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about 10% relative. The fifth sample (62.0 mol % propyl-
ene) had no detectable nonalternating TFE structure, and
therefore is not included in the plot.

The symmetry of the curves for percent nonalternating
propylene and TFE sequences confirms the consistency of
the analyses of both the 'H and !°F NMR spectra. Trial
calculations of monomer reactivity ratios were made, based
on the known monomer feed ratios, copolymer composi-
tions, and percent nonalternating sequences. Quantitative-
ly reliable estimates of reactivity ratios were not possible,
because the observed percent nonalternating sequences
could not be produced by Bernoulli trial statistics. The
data available were insufficient for fitting higher order
models.
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ABSTRACT: Proton nuclear magnetic resonance and circular dichroism studies were carried out on aqueous solu-
tions of the tetrapeptide Asp-Lys-Thr-Gly (which appears as a bend at residues 35-38 of a-chymotrypsin) and its
sequence variants Gly-Thr-Asp-Lys, Asp-Lys-Gly-Thr, and Lys-Thr-Gly-Asp; the N and C termini of all four tetra-
peptides were blocked with CH3CO and NHCHj; groups, respectively. The spectroscopic data suggest that bend
conformations may exist, to some extent, among the distributions of conformations in the first, third, and fourth,
but not in the second, tetrapeptide. This result is consistent with empirical probabilities for the prediction of bend
conformations in proteins. Conformational energy calculations on these four tetrapeptides support the indications
from the experimental data. It thus appears that, because of short-range interactions, the tendency toward bend
formation exists in short peptides, provided that both the composition and amino acid sequence are energetically

favorable for bend formation.

In a previous paper,® a mechanism for the folding of pro-
teins (involving the formation of 8 turns, or chain reversals
in specific tetrapeptide sequences) was proposed. Subse-
quently, the conformational energies of several tetrapep-
tides were minimized* to determine the energetic factors
responsible for bend and nonbend structures; similar calcu-
lations have been carried out on the central dipeptides of
numerous tetrapeptides.>® In order to examine the tenden-
cies of specific tetrapeptide sequences to adopt a chain-re-
versing conformation, we have begun a combined experi-
mental and computational investigation of several isolated
tetrapeptides.” In this paper, we consider the sequence
Asp-Lys-Thr-Gly, which appears as a bend conformation at
residues 35-38 in a-chymotrypsin.8

Since the tendency toward bend formation depends on
both the composition and sequence of the tetrapeptide,’ we
have examined four of the 24 possible sequence permuta-
tions of these four amino acid residues, viz., Gly-Thr-Asp-
Lys, Asp-Lys-Thr-Gly, Asp-Lys-Gly-Thr, and Lys-Thr-
Gly-Asp. The theoretical relative probabilities of occur-
rence of bends® in these four tetrapeptides are 1, 23, 41,
and 41, respectively, and hence they are designated as low-
probability (L), chymotrypsin-native (N), and high-proba-

bility (H; and Hs) bends, respectively. In order that these
isolated tetrapeptides simulate similar-size segments of
polypeptide chains, we have prepared them with blocked
end groups, using CH3CO and NHCHj3; at the N and C ter-
mini, respectively. Nuclear magnetic resonance and circu-
lar dichroism measurements, and conformational energy
calculations,?10 were carried out on these four tetrapep-
tides to determine whether a detectable fraction of the
population of conformations of each one can exist as a
chain reversal and, if so, whether this tendency differs
among L, N, H,, and H,.

1. Experimental and Computational Procedures

Materials. All solvents used were spectral grade and were used
as purchased, except as indicated below. Isobutyl chloroformate,
TFA,!! and BF;0(Et); were purchased from Eastman, and THF
and DMF were purchased from J. T. Baker. TFA was distilled over
P,0;5 before use, and BF30(Et); was distilled as described by Zwei-
fel and Brown.!2 Monomethylamine was purchased from Mathe-
son Co., and N-methylmorpholine was purchased from Aldrich
Chem. Co. ‘

a-BOC (e-Z) lysine was prepared by the procedure of Ali et al.,13
and BOC glycine was prepared as described by Schnabel.!4 BOC
threonine was prepared by the method of Hofmann et al.,15 BOC
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(8-OBz) aspartic acid by the method of Stewart and Young,'¢ Z
glycine by the method of Greenstein and Winitz,!” and Z threonine
by the procedure of Merrifield.!® BOC glycine pentachlorophenyl
ester and BOC (e-Z) lysine pentachloropheny! ester were prepared
by the method of Johnson and Trask.!® BOC (8-OBz) aspartate
pentachlorophenyl ester was prepared as described by Johnson.?0
BOC threonine pentachlorophenyl ester and Z threonine penta-
chlorophenyl ester were prepared by the procedure of Visser et
al,?! and (e-Z) lysine N-carboxyanhydride was prepared as de-
scribed by Fasman et al.2?

Synthesis. The synthesis of the blocked tetrapeptides is de-
scribed in the Appendix.

Chromatography. AG;-X; ion exchange resin (—400 mesh,
chloride form) was purchased from Bio-Rad Laboratories and con-
verted to the acetate form by washing with 50% acetic acid. Car-
boxymethy! cellulose 52 was purchased from Whatman, and silica
gel (60-200 mesh) was purchased from Davison Chemical.

The peptides were purified by liquid-solid chromatography,
using ninhydrin to detect the peptide material in the fractions, and
then the purity of the peptide material in each fraction containing
peptide was determined by thin layer chromatography. The fol-
lowing columns were used. (A) AG;-X; (-400 mesh) ion exchange
resin in the acetate form was packed in a 2 X 60 cm column and
equilibrated with 2% pyridine solution. The peptide was applied to
the column in a small amount of 2% pyridine and eluted with 2%
pyridine solution (200 ml) followed by 100 ml of 5% acetic acid so-
lution. The flow rate was 8-10 ml/hr and fractions of 4-5 ml were
collected. To use the column again, it was first washed with 50%
acetic acid solution followed by water. (B) Carboxymethyl cellu-
lose 52 was packed in a 2 X 120 cm column and equilibrated with
0.01 N acetic acid. The peptide was applied to the column in a
small amount of 0.01 N acetic acid and eluted with a gradient of
0.01 N acetic acid (600 ml) and 3.5 N acetic acid (600 ml). The flow
rate was 14-16 ml/hr and the fraction size was 7-8 ml. (C) AG;-X;
(~400 mesh) ion exchange resin in the acetate form was packed in a
2 X 60 em column and equilibrated with 1% acetic acid solution.
The peptide was applied to the column in a small amount of 1%
acetic acid and eluted with 1% acetic acid solution. The flow rate
and fraction size were the same as in A. (D) Silica gel (60-200
mesh), packed with acetone in a 4 X 45 cm column, was used for
the protected amino acids and peptides. The compound was ap-
plied to the column as a solid or in a small amount of suitable sol-
vent and eluted with an acetic acid-acetone (2:98) mixture. (E) Sil-
ica gel (60-200 mesh) was packed using chloroform in a 3 X 105 cm
column. The compound was applied as above and eluted with in-
creasing volume ratio of acetic acid-methanol and finally eluted
with chloroform-methanol-acetic acid (91:6:3).

The purified end-blocked tetrapeptides, in the appropriate frac-
tions eluted from columns A, B, and C, were recovered by lyophili-
zation.

The purity of the final products and intermediate derivatives in
the synthesis was checked by thin layer chromatography, using
Merck’s silica gel F-254 plates, layer thickness 0.25 mm, with the
following systems: Rr!, n-butyl alcohol-acetic acid-water, 60:20:
20; R¥2, n-butyl alcohol-acetic acid-water, 40:30:30; R#°, n-butyl
alcohol-acetic acid-water, 30:40:40; R¢4, n-butyl alcohol-pyridine-
acetic acid-water, 15:10:3:12; Rp5, acetic acid—chloroform-metha-
nol, 5:85:10; Ry, methanol-chloroform, 50:50; R§’, acetic acid-
acetone, 2:98. R was found to be best for study of the active ester
coupling reactions. The structures of the products and intermedi-
ate derivatives were verified by PMR spectroscopy.

Amino Acid Analysis and Test for Racemization. The com-
position of the peptides was confirmed by amino acid analysis
(Technicon Amino Acid Analyzer). Acid hydrolyses were carried
out in constant boiling HCI containing 10% by volume of a 0.5 M
phenol solution at 105° for 20 hr in a sealed tube. Optical purity of
the final peptides was checked by the procedure of Manning and
Moore,2? and the results are listed in Table L.

The optical rotation of the peptides at the sodium D line was de-
termined at room temperature (23°) with a Perkin-Elmer Model
141 polarimeter, using a 1 dm cell. All melting points are uncor-
rected.

Circular Dichroism. Circular dichroism (CD) spectra were ob-
tained with a Cary Model 60 spectropolarimeter equipped with a
Model 6001 CD attachment and a 450 W Osram Xenon arc lamp
or, alternatively, with a Jasco Model ORD/UV-5 spectropolarimet-
er with CD attachment and a 500 W Xenon high-pressure arc
lamp. The sample temperature in the Cary instrument was ambi-
ent (26°) but the temperature in the Jasco apparatus (5°) was con-
trolled (to within +0.5°) with the aid of a water-jacketed quartz
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Table I
Optical Purity of Synthesized Peptides

% D isomer found®

Peptide Asp Lys athr
L 1.6 0.5 0
N 3.8 2.0 0
H, 2.0 1.4 0
H, 0.8 1.0 0

@ Error no greater than £0.2.

cell. The path length was 10.017 mm, and the polypeptide concen-
tration (in HoO) was 1074 or 10~5 M in the 250-210 and 210-195
nm regions, respectively.

Proton Magnetic Resonance. Proton magnetic resonance
(PMR) spectra were obtained in HoO and DO with the following
instruments: Varian HA-100 NMR spectrometer with a standard
variable temperature controller and CAT capability; Varian HR-
220 NMR spectrometer?® with standard temperature controller;
Bruker HX-90 multinuclei spectrometer equipped with a Bruker
Typ B-ST 100/700 temperature controller unit and a NMR3 Digi-
lab data system; and a 250 MHz NMR spectrometer.2?

Measurements of the spin-lattice relaxation time, T, were
made on the Bruker HX-90 using a standard 180°-7-90°, T pulse
sequence?® on samples in 99.8% D;0 at 3° which had been de-
gassed by several freeze-thaw cycles under vacuum (10~* Torr).
Nuclear Overhauser Effect (NOE) experiments were carried out on
the above freeze-thaw degassed samples (at 5°) using the Bruker
HX-90 in a continuous wave mode.

Because several instruments were used, a variety of referencing
techniques were required and will be described as they arise in the
figures and tables.

Conformational Energy Calculations. The nomenclature and
conventions used here are those adopted by an ITUPAC-IUB com-
mission.2” The bond angles, bond lengths, partial atomic changes,
torsional potentials, and nonbonded and hydrogen-bond parame-
ters for treating the tetrapeptides are given elsewhere.l® All bond
lengths and bond angles were maintained fixed, and only dihedral
angles were allowed to vary; in addition, the terminal methyl
groups of the tetrapeptide were kept in the trans (180°) conforma-
tion (i.e., with a methyl hydrogen trans to the nearest C’'-N bond).
Other dihedral angles which were held fixed at 180° are: x2, x7,
and x* of Lys, x° being kept at 90°; x3 of Asp [i.e., the acid proton
was kept in the extended (180°) conformation]; and the terminal
peptides (wp and w4 = 180°). These choices for Lys and Asp were
based on previous experience,® and that for wy and w4 was made
because there does not appear to be any strain in these molecules
which could cause the terminal peptide groups to depart from pla-
narity. All other dihedral angles were allowed to vary.

The total energy of any tetrapeptide conformation is taken as a
sum of the contributions!® from all intramolecular torsional, non-
bonded, hydrogen-bonding, and electrostatic energy terms. No sol-
vent effects were included in these calculations, and the effective
dielectric constant in the electrostatic term was taken as two.l?
The conformational energy of many starting sets of dihedral angles
was minimized (as in ref 9) with respect to all the dihedral angles
except those mentioned above.

The four tetrapeptides, whose minimum-energy conformations
were determined, are those listed in the introductory section, all
residues being taken in the L configuration. Those side chains hav-
ing ionizable groups were taken to be in their uncharged forms; the
justification for taking these groups as neutral in water has been
provided elsewhere.?® It is clear that a completely ionized side
chain would not hydrogen bond in the same way as the neutral
groups used here. However, we have found previously?® that, by
using the uncharged groups, the effect of ion shielding is simulat-
ed, and the computed conformation reproduces experimental data
more closely.?8 Conformers in which the charge effect may influ-
ence the choice of lowest-energy structure are discussed in the Ex-
perimental Results section. The selection of the various starting
conformations for minimization of the total energy is discussed in
the Results section. The contributions of the librational entropy
term® to the stabilities of particular minimum-energy conforma-
tions are not calculated, but the energy surface around the mini-
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Figure 1. NMR spectra at 220 MHz of the blocked tetrapeptides
L, N, Hy, and H; in Hy0 and D;O at 18° and pHgpp ~5, with no
salt or buffer added (peptide concentration = 4% (w/v)). TMS
(Varian standard reference sample) was used as an external refer-
ence. Assignments: a, b, ¢, d, and e are the amide protons (in Hy0)
of Gly, Thr, Lys, Asp, and NHCHj3;, respectively. The aliphatic
protons (in D20) are: f, Asp C*H; g, Lys C2H; h, Thr C*H; i, Thr
C#H; j, Gly C*Ha; k, Lys CtHy; 1, NCHg; m, Asp CPHy; n, CH3CO; o,
Lys C#®Hy; p, Lys CHg; q, Thr C*Hs.

mum-energy conformations is examined for each lowest-energy
conformation in section III.

II. Experimental Results

PMR Spectra The PMR spectra at 220 MHz (at 18°) of
the four blocked tetrapeptides, L, N, H;, and Hs, are shown
in Figure 1. The resonances of the aliphatic protons (shown
on the right-hand side of Figure 1) were observed by taking
the spectra in D20 solution (pDap ~5). The amide proton
resonances (shown on the left-hand side of Figure 1) were
obtained in HyO solution (pH ~5). The polypeptide con-
centrations were 4% w/v (~0.1 M). The temperature was
18°, and no salt or buffer was added. Fourier transform
(FT) spectra were obtained using both dilute (0.1% w/v)
and concentrated (5-20% w/v) solutions (90 MHz spectra
in D30); no concentration dependence was observed when
the different spectra were superimposed. The solubilities of
the four tetrapeptides differed, with L. and H; being solu-
ble up to ~20% w/v, N to ~10% w/v, and Hs to 5% w/v.

The assignments of the resonances are given in the leg-
end of Figure 1 and were made by comparing the spectra
obtained here to published spectra?%:3° for the same amino
acid residues, and by use of coupling patterns, area ratios,
and decoupling experiments. An example of a decoupling
experiment is shown in Figure 2 for one of the tetrapep-
tides.

The coupling constants JNH_ceH, obtained from the 5°
data at 220 MHz, are given in Table II. From the values of
JnH_ceu of Table II, the dihedral angle ¢, for rotation
about the N-C« bond (in the current convention?2?), was ob-
tained using the Bystrov relationship.?! However, we have
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modified the relationship for = Jnn_cH, for glycyl residues
because the value of the projection of the bond angle 1
(HC*H = 107°) of glycine on a plane that is perpendicular
to the N-C« bond is 116°,'0 rather than the 120° used by
Bystrov et al.?!

It should be realized that, as indicated in Table II, the
derived values of ¢ are fourfold degenerate (and also have
large uncertainties because of experimental error in
JnH-ceq and because of the inexactness of the Bystrov
relation); also, since a distribution of conformations proba-
bly exists for each tetrapeptide, the reported values of ¢
probably represent averages over the distributions. In addi-
tion, the values of ¢ computed for the Gly residue are less
accurate than those for the other residues because of the
uncertainty in the projection of the bond angle, r (HC*H =
107°), of glycine on a plane that is perpendicular to the
N-C“ bond, mentioned above. Variations in the projection
of 7 (which influence TJnu_ceH, of glycine) could lead to
large errors in the computed value’! of ¢.

The temperature dependences of the chemical shifts of
the NH resonances (measured between 5 and 35° at 220
MHz, with an external Varian TMS reference, and hence
uncorrected for differences in susceptibility) are also pre-
sented in Table II. Since these values are all similar, and
rather high, they provide no indication that any intramo-
lecular hydrogen bonds are present with lifetimes longer
than 1073 sec,’? over this temperature range. By the nature
of such an experiment, a hydrogen bond present at 5° but
not at, say, 25° would not be detected.

Conventional H-D exchange experiments were also car-
ried out to obtain information about possible intramolecu-
lar hydrogen bonds. The NH region of the NMR spectrum
(220 MHz) of each tetrapeptide was observed at 5°, and the
sample tube was then removed from the probe. D;O was
added to a volume concentration of 50:50, and the sample
was shaken and replaced in the probe. By this technique, it
was not possible to control the temperature continuously.
The NMR spectrum was observed as a function of time.
About 1 min elapsed between the addition of D20 and the
recording of the first spectrum. The peak areas of all NH
resonances were reduced to ~% of their original areas im-
mediately because of the dilution by a factor of 2 and also
because of rapid exchange.

The temperature coefficients were high (Table II), and
comparable to values of 7.6 X 10~ ppm/°C for glycyl NH
and 5.1 X 1073 ppm/°C for the methylamide NH, found
here for a nonhydrogen-bonded model compound (Ac-Gly-
NHCH3) in HoO at pH 6.2, Also, the H-D exchange was
rapid. Thus, no evidence for strong hydrogen bonds in any
of the tetrapeptides was obtained.

Since there is no definitive evidence for hydrogen bond-
ing, and since the ranges deduced for ¢ are too large to be
helpful, by themselves, in deducing an average conforma-
tion for each tetrapeptide in solution, two other types of
NMR experiments were carried out, viz., observations of
(1) the Nuclear Overhauser effect’® (NOE) and (2) the
spin-lattice relaxation time?6 T,

If a bend conformation were to exist to any significant
extent in any tetrapeptide, model building indicates that
the methyls of the CH3;CO and NHCH; blocking groups
would be near each other. Such an intramolecular methyl-
methyl contact might lead to an NOE.?3 For example, an
NOE (10% enhancement) was observed between proton 3’
of the sugar moiety and proton 6 of the base moiety in a
D20 solution of cytidine (p 199 of ref 33). In camphene,
saturation of the methyl signals at 1.01 and 1.05 ppm led to
a 16% enhancement of the peak at 4.44 ppm but no change
in the peak at 4.65 ppm, thus providing an unequivocal as-
signment of the syn- and anti-exo protons (p 171 of ref 33).
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Figure 2. An example of the decoupling experiments, at 250 MHz at 27°, on peptide N at 4% (w/v) concentration in HoO at pHapp 5 for
CeH-NH, and in D20 at pDgpp 5 for CFH-C=H, using 100% TMS capillary insert (Wilmad Glass Co. #520-2) for reference and lock signal.
The numbers indicate the frequency in hertz of the decoupling radiofrequency transmitter relative to the lock frequency; the values in pa-

rentheses are the same frequencies in ppm.

Table 11
Data for the Amide Protons of the Tetrapeptides

ds/dse x 108,

Peptide Residue® JIyn-cen,” Hz ppm/°C ¢, deg

L Asp 71 6.9 -160, ~-80, 35, 85
Lys 8.2 9.9 —-150, —90, 45, 75
Thr 8.2 8.0 -150, —90, 45, 75
Gly =114 8.0 +60, +135
NHCH, 7.6

N Asp 6.0-6.5 7.7-8.3 ~165 to ~160, —-80 to =75,

25 to 30, 90 to 95
Lys 7.6 9.3 —-155, -85, 40, 80
Thr 6.0-6.5 7.71-8.3 ~165 to —160, ~80 to 175,
25 to 30, 90 to 95

Gly z =10.9 7.9 +55, +140
NHCH, 6.1

H, Asp 6.5 8.4 -160, —-80, 30, 90
Lys 7.1 9.2 -160, —80, 35, 85
Thr 8.2 8.4 -150, —90, 45, 75
Gly T =104 7.3 50, +145
NHCH, 7.8

H, Asp 7.6 7.5 -155, —85, 40, 80
Lys 8.2 10.1 -150, -90, 45, 75
Thr 7.1 9.4 -160, —80, 35, 85
Gly z =114 9.5 +60, £135
NHCH, 9.4

a The amino acids are listed in the same order (the sequence of peptide N) to facilitate comparisons within the table. * Obtained from
Joned (220 MHz at 5°), using electronegativity correction suggested by Bystrov et al.31 ¢ 220 MHz data, using Varian standard reference
sample (TMS) as external reference at each temperature between 5 and 35°. No correction was made for the variation of the bulk suscepti-
bility of TMS with temperature because it is small, and only large changes in dé/d¢ are of interest here. ¢ Reference 31, rounded to nearest
5°. Some of the degeneracy in dihedral angle can be removed by energy considerations; see footnote b of Table VI.

Small negative NOE’s involving a methyl group and a near-
by proton were observed in 8,8-dimethylacrylic acid and in
dimethylformamide (p 168 of ref 33). A small negative
(~2.1%) NOE was observed in trans crotonaldehyde while
observing the methy! resonance.?* Therefore, NOE experi-
ments were carried out at 90 MHz by irradiating the
CH;3CO methyl group and observing the change in area of
the peak from the NHCH; methyl group. This experiment
is feasible because the resonances of these methyl groups
are separated by 60-65 Hz at 90 MHz. With 22 dB attenua-
tion of radiofrequency power in the observing (f1) channel
being found to be necessary to detect saturation effects, the

NOE experiments were performed using 42 dB attenuation
of fi, radiofrequency power. Thus, any radiofrequency in
the irradiating channel (f9) ‘“leaking” over to the observed
peak would be expected to cause an increase in peak area,
rather than the decrease which was found (see Table III).
The data of Table III, obtained at 5°, indicate that tetra-
peptides N, H;, and H; show a small (but detectable, with a
large experimental error) decrease in area in the NOE ex-
periment, and that no effect is observed for tetrapeptide L.
The Gly C*Hs peak showed no change in area, within the
experimental error, for all four tetrapeptides. At 90 MHz,
the NHCHj3 methyl peak overlaps that of the C‘H, of Lys
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Figure 3. Circular dichroism spectra of the four tetrapeptides at 5
and 26° in Hy0 at 10~ to 107> M concentration of peptide. pHapp

5, with no salt or buffer added. The units of the CD data are (deg
cm?)/dmol of tetrapeptide.

Table 111
NOE Results at 5° for the Four Tetrapeptides
% change % change
Tetrapeptide in area® Tetrapeptide in area‘
L 0 H, 66
N —4 +4 H, -5 =x5

aThis is the percent change in the observed area of NHCHj3
methyl protons when the CHzCO methyl protons are irradiated at
90 MHz. The data for each peak were obtained from ten spectra,
and the area of each peak was measured five times; i.e., each area
is an average over 50 values. The signal-to-noise ratio ranged be-
tween 40:1 and 70:1 for the methyl peaks.

and C’H, of Asp, to some extent, in all the tetrapeptides.
[Since the C*Hj of the lysyl residue is far from the CH3CO
methyl group in all four tetrapeptides, no NOE involving
the CtHq group is possible. However, the CSH; of the as-
partyl residue is about 5 A from the CH3CO methyl group
in tetrapeptides H; and N, and this proximity might be the
source of the observed change in area. To exclude this pos-
sibility, a similar NOE experiment was carried out on the
model compound N-acetyl-L-aspartyl-N’-methylamide at
pH 8 The total area of the CPH; resonances and the
NHCH; methyl resonances was found to be 103.8 + 1.8 (ar-
bitrary units) when the irradiating frequency, f2, was offset
to high field, and was 104.0 + 2.0 when f, was adjusted to
saturate the CH3CO methyl resonance. This absence of an
NOE is reasonable since the CSH; protons are strongly
spin-spin coupled to the C*H proton; this coupling would
be expected to decrease or eliminate any NOE involving
the CfH; protons with other groups.] Therefore, the change
in total area of the Lys C<Hy, Asp C#Hgo, and NHCH; meth-
yl resonances in the tetrapeptide spectra (when f; was first
adjusted to saturate the CH3CO. methyl resonance and
then offset to high field, i.e., about 1 ppm higher than the
resonance due to the CYHj of Thr) was attributed to an
NOE at the NHCHj3 methyl protons. The results in Table
III indicate that peptides N, H;, and H, differ from peptide
L, and that, among the distributions of populations of pep-
tides N, Hy, and Ho, there may exist a not insignificant
fraction of chain-reversal conformations which bring the
methyls of the blocking end groups near each other to give
rise to the small but detectable NOE.,
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Table IV
NMR Spin-Lattice Relaxation Times for
the CH3CO and NHCH3 Methy! Groups of the
Four Tetrapeptides at 3°

Ty, sec
Tetrapeptide CH;CO methyl NHCH; methyl
L 1.24 + 18% 1.35 = 22%
N 1.06 = 30% 0.86 + 23%
H, 0.48 + 10% 0.50 = 15%
H, 1.06 + 26% 0.98 + 22%

The second additional type of NMR experiment in-
volved the measurement of T'; at 3° for the hydrogen reso-
nances of the methyls of the CH3;CO and NHCH; groups to
try to detect interactions between these methyls, i.e., re-
stricted motion of these groups (which might arise from
chain-reversal conformations). Measurements of T; were
not made at higher temperatures, since the other NMR
data (and the CD data described below) indicated that, if
chain-reversal conformations exist at all, they are more
likely to occur at low temperature. The spin-lattice relaxa-
tion times were measured by following the change in peak
height in the Fourier transformed spectrum (90 MHz) as a
function of the delay, 7, in a standard 180°—7-80° T pulse
sequence?® relative to the peak height at 7 = 5T;. The re-
sults of these experiments are given in Table IV. The error
cited in Table IV is the standard deviation in the slope of
the best straight line obtained from a least-squares fit of
the logarithm of the difference in peak height (compared to
T = 5T,) plotted against 7, and is not an average of several
experiments. The error is so large because this plot is not
Linear; hence, it is concluded that the methyl resonances of
the end groups do not follow a first-order relaxation mech-
anism (assumed by the analysis) and thus that no state-
ment can be made about the relative correlation times. The
complex motion of the end groups, manifesting itself as a
departure from linearity, may be the reason that the ob-
served NOE was negative. Thus, the T'; measurements may
rationalize the sign of the observed NOE, but in themselves
provide no information about the distances between meth-
yl groups.

Circular Dichroism Spectra. The circular dichroism
spectra of the four tetrapeptides at 5 and 26° are shown in
Figure 3. Each curve is an average of two independent runs
made on two separate samples of tetrapeptide. The data at
5° were obtained on the Jasco instrument, while those at
26° were obtained on the Cary instrument. To compare the
results for the two instruments, tetrapeptide N was run at
26° on both instruments, with no significant difference in
the two spectra.

The spectra of peptide L are the same at 5 and at 26°,
whereas those of the other three peptides change with tem-
perature in this range. Further, the spectra of peptides N,
H,, and H; differ from that of peptide L. The trough ob-
served in the range of 220-240 nm faor peptides N, Hy, and
H; [with [6] in the range of ~—6000], but not for peptide L,
is displaced to longer wavelengths from that observed by
Crippen and Yang® for N-acetyl-L-alanine-N’-methyl
amide in 1,2-dichloroethane, with [8] ~ —12,000 (see their
Figure 2). While Crippen and Yang interpreted their CD
data (together with accompanying infrared data) in terms
of the presence of a signifcant fraction of a seven-mem-
bered hydrogen-bonded ring conformation, a similar con-
clusion cannot be drawn here for tetrapeptides N, Hi, and
H, without additional data (but see section IV for further
discussion of the interpretation of the CD data).
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ITL. Results of Conformational Energy Calculations

The conformational energy calculations were carried out
without any initial bias from the experimental results. The
resulting minimum-energy conformations were then con-
sidered in light of the NMR and CD results.

Selection of Starting Conformations, From the point
of view of the feasibility of an extensive search of its con-
formational space, a tetrapeptide is a rather large mole-
cule.® In order to search this space adequately by energy
minimization, we have used the low-energy conformations
of single residues® as initial ones for each of the four resi-
dues of the tetrapeptides. The initial conformations of the
single residues were actual minimum-energy values® which
lie in the following ranges, and the minima are identified
by this nomenclature: (1) extended (81) ¢ = —150 to —~180°,
¥ = 130 to 180°; (2) extended puckered (2; and B2) ¢ =
—140 to ~150°, ¥ = 60 to 80° and ¢ = —60 to —80°, = 120
to 150°, respectively, or (2;’ for glycine), ¢ = 140 to 150°, ¥
= —70 to —80°; (3) equatorial seven-membered ring (C-°9)
¢ = =70 to —80°, ¢ = 75 to 85°; (4) right-handed « helix
(ar} ¢ = —60 to —80°, ¢ = =50 to —70° and («'R), ¢ =
—150 to —170°, y = —55 to —65°; (5) left-handed « helix
(aL) ¢ = 60 to 80°, Y = 50 to 70°; (6) axial seven-membered
ring (C72%¥) ¢ = 70 to 80°, y = —~75 to —85°; (7) types I
through IIT’ bends (see ref 4).

For each minimum-energy set of values of ¢ and y?® for
Gly, Asp, Lys, and Thr, which lies in the above ranges, one
or more best side-chain conformations® were selected as
initial ones. All initial values of w were taken as 180°. By
starting from this selected set of conformations, and mini-
mizing the conformational energy with respect to ¢, ¥, w,
and the x;’s, it is possible to reach a minimum in the tetra-
peptide energy that is not a combination of the single-resi-
due minima. While it is not feasible to search the complete
conformational space of each tetrapeptide, the choice of
single-residue minima (within 2 to 3 kcal/mol of the global
minimum), which are also those found in proteins, is a rea-
sonable compromise which should provide a high probabili-
ty of finding the lowest-energy tetrapeptide conformations
by energy minimization from these starting points.

Peptide L (Ac-Gly-Thr-Asp-Lys-NMe). The starting
conformations for peptide L are listed in Table V. In most
cases, only one cycle of minimization37-38 was carried out to
relieve steric overlaps and to search for a path to a lower-
energy conformation. The energy listed in the last column
of Table V is that for the lowest-energy conformer in each
group (corresponding to the last symbol under Gly), after
one cycle of minimization.

Two observations result from an examination of Table V.
First, if the ith and (i + 1)th (or, correspondingly, the (i +
2)th and (i + 3)th) are locked in a local minimum- (but
moderately high-) energy conformation (i.e., 2-3 kcal/mol
above the energy of other conformers after the same num-
ber of cycles of minimization), no variation in the confor-
mation of the other two residues will lower the total energy.
For example, with Asp-Lys in the C:®%-ar conformation,
no alteration of the Gly-Thr backbone could reduce the
total energy below —16 kcal/mol. Similarly, with Gly-Thr
in the C;2*(or C,°9)-8; conformation, no alteration of the
Asp-Lys backbone could reduce the total energy below —15
keal/mol. Thus, it is possible to discard many combinations
of conformations (such as those described above), whose
energy cannot be lowered further by additional cycles of
minimization. Second, if residues (i + 1) and (i + 2) are
placed initially in 81 or 82 conformations, the initial energy
of the tetrapeptide is generally raised by several kilocalo-
ries per mole, and (upon further minimization) no low-en-
ergy structure (with the i + 1 or i/ + 2 residue remaining in
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the 31 or By conformations) could be obtained. The reason
for this is not that 8; or 32 are high-energy conformations
of a single residue, but rather that the resulting structure is
not as compact as those with the (i + 1)th or (i + 2)th resi-
dues in a different conformation. Generally, compact struc-
tures of a tetrapeptide are found here to have the lowest
energies.

The observations cited above were tested by selecting
combinations of residue conformations that apparently
were not compatible, in the sense that further minimiza-
tion would not be expected to lower the energy of such
combinations (even though such combinations had moder-
ately low energy, e.g., —15 to —16 kcal/mol), and then
carrying out ten cycles of energy minimization. In nearly
every case (see those indicated by superscript d in Table V
for examples), the energy was reduced only if at least one
residue altered from its starting conformation to a different
conformation (see arrows in Table V). In particular, it was
obvious that Thr preferred the ag and C7%9 conformations
by several kilocalories per mole over the 8; or 8; conforma-
tions, in agreement with the observations after only one
cycle of minimization. Each conformer of Table V with an
energy lower than —16 kcal/mol was carried through fur-
ther cycles of energy minimization, and the five lowest-en-
ergy conformations are shown in Table VI. In each case,
minimization was carried out until the total energy did not
change by more than 0.01 kcal/mol; this usually required
~30 cycles of energy minimization.

A partial test for convergence and flexibility was carried
out for all low-energy conformations. For this purpose,
each variable dihedral angle was incremented by a few de-
grees around the minimum-energy position, and the total
energy was recalculated. In no case was a lower energy con-
formation found by this procedure. Although this does not
guarantee that the conformation is at a minimum in the en-
ergy surface, it does show that no change in a single vari-
able will lower the energy. At the same time, this procedure
provides information about the flexibility (or conforma-
tional entropy) of each low-energy conformation, i.e., about
the energy required to produce a small deviation from the
low-energy position. These results will be described for the
lowest-energy conformers of each tetrapeptide.

Each minimum-energy conformer of each tetrapeptide
was also examined to determine the magnitudes of various
contact distances. In particular, the C%;--C%;43 distance
was computed, since a chain reversal or bend corresponds
to a value of less than ~7 A for this distance. Further, the
Co;_{C%.4 distance (i.e., the distance between the two
terminal methyl carbon atoms) was computed, since a close
van der Waals contact of these two groups (at ~4 &) would
be expected to give rise to a significant NOE. Of course, it
is possible for a tetrapeptide to exist in a bend conforma-
tion, and yet not exhibit an NOE. We will discuss each te-
trapeptide separately, and consider whether the molecular
flexibility is sufficient to lead to some small amount of C; ;-
«C2;14 contact. For peptide L, it appears that no one mini-
mum-energy conformation is of sufficiently low energy to
dominate in the population of conformers in solution.
Thus, it appears that several conformations of this peptide
probably exist in solution.

Structure A of Table VI, which has the lowest energy, is
shown in Figure 4. This puckered form {which is a bend,
since the C;(C? 3 distance is <7 A (i.e., 6.3 A, as shown
in Table VI)] does not correspond to a combination of sin-
gle-residue minima. In particular, ¢; and ¥; of glycine fall
in the “bridge” region of a ¢—y map. This is a very impor-
tant result, showing that “bridge” region conformations,
which are frequently observed in proteins,3® can result
from the potential energy functions used here, even though
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Table V
Starting Conformations for Ac-Gly-Thr-Asp-Lys-NMe (L)
No. of
different Residue
starting
confor- Gly Thr Asp Lys Energy,°
mations® $ir U Giats Ying Pisas Ying D iugs Ying kcal/mol
7 B1, 24, 2¢', agp, C,* C;* B4 -15
oy, C*,
7b 31, 21, 21" aR’ C7eq Cqu C7eq —-16
C'IEQ’ C73x
4 By, ag, 24, C;™ C,* C,* o -15
11° ag, C;*, C*, By, 24 ag ag C,% -17
4 24, By, Og, C7eq 07 oy ag -15
5° 2,", ap C;* og an By -16
4b C®, By, oy ag C.® oy —-16
5° g, By, C;* Og 7 By -16
i B, C*, C;%, ag R Cc;% C.* -16
3 C7u) 21’ aR Oy 31 C;eq -17
2 2, ag op By op —-16
4 ag, By, 24, C;= og By By -15
1 1 OIR Bi cqu _14
1 ag ag C,* ag ~14
1 C,o By ag ag -5
2 ag, C; B, ag ohe -15
1 C7a-x 61 o33 Ay =5
2 ag, C** By C.* ag -15
2 C7eq, C'{u 81 C']eq Cqu _15
1 ™ By By ag -14
2 C™, ap B4 By (O -14
1 By By = By B, 2, -C;® -13¢4
1 (oFe ag C; C; -18?
1° ag' ag B, = 2, ag! -21¢
1° ap op 2, 2, -19¢
1 By = Cy By Bz'_. ag C.% =~ 2, +8d:f
1° C™ =~ By 2y = Ct 2y = By C,* —19¢
1° By By = C;™ 2y~ By By -19¢
1 C> By ar, Byl = o -15¢
1 Qp - ag' C,* B By = B, —17d
1° ag C™ By - ag' ag -21¢

@ A total of ~80 starting conformations was used. In some cases,’ the initial backbone conformations were the same, but the initial side-
chain conformations differed. ® More than one initial side-chain conformation was considered for these backbone conformations. ¢ This is
the conformational energy of the whole tetrapeptide after one cycle of minimization, starting from an initial conformation. The energy re-
ported corresponds to the last conformation listed for Gly, and is the lowest energy for that set of conformers. In many cases, the starting
energy was positive. ¢ This is the conformational energy of the whole tetrapeptide after ten cycles of minimization. These conformers were
chosen for ten cycles of minimization because the results from one cycle of minimization indicated that their energies might be lowered by
further minimization. In many cases, at least one residue changed from one single-residue starting position to another, upon minimization
through ten cycles as indicated by the arrows. ¢ These led to conformations B, E, C, D, A (in the order given) of Table VI, after a total of ~30
cycles of minimization. / This was a test case to determine whether bad steric interactions could be relieved by further cycles of minimiza-

tion. As can be seen, the energy was not lowered significantly.

they are not low-energy conformations of end-blocked sin-
gle residues. The values of ¢;+; and ;4 are typical ones
for C+#9, but those for ¢;+2 and y;+2 are o’g values, which
again are not those found as the lowest-energy conforma-
tions of an end-blocked single residue (although a moder-
ately high-energy minimum does exist in this region®). ¢; 3
and ;43 are near ag, but somewhat displaced from the sin-
gle-residue ar conformation (viz., ¢ = —72° and y =
~55°).% The hydrogen-bonding network, shown by dotted
lines in Figure 4, is extensive. The fact that this low-energy
conformation (obtained by energy minimization) differs
from single-residue minimum-energy conformations served
as a guide in the examination of the three other tetrapep-
tides.

Structure B of Table VI, which is next in energy, is
shown in Figure 5. In this structure, which is a type 1
bend,* the threonine and aspartic acid side chains form a

strong hydrogen bond which helps lock this structure in its
calculated conformation. This conformation might be the
more stable one if the side-chain carboxyl group of Asp
were in the COO~ form. Ionization of the Asp side-chain
carboxyl group could still occur in the conformation of Fig-
ure 5. This would not be true of structure A (Figure 4),
where the OH of the carboxyl group is involved in the hy-
drogen bond. These differences must be kept in mind when
these results are compared with the experimental ones,
which were obtained in aqueous solution at a pH where the
carboxyl group is ionized.

Structure C is close to a fully C;°9 conformation, except
for Gly which is partially extended. Structure D, which is
~3 keal/mol less stable than structure A, is a more extend-
ed structure. Structure E is a type I1I bend,* and has a hy-
drogen bond between the NH of Gly and the C=0 of Lys,
which helps stabilize this conformation.
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. Table VI
Minimum-Energy Conformations of Peptide L (Ac-Gly-Thr-Asp-Lys-NMe)

Dihedral Conformation® Low-energy
angle, values® from
deg A B C D E Table II
@ —86 —158 71 80 80 +60, +135
U -11 —65 169 -179 —80
w; -179 179 178 -179 177
oFe) -9 —66 —87 —98 -7 —90, ~150
bin 78 42 90 81 —41
Wiy 180 =175 -172 -176 -179
Xt 56 46 58 61 38
X2l 66 88 62 65 163
x22 ., 83 74 81 79 62
Oiao -173 -106 -96 -90 =75 —80, —160
Do —51 47 75 135 ~37
Wiy 173 -173 -174 180 -176
X i 27 -50 ~54 -50 —59
X2 61 59 —69 -70 84
Pieg —-86 —158 —88 —-150 —153 —90, —150
Diss —45 =57 71 134 98
X' iag —68 -1173 —617 -165 -170
Energy, kcal/mol
Electrostatic -3.1 -1.3 -2.1 -1.4 -0.9
Nonbonded -20.5 ~20.8 -19.3 -19.2 -19.8
Torsional 0.4 0.7 0.6 0.9 0.3
Total -23.2 -21.4 —20.8 —20.5 -20.2
Contact distances, A
C* e C% s 6.3 5.0 9.0 9.5 4.9
C% oo C%y 9.4 7.7 12.8 13.9 6.3

a Conformations A-E were obtained by further minimization from all starting conformations of Table V for which ten cycles of minimiza-
tion had been carried out. ¥ By ‘“low-energy values”, we mean those dihedral angles obtained from the NMR coupling constants which are

compatible with low-energy conformations of a single residue.

None of the low-energy conformers of this tetrapeptide
had a close contact between the side-chain COOH group of
Asp and the side-chain NHy group of Lys; i.e., backbone
conformations, which would bring these groups together in
this tetrapeptide, are not of low energy. Thus, in this par-
ticular tetrapeptide sequence, a salt bridge between the
Asp and Lys side chains would not be likely to occur.

The energies of many other conformations were also
minimized extensively, but those listed were the only ones
which moved toward low-energy conformations upon mini-
mization. All other conformations remained ~5 keal/mol or
more higher in energy than conformation A.

Figure 6 shows how the energy increases as the confor-
mation of structure A (Table VI) of peptide L departs from
its minimum-energy dihedral angles. It is apparent from
this figure that the dihedral angles w;, wi+1, ¢, di+2, Yi+1,
and xl;+2 are relatively stiff, while all the other dihedral
angles are moderately soft, or easily varied by several de-
grees about their minimum-energy positions. In conforma-
tion A, w; and ¢; are directly involved in the formation of a
hydrogen bond between the terminal acetyl carbonyl and
the Asp side-chain carboxyl O-H group, and any variation
in these dihedral angles breaks this hydrogen bond. The di-
hedral angles ¢;+1 and ;+1 are involved in a C7®4 struc-
ture, and can also vary to break the acetyl-Asp hydrogen
bond, as would a variation of x? of Asp. It appears from
Figure 6 that this conformation is quite flexible, as will be
seen in Figures 8, 10, and 12 when compared with the other
three tetrapeptides.

Further, from Figures 4 and 5, and Table VI, it is clear
that the terminal methyl groups are not in contact; even if
some brief contact were made, no one conformation is suffi-

ciently stable to keep these methyls in contact long enough
for an NOE to be observed. This is in agreement with the
experimental data which gave no indication of an NOE for
this tetrapeptide.

In structure B, which may be favored in the ionized
state, the bend conformation brings the terminal methyl
groups closer together than in structure A. However, from
model building and from flexibility criteria, there appears
to be no way for the terminal methyls to come in contact
with each other. Thus, we would not expect to observe an
NOE for structures A or B (similarly for structures C, D,
and E), in all of which the contact between the end methyl
groups is hindered.

The low-energy values of ¢, deduced from the NMR cou-
pling constants, are also given in Table VI for comparison.
From these results it appears that structure A most closely
agrees with the NMR data, with ¢; (of glycine) deviating
the most from the NMR values. The three other ¢’s are
very close (within about £10°) to the NMR values. The
problem of assigning the value of ¢ of glycine from the
NMR data was discussed in section IL

No other lower energy minima were found for this tetra-
peptide when ten cycles of minimization were carried out,
starting from all the bend types* I through III’. Molecular
models were used in these cases to obtain optimum initial
side-chain conformations, i.e., those without overlaps and
with optimal hydrogen bonding between side chains.

Peptide N (Ac-Asp-Lys-Thr-Gly-NMe). The tetra-
peptide N, having the sequence of residues 35-38 of a-chy-
motrypsin, was examined briefly in our earlier paper.*
Using the procedure described for peptide L, we again se-
lected single-residue minimum-energy conformations as
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Figure 4. Conformation A (Table VI) of peptide L. Hydrogen
bonds are indicated by dotted lines. Backbone and side-chain ali-
phatic hydrogen atoms have been omitted for clarity.
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Figure 5. Conformation B (Table VI) of peptide L. Hydrogen
bonds are indicated by dotted lines. Backbone and side-chain ali-
phatic hydrogen atoms have been omitted for clarity.

initial ones for minimization. However, instead of using so
many initial conformations for the first cycle of energy
minimization, a more limited set (~35 conformations) was
selected, and these were each subjected immediately to ten
cycles of minimization. These were selected on the basis of
the results for peptide L; i.e., lower-energy puckered struc-
tures rather than higher-energy extended ones were taken;
also, low-energy conformations of Asp-Lys (obtained from
an analysis of Table V) were used. It is valid to use this
more limited set of starting conformations if the molecule
is sufficiently flexible to move from one region of confor-
mation space to another in the minimization procedure.
For peptides N, Hy, and Hs, changes of up to 50° in dihe-
dral angles were obtained during minimization and, in
some cases, the conformations of single residues did move
from one region of conformation space to another. With
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Figure 6. Variation in energy as the conformation of structure A
(Table VI) of peptide L departs from its minimum-energy dihedral
angles. The energy at the lowest-energy minimum was —23.2 kcal/
mol. Those dihedral angles not shown (viz., x2%+1, x>%+1, di+s,
Vits, x'i+3) exhibit variations in energy similar to that shown for

x1i+1. The curve for ¢,4+; on the left falls under that for y;4+o.

this movement, fast convergence to low-energy structures
was obtained. Thus, although only ~35 starting conforma-
tions were taken, a considerable portion of conformation
space was covered in the subsequent minimization.

The results for the lowest-energy conformations of this
tetrapeptide are given in Table VII together with the dihe-
dral angles from the X-ray structure and the values of ¢
from the NMR coupling constants.

Structure A was found to be the one of lowest energy,
and no other conformation was found with an energy less
than 4 kcal/mol above this one. This result differs from
that observed for peptide L, where several conformations
in the range of —20 kcal/mol (but none as low as —30 kcal/
mol) were found. Figure 7 shows the intricate network of
hydrogen bonds formed in this conformation, and accounts
for the very low nonbonded energy (which includes the hy-
drogen-bonding contribution!®). Variation of x! of Lys to
the —60° region raises the energy by only ~0.5 kcal/mol,
showing that the conformation of the Lys side chain is not
important for the stability of this conformation. Structure
A is similar to a type I bend,? except that y;+9 is 82° in-
stead of the standard value* of 0°; i.e., it is really a type IV
bend.* The X-ray structure is a type III bend. The differ-
ence between structure A and the minimized X-ray struc-
ture (see Table VII) is not unexpected since the chain ob-
served by X-ray diffraction is not broken but continuous,
and the residues further along the chain, in both directions,
would influence the conformation. The values of ¢ of struc-
ture A agree quite well with those obtained from the NMR
coupling constants, except for ¢ of Gly, as found for pep-
tide L.

Figure 8 shows how the energy of conformation A of pep-
tide N increases when the structure departs from its mini-
mum-energy conformation. It is apparent that this confor-
mation is considerably stiffer (with respect to changes in
dihedral angle) than that found for peptide L, the reason
being the more extensive network of hydrogen bonds. In
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Table VII
Minimum-Energy Conformations of Peptide N (Ac-Asp-Lys-Thr-Gly-NMe)
Conformation
Dihedral Low-energy
angle, X-Ray values® from
deg A B C X-Ray*® (min.)? Table II
& -161 —78 -78 -37 =77 —80, —160
¥, 107 95 99 ~167 93
w; 178 176 -179 176 179
X 172 172 ~179 -92 —64
X% 47 -126 -85 23 88
Diey -2 -1 —94 -113 -7 -85, =155
wi-}-i ‘38 _46 82 _11 =30
Wiay 178 -179 172 -1178 =177
Xl -168 -170 ~168 -52° -70
Diaa -16 -84 -9 —92 -70 —80, —160
Vi 82 94 87 -11 -37
Wiap 177 -179 -179 171 -178
X 142 34 56 ~67 57 35
X2 s 66 64 87 166 164
) 56 80 41 63 60
Dia3 114 140 84 116 —151 £55, £140
Ui =75 =70 ~174 7 83
Energy, kcal/mol
Electrostatic -3.3 -3.1 -1.9 -1.1
Nonbonded —26.8 —22.7 —20.9 -14.8
Torsional 0.1 0.1 0.6 0.2
Total -30.0 -25.7 -22.2 200+ -15.7
Contact distances, A
C¥eeeCYy, 6.3 6.3 9.0 5.4
C%.1*++C%,, 5.8 8.6 11.0 7.5

a Reference 8. ¢ This structure was obtained by starting from the X-ray structure® and minimizing the conformational energy. There are
small differences in most dihedral angles [viz., +3°, except for ¢;.1 which was +91° in ref 4 and —30° here, x;.1! which was —176° in
ref 4 and ~70° here, ¥;. 2 which was —56° in ref 4 and —37° here, and ¢;-3 which was 75° in ref 4 and —151° here| between the energy-
minimized structure given here and that reported in ref. 4. These differences arise from some changes in the potential energy function.1®
¢ See footnote b of Table VI.
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Figure 7. Conformation A (Table VII) of peptide N. Hydrogen
bonds are indicated by dotted lines. Backbone and side-chain ali- o
0.

phatic hydrogen atoms have been omitted for clarity.
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(deg)

particular, the interaction between the side chains of Asp
and Thr is found to be very favorable, helping to lock the
complete conformation into its low-energy form. It is also
of interest that, in this tetrapeptide, the ends of the mole-
cule are in general much easier to rotate through a few de-
grees (see ¢; and y;+3 in Figures 8, 10, and 12), while the

Figure 8. Variation in energy as the conformation of structure A
(Table VII) of peptide N departs from its minimum-energy dihe-
dral angles. The energy at the lowest-energy minimum was —30.0
kcal/mol. Those dihedral angles not shown exhibit the following
variations in energy: xli+1 & x%%+2 & ¢; and Yi+3 = Yisa.
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Table VIII
Minimum-Energy Conformations of Peptide H; (Ac-Asp-Lys-Glyv-Thr-N¥e)

Dihedral Conformation Low-energy
angle, values? from
deg A B C D Table II
d; -162 =73 -159 ~158 —-80. —-160
&y 136 119 130 138
Wy 178 178 -175 -178
X' 169 174 -167 -165
x4 71 53 -87 -89
Dot —147 -92 =79 -79 —80. —160
ia 131 70 —46 =53
Wiy 180 -177 -177 -179
Xt -165 —68 -170 -171
Disr 88 75 163 164 +50, 1145
dien -85 -89 61 59
Wi 179 176 179 -177
iy —65 -120 —168 -95 -390, -150
$ien 152 76 131 82
Xliey 34 64 -95 62
X5 78 65 66 64
X2 55 7 47 81
Energy. kcal/mol
Electrostatic -2.4 -3.6 -2.2 -1.6
Nonbonded -26.0 —22.6 —22.9 -19.2
Torsional 0.2 0.2 0.2 0.1
Total -28.2 —26.0 -24.9 -20.7
Contact distances. A
C% 2+ C%y 6.6 6.6 6.8 6.8
C%g***C%y 11.0 8.3 11.5 13.2

“ See footnote b of Table VI.

dihedral angles of the (i + 1)th and (i + 2)th residues are
generally much more rigidly fixed. This flexibility of the
end groups is most likely responsible for the low values
found in the NOE experiments, the middle part of the mol-
ecule being fairly rigidly held in a puckered conformation,
thus allowing the end methyl groups to come together and
give a small, but significant NOE. The short contact dis-
tance between the end methyl groups of conformation A
(Table VII) suggests the possibility of observing an NOE.

Structure B, which involves primarily a 180° variation in
x? of Asp, illustrates the decrease in stability when the
side-chain carboxylic acid group is not hydrogen bonded
(¢: and ¥; also differ). Structure B, which also agrees with
the NMR coupling constant data, could be the preferred
conformation in solution at the pH of the experimental
study (i.e., if the carboxyl group were in the COO~ form).
However, even structure B is still of considerably lower en-
ergy (by ~83.5 kcal) than the next best conformation (C),
but is not as compatible with the NOE as is conformation
A.

Structure C is made up of a series of C7%9 conformations,
stabilized again by a favorable carboxyl side-chain interac-
tion of Asp with the hydroxyl group of Thr. In this confor-
mation, the end methyl groups are very far apart, and
would not contribute to the NOE, .

The minimum-energy structure obtained from the start-
ing X-ray dihedral angles is not of low energy, and deviates
in many respects from the sterically hindered X-ray struc-
ture. This result is not surprising since longer segments (up
to nine in length) are required*® in order that an oligopep-
tide have the same conformation as it does in a native pro-
tein. ‘

Peptide H, (Ac-Asp-Lys-Gly-Thr-NMe). Peptide H;,
like Hy, has Gly in position { + 2, which gives it a high

probability of forming a bend conformation in a protein.?
Also, like peptide N, it has the Asp-L.ys sequence in posi-
tions i and (i + 1). We have used low-energy conformations
of Asp-Lys, as found in the calculations on peptides 1. and
N, as starting points for all these residues, as well as single-
residue values of ¢ and ¢ (for all residues), as described for
peptide L; ie., ~30 starting conformations were taken
through ten cycles of minimization, and the ten lowest-en-
ergy structures were then minimized further through 10--30
cycles, or until the energy changed by less than 0.01 kcal/
mol. Table VIII gives the low-energy conformations com-
puted; no other comformations in the energy range shown
were found, even when bends of types I-I11 were included.
Structure A (Table VIII) of peptide H, is shown in Fig-
ure 9. The hydrogen-bonding network is somewhat differ-
ent from that found for peptides 1. and N in that the side
chain of Asp, interacting from the ith position (as in pep-
tide N), does not interact with the Gly residue in position ¢
+ 2, but now interacts with the hydroxyl group of Thr [in
position (i + 3)]. In order for this to occur, the bend or
pucker conformation must be somewhat more open than
that found for peptide N. This is shown by the g conforma-
tion of the Asp and Lys residues. In this case, the carboxyl-
ic acid group comes back to hydrogen bond with the Thr
backbone carbonyl as well as with the side-chain hydroxyl
group. The C72* conformation of the Gly residue allows this
to occur, so that this conformation can be a low-energy one.
However, a residue with a C# side chain in position (i + 2)
would not allow i — i + 3 interactions of this type to occur.
Structure B is only ~2 kecal/mol less stable than A, and
has a different network of hydrogen bonds. In this case, the
Asp carboxylic acid group interacts strongly with the car-
bony! of Gly and with the N-terminal amide. The Thr hy-
droxyl interacts only with the Thr carbonyl and not with
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Figure 9. _Coqformation A (Table VIII) of peptide Hi. Hydrogen
bond_s are indicated by dotted lines. Backbone and side-chain ali-
phatic hydrogen atoms have been omitted for clarity.

the Asp side chain. The possibility that the terminal meth-
yl groups interact is somewhat better for conformation B
than A, as can be seen from the contact distances given in
Table VIII.

Figure 10 shows the flexibility allowed around the mini-
mum-energy conformation, A. As was found for peptide N,
this molecule is quite rigid, with only the end residues
being free to move.

Peptide Hs (Ac-Lys-Thr-Gly-Asp-NMe). This tetra-
peptide, like Hy, has Gly in position (i + 2). The best Lys-
Thr conformations of peptide N, as well as single-residue
conformations (for all residues), were taken as starting con-
forrr}ations for energy minimization; i.e., 50 starting confor-
mations were initially taken through one cycle of minimiza-
tion, and the ~15 lowest-energy structures were then mini-
mized further until the energy changed by less than 0.01
keal/mol (i.e., ~30 cycles of minimization), as described for
i))e(ptide L. The minimum-energy results are given in Table

Structure A (Table IX) of peptide Hy is seen to have an
energy of —31 keal/mol, close to that of structure A of pep-
tide N. Also, as found for peptide N, no other conformation
with an energy close to ~—31 kcal/mol was located (except
for another conformation like A, but with x! of Lys at
—164°, and an increase in energy of ~0.2 keal/mol). Struc-
ture A is similar to a type II bend* (but, more properly, a
type IV bend?). The extensive hydrogen-bonding network
is shown in Figure 11.

Similar to peptide N, Asp and Thr are separated by one
residue (in this case, Gly), and this particular sequence ap-
pears to be most favorable for side-chain interactions be-
tween the Thr hydroxyl and Asp carboxylic acid groups.
The end methyl groups are sufficiently close in this confor-
mation to lead to a small NOE, in agreement with the ex-
perimental data. The good agreement with the ¢ values de-
duced from NMR coupling constants is seen in Table IX.

Structure B is closely similar to A, except for ¥;. The re-
sult of this change is to break a hydrogen bond (—OH..

0=C) from the carboxylic acid OH of Asp to the backbone
carbonyl of the N-acetyl group. Also, this change destroys
the C7¢9 conformation at the Lys residue. The close contact
between the end methyls indicates that an NOE might be
observed if this structure exists to an appreciable extent in
solution. In structure C, the x! value of Asp is —55°, which
turns the carboxylic acid group away from the Thr OH and
other hydrogen-bonding atoms. The loss of energy (~7
kecal/mol) is considerable, but this conformation may be a
very probable one in water solution. The reason for this is

Macromolecules

AE (Kcal/mole)

A (deg)

Figure 10. Variation in energy as the conformation of structure A
(Table VIII) of peptide H; departs from its minimum-energy dihe-
dral angles. The energy at the lowest-energy minimum was —28.2
kecal/mol. Those dihedral angles not shown exhibit the following
variations in energy: xli+3 =~ x2% and x2Yi45 & 2243 &~ xlisy

~
/ Nc=¢=
O~H/ \,4”\ o Gly
2k + H-No '
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Figure 11. Conformation A (Table IX) of peptide Ho. Hydrogen
bonds are indicated by dotted lines. Backbone and side-chain ali-
phatic hydrogen atoms have been omitted for clarity. There is also
a hydrogen bond (not shown here) between the side-chain OH of
Thr and the side-chain C==0 of Asp.

the possible pH-induced ionization of the carboxylic acid
group, which, upon hydration, could force it out into the
solvent. Structure C is also similar to a type II bend,* with
Gly in the ar conformation, and its ¢ values agree with
those deduced from NMR coupling constants.

Figure 12 shows the degree of flexibility in conformation
A, the ends and some of the side chains being the least rig-
idly held.

IV. Discussion

Before discussing the experimental and computational
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Table IX
Minimum-Energy Conformations of Peptide Hz (Ac-Lvs-Thr-Glv-Asp-NMe)

Dihedral Conformation Low-energy
angle, values® from
deg A B c D Table II
ol -89 ~80 -85 -170 -90, -150
¥y 67 —54 80 -45
w; 178 176 178 180
X1i —69 -166 =73 -170
Dty —88 -133 —82 -3 -80, —160
Vi 68 53 69 —40
Wit -172 -173 -171 -178
Xl 39 45 40 34
Xl 60 68 63 92
X% %0 61 ' -166 62 56
L 64 7 63 133 60, £135
Yien 44 31 48 73
Wi -178 178 -174 -171
B a3 -162 —-166 -144 ~150 -85, —155
Yiu3 157 145 151 141
Xlias 53 58 -55 -58
X2ies -103 -84 118 91
Energy, kcal/mol
Electrostatic -2.8 —0.6 1.2 —0.2
Nonbonded —28.6 —24.2 —23.0 -22.0
Torsional 0.4 0.4 0.7 0.8
Total ~31.0 —24 .4 —23.5 -21.4
Contact distances, A
C¥ v C%s 5.0 5.7 4.8 7.3
Cal-1°"cai+4 8.1 4.6 9.3 6.1
a See footnote b of Table VI.
\ ‘ IIRRLA T [ DA TS 7 resent average properties over the distributions, while the
- ' Y2 ¢.,1l|‘\"“’i w'“, wj /W Kie2! computational results would provide information about the
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Figure 12. Variation in energy as the conformation of structure A
(Table IX) of peptide Hz departs from its minimum-energy dihe-
dral angles. The energy at the lowest-energy minimum was —31.0
kcal/mol. One dihedral angle (x22;+1, not shown) exhibits a varia-
tion in energy similar to y;+3.

results, we should anticipate that each tetrapeptide may be
flexible, and may exist in a distribution of conformations in
aqueous solution. Thus, the NMR and CD data would rep-

relative energies of various conformations within each dis-
tribution.

The deuterium-hydrogen exchange experiments and
temperature dependence of the chemical shift provide no
evidence for strong intramolecular hydrogen bonding, i.e.,
for hydrogen bonds in which the proton would be shielded
from the solvent. This result is not unexpected since these
(short) linear tetrapeptides are probably considerably more
flexible than most cyclic peptides!-44 and (longer) helical
segments from proteins,’> in which some protons are
shielded. Because of this flexibility, the lifetime of a hydro-
gen bond (on the NMR time scale) may be too short to be
observed.

Because of the error involved in measuring a small dif-
ference between two large numbers (each of which involves
experimental error), the NOE experiments provide only a
marginal indication that the terminal methyl groups may
be near each other in some fraction of the total number of
conformations for peptides N, H;, and H,, but not L. The
proximity of these terminal methyl groups would indicate
the existence of bend conformations in some of the confor-
mations. Contact distances of the end methyl groups as
short as 4.6 and 5.8 A were computed for individual confor-
mations of tetrapeptides Ho and N, respectively, which
may be compatible with the NOE experiments. However,
the flexibility inherent in these tetrapeptides may also be
important in determining whether the terminal methyl
groups approach each other. The values of ¢, computed for
the low-energy structures, are, in general, in good agree-
ment with those deduced from the NMR data.

The CD spectra indicate that peptide L differs from the
other three, the latter exhibiting noticeable changes in
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spectra between 5 and 26°. The spectra of N, H;, and H, at
5°, showing a positive peak ~215 nm and negative peaks
~225 and ~198 nm, bear some resemblance to those com-
puted by Woody*® for various types of bends (see, e.g., his
Figure 3b). Figure 3 of our paper thus provides some indi-
cation that a detectable fraction of the total number of con-
formations of peptides N, H;, and H, may exist as bends at
low temperature, and that the concentrations of such bend
contormations are lower at 26°. The spectrum of peptide L
provides no indication of a detectable amount of bend con-
formations, even at 5°,

The CD spectra of peptides N and H. (Figure 3) resem-
ble those obtained by Mattice and Harrison*’ for Ac-L-Ala-
L-Ala-L-Ala-L-Ala-OMe in water at 15 and 75°, respective-
ly. Several vears ago, Poland and Scheraga*® discussed the
stabilization of bend structures in oligo-alanines by hydro-
phobic bonds. In the absence of water, a type I bend in te-
traalanine was computed? to be 1.0 and 0.8 kcal higher in
energy than the C:%4 and ag structures, respectively.4®
However, following Poland and Scheraga,*® two hydropho-
bic bonds can exist in the type I bend conformation of
Lewis et al.,;* viz., one between the side-chain methyls of
Ala-1 and Ala-4, and another between the side-chain meth-
vls of Ala-2 and Ala-3. Since each of these hydrophobic
bonds can provide a stabilization free energy®® of 0.7 kcal,
it is reasonable to expect that a significant fraction of the
tetraalanine molecules can exist in the type I bend confor-
mation? in water, stabilized by hydrophobic bonds.*8 If so,
then the CD spectra obtained by Mattice and Harrison*’
for tetraalanine may provide additional evidence that pep-
tides N and H,, which exhibit similar CD spectra, may
exist to some extent in a bend conformation at low temper-
ature.

Thus, taken together, the NMR and CD data provide cir-
cumstantial evidence that a detectable amount of bend
conformations exists in peptides N, Hy, and Hy, but not in
peptide L. To this extent, the experimental results are con-
sistent with the relative probabilities of occurrence of 3
bends in these peptides, cited in the introductory section.
These results then suggest that the tendency toward bend
formation exists, not only in the sequence Asp-Lys-Thr-
Gly in a-chymotrypsin, but also in the oligomeric frag-
ments having the same sequence and high-probability vari-
ants thereof. This would constitute an experimental verifi-
cation of the concept? that the tendency toward bend for-
mation arises primarily because of short-range interactions,
and depends on both the amino acid composition and se-
quence.

Macromolecules

The conformational energy calculations support the con-
clusions derived from the NMR and CD data. Peptide L
appears to exist in many different conformations with no
distinct preference for a bend. However, peptides N and Ho
(and, to a lesser extent, H;) show a distinct preference for a
lower-energy bend conformation (approximately —30 keal/
mol compared with approximately —23 kcal/mol). The
preference for bends in N, Hy, and Hs, but not in L, is qual-
itatively consistent, not only with the experimental data,
but also with the empirical probabilities? for bend forma-
tion.

A comparison of the conformations of tetrapeptide H,
with that of a fully extended minimum-energy structure
(i.e., $1-81-81-81), whose energy was computed here to be
only —11.5 keal/mol, suggests that the interactions involv-
ing side chains stabilize bend conformations (side chain to
side chain, and side chain to backbone), and account for
the differences in stabilization energy in the tetrapeptides
studied here. Those energetic factors which favor bend
structures in tetrapeptides N, Hy, and Hy, but not L, are re-
lated to the amino acid sequence. These conclusions seem
reasonable, despite the omission of an explicit treatment of
solvent effects and ionizable side chains, for the same rea-
sons that a similar comparison?® of experimental and calcu-
lated results (in sarcosyl-sarcosine) led to consistent re-
sults.

If there were no energetic preferences for bend confor-
mations in tetrapeptides N, Hy, and Hj, i.e., if bend confor-
mations occurred by a random selection from the confor-
mational space of the peptides, then all four tetrapeptides
would have similar physical properties. We can make a very
rough estimate of the number of conformations accessible
to an end-blocked tetrapeptide by assuming that each
amino acid residue of the tetrapeptide can exist in five dis-
crete backbone conformational states, each of which is ac-
cessible with equal probability. There are 54 (or 625) possi-
ble conformations of each tetrapeptide, of which a bend
conformation is probably only a small number of these.
The different CD and NOE properties of tetrapeptides N,
H,, and Hy, on the one hand, and L, on the other, could not
arise if the bend conformations represented a small frac-
tion of the total number of conformations. Thus, energetic
factors, as illustrated by the conformational energy calcula-
tions reported here, play an important role in increasing
the tendency of N, H;, and H; to adopt bend conforma-
tions. Such energetic factors are probably also involved in
determining the tendency toward folding, observed in other
tetrapeptides.5!

APPENDIX
SYNTHESIS OF TETRAPEPTIDES

Peptide L
z

Lys-NHCH, (I}
c-Zelysine N-carboxyanhydride (7.1 g 0.023 mole) was

dissolved in dry THF (80 ml), and this solution was added drop-
wise to a stirred and cooled (0°-3°) solution of monomethylsmine
in THF-water (40 + 5 ml). After the addition of lysine -
carboxyanhydride was completed, the mixture was stirred for
one hour while slowly warming it to room temperaturs. The
solvent was evaporated and the residue was triturated with
hexane, The residue (I} was dried under vacuum to give a semi~-

solid material. Yield 6.5 g; 96%.

0Bz ¢
B_O_C:_Lse-i.xs-NHCH an

BOC(-0B21Asp (7.11 g; 0.022 mole) was dissolved in THF
{150 ml}. The solution was cooled to -20°C and stirred
vigorously. To the solution was added N-methylmorpholine
(2.64 ml; 0,022 mole] and Lsobutylchloroformate (2,86 mi;
0.022 mole). After three minutes, I (6.5 g; 0.022 mole) in
THF (100 ml) was added. The mixture was stirred overnight
while slowly warming to room temperature. The solvent was
evaporated and the residue was dissolved in chioroform (500 ml).

The chloroform layer was washed with 108 citric acid sclution

(1 x 150 ml}, water {1x 150 ml), NaHCO; solution (1 x 150 ml),
and water (2 x 130 ml), respectively, and finally dried over

MgSO, and evaporated. The residue (11) was triturated with

ether, and recrystallized from chloroform-hexane to give 11.1 g;

84%, m.p. l46-147°C.

il
BOC~Thz-Asp-Lye-NHCH; (I11)

I (3.0 g 0.015 mole) was dissolved in ethyl acetate
(60 m1), and a saturated solution of HCL in athyl acetate (30
ml) was added to remove the BOC group. After twenty minutes,
the mixture was evaporated and the residue crystallized under
sther. The dipeptide hydrochloride was precipitated from
methanol-ether,

The dipeptide hydrochloride was dissolved in DMF-THF (125
+ 25 ml), neutralized with triethylamine, and B0C threonine
pentachlorophenyl ester (8.0 g; 0.017 mole) was added. After
three days at room temperature, the solvent was evaporated and
the residus was dissolved in & small amount of methanol. This
solution was kept in the cold room overnight, and the unreacted
BOC threonine pentachlorophanyl sster precipitated out and was
filtered off. The filtrate was evaporated, and the residue
diseolved in ethyl acetate (600 ml). The organic layer was
wasned with 10% citric acid solution (1 x 200 ml}, water (Ll x
200 ml), NaKCO, solution {1 x 200 mi), and water (2 x 200 ml)
respectively, drisd over MgsO., and evaporated. The residus

(111) was recrystallized twice from methanol-ether to give

8.0 g; 76%, m.p. l7l-172°C.

ez
BOC-G1y-Thr-Asp-Lys-NHcH; (1V)

The BOC group of IIT (2.10 g: 0.003 mole) was removed by
HCl/ethyl acetate treatment in the same manner as for II. The
hydrechloride was precipitated from methanol-ethyl acetate and
filtered off.

The hydrochloride was dissolved in DMF (30 ml), neutralized
with triethylamine and BOC Gly pentachlorophenyl ester (1.7 g
0,004 mole) was added. After three days, the solvent was
evaporated, and the residue was triturated under ether. The
residue (IV} was precipitated from methanol-water and methanol-

ether, respectively, to give 1.3 g; 60V, m.p. 187-188°C.

0Bz 2
Ac-Gly-Thr-Asp-Lys-NHCH; (V)

IV (L.51 g5 0,002 mole) was dissolved in acetic acid (6 ml},
ana 87,0(Et), (1.5 ml) was added to remove the BOC group.
After 10 minutes, the product was precipitated with anhydrous
ethar, filtersd, washed with more ether, and dried over XOH.

The residue was dissolved in THF (100 ml) - water (10 ml)
and coolsd to 0-5°C, To the cooled and stirred mixture was
added tristhylamine (0.56 ml; 0.004 mole) and acetic anhydride
(0.38 m); 0.004 male). After stirring for one hour at the same
tampersture, the mixture was stirred another two hours while

slowly warming to room temperature. Tha solvent was evaporated
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and the residue was precipitated from methanol-water and
methanol-ether respectively, to give 1.15 g, (82¢  yield),

m.p. 209-210°C.

Ac-Gly-Thr-Asp-Lys=NHCH; (VI)
¥ {0.7 g; 0.001 mole) was digsolved in acetic acid (10 ml)
and diluted with water {10 ml) and methanel (100 ml}. After

2dding 10% palladi 1 (200 mg), on vas

carried out for two hours. The catalyst was filtered off and
thesolvent evaporated. The residue was purified by fractionation
on column A twice and column B once to give 0.332 g, 70%, m.p.
slowly decomposes sbove 180°C. ({a)f} = -58.7% (€ = 1, W01

Ry = 0.10, R} = 0.26, Rl ~ 0.36, Ry = 0.19, chlorine and
ninhydrine positive spot. Amino acid amalyeis: Asp = 1.00,

Lys = 1,06, Gly = 0,95, Thr = 0,99, NH,CH, = 1.04,

PEPTIDE N
Gly-NHCH) (VII)

2-Gly (5.86 g; 0.028 mole) was dissolved in THF (100 mi}.
The solution was cooled to -20°C and stirred while N-methyl-
morpholine (3.36 ml; 0,028 molel and iscbutylchloroformate
(3.64 ml; 0.028 mole) were added to the solution. After five
mintes, a saturated solution of monomethylamine in THP (20 ml)
was added to the mixture. This mixture was then stirred for
3 hours while slowly warming to room temperature. The solvent
was evaporated and the residue was fractionated on column D

to give 5.6 g; 90%, m.p. 105-106°C.

The solution was cooled to -20°C and stirred vigorously. To
the solution was added N-methymorpholine (6.0 ml, 0.05 mele)
and iscbutylchloroformate (6.5 ml: 0.05 mole). After three
minutes, a saturated solution of monomethylamine in water (15
ml) was added and the mixture was stirzed for one hour while
slowly warming to room temperature. The solvent was evaporated
and the residue was dissolved in ethyl acetate (500 ml). The
ethylacetate layer was washed with a sarurated NaCl-saturated
NaHCOy (150 ml : 50 ml) solution and then with saturated NaCl
solution (2 x 150 ml). It was finally dried over Mgso, and
evaporated, Purification was accomplished by Eractiocnation on
column D using acetone as eluent instead of acetone:acetic acid

98:2. The product was an oil (9.4 g, BlV).

BOC-Gly=Th: HCH, (XII1)

BOC-Thr-NHCH, (3.02 g7 0.013 mole) was dissalved in TFA
(12 ml) and after 45 minutes at room temperature, the TPA was
evaporated. The residue was triturated under dry ether and
the ether dscanted off. This residue was dried over XOH in a
vacuum desiccator overnight. Then it was dissolved in THF
(50 ml) and neutralized with triethylamine and evaporated.
The resulting residue was dissolved in THF (60 ml) and BOC
glycine pentachlorophenyl ester {(7.62 gs 0.018 mole} added.
After four days at room temperature, the product precipitated
out. It was crystallized from methanol-ether to give 3.01 g,

80%, m.p. 172-173°C.

10

rated. The residue was dissolved in sthyl acetate and washed
With water several times, The ethyl acetate layer was dried
over Mgs0. and evaporated. The residue was crystallized from

ethyl acetate-hexane to give 9.0 g: 89%, m.p. 102-103*C.

The BOC group of compound XVIII (6.1 i 0.018 mole) wam
removed by HCl/ethyl acetate as described under III. The
residue was dissolved in THP (60 ml) and neutralized with N-
methylmorpholine.

B0C-Gly (3.5 g: 0.02 mole) was dissolved in THP (250 ml).
The solution was cooled to -20°C and stirred vigorously. To
this solution was added N-methylmorpholine (2.4 ml; 0.02 mole)
and isobutylchloroformate (2.6 ml; 0.02 mole). After five
minutes, the (B-OBz)Asp-NHCH, solution was added to the mixture
and stirred for three hours while slowly warming to room
temperature. The solvent was evaporated and the residue was

dissolved in ethyl acetate (400 ml). The ethyl

ate layer
was washed with 10% citric acid solution (1 x 150 ml}, water
(3 x 150 ml}), NaHCO, solution (1 x 150 ), and watar (2 x 150},
respectively, and finally dried over MgSO. and evaporated.
The residue was crystallized twice from ethyl acetate-sther

to give 6.0 g; §5%, m.p. 101-102°C.
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Z-Thr-Gly-NHCH; {VIII)

VII (5.1 gi 0.023 mole) was hydrogenated in methanol (100
ml) using 10% palladium-charcoal (0.5 g) for 2 hours. The
residue was coupled with 2-Thr-pentachlorophenyl ester {12.54 g:
0.025 mole) in DMF (100 ml) for four days. The solvent was
evaporated and the residue was triturated under ether. The
residue was fractionated on column D to give 6.7 g; 90V, m.p.

150-151°C.

H

Lx hr-Gly-NHCH) (I1X)

VIII (6.47 9: 0.02 mole) was hydrogenated in methanol (150
ml) as under VIII. The residue was coupled with BOC (c~Z)Lys
pentachlorophenyl ester (14.46 g; 0.023 mole) in DMP-THF (50 +
10 ml) as described under III. Purification was carried out
by precipitating the residue from methanol-ether and fractiona-
tion on column D, The product was crystallized from methanol-

ether to give 8.2 g: 74%, m.p. 100-101°C.

OBz Z
BC J“EL” hz-Gly-NHCH, (X)

The BOC group of IX (5.1 g; 0.0092 mole) wasz removed with
acetic acid-BF;0{Et); as described under V, and the residue
was dissolved in DMF-THF (20 + 40 ml). The solution was
neutralized with N-methylmorpholine, and BOC(8-0Bz)Asp penta-
chlorophenyl ester (6.30 g: 0.011 mole) was added. After three

z

Lx 1y-Thr-NKCH, (XIV)

The BOC group of XIIT (1.0 g 0.0035 mole) was removed
by dissolving XIIT in TFA (8 ml) and keeping the solutien for
25 minutes at room temperaturae and then evaporating off the
TFA. The residue was dissolved in THF (20 ml), neutralized
with triethylamine and evaporated. This residue was dissolved
in THF (60 ml) and BOC(c-2)lysine pentachlorophenyl ester
(2.83 g; 0.0045 mole) added. After four days, the mixture
was concentrated and the product precipitated with ether.

The product was purified by fractionation on column D and
crystallized from an acetic acid-ether-hexane mixture to give

1.3 g; 67y, m.p. l62-183°C.

Oz 2
BOC ‘Alg lx Gly-Thr-NHCH, (XV)

The BOC group of XIV (0.77 g; 0.0014 mole) was removed by
dissolving XIV in TFA-water (8 + 2 ml) and holding the solution
for 20 minutes at roca temperature. The TFA-water was then
evaporated off and the rasidue was neutralized in methancl {20
ml) with triethylamine and evaporated. This residue was

dimsolved in THF (60 ml) and BOC(8-OBz)Asp-pentachlorophenyl

wr (1.03 g; 0.0018 mole) added. After three days the solvent
was evaporated and the residve was precipitated from methanol-
ether. Fiaslly, the product was fracticnated on column E to

give 0.70 g; 66% m.p. 141-142°C.

0Bz
|

BOC-Thr-Gly-Asp-NHCH
The BOC group of XIX (6.3 g: 0.016 mole) was removed by

acetic acid-BF,0(Et), treatment &s described under V. The

residue was dissolved in DMP (150 ml), neutralized with N-

methylmorpholine and coupled with BOC-Thr-pentachlorophenyl
ester (9.35 g: 0,02 mole), After three days, the solvent was
evaporated and the residue was triturated under ether. The
residue was dissclved in ethyl scetate (500 ml) and the organic
layer was washed with saturated NeCl solution-108 citric

acid solution {80 + 40 ml), saturated NaCl solution (100 ml},

NaCl soluti s soluticn (80 + 40 ml) and
saturated NaCl solution (100 ml), respectively, and finally
dried over MgSO. and evaporated. The product was fractianated

using column B to give 5.7 g; 72%, m,p, 180-151°C.

Z OBz

B0C-Lys-Thr-GL

NHCH; {XXI)
Acetic acid-BF,0(Et},; was used to remove the BOC group

of XX (4.35 g: 0.01 mole) and the rasidue w

coupled in DMF-
THF (30 + 100 m}) with BOC(r-2)Lys pentachlorophenyl ester

(8.17 g) 0.013 mole) as described under X, The residue was
purified by precipitation from methanocl-water and by rscryatalli-
tation (twice) from methanol-ethyl acetate to give 4.0 g; 531,
mp. 133-134°C.

days, the solvent was evaporated and the residue triturated
under ether. The product was precipitated from methanol-water

and then methanol-ether to give 5.57 g; 80%, m.p. 152-153°C.

0Bz Z
Ac-Asp-Lys-Thr-Gly-NHCH; (XI)

The removal of the BOC group from compound X (3.41 q;
0.0045 mole) with acetic acid-BF;0(Et): and acetylation of
the residue was carried out as described under V. The product
was purified by precipitating it from acetic acid-water and
then acetic acid-methanol-ether to give 2.11 g 67%, m.p.

200-201°¢C.

Ac-Asp-Lys-Thr-Gly-NKCH, (XIT)

Compound XI (8.70 g; 0.001 mole) was hydrogenated in
acetic acid (5 ml) : water (5 ml) : methanol (50 ml} as
described under VI, and the residue was fractionated on columns
A, B and then A again to give 0.370 g; 78%, m.p. decomposed
slowly above 185°C. [a]d’ = -52.8° (C =1, H,0). AL = 0.1,

n.; = 0.26, n; = 0.36, R;. = 0.19, chlorine and ninhydrin positive

spot. Amino acid analysi

Asp = 0.99, Lys = 1.00, Gly = 1.01,
The = 1.00, NH:CHy = 1.07.

PEPTIDE Hi:

BOC-Thr=NHCH,
BOC-Thr (10,96 g; 0.05 mole) was dissolved in THF (150 ml).

.
Ac=Asp-Lys-Gly-Thr-NHCH; (XVI)

The BOC group of XV (0.280 g; 0.00037 mole} was removed
by acetic acid (3 ml) and BFy0(Et}; (0.6 ml) as in V. The
acetylation of the residue and the purification of the product
was also carried out as described under V. Yield 0,202 g, 78%,

m.p. 217-218°C.

Ac-Asp-Lys-Gly-Thr-NHCH, (XVIT)
XVI (0,196

: 0.00028 mole) was hydrogenated as described
under VI. The residue was purified by fractionation on column
C to give 0.108 g; Bl%, m.p. slowly decomposes above 178°C,
(a]f% = -46.9 (C = 1, K:0). RL = 0.10; RE = 0.26; RY = 0.35;
Rg = 0.1%. chlorine and ninhydrin positive spot. Amino acid
analysis: Asp » 1.01, Lys = 1,01, Gly = 1,01, Thr = 6.97,
NH:CH; = 0,93,

PEPTIDE Hy

(‘)Ex
BOC-Asp-NHGH, (XVIII)

BOC(B-0Bz)ASP (9.70 g; 0,03 mole) was dissolved in THF
(300 ml). THe solution was cooled to -20°C and stirred vigorously
while N-methylmorpholine (3.6 ml; 0.03 mole) and isobutylchlore-
formate (3.9 ml; 0.03 mole) added. After three minutes, mono-
methylamine in THF (SO ml) was added to the reaction mixture.

The mixture was stirred at -20°C for 20 minutes and then evapo-

z 0Bz
Ac-Lx--Th:AG)x—ng-NHCH (XX1T)

The BOC group of XXI (2.2 g: 0.0029 mole) was remaved by
acetic acid-BF,0(Et):, and acetylation was carried out as
described under V. The product was purified by precipitation
from methanol-water and then crystallization from methanol-

ether to give 1.7 g; 843, m.p. 216-218°C.

Ag-Lys-Thr-Gly-Asp-NHCH, (XXIII}

XXII (0.350 gi 0.0005 mole) was dissolved in acetic acid
(5 ml), water (5 ml) and methanol {50 ml). After addition of
the catalyst (10v palladium-charcoal, 0.100 g), the hydrogena-
tion was carried out for two hours as described under VI, The
residue was fractionated using column A twice and then column
B twice to give 0.154 g; 65%, m.p. decomposes slowly above
200°C.  [a)}} = -29.9 {C = 1, HiO}. Ry = 0.10, R} = 0.26,

n; = 0.16, n;_ = 0.19, chlorine and ninhydrin pesitive spot.
Amino acid analysis: Asp' = 1.00, Thr = 0.96, Gly = 1.01,

Lys = 1.02, RH,cH," = 1.01,

“Corrected for the unhydrolyzed Asp-NHCH, which occurs as
another peak after the Lys pesk. This was shown to be the
case by preparing standards of hydrolyzed (under exactly the
same conditions used for compound XXIIT} BOC- (8-0Bz)-Asp-
NHCH, mixed with Gly and Lys with the same molar ratios and

Tun on the smino acid analyzer.
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