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This current communication gives the results of a novel computational molecular method of selecting, from
a vast number of possible conformations, the dominant low-energy states of a large molecule by dividing it
into separately analyzable structwhgctivity fragments. Carvedilol is a cardiovascular drug of proven efficacy

with multiple molecular targets: it acts as a nonselectBradrenoceptor A1 and 3;) and selective
oz-adrenoceptor antagonist, an antioxidant able to reduce reactive oxygen species (ROS)-mediated oxidative
stress, a beneficial modulator of cardiac electrophysiological propertiesatid C&" ion channels), a
multifaceted cardioprotector, and novel antifibrillar agent able to inhibit amyloid-be#a f{Bril formation.

Given carvedilol's varied pharmacodynamic profiles, and the fact that a thorough analysis of its potential
energy hypersurface (PEHS) has not yet been performed, an original molecular fragmentation method was
developed to reveal carvedilol's low-energy states, to divulge their relevance to its biological activity.
Multidimensional conformational analysis (MDCA) leads to a total of 177 14§ ¢8nformational possibilities,
whereas fragmentation studies predict 240 gas-phase conformations. Structural predictions were tested on
protonatedR-carvedilol with gas-phase molecular orbital (MO) computations of PEHS minima at the restricted
Hartree-Fock (RHF) (RHF/3-21G) level of theory, using the Gaussian 98 software program. Computation
of the 240 predicted (input) carvedilol conformations revealed 121 converged (i.e., fully optimized) structures,
of which nine possessed a conformer relative energydkcal/mol. Seven of these nine conformers possess

a unique “tetra-centric” (four-centered) spiro-type structure that is composed of two rings (six- and eight-
membered) enclosed by two-@H—N hydrogen bonds (H-bonds) that are connected via the protonated N
atom in the side chain of carvedilol; this conformation is largely determined by the carbazole-containing
pharmacophore (Fragment A) of carvedilol. In regard to the utility of the rational molecular fragmentation
method used to predict and optimize the carvedilol structures, it is determined that 8 of the 11 torsional
angles were accurately predicted (72.7%), according to torsional angle conformation distribution. The strength
of this fragmentation method relies on full MDCA optimization of the individual fragments, which are then
used to predict the carvedilol conformations. As such, the predicted inputs possess an inherent degree of
energy minimization and, thus, are able to provide a better hypothesis of relevant sections of the carvedilol
surface versus a random sampling of the PEHS. The elucidation of carvedilol's conformational identity greatly
aids the full molecular understanding of carvedilol’'s adrenoceptor binding structure and carvedilol's
involvement, at the molecular level, in ameliorating pathological states such as oxidative stress and Alzheimer’s
disease.

1. Introduction and reduction in cardiac work from balanced nonselective
pB-receptor blockagefg and ) and selectiveoy-receptor
blockage! 2 In regard to cardioprotection, carvedilol exerts anti-
éoroliferative/anti-atherogenic, anti-hypertrophic, anti-ischemic,
and anti-arrhythmic actions by means of antioxidant effects, the
improvement of glucose and lipid metabolism, the modulation

Carvedilol, 1-(9H-carbazol-4-yloxy)-3-[2-(2-methoxy-phe-
noxy)ethylamino]-2-propanol (&H26N20,), is a cardiovascular
drug that possesses multiple modes of action and is used in th
treatment of hypertension, ischemic heart disease (IHD), and
congestive heart failure (CHEY. The major molecular targets

of carvedilol include antagonist action at, i, and f» of neurohormonal factors (e.g., nitric oxides), and beneficial
membrane adrenoceptors; reduction of reactive oxygen specieS@rdiac electrophysiological properties (reviewed in ref 1).
(ROS); and modulation of Kand C&" ion channels.Carvedilol Another cardioprotective effect of carvedilol resides in its

provides hemodynamic benefits such as peripheral vasodilationability to protect mitochondria from oxidative stress by uncou-
pling oxidative phosphorylation via a weak protonophoretic
* Author to whom correspondence should be addressed. E-mail ad- (proton transfer) mechanism that involves the amino grot@ (p

drefj;isglg?fi%?(‘?;‘?gﬁifape'com' = 7.9) of its side chaif.It has been proposed that carvedilol's
1 Institute gf Pharmaceutical Chemistry. amino group decrease_s the mitoch_ondri_al electric pote_ntial by
8 Department of Medicinal Chemistry. the following mechanism: carvedilol binds a proton in the
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cytosolic leaflet of the inner mitochondrial membrane (low pH

mitochondrial intermembrane space), crosses the mitochondrial

membrane in the positive protonated form (driven by its high
lipid solubility and mitochondria pH gradient), releases the
proton in the higher pH mitochondrial matrix, and then returns

to the intermembrane space in the neutral deprotonated form;

the process can then begin agaifihis phenomenon, which is
known as “mild uncoupling”, occurs when a small decrease in
mitochondrial electric potential induces a significant reduction
in the ROS produced by the mitochondrial respiratory chafn.

It has been shown that carvedilol and its active hydroxylated
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analogues act as novel antifibrillar agents that are able to inhibit y, = c23, 01, c2, €3
amyloid-beta (48) fibril formation.” According to the amyloid
cascade hypothesis of Alzheimer’s disease (AD), the accumula-
tion of AB in extracellular senile plaques (SPs) in brain tissue 3 =C25,24,C23,01
drives AD pathogenesfsThe culprits of these processes are x4 =N26, C25, C24, C23
A peptides consisting of 42 or 43 amino acids (abbreviated as
Ap1—42), which are prone to aggregation, oligomerization, and
deposition in diffuse plaques and cause progressive synaptic X6 = €28, €27, N26, C25

and neuritic injury®~19 Recently, it has been shown thaffA Figure 1. Molecular structure and pharmacophore structiaetivity
alorers (dimers,imers, o ighr oligomers). ntheabsencs & (LPeneten sl ol sl gl Lefions el
of monomers and amy!OId fibrils, are the_ main Neurotoxic. 4o gjonal anglegfoR-carvedﬁol in the z-matrix input for Gaussian
component of ADY"** Given the aforementioned discussion, gg)

as an antifibrillar agent, carvedilol may have uses in the

prevention or slowing of AD pathology. The effectiveness of L o

carvedilol's inhibition of A fibril formation is due to three X % | H

factors: (1) a central basic amino pharmacophore, (2) two cyclic R G
hydrophobic ring centroids, and (3) the molecular flexibility to O O

adopt a specific three-dimensional pharmacophore conforma-

tion.” Although these three factors are recognized, it is currently H

not known if carvedilol binds to & monomers, dimers, or other Fragment A

oligomer¢g or what type of interaction occurs between carvedilol

x7 =029, C28, C27, N26
x5 = C30, 029, C28, C27
%o = C31, C30, 029, C28
x10 = H42, 041, C24, C23
x11 = C37, 036, C35, C30
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and the A8 peptide(s). ng /..
Given the multifaceted nature of carvedilol, it is necessary . W& CHs
to reveal its complete molecular identity and conformational T W s %7
Fragment B

profile as a means to fully divulge the structural properties of
its adrenoceptor binding conformation and further clarify its Figure 2. Carvedilol was divided into three molecular fragments based

function in hemodynamic and cardioprotective mechanisms. N Eharrlngé:ophore St&‘;ﬁg";?;ﬂv”g;;‘ ?ncésl4-(2-h_ydrc);xypropox?-I

[ Al : s carpbazo ragment Y an -1-(ethylamonium)propane-2-o
Similarly, to expound on Carveqnol_s role in antlox_ldan_t (Fragment B).®* and aminoethoxy-2-methoxy-benzene (FragmerfC).
pathways, the uncoupling of oxidative phosphorylation in

i . ; g . | X The results oR-Fragment AS-Fragment B, and Fragment C (cf. Table
mitochondria, and with & peptide(s) in AD, its conformational 1) were used in this study to predict a comprehensive list of possible
identity is required, because conformation is a fundamental low-energy conformations for N-protonated carvediRigonfiguration)
component of all of these processes. However, given carvedilol's (cf. Table S1). Predicted conformations were then subject to geometry
11 associated torsional angles and 177 14% (dnformational ~ ©ptimization at the RHF/3-21G level of theory (cf. Table S2).

possibilities (each torsional angle can assume gauchegt)s (

anti (@), or gauche minusg-) orientations), this task is  nat are expected to dominate a gas-phase sample. Furthermore,
exceptionally extensive (cf. Figure 1). To remedy this problem, ,qq6 resuits highlight a novel computational approach, entitled

we previously developed.a .method to fragment the three rational molecular fragmentation, that allows selection, from a
pharmacophores of carvedilol into three independent strueture . . .
vast number of possible conformations, the dominant low-energy

activity molecular fragments (cf. Figure #)This has been done tat f | lecul tem by ind dently i
both as a prelude to the evaluation of the entire drug molecule S'2'€S 0F @ compiex molecular system by independently inves-

and to assess the success of such a methodological approacfli',gatlng pharmacophore fragments.
i.e., rational molecular fragmentation of structueetivity

regions, such as pharmacophores, as a means to study Iarga Methods

complex molecular systems in great detail. )

Earlier, we investigated all three fragments exhaustiVeiy,
analyzed the chiral properties of carveditéland optimized . .
several hydrogen-bond (H-bond) intramolecular attractive forces & SYStématic numbering system has been used for all structures,
(IMAFs) present in the carvedilol molecul@ln this study, the ~ SUCh that corresponding torsional angles in the fragments (A,
development of this methodology is continued through the use B: @nd C) and carvedilol are all defined in the same manner
of previous results from the individual fragments to predict and (cf. torsional angle definitions in Figure 1). Furthermore,
subsequently optimize a comprehensive list of possible carvedilol conformational structural assignments for the conformational
conformations, based on low-energy fragment conformations. minima of a respective potential energy hypersurface (PEHS)
This is performed to determine the conformations of carvedilol are made according to eq 1:

To allow explicit prediction and definition of conformation,
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gauche plusg+) = 602 (ideal) % 60° (1a) TABLE 1: Selected Optimized Fragment A, B, and C
Conformers Used to Predict Low-Energy Carvedilol
anti @) = 180~ (ideal)+ 60° (1b) Conformations in This Study?
gauche minusg—) = —60.° (ideal)+ 60° (1c) Fragment AR-Configuration, B3LYP/6-31G(d) Results

Carvedilol is composed of three distinct pharmacophores (cf. ;onverged ;c:rsmnal Anzlae Conform;:on re'(it(':\;‘lﬂ/ r;eqfcl)(lf)rgy
Figures 1 and 2) and was thus divided into three molecular
fragments, which were studied via multidimensional confor- : g a g g'gg
mational analysis (MDCA):R- and S-4-(2-hydroxypropoxy)- a g g g+ 1.47
carbazol (Fragment A) compounds possess the carbazole ring g a a ot 1.58
responsible for the direct antioxidant effects of carveditéf, ! _
2(R and S)-1-(ethylamonium)propane-2-ol (Fragment B) con- Fragment B Configuration, RHF/3-21G Results
tains the protonophoretic amino group involved in the cardio- Converged Torsional Angle Conformation  reative energy
protective uncoupling of mitochondrial oxidative phosphoryla- 24 «s %6 %10 (kcal/mol)
tion,'®> and aminoethoxy-2-methoxy-benzene (Fragment C) is a a a g+ 0.00
the a;-adrenergic antagonist pharmacophore of carveHilthe a g+ a g+ 0.36
chiral parameters and interactions of Fragment A and carvedilol  a a g g+ 0.63
have also been describ&d. gt a a gt 0.66

The major H-bond IMAF of carvedilol has been shown to Z g+ g_t gi i%g
be an O1:-H42—041:--H57 hydrogen bond motif initially g+ a g+ g+ 1.28
found in Fragments A and B, along with a bifurcated intramo- g+ a g g+ 1.83
lecular H-bond (029-H46:--:0O36, where H46 is an amine . .
hydrogen) origina(llly found in Fragment C (cf. ref 18 for specific Fragment C, No Point Chirality, RHF/3-21G results
structural information). Although some IMAFs of carvedilol Converged Torsional Angle Conformation  rejative energy
have been evaluatéf this latter study addressed only a few x7 xs Xo x11 (kcal/mol)
conformations of carvedilol, whereas the current study analyzes g+ g+ gt g— 0.00
a novel comprehensive list of possible carvedilol conformers g- g- g- g+ 0.00
not previously found in the literature. This comprehensive list gt a 9- a 0.34
is based on the MDCA results from the individual fragments 9~ a gt ol g'gg
as an attempt to arrive at the set of carvedilol's low-energy gas- g_ g T g T g_ 103

phase conformations.
. . a
To ensure that all fragments correspond stereochemically with _ * Data for Fragment A were taken from ref 17, data for Fragment

. : . L B were taken from ref 15, and data for Fragment C were taken from
each other (i.e., torsional angfe, has the same orientation in ref 16. All individual fragment structures with a conformer relative

all structures), only the B3LYP/6-31G(d) results of tRe energy of<2.00 kcal/mol were deemed low-energy conformers and
configuration Fragment A PEHS (from ref 17), RHF/3-21G incorporated to generate the carvedilol conformations found in Table
results of theS-configuration Fragment B PEHS (from ref 15),  S1 of the Supporting Information (cf. Section 2, Methods).

and RHF/3-21G results of the Fragment C PEHS (from ref 16)

were used (cf. Figure 2). The selection criteria that has been R-configuration carvedilol with torsional angjeo in the g+
applied utilizes all fragment geometries with a conformer relative andg— position are displayed in eqs 3 and 4, respectively. Thus,
energy of<2.00 kcal/mol from the individual PEHSs (cf. Table the total predicted number of unique carvedilol conformations
1) as an attempt to predict only significantly populated, low- based on the Fragment A, B, and C low-energy conformers in
energy conformers of carvedilol. Continuing, the predictions Table 1 is 240, which can be summed as follows: eg:3<
were made for conformations &carvedilol only (cf. Figure ~ 91) + €04 f10=0-) =192 10=g+) + 48 (20 =9—) =

1). The PEHS conformers of carvedilol can be described by eq 240 (cf. Table S1). Finally, note that the six Fragment C
2: conformations are not unique but rather are axis chiral pairs

(see ref 17 for explanation); however, all were included in this
E =101, %21 X3 Xar X Yoo X2 X Koo Xao X)) (2)  Study for completeness.

The conformations of the low-energy converged fragment (4 Fragment A conformations)

structures found in Table 1 were combined to create a maximum (8 Fragment B conformations)
total of 240 distinct, nonredunda®configuration carvedilol (6 Fragment C conformations)
conformations (cf. Tgble Slinthe Suppor;ing Informqtion; note 192 R-configuration carvedilol unique conformations
that Table S1 also displays the output-optimized torsional angle (All have torsional angle,,in theg+ position) (3)

conformation if a structure successfully converged and may not
be the same as the input conformation). The only incidence of (1 Fragment A conformationy
overlapping, nonsymmetrical torsional angles between the three

fragments was torsional angjgo in Fragments A and B (cf. (8 Fragment B conformations)

Table 1); however, Fragments A and B only differed in their (6 Fragment C conformations,)

¥10 Orientation in one conformation. Consequently, carvedilol 48 R-configuration carvedilol unique conformations
predictions all possessed torsional anglgin the g+ position, (All have torsional anglg,, in theg— position) (4)
except for those combinations involving Fragment A conforma-

tion aag—g— (relative to torsional anglegi, y2, x3, andyio, The conformational predictions fé-configuration carvedilol

respectively), which has resulting conformational predictions in Table S1 were tested with molecular orbital (MO) optimiza-
with torsional angleyso in the both theg+ and g— positions tion of the PEHS conformational minima. Full geometry
(cf. Table S1). The total conformational combinations for optimizations were performed in the gas phase=(0.0) on
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TABLE 2: RHF/3-21G-Optimized Carvedilol Structures Identified as Gas-Phase Low-Energy Conformers Based on a
Conformer Relative Energy of <4.00 kcal/mol (cf. Figures 3 and 4)

structure Torsional Angle (degrees) relative energy
code 21 22 X3 24 x5 X6 %7 28 %9 210 211 energy (hartree) (kcal/mol)

C-R-246 107.18-170.32 —52.20 67.57 88.63-173.38 —49.09 —66.13 —69.97 70.21 83.62—1325.35188899 0.18
C-R-247 101.70—170.50 —51.00 69.07 86.67 98.50-46.98 142.71 110.99 70.87 172.931325.35131606 0.54
C-R-248 96.77 —166.66 —48.97 67.20—165.27 —168.20 67.84—131.67 —81.27 59.94 106.32-1325.34862475 2.23
C-R-249 98.61—-171.08 —49.55 72.36—158.80 —51.98 —43.52 —76.09 —73.32 64.92 104.49-1325.35217719 0.00
C-R-250 93.44—173.16 —48.64 74.73—-169.46 —99.72 47.43—-141.85 —115.34 81.41 178.02-1325.35170537 0.30
C-R-251 94.83-172.31 —46.48 75.22—-176.68 —64.80 —40.31 173.62 11499 78.04 176.411325.34861944 2.23

C-R-258 100.47—171.04 —53.00 65.92 86.99-179.52 —63.40 113.39 72.09 71.84—82.95 —1325.34987568 1.44

C-R-272 91.15-172.13 —49.35 66.29 73.28 4557 4271 76.44 73.33 74:2202.79 —1325.34950697 1.68

C-R273 92.65-173.48 —49.65 73.96 171.88 60.28 41.82175.41 —113.63 71.78—173.95 —1325.34784915 2.72

R-configuration carvedilol at the restricted Hartrdeock (RHF/ e

3-21G) level of theory. All calculations were performed using wl . o

the Gaussian 98 (G98) software program &donfiguration = wf . « ® .

carvedilol was fully structurally defined using the G98 Cartesian £ | ® .

and z-matrix internal coordinate system to specify molecular % w6l . « °

structure, stereochemistry, and geomé¥@raphical data were £l % ° ¢ ® . .

plotted using Axum 5.@° s 2l ° . . . Sl

g 10l % 0 o o« ° L

3. Results and Discussion 5 o t}.. e a e " ...‘3;: '
3.1. Review of Converged Carvedilol ConformationsAll ~§ er Ny .'. . st R L.

240 carvedilol input (i.e., predicted) structures (conformations 4: lowenergy [ ®

C-R-1 to CR-240 found in Table S1) were optimized at the i confonners{ P ¢

RHF/3-21G level of theory. Consequently, this optimization . ‘ . . _

process revealed a total of 121 unique carvedilol conformations 2 70 139 207 27

with a range in relative conformer energy-e23 kcal/mol (cf. Canvedilol Structure Code C-R-x

(x = conformation number)

Table S2 in the Supporting Infc.)rmatlon)' Howeyer, not all of Figure 3. Conformer relative energies for all carvedilol structures
the 121 converged conformations were predicted from the qytimized in the current study. The plot identifies a group of nine low-
fragment analysis; 35 novel conformations were revealed by energy conformations in the bottom right-hand corner bounded by a
optimization (indicated as conformationsRE241 to CR-275 relative conformer energy of4 kcal/mol (cf. Table 2 and Figure 4
in Tables S1 and S2). Thus, there was a convergence of 44%for the respective optimized parameters and structures of these low-
(121/275) for all carvedilol conformers evaluated. The input energy conformers).
and optimized conformations of all carvedilol structures are
found in Table S1, whereas all explicit optimized values and include the following: CR-246 to CR-251, CR-258, CR-272,
energies, as well as tabulations of conformers that moved to and CR-273 (cf. molecular structures in Figure 4 and optimized
different parts of the PEHS and annihilated conformers, are Parameters in Table 2).
displayed in Table S2. Close scrutiny of the low-energy conformations reveals a
As previously discussed in the literatdré1418 and now surprising finding: seven (®-246 to CR-250, CR-258, and
shown for the first time in Table S2, the carvedilol PEHS C-R-272) of the nine conformations possess a distinctive
possesses great and dramatic conformational flexibility. Carvedilol common structural motif. These seven carvedilol structure are
conformations converged at various points on the PEHS and dominated by a “tetra-centric” (i.e., four-centered) conformation
numerous structures were able to move to both nearby and(cf. Figure 5). The tetra-centric conformation is flanked on one
distant conformations from starting input orientations that did side (the “left side” of carvedilol) by the 13-membered aromatic
not converge. Although it was common for groups of structures carbazole ring (center 1), which is connected to a six-membered
with similar conformations to converge (cf. conformersRC-  ring closed via an intramolecular-©@H—N H-bond between
55 to CR-59, CR-1172to C-R-119, and CR-193 to CR-204 the carbazole ether oxygen and a proton of the positive N atom
in Table S2), it was also frequently observed that single of carvedilol (ringa; center 2). The same protonated secondary
conformations converged among portions of the PEHS that wereN atom forms an eight-membered ring (ring b; center 3) through
scarcely populated and filled with large numbers of annihilated another intramolecular @H—N H-bond to the methoxy oxygen
structures (cf. (R-106, CR-156, CR-171, and CR-184 in of carvedilol. The “right side” of the carvedilol conformation
Table S2). is flanked by the disubstituted benzene ring (center 4), which
3.2. Structural Analysis of Carvedilol Low-Energy Con- also forms part of ring. Ringsa andb are formed via short,
formers. To arrive at a set of low-energy conformers for the Strong H-bonds that are, in all case2 A long. Conformations
carvedilol PEHS, all converged conformations were plotted C-R-251 and CR-273 do not form any IMAF with the methoxy
according to their respective relative energy (cf. Figure 3). The 0xygen, 036, and, thus, do not form ribg
plot illustrates the inherent flexibility of the carvedilol molecule The most striking feature of this tetra-centric conformation
as converged conformations are dispersed over a large rangés the necessary protonated secondary nitrogen in the side chain
of relative energies. However, there is a definitive set of nine of carvedilol. This positive nitrogen center is required for the
low-energy conformations in the bottom right-hand corner of concomitant formation of the two essential-@H1—N H-bonds,
Figure 3; these conformations are bounded by a conformerbecause it would not be possible to form these two H-bonds,
relative energy of<4 kcal/mol and are clearly divided from and, subsequently ringa and b, with a bifurcated H-bond
the rest of the converged structures. These nine conformationsinvolving only one amine proton. Moreover, the argument can
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Figure 4. Molecular structures of the nine low-energy protonated carvedilol conformers revealed in the current study. Structures were fully optimized
at the RHF/3-21G level of theory (relative energy for each structure is denoted in brackets; cf. Table 2 for optimized parameters).
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be extended in that an electron-deficient N atom will be 0
optimally stabilized by the formation of ringsandb, because
this will allow better electron induction to the nitrogen center.

As far as we know, such a carvedilol conformation as shown

in Figure 5 has not previously been presented or discussed in /H_N\ -

the literature. In the past, it has been postulated that internal / \ g H™"
hydrogen bonding between the ether carbazole oxygen, amine CH,
center, and catechol O atoms are dominant, but nonspecific, —

IMAFs of carvedilol*#” We have earlier shown that such N o

conformations do exist and the most significant intramolecular
H-bond network is an O1-H42—041:--H57 double H-bond
(left side), along with a bifurcated O29H46---O36 H-bond
(right side)!® Therefore, this communication is the first instance \ /
of a specific carvedilol conformation that contains no such

H-bond network present, because H42 does not hydrogen-bondF. 5 Schemai afi f the “tet ic” conf
ith any other atoms in the tetra-centric structure (cf. Figures IgUre 5. e Fe e o O e e T comorma:
wi y 9 tional motif exhibited by seven (&246 to CR-250, CR-258, and
4 and 5). C-R-272) of the nine carvedilol low-energy conformations (cf. Figure
The torsional angle orientations basic for carvedilol to assume 4). This structural motif consists of a six-membered ring (dhgonded
this tetra-centric conformation are shown in eq 5 (a forward to the terminal carbazole centroid (left side of carvedilol) and an eight-
slash (“/”) indicates “or”). membered ring (rind) bonded to the terminal substituted benzene
(right side of carvedilol); the rings are connected to each other via the
X = g+ (5a) protonated secondary nitrogen of carvedilol. The two intramolecular
rings are formed by means of two (one in each ringy®—N hydrogen
bonds (H-bonds) which, in all cases, are short H-bondg @ in

X=a (5b) distance). For carvedilol to form this structural motif, the following
conformation is requiredy: = g+, y2 =@, y3 = 09—, ya = g+, x5 =
X3 =0~ (5¢) g+, xo = gHalg—, y7 = g+/g—, xs = g+/alg—, yo = g+/g—, y10=
g+, andy11 = gt+/alg—.
Xa=0F (5d)
stereocenter) through a 2.51 A O4H—N H-bond, whereas
¥s=g+/a (5e) oxygen O29 does not partake in any specific IMAF. Conformer
C-R-251 does not possess the tetra-centric motif (it lacks ring
X = g-+lalg— (5f) b) and forms a five-membered ring with a 2.15 A G4H—N
H-bond and an additional five-membered ring via a 2.06 A 029
x7 = g+g— (59) +*H—N H-bond. Carvedilol structure ®-258 forms a five-
membered ring through a 2.49 A 024H—N H-bond and
xg = g+lalg— (5h) besides being described by the tetra-centric motif, its conforma-
tion resembles that of a “clam shell”, where the two flanking
Yo = 0+/g— (5i) aromatic centroids are separated9§.2 A. CR-272 forms a
five-membered ring with a 2.54 A 0O29H—N H-bond. Finally,
Y10=0+ (5i) conformer CR-273 does not display the tetra-centric motif;
instead, it is characterized by the same two five-membered rings
¥11= gHlalg— (5K) displayed by the only other low-energy conformation that does

not have the tetra-centric design E251): a five-membered

Although the carvedilol PEHS is one of large conformational fing with a 2.01 A O41:+H—N H-bond and a five-membered
flexibility, this tetra-centric conformation possess uncanny ing connected by a 2.17 A O29H—N H-bond.
rigidity in that 5 (1, x2, x3, x4 andyio) of the 11 torsional In regard to the two conformers with four internal H-bonds,
angles only assume one orientation. Because all five of theseC-R-248 and CR-250, both possess the tetra-centric structure.
rigid torsional angles belong to Fragment A, it can thus be stated Furthermore, (R-248 possesses a five-membered ring with a
that it is the carbazole-containing pharmacophore that character-2.50 A O4%--H—N H-bond and another five-membered ring
izes this prevalent and extremely stable conformation. by means of a 2.50 A 029H—N H-bond. Conformer GR-
Upon closer investigation of the molecular structures in Figure 250 is similar to the latter structure with a five-membered ring
4, aside from the tetra-centric motif, converged conformations via a 2.32 A 041--H—N H-bond and a five-membered ring
that possess further intramolecular H-bond networks are found,connected by a 2.40 A O29H—N H-bond. All low-energy
albeit these are composed of much longer H-bonds, comparedconformations have double bifurcated H-bonds, although not
to those of enclosed ringsandb. Aside from differences related ~ all are the same, whereas conformer&248 and CR-250
to the tetra-centric conformational motif, the nine low-energy assume an orientation with a triple H-bond bifurcation (the
carvedilol structures can be divided into two groups: those with former and latter are relative to one amine proton).

three internal H-bonds (&246, CR-247, CR-249, CR-251, 3.3. Evaluation of Pharmacophore Fragmentation as a

C-R-258, CR-272, and CR-274) and those with four internal  Method To Predict and Optimize Low-Energy Conforma-

H-bonds (CR-248 and CR-250) (cf. Figure 4). tions of Carvedilol. As discussed previously in the Introduction,
In the case of structures with three H-bondsiRQ46 forms given carvedilol's varied and versatile pharmacological actions

a five-membered ring via a 2.44 A O2H—N H-bond, whereas  and multifaceted pharmacodynamic and therapeutic nature, it
C-R-247 forms a similar five-membered ring with 2 2.35 A 29 is exceptionally relevant to examine carvedilol's complete
-H—N H-bond. The global minima ®249 forms a different molecular identity at the fundamental level of conformation.
five-membered ring with the hydroxyl oxygen (at the carvedilol Elucidation of carvedilol's conformational identity should
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TABLE 3: Summary of the Conformation Distribution for Optimized Low-Energy Carvedilol Conformations (cf. Table 2) and
Optimized Low-Energy Fragment Conformations Used To Make Carvedilol Conformation Predictions (cf. Table 1§

Conformation Distribution of Optimized Carvedilol
Low-Energy Conformers (cf. Table'2)

torsional angle gt+ a g
e 9/9 (100%) (0%) (0%)
X2 (0%) 9/9 (100%) (0%)
23 (0%) (0%) 9/9 (100%)
xa 9/9 (100%) (0%) (0%)
%5 4/9 (44.4%) 5/9 (55.6%) (0%)
X6 3/9 (33.3%) 3/9 (33.3%) 3/9 (33.3%)
X7 4/9 (44.4%) (0%) 5/9 (55.6%)
X8 2/9 (22.2%) 5/9 (55.6%) 2/9 (22.2%)
%o 4/9 (44.4%) (0%) 5/9 (55.6%)
%10 9/9 (100%) (0%) (0%)
211 3/9 (33.3%) 4/9 (44.4%) 2/9 (22.2%)

Conformation Distribution of Initial Optimized
Low-Energy Carvedilol Fragments (cf. Table 1)

fragment gt+ a g

(0%) 3/4 (75%) 1/4 (25%)

A (0%) 3/4 (75%) 1/4 (25%)
(0%) 3/4 (75%) 1/4 (25%)
3/8 (37.5%) 5/8 (62.5%) (0%)

B 2/8 (25%) 6/8 (75%) (0%)
3/8 (37.5%) 3/8 (37.5%) 2/8 (25%)
3/6 (50%) (0%) 3/6 (50%)

C 2/6 (33.3%) 2/6 (33.3%) 2/6 (33.3%)
3/6 (50%) (0%) 3/6 (50%)

A 3/4 (75%) (0%) 1/4 (25%) FA

B 8/8 (100%) (0%) (0%)

C N/A N/A N/A

C 2/6 (33.3%) 2/6 (33.3%) 2/6 (33.3%)

aThe dominant torsional angle conformation for carvedilol and the corresponding fragment conformation is given in bold type, for ease of
comparison. (Legend is as follows: FA, Fragment A; FB, Fragment B; FC, Fragment C; and N/A, not appliéableyard to the nine carvedilol
low-energy converged structures, the conformation distribution is displayed as the number of conformations, with the respective torsional angle
orientation/total number (i.e., nine) of conformations (corresponding percentage is indicated in parerthessgard to the low-energy carvedilol
fragment structures, the conformation distribution is displayed as the number of conformations, with the respective torsional angle totahtation/
number of conformations (corresponding percentage is indicated in parentheses). Note that the total number of conformations is dependent on how
many fragment structures were found to possess a conformer relative enexg@yo6fkcal/mol and, thus, is different for each fragment (Fragment
A has four conformations, Fragment B has eight conformations, and Fragment C has six conformations).

greatly aid further molecular understanding of carvedilol's  Superficially, given that all nine low-energy conformations
adrenoceptor binding conformation and its amelioration in (cf. Table 2) are described by conformational assignments not
pathological states such as oxidative stress (through inhibition predicted by the individual fragment analysis, it would seem
of ROS) and AD (as an antifibrillar agent). Nonetheless, given that such a method was not able to predict the low-energy
the current cost of computer processing power and the fact thatconformations of carvedilol accurately. All low-energy confor-
carvedilol's PEHS possesses an exorbitant number of confor-mations for carvedilol comprise gt orientation for torsional
mational possibilities 3 = 177 147 conformational possibili-  angley;, whereas no Fragment A low-energy structute kcal/
ties), traditional MDCA approaches to solving its PEHS are mol) had this orientation. Instead, Fragment A conformers with
daunting and unfeasible. In reality, the problem of solving y1 = g+ possessed conformer relative energies of 2.26, 5.11,
carvedilol's PEHS is analogous to the difficulties encountered and 6.34 kcal/mol (cf. ref 17). Because the lowest energy of
in deciphering complete conformational profiles for any medi- these conformers was greater than the 2 kcal/mol threshold
um- to large-sized molecular system, such as drug moleculesapplied, it was not included as a low-energy fragment structure
and proteins with large degrees of freedom. and, thus, was not utilized to predict carvedilol conformations.
The current authors have sought to circumvent the problem However, this in itself does not invalidate the accuracy of this
of solving carvedilol's conformations by creating a method in methodology, because a distinct set of low-energy conformers
which carvedilol was divided into three molecular fragments, were ultimately discovered and optimized. Because of this issue,
according to pharmacophore structdeetivity, and each frag- it is necessary to look closer at the predicted conformations
ment was optimized with MDCA (cf. Figures 1 and 2). The generated and the low-energy structures discovered.
results from previous studies were used here to predict possible To compare the predictions and eventual optimized results
conformations of carvedilol based on the idea that, because onlyin depth, the conformation distribution for each torsional angle
low-energy fragment conformations would be used, these would for the optimized results (taken from Table 2) and the initial
ultimately lead to the discovery and optimization of low-energy predicted conformation (taken from Table 1) must be noted (cf.
conformations for the entire carvedilol molecule. After having Table 3). Upon inspection and comparison, we see that the
performed the aforementioned tasks, it is vital to evaluate the conformation distribution of 8x¢, xs, xe, X7, X8 X9 %10, and
success of this novel approach; this evaluation addresses botly;s) of the 11 torsional angles were accurately predicted (72.7%).
the accuracy and overall usefulness (i.e., utility and expediency) Given this assessment, one can deem the accuracy of this method
of this method. as satisfactory. The reason all nine of the low-energy conforma-
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tions were not present in our predictions involved our inability Furthermore, optimization of these nine low-energy conformers
to predict the conformation of torsional angles ys, andya, in the solvent phase, and not merely single-point-energy (SPE)
which were essentially localized in one torsional angle orienta- calculations, will greatly benefit the characterization of the
tion for all low-energy conformations; the latter allows the magnitude of a solvent effect on these carvedilol conformations.
formation of the tetra-centric structural motif. It is postulated With respect to further evaluation of the molecular fragmentation
that the inability to predict these torsional angles results from method used here, experimental analysis of carvedilol confor-
the fact that Fragment A only had a terminal methyl group for mations, such as that with nuclear magnetic resonance (NMR)
x4, and, therefore, the complexity of this section of the carvedilol spectroscopy, would allow full comparison between the theoreti-
structure could not be fully described. Even so, the accuracy of cally and experimentally determined carvedilol structures.
this method is satisfactory, because the inability to predict some Together, this will lead to the solution of the dominant
conformation distributions was compensated by a high degreeconformations of carvedilol that is expected to dominate gas-
of prediction in other torsional angles suchyasys, x7, 9, and and solvent-phase samples, which, in turn, will further expound
x10 (cf. Table 3). The final result is that this method of evaluation carvedilol’s molecular profile and pharmacodynamic attributes.
allowed us not only to find a defined set of low-energy
carvedilol conformers upon optimization of predicted inputs,  Acknowledgment. One of the authors (1.G.C.) would like
but also to reveal a novel structural motif. to thank the Hungarian Ministry of Education for a Szent-
In regard to utility and expediency, it is clear that the current Gyorgyi Visiting Professorship.
fragmentation method has greatly aided the problem of deci- ) ) ) ) )
phering the low-energy conformations of carvedilol. This isto ~ Supporting Information Available: List of all unique
say, the robustness of this methodological approach allowed uscarvedilol conformations generated from the combination of
to take an exhaustive PEHS and convert it to a series of smaller,oW-energy conformers in Table 1 and the conformation of
well-defined, and more-manageable conformational surfaces,Subsequently optimized structures (Table S1, PDF) and opti-
while retaining some major properties of the entire system in Mized values for the converged conformers of the protonated
each fragment. Although such a method has obvious shortcom-carvedilol surface at the RHF/3-21G level of theory (Table S2,
ings, it is able to achieve its overall objectives and goals. PDF). This material is available free of charge via the Internet
As theoretical and computational methods move progressively &t http:/pubs.acs.org.
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