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A Study of Cooperative Interactions in Hemoglobin
Using Fluorine Nuclear Magnetic Resonance™

Wray H. Huestis{ and M. A. Raftery*

ABSTRACT: The interaction of hemoglobin with heme ligands
and allosteric effectors has been studied by fluorine nuclear
magnetic resonance spectroscopy. For this purpose hemo-
globin has been labeled covalently with 3,3,3-trifluoroacetonyl
groups on the 3-chain cysteine residues at position 93. Oxida-
tion of the heme iron, as well as binding heme ligands, pro-

Tie allosteric properties of hemoglobin have long been
assumed to result from conformation changes in the protein
which occur on oxygenation. Structural differences between
liganded and unliganded hemoglobin are suggested by an
extensive array of evidence from crystal forms (Haurowitz,
1938), optical rotation (Briehl, 1962), carboxypepitdase diges-
tion rates (Zito et al., 1964), stability and solubility changes
(Cohn and Edsall, 1943), dye binding (Antonini et al., 1963),
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tons, and diphosphoglycerate to the labeled hemoglobin,
produces significant changes in the !*F nuclear magnetic
resonance spectrum of the label. Interpreted in light of crystal
structure data and the chemical properties of hemoglobin,
these changes yield information on tertiary structural changes
accompanying allosteric interactions.

and rates of reaction with thiol-specific reagents (Riggs, 1961).
The work of Perutz and coworkers on the crystal structures
of oxy- (Perutz et al., 1968) and deoxyhemoglobin (Muirhead
and Greer, 1970) has elucidated differences between the two
forms and suggested mechanisms by which the conversion
from one to the other could occur in a cooperative manner.
From these crystal structures, Perutz (1970b) has further pro-
posed mechanisms by which allosteric effectors (protons and
orgainc phosphates) could influence the properties of hemo-
globin.

The objective of this investigation was to examine the allo-
steric interactions of hemoglobin on a molecular level by
studying the °F nuclear magnetic resonance (nmr) spectrum of
a small fluorinated probe molecule strategically attached to the
protein. The probe used was a 3,3,3-trifluoroacetonyl group
placed on the side chain of cysteine-393, at which position
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other workers have introduced electron spin resonance probes
(McConnell ez al., 1969). Binding of heme ligands, protons,
and diphosphoglyceric acid to labeled hemoglobin produced
changes in the '*F nmr spectrum of the trifluoroacetonyl
group which, interpreted in light of crystallographic results,
provide evidence on the mechanisms of these interactions.

Experimental Section

Materials. 3-Bromo-1,1,1-trifluoropropanone was obtained
from Peninsular Chemresearch, Inc. 2,3-Diphosphoglyceric
acid was obtained as the pentacyclohexylammonium salt
from Calbiochem and converted to the free acid by shaking
with Dowex 50-X8. 5,5'-Dithiobis(2-nitrobenzoic acid) was
the product of Aldrich Chemical Co. S-Trifluoroacetonyl-
mercaptoethanol (HOCH,CH,SCH,COCF;, I) was syn-
thesized by direct combination of 3-mercaptoethanol with
3-bromo-1,1,1-trifluoropropanone at room temperature.
The white crystalline product was recrystallized fron ben-
zene-ligroin and characterized by its infrared and H nmr
spectra.

Methods. Hemoglobin concentrations were determined
from their absorbance at 540 nm (E}&™ = 8.5 at 540 nm)
using a Gilford Model 240 spectrophotometer. pH measure-
ments were made using a Radiometer Copenhagen Model
26 pH meter. *F nmr spectra were recorded using Varian
Models HA-100 and XL-100-15 spectrometers modified to
operate at 94.1 MHz. Both were supplemented by a Fabritek
Model 1061 computer of average transients. Spectrum ac-
cumulation times were reduced by use of 12-mm outer di-
ameter sample tubes. Resonance positions were measured
routinely from trifluoroacetic acid in a capillary tube, or from
the H;O lock signal. Additional controls for bulk diamagnetic
susceptibility effects were made by measuring shifts from S-
trifluoroacetonylmercaptoethanol as an internal standard.

Isolation of Human Hemoglobin. Erythrocytes from freshly
drawn citrated blood were washed three times with 0.9%
NaCl solution. The packed cells were lysed by addition of 1
volume of distilled water and 0.4 volume of toluene. After
being shaken for 4 min, the mixture was centrifuged. The clear
hemolysate was removed and dialyzed against distilled water,
All steps were carried out at 4°. Hemoglobin stock solutions
were stored at 4° under argon and were used within 10 days.

Preparation of *F-Labeled Hemoglobin. A solution of 600
mg of hemoglobin (1.86 X 10~% mole of Cys-893) in 6 ml of
H,0 was added to 6 ml of sodium phosphate buffer (0.4 M,
pH 7.15). 3-Bromo-1-trifluoropropanone (50 ul, 28 mg, 4.6 X
10~ mole) was added and the solution was stirred at room
temperature for 30 min, during which time the pH was main-
tained at 7.15 by addition of 0.5 M sodium hydroxide. A pre-
cipitate was removed by centrifugation, and the reaction mix-
ture was subjected to gel filtration on a Bio-Gel P-2 column
(2.5 X 25 cm, eluting solvent 0.1 M NaCl) to remove excess
reagent, organic phosphates, and phosphate. For nmr studies
the hemoglobin solution was concentrated to 109 by ultra-
filtration employing an Amicon apparatus.

Sulfhydryl group determinations were carried out by the
method of Eliman (1959). Oxygen equilibria and Hill co-
efficients were determined for Hb and Hb"™*' by a modi-

! Abbreviations used are: DPG, diphosphoglycerate; PMB, p-
mercuribenzoate; TFA, trifluoroacetonyl; Hb, deoxyhemoglobin A,
Hb-0O;, oxyhemoglobin; Hb-CO, Hb-1II, Hb-1II CN, carboxy-, met-,
and cyanmethemoglobin, respectively; and Hb' ™, trifluoroacetonylated
deoxyhemoglobin,

fication of the procedure of Riggs and Wohlbach (1956).
Equilibria were determined at 25° in 0.1 M sodium phosphate
(pH 7.0).

Deoxyhemoglobin (Hb™ ) was prepared from oxyhemo-
globin (Hb™¥4-0,) by repeated washing with nitrogen in a
tonometer. Methemoglobin (Hb™¥*-II) was prepared by
addition of K;Fe(CN)s (600 ul of 0.1 M solution, 6 X 1075
mole) to oxyhemoglobin (400 mg, 2.4 X 10~% mole of Fe')
in 10 ml of sodium phosphate buffer (0.01 M, pH 7.0). The
solution was allowed to stand at room temperature for 1 hr,
then the Hb™FA-III was purified by passage through a Bio-
Gel P-2 column (2.5 X 25 cm) with 0.1 M NaCl as eluting
solvent. Cyanmethemoglobin (Hb™™*-III CN) was prepared
by the same procedure, with a 100-fold excess of KCN (in 1
ml of H;O, pH 7) being added at the same time as the K ;Fe-
(CN)s. Determinations of Hb™ *-I1I and Hb™"*-III CN were
carried out by the method of Tomita ez a/. (1968).

Carboxyhemoglobin (Hb™**-CO) was prepared by washing
Hb"¥*-0, with carbon monoxide in a tonometer.

Nmr Spectral Measurements. Solutions used for nmr studies
contained 300 mg of hemoglobin in 3 ml of 0.1 M NaCl solu-
tion. pH adjustments were made by slow addition of 0.1 M
HCl or NaOH, with stirring. The pH of each solution
was measured before and after the spectrum was recorded.
Deoxyhemoglobin solutions were transferred from tonometer
to argon-filled nmr tubes with a syringe. DPG, 0.16 M in H,O
(pH 7.0), was added to hemoglobin solutions in aliquots ade-
quate to ensure 909 saturation at each pH, while avoiding
oversaturation which might have resulted in nonspecific bind-
ing (Garby et al., 1969). Molar ratios of DPG :hemoglobin
required to meet these criteria were calculated from the bind-
ing data of Benesch and Bensch (1970) and Garby ef al. (1969).

Results

Characterization of Trifluoroacetonylated Hemoglobin. The
extent of modification of the exposed SH groups of hemo-
globin was determined spectrophotometrically, using the
5,5'-dithiobis(2-nitrobenzoic acid) method of Ellman (1959).
Hb™*-0, was found to contain no exposed SH groups, as
compared to 1.9 moles/mole of tetramer for native Hb-A.

The oxygen equilibrium curves of Hb and Hb™ ™ are shown
in Figure 1. The functional effect of introduction of the tri-
fluoroacetonyl groups is not great; oxygen affinity was de-
creased only slightly, and the Hill coefficient was reduced
from2.7to 2.5.

Nmr Spectra of Trifluoroacetonylated Hemoglobin. The
spectrum of Hb™¥*-0, consisted of a singlet which appeared
483 cps upfield of trifluoroacetic acid.? Deoxygenation to
Hb "™ * produced a shift to higher field of 52 cps in the 1°F
resonance, which appeared at 4535 ¢ps. For Hb™ *-II(met-
hemoglobin) the resonance was found at +525 cps; for
Hb™*.CO and Hb™ -III CN resonances appeared at +470
and +460 cps, respectively (Figure 2).

Effect of Phosphate and Diphosphoglyceric Acid on Spectra
of HbT™. Addition of diphosphoglyceric acid (DPG) to
Hb™ ™ shifted the 19F resonance to higher field (Figure 3).
Below pH 7, the presence of 0.5 mole equiv of DPG shifted
the resonance to + 540 cps, and 1.0 mole equiv of DPG shifted
it to +547 cps—a total of +12 cps. Further, in 0.1 M phos-
phate buffer the Hb™* signal appeared at +540 cps in the
absence of DPG. The presence of DPG or phosphate did not

2 Shifts are given relative to trifluoroacetic acid, for Hb™ 1.5 X
10-3min 0.1 M NaCl (pH 6.75).
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FIGURE 1: Oxygen equilibrium curves for Hb and Hb™™ at 25° in
0.1 M sodium phosphate (pH 7.0).

change the position of the Hb™"*-0, resonance when other
salts (e.g., 0.1 M NaCl) were present.

pH Dependence of the *°F Nmr Spectrum. The effect of pH on
the chemical shift of labeled hemoglobin is shown for various
ligands in Figure 4. The position of the '°F resonance of
Hb*4.0, was constant in the pH range 6.0-8.5. The reso-
nance positions for Hb™™-CO and Hb™ *-III CN also were
essentially constant for the pH range 7.0-8.0. The chemical
shift of Hb™ underwent a signficant change (~40 cps) in
this pH range, and a plot of chemical shift change vs. pH
suggests the influence of an ionizable group of pK. = 7.4.
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FIGURE 2: YF nmr spectra of trifluoroacetonylated hemoglobin for
various ligand states.
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FIGURE 3: ¥F nmr spectra of trifluoroacetonylated deoxyhemoglobin
in the presence of DPG, in 0.1 m NaCl at pH 6.75.

This pH effect was again evident in the presence of DPG
(Figure 5); the titration curve showed an apparent pK, of
~7.4, but was somewhat steeper. The resonance position of
Hb™FA.I10 also changed by ~30 cps with pH, apparently re-
flecting the titration of a group of pK., = 7.8 (Figure 6).

To examine possible direct effects of pH on the *°F probe
moiety, the *°F chemical shift of a model compound, I was
studied as a function of pH. As is shown in Figure 4, the *F
resonance position was invariant from pH 6.0 to 8.0, above
which a small downfield shift was apparent which was not
observed in spectra of protein-bound probes.

Discussion

In an effort to study mechanisms of transitions in hemo-
globin on a molecular level, we have covalently attached a
small fluorinated probe group to the protein and studied its
1F nmr spectrum as a function of binding of ligands and
allosteric effectors. For such an approach to be useful, the
probe moiety must be positioned strategically so that its mag-
netic environment will be affected by the processes of interest,
but so that it perturbs the native properties of the protein as
little as possible.

The probe used in these studies was a trifluoroacetonyl
group attached to the protein by reaction with the thiol at
cysteine-393. Several types of modifications at this position
have been studied extensively, and it has been found that
some modifying groups, particularly bifunctional (Benesch
and Benesch, 1961; Moffat ef al., 1971) or rather large (Mc-
Connell ez al., 1969; Moffat, 1971) ones, profoundly alter the
functioning of the protein. However, Riggs (1961) showed
that carboxymethylation of this cysteine produced minimal
changes in the protein’s allosteric properties—oxygen affinity
was increased, particularly at low degrees of oxygenation, but
the Hill coefficient and the Bohr effect were not greatly al-
tered. Trifluoroacetonylation of Cys-393 produced even
smaller perturbations of these properties; Hb™™* exhibited
an oxygen affinity almost identical with that of native Hb A
and a Hill coefficient of 2.5 (Figure 1).
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FIGURE 4; Chemical shift of trifluoroacetonylated hemoglobin as a
function of pH, for various ligand states (O,A,V,X) and for S-
trifluoroacetonyl-g-mercaptoethanol (@),

The sensitivity of hemoglobin functions to alterations in
this region suggests that Cys-393 is a useful position for a con-
formation sensitive probe. It lies in the «,3, interface, next
to His-392 (the proximal heme ligand) and Asp-394, which
forms a salt bridge to the imidazole of His-3146 in deoxy-
hemoglobin (Perutz, 1970b). Thus, depending on its length,
an nmr probe attached to Cys-393 could yield information
on tertiary and/or quaternary structural changes involved
with the His-3146 salt bridges, or could sense other quater-
nary structural changes which altered orientations or distances
in the ;8 contact region. The o chain is about 10 A away
from Cys-393 and the trifluoroacetonyl group is only about
4 A long, so direct influences on its environment should re-
sult primarily from its own 8 chain.

Oxy- and Deoxyhemoglobin™* . The nmr spectra of liganded
trifluoroacetonylated hemoglobin showed that the environ-
ment of the probe group was similar for several ligands
(Hb™*.0,, Hb"™*-CO, and Hb"™ ™ .III CN). The chemical
shifts of these derivatives differed only slightly, and did not
show a large pH dependence. However, small differences in
chemical shifts were observed for all liganded species indicat-
ing that although their structures are similar in the region of
the probe they are not identical. Deoxyhemoglobin exhibited
quite different behavior; its probe resonance appeared 52 cps
to higher field of Hb™**-O, and the resonance position was
pH dependent. A plot of chemical shift vs. pH for Hb™**
(Figure 4) had the appearance of a titration curve of an ioniz-
able group of pK = 7.4. The observed change in chemical
shift could be due to either a direct charge effect from the
ionizable group, or an ionization-induced conformation
change in the protein which produces a change in the mag-
netic environment of the !°F probe.

A useful consideration in the analysis of this result is the
absence of any pH dependence for the chemical shift of
Hb " *.0,. This could be interpreted to mean that an jonization
which occurs at pH 7.4 in Hb occurs at very much higher or
lower pH in Hb-O,, or that a pH-dependent conformational
process occurs in the pH range 6-8.5 in Hb but not in Hb-O,,
or that an ionizable group or ionization-induced conforma-
tional process occurs in the immediate vicinity of the probe

80— T T T T T
60} —

HbTFA - de 0,1
A +DPG

HbTFA-deO, |

ok (DL TR EEILEY EEY BT TR TR PRy 3 HbTFA—o2

! { l ] J | N
6.0 6.5 7.0 7.5 8.0 8.5 9.0

pH

FIGURE 5: Chemical shift of trifluoroacetonylated hemoglobin as a
function of pH: (@) HbTFA-O, in presence or absence of DPG;
(O) Hb™F+ (A) HbTF4 and DPG.

in Hb, but that a conformational change occurring on oxy-
genation removes the groups involved too far away from the
probe for it to experience the change.

Distinguishing among these alternatives would be difficult
without knowledge of the ligand-dependent conformational
processes which occur near Cys-393. According to Perutz’s
analyses of the crystal structures and studies on spin-labeled
hemoglobins (Deal er al., 1971), the principle structural
changes occurring near Cys-393 involve the position of the
carboxy-terminal residues of the 8 chains (Figure 7). In de-
oxyhemoglobin, the terminal histidine-3146 NC is doubly
bound to the protein by salt bridges, an interchain link from
its a-carboxyl group to lysine-«40 and an intrachain link
from its imidazole to aspartate-394. The formation of these
bonds requires that tyrosine-3145 occupy a space between
the F and G helices of the 8 chain. According to Perutz
(1970b), ligand binding produces changes in the conforma-
tion of the 8 chain which include closing of the F-G pocket,
forcing the tyrosine out and destabilizing the two salt bridges
of His-3146. In addition, the gquaternary structural change
on oxygenation leads to breaking of the histidine carboxyl
salt link to the o chain. In liganded crystalline hemoglobin,

T T T T T T
—o= HbTFA_de 0,
60 -1
° ~v=~ HbTFA-TIX
V= —g=Tm =V e HPTFA-O,
40} -
A
c.pss.
20 Ve
ok [ ] [ ] { ] [ ] Wecrr@rerec® { ] <> L] -
l i [ 1 ! J 1
6.0 6.5 7.0 7.5 8.0 8.5 9.0

pH

FIGURE 6: Chemical shift of trifluoroacetonylated hemoglobin as a
function of pH.
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FIGURE 7: Schematic representation (after Perutz, 1970b) of the
conformational equilibrium of the C terminus of the 8 chain,
showing effects of pH and ligand binding in the a;8, contact region.
The position of the !°F probe is indicated by *.

these bonds are broken so that the carboxy terminal moves
freely on the outside of the 8 subunit. Perutz points out, how-
ever, that this process should be regarded not as a transition
between two fixed states, but as the shifting of the position of
a dynamic equilibrium. Indeed, evidence from spin-label
studies (Deal et al., 1971) indicates that both “bound” and
“free” conformations can occur in both oxy- and deoxyhemo-
globin, depending on conditions of pH and ionic strength.

It seems likely that the chemical shift change of the '°F
probe (oxy — deoxy) reflects the shifting of this conforma-
tional equilibrium. In deoxyhemoglobin, the imidazole of
His-3146 is predominantly bound to Asp-394 (~4 A away
from Cys-393), where its charge and/or its ring current could
influence the magnetic environment of the !°F probe. As
ligand binding shifts the equilibrium in favor of the “free”
state, the imidazole no longer lies near the !°F probe. The pH
dependence of the chemical shift in Hb™™* implicates an
ionization process of pK, = 7.4 in this magnetic environment
change, which is likely to be the ionization of the salt-bridged
imidazolium side chain of His-3146. Some caution should be
exercised in interpreting the chemical shift on Hb™* above
pH 7.4 as a return to the “free” conformation by His-3146,
since the salt bridge between the His-8146 carboxyl and
Lys-a40 is still possible. It is likely that the breaking of the
imidazole salt bridge in Hb™* shifts the equilibrium in favor
of the “free” terminus position (as is reflected in higher ligand
affinity at higher pH’s), but no unequivocal statement can be
made about the average conformation since the chemical shift
change could be due merely to the removal of the influence
of the imidazole’s positive charge.

A search for other groups in the protein which might ac-
count for the observed environmental changes does not yield
any likely candidates. The spin state of the iron atom is
changed from high spin (paramagnetic) to low spin (diamag-
netic) on ligand binding, but the spin state is not pH dependent
in this case, and in deoxy 8 chains there is no room (Perutz,
1970b) near the heme for a ligand (such as H-O in deoxy a
chains) which might change with pH. Above pH 8, the chemi-
cal shift difference between oxy- and deoxyhemoglobin is only
12 cps, so any contribution from the paramagnetic iron, if at
all present, is small.

Several other groups in the vicinity of Cys-393 ionize in the
physiological pH range, but for various reasons none is likely
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to produce the observed pH dependence. His-392, the proxi-
mal heme-linked histidine, is the neighbor of Cys-393 in the F
helix. Its pK would be expected to be lowered substantially
due to its bond to the iron (a pK, of 5.1-5.3 has been assigned
to this residue in methemoglobin (George and Hanania,
1952)), so conformation or magnetic field changes due to this
residue would not cccur around pH 7.4. His-3143 undergoes
a substantial environment change on ligand dissociation which
brings it near to Cys-393, and which might cause its pK, to
change. However, His-3143 is unlikely to be the group which
affects Cys-393’s environment, since the binding of DPG,
which raises the pK. of His-3143 (Perutz, 1970a), does not
change the pH dependence of the fluorine probe’s chemical
shift (Figure 5). His-3146 is the most likely source of the
environment change, implying that its pK, in deoxyhemoglo-
bin is 7.4. The pK. of His-3146 has not been determined for
oxyhemoglobin, but since the C terminus of the oxy 3 chain is
predominantly in the free conformation, the imidazole pK
would be expected to be similar to that observed in small
peptides terminating in histidine (6.7-6.8) (Perrin, 1965).
If so, deoxygenation is accompanied by a pK, rise of 0.6-0.7
pH unit for this residue. Such a change has been suggested as
the source of half of the alkaline Bohr effect (Wyman and
Allen, 1951 ; Kilmartin and Wootton, 1970).

Diphosphoglyceric Acid Binding to Hb™'*, DPG binds to
unliganded but not liganded hemoglobin, decreasing the
oxygen affinity and increasing cooperativity without altering
the Bohr effect (Benesch er af., 1969; Tyuma and Shimizu,
1970; Tyuma et al., 1971). Extensive studies on this interaction
have been conducted by several investigators, and there is
general agreement that the “‘specific” DPG binding site is
between the 3 chains in the cluster of positive charges formed
by lysines-382, histidines-3143, and the amino groups of
valine-31. The increased cooperativity and decreased oxygen
affinity produced by this binding have been attributed (Perutz,
1970b) to stabilization of the deoxy structure by the salt
bridges which DPG forms between the 3 chains.

In the presence of a 1:1 molar ratio of DPG, the °F nmr
signal of Hb™¥* shifted to higher field by ~12 c¢ps in the pH
range 6-8, while exhibiting the same sort of pH dependence
observed in phosphate-free Hb* ¥ (Figures 3 and 3). An exact
interpretation of this shift is difficult. A conformation change
probably has occurred, as evidenced by the change in chemical
shift at all pH values, but since no crystallographic evidence
is yet available on the Hb-DPG complex, the exact nature of
the change is not clear. An interesting aspect of the pH de-
pendence of the Hb'F* DPG spectrum is the reproducible
steepness of the ttration curve. This behavior suggests that
in the presence of DPG some sort of cooperative interaction is
influencing the ionization of His-3146. Since the state of this
ionization is important in the maintenance of the tertiary
deoxy structure (Perutz, 1970b), the observed shortening of
the deprotonation range could be a reflection of the coopera-
tivity enhancement produced by DPG.

TFA-Methemoglobin. The pH-dependent phenomena dis-
cussed above do not appear in the spectrum of oxyhemo-
globin, as is shown in Figure 4. This would be expected if the
His-8146 ionization is causing the pH dependence, since the
equilibrium position of the C terminus is removed from the
vicinity of Cys-893 on oxygenation. It is somewhat surprising
to find that the chemical shift of methemoglobin (Hb""*-I1I)
is pH dependent, for most previous evidence (dye binding,
crystal form) indicates that Fe™ hemoglobin is similar to
liganded Fe'' hemoglobin at least in quaternary structure.
But the *F nmr signal of Hb"** -II lies 42 cps upfield of the
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signal of Hb™ *-0, (only 10 cps away from the Hb"** signal),
and its chemical shift exhibits a substantial pH dependence
(Figure 6). Since evidence already cited suggests that the nmr
probe is influenced primarily by conformation changes within
the 3 chain, its behavior in Hb™**-III suggests that at least in
this region of the protein Hb-III differs from Hb-O, in tertiary
structure. The X-ray structure work does not yield precise
information on this point, since the oxyhemoglobin crystals
used contained some undetermined quantity of methemoglo-
bin throughout collection of the X-ray data (Perutz, 1970b).
The structure of oxyhemoglobin presently available may have
a tertiary structure intermediate between the native structures
of oxy- and methemoglobin, if indeed they are different.
Uncertainty as to the native conformation of the Cys-893-
His-3146 region may have been introduced by the use of
PMB on Cys-893 in two of the three heavy-metal derivatives
of oxyhemoglobin. Cys-393-PMB hemoglobin exhibits de-
creased cooperativity and Bohr effect. Hence it is difficult at
present to assign specific causes to the nmr behavior of
Hb " F2-11I on the basis of the crystal structure.

Several possible explanations are suggested by the apparent
pK of 7.8 exhibited by the chemical shift change. Such a pK
could be due to a histidine, such as residues 97, 143, 146, 92
(the proximal histidine), or 63 (the distal histidine) or an a-
amino group, or it could be related to the ionization of the
water molecule which is the distal heme ligand of methemo-
globin. We can eliminate some, but not all, of these possi-
bilities. The water ionization is accompanied by a spin-state
change in the hemes, from high-spin paramagnetic (as in
deoxyhemoglobin) to low-spin diamagnetic (as in oxyhemo-
globin). However, the pK of the high- to low-spin transition
is 8.15 (from magnetometric titration, Coryell ez al., 1937)
to 8.3 (from optical difference titrations, Fabry et al., 1969),
substantially higher than the nmr spectrum change. Further,
Hb™*, which is high spin paramagnetic over the entire pH
range, shows the same small (~12 cps) shift from Hb™ 4.0,
as does Hb""A-III above pH 8. Unless large compensatory
changes occur, the paramagnetic heme field of Hb™ -III
probably is not the origin of its nmr characteristics. Other
ionizations directly associated with the methemoglobin heme
have been observed by various techniques at pH 5.1-5.3 and
6.7-7.1, and attributed, respectively, to the proximal and
distal histidines (Fabry er al., 1969; George and Hanania,
1953). Neither of these ionizations can be solely responsible
for the chemical shift change in Hb™™*-I1I.

The general similarity of Hb™ -III’s nmr characteristics
to those of Hb™™* suggests that it might be worthwhile to
consider that the same group might be influencing the environ-
ment of the probe in both cases. This would require that the
imidazole pK of His-3146 be raised from 7.4 to 7.8. In methe-
moglobin, the quaternary structural bridge between the a-
carboxyl of His-3146 and Lys-a40 is likely to be broken, so
the increased negative charge from its carboxyl group could
raise the pK of the imidazole by at least as much as 0.4 pH
unit (Perrin, 1965). (Note that if the pK, of His-3146 were
raised to a value of 7.8 in methemoglobin then binding of a
ligand, such as cyanide, would require a pK lowering of about
one unit to 6.7-6.8 since the structure of cyanomethemoglobin
is believed to be essentially identical with that of oxyhemo-
globin. Such a change would be expected to result in proton
uptake on ligand binding to methemoglobin, as has been ob-
served (Anusien et al., 1968) for binding of azide and cyanide.)

If His-3146 is involved in Hb™F*-II’s spectrum, the ob-
served titration curve again reflects the changing posi-
tion of the carboxyl-terminus equilibrium. But in order for

His-3146 to form a stable salt bridge to Asp-394, Tyr-8145
must be able to occupy its bound conformation between the
F and G helices. In oxyhemoglobin, conformation changes
have occurred which close the F~G pocket and move the
carboxy-terminus equilibrium far toward the free position.
However, it has been proposed that the trigger for these
changes is the movement of the iron atom into the plane of the
porphyrin ring (Hoard, 1966; Perutz, 1970b). By analogy
with myoglobin derivatives and iron porphyrin models,
Perutz has suggested that in deoxyhemoglobin, the iron atom
lies 0.75 A above the heme plane, in oxyhemoglobin it has
moved down to within 0.05 A, of that plane, and in acid
methemoglobin, the iron lies 0.3 A above the plane-slightly
more than halfway between the two extremes. This incomplete
transition might not drive the equilibrium of the His-3146-
Asp-394 salt bridge as far toward the free position as is the
case in oxyhemoglobin.

While it is feasible that His-3146 influences the nmr probe
in Hb ™ *-I11, it certainly is not the only possibility. As already
stated a process having a pK. of 7.8 could be due to a different
histidine or to an a-amino group, which, in either case, does
not produce the same effect in Hb"™ or Hb™**-0,. In order
for one of these groups to directly or indirectly affect the
environment of Cys-893 to the extent observed extensive
perturbations in the protein must be invoked which would
require that Hb™**-III have a conformation substantially
different from either Hb™** or Hb™ *-0, in some pH ranges.

Distinguishing among histidines-97, -143, and -146 as the
source of the observed ionization of pK, = 7.8 in Hb™ *-III
is presently not possible on the basis of the nmr evidence.
What is clear is that the conformation of the carboxy-terminal
region of Hb™"*-I1I differs from that of Hb™**-0, and possibly
also from that of Hb™ *. The importance of interactions in
this region to the cooperative processes of ferrous hemoglobin
suggests that any differences which exist in methemoglobin
are likely to have substantial functional consequences. Hence
it is significant that previous investigations (Antonini et al.,
1964) have shown that the oxidation of deoxyhemoglobin to
methemoglobin is not exactly analogous to the ligand binding
process. Oxidation is cooperative, but the Hill coefficient is
pH dependent and varies from near 1 below pH 7 to 2.6
above pH 8. Significantly, the midpoint of the transition
occurs at about pH 7.4, which suggests the influence of His-
8146 on the oxidation process. Further, the Bohr effect for
oxidation is larger than that for ligand binding, and part of
the increase (the “‘residual oxidation Bohr effect ) cannot be
accounted for by the ionization of the water ligand of the
ferric heme (Brunori er al., 1969). Any groups in methemo-
globin whose pK’s differ from those exhibited in deoxy- and
oxyhemoglobin could well be involved in these phenomena.
Information on these questions is being sought through experi-
ments aimed at identification of the groups responsible for
the nmr behavior of Hb™F*-I11,

In conclusion, these experiments using fluorine labels have
permitted some detailed study of conformational processes in
a stretegic region of hemoglobin. It is hoped that these results
and the results of experiments now in progress will lead us to a
better understanding in molecular terms of the complex
regulatory interactions in hemoglobin, the most extensively
studied of all allosteric proteins.
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Electrofocusing Analysis of Hel_a Cell Metaphase Chromosomes?

Aurora M. Landel, Yosef Aloni,{ Michael A. Raftery,* and Giuseppe Attardi

ABSTRACT: The possibility of fractionating HeLa cell meta-
phase chromosomes by the electrofocusing technique has been
investigated. By applying a modification of the standard pro-
cedure, which allows a considerable shortening of the electro-
focusing time, these chromosomes could be resolved partially
into groups in the pH range from 3.90 to 4.30. These groups,
upon reelectrofocusing, banded at the same pH value as in the

Several reports have been published on the isolation and
fractionation of metaphase chromosomes. The materials used
in these studies were mammalian cell lines cultivated in vitro
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original run, with improved resolution and an apparent preser-
vation of the morphological integrity of the chromosomes.
Electrofocusing of the small HeLa cell chromosomes, previ-
ously separated by sedimentation velocity, produced an
appreciable enrichment of rRNA genes in subfractions of these
chromosomes.

(Somers et al., 1963; Lin and Chargaff, 1964; Salzman et a/.,
1966; Huberman and Attardi, 1966, 1967; Mendelsohn ez a/.,
1968; Maio and Schildkraut, 1967; Schneider and Salzman,
1970), mouse ascites tumor cells (Cantor and Hearst, 1966),
and mouse leukemia cells (Chorazy et al., 1963). The fractiona-
tion procedures utilized were velocity sedimentation in
sucrose gradients or in zonal rotors and filtration through
porous stainless steel filters. These methods are based on
differences in the size and morphology among metaphase
chromosomes. In the present work, the applicability of the
electrofocusing technique (Vesterberg and Svensson, 1966),
which has been used successfully in the separation of macro-
molecules, to the fractionation of metaphase chromosomes
has been investigated.



