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The synthesis of poly-g-benzyl-L-aspartate and poly-8-benzyl-D-aspartate with weight average molecular weights of
about 50,000 is described. The synthesis of twelve different copolypeptides of y-benzyl-L-glutamate and 8-benzyl-L and
D-aspartate has also been effected. It has been concluded that poly-8-benzyl-L-aspartate and poly-vy-benzyl-L-glutamate
exist as helices with the opposite sense of twist on the basis of the following observations. Tlie helix — random transforma-
tion of poly-B-benzyl-L-aspartate in chloroform: dichloroacetic acid mixtures shows a much larger change of rotation and in
the opposite direction to that observed with poly-vy-benzvl-L-glutamate. The optical rotatory dispersion data of poly-3-
benzyl-L-aspartate from 360 to 600 mu fit the two term equation proposed by Moffitt for helical polypeptides with by ==
4-630; in this same region poly-~+-benzyl-L-glutamate shows b, = —670. The copolymers of benzyl-D-aspartate with
benzyl-L-glutamate show a regular variation of optical rotatory properties with composition, whereas the copolymers of
benzyl-L-aspartate with benzyl-L-glutamate do not. Finally the ultraviolet (240 to 360 mu) rotatory dispersions of the
L-aspartate and L-glutamate polypeptides show marked differences which strengthen the conclusion that the poly-g-beuzyl-

L-aspartate helix has a sense of twist opposite to that of the poly-y-benzyl-L-glutamate helix.

Introduction

In preliminary communications we reported? P
that poly-B-benzyl-L-aspartate showed distinctly
different rotatory properties from the homologous
synthetic polypeptide, poly-vy-benzyl-L-glutamate,
and in particular the rotatory properties of poly-
B-benzyl-L-aspartate (L-PBA) were more similar
to those of poly-y-benzyl-D-glutamate (D-PBG)
than to those of 1ts L-isomer (L-PBG). One of the
two explanations offered for these differences in
properties was that the sense of the helix in L-
PBA was similar to that of D-PBG. We now re-
port extensive experimental evidence that leads
to the conclusion that the helix sense of L-PBA is
opposite from that of L-PBG and the same as that
of D-PBG and further that D-PBA has the same
sense of helix as L-PBG.

In this paper we describe (1) a new synthesis of
B-benzyl-L-aspartate N-carboxyanhydride (NCA)
and the synthesis of B-benzyl-D-aspartate NCA,
(2) the synthesis of a series of copolymers derived
from vy-benzyl-L-glutamate and g-benzyl-L-aspar-
tate and a second series of copolymers derived
from +y-benzyl-L-glutamate and B-benzyl-D-aspar-
tate, (3) the characterization of the benzyl aspar-
tate homopolymers and copolymers by viscosity
and optical rotatory dispersion and finally (4) an
interpretation of the optical rotatory dispersion
data which leads to definite conclusions as to the
relative sense of the helix in L-PBA compared with
L-PBG.

Experimental

All melting points are corrected.

N-Carbobenzyloxy-aspartic Acid.—The N-carbobenzyloxy
derivatives of L, D and DL-aspartic acid were prepared ac-
cording to the method of Bergman and Zervas.* The fol-
lowing results were obtained:

(1) This is Polypeptides. XXV11I. For the preceding paper in
this series see G. D. Fasman and E. R. Blout, THIS JOURNAL, 82, 2262
(1960). Alternate address for E. R. Blout: Chemical Research Labo-
ratory, Polaroid Corporation, Cambridge 39, Massachusetts.

(2) Gillette Safety Razor Company, Research Laboratories, So.
Boston 6, Massachusetts.

(3) (a) E. R. Blout and R. H. Karlson, THis JoUurNaL, 80, 1259
(1958). (b) E. R. Blout, "Proc. of the 1Vth International Congress
of Biochemistry, Vienna, 1958,”” Vol. 1X, Pergamon Press, London,
1959, p. 37.

(4) M. Bergman and 1.. Zervas, Ber., 65, 1192 (1932),

Amnal. D-isomer, m.p. 114-115°.
C, 54.0; H, 4.88; N, 5.24. Found: C, 54.6; H, 5.1; N,
5.1. L-isomer, m.p. 116-117°, reported 116°.¢4 DIL-
isomer, m.p. 76-77°. Found: C, 50.5; H, 5.1.

Dibenzyl-N-carbobenzyloxy-aspartate.—The dibenzyl de-
rivatives of L, D and DL-N-carbobenzyloxy-aspartic acid
were prepared accordiug to the method of Berger and Kat-
chalski.? The following results were obtained:

Anal, D-isomer, m.p. 64.0-64.8°. Caled. for CosHa-
O¢N: C,60.8; H, 56; N, 3.1. Found: C, 69.9; H, 5.7;
N, 3.1. [a]®p = —3.90 (¢ = 109, benzene). L-isomer,
m.p. 63.8-64.5°, reported 66.5°¢. [a]¥® = +4.14 (¢ =
109, benzene,) reported, [a}%p = +3.5 (¢ = 109, benz-
ene).* DL-isomer, m.p. 50.5-51.5°. Found: C, 69.9;
H, 5.5; N, 3.1.

Dibenzyl-aspartate-HBr.—The dibenzyl-HBr derivatives
of L, D and DL aspartic acid were prepared from the cor-
responding dibenzyl-N-carbobenzyloxy-aspartate as fol-
lows: 51 g. of dibenzyl-N-carbobenzyloxy-aspartate was
covered with 100 ml. of 5.5 N HBr in glacial acetic acid®and
allowed to stand at room temperature until CO, evolution
had ceased. The solution was diluted with anhydrous
cther to almost the cloud point and placed at 0°. In 24 hr.
the product had crystallized. The solid was filtered off,
waslied with ethyl ether and vacuum dried at 50°. Yield:
36 g. 799%. A sample was recrystallized from metlianol-
ctliyl ether for analysis. The following results were ob-
tained.

Anal. D-isomer, m.p. 128.0-128.4° (decomp.). Caled.
for: Ci3sHi3O4N-HBr: C, 54.8; H, 5.1; Br, 20.3. Fouund:
C, 54.9; H, 5.1; Br, 20.0. L-isomer, m.p. 128.2-120.8°
(decomp.). Found: C, 54.9; H, 5.1; Br, 20.3. DL-
isomer, m.p. 104.0-106.0° (decomp.). Found: C, 54.0;
H, 4.8; Br,20.2.

B-Benzyl-aspartate-N-carboxyanhydride. Method A.—
The B-benzyl-aspartate-N-carboxyanhvdride was prepared
from tlie corresponding D and L dibenzyl-aspartate-HBr
as follows: 75 g. of dibenzyl-aspartate-HBr was suspended
in 200 ml. of dioxane’ and phosgene bubbled in for 2 hr.
while the temperature was maintained at 65°. The dioxane
was removed in vacuo at 65°, the resultant oil diluted with
100 ml. CHCI;, and #n-hexane added to the cloud point where-
upon the product crystallized. After standing for 12 hr. at
0°, the product was isolated and recrystallized three times
from ethyl acetate-n-liexane. Yield, 16 g. The results ob-
tained were:

Anal. D-isomer, m.p. 126.0-127.2°. Caled. for: Cis-
HuO:N: C, 57.8; H, 4.5; N, 5.6. Found: C, 57.8; H,
44; N, 5.6. [a]¥ = 430.0 (¢, 5%, ethyl acetate). L-
isomer, m.p. 126.5-127.5°, reported 121°. Found: C,
58.0; H, 4.3; N, 5.6. [a]® = —30.0 (¢ = 5%, ethyl
acetate).

Caled. for CipH s NOs:

(5) A. Berger and E. Katchalski, TH1s JoUrRNAL, T3, 4084 (1951).

(6) D. Ben-1shai and A. Berger, J. Org. Chem., 17, 1564 (1952).

(7) L. F. Fieser, ““Experiments in Organic Chemistry,” 2nd ed.,
D. C. Heath and Co., Boston, Massachusetts, 1941, p. 361,
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Method B.—30 g. 8-benzyl-L-aspartate® was suspended in
600 ml. of dioxane’ with stirring, phosgene bubbled in,
keeping the temperature at 50°, until all the solid had dis-
solved (approximately one liour). Nitrogen was bubbled
through the solution for 4 hr. at room temperature to re-
move excess phosgene. The dioxane was removed at 40° at
reduced pressure under nitrogen. The resulting oil was dis-
solved in 300 ml. of ethyl acetate, petroleum ether added to
opalescence, the solution filtered through celite, 100 ml.
petroleum ether added to the solution and it was placed at
—30° overnight. The crystals were filtered yielding 25 g. of
product. The solid was redissolved in 250 ml. ethyl acetate
by warming to 40°, 25 ml. n-hexane added, the solution fil-
tered through celite, 50 ml. more hexane added and placed at
—30°. The next day 170 ml. of n-hexane was added to the
crystallizing solution. After standing 2 days the crystals
were filtered, yielding 22.4 g., m.p. 127-128°., Mixed
melting point with anhydride from method A, 127-128°.

The solvent of the supernatant of the first crop was evap-
orated to dryness at reduced pressure, temperature below
40°, yielding 11 g. of oil. This was redissolved in 100 ml. of
ethyl acetate by warming, filtered through celite, 130 ml. of
n-hexane added and the solution placed at —30°. After
standing overnight the crystals were filtered off, yielding
8.0 g.

Method C.—The procedure of Berger and Katchalski®
using B-benzyl-N-carbobenzyloxy-L-aspartate and PCl
yielded the same anhydride, m.p. 127-128.° Mixed melting
points with NCA from methods A and B showed no depres-
sions.

N-Chloroformyl-dibenzyl-aspartate.—The N-chloro-
formyl derivatives of D, L and DL dibenzyl aspartate-HBr
were prepared as follows: 35 g. of dibenzyl aspartate-HBr
was treated with excess saturated sodium bicarbonate solu-
tion and the mixture extracted three times with ethvl ether.
The combined extracts were dried over MgSQ;, and the
solution concentrated to a volume of 100 ml. #-Hexane was
added until the cloud point was approached, and phosgene
was passed in at room temperature, An immediate forma-
tion of crystals occurred. After 20 minutes of phosgenation
the product was filtered off and washed with #-hexane. It
was recrystallized from chloroform—ethyl acetate, then from
chloroform-n-hexane. Yield 25 g. The following results
were obtained:

Anal. D-isomer, m.p. 126.0-127.0°. Caled. for CiyHys-
O;NCl: mol. wt. 375.8, 9, benzyl, 50.0. Found: neutral
equivalent (NaOCHj; titrated) 375, neutral equivalent (Cl
titration) 374, benzyl (ultraviolet), 51.29,. L-isomer, m.p.
128.0-129.0°. Neutral equivalent (NaOCH; titration),
3060, benzyl, 50.49,. DL-isomer, m.p. 114.0-115°.

Poly-g-benzyl-L-aspartate.—A typical polymerization was
run as follows: To 25 ml. of CH,Cl; (freshly distilled from
KOH) containing 27.8 ml. of 0.359 N NaOCHj; (259, meth-
anol-759, benzene), [anhydride]/[initiator]-(4/I) = 200,
was added 0.5 g. 8-benzyl-L-aspartate-N-carboxyanhydride
and the clear solution allowed to stand for 24 hr., after which
time NaOCH; titration indicated the reaction was at least
959, complete. The solution was poured with stirring in to
100 ml. n-hexane, the polymer filtered off and air-dried: %sp/
= 0.17 (0.29%, in dichloroacetic acid).

Anal. Caled. for: (CnHuNOs),: C, 64.4; H, 54.
Found: C, 64.3; H, 5.6.

Copoly-vy-Benzyl-L-glutamate:3-benzyl-Aspartates.—A se-
ries of copolymers of y-benzyl-L-glutamate with D and L-8-
benzyl-aspartate were prepared from their respective an-
hydrides. A typical polymerization follows: 0.70 g. of -
benzyl-L-glutamate-N-carboxyanhydride and 0.64 g. of §-
benzyl-L-aspartate-N-carbobenzoxy-anhydride (1:1 mole
ratio) were dissolved in 65 ml. of CH.Cl, (freshly distilled
from KOH) and 74.2 cmm. of 0.375 N NaOCH; (A /I = 200)
was added. The polymerization was allowed to stand 24
hr., the solution was poured into 300 ml. of diisopropyl-
ether causing precipitation of the copolymer, which was
dried at 100° 2n vacuo (10-2 mm. Hg). Yield = 0.96 g.,
95%{;) of theoretical. #spc = 1.00 (0.29% in dichloroacetic
acid).

Increasing the Molecular Weight of Poly-$-benzyl-L-aspar-
tate.—0.1 g. poly-B-benzyl-L-aspartate, nspe = 0.17 (¢ =
0.29%, dichloroacetic acid) stored at 3° after isolation was dis-
solved in 10 ml. CH,Cl; and 50 mg. of dicyclohexylcarbodi-

(8) J. Noguchi, J. Rurtz and E. Katchalski.
thors for this procedure before publication,

We thank these au-
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imide added. The reaction mixture was allowed to stand at
room temperature for 3 duys. The solution, which had be-
come more viscous, was poured into #-hexane (30 ml.) and a
fibrous precipitate formed. The polymer was isolated by
centrifugation, washed two times with 30 ml. of ether and
dried ¢n vacuo. Yield = 0.1 g, nspe = 0.40 (¢ = 0.2% in
dichloroacetic acid).

Optical Rotation.—In the spectral range 350 to 600 mu a
G.E. AH-4 mercury arc and a Sylvania K-100 zirconium arc
were used as light sources. The spectral lines were isolated
with a Beckmann D.U. monochromator and, in some cases,
interference filters as described previously.®  Optical rota-
tion was measured with a Rudolph photoelectric polarim-
eter model 200. Solutions were contained in one or two de-
cimeter standard polarimeter tubes. Precautions were
taken against evaporation of volatile solvents.

Below 350 mu the light source was a Westinghouse short
arc mercury lamp, SAH-250A, whose outer glass bulb had
been removed to pass ultraviolet light. Since operation of
the lamp unprotected from air oxidation of the external
electrodes resulted in short lamp life, it was finally mounted
in an evacuable metal container having a quartz window; a
pressure of ¢a.2-4 mm. Hg was maintained while operating .10
Measurements were made during periods of stable intensity.
Fluctuations were presumably a consequence of arc shifting
and increased with the age of the lamp. The radiation
source was cooled by circulating air.

Solutions measured in the ultraviolet were contained in 1
and 0.1 cm. fused quartz cells. The 0.1 cm. cell was found
to possess insignificant birefringence down to 237 mu. How-
ever, the windows of the 1 cm. cell were slightly birefringent
and therefore care was taken in positioning the cells between
reading the blank and the solution. The 1 cm. cell was used
at wave lengths above 265 mu and the 0.1 cm. cell below 265
mu. Errors in measurement were small above 280 my since
the observed rotations were large and the slits narrow. Be-
low this wave length it was necessary to use wide slits and
short path lengths.

Calculation of Rotatory Data.—The dispersion constant,
A, was obtained from the square root of the slope of [a]A?
vs. [a] (4.e., modified Lowry plot proposed by Yang and
Doty.11)

In the spectral region 365 to 578 mu the coefficient, b, of
the second term in the Moffitt equation!?

a0>\02 bo}\o4 (1)
A — A? (A2 — ng2)2
was derived from the slope of the plot [m'](A%=X?) vs. [N~
No?] 7! as suggested by Moffitt and Yang!3 with the exception

that the specific rotation [«] rather than the mean residue
rotation [m’] was used

[m'In =

+

100 72 + 2
M3 @)

Thus b is the slope of the linear plot divided by 7\*(100/M)
(n2+42/3). 1In this form of the Moffitt plot the dispersion of
the refractive index is neglected; the Lorentz term in eq.
2 was assumed constant and the value of solvent refractive
index used was that at the sodium D line. Optical rota-
tory dispersions of poly-y-benzyl-L-glutamate in CHCl; when
plotted in this manner, with Ay = 212 my as found by Mof-
fitt and Yang,!3showed no significant deviation from linearity
in the range 365 to 578 mu, by = —670. Unless noted other-
wise, all values of 4, reported herein refer to measurements
calculated without the dispersion of refractive index correc-
tion in the range 365 to 578 mu. In some instances Moffitt
plots of optical rotatory dispersions from 240 to 578 mu
(Fig. 7) were also made using the correction for the dis-
persion of solvent refractive index. The refractive index was
estimated from Sellmeir’s approximation formula
aA?

s W @)

[alx = [m']n

(9) E. R, Blout and G. D. Fasman, 'Recent Advances in Gelatin
and Glue Research,” Pergamon Press, London, 1858, p. 122,

(10) We wish to acknowledge the advice and assistance of V. Elor-
anta and J. King of Polaroid Corporation in the design and construc-
tion of this device.

(11) J. T. Yang and P. Doty, THis JoURNAL, 79, 761 (1957).

(12) W. Moffitt, J. Chem. Phys., 35, 467 (1956).

(13) W. Moffitt and J. T. Yang, Proc. Natl. Acad. S¢i. U. S., 42, 396
(1956).
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tlie constants @ and 7,2 being determined from measurements
of the refractive index of CHCI; at 434 and 658 muy.

Results and Discussion of Syntheses

The synthesis of poly-3-benzyl-L-aspartate was
first reported by Frankel and Berger!4 in 1949 and
an improved method by Berger and Katchalski?
appeared in 1951. The pS-benzyl-L-aspartate-N-
carboxyanhydride used in the polymerizations re-
ported in this paper was prepared by three inde-
pendent methods to confirm that the NCA ob-
tained by these methods yielded the a-amino-N-
carboxyanhydride and not the @B-amino-N-car-
boxyanhydride. This was thought to be necessary
when the results obtained from optical rotatory
studies on polymer made by synthetic method A
(see above), were found to be distinctly different
than those previously obtained with poly-v-
benzyl-L-glutamate.

The first synthetic procedure (A) shown below,
is a new method for the synthesis of an amino acid
N-carboxyanhydride (NCA).

N-carbobenzyloxy aspartate was prepared ac-
cording to the Bergman and Zervas* method.
This was then converted to the dibenzyl-N-car-
bobenzyloxy aspartate following the Berger and
Katchalski procedure.’ The carbobenzyloxy group
was removed by HBr in glacial acetic acid® yield-
ing dibenzyl aspartate. The NCA was obtained
by treatment of the dibenzyl aspartate with phos-
gene. The crystalline NCA obtained in this
manner from L-aspartic acid had a melting point
of 126.5-127.5°, whereas that previously reported
was 121°, The Berger and Katchalski synthesis®
(B) was then repeated and the NCA so obtained
had a melting point of 127° which gave an unde-
pressed mixed melting point with the NCA from
the first procedure. If the conditions of phosgene
treatment were altered, in method A, it was found
to be possible to isolate the N-chloroformyl di-
benzyl aspartate instead of the NCA. The third
procedure (C) involved the synthesis of 3-benzyl-
L-aspartate® and then phosgene treatment to yield
the NCA. This material again gave an unde-
pressed melting point with the NCAs obtained
from the other methods. As Berger and Katchal-
ski® had unambiguously proved the structure of N-
carbobenzyloxy @-benzyl-L-aspartate the NCAs
made from the above three procedures can defi-
nitely be assigned to the w@-amino-N-carboxy-
anhydride. Further evidence was provided by
removing the N-carbobenzyloxy group, by means
of HBr in glacial acetic acid® from g-benzyl-N-
carbobenzyloxy-L-aspartate to yield A-benzyl-L-
aspartate. This compound on treatment with
phosgene again yielded 8-benzyl-L-aspartate NCA
with identical properties to those mentioned above.

(14) M. Frankel and A, Berger, Nufure, 163, 213 (1949),

The aspartic acid derivatives necessary for the
synthesis of the NCA via method A, were prepared
for the L, D and DL-aspartic acid, namely N-carbo-
benzyloxy aspartic acid, dibenzyl-N-carbobenzyl-
oxy aspartate and dibenzyl aspartate. HBr. The
analyses and physical constants are listed in the
experimental section. The NCAs of D and L-8-
benzyl aspartic acid were also prepared. (See
above.) Of the three methiods employed the third,
via B-benzyl-L-aspartate, was found to be the
simplest and gave the best yields.

The polvmerization of the NCAs was investi-
gated in chloroform, dioxane, ethylene dichloride,
methylene dichloride, pyridine and acetonitrile
using both sodium methoxide and triethylamine as
initiators, at various anhydride—initator (4/I)
ratios. Chloroform, methylene chloride and ethyl-
ene dichloride were found to be the most suitable
solvents, and sodium methoxide was the preferred
initiator at .4 /7 = 100, to yield the highest molec-
ular weights. The highest molecular weight poly-
mer obtained had a reduced specific viscosity of
0.33 (¢ = 0.29% in dichloroacetic acid (DCA)).
Polymer of this viscosity has an estimated weight
average molecular weight of 50,000 using the cali-
bration of viscosity and light scattering for poly-v-
benzyl-L-glutamate,'

It should be noted that the solubility of the poly-
mers in weakly hydrogen-bonding solvents varied
according to the polymerization solvent. Poly-
mers obtained in ethylene dichloride were not solu-
ble in chloroform and only partially redissolved
inn ethylene dichloride. Polymers prepared in re-
agent grade chloroform were found to readily re-
dissolve in this solvent. As reagent grade chloro-
form usually contains 0.5% ethyl alcohol, the postu-
late can be advanced that the polymerization ter-
mination step involves the alcohol and as such the
end group may be different from that obtained in a
polymerization carried out in ethylene dichloride.
This difference in the end group may account for
the observed differences in solubility of the poly-
mers.

As the molecular weights obtained on poly-
merization of B-benzyl aspartate NCA (Table I)
were considerably lower at the same 4 /I than those
obtained for poly-v-benzyl-L-glutamate!® attempts
were made to increase the molecular weight usiug
the carbodiimide method! as adapted by Blout
and DesRoches.!®* Increases in molecular weight
were obtained in both dioxane and ethylene di-
chloride, starting with a polymer having a reduced
specific viscosity of 0.17 (¢ = 0.29,, DCA), made

(15) P. Doty, J. H. Bradbury and A, M. Holtzer, THIS JOURNAL,
78, 947 (1956).

(16) R R. Blout and R, H. Karlson, ibid., T8, 041 (1056).

(17) J. C. Sheehan and G. P. Hess, ibid., 77, 1067 (1955).
(18) E. R, Blout and M. E. DesRoches, ibid., 81, 370 (1959).
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in ethylene dichloride initiated at A4/7 400 with
sodium methoxide. The carbodiimide treatinent
in dioxane yielded a higher molecular weight poly-
mer with a reduced specific viscosity of 0.30 (¢ =
0.2%, DCA). Using the same starting polymer
in ethylene dichloride solution, carbodiimide treat-
ment yielded a polymer with a reduced specific
viscosity of 0.40 (0.29%,, DCA). Only freshly
prepared polymer, or that stored for short periods
at 3° yielded increased molecular weights.

To ascertain that no racemization took place
during the synthesis of the D and L poly-3-benzyl
aspartates, the polymers were hydrolyzed in 6 IV
HCl to their respective amino acids. Poly-g-
benzyl-L-aspartate on hydrolysis gave [a]%%s
= +23.9 in 6 N HCl; reported for L-aspartic acid
[a]®p = ++24.6; poly-B-benzyl-D-aspartate on
liydrolysis gave [a]ms?? = —23.0.

A series of copolymers was synthesized with v-
benzyl-L-glutamate with both D and L-benzyl-
aspartate in varying compositions. Table I lists

TABLE I
COPOLYMERS OF $-BENzZYL-L-ASPARTATE AND vy-BENzZVL-L-
GLUTAMATE®
Mole ratio in Chromat,
polymerization mixture anal.,
Aspartate Glutamate Polymer ¢ mole %,
NCA NCA no. (nmp/o) B glutamate
0 10 RK1333 1.17
1 9 RK1323 1.0 90
3 7 RK1324 0.77 71
5 5 RK1325 .76 51
7 3 RK1326 .69 30
9 1 RK1327 .37 13
10 0 RK1145 .26
10 0 GF-5-64 .334

¢ Polymerized in CH,Cly, 29, NCA. Initiated with NaO-
CH;, A/1 = 200. *¢ = 0.29, DCA. ¢ Determined by
hydrolysis of the polymer in 6 ¥ HCI (20 mg./3 ml.)at 120°
for 24 hr. C. W. Hirs, W. H. Stein and S. Moore, J. Biol.
Chem., 211, 941(1954) and then by paper chromatography
according to R. E. Kay, D. C. Harris and C. Entennan,
Arch. Biochem. Biophys., 63, 14 (1956). The error in these
determinations is estimated to be +=2.59%,. 9 Polymerized
in CHCl;, 1.59%, NCA. Initiated with NaOCH;, 4/ =
100.

the copolymers of B-benzyl-L-aspartate and -
benzyl-L-glutamate and their specific viscosities in
dichloroacetic acid. The mole ratio of NCAs used
in the polymerization reaction are listed as well as
the composition analysis of the copolymers as de-
termined by hydrolysis and chromatography. As
can be seen in this table the found ratios all fall
within a few per cent. of the calculated ratios. In
subsequent data the calculated values are used.
Table II lists the copolymers of 3-benzyl-D-aspar-
tate and +vy-benzyl-L-glutamate and their accom-
panying data.

To determine that we were dealing with truly
random copolymers of B-benzyl aspartate and «-
benzyl glutamate the optical properties, [o]ss
and by, were determined for several mixtures of
poly-B-benzyl-L-aspartate and poly-vy-benzyl-L-
glutamate in chloroform solution and compared
with the optical properties of the copolymers having
the same ratio of aspartate to glutamate. The
mixtures of the homopolymers gave the optical
properties expected and calculated from those of
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TABLE II
COPOLYMERS OF (3-BENzVL-D-ASPARTATE AND +v-BeENzYL-IL.-
GLUTAMATE®
Mole ratio in
polymerization mixture Chromat,
Aspartate Glutamate Polymer anal., ¢ mole 9,
CA NCA no. {nsp/o) ® glutainate
0 10 RK1333 1.17
1 9 RK1328 0.64 86
2 8 RK1195 .80
3 7 RK1329 .24 67
5 3 RK1330 .17 53
7 3 RK1331 .14 36
9 1 RK1332 .13 11
10 0 RK1355 .30
@ Polymerized in CH,Cl;, 29, NCA. Initiated with

NaOCH;, A/ = 200, t¢ = 0.29, DCA ¢ Determined
by liydrolysis of the polymer as in Table I, footnote e,
TaBLE II1

SoME OPTICAL PROPERTIES OF POLYPEPTIDE HOMOPOLY-
MERS, OF MIXTURES oF HOMOPOLYMERS AND oF CopoLY-

MERS
[t }sas be
Poly-v-benzyl-L-glutamate (L-PBG) + 14 —670
Poly-8-benzyl-L-aspartate (L-PBA) —172 +630
Caled. for 5:5 mixture of L-PBA:L-PBG — 79 ~ 0
Found for 5:5 mixture of L-PBA:L-PBG — 73 ~ 0
Found for 5:5 copolymer L-BA:L-BG - 8 —615
Calcd. for 9:1 mixture of L-PBA:L-PBG —153 + 500
Found for 9:1 mixture of L-PBA:L-PBG -153 +453
Found for 9:1 copolymer L-BA:L-BG — 73 —355

the respective homopolymers, while the copolymers
showed different properties (Table III). It can
be concluded therefore that the copolymers de-
scribed herein are random copolymers and not
mixtures of homopolymers or block copolymers.

Results and Discussion of Rotatory Dispersion
Measurements

Poly-g-benzyl Aspartate.—The optical rotation,
[a]ss, of poly-y-benzyl-L-glutamate (L-PBG) and
poly-S-benzyl-L-aspartate (L-PBA) as a function
of solvent composition is shown in Fig. 1. The
change in optical rotation observed for L-PBG is
toward increased levorotation and occurs at ca.
709, dichloroacetic acid (DCA) whereas L-PBA ex-
hibited decreased levorotation at ca. 89, DCA.
Furthermore the magnitude of the change is much
greater for L-PBA (ca. 150°) than for L-PBG (ca.
40°). Since the residue weight of L-PBA (205
g./residue mole) differs only slightly from that of
L-PBG (219 g./residue mole) calculation of the
rotation changes on a molar residue basis will not
alter the relative magnitude of the rotations ap-
preciably. The direction of the change in optical
rotation observed for L-PBA is opposite to that
normally encountered in proteins and some poly-
peptides when the constituent amino acids are of
the L-configuration and the conformational transi-
tion is from a presumed right-handed helix to ran-
dom chain.

The rotatory dispersion of L-PBA in CHCl; in
the region 360 to 600 my fits eq. 1 with a b, similar
in magnitude but opposite in sign to that observed
for L-PBG.® The fact that the data for L-PBA
fit the Moffitt eq., 1, suggests that L-PBA is helical
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Fig. 1.—The specific rotation, [a]ss, of poly-vy-benzyl-L-
glutamate, ©—O-—0O, and poly-B-benzyl-L-aspartate,
A—A—p, in chloroform-dichloroacetic acid (DCA) solu-
tions. The volume 9% DCA is shown on the abscissa.

in this solvent. This suggestion is supported by
infrared measurements in solution and in the solid
state.’.?” Furtlier evidence for the existence of
L-PBA and D-PBA in the helical conformation is
offered by X-ray diffraction results.!®?1 Therefore
the change in optical rotation observed in Fig. 1 can
be interpreted as reflecting a helix — random chain
transition similar to that found for L-PBG in
CHCIl;:DCA.?* Since the transformation occurs
below ca. 89, DCA the L-PBA helix appears to
be thermodynamically less stable in this solvent
system than L-PBG which retains the helical con-
formation up to 689, DCA. A similar conclusion
regarding the stability of the L-PBA helix has been
reached by Bradbury, et al., on the basis of deu-
terium exchange studies.!?

The direction of the change in the specific rota-
tion [a]ss supports the assignment of a left-handed
helical structure to L-PBA as previously suggested,
but it should be emphasized that the magnitude of
the change is larger than expected. This is more
apparent when the change in [#']es is considered
(eq. 2). The contribution of an a-helix to [m/]
has been estimated to be ca. 100°2%.24%; the benzyl

(19) E. M. Bradbury, L. Brown, A. R. Downie, A. Elliott, W. E.
Hanby and T, R. R. McDonald, Nature, 183, 1736 (1959).

(20) X.S. Norland, G. D. Pasman and E. R. Blout, to be published.

(21) C. Johnson, Ph.D. Thesis, Massachusetts lnstitute of Tech-
nology, 1959.

(22) E. R. Blout, P. Doty and J. T. Yang, THIS JOURNAL, 79, 749
1957).

( (23; P. Doty and R. D. Lundberg, Proc. Natl. Acad. Sci. U. S., 43,
213 (1957).
(24) A. R. Downie, A, Elliott, W. E. Hanby and B. R. Malcolm,

Proc. Roy. Soc. (London), A242, 325 (1957).

(25) A simple rotatory dispersion is one which fits a one term Drude
—————: a complex rotatory dispersion is one which
A2 — Ag?
does not fit a one term Drude equation. An anomalous rotatory disper-
sion is defined (T. M. Lowry, ‘‘Optical Rotatory Power,”” Longmans,
Green and Co., London, 1935) as one in which either (a) [a]) changes
sign or (b) the first derivative of [a]) withrespect to wavelength iszero
or (¢) the second derivativeis zero. An anomalons dispersion is neces-
sarily complex,

equation, Z"‘L\ =
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Fig. 2.—The specific rotation, [a]ss, of copolymers of 3-
henzyl-L-aspartate:y-benzyl-L-glutamate, ©—0—0, and
of copolymers of p-benzyl-D-aspartate:y-benzyl-L-gluta-
mate, A—A—A, in chloroform solutions.

aspartate helix contributes about twice this amnount
(ca. —250° as determined from Fig. 1). This in-
creased levorotation is not compatible with solvent
effects previously observed in polypeptide and pro-
tein solutions.!!

Copolymers of B-Benzyl Aspartate.—The two
series of copolymers of y-benzyl-L-glutamate (L-
BG) with B-benzyl-L-aspartate (L-BA) and with
B-benzyl-D-aspartate (D-BA) have been shown to
exist in helical conformations in the solid state and
chloroform solution by X-ray diffraction and in-
frared spectroscopy.?2! The optical rotations
of these copolymers are shown in Fig. 2 (CHCl;
solution) and in Fig. 3 (DCA solution). In chloro-
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Fig. 3.—The specific rotation, [a]ss, of copolymers of 5-
benzyl-L-aspartate:y-benzyl-L-glutamate, ©—0—0, and
of copolymers of p-benzyl-D-aspartate:y-benzyl-L-gluta-
mate, A—A—24, in dichloroacetic acid solutions.
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Fig. 4—The by values for the wave length range 365 to
578 my (from eq. 1 assuming Ay = 212 my) of copolymers of
B-benzyl-L-aspartate:y-benzyl-L-gliitamate, ©—0—0, and
copolymers of  B-benzyl-D-aspartate:y-benzyl-L-gluta-
mate, A—A—A, in chloroform solutions.

form (Fig. 2) the optical rotation, in the series
L-BAL-BG, is non-linear and markedly depend-
ent, particularly above 709, L-BA, upon the mole
9% benzyl aspartate in the copolymer. On the
other hand, in the series D-BA:L-BG, the optical
rotation varies in a regular manner with the mole
9 benzyl aspartate. In dichloroacetic acid solu-
tion both the D and L series of benzyl aspartate:
benzyl-L-glutamate copolymers show a linear
variation of [a]wms with mole 9}, benzyl aspartate
(Fig. 3).

When the optical rotatory dispersion of the co-
polymers in chloroform solution is fitted to eq. 1,
the coefficient of the second term, b, is found to
vary in the manner shown by the optical rotation,
i.e., marked dependence upon mole 9, benzyl as-
partate in the L-BA:L-BG series above 70 mole
9% and a relatively linear dependence in the D-
BA:L-BG series (Fig. 4). Similarly, bes deter-
mined in dichloroacetic acid solution parallel the
behavior of the optical rotation in this solvent;
the dependence of by upon mole 9, benzyl aspartate
was approximately linear for both series (Fig. 5).

The substitution of D-isomers into a helix com-
posed of L-residues has been used to estimate the
contribution of a right-handed helix to the optical
rotation of polypeptides.?2.28.24  Ag a result of these
investigations it was concluded that a single sense of
helix was maintained from L/(D + L) = 1.0 (where
and L and D refer to the fraction of L and D isomer
respectively) to L/(D + L) = 0.9-0.6 depending on
the particular poly-a-amino acid being studied.
The fact that the optical rotation, a criterion of
helix of a single sense was not linear over the com-
plete range of L/(D + L) (from 1.0 — 0.5) was as-
cribed to (a) the increasing thermodynamic stabil-
ity of a mixture of right and left-handed helices as
the fraction of D-isomer increased or (b) the greater
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Fig. 5.—The b, values for the wave length range 365 to 578
mu (from eq. 1 assuming A = 212 my) of copolymers of 8-
benzyl-L-aspartate:vy-benzyl-L-glutamate, ©—0-—0®, and
copolymers of  B-benzyl-D-aspartate:y-benzyl-L-gluta-
mate, A—A—A, in dichloroacetic acid solutions.

conformational stability of the random chain for
the mesopolypeptide.?* For PBG in CHCl;:DCA
the stability of the helix relative to the random
chain was shown to be inversely proportional to
the fraction of D-isomer down to L/(D + L) =
0.5.22 While all these studies were performed with
D,L-isomers of the same amino acid, the qualitative
features would be expected to remain in a copolymer
of two different amino acids, when the respective
pure polypeptides are helical.

Thus it might be argued that if L-PBA and L-
PBG are helices of the opposite sense of twist, the
optical rotation and b, of their copolymers should
change markedly over a relatively narrow range
of copolymer composition, representing a region of
transition from one helix sense to the other. Fur-
thermore, since it has been demonstrated that the
L-benzyl aspartate helix is less stable than that
of L-benzyl glutamate the transition should occur
at less than 509, L-BG. On the other hand the
optical rotation and b, of D-BA:L-BG copolymer
in the helical conformation should show a regular,
almost linear, dependence on composition which
would be evidence that no change of helix sense
occurs in this series. This is indeed the case as
seen in Fig. 2 and 4, and therefore we conclude that
there is a change of helical sense in the series
L-BA:L-BG while no change in sense of twist oc-
curs in the D-BA:L-BG sertes.

It is noted that there is a departure from linearity
in the optical properties in chloroform solution of
the D-BA:L-BG series which may be correlated
with the varying viscosities of the copolymers
shown in Table II. In addition, the average en-
vironment of a D-BA or L-BG residue in a copoly-
mer would differ from the environment in the pure
polypeptide, influencing the mean residue rotation
in a manner analogous to the solvent effects often
found with optically active compounds.

In DCA solution, Fig. 3 and 5, both copolymer
series exhibit the relatively linear dependence of
optical rotation and b, anticipated for random chain
conformations. One further point should be
noted about the b, values found in strong hydrogen
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Fig. 6.—The ultraviolet rotatory dispersions of poly-3-
benzyl-L-aspartate, A—A—A, and poly-y-benzyl-L-gluta-
mate in chloroform solutions, The specific rotations, [a]x
are plotted as a function of wave length in mu.

bonding solvents. In DCA solution by = —250
for L-PBA, " in trifluoroacetic acid solution it differs
only slightly (b = — 270, [a]ss & —5°). Since
it is known that solvents of this type break down
more stable polypeptide helices, e.g., L-PBG, there
is no doubt that the L-PBA helix is also transformed
to a random chain in these solvents. Therefore
the b, values observed with PBA in these strong
hydrogen bonding solvents must be characteristic
of the residue and thus the b, observed for L-PBA
in weakly hydrogen bonding solvents should re-
flect both helical and residue contributions.

Ultraviolet Rotatory Dispersions.—The optical
rotatory dispersions of L-PBG and L-PBA from
ca. 240 to ca. 340 mu are shown in Fig. 6. The
dispersion of L-PBA is clearly anomalous.? In
contrast to L-PBA, the dispersion of L-PBG is not
anomalous in the region 240 to 360 mgy but is com-
plex.®

Since it is known that the optical rotatory dis-
persion of L-PBG is anomalous in the visible and
fits eq. 1, it was of interest to determine whether this
relation held in the ultraviolet and in particular
whether the anomalous dispersion found for L-
PBA could be described by the Moffitt equation.
It was found that the data for L-PBG could be fit
to eq. 1 from 240 to 600 mu, by = —660, Fig. 7.
However the optical rotatory dispersion of L-PBA
only fit eq. 1 down to 265 my (b = +4740) and at
shorter wavelengths deviated markedly, particu-
larly below 250 myu. (Fig. 7).

Returning now to a consideration of the data in
Fig. 6, it should be emphasized that both L-PBA
and L-PBG show anomalous rotatory dispetsion;
for L-PBA in the ultraviolet, for L-PBG in the
visible region. The observed anomaly for L-PBG
has been correlated with its existence as a pre-

R. H. Karrson, K. S. NorRLAND, (3. 1. FASMAN AND . R. Brour
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suntably right-handed helix.?.27  Since the anom-
aly observed with L-PBA is opposite in sign, it
lends support to the argument that the sense of
helix in L-PBA is the opposite of that in L-PBG.
The displacement of the anomaly to the ultra-
violet might be accounted for by the expected
levorotation of a left-handed helix above ca. 285
mu.®  Qualitatively the change to positive rota-
tion would then be a result of the dextrorotation
of the left-handed a-helix below ca. 285 mu.
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Fig. 7.—Moffitt plot {from eq. 1 using X = 212 mg) of the

optical rotatory dispersion of poly-8-benzyl-L-aspartate,

A—A—A, and poly-vy-benzyl-L-glutamate, ©—0—0, in

chloroforin sclutions over the wave length range 237 to
578 mu.

However the dextrorotations measured for L-
PBA at wave lengths below 245 my are in excess of
those anticipated for a left-handed helix.?® This
excess dextrorotation may be a consequence of the
onset of a positive Cotton effect arising from an
interaction between the asymmetric «-C and the

/O
—C—-0O- chromophore which absorbs around 220-230
my. The existence of a Cotton effect would imply
)

that the free rotation of the -C-O-R group is re-

(26) D. D. Fittsand J. G. Kirkwood, Proc. Natl. Acad. Sci. U. S., 43,
1046 (1957).

(27) P. Doty and J. T. Yang, THis JoURNAL, 78, 498 (1956).

(28) Using the values ap = 680, by = — 500, Ao == 212 mu found by
Doty and Lundberg? for a presumably right-handed a-helical optical
rotatory dispersion, it is found that the contribution of a right-handed
a-helix is positive above ca, 285 mu and becomes highly negative be-
low. A left-handed a-helix would be expected to mirror this behavior.

(29) From the constants given ahove (ref. 28) the optical rotation of
a right-handed a-helix at 240 mu is estlmated to be [m’]Beli%y, &
—3700°, Then the optical rotation of a left-handed a-helix would be
ca. +3700°, much less than the observed rotation for L-PBA at this
wave length ([m’[L-PBA,0 & 4-17,000°).
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stricted.® On the other hand a positive Cotton
effect around 225 my is inconsistent with the excess
levorotation observed in the visible for helical
L-PBA unless it is assumed that there is a net large
levorotatory contribution from absorption bands
lying at shorter wave lengths. However, it should
be noted at this point that all the optical effects ob-
served for L-PBA cannot be explained simply by the
presence of oriented chromophores in the side chain
but almost necessarily involve a change of helical
sense compared to L-PBG.

Finally, measurements have been made in the
region 240 to 360 my on 9: 1 copolymers of L-BA:L-
BG and D-BA:L-BG. The results are shown in
Fig. 8 plotted on a log scale. The anomaly ob-
served and noted above for L-PBA is completely
lost upon the incorporation of 10 mole 9, L-BG
(Fig. 8). In contrast to this observation the
incorporation of 10 mole 9, L-BG in D-PBA does
not result in a loss of the anomaly observed with
D-PBA. Thus the rotatory dispersions shown in
Fig. 8 indicate that a structural change is involved
when 10 mole 9, L-BG is incorporated in L-PBA,
whereas no such change is found upon incorpora-
tion of L-BG in D-PBA. These data offer addi-
tional support for the conclusions reached above
concerning the opposite sense of helix in L-PBA
and L-PBG on the basis of optical rotatory dis-
persion measurements at wavelengths longer than
360 mu.

Conclusions

From the interpretation of the rotatory disper-
sions of the fifteen polymers and copolymers re-
ported here it is concluded that the sense of helix in
poly-B-benzyl-L-aspartate is opposite to that ob-
served in poly-y-benzyl-L-glutamate. Considera-
tion has been given to possible effects of rotatory

/O
contributions due to the ~C-O- group and to the
benzyl chromophore. It is suggested that the
optical rotations observed with poly-3-benzyl-L-

(30) We have considered the possibility that the benzy! groups in
the side chains may be oriented. However since the absorption of this
chromophore did not allow measurement around its absorption maxi-
mum (Apax = 238 mu) and since it would be expected that this group-
ing would make only a weak contribution, if any, to the optical rota-
tory dispersion (W. Kauzmann, “Quantum Chemistry,” Academic
Press, Inc., New York, 1957, p. 718) we can only conclude that the
effect of this chromophore is small.
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Fig. 8 —Ultraviolet rotatory dispersions in chloroform
solutions: A, A—A—A, poly-B-benzyl-L-aspartate; B,
©—0—0, 9:1 copolymer of B-benzyl-L-aspartate:y-benzyl-
L-glutamate; C, A—A—aA, poly-8-benzyl-D-aspartate; D,
0—@—@, 9:1 copolymer of 8-benzyl-D-aspartate:y-benzyl-
L-glutamate.

O
7

aspartate are due in part to the -C-O- group in
the B position. Optical rotatory dispersion meas-
urements in the ultraviolet (240 to 360 my) reveal
effects not seen in previous rotatory work on poly-
peptides carried out in the more easily accessible
region between 360 and 600 mu.
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