
the subsequent Edman degradation step as described 
above. The results are summarized in Table I and 
Figure 1. 

Cleavage of Gramicidin B by N-Bromosuccinimide. A 
1.4-mg. (0.76 /jmole) sample of gramicidin B was 
dissolved in 0.5 ml. of 60% aqueous ethanol containing 
1 drop of 0.10 N sulfuric acid and allowed to react with 
0.8 mg. (4.6 jumoles) of N-bromosuccinimide at room 
temperature. Similarly, 1.1 mg. (0.58 ^mole) of 
gramicidin A was oxidatively cleaved with 0.8 mg. 
(4.6 /imoles) of N-bromosuccinimide. Aliquots of the 
reaction mixtures were examined by paper electro
phoresis. In both cases a ninhydrin-positive sub
stance, migrating as fast as 2-aminoethanol, was 
liberated. To the remainder of the reaction mixture 
was added 100 nl. of an aqueous solution containing 
200 /xg. of l-amino-2-hydroxypropane per ml. After 
the addition of 2 drops of 2.0 A' hydrochloric acid the 
samples were evaporated and dried. The residues 
were dissolved in 500 /ul. of 1,2-dimethoxyethane, 
acylated with 10 yul. of trifluoroacetic anhydride, and 
analyzed by gas chromatography on a column con
taining 4% neopentyl glycol succinate on Chromo-
sorb W (6 ft. X Ve in-, flame ionization detector). 
At a column temperature of 145° with 36 ml./min. of 
nitrogen the bistrifluoroacetylated l-amino-2-hydroxy-
propane and 2-aminoethanol were eluted after 2.9 and 
4.4 min., respectively. By comparison of the peak 
areas9 a release of 0.18 mole of 2-aminoethanol per 

y-Hydroxy-L-lysine (III) prepared from L-lysine (I) 
by photochemical chlorination and subsequent reaction 
with silver acetate was cyclized with nitrosyl chloride to a 
mixture of 80 % cis-4-hydroxy-h-pipecolic acid (VI) and 
20% trans-4-hydroxy-D-pipecolic acid (VII). This es
tablishes the threo configuration (III) for y-hydroxy-L 
lysine (HI) which was converted to threo-y-hydroxy-L-
homoarginine (VIII ^ IX), identical in all respects with 
the naturally occurring amino acid from Lathyrus seeds. 

The photochlorination of amino acids in strong acid 
permitted an easy synthesis of several biochemically 
interesting C-substituted amino acids.3 The photo
chlorination of L-lysine (I) is specific both with regard to 
position and configuration. 7-Hydroxy-L-lysine (III) 
prepared from the 7-chloro-L-lysine (II) showed a 

(1) Associate in the Visiting Program, U. S. Public Health Service, 
1963-1966. 

(2) Merck Sharp and Dohme Research Laboratories, Rahway, N. J. 
(3) J. Kollonitsch, A. Rosegay, and G. Doldouras, J. Am. Chem. 

Soc, 86, 1857(1964). 

1882 g. of gramicidin A and of 0.19 mole of 2-amino
ethanol per 1845 g. of gramicidin B was calculated. 

Determination of the Optical Configuration of the 
Amino Acids in Gramicidin B. A 2.1-mg. (1.15 /xmoles) 
sample of gramicidin B was hydrolyzed in an evacuated 
and sealed tube with 0.45 ml. of acetic acid and 2.25 
ml. of constant boiling hydrochloric acid at 110° for 
24 hr. The hydrolysate was evaporated and kept in a 
vacuum desiccator over phosphorus pentoxide and 
potassium hydroxide. The residue was dissolved in 3.3 
ml. of water, and 1-ml. aliquots of this solution were 
used for the enzymatic incubation reactions and for the 
amino acid analysis. The incubation with L-amino acid 
oxidase from Crotalus adamanteus was carried out at 
38° in a Warburg apparatus with oxygen as the gas 
phase. The main compartment contained 1 ml. of 
0.1 M 2-amino-2-hydroxymethyl-l,3-dihydroxypropane 
HCl buffer (pH 7.66 at 24°), 1 ml. of 0.1 M KCl 
solution, and 1 ml. of the hydrolysate. A control 
flask contained 1 ml. of water instead of the hydrolysate. 
The side arm contained 1 mg., in a second experiment 
10 mg., of the enzyme in 0.5 ml. of 0.1 M KCl. The 
center well contained 0.1 ml. of 5 TV KOH. After 
a 10-min. equilibration period the flasks were tipped 
and readings were taken at 10-min., later 60-min., 
intervals for 10 hr. until the oxygen uptake had vir
tually ceased. The reaction mixture was evaporated 
and analyzed on an amino acid analyzer. The results 
are given in Table II. 

single sharp peak by ion-exchange column chromatog
raphy under conditions which easily resolve the di-
astereoisomers of 5-hydroxylysine as well as of 7-
hydroxyornithine.4 

The configuration of 7-hydroxy-L-lysine is of interest 
for the mechanism of the photochlorination and for the 
related 7-hydroxyhomoarginine, a new natural amino 
acid of unknown configuration recently isolated from 
Lathyrus species.5,6 In this investigation the configura
tion of 7-hydroxylysine is shown to be threo. It is 
assumed that 7-chlorolysine has the erythro configura
tion and that its conversion to hydroxylysine involves 
100% inversion. 

The configuration of the asymmetric centers of 7-
hydroxy-L-lysine was determined in the same way as 
that of 7-hydroxyornithine, the next lower homolog,4 

in which the erythro diastereoisomer is sterically 

(4) B. Witkop and T. Beiler, J. Am. Chem. Soc, 78, 2882 (1956). 
(5) E. A. Bell, Nature, 199, 70 (1963); Biochem. J., 91, 358 (1964); 

Nature, 203, 4943 (1964). 
(6) L. K. Ramachandran and K. K. Rao, Biochem. Biophys. Res., 

Commun., 13, 49 (1963). 
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related to hydroxy-L-proline, and ^/"eo-7-hydroxy-L-
ornithine to a/Vo-hydroxy-L-proline. 

In the present study the cyclization of 7-hydroxy-L-
lysine and the separation of the products presented 
no difficulties when the following procedure7 was used. 
The open amino acid, 7-hydroxy-L-lysine (III), was 
treated first with nitrosyl chloride and then with barium 
hydroxide. From this reaction mixture a product 
which gave a greenish-yellow color with ninhydrin re
agent was isolated by fractionation on a column of Dowex 
50-X8. A special solvent system for paper chromatog
raphy which resolves the diastereoisomers of cyclic 
imino acids8 showed the product to be a mixture of 
cis- and ?/wis-4-hydroxypipecolic acid. The isomers 
were separated by preparative column chromatog
raphy following the same procedure used for the separa
tion of cis- and 7/-a«s-3-hydroxyprolines.9 Both iso
mers were isolated and crystallized. The major isomer 
(80%) was identified as c/s-4-hydroxy-L-pipecolic acid 
(VI) and the minor one (20%) was frans-4-hydroxy-D-
pipecolic acid (VII). This shows that nitrosyl chloride 
reacted predominantly with the e-amino group to give 
the e-chloro-7-hydroxy-a-aminocaproic acid (IV) which 
undergoes base-catalyzed intramolecular cyclization 
with intact asymmetry of the two active centers. 

(7) Y. Fujita, Bull. Chem. Soc. Japan, 33, 1379 (1960). 
(8) K. A. Piez, F. Irreverre, and H. L. Wolff, / . Biol Chem., 223, 687 

(1956). 
(9) F. Irreverre, K. Morita, A. V. Robertson, and B. Witkop, J. Am. 

Chem. Soc, 85, 2824 (1963). 

It may be recalled that by contrast the cyclization of 
ery?/!ro-7-hydroxy-L-ornithine gave a//o-hydroxy-D-pro-
line as the major product.7 Further investigations are 
necessary to find a theoretical basis for the differential 
reactivity of a- and w-amino groups toward nitrosyl 
chloride in open diaminohydroxy acids and their 
lactones. 

The fact that the major product of the conversion was 
m-4-hydroxy-L-pipecolic acid (VI) establishes the 
configuration of 7-hydroxylysine as //i/-eo-7-hydroxy-L-
lysine (III). In addition, the configuration of the a-
carbon atom of 7-hydroxy-L-lysine (III) was shown to be 
L by the positive shift in rotation on acidification 
(Lutz-Jirgensen rule)10: [a]20D 7-hydroxylysine (c 
2%, H2O) 0°; dihydrochloride in 6.0 N HCl +12.8°; 
[at |62V H C l D - [af + 12.8°. This proof of the 
L-configuration for the a-carbon eliminates the need to 
consider the product of photochlorination and hy
drolysis to be er_y?7z/-o-7-hydroxy-D-lysine which could 
also yield the mixture of the hydroxypipecolic acids VI 
and VII. 

When hydroxylysine dihydrochloride is repeatedly 
evaporated in the presence of excess concentrated 
HCl the lactone dihydrochloride Xa is obtained. 
Hudson's extended rule11 applies in this case: 
r a ] l a c t o n e ( X a ) 2 C H l D + 2 0 . 8 - [ a ] 1 1 1 ' 2 H C 1 D + 1 2 . 8 = + 8 . 0 . 

(10) J. P. Greenstein and M. Winitz, "Chemistry of the Amino Acids,'' 
Vol. I, John Wiley and Sons, New York, N. Y., 1961, p. 83. 

(11) B. Witkop, Experientia, 12, 372 (1956). 
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This positive difference correctly assigns the D G con
figuration to the 7-carbon atom. Natural 7-hydroxy-
L-ornithine,12 7-hydroxy-L-arginine,12-14 and 5-hy-
droxylysine1115 from collagen all have erythro config
uration. 

However, this rule is not applicable to N,N'-di-
carbobenzyloxy-7-hydroxylysine lactone, [a]25D lactone 
- 2 . 9 ° ; [a]25D (after addition of 1 equiv. of KOH) 
4-11.6°. The rotational difference between the lactone 
and the salt of the open acid is —14.5°, suggestive of 
the LG configuration for the 7-carbon atom. This is 
inconsistent with the results of the stereochemical 
interconversions which provide rigid and conclusive 
evidence for the configurations at the a- and 7-carbon 
atoms. It has been emphasized previously11 that no 
assignments of configuration should be based on the 
lactone rule alone, and this restriction has recently been 
borne out by several exceptions to Hudson's rule.16,17 

Guanidination of 7-hydroxylysine gave threo-y-
hydroxy-L-homoarginine lactone dihydrochloride which 
was identical with the naturally occurring 7-hydroxy-
homoarginine lactone dihydrochloride18 with regard 
to melting point, mixture melting point, optical rotation, 
and infrared spectrum. This establishes the configura
tion of the naturally occurring amino acid as threo-y-
hydroxy-L-homoarginine. 

Whether the principles of nonenzymatic cleavage of 
peptide bonds19 may now be extended to peptides of 
photohalogenated amino acids is under investigation. 

Experimental 

Conversion of threo-y-Hydroxy-L-lysine to cis- (VI) 
and trans-4-Hydroxypipecolic Acid (VII). A solution 
of nitrosyl chloride (6 ml.), prepared according to 
Witkop, et ah, was added dropwise to an ice-cold 
solution of 7-hydroxy-L-lysine hydrochloride (199 
mg., 1 mmole) dissolved in 9.0 A' hydrochloric acid 
(10 ml.). The reaction mixture was stirred for 10 min. 
in the cold and then heated at 55° for 20 min., fol
lowed by evaporation in vacuo to dryness. The 
residue was dissolved in water (2 ml.) and heated with 
0.2 N barium hydroxide (10 ml.) in a boiling water bath 
for 10 min. The solution was neutralized with dilute 
sulfuric acid and centrifuged. The supernatant was 
put on a column of Dowex 50-X8 (H+, 1.2 X 40 cm.) 
and eluted with 0.2 N hydrochloric acid. The effluent 
was collected in 5-ml. fractions. 

Fractions 91-114, which showed a single greenish-
yellow spot on a paper chromatogram, were pooled. 
The solvent was evaporated to yield 140 mg. of crystal
line residue. The crystals were dissolved in water (2 
ml.) and diluted with 0.2 N citrate buffer, pH 3.25 
(2 ml.). A Dowex 50-X8 column (200-400 mesh, 
2000 ml.) was prepared according to Moore and 
Stein20 and adjusted to pH 3.25 with 0.2 N citrate 

(12) E. A. Bell and A. S. O. Tirimanna, Biochem. J., 91, 356(1963). 
(13) Y. Fujita, Bull. Chem. Soc. Japan, 32, 439 (1959). 
(14) S. Makisumi, / . Biochem. (Tokyo), 49, 284 (1961). 
(15) S. Lindstedt and G. Lindstedt, J. Org. Chem., 28, 251 (1963). 
(16) R. U. Lemieux, Can. J. Chem.,39, 110(1961). 
(17) G. Fodor, Tetrahedron Letters, 1917(1964). 
(18) The authors are indebted to Dr. E. A. Bell for a generous sample 

of -y-hydroxyhomoarginine. Our thanks are also due to Dr. L. K. 
Ramachandran who gave us a partially purified Lathyrus seed extract 
from which enough material was isolated for optical rotation measure
ments. We are indebted to Dr. F, Irreverre for his assay of the purity 
of 7-hydroxy-L-lysine by ion-exchange column chromatography. 

(19) Cf. B. Witkop, Advan. Protein Chem., 16, 221 (1961). 

buffer.21 A solution of the sample in this buffer was 
put on the column and eluted with the same buffer 
(100 ml./hr.), and the effluent was collected in 10-ml. 
fractions. Aliquots (10 /A.) from each tube were 
spotted on paper and sprayed with ninhydrin reagent. 

cis-4-Hydroxy-L-pipecolic Acid (VI). Tubes 258-
298 contained c/s-4-hydroxypipecolic acid (cf. ref. 21). 
These fractions were combined, desalted by filtration 
over a column of Dowex 50-X8 (H+, 80 ml.), and eluted 
with 7.0 N ammonium hydroxide. The effluent was 
evaporated in vacuo to give colorless crystals (81 mg.). 
They were recrystallized twice from 90% ethanol; 
yield 40 ml.; after drying in vacuo at 100° over phos
phorus pentoxide the melting point was 263-264° 
dec; [a]20D -18.0 ± 2.0° (c 0.86, water) [lit.22 

m.p. 265° dec, [a]23D —17° (c 1.1, water, as mono-
hydrate)]. 

Anal. Calcd. for C6H11NO3: C, 49.64; H, 7.64; 
N, 9.65. Found: C, 49.82; H, 7.93; N, 9.68. 

trans-4-Hydroxy-D-pipecolic Acid (VII). Tubes 318-
338 contained ?ra«s-4-hydroxypipecolic acid which was 
worked up in a similar way to give 9 mg. of colorless 
recrystallized product, m.p. 294° dec, [a]20D +14.7 
± 2.0° (c 0.5, water) [lit.22 for the L-isomer m.p. 
294°, [a]20D -13.0 ± 0.4° (c 1, water)]. 

Guanidination of threo-y-Hydroxy-L-lysine. 7-Hy-
droxy-L-lysine hydrochloride (1.00 g., 5 mmoles) was 
dissolved in 15 ml. of water. To the solution was 
added basic copper carbonate (0.83 g., 3.75 mmoles) and 
the mixture was refluxed for 20 min. Excess copper 
carbonate was collected and the filtrate was cooled to 0°. 
O-Methylisourea sulfate (1.23 g., 5 mmoles) was added 
to the solution and the pH was adjusted to 10.5 with 2.0 
N sodium hydroxide. The mixture was left at room 
temperature for 7 days, brought to pH 2-3 with con
centrated hydrochloric acid, and Cu2+ was removed 
with hydrogen sulfide. The filtrate from the copper 
sulfide was evaporated in vacuo and the residue was 
dissolved in water, put on a Dowex 50-X8 column 
(H+, 200-400 mesh, 3 X 40 cm.), and eluted with a 
gradient of hydrochloric acid (4.0 N hydrochloric acid 
running into a mixing chamber containing 500 ml. of 
0.5 N hydrochloric acid). The eluate was collected 
in 10-ml. fractions. 

y-Hydroxy-L-lysine Lactone Dihydrochloride (Xa). 
Tubes 106-126 contained unchanged starting material. 
These fractions were combined and evaporated in vacuo 
leaving a crystalline residue which was filtered with the 
aid of ethanol to yield 371 mg. (34% recovery) of 
colorless crystals, m.p. 225-230° dec. The compound 
was recrystallized from 90% ethanol to give 272 mg., 
m.p. 229-230° dec ; M20D +20.8 (c 1, 6.0 N hydro
chloric acid). 

Anal. Calcd. for C6H14N2O2Cl2: C, 33.19; H, 
6.50; N, 12.90; Cl, 32.67. Found: C, 33.16; H, 
6.70; N, 13.19; Cl, 32.50. 

y-Hydroxy-L-homoarginine Lactone Dihydrochloride 
(IX). Tubes 178-220 contained 7-hydroxy-L-homo-
arginine which was worked up in the same way as 
described above to yield 434 mg. (36%) of colorless 
crystals, m.p. 211-213° dec. The compound was 

(20) S. Moore and W. H. Stein, J. Biol. Chem., 192, 663(1951). 
(21) Y. Fujita, F. Irreverre, and B. Witkop, J. Am. Chem. Soc, 86, 

1844 (1964). 
(22) J. W. Clark-Lewis and P. I. Mortimer, / . Chem. Soc, 189 (1961). 
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recrystallized twice from 90% ethanol, and then had 
m.p. 214-215° dec. (lit.5 214° dec), H20D +33.9 
± 1.0° (c 1, 6.0 W hydrochloric acid) [authentic sample 
isolated from Lathyrus seeds (c/. ref. 12) [a]20D 
+ 32.8 ± 1.0° (c 1, 6.0 N hydrochloric acid)]. 

Anal. Calcd. for C7H16N4O2Cl2: C, 32.44; H, 
6.18; N, 21.62; Cl, 27.41. Found: C, 32.73; H, 
6.04; N, 21.86; Cl, 27.41. 

N,N'-Dicarbobenzyloxy-y-hydroxy-L-lysine Lactone 

In contrast to the pK of 4.3 seen in the titration curve of 
cytidine, the polymer of cytidylic acid exhibits two pK 
values in the acid range, one at 5.7 and the other at 3.0. 
Each of these involves the uptake of one-half proton for 
each base. At neutralpH the polymer is single stranded, 
while below pH 5.7 it is believed to exist as a two-stranded 
helix in which the bases are held together by three hy
drogen bonds, one of which can form only when a proton 
is added to one ring nitrogen for each pair of bases. 
Between pH 5.7 and 3.0 the helix is stable, while lowering 
the pH below 3.0 destroys the structure through the addi
tion of more protons. Infrared studies show that both 
protonated and nonprotonated cytosine rings are present 
when the helical form of the molecule is stable. Forma
tion of the helical complex can also be seen by changes 
in the ultraviolet spectrum as well as in the sedimentation 
properties of the polymer. Thermal denaturation studies 
show that the addition of the first half proton per base 
stabilizes the molecule, while addition of the second half 
proton per base destabilizes it. These properties are 
all in agreement with the proposed type of hydrogen 
bonding. 

The synthetic polyribonucleotides represent a large 
class of polymer molecules which have been studied 
extensively because of their close relation to the natu
rally occurring nucleic acids. They have often been 
used as model compounds for understanding the re
activity of the naturally occurring polymers, and a great 
deal is known about them at the present time. An 
X-ray diffraction study has been carried out on oriented 
fibers of polyribocytidylic acid (poly C) which shows 
that this molecule exists in a helical form with a pitch 
of 37.3 A. and a diameter of approximately 14 A.1 

The molecule is made of two strands of polycytidylic 
acid which are helically wrapped round each other in a 
parallel configuration in which they are related by a two
fold rotation axis. An unusual type of hydrogen 
bonding was postulated as responsible for holding the 
two chains together. In this form the two strands are 
held together by sets of three hydrogen bonds between 
the cytosine bases in the center of the molecule. In 

(1) R. Langridge and A. Rich, Nature, 198, 725 (1963). 

(Xb). This derivative was synthesized in the same 
way as described for the preparation of dicarbobenzyl-
oxy-S-hydroxylysine lactone.23 The yield of recrystal
lized lactone was 78%, m.p. 116-118°, [a]20D - 2 . 9 ° 
(c 1, dimethyl sulfoxide). 

Anal. Calcd. for C22H23N2O6: C, 64.06; H, 5.87; 
N, 6.79. Found: C, 64.16; H, 5.67; N, 6.90. 

(23) N. Izumiya, Y. Fujita, and M. Ohno, Bull. Chem. Soc. Japan, 
35, 2006(1962). 

order to achieve this type of hydrogen bonding, one of 
the two cytosine rings must be protonated, as shown 
in Figure 1. This type of hydrogen bonding has also 
been found in the crystal structure of cytosine-5-acetic 
acid.2 

The present studies were undertaken in an attempt to 
answer the following question: Does the poly C mole
cule exist in a helical form in solution and does it main
tain the same type of hydrogen bonding between the 
strands which was suggested by the X-ray diffraction 
study in the solid state? Akinrimisi, et al.,3 have pre
sented some thermal denaturation and optical rotatory 
data related to this question. Here we present the 
results of acid-base titration, infrared and ultraviolet 
spectroscopy, and thermal denaturation studies from 
which we conclude that the molecule has a structure 
in solution which is very similar to that seen in the solid 
state. 

Methods and Materials 

Samples. The poly C used in these experiments 
came from two sources. Part of it was polymerized 
by using a polynucleotide phosphorylase enzyme ob
tained from Micrococcus leisodeikticus, with methods 
which have already been described.4 After the cyti
dine diphosphate and enzymes had been mixed, they 
were allowed to incubate at 37° for 4 hr. and were 
then precipitated by adding two volumes of cold 95 % 
ethyl alcohol. The precipitate was redissolved in 
water and precipitated a second time with alcohol. 
The polymer was then dissolved in water again and 
dialyzed exhaustively against 5 X 1O -3M NaCl at 
neutral pH to rid the preparation of contaminating 
residual cytidine diphosphate. The polymer solution 
was frozen, lyophilized, and stored in the cold in the 
form of dry fibers. In addition, part of the poly C 
used in these experiments was obtained from Miles 
Chemical Company, Clifton, N. J. Although the 
materials from these two sources differed slightly in 

(2) R. E. Marsh, R. Bierstedt, and E. L. Eichhorn, Acta Cryst., IS, 
310(1960). 

(3) E. O. Akinrimisi, C. Sander, and P. O. P. Ts'o, Biochemistry, 2, 
340(1963). 

(4) G. Felsenfeld and A. Rich, Biochim. Biophys. Acta, 26, 457 
(1957). 
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