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at C(11) and its converse, derivatization at C(11) to direct stereochemistry 
at C(15) had previously been reported, see ret 1b, 1d, and G. Bundy, F. 
Lincoln, N. Nelson, J. Pike, and W. Schneider, Ann. N. Y. Acad. Sci., 180, 
76(1971). 

(30) C. Moussebois and J. Dale, J. Chem. Soc. C, 260 (1966); F. D. Gunstone 
and I. A. Ismail, Chem. Phys. Lipids, 1, 264 (1967). 

(31) D. A. Van Dorp, Ann. N.Y. Acad. Sci. 180, 181 (1971). 
(32) J. W. Hinman, 5th Annual Offshore Technology Conference, Houston, 

Texas, April 29-May 2, 1973, Paper No. OTC 1768; J. W. Hinman, S. R. 
Anderson, and M. Simon, Stud. Trop. Oceanogr., No. 12, 1 (1974). 

(33) IR spectra were recorded with a Perkin-Elmer Model 221 IR spectropho
tometer on Nujol mulls or as neat liquids between salt plates. The NMR 
spectra were run on a Varian A-60A spectrophotometer using deuter-
iochloroform solution with tetramethylsilane as internal standard. Mass 

The importance of proline and of hydroxyproline in struc
tural proteins, in enzymes, and in hormones is too well known 
to require comment. Structural features have been extensively 
investigated by x-ray crystallography, by 1H and 13C NMR, 
by various theoretical calculations, and by other methods such 
as IR and CD. 

One purpose of the present study is to bring together this 
extensive and scattered body of information so as to provide 
a definitive picture of the conformational properties of proline, 
particularly the energies of ring conformations and of s-cis and 
5-trans acyl groups. We have also performed new and sophis
ticated molecular mechanics calculations which lead to the 
energy profiles shown in Figures 1 and 2. Since previous cal
culations by other groups based on simplified force fields have 
given generally similar results, we conclude that the energy 
profiles are not very sensitive to the details of the force field 
and are therefore reasonably well defined. Although x-ray data 
are available for some three dozen proline rings, it is almost 
impossible to make a rational comparison of the x-ray data 
because some of it is incomplete and because every author uses 
a different numbering system. We have therefore recalculated 
all the internal coordinates of the proline skeletal atoms from 
crystal coordinates and present a unified and accurate tabular 
summary of the x-ray results. We have made a complete survey 
of NMR studies on proline derivatives and show in what re
spect these are relatable to the energy profiles. 

How to Describe Conformations of Five-Membered Rings. 
The biggest problem we faced in this study was to devise a 
convenient method for describing the conformational state of 
a five-membered ring. Even assuming that all bond lengths 

spectra were recorded on an Atlas CH-4 instrument with ionization voltage 
of 70 eV or on a Model 9000 LKB gas chromatograph-mass spectrograph. 
UV spectra were recorded in 95 % ethanol using a Carey Model 14 spec
trophotometer. We are grateful to Dr. A. A. Forist and his associates for 
much of the analytical and spectral data and to J. H. Kinner, R. A. Morge, 
J. A. Woltersom, and J. M. Baldwin for technical assistance. 

(34) We are indebted to Professor A. J. Weinheimer and associates for this 
material. 

(35) M. Hambergand B. Samuelsson, J. Biol. Chem., 241, 257 (1966). 
(36) A hydrocarbon fraction, bp 60-71 0C. 
(37) P. W. Ramwell, J. E. Shaw, G. B. Clarke, M. F. Grostic, D. G. Kaiser, and 

J. E. Pike, Prog. Chem. Fats Other Lipids, 9, 1 (1968). 
(38) Prepared as in "Inorganic Syntheses", Vol. 8, p 126. 
(39) See ref 38, pp 125-130 for details. 

remain constant, there remain four angles and torsions to be 
defined. Is it necessary to treat these independently, or is there 
some sound reason for supposing that, say, two would suffice? 
We were eventually able to show by molecular mechanics 
calculations that two parameters give an adequate definition 
for conformations having energies up to a few kilocalories 
above the minimum, but that more parameters are necessary 
to define conformations of high energy. We present our rec
ommendations below. 

The starting point for defining conformations of five-
membered rings is cyclopentane, and the recommended con
formational equations may be represented by the equa
t ion 2 7 

Xi = a0cos [t+ ( / - 1)4TT/5] / = 1 , 2 , 3 , 4 , 5 (1) 

In the earliest paper xi represented the vertical displacement 
of a given atom from the average plane.2,7 But x< can also 
represent a torsion; or it can represent certain other geometrical 
properties such as bond angles.4 Whatever the meaning of x, 
t is the same quantity throughout, a phase angle that defines 
the distribution of puckering. The constant a0 is a puckering 
amplitude which defines the maximum value assumed by x and 
will necessarily depend on what quantity is being represented 
by x- For t = 0°, 36°, 7 2 ° , . . . , the ring conformation is of Ci 
symmetry ("half chair"). For t = 18, 54°, . . . , the confor
mation is of C5 symmetry ("envelope"). For cyclopentane the 
conformational energy is independent of/, and in consequence 
the two normal ring vibrations are degenerate. The result is 
denoted as pseudorotation.2'378 As rings are made less flexible 
by substitution, the energy becomes dependent on t and 
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Figure 1. Energy contour plot for ring conformations of s-trans-Ac-Pro-
OCH3 defined by torsion X2 and d\ (eq 2). \p has whatever value that gives 
an overall minimum. Steric energies were computed by molecular me
chanics. There are two regions of minimum energy. For both the innermost 
contour is 0.5 kcal/mol above the global minimum, which is located at X2 
= -36 , </i = - 1 ; the minimum at X2 = 36, d\ = - 5 is 0.3 kcal/mol above 
the global minimum. Successive contours are at 1, 1.5,2,2.5, and 3 kcal. 
The region between the two 2.5-kcal contours includes the saddle point 
of the pass, whose minimum height is 2.7 kcal. The diagonal lines are loci 
of envelope forms with the indicated atom up (+) or down ( - ) with respect 
to the average plane. The carbethoxyl group is up. The numbered squares 
show conformations for proline rings studied by x-ray crystallography; 
the data are from Table I. The points x are the s-cis conformations reported 
in Table IV. 

eventually one or two conformations have lowest energies; the 
term pseudorotation becomes less applicable and eventually 
unsuitable.8 Incidentally, parallel treatments are applicable 
to rings of other sizes.9'10 

There is no way both simple and rigorous to define the 
puckering geometry of a five-membered ring with lower 
symmetry than cyclopentane, but there are useful approximate 
definitions. Special aspects have been treated by Dunitz1' and 
by Dunitz and Waser.12'13 Altona and Sundaralingam6 applied 
eq 1 empirically to some 60 furanoside rings of ribose and de-
oxyribose for which x-ray data are available. For treating 
proline polymers Venkatachalam et al.1415 define the puck
ering of the proline ring in terms of torsion angle xs (= 0) and 
a bending parameter T. Symmetry is utilized better by using 
torsion X2 and bending angle T, as is done in vibrational analysis 
of cyclopentanone and related compounds.16 Vibrational 
analyses of ring puckering for five-membered rings have been 
reported by many workers.17"23 

It is often convenient to relate all ring torsions to one 
"master" ring torsion as shown in eq 2. The relationships be
tween eq 1 and 2 are summarized in eq 3, and for proline the 
appropriately indexed form of eq 1 is eq 4; 

X, = -0.809x2 - d\ 
X3 = -0.809x2 + rfi 
X4 = 0.309x2 + d2 

X5 = 0.309x2 - d2 (2) 

t = tan"1 [-rf,/x2/sin(4x/5)] 
tfo = X2/cos t 

d\ = — ao sin (4TT/5) sin t 

d2 = dx sin (8x/5)/sin (4x/5) (3) 

X,- = an cos [t + 4TT(/ - 2)/5] (4) 

the numerical constants in eq 2 are cosines of 4x/5 and 8ir/5. 
Equations 2 provide an especially convenient way to get at an 

90 
60 IN-

Figure 2. Polar plot of energy contours for s-trans- Ac-PrO-OCH3. Con
formations for proline are defined by Xi = aocos [/ + 47r(/ — 2)/5], eq4. 
The puckering amplitude, ao, is radial, the phase angle t, which defines 
the distribution of puckering, is angular. Energy definitions are the same 
as for Figure 1. The diagonals are the loci of envelope forms with the 
specified envelope atom up (+) or down (—) with respect to the average 
plane. These are at t = 18°, 54°, 90° , . . . The carbethoxyl group is up. The 
pseudorotation path for cyclopentane is the dotted circle at ao = 45; for 
cyclopentane all conformations represented by this circle have the mini
mum energy. 

and t. It takes only two torsions to calculate d\ and X2 and 
hence all other torsions plus ao and t. If more than two torsions 
are available, it is simple to perform averaging to get "best" 
values. Maximum simplicity of the relationships of eq 2 de
pends on proper choice of the master torsion angle, namely X2-
Equations 1, 2, and 4 are not exact; for most ranges of ao and 
t (or of X2 and ^1) the steric energy due to bond angle defor
mation, torsion strain, and van der Waals forces becomes a 
minimum in accordance with a geometry defined by these 
equations. At extremes of geometry (or of energy) there can 
be appreciable departures. In practice eq 2 or 4 correlates 
torsion values to within about ±2° and mostly within ± 1 ° over 
ranges of conformations of usual interest. We note that eq 1 
defined in terms of z,-, displacement of the / th atom from the 
average ring plane, requires that 2z, = 0 and that in terms of 
torsions, Xh eq 1 also predicts that Sx; = 0; that is, the sum of 
the torsions is zero. Such relationships do not hold for larger 
rings.24 

Recalculation of X-Ray Data. The most definitive structural 
information for proline is based on the more than 20 x-ray 
studies of proline derivatives. However, we find that it is almost 
impossible to make effective use of the literature values because 
equivalent atoms are numbered differently in every paper and 
because many important internal coordinates are missing. We 
therefore have carried out a complete recalculation of all in
ternal coordinates in a consistent way so as to present these 
valuable structural data in a readily usable form, Table I. In 

DeTar, Luthra / Conformations of Proline 



1234 

Table I. Proline Bonds, Angles, Torsions, and Conformational Properties from Reported X-Ray Coordinates"-** 

l 
? 
3 
4 
5 
6 
7 
e 
9 

10 

ACPRLAC 1 
TOSPRHYHR 
DIHYORPRO 
ACTTN BP2 
CY-PR-LfTU 
CY-PR-GLY 
ACT IN P2 
CUPLPR2 1 
H-HYP-OH 
ANTAM PS 

1 1 TOSPRHY H 
12 ANTAM P3 
13 Z4BR-GPLG 
H i CUBLPR2 2 
15 BOPPPPBH 
16 LEUPRGL 2 
17 B0PPPPBL1 
18 CY-PPH 2 
19 ANTAM P7 
20 ANTAM P2 
2 1 AO-PRP P2 
22 CY-PPH P3 
23 0L -FR0HCL 
24 AO-PPP P l 
25 TOSPRHY P 
26 B0PPPPRL3 
27 BCPOPPBL2 
28 CY-PPH 1 
29 LEUPRGLYl 
30 TOSPRHYPR 
31 AC-P 0 O-MA 
3? AO-PPP F3 
33 ACT IN B P l 
3"» ACT IN P l 
35 L - P R O - 0 H 
36 ACPRLAC 2 
37 TRIENPRCO 
3? Z2BGPLGF1 
39 B0CPR0-0H 
ItO Z2BGPLGF2 

C-A 
1.1(86 
1 . 5 0 1 
1 . 5 3 0 
1.521» 
1 .507 
1 .507 
1 .522 
1 . 5 1 6 
1 .5S0 
1 . 5 2 5 
1 .527 
1.501! 
l . i»87 
1 . 5 1 0 
1 . 5 3 3 
1 .51» 
1 . 5 2 5 
1 . 5 3 3 
1.51*0 
1 . 5 0 8 
1 . 5 1 0 
1 . 5 3 8 
1 .5*0 
1.53i( 
1.1*93 
1 .568 
1 . 5 1 3 
1.51.1 
1 .518 
1 . 5 2 1 
1 .530 
1 . 5 3 1 
1 . 5 1 1 
1.1.92 
1 .527 
1.1.86 
1 . 5 0 8 
1 . 5 7 1 
2 . 0 9 0 " 
1 . 5 0 9 

A-B 
1.61*9 
1 . 5 3 5 
1 .5 36 
1 . 5 5 5 
1 . 5 1 5 
1 . 5 H . 
1 . 5 6 2 
1 .538 
1 .526 
1 . 5 6 8 
1.531* 
1 . 5 5 5 
1.51.9 
1.511* 
1 .561 
1.1.96 
1 .551 
1 . 5 6 1 
1 .575 
1 .562 
1 .537 
1.51.5 
1 . 5 « 
1 .553 
1 . 5 5 1 
1.1.70 
1 .596 
1 .537 
1.1.96 
1 .535 
1.530 
1 .525 
1.1*83 
1 .567 
1 .522 
1.1*01 
1.55"» 
1 . 6 2 2 
1 .529 
1.51*1» 

B-G 
1 . 5 3 6 
1 . 5 5 2 
1 . 5 1 7 
1 . 5 0 2 
1 . 4 8 5 
l . s z e 
1.1.63 
1 . 5 5 7 
1 .520 
1 . 5 1 8 
1 . 5 4 4 
1 . 5 3 0 
1 . 4 1 5 
1 . 5 7 5 
1.1.16 
1 . 5 0 6 
1.1*90 
1 . 5 1 5 
i . *«e 
1 .4 07 
1 . 4 8 9 
1 . 5 1 ? 
1 . 5 0 6 
1 .516 
1 .559 
1.1.64 
1 . 5 1 6 
1 . 5 2 6 
1 . 6 1 7 
1 . 4 9 5 
1 . 5 0 3 
1 . 5 1 5 
1 . 5 5 5 
1 . 5 9 0 
1 . 5 3 8 
1 . 5 0 1 
1 . 4 9 6 
1 .536 
1 . 6 0 5 
1 . 4 5 7 

G-O 
1 . 4 8 5 
1 . 4 8 4 
1 . 5 1 7 
1 . 5 7 2 
1 . 5 1 3 
1 . 5 0 6 
1 . 5 4 5 
1 . 5 0 1 
1 .523 
1 . 5 1 3 
1 .530 
1 . 5 5 4 
1 . 4 9 0 
1 .547 
1 . 4 6 1 
1 , 4 7 9 
1 . 5 3 8 
1 .5 09 
1 . 4 7 2 
1 .540 
1 . 4 3 5 
1 , 5 1 5 
1 . 5 0 4 
1 . 5 3 2 
1 . 5 5 6 
1 , 5 2 1 
1 .517 
1 , 5 2 7 
1 .527 
1 . 5 4 4 
1 .530 
1 .523 
1 ,476 
1 . 5 1 7 
1 .532 
1 .603 
1 .510 
1 .536 
1 . 5 0 8 
1 . 5 8 1 

0-N 
1 . 4 8 6 
1 .471 
1 .532 
1 .450 
1 .481 
1 . 4 5 8 
1 .499 
1 .547 
1 .487 
1 .531 
1 .428 
1 . 4 7 0 
1 . 4 5 9 
1 .524 
1 .511 
1 .458 
1 .472 
1 . 4 7 6 
1 .536 
1 .507 
1 .471 
1 .4S3 
1 .516 
1 .465 
1 . 4 9 3 
1 .498 
1 .463 
1 .492 
1.45S 
1 .468 
1 . 4 7 6 
1 . 4 8 1 
1 .465 
1 . 5 1 6 
1 .484 
1 .486 
1 .486 
1 .460 
1 . 4 7 8 
1 .548 

A-N 
1 . 4 7 4 
1 . 4 7 3 
1 . 4 4 8 
1 .500 
1 . 4 6 4 
1 . 4 5 7 
1 . 5 1 1 
1 .534 
1 . 4 9 8 
1 . 4 6 2 
1 . 4 4 3 
1 . 5 1 2 
1 . 4 5 6 
1 .557 
1 . 4 6 6 
1 . 4 5 1 
1 . 4 8 6 
1 . 4 8 5 
1 . 4 8 3 
1 . 4 6 9 
1 . 4 5 5 
1 . 4 7 3 
1 .473 
1 . 4 4 6 
1 . 5 0 1 
1 . 4 3 9 
1 .423 
1 . 4 7 0 
1 . 4 5 1 
1 . 4 7 6 
1 . 4 7 1 
1 .456 
1 . 4 7 2 

. 4 4 1 

. 5 2 7 

. 4 7 4 

. 4 * 3 

. 5 0 2 
1 . 4 5 2 
1 . 4 6 4 

C-O 
1 .243E 
1.204A 
1.238A 
1 . 2 6 7 
1 . 2 2 8 
1 . 2 3 3 
1 . 2 5 7 
1 , 2 6 8 * 
1.244A 
1 . 2 1 7 
1.192A 
1 .Z47 
1 . 2 1 7 
1 . 2 6 8 » 
1 .216E 
1 . 2 3 5 
1 . 2 0 3 
1 . 2 1 2 
1 . 2 3 2 
1 . 2 4 3 
1 . 2 4 5 
1 . 2 1 3 
1.239A 
1 . 2 2 2 
1 . 2 4 7 
1 . 2 3 6 
1 . 2 2 7 
1 . 2 2 4 
1 . 2 3 5 
1 . 2 2 5 
1 . 2 3 1 
1.182A 
1 . 2 0 8 
1 . 2 5 0 
1.275A 
1 .243E 
1 . 2 1 8 * 
1 . 2 1 6 
2 . 6 3 6 » 
1.279A 

C-M 
1 . 3 3 « 
1 . 3 2 6 4 
1.242A 
1 . 3 2 2 
1 . 3 5 6 
1 . 3 3 1 
1 . 3 1 1 
1 . 2 3 9 » 
1 . 2 4 2 » 
1 . 3 1 4 
1 . 4 1 3 « 
1 . 3 5 « 
1 . 3 6 5 
1 . 3 1 0 * 
1 .293E 
1 . 3 1 3 
1 . 3 7 5 
1 . 3 3 5 
1 . 3 5 2 
1 . 3 5 2 
1 . 3 3 2 
1 . 3 4 6 
1 . 3 2 3 « 
1 . 3 2 6 
1 . 3 3 2 
1 . 3 1 4 
1 . 2 9 6 
1 . 3 3 8 
1 . 3 1 ! 
1 . 3 2 9 
1 , 3 1 7 
1.335A 
1 . 3 2 5 
1 . 3 3 6 
1 .239A 
1 .339E 
1 . 2 9 3 » 
1 . 3 7 1 
1 . 1 7 5 * 
1 . 4 8 4 » 

AVERAGE 
STO. OEV. 
O . F . 

1 . 5 2 0 
. 0 1 9 

39 

. 5 40 

.040 
40 

1.51C 
. 0 4 2 

40 

1 . 5 1 9 
. 0 3 2 

40 

1 . 4 8 7 
. 0 2 8 

40 

. 4 7 6 

. 0 2 8 
40 

1 . 2 3 1 
. 0 1 6 

25 

1 . 3 3 5 
. 0 2 6 

25 

ACFRLAC 1 
TOSPRHYHR 
DIHYORPPO 
ACTIN BP2 
C Y - P R - L E U 
CY-PO-GLY 
ACTIN F2 

8 CUBLPR? 1 
o H-HYP-OH 

10 (,NTiM P» 
11 TOSPRHY H 
12 ANTAM F3 
13 Z4B"-i,PLG 
14 CUBLPR2 2 
15 B0PPPPBL4 
16 LEUPRGL 2 
17 BOPPPPBLl 
18 CY-PPH 2 
19 *NTAM P7 
20 ANTAM P2 
21 AO-PPP P2 
22 CY-PPH F3 
23 OL-FPOHCL 
24 AO-PPP Fl 
25 TOSPRHY P 
26 B0PFPPBL3 
27 BCPPPPBL2 
28 CY-PPH 1 
29 LFUPRGLYl 
30 TOSPRHYFR 
31 AC-PRO-PA 
3? AC-PPP P3 
33 ACT IN B P l 
34 ACTIN P l 
35 L-PRO-OH 
36 ACPRLSC 2 
37 TFIENPPCO 
38 Z2BGPLGF1 
39 BOCFRC-CH 
4P Z23r-PLGF2 

AVFRAGF 
STO. DEV. 
D . F . 

N-K 
1 . 3 3 1 
1 . 3 2 ' 
7 . 3 9 7 * 
1 . 3 0 2 
1 . 3 4 2 
1 . 3 2 1 
1 . 3 1 1 
2 .u47» 

1 1 . 3 1 9 * 
1 . 3 5 2 
1 .332 
1 .352 
1 . 3 7 1 
2.0fc8* 
1 .314 
1 . 3 3 8 
1.336Z 
1 .338 
1 . 3 2 4 
1 .316 
1 .328 
1 .335 
6 . 3 0 1 * 
1.337Z 
1 .598* 
1 . 2 9 6 
1 .375 
l . * 4 6 
1.33"! 
1 .64 7» 
1 .338 
1 .332 
1 .302 
1 .354 
3 . 2 3 8 * 
1 .331 
1 .980» 
1.3.3* 
1.346Z 
1 .320 

1 .332 
. " 1 9 

28 

K-Q 
1 .262 
1 .225 
0 .0 00* 
1 . 2 8 9 
1 .244 
1 .2 31 
1 .247 
1 .87d» 
0 . 0 0 0 * 
1 .232 
1 .247 
1 .243 
1 . 2 6 1 
1 .848» 
1 . 2 3 6 
1 .272 
1.233Z 
1 .224 

195 
240 
222 
212 
000» 
219Z 
345» 
227 
203 
213 
2 72 
442» 
2 44 
2 45 
268 
263 
000» 
262 
842» 

1 .262 
1.23iiZ 
1 .2 71 

1 .243 
. 0 2 3 

78 

K-L 
1 . 5 0 8 
1 . 5 2 1 
0 . 0 0 0 * 
1 . 5 4 5 
1 . 5 2 2 
1 . 5 1 2 
1 . 5 4 2 
1 . 8 4 8 * 
0 .C CC* 
1 . 5 4 0 
1 . 4 9 8 
i.5oe 
1 . 5 0 5 
1 . 8 7 0 * 
1 . 5 6 « 
1 . 4 5 9 
1 .311Z 
1 . 5 4 1 
1 . 5 5 8 
1 . 5 4 8 
1 .534 
1 .533 
o . o c o * 
1 .3617 
1 . 7 7 6 ' 
1 . 513 
1 .525 
1 . 5 3 8 
1 . 4 5 5 
1 .777» 
1.49C 
1.51C 
1 .524 
1 . 5 J 8 
o . o c o » 
1.5CS 
9.842* 
1.465 
1.335Z 
1 . 5 2 5 

1 .5 22 
.C22 

C-A-B 
1 0 5 . 5 
1 0 9 . 8 
1 1 6 . 5 
1 1 2 . 0 
1 1 5 . 3 
1 1 6 . 1 
10 7 . 6 
1 1 3 . 2 
1 1 1 . 5 
1 1 1 . 1 
1 1 4 . 1 
1 1 0 . 9 
1 1 4 . 7 
1 1 2 . 0 
1 1 0 . 6 
1 1 3 . 3 
1 0 9 . 3 
1 1 1 . 5 
1 0 6 . 9 
1 0 9 . 3 
1 1 1 . 8 
1 1 0 . 1 
1 1 3 . 0 
1 1 0 . 7 
1 0 1 . 3 
1 1 1 . 1 
1 1 0 . 7 
1 1 1 . 7 
1 1 3 . 3 
1 0 8 . 6 
1 1 1 . 5 
1 1 1 . 1 
1 1 2 . 0 
1 1 0 . 9 
1 1 1 . 5 
1 2 0 . 2 
1 1 4 . 4 
1 0 5 . 9 

7 4 . 1 * 
1 1 0 . 5 

1 1 1 . 3 
3 . 3 

39 

B-A-N 
9 8 . 1 

1 0 2 . 7 
10 3 . 7 
1 0 3 . 2 
1 0 J . 2 
102 .7 
1 0 1 . 8 
1 0 6 . 7 
105 .0 
1 0 4 . 0 
1 0 3 . 8 
1 0 2 . 7 
1 0 1 . 4 
1 0 4 . 2 
1 0 2 . 4 
1 0 3 . 7 
1 0 3 . " 
1 0 3 . 4 
10 2 . 6 
1 0 4 . 8 
1 0 3 . 5 
1 0 3 . 2 
1 0 6 . 8 
1 0 5 . 4 

9 8 . 8 
1 0 5 . 6 
1 0 4 . 1 
1 0 2 . 6 
1 0 3 . 7 
1 0 2 . 2 
103 
104 
102 
104 
106 
103 
106 

1 0 2 . 9 
1 0 2 . 0 
1 0 2 . 5 

1 0 3 . 5 
1 . 8 

40 

A - B - G 
1 0 1 . 2 
1 0 3 . 9 
1 0 2 . 3 
1 0 4 . 2 
1 0 3 . 0 
1 0 2 . 3 
1 0 7 . 0 
1 0 3 . 1 
106 
104 
102 
107 
108 
107 
106 
l u 7 . 8 
1 0 7 . 1 
1 0 5 . 7 
1 0 6 . 8 
1 0 6 . 2 
1 D 4 . 6 
1 0 4 . 7 
1 0 0 . 8 
1 0 2 . 0 
1 1 5 . 4 
1 0 6 . 0 
1 0 1 . 7 
1 U 4 . 5 
1 0 5 . 8 
1 0 8 . 2 
1 0 4 . 7 
1 0 3 . 5 
1 U 2 . 5 
I u O . 3 
1 0 0 . 8 
1 0 8 . 4 
1 0 3 . 4 
1 0 3 . 2 
1 0 4 . 1 
1 0 4 . 5 

1 0 4 . 8 
2 . 8 

40 

B-G-O 
1 0 1 . 1 
1 0 1 . 4 
1 0 5 . 0 
1 0 3 . 0 
1 0 7 . 2 
1 0 5 . 4 
1 0 5 . 3 
1 0 5 . 9 
1 0 3 . 0 
1 0 7 . 6 
1 0 6 . 4 
1 0 6 . 1 
1 0 9 . 0 
1 0 2 . 4 
1 1 4 . 0 
1 0 7 . 1 
1 1 0 . 3 
1 0 7 . 4 
1 1 3 . 5 
1 1 4 . 7 
1 1 1 . 0 
1 0 8 . 0 
1 0 9 . 3 
1 0 8 . 9 

9 4 . « 
1 0 7 . 7 
1 0 6 . 5 
1 0 4 . 9 
1 0 4 . 1 
1 0 2 . 3 
1 0 4 . 2 
1 0 3 . 9 
1 0 1 . 5 
1 0 4 . 4 
1 0 3 . 7 

9 9 . 6 
1 0 3 . 7 
1 0 7 . 9 
1 0 5 . 8 
1 0 8 . 0 

1 0 5 . 9 
3 . 9 

40 

G-Q-N 
1 0 5 . 9 
1C6.6 
1 0 5 . 3 
1 0 4 . 1 
1 0 1 . 5 
1 0 3 . 1 
1 0 4 . 3 
1 0 0 . 7 
1 0 4 . 9 
ICO. 6 

9 8 . 4 
1 0 2 . 3 
1 0 3 . 5 
I C l . 6 
1 0 1 . 4 
1 0 3 . 2 
1 0 1 . 7 
1 0 3 . 2 
1 0 1 . 7 
1 0 0 . 0 
1 0 4 . 1 
1 0 4 . 6 
1 0 6 . 0 
1 0 2 . 4 
1 0 8 . 5 
1 0 0 . 6 
1 0 4 . « 
1 0 5 . 1 
I d . 6 
1 0 3 . 8 
1 0 2 . 8 
1 0 2 . 9 
1 0 4 . i 
1 0 2 . 5 
1 0 5 . 3 

5 8 . 6 
1 0 3 . 4 
1 0 5 . 3 
1 0 2 . 5 

9 7 . T 

1 0 3 . 1 
2 . 3 

40 
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1 ACPRLAC 1 
2 TOSPRHVUR 
I 0IWY0RPP0 
<• ACTIN BF2 
5 C Y - P P - L E U 
6 CY-PP-GLY 
7 ACTIN F? 
8 CUBLPR2 1 
9 H-HYP-OH 

10 ANTAM P8 
11 TQSPRHY H 
12 ANTAM P 3 
1 3 ZI.HR-GPLG 
1<I CUBLPR2 2 
15 BOPPPPBLfc 
lfc LPOPRGL 2 
17 BOPPPPBLl 
1 0 C Y - P ° H 2 
1 9 AKTAM P7 
20 ANTAM P? 
21 AO-PPP P2 
2 ? CY-PPH P3 
2 3 DL-FROHCL 
2 * AO-FPP F l 
2 5 TOSPRHY P 
26 " 0 P P P P B L 3 
2 7 PCPPPPBL2 
28 C Y - ° P H 1 
2Si LEUPRGLYl 
3P TUSPRHYPR 
31 A C - P R O - ^ a 
32 AO-PPP F3 
33 ACTIN B F l 
3Ii ACTIN P l 
35 L-PPO-OH 
3 6 ACPRLAC 2 
3 7 TPirNPRCO 
3« ZZBnPLGFl 
3 9 8 0 C P R 0 - 0 H 
i.0 ZZBGPLGP? 

AVERAGE 
S T O . OEV. 
O . F . 

1 ACPRLAC 1 
2 TOSPRHYHR 
3 OiHYDRPRO 
Ii ACTIN BP2 
5 CY- PO-LFU 
6 CV-PR-GLY 
7 ACTTN P2 
8 CUBLPR2 1 
9 H-HYP-OH 

10 ANTAM P8 
11 T05PRHY H 
1 2 AMTAM Po 
1 ? ZkBR-GPLG 
l i i C0BLPR2 2 
15 BOPP»PBL<i 
1 6 LEUPRGL 2 
17 BOPPPPBLl 
18 CY-PPH 2 
19 ANTAM P7 
20 ANTAM F 2 
2 1 AC-PPP P2 
22 CY-PPH P3 
23 OL-PROHCL 
2fc AO-PPP F l 
25 TOSPRHY P 
26 BCPPPPBL3 
27 B0PPPPBL2 
28 CY-PPH 1 
2 9 LEUPRGLYl 
3 " TOSPRHYPR 
3 1 AC-PRO-MA 
32 AO-PPP P3 
3 3 ACTIN BPl 
3«. ACTIN P l 
3 5 L-PRO-OH 
3 6 ACPRLAC 2 
3 7 TRIENPRCO 
3 1 Z2BGPLGF1 
39 BOCPRO-OH 
lit ZZBGPLG F2 

AVERAGF 
STO. OEV. 
D . F. 

O - N - l 
1 1 2 . 2 
1 1 0 . 5 
1 0 7 . 3 
1 1 1 . 3 
1 1 2 . 5 
1 1 3 . 2 
1 1 1 . 1 
1 0 6 . 2 
1 0 9 . 1 
1 1 2 . 9 
1 1 6 . 3 
1 1 3 . 9 
1 1 3 . 3 
1 0 3 . 3 
1 1 3 . 5 
1 1 3 . 3 
1 1 5 . ? 
1 0 8 . 3 
l l i i . 9 
1 1 3 . 9 
1 1 3 . 1 
1 1 1 . 6 
101». 6 
1 1 3 . 8 
1 1 1 . 1 
112 .<» 
1 1 3 . 2 
1 1 1 . 1 
1 1 3 . 3 
1 1 2 . 5 
1 1 2 . 2 
1 1 1 . 8 
1 1 2 . 3 
1 1 2 . 8 
1 0 7 . 1 
1 1 2 . 2 
1 0 5 . 2 
1 1 3 . 7 
1 1 3 . 6 
H H . 0 

1 1 1 . 6 
3 . 0 

i»0 

L-K-Q 
121 .1» 
1 2 3 . 2 

9 0 . 0 » 
1 1 7 . 9 
121». 0 
1 2 2 . 8 
1 1 9 . 9 
1 7 5 . 6 » 

9 0 . 0 » 
1 2 0 . 5 
1 3 3 . 5 
1 2 1 . 1 
1 2 1 . 7 
1 7 5 . 6 » 
1 2 1 . 5 
1 1 8 . 9 
1 2 5 . 8 Z 
1 2 0 . i| 
1 2 1 . 7 
1 1 7 . 9 
1 2 1 . 5 
1 2 0 . 6 

9 0 . 0 * 
1 2 5 . 3 Z 
1 0 5 . 7 » 
121 .1» 
1 2 0 . 7 
1 2 1 . 6 
1 1 8 . 9 
10 6 . 3 » 
1 2 2 . 9 
1 2 0 . 5 
1 1 7 . 7 
1 1 9 . 6 

9 0 . 0 * 
121.1» 

O.O* 
1 2 2 . 8 
1 2 5 . 3 Z 
1 2 2 . 0 

1 2 1 . 1 . 
2 . 5 

2 8 

M-C-O 
1 2 1 . I»P 

1 1 9 . 9 A 
1 2 6 . Z A 
1 2 2 . 6 
1 2 3 . 2 
121». 2 
1 2 2 . 3 
1 2 3 . 5 * 
1 2 5 . 6 A 
121». <» 
12<t .7A 
1 2 1 . 0 
1 2 2 . 0 
1 2 1 . 7 * 
1 2 3 . 7 E 
1 2 3 . 2 
1 2 1 . 9 
1 2 0 . 9 
1 2 i » . 3 
1 2 0 . 0 
1 2 1 . 5 
1 2 0 . 7 
121(.ItA 
1 2 0 . 3 
1 1 3 . 3 
1 2 2 . 2 
1 2 0 . 3 
1 2 1 . 3 
1 2 3 . 2 
1 2 1 . 1 
12<». i» 
121».3A 
1 2 2 . 2 
121 .1» 
1 1 9 . M 
1 2 1 .i»E 
1 2 3 . 0 » 
1 2 5 . 3 

5 7 . 0 » 
6 5 . 1 A 

1 2 1 . 9 
2 . 3 

2 5 

C - A - N 
1 1 5 . 2 
1 0 9 . 7 
1 1 2 . 8 
1 1 2 . 5 
1 1 0 . 9 
1 1 1 . 1 
1 1 2 . 6 
1 0 7 . 3 
1 1 0 . 7 
1 0 8 . 1 . 
1 1 7 . 8 
1 0 6 . 9 
1 1 6 . 7 -
101». 3 
1 1 3 . 9 
1 1 1 . 2 
111 .1» 
1 0 8 . 6 
1 1 0 . 1 
1 1 2 . 0 
1 1 0 . 3 
1 0 9 . 5 
1 1 1 . 3 
1 1 1 . 3 
1 0 9 . 5 
1 0 9 . 6 
1 1 0 . 1 
108.1» 
1 1 1 . 2 
111 .1» 
1 1 1 . . 3 
1 0 9 . 9 
1 1 3 . 2 
1 1 3 . 3 
106 .1» 
1 1 5 . 2 
1 1 0 . 2 
1 1 3 . 2 
1 5 3 . 7 * 
1 1 0 . 2 

1 1 1 . 1 
2 . 7 

3 9 

A-C-O 
1 2 1 . f c E 
1 2 2 . 2 A 
1 1 5 . 3 A 
1 1 7 . 1 
1 2 2 . 8 
1 2 2 . 5 
1 1 ? . 3 
1 1 5 . 3 » 
1 1 7 . 6 A 
1 2 2 . 2 
1 2 3 . 2 A 
1 2 5 . it 
1 2 2 . 0 
1 1 < I . 6 » 

1 2 2 . 5 E 
1 2 1 . I i 
1 2 0 . 7 
1 2 0 . 6 
1 2 C . 5 
1 2 1 . 1 
1 2 0 . 5 
1 2 1 . 6 
1 2 2 . 6 A 
1 2 1 . 5 
1 3 3 . 5 
1 2 1 . 5 
1 2 1 . l i 
1 2 0 . I i 
1 2 1 . I i 
1 2 3 . 2 
1 1 7 . 7 
1 2 I . . 9 A 
1 2 6 . 0 
1 2 0 . 5 
1 1 9 . O A 
1 2 1 . 6 E 
1 2 1 . 6 » 
l l « . l 

5 9 . 7 * 
1 1 0 . 9 A 

1 2 1 . 5 
3 . 0 

25 

N - A - E - O 
- 3 8 . 8 
- 3 1 . 1 . 
- 3 9 . 1 
- 3 0 . 5 
- 3 i . e 
- 7 2 . i l 
- 2 8 . 2 
- I C . 7 
- 1 8 . 3 
- 1 5 . k 
- 1 3 . 5 
- 1 1 . C 
- 1 6 . 2 

8-. 4 
- 1 3 . 0 

- 3 . I i 
- 9 . 8 
1 3 . 0 
- 5 . 3 

i » .7 
1 7 . C 
2 7 . 8 
3 5 . C 
21».8 
1 3 . 7 
2 1 . 9 
2 8 . 2 
3 3 . 7 
2 6 . 1 
2 C . E 
2 7 . 0 
2 9 . 3 
3 3 . 8 
3 1 . 5 
3 3 . 6 
2 9 . 7 

- 1 1 . 3 
- 2 3 . 1 . 

3 1 . 1 
3 1 . 6 

3 . 5 
2 I . . 5 

nc 

A-C-M 
1 1 7 . O E 
1 1 7 . 8 A 
1 1 8 . 1 . A 
12 0 . 2 
H U . 0 
1 1 3 . 2 
1 1 8 . 3 
1 2 1 . 1 * 
1 1 6 . 6A 
1 1 3 . 0 
1 1 2 . I A 
1 1 3 . 6 
1 1 6 . 0 
1 2 2 . 7 » 
1 1 3 . S E 
1 1 5 . 3 
1 1 7 . 1 
1 1 8 . 5 
1 1 5 . 1 
1 1 8 . 9 
1 1 8 . 0 
1 1 7 . 7 
1 1 2 . 9 A 
1 1 8 . 2 
1 1 1 . 2 
1 1 6 . 2 
1 1 8 . 6 
1 1 8 . 2 
1 1 5 . 3 
1 1 5 . 7 
1 1 7 . 9 
1 1 0 . 7 A 
1 1 7 . 3 
1 1 8 . 1 
1 2 1 . 5 A 
11 7 . 0 E 
1 1 5 . i » » 
1 1 5 . 6 

8 7 . 2 * 
1 7 2 . 3 A 

1 1 6 . 5 
2 . 2 

25 

A - B - G - O 
»»5.8 
3 8 . 6 
3 8 . 5 
3 7 . 0 
3 6 . 0 
3 5 . 6 
3 3 . 3 
3 3 . 2 
3 2 . 0 
3 1 . 3 
3 0 . 8 
21». 6 
2 0 . 9 
1 9 . 0 
1 6 . 3 
1 6 . 1 
11».7 

8 . 0 
8 . 0 

- 6 . 5 
- 1 9 . 7 
- 2 1 . 8 
- 2 3 . 1 
- 2 7 . 5 
- 2 8 . 6 
- 2 8 . 9 
- 3 1 . 0 
- 3 1 . 1 » 
- 3 1 . 1 » 
- 3 2 . 1 . 
- 3 6 . 2 
- 3 7 . 5 
- 1 . 1 . 6 
- 3 9 . 1 
- 1 . 1 . 0 
- i » 2 . 2 

3 2 . 6 
2 6 . 6 

- 3 5 . 0 
- 3 7 . 9 

- . 3 
3 1 . 3 

•»0 

A-N-K 
1 2 0 . 7 
1 1 9 . 9 

1 7 . 3 * 
1 2 5 . 7 
1 2 3 . 5 
1 2 2 . 2 
1211.8 
1 0 6 . * 

8 2 . 5 * 
126.1» 
1 1 5 . 1 
1 2 5 . 1 
1 2 1 . 6 
1 0 * . 3 * 
1 1 8 . 6 
1 2 0 . 6 
1 2 3 . 6 Z 
1 2 7 . 5 
118.1» 
1 2 0 . 8 
H B . l t 
1 2 8 . 7 
li» 1 » . 5 * 
1 2 3 . 5 Z 
1 1 6 . 0 * 
1 2 1 . 9 
1 1 9 . 3 
1 2 9 . 3 
1 2 0 . 6 
1 1 7 . 2 * 
1 2 1 . 1 . 
1 2 1 . 1 
1 2 1 . . 1 
1 2 5 . 5 

8 6 . 1 * 
1 2 0 . 7 
1 0 7 . 6 » 
1 1 9 . 5 
121» .9Z 
1 2 1 . . 8 

1 2 2 . 1 . 
3 . 1 . 

28 

B - G - O - N 
- 3 5 . 3 
- 3 0 . 9 
- 2 3 . 1 
- 3 0 . 1 
- 2 5 . 1 
-21» . 0 
- 2 * . 8 
- 1 . 1 . 9 
- 3 3 . 5 
- 3 3 . C 
- 3 I . . 9 
- 2 7 . 9 
- 1 6 . 6 
- 3 9 . 1 . 
- 1 2 . 0 
- 2 1 . 8 
- 1 3 . 2 
- 2 6 . 1 

- 6 . 8 
5 . 5 

1 3 . 6 
7 . 0 
3 . 8 

1 9 . 1 . 
3 2 . 1 . 
2 3 . 3 
2 2 . 1 
1 6 . 6 
2 3 . 8 
3 1 . 2 
3 0 . 7 
3 0 . 8 
3 1 . 6 
3 0 . 9 
3 3 . 6 
3 5 . 6 

- 1 . 2 . 7 
- 1 9 . 5 

2 i» . 0 
2 7 . 2 

- 3 . 0 
2 7 . 2 

1.0 

D - N - K 
1 2 5 . 9 
1 2 9 . 6 
1 1 1 . 0 * 
1 2 0 . 7 
121». 0 
12»». 0 
1 2 1 . 6 
1 1 5 . 6 * 

3 9 . 3 * 
1 2 0 . 6 
1 2 5 . 0 
1 2 0 . 9 
1 2 3 . 9 
1 1 1 » . 5 * 
1 2 7 . 9 
1 2 6 . 1 
1 2 0 . 3 7 
1 2 1 . 6 
1 2 6 . 6 
1 2 5 . 0 
1 2 8 . 3 
119 .1» 

1 . 5 . 0 * 
1 2 0 . 9 Z 
1 2 0 . 9 * 
1 2 5 . 5 
1 2 7 . 0 
1 1 8 . 3 
1 2 6 . 1 
1 2 1 . 3 * 
1 2 5 . 5 
1 2 7 . 1 
1 2 1 . 7 
1 1 9 . 1 . 
1 1 9 . 1 » 
1 2 5 . 9 
1 2 5 . 3 » 
1 2 5 . 7 
1 2 1 . 2 Z 
1 2 1 . 0 

121» .1 
3 . 0 

2 8 

G - O - N - A 
9 . 8 

1 2 . 0 
- 1 . 6 
1 1 . 1 

t».i» 
3 . 2 
6 . 9 

31». 9 
2 3 . 1 
2 3 . 7 
2 8 . 0 
2 2 . 2 

5 . 9 
1 . 5 . 6 

2 . 6 
2 1 . 0 

6 . 9 
3 5 . 6 

3 . 1 
- 2 . 1 
- 1 . 9 
1 1 . 6 
18.1» 
- 2 . 7 

- 2 8 . 9 
- 9 . 7 
- 3 . 9 

5 . 0 
- 8 . 2 

- 2 0 . 0 
- 1 1 » . 2 
- 1 2 . 8 
- 1 1 . 7 
- 1 0 . 8 
- 1 2 . 1 » 
- 2 0 . 8 

3 5 . 2 
3 . 5 

- » » . 0 
- 6 . 6 

5 . 0 
1 7 . 1 

1.0 

N - K - Q 
1 2 1 . 0 
1 2 1 . 1 

9 0 . 0 * 
1 2 0 . 9 
1 2 2 . 1 
1 2 3 . 1 » 
1 1 9 . 6 

9 3 . 1 . * 
9 0 . 0 * 

1 2 < » . 3 
1 1 3 . 3 
1 2 0 . 0 
1 1 9 . 7 

9 5 . 8 * 
1 2 2 . 2 
1 2 2 . 5 
121» .3Z 
1 2 1 . 3 
1 2 0 . 3 
1 1 8 . 6 
1 2 0 . 3 
1 2 0 . 9 

9 0 . 0 * 
121» .9Z 
1 1 8 . 8 * 
1 2 0 . 0 
1 2 1 . 9 
1 2 0 . 7 
1 2 2 . 5 
1 0 1 » . 3 * 
1 2 0 . 1 
1 2 1 . 5 
1 2 0 . 9 
1 2 1 . 7 

9 0 . 0 » 
1 2 1 . 0 

7 9 . 9 * 
1 1 9 . 5 
121». i z 
119 .1» 

1 2 0 . 7 
1 . 9 

28 

D - N - A - B 
1 8 . 2 
1 2 . 6 
2 5 . 3 
1 1 . 5 
1 7 . 0 
1 6 . 9 
1 2 . 2 

- 1 5 . 1 
- 3 . 0 
- 5 . 1 » 
- 9 . 7 
- 7 . 5 

5 . 8 
- 3 3 . 5 

6 . 2 
- 1 1 . 1 

1 . 5 
- 3 0 . 1 » 

1 . 3 
- 1 . 1 » 
- 9 . 7 

- 2 1 » . 9 
- 3 3 . 7 
- 1 1 » . 3 

9 . 2 
- 7 . 2 

- 1 5 . 1 » 
- 2 1 » . 2 
- 1 1 . 1 

. 3 
- 7 . 7 

- 1 0 . 3 
- 1 5 . 3 
- 1 1 » . 3 
- 1 3 . 7 

- 7 . 9 
- 1 1 » . 8 

1 2 . 7 
- 1 7 . 0 
- 1 1 » . 6 

- 5 . 1 » 
H » . 7 

hO 

N - K - L 
1 1 7 . 6 
1 1 5 . 7 

9 0 . 0 » 
1 2 1 . 0 
1 1 3 . 9 
1 1 3 . 9 
1 2 0 . 1 . 

8 5 . 8 » 
9 0 . 0 * 

1 1 5 . 1 
1 1 1 . 2 
1 1 3 . 9 
1 1 8 . 5 

8 5 . 6 * 
1 1 6 . 2 
1 1 8 . 5 
1 C 9 . 9 Z 
1 1 8 . 2 
1 1 7 . 9 
1 2 3 . 1 
1 1 8 . 2 
1 1 8 . 5 

5 0 . 0 * 
1 0 9 . 7 Z 
1 C 9 . 8 » 
1 1 8 . 6 
1 1 7 . 1 
1 1 7 . 7 
1 1 8 . 5 
1 0 8 . 8 * 
1 1 7 . 0 
1 1 8 . 0 
1 2 1 . 1 « 
1 1 8 . 7 

9 0 . 0 * 
1 1 7 . 6 

7 9 . 9 * 
1 1 7 . 7 
1 1 0 . 5 7 
1 1 8 . 6 

1 1 7 . 8 
2.1» 

? 8 

B - A - C - O 
- 9 1 » . IE 

6 8 . 0 A 
1 3 1 . I A 

7 3 . 0 
- 2 8 . 1 
- 2 5 . 1 . 

7 7 . 9 
7 1 . 2 * 

1 1 3 . 1 . A 
7 3 . 8 
7 8 . 7 A 
6 8 . 7 

- 9 3 . 0 
8 2 . 2 * 

- 1 0 O . 9 E 
91». 1» 
8 0 . 2 
2 5 . 3 
8 2 . 1 
8 5 . 0 
7 2 . 8 
2 9 . 2 

- 1 3 1 . I A 
8 9 . 1 
9 8 . 6 
8 5 . 7 
9 9 . 6 
1 8 . 5 
91».I. 
8 7 . 2 

- 7 8 . 0 
9 7 . 3 A 
81». 2 
8 5 . 1 . 

1 0 8 . 6 A 
- 7 5 . 7 E 
- 1 . 0 . 1 * 
- 9 2 . 2 
1 2 2 . 8 * 
- 8 S . 2 A 

1 . 7 . 5 
6 1 . 9 

2 5 
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Table I (continued) 

1 ACPPLAC 1 
2 TOSPRHYHR 
3 OIHYDRPRO 
* ACTIN BP2 
5 CY-PP-LEU 
f CY-PR-GLY 
7 ACTIN P2 
8 CUBLPR2 1 
9 H-HYP-OH 

10 ANTAM op 
11 TOSPRHY H 
12 ANTAM P3 
13 Z*PR-GPLG 
I * CUBLPR2 2 
15 BOPPPPBL'* 
16 LEUPRGL 2 
17 BOPPPPBLl 
18 CY-PPH 2 
19 ANTAM P7 
20 ANTAM P2 
21 AO-PPP P2 
22 CY-PPH P3 
23 OL-FROHCL 
?* AO-PPP P l 
25 TOSPRHY P 
26 BOPPPPPL3 
27 B0PPPPBL2 
2« CY-PPH 1 
29 LEUPRGLYl 
70 TOSPRHYPR 
31 AC-PRO-MA 
32 AC-PPP F3 
33 ACTIN BPl 
3<i ACTIN P l 
35 L-POO-OH 
36 ACPRLAC 2 
37 TPIENPRCO 
3e Z23GPLGF1 
39 BOCPRO-OH 
*C Z2BGPLGF2 

'VERAGE 
STD. OEV. 
D . F . 

1 ACPRLAC 1 
2 TOSPRHYHO 
7 OIHYDRPRO 
<4 ACTIN BP2 
5 CY-PR-LEU 
6 CY-PR-GLY 
7 ACTTN P2 
8 CUBLPR2 1 
9 h-HYP-OH 

10 ANTAM P8 
1 1 TCSPRHY H 
12 ANTAM P3 
13 Z*BR-l>PLG 
l<t CUBLPR2 2 
15 80PPPPBL<t 
16 LEUPPGL 2 
17 BOPPPPBLl 
18 CY-PPH 2 
19 ANTAM P7 
?C ANTAW P2 
21 AO-PPP P2 
22 CY-PPH F3 
23 DL-PROHCL 
ZU AO-PPP P l 
25 TOSPRHY P 
26 B0PPPPBL3 
27 B0PPPPBL2 
28 CY-PPH 1 
29 LEUPRGLYl 
30 TOSPRHYPR 
31 AC-PRO-MA 
32 AO-PPP P3 
33 ACTTN BPl 
3it ACTIN P l 
35 L-PRO-OH 
36 ACPRLAC 2 
37 TRIENPPCO 
38 Z2BRPLGP1 
39 BOCPRO-OH 
1.0 Z2BGPLGF2 

AVFRAGF 
STO. OEV. 
D . F . 

B -A-C-M 
81. .1E 

- 1 0 9 . 2 A 
- 5 1 . ^ A 

- 1 0 3 . 2 
15 0 .1 . 
1 5 5 . 5 

- 1 0 0 . 3 
- 1 U 6 . 1 * 

- 6 * . , 7 A 
- 9 9 . 1 

- 1 0 1 . <iA 
- 1 1 0 . 0 

8 5 . 0 
- 8 6 . 6 * 

7 6 . OE 
- * 1 . 7 
-914.8 

- 1 5 5 . 0 
- 1 0 0 . 3 

- 9 3 . 9 
- 1 0 6 . 6 
- 1 5 0 . * 

".7.I1A 
- 6 8 . 1 
- 9 9 . 3 
- 9 1 . 1 . 
- 8 0 . 8 

- 1 6 * . 2 
- 8 1 . 7 
- 9 1 . 0 
1 0 1 . 0 
- 7 9 . ? A 
- 9 * . 8 
- 9 1 . 7 
- 7 * . 6 A 
1 0 2 . 5 E 
I ' l l . 6 » 

« 5 . 1 . 
1 7 5 . 7 * 
- 3 1 . O A 

- 6 0 . 0 
9 3 . 2 

25 

L -K-N-A 
- 1 7 1 . 7 

1 7 5 . 5 
9 0 . 0 » 
1 2 . 7 

6 . 2 
7 . 3 

1 2 . 7 
1 0 . 1 * 
9 0 . 0 * 
- 3 . 7 

1 7 0 . 6 
- 1 1 . 5 

- 1 7 * . * 
2 6 . 3 * 

1 7 9 . 3 
1 7 5 . 2 

- 1 . 0 Z 
1 9 . 2 

- 1 7 7 . 0 
1 7 7 . 3 
1 7 1 . 9 

.* 
9 0 . 0 * 

- in .5z 
- 7 6 . 3 * 
1 7 6 . 3 
1 6 8 . 6 

I . * 
1 7 5 . 2 
- 7 7 . 7 * 

- 1 7 7 . 0 
- 1 7 9 . 0 

1 8 . 0 
2 0 . 3 
9 0 . 0 * 

- 1 7 1 . 7 
1 0 1 . 9 * 

- 1 6 8 . 7 
- 5 . 6 Z 

1 7 7 . 8 

2 1 . 9 
1 3 7 . ? 

28 

N - A - r - n 
1 5 8 . 9 C 

-1.1..1A 
1 1 . 3 A 

- 1 . 2 . 7 
-11.1. .8 
- 1 1 . 2 . 2 

- 3 3 . 5 
- 1 7 1 . 2 * 

- * . 2 A 
- 3 9 . 9 
-1 .3 .5A 
- 1 . 2 . 6 
11 .8 .6 

- 1 6 5 . 7 * 
1 * * . 5 E 
- 2 2 . 0 
- 3 3 . 0 
- 8 8 . 0 
- 2 6 . 5 
- 3 0 . 7 
- 1 . 1 . 8 
- 8 3 . 7 
- 1 0 . 9 A 
- 2 7 . 6 

- 5 . 1 
- 3 0 . 6 
- 1 5 . 0 
- 9 3 . 9 
- 2 2 . 0 
- 2 1 . . 6 
1 6 5 . 2 
- 1 7 . * A 
- 3 1 . 0 
- 3 1 . 9 

- 6 . 9 A 
1 5 8 . 9 E 

- 1 6 0 . 5 » 
1 5 5 . 8 

3 8 . 0 * 
1 5 9 . 2 A 

- 2 3 . 1 . 
7 6 . 7 

25 

L - K - N - O 
- 5 . 0 
- * . 3 
9 0 . 0 * 

171. .0 
- 1 7 6 . 7 

1 7 8 . 6 
1 7 2 . 8 
1 2 8 . 1 » 

9 0 . 0 * 
1 7 2 . 2 

1 2 . 8 
1 7 1 . 9 

- i t . O 
1 3 8 . 5 » 

- 3 . 3 
- 3 . 8 

1 7 2 . 6 Z 
1 7 8 . 7 

- 2 . 0 
- 9 . 9 
-3.1» 

1 7 2 . 8 
9 0 . 0 » 

- 1 7 1 . . I Z 
6 3 . 1 * 

2 . 3 
- 3 . 5 

1 6 7 . 0 
- 3 . 8 
6 6 . 9 * 
- 8 . 1 . 
- 1 . 3 

- 1 7 8 . 1 . 
-178 .1» 

9 0 . 0 * 
- 5 . 0 

- 2 2 . 2 * 
- 1 . 7 

- 1 7 9 . 8 Z 
2 . 9 

2 9 . 0 
1 0 7 . 6 

28 

M-P-C-M 
- 2 2 . 9 E 
1 3 8 . 7 A 

- 1 7 1 . ? A 
11 .1 .1 

3 3 . 7 
3 8 . 7 

11.« . ! . 
11 J * * 

1 7 8 . 7 A 
11.7 .2 
1 3 6 \ IiA 
1 3 8 . 8 
- 3 3 . i | 

2 5 . 5 * 
- 3 C . 7 E 
1 6 1 . 9 
1 5 2 . C 

9 1 . 7 
I * ? . ? 
1 5 0 . 4 
1 3 * . ° 

9 6 . 8 
1 6 7 . 5 A 
1 5 5 . 1 
1 5 7 . 0 
1 5 2 . 2 
1 6 * . 6 

8 3 . 5 
1 6 1 . 9 
1 5 7 . 2 
- 1 5 . 9 
1 6 6 . 1 A 
1 5 C . 0 
1 5 1 . 0 
170 .OA 
- 2 2 . « E 

2 1 . 2 » 
- 2 6 . 7 

9 0 . 6 » 
- 1 * 3 . 6 A 

11 T . S 
6 3 . 6 

25 

C-K-K-A 
9 W3 

- 2 . 7 
9 C . P * 

- 1 7 C . 8 
- 1 7 1 . 3 
- 1 7 2 . 6 
- 1 6 8 . 5 
- 1 6 5 . 5 » 

9 0 . 0 » 

i7r.e 
- 2 3 . * 
1 6 9 . 6 

8 . 7 
- 1 * 9 . 5 » 

2 . 6 
- . 6 

- 1 7 7 . 6 Z 
- 1 6 ! . * 

-".* 
*.* 

- 5 . * 
- 1 7 ? . = 

9 0 . C » 
1 7 2 . 6 Z 
1 6 1 . 9 * 

-it.a 
- 6 . 3 

- 1 7 8 . 2 
- . 6 

1 6 5 . 2 * 
* . 3 
1 .7 

- 1 6 2 . 6 
- 1 6 2 . 6 

9 0 . 0 * 
9 . 3 

1 0 1 . 5 * 
1 2 . 7 

1 7 * . 9 Z 
- T . l 

- * 2 . 2 
1 0 0 . 2 

28 

K - N - A - C 
- 6 2 . 0 
- 5 0 . 5 

- 1 0 2 . 7 » 
- 6 * . 9 
- * 1 . 6 
- * * . 3 
- 7 1 . 0 
- 1 2 . 9 » 
1 * 6 . 8 * 
- 7 0 . 9 
- * 2 . 2 
- 6 7 . 5 » 
- 5 7 . 6 
- 3 1 . 0 * 
- 5 7 . 0 
- 6 8 . 2 
- 6 7 . * Z 

- 1 1 0 . 2 
- 6 9 . 6 
- 6 9 . * 
- 6 6 . 0 
- 9 * . 8 
1 7 5 . 8 * 
- 5 9 . 0 Z 

- 1 0 2 . 1 * 
- 6 2 . 2 
- 6 9 . 9 
- 9 9 . 5 
- 6 8 . 2 
- 9 6 . 2 » 
- 7 6 . 3 
- 7 3 . 2 
- 6 9 . 6 
- 9 1 . 1 
- 1 * . 0 » 
- 6 2 . 0 
- 2 5 . 6 » 
- 6 5 . 0 

- 1 1 3 . 3 » 
- 7 2 . 2 

- 6 9 . 2 
1 6 . 3 

28 

Q-K-N-D 
1 7 6 . 0 
17 7 . * 

9 0 . 0 » 
- 9 . 6 

3 . 7 
- 1 . 3 
- 8 . * 

- * 7 . 6 » 
9 0 . 0 * 

- 1 0 . 3 
1 7 8 . 8 

- 6 . 9 
1 7 9 . 1 
- 3 7 . 3 » 
1 7 9 . 6 

- 1 7 9 . 6 
- * . 0 Z 
- 3 . 9 

1 7 * . 7 
17 7 . 2 
1 7 9 . 3 

- 7 . 5 
9 0 . 0 » 

8 . 9 Z 
- 5 8 . 6 » 

- 1 7 8 . 1 
- 1 7 8 . * 

- 1 2 . 6 
- 1 7 9 . 6 

- * 6 . 2 * 
1 7 2 . 9 
1 7 9 . * 

. 9 
- 1 . 3 
9 0 . 0 * 

1 7 6 . 0 
- 2 2 . 2 « 
1 7 9 . 6 

. 7Z 
- 1 7 a . u 

* 2 . 1 
1 3 * . 5 

28 

K - N - A - P 
- 1 7 3 . * 
- 1 6 7 . 2 

1 3 0 . * » 
1 7 * . 3 

- 1 6 5 . 6 
- 1 6 9 . 0 

1 7 * . 1 
1 0 8 . c » 

2 6 . 3 » 
1 7 0 . 8 

- 1 6 9 . 5 
1 7 5 . 7 
1 7 7 . 1 

8 6 . 5 * 
- 1 7 6 . * 

1 6 9 . 7 
1 7 5 . 5 Z 
1 3 1 . 2 
1 7 6 . 9 
1 7 2 . 1 
1 7 * . 3 
1 * 8 . 0 
- 6 0 . * * 

- 1 7 9 . O Z 
1 5 2 . 5 » 
1 7 8 . 1 
1 7 1 . * 
1 * 2 . 3 
1 6 9 . 7 
1 * 8 . 0 » 
1 6 2 . 3 
1 6 7 . 7 
1 * 9 . 6 
1 * 8 . 1 

- 1 3 3 . 0 * 
1 6 * . 5 

- 1 5 0 . * * 
- 1 7 8 . 8 

1 6 8 . * Z 
1 7 0 . 2 

8 1 . 0 
1 * 8 . 9 

28 

e-AON 
. 5 1 1 
. 3 2 8 R 
. 6 3 7 
. 3 0 3 
. * 3 2 R 
. * 7 c R 
. 3 2 * 
. 3 8 * R 

- . 0 7 8 
- . 1 * 3 R 
- . 2 5 1 F 
- . 1 9 9 R 

. 1 5 3 

. 8 0 9 

. 1 6 5 
- . 2 8 0 

. 0 * 1 R 
- . 7 6 9 

. 0 36 
- . 0 3 8 
- . 2 5 ? 
- . 6 3 3 R 

. 8 1 9 
- . 3 6 9 R 

. 2 * 5 
- . 1 7 7 
- . * 1 2 
- . 6 1 * R 
- . 2 6 0 

. 0 0 8 
- . 1 9 B R 
- . 2 6 3 
- . 3 8 * 
- . 3 7 * 
- . 3 * 6 * 
- . 0 9 2 
- . 3 8 1 R 

. 3 * 8 
- . * 3 8 R 
- . 3 8 0 

. 0 2 3 

. * 0 5 
25 

K -N-D-G 
- 1 5 7 . 9 
- 1 6 8 . 1 

- 1 9 . 5 » 
- 1 5 2 . 6 
- 1 7 2 . 9 
- 1 6 8 . 8 
- 1 5 5 . 7 

- 6 3 . 3 * 
- 2 7 . 0 * 

- 1 5 2 . 7 
- 1 7 * . * 
- 1 6 0 . 9 
- 1 6 5 . 1 

- 6 7 . 2 » 
- 1 7 * . * 
- 1 5 9 . 9 
- 1 6 7 . 2 Z 
- 1 2 7 . * 
- 1 7 2 . 0 
- 1 7 5 . 3 

1 7 3 . 6 
- 1 6 2 . 0 

1 7 6 . 7 » 
1 6 2 . * Z 

- 1 7 0 . 1 * 
1 6 * . S 
1 6 8 . 6 

- 1 6 3 . 1 
1 7 0 . 9 

- 1 6 6 . 1 * 
1 7 6 . 3 
1 6 9 . 3 

- 1 7 7 . 0 
- 1 7 * . 3 

8 2 . 7 * 
1 7 1 . 6 
1 6 0 . 3 * 

- 1 6 * . 2 
1 7 0 . 87 
1 6 8 . 8 

- 6 » . * 
1 5 * . 2 

2« 

G-ADN 
- . 2 * 2 
- . 2 9 6 R 

. 0 * 1 
- . 2 9 2 
- . 1 1 * R 
- . 0 8 2 R 
- . 1 8 0 

. 8 * 5 R 
- . 5 7 T 
- . 5 9 8 R 
- . 7 1 1 R 
- . 5 7 * R 
- . 1 * 9 
1 . 0 8 1 
- . 0 6 6 
- . 5 1 5 
- . 1 8 1 R 
- . 8 5 5 
- . 0 7 9 

. 0 5 5 

. 0 * 7 
- . 2 9 6 R 

. * 5 6 

. 0 7 1 R 

. 7 1 * 

. 2 5 2 

. 1 0 0 
- . 1 Z 8 R 

. 2 1 2 

. 5 1 2 

. 3 6 6 R 

. 3 3 0 

. 2 8 9 

. 2 7 7 

. 3 1 7 R 

. 5 6 2 
- . 8 * 6 R 
- . 0 8 9 

. 1 0 3 R 

. 1 7 9 

. 0 6 2 

. * 2 2 
25 

C - A - B - G 
- 1 5 7 . 9 
- 1 * 8 . 0 
- 1 6 3 . 7 
- 1 5 1 . 7 
- 1 5 2 . 6 
- 1 5 3 . 8 
- 1 * 6 . 8 

1 0 7 . 6 
- 1 3 8 . 3 
- 1 3 1 . 8 
- 1 * 3 . 1 
- 1 2 * . 9 
- 1 * 2 . 9 

1 2 0 . 6 
- 1 3 * . 7 
- 1 2 * . 1 
- 1 2 8 . * 
- 1 0 3 . 5 
- 1 2 1 . 1 
- 1 1 5 . 6 
- 1 0 1 . 7 

- 8 9 . 1 
1 5 7 . 8 
- 9 5 . 6 
- 9 8 . * 
- 9 6 . 8 
- 9 0 . 1 
- 6 2 . 2 
- 9 * . 7 
- 9 7 . 2 
- 9 6 . 3 
- 8 9 . 0 
- 8 7 . 9 
- 9 0 . 5 
- 8 2 . 0 

- 1 0 0 . 8 
- 1 3 3 . 5 
- 1 * 2 . 5 
- 1 2 2 . 1 * 

- 8 5 . 8 

- 9 8 . 7 
7 1 . 2 

39 

C-AON 
1 . 0 3 6 
1 .092R 

. 6 5 8 
1 . 0 * 0 

. 6 8 6 R 
. 8 3 * R 

1 . 1 2 0 
. 9 9 1 R 

1 . 2 6 9 
1 . 3 3 3 R 
1 .197R 
1 . 3 6 2 R 
1 . 0 0 1 

. 7 0 9 
1 . 1 3 9 
1 . 3 2 1 
1 . 2 * 6 0 
l . * 5 1 
1 . 3 1 3 
1 . 2 * 5 
1 . 3 3 1 
l . * * 9 R 

. 5 * 3 
1 . 3 7 6 R 
1 . 2 8 3 
1 . 3 6 * 
1 . 3 8 3 
l . * 5 8 R 
1 . 3 2 1 
1 . 2 7 2 
1 . 2 7 6 R 
1 . 3 6 3 
1 . 3 3 8 
1 . 3 1 3 
l . * 1 3 R 
1 . 0 3 6 
1 . 3 3 0 R 
1 . 1 6 0 

. 8 1 2 R 
1 . 3 8 0 

1 . 1 7 5 
. 2 3 9 

25 

C - A - N - O 
1 2 9 . 6 
1 2 9 . * 
1 5 2 . 2 
1 3 2 . * 
1 * 1 . 0 
1 * 3 . 6 
1 2 7 . 2 

- 1 3 6 . 8 
1 1 7 . 5 
1 1 2 . 9 
1 1 7 . 6 
1 0 9 . 3 
1 3 1 . 1 

- 1 5 1 . 0 
1 2 5 . 6 
1 1 1 . 0 
1 1 6 . 6 

6 8 . 1 
1 1 * . 6 
1 1 7 . 0 
1 1 0 . 0 

9 2 . * 
- 1 5 7 . 5 

1 0 5 . 7 
1 1 * . 6 
1 1 2 . 6 
1 0 3 . 3 

9 * . l 
1 1 1 . 0 
1 1 6 . 1 
1 1 3 . 7 
1 0 8 . 6 
1 0 5 . 5 
1 0 6 . 6 
1 0 5 . 3 
1 2 9 . 6 
1 1 0 . 0 
1 2 6 . 6 

6 1 . 2 » 
1 0 3 . 0 

9 6 . 0 
7 2 . 8 

39 
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Table I (continued) 

1 ACPRLAC 1 
2 TOSPRHYHR 
3 DIHYDRPRO 
<. SCTIN RF2 
5 CY-PR-LEU 
6 CY-PR-GLY 
7 ACTTN PZ 
8 CUBLPR? 1 
9 H-HYP-OH 

10 ANTAM P6 
1 1 TOSPRHY H 
12 ANTAM P 3 
1 3 ZUPR-UPLG 
l i t CU9LPR2 2 
1 5 B O P P P P B m 
16 LEUPRGL 2 
1 7 BOPPPPBLl 
18 CY-PPH 2 
19 ANTAM P7 
20 ANTAM P 2 
? 1 AO-PPP F2 
IZ CY-PPH P3 
2 3 OL-PROHCL 
2". AO-PPP P l 
2 5 TOSPRHY P 
2 6 B0PPPPBL3 
27 B0PPPPBL2 
26 CY-PPH 1 
29 LEUPRGLYl 
30 TOSPRHYFR 
31 AC-PPO-^A 
32 AO-PPP P3 
3 ' AC T IN P " l 
3<t ACTIN Pl 
35 L-PRO-OH 
36 ACPRLAC 2 
37 TRIENPRCO 
3 8 Z2Pr.DLr,Fl 
39 B Of PP 0-OH 
UO Z2BGPLGP2 

K-NAC 
- 1 . 9 1 

. 8 9 
- ' . I * 

- . 0 6 
• 7<i 
. 7 8 

- 1 . 0 2 
.kit 

- 6 . 1 1 » 
- 1 . 0 3 

. 8 1 
- 1 . 0 2 

- . J Q 
1.OU 
- . 9 7 

- 1 . 0 7 
- 1 . 0 3 

1 .0G 
- 1 . 0 9 
- 1 . 0 6 
- 1 . 0 7 
- 1 . 0 1 » 

- . 2 7 
- . 9 6 
l . U O 
- . ° 7 

- 1 . 1 5 
- 1 . 0 3 
- 1 . 0 7 

1 .1 .6 
1 . 1 1 

- 1 . 3 9 
1 . 0 8 
1 . 1 0 
- . 7 8 

- 1 . 0 1 
. 8 2 

- 1 . 0 5 
- 1 . 0 1 
- 1 . 0 3 

B-NAC 
1 . 5 2 

- 1 . 3 1 » 
1 . 1 9 
1 . 3 0 

- 1 . 2 2 
- 1 . 2 1 

1 . 3 9 
1 . 2 5 

- 1 . 2 7 
1 . 3 U 

- 1 . 1 9 
1 . 3 5 
1 . 2 U 
1 . 3 0 
1 . 3 3 
1 . 2 3 
1 . 3 5 

- 1 . 3 3 
1 . 1 . 1 
1 . 3 3 
1 . 3 0 
1.31» 
1 . 2 3 
1 . 3 0 

- l . i » 8 
1 . 2 3 
1 . 3 6 
1 . 3 2 
1 . 2 3 

- 1 . 3 5 
- 1 . 2 7 

1 . 2 9 
- 1 . 2 5 
- 1 . 3 0 

1 . 2 8 
. 9 9 

- 1 . 2 2 
1.1»5 
1 . 1 . 6 
1 . 3 3 

G - N ' C 
1 . 6 0 

- 1 . 5 6 
1 . 1 0 
l . * 7 

- 1 . 3 0 
- 1 . 2 6 

1 . 7 2 
2 . 0 5 

- 1 . 7 0 
1 . 7 8 

- 1 . E l 
1 . 9 0 
1 . 5 9 
1 . 9 3 
1 . 7 7 
1 . 6 5 
1 . 9 0 

- 2 . 1 3 
2 . U 3 
2 . 0 2 
c. 10 
2 . 2 5 
1 . 2 7 
2 . 1 8 

- 2 . i i l 
2 . 1 3 
2 . 2 3 
2 . 2 8 
2 . 1 8 

- 2 . 2 3 
- 2 . 1 9 

2 . 2 2 
- 2 . 2 2 
- 2 . 2 5 

2 . 2 3 
2 . C 2 

- 1 . 6 7 
1 . 8 0 
1 . 9 2 
2 . 2 2 

D-NAC 
1 . 0 6 

- 1 . 0 6 
. 6 8 

1 . 0 0 
- . 8 6 
- . 7 9 
1 . 1 2 
1 . 0 2 

- 1 . 2 5 
1 . 3 0 

- 1 . 1 < I 

1 . 2 7 
1 . 0 0 

. 7 2 
1 . 1 3 
1 . 2 5 
1 . 1 6 

- l . i » 0 
1 . 2 6 
1 . 2 3 
1 . 2 ? 
1 . 3 8 

. 5 6 
1 . 2 9 

- 1 . 2 7 
1 . 2 8 
1 . 3 1 
1 . 3 9 
1 . 2 5 

- 1 . 2 2 
- 1 . 2 5 

1 . 3 0 
- 1 . 3 1 
- 1 . 3 « » 

1 . 3 7 
1 . 0 6 

- 1 . 3 5 
1 . 0 7 
1 . 1 9 
1 . 3 8 

G A M M A 

1 . 1 . 6 9 
3 5 . 2 8 
3 1 . 6 6 
31». 3 ° 
3 1 . 8 1 » 
3 1 . 0 2 
2 9 . 6 3 

- 3 8 . 7 9 
3 3 . 0 7 
3 3 . 2 9 
3 U . 5 8 
2 6 . 8 1 
1 9 . U I t 

- 3 0 . 1 1 
I U . 9 9 
1 9 . 3 3 
I U . 7 7 
l ? . i » l 

7 . 8 1 
- 9 . 1 9 

- 1 7 . 1 1 » 
- 1 5 . 0 2 

1 1 » . 2 5 
- 2 1 . . 6 8 
- 2 9 . 3 1 « 
- 2 7 . 3 5 
- 2 8 . 1 7 
- 2 « . . 7 9 
- 2 8 . 1 . 1 
- 3 2 . 1 7 
- 3 1 . . 3 6 
- 3 5 . 2 5 
- 3 7 . 7 3 
- 3 6 . 7 1 . 
- 3 8 . 3 1 . 
- 1 . 0 . 7 0 

3 8 . 3 1 . 
2 3 . ^ i . 

- 3 0 . 5 9 
-31 . . 8 7 

D l 
2 . 1 8 

. 2 2 
8 . 1 6 

. 1 9 
3 . 5 7 
i » . 5 3 
1 . 6 9 

- 1 5 . 6 5 
- 7 . 8 1 » 
- 8 . 8 8 

- 1 1 . 1 6 
- 8 . 8 2 

- . 1 2 
- 2 U . 1 7 

. 8 2 
- 9 . 5 1 . 
- 1 . 6 7 

- 1 9 . 9 8 
- . 6 6 

. 2 9 
- 2 . 0 1 » 

- 1 0 . 8 3 
- 1 5 . 8 6 

- 3 . 1 3 
1 0 . 5 ? 

. 7 2 
- 3 . 1 2 
- 8 . 7 7 
- 1 . 0 0 

5 . 7 7 
1 . 9 5 

. 7 8 
- 1 . 1 2 

- . S l 
- . 1 9 
t » . 0 8 

- 1 5 . 5 9 
2 . 1 . 1 

- 3 . 7 8 
- 2 . 3 1 » 

AO 
l » 5 . 9 3 
3 8 . 5 6 
1 . 0 . 9 0 
3 7 . 0 3 
3 6 . U 8 
3 6 . U 3 
33 .1+6 
1 .2 .51 . 
3»». 7 1 
3U.71» 
3 6 . 1 6 
2 8 . 7 9 
2 0 . 9 1 
i » 5 . 3 1 
1 6 . 1 . 0 
2 2 . 8 9 
1 5 . 0 2 
3 U . 9 3 

8 . 0 8 
6 . 5 5 

1 9 . 9 6 
2 8 . 5 5 
35 .1»9 
2 8 . 0 C 
33.81» 
28 .91» 
3 1 . U 7 
3U.71» 
3 1 . U 3 
3 3 . 8 7 
3 6 . 3 3 
37 .51» 
• » 1 . 6 6 
3 9 . 1 3 
1 . 0 . 9 6 
1 . 2 . 7 6 
1 . 2 . 0 1 
2 6 . 9 0 
3 5 . 5 8 
3 8 . 0 7 

T 
- ! « . 6 1 . 

- . 5 5 
- 1 9 . 8 1 » 

- . l » 9 
- 9 . 5 8 

- 1 2 . 2 0 
- « » . 9 2 
3 8 . 7 5 
2 2 . 6 1 
2 5 . 7 8 
3 1 . 6 8 
3 1 . 1 . 3 

. 5 6 
6 5 . 1 7 
- ! » . 8 5 
1 . 5 . 1 7 
10 .9"» 
7 6 . 7 3 

7 . 9 7 
1 8 1 » . 3 3 
1 6 9 . 9 7 
1 3 9 . 8 0 
1 3 0 . 5 1 
1 6 9 . 0 " » 
2 1 2 . 1 1 . 
1 8 2 . « . 1 . 
1 7 0 . 2 9 
151». 5 6 
1 7 6 . 6 9 
1 9 6 . 8 1 » 
1 8 5 . 2 3 
1 8 2 . 0 3 
1 7 7 . 3 8 
1 7 7 . 9 8 
1 7 9 . 5 1 . 
1 6 9 . 3 1 . 

3 9 . 1 1 . 
- 8 . 7 8 

1 * 9 . 5 » 
1 7 3 . 9 9 

aColumn headers (see also the figures): C (C1), A (C,a), B (C^)1G (C1T), D (C1
6), N (N1), O (O1), M (N2), K (C0), Q (O0), L (C0

Q), where 
subscript 1 designates proline, 0 designates preceding acyl residue, and 2 designates succeeding residue. Bonds are denoted by C-A (C1-C1"), 
angles by C - A - B (C1-C1^-C1*3), torsions by N - A - B - G ( N . - C ^ - C ^ - C p ' ) ; B-ADN signifies distance from C / to plane ADN ( C 1 ^ - C 1

6 -
N1) and R means that origin and C (C1) are on same side of the plane; for GAMMA1Z)11Zl0, and T see footnotes b and c. Symbols for com
pounds:1 ACPRLAC, Ac-Pro-Lactyl-NHCHj (1 for "exo" CT, 2 for "endo" CT), CLecomte et al . ;" AC-PRO-MA, Ac-PrO-NHCH3, Matsuzaki 
and Iitaka;28 ACTIN, actinomycin, bis peptide sequences (L-Thr-D-Val-L-Pro-Sar-L-MeVaI lactone), Pl and P2 are two prolines, B indicates 
crystal data from the 7-Br derivative, Jain and Sobell;29 ANTAM PJ, sodium complex of antamanide analogue, c(Val-Pro-Pro-Phe-Phe-Val-Pro-
Pro-Phe-Phe), where J is number of Pro residue, Karle;30 AO-PPP, amyloxycarbonyl-L-Pro-L-Pro-L-Pro-OH, 1,2,3-Pro unit counting from 
amino end, G. Kartha et al.;31 BOPPPPBL, Boc-L-Pro-L-Pro-L-Pro-L-Pro-OBzl, 1,2,3,4-Pro unit counting from amino end, Matsuzaki;322 

BOCPRO-OH, f-Boc-Pro-OH, coordinates reported for C, the carboxyl carbon, are in error, Benedetti et al.;32b CUBLPR, bis(7V-benzyl-L-
prolinato)copper(2+), Aleksandrov et al.;33 CY-PPH, c(L-Pro-L-Pro-L-Hyp) (1 is Pro, 2 is Pro or Hyp, 3 is Hyp), Kartha and Ambady;34 CY-
PR-GLY, c(L-Pro-L-Gly), Von Dreele;35 CY-PR-LEU, c(L-Pro-L-Leu), Karle;36 DIHYDRPRO, 2,3-ds-3,4-rraHs-3,4-dihydroxy-L-proline, 
Karle;37 DL-PROHCL, ^/-proline hydrochloride, Mitsui et al.;38 H-HYP-OH, Koetzle;39 LEUPRGL, H-L-Leu-L-Pro-Gly-OH (1 is C7 ' and 2 is 
C7"), Leung and Marsh;40 L-PRO-OH, L-proline, Kayushina and Vainshtein;41 TOSPRHY H, Tos-L-Pro-L-Hyp-OH, R indicates revised calcula
tion of the Fridrichsons and Mathieson data,42 Sabesan and Venkatesan;433 TRIENPRCO, triethylenetetraamineprolinatocobalt(III) cation, 
Freeman et al.;43b Z2BGPLGR, Z(o-Br)-Gly-L-Pro-L-Leu-Gly-Pro-OH with H2O and ethyl acetate of crystallization, only a rather poor crystal 
was available (1 is internal Pro, 2 is terminal), Ueki et al.;44a Z4BR-GPLG, Z(p-Br)-Gly-L-Pro-L-Leu-Gly-OH, Ueki et al.44b b Flags: A, acid; E, 
ester; Z, alkoxycarbonyl, *, exceptional or nonexistent atom; entries marked with * are to be disregarded. R, unimportant, but means that C 
(C1) and origin of crystal coordinates are on same side of the ADN ( C ^ - C ^ - N J plane. CK-NAC, B-NAC1G-NAC, D-NAC are distances 
ofC0, C1^, C1T, and C1* from the plane defined by N1, C,Q, C1. Distances with same sign are on same side of plane. GAMMA is equivalent to 
or identical with the r of Venkatachalam et al.,15 and follows their sign convention: negative for C1T on same side of reference plane as C1. 
D1 is defined in eq 2 and 3. For proline x,- = aa cos \t + 47r(/ - 2) /5] ; eq 4. ^Averages are based on all unflagged entries in a given column. 
There are some minor duplications, but these have negligible effect on the averages. The most probable average values for B-G and G-D are 
1.53-1.54. The reported short distances are an experimental artifact. See text. 

most cases our numbers agree closely with the literature values 
where available, but we found a few typographical dis
crepancies. In all cases of discrepancy we rechecked our input 
data against the crystal coordinates. 

Previous summaries of the x-ray data have treated relatively 
few structures.25-26 For further data see Table VIII and sup
plementary material. 

The following points are of importance in evaluating proline 
x-ray data: the mobility of C and C7 and to a lesser extent of 
C even in the crystal lattice has often caused difficulties in 
defining ring geometries. Examples are entries 1 and 36, which 
represent two different calculations for Ac-Pro-lactamide, and 
entries 16 and 29, which are two treatments of the data for 
H-Leu-Pro-Gly-OH. The reported geometries must therefore 
be treated with some caution: the sorts of errors that may be 
present can be seen by comparing entries 2 and 30, revised 

calculations for Tos-Pro-Hyp-OH, with the original values, 
entries 11 and 25. For large molecules the level of uncertainty 
can be estimated by comparing entries 17 and 34 for actino
mycin with entries 4 and 33 for the isomorphous 7-bromoac-
tinomycin. But perhaps the most significant fact to emerge is 
that proline geometries are relatively constant whether present 
in salts, metal derivatives, or peptides, or whether the iV-acyl 
group is 5-cis or s-trans. 

We next consider specific structural elements, first bond 
distances. Ring bond distances A-B (C-O*), B-G ( 0 * - C T ) , 
and G-D ( C - C ) may have been systematically underesti
mated. Electron diffraction results for cyclopentane show a 
C-C distance of 1.546 A.4 There are no obvious reasons why 
proline C-C bonds should depart appreciably from 1.53 to 
1.54. Libration corrections on such compounds as caprylo-
lactam raise apparent short C-C bond lengths to normal va-
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lues.45a Robiette defines various measures of interatomic 
distances and discusses the effect of bending vibrations on 
apparent distances.45b 

Ring bond angles tend to average 104° except for D-N-A 
(C6-N-C«), which averages 113° (112.9 ± 1.7°, 33 df, after 
deleting the seven salts and complexes). The 113° value is 
reasonable, since depression of the normal value of 115-120° 
for the C-N-C amide angle (as estimated from N,N-di-
methylamides) to 113° parallels the decrease of a normal 
C-C-Cangle (109°) to 104° (Aubry et al.,4647 Kitanoet al.,48 

Gobillon et al.49). Both angle reductions result from ring 
puckering. 

We report values of d\ (Dl) which along with xi (A-B-
C-D) and eq 2 reproduce ring torsions xi (N-A-B-G), X3 
(B-G-D-N), X4 (G-D-N-A), and Xs (D-N-A-B). For the 
160 torsions in Table I the standard deviation of the values 
calculated from xi a nd d\ is about 0.6°. We also report values 
of a 0 (AO) and / (T) for use in eq 4. These, of course, repro
duce the data equally well. 

As for planarity of the peptide group, the angle w is the av
erage of L-K-N-A (Qf-C0-N1-Ci0) and Q-K-N-D 
(O0-C0-Ni -C is) (or equivalently the average of L-K-N-D 
and Q-K-N-A minus 180). Angles near 180° must both be 
expressed as positive angles before averaging. The s-trans form 
has an angle near 180°. 

Torsions 0 (K-N-A-C, C0-N1-C^-C1) and ^ (N-A-
C-M, N1-C 1"-C1-N2) largely determine chain folding, but 
angles N-K-L ( N I - C 0 - C 0 " ) , A-N-K (Ci"-Ni-C0), C-A-N 
(Ci-Ci«-Ni), and A-C-M (Ci "-Ci-N2) are also involved; 
the 3° variability may be significant in some cases. For the 
seven s-trans derivatives 0avg = —66.1 (±6)° with a range of 
-57 to -76° and (xs - 4>)avg = 62.5 (±7.4)° with a range 
from 55 to 80°. For the 11 s-cis derivatives <£avg = —75.1 
(±23)° with a range of -42 to -110° and (X5 - 4>)avg = 69.3 
(±7.8) with a range of 59 to 80°. These values lend little sup
port to the hope that 4> could be predicted sufficiently closely, 
given the value of xs, or vice versa. 

In Table I we also report other derived values considered to 
be of interest. One example is the distance between C1*

3 and 
C\y and a reference plane defined by C^-N1-C1".5 '25 An
other is 7; we have defined y as the angle between three points: 
C1

7, the midpoint of the line joining C1*
3 and C1*, and the 

midpoint of the line joining N and Ci". This is intended to 
correspond to T as used by Venkatachalam et al.1415 As the 
reference plane we use N11C1", and the midpoint of the line 
joining C1^and C1"

5. The sign of y is positive if C\y and C1 are 
on opposite sides of the reference plane. 

Previous Calculations of Conformational Energy of Proline 
Derivatives. Several studies have examined the effect of ring 
puckering on overall folding properties of proline-containing 
peptides and on statistical properties of polyproline and of 
polyhydroxyproline. These have utilized rather primitive 
treatments of ring puckering, since the main interest was 
elsewhere.50-60 Our calculations provide important information 
about these relationships, as will be discussed below. Ton-
e]][6i,62 r ep0 r t s calculations for isomerization involving the 
proline C"-C bond (i/-). Madison63a calculated energies for 
backbone conformations of cyclic (Pro-Gly)3. Madison and 
Schellman63b combined geometric calculations with CD cal
culations. Young et al.64 report torsions for minimum energy 
conformations of c-(L-Pro-L-Pro) based on the Lifson force 
field:65'66 xi to X4 = 33, 34, -23, 2; <j> = -16; ^ = 26; w = -10. 
Corresponding values for c-(L-Pro-D-Pro) are —37, 36, —22, 
- 1 , - 6 , 5 , - 1 4 . 

The ring conformational energy maps of Venkatachalam 
et al.14,15 and earlier calculations of Ramachandran et al.,67 

are discussed below. 
New Studies of Conformational Energies of Ac-Pro-OCH3. 

We have carried out extensive calculations of the energies of 

Table II. Representative Conformational Energies and Torsions 
Calculated for Ac-PrO-OCH3 

46.2 
-44.7 

23.0 
6.2 

-32.2 
182.8" 

-89 .9 
1.74 

28.7 
-35 .0 

27.7 
-10 .3 
-11.52 
157.0 

-76 .3 

o.oo<-

5.3 
-5 .1 

2.9 
0.5 

-3 .7 
147.3 

-69 .0 
3.61 

-23.1 
35.1 

-33 .3 
20.0 

1.9 
146.8 

-61 .4 
0.32 

" For the -180° to 180° range f = -177.2°. * Conformational 
energy in kcal/mol above the minimum. c Conformation A, Table 
III. 

ring conformations of Ac-PrO-OCH3 by the methods of mo
lecular mechanics using the force field defined below. Defi
nition of this molecule requires 69 parameters, and all were 
adjusted except for the two C = O bonds and the one or two 
constrained parameters required to define the required con
formations. The similarity of geometries reported for the 
various proline derivatives in Table I makes it reasonable to 
expect that Ac-PrO-OCH3 will be typical of proline rings not 
subject to special constraints. 

Table II summarizes values of energies, of ring torsions, and 
of 4> and \p for several conformations of s-trans- Ac-PrO-OCH3. 
Table III presents bond lengths, angles, and torsions for two 
typical conformations. More extensive data, including Car
tesian coordinates, are available in the supplementary infor
mation which accompanies this article. Results are also sum
marized in Figures 1 and 2 whose interpretation is discussed 
below. 

In Table IV, we compare the energies for several s-cis- and 
s-frarts-Ac-Pro-OCH3 conformers. For these low-energy 
conformers the steric energy Vs for the s-cis conformer is about 
0.45 kcal/mol larger than for the s-trans conformer. On the 
assumption that AG ~ AK8, AG of 0.45 kcal/mol is equivalent 
to 25% s-cis. This corresponds better than could be expected 
to the 21% s-cis observed for Ac-PrO-OCH3 in benzene and 
28% in chloroform.63b 

Figures 1 and 2 serve different and complementary needs. 
The \2, d] plot is especially useful as a working diagram, since 
linear values of xi and d\ are easily scaled. The a0, t plot is a 
polar graph with a0 radial and t angular (eq 4). It has the im
portant advantage that contours are independent of scale. In 
order to use these figures it is helpful to understand how they 
define ring conformations; figures of this type may be applied 
to all five-membered rings and are thus generally useful. The 
radial lines at t = 18°, 54°, 90° , . . . in Figure 2 define the loci 
for the ten possible envelope forms with the indicated atom as 
the envelope atom; eq 4. There are ten since each ring atom 
may be either up (+) or down ( - ) with respect to the average 
plane.2-4,7 These envelope loci also appear in Figure 1; they are 
the diagonals plus the verticals, xi = 0, axis. For cyclopentane 
itself these lines would be loci for conformations of Cs sym
metry. Bisecting each of the above regions, at / = 0°, 36°, 72°, 
. . . in Figure 2, are loci for the half chair conformations; for 
cyclopentane these are of C2 symmetry. 

In Figure 2 the radial distance a0 defines the degree of ring 
puckering. The phase angle t defines the distribution of the 
puckering. The origin represents a planar ring. The origin in 
Figure 1 also represents a planar ring, but the degree of 
puckering is defined jointly by xi and d\. In Figure 2 the 
pseudorotation path for cyclopentane is shown on the circle 
with a0 = 45°; this is a contour of minimum and almost con
stant energy. 

Contour energies in Figures 1 and 2 are shown relative to 
the conformation of minimum energy. This is located near xi 
= —36, d\ = — 1 (designated as region B by Ramachandran 
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Table III. Bond Lengths, Angles, and Torsions Calculated for Ac-Pro-OCH3a 

A B A B 

CH-C? 
C - C 
C ? - C 
C - N 
N - C 0 

N - C 
C 0 -O 0 

C 0 -C 0 " 
C - C 
C-O 
C-O 2 

O 2 -C 2 " 
C - H " 1 

C-H*32 

C - H ? 2 

C - H ? 1 

C - H " 
C - H 6 2 

C0«-H0«2 

0 , " -H 0 " 1 

Coo-Ho"3 

C - H " 
C 2"-H 2" 3 

C - H 2 " 2 

C 2 " -H 2
a l 

C<*-C?-C 
C - C - N 
C - C - C 
C - C - C 
C - C - N 
C - N - C 0 

C - N - C 
N - C 0 - O 0 

N - C 0 - C 0 " 
N - C - C 
C 0 - N - C " 
O 0 -C 0 -C 0 " 
C - C - O 
C - C - O 2 ( 
C-O 2 -C 2 " 
O C - O 2 

H * " - C - H « 
H " 1 - C - C 
H " 1 - C - C 
W - C - C ? 
H ^ - C - C 
H ? 2 - C ? - C 
H ? 2 - C - C 
H? 2 -C?-H? ' 
H ? ' - C - C 
H ? ' - C - C 
H 5 1 - C - C 
W - C - H * 2 

W - C - N 
W - C - C 
W - C - N 
H o * ' -C 0 "-C o 

Ho^'-Co^Ho"1 

Ho5 l-Co"-H0"3 

H 0 " 1 - Q f - C 0 

H 0 ^ - Q f - H 0 " 3 

H 0 « 3 -C 0 "-C 0 

W - C - C 
H « - C - N 
H « - C - C ( 
0 2 - C 2 " - H 2 « 3 ( 

3-5) 
(3-22) 
5-9) 

,9-13) 
[13-14) 
,13-22) 
[14-16) 
[14-17) 
[22-25) 
(25-27) 
(25-28) 
(28-29) 
(3-2) 
(3-4) 
,5-7) 
,5-8) 
,9-11) 
(9-12) 
(17-19) 
(17-20) 
(17-21) 
22-24) 

,29-31) 
,29-32) 
29-33) 

,3-5-9) 
(3-22-13) 
(3-22-25) 
(5-3-22) 
(5-9-13) 
(9-13-14) 
(9-13-22) 
(13-14-16) 
(13-14-17) 
,13-22-25) 
,14-13-22) 
,16-14-17) 
,22-25-27) 
22-25-28) 
(25-28-29) 
,27-25-28) 
(2-3-4) 
(2-3-22) 
(2-3-5) 
(4-3-5) 
(4-3-22) 
7-5-3) 
7-5-9) 
7-5-8) 
8-5-3) 
8-5-9) 

(11-9-5) 
11-9-12) 

,11-9-13) 
12-9-5) 
12-9-13) 

(19-17-14) 
19-17-20) 
19-17-21) 
20-17-14) 
20-17-21) 
21-17-14) 
24-22-3) 
24-22-13) 
24-22-25) 
28-29-31) 

1.527 
1.532 
1.526 
1.458 
1.346 
1.461 
1.240 
1.519 
1.520 
1.240 
1.373 
1.457 
1.103 
1.102 
1.103 
1.103 
1.102 
1.101 
1.100 
1.100 
1.101 
1.103 
1.100 
1.100 
1.100 
103.1 
103.0 
111.5 
104.6 
104.6 
123.7 
112.7 
121.1 
119.9 
111.8 
123.4 
119.1 
120.6 
116.9 
118.6 
122.4 
108.7 
109.3 
108.7 
113.1 
112.3 
108.7 
109.3 
108.7 
113.4 
113.4 
109.7 
109.9 
108.6 
111.2 
112.7 
110.4 
109.9 
107.9 
111.0 
107.8 
109.9 
110.9 
110.6 
109.0 
110.2 

1.524 
1.538 
1.524 
1.459 
1.347 
1.467 
1.240 
1.518 
1.519 
1.240 
1.373 
1.457 
1.103 
1.102 
1.103 
1.101 
1.102 
1.103 
1.100 
1.100 
1.101 
1.102 
1.100 
1.100 
1.100 
101.1 
102.5 
110.8 
102.2 
100.8 
123.9 
112.1 
121.1 
119.9 
114.0 
123.9 
118.9 
120.4 
117.0 
118.5 
122.5 
109.0 
112.6 
113.1 
110.0 
109.9 
112.8 
112.7 
109.4 
110.2 
110.5 
110.1 
110.2 
113.9 
111.8 
109.7 
110.9 
110.1 
107.6 
110.4 
107.9 
109.7 
110.7 
108.3 
110.3 
110.3 

0 2 - C 2 " - H 2 " 2 

0 2 - C 2 " - H 2 " ' 
H 2 " 3 -C 2 "-H 2 " 2 

H 2 ^ - C - H 2 " 1 

H 2 " 2 -C 2 " -H 2 " ' 
W - C - C - H ? 2 

W - C - C - H ? 1 

W - C - C - C 
W - C - C - H ? 2 

W - C - C - W 
H £ 2 - C - C ? - C 
C - C - C - H ? 2 

C - C - C - H ? 1 

C«-C'3-C?-C* 
W - C - C - N 
H / " - C - C - H " 
W - C - C - C 
W - C - C - N 
H ^ - C - C - H " 
W - C - C - C 
C - C - C - N 
C - C - C - H " 
C - C - C - C 
C - C - C - W 
C - C - C - H * 2 

C - C - C - N 
H ? 2 - C - C - W 
W - C - C - H " 
W - C - C - N 
W - C - C - W 
W - C - C - H ' 2 

W - C - C - N 
C - C - N - C 0 

C - C - N - C 
W - C - N - C 0 

W - C - N - C 

W - C - N - C 0 
W - C - N - C 
C - N - C 0 - O 0 

C - N - C 0 - C 0 " 
C - N - C 0 - O 0 

C - N - C 0 - C 0 " 
C - N - C - C 
C - N - C - H " 
C - N - C - C 
C 0 - N - C - C 
C 0 - N - C - H " 
C 0 - N - C - C 
N - C 0 - C 0 " - H 0 " 2 

N-C 0 -C 0 " -H 0 « ' 
N-C 0 -C 0 " -Ho" 3 ( 
O 0 -C 0 -C 0 " -H 0 " 2 

O 0 - C 0 - C ^ - H 0 " 1 

Oo-C0-Co"-H0"3 

C - C - C - O ( 
C - C - C - O 2 

N - C - C - O ( 
N - C - C - O 2 ( 
H « - C " - C - 0 ( 
H " - C - C - 0 2 ( 
C - C - O 2 - C 2 " ( 
0 - C - O 2 - C 2 " ( 
C - 0 2 - C 2 " - H 2 " 3 ( 
C - 0 2 - C 2 " - H 2 " 2 ( 
C - 0 2 - C 2 " - H 2 " ' ( 

(28-29-32) 
(28-29-33) 
(31-29-32) 
(31-29-33) 
(32-29-33) 
(2-3-5-7) 
(2-3-5-8) 
(2-3-5-9) 
(4-3-5-7) 
(4-3-5-8) 
(4-3-5-9) 
(22-3-5-7) 
(22-3-5-8) 
(22-3-5-9) 
(2-3-22-13) 
(2-3-22-24) 
(2-3-22-25) 
(4-3-22-13) 
(4-3-22-24) 
(4-3-22-25) 
(5-3-22-13) 
(5-3-22-24) 
(5-3-22-25) 
(3-5-9-11) 
(3-5-9-12) 
(3-5-9-13) 
(7-5-9-11) 
(7-5-9-12) 
(7-5-9-13) 
(8-5-9-11) 
(8-5-9-12) 
(8-5-9-13) 
(5-9-13-14) 
(5-9-13-22) 
(11-9-13-14) 
(11-9-13-22) 
(12-9-13-14) 
(12-9-13-22) 
(9-13-14-16) 
(9-13-14-17) 
,22-13-14-16) 
22-13-14-17) 

,9-13-22-3) 
(9-13-22-24) 
(9-13-22-25) 
,14-13-22-3) 
14-13-22-24) 
14-13-22-25) 
13-14-17-19) 
13-14-17-20) 
13-14-17-21) 
16-14-17-19) 
16-14-17-20) 
16-14-17-21) 
3-22-25-27) 
3-22-25-28) 
13-22-25-27) 
13-22-25-28) 
24-22-25-27) 
24-22-25-28) 
22-25-28-29) 
27-25-28-29) 
25-28-29-31) 
25-28-29-32) 
25-28-29-33) 

110.3 
109.1 
109.6 
108.8 
108.8 
197.5 
318.6 

81.6 
318.3 

79.4 
202.4 

80.9 
201.9 
325.0 
272.4 

30.8 
152.5 
151.8 
270.1 

31.8 
28.7 

147.0 
268.7 
271.4 
149.6 
27.7 

155.9 
34.1 

272.2 
34.4 

272.6 
150.7 
174.3 
349.7 
291.4 
106.8 
53.4 

228.8 
176.5 
356.0 

1.6 
181.1 
348.5 
229.9 
108.3 
163.9 
45.3 

283.7 
293.8 

55.9 
174.9 
113.3 
235.4 
354.4 

90.9 
271.7 
336.2 
157.0 
213.7 

34.5 
179.5 

0.3 
299.3 

60.5 
179.9 

110.2 
109.1 
109.6 
108.8 
108.8 
286.7 

49.3 
166.1 
48.8 

171.3 
288.2 
165.5 
288.0 

44.9 
298.7 
324.1 

86.7 
87.0 

202.4 
325.0 
330.2 

85.6 
208.3 
197.4 
74.5 

318.0 
76.8 

313.9 
197.4 
314.0 
191.1 
74.6 

208.1 
24.5 

325.9 
142.3 
90.0 

266.4 
173.5 
354.8 
357.4 
178.8 

3.2 
246.1 
123.0 
179.7 
62.6 

299.4 
313.1 

75.4 
194.3 
134.5 
256.8 

15.7 
324.5 
146.9 
79.5 

261.9 
202.4 

24.8 
179.2 

1.7 
299.1 

60.2 
179.7 

" A (LSX8D5B1) X2 = -35, d\ = -0.5, minimum energy. B (LSX8C56) X2 = 44.9, d\ = -6.1, 0.89 kcal above minimum. Bond lengths are 
given in angstroms, angles in degrees. 
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Figure 3. 0-i/< values found for s-trans-Ac-Pro-OCH^ at the energy 
minima for various constrained ring conformations. It is not a <t>-\l/ energy 
contour plot. The band represents a range of energies; it includes all 
conformations within the 3.0-kcal contours of Figure 1. The numbered 
squares are x-ray data from Table 1; several of these are well off the band, 
yet represent energies less than 0.5 kcal above the minimum. As shown 
by this figure, ring conformations limit but do not control <p and i/-. Sym
bols: O, ring conformations less than 1.0 kcal above global minimum; A, 
from 1 to 2; x, greater than 2. 

et al.67). There is a second region of minimum energy, region 
A, located near X2 = 36, d\ = —4. The contours are drawn 
every 0.5 kcal/mol above the minimum; the region A minimum 
is 0.3 kcal/mol above the region B minimum. The energy 
barrier lies near X2 = — 5, d\ = —7; this is a flat saddle about 
2.7 kcal above the minimum. In these diagrams the carboxyl 
is "up" with respect to the average plane of the ring. The no
ticeable lack of symmetry is caused by the carboxyl group. 

Contours at X2 = 0 and at t = 90 or 270° show that envelope 
forms with nitrogen as the envelope atom have relatively high 
energies; such conformations would require the C-N-C amide 
bond to decrease to 100-105 °, a considerable distortion from 
the unstrained value of about 118 -120°. 

The breadth of the low-energy regions indicates that there 
are several low lying vibrational energy levels. If the energy 
differences are equated to AG, there are predicted to be 
roughly twice as many molecules with conformations in the 
B class as in the A class. The relative areas inside the 0.5-kcal 
contours of Figure 2 predict a 0.77:0.23 ratio. At present there 
is no experimental evidence which bears directly on the ratios, 
but possibly some of the NMR data on coupling constants 
would repay reinterpretation. Such small differences in these 
effectively gas-phase enthalpies could be overridden by small 
differential solvation effects. 

The squares in Figure 1 designate the conformations of the 
40 proline rings numbered as in Table I. Of these, 27 fall in 
regions whose energies are less than 1.5 kcal/mol and nine are 
within 2.0 kcal above the minimum. The four outside this re
gion may represent strained molecules (due to ring closure) 
or may point to problems in the x-ray values. Points 19 and 20 
are for the antamanide analogue molecule for which it may be 
technically difficult to obtain details of ring conformations with 
high precision. It is also of interest to compare the older42 and 
the newer43a calculations of Tos-Pro-Hyp-OH discussed above. 
Thus point 11 (original) became point 2 (recalculated) for the 
Hyp ring, while point 25 (original) became point 30 (recal
culated) for the Pro ring. We conclude that the x-ray data are 
closely consistent with the energy contours of Figures 1 and 
2. 

We now comment briefly on two other results. Bond lengths 
are nearly independent of conformation; the data in Table III 
are typical. Use of fixed bond lengths would thus be a very good 
approximation. 

Table IV. Energy Difference s-cis- vs. j-/ra«5-Ac-Pro-OCH3 

Xl 

-35.02 
-35.31 
-5.11 
34.80 
34.96 

ds 

-2.73 
15.65 
0.55 
9.63 
0.095 

"^ .v- t rans 

0.08 
2.79 
2.73 
2.21 
0.67 

A K.s.cis 

0.51 
3.22 
3.21 
2.65 
1.08 

AAK 

0.43 
0.43 
0.48 
0.44 
0.41 

The amide group is almost but not quite planar in the cal
culated conformations and for most of the examples in Table 
I. Small departures from planarity do not cost much energy. 
Torsions labeled 22-13-14-16 and 9-13-14-17 in Table HI are 
torsions Q-K-N-A (O0-C0-Ni-Ci") and L-K-N-D 
(Coa-C0-N]-Cia) in Table I. Two different molecular motions 
may contribute to nonplanarity about an sp2 atom; one is a 
bending mode in which the angle sum about a nominally planar 
atom departs from 360°, the other a twisting mode about a 
bond joining the sp2 atom to another atom (Winkler and 
Dunitz,45a Ermer and Lifson68). 

Comparisons with Previous Calculations. The minimum 
energy conformation reported by Young et al.64 for C-(L-
Pro-L-Pro) (and cited above) has X2 = 34 and d\ = 5, that for 
(L-Pro-D-Pro) has X2 = 36 and d\ = 7.5. These are about 
1.3-1.8 kcal/mol above the global minimum, and are com
parable to the x-ray results. The molecules may be strained. 

Venkatachalam et al.15 present energy contour diagrams 
based on T and 6 which compare roughly with ours; they in
dicate roughly similar locations of the energy minima, but there 
are differences in details of the contours that may prove sig
nificant for some applications. There are also differences in the 
torsion angles for the minimum energy conformations reported 
in Table I of Venkatachalam et al.14 and those summarized 
in our Figure 1. 

In a much earlier study Ramachandran et al.67 tried out 
several simple force fields. They did not publish energy con
tours, but the data in their Tables II and III fall fairly well on 
the contours in our Figure 1. We conclude that the general 
features of the energy contours are rather insensitive to ap
preciable differences in force fields. 

Relationship between Ring Torsions and <f>. Venkatachalam 
et al.15 have considered in some detail the relationship of 0 and 
\p to ring torsions. Their study assumed that 0 could be defined 
by one of the ring torsions, xs, an assumption that is true only 
within about ±15°. 

We did not carry out computations to prepare an energy 
contour map for 0 and i/\ The points in the cj>-\p plot shown in 
Figure 3 are a by-product of the calculations used to prepare 
Figures 1 and 2. In these calculations all internal parameters 
including 0 and \p were minimized for selected values of X2 and 
d\. The curve then illustrates what control, if any, ring con
formations exert over 0 and \p. The data fall on a rather narrow 
band in a pattern which is pretty much independent of the 
overall conformational energy. We have also included in Figure 
3 those proline derivatives from Table I whose 0-^ values are 
in this general range. There is another minimum near ^ = —30 
which we did not explore. Points 33 and 34, for example, lie off 
the band even though the ring conformational energy is near 
the minimum value. These results show clearly that ring con
formations have little control over 0 (or \p); rather, the flexi
bility of the ring serves to increase the area enclosed by the 
contour for a given <j>-\f/ energy. 

Results from NMR Studies. Most NMR studies of proline 
conformations fall into one of three classes: those which esti
mate s-cis-i-trans ratios of 7V-acyl groups, those which eval
uate average dihedral angles via a Karplus relationship, and 
those which estimate ring mobility in terms of 13C T\ values. 
See Deslauriers and Smith for a review.70 
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Table V. Typical s-Cis-s-Trans Acylproline Ratios0 

Ac-Pro-OH 

Ac-PrO-OCH3 

Other examples 
(46 of these) 

D 2 OpH 1.3 
D2O high pH 
"crystal"'" 
Me2SO-^6 

Me2SO-^6 

D2O 
H2O, 0.1 M H 2 S O 4 

H2O, pH 9 
CHCl3 

45% C 6 H 6 -CHCl 3 

H2O 
CHCl3 

C6H6 

19% j-cis* 
45%5-cis* 
All 5-transrf 

29%5-cis* 
25% 5-cis^ 
50% 5-cis* 
25% j-cis* 
50%5-cis* 
20%5-cis* 
11% ^-cis^ 
16% J-CiS* 
28% 5-CiS* 
21% .s-cisA 

Mostly 10-40% cis 

" This is an abstract of the complete table available in the supple
mentary material for this paper. The complete table presents data for 
48 compounds. Abbreviations (IUPAC-IUB):1 Iva, isovaleryl; Ibu, 
isobutyryl; Piv, pivaloyl = trimethylacetyl; Ahy, Allohydroxyproline; 
GIp, pyroglutamyl (= 4-ketopyrrolidine-2-carbonyl); Boc, tert-bu-
toxycarbonyl; Han, homoanthranoyl = 2-aminophenylacetyl; Mma, 
methylmethacrolyl. * Bedford and Sadler.72 c Conformation in 
"crystalline" state is based on NMR spectrum taken shortly after 
dissolution in CD3OD at —60 "C. Peaks for 5-cis appeared on 
warming. d Thomas and Williams.73 e Thomas and Williams.74 

/Nishihara et al.75'76 * Voelter et al.77-78 * Madison and Schell-
man 63b 

Table V summarizes the data on cis-trans populations. The 
complete table is presented in the supplementary material. 
Most determinations have been based on relative areas of the 
.y-trans and 5-cis sets of 13C lines; it is not always clear whether 
pulsing rates have been chosen properly so as to minimize 
complications due to nuclear Overhauser effects, but there is 
a general consistency in the results. In several cases 1H NMR 
were used, but peak overlap often causes difficulties. 

For simple acylproline derivatives in equilibrium in solution 
the amounts of s-cis conformer range from about 10% to 40% 
(omitting the extremes), corresponding to a AAG[= AG(s-cis) 
— AG (s-trans)] range of 1.4 to 0.3 kcal/mol. Such an energy 
difference is sufficiently small to allow an acylproline to con-
Table VI. Torsion Angles from Coupling Constants" 

form readily to environmental constraints. Direct solvent ef
fects are of some significance, ranging from AG « 0.25 kcal/ 
mol for Ac-PrO-NH2 to 0.7 kcal/mol for Ac-Pro-OH. An 
overall average AAG of 0.7 kcal/mol corresponding to 25% cis 
may tentatively be adopted as a measure of the intrinsic sta
bility of the j-trans acylproline conformation over the s-cis in 
D2O and Me2SO-^6, and probably in other solvents. 

Less work has been done on acyloxycarbonyl derivatives. 
The three examples in Table V for terf-butoxycarbonyl and 
for te«-amyloxycarbonyl are j-cis. One 1H NMR study re
ports that Z-Pro-ONP (/>-nitrophenyl ester) is 50% s-cis in 
Me2SO-^6-

71 

Several groups have attempted to establish proline ring 
conformations in solution by calculating ring torsions from 
vicinal coupling constants with use of the Karplus relationship. 
The approach is promising, but there are great technical dif
ficulties. Available results are summarized in Table VI. The 
general conclusion is that solution results more or less corre
spond to the regions of minimum energy shown in Figures 1 
and 2. 

In several examples the proline ring cannot be assigned any 
single conformation (nor single averaged conformation), but 
the data must be treated by averaging the coupling constants 
predicted for two or more conformations. These cases are in
dicated by paired sets of conformational angles for a given 
compound. Equilibration between conformers is to be expected 
to be fast on the NMR time scale, since the predicted barrier 
between the energy minima in Figures 1 and 2 is only about 
2.7 kcal/mol. 

In early work Abraham et al.,101 Abraham and McLau
chlan,102'103 and Abraham and Thomas104 interpreted coupling 
constants of +H2-Hyp-0~ in D2O in terms of a conformation 
similar to that found by x-ray crystallography,39 although the 
estimated solution puckering is larger. Abraham and Thom
as104 (1964) stated that for H-Hyp-O" and for H-Ahy-O-

(allohydroxyproline) the coupling data could be interpreted 
consistently only by assuming that there was a population of 
at least two conformers, and these were of equal energy, for 
the ratio did not change with temperature. This observation 
was most perceptive and accords excellently with subsequent 
studies. However, the numerical values assigned to the torsions 

H-Hyp-O-

+ H 2 - H y p - 0 - * 
H-AIy-O- * 

+ H 2 - H y p - 0 - / 
+H2-Pro-OH* 

H-Pro-O- s 

CyCHc(PrO-PrO)* 
Cyclic (Pro-D-Pro)* 
Cyclic (Pro-Pro-Hyp)' 
Glp-His-Pro-OH-' 
Poly-Hyp* 
Poly-Pro' 

^/1.5-4-F-H2
+-PrO-OH* 

m-4-F-H 2
+-Pro-OH* 

D2O 

D2O 
D2O 

D2O 

CDCl3 

CDCl3 

CDCl3 

D2O 
D2O 

D2O 
D2O 

Xl 

- 1 0 . 2 ' 
-43 .3 ' ' 
- 3 2 . 0 ' 

15 
- 3 1 

10 
- 3 0 

- 3 0 
- 4 0 

30 

- 2 5 
- 2 5 

25 
-30 .3 

17.0 

Xl 

16.5f 

72.2'' 
52.3'' 

- 6 1 
- 6 

- 3 5 
35 

- 3 0 
20 
42 
29 

- 1 0 
- 3 0 

45 
35 

- 3 5 
51.5 

-49 .4 

X3 . 

(—16.5)rf 

(-73.5) r f 

(-52.6) r f 

87 
40 
43 

- 2 1 
- 1 2 

- 5 

- 4 5 
- 3 5 

35 
-52.7 

51.5 

X4 

(10.2)rf 

(46.8)rf 

(32.3)rf 

- 7 8 
- 6 1 

72 

25 

25 
25 

- 2 5 
36.6 

-48.1 

X5 

O 
(1.1)'' 
O 

37 f 

57 
O 

18.3 
1.7 

-4 .0 
21.1 

" Abbreviations, footnote a, Table V. * Abraham and Thomas.104 c xi and X2 from Table I of Abraham and McLauchlan.103 The listed 
constants are illustrative of paired conformations that are consistent with the coupling based on values of 8 constants. d Calculated from x i 
and X2-

 e Sign reversed in the paper, f Abraham and McLauchlan.103 £ Pogliani, et al.107 * Torchia.105 ' Torchia.106 ' Haar et al.86 * Gerig 
and McLeod108 reported single conformer torsions for ;ra«5-4-fluoroproline; x2 = 53 andrfi = —12; the cis isomer values are rather inconsistent 
and show roughly x2 * —45 and d\ « —19. Both sets define conformations of improbably high energies. The reported torsions do not follow 
the current sign conventions and do not obey eq 2 very well. 
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Table VII. Force Field 

Stretch 
C-C 
C-H 

Bend 
C-C-H (P)' 
C-C-H (S) 
C-C-H (T) 
H-C-H (P) 
H-C-H (S) 
C-C-C (S) 
C-C-C (T) 
C-C-C (Q) 

Stretch 
C3-N 
C2-N 
C2=02 
C2-03 
C2-C3 
C3-03 

Torsion 
X-C3-N-X 
X-C3-C2-0 
X-C3-C2-N 
X-C2-N-C3 
0-C2-0-C3 

Nonbonded: 
H-N, H-O same as H 
C-N, C-O, N-

Ref 
1.52 
1.10 

Ref 
109.5 
109.0 
109.2 
109.2 
109.1 
110.4 
110.1 
109.5 

Ref 
1.45 
1.32 
1.24 
1.36 
1.51 
1.45 

- C 
••0 same as C-C 

FC 
4.40 
4.60 

TheSchleyer 1973 Alkai 

104FC 
1.2185 
1.2185 
1.2185 
1.0052 
1.0052 
1.7363 
1.7363 
1.7363 

Torsion 
H-C-C-H 
H-C-C-C 
C-C-C-C 

10 6FCC 
-1.17 
-1.17 
-1.17 
-0.96 
-0.96 
-1.67 
-1.67 
-1.67 

ne Force Field"'' 
Ref 
60.0 
60.0 
60.0 

Nonbonded 

H - H 
H - C 
C-C 

V= a exp(—br) -

a 
45.25 
33.85 

107.40 

Additions to the Alkane Force Field to Treat Peptides^ 

Ref 
60.0 
60.0 
60.0 
0.0 
0.0 

FC 
4.40 
4.40 

(Fixed) 
4.40 
4.40 
4.40 

103 Barrier 
1.03 (6) 
0.518(6) 
0.518(6) 

34.7 (4) 
29.57 (4) 

C3 
C3 
C3 
N-
N-
C3 
03 

d 

Bend 
-N-
-N-
-C2 
C2-
C2-
-C2 
-C2 

C2 
C3 
-02 
02 
C3 
-03 
-02 

Ref 
121. 
118. 
121. 
121. 
118. 
118. 
121. 

Coulombic chargi 
Amide N2 
Amide 02 
Amide C2 
Ester 02 
Ester 03 
Ester C2 

103 barrier 
1.617 (9)^ 
1.617(9) 
1.037(9) 

• cr~6 

b 
3.750 
3.582 
3.117 

C 

0.5970 
0.5880 
4.2981 

104FC 
3. 
3. 
3. 
3. 
3. 
3. 
3. 

es (electrons) 
-0.503 
-0.704 

1.207 
-0.348 
-0.174 

0.522 

Dielectric constant 4 

" Engler et al."8 * Energy units for force constants are mdyne-angstroms per molecule, with distances in angstroms, angles and torsions 
in degrees, coulombic charges in fractions of an electron. c Cubic correction. d We partition the barrier into the number of parts indicated 
in parentheses. Total barrier is 9 X 1.617 X 10-3, etc.e P primary, S secondary, T tertiary, Q quaternary, f C3-N means sp3 carbon to nitrogen, 
C2-03 is sp3 carbon to alkyl oxygen of ester, designated as sp3 oxygen. Note: 1 mdyn-A/molecule = 143.8 kcal/mol. 

for most of these compounds are well outside of any energeti
cally allowed limits. 

Later torsion estimates computed with energy considerations 
as guides fall within acceptable ranges. In one example solution 
values may be compared with crystal values. Cyclic Pro-Pro-
Hyp as the benzoate ester has been analyzed in careful detail.90 

The crystal34 shows three sets of torsion values, none of which 
corresponds to the solution values. The solution values do 
correspond roughly to the average of the x-ray data, but the 
significance is not entirely clear, since Hyp is found in only two 
of the three proline sites in the crystal and the average of these 
two does not correspond to the solution values. 

13C spin-lattice relaxation times (T\) have been reported 
for many proline derivatives and have been interpreted in terms 
of mobilities of the carbon atoms; Torchia and Lyerla,97 

Deslauriers et al.,109 Komoroski et al.,110 Fossel et al."' X-ray 
data indicate generally high mobility for C3 and Cy in crystals, 
but mobility is relative. Torchia and Lyerla97 carried out a 
detailed analysis of mobilities in poly (Pro), poly (Hyp), po-
ly(Pro-Gly), poly(Hyp-Gly), and poly(Gly-Gly-Pro-Gly) in 
a relatively successful effort to sort out the contributing factors. 
Pertinent conclusions were: backbone mobility of C and Ca is 
relatively lower for polymers with larger proline fractions, but 
even in poly(Pro) the C and Ca mobility is very much higher 
than found in the ordered ribonuclease backbone.112 Net 
mobilities for O3 and Cy are appreciably larger than for C5 

(Table VI of Torchia and Lyerla97). Fossel et al.1 ' ' report T\ 
values and correlation times for several dipeptides containing 
glycine and proline which give similar ordering of ring atom 

mobilities. Komoroski et al.110 report T\ values for the proline 
rings of gramicidin; the T\ values show trends similar to other 
proline derivatives. 

The Force Field. During the past dozen years there have been 
extensive calculations of peptide conformations; in general 
these have concentrated on effects of variation of torsions. 
Lifson's group seems to have proposed the only fairly com
prehensive peptide force field (Hagler et al.,69 Hagler and 
Lifson,113 Karplus and Lifson,66 Schellman and Lifson,65 

Warshel et al.114). For other approaches see Ramachandran116 

and Scheraga.''7 The problem of parameterizing the necessary 
set of constants is formidable. Fortunately, it is possible to get 
useful results even with rather crude force fields; with careful 
ad hoc choices we may expect good geometries, and even rather 
good specifications of the energy contours near the minima. 

For example, Schleyer's group has extended his alkane force 
field (Engler et al.118) to treat developing carbon cations and 
has achieved excellent results in predicting steric effects on 
solvolysis reactions (Slutsky et al.,119 Fry et al.,120 Bingham 
and Schleyer121). We have successfully used other extensions 
of the Schleyer force field to treat steric hindrance in ester 
hydrolysis (DeTar and Tenpas122). 

Because a major part of the steric energy of most molecules 
depends on alkane types of interactions, it is especially perti
nent to use a good alkane force field as the basis for elaboration. 
We have chosen the Schleyer 1973 force field, whose general 
validity has been established.118122 There are other good al
kane force fields, but most are rather more complex and afford 
no clear advantages. 
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Table VIII. Summary of Observed and Calculated Proline Bond 
Lengths and Angles 

Obsd" 

1.52(0.02) 
1.54(0.04) 
1.51 (0.04) 
1.52(0.03) 
1.49(0.03) 
1.48(0.03) 
1.24(0.02) 
1.33(0.03) 

Calcd* 

1.52 
1.53 
1.53 
1.53 
1.46 
1.46 
1.24 
1.35 

Angles 

C-Co-C" 
C-C-N 
C-C-N 
C-C-C 
C-CT-C 
C-C-N 
C-N-C 
C0-N-C" 
C0-N-C

5 

O0-C0-N 
C0^-C0-N 
C0O-C0-O 

Obsd 

111(3) 
111(3) 
103 (2) 
105(3) 
106(4) 
103 (2) 
113(2) 
122(3) 
124(3) 
121 (2) 
118(3) 
121(3) 

Calcd 

111 
112 
103 
104 
103 
105 
113 
123 
124 
121 
120 
119 

" From averages of 25-40 values of x-ray coordinates. The standard 
derivation of a given value from the average is given in parentheses. 
* Typical values calculated for Ac-Pro-OCH3. 

Minimal treatment of peptides requires more than double 
the constants used for alkanes. In fact, treatment of peptides 
in the same detail would require several hundred force con
stants, reference distances, van der Waals terms, Coulombic 
constants, and hydrogen bond functions. 

Our force field is summarized in Table VII. Since this may 
not suffice to reproduce our calculations we include a detailed 
printout summary in the supplementary material. In lieu of 
parameterization against reference molecules, which we have 
not yet done, we have adopted the following: for all bond 
lengths we have chosen a reference length which with the C-C 
force constant yields reasonably correct bond distances. For 
C = O we have used fixed values. It probably would be imma
terial whether we allowed bond distances to vary so long as the 
same procedure was followed for all conformations. The ref
erence angles about sp2 carbons sum to 360° (planarity) and 
represent the general trend that angles flanking the double 
bond are roughly equal and slightly greater than 120°. The 
force constant 3 X 1O-4 (mdyn-A molecule-1 deg-2) is roughly 
twice the C-C-C bending constant. 

We customarily partition torsion barriers into nine parts in 
order to assure that the energy is independent of the description 
of the molecule. Warshel and Lifson115 have reported a similar 
practice. Torsions across nitrogen have a sixfold partition (for 
a threefold barrier), across an amide O = C - N - C fourfold, 
and across an ester O=C-O-C twofold (for a twofold barrier). 
For X4 and xs we used the C-C-C-C barrier per interaction, 
and this results in two-thirds of the C-C-C-C barrier or about 
0.9 kcal/mol. For the C-C barrier we used half this value; 
see Lowe.123 For the amide cis-trans rotational barrier we used 
20 kcal/mol and for the ester C-O 8.5 kcal/mol. 

Carbon van der Waals constants were applied also to N and 
O. For the present molecule the attractive part of the function 
plays a minor role, and the disregard of van der Waals radii 
is more apparent than real. Unfortunately there are no ac
cepted ways to choose proper values for the several dozens of 
possible pairwise interactions. 

The assignment of electron fractions (Coulombic charges) 
to the amide and ester groups reproduce the dipole moments: 
3.7 D for the amide; 3.8 D for dimethylacetamide (Kumler and 
Porter126); other amides 3.5-3.9 D (McClellan125); 1.7 D for 
the ester methyl acetate 1.68 (Zahn,124 McClellan125). The 
ratios of negative charges are in accord with those used by 
others and are derived from approximate quantum mechanical 
calculations.563^69 Within-group 1,3 Coulombic interactions 
are omitted, since the total 1,3 interactions have been incor
porated into the force constants and reference angles. All be-
tween-group Coulombic interactions are included, however, 

since the purpose of the point charges is to describe the dipole 
moments. In actual fact calculations of proline conformations 
with Coulombic forces are not greatly different from those 
without. Other workers have chosen to assign Coulombic 
charges to alkane carbon atoms and hydrogen atoms.563,69 This 
is, of course, conceptually more realistic than assuming neu
trality and is supported by approximate quantum mechanical 
calculations. However, force fields work successfully both with 
(Lifson and Warshel127) and without these detailed Coulombic 
charge distributions (Jacob et al.,128 Allinger,129 Engler et 
al.,118 and many others), and the relative merits of the two 
approaches have not yet received careful comparison. 

Typical calculated values of bond lengths and angles for 
acetylproline methyl ester are compared with averages of x-ray 
data in Table VIII. Agreement is satisfactory, and could be 
improved slightly by further adjustment of reference values. 
Since we are calculating relative steric energies of conforma
tions, small changes in standard bond lengths and angles turn 
out to have only a minor effect. Calculations made with a force 
field which gave considerably larger departures than shown 
in Table VII produced nearly the same treiids in conforma
tional energies. 

Calculations. The molecular mechanics calculations were 
performed with the program MOLMEC, described earlier.122 

Sample output is included in the supplementary material. 
Steric energies Vs were in the 13 kcal/mol range; adjustments 
were iterated until AVS, the change in Vs per iteration, dropped 
below 1 part in 10 000. According to our algorithms, final Vs 
values will always be slightly higher than the minimum defined 
by the force field. We estimate that for the 1 part in 10 000 per 
iteration convergence limit Vs will be a maximum of 0.05 
kcal/mol high; use of broader limits such as 1 part in 1000 gives 
somewhat larger but usable maximum errors of about 
0.15-0.20 kcal/mol. 

Probable errors for bond lengths due to breaking off itera
tions are effectively zero (0.0001 or less); the change in the 
angles between values found at 1 part in 1000 per iteration 
convergence and values at 1 part in 10 000 is a maximum of 
0.3°, for most angles much less; the improvement in torsions 
was 0.6° or less. 
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Supplementary Material Available: The crystal coordinate input 
used to prepare Table I (including transformation to the corresponding 
Cartesian coordinates); input Cartesian coordinates of the heavy 
atoms for representative calculated minimum energy conformations 
of Ac-PrO-OCH3; table of heavy atom internal coordinates just like 
Table I, but calculated from the above Cartesian coordinates of cal
culated minimum energy conformations of Ac-PrO-OCH3; complete 
Cartesian coordinates, including all hydrogen atoms, for representative 
minimum energy conformations of Ac-PrO-OCH3; complete Table 
V; typical MOLMEC output showing force field (94 pages). Ordering 
information is given on any current masthead page. 
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