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Introduction

In 188 Wohler synthesized urea (1). This compound
hed been known s8 a constituent of mammaliilan urine for a
considerable period before tnat date. it 1s now known that
~a large portion of the urea arises originally frow ﬁrotain
gnd amino aclds. aAs prote.n and amino zcids are netabolised
v &mmmnia is filrst liberated from the metsbolites. Since a very
QMall concentration of smwonie in the blcoed is toxic to the
mammel, the aniwel could not continue to live unless a.
mechanism or mechanisms for removel were cperative, Ihne
evidence for the overall mechanism involving conversion of
ammonia into urea in vivo was first presented by Knlerim ()
a6 Balkowskil (&) who showed that administered asmonium salts

could be recovered a&s urea in the urine.

The steps in the blologicai mechenism of ures fornation
from emmonia then needed Lo be exanined. calhowski velieved
that the synthesis occurred In the same fushion thatl
Viohler demonstrated for his in vitro synthesis. Drechsel
(4) believed thet the mechanism required ammonium
carbamate as an intervediate., halther ol these methods

were subiitted to declisive experiments.

In 1%.s, Krebs and Hengeleit (9) tested various
compounds in an effort to find those which would faciiitate
urea formatlon in the liver slices. Yhe compounds which were

eiffective were arginine, citrulline, and vroithine, lhey



then postulated the following

Wk,
B —7 (=0 4+ NH.
| .

BE, KH

({I:ﬁ%} S ({!}H ) %
éﬁﬁﬁﬁ éﬁﬁﬁg
é@&ﬁ é@&ﬁ

cycles

NH.

[ e

2

C=NH

l
FH

(CE%:_} } e

CHKH

3
Fus

Co0n

+ ornithine
(which ig agaln
used)

wvolution of the free energy rslationships of the

compounds aceording to the procedure of Borscck and

Huffwen (6) provides an Ilnsight into the actual

probability of occurrence of sueh mechanisms. The

cbtaining of the necessary physical data and evaluation

of the derlved free energy dats for the sbove c¢ycle wus

the subject of this thesis.
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PLerPARATION OF TUE COEPQUEDS
Gener

Important divisions of the general problem were the
preparation in large quentities (thirty - fifty grams) of
pure ornithine, arginine, and citrulline. The literature
included methods for the enzymatle preparation of ornithine
ffum arginine In turn prepared by an expensive and
cupbersome processiand methods for obtaining swmall quﬁnﬁitieﬁ
of citrulline by isclstion or synthesis. Since the flavianate
wethod ( 7) had been improved ( 8, 2) to render arginine
salls readily aveilable, it was felt that with this as a
cornerstone, ii would be more expeditious %o dsvelop
-simple, efficient methods to supplant the older impractical
proc@duréﬁ'far the preparation of the substances needed. It
wag further desired to avold enzymic hydrolyses and dlrsect
isoletions since these were far less ilkely to glve the
high purity materisls requirved by precise modern

calorimetry.

As sn illustration of the superiority of the more
strictly synthetic wmethod, the experience with leuecine might
be cited. Leuelne isolated frow a natural source had been
found te contsin methionine (10), as well as isoleucine,
neither impurity being removeble by simple rserystallisation.
This was reflected in the disagreemsnt of ﬁ@atalof

combustion of l-leucine samples prepared by direet ilsclation.



When the impurities were removed by recrystzllisation of
the combined formyl derivatives (11) it was possible to
obtain an l-leucine, the heat of combustion of which, checked

that of z résolved synthetic leucine.

D



d-ARGININE

Since Gulewitsch (12) and later workers (13) prepared
‘d~arginine by an expensive, cumbersome method from the
silver sait, a truly praetical method for this substence
was needed. One would expect that with the development of
the now clussical flavianate method ( 8) and tine numerous
papers describing improvements thereon that the prepasration
of free arginine from the flavianate or one of the salts
prepared from it would have been described. It had not
been; the explanation may lie in the fact that the
Vfiavianate is generally converted into hydrochloride and
an unsuccessful attempt to prepare pure arginine irow the

hydrochloride had been recorded (14).

Iwo necessary conditions for preparation of pure
crystalline arginine were found in this work. The first
wag that the ofiginal protein source should be one which
did not offer seriously contaminating amino acids. For
instance, arginine hydroehloride from caselin, hog's blood,
or sardine spermatic tissue could not ve convérted into
erystaliine arginine by ithe conveational procedure,
whereas the chlorides owtained from commercial saimine
or & good grade of gelatin were successiully worksd up.
The second requirement was the removal of excess silver
from the arginine solution by hydrogen sulfide. Since an
gxcess of silver oxide was used for removal of the chloride
from the amino acidium chlorides, and siver-arginine is
soluble in arginine sclutions (12) this silver must be

removed. By observing these precsutions a local amino



acld factory was aocle for the first time to obtain free

arginine.

The arginine was prepared and purified by the
followlng series of rszactions:
Gelatine + hCl —> arginine + other amino sacias

Or

NH, ~C(HH) ~Ni~(CH,.) - ~@HNH ~COOE + 50,k [::]::]ﬁﬁ,
e [ © s For @it 4
l : . nO.

arginine flaviancte

arginine flavisnate + NaOll + Cﬁﬁ5CﬂG

NEE—C(EH)~HB-(Cﬁg)a—(cbnﬁCﬁzﬁ)Cﬁ-CO’ﬁ
+
HC1

|

MHQ-C(wﬁ)-mm-(c&g)g-CHﬁHp-cooa.gc

The hydrochloride was then converted to free arginine
in the Following way: ©.0& gm. of silver nitrate (¥ percent
gxcess over the arginine hydrochloride requirenent) was
dissolved in 50 cc, of water and treated with 50 ec, of LN
sa0H. The precipitated silver oxide was washed untll the
washings were neutral, snd the silver oxide was then
transferred with ald of the wash-bottle, to & solution of
9.06 gm. of arginine hydrochloride in 50 cc. of water. The
mixture was stirred mechanically for ten minuﬁes, and the
silver chloride was filtered off. The filtrate was saturated

with hgdrogen sulfide, boiled, and the coagulated silver



salfide fllitered off. The filtrate from this operation

was evapoerated to dryness umd@f reduced pressure on the
%ater bath in a stream of carbon dioxide~-free air., The
residue was dissolved in 20 cc. of boiling water, and
placed in & desiecator over sodium hydroxide. ¥hen the
golution had cooled, the desiceator was evacuated. The
yield was 7.84 gm. of arginine, melting at 228° (ecorr.)
with decomposition. This was a 98 perceut recovery from the
hydrochloride. Eearysﬁailizatiﬁn from 16 cc. of hot water
‘and 40 cc, of freshly boiled absclute ethenol gave 96

percent recovery.

fio difliculty was experienced in crystallizing
arginine prepared from salmine or g@lmtiﬁ. One crystsl
of & em. length was obtained by slow evaporation of the

solvent during two weeks.



CITRULLINZ

In %sdatl's clagsical paper on the chemistry of
citrulline (15) the isolation of citrulline from water-
melons, as well as & synthesis proving the structure of
the amino acid were descrilbed. For the pﬁryoses of the
present investigation ton quantities of waterwmelons would
have been required to furnish enough citruliine, The
synthesis described appeared to be eqyually impractical.
The tryptic digestion of caseiu (16) presented the general
objections of enzymatic processes, and other bilological

processes were even lLess attractive (17,18).

The utilization of the intermediates in the synthesis
of ornithine described above appeared sufficliently promising

to attempt. The steps involved were:

Eﬁb(CHE)QCODH + HCHO

l

Nit -CO-KH-(CH ) ,CO0H

+

l ur <

Ki,,~CO-NH-(CH,) . -CHBr-CQO0RH
F) b (%

l- | +HbE,

Nﬁf-CO—NH~(Chx)3~6ﬁﬁﬁg—c00ﬁ

sccordingly, a two-gram batch of delta carbamido valaric
acld was synthesized by first resrranging cyclopentanone

oxime (prepared for ornithine synthesis) with 0B H,,50,



to the lactam, and theun hydrolysing with 15H ﬁBSOQ. The
neutralized solution was evagerated with KCLO and e solid
melting at 186° was isolated. This exhibited thé correct
properties for the carbamlido acid., It was not found
possibls, however, to lsclate a compound on bromination in
carbon tetrachloride suspension of this carbamido seid.
This is in accord with the observabtions of Schulepp and

Marvel (19).

The next woethod of synthesis to be tried was the

hydrolysis of arginine, according to the following reaction:

ﬁhﬁ~c(ﬁﬁ}»ﬁﬁ~(GEE}§~CEEE£—COOH + HOH

!

iH- ~CO-RH~(CH, ) . ~CHEL

~COC0H  + nHe
i &

Because of the ready availability of arginine this
appeared to be a promising practieal process, but
informetion in the literature was discouraging. Boou and
fobson (20) have recorded an attempted isolation of
citrulline from the alkaline hyirolysate of arginine.
Ackermann had mentioned experiments of this sort under
way or contemplated in 1831 (17) but no results have been

reported.,

ixamination of the litersture on the analogous

hydrolysis of guanidine

NE.-C(MH)-NH. + BOH — NH, -CO-NH._ 4 K.
£ £ b &

o )



revesled that slthough earlier workers found as products
ammonia and carbon dioxide (21), Bell had obtained excellent
yields of urea (22).-Perusal of the reported conditicns indi-
cated the possibility that carbon dioxide and ammonla were
obtained because guanidine wsz belled with an excess of
alkall., ¢hen only unimolar ratios of alkall to guanidine
were employed the normal product vwas ures, bell further
found the same result using the free guanidine solution
itself, which is alkaline., It seemed therefore that the
often reported formation of ornithlne by alkaline

hydrolysis of arginine could be explained by the excess

of alkall invarlably employed.

sccordingly, hydrolysis of arginine with an waQOH
solution in which the molar ratio of HaCH to arginine
was 1l:1, was attempted. The solution was bolled gently
for l hour in an open urlenmeyer flask. It was tﬁen
cooled, neutralized, and treated with an excass of eUyger
acetate solution. On standing, in the cold-room, the
solution deposited crystals of a copper salt. Later an
attempl was made to prepare a larger batch under reflux
but no copper salt could be isolated. Assuming Tthat the
copper salt was copper citrullinate and fecognizing that
in the first run the solution had concentrated during
boiling, it appesred likely that a low pOH as well as a

HgOh

"e Tk Y WBE £sse tia u =% verimen
proper argifiine ratic was essentisl, Further experiments

bore this out.

In order to follow hydrolyses guantitatively the gas
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evolved wa:s sbsorbed in ¢ known volume of = stand. .rd HCL
solution vhich w.s suvsc uently b cklitrater s0 that

the amoﬁnt of ammonds might ov me cured, I the reaction
‘were not compliC¢téu oy silde-reactlons one might expect
the data to it lhe typical eguation for & first-ovder or
possibly a second-order rection. Huither of these wes

satisfied. The typlesl curve Lo illustretes in Graph I.

In aznother experiment = concentrsted solution of free
arginine was boiled ? hours in =z mennsr :znelogous to Bellts
hydrolysis of guanidine zlone. No wmmonis was evolved. In
yet athher gxperisent an l% ma;;r r tio ofgggggzhe was efi-

. ployeds No copper sslt could be isoleted when the reaction
{mixture wus worked up in the ususl menner described below,
althaugh theoreticslly sufiicient smwonie had been given off.
‘This lends strong support to the belief that the Qf@ViOﬂbiy
irepcrteq fuillure to isolete cliltrulline was dus to an excess

of hydrolysing alksli,

The conﬁitidns euployed for preparing e large gu-ntity
of citrulline, were as follows: 198 gm. (0.9%8 mols) of
arginine hydrochloride were brousht czrefully to boiling,
under reflux, «ith 30 cc., of 5.68 N NaOH (1.876 mols,

0.9%38 mols for neutralizstion of hydrochloride), The

Llagk was fitted with . condenser having an stt:achad tube
which led to slightly zbove the surface of a quantity of
stand«rd hydrochloric acid., The arginine solution, with
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glass beads was brought carefully to boiling, and
refluxed 3 1/2 hours. 4t the end of this time, 0.64 mols
of ammonia had been evolved. The solution wes cooled,
acidified with glacial acetic acid and evapor:ted under
reduced pressure on the hét water bath to approximately
260 cc., 300 cc. of water was edded, and the evaporstion
was repeated. The residue was treated with 1500 cc. of
absolute ethenol, snd the liquid poured off after separa-~
tion was complete, The crude citrulline was washed with
small quentities of slcohol and then dissolved in 800 cc.

of water.

The solution was bolled for &0 minutes with 79 gm. of
copper oxide, and the copper citrullinate an& unchsnged cop-
per oxide were filtered off. In th smaller, pilot ruas,
no copper citrullinate crystallized azt this stage, and it
was possible to filter off copper oxide zlone. The filtrate
was evaporated down over a steam bath, and successive crops
of copper citrullinste were removed by filtration. Four such
erops were combined with the residue from the original fil-
tration and the entire bateh was washed thoroughly with water
until the washings were colorless. i sample recrystallized
from water decompoéed st ¢57-258° (corrected). The decompo-
sition point of the copper szlt is highly reproducible, where -
~as for the free citrulline values from 202 to 226° are record-
ed in the literature, and values in the intervsl 200-218° were
found in this work. The copper salts were suspended in one

liter of water, which was then ssturated with hydrogen sulfide.
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The copper sulfide was coagulated by boiling, filtered hot,
and the filtrate was cleared with norit, The solution was
evaporated under reduced pressure on a hot water bath until
crystals began to sppear and it was then treasted with seversl
volumeé of absoluté ethanol. The crystals which separated
were dried in vacuo over phosphorus pentoxide. The yield

was 65 gm. of white citrulline.

A sample was recrystallized from water and alcohol.
CgH13Nz03, Calculated. Amino N 7.99
Found, noon 7,04, 7.89 (microformol)

hen examined in aqueous solution, and in dilute

hydrochloric acid, the citrulline showed no optical activity.

After a sccond recrystallisation from water and ethanol

the citrulline was used for heat capecity determinstions.

sample (a) Some of the citrulline from the heat ca-
pacity runs was thrice crystallised from concentrated agueous

solution by the addition of ethanol.

Sample (b) Two batches of citrulline residue from
recrystallisations were cach crystallised twice from wzter

and combined,

Sample (e¢) This was a sample prepared in the same
manner as (a), Because alcohol treatment gave poor samples

of high heat values; this sample was not burned.



Sample (d) A new batch of citrulline was prepared
from gelatine via arginine flavianste, benzylidene arginine,
end arginine hydrohloride as previously described, Since
the two previous szmples showed an appreclable ash content,
this batch was treated with HoS twice in the belief that any
cupric or cuprous material which might have remained.behind
from the first HoS treatment, wpuld be removed., Whether or
pot this explanaticn were correct the ésh residue from com-
bustions of sample (d) were unweighable., The citrulline was
then crystallized twice from water and ethanol and twice

from water zlone.

sample (e) This was citrulline from the residues
of szmple (d). As in the case of the non-homogenous
sample (b), this materizl was of low purity since it was
reclaimed citrulline and gave a combustion value in poor
agreement with samples which were believed to be of higher

purity.

sample (£f) The remainder of szmple (a) was again
treated with HyS in the manner successfully applied to (a)

and twice crystaellized from water,

Samples (d) and (f) were probably the best of the

various preparations,

Formol amino nitrogen analysis of the original citrul-
line used for heat capacity determination geve 7.92 percent

as against the theoretical of 7.99.



QLN LTHING

Vickery and Cock (23) obtained crystalline d-ornithine
by enzymatlc decomposition of arginine. The product decomposed
at 140°. Since the materisl first obtained was highly
‘acntaminated and the process did not lend 1t:zelfl to the
preparvestion of &0 gpram lots, & better method was sought,
These authors recorded the difficultics of hondling ornithine

becausé®

(1) it is highly hygroscopic.

(2) It is sufficiently basic to absorb atmospheric
carbon dioxide.

(2) vwhen stored in the dark in Sealedlvessels, i

decomposed slowly.

The sbove properties were checked in this work with

dl-ornithine.

The advisabllity of preparing ornithine by direct
‘isclaticn as against a more synthetic method haé been
discussed above. A synthesis appeared to be preferzble. The
author had already elsewhere developed a synthesis of

ornithine by the following steps:

16
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C--C ) C =« C.

t C0 4 - HgKOH — 1 C = H-OH
C--C c - ¢~

Hg HE HE: HE’

Hy  Hg He  Hp

¢~ - - C «C -C=20
' >C = N-OH — ' b
C « (poiling 20 N § = = BH
H. Hg Ha504) Hy Ho

i

EzO  (boiling 15 ¥ HuS804)

NI (CHy), - CQOH
+
l CgHgCOC1
CgHsCO-BH(CHy ) 4~COOH
* %
l Brg
CgHg~CO=HE~ (CH, ) »~CHBr~COCH
+

l ihg

CSH5-CO~EH~(Cﬁg)s—HCNﬁg—COOH

In spite of generally excellent ylelds, the combined

step (f) znd (g) had given yields of about 20 percent.

The synthesis wes again checked in this lsboratory with

variations of molar ratios, times of heating, etc.. Hone

of these modifications resulted in an improved yleld, so
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it was felt that this synthesis would not furnish enough

material to resolve.

Since it is known that an undesirable by-preduét
appeared in the bromination process described above and
that this involves the imino hydrogen (24)

CgHgCO-NH- (Gt ) ,~CHEE, ~COOH
it was felt That it might be possipble tou use the
corresponding benzylidene derivative
66§5—0=E~(Cﬁé)s-gﬁﬁﬁngQGﬁ
since there were here no resctive hydrogons on the R,
kn alkeline solution of WH: (CHo),s-COOH was therefore
treated with a theoretical excess of benzaldehyde in the
usual fashion (25) but no crystalline material could
be isolated when the mixture was alléwad to stand in

the cold overnight.

what for long had been the most popular method for
preparation of ornithine salts (26), alkaline hydrolysis
of arginine, was also tried. This method was sbandoned
since 1t gave only & small yileld of a partially racemized

product,

¥ore hope was felt at this stage for the resolution
.of the benzoyl derivative of ornithine. It seemed likely
that zeid hydrolysis of the resoclved ornithuric aeid

(dibenzoylornithine) might yield a product racemized to a



19

small encugh extent that it could ve readily puriiied by

recrystallisation.

accordingly, several batches of ornithuric acid were
prepared by the method of Boon and hobson (80 and
resoived by the procedure of Sorenson (27). Inasmuch as
resolution of amino acids is often sinmpler through the
formyl derivatives than the penzoyl, au altempl was made
to prepare a crystalline formyl derivative. s sample of
ornithine was refluxed with ¢8. forwie acid (28). Yﬁe
product obtained was dissolved in water ana precipitated
with acetone and ether, but alfter seversal days in the

ice~box, the mixture failed to yield ecrystals.

Since Berg had successfully used d-camforiec acid in
the direct resolution of lysine (29), it seemed likely
that ornithine, the next lower homolog of lysine, could
be similarly resolved, possibly with a more satisfactory
yield. Camforic acid was prepered by oxidation of canmfor
(30) and it was possible to form what was probably
d-ornithine d-camforate., The compound ilsolated had a
melt ing renge of 289-231° (d-camforic azcid melts at 7?0,'
ornithine decomposes at ;éé~?c, d-lysine d-camiorale wmelits
at 229-4¢% (29, Here, as in the case of lysine, it was
necessary to recrystallise many times to obtain a
product with a constant high mwelting point., This did not

furnish a sufficiently convenient resolution,



Sorenson's resolution of ornithuric acid prepared by
the process of Boon and Hobson was therefore employed.
The method 1s schematically:

N, (C=NH) NH(CH, ) ~CHEE ~COOY 4 BaOH

\

HHE—(Cﬁg)s-‘HEKE—CGOB + 2Cgh,COC1L (HalH)

| |
d1 CgHy~CO~if-(CH,,),~Cyq s CONHCH-COOL

l-brueine dl-ornithuric acid

l-brucine d-ornithurate.

1-brueine d-ornithurate + KaOH (cold)

l-brucine Ba d-qrnithurate

d=C; Hg=CO=KHB~ (CHy, ) 5 ~CaHgCOBHCH-CUOH  + HCL  (cone.)

ﬁ~ﬁC1o&H,-(CHﬂ}Q-Chﬂﬁk~CG®H-H01
) Foul L ) N

Yw0 preparations of d-ornithine dihydrochloride
naving specific rotations of -5.8 and -5.8° respectively

were made, Since the best d-ornithine dihydrochloride

rotation was -16.8°, racemizstion evidently had accompanied

the hydrolysis of ornithuriec acid. fdecrystallisation of
free d-ornithine appeare.. Lo be & more promising means of
purification than recrystallisation of the hydrochloride.
¥ree d-ornithine prepared from the hydrochloride by the
use of silver oxide, was recrystallised. The specifie
rotation read ~11.6’as sgainst the best recorded value of
-11.5°. This line of attack, however, proved not to be the

gsolution it at first seemed =ziunce on recrystelllsation



g-ornithine racemlzed., For example, s material showing an
initial specific rotation of -6.4° showed ~2.4° after
recrystallisation with noriting. Noriting hot sclilutions
would be essential, after the heat capacity rums, in
order to decvlorize ornithine for combustion samples. Lt
seemed likely at this stage of the oruithine problem that

it would be essential to prepare and employ di-ormithine,

¢1-Ornithine was therefore mede. The present melting
point of 147-8°, with decomposition, is the first given.
Vickery and Cook (-3) reported the melting point of
d-ornithine as 140%. Sinece ihe details of the preparation
are not to be found in the literasture they are presented

heres

wight hundred elghty-two gw, of argininé flavienate
prepzred by the method previously mentioned (8,9) were
hested with 1700 cc. of concentrated HCL on a bolling
water pbath for two hours, The cohtEnts of the flask were
occasionally stirred. The mixture was allowed to cool,’
and the flavianic acid was filtered off, washed with 10
~ percent hydrochlorie acid, and the combined filtrate and
vashings were evaporated under reduced pressure on a hot
water bath, Followlng additions of one liter portilons of
water, the eva,oration was thrice repeated. The final

residue was dissolved in one litzr of water.,
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&fter standing, the liguld was filtered, diluted to
2.5 1liters and cleszred by boiling with 10 gum. of norite for
10 minutes. The filtrate wag neutralized to litnus with
approximately 110 ce., of B0 percent Kedl golution. Cne kg.
of solid HaOBH was now added and the liquid was brought
carefully tw'boiling wnder reflux. after 12 hr, of
refluxing, one liter of water wes sdded and the refluxing

was continued for 6 hrs.

The cooled liguid was partly neutralized with 500 cc.
of concentrated HCl. This mixture was kept below 10°, with
mechanical‘atirring in an ice-bath, and 280 cc. of benzoyl
ehloride were added dropwlse. It was necessary to dilute
to ll.x liters with water during the benzoylation. The

mixture was next acidified to Congo ihed with 700 cec., of

eoncentrated iClL,

The resultant precipitate was filtered with suction
and washed well with ore liter of water and three one liter
portions of absolute ethzusl. The residue was reerystallised
from 10 liters of bolling 40 volume pereent ethanol. The

dried produet welghed 419 gm. and a sample melted at 186°,

Ons hundred twenty-nine gm. of this ornithuric acid
was refluxed for 18 hours with = liters of conceutrated HCL,
The benzoie aseld formed by this treatment wes filtered
from the cooled reaction mixture and was waéhe@ with 10

percent HCl. The combined ligulds were evaporated under
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reduced pressure, treated with a few cc. of concentrated
HCL, and set in vacuo over iy OU,. The mass dried and
erystellised in three days, was washed with 800 cc. absolute
ethanol, and dried agein in vecuo over sulfuric acid to

give 70 gm. of white ornithine dihydrochloride,

In order to decompose the hydrochloride 70.0 gm.
was treated with the Ag=( prepared from 11l8.,3 gm,
{1 percent excess) of &gh0s and 1 mol. of NaOE in water,
stirred mechanically for 15 minutes, flltered, and

saturated with M0,

The liguid was centrifuged from the Ag:-8, evaporated
under reduced pressure to about 200 cc., bailed ¢ minutes
with 4 gm. of norite previously extracted with boiiing
water, evaporatsd under reduced pressure in a stream of
CO.~free air, and transferred to a desiccator over kaOl

and H.50,. The desiceator was evacuated when cool.

~when the solutlon had evaporated to a thick syrup
containing crystals it was treated with 400 ec. of
aldehyde-free absolute ethancl (51) and 00 ecc. of
aldehyde-free etner (32) and set in a CU.-iree space.
The erystals were filtered off after taree days,
dissolved in 30 cc. of hot water, sud again erystallised
in the same fashion, After &rying, the ornithine was

found to consist of prisms welting at 146-8%with

decomposition,



THE HEAT CAPACITIES AND ENTROPIES OF THE COMPOQUNDS
Method

For the evaluation of the entropy of a substance the
heat capacity is determined as a fumction of temperature
from liguid adr $epperatures t0¢ the temperature at which
the emtropy content ié desired, Aﬁ%um%n@ the entropy ef a
pure crystalline substanee at the absolute zero to be,
'a@car@in@ t0 the third law of themmodynanics, zero, the

entropy at any other texperaiture, Ty, iz then

Ty AR
Sq =J0p ain 2t =T
Y

é%_“w@p@@ﬁﬁnﬁa the change in heat contemt at the temperature
at which a transitien ooCUPrS.

One experimentslly determines the heat capacily cursve Lrom
the temperatuwre attalnable with 1igwd air and then extrepo-
lates the curve t0 0% by the methed of Kelley, Parks, and
Haffman (33) .

The wethod and spparatus wused here were essentially
those described by Parks (34), The apraratus consisted of
a8 gyidndrical copper or gold calorimeter wound with & heat—
ing eo0ll, and fiﬁ%@ﬁ with a single junction copper consiantan
th@ﬁm@@@ﬁpl@ for temperature measuwremsntis. IThs calorineter
was £ilied with pellets ef the subsiance to ke stndilsd, inter-
- epersed with perforated metallic disks to facllitate heat
conduction. In the case of ornlthine, the material wase

- soaked in anhydvous petroleum ether before pelletting.



After the pellsts wore pscked into the open galorimeter, one
end being removable, they were dried t0 constant weight. A%
this stags the removable end wae soldered into rlace, In
ordsr to minimize radiation, the calorineter was tightly en-
closed din a2 sheath of thin platinuwm £eil, The sheathed
galorimster wes noOw suspended by @ e8ilk thread fram the top
of a heavy copper shield whickh ceuld be malntalmed at any
desired temperalture above that of the bath, The shield wus
then placed in & can frowm #hich 1t was Inswlated by hardwood
wodges, This ean was sealed 40 a glass aystem which wes
evacuated firvet Ly an 0il puwnp and finally by a eharceal
trap in liguwd adr. The can and its contents were cocled
by dvnersien in a bath of liquid eir, solid GOy and alochol

mish, or lce water,

Tenperature neasurerents were mede on 2 Thite double
potentiometer in c@mjanctién with a sulitable galvanowster and
connacted to the calerinmetric sysitem by appropriate leads,
The ewsrgy input was calculated from measurements of eurrent,
voltage, and ﬁim@ of energy input with the ald of a reliable

stop watche

Brom the equation

- calories per gram per
degree

the heat eapacities were calculated in the range 909 .300° X,
1o obtaln the heat capacity of the substance inveatigated the
heat gap&cit;@a of the wetals in the set-up were subtracted
from the total,

O



The extrapolation formula used vog
Cp = (aA-BT)CL°
in which Cp® is the mclal specific hert of the starndard
substenee. For straight-chain ecompounds suech as eitrulline
and ornithine, A4 anéd B sre evalunted as Ffollows:

B = Cpjopo- 1.2137 Cp- oo

551

~0 = 1404 B

is

A

The results of the heat capselty determinstions for
ornithine sre given in Table I, these for eitruliine in
Pable II, and the entropies in Pable IIT. f%he values sre

‘presented as gpecific be tg, i.0., heat ecapaeities per
pTr

gram of substance, or culories per gram per degrec.

o)



Table I

Specific Heats of Ornithine

Temp “x Calories/gram/degree
85.6 .133?
84.6 1298

101.1 . 1564
108.5 « 1464
260 e 1853
144.1 «1821
156,48 « 18388
178.8 -21%
i83.7 wLRT8
208.1 cE24RE
5% .8 | 2563
2870 2681
265.8 «2951
277.0 « 2087
E77.1 « 2088
Z85 .0 «5175
28845 «BETS
290 .8 RGRYL:
228.0 «O441
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Temp %
89.4
95.7

101.7
110.1 .
125.5
140.7
157.8
17748
184.5
207 .9

i

-

RE3 E
259.4
264.8
ZTTe5
2835.9
2805
500.8

Table II

‘Bpecific Hests of Citrulline

Calories/gram/degree
+»1261
l&24
« 1388
L1463
- 1608
« 174G
«1888
« 2088
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Substance
Ornithine
Citrullinse

Table I1II

introples of the Compounds
(i.U. per mol)

& 80° & 90°-298,1° 5 298.1°
13.16 33,05 4821

18.15 42,57 60,72



Beats of Combustion

) g - - 53
The apparatus and

et

!:3

thod hzve previously been described

5.37)e The combustions ogcurved in &

Py
RS
T

)
-

vy Hufimen, et al.
Parr bomb placed iz a stirred eulorizeter surrounded by e Juciet
meintained at ¢ tempersture constent to ~bout 0.01%. An amount

of subztarnee estluated to csuse & temperoture rise of the culor-

tmeter of sbout 2,00° wos we righed out and sompressed into & pellet.

Fhe pelilat was then frisd to gomstont welght in o weighing bottle
in a deslecator containing phosforie anhydride, in an oven ab 1509,
or in a2 vacuan oven 2t & lower temperature. The magsn was then
accurately dotermined on & nmiero-balzpee to C.00 milligraw, and

o

placed in a plativar orucible,

The crucible containing the pelliet wus set in a ring susyended
from tre top of the bomb. A platinum wire sxtended civeuvivrly above
this ring. This wire ¢ould be brought %o inezndegcernce electricsliy
end econisined a loop to which a paper fuse was connected by a hook
in the fuse. This fuse was placed so as to fall on the pellet
‘when i% irnited cnd thus initiste ccmbugﬁion of the pelliet,
which was generally less veadily combustible than the paper.

Fuses were kept a2t counstant huridity and weirghed just before
use, The heat of combusiion of the papsy at ﬁaﬁstﬁﬂt

humidity Lué previcusly been acceurstely daterm Le@.
o y o)

One cc. of water wap added bo toe woab 0 absord gaseous
eombustion sproducts, and the 1id wasz plsgel in powsition and
logked with o tirsuded nub. The bomb wes ther evacuntel t0 &

pressure of a few millimeters of mercury through a valve in the



N
N

gover anl filled with oxygen %o 30,0 atmospheres ﬁf
| pressure,.

The caleorimeter was filled with water to a
tared value which was the sawe as used in determining
the hoat sapacity of the assembled calorimeter. The
bomb was plaged in the galorineter and electrical con-
nections for firing were made,.

The temperature of the calorimeter was followed
with a platinum resist mce t;‘ne.mm-tex in conjunction
with a suitable galvanmmeter connected with a mnér
bridge. As the calorimeter water reached sach of a

series of predeiernined tLemperatures, the time was re
corded on & shrﬁmgmpk. A% a higher predeterminsd
temperature the sample was ignited by brianging the plati-
aum wire in the bomb to incandescence with an awtematical-
1y centrolled amount of electrical energy. This emsrgy
alwaye contributed 1.4 * 0.1 ealories to the heat evolution.

As the sample ignited, heat a8 given off to the
ealerimeter, and the temperature rese rapidly. The times
at which predetermined tenperatures were attained were
recorded as before, At near the end of the riaa* each of
the smallest registrable temperaturs Incrementsof 001° as
recorded for many mimites as the calorimeter @a@laé téwm@

the lower temperature of the jJacket.

Mih the above data, the temperaturs rise due to
cembustion could be corrected for heat transfer from and $o
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the jacket in the warming and cooling periods respectively.

The bomb was next taken epart and the interior washed
thomughly. The washings were titrated for m;eg formed,
The principal nitrogenous product of combustion of nitrogen-
containing samples was Nz tut a few percent were always
oxidised to HiOg. The heat of combusiion valus was cor-
rected for the heat of fermation of HNOz found as well as
for the paper fuse and electrical energy inpub.

A minimum ash content of all samples was determiansd
by heating the weighed eruclble t¢ red heat afbter the cOmw
bustion anl weighing the crueible agam. This served as an
index ¢of mm-~-volatile inorgunic W@itm )

The citrulline pellets ware hygrosceopie, nocessitating
drying at 609 in vacuo and weighing of thes pellets by taking
the diff@mm@s in weight of a weighing bottle containing
a pellet, anl when empty. The precision of the cltrulline
values 18 not as high as for fuparic and maleic acide, des-
dribed in the secition on Thermel Data for Other Biechemicals,
in each of which cases, mri&tima were no greater tham 1.6
ealeries per gram, or 0,06 percent. _ _

One pellet of sample (£) was left in the bomb for 30
hours ai atmospheric pressure, The combustion value for this
pellet was 8 galories lower than for other determinations om
the same sample, 4 probable explanation is hydration during
standing under such cenditions, Bince the stenderd combustiion
eccurs within less than an hour after lntroduction of the pel-
let into the bomb and the pressure within the bomb is at the



high value of 30 atmospheres, the lowering in heat of com=~
bnsﬁiqn due to hydration during each of the staniard come
pustions would reasonably be a very small fraction of the
lowering in the special case above. %The abselute error
resulting during coembustion in the normal mamner from this
fastor then appears 10 be quite small, probsbly less than
one percent of the lowering in the special case, Such an
error chould be less than 0,1 ealorie, which ies negligible

compared te the deviatione in the combustions,

Durdng the pericd in which combusiicns of elitrule
line were made, the heat capacity of the calorimster was
féswmentlg'daterminad by combustion of Bureau of Standards
benzoic acid. Values between 5162.3 and 3156.2 ealories
per degree were obtained, The extreme deviation was time
0.09 pereent, The deviation of walues obiained by experis
such as those in the Bureau of Staﬂﬁa?ﬁn is + 0,03 percent
(37). ’ |

The heats of combustion, as peporied in table IV,
were corrocted %o the standard states of the elenents by

the Washbuwrn correction medifled for niftrogenous subsiances

(38) . The values given in table IV are for a peaction escur-

ring isothermally at 3590, The precision of the values re-
corded is .11 percent and the accuracy presumably bas a
numerical value slightly greater. The values recorded are
for samples (d) and (£). The total nwder ef covbusiions

was fourteem

{97



Table IV

Heats of Combustlon of Citrulline

(Celories per gram in vecuo at 259C.)

Sanple -y
d dNhadg 5

d 4582 .4
4587 o4&

£ 4587 .4

ménn a5085 4

N



A nunmber of combustions were run on three samples of
ornithine. These gave divergent values. In three cases, Increases
in heats of combustion were noticed on extended drying of
companion samples, in one case a decreaSe. There are probably
a number of reasons for these discordant vesluesj tenzciously
held moisture, tightly held orgsnic solvent, orgenic impurity,
instebility to werm drying, etc. Submission of two samples to
C, H, and N snalysis revealed neither the reqﬁiSite‘purity nor
ressoneble explenation of the combustion values obtained
.(thanks are here expressed to Doctors Hzagen Smit and Prater for
these and other znalyses). The fact that the C content and H
content were equzlly low (approximately two percent in one
case) would not ugree with the postulate of the presence of
moisture, for instance. Because of the evidence of insufficient
purity for the determination of an accurate heat of combustion,
the vzlues obtainéd were not used, and the free energy of
formation of ornithine was arrived at by znother route, as

deseribed in the section on Derived Data.



Sclubilities

Solubilities were determined by shaking the golids
"wiﬁh wrter in steppered —lshaped solubllity tubes in a
woter thermostat at 25.00 % 0.03 9G. for at least 48
hours. Vaiuss were determinmed at longer intervuls in
eases such as eltrelline, in which the eguilibrium
" petween 301mti@nv&md gsolid phase was @znabli@h@ﬁ nore
slowly. Samples were removed frow the tubes by suction
through © bent glass tube ¢ontesining & cotion plug teo
filter out solid particles. The solution wac drawn inte
o tared weighing bottle and the amount of gelution

hte

r3

determined by differsnce in weil he liguid was

S"%

then concentrated in a vaeuun desierator ovaer vhosforie
nhydride, and tre residue Tinally dried at é%méﬁg Gs in

.,

a8 vaseuunm oven. Ormithine, however, was dried only in

terperatures. The ssmplies ’@fe congldered dry when thelr

weights were constant to about 0.2 miiligram.

srixincations

el
:‘S%

For each of the substances, solubllity de

554
&

were irsh run with & mixture of water and excess s0.1d

at 255; and leter with am initialiy supersaturated
golution obtaianed by w aarminglﬁhe first mixtore until cleax.
Samples were removed until coumsecutive solubility values

gheekel within the experinmentsl error, and until the



values for the initiel mixture and those from the waymed
wixture similarly agreed. The solubilities of arginine
exhibited an extreme devistion of 0.6 percent, those of
eitrulline % percant, while for ormithiune the spread

was 4 percent.

The goliubilities are presented ir Tables V to VIII

inclusive.

[$N]



Table V
Solubility of d-Arginine in sater at 25.00°

Weight of Solution Weight of Solid #iols Anhydrous

arginine
grams grams Kg. watex
1.09088 0.2401 ‘ 1.6086
0.6820 0.1505 1.586
1.3500 0.2944 1.802
1.41:27 0.3083 1.8603

Av, . 1.802
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Teble VI

Solubility of Citrullime in #ater at £5.00°

Weight of Solution Weight of Solid ¥ols anhydrous
Citrulline
grams grams Kg. water
1.2565 0.1878 1.008
0.4471 0.0877 1.019
0.30:0 0.0482 1.0381
1.3708 0.2688 1.0z22




)
=

Table VII

Solubility of d1 Crnithine in dater at :5.00°

Weight of bolution felght ol bolid ¥ols Anhydrous

Qrnithine

grams grams Eg. water
0.1888 0.1405 : '19.9
0.0959 0.0685H 18.9
0.04588 0.0815 19.%
0.107% 0.0768 18.1
Av. 19.5



Table VIIL

HSolubilities of the Compounds at £5° C.

Substance

d-srginine

%—Jv

Citrull

Yie

Orpithine

Holubillty
Folg/kilogrem of water
1,608
1088

1

o
o

a5

i



Digsociation Constsntsof Citrulline

Since the dissociztion constants of arginire =nd
ornithine had been previously reported {38,39) it wos
necessary to obtaln the dissociatiorn coustants feor

eitrulline only. This was done by electrometriec titration,

The titrstion was conducted in o 3. ac. becker at

25%, 4 messured guantity of eitrulline solution of known
coneenitration was titrated with 0.1112 N NaOH sclution
or 0.07706 I IC1l soliutior from a buret which could he
read to 0.01 cce*x 0.C03 ce. The quinhydrone electrode wasg
freshly made and ealibratéd against a standard potassiun
gcid phthallate bufier solution having a pH of 3.97%.

After definite volumes of HalOH or HC1l soluticn were
added, snd the solution was stirred, the pH was measurved
with & Beckmen pH meter until constant on eontinued stirring.

PKy waes caleuiated from the equation:

<5 +
PAA—_‘EH 2 log A~ (1}’}

C~ (7). =
where A = councentration of zdded acid in mols per liter. .
and C = eomeentration of eitrulline in all its forms in
mols per liter |
pKp was sirilarly calculated thus:
B - (nw)
PXp = POH T 108 wmem—-———w—-e
C - (0H) - =

Yhe velues are presented in Tables Ix and X.



Table 1X

Titration of Citrulline for pKy
10.00 cc. 0.0469% K ecitrulline

titrated against 0.1112 § NaOH gt 25°

ce. NaOH pH ?KB
0.00 5.69 i
0,10 | ' Tl 5,085
0.20 7.64 5,06
0.00 7.8% 5.06
1.00 8.44 5.05
1.25 8.56 5.06
1.75 8.8% 5,05
2400 8.47 S.12



Table X

Titration of Citrulline for pKE
10.00 ec. 0.048838 M citrulline
titrated against 0.0706 N HEl at 25°

e, HC1 pH pK,

1.5 £.86 0,82
5.00 £ 55 2,82
e EalS % W35
5.00 2,04 .28

kgan AL



Thermodyunamic Activities

The activities, or effective concentrations, of the
gsubstances in agueous soiution were caleulsted from the
vapor pressures of various concentrations of sgueous sclutions
at 25°, These in turn were measuved by a seminmicro
pedification of the "isopiestic” method developed by

Robinson and Singlair {(40).

Platinum boats 15 mw. long, 15 mm, wide, znd 5 mi.
high were made by folding platinum foil. Four of these
were pluced on a silver-plated copper block 50 mm. in
diameter and 25 mm. thick. In two boats pluaced diasgonally
were put sasmples of the solutioun under investigation, with
eoncentrations & few percent different. In tiue other two
boate were similarly plsced uvequal conceuntrations of

solutions of o stundnrd mesterial sush as KC1 or urss.

S4nee o mumber of desiceators were required for these
determinationsg , they were made from sturdy 500 cec. bottles,
The bottoms of the bottles were cleamly cut off with & hot
wire and ground to & thick glass plate. The mouth of each
bottlie was fitted with a stopeocek in & rubher stopper.
These gerved satisfoctorily when the ground surfaces were

greased.,

The set of sciutions was placed in one of the desigccators
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which was evacuated and plaeced in a 259 air thermostat.
After many hours, the desiecator was opened end the boats
immedlately weighed. When properly standardized thece
weighings could be mude aecurate to 0.2 milligram

for solutlions of sbout 200 milligrams.

Solutions about 1 molal with am initial concentration
difference of 3 percent, Lfor instamce, would resch
equilibriun within 24 hours. The less councentrated the
golution, the more slowly, in general was_equilibrium
attoined. Sinece the izopiestic method can be applied
with high sccuraey it is to be preferred to the
freczing- point nethod for determination of setivity (4t)
when the substance has meoderate solubility. It also
avolds the errors of extrapelations from freczing

temperatures to 259,

When the egquilibrium concentratiocns of the unknown
agninst the stendard were evaluated for a range of
ap;roximately C.5 molal to the saturated solution, the
vapor-pressure lowering was then ealculated for the
found concentration of stcndard. This was then the
jdentieal value for the unkmown solution. The worth
of these Figures ceould then be evaluated by iaspection,
when concentrations of wnknown were plottel agalinst

vapor=pressures and s curve dvswn through the points.



It wug possible then to evaluate the asetivity of
the solute by the h/n funetion of ILewis snd Randall (42).
This function gives & greph which grestly magnifies
any aberrations iu the vapor pressure eurve. Using the
h/m fumetion it is now possible to evaluate sctivity
elegantly by selecting points frem the swoothed vapor
pressure-goncentration curve. With the exception ef
extrapolafed points, the aectunl experivental values

proved to be accurute enough Lo use directly.

The dats obisoined are presented irn Tables XTI

to XITT inclusive,
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Table XI

Aetivity of Citrulline at £5.0°

Eolality of Isotonic kolality
Citrulliﬁg Solution of KC1 &olution | Vapor Pressure
JLHETO BETE 25,27 mm.
L7546 JBOBE $EGRE
8761 +4515 23,17
L9783 ' .5148 2513

Activity of Citrulliine in Saturated Solution: 8808

activity Coefficlients .84
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Table XII
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Isotonic Molality

of KC1 Solution

2504

in
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Table XIII

56

hetivity of Ornithine at £5.0° C.

Holelity of

Ornithine Solution

1.880
3.581

214

~ o

CRLy
250

LR

Activity of Ornithipe in Saturated

Isotonic ¥olallty

of HaCl Bolution Vapor Pressure

P
.

e
fins
S

‘«
™

£a
0
o

)
1 2

P
e

4,87

4

22«46 mm.
£1.56
20,62
18.8¢

18.11

Solution: 8.238

Adetlvity Coefficient ¢ 17
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Vapor Pressures of Hydrate Systems

The vapor pressure of citrulline monohycrate in
equilibriwn with eitruliine at 25.0° and of arsinine
dihydrate in equilibrium with its enhydrous ferm were
measured. This was accomplished by the stendard
approximation method im which a mixture of hydrste
ané¢ anhydrous substenee is placed in & besker in an
evecunted spaee with a lLeaker of sulfurie aseid of
definite concentrantion, and gains or lesses of weight
noteé. A series of concentrztions of seid are used,
which are continuslly narrowed down to the comcentration
of scid that remains in equilibrium with the unknown,
as shown by the avsence of gain or less in weight cover
a sufficient period of time, such as fority-signht hours.
The vapor pressure of the sulfurie acid solution with
which the hydrate-anhydrous pair is found to be in

equilibrium is then the vapor pressure of the unknown
system.

The desiecators deseribed in the section on setivities
| the

were empioyed. The suliaric scid used was ten times

quantity of hydrate-snhydrous peir. The sulfuriec acid
was made up from & coneentroted aeid of lmown water

content (determinec from specific gravity ) snd

fiucetuations in the acid strength during handling

3]
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wos noied by finding the concentration of the final aqueous
sulfarie acid after each determination from its weight.
Desiceantors were rept in a 25 incubator during distillation.
The method proved sensitive to 0.4 mm. of mercury. Vepor
pressures of the sulfuric aeid solutioss were tuken from

Internationsl Critical Tables (43).

Vapor pressures of the two systems studied ave given in

rable XIV.



Teble XIV

Vapor Pressures

Citruliinme - citrulline monohydrate

Arginine - zrginine dihydrate 14,2 %
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Hydrogen-Ion Concentration of Saturated Solutions

The pH's of the saturgted solutions were measured
on a Heckman pH meter with z glass electrode. The

values are given in Table XV.
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Table XV

pH's of Ssturated Solutions at 259C.

folution of pH
Citrulline 5.90
AI’g inine 9 345

Ornithine



Derived Data

In order %o obtain the free energy changes of the
standard reactione in solution, the procedure déﬁeribea
by Borseck and Huffman (6) wes followed,

The free energy of formation of the solid compounde
was caleulated from the heats of combustion and other

peference datas

' Heats of Formation and Entropies of Elements
and Ceombustion Preoducts

Hzog .1 S308,.1 Reference
Hg0(1)  -68,313 | (44)
coz({g)  -94,030 (45)
¢ (graphite) 1,36 (46)
", (g) : 31.33 {47)
N (&) 45,78 (48)
03 (g 49,03 (49)

The complete combustion of citrulline at 356° ¢,
dnvolves the reaction:
(a) GgH, § 8 g(s) 7 5/4 0;(g) =800, (g)-61H,0()-1} W, (g)
The increased numbef 0f mels, N, of gunseous

subsiances from the veastion is =}

The heat of combustion at @eﬁatant pressure is
Aflp = AUR - ANRE
in which Hp ie the heat of cembustion at constant
pressure and AUy i8 the heat of combusion at constant

volume, corrected to the standard states of the elemente.



.E‘éf’ citrullins, then,
Aap = 803, 320 ~ (=1} (1,967)(298.1)
= 803,490 calories
The heat of formation of citrulline from reaction (a)
is 803 ,4 906 { 94,080)-61 (68, 515)
= =204,730 caloriecs
Sy = S(Compd,T) -as(C,T)-bS(H, T°3(0p, T)~45(n2, 1)

For citrulline, then
60 +64Hy + I3Ng +130p = CgHyglz0;
and Spgg 3 = 60.73-6(1.3)~6} (51.28)-14 (46 .78)-1} (49,05)
= =280,0 BEU,
From the eqna-tism
AF = AHT AS
AR = -204,730.398,1 (-390 ,0)
= -118,280 calories -
Citrulline forms a wmonohydrate by the following reactions
OeliysN305 + HaO = CgHyzNzOzH0 |
For evaluation of energy transfer, this is broken down

into the following eguations:



(¢ = citrulline)
G’ngO(g,p)\—>G:H30 3 AF S ¢
H0(g,P ) L Hz0 (g,Py) ; AF = RFIm Py/P,
C;H;0—-C + HgO (sat sel) ; AF= 0
ag.sat
HO (sat sol)>Hg0 (1) ; AF = RT 1n P1/Pg
Hz0 (1) > Hz0(g,Pe) ; AF = RTIm Pg/Py

By summation
¢~¢ (aq.sat.,) ; AF = Rt 1ln Pl/Pg
AF = 1364 1log R3.0/83,11
= ..ifzsos caioriés |
~The free inergy 61’ formation of the saiurated
solution is then

= -118,280 ~1450 = ~119,730 calories.

The free energy change in the transfer from a
saturated solution 10 one in which undiss ociated citrulline
is at 1 Molal activity is then

AF = <RT 1n 0,8608 /1
= 89 caloriee

The free energy of undiéaociated citrulline in
solution at 1 M aciivity is then =119,730 + 90 ==119,640
calories, |

The relative concentration of the Zwitter Ion or
undisoclated form of citrulline is then calculated from
the pH of the saturated selution, the dissociation con-
stanis, and the following equations

Citrulline = A = (1 + (H)/Ey +Ky/Kg () )
where XCitrulline is the concentration of citrulline in



all forms. From this it is found that the citrulline
‘@xiats practically exclusively‘as zwitter iom.

The above value of =119,640 calories is then the
free onergy ©f formation of the nesutral molecule at I M
activity or

AFg = 119,640 calories.

The corraaponding value for arginine was arrived at
by using ihe walue ef formation of selid given by Huffman
and Ellis (50). For the caleulation of activity in the
case Of concenitrated selutions obtained by saturation with
vrea and with ornithine, mol fraction/ mol fraction of 1 M
solution was employed instead of molality. The solubility
value for wrea is from Scatchard, Hamer, and Wood (51).

The value for the free energy of ornithine was arrived
at from the study of ihe arginine~ornlthine-urea equilibrium
carried out by Hellerman and Perkine (52) and other data ,

In the work cited, the authors found equilibrium to ecour
at 98,19 hydrolysis of arginine.

For the reaction
Arginine + water = Ornithins + urea

K = {(ornithine) (urea
‘ Ar ginine

K here = i.smgga = 5343

For this reaction

N
o)



o)
0

AF = «RT In K
- =13564 log 53.3
= =3360 calories

Then arginine +water = ornithine + urea ; AF = -2360
calories Since the free energy change attending a reiwtien
ie equal to the sum of the free energles of formation of ithe
products minus the sum of the free energies of formation of
the reactanis '

-2360 = -48,440 + X +68,670 + 56,720
from which X, the standaprd free energy of formation of
ernithine = 69,3510 ealories,

The values for the frec energies of formation of
ornithine in its warious states were then calculated as
for citrulline. ‘

The values for ammonia, carbonic acid, and water are
taken from the chapter by Borsock and Buffman in Schmidt;
The Chemistry of the Amino Acids and Proteins (8). |

The assembled values are recorded in Table A



’.l-!a.ble A

The Free Energy of Formation of Undissociated
Selute in Standard Solution at 259C,

Compound  Fsat.sol.)
A=Ar gl nd ne -58, 950
Citrulline --119,'? 30
Urea ~47,200
Ornithine . 68,770

Ammonia {(ag.)
Carbonic Acid {ag.)
Tater (1)

Agtivity
5878
8608

8.07
2,50

F1y undissoc,

-58,670
~118,640
48,440
69,310
~6,300
-148, 810
-56,720

69
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We can new consider the reactions in the urea

cycle of Krebsj .
(1) Ornithine +Carbonic Acid +Ammonia

-~ Citeulline +2 Water,
ABg at 26° 0 =.119,640 +2(-66720)+69,5101148, 810 +6, 500

AFy ==8,680 salories
(3) Citrulline t Ammonia = Arginine +VWater
ABy ab 2690 =-58,670 ~56,720 +119,640 +6,300
= 10,880 calories “ .

AFG =
{3) Arginine +Water = Ornithine +Urea

A By at 3% 0,22 360 calories csalculated above

Reactiwns (1) and (3) may eccur gquite readily.

The energy for reaction (2) must arise, however, from
Another possible intermediate ls

sone other mechanism,
the SN - carboxy ornithine suggested by Schmidt (53).
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gther Therwal Data

Preparations and Purifications.

The limiting factor in calorimetry of substances of
physiological importance is usually the purity of the
compound under lnvestigation. In the case of calorimétric
standards such as bengoic acid, and many other simple
organic chenleals, high purity is easlily attained. The
attainment of high purity in many blochemieals is often,
however, & diffiecult chemical problewm, reguiring much
more care and labor then the originsl synthesis or
isolastion, In what follows, purificstions for eombustion
values (determined largely by Professor Huffman) will be
set out in detail, and in many cases discussed with

relation to the combustion values obtained.

-4 _Alanine
Two sanmples of Boffman La Roche d-alanine were prepared
by recryst&ilis&tiom from water, &ﬁd two by reerystallisation
from water «nd ethanol.
Faterials from four commerclal and one unknown
.source wege utilized in préyaring sixteen diff@rent

combustion samples.

cample (¢) 4 product obtained from the Yamino
Acid Fzautfsctures? was dissolved in boliling water and
allowed Lo crystallize im the cold room. The mother

liguor was treated with two volumes of ©5: ethamel. The



two Ifractions thus obtained werse combined and were again

dissolved 1n bolling water and allowed to crystallize.

Sample (d) The solute in the mother liguor Irom

(¢) was precipitated with two velumes of 95% ethsnol,

Sample (e¢) 4 portion of (d) was twice reerystallized
from water and finally from hot water by the addition

of alecohol.

Sample (f) i portion of (e) was dissclved in hot
water and allowed to cool. After standing for seversl
days the mother liquor wes filtered off and treated
vith ethanol. The precipitate thus obtained was twice

recrystallized from water,

Sample (g) The mother liguors from (e¢) and (f)
were combined snd ethanol added. The precipitate thus

obtained was twice crystallized from water.

bample (h) 4 sample made up of accumulated
residues was penzoylated with benzoyl enloride, in
chilled agueous solution, in t&e presence of an excess
of sodium bicarbonate, The béﬁzéyl&l&niﬁe, obtained
by pouring the reacticn mixtufe into concentrate:d
hydrochloric scid, was washed with water &nﬁ'bci;iﬁg
carbon tetrachloride and finelly twice recrystallizéd
from water. 4 portion of this benzoylalanine was
refluxea wit:r 487 hydrobromie acid. The hydrobromic

acld was removed by vacuum distillation on the water-



bath, followed by three additions of water and its subsequent

removal by vacuum distillation. Ehe residue was neutralized

residue thus obtained was washed free of halides with

absolute ethanol and finally crystallized from water.
Sample (i) Duplicate of (e).

Sample (3j) Duplicate of ().

Sample (k) Some alanine residues were twice recrystal-

lized from :-ater by the sddition of methanol.

» semple of Fiansteihl "d-alanine” was

fod
p

Sample (

decolorized with norite awnd crystallized three times from
water.

Sample (m) 4 sample of Hastman dl-alanine was

decolorized with norite and twice recrystallized from water.

bampleM(n) The mother liguor from (m) was diluted
to twice its original veolume and the alanine preecipitsted
by the aﬁdi@ion'mf two volumes Qf dioxane., The precipitate
was dissolved in cold water and the slanine precipitated
by tie adiition of 4.5 volumes of alcochol foliocwed by £.5

volumes of dioxane,.

Sample (o) Alsnine residues were recrystailized four
times from seven volumes of & 50% pyridins-water mixture
and the crystels finsliy washed with boiling absolute

azlecohol.



Sampls (p) 4lanine residues were twice erystaliized
from & volumes of 5j scetic zclid. The crystals wmers

finally washed with boiling sbsolute sthanol,

Nitrogen determinations on sample {(h) gave the
theoretical results. Tests with the polarimeter showed
this material to be optically imert. In the sarly
preparations it was found that the ash content wa s high
anc for this reason it was attempted to obtain an ash-free
substunce by resorting to crystallizing from various
solvents and under various conditions. éhile the ash
content wes thus lowered, it was never possible to obtain
a sample which was completely ash-free. The average ash
content of the preparastion which yilelded acceptable
combustion values was 0.,016%, and in the extreme cases

0.04%.,

Combustions vere made on samples of (a) and (b)
which had been dried in phosphorus pentoxide wacuum. Thege
values were low snd later determinations showed that this

probably was due to incomplets removal of water,

The combustions of samples {(e) and {(d) alsc led to
low results, which ecould not be due to molsture content, as
samples dried for three days and nine days at 1000 pgave
values whieh wz2re in excellent agresment among themselves,
However, & sample dried for sixty days in phosphorus
pentoxide vacivum gave a value nearly 15 calories lower.

This difference wgs just accounted for by the loss of aass



of ssmples whose history was the same except for

additional drying at 100°,

Further purification of samples (e¢) and (d) led to
an increase in thelr combustion velues which were then in
excellent agreement with preparations frowm other sources

which ylelded ascceptable values.

There is, of course, the possivility that the low

velues of (e¢) and (d) may be due to a difference in crystal

form. For this reason an attempt was made to duplicate
these preparations,'samplés (1) and (j); one successiul
combustion on (i) was in good asgreement with the earlier
combustions. Since some of the other preparations were
finally crystallized under the same conditions and since
they had the same appearance- undei the microscope ii waé

concluded that these low results were due to impurities.

a1l alsnyl Glveine

<.

I Cample B was crystallised four times from aquecus
sclution in a vacuum desiccator over HNaOH in the presence

‘0of ethanol,

%o  General residues were recrystallised twice from water

by allowing the squeocus solution to stand in a dust-free

air draught until crystals separated.

Fo alanyl glyclne was synthesized by the following

scheme:

75



CH,-Ch ~CO0H + Br, (P)

b ~CiBr-Clur 4+ HH.-CH.-CO0L (4zOE)
p et S

TS 4 N ~ I O B P
H, -CHBr-C ~NH-CH.-COUH + HNHE.
L = &

%

Q& Ok O —
o

£
H,, ~CHiH =-C ~KH-CH ~-CQOOH
o sr ;«'.}

4ith the precautions to be described below it was
possible for the first time to obtain an alanyl glycine
which had an slmost negligible ash content. Freedom from
ash is desired for two rezsoms:

le. The ash residue as determined by iznition c¢f the
glatinum erueible after a combusticon yrobably does not
represent the true originsl zmount oi ash _resent.

4o decause of the unknown uétura of the ash it is
not possible to correct for its effect on the heat cf

combustion.

Alpha brom proplonyl bromide was prepared from
redistililed propionic acid and bromine ian the presence
of red phosiorus, by gentle refluxing. The product
poiling at 150-155° uncorrected was coupled with glycine
in the fushion descrivbed for brom propionyl chloride by
Fischer (54). It was possible to obtain crystals of alpha
brom propionyl glycine readily, the necesssary QFGCﬁutiOh
provably being the evaporation of all solutions in vacuo

below 50°.
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The brom propionyl glycine was recrystallised four
times from chloroform (7 cc. per gram of compound), until

a sample melted at 101-102% uncorrected, -

for the amination & flask was used which had stood
11 days with concentrated ammonium hydroxide, and was

tien wasned out. Freshly prepared ammonium hydroxide was

used in this flask for the amination.

The slanylglycine obtained was twilice dissolved in
two parts of hot water and precipitated with several

volumnes of absolute etrnanol.,

l-asparagine Uydrate

katerial from four different coummercial sources was

utilized to prepare eleven combustion samples.

sample (a) ¥erek l-asparagine, which had been
recrystallized several times for heat capacity measurenents,
was subjected to three additional erystallizations by
dissolving in boiling water and allowing crystals to

. form as the solution cooled,

Sample (b) & preparation from Hoffmanu-Laboche was

used without further purification.

cample (¢) 4 portion of (b) was once ecvystalliized

from water by cooling the hot solution.

Sample (¢) & portion of (b) was twice crystaillized



frowm water as in (e).

bemple (e) Bkaterial from Pfanstiehl wass twice

crystailized frowm water.

semple (f) bHaterial from Hastypen was twice crystallized

from water.

Sample (g) 4 sample from Merck recently purchased,

(1936 for this research was twice crystullized from water.

tample (h) A portiom of (a) was converted to the
copper salt, which was purified by one crystallizatilon
from & larger volume of «ater. The copper was precipltated
with hydregen sulflide and the regenerated asparagine was

further purlfied by seversl crystallizstions from water.

sample (i) & portiom of (e) was reerystsllized by
digsolving in hot wster and seedlng heavily with l-asparsgine

which had been dehydrated at 1009,

sample (j) & portiom of (e) which had been dehydrated
at 100° was rehydrated by allowing to stand several days

covered wiLh water at room temperature.

Sample (k) & part of {(a) was twice more crystallized

from walter.

The nitrogen content of (&) was the theoretical.
Y¥essurements of the rotation of samples (&) and (b) in
HC1 solutions with the ratio (HCl/asparagine hydrats)

& "2 - .. £ i ;;)1’ F w G W B
equal to 1..8 gave values for {o] U of B0.% and 2%
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respectively. The ash content of all the samples with the
exception of (a), (h) and (k) was undotectable. In sampls

(h), the worst case, it was less than Q.Clx.

Numeroué combustions on sample (&) Behydrated at 1009
consistently gave results about five celories higher thai the
accepted value. For this reason greparations (h) and (k)
‘were made. The result of one combustion on (k) agreed with
those on («) while the result of one combustion on (h) was
about mid-ay between those on (&) and the accepted value.
Further attempts at purification were ilmpossible pecause of
lack of this materisl. when a new sample (g) was purchased
from kerck it was found to ykeld values which agreed

with the accepted result.

Benggnilide

COCL + HH, (NaOH)

Cel's

i 5

6 5-Luﬁl-66hb

Fifty ml technical aniline were emulsified with
500 ml. 2 RaOH, Vhilile the temperature was maintained
below 10°, 58 ml. benzoyl chloride were added with
continued stirring during 1 hour. The mixture was then
scidified to Congo Hed with HCl, and the benzanilide

filtered off,and washed with water.

This product .as twice crystallised from apy.roximately
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13 cco of 854 ethanol per gram of product.

A sample melted at 161-£°9,

Creatine (Anhydrous) !
Two commercial products were utilized to prepare

three different combustion samples.

Sample (a) Bastman creatine was twice crystellized
from water by dissolving in voiling water and cooling the

solution,

Sample (b) Creatihe from Hoffmann-Laboche was twice

crystallized from water as abowve.

Sample (d) 4 portion of sample (a) was dissolved in
boiling water and crystallization started by seeding with

anhydrous creatine which had been dehydrated at 100°,

ihe nitrogen content was theoretical and the ash

content negligible.

Creatinine
Esterisls from two commereial sources were utilized

to prepare four combustiocn samples.

Sample (b) 4 portion of the starting material in
(a) was converted to the hydrochloridé and neultralized
with ammonla according to Edgar and Hinegarduner's methods
(a) and (b)., It was finally washed with ammenia and ethy

alcohol.

cample (¢) A sample from Hastmun was dissolved in
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water and precipitated with zcetone as in (a).

Ssmple (d) 4 sample of Pfanstishl creatinine espeeisally
-purchased for this research (19:56) was dissolved in

boiling weter and immedlately placed in an lce-bath to
crystallize, The crystuls wers slightly greenish. This
materisl was again dissolved in hot walter and treated

with norite, The crystals from the above were again

dissolved in hot water and allowed to cool and crystallize.

Nitrogen determinations on (a) gave theoretiecal
values. Sample (¢) was found to have a high ash content,
0.02-0.0¢%, while that of sample (&) and (d) was

negligible.

_Alpha Dextrose

The method of Hudson and Dale was used to purify

and convert glucose, from two different sources, into
d-~dextrose. A preparation cobtained using rPfanstiehl
CePe glucose as the starting material was washed with
poiling abgolute alcohol., This treatment apparently
ccused mutarotation, as this waterial had an initial
specific rotation of 650, sample (a). & portion of this
sample was again converted to theX -fors and was washed
twice by shaking with about 5 volumes of ©0,+ etunanol
followed by rapid filtration to give sample (b). Sample

(¢c) was prepared from Kahlbaum dextrose in the same



manner as sample (b). In this case it was necessary to

use norite to decolorize.

Sample (d) was made from Pfanstiehl c.p. dextrose by
dissolving in one-sixth its weight of hot water. This
concentrated solution was then sllowed to cool slowly to
75° with continueus stirring. Under these ccﬁditians_tha
établ@ crystalline modification is anhydrous d -dextrose.
The mass thus obtained was transferred to a suction filter
in an air-bath at 80°., Ho visible filtration took place

but in about cune hour the mass was superficielly drye.

Bureasu of Standards dextrose (standard sample no. 41)

3

was used without further purification, sample (e).

The initial specific optical rotation was determined
on samples (b), (e), (d) and (e) giving for [«J=°p 112,11z,
109 and 110°, respectively. The ash determination on each
of these samples showed that this facﬁar wag entirely

negliginle,

Beta Dextrose N
The procedure of Hudson anﬁvﬁalﬁ (55) was followed
with purified Pfanstiehl dextrose. Apn Immediate precipitate
of beta dextrose was however not observed and on crystal-
lisation 800 cc. absolute ethanol instead of 500 ce., were
used._nft&r two such recrystallisations, Bl = 18,59,

Sample (a).



Sample (b) A purifled bateh of comvined Plfanstiehl
and Kahlbaum glucose was converted to the beta form by the
Hudson and Dale procedure. lnstead of being recrystallsed,
twenty grams of yet molst material was swirled for two
minutes with 50 cc. of 80 percent ethancl, flitered
rapidly, and the product swirled for one minute with 40 08 «
of ethanol, The product from this wes simllsrly treated
with 18 ec. of alecohol for 1/2 minute. The final product

was immediately placed in vacuo over ?UO%.
FA Y
en®
[Wp = ==2

Sample (e) hesidues of Kshlbaum dextrose were
converted to the beta ferm by the Hudson and Dale procedure.
- Two crystallisations were effected.

Le(] o A= -199,

oL

Sample (d) One hundred grems of Baker's c.p. dextrose
was dissolved in 200 ce. of redistillied dried pyridine
pr@viously brought to bolling. The solﬁtian was rapldaly fil-
tered through a Buchmer funnel., After two days! standing,
the crystals were filtered off, washed well with ether,
dried in the air a few minutes, and then set over sulfuric
acid in vacuo overnight. The materlal was now set iﬁ the
oven at 105°, It was next pulverized and heaped for a few

hours more.

' P n 2O
[_N:] n - "‘ﬁbl.b .
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Semple (e) Sixty-five grams of sample (d) was
dissolved in 65 ce. of ice water, filtered rapidly,and
treated with #25 ce. of absolute ethanol with seeding and
mechaniesl stirring for one hour, and then dried in vacuo
over P,Uz, The &6 gm. obtained was similarly treated with
35 ce. of ice water and £50 ec, of ethancl. The 25 grams
next obtained was gimilarly treated with 25 cc. of ice
water and 120 cc. of ethanol.

[e15¢ = -19.5°.

Sample (f) The process of sample (a) was repeated,
with purified Pfanstiehl dextrose, except that recrystallisa-
tiong were rapid, alded by mechanical stirring, snd only
5~v¢1mm@$ of ethanol per volume of water, were smployed.

[&187 = _z0.0°

Sample (g) The process of sample (a) was closely
followed.

[-qj E e “55;{:)100.

sllowing & part of (g) to stand in the mother lijuor

5 days did not improve the poor microerystalline appearance.

Alrba Dextrose Hydrate
Pfanstliehl dextrose was purified and comverted to
R ~dextrogse in the manner previously described. It was

covered with 80~ ethanol, allowed to stand for nine days,



the ethancl filtered off and the crystalline material
dried in the air of the room. The specific rotation of
this material, based on th: weight of hydrate, was 1019,

The ssh content was negligible.

umarie Aeld

e o

Samples (a) and (b) were prepared {rom zastman

practicul fumaric acld by 2 and & cerystaliilzations from

originally by Professor J.B. Conant of Harverd University
and was used in the heat e&pécity invastigatién of Farks
snd Buffman (S¢). For this‘inVQstigatioﬂ it was subjected
to two additionsl crystellisations from water. Iitration
of sample (e) with sodium hydrozide gave the tﬁﬁer@tieal

valuea,

Glutathione

Samples of glutathions wér@ crystallised and their
ash content lowered by the followlng procedure: Crud@‘
glutathione was dissclved in ten parts of water at room
temperature, filtered, and set in a vacuum desiccator
over flake HaOH and a dish of ethancl. The water
distilled tc the EaOH and the ethanol graduslly distilled
to the digh containing glutathione., kicrocrystalline

prismatic needles were obtained,

_Glveyl Glyeine

Glyeyl glyeine, the following two compounds,

85



benzanilide, alanyl glycine, and leucyl glycine were all
prepared for evaluation of the free energy of formation

oi the peptide bond.

Sample (a) Twenty grams of 4.P. (Amino Aeid Kanufac-
ture) glycyl glycine was twige recrystallised from two

p&l‘ts D_t 'ﬁater.

Sample (b) By evaporation of the mother lijuor oi
sample (a) there was ebtained a residue of glyecyl glycine
which was dissolved in 50 cc. of boiling water and treated

with 150 ¢c. of absoclute ethanol.

Semple (&) TForty grams of hippuric acid (4wino
Acid Menufactures i.P., used in Cp determinations)

was recrystallised from 1&00 cc. of water.

Sample (e¢) Zastman hippuric scid was erystallised.

twice from 35 parts of bolling water.

‘Sample (e) Hippuric scid(imino acid Eanufactures)

was recrystalliised 5 times from 20 parts water.

Sample .(f) The first crystallisation mother liguors
of sample (g) were evaporated to dryness and theresidue
recrystallised from 16 cc. of boiling absolute ethanol

per gram of material.,

Sample (g) Pfanstiehl hippurie acid was recrystallised



from &1 parts of water,

Sample (h) This was the same as (f) except the last

¢ recrystaliisation liguors of (e) were employed.

fample (1) Sample (h) wes recrystallised from

&5 parts of water.

Semple (a) Hippuryl glyeine (&miro Acid, Kanufactures,

A.P.) was reerystallised from 19 parts of water.

Semple (b) 4 portion of sample (a) was dissolved
in 19 parts of boiling water, treated with a mutual
golution of < parts ethenol and # parts pentanol, cooled,
the crystals filtered off, and washed with absolute

et hanol.,

sample (¢) Sample (b) was recrystallsed from 19

parts of water.

Sample (d) Some imino acid Manufactures, A.P.
hippuryl glycine was recrystallised from 173 parts of
water, treated with 174 parts of boiling H,0 for 1 hour,
cooled, filtered, and again recrystallised from IO,
This procedure Wés intended to reveal any hydrolysis

during recrystallisatiou.'

Sample (e) This was a duplicate of sample (b) with

a second purchased guantity of hippuryl glycine,



Semple (£) 4 portion of the new bateh was

recrysteliised from 20 parts of water,

l-Hydroxyproline

The crude, brown hydroxyprolline obtsined by Bergumannts
procedure (57) was obviously not pure enough for determination
of thermal constants., By following the directions which
ocutlined the rewmovsl of l-proline from argiunine flavianate
mother liguors as the rhodanilate, and the subseyuent
precipitation of hydroxyproline as the relneckate, it was
possible to obtaln approximstely the recorded yleld of
hydroxyproline, Attempts to decolorise with norit were
unsuccessful, but & besutiful product was obtained by
forming the plecrate, r@cryﬁﬁallising,amd regeovering the

hydroxyproline after decomposition with acid.

l-Lleucine
Preparation from Hoffmann-Laloche, Carlsberg Laboratory
and from the resclution of dl-leucine were the starting

materials for eleven combustion: samples.

Samples (&j,'(b), (e}, (4), (e) Humerous attempts
were made by recrystallisation, etc., to obtaln samples of
Eaffménn~LaREehe l-lesucine f?eﬁ from sulfur but Without
succeeding . |

Sample (f) Hoffmann-Lakoche l-leucine was formylated
by the Steiger (58) mesthod. The formyl-l-leucine thus

obtalned was crystallised six times from water. It was then



0
[<¢]

hydrolysed with hydrochloric acid and neubralised with
lithiun hydroxide according to the method of Fischer and
warburg (28). The crystals thus obtained were washed with

gthanol.

{(g) The l-leucine obtained in the resolution of
dl-leucine, described under d-leuclne, was recrystaliised

similarly from water,

Sample (h) This sample was oblained by evaporating
the mother licuor from (g) in vacuo until crytals

appeared,

Semple (1) A portion of (f) was once recrystallised

o

from water.

Sample (J) & call@¢tiau of l-lsucine residues was
formylated by the method of Fisecher and %arburg (28 for
synthetic leucine. The formyl-l-leucine thus obtained was
recrystallised from water six timss. It was hydrolysged with
hydr@brmgia acid and neutralized with ammonium hydroxide
in the manner already described. The material from the

above treatment was recrystallised once from wabter,

The nitrogen analyses on the above samplss were the
theoretical, Sulfur analyses were completely negative. The
rotation, detemmined on = solution containing X0%
hydrochloric acid and with a ratio of hydroehloric acid/
leucine of £5, for sample (h) was[x"p -16.5° and on

— s A—; f.:.,ﬁ} fe'st " o} N ‘ 2 ey
sample (1) T[o T p ~15.2", The ash content of the final

preparations was less than 0,01%. Carbon appeared in the



erucible occasionally but was negligible in amount.

d-Leueine

Ihe residue from the dl-leucine preparations were
utilized as the gtartiﬂg material, These were formylated
by the wmethod of Steiger (58) in a formylation apparatus
kindly loaned to us by Professor E.f. Dunn. The resolution
was made according to the method of Fischer and Warburg
(28) with the follow%ng modifications in the hydrolyses.
The formyl~@~léueine§was refluxed for one hour with
fifteen times its weight of 107 hydrobromic acid, The
sclution was evaporatled in vacuo with the subseyuent
addition of wseter three times, neutrslized to litmus
with concentrated aumonlum hydroxide, filtered, and the

leucine washed with absolute ethanol until halide free.

Sample (a) The d-leucine obatined by the above

method was recrystallized once from wster.

Sampgle {b) The mother liguor from (&) was
concentrated by pumping off & part of the water and a

second crop of crystals obtained.

The nitrogen was found to be the theoretical. The
rotation, determined with a solution ao&t&iniﬁg 20%
hydrochlorie acid snd with a ratio of hydrochloric acid/
leucine of 5 guvel 1@43 ,15‘7Q. The asgh content was
negligible and in only one case was Lthere any evi.lience

of carbon.



_Esleic Acid

Sample (a2) was prepared originally by Professor
J. B. Conant from maleic anhydride and was used by
Parks and Buffman for hsat capacity measurements. For
ﬁhis investigation it was twice recrystallized from

50% agueous solution.,

Sample (b) was obtained by four crystallisations
of Pfanstiehl C.P. meleic acid. This sample gave low

combusgtion values.

Samples (c¢) and (d) were prépared from Eastman

- maleic snhydride, Two portions of this materlal were

each subjected to twee fraectlonal distillations giving
final products boiling st 200° and having boiling

ranges of 0,& and G,le, respectively. The fiist distillate
was dissolved in ten parts of wster and evaporated to
dryness over sodium hydroxide (e¢). The second distillate
was dissolved in three parts of water and evaporated to
dryness over phosshorus pentoxide {(d). The ash content

wag completely negligible.

Phenylthioures
Sample (a) Lastman phenylthiourss was twice

recrystallised from twenty parts of water,

Sample (b) & batch of material purified as for

sample (a) was dissolved in 40 parts of 95 percent
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ethanol, and allowed to evaporate to dryness.

1-Proline
i-Proline was prepared by the method of Bergmann

(57) and washed well with absolute ethanol.
8. . L0
3% = -84a.2°.

Sample (a) A portion was dissolved in 10 parts of boiling
05% ethanol, solution decanbed from a small amount of
insoluble matter, and treated with 5 volumes of ether.
The resultant crystals were filtered off, and dried in

vacuo over P.Ug.

Sample (b) 4.8 grams of l-proline were dissolved
in 150 ce. of boiling absolute ethanol, and added to a
solution of 8.1 grams of Baker's C.P. eopper acetate
in 300 ec. of bolling absolute ethanol, and the solution
was filtered. The liquid was evaporated in vacuo almost
to dryness, dissolved in boiling absolute ethanol and
precipitated with ether. The precipitate was Tiltered
off and again recrystallised in the same way. The
resultant copper salt was suspended in water, which was
saturated with HyS. The residue obtained by evaporating
the filtrate from Cuf and noriting was recrystsllised
from 85 percent aleohol and ether, and then from ten

parts of n-propyl alcohol,

Sample (e) The cowbined mother lijuors of sample (&)



©
CN

welre evaporated in vacuo and the proline residue was
recrystallised from 150 cc. of n-propyl alcohol, tien
from 120 cc., then from 110 cec., and finally from 100 cc.,

with noriting.

Unsuccessful attempts to remove the odor incliuded
heating overnight at 100°, dissolving in cold alcohol
and precipitating, plscing in vacuo for many hours, and
sublimation. hecrystallisation from n-propyl aleochol
effected the difficult removal ol colored inorganic

salts,

gl-Pyroglutamic acld

d-Glutamic acid was heated for one hour in a beaker
on & sand-bath with the temperature of the melt at 170-185°.
It was stirred while cooling and then an egqual volume of
ethanol wes stirred in. The crystals which resulted were
recrystallised from water, and from water and ethanol

with neoriting. .

fuecinic acid was recrystalliised four times from

2.4 times its weight of waler at (il

Taurine was synthesized by the folliowing stepéd:

dk -CH.~CH.-0H + HBr
‘Ld “= A

ikl ~CH,_~CH,_~Br
& < &

©

i + Ha/B80,
L



The directions were those given by Cortese (57) and
the product was recrystallised twice in the manner
described in his paper, for entropy determination. This

material was halide-free,

Sample (a} For combustion, forty grams of material

wag recrystallised from 180 and 120 cc. of water.

Sample (b) The mother lisuors of (a) were combined

and trested with 1400 cc. of ethanol. The crystsls which

separsted were dissolved in 80 cec. of hot water and 200 cc.

of ethasnol were added,

Sample (¢) Ten grams of Hoffmenn-LaHoche taurine
wag recrystallised from 40 cc. and 8 cc, of boiling

redistilled water.

1-Tyrosine
One commercliel materisl and & student preparation
from silk were used in making five different combustion

samples.

Sample (a) 4 sample from Hoffmarn-Lalioche was used

without zadditional purification.

Sample (b) A portion of (a) was once reerystallised

from hot water.,

Sample (c) The student preparation was once

recrystallised from water,

Sample (d) A portion of (a) was twice recrystallised
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from £75 parts of water.

Sample {(e) The student preparation was treated with
norite and recrystalllised three times from 50 parts of

waber.

The nitrogen content was found to be the theoretical.
The rotation was determined aﬁa,sclution‘containiﬁg 0,865 ém.
of tyrosine in 25 cec. of 4% hydrochloric acid and gave
[}giﬁéﬁ ~10.8. The ash content of all of the preparations
except (a) was entirely negligible. ¥ith one exception
there was no evidence of the yroduction of carbon and in

this case the correction was less than 0.01%.



Entropies

entropies were determined as deseribed in Section I
for citrulline and ornithine. They were determined for the
following substances:

Creatine Hydrate
Glyeyl Glycine
Hippuric 4cid
Hippuryl Glmecine
1-Proline -

Taurine

The values of the heat capacities and entropies are

presented in the Tables immediately following.



Table XVI

Specific Heats of Creatine Hydrate

Temp °K
87.3
92.0
97 « &

103.2
108,7
116.5
126,35
155.5
172 .8
180.1
210.0
226 .5

Calories/gram{degree
« 1826
« 1380
« 1435
«1507
»1578

27
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Table XVII
Specific Heats of Glyeyl Glycine

Temp °K Calories/gram/degree
86.7 1259
91.8 .1z92
97.9 . 1555

103.6 1417
110.4 .1486
117.2 .1561
136.0 L1754
155.4 .1864
172.8 L2040
190.5 2168
209 .5 2508
228.5 2403
244.1 L2555
257.6 2650
276 .2 2784
280.5 2818

287 .2 _ #2877
293 .9 2987
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Table ZXVIII
Specific Heats of Hippurie Acid

Temp K Calories/gram/degree
84.8 « 1075
89 .6 ' «1111
25.6 .1160

103.1 + 1228
111.0 « 1292
120.1 . 15689
128.6 1440
145.1 « 1562
180.0 + 1680
174.7 «1798
1980.2 «19%6
205.7 ' «2058
2208 «2166
40,4 22548
260.2 <2519
27548 « 2658
281.1 « 2707
£87.7 T
298.% ' : 2814

298.4 L2859
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Table XIX

Specific Heats of Hippuryl Glycine

Temp XK
84,7
87.7
8%.6

Callories/gram/degree
.1086
.1088
«11%8
+« 1182
+ 1201

&

« L1221
1204
L1414
«1512
1520
» 1622
1682
« 1707
«1854
«1886
«1891
2058

28358
«26TS
2718
«<808

}—J

9
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Table XX
Specific Heets of 1l-Proline

Temp 9K Callories/gram/degree
87.7 | 1223
94.8 L1286

101.3 1848
108.5 L1411
8.5 .1478
£5.1 +1555
154.2 «1811 -
171.8 «1LBED
188.1 | +2119
2040 L2257
18.2 +2580
ZETad +2548
247 .0 2830
5.5 ;E?QQ
76 .8 » 2882
288.2 2847
1.8 « 3027
300.4 +5086
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Table XXI

Specific Heats of Taurine

Tenp ©K Callories/gram/degree
87 .4 « 1031

828 ' +1080
87.8 <1132

1ik.8 1283

128.9 +1361
140.7 1508

158.7 1648
178.1 «1790

193.4 »1908
208 .0 «<018
221.9 | L3118
236.4 .2215
249.9 2504
65,7 <2402
27643 , . 2484
281.8 | , 2523
£93.0 | «£605

30048 o «£659
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introples of the Compounds

Substance

Creatine Hydrate
Glycyl Glyecine
Hippuric acid
Hippuryl Glyeine
1-Proline

Taurine

Table XXII

(8.U. per mol)

Sgg0

16.38
13.57
18.51
24,14
13 .406
10.52

S90%-298.1

0

Boog,1°

55.98
45450
57419
75,10
40,77
56«45

o

O

o)
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Heats of Combustion

Heats of combustion of fumaric and malelc acids
were determined as described for ecitrulline and
ornithine imn Section I. The values are presented in

Tables XXIII and XXIV,
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Table XXIII

Heats of Combustion of Fumaric Acid

(15° calories per gram at 25°C)

Sample - Ug
(a) 2754 o4
(a) 2754 .7
(b) 2754 .5
(c) £7544.5
(c) £754.,8
(c) 2754.8
(e) 2754 .2

Fean £754.8



Table XXIV

ieats of Combustion of Malelic Acid

(15° calories per gram at 25°9C)

Sample - AUp
() 280243
(e) 280149
(e) 2801.5
(e) £2801.6
(a) £802.9
(@) £802.0

Eean £801.8
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III A STUDY OF GSPBKM AGGLUL IRATION

Introduction

While the study of the ures cycle provided knowledge
of the detailed metabolism of protein, the physics and
chemlistry of sperm agglutinatian presented an opportunity
for study. of proteln in a grosser aspect. Host of the
biologiecal exp@rim@nts carried out in this comnestion

were done Jjointly with Professor albert Tyler.

The purpose of the undertaking described here was the
chemical charscisrisastion of the egg-borne substgnce which

bus the property ol agglutinationg sperm. The substance

referred to as agglutlinin in the following pages.

?ha spers aggiutination resaction, first described
in detail by Lillie (61), is &« characteristiec clumping
of sperm resulting when the sperm are placed in ses water
in which eggs ol the test apimals have stood. This
clumping 1s non-toxic, specles-gpecific, znd spontaneously
reversiple. It .s, according to Lillie, to be distinguished
from the loose clustering caused by CU,, and from
"hetercagglutination”, a toxic, non-reversible agglutination
in which sperm of another specles are caused to clump

tightly. Bgg water also incrasages

45
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Blologiecal Properiies

Ihe loé&l marine animuls which bave been found to
exidblt an agglutination rewclion are:

Giant Key-hole Limpet (legathura crenulata)

sea-worm {Urechls caupo)

Sea-urchin (Strogylocentrotus purpuratus) (Previously
descrived (62)).

Sand~dollar (Pendraster excenbricus)

The intensity of the resction is greatest in the order
listed. Hinee Ureehis reaction does nol give spheriecsl
clusters, there is some queétioa as to its belng typlcal.
Very dilute suspensions of sperm (barely milky) will give
a reaction in the case of the limpet. It was found,
however, that with sea-urchins, relstively undiluted sperw
sugpenslons were necessary for a perceptible agglutinetion,
«1th higher concentrations of resgents the reversal of
reaetlon took longer. In the most favoravle cases,
sggiutination persisted for many winutes. The Ureechis
reaction could be made to last for at least 15 minutes.
The lorgest reactions with sand-dollar sperm and egg-

&

water were for & fraeticn of & minute.

A pumber of attempts to oblaln agglutination of spernm
of the little limpet (acmes) with egg-water of the key-hole
limpet were unsuccesszful., Lfforts to cobtain a resction

within the acmes group, by intertesting the gex-products
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of about a dozen individuals, at different seasons, were

also frultless.

The Key-hole Limpet reaction itself does not
‘spountaneously reverse, in contrast to the agglutination
reaction of the other marine forms. The clumps initially
formed gradually spproach each other and rather suddenly
fuse. That the lack of reversibility is not s concentra-
tion effect was éhown in the following way: Lgg-water
solutiong sufficiently dilﬂt@ to give the least perceptible
reaction were added to dilute sperm suspensions. The egg-
water emyloyed was diluted 10 times with sea-waler and
gave the Tirst perceptible zgglutinstion in & minutes.
sfter 18 hours no reversal hed oecurred. another, strongly
agglutinated sperm sample, when scquirted with & pipet,
broke up, but reformed sgoin in meny seconds, although

not as strongly.

In corder to discover if the blood contalined agglutlnin,

5 dropgs of blood of & female gea-urchin were added to one

2,
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ifive drops of the blood of the male
were also t@&ted. To other ssmples «f the sane sperm
sugpension was added blood of asnother mele wnd of anoiher
fe&&;&w In no cuse was agglutination cobserved, Addition of
egg~water to sperm Irom the snimals of this group in all

cases produced safisfactory gyglutinetion. This is in

QLE

agreement with srevious work (64).
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To test crosg-agglutinsetion in the serieg of animals
used, sperm suspensions and egp waters of the limpet,

sea-urchin, Urechis, and sand-dollar were made up. IThe

following eombinations weres tried:

z-water Sperm
Hand-dollar bea-urchin
Sand~dollar Urechis
Sea-urchin Samﬁ»dollar
Cea-urehnin urechils
cea-urchin Limpet
Limpet Lea-urchin

In all ceases the resetion was negative,



Blo-Agsay

Liliiets method for assaying the agglutinating
activity of egg waters egnsists'of testing & series of
dilutions against samples of one sperm suspension (64).
The dilution to which a solution mugt be brought in
order to give & clumping which lasts for but five to
six seconds is then a measure of the strengthn of the
solution, Although this has been successiully used on
Arbucle, the weaker reactieﬁ obtained with the S. purpuratus4
made 1t practically difficult to determine when & short-

lasting resction had occurred.

Since a‘bia~as$ay wags essentlial as & prellioduary
step to isolation of zggiutinin, other mcwns of quant-
itatlve azssey of the resetion were sought., Attempts to
centrifuge clumps on the zssumption that they had a
density grester thsn that of the non-clumped milieu,

failed to give perceptible stratification.

The next method tried was thet of fixing an
ageglutinated suspension with Bouinle {luid and counting
clumps above & minimur nmagnitude on an hemocytometer

slide,

These expervriments were begun with the sea-urchin
reaction, It was soon found that & high proportion of
Bouin's fluid itself caused clustering, and this factor

had to be sdequately controlled. Another factor which



required reguletion wes the strength of the sperm
suspensions, stronger suspenslons giving higher density
of larger clumps. In & comparative series of experiments,
this could be adeguately controlled by using the sane

suspension throughout.

At this stege ses-urchins became unsvailable, so
the technie was transferred to Urechis, To illustrate
the eifect of egg water dilution, the following

experinents were set up:

0.25 ec. of sperm and 0,25 cc. of egg wuter were
swirled in a small dilsh, 0.05 ce. of Bouints fluid were
immediately added, the dish again swirléé3 eand & drop
of lilguid transferred to the hemocytoneter slide., All
clumps larger than £ of the smallest square om the slide

vere counted.,

LEng water
M Ho, of € lm‘ﬁﬁ <
1 o
4 4 .
& 19
= 11
4

DG

Sea Weler
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Since limpets offered & more convenient bio-assay
and probably a richer source of &gglutinin and since they
became sexually ripe at this stage of the study, ancther

bio-assay was developed.

This more convenient and precise estimation consisted
in determining the time at which clumps in & limpet
reaction first became visible to the naked eye. The time of
appearance showed its greatest sensitivity in the region
of twenty seconds to three minutes. Stronger suspensions
agglutinéteﬁ more rapidly. In those cases in which the
reaction appeared in less than twenty seconds it was
found advisable to dilute the solutlons in known
proportions until the period exceeded the twenty-second
value. In a series of tests run side by side, preeision

was about + 4 seconds.

¥hen 10 drops of sperm were swirled ocnece with 10
drops of eyg water of verious dilutions, in Syracuse dishesg,

the following times were observed:

Concentration Time for visible reaction
(& = sgg water) {Beconds)
3 19
5 | 105
10
L &00-
100

ses water o resction in T80



T
T
T
— -
s 1
1
x
1
T
T —
i —
HHH —
s
L
anEs
=
I
i
T
|
amEn !
My
) 1
i1 1
T
1
L1
I
T
EEas
1
Eana
s
T
o 1 8
1Y
1
1
| LY, U |
! - - 5 T
¢ I
rH ﬂﬁl
110
WS SRS 5




The Chemical Nature of Agglutinin

The most thorough stgﬁy of the chemiecel nature of
agglutinin had been carried out by Glaser (65, on Arbacia
egg water, Of 14 tests whieh he applied, the aniy one
which gave s weakly positive result was the zaunthoproteic
test. It was also reported by Woodward (66) thsat ammonium
sglfat@ would precipitate an active materisl, contsining
nitrogen and ecarbon. The ability of VWoodward to recognize
agglutination has however been guestioned (B7). In review
of all the evidence, Lillie was led to state subsequently
that agglutinin does "not respond to the usual protein

tests” (68).

Specificity of the reaction made it seem very likely
that the agglutinin is & protein, or possibly & polysaccha-
ride. It has often préveé true that proteins present in
sufficlent concentration to invoke physiological responses
exist in dilatians too high to respond to ehemicallcolmr

tests (89). Such a possibllity seemed likely here,

bge~-urechin egg waters were concentrated by ultra-
filtration through colladien wmembranes, and by
evaporation of solvent. The residue from an ultra-
filtration gave positive tests with %iilﬁﬁ's Heagent,
nitric aeid, and biluret reagent, weak or negative
reaction with lead =zcetate and alkall, and no response

to p-dimethylaminobenzaldehyde. This indicated the



presence of protein conteining tyrosine or homologs,

possibly sulfur, and no tryptophane.

It was found that the limpet agglutinin could be
conveniently eoncentrated from egg water by saturation
with smmonium sulfate., This saturation had to be almost
complete before any material would separate, indicating

an slbumin-like material. In repeated preeipitations with

ammonium sulfate followed by dialysis the flrst redissolved

precipitate when allowed to stand 24 hours at 0°C., always
left behind a portion of insoluble material (denatured

protein?).

Buring\exparimemtﬁ to prepare a concentrate of
constant asetivity on suecessive reprecipitaetions with
ammonium sulfate, it was found that a crude sea-water
extraet of limpet eggs retained spproximately its originsl
activity for two and one-half months when stored at 2-2°,
Once the material was precipltated from sea water with
smmoniun sulfate and redisselved in sea water, however,
its activity diminished appreciably in & few hours. It
was therefore apparent that a reprseipitation-activity
exp@riﬁ@nt would regquire working rapidly under conditions

which would preserve the material,

such an experiment vus conducted by sklaming off the
precipitate i{rom an sudmonium sulf te solution, placing

it on en ultrafilter snd washing until the liguid was
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sulfate~iree, redissolving the residue from the filter
and repeating the procedure. .ith one batch of egg-water

thisg was carried out in & few hours.,

The originsl egg water and the two successive

precipitates were dislysed free of sex selts, and the non-

diffusable material determined by evaporation of 10 ce.
end welghing the resldue in & tared welghing bottle on the

micro bazlance, These concentration estimstions were

conducted subsequently to the estimeation of activity. Eince

time for agglutination is not directly inversely

proportional to concentration, the periods of agglutinetion

were recorded for several concentrations of the purified

gecond precipitate.

with this ag an index the ratios of activities per

milligram of dislysazble materiel were found to ve:

hatlo
Lgg-water Kol
First precipltate ZeO
Second precipitate 1.0

A sample of the first precipitate was dlialysed until
free of salt. The resultant solution was evaporated in a
desicecator over sulfuric acid. The residuasl material
gave & Kjeldahl N of £.8%. (The kindness of kr., Willard
behary in performing the analysis is hereby acknowledged).

4
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Ihis sume material gave o deflinite biuret test, and &
positive xanthoprotelc reaction. Tests for tryptophone

and tyrosine in the wolecule were negative.

Five milligrams of materisl were hested «~ith 1 ce
of 1K BCl in a sealed tube at 100° for & hrs., but most
of the solid did not dissolve, The procedure was repeated
with snother portion, concentrated HCl being employed
this time. The solid dissolvsd and formed a brown solution,
The zolutlon was evaporated over steam, water added, ang
the operstion repestad. The dark materisal, on addition of
water, remalned undissolved and wes fililtered off. The
filtraete was neutralized to pl 7-8 with KaOl sclution., 4
sample was then hested with fvisnder's bismuth subnitrate
golution to gilve & cloudy solution as compared to &
control, but not the usual almost inmmediate darkening
optaineble with veducing suger. Upon examination a few
S days loter, however, & darkened precipitate was seen Lo

have separated.

It is evident then, in contrast to conclusions in the
literature, that both sea-urchin and liwpet fertilizin
solutions contain protein. These cific prbteins,
vfurthermorﬁ, are distinguleghable by different amino acid
compositions, sea-urchin epg water protein contelining the
impunologically important hydroxyphenyl group, wheress

Py

limpet egg water protein docg not. fhis grotein accounts



12%

for all or part of the nitrogen. The remaining material
may be inert, and 1s probably glucidic. For an unequivoesl
conclusion as to the nature of the active moiety, the
extract should be subjeeted to the action of pure protease
‘and of pure glucidase or to procedures which will isolate

one or the other in an setive form.

One sample of limpet egg water wes saturated with
urea and stood at :3° for 48 hours. The urea was dialysed
away and the dislysate wzs found to be s active as =
control sample., This does not zrgue zgainst the belief in
& specific protein, since many proteins are not

denatured by urea (78).

FPurther evidence for the complex nature of the
substance is its heat lability, and lability to high pi
and pOH as found by Tyler (71). The same investigator
found that commercial trypsin woulﬂ destroy the

agglutinating activity of egg water,

It was glso desirable to know whether an acti&e
material could be obtained by alcoholic precipltation.
10 this end & concentruted egg water was treasted with
« volumes of ethsnol, The fivbrous precipitate was
removed and dried in a desiccator over sulfuriec secid,
The dried materiasl was shaken with sea water, stood
two hours, and filtered. The filtrate showed no

agglutinating activity on limpet sperm in three minutes,
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Ihe yleld of precipitate was however larger in contrast
to the approximately five to Tifty milligrams per liter
of purified fertilizin ordinarily cotszinasble by the

ammonium sulfste procedure,



Artificizl Agglutinins

The finding of Carter (72) that thyroxine agglutinates
the sperm of the inglish sea-urchins, Zchinus miliasris
and bchinus esculentus, led to trials of the same substance

on the local ses-urchin.

& study of the chemical specificity of thyroxine
analogs in sperm agglutlnation might unearth correiations
with immunology, especlally inasmuch as Haringtion (73,
hes found thyroxine to be & powerful hapten when
introduced onto protein by a medification of Bergmenn's
(74) carbobenzoxy method. The type of sperm clumping

induced by thyroxine is irreversible.

In‘the first attempt to find artificial agglutinins
for sea-urchin sperm, sea water solutions of common
proteins were employed. The following were tested:

wgg albumin solution

Casein. 4

Gelgtin #

None of these when addsd in the ratio of 10 drops to
10 drops of z concentrated sperm suspension, produced

agglutination.

30
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The thyrexin@ analogs tried were:

Thyroxine, Wa< >o<’ > -C

-3
\/

Iodogorgole icid, HO

Tyrosine, %Q<:::>€ﬁx“c¢h1 ~CO0H

lodoecasein,

IThyroglobuiin,

Ihe thyroxine was &

It was diluted

(sea-water concentrated to one-half

The tyrosine was a stock

dissolved in 5000 of sea water.
ogorgolic acld wes prepare

m“0& Tyt

L e Lixs

Hoffwan La-bochs

with an equal volune

S — o~ s
materi

~CHNH, ~COOH

ﬁ ‘“Ct)\)h/

solution (1:1000).

af "double' ses-water
its original volume).

al. One part was

method

Harington (75}, Purification of this compound, often

unsuccessful in other labor
rapid
and decanting the hot liguid from
inevitably and invarisbly forp@a
separated from the decanted

was allovwed to saturated with the

Iodocasein resulted from the
the method of Liebricht (76, feo.

gaturate with the material.

Thyroglobulin was prepared by the method

storiles,

solution of the product in previously boilling

licuor on cooling. Les

was acconplished by
water,
the brown resin which
shite crystals then

water

compound.

iodination of caselin by

allowed to

res b oo e
ke t a7 wWas

of Oswald (77)
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from fresh thyroid gluands. 4 solution containing 100
milligrams im 100 cc., with the pl adjusted to 8.% by

HCl and RsaOH was employed.

in all caseg 10 dross of each of the above were
tested on 10 drops of a concentrated ses-urchin spsran
suspension. The only solution which effected agglutination
was that of thyroxine. Thyroxine, tyrosine, lodogorgoic
6cid, and & one percent solution of taurine in sea water

vere also tested on limpet sperm with no reaction.



Sperm Activation

In all egg wators studled, increased activity of
sperm 18 known to occur in conjunction with sgglutination,
Some importance might be attached to this ccncomitance
with relatien to the role of agglutinin in fertilizstion,
Clowes and Bachman (78) claimed that a number of organic
substances would activate (increase the motility of)
sperm., They were also sble to obtain activation from the
“distillate of the egg waters of ses-urchin, sand-dollar,
and starfish., They thersfore suggested that the naturel

activator present is & mixture of autolytic products.

These results were substantisted and extended for
the local sea-urchin., An egg weter distillate diluted
with an equal volume of "double' sea-water gave activation.
The inerease of motility of sperm im approximately
0.01 perecent sea water solutions of two compounds
previously undescribed ln tThis connection, acelone and

isopentenol, was very marked.



Conclusion

The conclusion deriveble from the activation
‘experiments is possibly asmbiguocus. While it is true
that any one of many compounds precsent might be
responsible for the activuting effect of egg water,
agglutinin might zlso be one of the many moleéuleﬁ
which are capavble of aeting in this feshion. The
fact Thet & numver of types of organic compounds
(ketones, unsaturates, alcohols) sre stimulative
nakes it seem reasonable that a large molecule like
the agglutinin possesses an essential functional group.

i itself.

The failure of thyroglobulin to cause agglutinution cf
sea-urchin sperm i1s of specizl interest. Iu the thyro-
. giobulin molecule the hydroxyl, iodo, end hydroxyphenyl
groups of thyroxine uzre free, whereas the amino and
carboxyl groups are coupled. It therefore scems likely
from the sbove study that some combination of functional
groups including the amino and/or carboxyl radicsls of

thyroxine are essentisl to sperm agglutination.

We may therefore provisionaelly underline in the
thyroxine molecule these two groups as being of possible

importunce ané leave the otlers in questions

5 x
#0{_ > 0<_>Ci. CHNH. COOH
e 2 & —

A follow-up lnvestigation would test various molecules

CN
I8N



in whieh each of the groups in thyroxine is in turn

masked, removed, or replaced,

Another suggestive correlstion is to be found in the
faet that on one hend thyroxine zgglutinates sea-urchin
sperm and not linrpet sperm, while on the other hand egg
water concentrates of sea-urchin give a positive Millon's
reaction whereas the limpet concentrate does not. The .
¥illon's rezction signifies the presence of tyrosine in
a protein molecule, and indeed this amino acid, when
coupled, is known to be of importance in imwunology and
specific agglutination phenorena. This correliation also
adds circumstantial evidence to Carter's belief that
the . anzlogous amino zeid, thyroxine, is related to

sea-urchin agglutinin.

Although correlaﬁions in structure ani actlvity
evidently cannot be simply extrzpolated from proteins
to smaller molecules or vica verss, it is significant
that ective urchin egg extraects and an artificiel azgglutinin
both contezin the importent hydroxyphenyl radicszl, wherezs
both of these conditions szre totzlly absent in the linppet,
This finding may thus be a first approuch to the fundamentel
problem of chemical structure underlying biologieal

specificity of the type exhibited by sperm agglutinins,



The isclation of sperm agglutinin, in surumary,
resulted in the preparation of labile concentrates which
gaﬁe unguestionable protein and activity tests. The
biological properties of agglutinins of various species
were studied and bio-assays were developed. BEBvidence for
typicel behavior in protein concentration procedures and
protein color tests has been presented., In conjunction
with tests of lability to abnormal pH, heating, and
tryptic action these indicate that the agglutinin is a

protein or very closely associated therewith,
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