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Polydepsipeptides. 111. Theoretical Conformational Analysis of 
Randomly Coiling and Ordered Depsipeptide Chains 

R. T. Ingwall and M. Goodman* 
University of California, S a n  Diego, L a  Jolla, California 92037. Received March 5,1974 

ABSTRACT A theoretical conformational analysis of polydepsipeptides comprised either of alternating glycine 
and glycolic acid units or of alternating alanine and lactic acid units is described. Conformational energy maps of 
depsipeptide structural units are presented and compared to similar maps for peptide and lactic acid units. Asymp- 
totic characteristic ratios C, = ( r2)o/z12 of 2.27 and 3.80 were calculated for randomly coiling poly(g1ycine-glycolic 
acid) and poly(L-alanine-L-lactic acid), respectively. Conformational analysis of ordered poly@-alanine-L-lactic 
acid) revealed a low energy helical form very similar to the standard right-handed polypeptide a helix. The poly- 
depsipeptide helix is of low energy in spite of the fact that it is stabilized by one-half the number of hydrogen bonds 
of the polypeptide a helix. Statistical mechanical aspects of the helix-to-random coil transitions of polypeptides 
and polydepsipeptides are compared. 

High molecular weight polydepsipeptides comprised of 
alternating L-valine and L-lactic acid residues have recent- 
ly been synthesized in our laboratory.1 A preliminary ex- 
perimental and theoretical conformational analysis of these 
polymers has been described.l 

The conformational properties of polydepsipeptides are 
of particular interest because of the close analogy between 
such molecules and polypeptides. Since both the amide and 
ester groups strongly favor the planar trans conformation, 
the skeletal geometry of the two types of chains is very sim- 
ilar. The steric and dipolar factors that determine the con- 
formational energy of peptides and depsipeptides are also 
closely related because of the close similarity of their struc- 
tural units. There are differences between important fea- 
tures of these structural units, however. Comparison of the 
conformational properties of polypeptides and polydepsi- 
peptides will allow assessment of the importance of these 
features in determining polymer chain conformation. In 
particular, hydrogen bonding characteristics of polypep- 
tides and polydepsipeptides will differ since every second 
amide NH group of the former chains is replaced by an 
ester 0 atom of the latter. This replacement will primarily 
affect the nature of ordered polydepsipeptide structures 
stabilized by hydrogen bonds. Random chain dimensions 
will also be affected by elimination of certain steric interac- 
tions that involved the replaced amide hydrogen atom. 

In this paper we describe our calculations of the confor- 
mational energies of the structural units of poly(g1ycine- 
glycolic acid) and of poly@-alanine-L-lactic acid). Theoret-, 
ical values for the mean square end-to-end distance of un- 
perturbed randomly coiling depsipeptide chains are re- 

ported. A theoretical analysis of ordered polydepsipeptide 
structures is also described. 

Theoretical Methods 
Structural Parameters. A polydepsipeptide chain seg- 

ment is shown in Figure 1 with the repeating unit i, com- 
posed of an a-amino and an a-hydroxy acid residue, indi- 
cated. The amide and ester groups are assumed fixed in 
their planar trans c o n f o r m a t i ~ n ~ , ~  so that depsipeptide 
chain conformations are determined by the torsional angles 
#J,i,$ai and &,$hi describing rotations about the N-Cia 
and Cia-C’ skeletal bonds of the a-amino acid and about 
the O-Cp and CiO-C’ skeletal bonds of the a-hydroxy 
acid, respectively, for each repeating unit i of the chain. 
Virtual bonds 1, and lh of Figure 1 join consecutive Ca 
atoms. 

For convenience of conformational energy calculations, 
the chain is divided into the structural units AA and HA 
that are also shown in Figure 1. Coordinate systems are 
fixed to amide and ester groups with their origins at  C’ and 
their x axes aligned along the C’-N or C’-0 bonds. The y 
axes are directed in the plane of the amide or ester groups 
so that O=C’ oxygen atoms have positive y coordinates. 
The z axes are chosen to complete right-handed orthogonal 
coordinate systems. 

The bond angles and bond lengths used in the calcula- 
tion are presented in Table I. They are essentially those de- 
rived by Flory and coworkers from analysis of the structure 
of model amides and  ester^.^,^ 

The structure of the two units is quite similar, except for 
the skeletal bond angle at  the ester oxygen atom of the a- 
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Table I 
Depsipeptide Structural Parameters  

Bond length, A Bond angle, deg 
Amino acid Hydroxy acid Amino acid Hydroxy acid 

N Ca 1.47 oca 1.44 
CQC' 1.53 CaC ' 1.53 c '=O 1.22 C'=O 1.22 
C'O 1.34 C'N 1.32 
CaH 1 .oo C"H 1 .oo 
CaC i3 1.54 CUCP 1.54 

hydroxy acid unit which is loo  smaller than the corre- 
sponding angle of the ct-amino acid unit. 

The random coil state represents the array of chain con- 
formations that is generated by all possible combinations 
of values fot the $,$ torsional angles. Thus properties of 
the random state are averages over all allowed conforma- 
t i o n ~ . ~  Ordered structures are formed when all repeat units 
have identical conformations. Such chain structures must 
be h e l i ~ a l . ~  

Conformational Energy Calculations. The conforma- 
tional energy of a random depsipeptide chain was calculat- 
ed, following procedures developed for treating random 
polypeptide2 and poly(a-hydroxy acid)3 chains, as a sum of 
independent contributions va($,,, and Vh(&-,L,$h&), 
from each structural uinit i, that depend exclusively on the 
torsional angles $a,,$ai and &,$hC. The energy terms va 
a n d  vh were each calculated according to the semiempiri- 
cal potential functions of eq 1. The terms V 4 ( 4 , )  and 

V# represent intrinsic torsional potentials for rotation 
about the angles 4a1  anld or and $hc; the terms Vr,]k, 
VlJk, and VcJk represent repulsive, London, and Coulom- 
bic nonbonded interactions, respectively. These interac- 
tions are calculated between atoms j and k whose internu- 
clear separation depends only on the torsional angles q ! ~ ~ ~ ,  

or&, $hr of Figurie 1. Thus Va and vh represent the 
conformational energy of structural units AA and HA, re- 
spectively. 

Intrinsic torsional potentials were considered, after Flory 
and  coworker^,^*^ to be threefold with minima for each. 
bond a t  60,180, and 300' when measured from the cis con- 
formation according to recent IUPAC recommendations.6 
Thus, VGa = (V+,O/2)(1 + COS 34a) with V+,, Vmh, and V+,  
given by identical equations. The barrier heights V4,0, 
V+ao, VIho  and V+ho of 1.5, 1.0, 1.0 and 1.0 kcal, respective- 
ly, were those suggested by Flory and coworkers.2J 

The repulsive and London van der Waals interaction 
terms were calculated according to the commonly accepted 
"6-12" potential function; VrJk = Alk/Rlk12, = 
-Clk/Rlk6, where Rlk represents the distance separating 
atoms j and k .  Parameters c ] k  were determined in the 
usual manner from atomic polarizabilities and effective 
numbers of electrons using the Slater-Kirkwood equa- 
t i ~ n . ~ ~ ~  The repulsive parameters A,k were fixed, following 
the procedure of Brant, Miller, and Flory,2 by requiring 
that the total van der Waals potential vr k + be min- 
imized a t  an internuclear distance 0.2 k greater than the 
sum of the van der Waals radii of atoms J and k .  The p- 
methyl group of both the L-alanine and L-lactic acid units 
was considered spherical with a van der Waals radius R ~ ~ 3 0  
= 1.85A. 

Electrostatic interaction between polar amide and ester 
groups was calculated from a sum of terms VcJk = 

C'NC" 123 C'OC" 113 
C'NH 123 
NCaC' 109.5 OWC' 109.5 
NCaH 109.5 OCaH 109.5 
NCWP 109.5 ocacs 109.5 
CW'=O 121 C"C '=O 121 
CaC'O 114 CW'N 114 

n 0 

0 i H  
0 repeat un i t - - - - -  -4' 

H 0 
Structural un i t  A A  

I 
0 

Structural unit HA 
Figure 1. A segment of a polydepsipeptide chain showing repeat 
unit i, torsional angles @,,ICa and @h,$h, and virtual bonds I ,  and lh. 
The structural units AA and HA are also illustrated. 

332€,€k/DR,k with partial changes el taken as those as- 
signed by Brant, Miller, and Flory2 for amide and Brant, 
Tonelli, and Flory3 for ester groups. Their recommended 
value for the local dielectric constant D = 3.5 was also em- 
ployed here. 

In contrast to random coiling depsipeptides whose con- 
formational properties are determined by short-range in- 
teractions, the conformational energy of a repeat unit in an 
ordered depsipeptide chain contains contributions from in- 
teractions that extend to many neighboring repeat units. In 
order to include contributions, from such long-range inter- 
action the conformational energy of a depsipeptide repeat 
unit in the interior of a long ordered chain was obtained ac- 
cording to the accounting procedure of Brants as a sum of 
the self energy of the repeat unit and its interaction energy 
with each of the units that succeed it in the chain. The re- 
peat unit self energy is comprised of the torsional poten- 
tials of eq 1 and nonbonded interactions between atoms of 
the repeat unit. Interunit energy is comprised exclusively 
of nonbonded interactions. In order to include hydrogen 
bonding interactions in ordered depsipeptide chains, the 
nonbonded potential functions of eq 1 were employed with 
the modification suggested by Brants of the van der Waals 
interaction between amide NH and carbonyl CO groups. 

Conformational Analysis of Random Coiling Poly- 
depsipeptides. Mean square unpreturbed end-to-end dis- 
tances ( r 2 ) o  of polydepsipeptide chains were calculated ac- 
cording to the matrix multiplication technique of Flory4 

X 

( Y ' > ~  = 2J* g i  J (2 ) 
i =  1 
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Figure 2. Conformational energy map for the glycine unit AA tal- 
culated according to eq 1. 

Figure 3. Conformational energy map for the glycolic acid unit HA 
calculated according to eq 1. 

from eq 2, 3, 4. The matrices gi, one for each repeat unit i 
in a chain of 1: repeat units, are given by the product 

g i  = G a i G h i  (3 ) 
where the matrices G,i and Ghi are associated with the a- 
amino and a-hydroxy acid residues of the repeat unit i. 
Since the energy contributions Vai(+ai,  $a i )  and Vhi(+hi, 
$hi) are independent of the conformation of neighboring 
~ n i t s ~ , ~  the G matrices can be calculated as indicated by eq 
4,4 where (T,) is the conformational average of the trans- 

1 laT (Ta )  121'2 

Gai = 0 ( T a )  l a  ] (4) 

[o 0 1 a i  

formation matrix T,i (C#J,i, #,,) which relates coordinate 
systems fixed to amide group i and the succeeding ester 
group; the vector l,i connects the origins of the amide and 
ester bond coordinate systems. The matrix Ghi is given by 
an analogous expression using the transformation T h i -  

(+hi, $hi) that relates coordinate systems fixed to ester 
group i and the succeeding amide group and the vector 1h 
that connects the origins of the two systems. J and J* are, 
respectively, a column of four zeros followed by unity and a 
row formed by an element of unity followed by four ele- 
ments of zero. 

Conformational averages of the transformation matrices 
T a i  and T h i  were approximated by the sum of eq 5 taken a t  

2 f f  27 

C T a i ( b a i  9 +a i )  e x P ( - v a i ( @ a i  > + a i ) / R T )  
a = o  i.=o 

277 2n ( "a i )  = 

30' intervals of + and $. Unless otherwise stated the aver- 
aging was performed for t = 25'. 

Conformational Analysis of Ordered Polydepsipep- 
tides. Conformational analysis of ordered polydepsipeptide 
chains was restricted to helical structures in which each 
amide H atom participates in an intramolecular hydrogen 
bond to either an amide or ester carbonyl oxygen. Fol- 
lowing Bragg, Kendrew, and Perutzg polydepsipeptide heli- 
ces are distinguished by the number of atoms R that form 
their characteristic hydrogen bonded rings. Hydrogen 
bonding to ester carbonyl oxygen atoms occurs for ring 
sizes R = 5, 7, 11, 13, 17, 19, . . . while rings of size R = 8, 
10, 14,16,20,22,. . . are produced by hydrogen bonding to 
amide carbonyl oxygens. Chain structures with specific 
values of R up to 14 were identified by examination of mo- 
lecular models. Those structures having sterically allowed 
values for C#J,,$, and C#Jh,$h, as determined by reference to 
the conformational energy maps for the individual hydroxy 
and amino acid structural units, were selected for further 
analysis. The four-dimensional energy surfaces in the vicin- 
ity of these allowed helices were explored by conformation- 
al energy calculations at  15' intervals of +,,$, and +h,$h. 
Low-energy conformations found by this procedure were 
chosen as starting structures for energy minimization using 
the Fletcher and Powelllo modification of Davidson's mini- 
mization technique. 

Results and Discussion 
Conformational Characteristics of Depsipeptide 

Structural Units. Conformational energies V, and v h  are 
presented in Figures 2-5 as a series of contour lines joining 
conformations of equal energy. The contour lines are drawn 
at  1-kcal intervals relative to the low-energy conformation 
indicated by a cross in each of the figures. Energy contours 
greater than 5 kcal are not included. The energy maps of 
Figures 2-5 can be compared to similar maps of Brant, Mil- 
ler, and Flory2 for glycine and L-alanine and of Brant, To- 
nelli, and Flory3 for L-lactic acid structural units. Differ- 
ences between depsipeptide and peptide energy maps arise 
primarily because of reduced steric interactions involving 
C'-0 compared to C'-NH and because the C'-0-C skeletal 
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I I 
H 0 

L-ALA-UNIT AA 

-120 -60 0 60 120 

$, ( in  degrees) 
Figure 4. Conformational energy map for the L-alanine unit AA 
calculated according to eq 1. 

bond angle is 10" smaller than the corresponding amide 
bond angle. 

Conformational energy maps for glycine (Gly) unit AA 
and for glycolic acid (Glyc) unit HA are depicted in Figures 
2 and 3. Strong steric repulsions involving C'O-NH and 
C'O-0 exclude conformations with +a or &, - 0'. The ener- 
gy surfaces of Figures 2 and 3 are distinguished mainly by 
the energy barrier a t  $a, $h - 0" separating the upper and 
lower regions, the barsier a t  +, - 0" being generally lower 
than the one a t  I,bh - 0'. The low-energy conformations of 
Figure 2 are found in the lower left and upper right quad- 
rants in contrast to their locations in the upper left and 
lower right quadrants in the glycine peptide energy map. 
This difference probalbly results from the reduced impor- 
tance of electrostatic interactions involving ester groups 
compared to amide groups. 

Averaged transformation matrices ( T a ) ~ l y  and ( T h ) G l y c  

calculated according to eq 5 for the glycine unit AA and the 
glycolic acid unit HA are presented in eq 6 and 7, respec- 
tively. 

0.1546 0.2081 0.0002 (6)  I 
1 

-0.0103 0.2491 -0.0001 
( T a ) , l y  = [ 

-0.0002 -0.0008 -0.0377 

0 . 3 ~ 5  0.8541 o.ooo1 
(Th), , , ,  = -0.0165 -0.0309 0.0001 (7) [ 0.00102 0.0002 0.0127 

Conformational energy maps for the L-alanine derivative 
of unit AA and the L-lactic acid derivative of unit HA are 
presented in Figures 4 and 5 ,  respectively. Allowed regions 
of the maps are marked by Roman numerals following con- 
ventions used for peptide and lactic acid energy surfaces. 
The low-energy conformation for both units was found in 
region I11 in agreement with L-alanine and L-lactic acid en- 
ergy calculations. - Oo separating regions I and I11 
of Figure 4 is lower than the corresponding barrier of the 

The energy barrier a t  

0 H 

0 

L -LAC-UNIT HA 

i -60 om 
-120 -60 0 60 120 

$,,(in degrees) 

Figure 5. Conformational energy map for the L-lactic acid unit HA 
calculated according to eq 1. 

L-Ala unit of a polypeptide chain. Region I1 for L-Ala unit 
AA is more extensive than for the L-Ala peptide unit. In 
addition, the allowed region IV of Figure 4 is not found in 
the L-Ala peptide energy map. These differences arise pri- 
marily from decreased steric interactions of the oxygen 
atom of the ester as compared to those of the N-H group. 
The energy map of Figure 5 for the L-Lac unit HA is simi- 
lar to that for the L-Lac unit AA except for the higher ener- 
gy barrier at + - 0" of the former unit compared to the lat- 
ter. 

Averaged transformation matrices ( T a ) ~ l a  and ( T h ) L a c  
calculated according to eq 5 for L-Ala unit AA and L-Lac 
unit HA are presented in eq 8 and 9, respectively. 

1 0.2064 0.3250 -0.1538 
0.2447 0.0561 0.0496 (8) 

-0.2350 -0.6186 -0.0868 

1 -0.0152 0.0978 -0.5120 i -0.1714 -0.8229 -0.0339 
( T h ) L a c  = 0.5994 0.0915 -0.0877 (9) 

Regional partition functions for L-Ala unit AA and L-Lac 
unit HA were calculated as sums of the terms e-V($,+)'RT 
taken a t  30" intervals of 4 and + over areas of Figures 4 and 
5 enclosed by the 3 kcal mol-' energy contours. The statis- 
tical weight contributed by each region was calculated as 
the ratio of the appropriate regional partition function to 
the sum of all regional partition functions. Products of 
these statistical weights for conformations of L-Ala unit AA 
and of L-Lac unit HA, representing statistical weight con- 
tributions from the associated conformations of the depsip- 
eptide repeat unit, are presented in Table 11. A qualitative 
indication of the end-to-end dimension of each repeat unit 
conformation is also included. 

The two largest repeat unit statistical weights, which to- 
gether comprise 68% of the repeat unit partition function, 
occur for the conformations AA-111, HA-I11 and AA-I, HA- 
111. The difference between the statistical weights of these 
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Table I1 
Statistical Weights for Conformations of the L-Ala-L-Lac Depsipeptide Repeat Unit  

HA 
AA I I' I11 111'  HA 

I 0.057 0.014 0.251 0,040 0,362 
Compact Compact Compact Compact 

Extended Compact Extended Extended 
111 0.097 0.024 0.429 0.068 0.618 

Extended Extended Extended Extended 
IV 0.002 0 0.008 0,001 0.010 

Moderate Extended Moderate Extended 
ZAA 0.258 0.038 0,695 0.110 

I1 0.002 0 0.007 0.001 0.010 

Table 111 L-Ala unit AA in regions I and 111. 
Theoretical Asymptotic Characteristic Ratios 

C, of Several Polydepsipeptides 

Depsipeptide C ,  

Poly (glycine-glycolic acid) 2.27 
Poly (L-alanine-L-lactic acid) 3.80 
Poly (L-alanine-D-lactic acid) 1 .55  
Poly (D-alanine-L-lactic acid) 1.55 

two conformations results from different contributions 
from region I11 compared to region I of Figure 4 for the L- 
Ala unit AA. Since the repeat unit conformation AA-111, 
HA-I11 is extended and AA-I, HA-111 is compact, chain di- 
mensions are expected to be sensitive to features which af- 
fect the relative statistical weight values of these two domi- 
nant conformations. 

Unpreturbed Dimensions of Random Coiling Poly- 
depsipeptides. In order to facilitate comparison with poly- 
peptides and poly(L-lactic acid), characteristic ratios C, = 
( r  2 ) o / x l  of polydepsipeptide chains were calculated with 
values of the degree of polymerization x equal to the total 
number of both a-amino and a-hydroxy acid structural 
units. Likewise, the length of the virtual bond I = 3.75 A 
was taken as the average of the length of the two bonds I ,  
and l h .  

Asymptotic characteristic ratios C , calculated for select- 
ed polydepsipeptides are presented in Table 111. The char- 
acteristic ratio C, = 2.27 for poly(g1ycine-glycolic acid) is 
very similar to the value 2.16 calculated for poly(glycine).2 
This value is also close to the free rotation values C, = 
1.93 and 1.92 of polypeptide2 and poly(L-lactic acidI3 
chains, respectively. Poly@-alanine-L-lactic acid) has a 
characteristic ratio C, = 3.80 intermediate between C, = 
9.27 calculated for poly(L-alanine)* and C, = 2.13 calcu- 
lated for poly(L-lactic acid).3 The racemic depsipeptides 
poly(L-alanine-D-lactic acid) and poly(D-alanine-L-lactic 
acid) have identical characteristic ratios C, = 1.55 that are 
less than the free rotation value. The results presented in 
Table I1 suggest that depsipeptide chain dimensions are 
sensitive to the relative energies of regions I and I11 of the 
L-Ala unit AA. This is illustrated by the results of charac- 
teristic ratio calculations in which the electrostatic energy 
contribution, which generally favors region I11 over region 
I, was set equal to zero. If electrostatic energy is ignored, 
the theoretical characteristic ratio of poly@-alanine-L-lac- 
tic acid) is reduced to C, = 1.93. 

A negative value of the temperature coefficient d In 
(r2)o/dT = -1.47 X was calcuIated for poly@-ala- 
nine-L-lactic acid). Evidently the population of repeat 
units in the compact conformation AA-I, HA-I11 is in- 
creased with increasing temperature a t  the expense of the 
more extended conformation AA-111, HA-111. Accordingly, 
the value of the temperature coefficient is particularly sen- 
sitive to energy differences between conformations of the 

The conformati&al characteristics of random coiling 
polydepsipeptides reported here have important features 
in common with those reported for polypeptides and for 
poly(1actic acid). In particular, the random chain dimen- 
sions of poly(g1ycine) and poly(g1ycine-glycolic acid) are 
nearly identical. Because of the absence of a suitable sol- 
vent it has not been possible to compare the theoretical 
characteristic ratio of poly(g1ycine) to the appropriate ex- 
perimental quantity. I t  is our belief that the solubility 
characteristics of poly(g1ycine-glycolic acid) will be less re- 
strictive. Favored conformations of the depsipeptide struc- 
tural units L-Ala-AA and L-Lac-HA correspond to similar 
low-energy conformations observed for peptide and lactic 
acid structural units. The two depsipeptide repeat unit 
conformations AA-I, HA-I11 and AA-111, HA-111 which 
dominate the structure of random poly(L-alanine-L-lactic 
acid) are closely related to conformations that are impor- 
tant for polypeptide and poly(1actic acid) chains. The chain 
end-to-end distance of random poly(L-alanine-L-lactic 
acid) and its temperature coefficient are sensitive to the 
difference in statistical weights of regions AA-I and AA-111. 
This is illustrated by the strong dependence of the charac- 
teristic ratio C, on electrostatic interactions. An experi- 
mental analysis of the dimensions of randomly coiling poly- 
depsipeptides is currently in progress in our laboratory. A 
comparison of the theoretical and experimental results will 
be presented in a subsequent publication. 

Ordered Polydepsipeptide Structures.  Low-energy 
helical structures were found with hydrogen-bonded rings 
of size R = 10 or R = 13. Five- and seven-membered rings 
restrict only the conformation of a-amino or a-hydroxy 
structural units. Irregular or random chains would result 
from the conformational flexibility of the unrestricted 
structural units. Hence stabilization by long-range interac- 
tions or cooperative effects is precluded. I t  i s  unlikely that 
stabilization energy from the weak hydrogen bonds of the 
five- and seven-membered rings can adequately compen- 
sate for their unfavorable steric interactions in the absence 
of long-range stabilizing forces. We were unable to find he- 
lical structures with 8- or ll-membered hydrogen-bonded 
rings that were free of prohibitive steric contacts. Confor- 
mational energy calculations revealed that helical struc- 
tures with R = 14 also suffer severe steric interactions. We 
have assumed that helices with R > 14 are precluded by 
similar steric interactions that result from their small heli- 
cal pitch. 

The conformational characteristics and total energy of 
an interior repeat unit of the two minimum energy helical 
structures with R = 10 and R = 13 are presented in Table 
IV. Energies are measured from that of the low-energy ex- 
tended form {$a,$a,$h,$h} = ( -85°,1430,-760,1700) found 
by minimization from the conformation of lowest energy for 
the individual structural units. Conformational energy 
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Table IV 
Conformational Characteristics and Energy of Two M i n i m u m  Energy Polydepsipeptide Helices 

Dihedral angles, deg 

R 4 a  *a 4 h  ic/h na d,b A Hydrogen bonding V, kcal/mol 

10 51 - 94 - 144 30 1 .78  4 .50  (CONH) --f (CONH) 1 .84  
2 c  

30 
13 - 65 - 35 - 63 - 47 1 .81  2.89 (COO) + (CONH) -7.91 

Number of repeat units required for a complete turn about the helix axis. b Displacement along the helix axis per repeat 
unit. c Number of intervening a-carbon atoms between the indicated hydrogen-bonded groups. 

Table V 
Conformational Energy Characteristics of Two Low Energy Polydepsipeptide Helices 

m 
Helix 

R 0 1 2 3 4 5 6 7 8 9 10 

(V, - Vm*) 10 -3.52 0.32 -0.02 -0 .01  -0 .01  0 

(V,,, - V,,,*) 10 0.30 -0 .04  -0.02 -0.01 -0 .01  0 
13 0.91 2.19 0 .33  0.15 0.09 0 .06  0 .04  0.03 0.02 0 . 0 2  0 .01  

13 1 .88  0.60 0 .28  0 .15  0 .09  0 .06  0.04 0 .03  0 . 0 2  0 . 0 2  0 .01  

characteristics of the two low-energy helices are listed in 
Table V. The quantity V, - V,t given in the first two 
rows for values of m between 0 and 10 is defined as8 

where the term V ,  is the interaction energy between repeat 
units i and i + n and V,* is the asymptote of V,. V,=O 
represents the self energy of a depsipeptide repeat unit. 
Thus defined V ,  is the increase in total helical energy that 
occurs upon adding a depsipeptide repeat unit to a helical 
sequence of length m. The values of Ve,,  - V,,,* present- 
ed in the third and fourth rows of Table V were calculated 
according to eq 10 by (considering only electrostatic contri- 
butions to the conformational energy. 

The skeletal dihedral angles (+a,$a) = (51',-94') and 
{&,,$h) = (-144O,3Oo) of the R = 10 helix occur in regions 
IV of Figure 4 and 111' of Figure 5, respectively, of the 
amino acid and hydroxy acid conformational energy maps. 
Conformations of peptides corresponding to region IV are 
of high energy because of steric interactions between neigh- 
boring C=O and NH groups. Polypeptides are therefore 
prevented from forming the R = 10 type helix of Table IV 
by these interactions. The R = 10 helix is left handed with 
1.78 depsipeptide repeat units (Figure 1) per helix turn and 
a 4.50-h; translation along the helix axis for each repeat 
unit. For comparison with the corresponding parameters of 
polypeptide helices, thle former number should be multi- 
plied by 2 and the latter divided by 2. It can be seen from 
Figure 6a that the amide C=O and N-H bonds are direct- 
ed roughly parallel to the helix and the ester C=O bonds 
are approximately perpendicular to the helix axis. Hydro- 
gen bonding occurs between neighboring amide groups. 

As indicated in Table IV, the depsipeptide repeat unit 
energy of the R = 10 helix is 1.8 kcal/mol higher than the 
energy of the extended form. It is possible that the relative 
stabilities of the R = 10 helix and the extended form could 
be reversed by slight adjustments of the geometrical or en- 
ergy parameters. For example, relaxing the requirement for 
planar amide and ester groups would eliminate some steric 
repulsions of the R = 10 helix. It should also be pointed out 
that the conformational energy calculations presented here 
are only approximate for depsipeptides in solution since 
energy contributions from solute-solvent interactions have 
not been included. 

A moderate strength hydrogen bond of -3.27 kcal/mol 

links adjacent amide groups of the R = 10 helix. This hy- 
drogen bond is essentially linear with an 0 - N contact 
distance of 2.75 h;. Results presented in the first and third 
rows of Table V indicate that interactions between depsip- 
eptide repeat units of the R = 10 helix are generally unfa- 
vorable. The interaction between unit i and i + 1 is most 
severe. I t  accounts for 3.84 kcal/mol in spite of the favor- 
able hydrogen-bonded interaction between these units. 
This unfavorable interaction results primarily from steric 
repulsions between the carbonyl oxygen atom of the amide 
group of unit i and the succeeding ester oxygen atom. The 
R = 10 helix energy is decreased slightly by the favorable 
interaction between units i and i + 2 that results from van 
der Waals attractions between the H and C@ side-chain 
atoms of the amino acid residue of repeat unit i + 2 and 
the atoms of the hydroxy acid residue of unit i. Interunit 
interactions in the R = 10 helix are of relatively short range 
because of its extended form and the perpendicular orien- 
tation of adjacent amide and ester dipole moments. More 
than 99% of the total interunit energy is accountr,' for by 
interactions between repeat units i and i + 1 and i and i + 
2. Results presented in the third row of Table V illustrate 
the relatively minor role played by electrostatic interac- 
tions in determining the R = 10 helix energy. 

The sum Z,=p=m* (V ,  - V,*) represents the total 
excess conformational energy contribution of terminal 
units compared to interior units. Its value of -3.24 kcal/ 
mol for the R = 10 helix indicates that  terminal units are 
more stable than interior ones for this depsipeptide struc- 
ture. The electrostatic contributions to the excess energy of 
chain termini, +0.23 kcal/mol, is only 7% of the total and 
acts to stabilize interior compared to terminal units. 

The skeletal dihedral angles {+a,$a] = (-65',-35') and 
(&,$h] = (-63',-47') of the R = 13 depsipeptide helix art 
similar to the angles {$,$I = (-58',-47O) of the standard 
right-handed polypeptide CY helix.ll The corresponding 
left-handed polydepsipeptide helix has an  unfavorable en- 
ergy due to repulsions that involve the ester C=O group. 
These repulsions are relieved in polypeptides because of 
the larger skeletal bond angle at  the amide N atom com- 
pared to the angle at the ester 0 atom. The results of Table 
IV allow comparison of the number of hydroxy and amino 
acid structural units per turn of the R = 13 helix, 2 X n = 
3.62, and the average displacement along the helix axis per 
structural unit, d A  = 1.45 h; with the corresponding pa- 
rameters n = 3.60 and d = 1.50 A of the standard right- 
handed polypeptide CY helix.ll A segment of the R = 13 
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b 
Figure 6.  (a) Schematic diagram of the R = 10 polydepsipeptide 
helix. (h) Schematic diagram of the R = 13 polydepsipeptide helix. 

depsipeptide helix is shown in Figure 6b. The amide and 
ester C=O bonds are approximately parallel to the helix 
axis. Hydrogen bonding occurs between ester carbonyl oxy- 
gen atoms and amide NH atoms that are separated by 
three a carbons. 

The energy of an interior repeat unit of the R = 13 helix 
is 7.91 kcal/mol below that of the low-energy extended 
form. This stabilization energy is comparable to that found 
by Branta for the polypeptide a helix in spite of the fact 
that the depsipeptide helix has only one-half the number of 
hydrogen bonds of the polypeptide helix. The importance 
of van der Waals and electrostatic interactions to the for- 
mation of the a helix is illustrated by this comparison. 

The hydrogen bond of the R = 13 depsipeptide helix 
contributes an energy of -2.71 kcal/mol. Its 0 .  - - N dis- 
tance is 2.88 A. Energy contributions from interunit inter- 
actions in the R = 13 helix are listed in the second row of 
Table V. In contrast to the R = 10 helix the terminal units 
of the R = 13 helix are less stable than interior units. The 
stabilization of interior units results primarily from long- 
range electrostatic interactions between the parallel dipole 
moments of the amide and ester groups. Effective interunit 
interactions occur between atoms separated by five or less 
intervening units. However, weaker interactions extend 
further. The excess conformational energy a t  a chain termi- 

' 11 - 
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> 
' -2.00 

- 4.00 f 
11,,,,,1,,1 
0 2 4 6 8 10 

m 
Figure 7. The excess energy (V,,, - V,.) due to end effects of a he- 
lical depsipeptide repeat unit plotted against the number of units 
m that separate it from the helix end. 

nus Zl'm,O"'="'*(Vm - Vmr) = 3.81 kcal/mol, of which 3.20 
kcal/mol is contributed by electrostatic interactions, illus- 
trates the instability of terminal compared to interior re- 
peat units. Terms v, - v,* for the R = 10 and 13 helices 
are compared in Figure 7 for values of m between 0 and 10. 

The results of Table V and Figure 7 suggest that the R = 
10 helix is more stable for short depsipeptide chains of two 
or three repeat units than it is for longer chains. This is in 
contrast to the expected increase in stability of the R = 13 
helix with increasing chain length. The effect of solvents on 
conformational stability is also likely to differ for the two 
helices. Examination of Figures 6a and 6b reveals that the 
polar amide and ester groups of the R = 10 helix are more 
accessible to solvation than are those of the R = 13 helix. 
This is especially true of the perpendicularly oriented ester 
groups of the R = 10 helix. Thus, in the absence of energy 
contributions involving side chains, the R = 13 helix will be 
most stable in nonpolar solvents that interact weakly with 
the amide and ester groups. On the other hand, the stabili- 
ty of the R = 10 helix will be greatest in more polar sol- 
vents that can solvate the exposed ester groups. 

The thermodynamic stabilities of a-helical polypeptides 
and polydepsipeptides cannot be directly compared on the 
basis of conformational calculations of the type reported 
here since entropy effects and solvent interactions are not 
considered. However, an estimation of the stability of the 
polydepsipeptide a helix can be obtained from a statistical 
mechanical analysis of its helix-to-coil transition. For this 
purpose the depsipeptide chain was considered as a strictly 
alternating copolymer of a-amino and a-hydroxy acid 
structural units whose conformational states are deter- 
mined by torsional rotations $ and $ about the two skeletal 
single bonds attached to the a-carbon atom of each unit. 
Following Lifson and Roig12 we proceed by enumerating 
the conformational states of the depsipeptide structural 
units and then assigning statistical weights to each confor- 
mational state. 

Structural units whose torsional angles $ and $ are ap- 
propriate for the R = 13 helix are considered in the helical 
state. A unit in any other conformation is in the random 
coil state. Useful approximate rules governing conforma- 
tional properties of partially helical depsipeptide chains 
were derived from an examination of the hydrogen-bonding 
characteristics of the R = 13 helix. I t  is unlikely that a heli- 
cal segment will begin or end with an a-amino acid unit 
since the a-amino carbonyl oxygens are not involved in hy- 
drogen bonding and these units will not be restricted to the 
a-helix conformation if they appear a t  the ends of helical 
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segments. Therefore, a helical segment containing x hydro- 
gen bonds will be comprised of x a-amino and x + 1 a- 
hydroxy acid structural units. Thus we associate a hydro- 
gen bond with each a-amino acid structural unit in the he- 
lical state and assign il statistical weight of w’ to such units. 
Helical a-hydroxy acid structural units are restricted to a 
small portion of conformation space but do not contribute 
hydrogen bonds. We lhave assigned a statistical weight of u’ 
to these units. Amino and hydroxy acid units in the coil 
state are assigned statistical weights ua  and Uh, respective- 
ly. The reference state is chosen so that UaUh = 1. 

A helical segment containing x hydrogen bonds will have 
a statistical weight = (W’U’)~~’. Therefore, w’u‘ is 
the equilibrium constant for adding an additional hydrogen 
bond to a depsipeptide helical segment increasing its 
length by an amino and hydroxy acid structural unit. The 
free energy change for this process is thus 

A G c - h  = -RT In (w’c’)  (11) 

At the melting temperature Td of the depsipeptide helix 
AGc-h = 0 and 

and 

- R T ~  In (w’) - R T ~  In ( V I )  = o (12) 

An approximate comparison of the melting temperature Td 
of a depsipeptide helix with the melting temperature TP of 
the corresponding polypeptide helix can be made by as- 
suming that the statistical weights w’ and u’ of the depsip- 
eptide helix have the same values as the statistical weight 
parameters w and u assigned by Lifson and Roig12 to anal- 
ogous conformational states of polypeptides. This appears 
as a reasonable approximation in light of the close resem- 
blance between the depsipeptide and peptide conforma- 
tional states that are represented by w‘ and w, and by u’ 
and u. We consider after Lifson and Roig12 that w’ depends 
upon temperature accoring to eq 13 

AG’c-h = -RT In w’ = AH’ - TAS’ (13) 

where the superscript p refers to the indicated process in 
polypeptide chains. At the melting temperature of the 
polypeptide helix 

AH’ = T’AS’ (14) 

Equations 12, 13, and 14 can be combined to yield Td in 
terms of thermodynamic parameters for the corresponding 
polypeptide helix-to-coil transition. 

T~ = ~ ’ / / ( 1  + R T  In a/AHP) (15)  

Thus polydepsipeptides will have a helix-to-coil transi- 
tion within -100’ of thle peptide transition temperature if 

0 .5  5 1 + RT’ In t - /AHP 5 1.5 (16) 
or  

; In  W l:$i > 0.5 
Employing in eq 16 a value of 0.025 for u that  is representa- 
tive of polypeptide melting13 and a temperature of 398’K 
we find that a stable depsipeptide R = 13 helix can be ex- 
pected if A H P ,  the enthalpy change for the coil-to-helix 
transition of the corresponding polypeptide, has an abso- 
lute value greater than 4.4 kcal/mol. This is a considerably 
larger enthalpy change than is commonly observed for 

helix-to-coil transitions in aqueous1P17 and mixed organic 
Thus it is likely that R = 13 helical poly- 

depsipeptides will be observed only in helix supporting or- 
ganic solvents such as chloroform. 

Examination of the statistical weights assigned to depsi- 
peptide conformational states reveals that u’ represents the 
equilibrium constant for the formation of an interruption 
in a helical sequence by a process that does not change the 
number of helical hydrogen bonds. Applequist21 has shown 
that the sharpness of the helix-to-coil transition depends 
inversely on this equilibrium constant. The equilibrium 
constant for the analogous process in polypeptide a helices 
is u2.  This difference arises as a consequence of the differ- 
ent number of unformed hydrogen bonds per helical seg- 
ment for the two types of chain molecules. There are two 
unsatisfied H bonds for a peptide and one for a depsipep- 
tide helical segment. Since u’ << 1 the cooperativity or 
sharpness of the depsipeptide helix-to-coil transition will 
be considerably less than observed for polypeptides. 

These considerations suggest that both the random and 
ordered forms of polydepsipeptides will be experimentally 
accessible for conformational characterization. Because of 
the predicted low stability of the a-helical form we expect 
that polydepsipeptides will exist in the random state in a 
wider variety of solvents than is the case for polypeptides. 
Thus the theoretical analysis of the conformational charac- 
teristics of randomly coiling polydepsipeptides chain pre- 
sented in the preceding section can be readily subjected to 
experimental verification. Furthermore, it is likely that 
thermally induced helix-to-coil transitions of polydepsi- 
peptides can be observed in pure organic solvents instead 
of the mixed solvent systems required for polypeptide tran- 
sitions. Thermodynamic parameters for helix-to-coil tran- 
sitions in pure nonpolar solvents are more amenable to the- 
oretical analysis than are those for transitions in mixed sol- 
vents containing a very polar component. Experimental 
conformational analyses of both randomly coiling and or- 
dered polydepsipeptides are now in progress in this labora- 
tory. Results from these studies will be reported soon. 
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