusions: (i) the
adenine ring modes for cAMP and dbcAMP shift
to the opposite directions; and (ii) the upward
shift of the v(PO,) mode is significantly less
pronounced in the case of dbcAMP. The fol-
lowing section is intended to provide additional
experimental proof of these conclusions.

3.2.2. Raman features of MO pseudomolecule

The characteristic property of the Raman spec-
tra of lipids is that they predominantly contain
bands arising from vibrations of the hydrocarbon
chains. These Raman features can be observed
over a wide range of wavenumbers spanning from
10 to over 3000 cm ™! [27,38,39]. However, as one
might immediately anticipate from the composi-
tion of the pseudoternary phases, there is very
little hope for finding the cAMP- or dbcAMP-in-
duced changes in the spectral characteristics of
MO. Nevertheless, in our opinion, we have suc-
ceeded in revealing one Raman feature of MO,
namely the methylene twisting band, 3,(CH,), at
approximately 1300 cm™!, which undergoes a
modest change in the dbcAMP-containing pseu-
doternary phase.

The effect was established by the analysis of
the observed and digital difference spectra. How-
ever, here, the difference spectra were acquired
by the subtraction of the nucleotide solution
spectrum from the observed spectrum of the cor-
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responding pseudoternary phase. The interactive
subtraction was performed to satisfy the criterion
of zero intensity of the following peaks: 718-cm ™!
for cAMP in D,O; 726-cm™~! for cAMP in H,0;
and 1590-cm ™! for dbcAMP.

Table 3 presents the peak-frequencies and
full-widths at half-height (FWHH) of the 8,(CH,)
mode, which are obtained upon the deconvolu-
tion of the reference (pseudobinary samples) and
difference spectra. It is quite evident from the
data in Table 3 that the position of the peak is
practically independent of the cubic phase com-
position, but the FWHH parameter somewhat
increases in the dbcAMP-containing phases. Ac-
cording to the investigations by Larsson and Rand
[40], the formation of gauche conformers in the
hydrocarbon chain of lipids causes broadening of
the methylene twisting band. This interpretation
is supported by our earlier Raman studies of MO
[41]. Thus, we have demonstrated that the FWHH
value increases in conformity of the order: solid
MO < Pn3m MO /H,O phase < melted MO (the
FWHH values are not provided, since the compo-
sition of MO preparation used in the present
study is different).

Considering the above results, we could con-
clude that the presence of dbcAMP in the cubic
phase increases the conformational disorder along
the acyl chain of MO. However, although this
conclusion is consistent at first glance with the
above hypothesis that dbcAMP partitions into the

Table 3

Raman peak-frequencies and full-widths at half-height
(FWHH) of the MO methylene twisting, §,(CH,), band in the
cubic phases

Cubic phase sample 3(CH,) FWHH

(ecm™ )" (em™ "

MO /H,0 (61:39 wt.%) 1302 275
MO /H,0 /cAMP (57.3:39.5:3.2 wt.%) 1302 27.9
MO /H,0/dbcAMP (58.4:38.4:3.2 wt.%) 1302 30.9
MO /D, 0 (60.9:39.1 wt.%) 1303 29.9
MO/D,0/cAMP (58.4:38.8:2.8 wt.%) 1304 30.4
MO /D,0 /dbcAMP (56.8:40.0:3.2 wt.%) 1302 33.4

*Uncertainty in peak frequencies is not higher than +1

cm™ L.

bUncertainty in FWHH is not higher than +1.5 cm™!.

MO bilayer, we must treat the observed effect
with some caution. Thus, it is well known that,
when compared to the §,(CH,) mode, the C-H
stretching vibrations (2800-3000 cm™~!) are more
sensitive to the conformational state and mobility
of the hydrocarbon chains of lipids [40-42]. How-
ever, we found no reliable differences in the
Raman features of the reference and difference
spectra over the wavenumber range from 2800 to
3100 cm ™!,

4. Conclusions

Based on the small-angle X-ray diffraction and
Raman scattering studies of the cAMP- and db-
cAMP-containing bicontinuous cubic phases of
aqueous MO, we found that, as opposed to cAMP,
dbcAMP is capable of partitioning into the MO
bilayer. In the SAXD experiments, the interaction
of dbcAMP with MO bilayer was reflected by the
nucleotide-induced intercubic Pn3m — Ia3d tran-
sition. Different effects of the cubic phase matrix
on the Raman shifts of the adenine and phos-
phate vibration modes provided additional proof
of the partitioning of dbcAMP into the MO bi-
layer. Moreover, the Raman scattering measure-
ments suggested that this cCAMP analogue inserts
into the bilayer through the butyryladenine group,
to say the least. However, since the flat shape and
aromaticity of dbcAMP’s adenine should limit
deeper insertion into the hydrophobic interior of
bilayer [for more thorough analysis and discussion
of this general problem, see, e.g. Uau et al. [43]
and White and Wimley [44]], the interaction posi-
tions dbcAMP preferentially at the polar/apolar
interface. Because of such interfacial localization,
the degree of hydration or the H-bonding capac-
ity of the dbcAMP’s phosphate group decreases
only slightly, whereas the effect is more
pronounced for the phosphate group of the en-
trapped cAMP. Although we do not have an
adequate explanation for the latter result, it also
demonstrates a different environment of these
cyclic nucleotides in the cubic phases of MO.
Clearly, to gain a better insight into the molecular
and supramolecular features of the MO/
H,0/cAMP and MO/H,0/dbcAMP systems,
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the determination of the phase diagrams is re-
quired. Experiments along these lines are in
progress. On the other hand, the bicontinuous
cubic phases containing zwitter-ionic phospho-
lipids should be applied for revealing possible
effects of the electrostatic interaction between
phospholipid and cAMP on the physicochemical
properties of bilayer.
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