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ABSTRACT: A set of variant human hemoglobins, each with an Ala or Gly substitution at a single residue,
has been prepared, and the kinetics of their reactions with carbon monoxide have been measured. This
reaction is rate-limited by the binding of the first CO to the deoxygenated T state of the protein. The
magnitudes of the effects of the mutations on CO combination vary widely, and, with the exception of
BY145, the residues with the most significant effects on these kinetics are found in the hinge region of
thea152 interface. Mixed-metal hybrids, with zinc protoporphyrin IX in place of heme on taihboth

p subunits, were prepared fBMW37E, SW37A, aY140G, andaY140A, hinge region variants causing

large kinetic changes, and f@l¥ 145G. Such hybrids permit measurements of the kinetics of CO binding

to only the heme-containing or 5 subunits within the unliganded hemoglobin tetramer. Mutations at
p37 anda140 have global effects on the T state, increasing the rates of CO binding to both types of
subunits. Mutation 0fY145 has a large effect on thesubunits in the deoxygenated T state, but very

little effect on thea subunits. Oxygen equilibria measurements on the crystalline T st@é&/87E also

indicate large affinity increases in both subunits of this variant. The overall oxygen equilibria of the
variant hemoglobins in solution are sensitive to numerous variables besides the properties of the
deoxygenated T state. In contrast to CO combination kinetics, the residues whose alterations cause the
largest changes in overall oxygen equilibria in solution are scattered seemingly randomly withipthe
interface.

Cooperativity in ligand binding and other allosteric effects which result in cooperativity. If the tway3 dimers are
are the unique property of the intact hemoglobin tetramer, denotedx151 anda232, the chains within the dimers interact
Hb.! The isolateda. and 5 chains, as well as3 dimers, through the identicalt11 anda252 interfaces. When two
exhibit high ligand affinities without significant cooperativity ~ deoxye,3 dimers combine to produce the deoxyHb tetramer,
(1—3). It is the assembly of twa3 dimers into tetrameric  the only direct contacts between like subunits occur at the
Hb which elicits the functional properties which distinguish o102 interface where ionic interactions form between the
this molecule. The overall oxygen affinity is greatly reduced COOH-terminal residue, Argl4d of one subunit and
by this assembly, and within the tetramer, ligand binding is residues Asp126and Lys12@ on the oppositex subunit.
accompanied by both structural and functional transitions |t js the formation of these contacts together with the

: - formation of contacts along thel532 interface (and the
" This work was supported by Program Project Grant PO1 GM58890 symmetry-related281 interface) that is a necessary condi-
from the National Institutes of Health.
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of Medicine, University at Buffalo, VA Medical Center, Room 202, that exhibit the greatest structural rearrangement in the course
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8 ltalian Institute for the Physics of Matter. to have only a single quaternary structure, the fully liganded
! Abbreviations: Hb, hemoglobin; HbA, normal human hemoglobin - hemoglobin tetramer is characterized by a range of energeti-

A; IHP, inositol hexaphosphate; bisTris, bis(2-hydroxyethyl)iminotris- P
(hydroxymethyl)methaneg3V1M, recombinant hemoglobin with the cally similar quaternary structures (referred to as tife R

Vallg — Met mutation;aL91A, recombinant hemoglobin with the ~ €nsemble) that have relatively few intersubunit contadts (
Leu9lo. — Ala mutation; all other Hb mutants are indicated in the The ligand-induced transition from the deoxygenated T state

same manner; HbAXL39, normal human HbA which has been cross- i _
linked between its twa99 lysine residues by reaction with bis(3,5- structure o the structures of the ligand-saturatedrigemble

dibromosalicyl)fumaratefW37EXL99, the SW37E variant of HbA involves rotations of the twey3 dimers with respect to one
cross-linked between €99 residues. another about axes which pass through thedvabains and
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define two regions of the1j32 interface. The region between
the FG corner and C terminus of thesubunit and the C

Noble et al.

to an Oy of 1.0, induced with 0.4 mM IPTG, and allowed
to incubate at 37C with vigorous shaking for 2 h. The

helix of the subunit lies closest to the rotation axes and is bacteria were harvested by centrifugation, and the mytant
termed the hinge region. The region between the FG cornerglobing were purified, reconstituted with heme, and com-

and the C terminus of thg subunit and the C helix of the

o subunit, termed the switch region, lies furthest from the

bined with . chains as described by Hernan et 8). (
Mutagenesis of thet Globin Gene and Coexpression of

rotation axes and is where the largest motion of the two theo andf Globin Genes in E. coliTheaK40G andaY42A

dimers relative to one another occurs.

mutations were created by cassette mutagenesis using a

To further our understanding of the structural origins of modified form of pUC18 in which a synthetic globin gene
the properties of the hemoglobin tetramer, we have under-that uses optimunk. coli codons was cloned between the
taken a systematic examination of the functional conse- Xba and Pst sites of the polylinker region. The other
quences of the deletion of the side chains of individual amino restriction endonuclease recognition sites in the linker region

acids which contribute to theg interfaces or are suspected

of this plasmid (which was provided by Drs. Ron Hernan

of contributing to the linkage between interface and heme. and Steven Sligar, University of Illinois, Champaign

Using site-directed mutagenesis and expressida icoli, a

Urbana) were eliminated in order to facilitate cassette

series of variant hemoglobins, each with a single Ala or Gly mutagenesis. The oligonucleotides that were used to make

substitution at amm. or 5 chain residue, has been prepared.

the mutant cassettes were purchased from BIO-SYNTHESIS

Perhaps the most unique property resulting from tetramer (Lewisville, TX). After transformation into competent D5
assembly is the drastic, several hundredfold, reduction in thecells, automated DNA sequencing done at The University
affinity of the unliganded or deoxygenated Hb molecule for of lowa College of Medicine DNA Core Facility was used

the binding of the first ligand2). This reduction in ligand

to identify plasmids that contained thek40G or aY42A

affinity is reflected in a large decrease in the rate of CO mutation. The mutated globin genes were then cloned into

combination with the unliganded, tetrameric prote8). (

the region between th¥ba and Pst sites of the pUC18-

Therefore, the kinetics of CO combination with each variant baseda/f coexpression vector described by Hernan et al.
have been examined. For five variants, the functional (8, 9). The entirea/3 globin operon was removed from this
properties of the T quaternary state were also assessed bpUC18-based coexpression vector and cloned between the
measurement of oxygen binding equilibria of T state crystals. Xba andHindlll sites of the T7 expression plasmid pET17b

In addition, for most of the variants, preliminary measure-

ments of overall oxygen equilibria in solution were carried
out using tonometric procedures.

EXPERIMENTAL PROCEDURES

Natize human HbAvas prepared from freshly drawn blood

(Novagen, Madison, WI).

The othera mutations were created by PCR mutagenesis
using the QuikChange Kit. The mutations were created using
the pET17b-based expression vector described above in
which residue 4@ was mutated back to tyrosine. The
oligonucleotides used as PCR primers were purchased from
Integrated DNA Technologies (Coralville, 1A). After mu-

and was stripped of endogenous organic phosphates byagenesis, plasmids were transformed into BXBmpetent

passage through a Dintzis deionizing colurBngs described
by Doyle et al. 6). Isolatedo. and 8 chains of HbA were
prepared by a modification of the Bucci and Fronticelli
method {) as described by Hernan et a8)(

Mutagenesis and @rexpression of thg Globin Gene
in E. coli. Mutations in theS globin gene were generated

cells or the Epicurian Coli XL1-Blue competent cells that
come with the QuikChange Kit. Plasmids containing the
desired mutations were identified by automated DNA
sequencing done at The University of lowa College of
Medicine DNA Core Facility.

TransformedE. coli strain BL21(DE3) cells were grown

by cassette mutagenesis or by PCR mutagenesis using thet 37 °C in LB media (1 L of culture per 2.8 L fernbach
QuikChange Site-Directed Mutagenesis Kit available from flask) containing 10Qg/mL ampicillin for 36 h with gentle
Stratagene (LaJolla, CA). The T7 expression plasmid, shaking (-60 rpm). The cells were not induced with IPTG

pPETS102, described by Hernan et &) (vas used regardless

because induction resulted in lower hemoglobin production.

of the mutagenesis procedure employed. This plasmid The mutanto globins were isolated from the expressed

contains a synthetié globin gene in which the codon usage
has been optimized for expression kn coli and unique

hemoglobin. and functionally homogeneous mutant hemo-
globins were assembled from normal hunfachains, the

restriction endonuclease recognition sites have been incor-a. globin, and hemin as described by Hui et dl0)

porated into the coding sequence. Oligonucleotides used for
mutagenesis were purchased from BIO-SYNTHESIS (Lewis-

ville, TX) or Integrated DNA Technologies (Coralville, 1A).
After mutagenesis, plasmids were transformed into RH5

Cross-Linked HemoglobinddbA was cross-linked be-
tween itsa99 Lys residues essentially by the method of
Chatterjee et al.1(1) and Snyder et al1Q) as described by
Kwiatkowski et al. (3). The cross-linked derivative of a

competent cells or the Epicurian Coli XL1-Blue competent hemoglobin variant was generally prepared by the same

cells that come with the QuikChange Kit. Plasmids contain-

procedure used for HbA. An alternative procedure of

ing the desired mutations were identified by automated DNA combining the mutang globin with heme and cross-linked

sequencing done at The University of lowa College of

Medicine DNA Core Facility.

2|n this paper, the term globin refers to the polypeptide of a

T7 expression plasmids were transformed into competenthemoglobin subunit without a bound porphyrin molecule. A chain is a

E. coliBL21(DE3) purchased from Novagen (Madison, WI).
Transformed strains were grown in LB media (1 L of culture
per 2.8 L fernbach flask) containing 1@@/mL ampicillin

globin molecule with a bound heme. When a chain is incorporated
into a Hb molecule, it is also referred to as a subunit. When a chain
contains zinc protoporphyrin IX rather than heme, it is referred to as
a Zn chain.
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o chain dimers was used in the preparation ofA\&37E)- in 15 mM HCI-Tris buffer, pH 8, were incubated overnight
XL99a variant (L3). Cross-linkeda chains were prepared with a 1.5 molar excess of Zn porphyrin at°€. After
from cross-linked HbA, HbAXL98@, as previously described  centrifugation at 384@pfor 20 min, the sample was passed
by Kwiatkowski et al. 13). through a hydrophobic column of phenyl Sepharos& (&

o. and 5 Globins of HbAThe globin of human HbA was  cm) preequilibrated with the same pH 8 buffer. Excess Zn
prepared by the acid acetone precipitation method of Rossi-porphyrin and displaced hemin were retained on this column.
Fanelli et al. £4) as modified and described by Hui et al. Two additional rounds of incubation with Zn porphyrin
(10). The precipitated globin was solubilized 8 M urea, 3 followed by column purification were required to complete
mM DTT in 5 mM phosphate, pH 6.7, buffer and fractionated the replacement of all hemes with Zn porphyrin. The progress
into its o and 8 globin components by chromatography in  of displacement was followed spectrophotometrically. The
urea buffers on a CM Sepharose CL 6B column by a a[Zn]chains were put through a final purification step by
modification of the method of Clegg et al5) and described  the standard HPLC protocol. From 136 mgogfe]chains,
by Hui et al. (0). Alternatively, oo and S globins were 40 mg ofa[Zn]chains (29% yield) was obtained. Although
prepared from isolated. and 8 chains by the same acid zinc porphyrin will also replace the heme groupgahains

acetone method described above. and intact HbA, the replacement is much less complete than
Human Hemoglobi$ Chains Containing Zinc Protopor-  for a chains, and complete replacement cannot be obtained

phyrin IX. g[Zn]chains were prepared by reactifigglobin without unacceptable losses.

with zinc protoporphyrin IX. The Zn porphyrin was solu- Zn-containing, cross-linked. chains,a[Zn]XL99, were

bilized in ethanol made basic by dropkloM Tris base. A prepared from cross-linked chains by the heme displace-
16 mg/mL solution of3 globin in 8 M urea, 5 mM phosphate, ment procedure as described above for preparing Zn-
pH 6.7, buffer was diluted to 0.3 mg/mL in water, and a 1.2 containinga chains. Unlike theo. chains,aXL99 chains
molar excess of Zn porphyrin was added. The pH of the required a total of only two rounds of incubation with Zn
reaction mixture was adjusted to 6.7 and the mixture left at porphyrin and column purification for complete replacement
4 °C overnight. The sample was concentrated through PM30 of the heme groups with Zn porphyrin.

membranes, and centrifuged at 34§®@ 20 min. To purify Preparation of Fe-Zn Hybrids of Human HbASym-

the f[Zn]chains, the reaction mixture was passed through a metrical, Fe-Zn hybrids of HbA were assembled by com-
G 25 column preequilibrated with 10 mM HCI-bisTris, pH bining a Zn porphyrin containing chain with a 1.2-fold molar
6.5, buffer and loaded onto a CM 52 column equilibrated excess of its corresponding heme-containing partner chain,
with the same buffe3[Zn]chains were eluted from the CM  a[Zn]chains withj[Fe]chains andi[Fe]chains with3[Zn]-

52 column using 10 mM HCI-bisTris, 50 mM NaCl, pH 6.5. chains. The oxygenated derivatives of the heme-containing
The f[Zn]chains were brought to pH 7 with drops of 1 M partner chains were used rather than the more stable CO
Tris, and then were stored in liquid nitrogen until use. From derivatives. The conversion of CO derivatives to oxygenated
600 mg of purifieds globin, 192 mg of3[Zn]chains were derivatives requires exposure of the heme protein to light
obtained by this procedure. Since Zn porphyrin is light- (13). Since zinc porphyrin is light-sensitive, it was necessary
sensitive, all preparations of and experiments involving Zn to avoid the need to use this procedure. The resulting hybrid
porphyrin containing chains or hemoglobins were carried out hemoglobins were purified by chromatography on a DE52

in very dim light. column (2x 6 cm) using a 350 mL gradient from 15 mM
Human Hemoglobim Chains Containing Zinc Protopor-  HCI-Tris, pH 8.2, to 60 mM HCI-Tris, pH 8.2.
phyrin IX. a[Zn]chains were prepared by reactingglobin Symmetrical FeZn Hybrids offW37E.For thefW37E

with zinc protoporphyrin IX.a chains at 12 mg/mL in 8 M variant, thea[Fe]5[Zn] hybrid was prepared by combining
urea, 3 mM DTT, 5 mM phosphate buffer, pH 6.7, were normala chains with the8W37E globin and Zn protopor-

diluted to 0.3 mg/mL in water, and a 1.2 molar excess of phyrin IX. Thef globin, at a concentration of approximately
Zn porphyrin was added. The pH of the reaction mixture 6 mg/mL in 8 M urea, was diluted approximately 20-fold

was adjusted to 8 by dropwise additioh b M Tris base into water, and 1.2 equiv of oxygenatedchains and 1.0
and left at 4°C overnight. After concentration through PM  equiv of Zn protoporphyrin per equivalent gfglobin were
30 membranes and centrifugation at 34@@& 20 min, a- added. The pH was adjusted to 8. Follogvihh ofincubation

[Zn]chains were purified by passing the sample through a at 4°C, the dilute product was concentrated with an Amicon
G25 course column preequilibrated in 15 mM HCI-Tris, pH PM30 membrane, and purification was carried out by
8, buffer and then loaded onto a DE 52 column in the same chromatography on a DE52 column as described for the
buffer.a[Zn]chains were eluted from the DE 52 column with  purification of Fe-Zn hybrids of HbA. Since Zn protopor-
the starting buffer, and were further purified on the HPLC phyrin has the potential to replace hemedirchains, the
(Waters 650) using a DEAE Toso Haas column with a excessx chains were carefully examined spectrophotometri-
gradient from 15 mM HCI-Tris, pH 8.0, to 15 mM HCI-  cally for the presence of Zn porphyrin. None was detected.
bisTris, pH 7.0, at a flow rate of 5 mL/min in an 85 min  The equivalent cross-linked F&n hybrid, oXL99[Fe]s-
run. Unless otherwise indicated, this is the standard HPLC [Zn], was prepared by the same procedure except cross-linked
protocol. From 816 mg af globin, 325 mg ofa[Zn]chains o chain dimers,aXL99, were used in place of normal
(40% vyield) were obtained by this method. chains.

o[Zn]chains were also prepared by the heme displacement The a[Zn]SW37E[Fe] hybrid and its cross-linked deriva-
method. We have found that the incubatioreathains with tive, aXL99[Zn]SW3T7E[Fe], were prepared essentially as
Zn protoporphyrin IX can result in the complete replacement described by Hernan et aB)(and Kwiatkowski et al. 13)
of heme by the Zn porphyrin, irrespective of ligand bound except thati[Zn] chains and cross-linkedXL99[Zn] chains
to the heme groupst chains at a concentration of 5 mg/mL  were used.
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Symmetrical FeZn Hybrids offW37A ang3Y 145G .Un- uM IHP. A solution of the latter was prepared from the
cross-linked FeZn hybrids of these variants were prepared sodium salt of IHP (Sigma). The pH of the solution was
by the same procedures used for fWW37E hybrids. adjusted by titration with the acid form of Amberlite IR120

Fe—Zn Hybrids of aY140G andaY140A.These were  resin @1).
prepared by the reciprocal of the procedures used for the Oxygen Binding to Crystals of Deoxygenated Hemoglobin
hybrids of the twgS subunit variants. For the[Zn]S[Fe] Crystals for microspectrophotometry were grown from PEG
hybrids, the mutant globins in urea were diluted into water, 8000 M, solutions at room temperature as previously
and a 1.2 molar excess of Zn protoporphyrin IX was added. described 22). Once grown, the crystals were washed
The pH was adjusted to 8. Following overnight incubation sequentially with 20 and 36% (w/v) anaerobic PEG 8000
at 4 °C, the resultingnY140G[Zn] or oY 140A[Zn] chains M; containing 30 mM sodium dithionite and 10 mM
were mixed with oxygenated humgarchains. After 30 min, potassium phosphate, pH 7.2, and were stored aCamntil
the resulting mixtures were concentrated, passed throughused 22). These conditions were modified for the preparation
Phenyl Sepharose columns to remove excess Zn porphyrinof crystals of theBW37E variant by the addition of 1 mM
and then fractionated by the standard HPLC protocol. For IHP to both the crystal growth and washing buffers.
the ofFe]s[Zn] hybrids, thea'Y140G or aY140A globins Crystals were resuspended 1 time in a solution containing
in urea were again diluted into water, and in this case 1.2 36% (w/v) PEG 8000, 10 mM potassium phosphate, 1 mM
molar excess of cyanohemin was added along with 1.2 molarepTA, 30 mM sodium dithionite, pH 7.2, and 6 times in a
excess off[Zn] chains. Following overnight incubation and  dithionite-free buffer containing 36% (w/v) PEG 8000, 10
concentration of the resulting solutions, fractionation was mm potassium phosphate, 3000 units/mL catalase, pH 7.
again carried out by HPLC. Crystals were anaerobically loaded in the Dvor&hotler

The kinetics of CO combination with the deoxygenated flow cell (23) that was mounted on the thermostated stage
hemoglobin tetramersvere measured by rapid-mixing, of a Zeiss MPMO03 microspectrophotomet@d), Crystal
stopped-flow procedures. These measurements were carrie@rientation and polarized absorption measurements were
out with an OLIS (On Line Instrument Systems, Inc., Bogart, carried out as previously describe2#.

GA,) stopped-flow apparatus. The procedures were essentially pojarized absorption spectra were recorded as a function
those of Gibson16, 17 as described by Doyle et ak)( of oxygen pressure. Heliurpxygen mixtures were obtained
Reactions were followed at 420 and 435 nm using a 1.7 ¢m ysing an Environics 200 gas mixture generator. Fractional
path length cell. Concentrations of CO and hemoglobin (in satyration with oxygen and fractional concentration of
heme equivalents) were generally 20 and\2, respectively.  oyidized hemes were calculated by fitting the observed

Kinetic transients were fitted to single or multiple expo- gspectra to the spectra of fully deoxygenated, oxygenated, and
nential functions using successive integration and Leven- oxidized hemoglobin plus a baseline offsg4), Individual
berg-Marquardt fitting routines supplied by OLIS and crystals ofsW37E were exposed to only one or two oxygen
Levenberg-Marquardt fitting routines as supplied in Sigma  pressures since the long time required for oxygen equilibra-
Plot (SPSS Science). tion leads to relatively high concentrations of oxidized hemes.

Since on each symmetrical, FeZn hybrid hemoglobin Oxygen binding measurements were carried out at@5
tetramer there are only two ligand binding sites, with

presumably identical properties in the absence of ligand, theirRESULTS AND DISCUSSION

combination kinetic transients were fitted to the sequential . . o
reaction mechanism in eq 1. A set of variant Hbs, each with an Ala or Gly substitution

at a single sequence position, has been prepared. In all, 27
2%, K sequence positions of HbA have been modified in this way.
Hb +2CO—HbCO+ CO—Hb(CO), (1) In addition, one double varian\(V37A, N108A) has been
produced. The nucleotide sequence of every variant globin
It should be noted that this formulation is not valid if a gene was determined. The purity of the assembled hemo-
significant fraction of the hemoglobin is dissociated inf® ~ globins was assessed by disk gel electrophoresis and by
dimers. HPLC. The deoxy derivative of every variant hemoglobin,
Oxygen binding isothermsere measured by tonometry ~ With the exception 0BP124A,aR92A, andoP95A, has been
by applying the Nagel et al18) modification of the method ~ Crystallized, and its high-resolution structure has been
of Allen et al. (L9). A 500 mL tonometer wit a 2 mmcuvette determined. All of the variant subunits are properly folded,
attached to it was used. The Hb concentration was ap-and all deoxygenated tetramers exhibit the T quaternary
proximately 160uM in heme equivalents. Spectroscopic structure®> The major issue to be examined in the present
measurements were carried out with a Cary 14 spectropho-article is the effect of these mutations on the low-affinity,
tometer modified by OLIS for computer control and on-line deoxygenated T quaternary state of the hemoglobin molecule.
data acquisition. To maintain the heme groups in their Kinetics of CO Combination with Deoxygenated Hemo-
reduced, ferrous state, the enzyme system of Hayashi et alglobin Variants.The results of measurements of the kinetics
(20) was utilized. of CO combination with the deoxygenated derivatives of all
Kinetic and equilibrium measurements were carried out 35 variants are reported in Table 1 along with the results
in a buffer containing 100 mM HCl-bisTris, pH 7. This buffer for HbA, aV1M, and fVIM. Measurements were carried
was prepared by titrating the appropriate amount of HCl with out in pH 7 bisTris buffer in the presence and absence of
bisTris base to pH 7 followed by adjustment of the solution
volume to give the desired chloride concentration. Measure- s arthur Amone and Jeffrey Kavanaugh, University of lowa, personal
ments were carried out in the absence and presence of 10@ommunication.
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Table 1: Rate Constants for CO Combination with Ala and Gly

Variants of HbA (20°C, 0.1 M HCI-bisTris Buffer, pH 7, [Hb}= 2
uM in Heme Equivalents)

rate constant(M~*s™)

effect

variant without IHP 0.1 mM IHP ratio
f Chain Variants
HbA 0.18 A4 0.09A
p1 Val—Met 0.17A 0.09A 1.0
/33 Val—Ala 0.18 A 0.10A 11
p34 Val—Gly 0.31A 0.15A 17
/35 Tyr—Ala 0.34 0.19A 21
/36 Pro—Ala 3 (6%), 0.24 A 2.7
0.4 (94%)
p37 Trp—Ala 5.4 (26%), 0.75 8.3
1.1 (74%)
B37 Trp—~Gly 4.6 (32%), 1.0 11.0
1.5 (68%)
—Gly XL99aP 1.3 1.0 111
(42 Phe~Ala 0.14A 0.13 (50%)* 1.4
0.05 (50%)* 0.6
/55 Met—~Ala 0.20 A 0.11A 1.2
—Gly 0.21A 0.11A 1.2
p93 Cys—Ala 0.19A 0.09 A 1.0
p95 Lys—Ala 0.14A 0.08 A 0.9
p96 Leu—Ala 0.26 A 0.14A 1.6
p97 His—Ala 0.33 (78%), 0.11A 12
0.16 (22%)
p98 Val—Ala 0.3 (82%)), 0.10 11
0.14 (18%)
100 Pro—~Ala 0.21A 0.10A 1.1
—Gly 0.33 0.14A 1.6
£102 Asn—~Ala 0.07 (>95%) 0.08 (50%)* 11
0.03 (50%)* 0.3
/108 Asn—~Ala 0.14 A 0.08 A 0.9
—Gly 0.14A 0.07 A 0.8
£119 Gly—Ala 0.15A 0.08 A 0.9
(124 Pro~Ala 4.4 (35%), 5.5 (20%), 61.1
0.38 (65%) 0.27 (80%) 3.0
p125 Pre—~Ala 0.16 A 0.09 A 1.0
p145 Tyr—Ala 4.3 (45%) 0.34 A 3.8
1.1 A (55%)
—Ala XL99a 0.88 A 0.27 A 3.0
—Gly 4.6 (64%) 0.34 A 3.8
1.1 A (36%)
$ Chain Double Mutants
p37 Trp—Ala, 5.0 (19%), 0.6 A 6.7
108Asn—Ala 0.9 (81%)
o Chain Variants
ol Val—Met 0.17 0.09
040 Lys—Gly 2.5 (35%), 0.16 A 1.8
0.56 (65%)
o42 Tyr—Ala 8.3 (8%), 0.16 A 1.8
0.52 (92%)
—Ala XL99a 0.42A
091 Leu—Ala 1.3 (50%)* 1.3 (50%)* 14.4
0.35 (50%)* 0.08 (50%)* 0.9
092 Arg—Ala 0.68 A 0.50 A 5.6
094 Asp—Ala 0.27 A 0.17 1.9
—Gly 0.37A 0.29 (50%)* 3.2
0.15 (50%)* 17
95 Pro—~Ala 7.0 (15%), 0.16 A 18
0.3 (85%)
095 Pro—Gly 0.31A 0.16 A 18
o140 Tyr—Ala 7.0 (10%) heterogeneous
1.7 (90%) 1.40.2
—Gly 6.7 (55%) 0.91A 10.1
2.3 (45%)

aThe “A” indicates an autoaccelerating reacti®ihis refers to the
cross-linking of the twax chains between their lysine @&amino groups
by means of a fumarate bridg€The asterisk indicates that in fitting
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100 uM IHP. All mutant subunits actually contain the
substitution of interest along with the replacement of the
N-terminal valine by methionine. Therefore, to discern the
functional effects of a given mutation, comparison should
be made with thggV1M variant, in the case gf mutants,

and with theaV1M variant, in the case ofr mutants.
However, within the error limits of our kinetic measurements,
+10%, theaV1M and V1M substitutions have no effect

on the kinetics of the reaction of CO with hemoglobin,
permitting the use of HbA as the reference standard for this
parameter. Data are also included for the cross-linked
derivatives of three of the variants. An “A” following a rate
constant indicates that the reaction is autocatalytic, i.e.,
accelerating with an apparent rate which increases as the
reaction proceeds. In these cases, the rate constant quoted
represents the best fit of the data to a single exponential
function. For some mutants, the reaction observed is
heterogeneous. Under these circumstances, the time course
of the reaction was fitted to a sum of two exponentials, and
all reaction rate constants are reported along with the
percentage of the total reaction attributable to each kinetic
process. In a few cases, in which there was reason to believe
that two kinetic phases were the result of observing the
separate kinetic processes for the two types of subunits, data
were fitted to two exponential functions of equal magnitude
to give a 50:50 fit. Such fits are denoted by an asterisk, and
are only reported when they reproduce the data well.

The kinetics for the reaction of native human HbA with
CO are accelerating with an overall rate constant of 0.18
uM~1 s71 The addition of 10«M IHP reduces the rate of
the reaction by roughly half to 0.08M~* s™%. As will be
discussed, a number of the variants in Table 1 are signifi-
cantly dissociated intos dimers even when deoxygenated,
and 100uM IHP is very effective in reassembling such
hemoglobins into tetramers.

For 17 of the variants examined, the effect of the deletion
of the amino acid side chain, both in the presence and in the
absence of IHP, is to merely alter the reaction rate constant
for the single kinetic process. Twelve other mutants exhibit
biphasic kinetics in the absence of IHP, while having
homogeneous or accelerating kinetics in the presence of IHP.
For 10 of these, at least 1 of the kinetic phases observed in
the absence of IHP has a very large combination rate
constant. As will be discussed in the next section, in these
cases it is reasonable to hypothesize that in the absence of
IHP there is significant dissociation of the deoxygenated
protein intoa,3 dimers which react rapidly with CO. Because
of the strong preferential binding of IHP to the deoxygenated,
T state tetramer, the presence of IHP shifts the dimer
tetramer equilibrium toward the tetramer to such an extent
that the rapid kinetic phase becomes undetectable.

Along with the 29 mutants which bind CO with monopha-
sic kinetics in the presence of IHP, there are 6 which remain
or become biphasic in the presence of IHP. Three of these,
BF42A, fN102A, andaD94G, have a single accelerating
kinetic phase in the absence of IHP, but in its presence
exhibit two kinetically distinguishable kinetic phases of equal
magnitude. It is hypothesized that these two, equal kinetic
phases represent the properties ofdhend chains within
the low-affinity T state. This would require that the transition

these data the relative amounts of the two kinetic components were from the low-affinity T quaternary state to high-affinity forms

set as equal.

of these variants be somehow inhibited or delayed.
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There remain three variants with properties more complex compared to the time constant for CO binding, then kinetic
than those described abowe.91A is biphasic under both  heterogeneity will be observed.
experimental conditions, with the two phases having equal Reasons for the Assignment of Rapid Phases in CO
magnitudes within experimental error. The rate constant Combination Kinetics tax3 Dimers. The foundations for
associated with the rapid phase is not large enough to bethis hypothesis lie in the thermodynamic analyses of Ackers
due too dimers, and is insensitive to IHP. The rate constant and co-workers2) and in the analysis of the origins of the
associated with the slower phase, on the other hand, iskinetics of CO recombination following flash photolysis by
strongly affected by IHP. In the presence of IHP, the two Edelstein et al.3). Ackers et al. 2) have carefully analyzed
rate constants differ by a factor of 16. It appears reasonablethe thermodynamic linkage between ligand binding and the
to hypothesize that this mutation has greatly increased thefree energy of assembly af dimers into Hb tetramers.
rate of CO binding to one type of subunit within the tetramer Because of the large difference in the ligand affinities of
and rendered this subunit type insensitive to IHP. In the the dimers and Hb tetramers, the assembly free energy
absence of IHP, the rate of CO binding with the second type changes substantially with the attachment of ligands at the
of subunit has been increased less than 2-fold relative to HbAheme groups. For deoxygenated HbA, the assembly is
and still retains its IHP sensitivity. In the presence of 100 energetic enough thats dimers are almost undetectable.
uM IHP, CO combines with these slowly reacting hemes at However, for fully liganded HbA, the stability of the tetramer
the same rate as with HbA. There is no doubt that the is so reduced that at the concentration used in the kinetic
addition of 100uM IHP results in a population of T state experiments reported here roughly 60% of the tetramers are
tetramers. As was previously shown for a numbepBa? dissociated intax3 dimers. One result of this dissociation
variants (3), the kinetic transition resulting from IHP is the pronounced concentration dependence of the apparent
addition does not require the IHP concentration be as greatoxygen affinity of hemoglobin in solutior2f). The oxygen
as 100uM. The full effect of IHP addition toaL91A is affinity of the Hb tetramer can be accurately determined only
achieved at an IHP concentration between 1 apt5data by measurement of the concentration dependence of apparent
not shown). The only structure of Hb which can be saturated affinity and appropriate extrapolation.
with IHP at such a low concentration is the T state. Since  In measuring CO recombination, one begins with CO-
the side chain oftxL91 lies in the vicinity of the heme of  saturated Hb at a known CO concentration and photolyzes
the a subunit, and not in thel132 interface, it is suspected the CO off the protein using a light pulse of sufficient
that the rapidly reacting subunit is the mutantchain. duration to pump all of the ligand out of the protein matrix
BP124A exhibits two, unequal kinetic phases under both despite geminate rebinding. One then follows the second-
experimental conditions. The rate constants associated withorder recombination of CO with the unliganded Hb, the
the more rapid phases are consistent with the properties oftetramer of which has switched to the T quaternary state at
o dimers. However, one must wonder why IHP fails to a rate much greater than that at which CO birgisl@d. CO
achieve the full assembly of the deoxygenated dimers into recombination differs from CO combination with deoxyHb
deoxy, T state tetramers. It should be noted that this proline in that the relative amounts of5 dimers and Hb tetramers
residue occurs at the bend between the G and H helices ofin solution should be those appropriate for a solution of
the chain. One can hypothesize that this proline residue is liganded Hb as dimer assembly is slow with respect to the
important for the proper orientation of the H helix. At the rate of CO combination at 20M CO. One observes a two-
end of the H helix, one finds the C terminus of fhehains, phase kinetic process, the slow phase having the rate
which furnishes essential interactions for the proper binding expected for deoxygenated Hb tetramer and the fast phase
of IHP. It may be that the replacement of this proline results having a rate consistent with the R state of Hb, isolated
in a misorientation of the H helix and disrupts the IHP chains of Hb, oraf dimers. Using a combination of
binding site, with the resultant loss of the strong, preferential sedimentation equilibrium analysis and measurements of CO
binding of IHP to the deoxygenated hemoglobin tetramer. recombination at different Hb concentrations, Edelstein et
In support of a significant disruption of overall structure is al. (3) conclusively demonstrated that the rapid kinetic
the finding that among all of the mutants, this is the only process corresponds to the recombination of CO wijth
one that fails to crystallize under the conditions normally dimers. Cross-linking the Hb molecule between its w@9
used to crystallize deoxyHbA. The remaining variant defies Lys residues has been shown to eliminate the rapid kinetic
a simple explanationatY140A is heterogeneous in the phase {3).
presence of IHP; i.e., it cannot be fitted by two kinetic phases The first mutants for which a rapid kinetic phase was
nor uniquely fitted by three. Under these same conditions, observed in the reaction of CO with deoxygenated Hb
aY140G is kinetically homogeneous. Although it is not following rapid mixing were substitutions of thg37 Trp
possible to exclude an artifact in the preparation of the residue. Because of the similarity with the kinetic pattern
aY140A variant, two totally independent preparations were seen in CO recombination reactions, it was postulated that
made, starting with different batches of bacterial cells. Both these variant tetramers were so destabilized as to be
preparations, which yielded single peaks in HPLC and single significantly dissociated intays dimers, even when fully
bands on gel electrophoresis, displayed kinetic heterogeneitydeoxygenatedl1@). This was subsequently shown to be the
in the presence of IHP. The procedure for these preparationscase forfW37G andSW37E by direct measuremeri2f).
was the same as that which yields the homogeneousThe presence of IHP eliminates the rapid kinetic phase in
preparations of th8Y140G variant. The possibility always CO combination whereas it fails to do so in CO recombina-
exists that a variant might fold into more than one function- tion kinetics. IHP exhibits strong, specific binding to the T
ally distinguishable conformer. If these conformers reequili- quaternary state of the Hb tetramer, shifting the equilibrium
brate with one another with a relaxation time which is long of deoxyHb toward the intact tetramer and leaving too few



Function Roles of Residues at Hemoglobin Interfaces Biochemistry, Vol. 40, No. 41, 200112363

dimers to easily detect. In a solution of ligand-saturated Hb, molecular g dyad
there are essentially only R state tetramers to which IHP
binds only weakly, thereby causing only small changes in _ hinge
the dimer-tetramer equilibrium. Again, as shown in Table )

1, cross-linking the Hb tetramers afY42A, pW37G, and
BY145A eliminates the rapid phase.

It is not possible to say with certainty that the above is
the appropriate or only explanation for all of the rapid phases
observed in the CO combination kinetics reported in Table
1. An alternative possibility to be considered is the presence
of multiple conformers of the Hb tetramers in solution
following photolysis, which for some reason reequilibrate
with one another slowly. Preferential IHP binding might
eliminate the rapid kinetic phase in this scenario, but its
complete elimination as well by cross-linking thé dimers
within the tetramer seems a remarkable coincidence. For the
moment, it seems most reasonable to suppose that the rapid
phases in both CO combination and CO recombination have [} ]
the same origin. _ _ _ switcH

Dlst_rlputlon of t.he Effects of Deletion of the Side Chains Ficure 1: Distribution of effects of Ala or Gly substitutions within
of Indmdual Re.SIdue.SF.m the most part, the presence .Of the HbA molecule on the rate constant for)t/he combination of CO
IHP gllmmates dISSOCIa.tIC')n.Of unstable mutant tetramers into \yith the deoxygenated Hb molecule. Using one of the Irving Geis
a3 dimers. Therefore, it is in the presence of this allosteric diagrams of the hemoglobin molecule, from Dickerson and Geis
effector that the rate constants for CO combination best (29), the positions of thex carbons of the residues which have
eflec e properie ofth fuly assembled, deoxygenaled b XTIt 1 L, e e e
tetramer. .Furt.her.more, it has been found that the kmetlc.s of is indicated by color. I%’/urple in%icates a ratio of the rate constant
CO combination in the presence of IHP correlate well with of the mutant to that of HbA less that 0.7, light blue between 0.7
the oxygen affinities of the crystalline T states of chemically and 1.5, green between 1.6 and 2.5, orange between 2.6 and 5.0,
modified and variant hemoglobingZ, 27, 28. Therefore, and red greater than 5.0. Square symbols with two colors designate
o estimate the magniudes of the efect of murations on DRSS KAELC PeCesses and s U b, e corasis
the proper'qes of the deoxygenated T state tetramer, klnet'CiIIustration by Irving Geis are owned by Howard Hughegs; Medical
properties in the presence of IHP were compared. The fourthnstitute. It is not to be used without permission.
column of Table 1 lists the “effect ratio”, the ratio of the
rate constant for CO combination with the variant to the rate
constant for CO combination with HbA in the presence of C-terminal regions of the. chains and the C helix of thg
IHP. In Figure 1 the locations of thecarbons of the mutant ~ chains, i.e., the hinge region.
amino acids within the Hb molecule are indicated, and these Y145 is the only residue located in the vicinity of the
are color-coded, based on the effect ratio, to indicate the switch region of then152 interface whose mutation has a
magnitude and direction of the effects of each mutation on substantial kinetic effect. It is interesting to compare the
the kinetics of CO combination with the deoxygenated Hb effects of mutations at this residue to the effects of mutations
tetramer in the presence of IHP. Purple indicates a ratio lessat the analogous residue of thechains,a140 tyrosine. In
than 0.7, light blue between 0.7 and 1.5, green between 1.6the T quaternary structure of HbA, the two penultimate
and 2.5, orange between 2.6 and 5.0, and red greater thaityrosine residues are to a first approximation symmetrically
5.0. In the majority of cases, the colors in this figure are arranged, with the phenolic hydroxyl ofLl40 H-bonded to
chosen for the Ala substitutions. The exceptions@td0, the carbonyl group 0693 of the samet subunit and that of
040, andB34 which are Gly substitutions. For the latter two 3145 H-bonded to the analogous carbonyl groug388,
sequence positions, we have not produced the Ala substitu-again residue FG5 of the same subunit. Both of these residues
tions. For theal40 position, the Ala substitution is so undergo major conformational transitions in the course of
kinetically heterogeneous that it is unclear how to representligand binding and appear to have central roles in the normal
it. Other exceptions arg146 ando141, which represent functioning of Hb. In any case, the contributions of these
deletions of the C-terminal residues, i.e., desHigl46d two residues to the properties of the deoxygenated T state
desArgl4t (28). Finally ol andfl indicate the effects of  are decidedly dissimilar. TheY140G variant reacts with
the Val — Met substitution which is found on all of the CO 10-fold more rapidly than does HbA, while the effect
mutant chains. Circles indicate variants which are kinetically of replacingY145 with either Gly or Ala is less than a
homogeneous in the presence of IHP. Squares, all of which4-fold increase in CO combination rate. The phenylalanyl
have two colors, indicate variants with biphasic kinetics. substitutions ofxY140 andfY 145 have also been prepared
Surprisingly, the distribution within the protein of mutational and their CO combination kinetics examined. For fi€5
effects on the properties of the deoxygenated T state is inresidue, the substitution of phenylalanine for tyrosine has
no way uniform. All but one of the mutations which result no significant effect on CO combination kinetics in either
in large increases in the rate of CO combination with the the absence or the presence of IHP. On the other hand, for
deoxygenated T state (red and orange) are located in thehe 0140 residue, this same substitution increases the rate
region of theals2 interface between the FG corner and of CO combination in both the presence and absence of IHP
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Rldlal

Rldlal

Ficure 2: This figure is from ref 81) and is used with permission of the authors. It shows the three-dimensional structure of a portion of
the hinge region of thet152 interface and includes all five of the residues whose mutation to Ala or Gly results in large increases in the
rate of CO combination (residues which are red or orange in Figure 1). The three most effective rexdd€spW37, andaR92, which

are red in Figure 1, are highlighted here in red for clarity. The other 886 andaR141, are also shown.

by somewhat over 5-fold. These differences in the sensitivity HbA. In the absence of IHP, the slower kinetic phase seen
of the properties of the deoxygenated T state of Hb to the for the mutant is some 2-fold more rapid than the rate at
status of these two tyrosines may well lie in the differences which CO binds HbA. This may reflect residual cooperativity
in their direct involvement with thenl52 interface. In between the binding of ligand to the two types of subunits
deoxyHb, the side chain ofY140 tyrosine is in strong, close in the absence of the organic phosphate. On the other hand,
(3.5 A) van der Waals contact with the side chairfu§37 previous results of studies W37 variants {3, 26 and
and in weaker contact (3.8 A) withP36, both across the the equilibrium and kinetic results presented here for the
alp52 interface. Thes145 tyrosine has only a single very aY140 variants are consistent with all four hemes being of
weak contact (3.8 A) across tlel 32 interface withaT41. high affinity within the deoxygenated tetramer. However,
A direct correlation between the mobility of the C-terminal these results are not conclusive, as they might be obtained
residues of thex subunits within deoxyHb crystals and the from cooperativity superimposed on significant subunit
rate of CO combination with the deoxyHb in solution has heterogeneity within the T state. Ligand binding to a pair of
been observed fgpW37 variants {3, 22, 26, 27, 30, 31 high-affinity subunits might increase the ligand affinities of
for desArgHb 82), and for3Y35A (33). It seems clear that  the remaining subunit hemes to give apparently homogeneous
the mobility of thea subunit C terminus will depend in large  kinetics and high overall oxygen affinity.
part on the mobility of thexY 140 side chain. That mobility To directly assess the effects of a mutation on the two
appears to be most directly limited by the strong interaction different chain types within the deoxygenated hemoglobin
of Y140 with fW37. The adjacent residues with substantial tetramer, symmetrical FeZn hybrids were used. In these
effects on CO combinatiofiP36,aR92, andaR141, may hybrids, the hemes of either the or the § chains were
alter 140 mobility by direct interaction as in the case of replaced with Zn protoporphyrin IX. Zn porphyrin in
BP36, by affecting the mobility of the subunit C terminus ~ hemoglobin cannot bind ligand, and instead remains perma-
generally as with desArg, or by affecting the mobility of nently unliganded. The careful thermodynamic measurements
SW37 through direct interaction as could be the case for of Ackers et al. 2) demonstrate that Zn porphyrin is an
aR92. The structure of the hinge region of th#32 interface excellent mimic of deoxygenated heme. If the rates of CO
containing these five key residues is shown in Figure 2. The combination with these hybrids are measured, the rate
three residues with the greatest effect on CO combination constants observed are attributable to the heme containing
kinetics (red in Figure 1) are highlighted in red. However, chains alone. Because of the photosensitivity of Zn porphyrin,

both fP36 andaR141 are also clearly visible.
CO Combination with FezZn Hybrids of Hb Variants.
was suspected that within the region of th&52 interface

all kinetic measurements on FeZn hybrids were carried out
in very dim light. However, this photosensitivity is not so
great as to result in measurable changes as a result of

mutational effects on the functional properties of the deoxy- exposure to the monochromatic light beam in the stopped-
genated T state might fall into two classes. The most obvious flow apparatus.

are the local effects where a mutation within a particular ~ The kinetics of the reactions of CO with the FeZn hybrids
subunit alters the properties of the heme group of that of HbA, SW37E, cross-linke@@W37E, fW37A, aY140G,
subunit. As previously discussedl 91A is probably an aY140A, andfY145G are reported in Table 2. The choice
example of a mutation producing such a local effect. The of SW37E rather thaiffW37A or -G for cross-linking was
mutation results in two rapidly reacting heme groups which based entirely on the availability of sufficient material with
have lost their normal sensitivity to the presence of IHP. which to prepare the samples. Most of the results are reported
Following the reaction of the first two hemes, the second as k; and k, from eq 1 (see Experimental Procedures).
two hemes bind CO at a rate which, in the presence of IHP, However, as expected from the data in Table 1, in the
is indistinguishable from the rate at which CO reacts with absence of IHP all of the un-cross-linked mutants in Table
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variant. In this regard, IHP is found to have no effect on the

Table 2: CO Combination Kinetics of F&Zn Hybrids R ) ‘ :
rate of CO binding to thex subunits while decreasing the

no IHP HiHP rate of binding to thegd subunits by 34%. The kinetic results
ke ke ko k obtained with FeZn hybrids of HbA also exhibit a greater
a[Fels[Zn] 0.13 0.10 0.10 0.10 effect of IHP on the rate of CO binding {® subunits than
zilégj]lg[FeE][Zn] %171(530/) 2.1 (47%) 0.09 10é046 100-036 to the oo subunits. TheBW37A substitution has smaller
W37 . 0), o. 0 . . . - . . . .
a[Zn]fwsrdFe] [4.0 (50%). 1.7 (50%)] 12 085 kinetic effects than th6W37E .substltutlon, increasing the
oXL[Felfwsrdzn] 1.0 11 1.0 11 rate constant for CO combination to thesubunits by 5-fold
aXL[Zn] fwsrdFe] 1.6 1.1 1.05 0.72 and that for thg subunits by 9-fold. The two FeZn hybrids
aigﬁi%wm[['z:g]] ig-gigngiﬁ 8-?2 igngii 8-22 g-gg of aY140G are more dissimilar than those of t87
Q W37A| . 0), 0. (] . . . e
avraod FEIAIZN] [7.3 (76%). 1.9 (24%)] 15 14 variants. Within the deoxygenaited_ _T state, th€140G
ovisodZn]BlFe]  [4.8 (79%), 0.64 (21%)] 018 0.16 mutation perturbs the subunits significantly more than the
ay1a0a[Fe]B[ZN] [8.1 (44%), 1.6 (56%0)] 1.2 1.0 S subunits. The rate constant for the combination of CO with
a[vézgixziZn]ﬁ[IZ:ﬁ]] iﬁ; gg‘o’fi 8-‘2% E?iggfii 8-23 8-% the o subunits is increased 15-fold while that for tjfe
Q . %), 0. () . . e e :
a[zn]ﬁiiiidpe] [6.3 (62%). 0.98 (38%)] 040 0.4 subunits is increased 4-fold. The difference between the

effects of theaY140A mutation on thex and g subunits
Within the deoxygenated T state is greater still, with a 12-
fold increase in the rate constant for CO binding to the
subunit and a 2-fold increase in the same rate constant for
2 appear to be significantly dissociated int8 dimer when the 8 subunit. Mutations at boti37 anda140 have global
unliganded, rendering eq 1 invalid. As already discussed, it effects, altering the properties of the neighboring partner
was previously shownl@, 29 that in the absence of IHP  sybunits as well as those of the subunits in which they are
most 337 variants, particularlyBW37A, fW37G, and  |ocated. The8Y145G substitution has strikingly little effect
BW3TE, exhibited considerable dissociation inf@dimers  on the properties of the. subunits within the T state. In
at the Hb concentration used for CO combination measure-fact, the close correspondence between the kinetic properties
ments, 2uM in heme, even when deoxygenated. One of thea chains of the variant and those of HbA can be used
indication of this dissociation was a very large effect of cross- as evidence that IHP addition yields the low-affinity T state
linking on the kinetics of CO combination in the absence of of this variant. On the other hand, this mutation appears to
IHP. ForW37G, this effect is seen in Table 1 where cross- jncrease the rate of CO binding to tiesubunit within the
linking this variant is shown to significantly reduce the initial  deoxygenated T state by more than 8-fold. The latter fit is
rate of the reaction with CO and Change the reaction from a imperfect, Suggesting heterogeneity in the Samp|e_ However,
kinetically biphasic toa homogeneous one. A similar effect there was no indication of a Significant number of more
of CrOSS-IinkingﬂY145A is also shown in Table 1. With the Siowiy reacting heme groups. Furthermore’ this mutation
FeZn hybrids of SW37E, it is found that cross-linking increases the overall rate of CO binding to the deoxygenated
reduced the initial rate of CO binding to tlesubunits by protein containing heme groups on all four subunits by almost
5-fold and the rate of binding to the subunits by 2-fold.  4-fold, which, given the lack of a significant effect on the
The reactions of the FeZn hybrids #W37A andjY145G kinetics of binding to thex subunits, requires a substantial
in the absence of IHP are very heterogeneous and cannot beffect on thes subunits.
fitted to eq 1. Therefore, it appears reasonable to conclude Equilibrium of Oxygen Binding to Crystalline T Structures.
that the deoxygenated FeZn hybridg3W37E,fW37A, and A second effective way of characterizing the functional
BY145G are dissociated significantly intgs dimers inthe  yroperties of the low-affinity T quaternary state of hemo-
absence of IHP. There is no direct proof that in the gbsencegmbin variants is measurement of the oxygen affinity of the
of IHP deoxygenatedY140G anduY140A are dissociated  crystalline T stateZ4). This measurement has been carried
into dimers. The properties of the deoxygenated tetramersg it for four of the variants in Table BN108G, N102A,
of these two variants under these conditions are not known.ﬂy35A' and aY42A, as well as forBW37E. Two of the
However, CO combination with the FeZn hybrids of these parameters determined are 180, the partial pressure of
variants can be fitted to a two-step, sequential mechanismgyygen required for half-saturation, and the Hill coefficient,
only when IHP is present. Therefore, the data obtained for , These are shown in Table 3. T state crystal$Wi37E
the un-cross-linked mutants in the absence of IHP are fitted pose a special experimental problem. Crystals of such high
to a sum of two exponential functions, and the two rate gyygen affinity tax the procedures for carrying out these
constants and percent contributions of each kinetic compo-gquilibrium measurements. It is a general observation that
nent to the reaction are reported. The latter results appear inhe equilibration time increases with increasing affinity,
italics in Table 2. presumably as a result of the reduced concentration of free
As can be seen in Table 2, th®&WV37E substitution oxygen diffusing through the crystal. For the present study,
increases the rate constants for CO combination with bothit was found that the time required for equilibration of
the o and S subunits within the deoxygenated tetramer, by SW37E crystals varied from 20 to 28 h. This results in the
12-fold for thea subunits and by 26-fold for the subunits. formation of considerable methemoglobin, always at least
It should be noted that to evaluate the kinetic properties of 30%, and even greater amounts at low saturations. However,
the deoxygenated Hb tetramer, the relevant rate constant ifractional saturation of the ferrous heme groups appeared to
ki. The properties of cross-linkedgW37E permit the be independent of the percent methemoglobin. Still the data
observation of the effect of IHP on the properties of the obtained are of much lower quality than those contained in
individual subunits within the deoxygenated T state of this previous reports of lower affinity crystal@?, 24, 2§. As

a Second-order rate constants for a 2-step sequential mechanism o
[for a sum of two exponential functiongyM—* s72).
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Table 3: Equilibria of Oxygen Binding to Crystals of Table 4: Equilibrium of @ Binding in Solution to Ala and Gly
Deoxyhemoglobin Substitutions (20C, 0.1 M HCl-bisTris Buffer, pH 7)
variant p50 (Torr) n (Hill) 2 O, equilibria parameters
HbAP 135 1.0 variant p50(Q)  nmax(Hill)2  effect ratio
o i °% s
) p1 Val—Met 6.7 2.8 1.5 (vs HbA)
BY35BAC 80 1.15
B33 Val—Ala 7.3 2.4 0.92
PWSTE 26 sed 34 Va-Gl 2.3 2.6 2.9
oY42A 33 1.06 f34 vat-Gly : : :
35 Tyr—Ala 1.7 2.7 3.9
aThere is no distinction betweanand nmax for oxygen binding to /36 Pro—Ala 1.7 25 3.9
Hb crystals since their Hill coefficients do not vary systematically with 337 Trp—AlaP 2.2 14 3.0
fractional saturation? Reference 34). ¢ Kavanaugh et al.33) have —Gly" 1.6 12 4.2
found that crystals ofY35A are unstable above 50% saturation with 342 Phe~Ala 9.6 0.86 0.70
oxygen, undergoing an irreversible transitions to higher affinity. For 55 Met—~Ala 4.8 2.5 14
this reason, data for only the first half of the saturation curve are =~ —Gly 4.6 21 15
available.? The Hill coefficient of this variant is poorly defined (see 393 Cys~Ala 6.5 2.7 1.0
text). P95 Lys—Ala 8.8 2.8 0.76
96 Leu—Ala 4.9 1.6 1.4
£97 His—Ala 1.6 3.2 4.2
shown in Table 3 th@50 appears to be 2.6 Torr. However, 100 Pro-Ala 2.2 21 3.0
the data indicate a Hill coefficient well above unity. Given Gl 0.9 2.3 7.4
the difficulty of th i d th ibility of B102 Asrn—~Ala 26.3 1.6 0.25
e difficulty of these measurements and the possibility of 510 Asn-Gly 13.2 >3 0.51
nonrandom errors, the significance of the apparent cooper-g119 Gly—Ala 8.1 2.2 0.83
ativity is uncertain. 125 Pro—~Ala 7.3 2.3 0.92
If one compares the values p50 of the crystals with the 145 Tyr~Ala 0.3 16 22
L ; 145 Tyr—Ala, oXL99ac 0.76 1.6 8.8
rate constants for the combination of CO with the four 146 His—0° 11 20 4.2
variants in the presence of IHP (Table 1), a clear inverse o1 val—Met 5.0 2.8 1.1 (vs HbA)
correlation is observed. This supports the proposition that c40 Lys—Gly 0.68 17 7.4
the kinetic parameter is a good indicator of the ligand affinity agi [ZL__:AA"S %f ig (2)-30
of the deoxygenated or low-affinity T quaternary state of ¢ ' ' :
{ : ( 094 Asp—Gly 7.9 1.3 0.63
each variant. The conclusion that ti#®W37E mutation 140 Tyr—Gly 0.35 1.2 14.3
increases the ligand affinity of both the and f subunits a141 Arg—0° 0.55 1.6 8.4

within the deoxygenated T state is supported by the high a|n general, the Hill plots of these data are asymmetrical with the
oxygen affinity of the T state crystals of this variant and the maximum Hill coefficient occurring in the second half of the saturation

fact that exposure of these crystals to air atC5results in process. This is similar to the findings of Doyle et &) for the fV1M

: : ; construct® From Kiger et al. 26). These measurements were carried
essentially complete saturation with oxygen. Crystals of HbA out at 21.5°C at hemoglobin concentrations of 6381 (heme) for

are approximately half-saturated with oxygen under the SaME4\37A and 675:M for SW37G.° For this measurement, the hemo-

conditions. Since the crystalline T state of hemoglobin A globin concentration was 2&M. 9 This is desHis-hemoglobin, HbA

appears to be constrained in the low-affinity T state structure from which the 146 histidine residues have been enzymatically

with little or no cooperativity, no sensitivity to pH or removed2). °This is desArg-hemoglobin, HbA from which tioet41

polyanions, and an oxygen affinity similar to that of the first 2'9"ine residues have been enzymatically remo@aj (

step of oxygen binding to HbA in solution in the presence

of IHP (24, 349, the presence of only high-affinity heme properties of normal human HbA and th¥1M andaV1M

groups inBW37E crystals again indicates that the mutation variants are included for comparison. Although hé1M

affects both thex andf subunits within the deoxygenated substitution has no effect on CO combination kinetics, it is

T state tetramer. known from the results of Doyle et al6) that it lowers
The sensitivity of both ther and 3 subunits to the state  overall oxygen affinity somewhat. The data in Table 4 are

of the 837 residue can also be inferred from earlier studies in agreement with this earlier report. In contrast, 6h&M

of the equilibria of oxygen binding to the crystalline T state substitution is reported by Hui et all@ to be without

of Hb Rothschild SW37R, by Rivetti et al. 22). It was found significant effect on the equilibrium properties of hemoglo-

that chloride ion decreased the oxygen affinity of both types bin. Given an estimated error &f10% for the data in this

of subunits within the crystal and at the same time induced Table 4, the difference observed between the oxygen affinity

cooperativity in oxygen binding. The cooperativity appeared of HbA andaV1M is again not significant.

to result from simultaneous negative allosteric linkage As in Table 1, the final column of Table 4 lists the “effect

between chloride binding to th#37 arginine and the binding  ratio” for each variant. Fof chain variants, this is the ratio

of oxygen to both thex and 8 hemes. of the p50 for AV1M to the p50 of the variant, and foo
Equilibria of Oxygen Binding in Solutiofror the majority chain variants, it is the ratio of thg50 of V1M to that of

of the variants, the overall effect of the mutation on the variant. In Figure 3 the locations of these mutations

functional properties has been assessed by measurement afithin the Hb molecule are indicated, and again each

equilibria of oxygen binding in solution, and the results are mutation is color-coded according to its effect ratio. As in

presented in Table 4. Agaim50, the partial pressure of Figure 1, purple indicates a ratio less than 0.7, light blue

oxygen required for half-saturation, and the maximum Hill between 0.7 and 1.5, green between 1.6 and 2.5, orange

coefficient, n, are reported. All equilibrium measurements between 2.6 and 5.0, and red greater than 5.0. The colors

were carried out at pH 7 in the absence of IHP. Again, the represent primarily the properties of Ala substitutions. The
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molecular g dyad Finally, tetramer instability with respect to dissociation into
o dimers is also an important parameter. PYL45A and
aY140G variants have similar oxygen affinities, the two
highest affinities we have measured for this set of Hb
variants. However, their kinetic effect ratios are very
different. It appears that in the absence of IHP these variants
are extensively dissociated intaf dimers whose high
affinities influence the apparent oxygen affinities. Cross-
linking the BY145A variant reduces its affinity by 2.5-fold.

As was found for the rate constants for CO combination,
the largest increases in oxygen affinity result from mutations
of residues in the vicinity of thet152 interface. However,
it can be easily seen that there is not a close correspondence
between the distributions of mutations which have large
effects on CO binding kinetics and those which have large
effects on oxygen affinity in solution. The mutations resulting
in the largest increases in oxygen affinity (red and orange)
are distributed roughly equally between the hinge and switch
regions of then1/32 interface. Although the hinge region of

N . - theal152 interface is of special significance to the properties
Ficure 3: Distribution of effects of Ala or Gly substitutions within . . .
the HbA molecule on th@50(0,), the partial pressure of oxygen of the 'F’W'aff'”'w T quaternary state, mutatlo.ns with
required for half-saturation. Using the same diagram by Irving Geis Substantial effects on the other parameters affecting overall
as in Figure 1, the positions of the carbons of the residues ligand affinity are more widely scattered.
examined in this way are indicated. At each sequence position, the
magnitude of the effect of deleting the normal amino acid side chain CONCLUSIONS
in indicated by color. As in Figure 1, purple indicates a ratio of
the p50 of the mutant to that of the reference structure of less than  The hinge region of the.132 interface of the hemoglobin
Q}Zhggrgeﬁeﬁ?vgi% g-g 2?1?1 rle-g’g?égfe”r t?]‘ztr‘:"g%” Izlﬁ?th&cler:dd ezt-jiimolecule exercises control over the ligand affinities of the
are in the text. the: The. ri'ghts to the illustration by Irving Geis ﬁemes of all of the subunits within the hemoglobl!’l tetramer.
are owned by Howard Hughes Medical Institute. It is not to be Mutations afiW37 anda'Y140 result in the largest increases
used without permission. in the rate of CO binding to the deoxygenated T quaternary
state of hemoglobin observed among the mutations examined
here. The side chains of these two residues are in close
contact with one another across h&32 interface. Modi-
fications at any of three adjacent residues, deletion of the

If Tables 1 and 4 d it i hat there i side chain oftR92 or3P36 or complete deletion ofR141,
ables 1 and 4 are compared, itis evident that there IS ot iy smaller but still substantial increases in CO

not a close correlation between the CO combination rate ., ination, It is hypothesized that it is the interaction

constants and the overall oxygen affinities of the variants. betweenSW37 andaY140 which is the keystone for the
Given the variety of parameters which can affect 0xygen jioractions that result in the low ligand affinity of all four

affinity, this lack O.f correlation i$ not une_x_pected. One of pomes in the deoxygenated T state of HbA. Deletion of the
these p(;irameters 1S crllea_:_ly the ligand affinity of thedc_ieogyé side chain of either residue, or even perturbation of the
ghenate t?téag(ta)( 'g.t € (ﬂ]ua(tjernary stateaaljbpre I'Ctel Yorientation or orientational stability of either by alteration

.t e rate o inding to the deoxygenate D MOIECUIES ¢ neighboring residues, profoundly affects all of the heme
in the presence of IHP. However, oxygen affinity is also

- _groups within the T state. Although mutations at other
affected by the nature and sequence of affinity changes Wh'(?hresidues, such asL91 andfY145, can have profound local
accompany the stepwise saturation Of the tetrameric ProteiNgtracts on the subunit in which they occur, the global
with oxygen. This would mclude_ functional changes within influence of the337—a140 contact appears to be unique.
the T quaternary state as described by Ackers e2aharid
the point during the saturation process at which transition ACKNOWLEDGMENT
to the high-affinity R quaternary structure occurs. All but
one of the variants which exhibit homogeneous or accelerat- We thank Dr. Jeffrey Kavanaugh, Dr. Arthur Arnone, and
ing CO combination kinetics in both the absence and Ben Davis (University of lowa), Program Project Group
presence of IHP also bind oxygen with Hill coefficients collaborators, for preparation of mutant globin genes and
greater than 2. The exception4696A with ann value of expression of them ii. coli, for preparation of the figures
1.6. ThefF42A, AN102A, alL91A, and aD94G variants in this article, and for their many valuable ideas and
exhibit two equal, relatively slow kinetic processes when CO suggestions throughout this work. We also thank Ellen
combines in the presence of IHP. It has been suggested thakarasik for carrying out some of the oxygen equilibrium
the two phases represent the two types of subunits, and theifneasurements.
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