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One of the features of the polypeptide backbone is that it represents a flexible chain that contains almost
rigid CO—NH peptide bonds. One may try to substitute one or more such bonds by another relatively rigid
unjt to maintain the overall conformational properties of the backbone and at the same time modify some
other properties of the molecule ("pseudopeptide™), such as the ability to form hydrogen bonds. By a detailed
conformational analysis, it is shown that the carbon—carbon double bond is quite isosteric with the peptide
bond and for this reason suitable for such a substitution. This is accomplished by applying molecular mechanics
in calculation of the ¢, ¢ maps for pseudopeptide analogs of the N-acetyl-Ala-NHMe molecule. € 1993 by John

Wiley & Sons, Inc.

INTRODUCTION

A polypeptide backbone contains a chain of highly
rigid units—the peptide bonds CO—NH. The system
has, however, an enormous number of possible con-
formations due to the possibility of rotation about
the N—C* (angle &) and C*—C’ (angle ) bonds.!
The high-degree rigidity of the peptide bond plays
an important role in restricting the available con-
formational space® and gives rise to various confor-
mations characteristic of polypeptides and proteins
such as a-helixes and B-structures. These structures
may require not only the rigidity of the peptide bond
but also the ability to form intramolecular back-
bone-backbone hydrogen bonds. Whether the hy-
drogen bonds are predominantly responsible for the
secondary structure of peptides and proteins is
controversial®! because of the role that interactions
between the side chains may play?® Thus, if it were
possible to maintain the rigidity and overall geom-
etry of the peptide bond while simultaneously elim-
inating its ability to form the hydrogen bonds then
it would be possible to decide which interactions
dominate in the determination of structure: hydro-
gen bonds or the hydrophobic interactions. Selective
substitutions of the peptide bond by another isos-
teric unit may also be of importance when modifying
biologically active molecules (chemotherapeutics)
to obtain specific properties, such as resistance to
enzymatic degradation. Finally, long peptide-like
polymers having a certain fraction of the peptide
bonds replaced by ethylene groups may be of inter-
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est in and of themselves because they may exhibit
some unusual physical and chemical properties.

Although the idea of replacing the peptide bond
CO—NH by another unit has been known in the
literature for nearly two decades (“pseudopep-
tides™),5-® as stated by Aubry and Marraud? “it is
surprising to see how few conformational studies of
pseudopeptide analogues have been reported so far.”
The following groups, as far as we know, have been
proposed as these units:

® modification of NH—depsipeptide (CO-0)%1° N-
methyl peptide (CO—NMe),*!! hydrazinopeptide
(CO—NH—NH)*3;

® modification of CO—thiopeptide (CS—NH),%13 re-
duced peptide (CH,—NH)*;

® substitution of the whole peptide bond—ethylene
(CH=CH),”® CH,—S unit,'® retropeptide (NH—
CO).1*

It should be noted that theoretical analysis of the
pseudopeptides is much less advanced than the cor-
responding synthetic, biophysical, biochemical, and
biologic studies. Only a few theoretical articles on
this subject exist, all of them dealing with the con-
formational analysis.!8-2

To our knowledge, there are three experimen-
tal**® articles and only one theoretical® article on
the substitution of the peptide bond by the ethylene
group. All three experimental articles deal with en-
kephalins and their derivatives. In the theoretical
articles, Deschrijver and Tourwe? carry out the con-
formational analysis of two simple pseudopeptides
{N-acetyl-Ala[y{CH=CH,trans)]NHMe and N-ace-
tyl-Ala[Y(C(Me)=CH,trans)INHME} using the Ral-
ston and De Coen force field.* The pseudopeptides
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contain two rigid units, one of them being the peptide
bond and the other one the ethylene group (that
close to the C terminus).

The aim of the present article is to check whether
the ethylene group can replace the peptide bond and
yet leave its geometry and rigidity similar. To this
end, we investigate the conformational properties of
three pseudopeptides; one of them is identical to the
molecule of Deschrijver and Tourwe® {N-acetyl-
Ala[(CH=CH,trans)]NHMe}; the second is similar
but corresponds to the ethylene group with the pep-
tide bond interchanged in such a way that the eth-
ylene group is now close to the N terminus; and the
last contains the two ethylene groups (see the meth-
ods section). Two types of force fields were used,
both of them more recent than the Ralston and
De Coen force field.

METHODS

To carry out comparative conformational analysis
by calculating &, ¢ maps, four models have been
examined (Fig. 1): (I) a terminally blocked alanine
N-acetyl-Ala-NHMe, as a2 model of a blocked general
amino acid, and its three modifications (“pseudo”)—
(ID  N-acetyl{¢(CH=CH trans))Ala[y{ CH=CH,-
trans)|NHMe, (III) N-acetyl{(CH=CH,trans)]Ala-
NHMe, and (IV), N-acetyl-Ala[y{CH=CH,trans)|-
NHMe.

The calculations have been carried out by using
the Empirical Conformational Energy Program for
Peptides (ECEPP) program of molecular mechan-
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ics* The program does not take explicitly into
account any solvation effects. However, the dielec-
tric constant in the ECEPP program is equal to 2.0,
which accounts for some screening of the electro-
static interactions. This value of the dielectric con-
stant has been used throughout the present article.
In case (I), we used the original version of the
ECEPP. In cases (ID-(IV), a modified ECEPP had
to be applied as the molecules are not peptides, the
methodology of the modification being much in the
spirit of the original ECEPP. The modification we
introduced consisted of the setting of new charges
for all of the atoms, some assignment of the atom
types within the unit CH=CH, and an adjustment of
the rotational barrier value for the C=C bond. The
charges were calculated by the CNDO/2 method®
as in the original ECEPP parameterization (Table I).
In ECEPP, some post-CNDO/2 adjustments of the
charges had to be performed to produce charge neu-
trality for each residue and each end group. In our
case, unlike in the ECEPP, these adjustments were
not necessary. In addition, to test the influence of
electrostatics on the conformation in ECEPP pro-
gram the atomic charges have been multiplied by
1.20 (in the normal calculations, the factor 1.00 has
been used). It turned out that this did not qualita-
tively change the conformational map. This enables
us to conclude that the ECEPP parameterization is
not very sensitive to small variations of the atomic
charges. The atom types in the unit CH=CH were
taken as those existing in the ECEPP data for the
Csp? carbon atom and the aromatic hydrogen. The
rotational barrier was parameterized by fitting the
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Figure 1. Model molecules with atom numbers: (I) N-acetyl-Ala-NHMe, (II) N-acetyl{¢(CH=CH,trans)-
Ala{¢{CH=CH rans)|NHMe, (III) N-acetyl[¢{CH=CH,trans)]Ala-NHMe, and (IV) N-acetyl-Ala[{{CH=CH,trans)}-

NHMe.



PEPTIDE BOND MIMICKING UNIT

Table I. Electrostatic charges (in a.u.) calculated by the
CNDO:2 method for model molecules (I)-(IV).
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Table II. Geometry used for molecules (I)-(IV) (bond
lengths in A, bond angles in degrees).

Atom number () (In (111) (V)

1 -0.1288 -00103 -0.0103 -0.0919
2 04538 -00085 —0.0090  0.3669
3 -03452 -00080 —-0.0020 -—02153
4 00636 00405 —0.0257  0.1424
5 04500 -0.0080 03577 —0.0286
6 03452 -00085 -0.966  0.0031
7 0.0496 -0.0103 00946 -—0.0123
8 —-00908 00011 00060 —0.0319
9 01620 -00025 0.137  0.0012
10 -03840 -00036 -—03633  0.0021
1 00202 —0.0027 00105 —0.0161
12 01761 -00036 00169  0.1089
13 -03856 -00025 —0.0052 —0.3723
H(C1) 00202 00050 0.0054  0.0268
H(CT) 00442 00050 0.0020  0.0076
H(C8) 00403 00003 00010  0.0136

The charges for molecules (II), (III), and (IV) are cal-
culated in the present article, while those for molecule (I)
are the original parameters of ECEPP. Note that the same
atom number may correspond to different atom types ac-
cording to Figure 1.

value U, in the torsional term to obtain the experi-
mental value for the C=C bond,® much as in the
original ECEPP parameterization.

In addition, an attempt has been made to use the
universal MMX86* molecular mechanics program
(one of the versions of MM2%') for model molecules
(I) and (II), but here we failed. It appears that the
molecule is too flexible in the MMX86 force field.
To verify this conjecture, the rotational barrier for
the Csp>=Csp? bond has been calculated using the
MMX86 program. The rotational barrier is calculated
to be about 17 kcal/mol, nearly three times less than
the experimental value.®® Also, for some points of
the &, & map the calculated planar angles at C?,
corresponding to the fully relaxed geometry, are ap-
preciably larger than 109.5° (exhibiting deviations up
to several degrees).

The geometric parameters adopted for (I) in both
programs are taken from the ECEPP program data,
based upon the crystal structures of amino acids and
related molecules?” Structural data for the double
bond in the pseudosystems (II), (III), and (IV) were
taken from the electron diffraction studies of trans-
2-butene® and from the microwave spectra for pro-
pene.® Other geometric parameters for these models
were the same as in (I). The structural data used in
the present article are given in Table II

To get a ¢, ¢ map, the ECEPP conformational
energy was calculated by energy minimization with

*This is MM2 program (QCPE 395) written by N.L. Allinger,
University of Georgia (Athens, GA), with many generalized pa-
rameters from MODEL program written by W.C. Still, Columbia
University (New York). The program was adapted by Microsoft
FORTRAN by J. Gajewski and K. Gilbert, Indiana University
(Bloomington, IN).

Bond lengths
Bond (D (IDn (I1In (Iv)
1-2 1.490 1.508 1.508 1.490
23 1325 1.347 1.347 1325
3—4 1453 1.508 1.508 1453
4—5 1.528 1.508 1.528 1.508
5—6 1.325 1.347 1325 1.347
6—7 1453 1.508 1453 1.508
2—13 1.230 1.100 1.100 1.230
3—12 1.000 1.100- 1.100 1.000
5—10 1.230 1.100 1.230 1.100
6—9 1.000 1.100 1.000 1.100
Bond angles

Planar angle ) an (11I) (V)
1-2-3 115.0 124.0 124.0 115.0
1-2-13 1205 115.0 115.0 120.5 .
2-3-4 121.0 124.0 124.0 121.0
2-3-12 124.0 121.0 1210 124.0
3-4-5 109.4 1094 1094 109.4
4-5-6 115.0 124.0 115.0 1240
4-5-10 120.5 115.0 1205 115.0
5-6-7 121.0 124.0 121.0 1240
5-6-9 124.0 121.0 124.0 1210

The bond lengths and bond angles not listed above have
their standard ECEPP values. The bonds and angles are
defined by atom numbers according to Figure 1.

full relaxation of all variables except the torsional
angles ¢ and ¢, which were kept fixed. In the ECEPP
program, these other variables represent dihedral
angles only because the program leaves the bond
lengths and plane angles fixed (rigid molecular me-
chanics). Despite the rigid geometry used, the
ECEPP force field is among those few™ that produce
the &, ¥ maps consistent with the experimental ones
found in polypeptides and proteins. More details con-
cerning rigid geometry approximation in the ECEPP
program can be found in source articles.”*® Incre-
ments of 10° were used when calculating the &, ¢
conformational energy maps.

In addition to the ¢, ¢ maps, shown in Figures 2-
5, for models (I)-(IV), the four ¢, ¢ probability
maps®* for models (I)-(IV) corresponding to Fig-
ures 6-9 are also reported. Any point of the prob-
ability map is expressed by the formula -

2, 9) = s expl~E(&, O/RT] ()

where E(¢, ¢) is the conformational energy in kcal/
mol, R is the gas constant, T is the temperature (in
this case 298 K), and

z = [ [’ expl-E(é, ¥)/RT] do d  (2)

Thus Z(¢, ¢) represents the probability of finding '
the system with the angles taking the values ¢ and

*See the accompanying article in this issue, page 478.
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Figure 2. &, ¢ map for molecule (I) calculated by the
ECEPP program. The grid levels are from —5.1 kcal/mol
to 2.9 kcal/mol, with a grid interval of 0.4 kcal/mol. The
regions containing minima: C (& = —80°, ¢ = +80°) with
—5.14 keal/mol, £ (& = —150°% ¢ = +160°) with —4.40
keal/mol, A (¢ = —70°, & = —40°) with —4.32 kcal/mol,
D (d = —-150° ¢ = +50°) with —4.06 kcal/mol, F (¢ =
—80° & = +140°) with —4.03 kcal/mol, G (¢ = —160°,
¢ = —=60°) with —3.39 kcal/mol, A* (¢ = +60° ¢ =
+40°) with —2.61 kcal/mol, and the double basin C* (&
= +80° ¢ = —60°) and (& = +60° & = —90°) with
—2.23 and —2.33 kcal/mol, respectively.

. To get an idea how flexible the molecule is at
T = 298° the regions of the conformational space
that contain 80 and 99% of molecules have been de-
fined.
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Figure 3. ¢, ¢ map for molecule (II) calculated by the
ECEPP program. The grid levels are from —3.5 kcal/mol
to 0.9 kcal/mol with a grid interval of 0.4 kcal/mol. The
regions containing minima: D (¢ = —140° ¢ = +110°
and (¢ = —110°% ¢ = +140°) with —3.53 kcal/mol, A
(¢ = —80° ¢ = =50°) and A* (¢ = +50° ¢ = +80°
with —3.35 kcal/mol, and C* (¢ = +50° ¢ = —90°
and A (¢ = +90° ¢ = —50°) with —0.13 kcal/mol.
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Figure 4. &, ¥ map for molecule (IIT) calculated by the
ECEPP program. The grid levels are from —8.6 kecal/mol
to —3.8 kcal/mol with a grid interval of 0.4 kecal/mol. The
regions containing minima: C + D (¢ = —140° & = +80)
with —8.62 kcal/mol, A* (é = +50° & = +70° with
—8.62 kcal/mol, F (¢ = —90° & = +150°) with —8.61
kcal/mol, A (& = —70°% ¢ = —50°) with —8.27 kecal/mol,
and C* (¢ = +90° ¢ = —60°) with —5.07 kcal/mol and
(¢ = +60° & = —80°) with —4.50 kcal/mol.

RESULTS AND DISCUSSION

Figure 10 identifies the various regions of the &, ¢
maps used in subsequent discussions. To help in
interpretation of the map structure, the Zimmerman
et al.* notation for the &, & map regions has been
used (Fig. 10): A or the right-handed a-helix region
(b ~ —=60° & ~ —30°), A* or the left-handed a-
helix region (¢ ~ +60°, & ~ +30°), C or C--helix
(b~ —=70°, ¢y~ +70%, C* (b ~ +70° & ~ —T0%,
D (b6~ —-150° & ~ +60°, G (& ~ —150° & ~
—60°), F (b ~ —70° & ~ +150°), and E or B-sheet
(& ~ —150° ¢ ~ +150°). Figures 2—5 present the
@&, ¥ map according to the results of the ECEPP
program for the (I), (II), (IIT), and (IV) model mol-
ecules.

Figure 2 shows the ¢, & map for model (I) com-
puted with the ECEPP program. The lowest-energy
conformation is in the C region (¢ ~ —80°, ¢ ~ 80°).
Another local minimum with a somewhat higher en-
ergy appears in the A region (& ~ —70°, ¢ ~ —40°).
There are also high-energy minima in the A*, E', and
C* regions of the map. The ¢, ¢ map in Figure 2
agrees with the results of other authors.*3®

Figure 3 shows the ¢, ¢ map for model (II) com-
puted with the ECEPP program with our modifica-
tions (see the methods section). Because of the sym-
metry of the molecule, this map is symmetrical with
respect to the left diagonal running from the top left
to lower right. There are two lowest-energy confor-
mations in the upper left corner of the map: (¢ ~
—140° ¢ ~ 110°) and (¢ ~ —110°, & ~ 140°). They



PEPTIDE BOND MIMICKING UNIT

-180.00 —12000 -60.00  0.00 60.00  120.00 180.00
180.00 ; - - 180.00

120.00

0.00

-60.00

-120.00

RAAE> - YEEREEW

! sl vl yan00
—18000 -12000 =-60.00 0.00 60.00 120,00 180.00

¢

Figure 5. ¢, ¢ map for molecule (IV) calculated by the
ECEPP program. The grid levels are from — 13.0 kcal/mol
to —6.2 kcal/mol with a grid interval of 0.4 kcal/mol. The
regions containing minima: A (¢ = —70°, ¢ = —50°) with
—12.99 kecal/mol, D + E (¢ = —150° & = +70°) with
— 1287 kcal/mol, F + C (¢ = —80° ¢ = +140°) with
—12.78 kecal/mol, G (& = —150° ¢ — 60°) with —12.52
kcal/mol, and A® (¢ = +50° ¢ = +60°) with —11.76
kcal/mol. In the region (¢ = —110°, & = —120°) is a
maximum.

are separated by a small barrier and together with
the neighboring region form a kind of basin similar
to that formed by the C, D, E, and F subbasins for
molecule (I). Two other local minima having the
same energy (because of the symmetry) appear in
the A (b ~ —80° & ~ —50°) and A* (& ~ 50°, & ~
80°) regions. One also sees a double-well basin in
the C* region (¢ ~ 50°, ¢ ~ —90°) and (& ~ 90°,
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Figure 6. o, ¢ probability map for molecule (I) corre-
sponding to Figure 2. (a). Contour defining the region of
conformational space containing 80% of molecules at 25°C.
(b). Contour defining the region of conformational space
containing 99% of molecules at 25°C.
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Figure 7. &, & probability map for molecule (II) cor-
responding to Figure 3. (a). Contour defining the region
of conformational space containing 80% of molecules at
25°C. (b). Contour defining the region of conformational
space containing 99% of molecules at 25°C.

¢ ~ —50°), similar to the ECEPP map for mole-
cule (I).

Figure 4 presents the &, ¢ map for model (III)
computed with our modified ECEPP program (see
the methods section). In this case, the deepest min-
imum is located in the merged C + D area (¢ ~
—140°, ¢ ~ 80°), also similar to model molecule (I).
A bit higher-energy basin corresponds to the F'region
(b~ —90° ¢ ~ 150°). The whole region close to the
above minima may be seen as a single broad basin
without distinct minima C, D, E, and F, which are
present in model (I) in Figure 2. There is also another
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Figure 8. ¢, ¢ probability map for molecule (III) cor-
responding to Figure 4. (a). Contour defining the region
of conformational space containing 80% of molecules at
25°C. (b). Contour defining the region of conformational
space containing 99% of molecules at 25°C.
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Figure 9. o, ¢ probability map for molecule (IV) cor-
responding to Figure 5. (2). Contour defining the region
of conformational space containing 80% of molecules at
25°C. (b). Contour defining the region of conformational
space containing 99% of molecules at 25°C.

low-energy conformation of equal energy in region
A* (& ~ 50°, ¢ ~ 70°). This basin is larger and a little
deeper than that of region 4 (¢ ~ —70° & ~ —50°).
The later basin has a different shape than the cor-
responding one in Figure 2. There is also a double-
well basin in region C* (¢ ~ 60°, ¥ ~ —80°) and
(& ~ 90°, & ~ —60°), similar to molecule (I) (Fig.
2). Although in general the ¢, ¢ map for model mol-
ecule (IIT) resembles that for reference molecule
(D), there is a small but significant preference in (III)
for the left-handed helical conformation whereas in
(I) for the right-handed one.

Figure 5 represents the ¢, ¢ map for model (IV)
computed with the ECEPP program with our mod-
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Figure 10. Subregions of the ¢, ¢ map labeled as pro-
posed by Zimmerman et al.% Only the regions taken into
account in this article (containing minima) are labeled by
capital letters.
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ifications (see the methods section). This map ap-
pears to be similar to the ¢, ¥ map in Figure 2 except
the lowest minimum coresponds to the A (¢ ~ —70°,
¢ ~ —50° region and not to the C region as for
model (I). The difference, however, is small, being
of the order of 0.1 kcal/mol. For model (IV), the
minimum from C region moved up a bit and merged
with that of the F area, giving one minimum in the
region (¢ ~ —80°, & ~ 140°). There is another broad
basin with a slightly higher energy in the merged D
and E regions with the minimum at (¢ ~ —150°,
¥ ~ 70°). Both basins are reminiscent of the separate
C, D, E, and F basins found for molecule (I). The A*
basin (¢ ~ 70°, & ~ 60°) is also present as in Figure
2; however, the minimum in region C* has disa

peared. -

These results for model (IV) agree well with the
calculation of Deschrijver and Tourwe.*® In the com-
putations of these authors, as well as in our results
(Fig. 5), three basins are the most important: one in
regions D + E, the second in C + F, and the third
in A. The positions of the minima of these basins
agree within 5°. We reach the same general conclu-
sion that model molecule (IV) is slightly more flex-
ible than reference molecule (I). The reason for that
is the replacement of the oxygen in the peptide bond
by the hydrogen atom with smaller steric volume.

More compact information about flexibility of the
molecules under study comes from the probability
¢, y maps calculated at room temperature. The prob-
ability ¢, ¢ maps in Figures 6-9 correspond to the
&, ¥ maps in Figures 2-5, respectively.

It can be seen in Figure 6 that among the ensemble
of all molecules (I) at room temperature 80% are
confined to the broad basin in the C, D, E, F, and A
regions; 99% of the ensemble occupies a similar re-
gion that in addition includes regions G and A*. All
these regions together are a small part of the full ¢,
¢ space; this indicates that the allowed conforma-
tions are restricted. This picture is consistent with
the distribution of ¢, ¢ values for residues from 16
high-resolution protein crystal structures except that
the G basin is not represented there.3 The absence
of G conformations in nature despite their presence
in the theoretical description in the ECEPP and
AMBER? force fields is seen by other authors as a
systematic error appearing in these methods.

Figures 7-9 correspond to the pseudopeptides’
probability maps. It is seen that all populated basins
represented in these figures are also present in Fig-
ure 6. This is especially true when one takes into
account the 80% contour. The 99% contours in Fig-
ures 7-9 are slightly broader, especially in the A and
A* regions, when compared with what happens for
model molecule (I), Figure 6. The above observation
is in particular valid in model (IV), Figure 9. Figures
7 and 8 contain an additional feature, namely, the
99% contour also extends into the F'* region (¢ ~
60°, ¢ ~ 150°) not represented in Figure 6. However,
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the 80% contour alone does not extend to this area.
The accessibility of A* and F'* regions in models (II)
and (IIT) pseudopeptides allows these systems to
form not only right-handed but also left-handed hel-
ical conformations. The reason for this is especially
clear for model (II), which is symmetrical; therefore,
both helical conformations are equally accessible.

To get a more quantitative measure of similarity
of two molecules, a similarity index K(0 = K= 1)
has been defined in the accompanying article. K
equal 0 means no similarity; K equal 1 corresponds
to identity of the two molecules. In our case, the
calculated K indices are

Ku[ = 0.54, I{uu = O.GI,KLN = (.51

These values may be interpreted as though pseu-
dopeptides (II), (III), and (IV) were similar to pep-
tide molecule (I) by 54, 61, and 51%, respectively.

CONCLUSIONS

Based upon the present series of model calculations,
one may conclude that a single substitution of the
peptide bond by the ethylene bond is not likely to
introduce any dramatic changes in conformational
preferences. The neighborhood of the substituted
site, when looking to the C terminus, is not expected
to change significantly. This is in particular evident
in Figures 5 and 9, which definitely and closely re-
semble Figures 2 and 6 for model molecule (I). On
the other hand, however, when looking to the N ter-
minus the neighborhood of the point of substitution
may have some additional possibility of adopting the
A* (left-handed helix) conformation, as may be seen
in Figures 4 and 8. A double-sequential substitution
would not be expected to appreciably change the
conformational restrictions, the only possible differ-
ence perhaps being the equal preference of the right-
and left-handed helical conformations.
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(Poland), as well as by the Polish National Council for
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the Institute.
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