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An unusual serum protein anomaly, the occur-
rence of two electrophoretically distinct albumins
in the same serum, was recently reported by
Knedel (2, 3) who observed the abnormality in
eight members of two different families and termed
the condition "double-albuminemia." A similar
anomaly was found by Earle, Hutt, Schmid and
Gitlin in 25 of 43 individuals in a single family
(4, 5), and additional families with double-albu-
minemia have been reported by others (6-10).
In all of these studies it was clear that the albu-
min anomaly was transmitted genetically as an
autosomal characteristic, the appearance of two
serum albumins in the same individual being a
manifestation of the heterozygous state.

In the studies reported by Earle and co-workers,
the two albumins proved to be immunochemically
and ultracentrifugally indistinguishable from each
other and from normal human serum albumin.
Differential electrophoretic titration revealed that
between pH 4.5 and 10, albumin A had a greater
net negative charge than had albumin B, but at
pH 3.5 and between pH 11.6 and 12.3 both albu-
mins appeared to have the same electrophoretic
mobility. The simplest explanation of the data
suggested a substitution of either tyrosine, cysteine
or lysine in albumin B for a carboxyl residue in
albumin A. Albumin A in all respects appeared
to be normal human serum albumin, while albu-
min B was definitely anomalous.

In the study reported here, albumins A and B
were hydrolyzed enzymatically and the resultant
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peptides were compared by electrophoresis and
chromatography. The effect of pH on the net
charges of the two albumins was reinvestigated
when the data suggested that lysine was the
anomalous amino acid in albumin B.

METHODS

A lbumins. Serum was obtained from two adults
with double-albuminemia who are members of the fam-
ily reported earlier by Earle and colleagues (4, 5).
Each serum was fractionated according to Cohn's
Method 10 as described by Lever and co-workers (11)
and fraction IV+ V was separated; it contained more
than 90 per cent of the total albumin in the original whole
serum. Approximately 80 to 85 per cent of the total
protein in this fraction was albumin, and it had been
ascertained earlier (5) that this fractionation method
did not discriminate between albumins A and B. Al-
bumins A and B in each fraction IV + V were separated
by starch block electrophoresis (12) at pH 8.6 using
veronal buffer of ionic strength 0.1; the albumins were
located in the starch blocks after electrophoresis by
means of filter paper prints (5) and were then eluted
from the appropriate segments with water. Each albu-
min was subjected twice again to electrophoresis in
starch blocks under the same conditions, since each,
particularly albumin B, was usually contaminated with
significant amounts of the other in the initial isolation.
In this manner, preparations were obtained in which from
85 to more than 95 per cent of the protein was albumin
B as estimated electrophoretically and immunochemically
(5) ; the remainder of the protein in these preparations
was albumin A. Over 95 per cent of the protein in the
preparations of albumin A appeared to be albumin A
electrophoretically and immunochemically. Three sepa-
rate isolations of albumins A and B were performed
with each serum.
Two normal human serum albumin preparations

(kindly supplied by Dr. Walter Hughes) were obtained
from pools of normal adult plasma by low temperature
ethanol-water fractionation according to Method 6 of
Cohn and his co-workers (13). Both albumins were
crystallized (14) from fraction V, one with the aid
of decanol (preparation Decanol 10) and the other as
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the mercury dimer (preparation 187-4X). Both prepa-
rations were recrystallized and were extensively charac-
terized physicochemically and immunochemically (14-16).
These albumins were dissolved in the same veronal buf-
fer used for the electrophoretic separation of albumins
A and B.

All albumins were dialyzed against distilled water for
24 to 72 hours and lyophilized prior to hydrolysis.

Enzzymiatic hydrolysis. Twenty to 50 mg of the lyophil-
ized albumins was dissolved in distilled water to a con-
centration of 0.5 g per 100 ml and the solutions ad-
justed to pH 8.0 with 0.1 N NaOH. The albumins were
then denatured by heating to 1000 C for 15 minutes to 1
hour. The denatured albumins were hydrolyzed in the
pH-stat (17) at pH 8.0 and 370 C with either chymo-
trypsin or trypsin using an enzyme: albumin ratio of
1: 50 by weight and using NaOH for the maintenance of
pH. The enzymes were obtained from Worthington
Biochemical Corp.; both were bovine in origin and
crystallized twice. Digestion was allowed to proceed
for 1 to 2 hours, at the end of which time hydrolysis
was essentially complete. The hydrolysates were ad-
justed to pH 4.9 with 0.7 N HCl; at this point, small
amounts of precipitate formed and these were removed
by centrifugation. The supernatant hydrolysates were
lyophilized and then redissolved in water to a concen-
tration of 50 to 100 mg of original protein per ml.

Separation of peptides. The peptides present in the
soluble hydrolysates were separated on sheets of \Vhat-
man no. 1 filter paper measuring 23 X 57 cm. A dry
sheet was gently creased in the middle across the long
axis and then laid out full length. A pencil line 7 mm in
length was drawn, beginning 3 cm from one long edge
and 1 cm to one side of and parallel to the middle crease.
Two to 4 ul of hydrolysate, equivalent to 0.1 to 0.4 mg of
albumin, was then applied to an area 1 X 7 mm on the
dry paper, the application being guided by the pencil line.
Application of the hydrolysate was accomplished by us-
ing a capillary pipet made by drawing out tubing hav-
ing an OD of 4 mm and an ID of 1 mm. The tip of the
pipet was fine enough so that the hydrolysates under
gentle pressure produced a streak about 0.5 mm wide
when the pipet was drawn slowly across a piece of dry
filter paper. After each streak of hydrolysate was ap-
plied, the water was allowed to evaporate until the paper
was almost but not quite dry and the hydrolysate applied
again. In this way, the area of application was kept to
the required size. In the waiting periods between streak-
ings, the pipet tip occasionally plugged due to drying;
this was rapidly remedied by dipping the tip into distilled
water for a brief moment and then wiping the tip against
an edge of filter paper.
Two papers were hung in an inverted "V" side by side

over three glass rods, 3 mm in diameter, which were
mounted in a rack and the papers were wet and washed
at the same time with pyridine-acetic acid buffer of pH
4.29 (0.5 per cent pyridine in 0.2 M acetic acid) or pH
3.6 (1 per cent pyridine in 1.75 NI acetic acid) using a
50 ml pipet beginning close to the area of application and

working across and down the paper. The buffer was al-
lowed to creep the last few millimeters to and through
the application area from both sides. The rack was
then immersed in a tank containing Varsol no. 1 (oh-
tained from Esso Standard Oil Co.), buffer reservoirs at
the bottom of the tank making contact with the short
edges of the paper. Electrophoresis was performed at
52 v per cm of paper for 30 to 80 minutes in the same py-
ridine-acetic acid buffers used to wet the papers. The
Varsol was cooled during electrophoresis by means of
cold tap water passing through plastic coils immersed
in the tank. The temperature of the tank never exceeded
32° and rarely exceeded 28° C; it was usually between
230 and 250 C.

After electrophoresis, the papers were dried at 700 C,
rolled into short cylinders and subj ected to ascending
chromatography for 18 hours in 2,4,6-collidine: 2,6-luti-
dine: water, in a volume ratio of 1: 1: 1. The papers
were dried at 400 to 600 C, unrolled and treated for the
detection of either arginine (18), histidine (19), trypto-
phan (20) or tyrosine (21). Other papers were sprayed
with 0.25 per cent ninhydrin in 95 per cent ethanol, and
the color was developed by heating to 700 C for 15 to 30
minutes and then leaving the papers at room tempera-
ture for 1 to 3 days. The peptide patterns were photo-
graphed by reflected light, using a light green lens filter
and high contrast 35 mm copying film.

Hydrolysis of peptides and separation of aminio ac-ids.
Those peptides that appeared to be in different positions
in the peptide patterns for the different albumins were
cut out of chromatograms which were prepared as de-
scribed above but sprayed instead with 0.002 per cent
ninhydrin in 95 per cent ethanol. The peptides were
eluted from the paper with 0.5 per cent NHOH or 1 per
cent acetic acid, lyophilized, hydrolyzed in 0.5 ml of 5.7
N HCl at 1050 C for 24 hours in a sealed tube, diluted
with 5 ml distilled water, lyophilized, dissolved in 1 ml
distilled water, lyophilized again and finally dissolved in
8 gI distilled water. Approximately 4 ul of the hydrolh-
sate was applied to sheets of no. 1 Whatman filter paper
measuring 20 X 20 cm and the amino acids chromiato-
graphed in two directions, first with water-saturated phe-
nol containing quinolinol (22) and then with collidine,
lutidine, and water, 1:1: 1.

Electrophoretic mobilities. The electrophoretic mohili-
ties of albumins A and B were determined by the free-
moving boundary method employing a Perkin-Elmer in-
strument, model 38. For these determinations fraction
IV+V (11) was used throughout. The relative posi-
tions of the two albumins on either side of their isoelec-
tric points had been ascertained earlier (5). Electro-
phoresis was done over a pH range of 2.5 to 12.1 for a
time period of 1 to 2.5 hours when the two albumins
were readily resolved and for 3 to 4 hours when resolu-
tion was not evident. The buffers used are indicated in
Figure 3.

Titration. The albumins were titrated in 0.1 N NaCl
using the automatic titrator made by Radiometer Corp.,
Copenhagen. Sodium hydroxide or HCl wvas added by
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means of a calibrated syringe to the protein solution kept
at 250 C in a double-jacketed water-heated vessel in
which the temperature did not vary more than 0.050 C.
The amount of acid or base added, as well as the pH,
was recorded automatically; pH was accurate to within
0.005 units. The molecular weight of the albumins was

taken to be 65,000 (23).

RESULTS

Hydrolysis with chymotrypsin. Whereas heat-
denatured human serum albumin is insoluble in
water at pH 4.9, after digestion with chymotryp-
sin 81 to 94 per cent of the original weight of the
albumins remained soluble at this pH. During
hydrolysis, from 30 to 36 umoles of NaOH per

,umole of albumin of molecular weight 65,000 (23)
was needed to maintain pH. In the peptide pat-
terns obtained with these hydrolysates, approxi-
mately 55 peptides could readily be distinguished
(Figures 1A and 2). Fifteen of the peptides gave

strong reactions for tyrosine, while three addi-
tional peptides gave only weak reactions for tyro-
sine (Figure 1C). One peptide was found that
contained tryptophan, ten were found that con-

tained arginine and at least three peptides were

found to contain histidine (Figure 1B).
The peptide patterns obtained for each of the

albumins were reasonably reproducible whether
the patterns were made with the same hydrolysate,
with different hydrolysates from the same albu-
min preparation or with different hydrolysates
from different preparations of the same albumin.
Reproducible differences between the peptide pat-
terns for albumin A and pooled normal serum al-
bumin could not be detected. In addition, despite
careful study, no peptide could be found in the
peptide patterns for albumin A or in those for
normal albumin that did not have a peptide in the
patterns for albumin B analogous in position and
type of staining reaction. In the peptide patterns
for albumin B, however, one peptide was present
in a position where no similar peptide was found
in the patterns for normal albumin or albumin A.
The distinctive peptide of albumin B (peptide

B) carried a relatively high net positive charge
at pH 4.29 and pH 3.6; and indeed at pH 3.6,
peptide B was one of the highest positively
charged peptides in the patterns.

Tyrosine, tryptophan, histidine and arginine
could not be detected in peptide B, using the speci-
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FIG. 1. COMPOSITE TRACINGS OF PEPTIDE PATTERNS OB-
TAINED WITH CHYMOTRYPTIC HYDROLYSATES OF ALBUMIN
B. In this and in all subsequent patterns, the direction
of electrophoresis is horizontal with the anode to the
right of the figure, and the direction of solvent chroma-
tography is vertical. The vertical line indicating the
origin was 7 mm long. A. Developed with ninhydrin.
B. Developed for arginine (solid lines), tryptophan (T)
and histidine (H). C. Developed for tyrosine.

fied staining reactions for these amino acids.
Upon isolation of the peptide followed by acid
hydrolysis, peptide B was found to yield phenyl-
alanine, lysine, alanine, glycine, glutamic acid
and aspartic acid. As controls, areas in the pat-
terns for albumin A and normal albumin, which
were equivalent in size and position to peptide B,
were also eluted and hydrolyzed with acid; these
did yield traces of alanine and glutamic acid.

Hydrolysis with trypsiit. From 64 to 81 per
cent of the original weight of the albumins re-
mained soluble at pH 4.9 after hydrolysis with
trypsin. As with chymotrypsin, this degree of
variability in hydrolysis as measured by the rela-
tive amounts of soluble and insoluble fractions
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and 4). Of these, 18 or 19 peptides contained
arginine, at least 6 contained tyrosine and 1 con-

tained tryptophan (Figures 3B and 3C). No
reproducible differences could be found between
the peptide patterns for albumin A and for the
normal albumins. On the other hand, two pep-

tides were present in the patterns for albumin B
that were not apparent in the patterns for the
other albumins (Figure 3A).

Elution of the two distinctive peptides of albu-
min B with subsequent acid hydrolysis revealed the
presence of lysine, alanine, glycine, serine, glutamic
acid, aspartic acid and cysteine in the more posi-
tively charged peptide, and arginine, serine and
glutamic acid in the more negatively charged pep-

tide.

C.~~~~~~~~~~~~~~~~~~~~~~~:

FIG. 2. PEPTIDE PATTERNS OBTAINED WITH CHYMO-

TRYPTIC HYDROLYSATES OF ALBUMIN A AND ALBUMIN B;

DEVELOPED WITH NINHYDRIN. A. Albumin B; electro-

phoresis for 60 minutes and chromatographed with slightly

more than a minimal amount of solvent. Peptide B is

indicated by arrow. B. Albumin B, electrophoresis for

45 minutes and chromatographed in a deeper layer of

solvent than A; peptide B is indicated by arrow. C. Al-

bumin A run at the same time as B.

did not have a noticeable effect upon the peptide

patterns obtained with the soluble portion of the

hydrolysates. From 19 to 25 ptmoles of NaOH

per MAmole of albumin was needed during digestion

to maintain pH at 8.0.

Approximately 55 to 60 peptides were readily

detected in- the peptide patterns of these hydroly-

sates when stained with ninhydrin (Figures 3A
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FIG. 3. COMPOSITE TRACINGS OF PEPTIDE PATTERNS OB-

TAINED WITH TRYPTIC HYDROLYSATES. A. Developed
with ninhydrin. Two unique peptides of albumin B and
the uncertain peptide of normal albumin and albumin A
(N) are indicated by arrows. B. Developed for argi-
nine. C. Developed for tyrosine (solid lines) and tryp-
tophan (T).

A.
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FIG. 4. TRYPTIC HYDROLYSATES, DEVELOPED WITH

NINIIYI)RIN. A. Albumin B; arrows indicate unique
peptides. B. Normal serum albumin, preparation Deca-
viol 10, run at same time as A; arrow indicates the pep-
tide of questionable uniqueness.

In the patterns for albumin A and in those for
normal albumin, one peptide did appear to be
present that did not seem to be present in the pat-
terns for albumin B (Figures 3A and 4); due to
close overlapping with another peptide that was
present in all of the albumins, the uniqueness of
this peptide could not be established either by
elution or by staining reactions.

Difference in net charge between albumins A
and B at various pH's. The electrophoretic mo-
bilities of albumins A and B at various pH's are
shown in Figure 5. Between pH 4.00 and 8.43,
the difference in the mobilities of the two albu-
mins was fairly constant and averaged 0.55 X 10-5
cm2 per volt second; albumin A carries the more
negative net charge throughout this range (5).
At pH 9.96, some separation of the two albu-
mins was noted after 4 hours, but at pH 10.8 or
higher and at pH 3.5 or lower, the two albumins
appeared to have the same mobilities. Interest-
ingly, at or near pH 4.0, neither albumin A nor
albumin B appeared to isomerize as does normal
serum albumin; this was true whether albumins
A and B were electrophoresed as a mixture or
separately.

Titration of albumins A and B and normal se-

rum albumin preparation Decanol 10 revealed no
significant differences between them within the
limits of experimental error, and the titration
data were the same as those reported previously
for preparation Decanol 10 by Tanford (15).
By correlating changes in the number of moles of
hydrogen ions bound per mole of albumin at dif-
ferent pH's with changes in the mobility of albu-
min A at these pH's (24), it was possible to cal-
culate the degree of change in mobility resulting
from the binding or loss of one equivalent of hy-
drogen ion per mole of albumin. As shown by
Longsworth (24) and Schlessinger (25) for other
proteins, the resulting change in mobility between
pH 4.00 and pH 8.43 for albumin A was re-
markably constant: 0.25 X 10-s cm2 per volt sec-
ond per mole H+ per mole albumin. Since in this
pH range, the mobility of albumin B less the mo-
bility of albumin A was 0.55 x 10-5 cm2 per volt
second, albumin B compared with albumin A at
the same pH had a more positive net charge,
equivalent to 2.2 moles H+ per mole albumin
within the range pH 4.00 to pH 8.43.
Between pH 2.5 and 3.5 the change in mobility

of albumin A with a change in bound hydrogen
ions was approximately 0.03 X 10-5 cm2 per volt
second per mole H+ per mole albumin, and be-
tween pH 9.96 and 12.0 this value was approxi-
mately 0.04 X 10-5.
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FIG. 5. THE ELECTROPHORETIC MOBILITIES OF ALBU-

MINS A (0) AND B (X) AT DIFFERENT PH's. Ionic
strength of formate and acetate buffers was 0.1; in the
remaining buffers, ionic strength due to buffer salts was

0.02 to which was added NaCl to make the ionic strength
of the final solvent 0.1.
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DISCUSSION

It is apparent that a difference exists between
albumin B on the one hand and albumin A and
pooled normal albumin on the other in the pep-

tides released from these proteins by enzymatic
hydrolysis. The data suggest that this differ-
ence is attributable to the presence of a lysine resi-
due in albumin B which is not present in albumin
A and normal albumin. The reasons for this
conclusion are as follows.

1. It had been demonstrated that, between pH
4.0 and pH 10, albumin B had a more positive net
charge than albumin A (4, 5). On the basis of
the charges contributed to serum albumin by the
various titratable groups in different pH ranges,

it was suggested that the difference in electro-
phoretic behavior might be attributed to a sub-
stitution of either tyrosine, lysine or cysteine in
albumin B for a carboxyl residue in albumin A.

2. In peptide B, the anomalous peptide obtained
by chymotryptic hydrolysis of albumin B, the only
amino acid present with a positive charge at pH
4.29 or pH 3.6 was lysine; arginine and histidine
were both absent. In addition, neither tyrosine
nor cysteine was detected in the peptide.

3. Two peptides were found in the tryptic hy-
drolysates of albumin B that were not present in
the tryptic hydrolysates of the other albumins.
One of these peptides contained lysine and the
other arginine. Since tryptic hydrolysis is limited
almost exclusively to bonds involving lysine or

arginine, substitution of an amino acid other than
lysine or arginine in albumin B would have re-

sulted in the presence of only one anomalous pep-

tide rather than two, unless two amino acids were

replaced. Since peptide B did contain lysine and
did not contain arginine, it appears that the anoma-

lous amino acid is lysine.
4. The more positive net charge on albumin B

compared with albumin A in the pH range of 4.00
to 8.43 was equivalent to approximately two pro-

tons per molecule. This is in accord with a sub-
stitution of a single lysine residue in albumin B for
a single carboxyl residue in albumin A. Since
albumin appears to have but a single peptide chain,
substitution of more than one lysine would have
resulted in more than two anomalous peptides on

tryptic hydrolysis. Admittedly, however, different
parts of the albumin chain may be identical in

amino acid sequence, and lysine substitutions may
have occurred in identical peptide areas to yield
but one anomalous peptide with chymotrypsin and
two with trypsin. As will be pointed out, how-
ever, the number of peptides obtained by chymo-
tryptic hydrolysis did approach the theoretical,
suggesting that major portions of the chain at
least are not identical. Another possibility is that
additional anomalous peptides were present but
were not observed in the peptide patterns because
of overlapping with nonidentical peptides or were
present in the insoluble portion of the hydrolysates.

Obviously, the case for any amino acid substi-
tution could have been much stronger if the pep-
tides of albumin A and normal albumin which
were analogous to the anomalous peptides of al-
bumin B had been isolated and analyzed. Unfor-
tunately, the normal peptide equivalent of the two
anomalous peptides released by trypsin could not
be identified with certainty, and the nomal peptide
equivalent of peptide B released by chymotrypsin
could not be located at all. The reasons for the
latter failure are not known, although a number of
possibilities are apparent. In any event, the pep-
tide patterns appear to support the thesis that al-
bumin A is normal serum albumin (4, 5).

In an earlier study (5), it was pointed out that
a lysine-carboxyl substitution did not explain the
observation that albumins A and B appeared to
have the same mobility at pH 3.5 or lower and at
pH 10.0 or higher: in the low pH range, the
e-amino group of lysine is ionized but the carboxyl
group loses its charge, whereas the reverse is true
in the high pH range. Albumins A and B at
these pH extremes would thus still differ by a
net charge equivalent to one proton per molecule.
In the present study, however, it was found that
this difference in charge at these pH's resulted in a
difference in mobility of only 0.03 or 0.04 x 10-5
cm2 per volt second. Separation of the two al-
bumins owing to this small difference in mobility
would not be observed under the experimental
conditions used, due to various physical disturb-
ances, particularly those caused by the necessity
for rapid continuous compensation to keep the al-
bumins within the optical system of the equipment.
At pH 9.93, 4 hours was needed to begin to see a
separation of the two albumins. The failure to
resolve the two albumins at the extremes of pH,
therefore, was not necessarily owing to the absence
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of a difference in mobility between the proteins but
could instead have been due to the fact that the
difference was simply too small to permit resolu-
tion.
Normal human serum albumin contains 31

phenylalanine, 17 tyrosine, 1 tryptophan, 23 argi-
nine and 55 lysine residues (26). Since chymo-
trypsin hydrolyzes bonds involving phenylalanine,
tyrosine or tryptophan, the total number of pep-
tides found in the chymotryptic hydrolysates, ap-
proximately 55, agrees reasonably well with the
theoretical number of 50. The number of tyro-
sine-containing peptides, 15 to 18, as well as the
single tryptophan-containing peptide, also agrees
with the amino acid composition of albumin. For
trypsin, however, the total number of peptides
found in the soluble hydrolysates, approximately
55, was less than the 79 expected, even though as
much as 81 per cent of the albumins did appear in
the soluble portion of the hydrolysates. The 18 to
19 arginine-containing peptides were also some-
what fewer than the theoretical number of 23.

It must be emphasized that, until similar stud-
ies are done with the anomalous albumins found
in other families with double-albuminemia, the
findings obtained with albumin B pertain only to
the anomalous albumin found in the family de-
scribed by Earle and colleagues (4, 5). Most
likely, additional types of genetic alteration in the
amino acid sequence of albumin will be found.
It should also be pointed out that, although the
homozygous state for a genetically determined
anomalous albumin has not yet been discovered,
this, too, remains a real possibility. Consequently,
the term paralbumin has been suggested as a
generic term for the anomalous albumin (5) and
the term paralbuminemia could apply for the ho-
mozygous as well as for the heterozygous state.
The terms double-albuminemia or bisalbuminemia
obviously would not apply to the homozygous
states.

SUMMARY

1. Two genetically determined human serum
albumins were hydrolyzed with chymotrypsin and
with trypsin. The resulting peptides were sepa-
rated on filter paper by electrophoresis followed
by chromatography. One of the two albumins,
A, had the same peptide pattern as did normal
human serum albumin. Chymotrypsin released

one anomalous peptide from the other albumin, B,
whereas trypsin yielded two anomalous peptides.

2. An electrophoretic study of the two albumins
indicated that, between pH 4.00 and pH 8.43, al-
bumin B had a more positive net charge than al-
bumin A, equivalent to two protons per molecule.

3. The data indicate that an anomalous lysine
residue is present in albumin B replacing a resi-
due in albumin A or normal albumin which most
likely contains a free carboxyl group.
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