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Hemoglobin Kenya, the Product of a y-3 Fusion Gene:
Studies of the Family

A. G. KENDALL,! P. J. OywanG,2 W. A, ScHROEDER,? aND T. H. J. Huisman*

Recently, we reported the discovery of a new hemoglobin variant, Hb Kenya, in a
26-year-old Kenyan of the Nilotic Luo tribe [1]. Chemical characterization of the
non-o chain of this hemoglobin showed that the amino terminal segment has the
sequence of the 7y chain of fetal hemoglobin (Hb F) and the carboxy terminal
segment that of the B chain of Hb A. It was concluded that the non-o chain of
Hb Kenya is the product of a hybrid gene that has been formed by nonhomologous
crossing over within gene loci.

On the basis primarily of electrophoretic and hematological observations (A. G.
Kendall, unpublished), the propositus was originally diagnosed as a heterozygote
for Hb S and the hereditary persistence of Hb F (HPFH). Because of the discovery
of Hb Kenya in the propositus, a reevaluation of his condition and that of members
of his immediate family was highly desirable. This report describes the results of
these studies as well as additional chemical evidence to support the y-8 structure
of the non-a chain of Hb Kenya.

MATERIALS AND METHODS

Source of Blood Samples

Blood samples were obtained from the propositus (P. O.) and his relatives on several
occasions. Hematological investigations were made on fresh material in Kenya by one of
us (A. G. K.) as well as on samples that -had been in transit to Georgia for less than
7 days. After collection in Vacutainers with EDTA as anticoagulant, the samples were
airmailed from Kenya to Augusta, Georgia, without refrigeration.

Hematological Examination

Hemoglobin concentration (in grams per 100 ml), packed cell volume (percentage),
red cell counts (in 108 per cubic millimeter), white cell counts (per cubic millimeter),
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and red cell indices were determined by standard techniques [2]. Peripheral blood smears
were inspected after staining with Jenner-Giemsa stain. Distribution of Hb F in the cells
was studied by the acid elution technique [3].

Hemoglobin Analyses

Starch gel electrophoresis of hemoglobin in hemolysates was made as described be-
fore [4]. The amount of alkali-resistant hemoglobin (presented as percentage F,p) was
determined by the method of Betke et al. [5]. The quantities of the several hemoglobin
variants were determined by chromatography on columns (0.9 X 55 cm) of DEAE-
Sephadex [6, 7] and occasionally on columns (1.8 X 35 cm) of carboxymethyl cellulose
[8]. The purity of the hemoglobins so isolated was evaluated by starch gel electrophoresis.
The amount of Hb F (presented as percentage F;,) was also determined by a procedure
that is based on the determination of the ratios of isoleucine to leucine and to phenyl-
alanine in chromatographically isolated zones of Hb F [9].

DEAE-Sephadex chromatography with larger columns was used for the isolation of pre-
parative amounts of Hb Kenya and Hb F from hemolysates of subjects with the Hb S—
Hb Kenya combination and of Hb A," and Hb A, from the hemolysate of subject Ro. O.
When Hb A and not Hb S is present, as in subject A. O., the isolation of Hb F and Hb
Kenya required two chromatograms. The first, on a column of CM cellulose (2.5 X 40
cm), separated a mixture of Hb A and Hb F from a mixture of Hb Kenya and Hb A,.
By rechromatographing these two zones on columns of DEAE-Sephadex (2.5 X 40 cm),
Hb F was separated from Hb A, and Hb Kenya from Hb A,.

Chemical Analyses

The « and non-a chains of Hb Kenya were separated by CM-cellulose chromatography
in urea [10]. The S-B-aminoethyl (AE) derivative was prepared with ethylenimine [11].
A 135-mg sample of the abnormal AE chain was hydrolyzed with trypsin (Worthington
Biochemical Corp., Freehold, N.J.; crystallized three times, salt-free) in a Radiometer pH
stat at pH 9 for 20 hr at room temperature. Trypsin equal to 0.59% of the weight of the
chain was added at zero time and again 2 hr later. Upon completion of the hydrolysis, the
pH was lowered to 2.5 with 1N HCI, and the solvent was removed by flash evaporation.
The peptides were separated by chromatography on a 0.9 X 60-cm column of Chromobead
resin type P (Technicon Instruments) at 37°. The gradient for the development of the
chromatogram has been described [1]. Several zones required rechromatography on
columns (0.6 X 60 cm) of Dowex 1-X2 [12].

After a 40-mg portion of unmodified abnormal chain had been cleaved with cyanogen
bromide as described in [13], the fragments were separated on two 1 X 160-cm columns
of Sephadex G-50 in tandem with 259, acetic acid as the solvent.

Amino acid analyses were made with a Spinco model 124 automated amino acid analyzer
(Beckman Instruments, Inc., Fullerton, Calif.) equipped with high-sensitivity cuvettes and
an Infotronics model CRS-110 A integrator (Infotronics Co., River Forest, Ill.). Samples
were hydrolyzed for 24 and occasionally 72 hr at 110° C under reduced pressure with 6N
HCL Tryptophan could be identified by amino acid analysis because a portion survived
the hydrolysis with hydrochloric acid.

In order to determine the type of y chains in the Hb F, globins from the chromato-
graphically isolated Hb F were examined as previously described [13].

RESULTS
Initial Examination of Family O

The propositus, P. O., is a healthy 26-year-old male. He was first studied by one
of us (A. G. K.) in the hematology laboratory of the University of Nairobi Medical
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School in Kenya. On the basis of hematological examination, cellulose acetate
electrophoresis, alkali denaturation determination, and cellular distribution of Hb F,
the tentative diagnosis was a Hb S-HPFH condition. Two of the eight siblings and
a paternal aunt appeared also to have the Hb S-HPFH condition; two were
diagnosed simply as HPFH heterozygotes; the mother, a second aunt, and two
siblings were found to have Hb S trait; and two siblings appeared to be normal.
The father of the propositus died in 1968 of a liver ailment. The low level of Hb F,
which was between 7% and 10%F,p in the HPFH heterozygotes and between
11% and 15% in the subjects with the Hb S-HPFH condition, suggested a need
for a more detailed investigation. The pedigree of family O is given in figure 1.

T

R.O
42y

P

AO. MoO. NO. RoO. MO 00  Aul AoO
26y 25y 23y 20y 16y 14y 12y 10y

e E AS @ H@ Hb Kenya heterozygote
@ Bd 2222 @ M Hb s-Hb Kenya Condition

G 5 ASA, A'Z #» Studied by Cellulose Acetate Electrophoresis only
4 Propositus

Fic. 1.—Ped{gree of family O

Electrophoretic and Chromatographic Analyses

Figure 2 illustrates starch gel electrophoretic patterns of the hemoglobins from
the propositus (P. O.), his mother (R. O.), and seven of his eight siblings. The
pattern in the propositus, which confirms a previous observation [1], shows the
presence of four hemoglobins (Az, Kenya, S, and F in order of increasing mobility)
and the absence of Hb A. The same pattern is present in siblings N. O. and Au. O.
A brother of the propositus, A. O., has small amounts of Hb Kenya and Hb F in
addition to Hb A and Hb A;. The mother, R. O, is simply a Hb S heterozygote.
Subjects Ro. O. and M. O. are heterozygous for the & chain variant, Hb B, or Hb
Ay’ [14, 15], whereas subjects O. O. and Ao. O. have this variant as well as Hb S.
The father, F. O., then must have had the Hb Kenya and Hb A’ genes in trans.

Figure 3 depicts DEAE-Sephadex chromatograms of the hemoglobin components
of subject A. O., who is heterozygous for Hb Kenya, and of subject N. O., who has
the Hb S-Kenya combination. Good separation of the various zones allowed quanti-
tation of the different hemoglobins. The Hb Kenya that was isolated from both
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Fi1c. 2.—Starch gel electrophoresis of hemoglobin from nine members of family O in Tris-
EDTA-borate buffer at pH 9.0 Stain is o-Dianisidine.

chromatograms behaved as a single band in starch gel electrophoresis. Zone X
contains an electrophoretically more rapidly moving derivative of Hb Kenya and the
minor Hb S, fraction; both fractions could easily be distinguished from Hb A.

Figure 4 illustrates the CM-cellulose chromatograms of the hemoglobins from
subject A. O., who is heterozygous for Hb Kenya, and from subject M. O., who has
Hb A’. Although Hb Kenya could not be separated from Hb A, by this technique,
the separation of Hb Ay’ from the other hemoglobins was complete.

Quantitative Hemoglobin Data

The results of quantitative analyses for the various hemoglobins are listed in
table 1. Although the data derive mainly from DEAE-Sephadex chromatography,
other methods, when advantageous, were also used. Hb Kenya, which is about
6% in subject A. O., the Kenya heterozygote, is increased to 17%-19% in the
three siblings with the Hb S-Hb Kenya condition. The amount of Fy is 5% in
the Hb Kenya heterozygote and 7%-11% in the three subjects with the Hb S-Hb
Kenya combination. The levels of Hb A, are variable and should be compared with
values of 2.2%-3.0% in normal controls, 2.8%-3.4% in Hb S heterozygotes, and
1.1%-4.8% in patients with sickle cell anemia [16, 17]. The level in subject A. O.
with the Hb Kenya heterozygosity is low normal and that in the subjects with the
Hb S-Hb Kenya condition appears to be decreased. (Subject Au. O. is an excep-
tion.)
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F1c. 3.—Chromatographic separation of the components from approximately 50 mg of hemo-
globin from subject A. O., who is heterozygous for Hb Kenya, and subject N. O., who has the
Hb S-Hb Kenya condition, on DEAE-Sephadex (0.9 X 55 cm).

Chemical Analyses of Hb Kenya

On the basis of data previously published [1], the non-a chain of Hb Kenya is a
hybrid chain which consists partly of y chain (the amino terminal portion) and
partly of 8 chain (the carboxy terminal portion). This conclusion stems from amino
acid analysis of the total chain and of tryptic peptides identical with yT-2, ¥T-3,
yT-9a* BT-13, and BT-14. (Although peptides T-4, T-6, T-7, T-8, and T-15 were
also isolated, they are identical in the B8 and 7y chains.) Now peptides yT-1, yT-9b*
BT-10a,* and BT-11, of which the amino acid composition is given in table 2, have
also been isolated from the digest of the AE-y-8 chain of Hb Kenya. Peptide yT-
9b* is crucial for delineating more exactly the point of crossing over. The sequence
His-Leu-Asp-Asp(or Asn)-Leu-Lys of the six residues in this peptide is identical in
both B and 7y chains except for the fourth residue of the peptide (residue 80 of the

* Nomenclature for the tryptic peptides of the y-B chain is difficult because the B8 chain has 15
tryptic peptides and the y chain has 16. Peptides T-1 thru T-8 are homologous. However, yT-9
plus yT-10 [18] are equivalent to BT-9. In order that the numbering of the peptides from the
B portion be normal, yT-9 and yT-10 are designated yT-9a and yT-9b, respectively, in this
discussion. Peptide BT-10a is a fragment of BT-10 that results from tryptic cleavage at the
aminoethylated cysteinyl residue in position 93.
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Fic. 4—Chromatographic separation of the components from approximately 50 mg of hemo-
globin from subject A. O., who is heterozygous for Hb Kenya, and from subject M. O., who is
heterozygous for Hb A,’, on CM-cellulose (1.8 X 35 cm).

TABLE 1

HEeMO0GLOBIN DATA BY DEAE-SEPHADEX CHROMATOGRAPHY [6, 7]

Hb F (%) ~+CB-3§
HbA, HbA, HbS HbA HbKenyaHbA,+F

SusjEcT %) (%) (%) (%) (%) (%) TFup* Fyt Ommesst Gly  Ala
R.O. ..... 0 44 354 602 O 0 08 08 ... ... ...
P.O. ..... 0 17 617 0 176 129 82 110 61 102 201
A O ..... 0 23] O 782 57| 138 56 56 ... 105 202
N.O. ..... 0 21 689 O 168 78 ... 66 44 108 195
Ro.O..... 16 07 0 8J 0 90 07 16 ... ... ...
M.O. ..... 17 13 0 916 0 54 06 13
0.0. ..... 21 28 365 563 O 2306 09 ... ... ...
Au. 0. .... 0 33 645 0 190 108 ... 89 24 101 196
Ao.O. .... 20 18 258 660 O 44 07 06 ... ... ...

* By an alkali denaturation procedure [5].

%+ By a chemical procedure [9].

t A minor zone mainly consisting of S, and Kenya,, which are electrophoretically more rapidly moving zones.

§ Isolated from Hb F by a procedure described previously [13].
Il CM-cellulose chromatography separates Hb Kenya from Hb A but not from Hb A,; the combined amount of
Hb Kenya plus Hb A, by this method was 8.4%.

553



*JIUNQNS @D /SINPISAT Ul UIALZ 318 BIRP 9Y) ‘4 "8y Ul UMOYS WeIF0jBwolyd wouy ||

*P3IWO 31 SI[NIIOW INPISAT ['Q UeY} SS3[ Ul Juasaid sanpisay ‘ureyd g-A-Fy Y3 Jo 1sadIp oy} wolj paje[os] §
‘98 PUB g SINPISAI U3IM)I( PILINIO0 JIAOSSOIO Y} I8y} SUlWnssy i

*[61] s jo ainpadoid 3y} 03 SuIpi0d0y 4

‘uorjepixo 03 Joud apew sasA[euy ,

ST €St 8'ST 4 P4 ¥ 6'¢ SOt 001 Tt Tt 8 '8 8L

9 9's oS z 07z 1 T ¢ o'¢ 6z

9¢ 8'Pve 9'¢e 48 8II S 'S w01 90°'C £1T'e T LT 991 LT T o
0 0 0 I 20 z LT ¢ 77z T
¥ 0 0 . 1 10 1
o¢ L'6C o1¢ o1 8’8 14 (44 €0'1 ot o e 14t 6°¢T el ot
9¢ 8'9¢ 9'LE o1 00t ¥ 194 e 101 Tt Tt 14 SY1 oyt ottt
0¢ (41 [ L L 9 6°'S e 160 ot L6°0 ¢l 671 9zt ot
1 87l 671 ¥y o 1 1 101 S 9'c 19
L1 991 VLT S s s 'S SO'1T 16'0 T ere o1 01 00t T
L vl Pl z 7 < b or't . l &9 09
148 €l Tzt 14 6°¢ ¢ L'y 181 SO'1T 6 S8 8
LT £'8C 8LT 0 s ¢ (G4 £0°C e L0C LO'T 14! ovI T Tttt
L 0’8 T T o 4 81 ¥6°0 e T T € Lz L't e
. . 9¢°0 6 1 001
LT 9'91 791 8 08 1 30 980 160 80 680 6 6 76 Tt
24 £ £ (018 S'6 7 1 T T 960 960 4t LT Tt e
¢ 0 0 z 70 z 60
N Y A03yy,  punog Aw09q]  punog 11-19 e01-Ld q6-14 I-Lr 14105q], IpazIPIXQ LTeuwiSLO any

A109y ], ONINY
-9~ 1-940¢-4 §NIVH)) g-A 40 STAILITJ JILJAY], 2AUIY qH 40 NIVH)) g-A

||SNISOTOOWIH AdLYTOST

AINDITOTA] ddd SANAISTY NI SISATIVNY AIOY ONINY TVNOILIAAY

¢ 419VL

554



HEMOGLOBIN KENYA 555

whole chain), which is aspartyl (Asp) in the Yy chain and asparginyl (Asn) in the
B chain. The low recovery of NH; (0.36 residues per molecule) in the amino acid
analysis of yT-9b indicates that the fourth residue is aspartyl and that a section of
the y chain is the source; application of the Edman procedure substantiated this
conclusion. Thus, the crossover is limited to positions 81-86 inclusive because
position 80 is occupied by an aspartyl residue as in the y chain whereas position 87
is occupied by a threonyl residue as in the 8 chain (fig. 5).

POSITIONS OF DIFFERING SEQUENCE IN B AND Gy CHAINS

I 20 40 60 80 100 120 140
i | | i i 1 | 1

6 8

5
il2] 3 lal 5 |lllealesl 10 |u] 12 ||3||4||j

TRYPTIC PEPTIDES

| THE y-B CHAIN OF Hb KENYA 146
i . —_llu ! TR N | 1 Jl
L HJ ...... L—H

80 87

Yy CHAIN: ASP GLN
B CHAIN: ASN THR
y-B CHAIN: ASP THR

t'.:l © FRAGMENT NOT RECOVERED

Fic. 5.—Summary of data from structural studies of the non-a chain of Hb Kenya. Bars
denote differing residues in 8 and vy chains.

Table 2 also lists the amino acid composition of the 7y-8 chain of Hb Kenya
before and after oxidation. Determined and calculated data are in good agreement,
with the exception of the values for proline and isoleucine. Two of the three
expected residues of isoleucine were detected in peptides yT-2 and yT-9a*. Peptide
yT-5, which has the third isoleucyl residue, was not isolated as such. However,
peptide y-BCB-1 from cyanogen bromide cleavage of the y-8 chain contains most
of yT-5 in its 55 residues from the amino terminal portion of the chain. The amino
acid composition of both cyanogen bromide fragments of the y-8 chain agrees well
with theory (table 2).

Chemical Analyses of the Electrophoretically Slowly Moving Minor Variant

The amino acid compositions of this hemoglobin and of Hb A, are given in
table 2. The data are in general agreement with the calculated composition of the
a8 dimer. Because the slow component contains one more residue of arginine and
perhaps one less residue of glycine, these results together with the electrophoretic
and chromatographic observations are evidence that this variant is indeed the &-
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chain variant Hb A’ which is characterized by a Gly — Arg replacement at position
16 [14, 15]. The limited data, however, do not exclude other replacements.

Chemical Analyses of Hb F

Globin F from blood of subject A. O. with the Hb Kenya heterozygosity and of
the three siblings with the Hb S-Hb Kenya condition was examined to determine
the amino acid composition of the yCB-3 peptide (residues 134-146 inclusive of the
y-chain), which is formed by reaction with cyanogen bromide. The data in table 1
are stated as the numbers of glycyl and alanyl residues in this peptide. In all four
cases the integral value for glycy! residues equal to 1.0 means that a single type of
7y chain is present; this is the ¢y chain with a glycyl residue in position 136 [13]

Hematological Observations

Samples from the nine members of family O were examined immediately on
arrival in Augusta but after several days in transit (table 3). Despite these sub-
optimal conditions, the data are rather normal for subjects who live in the malarial
belt near Lake Victoria and often suffer from a low-grade chronic parasitemia (P.
falciparum) as well as iron deficiency due to hookworm infestation. The values are
also very similar to those obtained in Kenya by one of us in 1970 and 1971. At that
time on several occasions, stigmata of 8 thalassemia were absent in fresh films of
blood from subjects A. O. and N. O., as well as relatively fresh films from seven
other siblings (fig. 6). Subjects with Hb S—-Hb Kenya had somewhat more target
cells than the Hb Kenya heterozygote or the AS-trait individual.

The acid elution technique was applied to 8-day-old samples from subjects
R. O,, A. O, and P. O. Results are shown in figure 7. Aged blood samples of a
normal infant, a patient with Fanconi anemia, and a patient with sickle cell anemia
served as controls. The distribution of Hb F in the red cells of subjects A. O. and
P. O. is fairly uniform and distinctly different from that in the control samples. A
similar uniformity of distribution has been observed with fresh blood films and is
comparable to that in red cells of HPFH heterozygotes.

DISCUSSION
Sequence of the y-3 Chain

The positions of the 39 differences in sequences of the y and 8 chains [18] are
depicted in figure 5. The differing peptides yT-1, yT-2, yT-3, yT-9a, yT-9b, BT-
10a, BT-11, BT-13, and BT-14 as well as the identical peptides T-4, T-6, T-7, T-8,
and T-15 have been isolated from tryptic digests of the non-« chain of Hb Kenya.
Peptides yT-5, BT-10b, and BT-12b have not been recovered. There can be little
doubt that the amino terminal part of the chain has the sequence of the v chain
and the carboxy terminal part has that of the B8 chain. That the carboxy terminal
part is identical with the B rather than with the similar & chain is established by
peptides BT-10a and BT-13, which have the compositions of the B peptides and
not those of the & peptides. Thus, the non-a chain of Hb Kenya results from a
fusion of parts of the 7y and B chains. This y-8 chain presumably is the product of a
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F1c. 6.—Peripheral blood smears of subject A. O., who is a heterozygote for Hb Kenya (left),
and subject N. O., who has the Hb S-Hb Kenya condition (right).

R.O. A.O. P.O.
Hb Kenya:5.7% Hb Kenya:17.6%
Hb F:<l% Hb F:5% Hb F:ll1%

40 days old infant T.A with Fanconi anemia  T.H. with SS anemia
Hb F:42% Hb F:9% Hb F: 8%

F16. 7—Red cell smears after application of the acid elution technique. The blood samples
from R. O, A. O,, and P. O. were 8 days old; that of the infant 25 days old; that of the patient
with Fanconi anemia 10 days old; and that of the sickle cell anemia patient 30 days old.
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hybrid gene that is formed by nonhomologous crossing over of the y and B genes
with deletion. The point of crossing over can be narrowed to the section that codes
for residues 81-86 inclusive (fig. 5).

Genetic Aspects

Similar hybrid chains, but between 8 and 8 chains, are found in the Lepore hemo-
globins [20-22]. Their existence has been taken as additional evidence for linkage
of the Hbs and Hbg loci: our results similarly suggest a close linkage between a Hb,
chain locus and the Hbg locus. Consequently, an arrangement of genes of the type
Hb,,.Hb;.Hbg is required to explain the occurrence of hybrid genes that produce the
6-B chains of the Lepore hemoglobins and the y-8 chain of Hb Kenya.

The 7y chain of human Hb F is known to be a mixture of very similar chains.
These differ at a minimum in position 136, which can be occupied by either a
glycyl residue or an alanyl residue [13]. The ratio between these two types of
chains, termed %y and 47y, respectively, is about 70:30 in the Hb F of the newborn
and about 40:60 in the small amount of Hb F of the normal adult. It has been
concluded that nonallelic Hb, structural genes are responsible for this chemical
heterogeneity of the 7y chain |13, 23, 24|. Accordingly, if close linkage exists as
noted above, the arrangement of genes must be either Hb(}’y.HbAv.Hbﬁ.Hbﬂ or
HbAA/.HbGW.Hbg.pr.

The Hb F from subjects with the Hb Kenya condition has ®y chains only. Conse-
quently, an intact %y locus must be present. A deletion chromosome that contains
such an intact locus will result if the arrangement of scheme I is present:

HbGW.Hb AW.Hba.Hbg - HbG,y.Hb A,—B) (scheme I)
| «deletion— |

and if the Hb‘v and Hbg loci participated in crossover with the deletion of parts of

both and of the entire Hbs locus. An alternative arrangement (scheme II) cannot
be excluded:

HbA’y.Hbg.Hbﬁ.HbG’y g II]I)A’y —B~HbG,y~ (scheme 1T )
| «deletion—>|

Recent evidence suggests that there may be four Hb, loci that have been desig-
nated

Hbay, HbGy, HbAy, and HbAy,
m 1 m 1

respectively. The G and A superscripts denote the type of y chain and the m (more)
and 1 (less) subscripts the relative amounts of 7y chain that are synthesized by these
separate genes [25]. This model with four Hb,, loci will also explain adequately the
genetic basis of Hb Kenya. If the chromosomal arrangement of the various struc-
tural loci is assumed to be

Hb Gy'HbGY'H A,'Hb Ay.Hb@.Hbﬁ,

1

m 1 m
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either of two specific deletions (schemes III and IV) yields a
Hb Gy.Hb?y.Hb Ay.Hb ﬁy.Hba.Hbﬁ - HbGy.Hb?y.Hb A5 (scheme IIT)
m m m

| e—deletion—s |
Hb I(:;y.Hb ?y.Hb ﬁ.be ?y.Hba.Hbg — Hb Iﬁy.Hb o\ g (scheme IV)
| deletion: [

chromosome that provides a genetic basis for the observations on Hb Kenya. Scheme
II with four Hb,, loci would provide other possibilities. The observations on Hb
Kenya, however, are of no value in deciding the actual number of 7y genes.

Phenotypic Expression of the Hb Kenya Condition

Because both the Lepore and Kenya hemoglobins presumably are the products of
hybrid genes that result from the deletion of genetic material, the phenotypic expres-
sion might be expected to be similar. However, a comparison of hematological and
hemoglobin data from subjects with these abnormalities shows that such is not the
case (table 4). Although the Hb Lepore and Hb Kenya heterozygotes have compa-

TABLE 4

CoMPARISON OF HEMATOLOGICAL AND HEMOGLOBIN DATA ON SUBJECTS WITH
Hb Leporey,gpington® AND WITH Hb KENYA

Hb Lepore-Hb
S-(Hb C) Hb Kenya-Hb S
Hb Lepore Trait Condition Hb Kenya Trait Condition

Red cell morphology .......... Thalassemic ~ Thalassemic Normal Normal
Abnormal Hb (%) ........... 7.3-104 10.3-10.6% 5.7 16.8-19.0
Hb Az (%) oovvmeeannnnnn. 2.1-2.8 2.61 2.3 1.7-3.3
Hb F (% Fap) ..ot 1.5-9.3 4.4-104 5.6
Hb F (% Fre) .ovvvvivnnn 5.0 6.6-11.0
Hb A ... L. Absent . Absent
Distribution of Hb F in RBC .. Unequal e Equal Equal
No. glycyl residues in yCB-3 .. 0.27-0.51§ 1.05 1.04

* Data are mainly from family A described in [26]; the methodology in that study is similar to that used in

the analyses described here.
f Two patients with Hb Lepore-Hb C condition.
1 One patient with Hb Lepore-Hb S condition.
§ From [17].

rable amounts of the hemoglobin variant, of Hb F, and of Hb A,, the Hb Lepore
heterozygote has the erythrocyte morphology of B thalassemia whereas the Hb
Kenya heterozygote lacks these morphologic changes. Furthermore, the distribution
of Hb F which is distinctly unequal in red cells of Hb Lepore heterozygotes is
nearly equal in the cells of the Hb Kenya heterozygote. The same situations obtain
when a Hbﬂs (or Hb ﬁc) locus is in trans to the Hb Lepore or Hb Kenya deter-
minant. In addition, in these double heterozygotes Hb A is absent, and the level of
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Hb A; is lower than that in subjects with Hb S trait or sickle cell anemia [16, 17].
The Hbﬁs gene in trans to the Hb Lepore determinant does not significantly influ-
ence the level of the Hb Lepore: in striking contrast, the Hb s gene in trans to the
Hb Kenya determinant leads to about a threefold increase in the level of Hb Kenya.
When the Hb S-Hb Kenya combination is present, the level of Hb F is approx-
imately double that in the Hb Kenya heterozygote. The clinical course, the normal
red cell morphology, the proportions of the hemoglobin components, and the equal
distribution of Hb F within the erythrocytes exclude the possibility that the Hb
Kenya anomaly is related to a  thalassemia condition. On the contrary, the Hb
Kenya heterozygote must be considered a special type of HPFH.

The difference in phenotypic expression of the Lepore and Kenya anomalies is one
of the more fascinating aspects of the present study. It is not easy to determine why
the presence of a 8-8 gene produces a -thalassemia-like condition and the presence
of a y-B gene produces an HPFH-like state. The answer possibly lies in controlling
factors responsible to greater or lesser degree for switching from the production of
v chains to that of 8 and & chains. One can assume a factor Y and place it between
the HbA,y and Hb; loci; thus, HbGV.HbAy.Y.Hba. Hbg (for simplicity, two instead
of four v loci are indicated). The Lepore deletion, to produce the Hbs g locus, leaves
factor Y untouched and active. The Kenya deletion, to produce the Hb,.g locus,
deletes factor Y and causes inactivity. It should be realized that factor Y is active
or ihactive only in cis. This conclusion derives from the fact that Hb F, not only in
the heterozygote but also in the Hb S-Hb Kenya state where its quantity is
doubled, has ¢y chains alone. The deletion (and hence, inactivity) of this factor
permits production from the Hbg_gene in cis to the deletion. If its inactivity were
effective also in trans where the chromosome is normal (or has a Hb 58 gene), both
Gy and Ay chains would be apparent in the Hb F because of production from Hbgly
and Hb A, genes in trans.* The activity of factor Y in cis also follows from informa-
tion from the HPFH condition [23, 27]. In Lepore heterozygotes, the situation is
different; the Hb F of these individuals has Sy and 4y chains in a ratio that is
found in Hb F of the normal adult and of many B thalassemia heterozygotes [28].
Whether the Hb F in these individuals derives from cis, frans, or both, to the de-
terminant cannot be decided, because both types of y chains are produced. The level
of Hb F in heterozygotes for Hb Lepore or 8 thalassemia often is normal or only
moderately elevated.

Genetic Basis for HPFH

Chemical analysis of Hb F in HPFH has led to grouping into three basic types
of HPFH: the Hva’ the HbAv, and the HbAvaGV classes, in which, respec-
tively, Gy chains, 4y chains, or a mixture of both are produced [23, 27]. As a direct
consequence of these data, it has been concluded that the genetic basis for HPFH
may reascnably be deleted genes and that various specific deletions of ¢y, 4y, 8, and

* Traces of Ay chain from Hb A, genes in trans would be expected but undetectable within the

precision of the method. Obvmusly, production in trans from this gene is not increased.



562 KENDALL ET AL.

B genes account for the classes of HPFH. The observations that we have been
discussing support this hypothesis, because the nature of Hb Kenya requires the
deletion of parts of Hb, and Hbg loci, of a Hbs locus, and perhaps of one or more
additional Hb,, loci. In other types of HPFH, the deletion of entire loci for a specific
hemoglobin chain makes far less obvious the recognition of the genetic defect.

SUMMARY

The non-a chain of Hb Kenya is considered to be the product of a hybrid gene
from nonhomologous crossing over of 7y and B loci with deletion. The N-terminal
part derives from the y gene and the C-terminal part from the 8 gene. Further
chemical investigation has localized this crossing over between residues 81 and 86.

Examination of immediate relatives of the propositus has shown the presence of
not only Hb Kenya but also Hb S and Hb A’ in addition to Hb A, Hb A., and
Hb F in a variety of combinations.

The data permit the several genes to be arranged in the order HbGV.HbAW.Hba.
Hbg.

Although the deletion of genetic material that results in the hemoglobins Lepore
with their 8-8 chain produces symptoms of B-thalassemia trait, the deletion that
produces Hb Kenya leads to the characteristics of the hereditary persistence of
fetal hemoglobin. The genetic significance of this observation is discussed.
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