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ABSTRACT Isoelectric focusing, cellulose acetate electro-
phoresis, and carboxymethylcellulose chromatography in the
presence of Nonidet P 40 allow the separation of pure y globin
chains into two fractions. Amino acid analysis of their cyanogen
bromide fragment 3 ('yCB3) identifies these fractions as the
separated C7 (Gly-136) and A7 (Ala-136) globin chains. Finger-
print and amino acid analyses of the tTp9 tryptic peptide from
the purified A7 and Gy fractions from two different patients
demonstrate that the commonly occurring Sardinia variant (7
75 isoleucine - threonine), also known as 7y chain, has alanine
in position 136. From this analysis we suggest that the Ty gene
is an allele of the A7 locus (ApySardinia) rather than a third y
locus.

The -y globin chains of human fetal hemoglobin are a hetero-
geneous mixture of two major species differing in position 136,
which is occupied either by a glycyl residue (G chain) or by
an alanyl residue (Ay chain); all normal individuals of different
geographic areas or races so far examined have these two chains,
a fact suggesting, with other genetic and molecular hybrid-
ization evidence, that these chains are the product of at least
two nonallelic structural genes (1-5).
The Gy and AK chains, differing only by a neutral amino acid

residue, have identical charge and size, thus preventing their
separation by standard chromatographic and electrophoretic
techniques. So far their quantitation could be obtained only by
analysis of a specific cyanogen bromide fragment including the
variant residue for its glycine and alanine contents. Limits in-
herent to this method prevent biosynthetic studies using ra-
dioactive amino acids and do not allow its application to ex-
tensive surveys.

In the course of studies on the separation by isoelectric fo-
cusing (IEF) of human globin chains, we observed that chro-
matographically pure y globin chains were split into two bands
upon addition of the detergent Nonidet P-40 (NP-40) (6); on
the basis of comparison of the relative intensities of the bands
and the Gy/Ay ratios in different samples, we suggested that
these bands might represent separated Gy and Ay chains, and
that this technique could be used for biosynthetic studies (7).
By using a chromatographic technique we have now been able
to prepare amounts of material corresponding to each band,
adequate for demonstrating unambiguously that these two
bands are in fact separated Gy and Ay chains.

Moreover, the recent discovery in a large proportion of
normal and thalassemic subjects (8) of a variant -y chain having
threonine instead of isoleucine (8, 9) at position 75 (Ty chain
or ySardinia) suggested that in at least some individuals gene
duplication may have occurred. Demonstration that this is the
case must first await the clarification of the nature of Ty chain

(as to the amino acid in position 136); we now show that Ty
chain is a variant of Ay chain (AySardinia).

METHODS
CM-Cellulose Chromatography of Globin Chains. Purified

a, f, and y globin chains were obtained by CM-cellulose
chromatography (10) of acid/acetone-precipitated total globin
chains (10). For radioactive experiments, the globin chains were
labeled by incubating 1 ml of peripheral blood with 100,uCi
(1 Ci = 3.7 X 1010 becquerels) of lyophilized L-[4,5-3H]leucine
(110 Ci/mmol) and 2 mg of glucose at 37°C for 1 hr. For ana-
lytical experiments, a 5-32.5 mM sodium phosphate gradient
(pH 6.8) of 300 ml was used; when indicated, 3% (vol/vol)
NP-40 was included. For preparative fractionation of GY and
Ay chains, 20-50 mg of purified y globin chains was loaded
onto a 6 X 2.5 cm column and eluted with an 800-ml 5-19mM
sodium phosphate gradient containing 3% NP-40. Thirty-
microliter aliquots from every second fraction were analyzed
by IEF as described below, and fractions to be further studied
were again precipitated by acid/acetone.

IEF. Samples, dissolved in 8 M urea/3% NP-40/10% (vol/
vol) 2-mercaptoethanol, were focused in 6% acrylamide slab
gels containing 8 M urea, 2% pH 6-8 and 0.2% pH 3.5-10
Ampholine (LKB), and 3% NP-40 (6, 7, 11), and were stained
with Coomassie brilliant blue G-250,(7, 11). The pI values were
determined at room temperature (229C) and after correction
for 8 M urea (12). Quantitation of the bands was obtained by
scanning the gel with a Joyce-Loebl densitometer.

Cellulose Acetate Electrophoresis. Electrophoresis on cel-
lulose acetate (Cellogel, Chemetron, Milano, Italy) was per-
formed by using a modification of L. F. Bernini's unpublished
technique (personal communication); globins, dissolved in
electrophoresis buffer (6 M urea/0.1 M Tris-HCl, pH 7.2/10
mM EDTA/3% NP-40/1% 2-mercaptoethanol), were run for
16 hr, 100 V, 220C. At the end of the run, proteins were stained
with amido-schwartz.
Chemical Analysis of 7 Globin Chains. The Ry136 Gly/Ala

ratio was determined after cleavage of oy chains with a 100fold
molar excess of cyanogen bromide in 70% (wt/vol) formic acid
at 22°C for 24 hr. Cyanogen bromide was eliminated by
freeze-drying and the residue was fingerprinted on paper at
pH 6.4 in order to separate the yCB3 fragment as described by
Bernini et al. (13) and by Kamuzora et al. (14). The Ty chain
determination was obtained by tryptic digestion and finger-
printing on paper (15, 16) of y globin chains. After staining of
the peptides with cadmium/ninhydrin reagent (17) the pep-
tides Tp9a (Ile-75) and Tp9b (Thr-75) were eluted in methanol

Abbreviations; IEF, isoelectric focusing; NP-40, Nonidet P-40; 'yCB3,
cyanogen bromide fragment 3 of the y chain; yTp9a, tryptic peptide
9 of the 'y chain Ile-75; yTp9b, tryptic peptide 9 of the y chain Thr-
75.
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FIG. 1. Separation of human globin chains by IEF in the absence (A) and in the presence (B) of NP-40. Lanes 1, 2, and 3 of A and lanes 2,

3, and 4 ofB show chromatographically pure a, If, and 'y globin chains, respectively. Lanes 4 ofA and 1 of B show unfractionated globins.

and the eluates were read spectrophotometrically at 500 nm.
For amino acid analysis of Tp9a and Tp9b, these peptides were
stained with a solution containing 2 mg of Fluram (Hoff-
mann-La Roche) in 100 ml of 0.1% pyridine in acetone, iden-
tified under UV light, eluted with 5% (wt/vol) acetic acid,
vacuum dried, and repurified by ascending chromatography
on paper in a solvent composed of 98% formic acid, secondary
butanol, and water (30:140:30 vol/vol) (8). Amino acid analysis
of these peptides and of the yCB3 fragment was performed on
an LKB model 4101 amino acid analyzer after elution of the
peptides directly from the paper with 6 M HCO and their hy-
drolysis under reduced pressure at 1100C for 24 hr.

RESULTS
The separation of human globin chains by IEF in the presence
or absence of NP-40 is shown in Fig. 1; whereas a and f3 chains
focus as rather homogeneous bands both in the presence and
absence of NP-40, the y chain marker is split into two bands
of similar intensities, of pI 6.95 and 6.85, upon addition of
NP-40. The same phenomenon can be observed also by gel
electrophoresis (Fig. 2); again, the y chain separates into two
components of approximately similar intensities. The latter
observation suggests that the detergent might be the agent ef-
fective in splitting the y chains, rather than any peculiar in-
teraction with Ampholines, and prompted a study of globin
chain separation by CM-cellulose chromatography in the
presence of NP-40.

Fig. 3 shows the elution profile of radioactive a and Sy chains
synthesized in vitro by reticulocytes from a (30 thalassemic
patient; with the traditional chromatography (Fig. 3A) (10) the
y peak represents approximately 35% of the a chain, while the
pre-'y peak (N-acetylated y chains) is about 11%; in contrast
(Fig. 3B), when 3% NP-40 is added to the elution gradient, three
radioactive peaks appear in the y region; they represent 8%,
16%, and 19% of the a chain, respectively. These values are
consistent with the hypothesis that peak I represents the pre-y
chains, whereas peaks II and III correspond to the split y
chains.
To test this possibility the protein fractions from each of these

peaks were precipitated with acid/acetone and analyzed by

IEF and cellulose acetate electrophoresis; Fig. SB inset shows
that upon focusing fraction II gives rise to a single band of pI
6.85, whereas fraction III bands at pI 6.95; fraction I, on the
other hand, focuses as a single band at pI 6.75, the value of
acetylated y chains purified by conventional CM-cellulose
methods (not shown) and a minor band-at pI 6.85 (contami-
nating peak II protein). The same result (not shown) was ob-
tairied by autoradiography. By cellulose acetate electrophoresis,
fraction II corresponds to the slow Y band and fraction III to
the fast one. Thus, this modification of the chromatographic
technique appears to be able to separate the apparently uniform
-y chain peai into two species, which correspond exactly to those
that are identified by IEF of pure unfractionated -y globin
chains. The pI 6.85 protein elutes at 9.5mM sodium, phosphate,
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FIG. 2. Cellulose acetate electrophoresis of uwman globin chains

in the presence (A) and in the absence (B) of NP-40. The 'y chains,
which in the absence of the detergent migrate as a single fast-moving
bapd (B, upper band.of lane F), in the presence of NP-40 split into
two hands (A, upper bands of lane F). Purified CM-cellulose fractions
II and III (see Fig. 3) are run in lanes Ay and Gy. Lane A ofB shows
adult globin chains a (lower band) and is (upper band).
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FIG. 3. CM-cellulose chromatography of fetal globin chains in
the absence (A) and in the presence (B) of NP-40. Upon addition of
the detergent, y chains elute in three fractions (I, II, and III) that focus
at pI 6.75 (not shown), 6.85, and 6.95, respectively (see Inset). The
first lane of the Inset shows unfractionated fetal globin focused in
parallel.

while the pI 6.95 protein elutes at 10.7 mM sodium phosphate.
Because the NP-40 prevents UV monitoring of the elution
pattern, in order to allow preparative fractionation of the un-
labeled globin chains, aliquots of the column fractions were
focused (Fig. 4) to identify the purest fractions. By this proce-
dure the pI 6.85 band can usually be obtained at a purity of
90-100% in mg amounts, the main contaminant being pre-,y
chains; the pI 6.95 band can sometimes contain some 5-15% of
the pI 6.85 protein.

Table 1. Amino acid analysis (mol per peptide) of the
CM-cellulose fractions II and III corresponding to

pI 6.85 and 6.95 bands, respectively

Amino 'yCB3
acid Fraction II Fraction III Expected

Thr 0.78 1.08 1
Ser 2.75 2.94 3
Gly 0.04 1.03 0 or 1
Ala 3.16 2.04 3 or 2
Val 1.84 1.73 2
Leu 1.12 0.85 1
Tyr 1.16 0.94 1
Hys 1.08 1.12 1
Arg 1.15 1.05 1

Total 13.08 12.78 13

In order to determine the nature of the purified peaks,
fractions II and III (prepared from the oy chains of a 6030 and
a 30 thalassemic patient) were subjected to cyanogen bromide
treatment and the oyCB3 fragment, which includes amino acid
136, was separated by fingerprinting (13, 14) and its amino acid
composition was analyzed. Table 1 shows that the pI 6.85 band
contains essentially no glycine, while alanine is present in the
proportion of 3 nmol/nmol of peptide; on the other hand, band
pI 6.95 contains 1 nmol of glycine and 2 nmol of alanine per
nmol of peptidt-. These results indicate that the pI 6.85 band
is the KY chain, whereas the pI 6.95 band is the Gy chain. The
same results were obtained with purified fractions II and III
from three additional patients (Table 2).
The same experiment was repeated with purified fractions

from a subject whose y chains contained about 30% of the
variant Ty chain; the Gy/Ay ratio (as determined by amino acid
analysis and IEF) was approximately 1. Again, the purified
fractions II and III demonstrated almost integral values for
alanine and glycine, respectively (Table 2), indicating that the
isoleucine-threonine substitution does not shift the Ty chain
from one band to the other. By fingerprint analysis of the two
fractions (Fig. 5) it is possible to determine the presence of
isoleucine or threonine at position 75; whereas the Gy band
shows almost exclusively the typical isoleucine-containing upper
T9 peptide, the Ay band demonstrates essentially only the
threonine-containing lower T9 peptide. Because proteins re-
covered after NP-40 chromatography give a somewhat blurred
fingerprint pattern, the relevant Tp9a and Tp9b peptides were
further characterized by amino acid analysis, which confirmed
their identities unambiguously, by showing the expected
amounts of threonine and isoleucine (see Table 3).

These results demonstrate that the Ty chain has alanine at
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FIG. 4. IEF of gradient fractions eluted from a preparative CM-cellulose column in the presence of NP-40. Lanes ,B and -y indicate ( and y
globin markers run in parallel.
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FIG. 5. Tryptic fingerprint on paper (15,16) of whole non-aminoethylated Hb F from a 130 thalassemic patient (A) and of CM-cellulose-purified
fraction II and III (B). Peptides 1 and 2 are yTp9(lle-75) and 'yTp9(Thr-75), respectively. (B) Relevant neutral fingerprint areas (18, 19) of
purified CM-cellulose fraction II (lane ANy) and fraction III (lane Goy).

position 136. This conclusion is further strengthened by analysis
of other thalassemic patients with high levels of Ty chains
(Table 2 and results not shown).

DISCUSSION
The existence of two types of y chains (Gy and Ay) has been
known for almost 10 years, but the lack of any technique ca-

pable of separating them has greatly limited the study of the
regulation of their expression during development and in dif-
ferent pathologic conditions. After the initial observation that
NP-40 splits purified y globin chains into two components (pl
6.85 and 6.95 proteins) in IEF experiments (6, 7), we have now
shown that the same result can also be obtained by NP-40 ac-

Table 2. Ty, Gy, and Ay determination in different patients

Thalassemia mol per yCB3 IEF
patient Chain T7, % Gly Ala Gyl(Gy + Ay)

L. ((30) y total 0 0.7 2.29 0.6
Ay 0 0.04 3.16 0.02
Gy 0 1.03 2.04 0.99

T. (6°0f0) y total 0 0.5 2.42 0.46
Ay 0 0.07 2.82 0.05
Gly 0 ND ND 0.9

C. ((30) y total 45 0.61 2.41 0.5
Ay 90 0.15 2.91 0.1

95 0.05 3.1 0.05
Gy 10 0.86 2.16 0.85

15 1.12 2.04 0.95
M. (30) y total 25 0.65 2.37 0.6

Ay 55 ND ND 0.07
Gy ND ND ND ND

For discussion of determination of errors in G-y/A-y and Ty ratios
see refs. 1,2, and 8. A band at pI 6.82 may sometimes contaminate the
Ay chain in IEF experiments; the main contaminant of purified Ay
chains is the pI 6.75 band (mainly acetylated y chains); we have as-
sumed that its Gy/(Gy + Ay) ratio is the same as that of total y chains.
ND, not determined.

etate electrophoresis and NP-40 CM-cellulose chromatography.
The latter technique has enabled us to prepare purified chains
corresponding to the ANy and Gy chains, confirming our previous
indirect conclusion based on genetic analysis (7).
The molecular basis for the "Nonidet effect" is unknown, but

we have suggested (7) that NP-40, an uncharged ligand, alters
the pI of y globin chains by binding to them and either masking
some charged groups on the polypeptide chains or altering the
intrinsic pK of some ionizable groups in the neighborhood of
the binding sites. Because alanine is slightly more hydrophobic
than glycine, the binding of NP-40 to the 133-141 Ay residue
stretch (Met-Val-Thr-Ala-Val-Ala-Ser-Ala-Leu) might be fa-
vored. Because purified -y chains of individuals having the Ty
chains still show only two bands in IEF, it appears that the same
effect does not operate to separate the isoleucine-containing
molecule from threonine-containing molecule. Therefore it is
possible to separate in a highly purified state the Gy from the
Ay chains of patients having high levels of the Ty variant and
to assign this variant to either Gy or Ay chain by analyzing the
tryptic map.

Table 3. Amino acid analysis (mol per peptide) of the yTp9
peptides from the Gy and Ay chains (numbers 1 and 2 in Fig. 5B)

Amino yTp9(Ile-75) yTp9(Thr-75)
acid from Gy chain from Ay chain Expected

Asp 1.08 1.12 1
Thr 0.89 1.72 1 or2
Ser 1.09 i.04 1
Gly 1.12 1.18 1
Ala 1.00 1.09 1
Val 0.88 0.84 1
Ile 0.84 0 1 or 0
Leu 1.88 1.79 2
Lys 1.02 0.96 1

Total 9.80 9.74 10
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Fig. 5 and Table 3 indicate that the Gy chain from a patient
with high levels of Ty variant has almost exclusively the iso-
leucine-containing peptide, whereas the Ay chain shows pre-
dominantly the threonine-containing peptide. The small
amount (5-10%) of the threonine-containing peptide found in
the Gy preparation is most likely accounted for by the presence
of an equal quantity of contaminating Ay chain in the Gy
preparation (see Table 2); the faint spot migrating in the same
position as the isoleucine-containing peptide in the fingerprint
of the Ay chain could not be analyzed for amino acid compo-
sition, and might therefore represent either a non-'y-chain
peptide showing up due to the absence of the normal T9 pep-
tide, or the isoleucine-containing T9 peptide; indeed the pro-
portion (5%) of this peptide is of the same order as that of con-
taminating Gy chains in the Ay preparation. In an additional
patient similar results were obtained with the Gy chain, but only
about 50% of the T9 peptide from the Ay chain was the threo-
nine-containing species.

These data may be relevant to further understanding of the
number of the human globin genes. Genetic models based on
the rate of postnatal decay of Gy variant globin chains (5, 20)
suggest that Gy gene might be duplicated and the discovery of
the presence in a large number of individuals of the Ty chain
(8) provided a likely candidate for the identification of the
duplicated gene. Our data, showing that T-y has alanine at po-
sition 136 and that Ty (as inferred from fingerprint analysis of
purified Ay chains) is present in amounts that probably account
for the total of the Ay chain of at least one patient, do not sup-
port this hypothesis but rather suggest that the Ty gene is a
common allele of the Ay gene in the Italian population; ac-
cording to this interpretation patient C. should be a Ty homo-
zygote, whereas patient M. should be a Ty/Ay heterozygote.
This interpretation is consistent with liquid hybridization data
(unpublished results) obtained with cDNAy (21) demonstrating
two By globin genes per haploid genome both in the patient
described here with high levels Of T7 chain and in patients with
no Ty chains. However, final conclusions that Ay gene is not
duplicated will require extensive liquid hybridization and gene
mapping experiments in a number of different subjects.
The observation that IEF and cellulose acetate electrophoresis

in the presence of NP-40 split purified y globin chains into two
bands that can be demonstrated by direct chemical analysis to
correspond to the separated Gy and Ay chains provides a tool
for biosynthetic studies of these chains and for extensive surveys
of their ratios during development and in different pathological
conditions. Moreover, the demonstration that T-y is a variant
Ay chain (AySardinia) provides a very commonly occurring
mutant for genetic studies of the -y gene cluster.
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delle Ricerche Grants 70.01312.04 (G.R.) and CT 77.01471.04
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