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ABSTRACT. By using transgenic methodologies, we have produced a number of mouse/human chimeric
hemoglobins containing adult mouse and human embryonic globin chains. A detailed analysis of the
oxygen binding properties of these proteins identifies the dominant role played by the spdgifie

globin chains in the control of the oxygen binding characteristics. Further analysis traces the origins of
these effects to alterations in the properties of the T states of these proteins. Thelhmmases chimeric

protein has been crystallized, and its structure has been determined by X-ray diffraction to a resolution of
2.1 A with R (Ryeo) Values of 21.6% (24.9%). Close examination of the structure indicates that the subunit
interfaces contain contacts which, although different from those present in either the parent human or the
parent mouse proteins, retain the overall stabilizing interactions seen in other R state hemoglobins.

In recent years, much interest and experimental work hasreplace the defective chain and produce within the circulation
been directed toward the production of potential “blood “developmental” chimeras which retain a functional adult
substitutes” and the treatment of hemoglobin-related diseasesglobin in association with a fetal or embryonic partner globin
based on modifications of naturally occurring hemoglobin chain (L1). Indeed, fetal globin synthesis has been success-
molecules {—4). In one approach to blood substitutes, fully achieved in adults on administration of hydroxyurea
human adult hemoglobin has been transgenically expressedr butyrates 12—19). To examine further the potential of
in a number of different specieS+(8). However, in the case  this approach, it is necessary to investigate the properties of
of expression in pigs, it has been found that expression of such developmental chimeric proteins with regards both to
adult humaro andf globins in the presence of pig globin  their oxygen binding properties and to their subunit interac-
synthesis, in vivo, does not lead to the production of all the tions.
chimeras possible by globin exchang®).(These data All vertebrate hemoglobin proteins consist of quaternary
highlight potential problems of chain incompatibility not structures containing twa- and twoB-type globin protein
previously realized. Thus, a more detailed investigation of subunits in which each subunit makes contacts with both
globin chain interactions is necessary before transgenicsimilar and dissimilar chains. Within a given species,
production of adult human hemoglobin is fully understood. hemoglobins produced at different developmental stages

In the case of hemoglobin-related diseases, much researcloften share a common globin chain while retaining allosteric
has been undertaken into the potential use of “unnatural” function. Over the years, much data have been collected
hemoglobins. Many hemoglobinopathies arise either from which indicate that within the hemoglobin molecule, the
unbalanced synthesis of the constituent globin chains, forand s globins are functionally nonequivalent, even though
example, in the thalassemias, or from a mutant form of just they are structurally very similaRQ—22). It is thus important
one of the globin chains, for example, sickle cell disease to establish how the globin chains interact with each other
(10). One potential route toward the treatment of such defectsand how the functional properties of the heterotetramer are
would be to induce the expression of a previously develop- influenced by their constituent globin chains. To enable this,
mentally suppressed embryonic or fetal globin chain to we have produced a number of transgenic mice that express
adult mouse/embryonic human hemoglobin chime8 (

* Crystal structure: The coordinates and structure factors for CO- which allows us to consider the oxygen binding properties
£"B™, have been deposited with the RCSB Protein Data Bank with of these proteins in detail. Moreover, we have obtained high-
T oo ape S o stenoesut lephoge: | resolution structural data for one of these chimeras which
9-373-7599 ext 8246. Fax:-64-9-373-7414. E-mail: T.Brittain@  allows us, for the first time, to investigate at the atomic level

augkland.ac.nz. the interactions between the subunits of a chimeric hemo-
University of Auckland. i i
B University of Pennsylvania. globin protein.

# University of East Anglia.

1 Abbreviations: Hb, hemoglobin; human, h; mouse, m; CO, carbon MATERIALS AND METHODS
monoxide; "™, chimeric human zeta2/mouse beta2 hemoglobin; . . . .
B2, human adult hemoglobin; MePEG, methoxypoly(ethylene glycol); A_Ssay§Ch'mer|C h_efm09|0b|n5 were Obtam?d from trans-
rms, root-mean-square. genic mice and purified as previously describ@d—~26).
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Oxygen  binding _Curves were ObFained on h_emOQ_IObin Table 1: Crystal and Data Collection Statistics
samples at approximately 1@M protein concentration using

an automated method employing a Hemox Analyzer (TCS, crystal 1 crystal 2

Hungtington Valley, PA) 27). Oxygen binding curves were source RU-H3R SSRL

analyzed in terms of the two-state model using in-house ~ >P3¢C 9roUP P4 P4

y i . g n cell dimensions (A):

computer programs as previously describ26).( Binding a=b 84.74 84.92

curves were obtained at 3T in 20 mM HEPES buffer c 104.21 104.52

containing 1 mM EDTA and 100 mM NaCl at pH 7.4. fef_'ectlon?l mf_aswed 2%4566390 41393?4;38

Oxygen dissociation rates were determined using anaerobic "= "FEE RS @) o et

stopped-flow mixing of the oxygenated proteins with an  completene€%) 99.9 (100.0) 99.9 (100.0)

excess of sodium dithionite using a modified Applied multiplicity? 21.2(13.8) 4.4 (3.9)

Photophysics Ltd (Leatherhead, Surrey, U.K.) DX17MV  Rueé® (%) 8.1(62.7) 5.3 (46.5)
mearl/ol 10.7 (4.6) 11.5 (2.9)

stopped-flow spectrophotometer. The kinetics of oxygen
binding to the R state of the hemoglobins were determined _* Figures in parentheses are for the outermost resolution shell:-2.59
by following the time course of oxygen reassociation with 2_'5[? éfor_clry?ta' 1and 2.262.10 A for crystal 2 Rnerge= ZnZil ni
the transiently partially (approximately 5%) deoxygenated — i zr2illnil

form of the proteins produced by partial photolysis using
the signal from the second harmonic output (10 ns, 100 mJ) Table 2: Refinement and Model Statistics

of a SL282G Nd:YAG laser (Spectron, Rugby, Warks, U.K.)  resolution range (A) 28:02.1
interfaced to an Applied Photophysics Ltd LKS.50 laser flash ~ total number of reflections in range 43240
photolysis spectromete®). Time courses for the kinetic RCW@{((‘Q)) 3411'8
reactions were followed at 436 nm in 20 mM HEPES buffer  ,onq length rms deviation (&) 0.007
containing 1 mM EDTA and 100 mM NacCl at pH 7.4 and  bond angle rms deviation (deg) 1.2

37°C. Reaction curves for the time course of deoxygenation Ramachandran plét:

and oxygen association were analyzed in terms of the sum  residues in most favored region (%) 91.1
f ial lovi . residues in disallowed region (%) 0.2
of two exponential processes employing proprietary software  zyerages factor (A2):
(Tablecuwe-2D, Jandel Scientific, San Rafael, CA). main chain-total 45.4
Crystallization and Data CollectioThe &,3, crystals used mgin Chhe}in§1£ C|2,ﬂ1,ﬂ2 42622140-2, 59.9,39.2
H H HH sige-chain-totat .
in this W(_)rk were of the cgrbo_nmonoxy forr_n. To stabilize side-chaingL, £2, 1, 2 43.7. 41.4. 60.2, 40.9
the protein and prevent oxidation, the protein was saturated o ent 48.1
with carbon monoxide, and 2 mM sodium dithionite was  number of protein atoms 4371
added prior to crystallization. Crystallization conditions were ~ number of heme atoms 172 (443)
found by a sparse matrix search proced@.(Crystals were number of ligand atoms 8 (4-D)

number of acetyl atoms (non-hydrogen) 6 (Z20—CHa)

grown by hanging-drop vapor diffusion at & in 2 uL number of water molecules 234

drops by mixing equal volumes of the protein solution (30 — , , -
rT]g/.mL_ in 0.:.]_ M HEPES buffelr (pH 7.4) With 2 mM sodium by ;S?éﬁ%dgggsimmed reflections were used Rage ® As defined
dithionite) with reservoir solution. Crystallization trays were
stored in the dark. The best-diffracting crystals (&.4.4 Structure DeterminationThe 2.5 A data set was used to
x 0.4 mm) grew in a drop equilibrated over a reservoir obtain an initial structure by molecular replacement. The
solution of 0.1 M Bicine/NaOH (pH 8.5) and 33% MePEG search model was constructed from human aduo34)
550. carbonmonoxy hemoglobin (PDB code 1BBB32)), in

The crystals were tetragon&4,, with unit-cell parameters  which side-chains that differed between humaand human
a=b =84 A andc = 104 A with one heterotetramer inthe &, and between humaf and mouses, were truncated to
asymmetric unit. The crystal density/{) is calculated to  Ala or Gly. UsingCNS(33), rotation and translation function
be 2.92 R Da ! with a solvent content of 58% (v/v]3(). calculations based on data between 16 4@\ gave a single
An initial data set was collected in-house to a resolution of unambiguous solution. After rigid-body refinement in which
2.5 A using a single flash-frozen crystal. X-ray data were each subunit was treated as a separate rigid bodR fiaetor
collected at 110 K using a MAR Research 345 image plate was 42.3% anRqe. Was 41.7%. For thB .. calculation 84)
detector with Cu K radiation from a Rigaku RU-H3R in this and subsequent refinement steps, 10% of the reflec-
rotating anode generator equipped with focusing mirrors. tions were randomly selected. The model was then built into
Data were collected as a series dfokcillation frames, each  2F, — F. andF, — F. electron density maps usir@ (35).
of 15 min exposure, at a crystal to detector distance of 235 After a single round of simulated annealing usidyS the
mm. A second data set was collected on another crystal withmissing side-chains for humah (") and mouses-Single
synchrotron radiation from beamline 9-2 £ 1.00 A) at (8™ were built into the model. Mousg-Single differs from
the Stanford Synchrotron Radiation Laboratory. This X-ray mousef-Major at three residues: Alal3 Gly, Val20 —
data set was collected at 110 K using an ADSC Quantum-4 Ala, and Asn139— Ala (36).
(2 x 2) CCD detector to a resolution of 2.1 A. Data were  The 2.5 A model was then used as a starting model for
collected as a series of bscillation frames, each of 10 s  refinement against the 2.1 A data. The structure was refined
exposure, at a crystal to detector distance of 152 mm. Imageby alternating cycles c€ENSrefinement (using data between
data for both crystals were processed and scaled using the5 and 2.1 A) with model rebuilding usin@. Typically,
DENZO and SCALEPACK(31) software. Data collection  CNS refinement included the following steps (in order):
statistics for both crystals are summarized in Table 1. simulated annealing, individu@-factor refinement, water
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Table 3: Comparison of Oxygen Binding Characteristic of Human and Mouse Adult, Human Embryonic, and Human/Mouse Chimeric

Hemoglobing
protein Pso n Bohr Kr Kr L Kot Kon
omgm 17 25 —0.60 42 0.4 1.5¢ 108 54,125 3.9x 107,1.3x 1¢°
ghgm 14 2.4 -0.17 42 0.8 2.5¢ 1P 16, 160 2.0x 107, 1.5x 10°
ahgm 21 2.9 —0.52 56 0.9 4.0« 10° 25,139 4.5x 107, 1.5x 10°
ohgh 9 2.9 —-0.41 21 0.3 5.0« 10° 12,40 4.2x 107, 1.4 x 10°
omgn 8 2.2 —0.84 22 0.7 1.2 10¢ 58, 58 3.8x 107, 2.0x 1
omen 6 2.2 —0.62 15 0.9 1.x 1¢° 63, 62 7.5x 107, 7.5 x 107
gheh 4 2.3 —0.30 12 0.5 1.8 10° 11, 60 2.4x 107, 9.0 x 107
ghyh 6 2.3 —0.30 8 0.3 6.0< 10¢ 11,70 4.0x 107,9.0x 10

am refers to mouse, and h refers to humpga.values are in mmHg partial pressure of oxygeiis the Hill coefficient. Bohr is the slope of the

plot of log(pse) versus pH.Ky and Kg are, respectively, the equilibrium

constants for the reaction of oxygen with the T and R ktagethe

allosteric equilibrium constank. represents the oxygen dissociation rate constants fax tired 5 chains, respectively, in units’s ko, represents
the oxygen association rate constants fordhand 8 chains, respectively, in units of M s
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Ficure 1: Oxygen binding curve fogh,8™, chimeric hemoglobin.
The experimental oxygen binding da# for a sample of 10&M
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Ficure 2: Oxygen dissociation frorg,5™, chimeric hemoglobin.

The time course for oxygen dissociation from chimetlgs™,

hemoglobin ¢) is shown as compared to the best fit double

¢h,p™, hemoglobin are shown as compared to the best fit two state exponential model-{). The reaction was performed in 20 mM

allosteric model{), obtained using the parameter set detailed in
Table 3. Data were recorded at pH 7.4 in 20 mM HEPES buffer
containing 100 mM NacCl at 37C. Inset is a Hill plot of the data.

picking, and conjugate gradient minimization refinement.
This resulted in minimal change. The findl(Rqee) Values
were 21.6% (24.9%). Full refinement statistics are given in
Table 2. Structural superpositions were carried out with the
programLSQKABfrom the CCP4 program suit&7), and

the quality of the final model was analyzed wRROCHECK
(38).

RESULTS

Functional StudiesThe nomenclature for describing the
various globins in this study is as follows: human alpha,
beta, zeta, gamma, and epsilon chains are latglggf, Z",
¥, and ", respectively; mouse beta &". The chimeric
proteins exhibit moderate oxygen binding constants and
normal degrees of cooperativity at 3Z (Table 3), consistent
with the values for these proteins previously determined at
a lower temperature3@). The oxygen affinities of the
proteins appear to fall into two distinct subgroups:-8&
mmHg and 2129 mmHg. Detailed analysis of the oxygen
binding curves using the two-state model (Figure 1) shows

HEPES buffer, containing 100 mM NacCl, at pH 7.4 and &%
The progress of the reaction was monitored at 436 nm.
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Ficure 3: Oxygen reassociation witt,™, chimeric hemoglobin.
The time course for the recombination of chimeifgs™, hemo-
globin with 1.1 mM oxygen following 2% partial photodissociation
(¢) is shown compared with the best fit double exponential model
(—). The reaction was monitored at 436 nm in 20 mM HEPES
buffer, containing 100 mM NaCl, at pH 7.4 and 3, following

a 6 ns laser photolytic pulse.

The allosteric constant&) associated with all thg-contain-
ing chimeric proteins are moderately high, while tid&e",
protein shows a significantly lowdr value. Oxygen dis-

Bm-containing molecules have significantly lower T state sociation kinetics (Figure 2) indicate chain equivalence in
affinity for oxygen thans"- or "-containing proteins. The  a™-containing proteins but significant chain kinetic hetero-
R state equilibrium constant for oxygen binding, however, geneity in thef™-containing proteins. Oxygen association
is essentially independent of the particular structure. The rate measurements (Figure 3) show chain equivalence in the
Bohr coefficient shows no obvious correlation with the type R state of a™e™ but chain heterogeneity in the other
of chains present in the particular hemoglobin molecules. hemoglobin molecules.
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Quality of the,3, Structural ModelThe crystal structure
of CO-¢",A™, contains a singl€,3, heterotetramer in the A
asymmetric unit. Refinement at 2.1 A resolution has given
excellent agreement with the X-ray data, with a final
crystallographid factor of 21.6%, a fre® factor of 24.9%,
and a model that conforms very well with standard protein
geometry. Root-mean-square (rms) deviations from standard
bond lengths and angles are 0.007 A and Ir@spectively
(Table 1), and 91.1% of the residues are in the most favored
region of the Ramachandran plot, as definedPROCHECK
(38). Only one residugi™ 145Tyr, is in a disallowed region.

The final model comprises residues-141 for bothg"
chains, residues -1143 for the f™1 chain, and residues
1-146 for the™2 chain. In general, the electron density
describing the model is of high quality, except for a few
side-chains and the C-terminal residuega, M1, and3™2.

No density was visible even to low levels for the three
terminal residues g8™M1; these residues are thus not included
in the model. The model also includes four hemes, four CO
molecules, two acetyl groups, which are present on the
N-termini of both&" chains, and 234 water molecules. The
electron density is not as clear for the CQs6i. as compared

to the other three chains’ CO molecules.

Interestingly, the averag® factors for f™1 are ap-
proximately 20 & higher than for the other three chains
(average main-chaiB factors for¢ "1, ¢ "2, A™1, and3™2
are 42.2, 40.2, 59.9, and 39.2 Aespectively). Although
large differences in averadgefactors between- andg-type
globins have been seen before in hemoglokif),(it is
unusual for just one chain to display such a marked
difference. To further understand this result, intermolecular
contacts were analyzed with the CCP4 proglal 8 TANG
(37): &M, "2, andB ™2 make 9, 10, and 12 intermolecular
crystal contacts with symmetry-related molecul&&l only
makes a single contact. This lack of anchoring interactions
probably contributes to the higher mobilit§3 factors) of
p™2. Other areas of concern regardiBgfactors are their

high valuzes €40 A, please see_ Table 2) gnd the_small 9ap Ficure 4: Superposition of human adult globins upon the globins
(~1.5 A?) between main-chain and side-chain Values,' of the CO£M,8™, chimeric hemoglobin. The human adult globins
However, both of these results, although rare for hemoglobin gre from COe,B,, PDB entry 1BBB 82). (A) Ribbon diagram of
structures, are not unprecedented; for example, similar resultshumang (blue) superimposed onto mougdpurple). (B) Ribbon
have been seen for human embryonit)(and sea lamprey  diagram of humam (yellow) superimposed onto humdr{green).
(42) hemoglobins. Perhaps it is not really appropriate to Figures were drawn using the prograOLSCRIPT(52) and
compare theB factors of the CQ:z",8™, structure to other rendered WittRASTERSO(S3).

hemoglobins; this is the first time that the humarmhain When residues 4143 of the mouses chain are super-
and any mouse globin has been solved and the crystals werémposed on the equivalent residues of the hurfiachain
crystallized in a new space group4;) with unique unit cell (from CO-z2, PDB entry 1BBB 82)), the rms difference,
dimensions (Table 1) using a new (for hemoglobin) crystal- over all o carbon positions, is 0.63 A, demonstrating the

lization condition (MePEG 550). MeaB factors and full close alignment of these twg structures (81% sequence
refinement details are in Table 2. identity). This rms value is similar to those obtained in
Molecular Structure As a chimeric molecule, thé&,f3, comparisons between the various liganded hurfidype

protein comprises chains that are not usually paired in chains: 0.83 A for humafi—humany (y from CO+,4, PDB
hemoglobins. Nevertheless, its overall quaternary structureentry 113D @4)) and 0.62 A for humag—humane (e from
conforms closely to that of other liganded hemoglobin CO-o.¢,, PDB entry 1A9W 41)). The greater deviation
molecules; the structure lies between the R and R2 state between humayt and humary arises from a slight shift in
though closer in orientation to the R state. When @gfie  the A helix of they chain relative to the8 chain @4).

dimer is superimposed on the R staig dimer @3), it On the other hand, a comparison of the human embryonic
requires a further rotation of abouf 8 superimpose the ¢ chain with that of the human adulttchain shows a number
other halves of the two tetramers. of significant differences. The N-termini of tliechains are

The mouses chain has a structure that corresponds very clearly acetylated (Figure 5). The rms differencetinarbon
closely to that of the human adyftchain (Figure 4A) and  positions between theé ando chains is 0.82 A for residues
otherf-type chains, diverging only at the N- and C-termini. 4—141 (i.e., omitting the three N- and C-terminal residues).
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FicurRe 5: Stereoview of the N-acetylation site of one of thehains {"2). The map was calculated with Fourier coefficienks 2- F.
and was contoured at x2The N-terminal serine is N-acetylated in bdthhains ¢"1 not shown). The figure was drawn usiB@BSCRIPT
(54) andRASTER30O53).

The C-terminal € atoms have diverged by9 A (Figure constant ) has a higher value in the case of tj§@-
4B); however, it must be remembered that the salt bridges containing hemoglobins than in the case of fife or -

at the C-termini in the T state are broken upon ligand binding, containing hemoglobins, indicative of a more stable T state.
and this allows the termini to move freely in solutic20y. In addition to the relative position of the allosteric equilib-
The human¢ chain is the most divergent of the human rium, we find that the T state forms of th#"-containing
hemoglobin subunits; the sequence identity betwgand chimeras also possess intrinsically lower oxygen affirity) (

o is 60%. than those of thg" ande" cases, while exhibiting essentially

Comparisons of the heme pockets betwaéandé‘h and identical R state affinitiesI(R). A kinetic analysis of the
betweens" and A" reveal no large surprises. However, in  0Xxygen dissociation rates indicates that in the R state, the
the chains, Lys61 appears to form a weak ionic interaction 8™ chains show a higher dissociation rate thanfher "
with the heme propionate group. Fetr, the distance between ~ chain. This is accompanied in general by a somewhat higher
the Lys61 N and the heme carbonyl O1A atom is 2.80 A, association rate. Interestingly, if the R state equilibrium
while for £2, the distance is 3.08 A. Lys61 (Lys66dlike constants are calculated from thegr/kon values, then the
chains) is strictly conserved among the human hemoglobins.differences in the kinetic rate constants are essentially self-
This interaction between the lysine side-chain and the compensating. The equilibrium constants for all the chains
propionate group has also been observed in structureswithin the R state exhibit kinetically derived equilibrium
containing the embryonie (41) and fetaly (45) chains. This ~ constants in the range 6:2.8 mmHg, in good agreement
interaction ing, €, andy chains helps explain the higher ~With the equilibrium measurements.
heme affinities found in their respective embryonic met-  Oxygen affinity and cooperativity are affected by heme

hemoglobins relative to the adult methemoglobB)( pocket structure and subunit interface interactions. Since
therapies for various hemoglobinopathies have been proposed
DISCUSSION using developmental chimeras, we determined the structure

of a human embryonic/mouse adult chime&if™,) to

Under physiological conditions, the mouse/human chimeric determine whether the combination of chains that are not
hemoglobins all exhibit oxygen binding characteristics which normally paired would affect either the heme environment
fall within the range observed in the adult mouse and adult or the quaternary structure of the heterotetramer. In the
human hemoglobins and the human embryonic hemoglobinsabsence of a structure for adult mouse hemoglobin, our
(Table 3). Interestingly, exchange of subunits within these structural comparisons had to be made via the human adult
hemoglobins does not lead to a significant loss of cooper- hemoglobin structure. Nevertheless, some interesting obser-
ativity. The oxygen binding affinity of the chimeras on the vations can be made. A comparison of the heme pockets of
other hand falls into two clear groups: a low affinity group the a" and ¢" chains and thgg" and ™ chains shows no
containing™ chains and a high affinity group containing major structural variations. On the other hand, the subunit
B" or €" chains. Similar characteristics have been reported interfaces contain a number of amino acid substitutions.
previously in the cases of adult mouse/adult hum&n, ( Within the £151 interface, six amino acid differences are
adult mouse/adult donkey®), and adult human/adult pig  found when this interface is compared to the known human
(9) systems. The Bohr effect does not show any simple o151 interface, as a result of substitutions in either ¢he
pattern as would be expected as this property of pH chain (two residues) or th&" chain (four residues). Some
sensitivity is well recognized as containing contributions from of these substitutions are shown in Figure 6. This interface
both thea- andfS-type chains. More detailed analysis of the contains a large number of weak to moderate interactions;
oxygen binding curves in terms of the two-state model of 32 such interactions have been identifid®)( The sum of
cooperativity is also enlightening. The derived allosteric these interactions is such that in adult human hemoglobin,
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A

Ala-110

Ficure 6: View of some of the residues at thd1 interface for
(A) human adult CQay8, and for (B) COé&MA™, chimeric
hemoglobin. Although all but two of thet and ¢ residues are

Kidd et al.

Table 4: Comparison afi"18"1 and"13™1 Interface Interactions

amino acid 2 amino acid 2 interaction present/absent
B"Val109 oHis122 hydrophobic
S™Met109 +
B"Cys112 olLeul06 hydrophobic/polar
Bmlle112 +
B"Cys112 aAlal10 hydrophobic/polar
Bmlle112 +
phCys112 oHis122 acid/base -
pMlle112 oPhell? hydrophobic +
B"Alal15 oVal107 hydrophobic
pMGly115 -
B"Pro125 olLeu34 hydrophobic
pMAlal25 +
pMProl24 oleu34d hydrophobic +
o"His112 BLys120 acid/base
ChArg112 +
o"Prol119 BMet55 hydrophobic
t"Ala119 +

aUpper residue im,8"; lower residue irg",A™. © Interacting amino
acid in o8,

the humaraThr38 interaction with3His97, which normally
involves a hydrogen bond through solvenfThr38 O*—
H.O—pHis97 O), has been eliminated in the chimeric protein.
However, the interaction betweendrhr38 andfAsp99 in

the human protein has been replaced by tiN®8In38—
BAsp99 interactions in the human/mouse chimeric protein:
£GIn38 N2—pBAsp99 O and £GIn38 O'—pBAsp99 O at
2.81 and 3.3 A, respectively. In terms of the number of
interactions across th&'13m2 interface, within the R state,
the chimeric protein thus closely mirrors the situation present
in the human protein. However, the chimeric protein does
show a higher oxygen affinity and slightly lower cooperat-
ivity than the natural parent molecule. This same pattern of
change has been observed in the adult human protein in
which aThr38 is mutated t@GIn38 28). In this report, the
change in reactivity was ascribed to the interaction involving
o.GIn38 which stabilizes the T state (deoxy) structure. As

conserved at this interface, there are a number substitutions betweenvell as chair-chain interactions, this mutation may also

human and mousg globins. The altered interactions are listed in
Table 4. Figures were drawn using the progd®@LSCRIPT(52)
and rendered witiRASTER30O53).

the a1l interface is considerably stronger than the corre-

spondingn152 interface and is only disrupted under extreme
conditions. A detailed study of thi#13™1 interface indicates
that although the amino acid differences betweerothand

Zh chains and thg8" and 8™ chains lead to some altered

affect cooperativity via a purely steric effect on the T to R
transition which involves the “ratcheting” gfHis97 from
betweenaPro44 andaThr4l in the T state to between
aThr4l andaThr38 in the R state.

Our structural studies clearly show that the N-terminus of
the & chain is acetylated ig",3™, molecules synthesized in
the definitive red blood cells of the transgenic mice (Figure
5). The¢ chain is normally fully acetylated in embryonic

interactions, these alterations are essentially compensatonhemoglobins synthesized in the yolk s&0) while they

(Table 4).

In contrast to thex151 interface, thenl152 interface of
the hemoglobin molecule is relatively weak, and the T to R
transition, which occurs during oxygen binding, involves a
significant shift in the relative positions of thel51 and
o232 dimers. In the R state (oxygenated), &2 interface
involves a few relatively strong amino acid interactions. In
the case of th&M,A™, structure, the only alterations in the
al152 contact region arise from the single difference in the
gh chain as compared to the chain at this interface. This
difference consists of @"38Thr— £"38GIn substitution. In

chains of fetal hemoglobin are only partially acetylated in
definitive red blood cells §1). Synthesis of¢ chains in
definitive red blood cells thus does not lead to deacetylation,
and the presence of acetylatédthains indicates that this
modification is intrinsic to the amino acid sequence ofghe
chain and is not dependent on the nature of the red blood
cells in which the synthesis occurs.

In conclusion, the combination of our structural and
functional studies on chimeric hemoglobins synthesized in
transgenic mice shows that significant compatibility exists
betweern- andf-type globin chains obtained from disparate

the human adult protein, the Thr amino acid makes contactsorigins. Furthermore, it is apparent that within these mol-

with SHis97 andBAsp99 (these contacts are not present in
the R2 state32); theaThe38 has moved too far away). Close
examination of the structure of tl§&,8™, protein shows that

ecules, much of the reactivity with oxygen is governed by
the nature of thgg chain. These results clearly indicate the
potential for the use of chimeric hemoglobins, either trans-
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genic or developmental, in the relief of various hemo- 24.Liebhaber, S. A., Wang, Z., Cash, F. E., Monks, B., and
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