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SUMMARY

This mmzochromxtographxc procedure for the quantitative analys:s of the hemoglobin
components in"a hemolysate uses columns of DEAE-cellulose in a plastic drinking straw
with a glycine—KCN—NaCl developer. Not only may the method be used for the quanti-
tative anslysis of Hb-F but also for the analysis of the varied components in mixtures of
hemoglobms

IN‘I‘RODUCI‘ION

Quahtatwe and quantltatlve Imcrochromatographm procedures have been
devised for the analysis of a variety of hemoglobin mixtures [1—7]. These
methods have also been extended and used for the separation of complex
mixtures of hemoglobins on more ‘conventionally sized columns with gradient
development {8—101 ~This paper describes a miniaturization and simplifica-
tion ‘of one of these conventional procedures [S, 10]: the chromatographic
column is packed ina plastlc drmkmg straw and developed without a gradient
*Contnhnhon No 5626 e L A . )
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to the desired point of separation after which the column is sectioned with
a sharp knife, each section is eluted separately, and the individual components
are quant:tatxvely estimated. Rather complex mixtures may be studied in this
simple way, and the method is ‘particularly suited for the quantitative deter-

mination of human hemoglobin F (Hb-F).
MATERIALS

. Blood samples

Specimens were obtained through the Los Angeles Sickle Cell: Center and
the Chzldrens Hospltal of Los Angeles. EDTA or heparm was the antx-coag-
ulant.

For chromatograms in straws, whole blood was usually used to prepare
the sample. When hemolysates were used, a previously described procedure
[7] was applied. Only occasionally were samples dialyzed against a large
volume of appropriate solution. For conventionally sized chromatograms
[9, 10], the sample was prepared by hemolyzing saline-washed: cells with four
times their volume of water and 0.3 volume of carbon tetrachloride. After
centrifuging to remcve cell debris, an appropriate volume that contained about
40 mg of hemoglobin was applied directly to the column.

Equipment-

Clear plastic drinking straws of the type that may be purchased from res-
taurant suppliers were used to contain the chromatographic column: their
LD. is about 0.6 cm and their length is 20 cm. It is convenient to have Lucite
fittings* -for the top and bottom of the straw (Fig. 1A). Only diameter A
(0.572 cm; 0.225 in.) of the dimensions in Fig. 1A is critical and may have
to be varied slightly, as our experience shows that about 20% of a given lot of
straws have the wrong diameters for a given dimension of fitting. In place of
such fittings, a 2—38 cm length of constricted glass tubing which is plugged
with cotton and attached to the straw with rubber tubing is a somewhat less
satisfactory bottom ﬁttmg, the other end of the siraw is fixed with rubber
tubing to a supply of solution. Any perforated object that fits the straw tight-
ly can probany be used as a bottom fitting. o

Developers

Two solutions, developers No. 1 and 2 of Ref. 7, are used. The ion ex-
changer is equilibrated with No. 1 which is 0.2 M glycme—O 01% KCN (15 g
glycine and 0.1 g KCN per liter) and the chromatogram is developed with No.
2 which is 0.2 M glycine—0.015 M NaCl—0.01% KCN (15 g glycine, 0.88 g
NaCl, and 0.1 g KCN per liter). The pH of these solutions i is unad]usted

Preparatzon of i zon exchanger
DEAE cellulose (DE-52, mlcrogranular and pre-swollen, Whatman, Clifton,
NJ., US. A) was ethbrated with developer No. 1 as ptevmusly descnbed

*Such Lucite fittings may be obtamed by sendmg US$ 3. 00 per pan- to WA. Schmeder,
164-30, Cahforma Instltute of Technology, Pasadena, Calif. 91125, U.S.A. '~
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Fig. 1. (A) Dimensions of fittings. (B) Appearahce of a typical completed chromatogram.

[3]. As will be discussed below, the chromatograms are equally satisfactory
regardless of whether the pH of the ion exchanger is not adjusted or is adjusted
as low as pH 7.1. Because of problems attendant to the adjustment of pH in
stirred suspensions [3], measurement can also be made in the supernatant
solution above the setfled resin and adjustment made until the desired pH
under these conditions is reached.

PROCEDURE

Chromatography

After a bottom fitting has been attached to a plastic siraw and a small plug
of cotton inserted, a 17.5-cm column is poured. The sample is approximately
10 mg of hemoglobin (5 mg if cord blood is used). This may be undialyzed
hemolysate in 0.2—0.3 ml of water or a mixture of three drops of blcod and
12 drops of water which is kept at room temperature for 5—10 min to allow
for hemolysis. After the sample has been applied, the tube above the column
is filled with developer No. 2, a fop plastic fitting is inserted, and the assembly
is attached by tubing to a funnel. A 60-ml portion of developer No. 2 is placed
in the funnel and allowed to run through. If the initial liguid head above the
bottom of the column is 20, 40, or 60 cm, the flow-rate is approximately 3,
6 or 9 mi/h. Because of the limiting amount of developer, the chromatogram
may be started at any convenient time and will complete itself without at-
tention when it runs dry.
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- Elution of the zones*
The final appearance of the chromatogram will depend somewhat on the
goal of the analysis. Fig. 1B depicts the typical final appearance of a chroma-

tograra in which, for examnle Hb-F ig elevated in the sample. Hh-A, will have
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pasatd through as will pa.rt of the Hb-A. These two hemoglobms may be col-
lected separately or together. The hemoglobins that remain on the column
are eluted in the following way.

After the straw has been marked at 1 and 2 which are the midpoints of
the interzones (Fig. 1B), the top fitting is removed and the straw is inserted
into a 5-cm length of slightly oversize glass tubing as far as point 1. The end
of the glass tubing that is positioned at point 1 should be constricted ‘careful-
ly so that the straw is relatively tightly held and will not flex when cut. The
column is cut at point 1 and then at point 2.

After a 10-cm glass extension has been attached with rubber tubing to the
top of the section B, the extension is filled with 2% KCN and the remaining
Hb-A is eluted and combined with the portion that has passed through the
column.

The. middle section M is attached at one end with rubber tubing to a 2—3-
cm piece of constricted glass tubing which has a cotton plug and at the other
end to an extension which is filled then with 2% KCN for elution.

Finally, a small plug of cotton and a bottom fitting are inserted into the
top section T at T'. By tapping at T', the column wili slide against the cottan
plug. Then 2% KCN is added for elution.

Absorbance of all fractions is read at 415 nm and percentages are calculated
as usual.

Other methods

The alkali denaturation procedure was a modification [6] of that of Betke
et al. [11]; results are listed as % Fap . Microchromatographic determinations
of Hb-F in the absence of Hb-A used a recently described method [6] ; results
are given as % Fpa, . Chromatography on conventionally sized columns of
DEAE cellulose followed the method of Abraham et al [9, 10]; results are
denoted by % Fpg.-

RESULTS AND DISCUSSION

The ‘initial goal of this study was the devising of a quantitative microchro-
matographic method for Hb-F in the presence of Hb-A to complement the
method for Hb-F in the presence of Hb-S and/or Hb-C [6]. As the study
progressed, however, it became apparent that the complete quantitative com-

*This description is more time-consuming and difficult than the actual procedure. After
the cutting has been done, an alternative procedure may be used for elution. Each gection
is blown separately into a centrifuge tube, and the inside of the straw is rinsed with 2%
KCN. After more KCN has been added, the suspension is shaken for a few minutes. After
centrifuging, the supernatant solution is removed and the procedure is repeated. The com-
bined supernatant solutions are used for spectrophotometry. For satisfactory quantitative
work, the volume of each washing with KCN solutlon must be at Ieast 10 times the volume
of the centrifuged ion exchanger. -
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position of the hemoglobin in a sample could be obtained. Wz discuss first
the general application and then the specific use of the method for the quan-
titative determination of Hb-F (expressed as Fg).

The general nature of the chiromatogram

In a mixture that might contain Hb-Az, Hb-CQ, Hb-Cl, Hb-So, Hb-Sl,
Hb-A, , Hb-A, , Hb-Fy, and Hb-F, in various combinations, Hb-A, or a mixture
of Hb-A, and Hb-C, will form the first zone to move down the column.
Hb-A, and Hb-C, are the hemoglobins whose rate of movement is influenced
by the pH to which the ion exchanger has been adjusted. If the DE-52 is
equilibrated with developer No. 1 without pH adjustment, the pH of the
supematant solution is about 7.6. If the chromatogram is developed on this-
ion exchanger with developer No. 2, the Hb-A, (or Hb-C) forms a narrow zone
and moves slowly. On the other hand, if the pH is adjusted to 7.1 in the super-
natant solution, Hb-A, (or Hb-C) moves rapidly as a somewhat diffuse zone.
Thus, quantitative estimation of Hb-A, is most conveniently done by using
ion exchanger at the lower pH. At a flow-rate of 6 mi/h, collection of the
Hb-A, can begin after about an hour and is complete at the end of two hours.

Hb-S, follows Hb-A; (or Hb-A, and Hb-C,) through the column. If the
sample confains no Hb-A, then Hb-S, is apparent in the position of Hb-A,
above and well separated from Hb-Sy. In the presence of Hb-S; and Hb-A,,
Hb-Ay, and Hb-S; coincide, and analogously Hb-S, and Hb-C, . Above Hb-
Ay (and/or Hb-S, ) is Hb-F, and finaily near the top of.the column will be
Hb-A, + F,. The identity of the zones has been confirmed by comparison
with other chromatographic procedures and electrophoresis.

The goal of the analysis will determine the course of the procedure. Thus,
if all components of an A-S sample are to be determined, the chromatogram
would be started with ion exchanger at pH 7.1 two hours before the operator
would leave so that Hb-A, may be collected separately. Collection in the
second flask is then begun and the chromatogram is allowed to go to com-
pletion (and go dry) without further attention. If 55 ml rather than 60 ml of
developer No. 2 is used, the Hb-S, will be almost completely in the second
flask but seme will be at the bottom of the column so that the midpoint
between Hb-S and Hb-A, + Hb-S, is apparent. Finally, the midpoinis between
Hb-S, and Hb-A, + Hb-S,, between the latter and Hb-F, , and between Hb-Fy
and Hb-A; + Hb-F, are marked, the column is sectioned, the materials are
eluted, and the quantities are determined.

If, on the other hand, the percentage of Hb-F, is the main interest, all
components that precede it can be collected in one fiask and, after sectioning
and eluting, Hb-A,; + Hb-F; can be combined with them while Hb-F, alone is
eluted into a second flask. Actually, the determination of the complete com-
position requires so little additional effort that this procedure has rarely
been used.

Complete determination of hemoglobin composition

- Complete guantitative analysis of the components in the hemoglobln from
a variefty of hematological conditions was done both by conventional chro-
matography |9, 10] and by the straw method. Both procedures use DE-52
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TABLEI

COMPARISON OF QUANTITATIVE DATA BY CONVENTIONAL CHROMATOGRAPHY
[9,10] AND BY THE STRAW METHOD

The first of each pair of numbers is the result from convenﬁona.l chromatography [9, 10] and in brackets
from the straw method.

Condition Hemoglobin composition (%)

Normal adult A, = 2.4(2.6); A =92.5(89.0);: F = 1.2(2.2): A, + F, = 3.9(6.2)

Normal aduit A, =2.3(2.5);: A=88.7(84.8): F = 2.6(3.1): A, +F, =6.3(9.6)

Normal adult A, =2.5(2.4); A=90.5(86.1): F = 1.2(2.2);: A, +F, =5.8(9.4)

Normal adult A, = 2.5(2.7); A =91.7(89.8); F = 1.3(1.5);: A, + F, = 4.65(6.0)

Bthel trait (adult) A, =5.2(5.3): A=87.4(84.8): F= 2.4(2.9): A, + F, = 5.1(7.1)

S trait (adult) A3 = 4.2(3.7): S = 35.9(35.0): A = 56.0(55.4): F 1 2(1.6); A, +F, = 2.1(3 8)
D trait (adult) A; =2.2(2.2): D=37.437.4);: A= 47.5(45.1%; F = 7.6(8.0);: A, +F, = 5.5(7.3)
E trait (adult) A, +E=32.3(28.9); A=61.5(629):F=0.7(1.8);: A, +F, = 5.3(6.4)

New York trait (adult) A, = 2.8(3.4); A = 53.7(51.9);: NY = 39.5(3%.2); ? = 4.0(5.5)

SS disease (adult) A, =2.6(2.3):S=67.3(73.0); F = 23.4(23.6); F, = 6.8(10.6) .

S-HPFH (adult) A, = 1.8(1.6); S = 64.0(65.2); F = 28.2(26.5); F, = 5.9(6.4)

SC disease (adult) A, +C=37.6(41.3); S = 42.6(37.0); F = 16.6(17.3); F, = 3.3(7.0)

SC disease (cord

blood) A, + C=8.5(8.5);: S = 7.9(7.5); F = 73.2(68.1); F;, = 10.5(15.9)

as ion exchanger and glycine—KCN—NaCl solution as developer. Table I pre-
sents the results. In the data as given, the minor components (except for A,

and F,) are summed with the appropriate major component. As previously
noted [10] and as will be discussed further below, Fpe (conventional chro-
matography) is not a true measure of Hb-F in the normal individual or if the
Hb-F is less than 2—3%. The results of the straw method are in good agree-
ment with those by conventional chromatography under almost identical
conditions. The agreement compares favorably with what one might expect
from duplicates by either method. The higher value for A, + F, or F, by
the straw method is due to the complete removal of material from the top
section in contrast to the tendency for trailing of the last zone and incom-
plete removal from the conventional chromatogram.

Quantitative analysis of Hb-F

In most chromatographic systems, Hb-F is mixed with minor components
of Hb-A. The present procedure which employs a single developer provides
the same excellent separation of Hb-F that is shown by conventionally sized
columns with gradient elution [9, 10]. Above Hb-F, in the upper two cen-
timeters of the straw chromatogram are Hb-A,; and Hb-F, as two distinct
but not well separated zones. In older samples, these increase. The procedure
has now been applied to a wide variety of samples: normal adults, individuals
with Hb-A and increased Hb-F, as well as patients mth sickle cell anemia, SC
disease, etc.

Reproducibility. In a series of 12 s1multaneous determinations with the
same sample of adult blood to which a small amount of cord blood had been
added, ‘the Fg averaged 5.1% with a range from 4.8 to 5.5%. In the same
series, Hb-A, was 2.4% (range 2.3—2.5%), Hb-A, was 83.3% (range 82.5—
83.8%), and Hb-A; + F, was 9.2% (range 8.9—9.4%). In a large series of
duplicate determinations; the two values with few exceptions agreed within
10% of each other despite wide variation in the percentage of Hb-F. '
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‘Quantitative analysis in known mixtures. The straw method has been ap-
plied to varied mixtures of hemoglobin from a normal adult hemolysate and
the hemolysate from the blood of an HPFH homozygote who has 100% Hb-F.
These same mixtures had been analyzed by conventional chromatography and
alkali denaturation, and p:ovide the basis for Fig. 3 of ref. 10. The data are
presented in Table II. In this normal adult, Fg, was apparently not observed
to be 1—2.5% (see below) and A; + F, was higher than the commonly de-
termined 6-—9% (see below). Although the % Fg will be higher than actual
when the % F is low, the straw method can be considered to provide an ac-
curate measure of the % F above about 10% F. This conclusion also obtains
from the comparison of results by both the straw method and conventional
chromatography (Fig. 2A); the latter is considered to be the most accurate
procedure for the determination of Hb-F [10].

Hb-F in normal adults. So small a percentage of Hb-F is present in the
normal adult that it is not apparent as a zone on the chromatogram. However,
if as little as 1—2% of cord blood is added, a definite zone of Hb-F can be
detected. When the amount of Hb-F in a sample is small, it is advisable to use
a simultaneous confrol in which Hb-F is definitely elevated. In this way, the
positions at which the cuts should be made can be more precisely delinecated.
When the method was applied to 219 adults with normal hematological indices,
the results of Fig. 3 were obtained. A slight tailing of the Hb-A, is responsible
for the values. The % F,p (alkali denaturation) from 36 of 37 randomly
selected samples of the series ranged from 0.4 to 1.6%; one sample had 3.0%

TABLE II

COMPARISON OF PERCENTAGES OF Fg. WITH THEORETICAL PERCENTAGES IN
KNOWN MIXTURES

Data provided by Dr. E.C. Abraham, Augusta, Ga, U.S.A.

Frheor. Determined values Calculated values*
A, +A, F, A, +F, A, F, F,+F,

2 82.4 4.6 131 12.0 1.0 5.6

5 79.3 6.3 144 11.6 2.8 9.1
10 75.0 9.5 15.5 11.0 4.5 14.0
15 73.5 - 11.0 15.5 10.7 4.8 15.8
20 68.5 13.8 17.7 10.0 7.7 21.4
25 62.8 19.6 17.6 9.2 8.4 28.0
30 59.9 22.0 181 8.7 9.4 314
40 53.4 - 26.0 20.6 8.0 12.6 38.6
50 48.2 31.0 20.8 7.0 13.8 448
60 34.5 40.1 25.4 - 5.0 20.4 60.5
70 28.6 45.1 26.3 4.2 22.1 67.2
80 19.8 53.3 26.9 2.9 24.0 77.3.
AA 87.2 128 128 0

* Approximate amounts of Hb-A, in the mixtures were calculated on the analysis of the
hemolysate -of the blood of the normal adult (AA). A constant. proportionslity 87.2 (%
A, +A,): 12.8 (% A, ) was assumed for all the mixtures. -
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Fig. 2. Comparison of results by the straw method (Fs:) with those from (A) conventional-
ly sized echromatograms (Fpg), (B) from microchromatograms in the absence of Hb-A,
(Fmicro) (0= Hb-Fg; ; 4 = Hb-Fg; + Hb-F, ), and (C) fromni alkali denaturation (Fap).

Fig. 3. Range of values for % Fg, and % Hb-A, +F, in samples from normal adults.

Fgiand 3.2% Fup . Although the method provides an inexact measure of Hb-
F in the normal adult, the normal range is about 1—2.5% Fg,. Thus, when Hb-
Ay is the major hemoglobin, the % Fg will be 1—2% higher than the actual
Hb-F because of the tailing of Hb-Ao The Hb-A; + F, tends to fall between
6 and 9% (F'ig. 3).

Comparison with other methods. The straw procedure has been compared
with results from conventionally sized chromatograms (Fpg), from alkali de-
naturation (F,p ), and from another micro procedure (Fyierc)-

A comparison of Fg and Fpg data is given in Fig. 2A. There is an excellent
correlation in the results. Because the Fpg method has excellent accuracy at
values above 10% Hb-F [10], it may be concluded that the straw method
provides a valid measure of Hb-F.

When Hb-A is absent, a previously described mlcrochromatographlc method
[6] may be used for Hb-F. When Fg;.., and Fs, data were compared for SS
or SC samples, the results in Fig. 2B were obtained. In Fig. 2B, the data are
plotted both as Fg, and as Fg, + F; against Fy ;.- The sum of Fg, + F; agrees
with Fpiro because Fy + F; do not separate in the latter method.
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Fig. 2C depicts a comparison of Fg with F,p results. The excellent agree-
ment is somewhat misleading. Fg, does not include Hb-F, yet both are alkali
resistant. The -alkali denaturation procedure appears to be measuring a pro-
portion of F, :+ F, that perhaps fortuitously equals the fraction Fy/(F, + F;)
(see also below).

Nature of Hb-A, + F,. When Hb-A is 2absent, the top zone consists of
Hb-F, only. Although this top zone contains mainly the acetylated version of
Hb-F,, heterogeneity is apparent in the straw chromatograms as also in more
conventionally sized chromatograms [10]. When fresh cord blood samples are
chromatographed on the straws, the ratio of F, + other components to Fg is
1:4 to 1:3. This is comparable to previously reported data [12]. Likewise, in
18 SS samples with Fg. above 10%, the ratio of F; to Fg averaged 1:3. Because
Hb-F; appears to be structurally identical with Hb-F, except for the acetyl-
ation of its ¥ chains, it must be considered as part of the total Hb-F of the
sample. In Hb-A-containing samples, Hb-A; and Hb-F, are eluted together
in the straw method. Because the quantity of Hb-F, is 20—25% that of the
Fg in cord blood samples and SS patients, the total Hb-F in an Hb-A-contain-
ing sample may reasonably be calculated to be 1.25 Fg,.

- Some samples have a yellow zone that is strongly fixed at the top of the
chromatogram. Although ifs spectrum is not that of hemoglobin, it dces
have absorbance at 415 nm. Consequently, if present, it should be removed
from the top before cutting and discarded prior to elution of A; +F,.

If the sample contains electrophoretically fast-moving hemoglobins such
as Hb-J or Hb-N, they will be in the région of A, + F, [7]. Potentially, they
could be confused with an old sample with an accumulation of altered prod-
ucts. ’

Technical considerations

Concentration of NaCl. The concentration of NaCl is critical for the sep-
aration of Hb-Fy from Hb-A,. If it is 0.013 or 0.017 M instead of 0.015 M,
the separation is unsatisfactory.

Flow-rate. Most experiments have used a flow-rate of about 6 ml/h. At 9
ml/h, the zones are more diffuse and the separations worsen. Little seems to
be gained by reducing the flow-rate to 3 ml/h.

Volume of developer. This variable determines the final appearance of the
chromatogram. Whether more or less than the recommended 60 ml is used
will depend upon the objectives of the analysis. For example, if a complete
analysis of an AS sample is desired, it is advantageous to use a few milliliters
less so that the interzone between Hb-A and Hb-S is still apparent in the lower
column. On the other hand, if the -determination of Hb-F is of main impor-
tance, a few milliliters more might be added so that, while most of the Hb-A
in in the filtrate, the Hb-A—Hb-F inferzone is still obvious.

Quantity of sample. For adult samples with normal or moderately reduced
packed cell volumes, the hemoglobin in fhree drops (about 0.07—0.08 ml)
or one microhematocrit tube is adequate. If the hematocrit is very low, it is
desirable to centrifuge and remove some plasma. Only one or two drops of
cord blood should be used because the high percentage of Hb-F will prevent
adequate separation from Hb-A if the amount of Hb-F on the column is high.
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Storage of samples. If samples are refrigerated, blood may be stored for 3-—4
weeks as-blood or hemolysate, and the % Fs, will not change significantly.
On the other hand, mcreasing amounts of material fall in the Al + F;j_ region
in older samples. The increase is observed. mthm a few days in hemolyaates
but not for about 2 weeks with blood.

Time required. This microchromatographic procedure requn:es more - tlme
than other microchromatographic methods. However, little attention is re-
quired of the operator. We have routinely made 12 analyses per day. The chro-
matograms have been started about 2 h before the operator leaves for.the
night so that Hb-A, may be collected. The chromatogram complebes itself
(goes dry) during the night and cutting, elution, and spectrophotometric deter-
mination then are made in the morning. If an cperator devoted his time ex-
clusively to this method of analysis, 20—25 analyses per day seem a reason-
able goal.
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