
SCIENCE 

VOL. 101 MAY4, 1945FRIDAY, No. 2627 

Hemoglobin, Glucose, Oxygen and Water  i n  the 
Erythrocyte: DR. DAVID L. DRABKIN ................................ 

Obituary: 
Recent 

Scientific 
New Mechanical Engineering Building at the Cali- 
fornia Institute of Technology; The  Corrosion Re- 
search Laboratory of the Illinois Institute of Tech- 
nology; The  Rockefeller Foundation. The  Amer- 
ican Philosophical So  
tional Aeadenzy of Sciences 

Scientific Notes and New 
Discussion :-

Ample Exercise and a Minimum of Food as Mea-
sures for Cancer Prevention?: DR. HAROLD P. MOR-
RIS. Fat Content of Guinea-pig Milk: DR. V .  E. 
ENGELBERT.Temperature Tolerance of Male Germ- 
plasm: DR. WILLIAM V. SMITH. Transliteration 
of Russian: JAMESB. HICKMAN.............................................:. 456 

Scjentific Books: 
Agricultural Chemistry: DR. H. B. VICKERY.The  
Improvememt of Livestock: DR. D. C. WARREN ...... 460 

Reports: 
Conference on  Science Education for National 
Security ............................................................................................................ 461 

Special Articles: 
I n  Vitro Evidence o f  Regeneration of Active Peni- 
cillin from Penicillin Esters: DR. RICHARD J .  
HICKEY. The Effect of Ultraviolet Radiation on 
Cysts of Endamoeba Histolytica: ENSIGN ALICE 
M .  STOLL, ENSIGN PAUL A. WARD and LIEUTENANT 
DON R. MATHIESON. Insecticidal Actizrity of Some 
Alkoxy Analogs of DDT:  DR. EDWARD A. PRILL, 
DR. ALBERT HARTZELL and DR. JOHNM. ARTHUR. 
Crystal Structure of DDT:  PROFESSORG. L. CLARK 

and F. W. CAGLE,JR. Observation of Bacterio-

phage through a Light Microscope: DR. ALVIN W.  

HOFER and DR. OSCAR W. RICHARDS.Effect of 

A l l oxm Diabetes on the Grow 

CHESLERand DR. R. TISLOWITZ 

Scientific Apparatus and Laborat 
A Simple, Rapid Technic of Preparing Water-in-Oil 
Emulsions: DR. JULES and K. J. THOM-FREUND 
SON. Intracardiac Transplantation in the Urodele : 

DR. ERLING S. HEGRE. A Modification of the 

Urease Test  fw Proteus: CAPTAIN THEODORE G. 

ANDERSON......................................................................................................... 


Science News 

SCIENCE: A Weekly Journal, since 1900 the official 

organ of the American Association for the Advancement 

of Science. Published by the American Association for 

the Advancement of Science every Friday a t  Lancaster, 

Pennsylvania. 


Editors: JOSEPHINE JAQUESOWEN CATPELL and 

CATTELL. 


Policy Committee: MALCOLMH. SOULE, ROQER ADAMS 

and WALTER R. MII~S .  


Adverlisina Manager: THEO.J. CHIUSTENSEN. 


Communications relative to articles offered for publication 
should be addressed to Editdrs of Science, 34 Qramercy Park, 
New Pork 3 N. Y.

~on~ulur~i&tious should be addressed relative to advertisin 
to THEO.CHEISTENSEN, Advertising bfanager, Smithsonian 

Instirution Buil~liog, \Vaahington 26, D. C.


Communications relative to membership in the Associatiotr 
and to all matters of business of the Aaaociation should be
addressed to the Permanent Secretary, A.A.A.S., Smithsonian
Institution Building, Washington 25, D. C. 


Annual subscription, $6.00 Single copies, 15 cents 

-

HEMOGLOBIN, GLUCOSE, OXYGEN AND WATER IN THE 

ERYTHROCYTE 


A Concept of Biological Magnitudes, Based upon Molecular Dimensions 

By Dr. DAVID L. DRABKIN 

DEPARTMENT O F  PHYSIOLOGICAL CHEMISTRY, SCHOOL O F  MEDICINE, UNIVERSITY O F  PENNSYLVANIA 

THE purpose of this communication is to direct 
the attention of biological workers to the illumination 
which may be afforded in many problems by express- 
ing, when possible, biochemical relationships on a 
molecular basis. 

The use of empirical "units" in  the literature of 
the vitamins and hormones is justified in the early 
stages of investigation before precise quantities can 
be employed. However, in  many instances the usage 
of "units" of this or that has continued long after the' 
chemistry of the therapeutic or prophylactic agent 
has 'been established. The persistence of such em-
piricism is not only irksome, but serves to  obstruct 

quantitative thinking and often delays proper inter- 
pretation and formation of useful qoncepts. With the 
enlarging interest in  the architectural chemistry of 
cells and the dynamics of cellular metabolism, the 
realization appears inevitable that quantitation even 
on such a basis as "gm or mg per  100 ml" may have 
but limited usefulness. This is more obvious in n 
consideration of the complex equilibria which are  the 
chemical mechanisms of cellular work and energy 
supply. 

My attention was drawn forcibly to the advantages 
and desirability of calculating the concentration of 
cellular elements in terms of molecular populations 
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in the course of a study of the effect of fluoride and 1. Calculation of 1Molecular Population of 
iodoacetate upon the disappearance of methemoglobin Hernoglobir, in a n  Erythrocyte 
(oxidized hemoglobin), MHb, from blood on staadmg. 
I n  this ir, vitro system whole blood (with approxi- 
mately 50 per  cent. of the hemoglobin converted intra- 
eellularly to MHb) was employed in the presence o i  
glucose, added to make a total concentration of about 
300 mg per 100 ml. Upon incubation of such blood 
samples a t  38' C in  the presence of air, MHb re-
verted to oxyhemoglobin, and there was a parallel 
disappearance (glycolysis) of glucose. The addition 
of fluoride or iodoacetate inhibited both the glycolysis 
and the reversion of MHb. The inhibition owing to 
fluoride appeared to be partially overcome by the 
addition of pyruvate. I n  the interpretation of the 
significance of these findings the question arose as  
to the probability that a similar mechanism could 
function ilz vizo. The concentration of MHb in cir- 
culating blood is normally very low,l and when this 
pigment is produced in the organism in abnorn~al  
amounts i t  is removed rapidly from the c i r c ~ l a t i o n . ~  
I s  the interrelationship of glycolysis and MHb reduc- 
tion physiological i n  view of the relative coneentra- 
tions of glucose and hemoglobin in  the erythrocyte? 
Our analytical values f o r  adult human blood agree 
with the literature, and are  fo r  hemoglobin very high, 
approximately 34 gm per 100 ml (hernatocrit packed 
volume) of red blood cells, and f o r  glucose quite low, 
of  the order of 0.075 gm per  100 ml of cells.3 Ex-
pressed in these usual terms, the values apparently 
emphasize the overwhelming concentration of hemo- 
globin. But  i t  will be seen that when calculations 
a re  made upon the basis of their respective ~nolecular 
populations within the red blood cell, the concentra- 
tions of glucose and hemoglobin become virtually 
identical. I t  will also be apparent that the lnolecular 
population of even so '(simple" a cell as the mam-
malian erythrocyte is closely packed. Hence, the in- 
teraction of these components i n  their cellular en-
vironment is rendered more probable. 

Several examples of calculations follow. These 
were chosen in the fields most closely related to  the 
writer's interests, and represent cases where definite 
data  are  available to make such calculations with 
some degree of confidence. No doubt many other 
examples can be found to supply equally instr~xctive 
appraisals of metabolic phenomena mithin cells and 
tissues. It may be pointed out that the relationships 
to  be discussed are  implicit in  values f o r  concentra- 
tion in molar terms, moles, M, per chosen volume. 

1D. L, Drabkin and C. F. Schmidt, Jour. Biol. Chem., 
157: 	69, 1945. 

2 W. W. COXand W. B. Wendel, Jour. Biol. Chem., 
143: 	331, 1942. 

3 M. Somogyi, Jour .  Biol. Chcm., 78: 117, 19'28. 

(u) Corpuscular volume (volume of individual cell 
in packed state) :Erythrocyte count = 5 x 10G per mm3. 

Hematocrit value = 4 5  per cent., or 45 ml per 100 
ml of blood. 

Packed cell count = 5  x l o 6  per 0.43 mm3 or per  
4.5 x l o s  y3 (since 1nim" l o 9  p3). 

Theref ore, volume of 1 cell =4.5 x 10s/5 x 106=90 
p3 (90 cubic microns). 

( b )  Cellular hemoglobin concentration=340 gm 
per 1,000 ml or per 1015 p3 (since 1m l =  1cm3= l o 3  
mm" 1012 p3). Hence, per cell of 90 1h3 volume the 
hemoglobin concentration is 30.6 x gm, o r  30.6 
micro-micrograms (340 x 90/101". 

Since the molecular weight of hemoglobin is 66,700 
(on the basis of 0.335 per cent. of F e  and 4 atoms of 
Fe) ,  the rliolar concentration of the pigment = 340/ 
66,700 = 5.1x M per 1015 p3. 

Therefore, since 66,700 gm of hemoglobin contain 
6.02 x 1023 molecules (Avogadro's number-number 
of molecules per gram molecular weight), the molecu- 
lar population in hemoglobin of a single red blood 
cell with a volume of 90 p3 = 5.1 x x 6.02 x x 
90/1015 = 2.76 x lo8, or approximately 300,000,000 
molecules of hemoglobin per cell. I n  this calculation 
the molecular weight is that of the non-hydrated pro- 
tein. According to x-ray ineasurements,4 wet hemo- 
globin has a molecular magnitude of approximately 
132,000. If the latter value were employed the 
original concentration of hemoglobin in gm per liter 
of cells would have been taken as  673 gm (from 
340 x 132,000/66,700). Hence, the same final result 
would be yielded in the calculation of molecular popu- 
lation. However, the hydration of the molecule may 
have to be considered in a calculation of the "space 
occupied" by the hemoglobin in  the cell (see 3c). 

2. Calculatiofl of Molecular Population of Glucose 
i~ a Red Blood Cell 

Cellular glucose concentration = 0.75 gm per 1,000 
ml or per l O I 5  p3. 

Hence, the glucose concentration per corpuscle of 
90 p3 volume = 0.75 x 90/1015 gm = 6.75 x 10-I* gm. 

Therefore, per cell the molar concentration of glu- 
cose = 6.75 x 10-14/180 =3.75 x 10-l6 M, and the cor-
responding iilolecular population = 3.75 x 10-l6 x 6.02 x 
loz3= 2.26 x lo8, or approximately 250,000,000 mole- 
cules of glucose per cell. Thus, calculations 1and 2 
reveal that the molecular populations of hemoglobin 
and glucose within the erythrocyte a re  practically 

1 

4 M. F. Perutz, Ph.D., Thesis, University of Cambridge,
1940; Nature, 143: 73, 1939; 149: 491 ; 150: 324, 1942. 
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identical. This relationship is not a t  all obvious in 
a comparison of the values for the concentrations of 
hemoglobin and glucose, when they are expressed in 
the customary manner as respectively 34 gm and 
0.075 gm per 100 ml of cells. 

3. Calculation of the Number of 	 Hemoglobin Mole- 
cules Which Can Crowd, Closely Packed, at 

the Suvface of an Erythrocyte 


Our s~ectrO~hOtOmetric up0n
measurements 
means of a 'pecial Oeoo7 

depth6 are compatible with the view that hemoglobin 
in the cell may be present in solution. On the other 
hand, various speculations are current concerning the 
state of hemoglobin within the red blood corpuscle. 
Among them is the opinion, originally expressed by 
Biirker,? that hemoglobin "is held in the corpuscle 
by union with the membrane."8 This deduction arose 
from the interpretation of the finding that the content 
of the blood pigment per cell varied in different mam- 
malian species, but was relatively constant, 2.9 to 
3.4 x 10-l3 gm per y2 unit of surface of the erythro- 
cyte.? Interesting as the relation of cellular hemo- 
globin and corpuscular area may be, it  should be 
clear that the use of surface area in this connection 
is one of personal bias. The same constancy of hemo- 
globin content would have been obtained if cellular 
hemoglobin had been calculated on the basis of cellu- 
lar volume. The hypothesis of "the remarkable dis- 
tribution of the coloring matter of blood on the sur- 
face of the corpuscles"7 has found acceptance in text- 
books, and has invited further speculation concerning 
an appropriate shape for the hemoglobin molecule- 
to fit it for comfortable residence at the surf ace of thp 
erythrocyte-such as "long prisms, attached at one 
end to the membrane of cholesterol-lecithin-protein."8 
-4 possibly less but more satisfactory shape, 
a rather stubby ellipsoidal platelet or slab (unaffected 
by the degree of hydration of the crystal) with 
axes le = =23 A (iingstroms) and =37.6 A, may 
be deduced for  the hemoglobin molecule from x-ray 

the membrane. Optical evidence,g presented in sup- 
port of a variant of the above hypothesis, namely, 
that hemoglobin is bound to "stromatin" (stroma 
protein), has been refuted.1° 

(a) 	Surf ace-volume relationship of red blood cell : 
Owing to the peculiar biconcave disc shape of the 

erythrocyte, its surface area is difficult to determine 
with exactness, but is of the order of 140 3. 

The diameter, D, of a wet human erythrocytel1= 
8.5 p+ The area (by an approximation equationll) = 
2.4n(D/2)2 = 7.55(0/2)2 = 7.55 x 18.07 = 136.3 y2, Or 

m2 	(since p2= m2). (This ap-

parently small quantity adds u p  to a large value for 
the total surface of the erythrocytes in the body. A 
man of 70 kilos with a blood volume of 5.6 1.has 
2.8 x 1013 erythrocytes (5  x lo6  per mm3 of blood). 
The total surface area of the red blood cells is, there- 
fore, 1.363 x 10-lox 2.8 x 1013=3.82 x lo3  m2, or 3,820 
square meters, a value 2,000 times greater than the 
surface area of the body, which may be taken as  
1.87 m2 for a man of 70 kilos and 178 cm height). 
It is obvious that a sphere of the same volume as  
the biconcave disc erythrocyte would have a smaller 
surface than the latter. I n  the presence of added 
lecithin the red blood cell assumes a spherical form 
without change in volume, which remains a t  90 ~3 

(see 1a) .  The surface area of this spheroidal cell 
may be calculated. 

Volume, V ,  of spherical cell =1.333 J C ( D / ~ ) ~= 
4.189 (D/2) 3. 

Hence, (D/2) = V14.189 =90/4.189 =21.47 y3, and 
(D/2) = 2.78 t~. 

Theref ore, surf ace =4x (D/2) = 
12.57(D/2) =12.57 7-73= 97.3 p2, 01, surface =37/ 

(D/2) 	= 3 x 90/2.78 = 97.3 y2. This area is smaller 
that of the corresponding biconcave disc cell of 

the same by a of 
136.3/97.3). I t  may be assumed that the red blood 
cell gets along with its peculiar shape, and various 
physical as well as ~h~sio logica l  advantages have been 
attributedll to the biconcave disc form. Whatevercrystallographic data now available upon horse ~ ~ b . 4  

While it may be questioned whether hemoglobin mole- 
cules within the cell need have the dimensions deduced 
from the crystalline material, it  would appear desir- 
able to base present inferences upon measurement 
rather than upon intuition. ~h~ following calcula- 
tions outlaw the theory that all or a considerable 
proportion of cellular hemoglobin is a constituent of 

5 D. 	L. Drabkin and R. B. Singer, Jour. Biol. Chem., 
129: 739. 	1939. 

fi D. L.' Drabkin and J. H. Austin, Jour. Biol. Chem., 
112: 105. 1925-26 ---	 - - - 1 - - - - - - .  

7 K. Biirker, Sitzb. preuss. Akad. Wiss., 140, 1922; 
Natz~rwisseaschaften,11: 512, 1923. 

8A. P. Mathews, "Physiological Chemistry. A Text-
Book for Students,'' 6th edition, Baltimore, pp. 744-745. 

the merits this may be, it is clear that it 
provides a larger surface per Thus, per 
hemoglobin molecule or per any other molecule within 
the erythrocyte a larger cell surface is available in 
the biconcave disc in comparison with the spheroid 
of the same volume. This fact, however, should not 

be assumed the membrane-b0und 
hemoglobin, though it may have a bearing upon the 
diffusion of substances, such as oxygen, from the 
periphery into the interior of the cell. 

9 G. A. Adams, Biochem. Jour., 32: 646, 1938. 
1 0  D. Reilin and E. F. Hartree, Nature, 148: 75, 1941. 
11E. Ponder, in 0. Glasser, "Medical Physics," Chi-

cago, 1944, p. 1203. 



(b) The number of molecules of hemoglobin which 
can be packed next to each other a t  the surface of a 
red blood cell : 

Surface area of erythrocyte = 136.3 p2 = 1.363 x 1010 
A2 (since 1p2= lo8  A2). 

The dimensions of the hemoglobin molecule, based 
on x-ray crystallographic measurements of the unit 
cell of horse MHb, containing 2 molecules (Perutz4), 
are: length (b-axis) = 64 A, width (in direction of 
a-axis) = approximately 48 A, and thickness (perpen- 
dicular to c plane) = 36 A. Assuming that the small- 
est surface of the molecule is oriented towards or 
attached to the corpuscle membrane, and treating it 
as a quadrilateral, an approxinlation of this area -= 
48 x 36 = 1.728 x 1 0 q 2 .  Therefore, the largest number 
of hemoglobin molecules which conceivably could be ac- 
commodated a t  the surface of the erythrocyte = 1.363 x 
1010/1.728 x l o 3= 7.89 x lo6, or approximately 8,000,- 
000 molecules. This is less than 3 per cent. of the 
total number of hemoglobin molecules in the red cor- 
puscle (7.89 x 106 x 100/2.76 x loS= 2.86 per cent.), 
and the calculation no doubt overestimates the num- 
ber of molecules of hemoglobin which can crowd to- 
gether in a given space. The hemoglobin molecules 
would be packed tighter than sardines-with no room 
for oil. No account has been taken of such factors 
as the water of hydration of hemoglobin, or the in- 
fluence of the presence of other molecular species 
within the erythrocyte ~ ~ h i c h  probably would operate 
against the possibility that a single species of mole- 
cules could collect side by side. It may be pointed 
out that although the hemoglobin molecule is a rela- 
tively rigid s t r ~ c t u r e , ~  Ifthe red corpuscle is not. 
the biconcave disc should assume a spheroidal form 
(a  reversible process), there would be a contraction 
in surface to 9.73 x 1 0 q 2  (see above, 3 a) .  This 
must lead to a tighter packing of materials fixed a t  
the s u r f a c e a n  impossibility if the rigid structures 
are already tightly packed side by s i d e o r  there must 
be a displacement of substances from the surface to 
the interior of the erythrocyte. It is therefore prob- 
able that only 2 per cent. or less of the total hemo- 
globin (9.73 x 109/1.728 x l o 3= 5.62 x lo6, out of a 
total of 2.76 x l o s  molecules) can be anchored a t  the 
surface of the red cell, and the non-rigidity of the 
corpuscular structure appears tb be the best argu-
ment against membrane-bound hemoglobin. 

(c)  The volume occupied by corpuscular hemo-
globin : 

The percentage of cellular volume occupied by 
hemoglobin may be calculated from the grams of 
hemoglobin per 100 rrtl of corpuscles divided by the 
density of henloglobin in = 34/1.344 = 25.3 

1 2  G. S. Adair and M. E. Adsir, Proc. Roy. Soo. Lomd., 
B 120: 422, 1936. 

per cent. This value is consistent with that of 70.7 
per cent. for corpuscular water (from 71 gm of water 
per 100 n ~ l  of erythrocytes13 times the density of 
water at 38' C = 0.9954), and leaves a value of 4 per 
cent. for the space occupied by all the other con-
stituents of the red blood cell. An appreciably tighter 
squeeze than this may be inferred from calculations 
based on the molecular volume of hemoglobin, de- 
duced from the x-ray dimensions,4 = 64 x 48 x 36 = 
1.11x 10' A3, which gives a value which is 34 per cent. 
of the volume of the corpuscle (1.11 x l o 5x 2.76 x los  x 
100/9 x 1013= 34 per cent.). I n  calculating the above 
volume, the molecular shape was assumed to be that of 
a quadrilateral slab. Since the form of the hemoglobin 
nlolecnle is rather that of an ellipsoid,& the volume is 
probably smaller, and, making an allowance of 15  per 
cent., = 9.4 x l o 4  R". This yields a value = 28.8 per 
cent. of the corpuscular volume, and affords only 0.5 
per cent. of the total space for all the other erythro- 
cyte populations besides hemoglobin and water. Nence, 
with inferences based on deductions from x-ray data, 
whether the value of 34 or 29 per cent. is chosen for 
the percentage of total space needed for the accom- 
nlodation of hemoglobin, it  appears that some water 
molecules must occupy the same space-as hernoglobill 
n~olecules,i.e., that the hemoglobin molecule is "hy- 
drated" within the corpuscle. The above x-ray data 
are upon air-dried hemoglobin, which probably con-
tains some residual water. Its specific gravity is 1.27 
rather than 1.344. The lower density has been ex-
plained12 as mainly owing to the hydration of the 
crystal, and the best recent measurements suggest1' 
that protein crystals may contain appreciable water 
of hydration, from 0.5 to 0.8 gm per gm of protein. 
Such values applied to hemoglobin would approxi- 
mately double the molecular volume. However, the 
hydration of the crystal affords little insight into the 
state of hydration of the protein in solution. Only 
negligible information is available as to the intimacy 
of association of ~vater and a protein such as hemo- 
globin in solution. If  the water of hydration of a 
protein in solution be defined as "bound" in the sense 
that the molecules of water associated with the protein 
no longer exercise their normal solvent properties, it  
must be concluded from accurate vapor pressure mea- 
surements15 on centrifuged corpuscles that such water 
of hydration is of negligible magnitude and that the 
total water of the erythrocyte is practically all 
"free." On the other hand, it is recognized14 that 

13  13. M. Hsld and A. J. Eisenman, Jow,r. Biol. Chem., 
118: 275, 1937. 

14D. Crowfoot, Chem. Rev., 28: 215, 1941; T. 5. Mc-
Meekin and R. C. Warner, JOUT.Am. Chem. Soc., 64: 
2393, 1942. 

15 A. V. IIill, Proc. Roy. Soc. London., B 106: 477, 
1930. 
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not only water but salts can permeate the pro-
tein crystal structure, and i t  has been postulated16 
that if not water per se but water and solutes 
become associated with protein i n  solution, mea-
surements involving the colligative properties would 
not disclose the true situation. I t  inay well be that  
the ability of water plus solutes to  permeate into 
spaces within the protein molecule may endow a spe- 
cial functional significance upon proteins i n  the cel- 
lular architecture. A t  any rate, there can be no doubt 
that even a simple cell such as  the mammalian eryth- 
rocyte has a closely packed molecular population, 
affording intimate contact of molecules of different 
species. The question whether corpuscular hemo-
globin is in  solution or in  some metastable state ap-  
proaching incipient crystallization, as it  appears to 
be i n  the erythrocyte of the white rat, can not be 
decided a t  present. 

4. Calculation of 3folecular Populatiolzs of Dis-

solved and of "Bound" Oxygen, 0,) in 


an Erythrocyte  


( a )  Dissolved 0,: From the absorption or solubil- 
ity coefficient, a,,, a t  38' C i n  plasma = 0.024 (i.e.,, 
0.024 ml of gas dissolved 'in 1ml, a t  N.T.P.), and the 
partial pressure of 0, i n  arterial blood = 97 mm of 
Elg, the amount of oxygen in solution in blood plasma 
is reckoned : 0.024 x 100 x 97/760 =0.306 ml per 100 
ml of plasma, o r  3.06 ml per 1,000 ml or per 1015 p3. 

Assuming equilibrium in respect to dissolved 0, 
between the water of plasma and water of the cor- 
puscles, the volume of corpuscular dissolved 0, is  
taken as  proportional to the respective percentages 
of water, 93.7 per cent. fo r  plasma and 7 1  per cent. 
fo r  cells.13 Hence, oxygen in solution in the cor-
puscles = 3.06 x 71193.7 = 2.32 ml per 1015 p3, and 
dissolved 0, per corpuscle of 90 p3 volume =2.32 x 
90/1015 = 2.09 x 10-l3 ml, a t  38O C. (This value may 
be a n  overestimation. I t  implies that the water of 
the red cells is as free to dissolve 0, as the water of 
plasma. Direct determinations of dissolved oxygen in 
erythrocytes, presumably owing to difficulties in  such 
analyses, are unavailable. An inert gas, hydrogen, is ' 

93 per cent. as  soluble in  corpuscles as  in  serum17.) 
Since 1gram mole of gas occupies 22,400 ml, a t  

N.T.P., the molar concentration of dissolved 0, = 
2.09 x 10-13/2.24 x lo4= 9.33 x 10-ls M per  red blood 
cell. 

Therefore, the molecular population in dissolved 
0, of a single erythrocyte = 6.02 x l o z 3x 9.33 x 10-ls = 
5.62 x lo6, or approximately only 5,500,000 molecules 
of dissolved oxygen per arterial corpuscle. 

( b )  Molecules of 0, "bound" to hemoglobin, and 

1%B. S. Neuhausen, Jour. Biol. Chem., 51: 435, 1922. 
17D. D. Van Slyke and J. Sendroy, Jr., Jour. Biol. 

Chenz., 78: 801, 1928. 

ratio of bound to free 0, i n  arterial cells: The hemo- 
globin molecule contains 4 atoms of Fe, and, a t  full  
saturation (complete conversion to oxyhemoglobin), 
there will be 4 molecules of 0, bound per  4 atoms 
of F e  in  1molecule of hemoglobin. With the values 
of 98 per cent. f o r  the saturation of arterial henlo- 
globinl and 2.76 x 108 f o r  the number of hemoglobin 
molecules per  cell (see 1 b),  the bound 0, =2.76 x 
l o s  x 4 x 0.98 = 1.08 x lo9, or approximately 1,000,-
000,000 molecules of bound oxygen per corpuscle i n  
arterial blood. Therefore, in  an arterial erythrocyte 
the ratio of bound 0, to free 0, = 1.08 x 109/5.62 x 
10%=192/1. I n  other words, in  a red corpuscle of 
arterial blood there is 192 times more oxygen united 
with hemoglobin than there is free in  solution (physi- 
cally dissolved). I n  venous blood, a t  38' C, with 80 
par cent. saturation of hemoglobin and a n  oxygen ten- 
sion of 40 mm of Hg,  one may calculate (in the same 
way as  above) that there are, per corpuscle, 8.84 x lo8  
molecules of bound to only 2.31 x l o 6  molecules of 
free 0,, yielding a ratio of bound 0, to free 0, of 
38311. Hence, in  a red cell of venous blood there 
is 383 times more oxygen combined with hemoglobin 
than there is free i n  solution. Such values are  more 
pertinent and revealing with reference to the nature 
of the hemoglobin-oxygen equilibrium than values f o r  
bound and free oxygen in terms of volumes per cent. 
in whole blood, particularly when the value for  free 
0, refers to plasma alone. Representative values in  
terms of volumes per cent. are: 20.5 fo r  oxygen 
capacity (related to coniplete saturation of 15.3 gm 
of hemoglobin per 100 ml of whole blood) and 0.306 
for  free oxygen i n  100 ml of plasma. The ratio of 
20.5/0.306 = 67/1 does not reveal, without the appli- 
cation of suitable corrections, the situation in respect 
to bound and free oxygen i n  the erythrocyte. 

The number of molecules of dissolved 0, i n  a n  
erythrocyte, as disclosed by the calculations, is sur- 
prisingly small. TJnder normal conditions, i n  ar-
terial blood corpuscles there is just enough oxygen 
to nearly saturate the hemoglobin, but not quite. 
With a minimum utilization rate  of about 250 ml of 
0, per minute fo r  a n  adult man a t  rest, and u p  to 
2,500 ml per minute in  strenuous exercise, and with 
a t  most only 15.4 ml of total dissolved 0, in 5.6 
liters of blood (70 kilo man, with 3.08 liters of plasma 
and 2.52 liters of cells), i t  is obvious that in  pro- 
viding oxygen a cooperative effort must exist among 
the carrier (hemoglobin), the pumping system (heart 
and circulation) and the source (respiration). So 
f a r  as the carrier is concerned two factors are  of 
dominant importance-(1) provision of sufficient dis- 
solved oxygen in time, and (2) maintenance of an 
active form of hemoglobin, capable of uniting rever- 
sibly with oxygen. Physiologists do not appear  to 
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have stressed the fact that functionally the erythro- 
cyte is peculiarly adapted to aid hemoglobin in both 
of the above connections. The red blood corpuscle 
has a very low, almost negligible oxidative metabolism 
(consumes very little oxygen) in comparison with 
other cells. Indeed, it has been described, unfor-
tunately, as "dead." I f  the erythrocyte had an active 
oxidative metabolism it would itself consume the dis- 
solved oxygen (of which there is none to spare), 
and hemoglobin would be useless as  a carrier. To 
illustrate what could occur if cells which consumed 
oxygen actively were present in blood, the following 
simple and instructive experiment may be performed : 
Mix equal parts of a solution ( 1  volume of cells in 
a total of 10 volumes), prepared from washed eryth- 
rocytes (100 per cent. of oxyhemoglobin), with a 10 
per cent. suspension of washed, tapioca-free yeast. 
Dilute 1 volume of the mixture to a total of 2.5 vol- 
umes with distilled water, and allow to stand in an 
open test-tube a t  room temperature for 20 minutes. 
The color of the mixture changes to deep purple, 
owing to the formation of deoxygenated (reduced) 
hemoglobin. The deoxygenation of the hemoglobin 
with an active yeast suspension will be practically 
complete. (The yeast may be centrifuged off, and 
the hemoglobin-oxyhemoglobin mixture determined 
spectrophotometrically.) If  the tube is shaken with 
air, the upper layer turns red (reoxygenation of the 
hemoglobin). On further standing reversion to re-
duced hemoglobin again occurs. This reversible 
change may be induced many times. To show that 
the phenomenon is that of oxygen consumption by the 
yeast cells rather than reduction by some active re- 
ducing agent in the yeast, a control experiment may 
be carried out, using a 1:10 solution of MHb, pre- 
pared by adding an equivalent of ferricyanide to the 
blood sample. The yeast now has no effect upon thc 
color of the solution. MHb is not reduced by any 
substance in the yeast. If  the yeast is separated 
from the 1\IHb solution by centrifuging and added 
to a solution of oxyhemoglobin, the process of de-
oxygenation may again be demonstrated. Similar 
results can be obtained by substituting a fresh homo- 
genate of liver for the yeast cells. I t  is, therefore, 
fortunate that mammalian red blood corpuscles do 
not have an active oxidative metabolism. Paradoxi-
cally, however, it  is also fortunate that erythrocytes 
are not metabolically inert. They are provided with 
all the necessary biocatalysts-coenzymes I and 11, 
the oxidizing enzyme, enolase, etc.-to support an 
active glycolytic metabolism. And, it is probable that 
glycolysis within the erythrocyte is an essential func- 
tional property, necessary for maintaining a high 
concentration of active hemoglobin i uiuo. As men- 
tioned in the opening paragraphs, glycolysis and 

disappearance of MHb (oxidized, inactive hemo-
globin) go hand in hand. Iodoacetate and fluoride, 
known to poison certain of the above enzymes, in- 
hibit both the breakdown of glucose and the reduction 
of MHb to active hemoglobin, capable of uniting with 
oxygen. I n  the conservation of dissolved oxygen the 
red corpuscle is merely a passive agent, in its capac- 
ity for shifting or keeping the equilibrium, oxyhemo- 
g lobing hemoglobin methemoglobin, far  to the left 
it has an active functional r81e) which deserves recog- 
nition in hemoglobin physiology. 

5. Calculatio?a of iXolecular Population of  
W a t e ~in an Erythrocyte 

There are 710 gm of water per 1,000 ml of blood 
corpuscle^,^^ or per loi5 p3, and the mol. wt. of water 

= 18.02. 
Hence, neglecting the density at 38' C = 0.993, the 

molar concentration of water = 710/18.02 = 39.4 M 
per 1015 p3. 

Therefore, the molecular population in water of a 
single corpuscle of 90 p3 volume = 39.4 x 6.02 x x 
90/1015 = 2.14 x 1012, or approximately 2,000,000,-
000,000 molecules of water per red blood cell. The 
census indicates that water is by far  the largest seg- 
ment of the molecular population of cells. I n  the 
erythrocyte, which contains less water than many 
other types of cells, there is approximately an 8,000 
times larger number of water molecules than mole- 
cules of hemoglobin (2.14 x 1012/2.76x 108= 7.75 x 
lo3). An appreciably greater difference than this 
exists in the molecular populations of water and of 
dissolved oxygen, the ratio of the two components 
being 400,000 to 1, (2.14 x 1012/5.62 x loG= 3.81 x 
105/l). I n  other words, the number of molecules of 
free oxygen is less than 0.0003 per cent. of the Bum- 
ber of molecules of water. Since water may not be 
an entirely silent partner in various metabolic trans- 
actions, relationships such as the above invite specu- 
lation. 

6. 	Relatioflship of Insulin arzd Glucose: t7~e Rela- 
tive Frequency of Two Simultaneous Evelzts 

Thus far, the calculations have been limited to the 
molecular populations of the erythrocyte. Ilere, an 
example is furnished of the insight afforded into a 
more general biological relationship, that of insulin 
and glncose, when expressed in n~olecular terms. In  
a depancreatized dog a normal level of blood sugar 
can be maintained by a simultaneous, constant injec- 
tion intravenously of 0.07 ulzit of insulin and 0.25 grn 
of glucose per kilo of body weight per hour,18 the 
latter value representing the normal utilization rate 

18 S. Soskin and M. D. Allweiss, Am. Jour. Physiol., 
110: 4. 1934-35. 
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of sugar. An approximately similar relationship of 
insulin and glucose is obtained from the hormone and 
sugar requirements of .a severely diabetic child. The 
values of 0.07 unit and 0.25 gm are thus bracketed 
together, and have some usefulness therapeutically, 
but they have little obvious further significance. 
However, this empirically established relationship of 
insulin and glucose supplies fundamental data, needed 
in the following calculations : 

(a) Molar equivalent of 0.07 unit of insulin.: 
1mg of pure, crystalline insulin = 22 units, and niol. 

wt. of insulin =35,100. 
Hence, 1unit = 1/22 = 0.0454 mg, and 0.07 unit = 

0.0454 x 0.07 = 0.00318 mg, or 3.18 x gm. 
Therefore, the molar equivalent of 0.07 unit of 

insulin = 3.18 x 10-6/3.51 x l o 4= 9.06 x 10-l1 M. 
( b )  The molar equivalent of 0.25 gm of glucose 

(mol. wt. = 180) = 0.25/180 =1.39 x M. 
Therefore, the molecular ratio of glucose to insu- 

lin = 1.39 x 103/9.06 x 10-l1=1.53 x 107/1. Thus, per 
molecule of insulin required by the completely dia- 
betic (or produced by the normal organism), 15,300,- 
000 molecules of glucose are utilized (fully oxidized) 
per hour, or 255,000 molecules per minute. Attention 

may be drawn to the fact that care has been taken 
to state the relationship of insulin and glucose in such 
a way as not to imply that insulin is necessarily 
directly concerned with the oxidation of glucose. Tha 
exact functions and mode of action of insulin are still 
open questions. The calculations are of interest and 
valid as an indication of the relative frequency or 
magnitudes of two simultaneous processes, the pro- 
duction of insulin and the oxidation of glucose, for 
which some interrelationship is probable in the organ- 
ism. If  insulin is concerned with glucose oxidation, 
the value of 255,000 molecules of glucose taken care 
of by 1molecule of insulin per minute assumes the 
character of a turnover number. As such, it is un-' 

usually high, and has the added distinction of being 
referable directly to the living organism. Insulin does 
a good job, the magnitude of which is defined clearly 
by the molecular relationship of the hormone and 
sugar. 

Summary -
Calculations have been presented to illustrate the 

insight which may be gained from the development of 
concepts of biological magnitudes upon the basis of 
rnolecular dimensions. 
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RECENTDEATHS 

ROBERT ELILER HORTON, consulting hydraulic en-
gineer to the Tennessee Valley Authority and chair- 
man of the Board of Consultants on Flood Control of 
the U. S. Department of Agriculture, died in his 
seventieth year on April 22. 

DR. MARTIN H. ITTNER,chief chemist of the Colgate- 
Palmolive-Peet Company, died on April 22. He was 
seventy-four years old. 

ARTHURROBERTHINKS, astronomer and since 1915 
secretary of the Royal Geographical Society, died on 
April 18 a t  the age of seventy-one years. 

DR. HANS SACHS, formerly professor of immunol- 
ogy at the Medical School of the University of Heidel- 
berg, who was connected with Trinity College in 
Dublin, where he had a fellowship, died on &larch 28. 

sIRA~~~~~~~FLEMIxG, known for his work in tvire-
less, radio and telegraph developments, died OJI April 
19 at the age of ninety-five years. 

SCIENTIFIC EVENTS 

NEW MECHANICAL ENGINEERING BUILD- 


ING AT T H E  CALIFORNIA INSTITUTE 

O F  TECHNOLOGY 


THERE has just been completed for the use of the 
Mechanical Engineering Department of the California 
Institute of Technology a five-story, reinforced con-
crete building. This follows the usual type of con-
struction with three floors above the ground level and 
two floors below. However, the so-called first floor 
is five feet above the ground level so that by the use 
of light wells, daylight is supplied to the entire first 
basement, and because of a portion of the first base- 
ment floor being omitted, sunlight actually reaches the 

very lowest floor level. The building contains two 
very good drafting rooms on the top floor with ex-
cellent daylight lighting and also is illuminated by 
fluorescent lights. These lights are arranged on the 
ceiling in diagonals so that with the drafting tables 
located square with the room no shadows will be cast. 
There are two very good classrooms and a lecture 
room equipped with a projection lantern and screen 
and a demonstration table supplied with water, gas, 
compressed air and 110- and 220-volt AC current. 
The building also contains the offices for the members 
of the instructing staff and a good portion of the 
equipment of the Laboratory of Mechanical Engineer- 


