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Lampreys, among the most primitive living verte-
brates, have hemoglobins (Hbs) with self-association
and ligand-binding properties very different from those
that characterize the a,p, tetrameric Hbs of higher ver-
tebrates. Monomeric, ligated lamprey Hb self-associates
to dimers and tetramers upon deoxygenation. Dissocia-
tion to monomers upon oxygenation accounts for the
cooperative binding of O, and its pH dependence.
Honzatko and Hendrickson (Honzatko, R. B., and Hen-
drickson, W. A. (1986) Proc. Natl. Acad. Sci. U. S. A 83,
8487-8491) proposed that the dimeric interface of the Hb
resembles either the «,pB, interface of mammalian Hbs
or the contacts in clam Hb where the E and F helices
form the interface. Perutz (Perutz, M. F. (1989) Quart.
Rev. Biophys. 2, 139- 236) proposed a version of the clam
model in which the distal histidine swings out of the
heme pocket upon deoxygenation to form a bond with a
carboxyl group of a second monomer. The sedimenta-
tion behavior and oxygen equilibria of nine mutants of
the major Hb component, PMII, from Petromyzon mari-
nus have been measured to test these models. The re-
sults strongly support a critical role of the E helix and
the AB corner in forming the subunit interface in the
dimer and rule out the «,f, model. The pH dependence
of both the sedimentation equilibrium and the oxygen
binding of the mutant E75Q indicate that Glu? is one of
two groups responsible for the Bohr effect. Changing
the distal histidine 73 to glutamine almost completely
abolishes the self-association of the deoxy-Hb and
causes a large increase in O, affinity. The recent x-ray
crystallographic determination of the structure of de-
oxy lamprey Hb, reported after the completion of this
work (Heaslet, H. A., and Royer, W. E. (1999) Structure 17,
517-526), shows that the dimer interface does involve
the E helix and the AB corner, supporting the measure-
ments and interpretations reported here.
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Lampreys and hagfish, the most primitive living vertebrates,
have hemoglobins (Hbs)! distinct from those of all others in the
class. Indeed, the low isoelectric points of the Hbs caused
Svedberg and Eriksson (2) to identify them with invertebrate
Hbs for which they had revived the term erythrocruorin.? They
found the Hbs to be monomeric, like myoglobins, rather than
the tetramers characteristic of other vertebrates. However,
Wald and Riggs (6) found that oxygen equilibria of lamprey
(Petromyzon marinus) Hb were strongly pH-dependent (Bohr
effect), a surprising result at the time because oxygen equilib-
ria of the monomeric myoglobins were pH-independent. Fur-
thermore, they found that the oxygen equilibrium at pH 6.8
was slightly cooperative, with a Hill coefficient of 1.2, but
dismissed this result as an artifact because cooperativity is
impossible with monomeric Hbs. Briehl (7) resolved this para-
dox by showing that deoxygenated lamprey Hb self-associates.
Protonation accompanying the association accounts for the
Bohr effect of O, binding. Behlke and Scheler (8) showed with
sedimentation velocity measurements that ligated Hb from a
similar species of lamprey (Lampetra fluviatilis) also self-asso-
ciates, but only at low pH. Although the metHb was found to be
monomeric, addition of metHb ligands such as azide or cyanide
causes dimer formation at low pH (9). This property, oxidation-
induced dissociation and ligand-dependent reassociation, ab-
sent in other vertebrate Hbs, but found in the Hbs of organisms
of five invertebrate phyla, is another indication of the func-
tional relationship of lamprey and invertebrate Hbs (10).

Andersen and Gibson (11, 12) showed by kinetic analysis of
ligand binding by the Hb of P. marinus that the results could be
accurately described by a model in which protonation of a
single site per monomer with pK = 6.0 accompanied the for-
mation of dimers of low O, affinity. There was no need to
include self-association beyond the dimer, so they concluded
that higher aggregates may not be physiologically important.
This conclusion was reinforced by sedimentation equilibria of
the deoxy-Hb which indicated only very weak dimer-tetramer
association. However, the conclusion that tetramers are phys-
iologically insignificant was based on extrapolation of kinetic
and sedimentation measurements at 10—60 puM concentration
to millimolar concentrations. Dohi et al. (13) extended the
sedimentation measurements to concentrations of 3 mm with
Hb from another species of lamprey, Entosphenus japonicus.
Their results suggested that as much as 85% of the deoxy-Hb
within red cells of this species would be tetrameric. The amino
acid composition (13) of E. japonicus globin is virtually identi-

! The abbreviations used are: Hb, hemoglobin; PCR, polymerase
chain reaction; bp, base pair(s).

2 Lankester (3) designated “erythrocruorin” to include all red blood
proteins of invertebrates, but soon abandoned the term (4) after “he-
moglobin,” first proposed by Hoppe-Seyler (5), came into use.

13517



13518 Lamprey Hemoglobin: Structural Basis of the Bohr Effect
TABLE I
Synthetic oligonucleotides
No. Sequence” Description (strand)
1 CTCGAGTCTAGATTTTTTTTTTTTTTTT Oligo(dT) with Xbal adapter
2 GCNGCNGARAARACNAARATHMG PMII-degenerate primer (numbers 13—-20(+))
3 GTCGACCTGGAAGCTTTTGGCGTG PMII-GSP1-5' (numbers 105-112)(—))
4 GAGGTCTCATAATTGGAGTACACG PMII-GSP2-5' (numbers 25-33)(—))
5 TTCTGACTCCCTTCGCAGGATC PMII-5’ non-coding sequence (—54 to —33)
6 ATGCCTATCGTCGACACNGGAAGCG PMII-NH,-terminal (numbers 1-8(+))

“N: (A, C, G, T), R: puRine (A, G), H: (A, C, T), M (A, C). Numbers in the right-hand column refer to amino acids in the coding region or to base
pairs in non-coding regions. The plus and minus signs refer to strand sense.

cal with that of P. marinus, which suggests that very few
differences in amino acid sequence exist.

The nature of the functionally important dimer of lamprey
Hb has been uncertain. Although four different crystal forms of
deoxy lamprey Hb have been identified (14), none proved ame-
nable to structure determination. Honzatko and Hendrickson
(15) proposed on the basis of model building that the interface
in the deoxy-Hb dimer might resemble either the a4 3, interface
charactistic of tetrameric vertebrate Hbs or that in the clam
Scapharca in which the interface involves the E/F and A/B
helices. Perutz (16) noted that the pH dependence of O, binding
suggested participation of histidyl residues. Since the only two
histidines present are the proximal and distal residues on each
side of the heme, he proposed that the distal residue swings out
of the heme pocket upon deoxygenation to form an electrostatic
link with a carboxyl group of another monomer. This would
raise the pK of the histidine and explain the Bohr effect.

The goal of the present studies was to construct mutant Hbs
by site-directed mutagenesis and measure the sedimentation
and O, binding properties in order to distinguish between two
interface models. After completion of the experimental work,
the x-ray structure of one form of dimeric deoxy-Hb of the adult
has been reported which shows that the subunit interface is
between the E helices and AB corners (17). Our work now
serves to confirm the functional significance of this structural
feature (17).

MATERIALS AND METHODS

Blood Collection—Adult and larval lampreys (P. marinus) were ob-
tained from the Hammond Bay Biological Station, Millersburg, MI.
Blood from decapitated lampreys was collected in ice-cold 1 mMm Tris-
HCI, pH 7.5, 250 mM NaCl, with a small amount of heparin. Packed red
cells, washed twice with this buffer, were frozen with liquid nitrogen
and stored at —80 °C.

mRNA and cDNA—The mRNA from adults was extracted with the
Fast Track mRNA Isolation Kit, Version 3.5 (Invitrogen, San Diego,
CA). mRNA (7 ul, 10 png) was mixed with 3 ul of diethylpyrocarbonate-
treated deionized water (dH,0) (3 pl) containing 500 ng of an oligo(dT)
28-mer containing an Xbal site at the 5’ end (number 1, Table I). The
water was prepared by adding 100 ul of diethylpyrocarbonate (Sigma
number D5758) to 100 ml of deionized water and shaking at 37 °C
overnight. The annealing reaction was carried out by incubation of the
mixture at 65 °C for 5 min, followed by cooling on ice. The following
components were then added: RNasin (1 ul, 40 units/ul, Promega), 8 ul
of 2.5 mm dNTP mixture, 10 ul of 5 X reverse transcription buffer (U. S.
Biochemicals), 5 ul 0.1 M dithiothreitol (Life Technologies, Inc.), 14 ul
diethylpyrocarbonate-dH,O, and 2 ul of reverse transcriptase (100
units/ul Moloney murine leukemia virus). After incubation for 1 h at
37°C, 5 ul of 3 M sodium acetate and 125 ul of 100% ethanol were
added. After precipitation overnight at —20 °C, the resulting pellet was
dissolved in 20 ul of diethylpyrocarbonate-dH,O.

Amplification and Cloning of ¢cDNA for Adult Globin—The ¢cDNA
was amplified by the polymerase chain reaction (PCR) using oligo(dT)
with an Xbal site (number 1, Table I) and a 3,072-fold redundant
oligomer (number 2, Table I) based on residues 13—-20 of both compo-
nents PMII and PMIII of Refs. 18 and 19. PMII corresponds to compo-
nent V (Ref. 20) used in crystallographic studies. The 100-ul PCR
reaction mixture contained 2 ul of the mRNA:¢cDNA duplex from the
reverse transcription, 1 X Assay Buffer A from Fisher Biotech (10 X
Assay Buffer A: 100 mm Tris-HCI, pH 8.3, at 25 °C, 500 mm KCl, 15 mm

MgCl,, and 0.01% gelatin), 0.1 mg/ml bovine serum albumin, 200 uM
dNTP, 100 pmol of each primer, and 2.5 units of Taq polymerase (Fisher
Biotech). Denaturation at 94 °C for 5 min was followed by 30 cycles of 1
min each at 94 °C for denaturing, 48 °C for annealing, 72 °C for elon-
gation, and a final 15 min at 72 °C for complete elongation. Analysis of
the PCR product by agarose gel electrophoresis showed a single band of
600 bp which was isolated by “Gene Clean” IT Kit (BIO-101 Inc., Vista,
CA) and cloned into the Smal site of pUC19 and sequenced by the
dideoxy chain termination method by using Sequenase Kit Version 2.0
(U. S. Biochemical, Cleveland, OH). 5" Rapid Amplification of 5’ cDNA
End Kit (Life Technologies, Inc.) was used to amplify the 5’ coding and
untranslated sequences of the globin cDNA. Primer GSP1-5' (number
3, Table I), complementary to the cDNA of PMII, was used in the
reverse transcription reaction, and an oligo(dC) anchor sequence was
added to the 5’ end of the cDNA using terminal deoxynucleotidyl trans-
ferase supplied in the RACE Kit. GSP1-5' corresponds to residues
105-112 which are identical in PMI, II, and III (18, 19). A nested PCR
amplification was carried out using GSP2-5' (Table I, number 4) and a
deoxyinosine-containing Anchor Primer (AP) provided with the kit. The
second PCR product was analyzed by gel electrophoresis and cloned into
pUC19 for sequencing. After obtaining the 5’ non-coding sequences of
the ¢cDNA, oligomer number 5, constructed to correspond to the 5’
non-coding region of both PMII and PMIII, together with oligo(dT),
made amplifications of the complete cDNA sequences possible.

The amplified cDNA products were blunt-ended by the addition of 1
wul of DNA Polymerase I Large Fragment (Klenow, 1 unit/ul, Promega)
and incubating for 1 h at 37 °C. The amplified products were eluted
after electrophoresis on a 1.0% agarose gel with the Gene Clean II Kit
(BIO 101). Ligation with pUC19 cut with Smal to give blunt ends was
performed with the TaKaRa Ligation Kit (TaKaRa Biochemicals). The
ligated product was cloned with MAX efficiency DH5a competent cells
from Life Technologies, Inc. (catalog number 18258-012). Positive plas-
mids were sequenced by the Sanger dideoxy termination method using
the Sequenase Kit Version 2.0 (U.S. Biochemicals).

Expression—Plasmid pHE7, provided by Dr. Chien Ho, Department
of Biological Sciences, Carnegie Mellon University, Pittsburgh, PA),
co-expresses Escherichia coli methionine aminopeptidase and human
Hb « and B subunits (21). The expressed methionine aminopeptidase
removes the NH,-terminal methionine. The « and B subunit cDNAs
were replaced with cDNA for lamprey globin. This was done by digest-
ing pHE7 completely with NsiI and then partially digesting with Ndel
to yield a 5.91-kilobase fragment that was purified by electrophoresis on
a 0.7% agarose gel. The fragment was cut out and eluted from the gel
with Gene Clean Kit (BIO 101, Inc.). The ¢cDNA for globin component
PMII was generated by PCR of the cDNA with two terminal primers
(numbers 1001 and 1005, Table II) which are complementary to the 5’
and 3’ ends of the PMII ¢cDNA and contain Ndel and Nsil sites, respec-
tively. The resulting PCR product was ethanol precipitated, digested
with Ndel and Nsil, and run on an agarose gel; the 450-bp product was
eluted with the Gene Clean Kit and ligated to the 5.91-kilobase frag-
ment of pHE 7 with the TaKaRa Ligation Kit (TaKaRa Biochemicals,
Inc.). The 6.36-kilobase product (pHE7-PMHb) can coexpress both E.
coli methionine aminoeptidase and the lamprey globin. The ligation
product was used to transform JM109 competent cells (Promega, Mad-
ison, WI) and positive clones with inserts were selected. JM109 clone
number 4 was used to express the lamprey PMII globin. The
cDNA-derived amino acid sequence for clone 4 was identical to that of
PMII (19) except that position 86 was Val instead of Ala and is therefore
designated PMII'. The recent crystallographic studies (17) indicate that
this difference is unlikely to have any significant functional effect. All
the mutagenesis utilized this clone. A single colony of JM109 cells with
the pHE7 plasmid containing the ¢cDNA for the globin was used to
inoculate 2 ml of LB broth containing 100 pg/ml ampicillin and grown
for 8 h at 37 °C. A 160-pul aliquot of the culture was added to 40 ml of LB
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TaBLE II
Synthetic oligonucleotides for site-directed mutagenesis
The underlined codons in the middle column refer to the changed codon for the site-directed mutagenesis except the TTA in oligomer 1005 which
designates the stop codon. The italicized sequences refer to the restriction site NsiI or Ndel. Numbers in the right-hand column refer to amino acids

in the coding region for PMII.

No. Sequence Description (strand)
1001 AAGCAATCCAATGCCTATCGTCGACACTG PMII NH,-terminal primer with Ndel site (+)
1005 TGAATAGCETGCAGTTTCATTAGTAGGC PMII COOH-terminal primer with Nsil site (—)
1006 GGGGAAGAACTGCTGAGCAGC E50Q (numbers 47-53(—))
1007 CCTCTCGGCCTGCCAGCGCAC H73Q (numbers 70-76(—))
1008 TTCCAGGTCAACCCCCAGTAC D112N (numbers 109-115(+))
1009 TGGCACGCCCAGAGGATCATC E75Q (numbers 72-78(+))
1011a CATCGACGCCGTCAACGATG N79D (numbers 77-84(+))
1012 AGGATCATCCACGCCGTCAAC N79H (numbers 76-82(+))
1013 AGAGGTCTCGTGATTGGAGTA Y30H (numbers 27-33(—))
1014a CCACACCAGAGGTCTTATAATTG E31K (numbers 28-36(—))
1015 GACACCGAGGAGATGAGCATG K93E (numbers 90-96(+))

with ampicillin and grown overnight at 37 °C. A 10-ml aliquot of this
culture was then added to 1 liter of TB with ampicillin in a 4-liter flask
and shaken at 30 °C for about 5 h until the absorbance at 600 nm
reached 1.0. Glucose (10 g/liter) and §-aminolevulinic acid (20 mg/liter)
was then added. Expression of Hb was induced by adding isopropyl-1-
thio-B-D-galactopyranoside to a concentration of 0.2 mM and continuing
the incubation for 5 h at 30 °C. The centrifuged pellet from the culture
was resuspended in 20 ml of 50 mm Tris-HCl, 1 mm EDTA, pH 8.0,
frozen in liquid N,, and stored at —80 °C.

Mutagenesis—The “Megaprimer” method of Sarkar and Sommer (22)
was used. Nine internal oligomers were constructed in each of which a
single nucleotide change was made (Table II). The procedure, described
here for one mutant, as an example, utilizes two successive PCRs.
Oligomers 1006 and 1001 (Table II) were used in the first PCR to
amplify part of the cDNA sequence with incorporation of the altered
codon in oligmer 1006. Oligomer 1001 contains an Ndel restriction site.
The 100-ul PCR reaction mixture contained 50 ng of plasmid DNA from
JM109#4, 1X Assay buffer from Fisher Biotech (10X buffer: 100 mm
Tris-HC], pH 8.3, at 25 °C, 500 mm KCl, 15 mm MgCl,, and 0.01%
gelatin), 0.1 mg/ml bovine serum albumin, 200 ug/ml dANTP, 100 pmol
of each primer, and 2.5 units of Taq polymerase (Fisher Biotech).
Denaturation at 94 °C for 5 min was followed by 30 cycles (1 min each)
at 94 °C denaturing, 54 °C for elongation, and a final 15 min at 72 °C for
complete elongation. The amplified 170-bp product was electrophoresed
in a 1.5% agarose gel and eluted with the QIA quick Gel Extraction Kit
(QIAGEN, Inc.). The 170-bp product was used as the megaprimer in the
second PCR with oligomer 1005 (Table II). A good yield required the
template DNA in the second PCR to be increased from 0.2 (22) to 2 pg
(23, 24). The 100 ul for the second PCR contained 2 pg of plasmid DNA
(JM109#4), 1X Assay Buffer from Fisher Biotech, 0.1 mg/ml bovine
serum albumin, 200 uM dNTP, 50 pmol each of the megaprimer and a
terminal primer 1001 or 1005, and 2.5 units of Taq polymerase (Fisher).
After denaturation at 95 °C for 5 min, 6 cycles were carried out at 94 °C
for 1 min and 72 °C for 2 min without the terminal primer which was
then added, and 28 cycles of 94 °C (1 min), 52 °C (2 min), and 72 °C (2
min) were performed. The resulting 450-bp product was digested with
Ndel and Asil and inserted between these sites in the pHE7 expression
vector.

Purification—JM109 cells from a 1-liter culture overexpressing the
recombinant Hbs were lysed on ice for 5 h in an 80-ml solution of 50 mm
Tris-HCI, pH 8.0, 1 mM EDTA, 0.5 mMm dithiothreitol, 40 units/ml DNase
I, 3 units/ml RNase A, and 2 mg/ml lysozyme. The lysate was then
frozen in liquid nitrogen and thawed twice to break the cells. Cell debris
was removed by centrifugation at 12,000 rpm, 30 min (Sorvall rotor
SS34). The reddish supernatant was saturated with CO, made 55%
saturated with ammonium sulfate, and stirred on ice for 2 h. The
precipitate was discarded, and the supernatant was made 95% satu-
rated with ammonium sulfate and stirred for 2 h on ice. The pellet,
obtained by centrifugation, was resuspended in a minimum volume of
20 mm Tris-HCI, 1 mm EDTA, pH 8.0, and dialyzed (Spectropor tubing
with 12,000-14,000 M, cutoff) against 20 mm Tris-HCI, 1 mm EDTA, pH
8.0, for at least 36 h at 4 °C with three changes of buffer. The sample
was applied to a DEAE-Sepharose CL-6B column equilibrated with 20
mM Tris-HCI, 1 mm EDTA, pH 8.0. The colored fractions were combined
and concentrated to 5-10 ml with a Diaflo concentrator (YM-10 mem-
brane, Amicon, Inc., MA). The concentrated eluate was dialyzed with
three changes against the same Tris-EDTA buffer with pH increased to
8.8. The solution was applied to the same column equilibrated with this
buffer, and the colored fractions were concentrated again to 5-10 ml

and dialyzed further against 10 mum Tris and 0.5 mm EDTA at pH 9.8 for
36 h with 3 buffer changes. The recombinant Hbs were eluted with the
same buffer containing 0.25 M NaCl. The buffers and solutions were
kept saturated with CO. The final purified recombinant Hbs were
stored at —80 °C.

Amino Terminus—Amino acid sequencing at the University of Texas
Microanalysis Center showed a quantitiatve yield of proline in the
recombinant Hb. The amino-terminal peptidase evidently removed all
the methionine. Prior studies (25) showed no evidence in the native Hb
for the formylation found in the Hb of the closely related L. fluviatilis
(26).

Sedimentation Equilibrium—The CO-saturated recombinant Hbs
were converted to HbO, with light (Sungun, Sylvania) and O, at 4 °C,
diluted to ~18 uM with 0.1 M phosphate buffer of pH 6.0, 6.5, and 7.5,
and dialyzed overnight against this buffer. The dialyzed samples (100
ul) were flushed with N, and equilibrated for ~1 h in an anaerobic
chamber; then sodium dithionite (Miles Platting, Manchester, United
Kingdom) was added to a concentration of 2 mg/ml, the same concen-
tration used by Andersen (12). Double-sector Epon charcoal-filled cen-
terpieces with quartz windows were used in sedimentation equilibrium
experiments at 20 °C with a Beckman XL-A analytical ultracentrifuge®
equipped with an An60Ti rotor and a photoelectric scanner. The Epon
cells were evacuated in the entering chamber for the anaerobic chamber
and then remained in the chamber about 1 h. Initial experiments with
200-ul samples required 44 h to reach equilibrium; 100-ul samples were
used subsequently to reduce the equilibration time. The experiments
were performed with an initial rotor speed of 24,000 rpm for 1 h
followed by 16,000 rpm until equilibrium was reached. The averages of
five spectra were recorded from 300 to 650 nm at one radial position at
the start and at the end. The averages of 20 radial scans at 430 and 560
nm with a step size of 0.001 in absorbance were obtained after equilib-
rium was reached. Duplicate scans at 430 nm 3—4 h apart were overlaid
to determine when equilibrium was reached (~22 h for a 100-ul
sample).

The spectra at the start and end of an experiment showed maxima
near 430 and 560 nm. The data were fitted by nonlinear least squares
(27) to a monomer-dimer self-association model according to the
equation,

(1-vp)o?
2RT

Aop?
oRT M0 + B

[In A+ M(r27r§)|+e|21nA(,+ln K+

A, total = (Eq. 1)

where A, = the absorbance at radius r; M = the monomer molecular
weight, taken to be 16,898 from the sequence of PMII (19); v = the
partial specific volume, calculated from the amino acid composition to
be 0.742 ml/g (28); p = the solvent density; w = the angular velocity, r =
the radius; r, = the reference radius; E = the baseline offset; K is the
monomer-dimer association constant. The buffer densities were calcu-
lated by the procedure of Laue et al. (29) to be 1.00849, 1.00943, and
1.01199 g/ml for 0.1 M phosphate of pH 6.0, 6.5, and 7.5, respectively.
The absorbance of the reference sector at each radial position was
subtracted from the absorbance of the sample sector to give A, ,;.;. This
was necessary because the absorbance of the reference sector increased

3 The Beckman Optima XLA analytical ultracentrifuge is a compo-
nent of the Center for Macromolecular Design of Texas A&M Univer-
sity, College Station, TX. Acquisition of the instrument was supported
in part by grants from the National Science Foundation and the State
of Texas.
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TaBLE IIT
Summary of sedimentation equilibrium data for the deoxygenated hemoglobins at 20 °C
. Ky 1 (um)®
Model Hemoglobin H*/heme®
pH 6.0° pH 6.5° pH 7.4°
Hemolysate 1.22 = 0.20 9.2+ 13 73+6 0.62
Hemolysate (12)¢ 1.86 4.75 122 0.66
RecombinantHb 1.60 = 0.02 5.3 +26 72 = 24 0.59
By D112N 1.49 + 0.02 104 + 0.1 127 * 47 0.68
BBy E50Q 3.67 = 0.03 23119 Me 0.78
E/F H73Q 25 + 14 Me Me
E/F K93E 3.1+14 95=*20 Me 0.48
E/F K93E/E31K Me Me 124 += 24
E/F E75Q 3.43 = 0.03 159+ 1.8 56.4 = 7.1 0.42
E/F N79H M M
E/F N79D Me M
E/F Y30H M M M

“ K, ; is the equilibrium dissociation constant for the reaction of dimer to monomer. Values of K, ; were obtained by nonlinear least squares
fitting to a monomer-dimer self-association model as described under “Materials and Methods.”

® See discussion of pH under “Materials and Methods.”

¢ Protons released per heme on dimer dissociation, calculated by linear regression from 1/2(Alog K, ,/ApH), for the pH values indicated. The

estimated uncertainty in H*/heme is *=0.1.

¢ Values calculated from the equation K, ; = K, (K, + H)/(H))” from Andersen (12), where K, is the dimer-monomer dissociation constant, 1 uM,
for the protonated forms and K, is the protonic dissociation constant, 0.4 uM, as estimated by Andersen.

¢ M signifies that self-association was not measurable. These data were fitted with a single exponential to estimate the molar mass. The mean
molar mass in twelve experiments with mutant Hbs which did not appear to form dimers under the conditions shown was 16,462 = 394. This is
2.6% lower than the value based on structure, 16,899. This difference could be caused by an error of —0.004 cm?®/g in the partial specific volume
used, 0.742 cm®/g. Interestingly, a similar discrepancy exists in human Hb, where the value from amino acid composition is ~0.745 cm®/g (29), but

the measured value is about 0.004—0.005 cm®/g higher (28).

about 0.002 per 0.1 cm increase in r except at the extremes where the
absorbance was higher. The reasons for this variation in the reference
sector are not known. The reference radius, r,, was chosen at or just
below the meniscus in the sample sector. The least-squares fitting of the
data to Equation 1 determined the best values of three parameters: A,
K, and E. A, and A ?K are the contributions of the monomer and dimer,
respectively, to the total absorbance, corrected for the offset, E. The
fitting gives the association constant in absorbance units which was
converted to M~ " units by the relation K, , (units, M~ ") = K, _, €l, where
the extinction coefficient, €, for deoxy-Hb at 560 nm was measured to be
12.9 mm ' cm ™! and the path length, 1, in the centerpiece is 1.2 cm. The
extinction coefficient was determined by measuring the absorption
spectrum after determining the heme content by the alkaline hematin
method (30).

Methemoglobin and Effects of Dithionite—The initial equilibration
time of 44 h with 200-ul samples at pH 6.0 resulted in some metHb
formation which caused the calculated dimer-monomer dissociation
constant to be spuriously high because metHb is monomeric. However,
subsequent measurements with a 100-ul sample did not show metHb at
pH 6.0, and no measurable metHb was observed at pH 6.5 or 7.5. None
of the spectra showed increased absorption at 630 nm as would be
expected for metHb; the characteristic peaks of deoxy-Hb near 430 and
560 nm were observed. The quality of these spectra was not, of course,
the same as with a stationary spectrophotometer so that any metHb
less than about 5% would not be detected because of intrinsic noise. The
great molar excess of dithionite should be sufficient to ensure reduction
of any metHb.

The presence of oxygen was minimized by the use of an anaerobic
chamber (Model HE-453-2 VAC, Atmospheres, Hawthorne, CA) of
~1,200 liters through which a constant stream of argon flowed. The
argon was recycled through a palladium catalyst system that maintains
the O, content below about 5 ppm. The solid dithionite was added in the
chamber to an already deoxygenated buffer solution. An aliquot of the
latter was added to a previously nitrogen-equilibrated Hb solution.

The possibility has been investigated that O, might come from the
outgassing of the charcoal-filled Epon centerpieces during the ultracen-
trifugation. Control experiments were performed in which a dithionite-
containing buffer solution, prepared anaerobically, was exposed to
three charcoal-filled Epon centerpieces for 24 h in one anaerobically
sealed glass container. The ratio of Epon surface area to buffer corre-
sponded to that in the Hb-containing sector during ultracentrifugation.
A similar quantity of dithionite-containing buffer was placed in a glass
tube and sealed for 24 h. The change in pH of the Epon-exposed
dithionite buffer compared with the buffer in the glass tubes was —0.01
at pH 6, 0.00 at pH 6.5, and —0.10 at pH 7.5. These results indicate that
a small amount of outgassing of O, from the Epon cells does occur, but
that the pH is measurably affected only at pH 7.5, not at pH 6.0 or 6.5.

This difference can be explained by the oxidation of dithionite to form
the bisulfite ion, HSO;, which dissociates to SO; with a pK of 6.9 (31).
Thus, the HSO; would be 80% dissociated at pH 7.5, but only 11% at pH
6.0, so that a significant pH effect would not be observed at the lower
pH. We have investigated the effect of the small pH change at pH 7.5 on
the experimental determination of the number of protons released per
dimer dissociated (see “Results”). The effect is an increase in protons
released of only ~0.03. The calculated values of protons released per
dimer dissociated in Table III include this correction. There was also a
small drop of —0.03 in pH upon addition of the dithionite to the buffer,
but since this was not pH-dependent, it had no effect on the calculation
of protons released.

Presence of Tetramers—The sedimentation data have been analyzed
entirely in terms of a monomer-dimer association (Equation 1). Al-
though self-association of deoxy lamprey Hbs to tetramers does occur (8,
11, 13), the 5 and 15 uM (heme) concentrations used in the present
experiments preclude significant effects of higher-order association. Doi
et al. (13) calculated the monomer-dimer and dimer-tetramer associa-
tion constants to be 8.1 X 10* M~ ! and 6.5 X 10® M !, respectively, at pH
5.9, 20 °C. Calculations with these values suggest that tetramers
should comprise <0.2% of the deoxy-Hb at 5 um and <2% at 15 um. The
contribution of tetramers would be even smaller at higher pH values.
Use of Andersen’s (12) estimate for the dimer-tetramer association
constant gives even lower quantities of tetramers. All the sedimenta-
tion data on associating systems analyzed in the present experiments
could be fitted with a monomer-dimer model.

Oxygen Binding—Oxygen equilibria were measured by the method of
Imai (32) at 20 °C with a Shimadzu spectrophotometer and a Keithly
model 485 picoammeter. The optical path length of the Imai cell was
10.4 mm. All the Hb solutions contained the metHb reductase system of
Hayashi et al. (33). After a complete deoxygenation curve (absorbance
at 430 nm versus pO,) was recorded, the nitrogen passing over the
solution was replaced by 20% oxygen, and reoxygenation was recorded.
The deoxygenation curves were used for all calculations. Spectra were
recorded before deoxygenation and after reoxygenation. The oxygen-
ation end points were obtained by extrapolation as described by Imai
(32).

Amperometric Titrations—An hemolysate of lamprey red cells was
dialyzed overnight against glass-distilled water and then made 0.1 M in
phosphate, pH 7.3, and centrifuged to remove any precipitate. The clear
hemolysate was titrated with HgCl, as described previously (34). Titra-
tions were performed under either helium or carbon monoxide and with
or without 8 M urea at 25 °C. The concentration of Hb was determined
by measuring the O, liberated upon reaction with K ;Fe(CN)s in a
standard Warburg apparatus (35). These experiments were performed
by A. F. R. in 1959-1960.
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RESULTS AND DISCUSSION

The goal of this study was to test and distinguish between
three alternative models proposed by Honzatko and Hendrick-
son (15) and Perutz (16) for the interface in the dimer which
forms upon deoxygenation of lamprey Hb. Although association
beyond the dimer also occurs, the present experiments are
confined to low protein concentrations where dimers predomi-
nate. The models for the intersubunit contacts are: (¢) an
“a1 B5” interface corresponding to those of other vertebrate Hbs
(15), (b) an E/F helix interface similar to that found in Hb II
from the clam Scapharca inequivalvis (15), and (¢) Perutz’
model, which also predicts the E helix contacts but invokes a
special role for the distal histidine in forming an electrostatic
link between monomers (16).

Hemolysate and Recombinant Hemoglobin

Fig. 1 compares the sedimentation equilibria for the unfrac-
tionated hemolysate from adult lamprey red cells and purified
recombinant Hb, PMII’, under anaerobic conditions. The data
are satisfactorily fitted with a monomer-dimer model as de-
scribed under “Materials and Methods.” The residuals show no

systematic variation with radial distance. The data are sum-
marized in Table III for the hemolysate, wild-type recombinant
Hb (PM II'), designated rHb, and six mutants that show asso-
ciation from monomer to dimer, and three mutants for which
any self-association was too small to be detected.

Comparison of the data for the hemolysate and rHb indicates
that the pH dependence is almost identical despite differences
in individual K, ; values. The value of ¥ (Alog K, ;/ApH) gives
the number of protons released per heme for each dimer disso-
ciated (36). The values for the two sets of data agree within 5%
and are about 13% lower than those reported by Andersen (12).
The differences between the hemolysate and rHb may reflect
small differences in the multiple components present in the
hemolysate.

The oxygen equilibrium curves of the hemolysate and the
recombinant lamprey Hb are even more similar both in terms
of the absolute values of P5, and n and their pH and concen-
tration dependence (Fig. 2, Table IV). The presence of three
major and additional minor components (18, 19) in the hemo-
lysate has less effect on the oxygen binding parameters. How-
ever, on close examination, the data for the hemolysate indicate
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the presence of a small quantity of Hb with higher oxygen
affinity. The number of protons released per heme during
dimer dissociation (Table III) is very similar to the number
released per O, bound during oxygenation (Table IV). This
finding is consistent with the conclusions of Andersen and
Gibson (11) and Andersen (12) that the pH dependence of O,
binding depends solely on the protons released as the result of
dissociation of the dimer. Oxygenation of the monomer does not
appear to be pH-dependent.

The oxygen equilibria for the hemolysate and recombinant
Hb (Table IV) show a substantially lower O, affinity at pH 6.0
than that found in previous studies (11-13). The Py, values are
10 and 11.4 mm Hg at 5 and 15 um Hb concentrations. These
data are quite consistent with the sedimentation equilibria.
Application of Equation 4 (see below) yields values at pH 6.0 of
57% and 72% dimer at 5 and 15 um Hb, respectively. Dohi et al.
(13), however, found that the log P5, values converged, inde-
pendently of pH, to a single value of 0.63 (P5, = 4.3 mm Hg) at
Hb concentrations <5 um where their analysis indicated that
more than 90% of the Hb would be monomeric. This Py, 4.3
mm Hg, would then correspond to the oxygen affinity of mono-
meric Hb under these conditions. The kinetic data of Andersen
and Gibson (11) yield a similar value. They estimated the
equilibrium dissociation constant for the monomer reaction,
HbO, = Hb + O,, to be 8 um, which corresponds to ~4.8 mm
Hg if we take 1 mm Hg pO, to give 1.68 um O, in aqueous
solution at 25 °C (37, 38).

The o,;B; Model

Honzatko and Hendrickson (15) proposed four symmetry
unique hydrogen bonds for an «,B,-like interface in the dimer
of Petromyzon Hb:* Glu®°(C6) .... GIn''%FG4), Asp'3(G1)
... Tyr''5%(G4), GIn"'*(G3) . ... GIn''*(G3), and GIn''*(G3)
.... Tyr''5%(G4). The Asp''?(G1) residues from each subunit
would be pointing at each other. We tested this model with two
mutations: Glu®® — GIn (E50Q) and Asp''?2 — Asn (D112N),
thereby removing contributions by charged residues from the
proposed interface.

The K, ; values for the D112N mutant do not indicate any
major disruption of the dimer interface, and the number of
protons released per mutant dimer dissociated is similar to
that of the wild-type protein. The dimer-to-monomer dissocia-

4 Helix designations vary somewhat in different Hbs according to
where the helix starts. Here we use the designations and alignment
given in Ref. 39 for comparative purposes.
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tion equilibrium constant for the E50Q mutant is 2—4-fold
greater than that of wild-type protein, but the value for H*
released per heme is similar to that of the D112N mutant.
Surprisingly, the E50Q mutation causes a 2-fold decrease in
oxygen affinity (Fig. 3, Table IV). Heretofore, the only mecha-
nism known for lowering the oxygen affinity of lamprey Hb has
been dimerization, but the sedimentation data for this mutant
show a modest decrease in dimer formation. The lowered O,
affinity presumably reflects a conformational change at the
active site.

Regardless of the exact interpretation, the functional effects
of the D112N and E50Q mutations rule out the Honzatko and
Hendrickson «,fB, model. This model is also rendered unlikely
by comparison of 10 amino acid sequences from 5 species of
lamprey (18, 19, 40—42) which shows that the residues pro-
posed for the a4, model are not conserved at all, but that the
residues proposed for the E/F clam model are conserved almost
absolutely.

The E/F Clam Interface Model

Honzatko and Hendrickson (15) proposed a model in which
there would be four major interactions in the dimer interface:*
Glu*'(B3) Lys®3(EF7), Tyr*(B2) Asp®¥(E17),
Glu”™(E9) . ... Asn"®(E13), and Arg71(E5) . Asp83(E17). Six
mutants were constructed to explore the importance of these
possible interactions.

E/F K93E—On the basis of the E/F clam model for the
interface, this mutation would be expected to abolish dimeriza-
tion by electrostatic repulsion between two adjacent glutamyl
residues. The sedimentation data at pH 6.5 indicate that the
substitution causes a 2-fold increase in the value of K, ;, the
dissociation constant at both pH 6 and 6.5 (Table III). The Bohr
effect is reduced slightly.

E/F, A/B Double mutant E31K/K93E—This construction
simply reverses the positions of glutamyl and lysyl residues
and should have little or no effect, if the E/F clam model were
correct. However, this mutation abolished self-association en-
tirely at pH 6.0 and 6.5. This result implies a crucial role for
residue Glu®’(B2) in the dimer interface because the K93E
substitution has relatively little effect by itself. Surprisingly,
the sedimentation results at pH 7.5 (Table III) indicated nearly
normal behavior. A possible reason for this is discussed below.

A /B Y30H—The E/F clam model suggests that this mutation
should strengthen the hydrogen bonding between B2 and E17
residues. However, the actual effect was to prevent self-associ-
ation. We conclude that both Tyr3® and Glu®! near the AB
corner must form part of the interface. The oxygen affinity of
the Y30H mutant is close to the estimates by Dohi et al. (13)
and Andersen and Gibson (11) for the pH-independent oxygen-
ation of monomers, 4.3—4.4 mm Hg (Table IV).

N79D (E13)—The E/F clam model suggests that this substi-
tution should prevent self-association by electrostatic repul-
sion. The centrifugation results show that the substitution does
prevent association, a finding consistent with an important role
for Asn” in the interface (Table III).

N79H (E13)—The E/F clam model suggests that this muta-
tion should increase the association by providing a stronger
hydrogen bond donor to Glu(E9). However, the mutant Hb does
not associate measurably. Similarly, the O, equilibrium curve
of the mutant Hb shows a 3—6-fold increase in O, affinity and
a loss of the Bohr effect at 5 uM concentration with respect to
the wild-type protein (Fig. 4, Table IV). The oxygen affinities of
the two mutant Hbs, N79H and N79D, are higher than those
for any of the other mutants or that estimated for the monomer.
The results show that Asn” is indeed important in the inter-
face, but that the actual interactions are evidently not those
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TABLE IV
Summary of oxygen equilibrium data for mutants of lamprey hemoglobin
pH 6.0 pH 6.5
Hemoglobin Concentration H* released/heme”
Ps Nmax Ps nmaxb
Hemolysate 5 uM 9.1 1.15 5.2 1.13 0.48
15 pM 6.8 1.20
Recombinant Hb 5 uM 10 1.30 5.4 1.20 0.54
15 um 11.4 1.15 6.4 1.22 0.50
Y30H (B2) 15 um 4.7 0.97
E50Q (C6) 5 uM 19 1.17 10 1.21 0.56
15 M 16 1.25
H73Q (E7) 5 uM 2.6 0.94 2.6 1.01 0
15 um 3.2 0.99 2.8 1.02 0
E75Q (E9) 5 uM 6.7 1.23 5 1.22 0.25
15 um 8.9 1.27
N79H (E13) 5 uM 1.7 1.04 1.6 0.98 0
N79D (E13) 15 puMm 1.6 1.0
Hemolysate (Ref. 6) 2 mM pH range 6.3-7.4 0.69
Hemolysate (Ref. 7) 15 mm pH range 6.3-7.7 0.74°¢

¢ Calculated from —Alog Py/ApH.
® The calculated maximal value of the Hill coefficient.

¢ The value given is from the regression slope. The value of Alog P;,/ApH actually increases from 0.57 (pH 6.3-6.8) to 0.73 (pH 6.8-7.3) and 0.97

(pH 7.3-7.7).
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suggested by the clam model.

E75Q (E9)—Sedimentation equilibria indicate that this sub-
stitution causes a significant decrease in the pH dependence of
K, , (Fig. 5, Table III). Similarly, the pH dependence of O,
binding also decreases (Fig. 6, Table IV). These results provide

strong evidence that Glu”® is responsible for at least part of the
Bohr effect.

The Distal Histidine Model

Perutz (16) suggested that the distal histidine swings out of
the heme pocket upon deoxygenation of the monomeric Hb to
form an electrostatic link with a carboxyl group of another
molecule. Protonation of the distal histidine upon deoxygen-
ation and dimerization would explain the Bohr effect. Perutz
suggested that the model could be tested by making the distal
histidine mutant, H73Q. Sedimentation analysis measure-
ments (Fig. 7, Table III) show that this mutation does indeed
abolish measurable self-association at pH 6.5 and causes a
15-16-fold decrease in association at pH 6.0. The oxygen affin-
ity is increased 3.5—4.0-fold (Fig. 8, Table IV), and a Bohr effect
is not measurable at a protein concentration of 5 uM. This shift
parallels the results of the sedimentation equilibria in which a
low degree of self-association was observed (K; , ~ 0.04 um L
compared with 0.63 um ™! for rHb). These results are qualita-
tively consistent with Perutz’ model. However, as described
below, the effect of the substitution appears to be indirect.

Cooperativity and Oxygenation

The data on the oxygen equilibria at pH 6 and 5 um for rHb
and the mutant H73Q in Fig. 8 are transformed into a Hill plot
in Fig. 9a. The slope, n, for the rHb data increases with oxy-
genation from 1.0 to a maximal value of ~1.3 at 70-80%
oxygenation and then decreases to 1.0 (Fig. 95). The asymmet-
ric variation of n with y (Fig. 9b) closely resembles the n versus
y relationship for human hemoglobin Kansas (43) which under-
goes a similar oxygenation-dependent dissociation, albeit from
tetramer to dimer. Hill plots (not shown) for the oxygen equi-
libria of native lamprey Hb and mutants E50Q and E75Q are
similar to those of rHb, and Hill plots for the non-associating
mutants resemble those for H73Q. The Hill plots for O, equi-
libria of rHb and the associating mutants at pH 6.0 and 6.5 are
similar. Quantitative analyses of these equilibria in terms of
oxygenation models will require the use of higher concentra-
tions than those used here.

Structural Basis for the Bohr Effect

The recent determination of a crystal structure of the deoxy
lamprey Hb (17) shows a remarkable cluster of four glutamyl
residues in the dimeric interface (Fig. 10). This cluster has two
Glu”-Glu®" pairs in which the carboxyl oxygens are only 2.7 A
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apart, as expected for hydrogen bonds. Arg”" is also 2.7 A from
Glu®l. We consider here how these residues are related to the
functional properties.

pK Shifts

Wald and Riggs (6) and Briehl (7) found that approximately
0.7 protons were released per O, bound from the value of Alog
P;/ApH measured at millimolar Hb concentrations. The re-
lease of protons upon oxygenation reflects a shift in pK of acid
groups. Wyman (44) showed that the minimal change in pK for
a Hb with a single linked acid group per heme is given by the
expression,
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1+r
ApK =21o

5 p— (Eq. 2)

where r = Alog P;,/ApH. If r = 0.7, the calculated ApK = 1.5.
If we assume glutamyl residues to be the Bohr groups on the
basis of the x-ray structure and take the intrinsic pK of the
v-carboxyl of glutamate in the polypeptide to be 4.51 (45),°
then the pK of the Glu in deoxy lamprey Hb would rise to 6.0,
identical to the value estimated by Andersen and Gibson (11).

The crystal structure (17) indicates that the formation of the
dimer interface requires the cooperative uptake of two protons,
one for each Glu-Glu pair, to compensate for the electrostatic
repulsion.® The shift in pK of glutamyl residues occurs primar-
ily because of the effect of the electric field of one glutamyl
carboxyl group on the ionization of the second glutamyl car-
boxyl. The pK shift can be readily estimated for the simplifying
condition that no other groups are involved. Of course, the
actual environment will be more complex. However, the follow-
ing considerations show that a pK shift of 1.5 requires only a
minor change in the dielectric constant. The pK shift caused by
the electric field of a single neighboring group can be estimated
from the relationship (46),

Né

APK = 5 303 DrRT

(Eq. 3)
where N is Avogadro’s number, € is the charge of one electron, D
is the dielectric constant, and r is the distance between the
groups. If we take r = 2.7 A from the x-ray data and ApK = 1.5
from the oxygen equilibria, the equation is satisfied if the value
for the dielectric constant, D, is reduced from 78.5 (pure water) to
60, a very modest reduction in an interface from which water is
excluded.

5 This estimate is based on measurement at an ionic strength of 0.1 at
25 °C of the acid dissociation constant of N-acetyl-L-isoglutamine, the
structure of which corresponds to a glutamate residue in a polypeptide
chain, CH;CONHCH (CH,CH,COO " )CONH,. The sedimentation and
oxygen equilibria were performed at 20 °C. This small temperature
difference would cause a negligible increase in pK of ~0.01 if the AH®
value for the ionization of the similar y-carboxyl group of aspartate,
1110 cal/mol (46) is used.

¢ Cooperative uptake was suggested by Antonini et al. (47) who found
that the log P, versus pH curves were so steep that no set of independ-
ent acid groups would explain the data, so they proposed a positive
interaction.
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Dependence of Sedimentation and Oxygen Binding

How can the results from sedimentation equilibria be re-
lated to those for oxygen binding? The present results (Tables
IIT and IV) and those of Andersen and Gibson (11) indicate
that the Bohr effect can be entirely accounted for by a man-
datory protonation of one acid group per heme that accompanies
the dimerization of deoxy-Hb. Thus, the number of protons re-
leased during oxygenation will be determined by the fraction, «,
of the deoxy-Hb present as dimers. This fraction is given by the
expression,
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1

a=1+orc 9kC V

A + 4KC (Eq. 4)
where K is the monomer-dimer association constant and C the
concentration of heme groups. At pH 6.0, K; , ~ 6.25 X 10° M~ '
for the wild-type recombinant Hb and 2.92 X 10° M~ ! for the
mutant E75Q. If C = 5 um, then a« = 0.57 for the wild-type
protein and 0.45 for E75Q. If two acid groups are present per
dimer of wild-type protein, then 0.57 H*/heme would be re-
leased upon dimer dissociation, close to the value of 0.54 H*/
heme released per O, bound, determined from the oxygen equi-
librium curves (Table IV). If the mutant E75Q has only one acid
group, then only 0.23 H"/heme would be released upon dimer
dissociation, which is close to the value determined experimen-
tally from the O, equilibrium curves, 0.25 H™ per O, bound
(Table IV).

Our correlation of the pH dependence of sedimentation and
oxygen equilibria carries the tacit assumption that the self-asso-
ciation of HbO, is negligible. The sedimentation data of both
Behlke and Scheler (8) and Dohi et al. (13) show that the self-
association of HbO, will have no significant effect on our conclu-
sions at the pH and low Hb concentrations used. In summary, the
analysis supports the conclusion that two acid groups are present
in the dimer of native or recombinant adult Hb and that one of
these acid groups has been removed in the E75Q mutant and
that one linked acid group remains in the E75Q mutant.

The interface in the x-ray structure of the deoxy dimer (Fig.
10) shows two pairs of the triad Glu®!, Glu”®, and Arg”'. One
proton between each Glu®' and Glu"™ pair will balance the
charges. This arrangement accounts well for the Bohr effect as
proposed (17) but suggests that the mutation E75Q should
abolish the Bohr effect because Arg™ is only 2.7 A from Glu®™.
This interaction would be expected to prevent Glu®! from being
an effective Bohr group by itself because the electric field of
Arg™ would greatly lower the pK of Glu®!. However, both the
sedimentation and the oxygen equilibria show that a Bohr
effect is still present in E75Q. Two ways out of this dilemma
can be suggested. First, dimer formation might still require a
proton between Glu®! and GIn?® in the mutant. Glu®! would
then no longer balance the change of Arg”’ so an anion would
be needed. A difficulty with this proposal is that it involves the
release of two protons per dimer, but this is not consistent with
the experimental data. Examination of the orientation of Glu®!
and Glu” in Fig. 10 suggests an alternative possibility. A
relatively minor rearrangement would be sufficient to have
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a

F1G. 9. a, Hill plots of the oxygen equi-
libria of rHb and the mutant H73Q both
at pH 6.0 and 5 uMm; values are derived
from the data in Fig. 8. b, variation of the
Hill coefficient, n, with the degree of oxy-
genation, y, for the data shown in a. The
dashed line is the variation of n with y
estimated for the oxygen equilibrium of b
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human Hb Kansas at 0.36 um (Fig. 3 of
Ref. 43).
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This alternative arrangement would account for a Bohr ef-
fect in the E75Q mutant as due to protonation of the
Glu®! . . .Glu®Y pair. However, this scheme still requires bal-
ancing the charge on Arg”! by anions. Such a structure seems
plausible because at least four crystallographically distinct but
similar structures of deoxy lamprey Hb have been observed
(14). This suggests that several alternative conformations may
occur under slightly different ionic conditions and that anions
might have a physiologically important effect on the Bohr effect
because of the proximity of Arg”! to Glu®'.

The single mutant Y30H and the double mutant K93E/E31K
both completely abolish the self-association of deoxy-Hb at

pH6.0-6.5. The effect of the double mutation can be attributed
entirely to electrostatic repulsion between E31K and Arg™
because the K93E mutant by itself has relatively little effect.
The observed nearly normal self-association at pH7.5 for the
K93E/E31K double mutant can be attributed to the dissocia-
tion of a proton from Lys®! at this pH, thereby removing the
repulsion. Arg”' would lower the pK of Lys®!. Electrostatic
repulsion by Arg” could also explain the reduction of dimer
formation by Y30H.

Bohr Effect at High Concentrations

Nikinmaa (48) has made an important, careful experimental
analysis of Hb function within intact red cells of L. fluviatilis.
He found that Alog P5/ApH = —1.03 in terms of the intracel-
lular pH. How well do the present Bohr effect results compare
with this value? This, of course, requires a rather gross extrap-
olation. The rHb data, obtained at 5 and 15 um heme and at pH
6.0 and 6.5 (Table III) have been extrapolated to ~15 mm and
pH ~7.8 (approximate red cell values (48)) with the application
of Equation 4. The result is an apparent dimer proportion of
0.90. Thus, O, binding would cause the release of 1.8 H* per
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Fic. 10. Stereoview of the subunit
interactions in the dimer of adult
lamprey Hb, prepared from the coor-
dinates of the x-ray structure (17) in
the Protein Data Bank, PDB ID num-
ber 3lhb (MMDB ID: 12226).
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TABLE V
Mercuric ion titration of lamprey hemoglobin
“ Hb concentration, 1.13 mM on heme basis, buffer, 0.1 M phosphate,
pH 7.3. Measurements were made at room temperature, ~25 °C.

Hg?" bound/heme

Conditions®

Deoxy-Hb under helium 0.06
Deoxy-Hb under helium, 8 M urea 0.70
CO-Hb 0.97
CO-Hb, 8 M urea 0.92

dimer or 0.9 H"/heme, close to the value reported by Nikinmaa.
Briehl’s results for 15 mm heme are also close to the intracel-
lular value (see Table IV, Footnote c).

Role of the Distal Histidine

Several observations indicate that the structural changes on
forming deoxy lamprey Hb are not confined to the interface.
Heaslet and Royer (17) have suggested that the ligand-linked
changes are all triggered, directly or indirectly, by the changes
in the heme pocket associated with the movement of the distal
histidine further into the pocket which reduces the accessibility
of the heme iron to ligands by steric hinderance. Thus, the
3-5-fold increase in O, affinity caused by the H73Q mutant
could be due both to the removal of steric constraints at the
active site and to the disruption of the E-helix interface, facil-
itating dissociation into dimers and a loss of the Bohr effect.

Linkage of Deoxygenation with Non-interface Residues

It should be noted that the mutation of His(E7) to Gln in
sperm whale myoglobin and in the R state a subunits of human
hemoglobin causes decreases in O, affinity for both proteins, in
contrast to what is observed for lamprey Hb. In mammalian
Mbs and Hb « chains, the distal histidine serves to stabilize
bound O, by hydrogen bonding, and this favorable interaction
is weakened by the glutamine replacement. In lamprey Hb
dimers, the distal histidine appears to be inhibiting ligand
binding by direct steric hindrance as is observed in human
hemoglobin B chains, and this hindrance is alleviated signifi-
cantly by glutamine substitution. At least two residues distant
from the interface and heme pocket appear to be sensitive to
oxygen binding: Cys'#1(H16) and Glu®°(C6).

The data in Table V show that ligated lamprey Hb binds a
single Hg?" ion per heme. The high affinity of the Hg?" ions for
—SH groups indicates that the single cysteinyl residue (residue
141) is the reacting group. Similarly, Allison et al. (49) found a
single cysteine in lamprey Hb by titration with phenylmercuric
hydroxide.” Andersen and Gibson (11) also found a single re-
active cysteine with the highly specific p-hydroxymercuriben-
zoate. The data (Table V) show that this cysteine becomes
relatively inaccessible in deoxy lamprey Hb. Thus, the confor-
mation of this part of the H helix must be sensitive to changes

7 The value of 1.9 cysteines in denatured Hb reported by Allison et al.
(49), inconsistent with subsequent sequence analysis, appears to have
resulted from the use of dodecyl sulfate (400 mol/mol Hb).
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in the heme pocket. Reciprocally, Andersen and Gibson (11)
found that p-hydroxymercuribenzoate made the heme pocket
more accessible to ligands. Rebinding kinetics after flash pho-
tolysis showed that the rates of reaction with CO and O, were
doubled at high pH and that at low pH the reactions were
biphasic with a slow reaction, indicating the presence of
dimers. This result, along with the crystal structure, indicates
that mercurial binding can affect the reactivity of the iron atom
even though Cys'#! is far removed from the dimer interface.
The E50Q substitution causes a 2-fold decrease in O, affinity
(Fig. 3, Table IV). This result appears to be another reflection
of conformational change in the globin that is not related to
dimer formation. Indeed, the mutant exhibits 2—4-fold in-
creased dissociation. A lowered O, affinity is difficult to under-
stand because increased dissociation should increase O, affin-
ity according to the mechanisms proposed. Further work is
needed to understand the role of Glu®°(C6) in ligand binding.

Conclusions

The sedimentation and oxygen equilibria of mutants of lam-
prey Hb show that the E/F helices and the AB corners form the
interface in the dimer of deoxy lamprey Hb. This result is
completely consistent with the x-ray structure determined by
Heaslet and Royer (17).

Dissociation of the deoxy dimer to monomers of lamprey Hb
is accompanied by the release of two protons. Conversely, the
formation of the dimer requires the uptake of two protons. The
pH dependence of the dissociation accounts completely for the
oxygenation Bohr effect. Thus, oxygenation of monomers in
pH-independent.

The substitution E75Q halves the number of protons re-
leased both upon dimer dissociation and upon oxygenation.
This result confirms the central role in the Bohr effect of the
cluster of glutamyl residues found in the interface of the dimer
by x-ray analysis.
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