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ABSTRACT. This study examines the structural and functional effects of amino acid substitutions in the
distal side of both the- andf-chain heme pockets of human normal adult hemoglobin (Hb A). Using
our Escherichia coliexpression system, we have constructed four recombinant hemoglobinscL 29,
rHb(aL29W), rHb(3L28F), and rHbfL28W). Thea29 andf328 residues are located in the B10 helix of

the o- and s-chains of Hb A, respectively. The B10 helix is significant because of its proximity to the
ligand-binding site. Previous work showed the ability of the L29F mutation to inhibit oxidation. rHb-
(aL29W), rHb(5L28F), and rHbFL28W) exhibit very low oxygen affinity and reduced cooperativity
compared to those of Hb A, while the previously studied ©d#f9F) exhibits high oxygen affinity.

Proton nuclear magnetic resonance spectroscopy indicates that these mutations in the B10 helix do not
significantly perturb thex;51 anday, subunit interfaces, while as expected, the tertiary structures near
the heme pockets are affected. Experiments in which visible spectrophotometry was utilized reveal that
rHb(oL29F) has equivalent or slower rates of autoxidation and azide-induced oxidation than does Hb A,
while rHb(@L29W), rHb(5L28F), and rHbgL28W) have increased rates. Bimolecular rate constants for
NO-induced oxidation have been determined using a stopped-flow apparatus. These findings indicate
that amino acid residues in the B10 helix of theandS-chains can play different roles in regulating the
functional properties and stability of the hemoglobin molecule. These results may provide new insights
for designing a new generation of hemoglobin-based oxygen carriers.

Human adult hemoglobin (Hb Agonsists of twax-chains applications as a hemoglobin-based oxygen carrier (HBOC)
with 141 amino acid residues each and {«chains with or in Hb therapeutics in a blood substitute system. Our
146 amino acid residues each that form a tetrameric proteinlaboratory has designed rHbs that exhibit low oxygen affinity
molecule (). To investigate the structural and functional and high cooperativity, properties of interest for a HBOC
properties of Hb, our laboratory has developed=acheri- (4-9).
chia coli expression system to produce authentic Hb A and Hemoglobin in its natural cellular environment is exposed
recombinant hemoglobins (rHbs) in good yiel@sJ). Since to allosteric effectors such as 2,3-bisphosphoglycerate (2,3-
the supply of donated blood is limited, recombinant hemo- BPG) that decrease oxygen affinity)( Under extracellular
globin research is important for development and possible conditions, as in an HBOC, Hb would need to have low
oxygen affinity and high cooperativity without the aid of
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A. Distal Heme Pocket of o-chain B. Distal Heme Pocket of B-chain
a29Leu B28Leu
a58His a62Val p 63His p67Val

Ficure 1: lllustration of the location of the B10 mutation target site29Leu ands28Leu) relative to the heme pockets of thechain
(A) and -chain (B) of HbCO A, prepared using MOLMOI57). Coordinates of HbCO A (R2) were obtained from Protein Data Bank
entry 1BBB.

affinity was maintained as previously reporteg+-@). The MATERIALS AND METHODS
rate of azide-induced oxidation, a reaction in which oxidation

is promoted by anionic azide, is lower for rHB(29F) than Expression of rHbsThe E. coli Hb expression plasmid,
for Hb A (7, 8). pHE2, was designed in our laboratory as previously described

NO scavenging has been reported to be directly related toPY Shen et aI_.Z{). Plasmids pHE284, pHE285, pHE286, and
the hypertension resulting from the use of extracellular PHE287, which expressed the distal heme poci&dLeu
HBOCs (L6). This study additionally concluded that the NO- —~ Phe.29Leu—Trp, f28Leu— Phe, angf28Leu~- Trp
induced oxidation rates were related to the degree of Mutations, respectively, were derived from pHE2 with the
hypertension, suggesting that Hbs with lower rates of NO- QuickChange site-directed mutagenesis kit (Stratagene) and
induced oxidation may reduce the hypertension effect. SinceWith appropriate oligonucleotides containing the expected
the major cause of NO scavenging is the NO dioxygenation mutated codons. Previous work by our Iaboratory has detailed
by MbO, and HbQ, finding rHbs with low NO reactivity the construction of pHE284 for the expression of rHb-
was also supported by Dou et al7j. Therefore, studying (O‘LZQF)_ ®). ) -
the NO-induced oxidation properties of distal heme pocket ~Materials Hb A was isolated and purified from human

rHbs is critical due to the previous findings involving these Normal blood samples obtained from the local blood bank
mutations in Mb and Hb. using the standard procedures in our laborat@)y Chemi-

To further examine the structural and functional pro- C€als and restriction enzymes were purchased from Fisher,
perties of rHbs with mutations in the distal heme pockets Sigma, Bio-Rad, Boehringer Mannheim, New England
of the a- and -chains, rHb&L29W), rHb(3L28F), and Biolabs, Pharmacia, Promega, and United States Biochemical
rHb(BL28W) have been constructed in our laboratory in Corp., Inc.
addition to the previously studied rHlI(29F) (7, 8). Figure Culture Growth Plasmids pHE284, pHE285, pHE286, and
1 shows the proximity of the29 (B10) ang328 (B10) amino pPHE287 were each transformed separately Etooli strain
acid residues of Hb A to the distal heme pockets of both JM109. Growth ofE. coli cells was in rich, Terrific Broth
the a- and -chains, the area of ligand binding. One can (TB) media h a 5 LMicroferm fermentor (New Brunswick
also see how substitutions of large amino acids such asScientific, model BioFlo 3000) at 32C until the optical
Phe or Trp for Leu in these positions could affect ligand density reached-10 at 600 nm. More recently, growth was
binding in the heme pocket. Our laboratory has selectedin a 20 L fermentor (B. Braun Biotech International, model
rHb(aL29F), rHb@L29W), rHb(3L28F), and rHbgL28W) Biostat C) following the same procedure. Isoprofiythioga-
to test the oxygen affinity, cooperativity, and structural lactopyranoside was then added at a concentration of 24
properties of distal heme pocket mutations in the B10 mg/L to induce the expression of the rHbs. After the addition
helix that could have some effect on autoxidation, azide- of hemin (25 mg/L), growth continued for at least four
induced oxidation, and NO-induced oxidation rates relative additional 4 h. Harvesting was accomplished through cen-
to Hb A. This paper investigates the similarities and trifugation. Cell paste was stored a80 °C until it was
differences among these four rHbs with amino acid sub- needed.
stitutions in the distal heme pocket, between the same Purification. Cell paste was suspended in 3 mL of lysis
mutations on thex-chain versug-chain, and between the buffer [40 mM Tris (pH 8.6) and 1 mM benzamidine
substitution of Phe versus Trp in the B10 position of the (protease inhibitor)] per gram of cell paste. Unless otherwise
and-chains. stated, the sample was always in a CO environment and
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temporarily stored or centrifuged at€@. For all rHbs, cells absorbances and their millimolar extinction coefficients as
were lysed using a high-pressure homogenizer (Avestin, previously describedd( 19—21). The millimolar extinction
EmulsiFlex-C5). After centrifugation for 2.5 h at 12 000 rpm  coefficients were as followsesgo = 36.5 MM cm™, €577
in a Beckman JA-14 rotor, the supernatant was kept in the = 66 mM cm™, andegzp = 1.0 MM cm™* for oxy-Hb,
30 °C incubator overnight. Polyethyleneimine was added to esgo = 16.2 mM™ cm, €577 = 16.2 mM cm%, andegzo
a concentration of 0.5%. The sample was centrifuged at 8000= 16 mM~* cm™? for Met-Hb, andesgo = 36.5 mM*cm™,
rpm for 30 min to pellet the precipitated nucleic acids. The es;7 = 28.6 mM™* cm™, andegz0 = 3.9 mMt cmt for
sample was put through a Millipore Minitan Acrylic Ultra- hemichrome. Using those extinction coefficier{go = 36.5-
filtration system and was then dialyzed against a buffer [oxy-Hb] + 16.2[met-Hb]+ 36.5[hemichrome]As;7; = 66-
solution containing 20 mM Tris-HCI (pH 8.5) and 0.5 mM  [oxy-Hb] + 16.2[met-Hb]+ 28.6[hemichrome], anflezo =
EDTA overnight with one exchange. The rHb was collected 1.0[oxy-Hb] + 16[met-Hb] + 3.9[hemichrome]. These
after use of a Q-Sepharose Fast-Flow column, then oxidizedequations were rearranged to give [oxy-Hb}-19.9s60 +
with KzFe(CN}, reduced to the deoxy form with sodium 26.3As7; — 6.45A¢30, [Met-Hb] = —11.4As60 + 5.3As77 +
dithionite, and converted into the CO form as detailed by 68.8%s30, and [oxy-Hb]= 51.9Ass0 — 28.4As577 — 24.1As30
Shen et al. Z, 3). The rHb was purified further via fast for determining the concentration of each Hb species. The
protein liquid chromatography (FPLC) using a Mono S logarithm (base 10) of percent oxy-Hb was plotted as a
column. function of time, and exhibited linearity. Using linear
Characterization of rHbsTo confirm that the correct  regression, the slope corresponded to the first-order rate
mutations and efficient cleavage of the N-terminal methion- constant of autoxidation for the initial rate.
ine were obtained in the purified rHbs, mass spectrometry  Azide-Induced Oxidation of rHb€Experiments for the
and Edman degradation were performed on the proteins asazide-induced oxidation were modified from those previously
described by Shen et alR)( The VG Quattro-Bio-Q mass  described 8§, 22, 23). As with autoxidation, rHb was
spectrometer (Fisons Instruments, VG Biotech, Altrincham, converted from rHbCO to rHbOA 3 mL cuvette contained
U.K.) was used for electrospray ionization mass spectro- 60 uM oxy-Hb in a 0.1 M sodium phosphate and 1.0 mM
metric analyses. Automated cycles of Edman degradationEDTA buffer (pH 7.0) and was kept at 2&. Immediately
were accomplished with an Applied Biosystems gas/liquid- before the absorbances were recorded, sodium azide was
phase sequencer (model 470/900A) equipped with an on-added at a concentration of 0.1 M. The absorbances were
line phenylthiohydantoin amino acid analyzer (model 120A). measured at 577 and 630 nm every 15 min for the first 7 h.
All of the rHbs examined in this study had the correct The millimolar extinction coefficients as follows: wetg;7
molecular weights and less than 5% N-terminal methionine. = 66 mM™ cm ! and egzo = 1.0 mM™* cm™ for oxy-Hb
Oxygen Binding PropertiesA Hemox Analyzer (TCS  andes;z = 33.48 mM* cm ™! andegzo = 7.9 mMt cm™?®
Medical Products, Huntington Valley, PA) was used to for azidomet-Hb 8, 23, 24). From these extinction coef-
measure oxygen dissociation curves. As previously describedficients, As7z = 66[oxy-Hb] + 33.48[azidomet-Hb] anflszo
the experiments were run at 2€ as a function of pH in = 1.0[oxy-Hb] + 7.9[azidomet-Hb]. The concentrations of
0.1 M sodium phosphate buffer and 0.1 mM hemoglobin oxy-Hb and azidomet-Hb were then determined from the
(in terms of heme)4, 3). The addition of a methemoglobin  following equations: [oxy-Hb]= 16.2As77 — 68As30 and
(met-Hb) reductase system was designed to slow the forma-[azidomet-Hb]= —2.05As77 + 135As30. The log of percent
tion of met-Hb (L8). Using a nonlinear least-squares proce- oxy-Hb was plotted as a function of time to show the linearity
dure, results were calculated by fitting the Adair equations of the initial rate as expected for first-order kinetics. The
to each equilibrium oxygen binding curve. Oxygen affinity initial rate was found from the slope of the line as derived
was determined byso values taken at 50% Gsaturation. by linear regression.
Hill coefficients, nso, were calculated from the slope of the NO-Induced Oxidation MeasuremernO-induced oxida-
Hill plot at 50% saturation as a measure of cooperativity. tion was assessed on an Olis stopped-flow apparatus (Olis,
The Pso values (in millimeters of Hg) are given with an Bogart, GA) with a dead time of at least 3 ms as described
accuracy of+5%. The ns, values are reported with an by Tsai et al. 7). Rapid mixing reactions took place at 20
accuracy oftt10%. °C, the temperature maintained by a circulating water bath.
Autoxidation of rHbs Autoxidation experiments mostly  To ensure anaerobic conditions, the day before experiments
followed those used by Jeong et &) (hat were modified were carried out, the chambers of the stopped-flow apparatus
from those of Carver et al1@). rHbs in the CO form were  were loaded with a 10 mg/10 mL dithionite solution of
converted to rHb@by passing @gas through a rotary flask  degassed 0.1 M sodium phosphate buffer at pH 8.5. The
containing the rHbCO solution, under lamp light and in an water that was circulating through the stopped-flow apparatus
ice bath, for~1 h. To make certain that there was complete for temperature control was saturated with argon gas
conversion to rHb@) the optical spectrum was checket] ( overnight. On the day of the experiment, the dithionite buffer
3). The autoxidation reaction took place & 3 mLcuvette solution was thoroughly flushed out of the sample chambers
containing 0.1 M sodium phosphate buffer with 1.0 mM with argon-gassed 0.1 M sodium phosphate buffer at pH 7.0.
EDTA at pH 7.0 and 28C. The temperature was maintained No buffer solutions used in the experiments contained
with a Single Cell Peltier (Varian) device. The concentration dithionite. Argon gas continually ran through the water bath
of rHbO; in terms of heme was 60M (an optical density during this time and during experiments. The absorbance was
of ~1.0 at 577 nm). The Cary 50 UWisible spectropho-  measured at 402 nm to detect the formation of methemo-
tometer (Varian) recorded the absorbances at 560, 577, andjlobin (met-Hb) as a result of mixing oxy-Hb with anaerobic
630 nm every 15 min for 7 h. Concentrations of oxy-Hb, NO solutions. The protein concentration was kept agdM
met-Hb, and hemichrome were determined from these heme before mixing to have a pseudo-first-order approxima-
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tion. The NO concentrations that were selected were less 100 -
than 5uM after mixing due to the very fast rate of the
reaction. Otherwise, the reaction would go to completion
before the dead time for the apparatus. Observed rates are
based on the average of 204 reactions to improve the
signal-to-noise ratio. As previously reported, the bimolecular
rate constant was in the range of-30uM~* s for Hb A
depending on the nature of the buffer and temperatide (

15, 25). Multiple NO concentrations were used to calculate
the bimolecular rate constant. Through an iterative nonlinear
least-squares algorithm, the traces were fitted to a single-
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exponential expression to determine the observed rate. The
bimolecular rate constants were determined to be the PO, (mm He)
observed rate divided by the concentration of NQx o = 100
kopd[NO]). X 4 X

Structural Studies withAH NMR Spectroscopy.o detect 80 A
changes in the tertiary or quaternary structure of the rHbs, _ A X °
IH NMR spectra were recorded on a Bruker Avance DRX- & 60 | N °
300 NMR spectrometer. Samples consisted of aqueous g
solutions of hemoglobin at a concentration of 5% (3.1 mM 7 4 | &
in terms of heme) in 0.1 M sodium phosphate buffer at pH = N )
7.0 in 95% water and 5% deuterium oxide;(@) and were 0| ® ¢ * e . % °
assessed at 2%C. A jump-and-return pulse sequence was o o o * . XA x
used to suppress the water sign26)( *H chemical shifts ol . O ¢ o e
were indirectly referenced to the methyl proton resonance 55 610 6.5 270 75 8.0 85
of the sodium salt of 2,2-dimethyl-2-silapentane-5-sulfonate pH
(DSS) through use of the internal reference of the water
signal at 4.76 ppm downfield of DSS at 2@. 4.0
35
RESULTS 30 0 s e e e e x":'x .
X
Oxygen Binding Propertiegzigure 2 shows the oxygen 21 o PO ° X A a

binding properties of Hb A and four rHbs, rRid(29F), rHb- =20 & x 3 o 4
(aL29W), rHb(BL28W), and rHb(L28F), compared to the L5 ° ° o
properties of Hb A in 0.1 M sodium phosphate buffer as a 1.0
function of pH at 29°C. Figure 2A shows the percent 05 O 05
saturation of Hb A and the four rHbs as a function of partial 0.0
pressure of @in 0.1 M sodium phosphate at pH 7.4 and 29 55 6.0 6.5 7.0 75 8.0 85
°C, illustrating the differences among the four rHbs and Hb pH

A_- Panels B an(_j C of Figure 2 and Table 1 show the oxygen Figure 2: Oxygen binding properties of Hb A and rHbs in 0.1 M
binding properties of of the four rHbs as compared to those sodium phosphate buffer as a function of pH af29 (A) Percent
of Hb A. The oxygen affinity results in panels A and B of of O; saturation as a function of the partial pressure pfaOpH

; f 7.4, (B) oxygen affinity as a function of pH, and (C) Hill coefficient
Figure 2 show that rHia(L29W) has a low oxygen affinity - % (508 S1 @ Pib'A (00 rHb(al. 29F), (a) rHb(al 29W),

(i.e., highPsg values), but rHbgL29F) shows a high oxygen (x) rHb(BL28F), and ©) rHb(BL28W).

affinity with low Psg values as previously reported by Jeong

et al. @). The mutations on thg-chain, however, exhibita  easily to met-Hb, even in the presence of a met-Hb reductase
low oxygen affinity for both rHh§L28F) and rHbgL28W). system (8).

These findings indicate different functional properties be-  Bohr Effect.Table 2 shows the values calculated for the
tween the same mutations (LetiPhe) on thex-chain versus ~ Bohr effect in 0.1 M sodium phosphate buffer atZ9from

the B-chain. Different mutations (Let~ Phe and Leu— the data displayed in Table 1. The alkaline Bohr effect causes
Trp) at the same location on the-chain cause opposite the oxygen affinity to decrease in Hb A due to an increase
oxygen affinity results, while the same two mutations on in the concentration of Hions (lowering the pH). Using
the5-chain in the equivalent location produce similar oxygen the linkage equatioH"™ = —a(log Psg)/d(pH)] for calcula-
affinity results. As seen in Figure 2C, the Hill coefficients tions, the data in Table 2 represent the number of Bohr
(nso), @ measure of cooperativity, decrease somewhat for all protons released upon oxygenation per heg¥% 28). The

four rHbs as a result of the mutations in the distal heme values in Table 2 suggest there is little difference in the Bohr
pocket. ThePso values at pH 7.4 for Hb A, rH(l29F), effect among the four rHbs and Hb A.

rHb(aL29W), rHb(3L28F), and rHbEL28W) are 9.3, 4.9, Autoxidation.Table 3 gives the calculated rate constants
31.5, 35.7, and 64.6 mmHg, respectively, and the Hill for autoxidation in 0.1 M sodium phosphate buffer at pH
coefficients fisg) are 3.1, 3.0, 2.2, 2.6, and 1.7, respectively 7.0 and 25°C. These rates were calculated from readings
(Table 1). The oxygen binding properties of ri3b8W) taken by visible spectrophotometry during thetfirsh to
were difficult to obtain because of its propensity to convert detect the autoxidation of oxy-Hb. It has been reported that
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Table 1: Oxygen Binding Data Given as the Oxygen AffiniBsd)
and Hill Coefficient at 50% Saturatiomdp) in 0.1 M Sodium
Phosphate Buffer as a Function of pH at Z®in the Presence of a
Met-Hb Reductase Systeri§)

hemoglobin  pH Psy nsg hemoglobin  pH Psyg nso

Hb A 6.52 223 2.9 rHiKL28F) 6.53 88.6 2.1
6.81 181 29 6.80 705 21
7.00 151 3.0 7.15 451 2.2
741 93 31 7.36 357 2.6
770 59 31 7.84 195 2.8
795 45 32 8.13 147 28
829 36 3.1 rHufL28wW) 7.15 68.1 1.6

rHb(@L29F) 6.20 143 24 741 64.6 1.7
6.80 109 2.6 783 313 15
736 49 3.0 8.05 263 14

rHb(@L29W) 652 79.8 2.3

824 133 2.0

Table 2: Bohr Effect of Hb A and rHbs in 0.1 M Sodium
Phosphate Buffer at 29C?

hemoglobin —A(log Psg)/ApH

Hb A 0.46 (pH 6.52-8.29)
rHb(aL29F) 0.39 (pH 6.26:8.07)
rHb(aL29W) 0.45 (pH 6.52-8.24)
rHb(SL29F) 0.49 (pH 6.53-8.13)
rHb(BL28W) 0.46 (pH 7.15-8.05)

2Best estimate values were determined from the pH range in
parentheses in the presence of a met-Hb reductase sys8&m (

Table 3: Autoxidation and Azide-Induced Oxidation Rate Constants
Measured at pH 7.0 and 2% in 0.1 M Sodium Phosphate Buffer

hemoglobin Kauto (N71)2 Kaz (h71)
Hb A 0.0009+ 0.0005 0.052+ 0.007
rHb(aL29F) 0.0009+ 0.0002 0.014+ 0.002
rHb(aL29W) 0.007+ 0.001 0.06t 0.01
rHb(BL29F) 0.017+ 0.002 0.09t 0.01
rHb(3L29W) 0.019+ 0.002 0.21+ 0.04

akauto IS the autoxidation raté.ks, is the azide-induced oxidation
rate.

the autoxidation reaction of oxy-Hb A is biphasic with the
fast autoxidation due to the-chain and the slower one due
to thes-chain 9—31). We too have observed this biphasic
nature of the autoxidation reaction for both Hb A and rHbs
(results not shown), with the rates for Hp@ differing by

a factor of approximately 2. However, we have restricted
our attention to the autoxidation reaction during the first 7 h

Table 4: NO-Induced Oxidation Rates Measured at pH 7.0 and 20
°C in 0.1 M Argon-Saturated Sodium Phosphate Buffer

hemoglobin Koxno (M~1s™)2  hemoglobin K oxno (uM ™t s71)2

Hb A 20+ 2 rHb(BL29F) 15+ 2
rHb(aL29F) 2.0£0.2 rHbBL28W) 13+1
rHb(aL29W) 9.2+ 038

a K oxNo IS the second-order rate constant for NO-induced oxidation.

in 0.1 M 2-(N-morpholino)ethanesulfonic acid buffer and 1
mM EDTA at pH 6.5 and 33C. They further reported that
the rates of autoxidation for HB@\ decrease strongly from

pH 5 to 7 and become monophasic and identical from pH 8
to 10 and that the difference in the autoxidaton rates between
the fast and slow phases is a factor-?.8 at pH 7.0 30).
Considering the differences in experimental conditions
(temperature and buffer) between our study and those carried
out by Shikama and co-workers, dky, value for HbQ A

is qualitatively similar to that reported by them.

TheoL29F mutation in the B10 helix had previously been
shown to inhibit autoxidation and NO-induced oxidation, but
to increase the oxygen affinity8). The oxidation rates for
Hb A and for the four mutant rHbs were measured using
the procedures of our laboratory, (8). According to the
calculated rate constants in Table 3, rblbR9F) exhibits
the same rate of autoxidation as Hb A, while relb29W)
undergoes autoxidation approximately 7.8 times faster than
Hb A. The rate constants of autoxidation for rih@8F)
and rHbL28W) are similar to each other, are approximately
2.6 times greater than the rate constant of tH2OW), and
are approximately 20 times greater than the rate constants
of Hb A or rHb(aL29F). The rate constant of autoxidation
for Hb A is 20 times slower than the value reported by Jeong
et al. @) under the same conditions. The rate for autoxidation
of rHb(aL29F) was found to be 10 times slower than that
reported by Jeong et al8) Since these new rate constants
have reasonable standard deviations and those differences
lie outside of the standard deviations, the differences could
be due to the use of a newer, better spectrophotometer, better
temperature control, or another source of systematic errors
between the two sets of data.

Azide-Induced Oxidatiohe calculated rate constants for
azide-induced oxidation in 0.1 M sodium phosphate buffer
at pH 7.0 and 25C are listed in Table 3. As described by
Jeong et al.§), oxy-Hb converts into the azidomet form of
Hb when placed in a sodium azide solution. As with
autoxidation, the percentage of ferrous Hb is treated as having
a monoexponential relationship with respect to tif)efdr
an easy calculation of the rate constnant of azide-induced

in our studies and approximated it by a monoexponential oxidation ). For rHb@L29F), the azide-induced oxidation
process with an effective average rate constant over this timerate constant is almost 4 times slower than that of Hb A.
interval. The decrease in percentage of ferrous-Hb as aThe rate constants of azide-induced oxidation for rHb-

function of time ) at pH 7.0 can then be written as [ferrous-
Hb]; = [ferrous-Hb]-o exp(—kaud) as previously described
by Jeong et al. §. The autoxidation rate constant is
represented by the variabkg,, and represents the average
value during the firs7 h of thereaction. Theky, value for
our HbG, A under our experimental condition of 0.1 M
sodium phosphate at pH 7.0 and 25 is 0.0009 h'. The
corresponding values for HB@ reported by Shikama and
co-workers 29, 30) are 0.078 h' (the fast phase due to the
a-chain) and 0.011 1 (the slow phase due to thechain)

(aL29W), rHb(3L28F), and rHbgL28W) are 1.2, 1.7, and
4 times faster than that for Hb A, respectively (Table 3).
Despite some variations from the values reported by Jeong
et al. @), the results confirm previous findings that the Leu
— Phe mutation on thex-chain inhibits azide-induced
oxidation. The rate constants in Table 3 show that no other
distal heme pocket mutant that was tested possesses the
ability to inhibit oxidation as strongly as rH@(29F).
NO-Induced OxidationTable 4 gives the bimolecular rate
constantsK ox no) for the NO-induced oxidation obtained in
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A. Exchangeable Proton Resonances B. Ring—Current Shifted A. Hyperfine-shifted NgH Frolon B. Hyperfine-Shifled and Exchangeable
Prolon Resonances Resonances of Proximal Histidyl Residues Proton Resonances
¥,E11Val pHis92 eHis87 [ o T T
aH122¢ aH103¢ BWa7e b i i

i i i N Hb (pLo8w) 1\, ! : 2
o (SLoBW) | 1 , : :
b ! H o (M : :
Hb (BL2BF) ! K 'E . 3 i E '

Hb A . T T

T T T T T 1 T T 1
80 75 70 65 ppm 25 20 15 ppm
13 12 11 ppm -1 -2 ppm Ficure 4. H NMR spectra (300 MHz) of the deoxy form of Hb

FiGURE 3: 'H NMR spectra (300 MHz) of the CO form of rHbs in A and rHbs in 95% KO, 5% D,0, 0.1 M sodium phosphate buffer
95% H,0, 5% D,O, 0.1 M sodium phosphate buffer at pH 7.0 and @t pH 7.0 and 29C: (A) hyperfine-shifted hH proton resonances
29°C: (A) exchangeable proton resonances and (B) ring current- Of proximal histidyl residues and (B) hyperfine-shifted and ex-
shifted proton resonances. Asterisks indicate shifted resonanceschangeable proton resonances. The spectra foroft#9F) were
The spectra for rHR{L29F) were redrawn from the data of Jeong redrawn from the data of Jeong et &).(

et al. @). . . -
exchangeable protons in the intersubunit interfaces and from

0.1 M sodium phosphate buffer at pH 7.0 and°ZQ) The the heme mesoprotons (Figure 3A). The resonances at 12.9
NO-induced oxidation of Hb A has a second-order rate and 12.1 ppm from DSS have been assigned te;dHthe
constant of 2QuM~* s71, which is smaller than the values side chains ofx122His anda103His H-bonded t@35Tyr
(30—50 uM~1 s71) for Hb A reported by Eich et al.16) and 131GlIn, respectively33—35), in the a5, interface.
under different experimental conditions. All the distal heme The resonance at 10.6 ppm has been assigned to the
pocket mutations that were tested show inhibition of NO- exchangeable, H-bonded NHof 537Trp, an intersubunit
induced oxidation compared to the oxidation seen in Hb A. contact site in thexy, 3, interface of HbCO A 84, 36). The
The NO-induced oxidation of Hb A and our rHbs should be resonance at 12.1 ppm in HbCO A is shifted slightly upfield
biphasic as previously reported in réb and by us 7). in rHbCO@E@L29F) and in rHbCQOBL28F), while the reso-
Because of limitations of our stopped-flow apparatus, we nance at 12.9 ppm is not affected in these mutants.
likely missed the faster phase of the reaction. The NO- The resonance at 12.9 ppm is slightly shifted upfield in
induced oxidation rate constants for Hb A and rtdb29F) rHb(aL29W), while the resonance at 12.1 ppm is not
are very similar to the rates found by Tsai et &l). (The affected. Bothoy3; interface histidyl resonances are shifted
bimolecular rate constants of NO-induced oxidation for Mbs upfield noticeably in rHQ§L28W). We interpret these results
were found to be much slower than that of the wild type for as an indication of no significant perturbation of the average
the L29F and L29W mutationd 4, 15), a trend also seenin  quaternary structure at thg/; interface of the B10 mutant
these results for rHbs. However, thechain mutation of Leu hemoglobins, with the exception of rH¥H(28W). The
— Phe in the B10 helix was previously found to produce structural marker of the3, interface at 10.6 ppm does not
little to no inhibition of NO-induced oxidation in hemoglobin  show changes in chemical shift, indicating that there is no
(15). The bimolecular rate constants in Table 4 for rHb- detectable change in the quaternary structure atotifie
(L28F) and rHbfL28W) show some inhibition of the NO-  interface either.
induced oxidation. These results do not follow the trend  Figure 3B shows the nonexchangeable ring current-shifted
found for auto- and azide-induced oxidation properties of proton resonances from 0 t63 ppm from DSS. These
the 5-chain rHbs shown in Table 3, which have faster rates resonances provide information about the tertiary structure
of oxidation than Hb A. Still, the same pattern exists in of the heme pocket. The resonances-dt75 and—1.82
Tables 3 and 4 for all three types of oxidation studied in ppm have been assigned to theCH; group of E11Val of
that botha-chain B10 mutant rHbs have slower oxidation the a- andg-chains of HbCO A, respectivel\8{, 38). For
rates than botlf-chain B10 mutant rHbs. each B10 mutant, the E11Val methyl resonance of the

Structural Properties.As previously shown!H NMR corresponding chain is shifted to a distinct position, while
spectroscopy serves as an excellent tool for investigatingthe resonance of the native chain is not affected. Other
changes in the tertiary and quaternary structures of hemo-resonances in the region from 0 tel.2 ppm are also
globin (32). Figures 3 and 4 show the 300 MHE NMR affected, but we do not have the resonance assignments for
spectra of Hb A and the four B10 mutant hemoglobins in them yet. The E11Val methyl peak in rHld(29F) is shifted
0.1 M sodium phosphate buffer at pH 7.0 and°29in the upfield by 0.26 ppm t6-2.01 ppm. In rHbCQ¢L29W), this
CO and deoxy forms. resonance is shifted downfield by 0.43 ppm-t&.32 ppm.

NMR Spectra of Hemoglobins in the CO Forifhe The SL28F mutant exhibits a significant, 0.31 ppm, upfield
resonances between 9 and 14 ppm arise mainly from theshift to —2.13 ppm, while thesgL28W mutant exhibits two
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shifted resonances of unequal intensities 2124 and—2.42
ppm, with much larger upfield shifts of 0.42 and 0.6 ppm,
indicative of a degree of structural inhomogeneity in the
distal heme pocket of this mutant.

NMR Spectra of Hemoglobins in the Deoxy Forfime
region between 60 and 80 ppm from DSS in Figure 4A
shows the hyperfine-shifted proton resonances of thid N
exchangeable proton of proximal histidine residaéts87
at 63 ppm angHis92 at 76 ppm for Hb A in the deoxy
form (39, 40). These are markers of the tertiary structure of
the proximal heme pockets. It is apparent that the B10
mutations of thex-chain induce a downfield shift e¥4 ppm
for aL29F and~5 ppm foraL29W, while thes-chain peak
is unaffected. In the case of B10 mutations of fhehain,
there is a small, 1 ppm, downfield shift f&L28F, while
BL28W shows a larger, 2 ppm, downfield shift and also a
broadening consistent with a structural inhomogeneity of the
proximal heme pocket as well for this mutant. Tdeehain
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interested in whether rHb{29W), rHb(3L28F), and rHb-
(BL28W), all found to have low oxygen affinity and fairly
high cooperativity, would possess the ability to inhibit
oxidation like the previously studied rHI29F) (7, 8).

As seen in Figure 2, functional properties of thehain
differ in comparison to those of th&chain with the same
mutations in the B10 position. The high oxygen affinity of
rHb(aL29F) contrasts greatly with the very low oxygen
affinity exhibited by rHbGL28F). Also, the inhibitory effects
of rHb(clL29F) on autoxidation, azide-induced oxidation, and
NO-induced oxidation are not seen in ri3h@8F) (Tables
3 and 4). Eich et al.15) reported similar results in that the
inhibition of NO-induced oxidation occurred in tlechain
and not thes-chain mutations to Phe in the B10 position.
rHb(aL29W) differs from rHbBL28W) in its oxidation
inhibition, but not oxygen binding properties. Both rHb-
(aL29W) and rHbfL28W) have very low oxygen affinities,
but rHb@L29W) is more stable against oxidation than rHb-

proximal heme pocket does not seem to be affected by the(5L28W) (Tables 3 and 4).

mutations in the5-chain.

The spectral region between 10 and 25 ppm downfield
from DSS (Figure 4B) displays the hyperfine-shifted reso-
nances of the porphyrin ring and of amino acid residues
situated in or near the heme pocket, as well as the

Our results indicate that amino acid substitutions of Phe
and Trp for Leu in the same position on the same chain
exhibit different functional properties. Although rH.28F)
and rHb{L28W) do not behave exactly the same with
respect to oxygen binding, rHil29F) and rHb&L29W)

exchangeable proton resonances of the subunit interfaces ohave opposite oxygen affinities. rHd(29F) has a high

Hb A in the deoxy form 82). The resonances downfield of

14 ppm belong to nonexchangeable hyperfine-shifted protons,

and some are identified by subunit type 6r ). The

oxygen affinity, while rHb@L29W) has a very low oxygen
affinity as illustrated in panels A and B of Figure 2. However,
the effects on oxidation are not conflicting for these two

mutations studied here induce great perturbations in theserHbs. In fact, the oxidation properties of rHti(29W) most
resonances: the resonance at 17 ppm shifts downfield to 20.5losely resemble those of rHl(29F) (Tables 3 and 4). This

ppm in rHb@L29F) and shifts upfield in rHI(L29W); the
resonance at 22.5 ppm shifts to 23.5 ppm for FLA8F),
while for rHb(BL28W) it shifts to~24 ppm and broadens.

The resonance at 14.1 ppm has been assigned as th
H-bond betweem42Tyr andf99Asp in thea,, interface
of deoxy-Hb A @1), an important marker of the T-structure
of deoxy-Hb A @2). This resonance shifts very slightly
downfield for rHb{BL28W), very slightly upfield for rHb-
(fL28F), somewhat more upfield for rH®29W), and
noticeably for rHb{L29F).

The resonances at 13.0 and 12.2 ppm from DSS in the
spectrum of deoxy-Hb A represent the saaf22His and
o 103His resonances, respectively, in thg, interface as
for the ligated CO form. There is no apparent shift of these

resonances in the mutants. Another T-structure marker is thlei?videnced by the changes in the ring current-shifted proton

resonance at 11.2 ppm, representing the exchangeable N
indole proton ofp37Trp forming an H-bond te94Asp in
the ouf3, interface B4, 41, 43). There is very little if any
shift of this resonance for all mutants except redb29F),

for which there is a slight upfield shift compared to that of
Hb A. There appears to be little or no significant perturbation
of the quaternary structure of either thags; or a3, interface

in all four B10 mutants in the deoxy form.

DISCUSSION

This study characterizes the functional and structural
properties of four expressed rHbs with mutations at the B10
position of both then- and f-chains. We investigated the

agrees with previous findings in myoglobin and hemoglobin
in which the autoxidation and NO-induced oxidation were
inhibited by both of the B10 mutations, L29F and L29W
£14—16). Unlike thesen-chain rHbs, thgs-chain rHbs with
mutations in the distal heme pocket share similar functional
properties for oxidation and oxygen affinity. Bofhchain
rHbs have very low oxygen affinities while maintaining
cooperativity (Figure 2B,C). The autoxidation and azide-
induced oxidation rates are both significantly faster than for
Hb A, with the rates for rHL28W) being somewhat faster
than for rHb(L28F). In general, rHEL28W) has more
problems with met-Hb formation than the other rHbs
investigated in this report. The cause for this observation
needs further study. A possible hint is the greater perturbation
and structural inhomogeneity of the distal heme pocket as

resonances (Figure 3B) and of the hyperfine-shifted reso-
nances (Figure 4A,B).

The oxidation inhibitory effects of rHb(L29F) have been
explained by the ability of the large phenyl ring of Phe to
exclude water in the distal heme pocket. The oxygen affinity
still remains high due to favorable electrostatic interactions
between the bound oxygen and the positive edge of the
phenyl ring multipole 12, 14, 17). When Trp replaces Leu
in the B10 position, the even larger indole side chain of Trp
can cause steric hindrance with the iron and bound ligand
as proposed by Dou et aflY). This could account for the
great difference in oxygen affinity between rkth9F) and
rHb(oL29W). The side chain of Trp prevents oxygen binding

consequences of substitutions of Phe or Trp for Leu residuesin the distal heme pocket, leading to low oxygen affinity as

located near the oxygen-binding site in Hb. We are especially

seen in rHb¢L29W) and rHbBL28W) (Figure 2A,B).
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According to this argument, rHBL28F) should possess
high oxygen affinity and inhibitory effects for oxidation due
to the substitution of Phe for Leu. As discussed, the opposite
effects are seen in oxygen affinity and oxidation inhibition
in rHb(3L28F) versus rH{L29F) (panels A and B of Figure
2 and Tables 1, 3, and 4). The difference in the functional
properties must be a result of a variation in the detailed
environment between the-chain ands-chain distal heme
pockets. Studies with Mbs have concluded that pocket size,
steric hindrance, and H-bonding can affect ligand binding
in the Tyr(B10) mutants44). The distal heme pocket of the
fB-chain provides more room than the distal heme pocket of
the a-chain @, 3, 45, 46). The greater distance from the
positive edge of the phenyl ring multipole to the bound
oxygen may inhibit favorable electrostatic interactions. As
a result, the oxygen binding properties of riAb28F) appear
to be more similar to those of the Trp(B10) rHbs. Lack of Fure 5: a-Subunit distal heme pocket of HbCO A (PDB entry
favorable electrostatic interactions and steric hindrance could1IRD, colored red) and that of the triple mutant cyanomet-rHb-
be the main factor affecting ligand binding for rHi.@8F). (aV1M,0L29F aH58Q) (PDB entry 101l, colored blue). The
In contrast, rHb¢L29F) is hypothesized to make electrostatic NemMes of the two crystal structures have been superimposed, to
. - . . emphasize the relative displacement of the mutated residues and
interactions between oxygen and the phenyl ring multipole /5o
(12, 14, 17). Another possible explanation for the different
functional properties between rRid(29F) and rHbGL28F) 1011, 101, 101L, 1J7S, and 1J7W). Unfortunately, they
is that given more space in tifechain distal heme pocket, cannot be compared directly with our B10 mutants because
bound oxygen can leave more easily despite the side chainthe crystal structures have an additional mutati@hl%8Q
of Phe already filling the pocket. Eich et al5) also offers or fSH63Q) at the E7 site, which is also in the distal
an explanation for the difference in NO-induced oxidation heme pocket. Moreover, all but one of the structures are
rates between the29Leu — Phe andf28Leu — Phe for the deoxy form. The only available ligated structure
mutations in Hb based on modeling the components of theis for the cyanomet form, not CO. Figure 5 shows a
NO-induced oxidation reaction with the structure of the ethyl comparison between the distal heme pockets of HbCO A
isocyanide complex of Hb A4{7). Leu in the B10 position  (PDB entry 1IRD) and that of the triple mutant rHb-
sterically hinders bound ethyl isocyanide on thehain but (V1IM,0L29F oH58Q) in the cyanomet form (PDB entry
not thef-chain, where faster reactions involving isocyanides, 101I). Under the assumption that this triple mutant is a
NO, and oxygen take placd§). If Leu is more flexible on good geometric model for our single-point mutant rHb-
theS-chain, similar dynamics of Trp and Leu in rHi28W) (aL29F), we used TOTAL to calculate the expected chem-
and rHbBL28F) may allow oxygen to leave more easily (low ical shift for the y,-E11Val methyl in Hb A and rHb-
oxygen affinity) and oxidation to occur faster than in rHb- (aV1M,alL29F oH58Q). The fact that the crystal structure
(aL29F). is for the paramagnetic, cyanomet-ligated form of Hb is not

'H NMR studies on these rHbs with B10 mutations reveal relevant to this comparison, since the program does not
the expected presence of various structural changes. Asinclude the effects of paramagnetism in its calculation of
shown in Figure 3B, substitution of Trp or Phe for Leu in chemical shifts. The result is1.67 ppm for HbCO A and
either thea- or g-chain of HbCO A perturbs the E11Val —1.62 ppm for the triple mutant. We observe values-af75
peak in the same chain, indicating significant changes in the ppm for HoCO A and-2.01 ppm for rHbCQ{L29F). Figure
tertiary structure of the distal heme pocket. Alterations to 5 shows a clear difference in the position of the E11Val
the distal heme pocket cause significant perturbations alsomethyls between HbCO A and the triple mutant in the
in the corresponding proximal heme pocket in the deoxy form cyanomet form, yet the predicted chemical shifts are es-
as seen in Figure 4A. A noticeable shift is seen for the sentially the same. This result confirms that, although a
a87His peak in rHbgL29F) and rHb¢L29W), and the change in chemical shift implies a change in the environment
B92His peak shift for rH§L28F) and rHbgL28W). These of the nucleus, the geometry may change while the chemical
indications of considerable tertiary structural changes in the shift remains constant.
heme pocket appear to show a correlation with the major For the other B10 mutants, only crystal structures for the
differences observed in oxygen binding and oxidation deoxy state are available. For protons near the paramagnetic
properties in these mutant rHbs versus those of Hb A. iron, chemical shifts (if observable despite enhanced relax-

The chemical shift of a nucleus is determined by its ation) are influenced by the distance to the iron as well as
environment; therefore, the chemical shifts of various protons the angles between the F&H vector and axes of the
in a protein could in principle be calculated from its structure. paramagnetic tensobf). All of these factors may change
TOTAL (49) calculates’H chemical shifts with reasonably as the heme pocket geometry changes in response to
good accuracy from a protein structure in Protein Data Bank mutations. The elements of the paramagnetic tensor are
format, allowing a comparison of resonances measured inunknown for Hb A, the rHbs reported here, and the mutant
solution with the values expected from a crystal structure Hbs for which crystal structures are available. Therefore, a
(50). Recently, crystal structures for several B10 mutants meaningful comparison between observed and expected
have been deposited with the Protein Data Bank (entrieschemical shifts for deoxy-Hbs cannot be made.
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The inspection of the NMR results indicates that the
quaternary structure is slightly affected by the B10 mutations.
Theouf: interface of the rHbs in the CO form remains very
similar to that of Hb A as interpreted from Figure 3A. The
ayf32 interface of deoxy-rH(L29W), -rHb(BL28F), and
-rHb(fL28W) does not change much with respect to the
deoxy (T) markers of deoxy-Hb A at 14.1 and 11.2 ppm
(Figure 4B). There is an upfield shift for both of the
T-markers for rHb@L29F), but this could be interpreted as
a weakening of the H-bonds in thgs, interface in this high-
affinity mutant rather than a change in the structure. As the
quaternary structure does not seem to undergo much chang
the tetrameric structure of hemoglobin and its ability to
perform conformational changes are preserved in these rHb
as evidenced by the good cooperativity and the Bohr effect
data (Tables 1 and 2).

The results presented here provide new insight into
designing rHbs with mutations in the distal heme pockets
of the a- and5-chains as potential HBOCs or hemoglobin
therapeutics. Most likely, rHb(L29F) and rHb{L29W)
have the best qualities for these applications, especially
considering oxidation inhibition (Tables 3 and 4). The ability
to preserve Hb in the reduced, ferrous form is an important
characteristic necessary to keep extracellular HBOCs or
hemoglobin therapeutics functional in the absence of a natural
met-Hb reductase system. The twechain mutant rHbs

studied here could help reduce the degree of hypertension
when using HBOCs, since the degree of hypertension appears

to have a direct relationship with the NO-induced oxidation
rates of extracellular hemoglobirl). The low oxygen
affinity with reasonable cooperativity found for rHb-
(aL29W), rHb(BL28F), and rHbL28W) is also favorable
for extracellular HBOCs or hemoglobin therapeutics. Without
allosteric effectors such as 2,3-BPG that lower the oxygen
affinity inside red blood cells1), rHbs with low oxygen
affinity could release oxygen when necessary in the body.
Overall, the best choice in view of these functional properties
is rHb(@L29W) for its ability to combine low oxygen affinity
with oxidation inhibition. It does not prevent autoxidation
or NO-induced oxidation to the extent that tled 29F
mutation does, but rHb{29W) exhibits a low oxygen
affinity that could make it a better choice than ridh@9F)
with its less desirable high oxygen affinity. In the future,
another option for the study of these B10 mutant rHbs for
HBOCs or hemoglobin therapeutics would be to create
mutants that add additional single or multiple mutations at
different locations to achieve simultaneously the desired
properties of enhanced oxidation inhibition and low oxygen
affinity.

In conclusion, considerable progress has been made in
designing novel rHbs as potential HBOCs or hemoglobin
therapeutics during the past 5 years. For recent reviews on
this topic, see refs62—56. At present, there are three
approaches to overcoming the hypertension effect due to
nitric oxide scavenging by the first generation of HBOCs,
i.e., (i) to make the tetrameric Hb bigger by either polym-
erization with glutaraldehyde-type reagents or conjugation
with polyethylene glycol oo-raffinose, (ii) to make muta-
tions in the distal heme pockets of the Hb molecule to reduce
the reactivity of NO with Hb, and (iii) to combine both
procedures. So far, these modified Hbs exhibit some undesir-
able properties, such as ease of oxidation, high oxygen

e
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affinity, low cooperativity, instability, etc., compared to Hb
A. To overcome these shortcomings, we need to carry out a
genetic engineering approach to design novel recombinant
hemoglobins to overcome these undesirable properties. The
results obtained from the four rHbs with mutations at the
B10 positions of both the- and s-chains of Hb A offer
new encouragement for the design of the next generation of
HBOCs.
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