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Introduction:, 

In HJ;._;_;n V'Johler synthesi;a;ed ur·ea. (1). This compound 

considerable period bef'w•e t nat ch,te. It is no\'i k.now.n: th.at 

a large portion of the urea ari~es originally from pr-otein 

a~d a1r,,ino acids .. As prote .L.n a.nil amino acids are metabolised 

ammonia is first Llber(';tted from the metabolites. Since a very 

$ttlttl1 Cc'>ncentration of armnor:da .in the blood is toxic to the 

marntr1al, the animal could not continue to live unless a . 

mechanism or mechanisms for r 0imoval vf ere operative. The 

ev-ide:nce for the overall mechanism i.nvolving couversiQn of 

ammonie:i. into urea in vivo wc:is first presented by ~i(;;;rirn (;,) 

c ould be recovered as urec:{ in thE~ ur:tne. 

The steps in the b:i. ulogical mec hc.:.nisr;; 01.' urob. fur-via tion 

from arnrnonia then needf@d to be exan1ined.. C,&.Lb.owski Of)l:leved 

that th£~ synthes ts occurred. in the same f ,:,. sh1on tho.'t 

Wohler demDnstr,,1 te<l for his 1n vitro sy.rrthesis. D:r:echsel 

(4) belleved th.et th(? mechanism requ.ired ammoniu,11 

ca.rbamate as an interrnediate. Neither of these methods 

comiJOU.nds in an 6ffort to flnd. thotH~ whlch 1'.ould fcic.ilitate 

ureH font-otion in the liver slices . the cowpounci.s which we 1.-e 

effective were arginine, citrulline, and urnithine . Ihey 



then postulated t hf: following cycle : 
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t..volution of the free energy r el ationships of the 

compour1ds accordir1g to the procedure of Bo:.rsook and. 

Huffman (6) provides an insight in.to t he e.1.ctua l 

probabilit y of' occurrenc e of suc h mechanisms . The 

obt aining of the necessary physical datfa and eva luation 

of' the derived free eutirgy da t a for t he a bove cy c J.e Vhi l:> 

the sub j ec t of this thesis . 



PHlsPAE.ATION OF T CO~POUNDS 

Im1_.iortant divisions of the general p:robl!liilm were the 

p:eeparation in large quantities (thirty fifty grams) of' 

pure ornithine, arginine, and citrullirie .. l'he literature 

included meth.ods .for the enzymatic preparation of ornithine 

:rrom arginine in turn prepa.r01d by an expensive and 

Cl.Ui:;bersome process ;and methods for obtaining small quantities 

of citrulline by isolation or synthesis. Since the flavianate 

method ( 7) had been improved ( 8, 9) to render arginine 

salts readily available, it ·was felt th.tit with t:tlis as a 

cornerstone, it would b~ more expeditious t,.9 develop 

. simple, efficient methods to supplt1nt the older' imp:ractlcal 

procedures for the preparation of the sub:stance.s needed. It 

was further desired to avoid enzymie hyd.rolyses and t'tir>Bct 

isolations since these were fa:r less 1:ikely to give the 

h.igh purity· materials r~quired by precise modE-J.rn 

calox·imetry. 

As an illustration of' th.e sup(?riority of the rnore 

strictly .synthetic method, the experience with 1euci.ne might 

be cited. Leucine isoL.-;'tted from a nE1tural source had been 

found to conta:i.n methionin~:! (10), .a.s v11c1ll as isoleucine, 

nl'<.d.ther i mpurity being removi:. b1e by simple :recrystallisatic>n. 

'This wa,s reflected in the dise.greement of heats of 

con1bustior1 ot 1-leucine sa:mple:.s prepared by d:l.rect. :Lsola tion .. 
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When the i mpurities were removed by recryst allisation of 

the combined f ormyl derivatives (11) it was possible t o 

obtain an 1-leucine , the heat of combustion of which, checked 

that of a resolved synthetic l eucine . 



t31nce Gulewitsch (12) and later workers (13) preparef:l 

d-arginine by an expensive, cu.,YJ1bersome method from the 

silver salt, a truly practical method for this substance 

was needed. One would expect that with the development of 

the now classical flcl.Vianat0 method ( 8) and the numerous 

papers describing improvements thereon that th,e preparation 

of free arginine from the flavianate O.I' one of the salts 

prepared from it would have ueen described.. It had not 

been; the explanation may lie in the fact that the 

flavianate is generally converted into hyd..rochloride and 

an unsuccesstul attempt to prepar·e pune arginine from t he 

hyd1·ochloride had been recorded (14) . 

Two necessary conditions for preparation of pure 

crystalline arginine were found in this work. The first 

was that the original p1·otein source should be one which 

did not offer seriously contaminating amino acids. For 

instance, arginine hydrochloride from casein, hoi:;'s blood, 

or sardine sperr.uatic tissue could not be converted into 

crystalline a1·ginine by Lhe conventional procedure, 

wherea s the chloric.es outained from commercial sa l rnine 

or a good grade o.f gelatin, Here successfully -;, orkizcl up. 

The second re ,-1uirement was the r emoval of excess silver 

from the arginine solution by hydrogen sulfide. Since an 

excess of silver oxide was u::;ed !'or remova1 of t he chloride 

from the amino acidium chlorides,and siver-arginine is 

soluble in arginine solutions (12) this silver must be 

removed. By observing these precautions a local amino 
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acid f actory v,as aole for t he first time to obtain free 

arginine. 

Th e a rginine wa s pr epared a nd purified by the 

following ser ies of r eactions: 

Gelatine+ ECl -4- arginine+ ot her amino acids 

l 
arginine flavianate 

-t

HCl 

The hydrochloride we.s t hen converted to free arginine 

in tbs following way: 0 .03 gm. of s i lver ni t ra te (3 percent 

excess over the a rginine hy drochlori de requir·ernent) wE, S 

dissolved in 50 cc. of w&ter and treated with 50 cc. of £N 

HaOH. 1'he precipitated silver oxide wR s wash ed unt il t be 

wa shings were neutral, and t he silver oxide wa s then 

transferred with aid of the wash-bottle, to a solution of 

9 . C6 gm. of arg in:ine hydrochloride in 50 cc. of water. The 

mixture wa s stirred mechanically for ten minut es, and t he 

silver chloride was filtered off. The filtrate w,i S s aturat ed 

with hJ(drogen sulfide, boiled, and the coagulated silver 
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s·u.lfide fil terecl off. The filtrate from this oper.:xtion 

vvas evaporated to dryness under reduced pressure on the 

W'at,er bath in a stream of carbon dioxide-free air. The 

residue was dissolved in t O ec. of boiling wat er, and 

,pla.-ced in a desiccator over sodium hydroxide. 'Nh,;_-m the 

solution had cooled, th~ dGsiccator Wt;: s evacu.c,. t(:;H'.l. The 

yield Wi:'L S 7 . 84 gm. of argl:nine , melting at ;;;;,?.8° (corr.) 

w<tth decomposition .. This vra s a 98 percent recovery frmD t lH:l 

hyd1·ochloride .. Recrys:tial lization from 16 cc. of hot water 

• and 40 cc. of fr eshly boiled absolut e ethc:;.nol gave t16 

percent recovery. 

iJo dit'liculty was e.x.perienced in crystallizing 

argin.ine prepar1:~d fro:m salmine or gelatin. One crystal 

.of 3 cm. length was obtained by slow ev8.poratio:n ot· the 

solvent du.ring two weeks .. 
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CITRU LLINE 

In ~~ada 1 s classica l pape r on t he chemistry of 

citrulline (15) the isolation of cit r ulline from wa t er

melons , a s well c1. S a synthesis proving the .st ructure of' 

the amino acid were describl'-;d. F·or the purJ,.,oses of t he 

present investigation ton quantities of watermelons would 

• have been required to furnish enough citrull ine. The 

synthesis described appeared to be equally impractical . 

The t ryptic digestion of cas ei n (16) presented the genera l · 

objections of en zymatj_c processes, and other biological 

processes wer e even less attractive (17,18). 

The utilization of the int e:nnediates in the synth.esis 

of ornithine described above ap peared sufficiently promising 

to attempt. The steps involved wer e: 

ECNO 

NH~:-CO-NH-(Cl\ ) 4 COOH 

l 

l 

Accordingly, a two-gram batch of de l t a carbami do valeric 

acid was synthesized t)y first rea rranging cyclopentanone 

o:xime (11repared f'o r orni thine synthesis) with ZON H~~bO 4 
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to the lactam, and then hydrolysing The 

neutrali.zed solution was eva_po:rated with KC HO and a solid 

tnelting a t 186° was isola ted. This exhibited the correct 

properties :for the carbarnldo acid . It wa s not f ound 

;1ossible , howev<:n, to isola t e a compound on brominat.ion in 

carbon tetrachlor ide suspension of this carbamido acid . 

This is in t:-tceord. with the observa t:ions of Sclmiepp a nd 

The next met hod of syntr1e~, is to bf~ tried was the 

hyd rolysis of a r ginine, according to t tie following reuction: 

.Beca use of the ready ava ilability of arginine this 

appeared to be a promising practical process, but 

information in the literature ,va s d iscouraging. Boon and 

Lobson ( 20) have recorded an attemvted isolation of 

citrul1 ine from the alkalir1e hyr:irolysa te of arg inine . 

Ackermann had mentioned experiments of. this sort under 

way or contemplated in 1931 (17) but no results have been 

reported. 

Lxamination of the liter,4ture on the analogous 

hydrolysis of' guanidine 

NB,) -C (N H)-N1ic; 
·~ r-

+ + 
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revealed that although earlier workers found a s products 

ammonia and carbon dioxide (21), Del.1 had obtained excellent 

yields of urea (22). Perusal of the reported conditions indi

cated the possibility that carbon dioxi6e and a mmonia were 

obtained because guHnidlne b • 1 ' it' w~s 0 1 . en w nan excess of 

alkci1i. {hen only unirnolar ratios of alkali to guanidine 

were employed the normal in·oduct ·v;;as u:r-ea. BeJ.l further 

found the same result using the free guanidine solution 

itself, which is alkaline. It see;ned therefore that the 

often reported formation of ornithine by alkaline 

hydrolysis of firg inine could be explained by the excess 

of a1Aa11 invar·iabJ.y employed. 

Accordingly, hydrolysis of arginine with an l~aOH 

solution in which the molar ratio of tfa OH to arginine 

was 1:1, wa s attempted . The solution was boiled gently 

for 1 hour in a.n open Erlenmeyer flask. It was then 

cooled, neutralized~ and treated with an excess of coyver 

acl\:;tate solution. On standing, in ·c. he cold-room, the 

solution deposited crysta.ls of a copper salt. Later an 

attempt wa s made tc) prepare a l a rger batch under reflux 

but no co1;per l:'.;a lt could bt:: isolated. Assuming t hat the 

copper salt wa s copper eitrullinate and recognizing tr1a.t 

in the first run the solution hB-d concentrated during 

boiling, it appeared likely that a low pO .H as well as a 

fJrooer kaOH r ratic was essential. Further ex11eriments .. arginine L' 

bore this out. 

In order to follow hydrolyses quantitatively the gas 
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e-volvecl was a br,orbed in b known volume of :,, stam:L r d HCl 

solution 1.·;hic h w, .. ::; su,) ~E .• U(;.in.tly b ckt i.tri,. t 1-:,(,. ;;o th&.t 

were not complica te·.t oy side-l"t.·action~ 011E might ex1h::ct 

the dat a to i'i t t h,:.! typic lil equation i'O.i.' &. first-or der or 

.poss ibly a seconc~-ord~r r act :ion. Nc l t hul' of the Ee w;:,_ s 

-satisfied. Tiw: typica l cw:·ve i s 1llu.~,t-r'a t{;•·•. in Gra ph I. 

In i..U1other exprff i ment a concentrl'it""d solution of free 

,arginine We.is t,oi led ? hour s in c.1. lli-'_• ru1:.:r c.n e. logous to Bell ts 

hydrolysis of gua.nicU n B :::,lone . No :: rr1:;1on :L:1 Wo..}; e volved .. In 

__ . ,,.et .::c:cwthe1· expe r i l!<ent an 18_ moL:~r r .tio of Na?H. wa s em-
4 -r arginine 

.. ploye<l . Ho copper S Dlt could be isolat ed w·ht;n the reaction 

• mixture w..:..s worked up in the usu2. l mhn.ner described bf; low., 

• although th1:;oretica lly suff icient ammonia hc1d been given off. 
0

This lends strong support to the b,::licf th-c., t the previout> ly 

• repor ted f u. ilure to 18ole te c .Ltrulline was du e to an exces 5 

of hydrolysing alkali. 

Thi::: conc' itions employed for preparing a large qu :,. ntity 

of cit-r u l lin<i;, wer e a b follows: 198 gm .. (0.9~8 mols) of • 

arginine hydrochloride were brought ca r e f u l ly to boiling., 

under feflu.x., r,ith 3ZO cc. of 5.68 N Na.OH (l.876 mols , 

0.938 mols for neutrali .z:&.tion of' hydrochloride). The 

flask was fitted with condenser h <'iV.ing an att, ched tube 

which led to slightly ahove ·the surfa ce of a qu--~ntity of 

stand,:i rd hydrochloric acid. The arginine solution., with 
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glass beads was brought carefully to boiling, and 

refluxed 3 1/2 hours. .At the en d of this time, 0.64 mols 

of' ammonia had been evolved . The solution was cooled, 

acidified with glacial acetic acid and · evapor,,ted under 

reduced· pres sure on the hot water b at h to approximat ely 

250 cc., 300 cc. of water was added, and t he evaporation 

wa ;::; repeateJ ,. The residue was treat ed with 1500 cc. of 

absolute ethanol, and the liquid poured off aft er s epara

tion was complete'!' The crude c i trulline was wa shed with 

small quantities of alcohol and t hen dissolved in 800 cc. 

of water. 

The solution was boiled for 30 minutes with 79 gm,. of 

copper oxide, and t he copper citrullinate and unchanged cop

·:per oxide were filtered off. In th smaller, pilot runs, 

no copper citrull1nate crystallized at this stage, and it 

was possibl e to filter off' copper oxide a lone. The filtrate 

was evaporated down over a steam bath, and successive crops 

of copper citrullinate were r emoved by filtration. Four such 

crops were combined with t he residue from the original fil

t r ation and th-e entire batch wa s washed thoroughly with water 

until the washings wer e colorless. A sample :recryst a l lized 

from water decomposed at 257-258° (corrected )., The decompo-

sition point of the copper salt is highly r eproducible, wb.ere -

as fol' the fre e citrulline values from 202 to 226° ar e record

ed in t he literature, and values in the interva l 200-218° were 

found in this work. The copper salts were suspended in one 

liter of water, which was then saturated with hydrogen sulfide . 

1 7, 
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The copper sulfide was coagulated by boiling, filtered hot, 

and t he filtrate was cleared with norit. The solution was 

evaporated under reduced pressure on a hot wat er bath until 

crysta l s began to appear and it was t hen tre a t ed with sev eral 

volumes of absolute ethanol. The cryst als which s eparat ed 

were dried in vacuo oveI' phosphorus pentoxide . The yield 

was 65 gm •. of white c i trulline . 

A sample was r ecrysta llized from wat er and a lcohol . 

Ca~13N303. Calculat ed . Amino N 7. 99 

Found, " 7. 94, 7.89 (mic r oformol) 

When examined in aqueous solution, and i n dilute 

hydr_ochloric acid , the citrulline showed no optical activity . 

After a s econd recrystallisation from wat er and ethanol 

t he citrulline was used for heat capacity det errainations. 

Sample (a) Some of t he citrulline from the heat ea-

pa.city runs was t hrice crystallised from concentrat ed aqueous 

solution by the addition of ethanol . 

Sample (b) Two batches of citrulline r esidu e from 

rec:rystallisations were each crystallised t wice from water 

and combined . 

Sample (c) This was a sample prepared i n t he same 

manner as (a) . Because alcohol treat ment gave poor samples 

of high heat values, t hi s s ample wa s not burnede 
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Sample (d) A new batch of cit1·ulline was prepa1·ed 

from gelatine via ar ginine flavianate, benzylidene arginine, 

and arginine hydrohloride as previously described. Since 

the two previous s amples showed an appreciable ash content, 

this batch was treated with H2S twi ce 1.n the belief that any 

cupric or cuprous material which might have remained behind 

from the f~rst H2s treatment, w~uld be removed. Whether or 

not this explanation were correct t he ash r esid:tie f:rom com

bustions of sample (d) were unweighable. The ci t r ulline was 

then crystallized twi ce from water and ethanol and twice 

fr•om water alone. 

Sample (e) This wa s citrulline from the residues 

of sample (d). As in the' case of' t he non-homogenous 

sample (b), this materia.l was of low purity since it was 

reclaimed citrulline and gave a combustion value in poor 

agre0ment with samples which were believed to be of higher 

purity. 

Sample (r) The remainder of ,sa ru,Ple (a) was again 

treated with ~Sin the manner succe s sfully- applied to (d) 

and twice crystallized f r om water. 

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

various preparations. 

Formol amino nitrogen analysis of' the or:iginal citrul

line used for heat capac.t.ty det ermination gave 7.92 percent 

as against the theoretical of 7.99. 

1 5 



OhN .LT HI.NB 

Vickery and Cook (23) obtained crysta lline d-ornithine 

by enzymatic decomposition of arginine. The product decomposed 

at 140°. Since the me.tericLl f lrst obtained was highly 

.contaminat.ed and t he process did not lend it.self to the 

preparation of 30 gr am lots, cL better method was sought. 

These authors recorded the dif ficu.lt ies of }v:~nd l ing ornithine 

because{ 

(1) :it is highly hygrosc·opic. 

(2) It is snfficiently basic to nbsorb atmospheric 

carbon dioxide. 

(;.~) When stored in the dark in sealed vessels, it 

decomposed slowly. 

The above properties were checked in this work with 

dl-ornithin.e. 

The advisability of preparing orrdthine by d irect 

·1s0lati on as.against a more synthetic method has been 

discussen above. A synthes.is appearPn. to be prcfereble. The 

author had already elsewhere developed a synthesis of' 

ornithine by the follo?;ing steps: 
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I-b lk; 
~ ;2 

,., c,.., C --
(a ) t -........... co -4- : H2N OH ~ / 

C -- C C 
H2 l::·;.., ·';:;. H8 

lT l:k ·12 ,::, 
C - C 

-........... G N-OH = (b) 
c,............. C - (boiling 30 

, . " O ) Ii. -. ,::, He, 
t:, rt2i:J 4 

(c) h20 (boiling 15 N H2so4 ) 

1 
(d) 

1 

l 

NH() (CH. ) 4 - COOR 
,:;, .:. 

. 

+ 

-t

Br2 

(f) C6H5-CO-Nfi-(CH2)3-CHBr-COOH 

+ 

l 
(g ) C6E5-CO-l~R-(CHn ) ~- HCNH,.,-COOH 

r:, u i::: 

H,, 
c·~ - 'c H-OB = - c / 
l'-.l'_-. uK, 

B, ;;:; H2 
C ... C - C = 0 
t I 

N C - C - N- H 
H2 Hs.\ 

;... 

In spite of general.ly>- excelltn:t; :.yields, the combined 

step (f) and (g) had given yields of a bout 20 perc ent. 

The synthesis was again checked in this laboratory with 

variations of molar ratios ., times of heating, etc .. None 

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

w..aterial to resolve. 

Since it is known t hat an undesirable by-product 

appeared in the bromin.ation process described above and 

that this involves the imino hydrogen (24) 

C6H5GO-Nll- ( Ci·l_) ) 7.-Cili\H,)-COOH 
, ... ~ '""' r._. 

it w:a s felt that it mi ght be possible t o use the 

corresponding 'benzylidene derivative 

G6H5-C=rl- (CR-:) •-.r -HCln"4,rCOO H 
'v V ,..._, 

since there were here no r eactive hydrogi:ms on t he .N. 

An alkaline solution cf NH2 (cH2)4-COOH was therefore 

treated with a theoretica l excess of benzaldehyde in t he 

usual fa.shion (25) but no crystalline iua terial could 

be isolat ed when the mixture was allowed to s t and in 

t he cold OV6rnight. 

Wha t for long had been the most popular method for 

preparation 0£ orni thine sa lts (26), a lkaline hydrolysis 

of arg1ni:nei was a lso tried. This method was abandoned 

since it gave only a small yield of a rartially racemized 

product. 

More hope wa s felt a t this stage f or the r esolution 

.of the benzoyl derivative of ornithine. It seemed likely 

th.at acid hydrolysis of the resolved ornithu.r:ic acid 

(dil.:)(enzoylornithine) :might yield a p1°oduet rHcemized to a 

18 



small enough extent that it could be r eadily puri.fied by 

recrystallisHtion. 

l,ccording.ly ., sever a l bLi tches of ornithw.' ic acid v,er e 

prepared by the method of Boon and hobson (20) a.nd 

reso J.ved by the procedure of Sorenson (27)., Ina smuch as 

r esolution of am:ino acid s is often simpler t hrough t he 

formyl derivatives than the oenzoyl., an a ttempt wa s made 

to prepa1·e a crystalline f or myl derivative . £ sample of 

ornithine Wet s r ef l uxed with 99 '.~ for mic acid (28). The 

product. obtained was dissolved in wa t er a.nd precipit t1. t ed 

with acetone and ether, but after .sev e n ~l days in t he 

ice-box, the mixture failed to yield crys t als. 

Sinc e Berg had succ essful ly used d. -carnf0ric acid in 

the dir ect resol ution of lysine (29), i t seemed lixely 

t ha.t ornithine, the next lower hornolog of lysine , c·ould 

be similarly r eso l ved , possibly with a more satisfactory 

yield. Camforic acid was p:t:·ept:LI' f:d by oxidation of cam.for 

(30) and it was possible to form what wrt s probably 

d-ornithine d-c1=.n-..forate. The compoti.nd isolated ha d l~ 

me l t i ng r ang e of 229-31° (d-camforic ac id melts at 77° , · 

orni thine d~composes c,t 146 -'7° , d-ly sine d-camf orate r,,elts 

at ;.;,38-.4c0 ( 29). Here, as in the c ase of lysine, it was 

necessary to :recrystallise many times to obta i.n a 

product with a constant high mt~l ting point. This did not 

furnish a sufficiently convenient resolution. 
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Sorenson's resolution of ornithuric acid prepared by 

the process of Boon and Hobson was therefore employed. 

the method is schematica lly: 

1-b:t·ueine dl-ornithuric acid 
t 

1-brucine d-ornithurate. 

1-brucine d-ornithurete-+ HaOH (cold) 
l 

1-brucine Ua d-or·nithurate 

+ HCl (cone.) 

h )o preparations of d-ornithi n e dihydroc hlor ide 

having specific rotatior1s of -5.,6 and -s.s0 respectively 

wer e made. Since the best d-ornlthine dihydJ."ochloride 

rotation was -16.8°, racemi zation evidently had accompanied 

t he hydrolysis of ornithuric acid. Recrystallisa tion o:f 

free d-ornithine appeare ,, to be a more promising means of 

purif i cation than recrystallisation of the hydrochl oride. 

Free d-ornithine prepared from the hydrochloride by the 

use of silver oxide, was recrystallised. The s r'ecif'ic 

rota tion r ead -11.tf a s against the best r ecorded va lue of 

-11.5°. This line of atta ck, ho'lvev er, proved not to be the 

solution it a t f.ir st seemed si.nce on rccrystallis<1tion 



d-ornithine racemized. For example, a material showing an 

initial specific rotation of -6.4° showed - 2 .4° after 

recrystallisation with noriting. Noriting hot solutions 

would be essential, after the heat c a,p.acity runs, in 

order to decolorize ornithine for combustion samples. It 

seemed likely a.t this stage of the ornithine problem 'that 

it would be essential to prepare and employ d1-ormithine. 

cU-Ornithine was therefore made .. The present melting 

point of 147-8°, 1Nith deeompositi·on, is the first given. 

Vickery and Cook (;:.:3) reported the melting point of 

d-ornithine as 140°. Since the details of the preparRt·ion 

are not to be found in the literature they artfr presented 

here: 

Light hundred eighty-two gm. of a.rginine flavie.nate 

prepared by the. method previously mentioned (8,9) were 

heat ed with 1700 cc. of concentrated HCl on a boilin.g 

water oath for two hours. Th.-} contents of the flask were 

occasionally stirred. The mixture was allowed to eo-01, 

a.nd the flavia.nic acid was filtered off, washed with 10 

pGrcent hydrochloric e.cid, and the combined filtrate and 

V?ashings vvere evaporated under r(·Klueed pressure on a hot 

water bath. Following t:11:.Id.itlons of one liter portions of 

water, the eva ~_,oration was thrice repeated. The final 

residue was dissolved in one liter of water. 



1-..fter standing., the .liquid ,;,as filtered, diluted to 

2.5 liters and. cle.:ired by boiling with 10 gm. of' norite for 

10 minutes. The filtrate was neutralized to litmus v.'ith 

a.ppl'OXima tely 110 cc • of 50 percent lfaQH solution .. Ow::; kg. 

of solid .NaOH was n-ow added and the liquid was brought 

carefully to boiling under reflux. Aft,:~r 12 tir. of 

refluxing, one liter of wHter was added &.Ild the n:Jf'lux.ing 

w8s continued for 6 hrs. 

The cooled liiqu.id was pa,rtly neutralized with 500 cc. 

of concentrated HCl. This :mixture w&s kept below 10°, with 

mechanict,1 stirring in an ice-bath, and 990 ec. of" be.nzoyl 

chloride were added dropwise. It ~as necessary to dilute 

to 11 .~: liters with water dur-1ng the benzoylation. The 

mixture was next; acidified to Congo Hed with 700 cc. of 

eoncentra.ted lICl. 

1'he resultant precipitato was filtered with suction 

arid washed well with o~J.iter of water and three one liter 

portions of absolute- ethanol. The residue was reeey~allised 

from 10 liters of boiling 40 volume percent eitbanol. The 

dried product weighed 419 gm. and a sample _melted at 18f,0 • 

One hundred twenty-nine gm. of this ornith:uric <2,cid 

W<:IS refluxed f'or 19 hou:rs with ,; liters -of concentra·t~d BCl. 

The benzoic acid formed by this treatment was filtered 

from the cooled reaction mixture and was washed with 10 

percent HCl. The combined liquids were evaporated under 



reduced pressure , tre~t cd with a f ew cc. of concentrated 

liCl, and set i.n v&cuo and 

cryst.:,_llised in thl.·ee days, was Wei. shed riith 300 cc. "" bsol-ute 

etrv.mol, and dried age.in in vacuo over sulfuric acid to 

give 70 gm. of !Hhite ornithine dihydrochloi•ide ,. 

In order to decompose the hydrochloride 70.0 gm. 

~d:. S tl'eci.ted with the Ag 2o p1~epared frorn llt'L.3 gm. 

• {l percent excess) of AgNOz, and 1 · :mol .. of NaOE in water, 

stirred mechanically for 15 minutes, filtered., and 

The liquid was cer-;1.trifuged from the Agre, evaporated 

under reduced pressure to about 200 cc., boiled? minutes 

with ~ gm. -of norite previously ext r,~ct 1&d with boiling 

water, evapora t ,id under r t-::duced pressure in a stream of 

CO<_.,-free air. and transferred to a desiccator over NaOH . "-· ,,. 

and Il.:S04 • The desicc.att>r wfas evacutited when cool. , .. , . 

· \', hen the solution lk:d E:Vnpor r::.ted. to ft thick syrup 

contaj_ning crystals it. was treatt-Hi -;,v it.h 400 cc. of 

aldeliyde-free absolute ethf.mol (::;,l) and 300 cc. 01' 

aldehyde-fz•ee ether (i32) and set in a GO,~-free space. 

The crjrst.s.ls were filtered off after· t iu'e0 days, 

dissolved in 30 cc. of hot Weiter, Hnd again e:r·yii.,tallised 

in the s ame fashion. After drying , the o:rnithine vuas 

found to consist of prisms melting at J.46-8°,i wit~h 

decomposition .• 



THE HEAT CAPACITIES AND EJ\i~ROPIES OF THE COMPOUNDS 

For the evalua:tiQn of tlie ®ntro;py o:r a substa nce tm 

heat oapaci ty ia detie:romined a~ a fumti.tln of too\p®r~tva 

trom li~id, air tamperat~tNB to the tempera:ti~ at i:ij).i ch 

thfJ an:tn:~o:py eo.nt@:nit iro d@Q!lired. A~ia:tm.:l~ ·the t.\'lnti'"@1PY cc a. 
) 

pure <n~;ratallin@ subst~me at tbe abs0-lu;t.@ zero t~ 'be., 

aecordin~ to the tliiJ?d l ~w of themotl3!MU'ai~~~ z@F~~., th@ 

entropy ~t aey otl1ar tempe1."at~@» 11.s; ia the.ii 

the tem;ptlJN>.t i:~® e:ttaitiabl@ with liqui<i aix• and th@n @xt:ir~po

lates the eurv@ te O°B: by the nmthoo of' K®ll*Y p Parks, ~~ 

Huii".t'mml (33) . 

Th@ me t~hod. a:nd ii'\.t)pa,rat~ li<'lfulSd. n~r.a \ffl r o @~~fn1tiallE 

th0 68 detiH'J.lrib@d by Park~ (M) • The ap J)~ @.tY~ C@iUd.et@d (&)f 

a o,;rlindrioal eopper or &4'>ld calo1~1niei;@x~ v..;Qt~id ~,ti t1% @. liijat

i~ o~ilY) &1vl .fitted. with a $inale j 1m~ti9n copper o@netanta n 

spersed with ps~tox-ated metallic disks to .fac1l:i.t.at e h{t11<:1. t 

c:.H.:m.du.@t1on . In the case @£ o:rni thia@~ tlie xuat@ria l w1M© 

soaket\ in f>..~ <1rO'i.i. iS p@ti·®l.@U etll@~ oo:tore f,$lle tti!l~• 



end b~:;ixi& ~6l!n~v~bl.@" tliey vi~}Nll ~i@d to ~@n.!f!tant W®>i£ht . M 

this atag@ tb.e ;,:,,mnovabl@ end rm5 sol(MU:>@cl i rrtc place . In 

order to mini,miH I?~cli ation,$ tl~ <J~J.o:rt"imet@lf we,.s ti~r:.rtly @n.

clos@d in r,l. ~heatl~ Of thin pla·U.num :f~il. Th@ sltirn.theo. 

df.uii.r®d te111p®li?,?,tura above tb.:;;i.t of t he t.>ath_ Th@ shield v~s 

then pla~@d in. a ~am tr~ ~1ich i t v1tM1'.t ~uiul~ite<i b3 h~J½"dweod 

w11Hl,ges . ~® OfUl 'lls.J&ll ~sal@d. to g i!a~ti $;f3t@m '..rhicll wa~ 

evacua.ted first l:Jy ~i 10il pu.m;p and .lrirw.lly l->y a <~h8.rc@al 

by i mme~1d.m in ~ 'fol\th of liq:uid air~ s~l:il.d COa a m &lo@hol 

11'4l$ ~ or i ee wa t@i:o • 

pot~:trtimooter in ciWAjmurticn ~th a suita'bl@ 1aJ.vanome't@E" aitd 

,:,onP..®ot@~. to the arJ.l~~im@t1~1c sy$t@m lt.lV' ~ppJr©pl"iat® lead:e.. 

Tht, @r~ru ins"')tit tmtB @ru.eu.lated fro1n meaaurementa of c.1Ul"'rent~ 

voltaa;@ 9 atUl time of' en@ra hp1%t ~vith tlJ.@ aid of a reliable 

stop ~itch. 

desr@@ 

th@ Jooat ca1>&oiti@s were calmilated in the ~anit1;>i 90@1 -~oo° K. 

To ©bt&i..tt th.® heat c~ipaoi ty of ·t:tu-.1 ah~t~~@ inve~ti €bat;~Q\ t l'l@ 

~at ~apaaitie~ of' the .metal.a in th@ ~et1p w@X-e mubtrw::t@t.\ 

'- 5 



The extra po la tion f .orn:rula used v:~.s 

Cp : {A-BT)Cp0 

1n which Cp0 is the molal s:peci:fie her!. t o:f the standard 

substance. For straight-chain compounds such as oitrulline 

and orni thine, A and B are eVE.lu.ated as f'ollows: 

------------ , 
3.51 

.P. = 
11.70 • 

The :r·esults o-:r the heat ca.ps.city dcte:eu1.ine.tio!1s f'or 

orni thine a :re given in Table I, thcH:;e f'cr ci trulline in 

!able II. and the ent:ro:pies iv. Table III. The vnlue s are 

gram of' substance, er ~r'- :::.ori.es per grru:n per degree. 



88.6 

101.1 

109.5 

126,.0 

144.1 

156.3 

178.6 

193 .. 7 

209.l 

237.0 

263.8 

277.0 

;?,77 .1 

288.5 

290.8 

298 .0 

Ta.ble I 

Spee:tf'ie Heats of Or1'l1thine 

Calorie~/gram/degree 

.1298 

.. 1364 

.1464 

.. 1633 

.1933 

. 2563 

.2681 

.2951 

. 3175 

. 3274 

.. 3441 

2 '7 





89.4 

95.7 

101 . 7 

110.1 . 

125.,5 

140.7 

157.3 

1?7.3 

194.5 

207.9 

864.8 

277.5 

283 . 9 

290.5 

Table II 

Specific Heats of' Citrulline 

Calories/gramJdegree 

.1261 

.1608 

.1740 

.18B9 

.. H069 

. 2844 

. 2957 

,. 30"/6 

., 3176 
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Substance 

Ornithine 

Cit'rulline 

Table III 

.aitropies of t he Compound s 
( L,.U. per mol) 

<: 90° C 90°-298.1° ..., ..., 

13 .16 ;3~; . 05 

18.15 4 2 .57 

s ,·- o ,g 10 ,:(, ..., . 
46 . 21 

60.72 



Heats o:f Combu.stion 

The UIJJJars.tu.s and method }rnve :prev-io1.u.:;ly been described 

farr ·oomb :plnc ,~d irl a i'3tirred en lorir::_:ete:r su.rrou.uded by rB. .jtHfret 

mainta.tned !?.t ::;;. tempera:tu.l·e constEint to :: bout o. 01°. An iunour1.t 

_:ln a. dc1r:dl.ocato:e oo:r.r'Gt:d:rd11g :ohos£orie anhydride, in an 01.ren at 100°, 

·er ir1. a vau11t1JG. ovEm at ""' lovve.r temperature. The .m.nBrJ wa:8 then 

The cruoi·o1e containing the :pellet wr,,s set in n ring t.:ru.s,pended 

from tr,e to:p oi ' the l,onib. A platixrnrn wire exte:nc..ed circu .. l.rrly above 

' this ring. ~~his wire ooulo. be ln."ought to i:ncundescet,oe electrically 

' and contaix-?.ed a loo_p to which a paper :ruse was com.i.:ected by a hook 

in the f'u.se. This f'-a.se waa placed so as to :fall on the pellet 

'When iii igni tee. r, nd thus ini tia. te com.bus tio:n o:f the :pellet, 

which was generally less readily combustible than the :paper. 

;Fuses were kept at constant humidity and weighea jurJt befo::Y:e 

use. The heat of combu.stio.n of the _paper at constant 

humidity had previously been aocu1:e. tely determin.eo.. 

comhu.st:lon p:toch1ct□• nJ:"id. the lid wa;:; :vlaeec: i:ri :position and 

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



p :NHiOre, • . 

Tiie calo.ri1i1eter • -s rUled with wateJ-1 to a 

ta:r@d v-41.ue \W,ioh was th@ same ~s. 11%$®d :ln detez-ind.ak4 

the htiat eapacity Gt."' tlw .at:uiembled 0'~~11"in1et011 • Tm 

bomb vra.~ ;plae:ed in tlt~ oal.erimettn11 ~ ~l~etaraeal. C4i)n

~et ions t'or .f'i:Fi».& •" mad$. 

The tempera:tvre ot the o:alor~\er was t-ellowed 

witA a pl.at inuni nsialt em.es tllem•~tei- .in ~n.,j~ti,o:n 

~th .~ suita~le 1alvanGm@iefl eGl'Ul$Ct~d wi t.h a !tt.ie:Uer 

:bri<140 . As t~ calorimeter tM.ter ~acbsd eaell Qf a; 

30Pi@.~ ol p~edet<tu•miud 'te.mpera:t~es,: the , t1- wae re

e~d~d ~n e.i oh~On«i,~3.p&;. At a hi~her predeter,mined 

tempe~~:rt~ th.a tt8tfll}le \ifl'aB· 1imted bi" briniin& tlis platl

n• vt1r0 L"l tlm bQ'nl> to mQMoone·me Vlitli an a'miQnatioal

ly c~n:tPol'led artuiuant 0£ ele·etrieat ~1.era:,:. fitis em1.•a 

al w~s .een.triouted 1-..4 ::t O .1 calorie-s t Q tli~ !mat evol.tlt.Joa .• 

As the sample 1enited• heat was £1Ven oft: te the 

calor1me't@r1 and tlu, temperatw;-e r•se r apidly. ihe 'tlJl«iUt 

~t t~ .i ea p~det-eP1,nined temperatures weI>~ atta.io.ed t'6t'tt 

>.'lfJcorded. as oetora. At near the end. Qi: tl1e rise. •ach et 

the ama.llet$t ree;ist.ralil.a iemper·at ~e bonuaen.:tse,t .001 ° was 

"eor~rl f@'Kf' ~1' 1d,,ait@$ as t:tie erAl,cQ~i.ffl$.t~.il eeoled. t~i~,d 

the l~~r iie~1per 0.t~e et: the jaeket . 

W. Ui the aJxrve data,. the temp@ratva rise due to 

co,moustion oon.l.d be corrected tor llaat t:ranster :ti-om and to 



The bomb was next taken apart and the interior washed 

thorcn'ihl.7 • Tb.e washings ,.-.ere titrated to.r Im0a torad. 

'lh@ p:r1nc1pal td. troaen.f.>M prOduct or combustion or ni. tro3:ea

eon:t a1Idng eamplea -.s Na mt a. :few percent 118N always 

OJCidised to HM01 . The heat cf combustion va.lue ·was oor

l'8eted for tbs heat of' f&rmatton c,g KN<>& found as "811 ae 

tor the pap@r fuse and eleetrieal @ne.ru input . 

A min~ 1.M~h oon to if-'lt et all a~B1ple$ wa® determiMd. 

b; h@atini the -~isned. cr-r~ i 'ble to red beat. after tlie com

b'1$t:lon ~uld i~i"~ tli@ eriwi.bl.e a4au. !hi$ served aa an 

;A'J.\d.@x ot ~ -ve.la til@ inc~ 4anie i«.iptwi ti'• 

?4 

?he ~itrulline ~ell@t$ 'v.13Pe ha'U@S00~ie1 110~es$J.tat:ln& 

dryi.n@; at so• 1n V8i,5fl ~ni. i.-.1,1~i1.1 ot tlu; p @ll@·t3 b:1 tu,~ 
the dit'fe:re.mes in •i~h~ ot a •1gh1.ll($. b~tle @on.ta3.n,i~ 

a pellet, tul.1 when empiy. The pr-eoie:i@J! 0t tlle eit~ulltu 

V3l.\18!® is not aw, hia;h as tor flwa,S.e and mal.eie acids,. d.era

d~i~d :1:n the seetion on '.thermal Data C•r Other Bi0ttliemi<llals, 

1n eaoh of which eases." variaticms were no ..gi-efiter than 1 , 5 

cal.cries per &ram$ or Q. 06 pex-een-t .• 

. One pellet et" sample (t) .e left in the bGm-b tor JO 

hours at t-\.tmoephar.i~ press'Ul"@ • The combustion value tor this 

pellet was 3 oal.oJ>i~s lower thau. · tor oth@r d;@tend.n.at1on$ OA 

t h@ saa11.e f.lS.U?,.\?le • A p1 .. ob~bla •~lanatic:>n, is ~aticm d.w'"in& 

stand.in;" under such cendit:to .• ns . Sinee the stands.rd. ccmbuat ion 
' 

ooove W"ltJd.n .less than an hov after lnt.roduc·U.on ot t• ,.Pel-

let into ·the bomb and the preEUi'W"@ within t.he bomt:, is at the 



hi&h value .of 30 atmospheres, the lowerini in heat of com

bustiei>D. du.e to h,Ydr~:tion during each or th.a standard oom,.. 

bust:Lona would reasonably be a very small :rraetio'A •~ tM 

lower in& in the apaoial aas.e above . fhe i:ibselut@ eti>ror 

resul tin~ durin& C'Gmb,:~t1oa in the liormal. manner from this 

:raot~r the1' apps~s to bill quite .f!mall~ probably iess tho 

cM1e pero6nt er th6 l.4l)wsr1n &; in the spf;C.ial o.ase _. Su.eii an 

6~1'"01' ~-ll@uJ.tl be lestl thtitl O .1 ~ .Oftil . .,, \~Oh ia negligible 

eon'ip~ed. to ths deviatiollfil in the e:embuetions. 

Dtartna the pe~iod 1n vmieil oGEnb~t 1ant~ or eitmal

liu •re made, the lleat eapacity ot th.(;) ea.lor1mete~ was 

f.re·q,ue ntl7 determined by oo mbustion ot Bt1Nau QX S·tam~ds 

be~oie a,o:td. Values bet•en 3152.;; and Zl.55 . 2 e,a.lo~ies 

per degree were obtained . The extra• deviatioa was tm• 

o .o9 pe~~ent . 'lhe d.@viati,oll e:f. val.Wi~ obtained by ex.pert~ 

such as tliose in the Btwe• ot: Staud~:rds &,s ±· o .oi per~eat 

(37) . 

fhe heats of ooiilbw-ictionj aG Pepo&'tad in tabJ>a IV~ 

WSN CGlf'~ot@d. to tlie st«u~la.:i-d otlilt@G of the @l<·n~~n:t~ bN 

the \V.aahmu~n correction m0ti:itte.d ter nit1"o~noas s~b~t.qaes 

(36) • th(j value SJ a;i. ftn in table IV u-e r.-e11 a. >?:a-aetien cecur-

ri ni isothermally at 26 °e. 'i'he precision or the val uea re

C"Orded :ls .ll percent and 1,be ?-Cct.W-a.07 presumably ma a 

numerical. value sl.if)ltly {t~ater. The v-~ ues a-eoord.ed are 

for samples (<1) a11d (t) . The total nwub@if of ooxr1buet.i -Qns 

was tour.t@ea , 



Heats of Cornbust;:t.on of Citrullinl:: 

Sample 

d 

d 

f' 
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A number of combustions were run on three s amples of 

ornithine. These gave divergent va lues. In three cases~ increases 

in heats or combustion were noticed on extended drying of 

companion samples, in one case a decrease. There are probably 

a number. of reasons for the s e discordant values; tenaciously 

held moisture, tightly held organic solvent, organic i mpurity, 

instability to warm . drying., etc .. Submission of two s amples to 

c, H, and N analysis revealed neither t .he requisite purity nor 

reasonable explanation of t he combustion values obtained 

.(thanks are here expressed to Doctors Haagen Smit and Prater for 

these a.nd other analyses).· The f act tha t the C content and H 

content were eqwdly low (approximately t wo percent in one 

case) would not agree with the postulate of t he pre s ence of 

moisture, for instance. Because of t he evidence of insufficient 

purity for the determination of an accurate heat of combustion, 

the values obtained were not used , a.nd the free energy of 

formation of ornithine was a.rrived at by another route, as 

described in the section on Derived Data. 



Solubilities 

Solu-oili ties were d.eterm.i:ned by aha.king the solids 

with tfr:ter in stcp:i;lerea ....L.sha:ped solubility tubes in a 

water thermosta.t at 2,5.0°' ~ o.o:; 0 c. fo1~ at least 48 

hou.:es. Values we:rf.11 determined at longE'l'." intervals in 

cases such as citr-11111..r:1.e, in whioh the e-quilib1·iu.m 

between sol:ut:ion and eol:J.d phase wa.s estr-:."blished more 

through G, bent glass t1.·t'be containi:ug s. eott;on plug to 

filter out solid pa.rt:i.eles., The solutior1 w~r. draw11 into 

a tared_ weig.hir1g bottle and tbe ar.flou.nt of so1u:tion 

determined by difference in wei.ght. The liqu.id \/ii'HS 

in. 

sol.u:tion obttli:a.eci. 'by warming the first mixtm--e until clea.~e. 

Sam:r;les we:re removed until consecutive solubility values 

ehec};:e6. within the ex:perimental errol"', ana. until the 



values for the initial mixtur .. _-, and those from the wa rmed 

mixture simi larly agreed. The sohtbili ties o:f arginin.e 

exhibited rui extreme deviation of' o. 6 :pelroent,. those of 

eitrulline 3 percent~ while for ornithine the spread 

v.-ra.s 4 percent. 

The solubilities are presented in Tables V to VIII 

irrnh1si ve . 

z g 



Table V 

Solubility of ct-Arginine in Water at 25.00° 

Weight of Solution 

grams 

1.0988 

0.6920 

1.3500 

1.4127 

Weight of Solid 

grams 

0. 2401 

0.1505 

0.2944 

0.3O83 

Mols .Anhydrous 
Arginine 
Kg . water 

1.606 

1.596 

1.602 

1.603 

Av. , 1.602 

40 



Table VI 

Solubility of Citrulline in Water at 25.00° 

Weight of Solution 

grams 

1.002 .1 

1.8565 

0.4471 

1.3709 

Weight of Solid 

grams 

0.1535 

0.1878 

0.0677 

0.0462 

0. 2082 

tiols .Anhydrous 
C,1.trulline 

Kg .. water 

1.033 

1.003 

1.019 

1.031 

1.022 

·.AV,. l.{)22 

4 1 



Table VII 

bolubility of dl Ornithine in :1ater at / 5.oo0 

Weight of Solution 

grams 

0.19:SB 

0.0959 

o .. 0439 

0.107;i 

Weight of Solid 

grams 

0.1405 

0.0695 

0.0315 

0 .076[3 

Av. 

Mols Anhydrous 
Ornith:tne 

.Kg. water 

19. 9 

19.2 

19.1 

19.5 



Table VIII 

Uolub:ilities of tbe Compounds at tb0 c. 

Substance 

d-Arginine 

Citrul1 i:ne 

Orn.ithinc 

Solubiltty 

l\iols/kilogram of water 

lfi .. 5 



Dissocia~c;ion Constants of Ci trulline 

Since the dissociation constants of arginine nnd 

ernithine had been previously reported {38 , }9) it was 

neoe s:-;:'\ry to obtain the dissociation constants f'or 

citrulline on.ly. This was done by electrometr ic titration. 

The titration was conducted in a 3 ; oc . beaker at 

2.5° • .Jl meH.i:n1red qu.a.nti ty o:f ci trulline solution of known 

conoeID.tra tion ·#2e t i tre.ted with O. l 112 !J NaOH solution 

·'or O. O'/Ob ii IICl solution :f'rom a bu.ret which uou..l.~. be 

read to O. 01 cc.± O. 0 0-' cc . The quinhydr0ne electrode waa 

freshly mHde ana. (m.li brated against a standard 9otassi11C\ 

aeid ph tha11a to bu.ff er aolutio:n having a 1,,H o:f 3 .. 9 '/. 

A2ter definite volume s o:f Na.OH or HCl solution were 

added, and t he solution was stirred. the :pH w:;1 s measm·ed 

with a Beckma..n pH. me-te:r until constant on continued stirring. 

pKA was calculated from t he equation: 

A- (+) 'H 

where A = concentration o:f added acid in mols per liter ... . 

and C = eoneentration o:f citrulline in all its :forms in 

mols per liter 

pKB was sir::ilarly calculated thus: 

]3 - ( f)-;r) 
:pKB - pOH : log _,.. ______ . .,. __ _ 

C - {OH) .. ~ 

• 

The value s are :pre s ented in Tables IX e.nd X.. 
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cc. 

Table lX 

Titration of Citrulline for pKB 

10.00 cc. 0.04693 M citrulline 

titrated against O • .1112 N NaOH at 25° 

NaOH pH pKB 

o.oo 5.69 

0.10 "1.3[:i 5.05 

0. 20 7.64 5.06 

o. ;.-so 7.82 5.06 

1.00 8.44 5.05 

1 .• ;.~5 8.56 5.06 

1.75 8.82 5.ms 

~:i .00 9. 27 5 .. 172 

mean 5.06 
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Table X 

Titration of Citrulline for pK.11 

10.00 cc. o.04693 M citrulline 

titrated against o.0706 !'1 H61 at 25° 

cc .HCl 

0.,55 

0.,75 

L,15 

3.,00 

4 .. 00 

5.00 

pH 

3.55 

3.47 

3.30 

3.09 

2.86 

nK r A 

2.37 
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Thermody".a.amic Aotivities 

The activities. or- effective eoneentrations, of' t he 

substances in aqueous solution were calcul5,tod £?-om the 

vapor p1•essu.:res of' various concentrations of aqueous scluti.01-us 

at 2.5° ~ These in turn we:ce meaaID:oec1 by a semimicro 

modi:fieation of the n iso:piestion me·thod developed by 

Robinson and Sino l air ( 4-0 ). 

Platinwn boa ts 15 mm. long . 1.5 rnm. v1:tde, and .5 i'ilrn ... 

high were made by :folding platinum foil. ]?011.r of t hese 

were placed o:n a silver..-_plated copper b1oek ,50 mrn . in 

diameter and 25 mm. thicJr. In two boats plaoed diag@nally 

were put samples of t he solution under invt'n:. tige.ticm, with 

coneen-tr°D.tions a f"ew percent dif'ftn·tnat . In t he other two 

boats were similarly :placed unequal concentrations o:f 

solutiona of: a standard m.a. t eria.l such as ICCl er ur,::a . 

Sinee a number of desiecntors \Vere requir€d for these 

d,eterminations , t hey we:re macle from sturdy ,500 ac. be't;tles . 

The bottoms of' the bottles were cleanly out eff with ~ hot 

wire a.m1 grolllld to a thick glass plate. The mouth or each 

bottle i'JrW :fitted. with a stopcoo~ in n rubber stopper . 

These serve<! sa tisf'uctorily -when the grcrund su.r•fa.ces were 

gTeased . 

The set of' solu:tio:us was :placed in one of the desi.cca tore 
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which was ev-acu.ated and placed in a 2.5° air thermostat . 

After many hours. t he desiccator was opened e.nd the boa.ts 

1rraraediat ely weigho<l. When propet'ly a·tannardizeo_ the s e 

weighings coul.ct be me.de accurate to 0.2 milligram 

£or solutions of nbout 200 :m.illigram.e . 

Solutions .about l molal with an initial eoncent1 .. a tio.u 

di:ffe:r·ence of 3 percent, for instance. wo-u.ld rea ch 

equilibrium withi n 24 hours . The less eoncentrated t he 

solution, t he more slowl.y, in general was equili.brium 

atta ined. Since the iaopiestie method can be applied 

with high acou:racy it is to be preferred to t Le 

freezing- :point method for determination of activity (41) 

when the substance has moder&- te solubility. It also 

avoio.s the errors of extrapolations fl"'Om :freezing 

temperatu.reB to 25°. 

Vh'nen the e_quiJ .. i brium co11cen tra tions of the unknown 

aga inst the standax,tt were evaluated :for a range 0£ 

ap proximately 0.5 molal to the saturated solution, t he 

vapor-pressure lowering was the:n calculated for t he 

:f'ou.nd concentra tion of str~ndard . This was t hen t he 

identical va lue for t he u.n..lcno;,vn solution. The worth 

of the se figures co-uld the-:rn be evaluated by i nspection, 

when concentrations of u...-r1.knovr.a. w-ere plottet against 

va.:por-:pressures und. s. curve d:rnwn through t he points. 



It was .oossible t hen to evaluate the activity of 

the solute by the him :tu.netLon o-f Lewis ano. Randal l ( 42) . 

This .functicm. gives a ~-ra.ph whieh greatly magn:l.fies 

any €tber r a tion~ in the va:r:io1~ :pressure eurve . Using thffl 

him funetion it is now po:s .sible to evaluate activity 

elegruatly by selecting points £rem the smoothed vapor 

pressu.re-coneentra. ti.on curve. With the exception of 

extrapolated :pointi5, t he act·11al ex:per i rr~enta l values 

proved to be a ecn.1.:r~i t e enough to use directly. 

The data ebtei:nec. are :pre sentei i n T~bles ll 

to XIII inclusive ... 
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Table XI 

Activity of Citrulline at 25.0° 

Molality of 

Citrulline Solution 

.6376 

.7546 

.8761 

.. 9783 

Isotonig Tuiolality 

of KCl Solution 

.4515 

.5148 

Vapor .Pressure 

,23 .1'7 

Activity of Citrulline in. Saturated Solution: .. 8608 

Activity Coefficient: .84 
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Table XII 

Acti-t i ty of Arginine a t 25 . 0° c .. 

Molality of 

Ar ginine Solution 

.,5841 

1 .. 438 

Isotonic Mol ality 

of KCl Solution 

.4530 

,. 5964 

Va por Pressure 

23 .0'7 

Activity of Arginine in Saturated Solution: .5-8'le 

Activity Coeffic ient: . 36 



u... !-+ 
t-

~-J ':; tF t -+ 

+'It 
- ➔ 

+ :t' 
r I ~::;i ::1 

+,,- ,+ri 

.... 7 Ll 

'-" u :; □ 

H- - ~ i , 

H--1-,++1-+1i::i::u:·D }; 

--1- 'd ~ +- ++ 

tte-... H-.P-u..;.·-~,_rr:f..; LCI ~ 

-:-- _j 

+ 

-

... 

u 

t 
.. 
1. 

Il 
:t· 
@ 
-+-

+-

1-ttu 
f +~ ..r 

' J t 

~ ~ 
H" -, -

-,-

- i/ 

+ 

.~ 

C 

H I 
-~ 

ij ~ti + 

~!: 
,_;_ 11 

l 
I -C 

+: 
+-

l ft 
i:-l o 
11 i ,~ 

ml :'i 
j 1 __ /-.. 

-l-f -1- -1-

,;J- c+ [tf 

H 
'-+ 

¼ '+ 

r11iw .... • :; -t-+ . 

rn\ L 
' 

+ ' .;: 
~t l 
_, 
• 

I 
Cl 

J .:+ .. 
~ :.. 

-

i :S, lt f ~ 
J H 

.. / ;_ 
~ ... 

ii H' ./ 

rt ;Vt 
l=f cJ_ ti j r 

tl 
~ ,± 

-
' I C 

fl1-

;. 

+ 

.. 

I 

t" -'- -1- ~r 
r_ 

i-

;: . 
TL 

t+ ➔ 

5,1 

l+ -j 

f .. 
-:.l--1-J--lcl-Uil .. 

E~-
1-1--1-: ~ -+-

;-:I- -
~ 

..... I 

Ii f :t 
µ _ -1 ·~ -

I 

:r: ~ -
_,_ µil~ JJ -

C rl. ... i+ 
~-

-l- , : ±~t 
t- '-1--

U. 
'c-;-h ~ ft 
- - - -+ 

1-'- ◄ 7'-. !t_JJ 

"'
--i _ 

• --t+-+ 

:--1- , lt~~ 
V '-1-

-. i 
R 

a 
C7 t1 0: :!:!++";-;++++!+-I 

'q TT, 

,._ t 

-- 1 



' -+ : -~ 
~ .· -· 

•1) EE~\ 
\. ±.t I+ t+ • 

i::i-++ ' 

I '• 

j. 

-

,_d 
L 
'.f 

' j .. 

+ 

q 
! 

.t 

+ 

H 
I-+-

., . 
-+ -

+t 

:tt 

l + H -t
•+ -L i l -t-

~ t:J et 

T i 

-l-. 

I+ 

• ++ --1- :t 

J t1 ~:fr 

I 

-

L 

- ::j •· -H ft . ,J 
-t-1 

t+ H 4-i 

.. I 
ti 

I 

,<.!.I 

~ l.:i: 
11:;ii -Li 

- f-W ~ITT 

-,-

l t 

~ ±~, 
-t-t -t-- 1- ;-t 

rt" ' j. 

/•--l-H-.\.UH-...;·i~-t-~+ ...... ,.JH-_4+-.. 1+++1-l-l--l-l-=::-l-'t+l-l---l -l-#m ~ ¥t: 1+c4 

:: :EE ~- -
j:j:l::t~ -"-, ,,,, ,u,, 
w 

F 

.... 
:• tt;J -1=~ 

::- i::~ 
w 

-+T r ; 
T 
.... 

++4-l-l-l-l-1--1-l-l-l-l-l-l-l-l--4~~-l-l-l--

-i 

+. h 
1.: 
+- + i- i ,; I , 

~ 1, -l:+ ,t rt -i=+.. HT, ·-·~--~ti. 

.:;: + 

' ·+ +ttt 

I m; r 

.. t 

; .....1 
~ 

+ 

H- -



Table XIII 

Activity of Ornithine a t ;;~ 5.0° C .. 

Molality of 

Orni thine Solution 

1.990 

3.581 

5.087 

6. 214 

Isotonic 1\folal1ty 

of· NaCl Solution 

3 .. 404 20.62 

19.8B 

19 .11 

Activity of Ornithir1e in aatura t ed Eiolution: ;5 . 363 

.Activity Coeff icient : .17 
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Vapor Pressures o:f Hydrate Systems 

The vapor pressure or citru.lline monohydrnte in 

equilibrium with citr1.1lline at 2.5 .. 0° and of arginine 

dihydrate in equi l ibrium w·ith its anbydrous ferro were 

mear,.rured. This was accomplished by t he standard 

approximation me thod in which a mixture of hydrate 

and anhydrous t'-'\lb8tanee is :placed 1:n a beaker in an. 

evneua teo s:paee with e. beaker of su:Lf'u.rie aeid o:r 

definite ooncentra.ti"n, and gains or losses of weight 

1u>tec.. A ae r ies of coneentl"8-tioms of aeid a.re used, 

whieh are e0ntinually narrow-eel dowE. to the concentration 

of ac id tha t remains LYJ. equiJ.1 briurn 'Ni th the unknown, 

as shown by the abs ence of gain or loss in we ight over 

a sufficient period o:r time, suela as forty- eight hours * 

The vapor :pressu:re of. t he •~:f'Ul'.ic acid solution with 

which t he hydr~.te-anhydrous pair is found to be in 

equilibrium is then t he vapor :prestrure of t he unknown 

system. 

The des1ceators deaeribed in t he section on activities 

were employed. The sulfuric acid ru3ed was ten ti:x.e s t he 

quantity o:f hydra te-a.nhydrous ps,ir. The sulfuric acid 

was rri..ade u.p f1 .. om a conoe:ntre.tei aeicL of' mown wa.ter 

content ( determineu. from .specific gravity ) and 

fluctuations in the acid strength during handling 

5 9 



was noted by :finding the coneen.tration of the f'inal aqueous 

sul:flll.•ic acid a:fter ea.eh de tezamination :from its weight. 

De s iccators were }:e:pt in a f:.5 8 inou.bator du.ring dhitillation. 

The I.l'lethod :proved sensitive to 0 . 4 mm. o:f mercl1ry. Vitpor 

p1."'essu.res of the sulfuric acid solutions were taken from 

In.terna.-t.;ional Cri tiea l Tables ( 43 ) . 

Table XIV . 
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Table XIV 

Vapor Pressures 

Citrulline - citrul1 ine monohydrate 

Arginine - arginine dihydrate 14.9 ::t. .4 mm. 



Hyd.rogen-Ion Coneent rat .ion of Saturat ed Solutions 

The pH' s of the snturat ed soltttions were measured 

on a. .B eck ma.n pH meter wi.th a. glass electrode . I'he 

values are given in Table XV. 



Table XV 

pH's of Sa.t u.rated Solutions at 25°c. 

Solution of 

Citrulline 

Arginine 

Ornithine 

pH 

5.90 

9.45 

9.81 

62'. 



In order to obtain the rree enera ohangea &f the 

• atandard. reactions in solution, the prooedUJ'e described 

• ti' Bo:rsoc:lt and Htlttmaa (6) •s £olle,yed . . - , ,, , 

>, 

'.fhe fa,ee· ene:r-a o'I formation ot the 30lid oomp.o~ 

as calculated trqm the M ats et eombus-Uon and other 

Htere:nce data: 

Heat.• ot Formation aad Entr(J.Pies ot Elements 

and Combustion Preduets 

1130(1) 

OOa(a) 
1 0 (graphi'te) 

H (a;) a 
•a (d 

0a (a) 

H200 .1 

""'6&~311 

- 9',030 

1 . is 

11 . 21 

46 . 78 

(44) 

(45) 

(-141 

(~7) 

(48) 

(49) 

The complete combustion or eit,rulline a-& ;ai;o e. 
1nvolvea the reaction: 

(a) <\l~I i s<s) , 3/4 02 (1) := JW02 (&)4t120(1) - J.i 12 (&) . ·~ :') 
The increased n-umbefo of mels, lt,, ot p•e•s 

11u1>s-;; anees fr(l}m the ~•a"'tion is -¼ 

'?lie heat of combustion at ·constant presstare is 

AHp = :bUR - ANRf 

··tn t'tilieh Hp 1s the beat of coinbusti cm at consta nt 

,pressure and .6UR ts the heat of oor.'1.busion at eenst.iint 

volm@, c::errecte<l to the standard states of the elements .'. 
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·, 
i0r ci.trulline, then.$ 

A 1\, = eos~ 320 - <-i> {l . 987) (29s.1) 

: 803$,400 oalerte• 

The heat et torat1.on ot ci trw.line from re.aeti.~11 (a) 

is aoa,49;>-e:( ·94~oao)4. (sa$ i1s) 

= -204& 730 ealories 

~ : S (Compd, 1') -.a.S (O; if) -bS (Ra, T-oS (Ca., 'f)- 48 (12, T) 

Fer G1 ti''1111ne, then. 

$0 + Si·•a + liNa + 11°2 • Oell13Rs03 
. . . 

and s2~,1 : so . 12-e(1 .s)~ts1 .2a)- 1~(45 . 7t}- lt(49.oa) 

: -200 .0 E.tJ . 

Frein the equation 

A J : AH,.f Ll S 

Al:: ..-204,73Q..298•1{- 29J .O) 

= -11s.200 Qaloriee 
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Ci trw.lin~ tonne a meiaol\Jdrat.e ~l" the f~llowin3 reaeti mu· 

Osft13N303 + B20 : CGH13i3C:;~O 

For ev-aluatien o~ e11.era transfer:& .. this 1a brGkea clo'!J\J'll 

into the follew!.ni $Q,Uatiens : 



( 0 = Ci trulline) 

O+-H20(&,P) -;:,O: H20 ; 4F : O 
' 

H:30(1,P ) t H20 (4,J>i) J A J : Rfla P1/Po 

O;H30 -7 0 + JJaO (aa; sol) ; AF 0 
aq. sat 

H30 (sat sol) -:;:, Ji20 (1) ; Af! • RT ln Pif P8 

R30 (1) ➔ H20(a.,P0) ; A J ; RTln PJP1 

By S\lmfAation 

c-;,o (aq . ea.t . ) 

A "11 = 1364 10a 2 .otas . 11 

• -l :lj05 calories 

The tree tneru 0£ formation of ·the sat urated 

aol ution is then 

= -118, 280 - 1450 = -119, 730 ealeries . 

7he tree enera cha.Jl&e in the t .rans.for £rom a 

aaturatecl solut.ion to one in which undi·As ooiated ci trulline 

i s at l 1.{olal aoti vity is t hen 

Li 11 : - RT ln O •8608 /1 
= 89 oaloriee • 

'The free eneru of unctissoci ated citrulline in 

solution at l ll activity is then - 119, 730 + 90 =-119,640 

calories . 
,. 

The r@la:ti ve concentration ot the Zwittex· .f. 011 or 

undi.r-isoc1ated ferro o.£ ci trullin.e is then calculated from 

the pH of tlle s aturated solution, the dissociation con-

. -etan·ts, and the followini equation: 
.... t-

r: Citrulli ne : A = {l + (H) /KA+ KJK,J (H) ) 

where t Cit~ulline i s the coooentr ati on of' oitrulliae .in 
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all f'orms . From this it i s round that the oitrulline 

·exists practically exclusively as zwitter ion. 

The above value or - 119,6'0 oa:lories is then the 

tree energy of f'ormation ot: 1.ihe neutral molecule at I J.t 

activity or 

4 i 0 : 119,640 calories . 

?be correapondin& value -ror :~£i.nine was arx:-i ved at 

b7 usini the value ot .forma.tion ot aolid ;µ ven b7 H.li'fmn 

and Ellis (60) . Hor the oaloulation or aotivit7 in the 

oaae or concentrated 2cl1.1ticns obtained by iatiiratioa. with 

urea and with orn1th1ne, mol fraction/ mol traction ot l :M 

solution 1:'fas employed inatea d. of 1nolalit7. The solubility 

value for urea 1s frQro Scatchard, Hamer, and Wood (51) . 

The value for the free enera of orni thine was urived 

at :from the study of tli e arainine-ornitld.ns-una equilibrium. 

carried out by He.llerman and Perkins (52) and other data • 

In tlie '<t'Ork ai ted, the a uthors fotmd equilibrium to eccu 

at 98 . l~ l\Y'drolys1~ o:f arginine . 

For the raaetien 

Arginin@ t- water = Orm. tllioo + urea 

K = (orni thine) (urea) 
• '" (ar41iiine) • 

K here = ~. 98l.Sf3 = 53 . 3 .01a1~ 

For tlli s reaction. 
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6 D' : - RT ln K 

: - 1364 l.01 55 . 3 

;: -236() ealor:les 

Then ar~n:tne + wa.te.- = ermtl4no + una ; .t:. f = - 2560 

Galorie•s Since tl1e t:ree oner.a ehaJ!.tie a.tte-n..tlin& a P4Hictie11 

le, eq•al 'to the sum of the fve-e eneri1•• or tonna.tii.,on •of the 

products Id.nu the sum of the Zree eneraies or toniatlon. Of 

the reactants 

-2300 = -48,440 + X + 68_.6'10 ...\- 5-G• ?20 

:h>Gm Which x. the at,a~~ fttee -ener-a ~t to:rmatl-R 4f 

ornitld.ne = -69.ilO oaloriea. 

Th@ values for the tree energies .of foraatioa, •1-

omi thine in its various states were then ealeula:ted aa 

for ci trw.lim . 

!he values for anm1oni a , carbonie ae1da- an.a. wate-r ~ 

taken trom the cllapter by Bors.oek and Jfd"'taaa in Seud.d't; 

The Chemiat!IJ' 0£ the AJnino ,Ae1ds ud Pl'Ol~• (6) • 



'l able A 

The bee Enera o:t rormation of' tJndi saociated 

so-lute in St.an~d. Solution at 25°0 . 

OOa!lJ)Glffid 

d-Ar,J.m.ne 

Oitrull1ne 

trr~a 

Ornitlliae 

Jl(aat . sol . ) 

-58.J)f)S() . 

·- 119/'/30 

-47,200 

- 68.770 

Ammaia (aq. ) 

Oa~'bom.e Acid (aq. ) 

Water (l) 

Activity 

.5878 

. ~08' 

s .O? 

Jiu 1un1s.soc . 

-58,,6?0 

.. 119,6'0 

..48.440 

-69,310 

,,.,e:·:,300 ··· .,. -
.. , ···•-

69 



We can new c-onsideJ> the reactions in t.he urea 

eyole of Krebsa 

(l) Orm. tld.ne +Oubetd,,c Aoi4,i +Ammtnia 

.;: C'i tr,.l'l line t 2 Wate.a,. 
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A Fe a t 2i>O O S ..,119-64() +2(-66720)+f9.3l0+148,810+6_.300 

A 10 : - 8.600 ealeJ'ie.e 

(2) Oitrru.line + Ammenif:A :. ~at• +W&'t:er 

A 110 at ao0 o - -58,670 -os.,120 t 119,,640 +s.aoo 

A B0 : 10 • 660 oalories 

(J), Arginias +- Water = Ornit.hine t U'Na 

Rewti,,.1na (1.) an1. (i) may eccur quite Na.dill' . 

The energ tor r eaction. (2) must arise.- l\owever.,, trom 

SQne ether. mechanism. Anotber pos$ibl,e 1nteJJI04la'te i .a 

the SN - euboq e>nitld,1.1e euuested •J' 1~4-t (5.3) .. 



Other Thermal Data 

Preparations and Purifications. 

The limiting factor in calorimetry of substances of 

physiological importance is usw-:1.lly the purity of' the 

eoruµound under investigation. In the case of calorimetric 

standards such as benzoie acid, and many other sim.1;le 

organic chem:.lcals, high purity is easily attained. The 

attainment of high purity in many biochemicals is often, 

however, a difficult chemi.cal problem, requiring much 

more ca:re and l abor than the original synthesis or 

isolation. 1.n what fo1lo;>1S, purifications for combustion 

values (determined largely by Professor.Huffman) will be 

set out in detail , and in many cases discussed with 

relation to the combustion values obtained .. 

d A,lap,ine 

Two samples of Eoffman: La Roche d:-alanine were prepared 
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by rt:crystallis,::ttiou from · water, and two Jay ;reerystal.lisation 

from water :,:. nd ethanol. 

N,Ht erials from four commercial and one ru11',11own 

-source we•e utilized in preparing sixteen different 

combustion sampl,;Js. 

Sample (c) A produet obtained fr.om the r1 .. s.1uino 

Acid J;;tH'lufactiu·es n was dissolved in boiling water iJ.ncl 

!.3llowed to "!rystallize, i:n the cold room. The mother 

liquor was treated with two volumes of 95 l ethanol .. 1'he 



t wo .fractions t hus obt a ined wer e combined and we:n;'; aga in 

diss olved i n boiling wat er and allowed to crystall i ze. 

Sample (d) The solut e i n t he mother l iquor from 

(c) was prec.ipita t ed with t wo volume s of 95►S et hanol. 

Sampl e (e ) A portion of (d) wa s t wice r ecrysta l l ized 

f rom wB ter- An d finally from hot wa t er by t he addi t ion 

of alcohol. 

Sample (f) A portion of (e ) was dis solved i n hot 

wa t e r a nd a llmved to cool • . Aft er standing for s evera l 

days the mot her liquor wa s filt ered off and t reated 

wit h et hanol. The precipitat e t hus obtained was t wice 

r ec r ys t allized from wat er. 

Sample (g ) The mother 11:;uor s f r om (c) an d (f) 

were comoined ,:;.nd et hanol a dded, . The precipita t e thus 

o bt ain ed was t -.:dc e cr y s t a llized from water,. 

bample (h) A sample ma.de up of accumulat ed 

residues was oenzoyl ated with benzoyl chloride, in 

c hilled aqueou s s ol ution, in t he pr e s enc e of' an exces s 

of sodi um bicar bonate. The ben zoyla l a.nine, obt ained 

oy vouring t he r eac t i on miX.ture i nto concent r at ed 

c a r·bon tetrachloride and· fim1 lly twice r ecrysta l l i zed 

frorr..i wA. t er. i; por tion of this be.n zoylalanine wa s 

r efluxact wit r 481f, hydrobromic acid . 1'he hydrobron, ic 

acid was r emoved by vacuum dlsti1l a.tion on t he wa t er-



bath, follovv ed by t hr ee add itions of water an d its subsequent 

removal by vacuum distill ation. the residue was neutralized 

to litmus with ammonium hydroxide and again evaporat sd . The 

residue thus obtaine9- was washed free of halides with 

absolute ethanol and finally crystallized from water. 

Sample (i) Duplicate of (e). 

Sample (j) Duplicate of (dJ. 

Sample (k) Some alanine r esidues were t wice recrystal

lized from ~ater by the addition of methanol. 

Sample (1) .,, sample of Pfhnsteihl n~-alanine 11 was 

decolorized with nor·ite and crysta lli:e:,.;ed three times from 

\~ater. 

Sample (m) 1:- .s&mple of .t:astman dl-alanine was 

decolorized with norite and twice recrystallized from wa ter. 

-
Sam_ple (n) The mother liquor from (m) was diluted 

to twice its original volume and the alanine precipitated 

by th@ add ition·or two volumes of dioxane. The precipitate 

was dt ssolved in col d water and the alanine precipitated 

volumes of dioxr.n 1e. 

Sample (o) Alanine residues were recrystalli zed four 

times f'.rom seven volumes of a 5Q jl{, pyr-id ine-wc:, ter mixture 

anti the: cr·y$tL1s firn:~ lly washed with boiling absolute 

a lcohol. 
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Sam1J1e (p) Alanirw residues wer ,3 t wice crystallized 

:rrom 3 volumes or t> )i; acetic 

final1y washed with bo:il.i ng ebso:lut e 1::t hanol . 

Nitrogen determinations on sample (h) gav e the 

theoretical results. Tests with t he p 0lar.imeter showed 

this material to be optically inert. In the (n:trly 

preparations it was found that the ash content was high 

a.ii-:::. for this re1:.,son it was attempted to obtain an a sh-free 

subsL,nce by resorting to erystca1lizing from various 

solvents and tmder various conditions. llhile the ash 

cont ent w~s thus lo ~ered , it was never possible to obtain 

ti sample which was completely ash-free .. l'he i1.verage ash 

cont ent of the preparcition which y.ielded acceptable 

combust ion values was 0.016%, ,:tnd in the extreme cases 

which hD.d been drj_ed. in phosphorus pentox.ide vacuum . These 

values were low &I nd l atiar determinations shoWtHi that th.is 

probably was due to incomplete removal of .water . 

The combustions of samples (e) and (d) also led to 

lov. results, which c ould not be due to moisture cont tmt , as 

samples dried for th.ree days and nine days a t 1000 6ave 

However • EJ. sample dried for sixty days in phosphorus 

pEintoxi:ie v acr·.vm gave a V&.lue nearly 15 calories lower. 

1'his difference was just accounted for by t11e loss of ;r..ass 

74 



of samples whose history was the same except for 

additional drying at 100°. 

Further purification of sam.t"·les (c) and (d) led to 

i,n increase in their combustion values ,vhich were then in 

excellent ._.,,grEH?ment with prepc\rat10.ns from other sourct~s 

which yielded acce~t able v a lues. 

There is, of course, t he possibility that th.e low 

v&lues of (c) and (d) may be due to a difference in c:rystal 

form. For this reason an atte1;1pt was 1flade to dupli.cate 
' these preparations, samples (i) and (j);. one successful 

combustion on (i) was in good agreement with the earlier 

combustions. Since some of the other preparations ;s;1ere 

finally cry·stallized under the same coEditions and. since . 

they had the same appearance - under the microscope it was 

concluded t hat these low results were due to impurities. 

dl Alany1 GJ.xeine 

:: . bample B was crystallised four tim~s from aqueous 

solution in a vacuum desiccator over lliaOH in the presence 

• of ethanol. 

£. General res.~ldues were recrystallised twice from wa.ter 

by allowing the ac1ueous solution to stand in 2:- dust-free 

air draught until crystals separated. 

F". A.1any1 glycine Tivas synthesized by the .follow.ing 

scheme: 
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Aith the precautions to be described below it was 

possible for the first time to obtain an a lanyl glycine 

which had an &lmost negligible &sh content .. Freedom from 

ash is desired for t wo reasoms: 

1. The ash r es i due as determined by ignition of the 

;;l a tinum crueible after & combustion "i,,roba bly cl.oes not 

represent the true original amount of ~sh ,.; re sent. 

:;3. Because of the unk11own w :i.ture of the ctsh it is 

not possible t o correct for its effect on the heat of 

combustion. 

11.lpha brom propionyl bromide was prepared from 

r edistilled vropionic acid and bromine in the presence 

of r ed i,hosforus, by gentle refluxing. The product 

boil i ng at lti0-1S5° uncorrected vms c ouple'd with g lycine 

in the L ,,shion described for brom propionyl chloride by 

Fischer ( 54). It was possible to obtain cryst ,.:_,l s of a1i_j ha 

brom propionyl g l ycine r ead ily, the neces sary J;, rec ::t ution 

pro oa bly beir~ the evaporation of all solutions in vacuo 
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1'he brom pro_pio.nyJ. glycine was recrystallised four 

times from chloroform (7 cc. per gram uf compound), until 

a sample melted at h,1-lQZ.0 uncorrected.· 

for the amination a flask was used which had stood 

11 days with concentrated ammonium hydroxide, and was 

t :,en wra shed out. Freshly prepared ammonium. hydroxide was 

.used in this flask for the amination. 

lhe alanylglycine obtained was twice dissolved in 

two parts of hot water and precipitated with several 

v ,./lumes of absolute et ru1nol. 

1-Asparagine ltrdrate 

u.a.terial from four d.if'f erent cowm0rcial sources was 

utilized to prepare eleven combustion samples. 

Sample (a) 1iLerck 1-asparagine., which had been 

recrystallized several times for heat capacity measurements, 

was subj:::cted to three additional crystalli2;ations by 

dissolving in boiling water and allowing crystals to 

. form as the solution cooled. 

Sample (b) A preparation f'rom Ho.f'fmaru1-LaEoche was 

used without further purifi.cation. 

Sample (c) A portion of (b) was once crystc1llized 

rrorn water by cooling t he hot solution. 

Sample (d) h portion of (b) was twic e cryst~ll ized 
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fro~ water as in (c)~ 

Sample (e) r.ta.terial from Pfanstieh1 was twice 

crystallized from water. 

;:,ample (f) .Material from Eastr;ian was tvvice cryst,Hl1i.zed 

from water. 

&ample (h) A portion of (a.) was converted to t:ne 

copper salt, which was purified by one cryst2.1.lli ion 

from a larger volume of 0ater. The copper was precipitated 

with hydrogen sulfid(~ and. the regenerated itsparagine 1t'iiaS 

further puri1'.iec1 by several crystallizations from water .. 

Sample (i) .A portion of (e) was recrystallili:ed by 

dissolving in hot water an..d seeding heavily with 1-;;;1.s 

which had been de.hydrated at 100°. 

. 1 / ,, \ bamp. e ,JJ A portion of (e) which had been d'2;hydr~t 

a.t 100° was rehydrated by allowing to st 

covered 1,vith water at rot>m temfHi.rrature. 

ine 

Sample (k) J,, part of (a) ~·as twice more crysta111zec! • 

fro:m water. 

The nitrogen content o.f (a) was the theoretical., 

surements of the rotiit.io:n of' sa1·nplfJS (i::t) and. (o) in 

HCl solutions ith the ratio (HCl/t;iSparagine hydrate) 

78 



respectively. The ash content of all t he samples with th0 

exception of (u), (h) and (k) wa s u.nci ,~' tec c;.; b l e . In sampl B 

(h), the worst c~se, it was less t han O.Ol fe . 

.Numerous conibustions on sa.mple (a ) liehydrated a t 100° 

consist ently ga.ve resul ts .s. bout f i ve c c.iories hi e::,her thcu.:. t he 

~ccel-'t.ed value. For this r eason preparations (h) ,::ncl (k) 

:were made. The result of one combus tion on (k) agreed with 

those on CJ 'Jihile the result of one combustion on (h) was 

about mid ,ay bet ween those on (a ) and the accepted Vh J.ue. 

Further attempts c1t purification wen~ impo s s ibl e oec uuse of 

la.ck of this materia l. -,~hen a new s ample (g) wo.s pu.rc hased 

from kerck it ,vas found to yield values which ag reed 

with the accepted result. 

BenzaPilide 

NH.; C
6

H
5 

(Na OH) ,.., 

.Fi f ty ml technical aniline wer e emulsified with 

500 ml. 2.N NaOH. While the temperature was maintained 

below 10°, 58 ml. benzoyl chloride were added '.dth 

continued stirring during 1 hour. The mixture was then 

acidified to Congo Red with HCl, and the benzanil tde 

filtered off, anrl washed with water. 

This product '-",a s twice cryst fi llised from a_µ~ roxima te~y 

79 



13 cc. of 95/4 2ttwnol per gram of product. 

A sam~le melted at 161-2°. 

Creatine (Anhydrous) 

Two commercial products were utilized to prepare 

thre e different combustion samples. 

Sample (a) Bastr.uan creatine was t vrlce crystallized 

from wc1.ter by dissolving in boiling water and cooling the 

solution. 

Sample (b) Creatine from Hoffmann-LaEoche was t wice 

crystallized f'rom water as above. 

Sample (d) A portion of sa.mple (a) was dissolved in 

bolling water and crystallization started by seeding. with 

anhydrous creatine which had been d e.hyd r ci ted at 100°. 

The nitrogen content was theoretica l and the ash 

content negligible. 

Creatinine 

Materials from tYm commercial sources were utilized 

to prepare four combustion samples,. 

Sample (b) A portio.:.: of' the starting material in 

(a) was converted to the hydrochloride and neutralized 

with ammonia according to Edgar and l:Unegardner 's methods 

. (a) and (b). It was fina.lly washed with ammonia and. ethyl 

alcohol. 

Sample (c) A sample from Ea stman was dis~;ulved in 
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water and precipitated with ac etone a s in · (a). 

Sample (d ) A sample of Pfansti cihl creatinine especial ly 

· purcha sed for t his research (Hfo6 ) was dissolved in 

boil ing wat er and immediately placed in an ice-ba th to 

c :cystallize . The crystal s were slightly greenish . This 

. material was again dissolved in hot water o.nd trt~a t ed 

with norite. The crysta ls Xrom the above were again 

dissolve9, in hot water and allowed. to cool and crystall i ze . 

ldtr-ogen determina.ti.ons on (a ) gave t heoretical 

values . Sam,ple (c) was found to have a high a.sh cont ent, 

0. 02- ·0. m:.S;:;'.J while that of sample ( i-;. ) and (d) was 

negligible. 

Alpha Dextrose 

The method of Hudson and Da. le w~ s ·used to purify 

and convert glucose, from two different sources, into 

0l-dextrose. A prepara tion obtained us i ng Pfanst ieh1 

c .p. glucose as t he starting ~na t erial was wa s hed with 

boiling a bsolute alcohol. This treatment a,rparently 

c c.used mutarotation, as this material had an ini tial 

s:pecific rota tion of 6 f·0 ~ s 1:.u:nple (a). A portion of th:Ls 

sample was again c onvert ed to the°< -form and wa s Wb.S h ed 

twice by shaking with a.bout 5 volumes of dO;;;, et nanol 

followed by raf•i d filtr,:i tion to give sampl1.;; (b). Sample 

(c) wa s prepared from Kahlbaurn dextrose in the same 



manne1· 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 wa.ter. This 

concentrated solution wa s then allowed to cool slowly to 

75° with continueus stirring. Under these conditions the 

stable crystalline modification is anhydrous c1 -dextrose,. 

The mass thus obtained was transferred to a suction filter 

in an air-bath at ao0 • No visible filtration took place 

but in about one hour the mass was superficially dry. 

Bureau of Standards dextrose (standard sample no. 41) 

was used without further purification, sample (e). 

I'he initial specific optica l rotation was determined 

on samp les (b), (c), (d. ) a nd (e) giving for ~Jt~;:-' D 11? .,ll::~, 

109 and 110°, respectively.- The ash determination on ea.ch 

of these samples showed that this factor was erit:irely 

negligible. 

Beta Dextrose 

The procedure of Hudson and Dafe (55) • was followed 

with purifi~d Pfanstiehl dextrose. An immed.iate preci1;itate 

of beta dextrose wa s ho ,N ever not observed and on crystal

lisation 800 cc. absolute Hthanol in.stead of 500 cc., ;.v ere 

' used . hfter t wo such rec1,ystallisations., r.aa_ 
1J 

z::. 

Sample (a). 



Sample (b) A purifis d batch of combined Pfanstiehl 

and KD.hlbau.m glucose was converted to the beta form by the 

Hudson and Dale procedure. lnst·ead of being recrystallsed, 

twenty grams of yet moist material was swirled for two 

minutes with 50 cc. of BO percent ethanol ., filt ered 

rapidly, and the product swirled for one minute with 40 cc. 

of ethanol"'. The product from this WELS simil1=.rly trer, ted 

with 15 cc .. of alcohol for 1/2 minut e . 'f'he .final product 

was imrnediately placed in vacuo over P 2o5 • 

c 50 -,:, . 

Sample (c) hesidues of Kahlbaum dextrose were 

converted to the beta f crm by the Hudson and Dale px·ocedu:ns. 

Two crystallisations were effected. 

[er-] D = -190. 

Sample (d) One hundred grt.Jn~J of Baker's e. p. dextrose 

was dissolved in ;:":00 cc. of redistil1E~d dried. pyrid ine 

previously bro'ught to boiling. The solution vi'~i. S rapi{ay fil

tered through a Buchliler funnel. Aft ,.n~ two days t standin.g, 

the crystals were filtered off, washed ,;-ell with ether , 

dried in the air a few minutes, and theri set ov~r sulfuric 

acid in vacuo overnight. The rn.aterial was noi;t set iu the 

oven at 105°. It was next pulverized and hea.j&(l for a. few 

hours more. 
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Sample (e) Si.x:ty-f'ive grams of sample (d) was 

dissolved in 65 cc. of lee water, filtered rapidly, and 

trea ted with ;::,25 ce. of t.tbsolute ethanol with seeding and 

mechanical stirring for one hour, and then dried in va cuo 

over l\:05 • 'I'he 36 gm. obtained wa s .similarly treat e1 with 

;;_;5 cc. of ice wat er and 250 cc. of et hanol. The 2:) gri:ims 

n.e:x.t obtained wa.s similarly treated with 1,::5 cc .. of ice 

wat er and 150 cc. of ethJfanol. 

Sample (f) The process of s ample (a ) was repeated , 
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with .put.tried Pfanstiehl dextrose, -except that recrystallisa

tions were rapid, &: i ded by mecharlical stir:ring, and only 

5 -volumes of ethanol per volume of, wate1~ , wer~ employed. 

r r--J f,,{ ,7 --· ,·,n 0o L-,- :; ...,.. fu v • · • -.• 

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

followed .. 

Allowing a part of (g) to stand in the mother l i ,.i uor 

5 days did not improve the poor mierocrystalline appearance . 

Pfanst1ehl dextro:.H1 was Jjurified and conv erted t u 

.~ - d extrose in the mam1er previously J esc ribed . lt was 

c ov-:ired with 80)j ethanCJl , a llov,,;ed to s t and for nine days , 



the ethanol :filtei"'ed off and the c_rystaJ.line nH:i.t{n'ial 

dried in the air of' the room. The specific rotation of' 

this material, based on th~, weight of hydrate, vms 101 °. 
The ash content was negligible. 

Samvles (a) and (b) were pr~pared from ~astman 

practic;;..l fu.maric acid by ~2 and 3 crystallizations f'rom 

water in the usual manner. Samfile (c) was prepared 

originally by Professor J .H. _Conant of Harvard University 

and was used in the heat capacity investigation of Parks 

and Huffman ( ~6). For tb.:is investigation it was subjected 

to two additional cry:stallisations from "i'Jat,c:r. Titration 

of sample (c) with sodium hydroxide gitV€1 the theoretical 

Glutathione 

Sarnph➔ s of glutathione vun,e crystallised and the.:i,r 

ash content lo'Nered by the fol1mving procedure: Crude 

glutathione was dissolved in ten parts of w1:-iter at room 

temperature, filtered.,. and set in a vac-uu.m eesiccator 

ovc::r flake Na.OH o.nd a dish of ethanol. The water 

distilled to the .NaOB. and the ethanol gradua.lly distilled 

to the dish containing glutathione. AHcroc:rystalli:ne 

prismatic needles WEffe obtained .. 

_Glycyl GlI,Cil].e 

Glycyl glycine, the, following two compou.nds, 
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benzanilide, a. l anyl glycine, and leucyl glycine we:re all 

prepared for evaluation of the free energy of formation 

or the peptide bond. 

Sample (a) Twenty grams of 1\ .. P. (Amino Acid Manufac

ture) glycyl glycine was twJ~ e recrystallised from t wo 

parts of water. 

Sample (b) By evaporation of the mother lLtuor oi' 

sample (a) there was obtained a residue of glycyl glycine 

which was dissolved in 50 cc. of boiling water and treated 

'aith 150 cc. of absolute ethanol. 

, Hippurtc Acid 

Sample (a) Forty grams of hippuric acid (.Amino 

Acid Manufactures A.P., used in Gp det erminations) 

was recrystallised from 1300 cc. of water. 

Sample (c) Eastman hippuric acid was crystallised_ 

twice from 35 parts of boiling water. 

Sample (e) Hippu.ric acicl(Amino 11cid Manufacttixes) 

was recrysta l Jised 5 times from ;;;5 · parts wat0r. 

Sample ,(f) • l'.'he first crysta llisation mother liq_uors 

of sample (f.:) were evaporatt1d to drynes !:~ and the residue 

recrystallised from lfi ec. of boiling absolute ethanol 

per gram of material. 

Sample (g) Pfanstiehl hipfuric acid was recrystallis ed 



from 31 parts of wa t e r . 

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

.:; recrystall isution liquors of (e) ·..:,,ere employed . 

Sample (i) Sample (h) was recrystallised from 

Hi QPU;ryl G~,yclnL 

Sample (a) llippuryl glycine (amino Acid , Manufactures, 

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

Sample (b) .ti portion of sample (a) was dissolved 

it\ 19 parts of boiling water, treated with a mutual 

solution of ;.~: parts ethanol and :e parts pentanol, cooled, 

the crystals filtered off, and washed with a bsolute 

ethanol. 

Sample (c) Sample (b) was recrystallsed f'rom 19 

parts of water. 

Sample (d) Some Amino Acid Manufactures, A.P. 

hippuryl glycine was recrystallised from 17-i pa.rts of 

water, treated with 17½ parts of boiling n2o for 1 hour* 

cooled, filtered, and again recrystallised from R-,0. 
iG 

This vi·oce~ure was intended to reveal any hydrolysis 

during recrystallisation. 

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

a second purchased quantity of hippuryl glycine. 
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Sample (:f) A portion of the new batch was 

recrystallised from 20 parts o:f water .. 
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The crude, brown hydro:xypro1.1ne obtained by Bergmann•s 

pi•ocedure (57) was obviously not pure enough for- deterrrd.natio.n 

of thermal constants. By following the directions which 

outlined the removal of 1-proline f'tom arginine f'lavian,lte 

mother liquors 3.S the rhodanilate, and tb.e subseciuent 

precipitation of' hydroxyproline t,s the reineckate,. it was 

possible to obtain appro.x.imci.tely the recorded yield of 

hydroxyprol:Lne. Attempts to decolorise with norit were 

unsuccessful, bu,t a beautiful product was obtained by 

forming the picrate, recrystallising ,a11d :recove.ring tl1e 

hydroxyproline after decomposition with acid. 

Preparation from rloff'nn_;tnn-Lalloche, Carlsbe:t'g Laborato:ry 

Hnd from the re~olution 01'' dl-1eucine ~Hn·e the stftrting 

materials for eleven combustiotl.samples. 

Samples (a), (b), (e), (d), (e) Numerous attempts 

were made by :cecrysta.llisation, etc., to obthin samples uf 

Hofi'mann-LaHoehe 1-leucine :free f'rom sulfur but without . 
succeeding. 

Sample (f) Hoffmann-La.Boche 1-leucine vn1s fornwlated 

by the Steiger (58) method. The formyl-1-lizuc.ine thus 

obtt1ined w:as crystallised six times from. wat.er. It was then 



hydrolysed with hydrochloric aeid and neutral.isecl with 

lith:lum hydroxide according to the method o.f Fische1~ and 

Warburg (28). I'be crystals thus o"btained wei'e washed with 

ethanol .. 

(g} The 1-leucine obt;dned in the resolution of 

dl-leucine, described under d-leuc:ir1e, was recrystallised 

similarly from water. 

Sa.mple (h) This sample was obtained by evaporating 

the mother liquor from (g) in vacuo until crytals 

appeared. 

Sample (i) A portion of' (f) was on.ce recrystallised 

from water .. 

b.;i.rnple (j) .B collection ot· 1-leuci:ne residues vras 

fo:r.mylated by the method of Fiiicher and Warburg ( 28) for 

synthetic leucine. The forrnyl-1-leucine thus obt.'::dned ;;m s 

recrystallised from water six times. It was hydrolysed with 

hyd.robromic acid and. neutrEi.lized with amrrionium hydroxide 

in the marm-er already described. .. The material .:from trte 

The nitrogf)D analyses on the above Sc<1mples w-sre the 

theoretical. Sulfur analyses wrere completely nega:tive. The 

rotation, deteimuned . on a solution containing 20J& 

hydroc~loric acid and with a ratio of hydrochloric acid/ 

leucine of f;f), for sample (h) was [~3D -16. :i; 0 and on 

sample (1) [0< _:f ;,,:D ..,.15.zs0
• 'fhe ash content of the firkt l 

prepi:'u·ations was less ·than 0.0171~. Carbon appeared in the 



crucible occasionally but was negligible in amount. 

d-Leucin51 

The residue from the dl-leucine preparations were 

' utilized as the starting material. These were .i'ormylated 

by the method of Stfiiger (58) in a formylation apparatus 

kindly loaned to us by Professor k .. S. Dunn. The resolution 

was made according to the method of Fischer and 7farburg 

(28) with the follow~ng modifications in the hydrolyses. 

The formyl-d-leucinejwas refluxed for one hour with 

fifteen times its weight of' 107& hydrobromic acid.. The 

solution was evaporated i:n vacuo with the subsequent 

addition of water three times, neutralized to litmus 

with concentrated ammo.1.:11um 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 water. 

Sampl,e (b) The mother 114.uor from {a) was 

co.nc(~ntrht,ed by pumpiltg off a part of the w11ter and a. 

second crop of crystals ohtained. 

The nitrogen was found to be the theoretical., The 

rotation_, determined with a solution eontai.ning 20;:i'. 

hydrochloric acid a.11d with a tatio of hydl'oehloric acid/ 
;,?:4 0 

leucine of '.35 g 0.ve L c< 7 D -15. 7 .. The ash content was 

negligible B.nd in only one case was there any evi.l ence 

of carbon. 
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Maleic Acid 

Sample (a) w~s prepared originally ·by Professor 

J.B .. Conant from maleic anhydride and was used by 

Parks and Huffman for heat capacity measurements. For 

this investigation it was twice recrystEtllized from 

50;if aqueous solution. 

Sample (b) was obtained by four crystallisations 

of Pfanstiehl G.P .. maleic acid. This sample gave low 

combustion Vt':lues. 

Samples (c) and (d ) were prepared from Eastman 

maleic anhydride. Two portions of this material were 

Gach subjected to t~:i.ree fractional distillations giving 

final products boiling at 200° and having boiling 

ranges of 0.3 and 0.1 °, respectively. 'l'he first distillate 

was dissolved in ten parts of ws.ter and evaporated to 

dryness over sodium hydroxide (c). The second distillate 

was dissolved in three parts of water and evaporated to 

dryness over phosphorus _pentoxide (d). The ash content· 

was completely negligible. 

Phenylthiourea 

Sample (a) Eastman phenylthiourea was twice 

recrystallised f'rom t wenty parts of wat er, 

Sample (b) A batch of roat(1rial puri.t'1ed a s for 

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

],.-Pro line 

1-Proline was prepared by the method of Bergmann 

(57) and washed well with absolute ethanol. 
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Sample (a) A portion w;.;1.s dissolved in 10 parts of ·boiling 

95:J{, ethanol, solution decarreed 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,,Oi;. 
r.:_,, V 

Sample (b) 4 .·6 grams of' 1-proline were dissolved 

in 150 ec. of boiling ab.solute ethanol" a.nrl added to a 

solution of 8.1 grams of Balter' s ·c.P. eopper acetate 

in ZSOO cc. of boiling absolute ethanol, smcl 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 filtered 

off and again reci·ystallised in the same way. I'he 

rasultaut C01Jper salt was suspended in water, which was 

SEtturated with H2s. The residue obtain0d. by evaporatirag 

the filt:rate from CuS and nor1ting was recrystallised 

from 95 _percent alcohol and ether, and th.en from ten 

parts of n-p:ropyl alcohol. 

Sample (c) The corrbined mother li,~uors of sampl-:1 (a) 



v;ere evapor.:tted in v acuo and t he praline residue was 

recrystallised from 150 cc. of n-propyl alcohol, t hen 

from 120 cc . ., then from 110 cc., and finally fr om 100 cc., 

with noriting. 

Unsuccessful attempts to remove the odor inc l uded 

heating overnight at 100°, disso.lving in cold alcohol 

and precipitating, placing in vacuo for many hours, and 

sublimation. Recrystallisation from n-propyl a l cohol 

effected t he difficult removal of colored 1norgan.ic 

s a lts. 

dl-Pyroglutamic Acid 

d-Glutarnlc acid was heated for one hour in a beaker 

on a sand-bath with the temperature of the melt at 170-195°. 

It was stirred while cooling and then an equal volume of 

eth(;l.nol v-1as stirred in .• The cry.stals which resulted were 

recrystallised from water, and from watei~ and ethanol 

with noriting. _ 

Succinic .f .. c:id 

8uec1nic acid wa s recrystallised four times frou,1 

?.o times its weight of water at 70°. 

;r a :urine __ 

Tau.rine was synthesized by t he fol l owing st eps: 

Nl:i. ,-Chn-Clt. -OH + HBr i.c ,:;, r.:, 

hH -CH -CH -Br • }~ 2 ~ 
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The direct,ions were those given by Cortese (S't) arid 

the product was recrystallised t wice in the manner 

described in his paper, for entropy determination. I'his 

material was halide-free. 

Sample (a). F'or combustion, forty grams of material 

was recrystallised from 160 1rnd UW cc. of water. 

Sample (b) The mother liquors of' (a) were combined 

and tre&t ed with 1400 cc. of ethanol. The cryst ,."'- ls which 

separated were dissolved in 60 cc. of hot water a11d 300 cc. 

of' ethanol were added . 

Sample (c) Ten grams of Hof'fman:n-Lahoche taurine 

was recrysta l lised from 40 cc. and f:8 cc. of' boiling 

redistillad water. 

1-Tyroein!R 

One commercial material and a stl.h:ient preparation 

from silk were used in making five different combustion 

samples. 

Sample (a) A sampl e from Hoffmann-Lahoch,~ was used 

without additional puri.fic8.tion .. 

Sample (b) J.i portion of (a) was once recrystallised 

from hot water. 

Sample (c) The stud ent. pre i,:iaration was once 

recrystallised from water. 

Sample (d) A portion of (a) wa s t wice recrystallised 
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from 2:75 parts of water. 

Sample (e) The student preparation was t r eated vdth 

no.rite and recrystallised three times from :.:~ 50 parts of 

water •. 

The nitrogen content was .found to be the theoretical .. 

The rotation was determined on a solution contain.ing o.86~:S gm. 

of tyrosine in 2~:i cc. of 4,'.;~ hydrochlorie acid and gave 
·~,4 

G ""J·· D -10 .8. The ash content of a:11 of the prepara tions 

except (a) was entirely negligible. With one exception 

there was no evidence of the production of ca rbon and. in 

this case the correction wa s less than O.Ol)i .. 
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Entropies 

Entropies were determined as described in Section I 

for citrulline and ornithine. They were determined for the 

following substances: 

Creatine Hydrate 

Glycyl Glycine 

Bippuric .Acid 

Hippuryl Gl)tcine 

1-Proline 

Taurine 

The values of the heat capacities and entropies are 

presented in the Tables immediately following. 
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Table XVI 

Specific Heats of Creatine Hydrate 

Temp °K 

87.3 

92 .0 

97. 2 

103.2 

109.7 

116.5 

136 . 3 

155,.5 

172 .8 

190.1 

210.0 

226, •. 3 

258 .8 

273.6 

279.9 

292 . 2 

298 .4 

Calories/gramJdegree 

.1326 

.1380 

.1435 

.1507 

,.1576 

.1649 

,.1852 

•. 2051 

. 2402 

.• 2600 

.• . 2749 

. .-2909 

,.5052 

.• 3189 

. 3259 

. 3366 

. 3423 
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Table XVII 

Specific Heats of Glyeyl Glycine 

Temp °K 

86.7 

91.8 

97.9 

103 .6 

110.4 

117. 2 

136.0 

155 .. 4 

172 .8 

190.5 

209.5 

223.5 

244.l 

257.6 

276. 2 

280,. 3 

287. 2 

293.9 

Calories/gram/degree 

.1}239 

.1292 

.1355 

.1417 

.1486 

.1561 

.1734 

~~4 

. 2.040 

•. 2168 

. 2308 

. 2403 

•. 2555 

. 2650 

. ~2784 

.. 2818 

., 2877 
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Table XVIII 

Specific Heats of Hippuric Acid 

Temp °K 

84.8 

89.6 

95.6 

103.l 

111.0 

120.1 

129.6 

145.l 

160.0 

174.7 

.190.f; 

205.7 

220.2 

240.4 

260. E 

275.8 

281.1 

287.7 

293. 3 

298.4 

Calories/gram/degree 

.1075 

.1111 

.1160 

.1292 

.1369 

.1440 

.1562 

.1680 

.1798 

.1936 

. 2058 

. 2186 

. 2348 

. 2519 

. 2658 

. 2707 

. 2767 

. 2814 

. f:859 
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l'a.ble XI X 

Specific He~ts of Hi ppuryl Glyc ine 

Temp OK 

84 .7 

87 .7 

93 . 6 

94 . 6 

100.3 

112 . 2 

134.1 

147.2 

156.4 

160.7 

180 . 7 

185.9 

198.0 

205.9 

216.7 

241.5 

253.7 

262 . 2 

265 .7 

281.7 

287. 2 

296 .7 

Callories/gram/degree 

.1066 

. 1088 

.1136 

.1152 

.1201 

.1223 

.U}04 

.1414 

.1513 

.1520 

.16-22 

.1682 

.1707 

. 1854 

.1896 

.1991 

. 2052 

. 2140 

. 22.36 

. 2337 

. 2438 

• 2508 

. 2 534 

. 2673 

. 2808 

103 



+t 

ti ± i 
fll=lffiffltt1=8II g ~ .l : ~ t 

,r .. _, _\JI,, 
• t ,+t+ ± t+H: 

m+++H+rtttr;1:11 ~ri r~ '1 

i 
. t 

+ 
... 

o.m: 
.f ...... ·1• 
, 1-+ ......... 1-

.... n 

- " 
' 

1-4 l=t-~Flflffii .......... ,_,.,. I .. , 

rt 

7 µ:r. 
---- ~ ·~ 
't· , r 

lt 
; 

... :.t 

H- + 
H 

·1 

1--

H 
[ff 

I+-

lli 

T 

...... 

t-; 

-""' +r 
t\ 1 ~. 

• ~ ~ IJ->+ 

H"" .\ - _ _,_ ~-

. .. 
1 t-t 

.. 
' 

. .I 

ti 

r. 

:1. 

+- , ,-
1 t:tti 

~-' ...u ·I•-' 
:-,: ... ~ i.J-, 

,~ ... "_. i:t" c+ 
•-1 

... -~ 

.Li 

++- 
tt 

-- { J --d + 
1-1 , ~ Ir 

1", T tt 

. .L 

CT • • 

Q :ti· 

t +~ 

.:. C ~ t-T--

Ott ~ -1--, r -
,-.. 

' .j. 



Table XX 

Specific Heats of' 1-Proline 

94.8 

101.3 

108.3 

116.5 

125.l 

154. 2 

171.8 

189 .1 

219., 2 

237. 3 

247 .0 

257 .. 5 

276.8 

291 . $ 

300.4 

Callories/gram/degree 

.1223 

.1286 

.1348 

.1411 

..-1478 

.1555 

,.,1811 

.1969 

.,2119 

. 2390 

. 2549 

. -2630 

. 2892 

. 2947 

. 0027 

. 3096 
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Table XXI 

Specific Heats of Taurine 

Temp °K 

87.4 

92,.-8 

97.9 

112 •. 5 

140.7 

159.7 

178.l 

195.4 

208..--0 

221 .• 9 

236.,4 

249.-9 

263·.7 

276.3 

2s1.-.e 

300.-3 

Callories/gram/degree 

.1031 

.1080 

.1122 

.1263 

.1361 

.150~~ 

.1649 

.1790 

.1909 

. 2018 

. 2116 

. 2215 

.:~304 

. 2484 
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Su'bstance 

Crea.tine 

Table XXII 

Entropies of t be Compounds 

(E.U. per mol) 

{ '' 

Sso0 '' 9·8 lo .::i9o0 
- ~✓ •• , .... . • 

Hyd1·ate 16.39 39 .57 

Glycyl Glyc:t.ne 13. 57 31 .• 73-

Hippuric Acid 18.51 38 .68 

Hippuryl Glycine 24 . 14 50 .96 

1-Proline 13 . 40 27.37 

Ta.urine 10.52 25.91 
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EL-.;98, 1o 
t::.· ~ • •. 

55.96 

45.30 

57.19 

75.10 

40.?7 

36 . 43 



Beats of Combustion 

Heats of combustion of fuma.ric a.nd ma leic acids 

were determined as described for citrulline and 

ornithine in Section I. The values are presented in 

Tables XXIII and XXIV. 
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Table XXIII 

Heats of Combustion of Fumaric Acid 

(15° ca lories per gram a t 25°c) 

Sample - u B 

(a ) 2754 . 4 

(a ) 2754 .7 

(b) E7 54 .• 3 

(c) ;2754 . 5 

(c) 2754 . 8 

(c) 27 54 . 8 

(c) 2754 . 2 

.Mean 2754 . 8 
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Table XXIV 

Heats of Combustion of ~aleic Acid 

(15° calories per gram at 25°C) 

Sample - ~ UB 

(a) 2802 . 3 

(c) ;~801.3 

(c) 2801,5 

(c) 2801.6 

(d) 2802 ,.,3 

(d) 2802 .0 

Mean 2801.8 
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III A STUDY OF' SPE.HM AGGLUl' INATION 

Introduction 

While the study or the urea cycle provided kn.ovdedge 

of the detailed metabolism of protein, the physics and 

chemistry of sperm agg lutination presented an opportunity 

for stutty ot protein in a gross~r aspect .. Most of the 

biological experiments carried out 111 th.is connection 

were done jointly ¥i i't,h Prof'essor Albert Tyler. 

The purpose of t he u:n.dertakinc described here was the 

chemic ai l characteril::H-;i tion of the ,3gg-borne substanct'3 whlch 

ba s the p:ropert y of agglu't~inating sper m .. 1'hG substs.nce 

has been CH11ed 11fertilizin n py F' • . E .. Lillle (60). I t is 

referred to as agglutinin :L.n the followin;; pages . 

l'he sperm agglutination reaction, tJi..rst desc:c.ibed 

in detail by Lillie (61), is a c harac t e ristic clumping 

of sper1n resulting ivhen the sperm are placed in se~ wa t er 

in whlch. eggs of the test an inmls hoVfJ stood. This 

clum_pin.g is ncm-tox:ic, species-spec ific, &ncl spontaneously 

reversiole. It ~•, according to Lillie, to be distinguished 

from Lhe loose clustering caused by CO._:, , and from 
,,., ,. 

llZi 

nh~1 tf~ros.g g1utinati.onf!, a toxic, non-reversible a~glutination 

in wh1ch sperm of' another species arE! c .::.U8ed. to c l.uxnp 

tightly . Egg water a l!;o increaS\:!S t he act ivity of t be 

spermatozoa. 



C tiJ;:,J.',;.i;Ct<iJ.t· 1 ii: ticsi in CO¾Ziill.l;>A i th hi1,et el' .itx.l u,,u;;; S'iffl'O lot it:i,;1 

itgg.lutint:i t; .i{.)>,i'.1., F~t'tiL'liin hi4s 1t1 f1.,ct. b~~iira 111:on.;;::1 to a 
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Diologtca.J.. Properties 

l'he loe: &l marine anlrm.:,l~ which have bee.n found to 

fJX h.ibit an agglutinat i on :reuction a re; 

Giant 1\ t; ;)t-hc>le LimJ)et (lfegathura c:cenulata) 

Sea-worm (Urechis cau_po) 

Sea-u.rchi:n (Strogylocenti·otus purpuratus) (Previously 

described (63)),. 

The intensity of' the r eaction is gr eatest in the orflt~r 

listed. bin.ce Urechis rea ctlon does not give s 1).hariaa 1 

clusters, there is some quest t on as to its bttirig t y plc a l. 

Very dilute swspensi£>ns of spe r:m (barely milky) will givt~ 

a x·eaetion in ·the case of the lim_pot. It was found, 

however, thG,t with sea-urchins, r ehJ.tively und iluted sperm 

su.spe.nslons vn:rr·e :necessary for Et per cept ible aggli1.tin,1tlon. 

;;1.th higher conc ent rations of reagents the reversal of 

reaction took longer. Iu the mo::; t f'avo:rab1e c asf::s , 

agglutinatton persisted for m,;;!.ny minutes. The Urech1s 

reaction could he made to l a st for at least 15 minut es . 

The longest reactions with s Etnd- dolla r s p•Jrm fand egg

water were for fL fraetion of a minute • 

.A nurnb~i· of J tte:mpts to obtain t1gglutin.ation of' sperm 

of the little limpet (acmeo) with egg -v;;at t,r of the ):~ey-hole 

limJ:)ti t were unsuccessf u l . L,;ffor·ts t o obt::1in a I <'; Ection 

within the ac rnea ·group, by intcrtesting t he e ex--produ.cts 
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of aoout a dozen individuals, at different seasons, were 

also fruitle£>s. 

The Key-hole Limpet reaction itself does not 

spontfmeously reverse, in cont:r'ast to the agglutination 

reaction of the other marine forms. The clumps initlally 

formed gradually approach each otht:lr .and rather suddenly 

fuse. Th.at the lack of reversibility is not a concentra

tion effect was shown in tht3 following; -way: E,gg-wate:r 

solutions sufficiently dilute to give the le,:;;,st perceptible 

reaction were added to dilute sperm suspensions. The egg

water employed was diluted. 10 times ¥ii.th. sec'::l-\vater and 

gave the first perceptible i:tgglut1rw,tion in 5 minutes . 

.i-Ster 18 hour Si no reversal h~.d occurred .. Ju1othi:I', strongly 

agglutinr;i.ted sperm sam:;::-le, whE:m sr,:uirted with a pipet, 

broke up, but reformed &gt,in in memy seconds, z1lthou.gti. 

not as strongly. 

In o:rder to discover i.f the bL>od cont.seined agglutinin, 

5 drop£1 of blood of' ;;,. female .ce.t.-urchir; w0:r e ed. to O!iC) 

were Blso tested. To other samrlfo::S \.f the sart,Ej ~:;per:;, 

suspension ·wfas ad.ded blood of anoth;;;;r IfH •. le i.1.WI o:f another 

female .. In no Cb.Si:; was agglutination observed., Addition of 

egg-r,E,ter to sporm from the animals of this grov.p in B.11 

cases p.roduced saf'isfactory aLgluti:ne.,tion~ This is :Ln 

agreem(-mt vdth _;;:revious work (64). 
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To tt.~st cross-agglutination in the i,eries of animals 

used, sperm suspe11sior1s and egg w~ttere, of the limpet, 

sea-urchin, Urech.is, and sand-dollar were made u_p. 1'he 

.:follow:ing combinations were tried: 

J~&:;1¥;-Wi; tql;' 

£:\and-dollar 

Sand-dollar 

r::ea-urch..in 

f,6a-urchi:n 

Sea-urchin 

Li.mpet 

Sperm 

Sea-urchin 

U:rec.b.is 

Limpet 

In all cases the reaction was negative. 
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Lillie's method for assaying the agglutinating 

activity of egg waters consists of testing a series of 

dilu't;ions against samples of one sperm suspension (6.4). 

The dilution to which a solution must be brought in 

order to give a clump:i.n.g which 2-as'ts for but five to 

six seconds is then a measure of the strength oi.' the 
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solution .. Alt,hough th.is has been successfully used on 

Arbc; cia., the weaker reaction obtained with t£1e s. purpuratus 

ma.de it practically difficult to determine w.he:n a short

lasting rf:,1ction ha d occurred. 

Since a bio-assay w;:, ~; es~entiv,l as B. preli::ni nfi ry 

step to isolation of' agg lutinin.,. other r;;c, ::..ns of quant

itative assay of the r ez.,,ction v,ere. sought. Attempts to 

centrifuge clurrrps on the s.zsumption that they ha.d @. 

density greater ths n that of the non-clumped. milieu, 

failed to give perceptible stratification. 

The next method tried was that of fixing an 

agglutinated suspension with Bouin 1 s fluid and counting 

clumps above a minimum rtagnitude on an hemocytometer 

slide. 

These experiments were begun with the sea-urchin 

reaction. It was soon found th~1.t a high proportion of 

Bouin' s fluid itself caused clustering, and this fac·tor 

had to be &dequately controlled. Another factor which 



required regulation we.s the strength of the sperm 

suspensions, stronger suspensions giving higher density 

or larger clumps,. I:n a. comparative seri,;1s of expei·i.ments, 

th.1.s co-u1d be adequately controlled by using the se,r.ne 

suspension tru·oughout. 

At this stage sea-urchins became 'utl£:Vaila.ble, so 

the tachnic was transferred to Urechis. To illus t. .rate 

the effect of egg wate:r dilution, the follov:iing 

experiments w@re set up: 

0,.25 ec. of' sperm and 0 . 25 cc .. of egg Wb.ter were 

swirled in a small dish, 0.05 cc. of Bouints fluid were 

imniediately a dded, t he dish again swirled "' and a drop 

of liquid transferred to the hemocytometer slide,. All 

clumps larger than ½ of the smallest s qu.=1re on ·the s lide 

were cou.nted. 

E 

a 
4 

202 

49 

19 

11 

2 
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Since limpets offered a more eonvenient.bio-assa.y 

and probably a richer source of agglutinin ans since t hey 

became sexually ripe at this stage of the study, another 

bio-assay was developed. 

This more convenient and precise estimation consisted 

in determining the time at which clumps in a limpet 

reaction first became visible to the naked. eye. The time of 

appearance showed its greatest sensitivity in the region 

of t wenty seconds to thre'e minutes .. Stronger suspen.sions 

agglutinated more rapidly. In those cases in which the 

reaction appeared in less than twenty seconds it wa,s 

found advisable to dilute the solutions in know:r1 

proportions until the period exceeded the twenty-second 

value. In a series of t ests run side by side, preeision 

was about ± 4 seconds. 

When 10 drops of sperm were swirled once with 10 

drops of egg .wate:r of various dilutions , in Syracuse dishes, 

the following times were o:bserved: 

ConcentratiorJ. 
( i!.. = Egg water) 

E 

Ji 
10 

i;; 
~ 
100 

sea water 

Time .for visible reaction 
(8econds) 

19 

300 · 

No react ion in '180 
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1;be Chemical Nature o:f Agglutinin 

l.'he most thorough study of the chemical n,ature of' 

agglutinin had be-en earried out by Glaser (65 ) on Arbacia 

egg water. Of' 14 tests which he applied,, the only one 

which gave a wea lily positive result was the xanthoproteic 

test. It was also reported by Woodward ($6) that an1ruonium 

sul:t'ate would ;precipitate an active material, containing 

nitrogen a:n.d ea.rbon. The ability of Woodws,rd to re-cognize 

agglutination has however beeu questioned (§7). In review 

of all the evidence, Lillie was led to state subsequently 

that agglutinin does nnot respond t o the usual p:rotein 

tests tt (6J3). 

Specificity of the reaetion made it seem very likely 

that the agglutinin is a protein,, 01· possibly a polysl:tccha

ride. It has often proved true that proteins pres ent in 

sufticient concent ration to invoke physiological r esponses 

exist in dilutions too high to respor:!.d to chemical color 

tests (6,9). Such a possibility seemed likely here. 

Sea-urchin egg waters were concent rated by ultra

filtration through collodion mamb:ranes, and by 

evapor~1tion of' solvent,. The :residu.e f.r-om &n ultrfl

filtration gave positive tests wit h M:illon's Eeagent, 

nitric acid, and biuret reagent., weak or negative 

reaction with lead acetate and alkali, and no response 

to p-dimethyla-minobenzaldehyde . This indicated t h.e 



presence of protein containing tyrosine or hoxaologs, 

possibly sulfur• and no tryptophar1e. 

It was found that the limpet agglutinin could be 

conveniently concentrated from egg water by saturation 

with ammonium sulfate. This saturation riad to oe almost 

complete 'before any material would separ&te, indicating 

an albumin-like material. In repeated precipitations with 

ammonium sulfate followed by dialysis the .fli·st redissolved 

p:reei_pitate when allowed to stand 24 hours at o0 c., always 

left oebind a portion of insoluble matei·ial (d0natured 

protein'?) .. 

During experiments to prepare a concentrate of 

constant activity on successive reprecipit&tions with 

ammonium sulfate, it was found that a crude sea-water 

extrG!-ct of limpet eggs retained approximately its original 

activity tor two and one-ha.l.f' months when. stored at ?-?,0
• 

Once the mate.rial was precipitated from sea water with 

a.mmonium SlJ.l!ate and redissolved in sea water, however, 

its activity diminished appreciably in a ;few hou1·s. It 

was therefore appare:nt that a reprecipitation-aet1vity 

experiment would requi1"e l'JOrking rapidly under conditions 

which would preserve the material .. 

Such an exp,2'riment v<,is conducted by skiri,ming oft' the 

precipitate .from an 1:c, ni?nittrn sulf .te solution, placing 

it on an ultra.filter iilld wHsh1n.g until the liquid was 
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sulfate-free, redissolving the r esidue from the .filter 

and I'ep€ating the procedure. ,, ith one batch of egg-watel' 

this was carried out in a few hours. 

The origina l egg water and the t wo successive 

pr·ecipitates were dialysed fr,~e of sea s2lts, u.na t11e non

diffusable mnteric:,l determined by evaporation of 10 cc. 

~.nd weighing the res:tdue in a tared weighing bottle on the 

micro balance. l'hese concentration estimations were 

conducted subsequently to tht: estim~ticn of activity. ilince 

time for agglutination is not directly inversely 

propo:r·tional to concentration, the periods of ag~;lutirwtion 

were recorded for several concentr·,3.tions of t he purified 

second precipitate. 

i'iith this as an index the ratios of activities per 

milligram. of dialysable material were found to oe: 

Egg-water 

First preci~itate 

Second precipitate 

hatio 

1.0 

J, sample of the f:irst precipitate was dialysed until 

free of salt. The resultant solution ,;.,as evaporated in a 

desiccator over sulfuric acid .. The residual materia l 

gave a Kjeldahl N of 2.811;. (The kindness of .Mr. Willard 

r/ chei.ry in performing· the ana lysis is hereby acknowledged ). 



Th.is same material gave a definite l:)iuret test, and a 

positive xanthoproteic reaction •. T,?.sts for tryptophone 

and tyrosine in the molecule were .negativt~. 

Five milligrams of material were heated 01th 1 cc. 

of lN HCl i n & sealed tube Ht 100° for ;:% hrs., but most 

of the solid did not d.issolV(::. The procf~du1~e was· repeated 

with another portion, co:ncentrttted lJCl being em.1.,loyed 

this time. l'he solid dissolved and formed a brown solution. 

The solution was evaporiited over ste~un, water added, and 

the operation repeated. The ti.ark material., on addition of 

wE1ter, remained undissolVt)d e.nd was filtered off. The 

filtrate vvas neutralized to pE 7-8 with ifaOE solut.ion. A 

sample was then heclted with .l;(y lc,.nder' s bismuth subnitrate:i 

solution to give a cloudy solution as compared to a 

control, but not the usual almost immediate darkening 

obtainable with r-educir1g sug.t1r. Upon examination a few 

days L, ter, however, a d&.r.kened precipitate was seen to 

have separated. 

It is evid,2nt then, in contrast t,o conclusions in the 

litera.ture, that both se~i-urchin and limpGt fertilizin 

solutions contain prot&in. These specific proteins, 

furthermore, r,re distinguJ.shht)le by difi'erent amino acid 

compos:ttions, sea-urchin e; .; g ·.,fiter 1:.,rotein contt, ining the 

imn:unologically important hyci.roxypbenyl group, ·.vherec.s 

limpet egg water protein docs not. This protein accounts 
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for all or pa.rt of the nitro&en. The rema_j_ning material 

may be inert, and is probably glucidic. For an unequivocal 

conclusion as to the nature of the active moiety, the 

extract should be subjected to the action of pure protease 

• and of pure glucidase or to procedures which will isol~ite 

one or the other in a.n active form •. 

One sample of limpet egg w.~t er v:B.s se.turated with 

urea and stood a. t U:;0 for 48 hours .. The urea was d.i a lyst1d 

away a.nd the dia lysate was found to be as active a s ·a 

control sample. This does not 2rgue &ga inst the belief in 

a s pecific protein, since many prot eins are not 

dena tured 

Further- evidence for the complex nature of the 

substance is its heat l ability, and l ability to hi gh pli 

and pOH c,s found by Tyler ('71). The s ame investigator 

found that commercial trypsin would destroy the 

agglutinating activity of egg water. 

It was also \ie_sir &bl c to know whether an active 

material co111d be obtained by alcoholic precipitation. 

To this end a conce:ntr&ted egg water was treated with 

t volumes of ethanol. I'he fibrous .i-Jrecipitate was 

removed and dried in a desiccator over sulfuric ac.id . 

l'r1e dried materia l was sha k en wj_th sea water, stood 

two hours, and fi l tered . The .tilt.rat e showed no 

agglutinating activity on limpet sperm in three minutes. 
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Th,~ y:leld of precipitate was however larger in contrast 

to the approximately :f'iv•e to fifty milligrams per liter 

of purified fertilizin ordino.:rily Oota.inable by the 

ammonium sul.tate procedure. 
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The finding of Carter (72) that thyroxine agglutinates 

the sperm of the English sea-urehin-s,. .Schinus milia.r is 

and Echinus esculentus, led to trii.,ls of the sari; e substance 

on the loca l sea-urchin .. 

ii. study o.f ·the chemical specificity of thyrox.ine 

ana logs in sperm agglutination might unearth coi~relations 

with immunology, especially inasmuch l~ S Harington ( '('3 ; 

ha s found thyr·o:xine to be s. powerful hapten when 

introduced onto protein by a modification of Bergmann•s 

(74) carbobenzoxy method. The type of sperm c lumping 

induced by thyroxine is irreversible. 

In t he first attempt to find artificial igglutinins 

.for sea-urchin sperm, sea. v,atex· solutions of common 

proteins were employed. The follo wing were test ed : 

.1.::gg albumin· solution 

Casein, !1 

Gelatin n 

None of these when add ed in the ratio of 10 dro ps to 

10 dI;'OPS of a. concentr.ated. sperm suspension, produc ed 

agglutination. 



The thyro:x:1.no analogs tried were: 

Iodocasein, 

Thyroglobulin .. 

The thyroxine vn1s a Hoffman La-Loche solution (1:1000). 

It was diluted with an equal volume o:e ndouble n si3a-wattn• 

(sea-water concentrated to one-htd.f its original volume). 

The tyrosine was a stock mBter.ia1. One pc,.rt was 

dissolved in 5000 of sea water. 

Iodogorgoic acid was preparecJ. by the method of 

Harington (75). Purification of this com.tound, often 

unsuccessful in other lc1boratories, WF.1.S accomplished by 

rapid solution of the product in prEnl'iously boiling water, 

and decanting the hot liquid from the brown resin which 

inevitably and invariably foryned. ,\hite crystals then 

separated from the decanted li~uor on coo.ling. 

was allowed to $a:turated with the compound. 

Iodocasein resulted .from the iocl.ination of ca.s,.:dn by 

saturate with the material. 

1'hyroglobu1in was prepared by the method of Oswald (77) 
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from fresh thyroid glands. I, solution containing 100 

milligrams in 100 cc., vdth the p E a d justed to 8.?; by 

HCl and .Na.OH was employed. 

In all cases 10 drops of each of the above were 

tested on 10 drops of a concentrated sea-urchin s perm 

suspension. The only solution which effected agglutination 

was that of 'thyroxine. Thyroxine, tyros:tne, iodogorgoic 

acid, t.nd a one percent solution of teiurine in sea water 

were also tested on l impet sperm w:l~h no reaction. 
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Sperm Activation 

In all egg wat ':i .!' S studied, increased activity of 

sperm is known to occur in conjunction with agglutination. 

Some importance might be attached to this concomitance 

with relati'en to the role of agglutinin in fertilization. 

Clowes and Bachman (78) claimed that a number of organic 

substances would activate (increase the motility of') 

sperm. 1'hey were also ~.ble to obtain activation from the 

distillate of' the egg wHters of sea-urchin, sand-dollar , 

and starfish . They therefore suggested that the natural 

activato1· present is a mixture of autolytic products. 

These results were substantiated and extended for 

the local s ea-urchin. An egg water distillate diluted 

with c..n equa l volume of 11double " sea-water gave activation. 

The increase or motility of sp erm in approximately 

0.01 percent sea water solutions of t wo compounds 

previously undescri·bed in this connection, acetone and 

isopentanol, wa s very marked . 



Qonclusion 

The conclusion derivable fr om the a,ctivation 

-experiments is possibly ambiguous. While it is true 

that any one o:f' many compounds pre r.,ent might be 

responsible for the activeiting effect of egg water, 

agglutinin might also be one of t he many molecules 

which are capable of ctCting i n t his fa ~hion. 'I'he 

fac-t t hat a nurn0er of types of organic conipounds 

(ketones, W1satu1·ates , alcohols) e:tre stimula t ive 

makes it seem r easonable t hat a l a r ge molecule like 

t he .:1gglutinin pos sesses an essential f'u:nctional group_ 

i n itself. 

The failure of thyroglob'ulin to ca use ag 6lutination of 

sea-urchin sperm i s of specifa l interest. I:n. t he thyro

globulin molecule the hydroxyl, iodo, and hydroxyphenyl 

groups of t hyroxine ere free , whereas t he amino and 

carbol.--yl groups are coupled . It t herefore seems likely 

from t he above study t hat some combination of functional 

groups including t he amino and/or carboxyl 1·adica l s of 

t hyroxine are es sential to sper m agglutination. 

We may t herefore prov1sionc:tlly underline in t he 

thyroxine molecule these t wo groups as being of poss ible 

i roport u,nce and l eave t he ot Lers in question: 

A follow-up i nvestigcltion would t est va rious n,o lecul e s 

1 7... '7 
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in which each of the groups i11 thyroxine is in tur n 

masked, r emoved , or r eplcic ed . 

Another suggestive correlation i s to be found in the 

fact. t hat on one h~nd thyroxine agglutinates sea-urchin 

sperm and not li r: pet sperm, while on t he other hand egg 

water concentrates o-f sea-urchin give a positive Millon •s 

reaction whereas t he l i mpet concentrdte does not. The 

Mi l lon •s reaction signifies the presence of tyrosine in 

a protein-molecule , and indeed this amino acid ., when 

coupled, is known to be of i mportance in i mmunology and 

specific agg lutination phenorr;ena. This corre l.at:Lon also 

adds c ircUI1Jstantial evidence to Carter ' s belief that 

the .. analogous amino acid , thyroxine., i s related to 

sea-urchin agglutinin. 

Although correlations in struct ure an··' activity 

evidently cannot be s :lmply extrapolat ed f r om prot eins 

to smaller molecules or vie~ versa , it is signific ant 

that active urchin egg extracts and an ttrtificia l agglutinin 

both contain the important hydroxyphenyl r adica l, wheree.s 

both o.f these conditions &re totally ,:~bsent in t he lin:pet. 

This f i nding may thus be a fir st approbch to the fund.arnent a l 

problem of c hemica l structure underlying bio1ogiea l 

specificity of t he type exhibited by sperm agglutinins. 

lZ:4 



The isolation of sperm agglutinin., in sunmary, 

r e sulted in the prepa r ation of labile concentrat es which 

gave unquestiona ble pr otein and activit y t e sts. The 

biologica l properties of agglutinins of va rious spec ies 

were s tuct i ed and bio-assa~r:s w·ere deve loped . Evidence for 

typical behavior in prote in concentra tion procedures and 

pr ot ein col or t e sts ha s been pre s ented . I n conjunction 

with tests of ! ability to a bnorma. l pH., hea ting , and 

trypti~ action t hese i ndica t e t hat t he a gglutinin is a 

pr ot ein or very closely a ssociated t herewith. 

l c5 
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