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ABSTRACT. Four recombinant mutants of human fetal hemoglobin [Hboky£)] with amino acid
substitutions at the position 43 of thechain, rHb ¢D43L), rHb (yD43E), rHb ¢D43W), and rHb
(yD43R), have been expressed in d&scherichia coliexpression system and used to investigate their
inhibitory effect on the polymerization of deoxygenated sickle cell hemoglobin (Hb S). Oxygen-binding
studies show that rHbyD43E), rHb ¢D43W), and rHb yD43R) exhibit higher oxygen affinity than
human normal adult hemoglobin (Hb A), Hb F, or rHpD43L), and all four rHbs are cooperative in
binding G. Proton nuclear magnetic resonance (NMR) studies of these four rHbs indicate that the quaternary
and tertiary structures around the heme pockets are similar to those of Hb F in both deoxy (T) and liganded
(R) states. Solution light-scattering experiments indicate that these mutants remain mostly tetrameric in
the liganded (R) state. In equimolar mixtures of Hb S and each of the four rHb mug@#8I(, yD43E,

yD43R, andyD43W), the solubility (Csat) of each of the pairs of Hbs is higher than that of a similar
mixture of Hb S and Hb A, as measured by dextran-Csat experiments. Furthermore, the Csat values for
Hb S/rHb (#D43L), Hb S/rHb ¢D43E), and Hb S/rHbyD43R) mixtures are substantially higher than

that for Hb S/Hb F. The results suggest that these three mutants of Hb F are more effective than Hb F in
inhibiting the polymerization of deoxy-Hb S in equimolar mixtures.

Sickle cell anemia patients who have fetal hemoglobin [Hb tetramers in mixtures of Hb A and Hb S compared to
F (a2y2)]* levels exceeding 20% tend to experience milder mixtures of Hb F and Hb S. Hence, a comparison of the
clinical symptoms than other sickle cell patients with a structures of Hb A and Hb F could suggest possible sites
normal level of Hb F L, 2). It is believed that increased for mutation that may increase the tetramdimer dissocia-
levels of Hb F can reduce the polymerization of deoxy-Hb tion constant of Hb F and, in turn, yield more hybrid
S through the formation of asymmetric hybrids of Hb F with tetramers in mixtures with Hb S. Our working hypothesis is
Hb S @25%), that is,035y (3). In Hb S, the36 position is that if a mutant of Hb F, when mixed with Hb S, can produce
valine replacing a glutamic acid in a normaichain of greater amounts of these hybrids, then this mutant Hb F can
human normal adult hemoglobin [Hb Auf2)]. Hb A has exhibit greater inhibition of the polymerization of Hb S. Such
been shown to dissociate into dimers more readily than Hb a mutant Hb F could form the basis for possible gene therapy
F (4, 5, which could lead to the formation of more hybrid for sickle cell patients.

The Hb A tetramer dissociates at thgs, interface 6).
T This work is supported by a research grant from the National Thus, dimers are of the form;3; andazf,. Hb A and Hb
Institutes of Health (RO1HL-24525). F differ by 39 amino acid residues between {fie and
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s Carnegie Mellon University. at the o2 interface )6_43Glu — yAsp). These interface
# Johns Hopkins University. residues are the most likely places where a substitution could
1 Abbreviations: Hb F, human fetal hemoglobin; Hb S, sickle cell affect the dissociation properties of the Hb molecule. A

hemoglobin; Hb A, human normal adult hemoglobin; Csat, solubility; . : : .
rHb, recombinant hemoglobin; HeOoxyhemoglobin; HbCO, carbon- recombinant Hb A (rHb A), including all five of these

monoxyhemoglobin; deoxy-Hb, deoxyhemoglobin; met-Hb, methemo- Substitutions in the/-chain, was constructed and is referred
globin; Psq, partial G pressure at 50% saturatiam;ax, Hill coefficient; to as Hb A/F by Dumoulin et al.4j. Its tetramer-dimer

IPTG, isopropylS-thiogalactopyranoside; 2,3-BPG, 2,3-bisphospho- 4; it — ;
glycerate; NMR, nuclear magnetic resonance; DSS, 2-2-dimethyl-2- dissociation ConStanK(‘ 0'14#M) is between that of Hb

silapentane-5-sulfonate; HEPER;(2-hydroxyethyl)piperazing¥-2- A (Kq = 0.68uM) and Hb F ((d.= 0.01uM) in t_he Iigated.
ethane-sulfonic acid. form. TheKq value of a recombinant hemoglobin (rHb) with
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a 343Glu— yAsp mutation is 0.2kM, which accounts for Preparation of Other Hemoglobingluman normal adult
most of the tetramerdimer strength of the penta-substituted blood samples were obtained from the local blood bank, and
Hb A mutant ). Hb A that was stripped of 2,3-bisphosphoglycerate (2,3-BPG)
In this study, we have used obscherichia coliexpression was isolated and purified by established methods in our
system 9) to construct four rHb F with mutations g#3, laboratory (3). Hemolysates obtained from a blood sample

namely rHb ¢D43L), rHb (yD43E), rHb §D43W), and rHb of an SS donor were prepared according to the same
(yD43R), in the hope that these Hb F mutants could exhibit procedure as that for Hb A. They were equilibrated with 10
stronger inhibition of the polymerization when mixed with  mM phosphate/0.5 mM EDTA at pH 6.8 and 26. The

Hb S. Oxygen-binding and proton nuclear magnetic reso- samples were then passed through a Mono S column
nance (NMR) studies were then conducted to characterize(Amersham Pharmacia cation exchanger 16/10) to separate
the functional and structural changes brought about by theseHb S and Hb F from other components. Hb S samples were
substitutions in Hb F. The solubility (Csat) as measured by free of 2,3-BPG. The Hb samples were then frozen in liquid
a modified dextran-Csat methotidj was used to investigate  nitrogen and stored in the CO-liganded form-&0 °C until

the inhibitory effect of these mutations on the polymerization they were used.

of deoxy-Hb S. Oxygen-Binding Studie©xygen dissociation curves for
MATERIALS AND METHODS the Hb samples were obt'ained using a Hemox-Ana]yzer (TCS
] ) . ) Medical Products, Huntington Valley, PA) at 2€ in 0.1
Construction of Plasmid#An expression plasmid (pHE8)  \ sodium phosphate buffer and pH range 582. A
containing both- andy-globin genes in addition to the. methemoglobin (met-Hb) reductase system was utilizei (
_col| methionine aminopeptidase (MAP) gene was constructediq reduce the amount of met-Hb to less than 5% in all
in our Iabo_ratory 9)..The 1.0-kb Sma+Ns_|I fragment of samples tested. Partial pressure at 50% oxygenaBgi) (
pHES, which contains the- and y-globin genes, was  anq the Hill coefficient i) Were determined from each

inserted into plasmid pTZ18U (Bio-Rad). The resultant ¢,rve The accuracy oPs, measurements (in mmHg) is
plasmid (pTH8) was used in the mutagenesis experiments. go, \while that of Ry is +10%.

Two synthetic oligonucleotides,-ACTCAGCGTTTCT- S
TCTTAYAGTTTCG%CAACCTGTC-S and 5-CAGCGTT- IH NMR Spectroscopy bestigation.*H NMR spectra of
TCTTTGAAAGCTTCGGCAACCTGTC-3 were used as the fpur rHb F Tutants as well as Hb A and Hb F were
mutation primers to generate Asp Leu and Asp— Glu obtained at 29°C on a Bruker AVANCE DRX-300
substitutions, respectively, at residue 43 ofthglobin gene ;pectrometgr operating at 300-MHz. All Hb samploes were
on plasmid pTH8. The wild-type-globin gene of pHES was in 0.1 M sodium phqsphate buffer atg)H 7.0and l_OO/o water.
then replaced by the mutatedglobin genes in pTH8. The The Hb concentrathn was about 4% (2.5 mM n term.s of
QuikChange Site-Directed Mutagenesis Kit (Stratagene) washeme)' The water signal was suppressed t.)y using a jump-
used to make the43Asp — Trp substitution, using the and-return pulse sequencks). Proton chemical shn‘t; are
primers 5-CCCGTGGACTCAGCGTTTCTTTTGGTCCT- reft_erenced to the methyl proton resonance of 2,2-d|methyl—
TCGGCAACCTGTCTTC-3and 5-GAAGACAGGTTGC- 2-silapentane-5-sulfonate (DSS) indirectly by using the water
CGAAGGACCAAAAGAAACGCTGAGTCCACGGG-3in signal, which occurs at 4.76 ppm downfield from that of
the PCR eﬁment. The43Asp— Arg mutant was gen- DSS at 29°C, as the internal reference.
erated similarly using the primers’-ECCGTGGACT- Dextran-Csat Assaylhis assay was performed as reported
CAGCGTTTCTTTCGATCGTTCGGCAACCTGTCTTC- (100 with modifications for micro-sample handling. The
3 and 5-GAAGACAGGTTGCCGAACGATCGAAAGAAA- dextran-Csat developed by Bookchin et alO)( is a
CGCTGAGTCCACGGG-3 The mutations on the-globin convenient procedure to investigate effects of Hb S modi-
gene were confirmed by DNA sequencing. fications or mixtures with non-S Hbs on polymerization
Production and Purification of Hemoglobinghe expres- under conditions that avoid problems associated with high
sion plasmids were transformed irocoli JM109 cells and  ionic strength buffers during Csat measuremef}. (Our
grown in TB medium 11) in a Microferm fermentor (New  protocol was developed using a total working volume of 100
Brunswick Scientific, model MF20) or a Biostat fermentor uL, which is 5-7 times smaller than that reported in the
(B. Braun Biotech, Inc., model Biostat-C-20) as described original procedure, reducing the total Hb needed per mea-
previously @, 12. Cells were grown to a density of surementto about-814 mg per tube. Hb samples used were
approximately 1x 10° cells/mL. Isopropyls-thiogalacto- converted from the CO-liganded to the-{lyanded form
pyranoside (IPTG) was added to induce the expression ofusing a procedure developed in our laboratdtg)( They
the Hb and MAP genes. Hemin and glucose were addedwere then concentrated ®200 mg/mL and changed into
during the induction period. Cell growth was continued for 50 mM potassium phosphate (pH 7.5) using a Centricon
anothe 4 h after IPTG induction, then harvested by concentrator (Amicon). A stock solution of dextran (average
centrifugation and stored at80 °C. Isolation and purifica-  mass of 66 700 Da, Sigma), 320 mg/mL, was prepared in
tion of the Hbs were performed according to the established 50 mM potassium phosphate at pH 7.5 using a volumetric
protocol developed in our laborator9,(12). flask. To a 200«L PCR tube, 37.%L of the stock dextran
Edman degradation and electrospray ionization masssolution was added with a M50 Microman Pipet (Gilson,
spectrometric analyses of the four mutant rHbs were carried Inc., Middleton, WI). All other solutions were delivered with
out to assess the N-terminal processing of the proteins andgastight glass syringes. Hb S alone or 50% Hb S plus 50%
confirm the mutations on the recombinant HBs 12). The non-Hb S sample was deposited into the tube to give the
four mutant rHbs had the correct molecular weight and desired protein concentration. Buffer (50 mM potassium
contained~1% methionine at the amino terminus. phosphate, pH 7.5) was then added to yield a volume of
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95ulL. The sample was mixed thoroughly then covered with A. Oxygen Affinity

mineral oil. Finally, 5uL of a 1 M stock solution of sodium 35

dithionite (oxygen free) dissolved in 50 mM potassium 30 | o f o

phosphate (oxygen free) was delivered to the bottom of the a A

PCR tube and stirred with a gastight syringe. The presence % . ¢ ° E

of sodium dithionite ensured anaerobic condition for the 220 1 gl

hemoglobins and brought the total assay volume to 00 15 | © °s o M

After incubation for 30 min at 37C in a water bath, the w0l *° . W, o e

resulting gel under the oil layer was carefully disrupted with - ¥y o

a metal plunger, and the tubes were spun at room temperature 8 OgtA

in a tabletop microfuge (Eppendorf Model 5415) at 14 000 0 , ' ' ‘ v

rpm for 20 min. The gel disruption was repeated twice more, 55 6 65 7 75 8 85

followed by a final 30-min spin, and the supernatant without pH

the mineral oil was collected. There is a sufficient volume g il coefficient

of the soluble phase after centrifugation to permit triplicate 4

measurements of the Hb concentrations over a range of initial 35 . o

Hb concentrations from 80 to 140 mg/mL. Samples before 3] e o g E&Od g E g a

and after dextran-Csat assay were converted to cyanomet- 25 | .ﬁ o ® o 4 o

Hb using Drabkin’s solution, and the absorbance was 5 '2 | df. A °m 2

measured at 540 and 700 ndv). In handling these highly § 15

concentrated and viscous protein solutions for spectropho- :

tometric measurements, samples were prepared by weight "

dilution in an analytical balance. Each data-point reported 05 1

in this paper represents the mean of at least two parallel 0 ; ' ' ; *

experiments and three replicate measurements each. 5.5 6 6.5 7 7.5 8 8.5
Light Scattering Measurement3o determine average pH

molecular weights, Hb samples were run on a size-exclusionFicure 1: Oxygen-binding properties of Hb /@), Hb F @), rHb
chromatography (SEC) column, and multi-angle static light- (¥D43L) (»), rHb (yD43E) (), rHb (yD43W) (#), and rHb

scattering measurements of the samples were performed. H§?D43R) @) in 0.1 M sodium phosphate buffer at 2€ as a
samples were first dialyzed extensively against 50 mM

unction of pH: (A) oxygen affinity; and (B) Hill coefficient.

sodium phosphate buffer (pH 7.5) at concentrations of 5 mg/

Table 1: Bohr Effects of Hb A, Hb F, and Four Hb F Mutants in

mL. Samples (5Qi) were injected onto a TosoHaas 1 M Sodium Phosphate Buffer (pH 6-8.3) at 29°C?

G3000PWXL SEC column equilibrated in 50 mM sodium

phosphate at a flow rate of 0.5 mL/min. Following chro- hemoglobin —Alog Py/ApH" % reduction
matographic separation, multi-angle light-scattering measure- Egé %“;’% ((pﬂ %553%8 i
ments were made on an in-line MiniDAWN multi-angle fHb (yD43L) 0.41 (SH 6.50-8.33) 26.8
light-scattering detector (Wyatt Technologies, Santa Barbara rHb (yD43E) 0.39 (pH 6.588.16) 30.4
CA). Concentrations were monitored using an in-line Optilab ~ rHb (yD43W) 0.36 (pH 6.52-8.17) 35.7
rHb (yD43R) 0.37 (pH 6.828.14) 33.9

DSP differential refractive index detector (Wyatt Technolo-

gies). In addition, dynamic light scattering was measured
by taking one of the 90signals from the Minidawn and
computing the autocorrelation function in a QELS detector

a All rHb data are taken in the presence of a methemoglobin reductase

system {4). Met-Hb formation did not exceed 4.3% in any sample,
either during sample preparation or measurentefhe Bohr effect is
measured by-Alog Psy/ApH, which gives the number of Hions

(Wyatt Technologies). _\_/\/eight-a\_/eraged molecular We_ights released upon ligand binding over the pH range specifigtie
(My) and hydrated radii (determined from the translational reduction of Bohr effects of the four Hb F mutants is relative to that of

diffusion constant using the StokeEinstein equation) were

Hb F.

calculated using the ASTRA 4.0 software package (Wyatt
Technologies).

RESULTS AND DISCUSSION

Oxygen-Binding StudiedVe have constructed four re-
combinant mutants of Hb F with amino acid substitutions at
the 43 position of the/-chain, which is located at the;y,
subunit interface, namely rHyD43L), rHb (yD43E), rHb
(yD43W), and rHb {D43R). Figure 1 shows the£binding

higher oxygen affinity than Hb A, Hb F, and rHip[043L)

at all pH values below 8.0. All four rHbs are cooperative in
binding G with Hill coefficients (may ranging from 2.1 to
3.2 (Figure 1B).

The Bohr effect, an important functional property, can be

expressed as the number of hydrogen ions released upon
oxygenation and measuredAabl™ = —Alog Pso/ ApH (18).
Table 1 summarizes the number of léns released per heme

properties of Hb A, Hb F, and the four mutants of Hb F in over the pH range from 6.5 to 8.2 for Hb A, Hb F, and the

0.1 M sodium phosphate at 2€. Plots ofPs, versus pH

four Hb F mutants. All four Hb F mutants have a noticeable

(wherePs is the oxygen pressure at 50% saturation) indicate decrease in the number of Hbns released compared to Hb

no significant difference in the oxygen-binding affinity F over the specified pH range, suggesting that they possess
among Hb A, Hb F, and rHb (D43L) from pH 6.8 to 8.2 aslightly lower alkaline Bohr effect than Hb F. rHp{43L)
(Figure 1A). However, these plots suggest a possible and rHb ¢D43E) exhibit a Bohr effect only slightly less
difference in the properties of these three Hbs below pH 6.5. than that of Hb A. In spite of these differences in the oxygen-
rHb (yD43E), rHb ¢D43W), and rHb $D43R) exhibit binding properties among these mutants and wild-type Hb
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A. Exchangeable
Proton Resonances

B. RingCurrentShifted
Proton Resonances

rHb (yD43R)

rHb (YD43W)

rHb (YD43E)

rHb (yD43L)

13 12 11 10 ppnll ' 0.5 1.0 1.5 2.0 2.5 ppm

FIGURE 2: The 300-MHz'H NMR spectra of 46% solutions of Hb A, Hb F, rHb)D43L), rHb (#D43E), rHb (D43W), and rHb
(yD43R) in the CO form in 0.1 M sodium phosphate buffer at pH 7.0 and@9 (A) exchangeable proton resonances; and (B) ring-
current-shifted proton resonances.

F, our results show clearly that these mutants can functionto those of HbCO F. For rHbCOyD43W), the resonance
as oxygen carriers. at~—1.8 ppm is shifted about 0.1 ppm downfield and that

It is of interest to note that the mutant rHpO43L) has ~ at—2.0 ppm is shifted upfield by about 0.1 ppm compared
oxygen affinity close to that of Hb F. In contrast, rHb t0 those of HbCO F. The-1.8-ppm-resonance of rHbCO
(yD43E), rHb ¢D43W), and rHb ¢D43R) all possess higher ~ (¥D43R) is shifted slightly downfield, and that &2.0-ppm
oxygen aff|n|ty than that of Hb F. Moreover, the oxygen Signal is shifted S||ght|y Upﬂeld relative to those of HbCO
affinity of Hb F and of these four mutants of Hb F is F. These results indicate that, upon mutatjt8Asp, the
increased in accordance with the size of the substituted aminoheme pocket of the-chain is more perturbed than that of
acid residue: Asp< Leu < Glu < Arg < Trp. In Hb F and the a-chain, as expected, but the changes are minimal.
rHb (yD43L), the presence ¢f43Asp ory43Leu at thewyy The resonances in the downfield portion of #ifeNMR
subunit interface permits maximal oxygen release, but the spectrum of HbCO arise from the exchangeable protons in
replacement of Asp by43Glu, y43Trp, andy43Arg may  the subunit interfacesl@). The resonances at12.8 ppm
introduce some conformational rearrangements around theand~12.0 ppm have been assigned to the H-bonds between
heme pocket as suggested from the ring-current-shifted o 122His ang335Tyr anda103His ang3131GlIn in theay;
proton resonances (see below) resulting in perturbation of subunit interface32, 23, respectively. On the basis of the
O2 binding. similarity of the crystal structures of Hb A and Hb £4j,

IH NMR Studies of rHb F Sample$he exchangeable we can assume that the H-bond pattern indf& anday:
proton resonances and ring-current-shifted proton resonance#terfaces should be very similar as shown in Figure 2A.
of Hb A, Hb F, and the four mutants of rHb F in the CO These two resonances of rHbC@D43L) are essentially
form are shown in Figure 2. The ring-current-shifted proton identical to those of Hb F, indicating no significant perturba-
resonances are an excellent indication of the tertiary structuretions around the.y; interface of this mutant. The resonance
of the heme pocketl®). The resonances at—1.75 and for the H-bond betweem122His andy35Tyr of rHbCO
~—1.85 ppm have been assigned to teCH; of the (yD43E) is shifted downfield by about 0.1 ppm relative to
El1Val of thea-chain ang3-chain of HbCO A, respectively  that of HbCO F, but the resonance at 12.0 ppm of rHbCO
(20, 2. Since thea-chain of Hb F is the same as that of (yD43E) remains the same as that of HbCO F. For rHbCO
Hb A, we can assume that the resonance-a2.0 ppm is (yD43W), the resonance at 12.8 ppm is shifted about 0.1
due to they,-CHjs of the E11Val of they-chain of HbCO F. ppm upfield and that at 12.0 ppm is shifted downfield by
These two resonances of rHbC@D43L) are essentially  about 0.1 ppm compared to those of HbCO F. The 12.8-
identical to those of HbCO F. The—1.8-ppm resonance ppm resonance of rHbC@D43R) is shifted slightly upfield,
of rHbCO (yD43E) is shifted slightly upfield, and that at and that at the 12.0-ppm signal is shifted downfield by about
—2.0-ppm peak is shifted about 0.1 ppm upfield compared 0.1 ppm relative to those of HbCO F.
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A. Hyperfineshifted NH B. HyperfineShifted and
Resonances of Proximal Histidines Exchangeable Proton Resonances

S AAN.
> AN

85 80 75 70 65 60 55 ppm 24 23 22 21 20 19 18 17 16 15 14 ppm
FiGUrRE 3: The 300-MHz'H NMR spectra of 46% solutions of Hb A, Hb F, rHb)D43L), rHb (#D43E), rHb (D43W), and rHb

(yD43R) in the deoxy form in 0.1 M sodium phosphate buffer at pH 7.0 an829(A) hyperfine-shifted lH resonances of proximal
histidines; and (B) hyperfine-shifted and exchangeable proton resonances.

Figure 3 shows the hyperfine-shifted resonances and Dextran-Csat Measurementd/e have shown previously
exchangeable proton resonances of the four mutants in thewith delay-time gelation and Csat measurements that Hb S
deoxy form. The resonance at 63 ppm has been assigned tovith amino acid substitutions @114 and387 can inhibit
the hyperfine-shifted NH-exchangeable proton of the proxi- the formation of the Hb S polymeg8). In this study, we
mal histidine residuex87His of thea-chain of deoxy-Hb used a modified version of the method of Bookchin et al.
A, and the peak at 74 ppm has been assigned to the(10) to measure the solubilities of Hb S and of equimolar
corresponding392His of theS-chain of deoxy-Hb A 25, mixtures of Hb S and either Hb A, Hb F, or each of the four
26). As shown in Figure 3A, the resonance at 63 ppm is the mutants of Hb F. This method provides a convenient way
same in both deoxy-Hb A and deoxy-Hb F as expected. Theto screen the effects of amino acid substitutions on the
hyperfine-shifted NH-exchangeable proton resonance of thepolymerization of Hb S under conditions that avoid problems
proximal histidine of they-chain of deoxy-Hb F is shifted  associated with high ionic strength buffed0). With our
upfield by 1 ppm compared to that of tigechain of deoxy- modified protocol, a Csat value can be obtained with less
Hb A, reflecting a slight difference in the heme environment than 50 mg of proteins for each trial. However, it should be
between thg- andy-chains @4, 27. These two resonances noted that there are limitations in using the dextran-Csat
of rHb (yD43E), rHb ¢D43W), and rHb {D43R) are method; that is, it is not under physiological conditions.
indistinguishable from those of Hb F, suggesting that no  The dextran-Csat results are shown in Figure 4 and listed
perturbation has been introduced into the heme pocket atin Table 2. A greater increase in dextran-Csat occurs upon
the proximal histidyl residues by the mutation. However, mixing equimolar quantities of Hb S with Hb F than with
these two resonances of rHpd43L) are shifted upfield by ~ Hb A. Our data for Hb S alone, 50%Hb S/50%Hb A, and
1 ppm relative to those of Hb F, indicating a slight difference 50%Hb S/50%Hb F are similar to the published resul),(
in the conformation between the proximal histidines and indicating that our procedures and data are reliable. However,
heme group of the mutant compared to that of Hb F. The within the range of 86140 mg/mL, we have observed a
resonances in the spectral region from 13 to 24 ppm arisegradual increase in Csat values for all samples tested. The
from the hyperfine-shifted resonances of the porphyrin ring dextran-Csat value of an equimolar mixture of Hb S with
and the amino acid residues located in proximity to the hemerHb (yD43W) is similar to that of Hb S/Hb F. The Csat
pockets as well as the exchangeable proton resonancesalues obtained for Hb S/rHiyD43L), Hb S/rHb {D43E),
(Figure 3B) (9). There are no noticeable differences in the and Hb S/rHb YD43R) are similar at either 80 or 100 mg/
resonances from 13 to 24 ppm between deoxy-Hb F and themL initial Hb concentration and significantly higher than
four mutants in the deoxy form. that for Hb S/Hb F (Table 2). At higher initial protein

Taking all these data together, we can conclude that, concentrations (120 and 140 mg/mL), Hb S/rHD43E)
whether the negatively charged3Asp of Hb F is exchanged  and Hb S/rHb yD43R) have higher Csat values than that of
for a neutral, negative, or positive residue, the overall Hb S/rHb F ¢D43L). Even thoughyD43 of Hb F is located
structures of these mutants are similar to those of Hb F in at theayy, interface, it is also solvent-accessible. Whether
both deoxy (T) and liganded (R) states. the charged guanidino or glutamyl side chain has better
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Table 2: Dextran-Csat Values of Equimolar Mixtures of Hb S and Non-S Hbs in 50 mM Potassium Phosphate Buffer at pH 7.85Cand 37
dextran-Csat (mg/mL)

initial [Hb] Hb S/Hb Hb S/Hb Hb S/Hb Hb S/Hb

(mg/mL) Hb S Hb S/Hb A Hb S/Hb F (yD43L) (yD43E) (yD43W) (yD43R)
80 23.7+0.9 55.54 0.3 69.9+ 1.8 77.6+0.7 77.0+ 1.7 75.6+ 1.9 77.0+£2.2
100 21.0+ 0.6 58.3+ 0.3 78.6+ 1.9 84.0+ 1.2 86.7+ 0.9 81.1+ 16 85.5+ 1.3
120 22.4+ 1.8 63.0+ 1.0 87.3+ 2.8 92.74+ 3.0 95.84 0.3 86.0+ 2.0 95.14+ 0.1
140 29.5+ 1.0 66.9+ 0.2 93.0+ 3.0 97.0+ 1.3 104.3+ 0.1 90.7+ 1.8 102.2+ 0.3

a Each value represents the mean of triplicate measurements from at least two different sample preparations.

120

Table 3: Molecular Weight and Radius of Gyration of Hemoglobins
in the CO Form in 50 mM Sodium Phosphate Buffer Determined by
Light Scattering

hemoglobin My x 10* (g/mol) Ry (nm)

. Hb A 6.840.3 2.940.1
Hb S 6.3+ 0.2 2.9+0.2
Hb F 6.4+ 0.3 3.0£0.1
rHb (yD43L) 6.3+ 0.2 3.1+ 0.1
rHb (yD43E) 6.4+ 0.2 3.0£0.1
rHb (yD43W) 6.3+ 0.3 2.9+ 0.1
rHb (yD43R) 6.8+ 0.5 3.0£0.1

§ a Each value represents an average of multiple independent runs.

100

80

. y43 mutants have approximately the same radius of gyration
] (~3.0 nm). In accordance with the calculated molecular
60 - weights, these macromolecules exist in tetrameric form.
. Dumoulin et al. 4, 5) have suggested that Hb A dissociates
more readily into dimers than Hb F. It remains possible that
the mutations studied here increase tetramer dissociation, but
at the concentrations used for light-scattering measurements
(~150 uM total dimer at loading), mass action strongly
favors the formation of the tetramers. Hence, we picked up
i only the tetrameric form of the macromolecules in the light-
scattering measurements and cannot resolve the modest
i . I changes in equilibrium dissociation between Hb A and the
2 Hb F mutants.

The results presented in this paper as well as those reported
in the literature have raised a number of interesting questions
regarding the factors that affect the hybrid formation between
‘ ‘ ‘ . . ‘ ‘ Hb S and non-S Hbs and the sparing effect of Hb F on the
70 80 % 100 110 120 130 140 150 inhibition of polymerization of Hb S. Early work indicated

Initial Hb Concentration (mg/ml) that a d?stribut_ion very_close to binominal was observed for
Ficure 4: Effect of varying initial total Hb concentrations on the Hb S mixed with Hb £ in the oxy form as reporteq by Bunn
dextran-Csat values of deoxy Hb S alone) @nd of equimolar and MCDOHOUQ.th)' Eat'on and Hofrlchter(XO) carried out .
mixtures of deoxygenated Hb S and Hb ®)( Hb S and Hb F @ thermodynamic analysis of the polymerization of Hb S with

Csat (mg/ml)

40

(), Hb S and rHb %¥D43L) (a), Hb S and rHb ¥D43E) (), Hb F based on a binominal distribution with an assumption
Hb S and rHb {D43W) (#), and Hb S and rHbyD43R) @) at that theKy value for Hb S and Hb F was the same. As
37°C. mentioned earlier, Dumoulin et al4) reported that the

interaction with solvents and facilitates protein solubilization tetramer-dimer dissociation constant for Hb F is about 70
remains to be investigated. The Csat values that we havetimes less than that of Hb A in the ligated form. Using a
obtained for the rHb F mutants show a dependence on thesubzero isoelectric focusing technique, we found that the
initial protein concentration (Figure 4). The initial rHb percentages of the hybrid form in the CO form between Hb
concentrations used in the Csat experiments are significantlyA and Hb S, Hb S and Hb Aand Hb F and Hb S are 47.8,
lower than the physiological concentration of Hb inside a 49.4, and 44.5, respectivel$]). These results indicate that
red blood cell. The reason for the observed dependence ofthe hybrid formation between Hb S and Hb F in the ligated
Csat on the total Hb concentration is not clear, but may be form does not follow a binominal distribution, consistent with
due to the “crowding” effect of dextran on the solution the smallerKq value for Hb F compared to that for Hb A.
mixture. The oxygen affinity of red cells from the fetus and the
Light-Scattering Studie§.he quaternary structures of the newborn has been known to be higher than that of adult red
wild-type hemoglobins and the Hb F mutants were assessedlood cells 7). However, the @ affinity for Hb F in the
with light scattering. The results are summarized in Table 3 absence of 2,3-BPG is very comparable to that of HIY A (
and show clearly that Hb A, Hb S, Hb F, and the four Hb F 31—33). It appears that the sparing effect of Hb F on the
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polymerization of Hb S inside red blood cells could be
affected by a number of factors, for example, the extent and
nature of hybridization of Hb F with Hb S, 2,3-BPG, degrees
of oxygenation of Hb A, Hb S, and Hb F, and so forth.
Hence, additional studies are clearly needed to elucidate the
factors that affect the hybrid formation and the sparing effect
of Hb F on the polymerization of Hb S.

In conclusion, it is known that when two hemoglobins
(such as Hb SHb A or Hb S-Hb F) are mixed in the oxy
state, the tetramers are in fairly rapid dissociation equilibrium
with dimers, which reassociate randomly to form hybrid
tetramers (Hb AS or Hb FSYYJ. Kinetic and thermodynamic
studies of the polymerization of cross-linked Hb AS hybrid
hemoglobin suggested that Hb AS polymerized similarly or
identically to Hb S 84). Thus, Hb A does not inhibit the
polymerization of Hb S through the formation of Hb AS
but can prevent the aggregation of Hb AS by acting as an
inert component which simply dilutes the Hb S molecules.
In contrast, kinetic and thermodynamic studies of cross-
linked Hb FS hybrid hemoglobin have shown that Hb FS
does not polymerize3b). The effect of cross-linked Hb FS
on the aggregation of Hb S has shown that Hb FS could
inhibit the polymerization of deoxy-Hb S, but to a lesser
extent than does Hb F. These results thus explain the stronger
inhibitory effect of Hb F on the polymerization of deoxy-
Hb S than that shown by Hb A. We report here three Hb F
mutants that have an even stronger inhibitory effect on the
polymerization of deoxy-Hb S than that of the wild-type Hb
F. The mechanism of this inhibition needs to be further
investigated.

[y
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