
though our experimental conditions 
are not strictly comparable with those 
of the earlier workers (15, 16) since we 
use a much higher ratio of nucleic 
acid to solvent, our results are con- 
sistent with their conclusion that either 
poly(A + U) or poly(A + 2U) can be 
the predominant complex at cation 
concentrations below 0.1M and a tem- 
perature of 25?C. In our experiments, 
the predominant species clearly de- 
pends on the ratio of polyA to polyU 
with the poly(A+2U) complex being 
favored when the ratio is low. 

A "melting" curve for double- 
stranded calf thymus DNA based on 
PMR intensities of spectral regions 1 
and 2 is shown in Fig. 2d. Again the 
intensities are expressed as fractions of 
intensities expected if all the protons of 
region 1 or 2 contributed to the in- 
tensity, now taking into consideration 
the base composition of the DNA 
(17). 

Thus, it appears that intensities of 
PMR spectra can be used in the way 
optical-density measurements are used 
to elucidate secondary structure and 
"melting" of synthetic and natural 
nucleic acids. The PMR technique 
presently requires higher concentra- 
tions of nucleic acids than the optical- 
density technique but has the compen- 
sating advantage of permitting abso- 
lute determination of the degree of 
strand complexing (optical density 
changes give a relative measure of 
changes in secondary structure). In 
addition, observation of behavior of 
individual PMR lines can give detailed 
insight into changes in molecular 
structure and motion during complex 
formation or "melting." For example, 
as a polyA-polyU complex is "melted," 
sharp resonances characteristic of 
single-stranded polyA and polyU 
emerge from the broad background 
resonance of the complex. The res- 
onances do not gradually sharpen as 
the complex is "melted," which would 
be expected if during "melting" there 
existed a fast equilibrium between the 
portions that are and are not "melted" 
within individual complexes. If the 
latter were true, the resonances would 
be expected to narrow gradually over 
the "melting" range. This result may 
be taken as further evidence for the 
all-or-nothing, cooperative nature of 
"melting" in the polyA-polyU com- 

though our experimental conditions 
are not strictly comparable with those 
of the earlier workers (15, 16) since we 
use a much higher ratio of nucleic 
acid to solvent, our results are con- 
sistent with their conclusion that either 
poly(A + U) or poly(A + 2U) can be 
the predominant complex at cation 
concentrations below 0.1M and a tem- 
perature of 25?C. In our experiments, 
the predominant species clearly de- 
pends on the ratio of polyA to polyU 
with the poly(A+2U) complex being 
favored when the ratio is low. 

A "melting" curve for double- 
stranded calf thymus DNA based on 
PMR intensities of spectral regions 1 
and 2 is shown in Fig. 2d. Again the 
intensities are expressed as fractions of 
intensities expected if all the protons of 
region 1 or 2 contributed to the in- 
tensity, now taking into consideration 
the base composition of the DNA 
(17). 

Thus, it appears that intensities of 
PMR spectra can be used in the way 
optical-density measurements are used 
to elucidate secondary structure and 
"melting" of synthetic and natural 
nucleic acids. The PMR technique 
presently requires higher concentra- 
tions of nucleic acids than the optical- 
density technique but has the compen- 
sating advantage of permitting abso- 
lute determination of the degree of 
strand complexing (optical density 
changes give a relative measure of 
changes in secondary structure). In 
addition, observation of behavior of 
individual PMR lines can give detailed 
insight into changes in molecular 
structure and motion during complex 
formation or "melting." For example, 
as a polyA-polyU complex is "melted," 
sharp resonances characteristic of 
single-stranded polyA and polyU 
emerge from the broad background 
resonance of the complex. The res- 
onances do not gradually sharpen as 
the complex is "melted," which would 
be expected if during "melting" there 
existed a fast equilibrium between the 
portions that are and are not "melted" 
within individual complexes. If the 
latter were true, the resonances would 
be expected to narrow gradually over 
the "melting" range. This result may 
be taken as further evidence for the 
all-or-nothing, cooperative nature of 
"melting" in the polyA-polyU com- 
plexes. On the other hand, individual 
resonances of the DNA spectra exhibit 
a considerable decrease in width as 
well as an increase of integrated in- 

5 JUNE 1964 

plexes. On the other hand, individual 
resonances of the DNA spectra exhibit 
a considerable decrease in width as 
well as an increase of integrated in- 

5 JUNE 1964 

tensity as the temperature is increased 
through the "melting" range. This 
NMR "melting" behavior of DNA 
suggests the existence of discrete 
structural regions in individual DNA 
double strands that exhibit a range of 
"melting" temperatures. This tentative 
interpretation is consistent with the 
nonuniformity of strengths of base pair 
interactions over the length of bNA 
double strands (guanine-cytosine as op- 
posed to adenine-thymine interactions). 
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abnormalities or disease despite marked 
sickled and nonsickled cells. 

Although the sickling of deer 
erythrocytes was reported more than a 
century ago by Gulliver (1), the phe- 
nomenon has not previously been re- 
lated to the presence of variant hemo- 
globins. Both Gulliver and Mandel de- 
scribed peculiar shapes of certain mam- 
malian erythrocytes, especially in the 
families Camelidae and Cervidae, 70 
years before the discovery of sickling 
in the human erythrocyte. Various bi- 
zarre shapes were found for different 
animals, but the red cells of all deer 
which were examined became sickle- 
shaped regardless of species. 

The discovery of an abnormal hemo- 
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differences in physical characteristics of differences in physical characteristics of 

globin in sickle cell anemia by Pauling 
et al. (2) prompted numerous investi- 
gations which have revealed many ge- 
netically controlled abnormal hemo- 
globins in man. Some of these have 
been directly associated with morpho- 
logical changes in the red blood cell. 
As a consequence, investigators of the 
sickled and crescent-shaped erythro- 
cytes in several species of deer have 
attempted to incriminate hemoglobin in 
the sickling phenomenon, but they have 
offered no evidence for the occurrence 
of more than a single hemoglobin with- 
in each species (3). In previous re- 
ports, the red blood cells of all the 
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Hemoglobin Polymorphism: Its Relation to Sickling of 

Erythrocytes in White-Tailed Deer 

Abstract. Hemoglobins with different electrophoretic mobilities are associ- 
ated with bizarre shapes seen during ordinary light microscopy of erythrocytes 
from the white-tailed deer, Odocoileus virginianus; nonsickling is contingent upon 
a specific hemoglobin. Sickling in vitro, which is produced to a maximum degree 
in the presence of oxygen and elevated pH, is not associated with hematological 
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Table 1. The relation between polymorphic 
hemoglobins and aberrant forms of erythro- 
cytes in Florida white-tailed deer. Forty- 
seven penned deer, whose blood has been 
repeatedly studied and characterized, are 
represented. 

Fre- Hemo- 
quency globin Sickling shape* 

(%) type 

53.4 I, III "Crescent," "Holly leaf" 
25.5 I, II, III "Matchstick" 
2.1 III "Crescent," "Holly leaf" 
8.5 I, Il "Matchstick" 
4.2 II "Matchstick" 
4.2 III, V "No sickling" 
2.1 II, V "No sickling" 

* The screening of deer blood and classification 
of morphological characteristics was done under 
controlled conditions which would produce maxi- 
mum sickling of whole blood. Whole blood 
was oxygenated for 20 minutes in a tonometer 
with 100 percent oxygen at room temperature 
within 1 hour after collection. 

deer examined exhibited some degree 
of sickling under appropriate condi- 
tions. 

The purpose of this communication 
is to report the existence of multiple 
hemoglobins in white-tailed deer and to 
relate these hemoglobins to specific 
changes in morphology of deer erythro- 
cytes. During the past 3 years a herd 
of 47 captive Florida white-tailed deer 
has been established. Most of the deer 
have erythrocytes which will sickle and 
maintain the crescent or holly-leafed 
appearance (Fig. 1) similar to human 
sickle cells. In some deer the cells trans- 
form to a matchstick appearance (Fig. 
2) after having sickled initially. These 
aberrant forms can be shown to be 
reversible and to depend upon the con- 
ditions of study. Only three animals 
in this herd have red blood cells that 

do not become sickle-shaped or show 
other morphological aberrations under 
controlled laboratory conditions (4). 
The existence of polymorphic hemo- 
globins in this small population of 
captive deer accords with findings in 
over 600 field samples obtained during 
hunting and trapping (5) (Table 1). 

In this species multiple hemoglobins 
(designated I, II, III, and V) can be 
demonstrated most easily by starch gel 
electrophoresis at pH 8.6 in the dis- 
continuous buffer system (6) (Fig. 3), 
and by agar gel electrophoresis at pH 
6.0 (7) (Fig. 4). The electrophoretic 
mobilities of II and III at pH 8.6 are 
very close, and these hemoglobins can 
be best distinguished by comparing 
mobilities at pH 6.0, as shown in Fig. 
4. For the preparation of samples for 
electrophoresis in the carbon monoxide 
form, accepted methods were followed 
(8). Figure 3 shows typical electro- 
phoretic patterns obtained for adult 
deer and for a fetal sample as seen 
on starch gel at pH 8.6, stained with 
Buffalo Black; specific staining with di- 
anisidine indicates that the separated 
proteins are hemoglobins. For mature 
animals the pattern is constant and 
characteristic for the individual. Much 
evidence indicates that the bands desig- 
nated I, II, III, and V represent chro- 
matographically separable polymorphic 
forms of deer hemoglobin. The fre- 
quency of occurrence has been ex- 
amined in 47 specimens (Table 1). In 
the majority of the deer, the hemoglo- 
bin patterns exhibit components I and 
III (see deer 63-1074 in Fig. 3). A few 
animals have only a single component, 
either II or III. 

Fig. 1 (left). Sickled erythrocytes from deer: typical crescent and holly-leaf forms. 
Suspended in isotonic potassium phosphate buffer, pH 7.6, saturated with 100 percent 
oxygen (X 1000). Fig. 2 (right). Sickled erythrocytes, matchstick form. Suspended in 
isotonic potassium phosphate buffer, pH 7.6, saturated with 100 percent oxygen (X 
1000). 
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The different electrophoretic patterns 
of the deer hemoglobins have been re- 
lated to the several morphological 
forms that the erythrocyte assumes un- 
der appropriate conditions. If hemoglo- 
bins I and III, or III alone are present, 
the red blood cells sickle and main- 
tain this characteristic shape. If hemo- 
globin II is present, either alone or in 
combination with I or III, the cells 
gradually assume a matchstick appear- 
ance after passing through a crescent 
stage. 

The erythrocytes of the few deer in 
which hemoglobin V is present do not 
form sickle cells but maintain the nor- 
mal biconcave discoid appearance un- 
der the same conditions that induce 
sickling in other deer erythrocytes. In 
three deer with erythrocytes that will 
not sickle, hemoglobin V represents 25 
to 28 percent of the total hemoglobin; 
thus it constitutes a minor component. 
However, the presence of hemoglobin 
V precludes the ability of erythrocytes 
to sickle even when associated with II 
or III as major components, both of 
which readily sickle in other combina- 
tions. 

The existence of two electrophoreti- 
cally distinguishable fetal hemoglobins 
(Fi and F2) which are not seen in the 
adult deer was established by a study 
of 60 samples of blood from fetuses af- 
ter 50 to 170 days' gestation. The fetal 
hemoglobins are not readily separated 
from the adult forms I and II by elec- 
trophoresis (Figs. 3 and 4). However, 
the fetal erythrocytes will not assume 
abnormal forms even though the eryth- 
rocytes of the does from which these 
fetuses were taken all assume sickle or 
matchstick shapes. At birth, only 3 to 
5 percent of the erythrocytes can be 
induced to form sickle-shaped cells. 
This corresponds to the amount of 
adult hemoglobin present at fawn- 
ing (5 to 7 percent) as quantitated by 
starch block electrophoresis according 
to the method of Kunkel et al. (9). 
The development of adult hemoglobins 
electrophoretically different from the 
fetal forms has been observed during 
the growth of several fawns. The in- 
crease in the percentage of cells sick- 
ling in whole blood parallels the rela- 
tive increase in adult hemoglobin dur- 
ing the development of the fawn. 

Tiselius, starch block, and paper 
electrophoresis, as well as column chro- 
matography and alkaline denaturation, 
have further confirmed the heterogene- 
ity of deer hemoglobins. Hemoglobins 
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Fig. 3. Vertical starch gel electrophoresis 
of deer hemoglobins. Ethylenediaminetetra- 
acetic acid-tris-borate buffer, 0.06M and 
pH 9.0, used in starch. Barbital buffer 
0.12M, pH 8.6, used in electrode vessels 
(10 v/cm, 2 hours at 10?C). 

II, III, and V have been isolated chro- 
matographically from natural mixtures 
and migrate with their characteristic 
rates in starch gel electrophoresis. Ab- 
sorption spectrum ratios at 280 mt/540 
m/, have given evidence for the ab- 
sence of nonhemoglobin components. 
By ultracentrifugal analysis, the pres- 
ence of a single peak with a sedimenta- 
tion coefficient of 4.2S has been demon- 
strated; this is the usual value for mam- 
malian hemoglobins. This excludes the 

possibility of a 
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Fig. 4. Agar gel electrophoresis of deer 
hemoglobins in 1 percent agar, sodium 
citrate-citric acid buffer, pH 6.0 and 
0.03M (15 v/cm, 1? hours at 10?C). 
Samples identical with those in Fig. 3. 
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could produce an apparent heterogene- 
ity in starch gel electrophoresis. 

In addition to characterizing the 
hemoglobins of the deer, this study has 
correlated the hematological and physi- 
cal characteristics of deer erythrocytes 
with the sickling phenomenon. Maxi- 
mum sickling of deer erythrocytes in 
vitro is induced by complete saturation 
with oxygen or carbon monoxide in 
whole blood, or in buffers with a pH 
greater than 7.6. Partial association with 
oxygen or carbon monoxide is required 
since sickling will not occur in the 
presence of 100 percent carbon diox- 
ide, nitrogen, or helium regardless of 
pH. These conditions are outside the 
usual physiological range, which may 
explain why no difference has been not- 
ed in the hematological values for deer 
whose erythrocytes will sickle or will 
not sickle. Hematological values are 
characterized by packed red cell 
volumes of 50 to 58 percent with hemo- 
globin concentrations of 17 to 20 g 
percent and red blood cell counts of 
17 to 23 million per cubic millimeter. 
Aside from the smaller size (3.5 to 4.5 

,/ diameter in the discoid form), 
sickled deer erythrocytes appear identi- 
cal to human cells in the sickled form 
when studied by ordinary light micros- 
copy or with the electron microscope 
(10). Many physical characteristics, 
such as viscosity and mechanical fra- 
gility and the ability to form reversible 
gels, further document the similarity of 
the sickling phenomenon of deer with 
that seen in human sickle cell disease. 

Although many unexplored facets of 
deer hemoglobins remain, the follow- 
ing facts have been established. (i) 
Sickling occurs in vitro and is attrib- 
utable to the specific hemoglobin with- 
in the deer erythrocytes. This conclu- 
sion is supported by the observation 
that the differences in the bizarre shapes 
of erythrocytes produced during stud- 
ies in vitro of the sickling phenomenon 
in deer can be related to biochemically 
distinguishable hemoglobins (II and 
III). The presence of an electrophoreti- 
cally different deer hemoglobin (V) 
precludes the formation of sickle-shaped 
erythrocytes in white-tailed deer. Furth- 
er support for the conclusion comes 
from the finding that sickling in the 
red blood cells of newborn fawns in- 
creases as the percentage of adult 
hemoglobin components increases. (ii) 
The sickling phenomenon of the red 
blood cells of white-tailed deer is a re- 
versible process dependent upon the 

percentage of oxygen saturation and 
the pH of the whole blood or buffer. 
(iii) Aside from the hemoglobin type, 
no obvious hematological or clinical 
differences exist between deer whose 
erythrocytes will or will not sickle. 

Breeding experiments thus far sug- 
gest that the polymorphic forms of deer 
hemoglobins are under genetic con- 
trol. Peptide mapping studies of the 
purified hemoglobins are now under 
way to ascertain if the several com- 
ponents differ from each other in a 
single peptide as is the case for nor- 
mal human hemoglobin and all its ab- 
normal forms so far examined. 
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