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ABSTRACT. The crystal structure of the mutant deoxyhemoglobin in whichgdwgobin VaF/(E11) has

been replaced with threonine [Fronticelli et al. (1988)chemistry 321235-1242] has been determined

at 2.2 A resolution. Prior to the crystal structure determination, molecular modeling indicated that the
Thré7(E11) side chain hydroxyl group in the disfitheme pocket forms a hydrogen bond with the backbone
carbonyl of Hi§3(E7) and is within hydrogen-bonding distance of thedfiHis®3(E7). The mutant crystal
structure indicates only small changes in conformation in the vicinity of the E11 mutation confirming the
molecular modeling predictions. Comparison of the structures of the m@rsuihunits and recombinant
porcine myoglobin with the identical mutation [Cameron et al. (19Bi@chemistry 321306113070]
indicates similar conformations of residues in the distal heme pocket, but there is no water molecule
associated with either of the threonines of theubunits. The introduction of threonine into the distal
heme pocket, despite having only small perturbations in the local structure, has a marked affect on the
interaction with ligands. In the oxy derivative there is a 2-fold decrease iaffity [Fronticelli et al.
(1993)Biochemistry 321235-1242], and the rate of autoxidation is increased by 2 orders of magnitude.

In the CO derivative the IR spectrum shows modifications with respect to that of normal human hemoglobin,
suggesting the presence of multiple CO conformers. In the nitrosyl derivative an interaction with the O
atom of Thf”(E11) is probably responsible for the 10-fold increase in the rate of NO release from the
fB-subunits. In the aguomet derivative there is a 6-fold decrease in the rate of hemin dissociation suggesting
an interaction of the Fe-coordinated water with thedd Thré’(E11).

Structural features of oxygen binding to hemoglobin and is a reorientation of the His(E7) side chain or that of another
myoglobin have been known since the high-resolution distal heme pocket amino acid residue. This was first
structures of the unliganded and liganded proteins wererecognized by Perutz and Mathews (1966) in an early
determined (Shanaan, 1983; Fermi et al., 1984). Oxygencrystallographic study examining azide binding to methemo-
and other ligands bind to the Fe in the distal heme pocketsglobin.
of myoglobin and hemoglobin. The wall of the distal heme  Recombinant hemoglobin and myoglobin have been used
pocket forms an effective barrier for sequestering the heme extensively to investigate the molecular mechanism of ligand
Fe from the bulk solvent associated with the surface of the binding to the heme. A series of site-directed mutations that
protein. For both hemoglobin and myoglobin, the ligand alter the size and polarity of amino acid residues associated
cannot gain entrance to the distal heme pocket(s) unless thersvith the distal heme pocket have been constructed and
characterized (Nagai et al., 1987; Olson et al., 1988; Springer
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association rate constant for a number of ligands that bind Infrared Spectroscopy HbA andV67T were dialyzed
to myoglobin andx-subunits; however, these mutations have against a CO-equilibrated, 100 mM phosphate buffer at pH
little effect on ligand association rates wjthsubunits, except ~ 7.0. The hemoglobins were then removed from dialysis, and
for lle which sterically hinders the access of 10 the heme a 1:1 ratio of CO-equilibrated buffer containing sodium
(Mathews et al.,, 1989). These data suggest a similarity dithionite (2 mg/mL) was added to each sample in order to
between the distal heme pockets of myoglobin and of the eliminate any residual methemoglobin.
a-subunits while the3-subunits seems to have a different A Perkin Elmer demountable sealed éelfuipped with
stereochemical mechanism of ligand binding. The relevance CaF, windows and a 50 mm Teflon spacer was used for these
of the polar character of the residue at position E11 has beenexperiments. The cell was flushed with CO just prior to
investigated by replacing the conserved valine with isosteric the addition of the sample. The cell was then inserted into
threonine in porcine myoglobin (Cameron et al., 1993) and a Perkin Elmer 1600 Series FT-IR. Sample spectra were
the S-globin of hemoglobin (Fronticelli et al., 1993). obtained using about 300 interferograms. The protein
Although the substitutions have the effect of decreasing concentration was between 40 and 60 mg/mL.
ligand affinity in both cases, the extent of this effect is  Autoxidation. The autoxidation experiments were carried
different. In porcine myoglobin the £and CO affinity of out in duplicate in a Hewlett Packard 8452A diode array
the mutant were decreased by 17- and 6-fold, respectively.spectrophotometer. Samples were prepared by adding 20
The hemoglobin mutant has a 2-fold reduction in the uL of a deoxygenated sodium dithionite solution (1 mg/mL)
affinities for both Q and CO. For both proteins, the reduced to 40uL of 6% hemoglobin in order to remove any excess
O, affinity is due to a decrease in the “on” rate while the methemoglobin, and the resulting mixture was filtered on a
reduced CO affinity is due to an increase in the “off” rate, Sephadex G25 column. The protein was concentrated to 40
suggesting a similarity in the spatial arrangement of the atomsmg/mL at 6°C using a Millipore Ultrafree-HC filter, and
of the heme pocket in the two proteins. 15uL was added in a screw-cap spectrophotometric cuvette
We report here the crystal structure determination at 2.2 through a rubber serum stopper to 3 mL of buffer equilibrated
A resolution of the deoxy form of the mutant hemoglobin with atmospheric concentrations of oxygen at'87contain-
(BV67T) in which thes-globin VaF/(E11) has been replaced ing 100 mM sodium phosphate at pH 7.0, 1 mM EDTA,
with threonine (Fronticelli et al., 1993). The comparison of and catalase in a molar ration of 0.003 M catalase/heme.
the structures of the natural ap¥/67T S-subunits reveals  Absorption spectra were recorded for 48 h. The spectra were
similar conformations even at the N-termini with the excep- deconvolved between 400 and 700 nm using prerecorded
tion of the side chain gf2His. At the mutation site, only  standards of oxy-, met-, and deoxyhemoglobin, correcting
small changes in conformation of residues in the region of for any base line drift. The resulting parameters derived from
the distal heme pocket are observed confirming the structurethe spectral deconvolution were then normalized to relative
prediction of the altereds-heme pocket. The mutant percentages of oxy-, deoxy-, and methemoglobin in order
deoxyhemoglobin has no water molecule(s) present in eitherto correct for any effects that might have occurred due to
distal f-heme pocket in contrast to that observed for protein precipitation.
Thr%8(E11) myoglobin (Cameron et al., 1993). However, the  The disappearance of Hh@nd the appearance of Hb(lll)
increased polarity affects the functional characteristics of the were simultaneously fitted using a nonlinear least-squares
distal heme pocket and its stability. The affinity fos, CO, procedure (PSI-Plot, Polysoftware International) to the two
and NO of the mutant subunits is decreased. The heminmultiphasic first-order rate equations (eqs 1 and 2):
dissociation rate is also decreased, while the rate of autoxi-
dation is increased. [HbO,] = z/-\i xe (1)

MATERIALS AND METHODS [Hb(Ill)] = ZAI x(1 — e—k.-t) )

Protein Cloning, Expression, and PurificatiorComplete
details of the cloning of thes-globin gene and of the  whereA is the amplitude of theth phasek ; is the rate
expression are described by Fronticelli and co-workers constant of théth phaset is the time in minutes, and [HaD
(1991). Escherichia colicells were grown at 37C in an and [Hb(ll)] are the relative percentages of oxy- and
LB + ampicillin media to an Oy of 0.600. Nalidixic acid methemoglobin. The spectra were recorded at room tem-
was added (6@g/mL), and the growth continued for 18 h.  perature (22C).

The cellular components were solubilized as described by Heme Release.These measurements were done by
Nagai and Thorgersen (1987), and the fusion protein was Timothy L. Whitaker in the laboratory of Dr. John Olson
solubilized and reconstituted with-globin and heme as  using the methods and conditions described by Hargrove and
described previously (Fronticelli et al., 1991). Human co-workers (1994).

hemoglobin (HbA) was purified from outdated blood ob- Rate of NO ReleaseMeasurements of the rate of NO
tained from the Blood Bank of the University of Maryland release were done according to the procedure described by
(Bucci et al., 1988). Hemoglobin-subunits were prepared Moore and Gibson (1976). Hemoglobin was degassed, under
as previously described (Bucci & Fronticelli, 1965). The continuous stirring, in a spectrophotometric cuvette sealed
recombinantfV67T was purified as previously described with a serum stopper by flushing with humidified trough
(Fronticelli et al., 1993).

2 Certain commercial equipment, instruments, and materials are

1 Abbreviations: 8V67T, mutant hemoglobin in which the-chain identified in this paper in order to specify the experimental procedure.
Val®’(E11) has been replaced with Thr; HbA, purified human hemo- Such identification does not imply recommendation or endorsement
globin; HbAwt, recombinant wild type hemoglobin; 2HHB, the by the National Institute of Standards and Technology nor does it imply
crystallographic structure of human deoxyhemoglobin determined by that the material and equipment identified are necessarily the best
Fermi et al. (1984); PCR, polymerase chain reaction. available for the purpose.
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Table 1: Crystallographic Parameters and Refinement Statistics for V?'Iue of 0.37 for the HbA Struclture dmpped t0 0.27. Neth’
Deoxy-HbA and Deoxy3V67T simulated annealing was carried out with a slow cooling
deoxy-HbA deoxyBV6TT protocol _(Brunger etal., 1990)_. The_Engh_and Huber (1991)

geometric parameters for amino acid residues were used as
e densions P21 P21 the basis of the protein force field. The heme force field

a(A) 62.45 63.54 parameters used were developed by J. Kuriydmpirical

b (A) 82.13 83.19 energy parameters for the water molecules were taken from

c(A) 53.76 54.02 TIP3p model of the program CHARMM. The full charges
res[i)l(gt?g% @) 2%_327_2 6?8;12?2 of Asp, Glu, Arg, and Lys were turned off during both
Roynf 0.08 0.07 dynamics and conventional minimization.
no. of reflections [ > o(1)] 21076 21 669 Prior to dynamics, the structures were minimized with 100
no. of protein atoms 4566 4566 cycles of conjugant gradient minimization to relieve bad
g‘%‘é{c‘)"r’ater molecules 04173‘; 0413;‘9 contacts. These minimized systems were heated to 4000 K
deviations, rms: ' ' by 5 ps dynamics using velocity scaling. They were then

bond distances (A) 0.016 0.017 cooled to 300 K in 25 K temperature decrements every 50

angle distances (A) 0.038 0.038 steps. The time steps for molecular dynamics integration
aRym= Y (lj — GyOL)/I |lj |, whereGj = gi + A§ + Bis% s=sin were set to 0.5 fs. Following dynamics, 150 cycles of

0/2; andg, A, andB are scaling parameters. conjugate gradient minimization were carried out to optimize

the geometry and stereochemistry of the model. The final

two needles inserted into a serum stopper. To this solution, crystallographicR factors after annealing were 0.21 for
buffer equilibrated with NO was added to a 2-fold NO/heme deoxy-HbA and 0.22 for deoxgVe67T.
molar excess. The reaction was started by adding a Further refinement for both structures was carried out with
deoxygenated solution equilibrated with CO containing 7 mg conventional least-squares optimization of atomic coordinates
of sodium dithionite/mL. For these conditions, due to the andB factors (Hendrickson & Konnert, 1980; Hendrickson,
presence of a large excess of CO, the reaction is independent985) with periodic adjustments of the model using FRODO
of heme and dithionite concentration. The reaction was (Jones, 1978) or O (Jones et al., 1991). Two types of
followed at 442 nm. Measurements were performed at pH electron density maps were used in the fitting, 2 F. and
9.3 in 0.1 M borate buffer. The rate of NO release was F, — Fc. maps. Contour levels for thd2 — F. andF, — F
calculated using eq 1. map ranged from 0.76to 1.0v and from 2.0 to 3.0,

Molecular Modeling. Molecular modeling was carried out  respectively. Multiple cycles of refinement followed by
with Polygen QUANTA 2.1 and 2.3 Software (© York model adjustment were performed to eliminate difference
University, York, England) on a Silicon Graphics, Inc., IRIS- peaks in thé=, — F. map above 3& and account for all of
4D series workstation and with Insight Il 2.3.0 San Diego: the Z, — F. electron density. A summary of the refinement
Biosym Technologies 1993 software on a Silicon Graphics, statistics is presented in Table 1. The deoxy-HbA and deoxy-
Inc., Iris Indigo XZ 4000 workstation. The molecular model AV67T structures have been deposited in the Brookhaven
of the distal heme pocket of thesubunits of deoxyBVe67T Protein Data Bank (Bernstein et al., 1977) with entry
was based on the human deoxyhemoglobin structure, 2HHBIdentifiers 2HHD and 1HDB, respectively.
(Fermi et al., 1984). The molecular model of the distal heme  Protein Structure Comparison and Analysi$he com-
pocket of theg-subunits of carbon monoxgv67T was parisons of the crystallographic and modeled structures of
based on the carbon monoxyhemoglobin structure, 1IHCO hemoglobin were carried out by first using the program
(Baldwin, 1980), and porcine T#E11) carbon monoxy-  ALIGN (Satow et al., 1986) to superpose the structures. The
myoglobin structure, 1YCA (Cameron et al., 1993). structures were then visualized and distances between atoms

Protein Crystallization and X-ray Data Collection and measured using Quanta 2.1 and 2.3 (© York University,
Processing.The procedures for the crystallization of deoxy- York, England), O (Jones et al., 1991), or FRODO (Jones,
HbA and deoxySV67T and X-ray data collection and 1978). The comparison of the temperature factors resulting
processing are identical to that described by Fronticelli and from the structure determinations of deoxy-HbA and deoxy-
co-workers (1994a). The crystallization of deoxy-HbA and BV67T employed scaling thgV67T temperature factors
deoxy3V67T employed an adaptation of the procedure relative to those of HbA.
described by Perutz (1968). The XENGEN program system
(Howard et al., 1987) was employed for X-ray data process- RESULTS
ing. The un?t ceII. parameters and data processing statistics  giryctures of Human Deoxyhemoglobin and Deoxy-
are summarized in Table 1. _ BV67T. The refinement of human deoxy-HbA with a

Crystal Structure Determlnanon_and Refinement of Deoxy- virtually identical protocol to that of the mutant deoxy-
HbA and DeoxysV67T. The starting model for the deoxy-  gv67T was carried out to minimize differences between the
HbA and deoxysV67T structures was the high-resolution gy ctures of deoxypV67T and deoxy-HbA resulting from
deoxyhemoglobin structure (2HHB) determined by Fermi yayiations in experimental and/or refinement protocols. A
and co-workers (1984). Refinement was carried out using preliminary report of the structure of deoxy-HbA was
the X-PLOR 3.1 program package (Brunger, 1992). Initially, presented by Fronticelli and co-workers (1994a). The final

rigid-body refinement of first the tetramer followed by the gy ctures of deoxy-HbA and deoy367T consist of the
individual subunits was applied to correct the position of

the molecule in the unit cell. Using this procedure, the 3 Unpublished data

crystallographicR factor§ R =2IFo — Fel/3Fo, Summgq 4 Temperature factor scaling was carried out using the unpublished
over allhkI's) dropped significantly; for example, the initial  algorithm and programs of J. Dill and G. L. Gilliland.
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Ficure 1: Stereoplots (a) of the final atomic model of the N-terminal region offasubunit of deoxy8V67T superimposed on the=2

— F¢ electron density map contoured at @.8nd (b) of the superposition of the N-terminal regionsSefsubunits of deoxy-HbA and
deoxyfV67T. Bonds between atoms of deogy67T are indicated with thick lines, and those of the deoxy-HbA are indicated with thin
lines. Specific regions of the molecule are indicated with large capital letéer&F, andH.

completea- andf-globin polypeptides and the associated Table 2: Root Mean Square Differences (A) Between the Aligned
hemes along with 474 and 434 water molecules, respectlvely.Stru ctures of Deoxy-HbA and DeogV67T

A sulfate ion is found associated with each of fhsubunits

of both the deoxy-HbA and deox§¥67T as seen in the globin subunits €pairs rms (A)
HbA structure (Fermi et al., 1984). The structures of deoxy- 02p1f2 570 0.38
HbA and deoxysV67T have crystallographi® values of gﬁ; égg 8'%2

0.137 and 0.149, respectively. A portion of the final electron oy 140 0.24
density map in the vicinity of thg;-subunit N-terminus is B 145 0.25
illustrated in Figure 1a. The final structure of the deoxy- az 140 0.24
HbA and the starting model (Fermi et al., 1984) are very P2 145 0.26
similar (0.4 A rms for all @'s when the complete tetramers
are compared) except that the two differ in their representa- factor analysis of both structures including both averaging
tions of the sulfate ions, the number of water molecules and for the assembly units of the tetramer (Table 3) and
the conformations of a number of side chains, especially temperature factor profiles (Figure 2) f8r-subunits of the
those that are positively or negatively charged. deoxy-HbA and the deoxpgV67T also illustrates the con-
The similarity of the structures of deodw67T and gruity of the natural and recombinant structures.

deoxy-HDbA is revealed in the results of a direct comparison  The recombinanf-globin is expressed as part of a fusion
(Table 2). There is an overall rms difference of 0.38 A protein that undergoes proteolytic cleavage with factor Xa
between positions of © of the two structures and even producing g-globin polypeptide that is then combined with
better agreement when the dimers and monomers of thethe heme and the native-subunits to produce tetrameric
protein are compared (Table 2) with thesubunits of the hemoglobin (Fronticelli et al., 1993). A least-squares
two structures having the best agreement. A temperaturesuperposition of the N-terminal regions @fsubunits of the
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Table 3: Average Temperature FactdB[J(A?), for All Atoms of bonds and .el_ectrostatic interactions with the EF corners and
Deoxy-HbA and Deoxy3V67T the N-termini.
deoxy-HbA deoxyBV6TT The N atom of8;Val', in addition to interacting with the
152 52 (007 three oxygen atoms of the sulfate ion, also is a hydrogen
gj%fﬂlﬂz 155 158 §21:4; d_onor in a hydrogen t_)ond vyith t_he 0] atomﬂzf_eu_m. The
B2 14.8 14.6 (20.1) side chain of$;Val' is buried in a hydrophobic pocket
a 15.3 14.8 (20.3) composed of side chains fropyLelw?, S;Leu’®, BiLeu &%
P 15.6 16.8 (22.3) B1Val33 andBiGly138. Nearby, the side chains @f;Lys®
a2 13.5 13.4 (18.9) 29 : o .
B 16.0 15.7 (21.2) andp;Asp’® form another important electrostatic interaction

_ — in this region. The atoms ®and Q2 are both 3.5 A from
aValues in parentheses indicate the value of the temperature factorsthe N atom OfﬁlLySS

from the crystallographic refinement prior to scaling using the procedure

described in the Materials and Methods section. DiS_taI Heme Pocket of Deo)§v67T. The_ electron
density map of deoxyV67T for both of the distal heme
Average B (HbA & BV67T) pockets of thes-subunits was unambiguous. The temper-

ature factors for atoms of residues associated with the heme
pocket were below the average value for all atoms (13)2 A
indicating that the atomic positions at this site are well
defined. The B, — F. electron density map for the heme
and residues associated with distal heme pocket are shown
in Figure 3a.
The isosteric substitution of threonine for ¥4E11) in
the distal heme pocket produces nearly imperceptible changes
in protein conformation compared to that observed for deoxy-
HbA (see Table 2). The changes that are present are local
to the site of mutation (Figure 3b). There is no significant
o U — change in the positions of the backbone atoms of the E helix,
0 20 40 60 80 100 120 140 nor is there any significant change in the side chain rotamer
Residue Number only slight perturbations in th¢ andy angles of this residue
Ficure 2: Plots of sequence number vs temperature facts, ~ (Table 4). The side chain position of the distal histidine,
(A?) for By-subunit of deoxy-HbA (solid line) an@;-subunit of His%3(E7), is rigidly maintained, and there is no perceptible
deoxy-V67T (dotted line). alteration in the orientation of the heme. Thé &@om of
the8:Thr¥’(E11) is positioned to act as a hydrogen donor in
deoxy-HbA and the deoxgV67T indicates the similarity  the formation of a hydrogen bond with the backbone carbonyl
in the conformations of this region. However, there is an oxygen atom of Hi®(E7). The distance between these two
appreciable difference in the conformation of igHis side atoms is 2.9 A. The Oatom is within 3.5 and 3.9 A of the
chains as shown Figure 1b. The temperature factor profilesHis%3(E7) side chain nitrogens,’Nand N, respectively, but
of the N-terminal region of th@-chains (Figure 2 for the  the geometry is not suitable, in either case, to produce a
B1-subunits) also reflects the structural homology of this strong hydrogen bond. The oxygen atom of the threonine
region of the proteins. side chain, at 4.7 A, is too far to directly interact with the
N- Fe atom of the heme.
TheS,-subunit Thf’(E11) is positioned in nearly the same
orientation (Table 4) as observed for tAesubunit. The
O atom of ThF(E11) which is 2.8 A from the carbonyl
oxygen of Hi§® (E7) participates as a proton donor in a
hydrogen bond. The Catom is also quite distant from the
His%3(E7) nitrogens, Rand N, at 4.4 and 3.7 A, respectively.
The distance to the Fe atom is also nearly the same, 4.8 A.
Thus, the environments of the tw®subunit distal heme
pockets are virtually identical.

The comparison of the specific interactions of the
terminal regions of the deoxy-HbA and the deqRy67T
p-subunits (Figure 1) further illustrates the similarities
between the structures. A sulfate ion is present near the
N-terminus of both structures. This anion has also been
observed in the 2HHB structure (Fermi et al., 1984) and in
two N-terminal mutant structures determined by Kavanaugh
and co-workers (1992). In deoxy-HbA the sulfate ion forms
a complex network of hydrogen bonds and electrostatic

interactions. A preliminary description of the interactions The crystal structure of the recombinant porcine®X(EL1)
was recently reported by Fr'onticelli and co-workers (1994a). myoglobin has recently been determined (Cameron et al.,
Atom O1 of the sulfate ion is located between N-terminal N 1993) - The crystallographic asymmetric unit in this structure
atom (3.5 A) and Natom (5.0 A) ofilys®. A distance  getermination contains two independent monomers of
of 2.9 A is also observed between atom O1 of the sulfate Thre8(E11) deoxymyoglobin, labeled A and B in the coor-
and a water molecule. Sulfate ion atom O2 interacts only ginate data set. The environment of the distal heme pockets
with the N-terminal N atom (3.1 A) gf.val'. The O3atom  of g-subunits of HbA and of the porcine myoglobin are very
of the sulfate ion forms a hydrogen bond with the N atom sjmilar in the vicinity of the E11 residue except for the
(3.5 A) of fiLys®2. The O4 atom also interacts with the  substitution of a threonine for a lysine at residue E10 in the
N-terminal N atom (2.6 A) oB1Val' and also forms astrong  porcine myoglobin. The Ell residues of both of the
hydrogen bond (2.0 A) with the N atom & ;Letf’. A Thré8(E11) deoxymyoglobin monomers in the asymmetric
sulfate ion and similar interactions are observed at the unit have virtually identical side chain conformations as those
N-terminus of thef.-chain. Thus, the sulfate ions are found in thes-subunits of V67T (Table 4), but the local
anchored to th@-chains by complex networks of hydrogen environment of this residue includes the presence of two
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Ficure 3: Stereoplots (a) of the atomic model of the distal heme pocket g#tHisebunit of deoxysV67T superimposed on thed=2 — F.

electron density map contoured at &¢.8nd (b) of the superposition of the distal heme pockets ofgthsubunits of deoxy-HbA and
deoxy$V67T. Bonds between atoms of deogy67T are indicated with thick lines, those of the deoxy-HbA are indicated with thin lines,
and possible hydrogen bonds are represented with dashed lines. (c) Stereoplot of the atomic model of the distal heme pggket of the
subunit of deoxy8V67T superimposed on that of the deoxymyoglobin monomer B. Bonds between atoms offd&¥y-are indicated

with thick lines, those of the deoxymyoglobin monomer B are indicated with thin lines with an asterisk denoting the position of the distal

heme pocket water, and possible hydrogen bonds are represented with dashed lines.
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Table 4: Torsion Angles (deg) for Thr/Val(E11) and His(E7) for
Hemoglobin A, and Mutant Hemoglobin, and Myoglobina

Thr/Val (E11) His (E7)

¢ W X1 ¢ v X1 X2
HbA (31) -60 —58 172 -67 —34 -169 54
HbA (82) -50 -—57 159 -66 —45 —168 69
AVETT (B) —63 —28 —17 —68 —44 —168 53
pVETT (B) —64 —28 178 —63 —48 —163 56
V68T Mby, —65 —50 176 -60 —-35 -—165 61
V68T Mbs —65 —49 7% -70 -35 -169 71

aV68T Mby and V68T Ml represent independent monomers A
and B in the myoglobin crystal lattice, respectiveRyy; torsion angle
calculated equating Val*€and C? to Thr C? and Q%, respectively.

water molecules and one water molecule for ®f&11)
deoxymyoglobin monomer A and B, respectively. No water
is present in the distal heme pockets of either of the two
B-subunits offV67T. A superposition of the distal heme
pocket of the TH¥(E11l) deoxymyoglobin monomer B
containing a single water molecule onto that@®67T is

shown in Figure 3c. The agreement of the positions of the
side chains is quite good considering the differences in the
amino acid sequences of these two globin chains. The

position of the proximal histidine with respect to the iron
atoms for both molecules is within experimental error of the
coordinates.

Molecular Modeling of Deoxy- and Carbon Monoxy-
BV67T. Molecular modeling studies were carried out prior
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(Quillin et al., 1993). In both the mutant and wild type
myoglobins positions of the side chains of residues E11 (Val
or Thr) and E7 (His) relative to th@-heme group are
different than in human deoxyhemoglobin (Fermi et al.,
1984), enough to significantly affect the energetics and
ordering of a water moleule. The vector that describes this
relative shift (for both side chains) is approximately parallel
to the plane of the heme, perpendicular to the line joining
the two side chains, and about 1 A in magnitude. Therefore,
extrapolating from the case of deoxymyoglobin to deoxy-
hemoglobin requires caution.

The structure of the model of ti#Ehr¥"(E11) agrees quite
well with the crystallographic structure. The positions of
BThr¥(E11) for both structures are similar; the slight
discrepancy in the structures can be accounted for by a
rotation ofy; by +31 or +24° for 51 and ., respectively.
The differences between the observed and mod@ed
subunit residues are visible in the structure comparison
illustrated in Figure 4a.

In the modeled carbon mono¥W67T the ThF(E11) side
chain has also been adjusted to conform with the geometry
of a hydrogen bond between its hydroxyl group and the
backbone carbonyl of HI{E7). A formation of a hydrogen
bond with the peptide backbone would place the partial-
negative charge of the hydroxyl oxygen of the threonine near
the ligand as already observed in the case off{lBi1)
myoglobin (Cameron et al., 1993). A comparison of the
modeled structure of carbon monogy67T with the porcine
carbon monoxymyoglobin monomer A is illustrated in Figure

to the crystallographic studies to examine possible modifica- 4y,

tion of the heme pocket resulting from the substitution of
the valine with threonine at position E11. The likelihood
of interaction between th8Thr¥(E11) andSHis®(E7) was
considered. A possible conformation of the E11 side chain
places the hydroxyl of the threonine approximately 3.0 A
from the backbone carbonyl oxygen at residue E7 (i.en, at
— 4), allowing formation of a hydrogen bond. A hydrogen
bond between a side chain at position) &nd the peptide
carbonyl oxygen of the residue ab (— 4) is the most

commonly observed side chain-to-backbone hydrogen bond

involving a backbone carbonyl group (Baker & Hubbard,
1984), and it is typically found in regions of helical
conformation of the main chain.

In the modeled deox@V67T, interactions of the threonine
hydroxyl group with eithei3His®¥(E7) N’ or N¢ acting as

Infrared Spectroscopy Infrared spectra of the carboxy
derivatives of HbA, recombinant wild type hemoglobin
(HbAwt) and V67T are illustrated in Figure 5. HbA and
HbAwt both show a single peak with a maximum at 1950
cm! that contains the overlapping contribution from the
carboxy derivative oéi- andS-subunits (Potter et al., 1990).
The additional small components reported by Potter et al.
(1990) (<5%) are not in high enough amounts to be resolved
by our analysis. This absorption was assigned to the
stretching frequency of CO (Alben & Caughy, 1968) and
indicates that the CO stretch of the and3-subunits occurs
at the same frequency. In the infrared spectrum of carbon
monoxyfV67T, two peaks are detected, one at the same
wavelength observed for HbA and a second that is shifted
toward a higher frequency with a maximum at 1968 ¢m

an acceptor are possible, creating an alternative of aprobably contributed by the mutat@dsubunits. A similar

bifurcated hydrogen bond. Without a major shift at the
position of the E7 side chain, the geometry of these
interactions is very poor. On the other hand, a double
hydrogen bond arrangement with a protonatédsla donor

shift toward a higher frequency was observed in the
analogous distal heme pocket mutant of porcine myoglobin
(Cameron et al., 1993).

Autoxidation. The time courses for the autoxidation of

and the threonine hydroxyl oxygen as an acceptor in addition aiural HbA HbAwt and3V67T are shown in Figure 6
to the hydroxyl-to-backbone hydrogen bond seems rather 5 the full lines represent the calculated fit to the experi-

unlikely. In the final modeled deoxgV67T structure, the

mental data. For natural HbA, the experimental points could

Thré’(E11) side chain has therefore been adjusted to conformpe qescribed by a single-exponential expression. For wtHbA

with the geometry of a hydrogen bond between its hydroxyl
group and the backbone carbonyl of $H{&7).

No water was included in the distal heme pocket of the

and V67T experimental points were fitted to a first-order
biphasic rate equation for which the first points contain 10%
and 30% methemoglobin, respectively. The recovered rate

modeled structure although a water molecule has been foundconstants are reported in Table 5.

in that of the porcine TRHE11) deoxymyoglobin mutant
(Smerdon et al., 1991). There is no water molecule in the
distal heme pocket of the human hemoglobin while it has
been identified in the wild type deoxymyoglobin structires

5 Unpublished structure of deoxymyoglobin that was deposited in
the Brookhaven Protein Data Bank as entry 1IMBD by S. E. V. Philips
in 1981.
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His 63 His 63

Thr 67

His 92 His 92

is 63 is 63
Thr 67 Thr 67

l

His 92 ' % His 92

Ficure 4: Stereoplots of the heme, FAE11), HI$3(E7), and Hi84(F8) of (a) the crystallographic structure of deq®y67T with thick
lines and the modeled structure of deq®y67T with thin lines and (b) of the crystallographic structure of carbon monoxymyoglobin
monomer A (1YCA) with thick lines and the modeled structure of carbon moBd46/7T with thin lines.

In SV6TT the calculated oxidation rates differ 34-fold. In the faster is 1 order of magnitude larger. The calculated
HbAwt, the two rates differ 10-fold and the fast phase is NO dissociation constants are 0.191 and 0.02bfbr the
25% of the total. The rate of the slow phase of wtHbA is fast and slow phases, respectively.
similar to natural HbA, but in3V67T it remains 2.6-fold
faster. DISCUSSION

Heme Transfer.The heme transfer rates of the aquomet
derivatives of thex- andf-subunits of variant hemoglobin,
BV6TT, have been compared with those of natural HbA using
the hemin dissociation method described by Hargrove and
co-workers (1994). It is well recognized that hemin dis-
sociates more readily from th@-subunits than from the
o-subunits of hemoglobin (Bunn & Jandl, 1968), giving rise
to a reaction time course that can be fitted with the sum o S : ; ;
two exponential terms. The rates of hemin dissociation are thus: modifications in the functional and/or conformational
nearly the same for the-subunits of both natural HbA and ~ Properties can be assigned to the recombiriastbunits.
BV67T, 0.5 and 0.6 ht, respectively. In contrast, the rate  The electron density map of tifesubunit chains ofV67T
of heme release was 6-fold slower for tjfesubunit of confirms that the variant N-termini are nearly identical to
BV67T from that found for natural HbA. The values for that observed for natural hemoglobin. The comparison of
the hemin dissociation constants are 2 and 12detween  the structures of HbA andV67T in this region indicates
6 and 10uM heme concentration fof-subunit of 5V67T nearly identical backbone and side chain conformations,
and HbA, respectively. location of solvent and sulfate, hydrogen bonds, and elec-

Nitric Oxide Dissociation. The rate of NO dissociation  trostatic interactions (Figure 1b). In addition, the temperature
was measured in the nitrosyl derivatives of HbA @#wB7T. factor B) profiles of thef-subunits of both HbA anAVve67T
In the HbA the replacement is described by a single are also in good agreement (see Table 3 and Figure 2).
exponential, and the calculated NO dissociation constant is Influence of the Presence of the THE11) on the
0.027 htl. The observed time course 6Y¥67T is biphasic Structure of the Distal Heme Pocket of Degkgubunit.The
and is described by two exponentials of equal fractional replacement of valine with threonine in the distal-heme
amplitude. The slower rate is similar to that of HbA, and binding pocket induces only subtle changes in the local

N-Termini Processing, Folding, and Assemblyhe
expression system used for these studies (Fronticelli et al.,
1991) is a modification of the original system developed by
Nagai and Thogersen (1984). With this construct, the
f-globin is cleaved precisely before the N-terminal valine
and has the N-terminal sequence of the nafthglobin. The
£ mutant hemoglobin obtained contains natusasubunits,
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Table 5: Autoxidation Rates for Natural Human Hemoglobin
(HbA), Recombinant Human Hemoglobin (HbAwt), ag¥67T2

hemoglobins AP k (min~?1)
HbA 1.00 0.000 316 (3)

HbAwt 0.18 (3) 0.003 03 (5)
0.71 (4) 0.000 33 (4)

BV6TT 0.26 (2) 0.028 1 (6)
0.45 (3) 0.000 82 (3)

a2 The measurements were done af@7n 100 mM phosphate buffer,
1 mM EDTA at pH 7.0. Catalase was added in the sample in a molar
ratio of 0.0003/heme. The numbers in parentheses represent the standard
error for each experimentA is the relative fraction of each kinetic
phase.

wT

difference in polarity of the heme pocket lowering the oxygen
affinity in a manner similar to that observed f6v67T. A
difference Fourier study of crystals of the deoxy form of
this variant indicates a water bridging the #E10) and
His®3(E7) residues. In a previous paper we reported the
equilibrium of G, binding and the kinetics of £and CO
binding togV67T (Fronticelli et al., 1993). Here we present
further functional characterization of this mutant with regard
to its increased susceptibility to autoxidation, interaction with
CO and NO, and stability of the heme complex.
1500 2000 Infrared SpectroscopyNo modifications are observed in
-1 the IR spectra of carbon monoxy derivatives of HbA and
FicuRe 5. FTIR spectra of carbon monoxy samples of HbA, HbAwt which are consistent with the observations of Potter

wtHbA, andgV67T. All spectra have been corrected for the buffer etal. (1990), and the spectra show one dominant component

ABSORBANCE

background. representing the contribution from the and -subunits.
Both HbA and HbAwt spectra are very similar, indicating
'§ 100 equal contributions of native and recombinArgubunits to
? 80 the C-0O stretch shown in the IR spectrum. In contrast, the
£ IR spectrum of carbon monox§%67T shows the presence
T 60 of a second band at 1968 cftn A similar IR band has been
& a0l observed ion other natural mutant hemoglo_bms with in-
- L SV67T) _creasgd heme pocket polarity; however, it is of smaller
e 20 intensity (Potter et al., 1990).
8 ol v e In pig myoglobin this same mutation (V68T) produces a
) 1000 2000 3000 quantitatively similar increase o (Cameron et al., 1993).
TIME (min) The modified frequency observed gV67T is not due to
FIGURE 6: Time course of the oxidation of HbA, wtHbA, and  Stereochemical modification of the heme pocket, as shown
BVETT. by the crystallographic analysis. The intensity of the peak

at 1968 cm! is smaller than that at 1950 cth This

geometry even though the polarity changes significantly. The suggests that th8/67T has probably some of its absorbance
X-ray crystallographic structure confirms the modeling intensity in the 1950 crt region. It may indicate the
results. In particular, a hydrogen bond is observed betweenpresence of multiple CO orientational conformers in the
the O atom of ThP’(E11) and the backbone carbonyl of mutantg-subunits.
His*}(E7). The modified IR spectrum observed f8V67T is con-

There is an absence of electron density for a water sistent with the proposition of others (Cameron et al., 1993;
molecule in the distal heme pocket in the deoxy structure of Balasubramanian et al., 1993; Li et al., 1994) that the CO
BV6TT even though the volume of the cavity in the distal stretching frequency is governed largely by electrostatic
heme pocket would accommodate a water molecule, and aninteractions in the heme pocket. A significant interaction
examination of the access to the distal heme pocket wouldbetweenS67Thr side chain and coordinated CO is also
not preclude water’s entry. The absence of electron densityevident by a difference in the temperature dependence of
reflects either that there is no water present or that a waterthe Soret absorbance of carbog8y67T compared to that
molecule is present but is disordered. In contrast, the of carboxy HbAwt (Militello et al., 1995).
structure of deoxymyoglobin, with two molecules in the  Autoxidation. In natural HbA, the rate of autoxidation is
asymmetric unit, has a water molecule(s) associated with similar for thea- and -subunits; for HbAwt the reaction
each of the independent sites. There has also been a recentas biphasic, with a phase 10-fold faster than natural HbA.
structural report of Hb Chico, a hemoglobin variant in which The proteins used for these experiments were highly purified,
PBLYsP®(E10) is replaced with a threonine (Bonaventura et so it is unlikely that this is due to the presence of
al., 1991). This is a residue adjacent to 8@t11) and is contaminants. Also, the functional properties (Fronticelli et
close to the distal histidine. This change introduces a al., 1991) and the dimeitetramer association constants
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(Fronticelli et al., 1994b) of the HbAwt are very similar to Baker, E. N., & Hubbard, R. E. (198#rog. Biophys. Mol. Biol.
those of natural HbA. CD (Fronticelli et al., 1991; Yanase _ 44 97—179. _
etal., 1994) and NMR spectra (Shen et al., 1993), however, Balasubramanian, S., Lambright, D. G., & Boxer, S. G. (1928).

. . Natl. Acad. Sci. U.S.A. 9@1718-4722.
suggest the presence of some heme disorder in the recompgqwin. J. M. (1980)). Mol Biol. 136 103-128.
binant 8-subunits. It can be hypothesized that in HbAWt, Bernstein, F. C., Koetzle, T. F., Williams, G. J. B., Meyer, E. F.,
heme disorder is associated with a faster autoxidation rate. Jr., Brice, M. D., Rogers, J. R., Kennard, O., Shimanouchi, T.,
In BVBTT the rate of the fast phase is increased 90-fold with _ & Tasumi, M. (1977)J. Mol. Biol. 112 535-542.

; Bonaventura, C., Cashon, R., Bonaventura, J., Perutz, M., Fermi,
respect to HbA. The fast phase can be attributed to the G., & Shih. D. T.-B. (1991)). Biol. Chem. 26623033-23040,

mutant-subunits, and the slow phase can be attributed 10 g nqer ‘A T. (1992X-PLOR, Version 3.1vale University Press,
the naturalo-subunits. A possibility is that the increased New Haven, CT.

polarity of the heme pocket favors the dissociation of oxygen Brunger, A. T., Krukowski, A., & Erickson, J. (1990Acta
in the superoxide form. Although the exact mechanism of  Crytallogr. A46 585-593.

methemoglobin formation still remains unclear, superoxide Br‘?,{,“'eg'gf'sgg \\J]r”SSTlegrgg)?’ gi-of-e’k\{g':rilnszoé‘é?ég‘]s-'_?g‘l%eton* E.
dissociation has been postulated as a major pathway forBucci', E. & Fryonticelli, C. (1965)). Biol. Chem. 240PC551.

methemoglobin formation (Brantley et al., 1993). Bucci, E., Malak, H., Fronticelli, C., Gryczynski, I., Laczko, G.,
Heme Transfer.A decrease in the rate of hemin release _ & Lakowicz, J. R. (1988Biophy. Chem. 32187-198.

was measured in porcine and sperm whale mutant myoglo—ggmér';h FA &DJa”Sdri% e‘]r- dlc-)lh(lsge? ?/:Ici)lllkigggr?mp\miwl—ﬁ;ézgh ]

bln's with athreonme at position E11 (Hargrove et al., 1994). Helliwell, J., Ui, T., & Olson, J. S. (1993)§i0cher,nistry 32

This has been attributed to the presence of a hydrogen bond 13061-13070.

between the coordinated water molecule and thefhe Carver, T. E., Rohlfs, R. J., Olson, J. S., Bigson, Q. H., Blackmore,

threonine. In the ferric form used for the heme transfer R. S., Springer, B. A., & Sligar, S. G. (1990) Biol. Chem.

experiments a water molecule is coordinated to the heme _ 265 20007-20020.

. . . . . Carver, T. E., Olson, J. E., Smerdon, S. J., Krzywda, S., Wilkinson,
also in thef-subunit chains, and the same interpretation A. J. Gibson, Q. H.. Blackmore, R. S., Ropp, J. D., & Sligar, S.

applies. G. (1991)Biochemistry 304697-4705.

Nitric Oxide Dissociation.In human hemoglobin the rate ~ Carver, T. E., Brantley, R. E., Jr., Singleton, E. W., Arduini, R.
of NO release is the same for the and S-subunits. In '\B/I Quillin, M. L., Phillips, G. N., Jr., & Qlson, J. S. (1992)

. . S iol. Chem. 26714443-14450.

PVETT the rate becomes blphaglc. The slow ratg is similar Egeberg, K. D., Springer, B. A,, Sligar, S. G., Carver, T. E., Rohlfs,
to that of HbA and can be assigned to thesubunits; the R. J., & Olson, J. S. (1990). Biol. Chem. 26511788-11795.
fast rate is increased by 1 order of magnitude and can beEngh, R. A., & Huber, R. (1991Acta Crystallogr. A47 392—
assigned to the mutafitsubunits. The off rates of both CO 400.
(Fronticelli et al., 1993) and NO are increased. Since these Feér_nll, C,i? Pelgéf'l'\;'f" Shaanan, B., & Fourme, R. (1984jol.
are both diatomic ligands, their interaction with the threonine Fror:(t)iéelli,sc., O'Donhell, K., & Brinigar, W. S. (1991). Protein

side chain would be expected to be qualitatively similar. Chem. 10495-501.

Conclusions. The three-dimensional structure of the Fronticelli C., Brinigar, W. S., Olson, J. S., Bucci, E., Gryczynski,
deoxyAV67T reveals that there is little effect on the structure %53%_[)1%'1”26”’ J. K., & Kowalczyk, J. (1993iochemistry 32
of the_dlstal hem_e pocke_t by the isosteric substitution of Fronticelli, C., Pechik, I., Brinigar, W. S., Kowalczyk, J., &
threonine for valine. Unlike the deoxy structures of Hb Gilliland, G. L. (1994a)J. Biol. Chem. 26923965-23969.
Chico, K66 T(E10) (Bonaventura et al., 1991), and porcine Fronticelli, C., Gattoni, G. M., Lu, A.-L., Brinigar, W. S., Bucci,
myoglobin, V68T(E11) (Cameron et al., 1993), a water J- L., & Chiancone, E. (1994tBiophys. Chem. 5153-57.

; ; ; Hargrove, M. S., Krzywda, S., Wilkinson, A. J., Dou, Y., Masso,
molecule is not present in the distal heme pocked\oB7T. 1-S.. & Olson. J. . (1994Biochemistry 3311767-11775.

The O of AThr% is involved in a hydrogen bond with the Hendrickson, W. (1985)ethods Enzymol. 11252-270.

backbone O offHis*, and the polar hydroxyl group’s  Hendrickson, W., & Konnert, J. (1980) i@omputing in Crystal-
presence in the distal heme pocket modifies the interaction  lography(Diamond, R., Ramaseshan, S., & Venkatesan, K., Eds.)
of the Fe with ligands. In the carbon monoxy and nitrosyl ~ pp 13011323, Indian Academy of Sciences, Bangalore, India.
derivatives a dipolar interaction with the’®f 867Thr is ~ Howard, A. J, Gilliland, G. L., Finzel, B. C., Poulos, T. L.,

possibly established. The increased polarity of the heme Sglgggfg’s? H., & Salemme, F. R. (1987)Appl. Crystallogr.

pocket decreases the affinity for oxygen, increasing the rate jones, T. A. (1978). Appl. Crystallogr. 11268-272.

of methemoglobin formation. In the aquomet derivative the Jones, T. A., Zou, J.-Y., Cowan, S. W., & Kjeldgaard, M. (1991)
water molecule that has been shown to coordinate with J. Appl. Crystallogr. 11268-272.

Fe(lll) (Ladner et al., 1977) probably hydrogen bonds with Li: X.-Y., & Spiro, T. G. (1988)J. Am. Chem. Soc. 116024~

the threonine @ providing additional stabilization to the Kavana.ugh, J.S., Rogers, P. H., & Armone, A. (198)chemistry

hemin—protein complex. 31, 8640-8647.
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