
Abstract The role of benzodiazepine derivatives

(BZD) as a privileged scaffold that mimics b-turn

structures (Ripka et al. (1993) Tetrahedron 49:3593–

3608) in peptide/protein recognition was reexamined in

detail. Stable BZD ring conformers were determined

with MM3, and experimental reverse-turn structures

were extracted from the basis set of protein crystal

structures previously defined by Ripka et al. Ideal

b-turns were also modeled and similarly compared with

BZD conformers. Huge numbers of conformers were

generated by systematically scanning the torsional

degrees of freedom for BZDs, as well as those of ideal

b-turns for comparison. Using these structures, con-

formers of BZDs were fit to experimental structures as

suggested by Ripka et al., or modeled classical b-turn

conformers, and the root-mean-square deviation

(RMSD) values were calculated for each pairwise

comparison. Pairs of conformers with the smallest

RMSD values for overlap of the four a–b side-chain

orientations were selected. All overlaps of BZD con-

formers with experimental b-turns yielded one or more

comparisons where the least RMSD was significantly

small, 0.48–0.86 Å, as previously suggested. Utilizing a

different methodology, the overall conclusion that

benzodiazepines could serve as reverse-turn mimetics

of Ripka et al. is justified. The least RMSD values for

the overlap of BZDs and modeled classical b-turns

were also less than 1 Å. When comparing BZDs with

experimental or classical b-turns, the set of experi-

mental b-turns selected by Ripka et al. fit the BZD

scaffolds better than modeled classical b-turns; how-

ever, all the experimental b-turns did not fit a particular

BZD scaffold better. A single BZD ring conformation,

and/or chiral orientation, can mimic some, but not all,

of the experimental b-turn structures. BZD has two

central ring conformations and one chiral center that

explains why the four variations of the BZD scaffold

can mimic all types of b-turn structure examined. It was

found, moreover, that the BZD scaffold also mimics

each of the nine clusters of experimental orientations of

side chains of reverse turns in the Protein Data Bank,

when the new classification scheme for the four side-

chain directions (the relative orientations of a–b vectors

of residues i through i+3) was considered (Tran et al.

(2005) J Comput-Aided Mol Des 19:551–566).
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Introduction

A b-turn is a secondary structure element of peptide/

proteins that consists of four residues (i, i+1, i+2 and

i+3) that show peptide-chain reversal [1]. This turn

may, or may not, be stabilized by internal hydrogen

bonding between the carbonyl oxygen of residue i and

the N–H of residue i+3. Several classic types of b-turn

have been characterized by their /i+1, Yi+1, /i+2 and

Yi+2 torsion angles (Table 1). Unfortunately, the
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relative orientation of the side chains of residues i and

i+3 are not determined as the torsional angles Fi and

Yi+3 are not designated for classical b-turns.

b-Turns are recognition sites of peptides and pro-

teins. Examples are found in high-resolution crystal

structures of antibody-peptide complexes [2–4] and

from structure-activity studies of many peptide hor-

mones: i.e., angiotensin II [5, 6], bradykinin [7],

gonadotrophin releasing hormone [8–10], somatostatin

[11, 12], etc. Therefore, mimicking the three-dimen-

sional recognition features of b-turns to generate

peptidomimetics is important for developing agonists

or antagonists of these molecular-recognition sites in

biological systems.

Peptidomimetics have been generically classified

into three types [13]. A type-I mimetic focuses on

peptide-backbone mimicry. A type-II mimetic is sim-

ply a functional mimetic that does not necessarily

mimic the chemical and/or topological structure of the

parent peptide. The mode of binding to the receptor is

different from that used by the parent peptide. A type-

III mimetic is a topographical mimetic that contains

the necessary functional groups positioned on a novel

non-peptide scaffold to interact in a similar, if not

identical, manner with the receptor. In current jargon,

it presents the same three-dimensional pharmacophore

necessary for recognition as the parent peptide. Some

examples thought to be type-III b-turn mimetic [14]

are found in the literature based on sugar rings [15, 16],

pentaazacrowns [17], steroids [18], or heterocycles

[19, 20].

Benzodiazepine (BZD) is one class of compounds

postulated as a type-III b-turn peptidomimetic [13]

that has a prototypical privileged substructure [21, 22].

Derivatives of this compound bind not only to BZD

receptors of the central nervous system, but also to

cholecystokinin receptors [21, 23]. Moreover,

BZD compounds also act as Ras farnesyltransferase

Table 1 / and Y angles
(degree) of residues i+1 and
i+2 and CaI–Cai+1–Cai+2–Cai+3

angles (degree) in the
representative experimental
b-turns and ideal b-turns used
in this study

a CaI–Cai+1–Cai+2–Cai+3 angle
of the peptide
b Structure B of 5CHA
c Type VIa1

Structure /i+1 Yi+1 /i+2 Yi+2 ha

Type I
1SBT (Gly23-Val26) –52.3 –58.2 –90.8 22.0 34.6
Ideal turn –60.0 –30.0 –90.0 0.0 47.3

Type I¢
1STN (Ala94-Lys97) 50.5 47.8 76.5 –3.0 –48.6
2SNM (Ala94-Lys97) 46.3 51.6 71.0 4.7 –50.4
2SNS (Ala94-Lys97) 66.1 30.6 82.0 7.5 –51.8
Ideal turn 60.0 30.0 90.0 0.0 –47.3

Type II
132L (Cys115-Thr118) –53.7 129.4 94.9 –7.0 25.7
1LMA (Cys115-Thr118) –52.3 123.2 78.8 –0.6 3.3
7LYZ (Cys115-Thr118) –40.8 118.8 62.6 39.5 –3.5
Ideal turn –60.0 120.0 80.0 0.0 2.4

Type II¢
1CBX (Tyr277-Leu280) 63.1 –115.7 –82.2 –16.8 –3.2
1CPS (Tyr277-Leu280) 67.2 –134.5 –69.4 –15.4 –7.5
4CPA (Tyr277-Leu280) 42.5 –122.4 –68.9 –13.4 8.4
6CPA (Tyr277-Leu280) 68.2 –132.5 –72.6 –16.6 –6.3
Ideal turn 60.0 –120.0 –80.0 0.0 –2.4

Type III
1MBC (Phe46-Leu49) –56.4 –22.5 –72.7 –25.3 65.1
2CMM (Phe46-Leu49) –56.9 –22.2 –86.1 –1.7 55.5
2MGL (Phe46-Leu49) –18.3 –55.8 –64.3 –16.6 57.6
Ideal turn –60.0 –30.0 –60.0 –30.0 67.2

Type IV
1ACB (Ile99-Asp102) –104.2 154.1 56.6 47.4 18.6
1CHO (Ile99-Asp102) –87.4 147.3 61.4 48.9 20.5
5CHAb (Ile99-Asp102)b -82.1 153.0 63.2 51.6 24.1

Type VI
1RBD (Lys91-Asn94) –53.2 136.1 –79.7 –8.3 33.3
1RBF (Lys91-Asn94) –58.7 135.3 –86.6 –4.6 28.5
1RBG (Lys91-Asn94) –54.0 138.0 –81.8 –4.1 24.2
1RNV (Lys91-Asn94) –58.7 135.9 –81.4 –7.2 27.4
Ideal turnc –60.0 120.0 –90.0 0.0 –3.1
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inhibitors, HIV tat antagonists, reverse transcriptase

inhibitors, j-selective opioid antagonists, platelet acti-

vation factor antagonists or glycoprotein IIb/IIIa

inhibitors [24, 25]. BZDs may demonstrate such

widespread biological activities because the BZD

central ring structure is a priviledged structure that can

orient substituents to mimic the side-chain orientations

of peptide reverse-turn structures, a common recogni-

tion motif in biological systems.

To examine this hypothesis, comparison of BZDs to

b-turns was reexamined in detail in this study. Previ-

ously, Ripka et al. modeled BZDs as b-turn pepti-

domimetics and compared them with several kinds of

experimentally determined structures of b-turns [26].

Figure 1 shows the schematic chemical structures of

BZD and a b-turn. When Ripka et al. fit the four C–C

vectors (a–b, c–d, e–f and g–h) of BZD to corre-

sponding Ca–Cb vectors (a¢–b¢, c¢–d¢, e¢–f¢ and g¢–h¢) of

b-turns (Types I, I¢, II, II¢, III, IV and VI), overlaps of

the four vectors with less than 1 Å root-mean-square

deviation (RMSD) values were obtained for some of

the pairwise comparisons of each turn conformation

selected. For this reason, they argued the BZD nucleus

was an excellent potential mimic of each of the b-turn

types. The methodology utilized (which we now

assume to be constrained minimization) was not

detailed in the literature leading to initial difficulties in

reproducing the results. Ripka et al. [26] selected a

basis set of proteins (Table 2) for comparison of

b-turns, but failed to indicate the Protein Data Bank

(PDB) [27] accession number for the crystal structures

used. The BZD structure utilized for comparison was

derived with molecular mechanics (MM) calculations,

but the resulting BZD coordinates were not included

in the paper.

Due to the growing number of examples of BZDs as

peptidomimetics and the probable importance of

benzodiazepines as privileged scaffolds and type III

peptidomimetics, we reexamine the study of Ripka

et al. [26] in detail. Several experimental b-turn struc-

tures were extracted from the PDB and compared with

BZD conformers. Both experimental b-turns derived

from crystal structures of proteins as well as modeled

classical b-turn structures were compared with BZD

conformers to examine their geometrical basis of

b-turn mimicry of b-turns.

Methods

Construction of molecular models

All modeling utilized SYBYL 7.1 [28]. Two experi-

mental ring conformers for BZDs were modeled

according to the structure shown in Fig. 2A. The

modeled structures were fully minimized with the

MM3 program included in SYBYL 7.1 using default

conditions (Powell minimization, gradient termina-

tion = 0.05 kcal/(mol A)). The minimized structures

are shown in Fig. 2B,C and the coordinates listed in

Tables S1 and S2, respectively. Two other 3-D struc-

tures of BZD were modeled according to the diagram

shown in Fig. 3D. The difference between structures A

and D is the chirality at the ring carbon to which R3 is

attached. As with structure 2A, two 3-D representa-

tions of chemical structure D were considered and

minimized using MM3. The structures are shown in

Fig. 3E,F, and the coordinates are listed in Tables S3

and S4, respectively. To model various classical b-turn

structures, tetraalanine peptides were generated using

SYBYL 7.1, and torsion angles of the backbone set toFig. 1 BZD and b-turn structures

Table 2 Basis set of experimental b-turns used in both this study
and that of Ripka et al.

Type Protein Sequence (residue number)

Type I Subtilisin BPN¢ GSNV (23–26)
Type I¢ Staphylococcal nuclease ADGK (94–97)
Type II Hen egg white lysozyme CKGT (115–118)
Type II¢ Carboxypeptidase A YGFL (277–280)
Type III Sperm whale myoglobin FKHL (46–49)
Type IV a-Chymotrypsin INND (99–102)
Type VI Bovine ribonuclease S KYPN (91–94)
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those associated with the different classes (I, I¢, II, II¢,
III and VI) of b-turn types (Table 1).

Ripka et al. established a limited basis set of various

types of experimental reverse turns from X-ray struc-

tures of proteins available from the PDB [27] to com-

pare with BZD conformers [26] as shown in Table 2 of

their paper. They failed, however, to include the nec-

essary PDB accession numbers for clear identification

of the X-ray structure utilized. A similar set of turns

from crystal structures that corresponded to the basis

set were identified from the PDB using the keywords

shown in Table 3. About 10–40 potential reverse turns

for each type of PDB structures that had been depos-

ited in 1993 or before were selected based on the date

of Ripka’s publication [26]. From these crystal struc-

tures, the corresponding turn sequences shown in

Table 2 were extracted. /, Y and x angles of residues

i+1 and i+2 of the extracted turns were measured to

compare with those of classical b-turns. The RMSD

values from a comparison of modeled classical turns

with the experimental b-turn structures were calcu-

lated, and the pair of turns that yielded the smallest

RMSD value was defined as ‘‘The Closest’’ experi-

mental b-turn to classical b-turn.

Computational details

First, conformers of BZDs and classical reverse turns

were generated using the ‘‘Systematic Search’’ module

in SYBYL 7.1. All hydrogen atoms were omitted from

those molecules to simplify computations and avoid

degrees of freedom to spin methyl rotors. The Ca–CO

bond (Y) of residue i and N–Ca bond (F) of residue i+3

of each peptide turn (Fig. 1) were rotated, while Y, F
of residues i+1 and i+2 were constrained to values

corresponding to classical reverse-turn types, to gen-

erate conformers with specific orientations of the four

side chains under consideration. Bonds (1) and (2) of

BZD shown in Fig. 2A or 3D were rotated to explore

orientations of comparable vectors. Bonds of BZD

selected corresponded to those of the Ca–CO bond of

residue i and N–Ca bond of residue i+3 of a peptide.

The van der Waals Radius Scale Factors were set to

0.90, 0.87 and 0.75 for General, 1–4 and H-Bonds,

respectively [29]. The rotational increment chosen was

1�, generating a theoretically number of possible con-

formers of 129,600. Because of steric exclusion due to

VDW overlap of many conformers, however, the

allowed number of conformers was significantly

Fig. 2 (A) Chemical
structure of BZD. 3-D
structures (B) and (C)
corresponding to minimized
structure (A). Atoms shown
by asterisks are used for
comparison. The units of 1-2-
3-4 and 5-6-2-7 are torsional
degrees
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decreased to those shown in Table 4. For the experi-

mental b-turns, only one conformer of a turn obtained

from the original crystal data was used.

All the effective conformers of BZD were fit to

those of the experimental b-turns or models of classical

b-turns. As with Ripka’s study [26], an RMSD calcu-

lation was made for each overlap of the four side-chain

vectors. Since a huge number of conformations for

comparison were generated, a program for rapid

comparison of the two structures and computation of

the RMSD values was required. The algorithm of the

program follows the ‘‘Fit Atoms’’ module of SYBYL

7.1. The least RMSD value was selected for each

comparison of a BZD conformer with a reverse turn

(either experimental or classical), and the results are

shown in Tables S5 to S11.

Results

Table 5 shows the summary of the RMSD calculations.

Three kinds of numbers are shown for each b-turn

type: i.e., the upper is ‘‘Experimental Turn’’, the mid-

dle is ‘‘The Closest’’ and the lower is ‘‘Ideal Turn’’.

The row, ‘‘Experimental Turn’’, shows the least RMSD

value of all the BZD conformers compared to the

experimental b-turn. The row, ‘‘The Closest’’, shows

the least RMSD value of the experimental b-turn

selected for the ‘‘Experimental Turn’’ comparison to

models of the classical b-turn. The row, ‘‘Ideal Turn’’,

shows the least RMSD value of the BZD conformers

compared to models of the classical b-turn. PDB entry

codes are also shown in the rows of ‘‘Experimental

Turn’’ and ‘‘The Closest’’. /i+1, Yi+1, /i+2, and Yi+2

angles of those structures are shown in Table 1. All

angles satisfy the distance criteria for b-turns by

Hutchinson et al. [30].

Fig. 3 (D) Chemical
structure of R3-chiral
alternative BZD. 3-D
structures (E) and (F)
corresponding to minimized
structure (D). Atoms shown
by asterisks are used for
comparison. The units of 1-2-
3-4 and 5-6-2-7 are torsional
degrees

Table 3 Search result from the PDB

Type Keyword Hits Selecteda

Type I Subtilisin 168 15
Type I¢ Staphylococcal Nuclease 67 8
Type II Lysozyme 932 34 (38)b

Type II¢ Carboxypeptidase 154 10
Type III Myoglobin 228 35
Type IV Chymotrypsin 413 7 (10)b

Type VI Ribonuclease 553 10

a Deposited in 1993 or before
b Some PDB files have two structures. Numerals in parenthesis
are number of structures used in this study
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When comparing columns (B) and (C) in Table 5,

the three RMSD values for structure B are smaller

than those for structure C for reverse-turn Types I¢ and

II¢. The values of ‘‘Experimental Turn’’ and ‘‘The

Closest’’ for structure B are the same as those for

structure C, but are slightly smaller than those for

structure C in Table S8. On the other hand, the three

values for structure C are smaller than those for

structure B for reverse-turn Types I, II, III and IV. In

Type VI, ‘‘Experimental Turn’’ and ‘‘The Closest’’ for

structure C are smaller than those for structure B,

while Ideal Turn for structure B is smaller than that for

structure C. In addition, structure E and structure F in

Table 5 were also compared. The three RMSD values

for structure E are smaller than those for structure F

except reverse-turn Type I¢.
Both structures A and D have two RMSD values for

the overlap with each b-turn type. The smallest value

of the two was defined as the least RMSD value for

structures A or D, and these values are shown in

Table 6. All the RMSD values were significantly small,

less than 1 Å. These results are discussed in the next

section.

Discussion

Comparison with Ripka’s RMSD values

Ripka et al. explored b-turn peptidomimetics design,

starting from the Type I turn [26]. After several iter-

ations, they selected the BZD scaffold as a possible

reverse-turn peptidomimetic. They compared molecu-

lar mechanics (MM) structures of BZDs with b-turn

structures from protein crystal structures shown in

Table 2 and found that, in addition to Type I, other

turns (Types I¢, II, II¢, III, IV and VI) fit the BZD

structures.

Their RMSD values [26] are shown in the rightmost

column of Tables 5 and 6. All the values were less than

1 Å (0.26–0.79 Å). From such good agreement, Ripka

et al. argued that the BZD nucleus provided an

excellent potential mimic for all b-turn types exam-

ined. As mentioned in the Results section, our RMSD

values were also less than 1 Å, although we were not

sure which PDB structures corresponding to those of

Ripka et al. [26] should be utilized for direct compar-

ison. When their RMSD values were compared with

our RMSD values for the overlap of ‘‘Experimental

Turn’’ and structure A, Types I¢, II and III (0.55, 0.48

and 0.55 Å) were smaller than their values (0.65, 0.59

and 0.79 Å), but the differences were less than ca.

0.2 Å, in most cases (Table 6). However, the difference

for Types II¢ and VI were larger, ca. 0.4 and 0.5 Å,

respectively. We assumed that these differences

occurred because the exact PDB entries used were not

equivalent to the original coordinates generating

Ripka’s results [26].

Although Ripka et al. [26] used structure A

(Fig. 2) in their paper [26], its enantiomer, the chiral

structure D (Fig. 3), was also considered in this study

because it was readily accessible synthetically and

available in the Cambridge Structural Database [31]

as MIGBEJ [32]. Other BZD-like structures available

were QIBLIW [33], SEYRIX01 [34] and YACGOY

[34]. The least RMSD values for the overlap of the

‘‘Experimental Turn’’ and structure D are also sig-

nificantly small, 0.48–0.75 Å (Table 6). The RMSD

values for Types I¢ (0.55 Å), II (0.48 Å) and III

(0.75 Å) were smaller than Ripka’s results, but all the

differences were within ca. 0.2 Å. Structure D fitted

the experimental b-turn better than structure A,

except Types I¢, II and III. The RMSD values for the

experimental turns of Types I¢ and II were the same

between structure A and D because a glycine residue

was found in i+2 position; thus, peptides have no a–b
vector at i+2 position. As in other similar cases, atoms

e and e¢ (Fig. 1) were used for the overlaps. However,

atom e of structures B and E (or C and F) shared the

same positions with each other (Figs. 2, 3). For this

reason, the RMSD values did not change, regardless

of the direction of R3. However, the RMSD values

for the overlap of the ideal turns of Types I¢ and II

and structures (a) and (d) were also small (0.66–

0.81 Å). Even if the i+2 C–C vector existed, Types I¢
and II would still give small RMSD values. Types I

and II¢ turns also give small RMSD values with or

without a glycine residue (Tables 2 and 6). Our

results both reproduce and extend those of Ripka

et al. as they show that both chiral molecules A and

D and their ring conformers are necessary to mimic

the full sets of b-turn structures with precision.

Table 4 The number of conformers of BZDs and the classical
b-turns used in this study

BZD Structurea Conformer b-Turn Conformer

(b) 26280 Type I 33,420
(c) 19440 Type I¢ 31,443
(e) 26280 Type II 29,963
(f) 19440 Type II¢ 31,813

Type III 38,192
Type VI 10,602

a Corresponds to Figs. 2, 3
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Mimicking the b-turn

When making comparisons between BZD conformers

and those of reverse turns, four data sets were con-

sidered; the BZD set of conformers, the ideal b-turn

(four torsional angles of backbone constrained) set of

conformers, the experimental set from Ripka-selected

crystal structures, and the ‘‘Closest’’ set. When RMSD

values for ‘‘The Closest’’ were compared with those for

the ‘‘Experimental Turn’’ for each b-turn type with

each structure, the values of ‘‘The Closest’’ were larger

than those of the ‘‘Experimental Turn’’ except for

Type I (Tables 5 and 6). In case of Type I, / and Y
angles of all peptides, except 1SBT, were Type II

(Type IV for 2SBT) [30] rather than Type I (Table 7).

For this reason, all results but 1SBT were excluded and

consequently, the values for Type I ‘‘Experimental

Turn’’ correspond to those for ‘‘The Closest’’. The

result shows that the experimental b-turn structure that

gave the least RMSD value does not necessarily cor-

respond to ‘‘The Closest’’ experimental b-turn struc-

ture to the ideal b-turn. We compared BZDs with

modeled classical b-turns, as well. Regarding structure

A, the RMSD values for classical b-turns were larger

than those for the experimental b-turns except Types I

(classical: 0.48 Å, experimental: 0.65 Å) and II¢ (clas-

sical: 0.85 Å, experimental: 0.86 Å) (Table 6). For

structure D, all classical b-turn RMSDs were larger

than those for ‘‘Experimental Turn’’s (Table 6). This

result suggests that experimental b-turns fits the BZD

scaffold better than classical b-turns. However, not all

the experimental b-turns fit the BZD scaffold better. In

case of structure A, the RMSD values for classical

b-turn of Types I, II¢ and III (0.48, 0.85 and 0.60 Å) are

smaller than those for ‘‘The Closest’’ (0.65, 0.91 and

0.69 Å), and in structure D, the RMSD for the Type III

Table 5 The least RMSD values obtained by the overlaps of BZDs and various b-turns

Structure RMSD (Å) Ripkaa (Å)

(a) (d)

(b) (c) (e) (f)

Type I
‘‘Experimental Turn’’ (PDB)b 1.47 (1SBT) 0.65 (1SBT) 1.68 (1SBT) 0.60 (1SBT) 0.56
‘‘The Closest’’ (1SBT) 1.47 0.65 1.68 0.60
Ideal Turn 1.58 0.48 1.70 0.69

Type I¢
‘‘Experimental Turn’’ (PDB)b 0.55 (2SNM) 1.52 (1STN) 0.55 (2SNM) 1.52 (1STN) 0.65
‘‘The Closest’’ (2SNS) 0.58 1.63 0.58 1.63
Ideal Turn 0.66 1.55 0.81 1.45

Type II
‘‘Experimental Turn’’ (PDB)b 0.68 (7LYZ) 0.48 (132L) 0.68 (7LYZ) 0.48 (132L) 0.59
‘‘The Closest’’ (1LMA) 0.77 0.69 0.77 0.69
Ideal Turn 1.01 0.78 1.16 0.74
Type II¢
‘‘Experimental Turn’’ (PDB)b 0.86 (1CPS) 0.86 (4CPA) 1.16 (6CPA) 0.56 (4CPA) 0.47
‘‘The Closest’’ (1CBX) 0.91 0.91 1.22 0.67
Ideal Turn 0.85 1.11 1.10 0.94

Type III
‘‘Experimental Turn’’ (PDB)b 1.69 (2MGL) 0.55 (2CMM) 1.77 (2MGL) 0.75 (2CMM) 0.79
‘‘The Closest’’ (1MBC) 1.81 0.69 1.88 0.92
Ideal Turn 1.89 0.60 1.94 0.90

Type IV
‘‘Experimental Turn’’ (PDB)b 1.21 (1ACB) 0.74 (5CHAbc) 1.42 (1CHO) 0.69 (1ACB) 0.54
‘‘The Closest’’ n/a n/a n/a n/a
Ideal Turn n/a n/a n/a n/a

Type VI
‘‘Experimental Turn’’ (PDB)b 1.26 (1RBG) 0.76 (1RBD) 1.45 (1RBG) 0.50 (1RNV) 0.26
‘‘The Closest’’ (1RBF) 1.33 0.80 1.50 0.60
Ideal Turn 0.80 1.04 1.04 0.82

a Ref. 26
b PDB entry code of the structure that gives the RMSD value
c Structure B in 5CHA
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turn is smaller (‘‘Classical Turn’’: 0.90 Å, ‘‘The Clos-

est’’: 0.92 Å). Therefore, the experimental b-turns in-

cluded in the basis set do not always give lower RMSD

values as some of the classic b-turns gives a lower

RMSD value for some turn types.

Why does the BZD scaffold mimic b-turns?

The rightmost column of Table 1 shows CaI–Cai+1–

Cai+2–Cai+3 dihedral angles of b-turn structures. A

b-turn causes a reverse turn in the peptide chain, and

consequently, the dihedral angles should be between

–90 and 90�. All experimental dihedral values of reverse

turns examined satisfied this criterion. The corre-

sponding dihedral angles of BZD were –47.9, 40.2,

–47.9 and 40.2� for structures B, C, E and F, respec-

tively, and were within this range. Therefore, the BZD

scaffold incorporates a geometrical moiety analogous

to a reverse turn within its chemical structure.

The distances between Ca atoms were measured and

shown in Table 8. CaI–Cai+1, Cai+1–Cai+2, Cai+2–Cai+3

and CaI–Cai+3 distances of BZD were 3.73, 4.02 (or

4.06), 3.84 and 5.07 (or 5.95) Å, respectively. These

distances were similar to most of the corresponding

distances of both experimental and classical b-turns;

i.e., CaI–Cai+1: 3.70–3.91 Å, Cai+1–Cai+2: 2.80–3.90 Å,

Cai+2–Cai+3: 3.75–3.90 Å and CaI–Cai+3: 4.08–6.01 Å. If

this similarity determined the good fit between BZD

and b-turns, all BZD structures would fit b-turns.

However, only structures C and F fit most types of

b-turn (Table 6). In the ‘‘Experimental Turn’’s of Type

II¢, structure B fit better, but the difference of RMSD

values from structure C only varied slightly (Tables 5

and S8). However, structures C and F did not fit the

Type I¢ turns (Table 5); Type I¢ fit structures B and E

well. This is because the dihedral angle h of Type I¢ and

the corresponding dihedral angle of structures B and E

are similar, but much different from the other struc-

tures. The angles are shown in Figs. 2, 3 and Table 1.

The dihedral angles h of Type I¢ were –47.3 to –51.8�,

which was similar to that of structures B and E

(–47.9�). One can see that structures B and E fit the

experimental Type I¢ turns better than structure C and

F (Fig. 4). The two observed conformers of the central

ring structure of BZD were required to facilitate the

fits to all types of b-turn.

Table 6 The least RMSD
values obtained by the
overlaps of BZDs with
various b-turns

a Ref. 26
b PDB entry code of the
structure that gives the
RMSD value
c Structure B in 5CHA

Structure (a) (d) Ripkaa (Å)

Origin RMSD (Å) Origin RMSD (Å)

Type I
‘‘Experimental Turn’’ (PDB)b (c) 0.65 (1SBT) (f) 0.60 (1SBT) 0.56
‘‘The Closest’’ (1SBT) (c) 0.65 (f) 0.60
Ideal Turn (c) 0.48 (f) 0.69

Type I¢
‘‘Experimental Turn’’ (PDB)b (b) 0.55 (2SNM) (e) 0.55 (2SNM) 0.65
‘‘The Closest’’ (2SNS) (b) 0.58 (e) 0.58
Ideal Turn (b) 0.66 (e) 0.81

Type II
‘‘Experimental Turn’’ (PDB)b (c) 0.48 (132L) (f) 0.48 (132L) 0.59
‘‘The Closest’’ (1LMA) (c) 0.69 (f) 0.69
Ideal Turn (c) 0.78 (f) 0.74

Type II¢
‘‘Experimental Turn’’ (PDB)b (b) 0.86 (1CPS) (f) 0.56 (4CPA) 0.47
‘‘The Closest’’ (1CBX) (b) 0.91 (f) 0.67
Ideal Turn (b) 0.85 (f) 0.94

Type III
‘‘Experimental Turn’’ (PDB)b (c) 0.55 (2CMM) (f) 0.75 (2CMM) 0.79
‘‘The Closest’’ (1MBC) (c) 0.69 (f) 0.92
Ideal Turn (c) 0.60 (f) 0.90

Type IV
‘‘Experimental Turn’’ (PDB)b (c) 0.74 (5CHAbc) (f) 0.69 (1ACB) 0.54
‘‘The Closest’’ n/a n/a
Ideal Turn n/a n/a

Type VI
‘‘Experimental Turn’’ (PDB)b (c) 0.76 (1RBD) (f) 0.50 (1RNV) 0.26
‘‘The Closest’’ (1RBF) (c) 0.80 (f) 0.60
Ideal Turn (b) 0.80 (f) 0.82
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Comparison of BZD with a new classification

of reverse turns

Tran et al. suggested a new classification of reverse

turns determined by the orientation of the four side-

chains on residues i through i+3 [35]. There are nine

classes of reverse turns with nearly identical side-chain

orientations found in their clustering scheme with

approximately 90% of b-turns found in the PDB

belongs to one of the nine classes, whereas only 57–

68% of b-turns are classified into the eight different

classical backbone families (Types I, II, I¢, II¢, VIII,

VIa1, VIa2 and VIb). The mean structures of each

class of Tran et al. [35] were also compared with BZD

structures and the results are shown in Table 9.

Structures C and F fit every cluster except Cluster 9,

whereas structures B and E fit only Cluster 9. The

reason was the same as the case of Type I¢ and struc-

ture B or E. The dihedral angle h of Cluster 9 (–41.5�)

is close to the corresponding dihedral angle of struc-

tures B and E (–47.9�) rather than those of structures C

Table 7 / and Y angles (degrees) of residues i+1 and i+2 of
selected experimental Type I and ideal Types I and II

Structure i+1 i+2

/ Y / Y

Type I (ideal) –60.0 –30.0 –90.0 0.0
1SBT –52.3 –58.2 –90.8 22.0

Type II (ideal) –60.0 120.0 80.0 0.0
1S01 –53.7 136.9 71.3 7.1
1S02 –62.9 138.9 69.3 15.9
1SBN –58.1 134.7 70.2 –10.4
1SIB –65.3 136.0 82.8 –6.7
1ST2 –49.2 132.3 73.0 5.8
1SUB –54.2 137.9 70.9 6.3
1SUC –66.2 134.0 72.2 16.2
1SUD –60.2 130.4 77.1 10.4
2SBT –81.9 126.5 126.9 –41.0
2SIC –51.8 128.0 76.7 8.2
2SNI –59.7 137.0 64.7 21.2
2ST1 –54.0 136.7 70.3 6.9
3SIC –62.5 139.6 65.6 7.9
5SIC –60.6 147.4 65.7 1.4

Table 8 Ca–Ca distance (Å) of BZDs and b-turn structures

Structure CaI–Cai+1 Cai+1–Cai+2 Cai+2–Cai+3 Cai+3–Ca

BZD (b) 3.73 4.02 3.84 5.07
BZD (c) 3.73 4.06 3.84 4.95
BZD (e) 3.73 4.02 3.84 5.07
BZD (f) 3.73 4.06 3.84 4.95

Type I (1SBT) 3.91 3.82 3.90 4.97
Type I (Ideal) 3.82 3.82 3.82 4.64
Type I¢ (1STN) 3.83 3.78 3.85 5.19
Type I¢ (2SNM) 3.79 3.76 3.80 5.06
Type I¢ (2SNS) 3.79 3.80 3.80 4.87
Type I¢ (Ideal) 3.82 3.82 3.82 4.64

Type II (132L) 3.75 3.78 3.80 5.69
Type II (1LMA) 3.77 3.79 3.82 5.59
Type II (7LYZ) 3.81 3.82 3.79 5.45
Type II (Ideal) 3.82 3.82 3.82 4.65
Type II¢ (1CBX) 3.85 3.90 3.80 5.09
Type II¢ (1CPS) 3.80 3.80 3.80 5.06
Type II¢ (4CPA) 3.86 3.87 3.80 5.19
Type II¢ (6CPA) 3.83 3.80 3.76 5.21
Type II¢ (Ideal) 3.82 3.82 3.82 4.65

Type III (1MBC) 3.77 3.79 3.82 5.86
Type III (2CMM) 3.80 3.84 3.75 5.28
Type III (2MGL) 3.70 3.82 3.84 5.69
Type III (Ideal) 3.82 3.82 3.82 5.37

Type IV (1ACB) 3.74 3.81 3.76 6.01
Type IV (1CHO) 3.82 3.83 3.83 5.91
Type IV (5CHAb) 3.86 3.84 3.78 5.88

Type VI (1RBD) 3.85 2.95 3.81 5.62
Type VI (1RBF) 3.81 2.90 3.82 5.62
Type VI (1RBG) 3.84 2.96 3.81 5.35
Type VI (1RNV) 3.86 2.98 3.76 5.35
Type VI (Ideal) 3.82 2.80 3.82 4.08

Fig. 4 Orthogonal views of
overlaps of Ala94-Lys97 of
2SNM.pdb (green) and
structures (B) and (E) and
Ala94-Lys97 of 1STN.pdb
(green) and structures (C)
and (F) (Figs. 2, 3). These
give the least RMSD values
shown in Table 5
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and F (40.2�). Figure 5 shows the overlaps of Cluster 9

and BZDs that give the lowest RMSD values. One can

see that structures C and F did not fit Cluster 9 of Tran

et al. [35] well.

Both structures A and D had two RMSD values for

the overlap with each cluster based on the two ring

conformers. When the smallest value of the two was

defined as the least RMSD value for structure A or D,

all the RMSD values were significantly small (structure

A: 0.55–0.83 Å and structure D: 0.67–0.89 Å). It is

highly significant that the BZD scaffold can mimic

reverse turns, whether the orientation of the four side

chains of the reverse turn are the direct basis for

comparison, or with an abstraction based on averaging

the turns in the entire PDB as with the methodology of

Tran et al. [35]. Since side-chain interactions are a

predominate motif for turn recognition in biological

systems, this analysis of the ability of benzodiazepines

to mimic reverse turns underscores the experimental

results from high-thoughput screens of benzodiaze-

pines against a variety of receptors.

Conclusion

We reexamined the hypothesis that the benzodiaze-

pine scaffold can mimic the set of reverse turn struc-

tures seen in proteins and obtained small RMSD

values (less than 1 Å) for the overlap of BZD sub-

stituents (requiring inclusion of both chirality and ring

conformations) with every class of reverse turn (whe-

ther modeled from classical turns or as observed

experimentally). These results confirmed and extended

those of Ripka et al. When comparing the fit of BZD

to experimental or modeled classic b-turn, experi-

mental b-turns fit the BZD scaffold better than classi-

cal b-turns, but not all experimental b-turns fit the

BZD scaffold better. BZD mimicked some of the

experimental b-turn structures better than models of

classic b-turns. BZD serves as an excellent privileged

scaffold for reverse turns as assessed with the new

classification of reverse turns by Tran et al. [35] that

focuses on side-chain orientations of the four amino

acids of the turn. BZD possesses two distinct confor-

mations of its central ring 7-membered structure each

of which is similar to different b-turn structures. This

provides a significant reason why the BZD scaffold can

mimic all types of b-turns in their side-chain orienta-

tions. It should be emphasized that the energetic cost

(DG) of assuming a matching conformation was not

considered in these comparisons; rather the sets of

sterically allowed conformers were compared to indi-

cate which reverse turns might be mimicked by ben-

zodiazepine scaffolds when bound to a peptide

receptor.

Table 9 The least RMSD values obtained by the overlap of
BZDs, and the mean structures of the clusters in the new
classification of b-turns (Tran et al.)

Mean structure ha (degree) RMSD (Å)

(a) (d)

(b) (c) (e) (f)

Cluster 1 57.6 1.96 0.65 1.99 0.89
Cluster 2 24.5 1.44 0.59 1.52 0.67
Cluster 3 31.3 1.51 0.76 1.57 0.88
Cluster 4 5.9 1.08 0.83 1.25 0.74
Cluster 5 50.0 1.63 0.62 1.74 0.74
Cluster 6 56.6 2.07 0.55 2.06 0.83
Cluster 7 9.0 1.08 0.76 1.26 0.68
Cluster 8 31.8 1.51 0.75 1.59 0.78
Cluster 9 –41.5 0.62 1.60 0.82 1.47

a CaI–Cai+1–Cai+2–Cai+3 of the clusters

Fig. 5 Orthogonal views of
overlaps of Cluster 9 in the
Tran et al. classification of
b-turns (green) and structures
(B), (C), (E) and (F) (Figs. 2,
3). These give the least
RMSD values shown in Table
9
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