ology and to Hugh Niall for his helpful discussions on the use
of the protein sequencer.

Added in Proof

The partial amino acid sequence of the C. pasteurianum
flavodoxin has been reported by Fox and Brown (1971). The
placement of a lysine residue in position 46 is based on their
report. In our studies, lysine and valine were observed in 1
and 297 yields, respectively, and it was not possible to decide
which amino acid occupied the 46th position.
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Synthesis of Polypeptides and Oligopeptides with the Repeating

Sequence L-Alanyl-L-prolylglycine”

G. P. Lorenzi,f B. B. Doyle,f and E. R. Blout§

ABSTRACT: The synthesis and characterization of the poly-
tripeptide poly(Ala-Pro-Gly) and a series of oligopeptides
(from the tripeptide to the octadecapeptide) with this sequence
are reported. The polymer was synthesized by the active ester
method, using the N-hydroxysuccinimide ester as the polym-
erizable tripeptide derivative in one preparation and the p-
nitrophenyl ester in a second preparation. Good yields of

One useful approach to the understanding of the physical
and chemical properties of collagen is the study of model
polypeptides having amino acid compositions and distribu-
tions resembling those of the natural protein. In particular,
studying the conformational properties of such models in the
solid state and in solution may help clarify the factors which
stabilize the triple-helical structure of collagen. Thus in re-
cent years there have been synthesized a number of polytri-
peptides similar to collagen in that every third residue is a
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relatively high average molecular weight polymer were ob-
tained in both cases. The oligomers were prepared sequentially
using the mixed-anhydride method, with isobutyl chlorofor-
mate as the mixed-anhydride-forming reagent. All the products
were crystalline and gave only one spot on thin-layer chromato-
graphy after purification. Conformational studies on this poly-
mer and the oligomers are reported in the accompanying paper,

glycine and at least one of the other two amino acids is a pro-
line or hydroxyptoline (Carver and Blout, 1967; Andreeva
etal., 1967),

To extend these studies, we have prepared the polytripep-
tide poly(Ala-Pro-Gly) and the first six members of the scrics
of oligopeptides with the same sequence, having the general
formula Boc-(Ala-Pro-Gly),-OMe.! We have also synthe-
sized the corresponding trifluoroacetic acid salts, and some
of the related Boc-protected peptide acids, The study of such
oligopeptides of well-defined chemical structure and molec-
ular weight provide a reliable complement to the study of the
polydisperse fractions which were prepared from the poly-
tripeptide. Experiments with the oligopeptides may help
clarify relationships between structure and molecular weight

' The following abbreviations are used in this paper: Boc, fert-
butyloxycarbonyl; Z, benzyloxycarbonyl: Pro, t-prolyl: Ala, t-Alanyl:
Gly, glyeyl; OMe, methyl cster; OBzl benzyl ester; OSu, N-hydroxy-
succinimide ester; ONp, p-nitrophenyl ester,



SYNTHESIS OF Ala-Pro-Gly OLIGOMERS AND POLYMER

CHART 1: Synthesis of the Sequential Polypeptide (Ala-Pro-Gly),.®

Boc-Ala-OH

1. MeM-IBCF

2. HCI'H:Pro-OR-MeM

Boc-Ala-Pro-OR (II[, R = Bzl; IV, R = Me)

1. H Pro-O~
Boc-Ala-OSu (]) —2H_4—>

1.OH~
2. H*

Boc-Ala-Pro-OH (V)

1. MeM-IBCF
2. HBr- H-Gly-08u (II)-MeM

Boc-Ala-Pro-Gly-OSu (V1)
TFA ‘

TFA -H-Ala-Pro-Gly-OSu (VI1)
NEts

(Ala-Pro-Gly), (VIID)

1. MeM-IBCF
2. HBr- H-Gly-ONp (II')-MeM

Boc-Ala-Pro-Gly-ONp (V1Y)
TFA
TFA .H-Ala-Pro-Gly-ONp (VII’)
‘ NEts

(Ala-Pro-Gly), (VII1')

@ MeM, N-methylmorpholine; 1BCF, isobutyl chloroformate; TFA, trifluoroacetic acid.

and should show the effect of heterogeneity on the commonly
studied physical parameters and transitions. Significant dif-
ferences have been found recently between the properties of a
monodisperse polytripeptide, poly(L-prolyl-L-prolylglycine)
(Sakakibara er al., 1968), and the results reported previously
(Engel er ai., 1966) for fractions of this same polytripeptide
that had been prepared by polycondensation. In this paper we
describe in detail the synthesis and characterization of the
polytripeptide and the oligopeptides indicated above.

Synthesis

The preparation of polymers with the repeating sequence
-Ala-Pro-Gly- has been reported by Huggins er al. (1968),
Heidemann and Bernhardt (1967), and Shibnev and Lazareva
(1969). These groups of workers used tetraethyl pyrophosphite
(Kitaoka er al., 1958) to effect the polycondensation of their
“monomeric” tripeptide acids; however, few other experi-
mental details were given. While our work was in progress,
we became aware of a synthesis of poly(Ala-Pro-Gly) which
uses a method similar to ours and which has been reported
recently by Segal and Traub (1969).

The method employing peptide active esters is known to be
advantageous for synthesizing peptides, and excellent results
have been obtained from the application of N-hydroxysuccini-
mide esters (Anderson et al., 1964; Laufer and Blout, 1967)
and p-nitrophenyl esters (Bodansky, 1960; Goodman and
Stueben, 1959; Iselin and Schwyzer, 1960). The active ester
method, using the p-nitrophenyl ester, has also been applied
successfully to preparing polypeptides with repeating se-
quences (Bloom et al., 1966; DeTar and Estrin, 1966; DeTar
et al., 1963). We chose the N-hydroxysuccinimide ester as one
polymerizable tripeptide derivative and the p-nitrophenyl ester
as the other. The trifluoroacetic acid derivatives VII and VII’
of these two esters were synthesized as indicated in Chart I.
The Boc-protected tripeptide ester VI was prepared by direct
coupling of the Boc-protected dipeptide acid V with glycine

N-hydroxysuccinimide ester using the mixed carbonic anhy-
dride method. This product (VI) was then treated with tri-
fluoroacetic acid to obtain the trifluoroacetic acid salt VII,
The p-nitrophenyl ester tripeptide unit VII” was prepared in a
completely analogous manner., The polycondensations of
VII and VII’ were carried out in a very concentrated solution
in order to minimize the formation of cyclic peptides (DeTar
et al., 1963). Dimethyl sulfoxide was used as the solvent and an
excess of triethylamine was employed to ensure that all the
trifluoroacetic acid present in the starting tripeptide derivative
was neutralized by this base.

The synthesis of the oligopeptides was carried out according
to Chart II. The mixed-anhydride method, with isobutyl
chloroformate as the-mixed-anhydride-forming reagent
(Vaughan and Osato, 1952), was used in each coupling step.
The trifluoroacetic acid salts XVI-XX were prepared by treat-
ment with trifluoroacetic acid of the corresponding Boc-
protected compounds. These were used as the sources of the
amino component in the preparation of the Boc-protected
methyl esters XI-XV; Boc-Ala-Pro-Gly-OH (IX) was used
in general as the acid component.

Experimental Section

A. Reagents and Solvents. All amino acids and their deriva-
tives except the N-hydroxysuccinimide esters and the hydro-
bromide of glycine p-nitrophenyl ester were commercial
products, and were used in general as recieved. HCI- H-Pro-
OMe was received as a syrup in methanol and was freed of
this solvent by drying in vacuo. HCl- H-Pro-OBzl was puri-
fied by recrystallization from methanol-ether, mp 149-151°
(lit. (Neuman and Smith, 1951) mp 148-148.5°).

N-Methylmorpholine was distilled and the fraction boiling
at 115.5° was used.

The triethylamine was purified following the procedure of
Kovacs et al. (1966).

The trifluoroacetic acid was purified by distillation.
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CHART 1I: Synthesis of Oligopeptides with the Sequence Ala-Pro-Gly.«

LORENZI, DOYLE, AND BLOUT

Boc-Ala-Pro-OH (V)

1. MeM-IBCI
2. HCl' H-Gly-OMe-Mell

1. OH - TIA
Boc-Ala-Pro-Gly-OH (I1X) «—— Boc-Ala-Pro-Gly-OMe (X) —> TFA - H-Ala-Pro-Gly-OMe (XV1)
2 H-

1. MeM-IBCE
2, NVI-MeM
1. MeM-IBCF

TEA
Boc-(Ala-Pro-Gly),-OMe (XI) —> TFA -H-(Ala-Pro-Gly),-OMe (XVII)

TI'A

—> Boc-(Ala-Pro-Gly);-OMe (XII) —> TFA - H-(Ala-Pro-Gly);-OMe (XVIII)

2. XVII-Me)M
1. MeM-IBCF

TI'A

—> Boc-(Ala-Pro-Gly),-OMe (XIII) —> TFA -H-(Ala-Pro-Gly),-OMe (XIX)

2. XVIII-NMel
1. MeM~-IBCF

TEA

—> Boc-(Ala-Pro-Gly);-OMe (XIV) —> TFA. H-(Ala-Pro-Gly);-OMe (XX)

2. XIN-MeM
1. MeM-IBCF

Boc-(Ala-Pro-Gly)e-OMe (XV)

2. NN-MeM

2 MeM = N-methylmorpholine; IBCF = isobutyl chloroformate; TFA. trifluoroacetic acid.

The chloroform used as the solvent for the mixed-anhydride-
coupling reactions was purified by distillation immediately
prior to use.

The dimethoxyethane to be used for the same purpose was
purified by distillation over lithium aluminum hydride.

The other solvents were of reagent grade and were used
without further purification.

B. Analysis and Characrerization of the Intermediate and
Final Products. The microanalyses were performed by the
Spang Microanalytical Laboratory, Ann Arbor, Mich., the
Scandinavian Microanalytical Laboratory, Herlev, Denmark,
and the Werby Laboratories, Inc., Boston, Mass. The ele-
mental analysis data of the Boc-protected oligopeptides XIII-
XV, which were crystallized from water-containing solutions,
gave persistently low values for carbon and nitrogen content
and high values for hydrogen even after drying at 85° and
at 0.05 mm for 48 hr. A good agreement was found between
the experimental and calculated values of the carbon-to-nitro-
gen ratio, so it seems reasonable to assume that some water
remained in the samples even after intensive drying (Stewart,
1966). In the case of the polymer anomalous elemental analy-
ses were also obtained, indicating retention of water and
possibly other solvents.

Thin-layer chromatography was performed on silica gel H
(Merck, AG), using in general the solvent system CHCl,—
CH;OH (9:1, v/v). Compounds were located with a ninhydrin
spray, with the chlorine-o-tolidine method, or with iodine.

The melting points were taken on a Kofler apparatus and
are uncorrected.

The infrared spectra were obtained using a Perkin-Elmer
521 spectrophotometer with the samples in K Br pellets.

A Cary 15 spectrophotometer was used for the ultraviolet
measurements, with water as the solvent. Concentrations of
the higher oligopeptides were evaluated on the basis of nitro-
gen analysis of the samples used. The absorption data reported
in this paper give the mean residue extinction coefficient
(€res).

All molecular weights were determined by the Archibald
approach to equilibrium method (Archibald, 1947; Schach-
man, 1957) on a Beckman Model E ultracentrifuge.

C. Preparation of the Polyripeptide (Ala-Pro-Gly),. Boc-Ala-
OSu (I). It was prepared and purified following the procedure
of Anderson er al. (1964), mp 166-167° [lit. (Anderson e al.
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(1964) have obtained two different forms of Boc-Ala-OSu)
mp 143-144 and 167°].

HBr-H-Gly-OSu (II). Z-Gly-OSu was prepared and puri-
fied following the procedure of Anderson er al. (1964) mp
113-114.5° (lit. (Anderson et al., 1964) mp 113-114°).

Anhydrous hydrogen bromide was bubbled for 2 hr into a
stirred ice-cold solution of 5.96 g (19.1 mmoles) of Z-Gly-OSu
in a mixture of 160 ml of glacial acetic acid and 50 ml of
methylene chloride. Then the solvents were removed by
evaporation and the residual product was purified by washing
with methylene chloride. The hydrobromide II, mp 166-168°
(dec), was obtained in a nearly quantitative yield.

HBr-H-Gly-ONp (II'). It was prepared from Z-Gly-ONp
according to the literature (Goodman and Stueben, 1959).

Boc-Ala-Pro-OBzl (III). A solution of 4.96 g (26.2 mmoles)
of Boc-Ala-OH in 46.5 ml of chloroform was stirredandchilled
to —15° in an ice-salt bath. N-Methylmorpholine (2.93 mi,
26.2 mmoles) was added, followed by isobutyl chloroformate
(3.60 ml, 27.6 mmoles), giving a precipitate. After 15 min,
HCIl - H-Pro-OBzl (6.35 g, 26.2 mmoles) and N-methylmor-
pholine (2.95 ml) were added; gas evolution ensued. The re-
action mixture was kept stirring for 1 hr between —10 and 4°
and for 23 hr at room temperature; then water (50 ml) was
added. After shaking, the water layer was removed, and the
organic layer was washed successively with 5% NaHCO;
solution (50 ml) and saturated sodium chloride solution (two
50-ml portions). After drying the chloroform layer over
anhydrous sodium sulfate and removing the solvent under
reduced pressure, a yellow oil was obtained. The oil was
chromatographically pure, but could not be crystallized:
yield 9.44 g (96 %).

Boc-Ala-Pro-OMe (IV). The procedure adopted for the
synthesis and purification of III was followed, except that the
L-proline methyl ester hydrochloride was added as a con-
centrated solution in chloroform. Again an oil was obtained
(63.5% yield) which could not be crystallized, but which was
apparently pure by thin-layer chromatography.

Boc-Ala-Pro-OH (V). To a solution of III (3.45 g, 25.1
mmoles) in 50 ml of methanol, 25.1 ml of 1 §~ NaOH was
added. The solution was stirred for 11 hr; then most of the
methanol was evaporated under reduced pressure at 40°.
Water (50 ml) was added, and the resulting solution was acidi-
fied to pH 2 with citric acid. The product, which crystallized
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immediately, was redissolved in dimethoxyethane, and this
solution was then dried over anhydrous magnesium sulfate
and concentrated under reduced pressure. On addition of
hexane, crystals were obtained: mp 156-158°, yield 5.84 g
B1%).

The hydrolysis of the methyl ester IV to give the same
compound was carried out in an analogous manner.

Compound V was also prepared by reacting I with proline
in an aqueous medium containing sodium bicarbonate (Ander-
son et al., 1964). After recrystallization from ethyl acetate—
hexane, the product so obtained showed a melting point of
155-156° (yield 74 9%). Anal. Caled for C;3H»N,O;: C, 54.54;
H, 7.78; N, 9.81. Found: C, 54.53; H, 7.75; N, 9.78.

Boc-Ala-Pro-Gly-OSu (VI). A solution of 0.509 g (1.77
mmoles) of V in 20 ml of chloroform was chilled to —15° with
stirring. Then 0.20 ml (1.78 mmoles) of N-methylmorpholine
and 0.25 ml (1.92 mmoles) of isobutyl chloroformate were
pipetted in. Thirty minutes later 0.450 g (1.78 mmoles) of II
was added. Finally, a solution of 0.20 ml of N-methylmorpho-
line in 4 ml of chloroform was added dropwise. Then the
cooling bath was removed, and the reaction was allowed to
proceed at room temperature for 18 hr. After washing with
water (three 25-ml portions), the chloroform solution was
dried over anhydrous sodium sulfate and evaporated to dry-
ness. The residue was recrystallized twice from ethyl acetate—-
hexane, giving 0.39 g of product, mp 128.5-130.5° (yield
50%). For the elemental analysis a fraction was recrystallized
once more: mp 129.5-131°. Anal. Calcd for CioHN,Os:
C, 51.81; H, 6.41; N, 12.72. Found: C, 52.17; H, 6.26; N,
12.75.

Boc-Ala-Pro-Gly-ONp (VI’). A procedure analogous to
that used for VI was followed to synthesize this product from
V and II’, and to purify it: mp 191-192.5°, yield 75%;. Anal.
Calcd for C;HxNOg: C, 54.30; H, 6.08; N, 12.06. Found:
C,53.87;H,6.06; N, 11.93,

TRIFLUOROACETIC ACID:H-Ala-Pro-Gly-OSu (VII) AND
TRIFLUOROACETIC ACID-H-Ala-Pro-Gly-ONp (VII’). These
salts were obtained from the corresponding Boc-protected
active esters VI and VI’ by reaction with trifluoroacetic acid.
Conditions similar to those described in section D for the
preparation of the trifluoroacetates XVI-XX were adopted.
The final products gave only one spot by thin-layer chroma-
tography, but their weight was slightly higher than that ex-
pected, suggesting trifluoroacetic acid was present in excess.

(Ala-Pro-Gly). (VIII anp VIII'). The entire product of the
reaction with trifluoroacetic acid of 4.16 mmoles of VI, was
dissolved in 3.0 ml of dimethyl sulfoxide with stirring, and
1.15 ml (8.26 mmoles) of triethylamine were added; 1.15 ml
more of this base was added 21 hr later. The polymerizing
mixture became a milk-like, viscous suspension after the
second addition of triethylamine, and this was kept stirring
at room temperature for 4 days and then at 50° for 1 day.
Diethyl ether was then added, and the product was sepa-
rated by centrifugation. The polymer (VIIl) was washed
several times with diethyl ether, then with methylene chloride,
and finally dried in vacuo over P.Os: weight, 0.766 g (yield,
81%).

By starting from the p-nitrophenyl ester VII’ and using
comparable conditions, a 609 yield of polymer VIII’ was
obtained. Anal. Caled for (CioH;sN;0s).: C, 53.32; H, 6.71;
N, 18.65; C/N, 2.85. Found: C, 50.87; H, 6.70; N, 18.15;
C/N, 2.80. Amino acid analysis gave a ratio of 1.00:0.95:1.00
for Ala:Pro:Gly.

Both products had the same infrared spectrum, confirming
their identity, and indicating no substantial amount of impu-

rity was present. The unfractionated polymers were insoluble
in most organic solvents, partially soluble in water, soluble in
hexafluoroisopropyl alcohol, 2 M LiBr aqueous solution,
trifluoroethanol (upon heating), and formic acid (507, aque-
ous solution).

Both polymer samples (VIII and VIII’) were fractionated by
dialysis and gave water-soluble and -insoluble fractions having
different average molecular weights. VIII was fractionated
using water alone as the solvent. The fractionation of VIII’
was carried out using a LiBr aqueous solution as follows:
0.86 g of the polymer was dissolved in 200 ml of 2 M LiBr
solution, and this was dialyzed against 1000 ml of 2 M LiBr
solution. Two changes of the outside solvent were made,
allowing 24 hr for equilibration after each change. Then to
remove the LiBr from the polymer solutions, they were dia-
lyzed against 1000 ml of distilled water, which was changed
every 24 hr for 6 days, until conductivity measurements on
the water outside the bag and ultraviolet absorption measure-
ments on the polymer solution inside the bag indicated that
LiBr was no longer present. About 0.5 g of the polymer pre-
cipitated out of solution in the dialysis bag on dilution of the
LiBr, while the rest remained in aqueous solution. The water-
insoluble fraction had a weight-average molecular weight of
approximately 14,000 based on an Archibald ultracentrifuge
run done in 607 formic acid; the water-soluble fraction, run
in water using the same method, gave a molecular weight
value of 5500.

D. Preparation of the Oligopeptides with the Sequence Ala-
Pro-Gly (X~XXII). Boc-Ala-Pro-Gly-OMe (X). A solution
of 7.55 g (26.3 mmoles) of V in 65 ml of dimethoxyethane was
chilled to about —15° with stirring; then 2.94 ml (26.3 m-
moles) of N-methylmorpholine and 3.60 ml (27.6 mmoles) of
isobutyl chloroformate were added giving an immediate
precipitate. Fifteen minutes later, 3.30 g (26.3 mmoles) of
HCI-H-Gly-OMe and 2.95 ml of N-methylmorpholine were
added. The reaction mixture was stirred between —15 and 10°
for 1 hr and at room temperature for 22 hr. Then water was
added, and the dimethoxyethane was removed by evaporation
almost completely. The residual solution was made up to 50
ml with water, and extracted with ethyl acetate (four 50-ml
portions). The combined ethyl acetate extracts were washed
with 5% aqueous sodium bicarbonate (two 50-ml portions)
and with saturated sodium chloride solution (50 ml) and dried
over anhydrous sodium sulfate. Removal of the solvent under
reduced pressure yielded an oil which crystallized immediately
upon addition of hexane. After drying, the weight of the
crystals, mp 139-140°, was 7.20 g (yield 77%). For the ele-
mental analysis, the compound was recrystallized from hot
ethyl acetate-hexane: mp 141-142°; ultraviolet spectrum:
Amax 185 Mu; €res at Amax 5520. Anal. Caled for CigHuNOs:
C, 53.77; H, 7.61; N, 11,76, Found: C, 53.65; H, 7.68; N,
11.55.

Boc-Ala-Pro-Gly-OH (IX). Compound X (8.61 g, 24.1 m-
moles) was dissolved in 80 ml of methanol and 24.1 mlof 1 N
aqueous NaOH was added. The solution was stirred for 23 hr;
then 24.1 ml of 1 N aqueous hydrogen chloride was added
dropwise, under vigorous stirring. The solvents were almost
completely removed by evaporation under reduced pressure
and anhydrous sodium sulfate was added to the semisolid
residue to remove the residual water. The product was ex-
tracted with ethyl acetate. Concentration of the ethyl acetate
solution and addition of hexane caused the crystallization of
the product. The crystals were collected, washed with a mix-
ture of ethyl acetate and hexane (1:3, v/v), and dried. Their
weight was 8.27 g (9997 yield), mp 134-136°. Anal. Calcd for
3049
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TABLE I
S . Total Dur;
Start Solut
ar m,,g,, ,0,,u 19n tion of the
Synthesis IX Reaction
of (mmoles) Solvent ml (hr)
XI 9.73 DME-« 80 24.5
XII 9.23 CHCl, 80 51
XIII 31.93 CHCl, 50 37
X1V 1.66 CHCI, 50 43
XV 0.43 CHCI, 25 92

« DME, dimethoxyethane.

Ci:HyisNyOs: C, 52,405 H, 7.36; N, 12.20. Found: C, 52.47;
H,7.34; N, 12.24.

TRIFLUOROACETIC ACID: H-Ala-Pro-Gly-OMe (XVI) AND
TRIFLUOROACETATES OF THE HIGHER OLIGOPEPTIDE METHYL
ESTERS (XVII-XX). The following general procedure was
adopted. The Boc-protected peptide ester was dissolved or
suspended (from XII on, the higher Boc-protected peptides
proved to be insoluble) in chloroform (6-10 g of peptide in
100 ml of chloroform), and trifluoroacetic acid was added
(about 20-fold excess). The reaction mixture, a solution, was
kept under stirring at room temperature for 4-5 hr. Then the
solvent and the excess trifluoroacetic acid were removed by
evaporation under reduced pressure at 40° as completely as
possible. The residual oil was triturated with anhydrous ether
giving a powdery product. This was collected by filtration,
washed with plenty of ether, and dried overnight in cacuo
over P,Os. In most cases, even if the thin-layer chromatography
did not show the presence of any unreacted material, the
final weight was slightly higher than the expected one, suggest-
ing that the removal of the excess trifluoroacetic acid had not
been completed. Therefore, a suitable excess of N-methyl-
morpholine was used in such cases in the coupling reactions
in order to ensure the complete liberation of the peptide ester
from its salt.

Sy~THESIS OF Boc-(Ala-Pro-Gly).-OMe (XI) aND OF THE
HIGHER OLIGOTRIPEPTIDES XII-XV. The synthesis was carried
out using the following general procedure. A solution of IX
in either dimethoxyethane or chloroform was chilled to about
—15° with stirring and then 1 equiv of N-methylmorpholine
and a 57 excess of isobutyl chloroformate were added. Fif-
teen minutes later the required trifluoroacetate (1 equiv) was
added followed by N-methylmorpholine. The reaction mix-
ture was stirred between —15° and 0° for 1 hr, then the cooling
bath was removed, and the reaction mixture was maintained
at room temperature for a variable time. Table I gives the
data referring to the specific cases. The reaction mixture was
worked up as described in the following section.

E. Isolation and Purification of the Oligotripeptides XI-XV
Boc-(Ala-Pro-Gly),-OMe (XI). The solvent was removed under
reduced pressure from the reaction mixture and replaced by 170
ml of terr-buty! acetate. The resulting suspension was filtered,
and 1 ml of water was added to the filtrate; upon stirring,
crystallization began. The suspension was kept stirring over-
night; then the crystals were collected, air-dried, and dissolved
in water. The aqueous solution was shaken with the acidic,
cation-exchange resin Dowex S0W-X12, Then the water was
removed, and the product was chromatographed on silica gel
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H using a mixture of chloroform and methanol as the cluent.
Two fractions were coilected, weight 1.67 and 2.93 g (yield
8197). The first fraction, mp 125-147°, was crystallized twice
from ethyl acetate to give the analytically pure product as
long, very thin ncedles: mp 147 1497 ultraviolet spectrum:
Nax 189 Mus eron at Ny 5760, Anal. Caled for CosH oNLO,:
C. 53.59; H, 7.27; N, 14.43. Found: C. 53.61; H, 7.32; N,
14.29. From XI, using conditions similar to those adopted
in the synthesis of Boc-Ala-Pro-Gly-OH, Boc-(Ala-Pro-
Gly).-OH (XXI) was prepared, mp 165 166°, Anal. Caled
for C,;HyNyO,: C, 52.80; H, 7.09; N, 14.78. Found: C,
52.29,H,6.95; N, 14,37,

Boc-(Ala-Pro-Gly),-OMe (XI1). The reaction mixture, a
solution, was washed with 100 ml of water. The water layer
was extracted with chloroform (three 100-ml portions). The
chloroform was removed from the combined organic layers
and replaced with water. The resulting aqueous solution was
shaken successively with the acid resin Dowex 50W-X12 and
the basic resin Dowex 1-X1. Then the water was removed, and
the product was chromatographed twice through silica get H
using miethanol as the eluent. By concentrating the micthanolic
eluate, and adding an excess of ethyl acetate to it, a crop of
crystals was obtained: mp 214.5-216°, weight 4.59 g (yicld
6297). Crystallization from hot methanol-cthyl acctate af-
forded the chromatographically pure product: mp 218-2197;
ultraviolet spectirum: Ao 190.5 Mu; e at Nuax 5780, Anal.
Caled for C.;H::N,O,.: C, 53.51; H, 7.11; N, 15.60. Found:
C, 53.17; H, 7.27; N. 15,34, The product was also prepared
starting from XXI and XVI using synthesis conditions similar
to those indicated above.

Boc-(Ala-Pro-Gly),-OMe (XIII). The reaction mixture, a
solution, was added to 30 ml of water, and, after shaking, the
two phases were separated. Upon standing, crystallization of
the product occurred in each of them. The two fractions were
collected separately by filtration; the material crystallized
from the organic phase (after washing with chloroform)
weighed 1.07 g, mp 229-231° dec; the material crystallized
from the aqueous phase (after washing with a mixture of
water and dimethoxyethane (1:1, v/v)) weighed 1.73 g, mp
233-235% dec. The total yield was 699, The two fractions
were combined, and the product was crystallized successively
from water, and from water-dimethoxyethane to give the
pure product, mp 233-2367 dec (in both recrystallizations
a mixture of methanol and water was used as the initial sol-
vent, but most of the methanol was subsequently removed by
evaporation under reduced pressure at 40-457): ultraviolet
SPECIFUM: Nyux 191 M) e 8t Nuwe 59000 Anal. Caled for
CH-NO,: C.83.47 H, 7.02; N, 16.27; C/N, 3.28. Found:
C,52.85:H,7.09: N, 1597; C/N, 3.30. XII was also prepared
starting from XXI and using XVII as the amino component
source,

Boc-(Ala-Pro-Gly);-OMe (XIV). The chloroform was re-
moved from the reaction mixture, a solution, by cvaporation
and the residue was washed with a mixture of dimethoxy-
ethane and water (1:1, v'v). Basic impurities were removed by
shaking an ice-cold solution of the product in 100 ml of a
mixture of trifluorocthano! and water (about 1:3, v/v) with
the cation-exchange resin Dowex S0W-X12. After filtering
off the resin, the solution was concentrated ; upon standing at
room temperature, the product crystallized, weight after
drying 1.43 g (yield 69%): mp >250" dec; ultraviolet spec-
(UM N 191 M ey At Ms 6180, For the elemental analy-
sis the product was recrystallized from trifluoroethanot- water.
Anal, Caled for CisHsN; ;050 C, 33.44; H, 6.97; N, 16.69;
C:N, 3.20. Found: C,52.44; H,7.16; N, 16.47; C'N, 3.18.
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Boc-(Ala-Pro-Gly)s-OMe (XV). The chloroform was evap-
orated from the reaction mixture, a suspension, and the resi-
due was first washed with water, and then dissolved in a mix-
ture of trifluoroethanol and water. The solution was cooled
to 0° and shaken with the cation-exchange resin Dowex S0W-
X12; then, after filtering off the resin, the solution was con-
centrated by evaporation at 40° under diminished pressure
until the product started to precipitate. After standing at room
temperature overnight, the product was collected by filtration
and dried in cacuo over P,Ojs; weight 0.12 g; thin-layer chro-
matography showed the presence of a trace of a low R, (devel-
oping system: n-BuOH-AcOH-H.O, 1:1:1, v/v) impurity;
ultraviolet spectrum: Ama.x 191 mig; €res 8t Amax 5920. Anal.
Calcd for CseHmzN]gOz[: C, 5343, H, 693; N, 1699; C/N
3.14. Found: C, 51.46; H, 7.28; N, 16.35; C/N, 3.14. By
adding dimethoxyethane to the stirred mother liquors, more
product precipitated and was collected by centrifugation.
The weight after drying of this second, less pure fraction, was
0.27 g (total yield 61 %).

Discussion

This work is a further example of the practicality of the
active ester method in preparing sequential polypeptides. Both
tripeptide active esters used gave good yields of poly(Ala-
Pro-Gly) with relatively high average molecular weights.
Approximately 589 of the polymer obtained using the p-
nitrophenyl ester method consisted of a water-insoluble frac-
tion having molecular weight (7.) 14,000. Since the deter-
mination has been carried out in a relatively strong acid
medium—60 % formic acid aqueous solution—which should
not favor association, the value found should reflect
the true average molecular size of the individual macro-
molecules.

The oligopeptides have been synthesized using conventional
synthetic methods of peptide chemistry. All of them were
crystalline compounds, and after purification showed only
one spot by thin-layer chromatography.

Both the polymers and the various oligomers can be as-
sumed to be optically pure, since all reactions which involved
peptides as reagents were carried out on peptides having gly-
cine or proline as the C-terminal amino acid.

The polymer and the oligopeptides with the sequence Ala-
Pro-Gly have been synthesized in order to study the structures
they may adopt both in the solid state and in solution and to
see if indeed they have collagen-like properties. Conforma-
tional studies have been carried out and are reported in the
accompanying paper (Doyle er al., 1971). Such studies em-
phasize the value of having a series of well-characterized oli-

gomers, as well as the polymer, for interpreting the data ob-
tained.

References

Anderson, G. W., Zimmerman, J. E., and Callahan, F. M.
(1964), J. Amer. Chem. Soc. 86, 1839,

Andreeva, N. S., Esipova, N. G., Millionova, M. 1., Rogulen-
kova, V. N., and Shibnev, V. A. (1967), in Conformation
of Biopolymers, Vol. 2, Ramachandran, G. N., Ed., New
York, N. Y., Academic Press, p 469.

Archibald, W. (1947), J. Phys. Colloid Chem. 51,1024,

Bloom, S., Dasgupta, S. K., Patel, R. P., and Blout, E. R.
(1966),J. Amer. Chem. Soc. 88, 2035.

Bodansky, M. (1960), Ann. N. Y. Acad. Sci. 88, 655.

Carver, J. P., and Blout, E. R. (1967), in Treatise on Collagen,
Vol. 1, Ramachandran, G. N., Ed., London, Academic
Press, p 441.

DeTar, D. F., and Estrin, N. F. (1966), Tetrahedron Lett., 598S.

DeTar, D. F., Honsberg, W., Honsberg, V., Wieland, A.,
Gouge, M., Back, H., Tahara, A., Briniger, W. S., and
Rogers, F. F. (1963),J. Amer. Chem. Soc. 85,2873.

Doyle, B. B., Traub, W., Lorenzi, G. P., and Blout, E. R.
(1971), Biochemistry 10, 3052.

Engel, J., Kurtz, J., Katchalski, E., and Berger, A. (1966),
J. Mol. Biol. 17,255.

Goodman, M., and Stueben, K. C. (1959), J. Amer. Chem.
Soc. 81, 3980.

Heidemann, E., and Bernhardt, H. W. (1967), Nature (London)
216,263.

Huggins, M. L., Ohtsuka, K., and Morimoto, S. (1968),
J. Polymer Sci., Part C, 23, 343,

Iselin, B., and Schwyzer, R. (1960), Helv. Chim. Acta 43,1760.

Kitaoka, H., Sakakibara, S., and Tani, H. (1958), Bull. Chem.
Soc.Japan 31, 802.

Kovacs, J., Giannotti, R., and Kapoor, A. (1966), J. Amer.
Chem. Soc. 88, 2286.

Laufer, D. A, and Blout, E. R. (1967), J. Amer. Chem. Soc.
89, 1246.

Neuman, R. E.,and Smith, E. L. (1951),J. Biol. Chem. 193,97.

Sakakibara, S., Kishida, Y., Kituchi, Y., Sakai, R., and
Kachiuchi, K. (1968), Buil. Chem. Soc. Japan 41,1273,

Schachman, H. K. (1957), Methods Enzymol. 4, 32.

Segal, D., and Traub, W. (1969), J. Mol. Biol. 43, 487.

Shibnev, V. A, and Lazareva, D. V. (1969), Izv. Akad. Nauk.
SSSR, Otd. Khim. Nauk, 398.

Stewart, F. H. C. (1966), Aust.J. Chem. 19, 489.

Vaughn, J. R., Jr., and Osato, R. L. (1952), J. Amer. Chem.
Soc. 74, 676.

BIOCHEMISTRY, VOL. 10, No. 16, 1971 3051



