
Vor,. L ~ I  DECEMBER No. 146129, 6922 --
--A -L..- ..--...-

T71e Explanation of t7be Colloidal Behavior of 
Proteins:  DR. JACQUES.......................... 731LOER 

T h e  Award of t h e  Henry  Draper Xedal  .......... 741 


Appeal o n  Behalf of t h e  League of Nations 
for Aid t o  Austriafl, I i~tel leclual  Workers  .... 743 

Scientific Even ts :  
London Bird Sanctuaries; T73e dmer ican  
Eleclroehemical Society;  Pvofessor M a r  
W e b e r ;  Ofleers of the American Clbemical 
Society;  T h e  B a g d e n  Azoard of t h e  Phila- 
delp7iia Acade~i iy............................................ 744 

Scientific Notes  and J?(ell;s .................................. 747 


Gniversity and Educational Xotes  .................... 750 


Discussion and Correspondence: 
Research i n  Marille Biology:  PROFESSOR 
My.J .  CBOZIER. On Translat ing Einstein:  
DR. E. E. SLOBSON.O n  the  Formation o f  
P a n ~ i l y  S a m e s  l ike Tingidce: DR. H.  M. 
PARSRLEY.T7le BegI.1~nings of American 
Geology: DR. ~IARCUS ..................
BENJBMIN 751 

Q u o t a t i o ? ~ ~: 
T7ze Federal B u d g e t ;  P78e Appreciation o f  
Science .............................................................. 755 

S c i e ~ ~ t i $ cBoo7cs : 
G l o o e ~ ' . ~Uniled S ta tcs  L i f e  Tables :  PRO-
F E S ~ O RRATAIOND ................................
PEARL 756 

Special Articles : 
X - r a y  Crystallometry; X-ray  Wave 
Lengths ;  Space-lattrce Dimensio?zs and 
Atomic  Masses: DE. L. W. XCKEEHAN. 
Peripheral Xbgration of a Centriole Deriva- 
t ive i n  t h e  S l )c~r~~atoge i ies i s  Qcant7azts:of 
DR. I-I. 13. JOI-ISSON 757........................................ 


SCIENCE: A Weekly Journal devoted to the 
Advancement of Science, publishing the oRicial 
notices and proceedings of the American Asso- 
ciation for the Advancement of Science, edited by
J. Mclceen Cattell and published every Friday by 

THE SCIENCE PRESS 
1 1 Liberty St., Utica, N. Y. Garrison, N. Y. 

New York City: Grand Central Terminal 

Annual Subscription, $6.00 Single Copies, 15 Cts. 
Entered as second-class matter January 21, 1922, a t  the 

Post Ofiice at  Utica, N. Y., Under the Act of March 3, 1879. 

THE EXPLANATION OF THE COL-
LOIDAL BEHAVIOR OF 

PROTEINS1 
I 

THIS year's Pasteup lecture coincides with 
the commen~orstion of the hundredth anniver-
sary of Pasteur's birth. The application of 
Pasteur's ideas anci discoveries has benefited 
hummity to such an extent that they have be- 
come part of the masciousness of t:iv-
ilized mankind. Whak is, perhaps, less 
widely understood is the fact that Pasteur 
changed the mehod of medical research. I n  
the study of infectious diseases Pasteur substi- 
tuted for the method of hit or  miss (with the 
chances infinitely in favor of missing) the 
method of a definitely oltientcd search which 
never fails to give results when properly ap- 
plied. Tl-ionsnnds of physicians had studied 
infeotious dixases beiore Pasteur, but they 
tried to solve their problem {by starting il-om 
dbservations of the symptoms of some special 
disease. This led to no result for the simple 
reason that without knowing beforehand for 
what to look-or, in other words, without know- 
ing the general cause lof infeotious diseases- 
it was impossible to discover the cause of any 
special infectious process. Pasteur reversed 
this method by his discovely of the action and 
omnip~esence of microorganisms, leaving it to 
the medical men to look for ehe special agency 
in the individual cases. 

There is little doubt that the old empiricism, 
still in vogue in some other fields of medicine 
and in the physiological sciences, must be re-
placed by the more rationalistic method of 
Pasteur of knowing the general fundamcnta.l 
principles before attempting to explain the 
more special phenomena, since, unless we 
follow this method, we never know which of 

1 Pasteur Lecture delivered before the Institute 
of Medicine of Chicago on November 24, 1922. 



the details we observe are e~gi~i;icaat and which 
are negligible. 

I1 
Living matter is essentially colloidal in char- 

acter and we can not well conco:ve of an  organ- 
ism conqisting exclusireiy of crystallo~cld 
matter. This fact sv.ggests thal life pl~enomnena 
depencl upon or are inirinsreallg liaiced with 
certain characteristics of colloidal behavior.. It 
is, therefore, natural that a sgstcmatlc study 
of the nature of special llfe phenomena should 
be preceded by a scientific theory of colloiclal 
behavior. By a scientific theory, ho~ever ,  we 
do not z~ntlersiand speculations or guasses bnilt 
on qualiSati1-c experrments or  no expcr.imcnts 
at all, but the derivation of the results from a 
rationalisbic, mathematical formula which pcl- 
mits us lo calculate: with en adeqnate degree 
of accnmcy, the quantitaiive inaasurensents of 
colloidal behavior. 

Proteins are amphoteric electi-olyles nrhldl 
are capable of forming salts with eibhcr alka- 
lies or aads. With alkalies they f o ~ m  sa!ts 
like Na proteiinate, Ca protelaate, ctc., and 
with acids they form salts like p:*otc~n chlor.ide, 
prokin sulfate, etc. JYh~thher they do the one 
or the other depends on the hydrogen Ion con- 
centrahon of tile protein solutior,. There is 
one definite hydrogen ion concentration a t  
which a p~ote in  can combine pract'cdlg 11.1111 
neither acid nor alkali, and Ithis hydrogen ion 
concentration, which may b.e different for dif-
ferent proteins, is called the ~soelectrie point. 
The isoeiectric point is (in k m s  of SGrensen's 
logarithmic s-jmbol) for gelatin and cabem a t  
pEr4.7; for cq-staliine egg albumh at pII 4.8. 
Gelatin can combine 1~itith acicl only OL" prac-
tically only when rhe p, is less than 4.7 and 
>%-it11alkali only or practically only tvhen the 
p, is higher than 4.7. Or in other wor&, 
d e n  a salt, e.  g., NiClz, is added to gela-
tin solutions of d~derentp,, XI platinizte oan 
only be formed when the p,, is geater  than 
4.7; and %hen MaFe(CW)6 is !added gelatin- 
F O ( C K ) ~can only be formed when the pH is 
less than 4.7. This can be shon~nI w  metho& 
discusxXl in a r e c a t  b o o l ~ . ~  

2T,ceb, 3.: "Proteins and the Tiieory of  Col-
loidal Bel~miol," Nem York aad Louciori, i922,  

The proof thak pr,oteins em~bine stoichiomet- 
rlcally with acids and aJk'des can be fur-
nished by titration curves. For this p~i-pose 
(and perhaps for work with proteins in gen- 
eral) i t  is necessayy to use >as etaniia.rd mate- 
rial protein of the p, of the isoelect~ic point. 
We have seen that proteins combilie with acids 
only at a 2, below that of the isoelectric point, 
1~11i.ch for gcl~atin or casein is abont p, 4.7 
and for ciystalline egg albunlil~ 4.5. I t  hap- 
pens that s t  a pH below 4.7 most of the weak 
dibasic and triba.sic acids disoeiate as mono-
basic aoids. Thus &Po4 dissociates into XI+ 
and the monovalent anion H , j P O ~  Hence if 
acids canlbine stoichiometriealfy with isoeleotric 
prokej,, it  should require exactly three times 
as many cc. of 0.1 N to 'b;<iiga 1 per 
cent. soIubion of an ~isoelectr.ir: pl.otein, E .  g., 
gelatin or crystalline egg albumin or cnsein, to 
ihe same hydrogen ion concelitration, e. g., p, 
3.0, as it requires of 0.1 N HCI or EN&. 
Titration experiments show that this is the 
case. Furthemnore, since Hz804 is a stro'ng 
a&d, splitting off ~bot.11 hydrogen ions even a6 .a 
p,, below 4.7, the same numbei. of cc. 02 0.1 
N Hz804 as oiE I l C l  s3hould be sequired to bring 
1gm. of iisoe1ect1.ic protein in 100 cc. of solu- 
tion to the same p,, e. g., 3.0, and this was 
fonnd also to be true. 

Fig. 1gives the tii.raiion cul.ves for  crystal-
line @:gg d'burmin fsor four acids, I3C1, EIzS04, 
&PO.r, and oxalic acid. One gi-anl or" ic,oelec- 
tric albmnin was in 100 ec. llzB contst,ining 

FIG.1 
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various cc, of 6.1 N acid. These cc. of 0.1 
N acid in 100 cc. solution a re  the ordinates of 
the curve. in  Fig. 1. The abcci;sz a re  the pH 
to w11ich the protein solution mas brought by 
the addlition of acid. I t  takes always exactly 
three tlmes as many cc. of 0.1 N EIaP04 as it 
takes cc. of 0.1 -9; EECl or B z S h  t o  bring 
1gm. of iqoelectrlc albumin i n  100 ec. solution 
to tlie same pH. I n  order lo briny thc 1 per 
cent, solution of originally isoelectric albumin 
to pII 3.8, 5 cc. of C.1  K IICl o r  HasO; and 
1 5  cc. of 0.1 X HzPOr must be containzecl in 
100 cc. of the solution. To ibring the slbumin 
to pH 3.4, 4 cc. of 0.1 N JICI or  R a S 0 4  and 
12 cc. of 0.1 W I iaP04 mnct be c-onlainecl i n  
the ~olul ion,  and  so on. 

Oxallc acid is, accorcling to Elldebrand, a 
monoba-sic acid at  a pH of 3.0 or  below, but 
begmns to split ofi' the sccon6 h~clrogen ion i n  
increasing proportior1 above p, 3.0. T"he titra- 
bion curves show that about tivice as  nlanv cc. 
of 0.1 N oxalic acid a s  0.1 K RC! are required 
to bring the 1 per cent. solution of isoelectric 
albumin to the same pH below 3.0, while it 
takes less than twice as many cc, crf 0.1 N 
ovalie acid as  0.1 X HCl to bring the albumin 
solution to the same p H  if the p H  is above 3.0. 

I t  can be shown i n  the ~ a m eway with the 
aici of titration curves xhat koelectric albumin 
combinc; with alkalies i n  the same stoichiornet- 
ricnl way as  any acid, e. g., acetic acid, would 
ccmbine with t?le pwne alkalies. I f  the cc. of 
0.1 N MOR, NaOE, Ca(OIl)z, o r  Ra(OH)2 
in 100 cc. solution required to bring a 1 per 
cent. solu,ion of isoelec~ric prolein to the same 
p, are plotted as ordinates over the pH of the 
pmtein ;o:ution as abscissa, 1: founct that 
the values f o r  a11 four alkalies f d l  on one 
curve as; they should ~f the combination oc-
cnrrcid strictly ~ t o i c h ~ o m e t ~ ~ ~ c s l l y .  

The same stolchiomelrlcal results we1.e ob-
tained also n-it11 casein and gslatjin by the 
writer, and 71riri:h edestin anil s e x m  globulin 
by Tiitchcock. Thwe is lirtle doubt illat they 
will be obtained i n  the case of a11 prote~ns. Jt 
follo~vs from this lhat proteins react wiih acid3 
and allidles i n  the same way as 20 amphoteric 
crgstalioids like amino-acids. If the methods 
for  measuring the kydrogen ion conccutmtions 

of protein solutions hat! bee11 employed by the 
coiloicl cheiniqis nobody would have thon&t of 
suggest~ng that protein; leact with acids and 
alkallcq according to ihe empirical aclsorp'Llon 
fomnals of Preundlich instead of stoichioniet-
ncally. 

The purely cl~emical character of khe corn-
1)lnatioil of protein, ivith hydrochloric acid can 
a!c;o bc demonqlrateJ by measuring the chloGne 
ion concentration of the solutions of protein 
chloride. When HCl added to NR3 (accord-
ing Q Werner) t l ~ e  El ions of the HC1 are  ak-
tracted to the nikrogen of the ammonia, while 
the Cl ions remain unaltered. The same type of 
~*eactionoccurs when EC1 is added b a solution 
of isodectnc gelatin. This ivas proven by 
measuremmts of the p,, of solutions of 
gelatin ahloride. Different cc. of 0.1 N EC1 
11-ere contained i n  130 cc. of 1 per csnt. solu- 
tions of originally isoeledtric gelatin and  b e  pH 
and  p o  of the solutions were measured, the 
p,, with the hydrogen eleot~ode and the p,, 
with the calomel electrode. It was found 
that the p,, was the same as lf no gelatin had 
been present while the p,, TW. of course, 
higher; thus showing that par t  of tne hydro- 
gen combines with the KI3z and ?\TIP ,maps of 
the protein molecule whlie the C1 remains free 
(Table I). Dr. Iliichcoclr has obtained sim-
ilar result8 will1 c r y s t f t l l i n u g g  albp~nin, 
ede~t in ,  casein, and  serum globulin, by using a 
silver chloride electrode, so that  i t  is possible 
to state that these results are  true f o r  most if 
not all proteins. 

TABLE I 
. - . .- .. 

C.:t,ic ccn!i- 1 Solutioil containing 1 

0.1 N HCl in tin in 100 cc.  
100 cc. .---



The titration curves prove anothes fact, 
namely, that the salts of pmreins are strongly 
hy~lrolyzecl. \JThen we add acld, e. g., HC1, to 
isoelect~ic pl-otein, part of the acid combines 
wrth the pioteln gmng  rlse to proteln chloride, 
v7hL!e the rest of the acid leinailis free. There 
is then an equilibr,um ba'aeen free HC1, pro- 
tell1 chloricle, and non-loaogen e (or isoelec- 
trio) pro'eia. Thc more a c ~ d  is added b 
originally isoeJectric proteln, the more protein 
ehlonde is gormed until finally all the protein 
exists In the form of plmtein chloride. It is 
possidb!e to find out from the p, n~easurementfi 
horv much of the acid ar!decl is free and by de- 
ductlng this value we knorv horv much 1s in  
combination 1~4ththe pratein. By saturating 
the protein with acid the combining weight of 
a protein with acid can be found. Hitchcock 
found in this ~ v a y  t'hat the conzblning veight of 
gelatin is about 1090. 

III 
The colloidal behavior of proteins shom 

itself in a peculiar effed of elt.crt1~olyles-nc'it1~, 
alkalies or salts-on such prol?erii~, the 
swelling of gels or the osmotic pressure or vis- 
cosity of protein sohvtions. All ihhese proper- 
(ties, arvelling, osmotic pressure, viscosity, ai-e 
affeclted by elelotrolytes i n  la s7ery &mila pay ;  
suggesting [that tall are clue to bhe same cause. 
We shall see that by givlng (the explanation for 
one of these properties, osmatic pressure, we 
shall by implkation give the explanation for 
all of them. 

IvIeasuremexllts of bhe osmatiic pressuse of 
solutions of a protein-gelatin, crystalline egg 
allsumin, casein and edestin-were made with 
solntions conltaining 1 gm. dry weigh of orig- 
inally isoelectric prcltejn in 100 ac. of solution; 
and the 100 cc. of solution included also vary- 
ing concentrations of 0.1 S acid. These soh- 
hions were put into collodion bags suspended in 
wa~ter free fiwm protein. The outside water 
was a t  &e beginning of the experinlent lbrought 
to the same p, a> that lof the protein solution, 
using alvays the same aeid as bhat added ito 
athe protein. The measui.ements of the osmotic 
pre5sui.e were read after 16 hours when osmotic 
equilibrium was established. I t  was found @hat 

the osmotic pressure varied in a characteristic 
urn$ with the pH of the plXotein wlution and 
ithe valsncy of the anion of the aoid used. This 
cdect is show% in the curves in Fig. 2 which 
were obtained from gelabin solutions. But the 
curves are similar in %he uase of other pro- 
teins surh as crysitalline egg albumin, casein or 
edecj~t~in. These curves show that the osmotic 
pressure of a protein solubion is la minimum at 
the isoelectric poi& that it increases vhen 
lit'ule acld ,is added until a maximum is reached, 
and that on the further addi~tion of aeid the 
osmqltic pressure is again diminkhd. They 
show, moreover, that only the valency and nat 
the nature of tbe anion of lthe acid influences 
the osmoitio pressure of a protein solution. V e  
know from 'the ~tlt~abion curves that i n  the case 
of HsP04 the anion in  combination with t)he 
protein is not the tr irdent  PO4 bult hhe mono- 
valent H2P04; and the curves in Fig. 2 show 
that t11e influence of phosphoric acid and 
~hgdrochloric acid on the osmotic pressure is 
the same if measured for itbe same p, of bhe 
protein solution. Oxalic aoid is la monobasic 
acid (below pH 3.0 and ?ye notice WLat the de- 
scending branch of the oxalic acid curve below 
p, 3.0 pl*acticfully coinoides with the descend- 
ing branch of the BCI curve. The curve for 
the influence of H2sO4 is  on'ly about half a6 
high as that for IICl and ve knaw fnom the 
titraiion curves that the anion of protein sul- 
fate is bivalent. It was found that all mono- 
'basic acids, e.  g., HBr, RNO3, acetic acid, etc., 
and all weah dibaqio or tribasic acids, e. g., 



tartaric, malic, &trio, etc., which below pH 4.7 
dissociate as monobasic acids, give osmotic 
pressure curves identical with those for HCl 
and H3P04. We may, therefol-, draw the con- 
clusion that only the valeney but not the nature 
of the acid influences the osmotic pressure of 
protein solutions, that all acids whi~ch are 
monobasic on the a&d side of t~be isoelectric 
point of a prot&n influence ilts osmotic pres- 
sure in  the came way, and that this influence is 
considerably greater than the influence of 
strong dibasic acids like Il[ss04. 

If  alkaii is added to a solution of isoelefitric 
protein ii can ibe shown ithat the addition of 
lititle slkali increases the osmotic pressure unitil 
a maximum is readhed &an the adidition of 
more alliali depresses the osmotic pressure 
again. All alkalies with amnobasic cabion like 
Li, Na, K, NH4, have the same effect at  the 
same pH, while alkalies and jail dibasic cations 
like Ca or Ba act alike, the cun7e for the 
eKect of the alkalies with divalent cation being 
only about half ms high )as ithat of the alkalies 
rvith n~onovalenit cation. 

A third faot (diseovel~ed by R. S. Lillie) 
is lthta~t the adlclition of salts to a solution of a 
iprotein salt always depresses ithe osmotic 
pressare. 

The curves representing the influence of 
aoids and salts on the osmotic pressu1.e are 
almost identical or very similar to those repre- 
senting idle influence of the same acids and 
salts on swelling and viscosity. These resubts 
lare specific for colloidal behavior and any 
theory of colloidal behlavior will haye to give 
not only a qualitative but a quantitative theory 
of these curves. 

I t  was sug'gested by Zsi,mondy ithat +he 
influence of laoid on osmotic pressure was due 
to an influence on the degree of dispersion of 
the protein in solution, but since the degree of 
dispersion can not be accuraitely measured, this 
suggestion is only a qualitative apeculation. 
But it is of no use evcn as a qualitative specu- 
lation since i t  fails to acconnt £or the fact that 
viscosity and swellinig are affected in a similar 
way as osmotic pressure. The corred explana- 
tion is as follo~vs: When acid (or alkali) is 
added to a solution of an isoelectric protein, 

part or 211 of &is is kransformed into an  
ionizable protein salt aclcording to &he amount 
of acid added. This ianization of the protein 
causes the colloidal 1Ye'havior on account of the 
inbbili~ty of protein ions to diffuse hhrough 
membranes which are easily permeable 4 0  
crystalloidal ions, such as collodion or parch-
ment memibranes or the walls of capillaries or 
probably of all cells. Now i t  was shown by 
Donnan itbat whenever the difTusion of one 
type of ions such as colloidal ions is prevented 
by a membrane whicll is readily permeable to 
crystalloidal ions, an unequal distribi~tion of 
the cliiffusible crystalloidal ions results on the 
opposite sides of rthe membrane. This unequal 
disitribution of diffusible crystalloidal ion9 js 
the cause of (the colloidal beha~ior of proteins. 

I V  
When a collodion bag is filled with a s01u:ion 

of gelatin chloride of p, 3.0 land the bag is 
immersed in an aqueous solution of I-ICl also 
of p,, 3.0 but free from protein, acid is driven 
from the protein solutioii into the outside 
aqueous solution free from protein. Donnan 
has shown thermodynamically that when os-
motic equiliblliuln is esta~blished the products of 
the concentrations of each pair of oppositely 
charged diffusible ions ( e .  g., H and C1 in the 
case of gelatin chlroide) lase equal on the oppo- 
site sides of the membrane. Let x be the molar 
concentrahion of the H ancl C1 ions on the out- 
side, y the molar concentration of the free H 
and C1 ions inside the protein solution, and z 
ihe concentration of the C1 ions in combination 
with the protein; then equilibrium is defined by 
the following equation, first used !by Procter 
and Wilson to explain &e influence of acid on 
swelling, 

cc2 = y(y + 8 )  (1) 
The first step in an attempt to explain %he 

influence of acids, alkalies and salts on the 
osmotic pressure of protein solutions is to find 
out whether the va~iations in osmotic pressure 
under the influence of acids as shown iri Fig. 2 
are acconipanied by corresponding dift'erencss 
in the ,conbentration of diffusible ions inside 
and outside the protein solution an'd whether 
!these differenoes aan be calculated from Don- 
nan's equilibrium equation (1). 
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The wi t e r  mas able to sbow thlat &is is true 
by making measurements of a propenty of pro- 
tein solutions, which had received llutle if any 
aztention in colloid &emistry, namely, the 
measuremenis of the membrane potelztiz;ls ex- 
isting batween a protein solution and the sur-
rounding aqueous solution a t  the time of 
osmotic equillbrimm. 

Doman's equilibrium fulmula can be written 
in the form 

x y . j - z  

Y L 

x 

whcre - is the ratio of the molar concerutralion 

?I 
of the hydrogen ions ouiside to ikhe conoen-
tration of >the hydrogen ions inside, while 

is the ratio of the molar concentration 

of tlie chlorine ions inside to that outside. 
Donnan had s h m n  that there should exist a 
poterutjsl difference 'heheen the inside and out- 
side solutions, ~ t~hich  at 24" C. should be equal 

;2' Y + #  
to 50 X log - millit7olts or 59 X log -

Y 
millivolt;. !Since pH inside i; = -log y and 

x 

pH outside is = --log x, log - is equal to pH 

21 

inside m i n ~ ~ s  p, outside. p, inside and p, out-
side can be datermined directly with the aid 09 

lithe hydrogen electrode; log 7a is equal to 

pc, outside minus pcl  inside and this quantity 
aan be measured directly by titration or with 
'the silver chloride eleotrode. 

On the other hand, the P.D. between $he pro- 
tein solution a d  the surrounding aqueous solu- 
'tion across a col!odion mem~brane can be 
memused direatly with the aid of a Compton 
electrometer and a pair of identical indifferent 
calomel electrodes (and saturated ICC1). I f  
the unequal clistlibution of dibusible cryatal-
loidal ions (e. g., H and Cl in the case of gela- 
!tin chloride) on the opposite sicles of the mem-
brane is really determined by tihe Donnan 
equilibrium, (then ,the P.D. observed directly 
with Ithe pair of identical calomel electrodes 
ahonld be equal to the P.D. calculated in milli-
volts from the valuas 59 X (pH inside minus 
p, outside) o r  from 59 X (pel outside minus 

p ,, inside), tt-here pa  or pH may be obtained 
by titration or by the silver &loride or hydro- 
gen electrodes respectively. The writer has 
made 'these measuremeents and found that when 
various quantities of a&d are added to  solu-
tions of isoelectric protein-e. g., crysballine egg 
aibumin, or gelajtin, o r  casein-the observed 
membrane potentials always agree with the 
membrane potentials calculated on the basis of 
Dcmnan's equation withln one o r  hvo milIi~7olts, 
i. e., within the limits of accuracy of the meas- 
urenients. 

The net result of extensive measurements of 
menlbraac potentials was, firsL, that when a 
prctein solnrlon, enciosed in a collodion bag 
(irnpe~mcable to protein ions bul pe~meable to 
cryslnlloiclal ions), is 111 osmotic equilibrium 
lvlth an oatjide aqueous solution, the coneen-
trations of crystall!oidal ions in ithe protein 
aolniion and 13 the ontside aqueous solution 
are not (lie ~ a n l e ;  and second, that the differ- 
ence in (the two concentrations can be calcu- 
lated from Donna~n's equilibrium equation. 

V 
We are now in a position to explain the 

osmotic prwsure cul-ves in Fig. 2. The coUoid 
ohemists would have taken it for panted  that 
such curves .cyel.e due TO an influence of ithe 
aeids on the state of dispersion or on some 
other real or imaginary colloidal property of 
proteins. Before rn ha\-e a right to indulge in 
such speculaiions ive musit realize that these 
curres of observed osmotic pressure are not 
exclusively the expi-ession of the osmokio prea- 
sure due to the protein particles, or protein 
molecules, and protein ions alone, but are also 
khe result of the demonstrable nnequal concen-
trations of the crptalloidnl ions on the oppo- 
site sides of the membrane, caused by the 
establishment of a Donnan equi1ib;"im. I n  
other words, the o'bserved osmotic pressure of 
a proteiu solution neecis a corredtion due to the 
Donuan equiiibriunz before we can begin to 
specnlate on the cause of the id~xence  of acid 
on these curves, and it is our purpose to cdcu- 
late the value of tbis corredtion. 

ilTe begin with the eunc  expressing the influ-
encc of HC1 on the osmotic presswe of a 1per 
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cent, solution of originally i;oelectric gelatin 
and ive co~isider the distribution of i ~ n s  inside 
the protein solution and in the aqueous solu- 
tion outside the coIlocliol1 bag containing the 
protein solulion a t  cslnotic equilibriun~. We 
also aesunle complete ele.jt,olytic di,sociation 
of gelatin chloride as well as HCl. Let 
n be tho molar concentration of the pro-
tein molecules and ions, let s be the mo;l'ar 
co~ncentration of the Cl ions in cmbiqa-
tion with :he ionized proiein, let y be ihe molar 
coacentra~on of the hydrogen ions of the free 
HCI imide the protein solution; (the inolar con- 
centrstiori of tho C1 ions of this HC1 is d s o  y. 
I n  that case the osrnoilie pressure of the protein 
soluiion is c?c~tei,rnin~d by 

(1 -b 3y 4- a 
E7rom this must be dedueted the oj~notic pres- 
sure of llle IiCl of the ouitsida aquecus solu- 
tion. If x is the molar coneenti~ation of lthe H 
ions of the outside solution, it is  also the molar 
concentration of the C1 ions. Hence ,the ob- 
served osmotic pressure of a protein solution 
is determined bp the fol!owing molar euncen-

Fig. 2 shorvs hiow this 1-alue veries wi,th tlie 
p, of the protein solution ( i .  e., y). I n  order 
to arrive a l  a theory concerning the influence 
of II@l on 'the osmotic pressure of protein solu- 
tions it is neoetssarjr {to od~culate Ithe value of 
2y 4- z - 2s all'd to deduct it froin the ob- 
served osmo~ic pressure of tile paotein solution. 
The term 2u + z - 23; we will call llle Donnan 
correction. I n  this term y and J;. can be calcu-
lated from the measurelneiits of t h ~p,, p, 
insicic being -log y 2nd outsi&e being 
-log x. s can be calculaied from s and y 
with the aid of the Donnan equation (1) 

(x -I- 11) (2- y )I" 

Y 

since il.2 now know tliat ~rand y are cleier-
mlnetl by the Donnan eqnili'brium. i f  the value 
of 2,1 4-r - 2x is calculatecl for different pH 
of a gelatin chloride ~olntion (of the same con- 
centrieljon of originally isoelectric gelatin vrXch 
in iil& case was 1per cent.) ; 2nd if Pxwin this 
value is calculated the osmot-ic pressure due to 
this esc.e.js of the iriolttr concmtration of 

aryatalloidal ion; inside the protein bolution 
over thstt outside, i~ t  is found that the curve for 
the Donnan correction is almost iclentical with 
flie curve for the obsewecl osmotic pressure. 
In othsr words, it turns out b a t  ithe inox%arse 
In oslnotic pressure of n 1 per cent. aolution 
of 01-iginaly isoeleetric geIntiii upon the addi- 
ltion of little acid unhl a maximum is reached, 
and the rthnlnution of osmollc pressure upon 
lthe addition of further acid are nolt clue to !any 
va~iation In the atate of dispersion of the pro- 
tein, oT any other real or imi~gimrg "colloidal" 
property of the protein, but purely to the fact 
that protein ions can not di£€uss lthrough the 
collodion membrane vohich is easily permeable 
to ~ryslalloidal ions; as a consequence of which 
tlie molar concentlation of the c~.gstalloidal 
Ions mast slrvays be greater insick the protein 
boi~~tionthan outside. What sizries with the 
p,, of the ge?atin solution is the quantity of 
the excess of 2y 4- z over 2x. This folloivs 
from the Donnan equa~ion ( 2 )  according to 
ivhich -- -

x == -,,Iy2 U P  or 2% = ~ 4 y 2  l y r-1-
while 

3 -I- B a ,/4 ~a - 4y: -4- 22 

NOIT.'it  is obvious that 
-V-l!/Z+ 44~2+ 22 > \i-ly' -- I ~ z  

.I. e., the eoncentlatioln of the crystalloidal ions 
inside the protein so l~~t ion  is al~vays22/ + z 
greater tlian the concen'tratlon of the crystal- 
loiclal ions 2x outside, when z is not 0 or a. 

If we substitute for the term 2y - 3 -22 of 
the Donnan correction the ictentical, term 

.\/4y" f y 2  - p 2  - \/iy" 4 y z  

we call ~isu~alize why the osniotic pressure is a 
minimum wt the isoelect;i.ic point, why it 
increases with the addition of little add, reach- 
ing a maximum, and why il diminishes again 
with the addition of more lacid. 

At the isoelectrjc point no protein is ionized 
and z [being zero, the whde term 

,,/4y?. + i y a  + za - x/4~/2 + 'lvr 
becomes zero. Hence at !he isoelectl.lc point 
the observed osmotic pressure is purely 'that 
rlt~e to the pr*otein, which is very low on ac-
count of the high molecular weight of' gelatin. 



When litt.le acid, e. g., EC1, is ~ddec l  to the 
solution of isoelectric gel'ai,i,.ia, gelatin ch1ol;lcle 
i; formed and some free acid remains, ilue to 
hydrolytic dissoci,alion. Hence both (the 
concentration of C1 ions i n  cornbinatioi? wilh 
pmtein) and y (,the C1 ions of the frec 13C1 
ed,.+:- throng11 hyilrolgsie) incresse, hut, 3 L 1 ~ g  z 

increases a: fir& more rapicl'ly than y and henee 
t,lw excess of concelllration of ions inside over 
that of ions outside increases untii the greater 
par t  of prot,eirl is transfonncd 'i'nto protein 
chloride, when the excess of cry~t~alloidalions 
inside over those orllside reaclles a maximum. 
From then on n increases eompa~ativsly little 
~~11iiey increases considerably w?ch further 
arlciition of wid, so that. 2 becon-tes negligible 
in comparisori wit11 y. This explains why the 
Donnan correction belcomes zero zug,sin -ivhnn 
enougl~ 'acid is added, and why the ohservetl 
osn;ojtic pl-essnre becomes as law again ,;IS a t  
the isoelectrle point. 

i n  the same r:%y i t  csli be ~ h ' o \ ~ i ~  thewhy 
addition of salt bas on1.y a clepressing cdect on  
the csnotie presiure. Let u.! ;%.sums ~lia' i  Pilere 
is insicle ,the bag a 3gelsti:in chloride sd~t:ion of 
pH 3.0 to  v~hich XaC1 is added. c (the corlcerl- 
tr-kion of Cl ions in  codbination xvitll %he 
gelatin) ~vi l l  not jamease with tile addition of 
milt, vhile y (,the concentration of the C1 ions 
not in combination xvitb gelnti11) v;ill ine;.ca;e. 
Eelice mit.11 the i11c;rease in  tlzc eoncen:i.at.i-ion 
of the salt t.he wlue of 

---- -.. 
.c/4?/2 + 4 ~ 2,82 - \/'4?/fi 4-4 ~ 2  

w;ll beeonle ~:r,!alier, finally lappl-oaehizg zero. 

When another thar  ti. oilloride, e .  g.,~ ~ l t  
Na'NCs, is  added to s solution of gelatin chlo- 
r d e ,  \?re may nssuli?e &at the gelatill in solu-
tion is: gelatin nitrate. 

Big. 3 gives a comparison of tlic curves £01. 
lllie ob~er:-ed ozrno:ic pye:;sil.i,c and f o r  the 
I lo~ inan  correclion. Both cnr-ie? ~ t s ein a. p m -
allel ':;a? from tile isoe1ezI.iic poi:li reselling a 
niasima:n ~rh ich  is 450 mm. i:I-0 I3r.essnr.e in  
the eass of the 01 i ;e r~~dosinotic jlressure and 
sliglitly lowor in llle case of ills Doni1a.u cor- 
i,ec.iion. The o71se1~~cd s \ ~ o d dosrncitic p r ~ s s ~ ~ i ' e  
be higiler than tlle !)onnilii corieciion by the 
oimotie p:.c.>sure dne to the pyotcin so l i~ t io~i  
itself. r l  difference exis:s in the 5-alues 
bativeen pH 4.6 and 3.2 b:it disappears later, 
nntl tlris difiei*ei~te is i n  d?pro1;ai)ility the es-
pression of valne a, i. e.: tile ,o~;notic prejsmc 
d ~ r e  t o  thc p~~o!eiii itself. The disappeara,nce 
of illis t1iff"i'c~ence at p, beluw 3.2 is probably 
ilnc I-o 11ld-rn.t t he t  a n  error of one unit i n  the 
sccoi~d cl.eci~ilal of the p,, env.ses a coasiclernble 
error i n  the :alci<iatioiis of ; ivilich ii~c.~eases 
\iVllen the p,, !co lo\;.. 

Fig. 3 shovis that when :re correct the olr-
serveil osmo~ic pressure f o r  the Donnan eEecc 
j I, fo!lo8~rs ihar T ~ E :  influerrce of the p,, of ihe 
~ ~ i t i  or- prnc- 011 ti12 osmotic p r e 3 s ~ r e  is enti-el? 
li~cally enlirely dne to the excess of the coa-
cenisaton of crystalloidai ions inside the n e a -  
b ram o w r  ;I:c,t outsiiie allcl 1.11a.t this excess is 
earned by ,the Doilnan aqni l i l~ r i~m.  The 
osmot:c pressure of tile protein it-solf iu ei::lier 
not, altalcd a.t all Ly the a.cMilion o i  zeii: or if 
i t  is a.lti.:e& {,he eiyect is tcto s m l l  to be no-
ticeable. 'I'herc is illen l ~ o t l ~ i n g!eft f o r  the 
'kiiispersion thco~y" or for any other of ,the 
colloitlal siwculutio:!s to explain. These rc-
suIfs we:e eonfirn-tcd for  crgstnjline egg albn-
lilin and casein by the rn~ i te rand ?or edest'in 
1)g f-litcllroeli. 14-c? now undersxanci w!~y only 
the v n l e n e ~  aild not the rialure of {he ion plays 
n i G e  i n  'thc o:,motie pxssure  of pro:eiri solu- 
ihoris. The ecjnilibri~rn eqi~ation is oile of llie 
second clegrce v~lvllen the ion ~vitil ?-;llich ille pro- 
tein is i12 combinntion is molio~;alens -\r.!ij!e i t  is 
of the t b r d  degres -when fhe 1011 is divalent. 
011iy rhe ~e:ency of the ion x?ld not ii3 nature 
cnfcrs inro the Dollnau ecjualiion. 

\Ye can !herefore s~un~.n:m.izeillese rejnlis hy 

http:gel'ai,i,.ia


DECEXBER29, 19221 XCIENCE 739 

stating that the so-called collaiclal behavior of 
protein solutions, as f a r  a, osmotic pressure is 
concerned, is merely the ~esu l t  of an equillb-
rium condition of ulaesical chemistry which re- 
sults in an excess of the concentration of 
orystalloiilal ions inside the protein sdution 
over that of an  outside aqueous solution, when 
the two solutions are separated by a membrane 
which is permeable to ~crystailoiclal ions but 
impermeable to protein ions. The c~lloiclal 
behavior of proteins depends tilerefore entirely 
on the relative non-diffusibility of protein ions 
through membranes which are easiiy permeable 
to crystalIoida1 ions. Since the n~ajoaity of 
membranes in plants and animds belong to this 
dlass, i t  can easily be surmised how great a 
r6le the proteins must play in the regulation of 
osmotiic pressure in the body. 

V I  
It remains to show briefly why stvelling and 

viscosity of protein sdutions are affeoted in a 
similar way by electrolytes as is the osmotic 
pressure. The answer is that we are dealing 
tin both cases with the same fundamental prop- 
erty, namely, osmotic pressure. 

I n  1910 Procter made the ingenious sugges- 
tion that the swelling of gelatin might be an  
osmotic phenomenon and in subsequent papers 
he and J. A. J+'ilson put this theory on a quan- 
titative )basis by deriving i t  from the Donnan 
equilibrium. They showed bhat the swelling of 
a solid gel of gelatin in hydrochloric acid can 
be explained quantitatively on the "oaiis of the 
Donnan equilibrium on the assumption that 
(there exists an excess of concentration of 
crystalloidal ions inside (in this case H and C1) 
over the concentration of the same ions outside, 
and that the excess of osmotic pressure inside 
the gel over that outside due to this Donnan 
effect accounts for that share of the smelling 
which k caused by the influence of the acid. The 
agreement of their calculated values with the 
observed values is excelient. The writer is 
inclined to consider Proicter7s theory of swell- 
ing and the proof of this theory by Procter 
and J. A. Wilson as the most brilliant con-
tribution to the theory of mllaidal behavior 
nest in importance only to Donnan7s theory of 

membrane equilibria. There wss only one de-
tail left by these authors, namely, to prove the 
existence of membrane potentids between the 
gel ancl the surmunding aqueous solution a t  
equilibrium. The writer wus able to fill this 
gap and to show that the observed P.D. between 
gel and surrounding aqueous solution can be 
calculated ~ilith o fair degree of accuracy from 
the value pH inside minus pH outside with the 
aid of Xernst's logarithmic formula. 

VI I  
I t  may seem strange that the influence of 

electrolytes on the viscosity of certain protein 
solutions should be explained in the same way, 
but this seems to be the case. According to 
Einstein's formula, the tGcosity of an aqueous 
protein solution is a linear function of the 
relative volume of the solute m u p i e d  in the 
dut ion,  as expressed in the formula 

ri = T O P  + 2.59) 
where is +he viscosity of the solution, -Q, that 
of pure water, and cp the proportion of the 
volume of tihe w1ut.e to that of the solution. 
If, therefore, the addition of little aoid to a 
1 per cent. wlution cd i~oelectric ge lah  
increases the viscosity of lhhe Wlution until a 
maximum is reached and if the addition ~f 
more acid depresses the viscosity again, it fol-
lows that the addition of acid changes the rela- 
tive volume occupied by the gelatin in water. 
Thi5 is only possible by water (being ~bmnbed 
by the protein land the question is ho~v to ac- 
count for this absorption of water [by the pro- 
tein under the influence of acid. Pauli msumed 
that the ionized protein surrounds itself with a 
jacket of water w*hi& is lacking in the non-
ionized protein. If  Chis were true, all the pro-
teins and amino-acids should show such an 
influence of acid on the viscosity of their solu- 
tions. The writer found that no such inflnenee 
exists in the case of amino-aoids ancl at  least 
one protein, namely, crystalline egg albumin: 
if Pauli's assumption were correct, 'tihere is no 
reason why crystalline egg albumin should not 
show the 'same influence of acid on viscosity 
which is found in the case of gelatin. The dif- 
ference between gelatin. and crystallline egg 
albumin is that the former sets to a solid gel 



i f  the tempei.ahure is not too high while the 
latter d m  not. The formation of a continuous 
g d  i n  the gelatin solution is pwceded b y  rthe 
formation of s.Qbrnicrosc@pic aggregates which 
occlude water and vhich a re  capable of swell- 
ing and these aggregates o r  precursors of the 
continuous gel increase i n  size e n d  number o n  
standing. To test this idea the writer made 
experiments with suspensions of powdered 
gelatin i n  water and found that such suspen- 
sions of  powdered gelatin had a much higher 
viscosity than a fregllly p i~pa l .ed  solution of 
gelatin. This was to be expwted if the influ- 
ence or  acid on the ~~isoosi ty of  proteins is due 
to the well ing of submicroscopic partides of 
gel. It harmonizes with this fact  that the vjs- 
co5ity of solutions of cl.ysballine egg )albumin 
is of a low order of magnitude, which was to 
'be expected if solutions of: crystalline egg 
alb~a~ninconkam few or no micells. It v a j  
found, moreover, that the viscosity of suspen- 
sions of powdei*ed gelatin increased under the 
influence of acid o~ ailkali i n  the same way as 
did the swelling of jellies o r  the osmotic prea- 
sure of protein solutions. The viscosities were 
memul-ed a t  20"'C. When the quspension of 
powdered gelatin was melted, it was found 
upon rapid cooling to 20' C. that the viscosity 
was consider&bly lower and that the influence 
of acid had almost disappeared. B y  these a n d  
a number of similar experiments it was pos-
sible to prove bhat the shilarity between $he 
influence of electrolyt~s on  the viscosity of 
gelatin solution and the influence of electro-
lytes on osmotic pye,ssure is due to the fact 
that  the influence o n  o:seosity i n  such cases is 
in rea3ty a n  influence on the swelling of sulb- 
micwcopic  protein particles. T h ~ s  proof Was 

made complete by showing that there exists a 
Donnan equililbrium b e h e e n  powdered parti- 
o l e  of  gelatin and a surrounding weak gelatin 
solutiion. 

fT1r.I 
I t  may not he amiss to illustrate by may of an 

esa~nplewhy it  is that the neglect of measuring 
the hydrogen ion concentration of protein solu-
tions necessarily lends into errors. I n  a paper 
publishecl in 1921 by Kuhn,a it was intended to 

3 Kuhn, b.: Iiolloidohenz. Beihefte, 1921, xiv, 
147. 
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show that different acids of the same ~a lency  
have different egects on the swelling of gelatin. 
I n  order to furnish such a proof it is necessary 
to start with dsoeleotrk gelatin and to compare 
the effect of different acids on the swelling of 
this isoelectric gclatin a t  the same hydrogen ion 
concentration of the gel, since only in that case 
have the gels ale snme concentration of gelatin 
ions. Instead of' starting with isoelectric gelatin 
or gelatin of a measured pH, Kuhn failed to. 
meaasure the p, of his gelatin, though it makes 
quite a difference whether acid is  added to bo- 
electric gelatin or t o  geIatin at mother pH. 
Further, instead of measuring %he pH of the gel 
with the hydrogen eleetrode, Kuha calculated the 
l~gdrogen ion concentrations from Kohlrsusch 's 
bahles as if acid had been added to water free 
from gelatin and as if the presence of the protein 
did not alter %he hydrogen ion concentration. Our 
titration curves, however, show that when acid is  
added to i~oelectric galerin the hydrogen ion con- 
centration is less than v;.llen acid is added to water 
free from protein. Aiid finally, on accocn~t of 
the Donnan equilibrium the p, inside and outside 
the gel are entirely different; yet no mention is 
made of the Donmn equilibrium in the paper 
referred to. The hydrogen ion concientrations of 
protejn eolutions whiich were considered as equal 
by Kuhn were on account of all these errors en-
tirely different, and it is quite natural that K u h  
came t o  the conclusion that different mon~basic 
acids hare different effect8 on swelling, since i t  
~vouldhave been a miracle if with his faulty 
nlethods he had ever oonipared two acids of the 
same pH. The same criticism applies to all the 
older expelriments on the influence of eleetrol>*es 
on swelling in which the authors reached the eon- 
elusions that differeat miom of the same mlmcy 
hate different effects on swelling (Hofmeiste~ 
series). I n  all these experiment8 t&e authors 
failed to measure the pH of their gels and errom- 
ously attributed effects due to differences of the 
p,% of tho gels t o  the difference in the nature 
of' the anio~l. 

IX  
We t h e r ~ f o ~ e  c o to~tlie~conciIusion that the 

ehemi,.;~y of plqtei~ls  Joe% not differ from the 
chemistry of crystalloids, a n d  that proteins 
cornbine stoi&ionleti+ically with a&ds and alka- 
lies forming protein salts dissociate dec- 
troly tical1 y. The enolmously darge protein 
ions and molecnles can not  diffuse freely 
through gels o r  many membranes wX& a r e  
easily permeable .to small orystdloidal ions. 



This fact Seads, under proper conditions, to 
an  unequal distnibation of the diffusible crystal- 
loidd ions between a protein solution and an 
outside aqueous solutibn; or between ia protein 
gel and an aquwus solution. I n  this distribu- 
tion the total concentration of cryst;Flloidal ions 
is always greater inside the protein solution or 
inside a gel than in the snrmunding aqueous 
solution. This is the cause of the wlloiclal be- 
havior of protein solubions and prokin gtpb. 
Xeasurements of membrane potentials have 
shown that this excess of the concentration of 
crystalloirlal ions inside over the lconcentration 
of the crystalloidal ions outside the protein 
solution or the gel, and consequently all the 
effects of elect~lytes on osmotic pressure, 
swelling and viscosity of proteins, can be cal-
culated with a satisfwtory degree of accuracy 
[roin Donnan's equilibrium equation, which is 
not a n  empirical but a 1-ationalistic mathe- 
matical formnla. W e  can therefore state that 
it is possible to explain the ~calloidal [behavior 
of proteins quantitatively on she basis of a 
rationalistic mathematical formula. What ap- 
pearecl a t  first as a new chemistry, the so-called 
colloid chemistry, now seems to (have been only 
an overloolred equitibrium condition of dassical 
chemistry; at least as far as the pmtkns are 
concerned. The oversight was due to two facts, 
first, to the failure of mlloid chemists to 
measure the hydrogen ion concentration of 
their solutions, which happens to be the chief 
variable in the case, and second, to their neglect 
of measuring and taking into consideration the 
membrane potentials of protein eolutions and 
protein gels, which furnish the proof that the 
theory of membrane equilibria must be used to 
explain the colloidal behavior of proteins. 
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THE AWARD OF THE HENRY 
DRAPER MEDAL 

THEHenry Draper medal for 1921, awarded 
by the National Academy of Sciences to Pro-
fessor Henyy Norris Russell, professor of as-
tronomy (at Princeton Univemihy, mas pre-

sented Ito him iby Dr. C. G. A'bbt, wsk+mt 
director of the Smltihsonian Institution theI& 

annual dinner in New 'Pork City on November 
15. 	 Dr. Abht  poke cis follows: 

The blriBiant asd  penetrating insight of Dr. 
Henry Norris Russdl, of Princeton Univmi6y, 
h w  led hi recent pa r s  t o  a devdopment of as-
kwnomy so rapid tikt i.t has proved thus fa r  
iapasGble to publish really upito-da$e text-books 
on the subject. Befjore ithe m u w i p t  of a text 
cm astronomy am be prapared, mu& less carried 
arough ithe press, new kwwledge renders ithe 
treatment sbaile. 

Dr. R w s l l  has made basic contributions to the 
great pxoblem of atelilar evolu~tion. R e  txi.7~ 

clearly $hait hhe bnightness of a. %tar as we see i t  
depends on several fiadtors. First, &ere is the 
ktrinsic brightmess af the 'as as a.source of 
light. W&t the itialhw candle iicl to sthe electric 
ma, so ,me &ar may be Ito m a e r  in the bright- 
nms of its shining surface. Beeondly, the 'tqtal 
amount !of light, which a atar sands owt depends 
upon its diameter. Quite recently it has been 
shown, for i n s a c e ,  thqt ithe star Alp& Oriollris 
is three hundred h e s  the diameter of the sun, 
a.nd asoeoirdiagly its cro8sisec$imal area is ninaty 
thowand Itirnes the e r w s - m b l  area of the sun. 
Hence, if they xere of equal surface brightness, 
%he star Alpha Orions would send out ninaty 
thousand times as much lighit as the sun. I n  $he 
third place, the brightness of the star depends 
upon iks di~~taslce asfnom khe earth 'and falls off 
the square of ithat dktanoe. Thus, khe sun, which 
is so near that i t  takes light eight minutes to  
come f r w  it, being about .two hundred thousamd 
times as  new (as the next nwrest &a4 which takes 
lighrt three or f o u ~  yeam t o  r& the earth will 
&ppear forty m5llion timm brighter on that ac-
wunit. 

W&th ithese condit5ous in  mind, Dr. Russell, in  
collaboration with Dr. HSnks, of England, began 
by the iapplicakion of a new phatograip'h4c math& 
of determining &he ddsbance of atars, land in 1910 
publish& the resut t~ showing hhe approximzqte 
distance of 55 lstars. With bhis and ather such 
information whiclh bad beecn Iaboriously acquired 
by others, he was able $0 sbaw k b t  Bhe red stars 
evidently must fall into itwo classas: one class 
s e n d i g  out very much more ligihrt than our sun, 
and anather sending out very much less, and that 
between those two very widely separated extremes 
there are no red staars i~tervening. 

Going ,on, he applied the, until them. lithle used, 
knowledge of 'the eclipsing variable stars with the 


