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Magnetic circular dichroism (MCD) spectroscopy has been used to explore the connection between optical spectra and
the high spin population of several hemoglobins under various conditions. It is found that the effectiveness of IHP in n-
ducing spectral changes can be markedly affected by solvent. For example, the IHP-incduced spectral changes in the visible
region for nitritomethemoglobin-A in mixed buffer solvent systems (glycerol or polyethylene glycol (PEG), mw 190-210)
are more than double those observed in aqueous buffers. We estimate that IHP induces 2 mix of R/T forms in bis-tris phos-
phate buffers, for NO;metHb that is only about 50% T form. While PEG and glycerol both lead to enhanced IHP-induced
spectral differences, they behave differently in two aspects. PEG shifts the visible MCD anc absorption spectra of F metHb-A.
supposedly already biased towards the T form by ligand, in the same direction that IHP does. PEG also maximizes the spin
state changes with IHP for three R form hemoglobins and NymetHb-A, and so appears to stabilize the T form in all cases.
Glycerol does not. In addition, the apparent binding constant for NO3 to H>OmetHb-A differs between these two solvents.
Comparison of the data from several hemoglobins leads to the conclusion that the changes in spin state distributions induced
by IHP correlate well with quarternary structure for a given hemoglobin. An analogous correlation amongst various proteins
between initial spin state distribution (IHP) absent) and quarternary structure is not found.

1. Introduction

Perutz and his co-workers [1—8] have studied ferric
hemoglobins extensively, and have found that IHP*!
causes changes in their optical spectra that are consis-
tent with the idea that IHP shifts the conformational
(R 2 T) equilibrium in metHb towards the T form. In
more recent work, however, the validity of this inter-

* Part LVI in our series on Magnetic Circular Dichroism. For
Part LV, see G. Barth, N. Waespe-Sarcevic, R.E. Linder,
E. Bunnenberg, C. Djerassi, L. Seamans and A. Moscowitz,
J. Chem. Soc. Perkin 11 (1979) 908.

2 This work was supported in part by the National Institutes
of Health (Grants No. HL-16833 and GM-20276) and the
National Science Foundation (Grant No. CHE-7706752).

pretation of the spectral changes was questioned [6.7].
We have therefore undertaken a re-examination of this
problem using an alternative spectroscopic technique
for monitoring optical transitions.

MCD and magneto-optical rotatory dispersion
(MORD) have been extensively applied to hemoglobin
[9—26] and MCD has found utility in the analysis of
spin state distributions in myoglobin [27] and in cyto-
chrome P-450 [28]. However, even though hemoglobin
represents a case where spin state information has been

*1 Magnetic circular dichroism, MCD; magneto-optical rotatory
dispersion, MORD; Inositol hexaphosphate, IHP; polyethyiene
glycol, PEG; bis-(2-hydroxyethyl)-imino-tris-(hydroxymethyl)
methane, bis-tris; high spin/low spin, HS/LS; bis(maleimido-
methyDether, BME.
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linked to a conformational equilibrium [1--8,29,30].
an analysis of the spin state populations of hemoglobin
on the basis of MCD measurements is not available.
This void provides further motivation for our current
investigations.

When we began these studies on the MCD of ferric
hemoglobin we quickly found that the results were
highly dependent upon experimental conditions.

Part of the variations could be ascribed to the regenera-
tion of oxyhemoglobin on the separatory column [31],
but the rest were found to result from a strong solvent
dependence of the effectiveness of iHP in inducing con-
formational changes. Since such a dependence has not
been reporied for hemoglobin, we explored these sol-
vent effects in some detail and report here the variation
in the spin state distribution of N3 metHb-A and

NO35 metHb-A with THP and in several buffer/solvent
mixtures. We have also studied the NO5 metHb deriva-
tive of three R form hemoglobins (Wood. Osler, and
BME-treated A) and of three hemoglobins (A. S. and

F) which undergo the R/T transition. One interesting
and unexpected result is that the R and T form popuia-
tions of NO5 metHb-A in phosphate or bis-tris buffers,
in the presence of IHP, are about equal. In other sol-
vents, IHP causes a much more complete R/T transition.

2. Materials and procedures
2.1. Sample preparation

Purified oxyhemoglobin-Ay was prepared, as de-
scribed elsewhere [32], at the University of Minnesota
and shipped on ice as ~1mM tetramer in 0.1N NaCl
to Stanford University for spectral analysis. Methemo-
globin stock solutions were prepared by oxidizing
~4 ml of oxyhemoglobin stock with potassium ferri-
cyanide (Allied Chem., reagent). Excess reagent was
removed by column chromatography (Sephadex G-25
20 cm X 1.8 cm. Pharmacia medium or Dowex 1-X8,
8 cm X 1.8 cm. Polysciences). Some reduction of the
methemoglobin to oxyhemoglobin occurs on both
columns [31], although appreciably less reduction was
observed for the anion exchange column. HbO, was
eliminated with ~5% (molar ratio to heme) potassium
ferricyanide. This procedure caused no interference with
the THP-induced spectral differences. The buffers were
either phosphate (0.1M, 7 ~ 0.2) or bis-tris (0.05M,

0.1 M NaCl) buffers which were adjusted to obtain

" pH6.0 or pH7.0 at 5°. IHP (Sigma. phytic acid. sodium’

salt) 0.1M in distilled water. was titrated to pH7 with
HCI. The potassium cyanide (Allied Chem ., reagent)
solution was titrated only to pH7 with HCI to avoid
production of HCN gas and renewed at least monthly.
Other stock solutions were 0.1 M in NaCl. Typical )
concentrations of the reagents in the final Hb soluiions
were: IHP. 1mM; NaN3 (MCB, reagent), 1 mM:; NaNO,
(Baker reagent) 40 mM;KCN: 1 mM (for heme deter-
mination, ~10 mM); glycerol (Eastman spectro grade).
50/50, v/v; PEG (MW190--210, Baker) 50/50, v/v;
heme, 0.1 mM. The heme concentrations were deter-
mined by conversion to cyanomethemoglobin (5540 =
11.0). Unless otherwise noted, spectra were measured
at 5.0 £ 0.1 degreesin 1 cm cells.

Trace contaminants in glycerol can drastically alter
myoglobin [33]. Our glycerol was found to be satis-
factory by the criteria given in [33], and the PEG was
tested in a similar fashion on Hb-A. Samples were always
prepared on the same day that the measurements were
made.

2.2. Binding constants

The apparent equilibrium binding constants for NO5
ligation of methemoglobin were determined by using
the amplitude of the MCD spectrum at 580 nm to
monitor the relative concentrations of NO3 and
H,OmetHb during titrations. These binding constants
are reported in table 1, and require some comment.

When IHP is present. the Hill plot of the saturation
curve (fig. 1) exhibits apparent negative cooperativity
(slope < 1 near the midpoint of the curve). The uptum

Table 1

Apparent binding constants for NO>metHb binding 2)

Buffer b) no IHP ©) w/IHP ©)
phosphate/H,0 1500 + 200 800 = 150
bis-tris/H2 O 1350 = 200 1000 = 200
bis-tris/glycerol 1500 = 200 350 = 100
bis-tris/PEG 700 = 150 650 + 150

3 Error bars are the range for tnpllmte determinations on a
single Hb sample.

b) The buffers (pH7.0) were med 50/50, v/v with the indicated
solvents, 5°.

9 [IHP] ~ 1.0 mM, [heme] ~ 100 =M.
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Fig. 1. Hill plots for the binding of NOZ to metHb in bis-tris
buffer (pH 7.0, 0.5M, 0.1M NaCl, 5°) mixed 50/50 (v/v)
with PEG: a) without IHP (+); b) 1.0mM IHP, taking final
value as the saturated value (x); ¢) 1.0 mM IHP, adjusting
saturated value to make the region —3 < logx < —1 linear
(01); d) taking a saturated value somewhat less than that for
¢) (). The solid lineisforn = 1.

from hyperbolic behavior occurs at a free ligand con-
centration, X, of about 0.1M (log X ~ —1.0), which is
approximately equal to that of the buffer. Presumably
IHP is being displaced by free ligand (NO3). Support
for this hypothesis is obtained when the titration is
continued from the hyperbolic region (log X < —1)
with NaCl, which at high concentrations is known to
displace IHP: the titration with NaCl produces an
upswing in the Hill plot simiiar to what is observed for
NO3 . Hence we have used free nitrite concentrations
of 40 to 50 mM since these concentrations yield 95—
98% saturation at 5°_ but are below those at which
IHP is displaced in a significant amount. The binding
constants are determined by first estimating the satura-
tion value in the Hill equation and then successively
refining that value until a linear Hill plot is obtained
in the region log X < —1_ (See fig. 1.)

2.3. Verification of the state of ligation

One possible explanation of our data is that I[HP

€ «ig”!
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Fig. 2. The near IR absorption spectra of H> OmetHb (solid line)
and of NO>metHb (+). in the presence (lighter lines) and ab-
sence (heavier lines) of IHP, in bis-tris buffer (pH 7.0, 0.05M.
0.1M NaCl. 5°).

displaces half of the iron-bound NO3 ions via introduc-
tion, by IHP, of strong «, § heterogeneity for the NO3
binding process. In order to investigate this possibility.
we measured the near infrared absorption spectra of
aquo- and of nitritomethemoglobin (fig. 2). in the pre-
sence and absence of IHP. The observed spectra are
consistent ‘only with a shift in the high spin/low spin
(HS/LS) equilibrium and not with displacement of
NO3 from the iron atoms by IHP.

2.4. Spectromerry

The spectrometers used were a Cary 14 spectropho-
tometer and a JASCO J-40 circular dichrometer which
is equipped with a 15 kG electromagnet. The ahormaliza-
tion equations are

eM-lem—1)=4/I(cm)c(M),



146 R.E. Linder et al.JMCD of metHb — Spin state population

[01n(deg cm2dmole—1 G-l
= 1006 (deg)/H(G)I{(cm)c(M) , o

where A is the absorbance, ¢ is the total concentration
of the hemoglobin (as heme), ! is the path length and
H is the magnetic field strength (15 kG).

The relatively weak natural circular dichroism (CD)
spectrum is measured, stored, and subtracted from the
observed MCD + CD curve to give the MCD spectrum.
Both absorption and MCD curves are sampled at the
rate of one point per nm.

2.5. Curve fitting

Two methods of curve fitting were used, mixture
analysis by multiple regression and band fitting by non-
linear least squares analysis. The multiple regression
model is

Alle = E (cilc)e;+6;,

1
or
0/HIc = 23 (c;/c) [0Vag + 5 » @

1 -

where the ¢; or-[0]4; are the normalized spectra of the
individual spectral bands as obtained by curve fitting,
the ¢;/c are the (unknown) relative intensities of each

band, and §; is the error term. A discussion of the
method and the program used to obtain the least

squares best estimate for the c¢;/c’s is given by Bevington-

[341.
The nonlinear least squares model for curve fitting
the MCD spectra is based upon the assumption of a
“rigid shift’’ with magnetic field by each spectral
“band [35—37]. Explicit expressions which we use are
[37.,38])

e=1089v 2. D;f;,
H

de/dv — efv=1089v 2 D,f],
1
or
[0 = —33.53v 22 4,1} + B+ CIKT)S; . 3)
1

where

fi= (e VP28 1)~ Y2
X @ —DVITABITA/b-1/2),
1{=8f18v=—Ff(g) 7 8(v — )b~ 1(Ar)~2(20 --1),

» =1 +426 -1 (v —v)2/(Av)2,

b=a2 N

and where 4;, B;, C;, and D; are the MCD A4, B, and
‘C-values, and the optical dipole strength, respectively,
for the ith band. The band shape parameters are:
v;, center frequency; Ay;. full band width at half max-
imum;a, wing parameter. The wing parameter is zero
for gaussian bands and one for lorentzian bands. The
intensity parameters {4;. etc.) and the band shape
parameters (¥;, etc.) are varied to minimize the residual
sum of squares.

Special precautions are taken to reduce known

- problems with false minima in this function [39] and

include making diverse initial estimates and altering

the rate of variation of selected parameters. These ac-
tions vary the convergence path so that convergence

to the same minimum in each case indicates that the
true minimum has been found. Other criteria for
judging the validity of curve fitting results include con-
sistency between MCD and absorption results and be-
tween curve fitting results and known trends in the
data_

The first absorption fits were subject to wide varia-
tion, particularly in the halfwidths. It is well known
that derivative curves show enhanced spectral resolu-
tion over absorption curves and so we investigated the
function de/dv — €/v (eq- (3)) and found that the half-
widths in these fits were much more highly defined.
However, the intensities (D;) became less certain. Hence
we simultaneously fitted e and de/dyv — €/v to the ex-
perimental data. The results were much more satisfac-
tory than those obtained using either function separately.
(The experimental derivative function was obtained
numerically from the experimental e’s.) The programs
used here are our modifications of a program by McKay
[40], which uses Marquart’s method [39] to estimate
the new parameters.

2.6. Spin state analysis

Our goal here is to quantitate the effect of perturba-
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Fig. 3. The visible MCD and absorption spectra of CN metHb
(darker lines) and F metHb (lighter lines) in phosphate buffer
(0.1M, pH 7.0) at 5°_

tions of the globin on the spin state of the heme iron
by analyzing the visible MCD and absorption spectra.
We follow Smith and Williams [41]. and require only
the spectrum of the mixed spin species and the equili-
brium constant. Smith and Williams reasoned that the

spectra of eq. (2) are made up of distinct spectral bands.

Yis =§ S, Yys= ZI;fIHS . @

where fé‘s or);H S are the component bands in the spec-
tra of the pure spin species and the Y s are the total
spectra of the pure spin species. The initial unperturbed
species is then assumed to be

LS HS
X= Z;) RfLS+ IZ(]—R)]‘}HS &)
where

R= CLs/c": 1 Cﬂslc-

4 CT LsB / LSa
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Fig. 4. The visible MCD and absorption spectra of NO;metlib
(darker lines) in bis-iris buffer (0.05M. 0.1IM NaCl, pH 7.0) at
5°_ and the deconvolution of these spectra into individual
‘bands (lighter lines). {The sum of the individual bands is also
shown_]

and where Cf g, Cyys, and C are the concentrations of
1S, HS, and total heme. The productsof R or (1-- R}
and the f’s are found by curve fitting the unperturbed
spectrum. X, and knowledge of R is sufficientto de-
fine the fg_‘s and f}HS. The multiple regression model
used to fit the perturbed spectar is then

LSCiLS %%C;HS
S %% s
X =2 iS5G

ms, (6)

Each regression ccefficient is thus an independent es-
timate of the perturbed spin state populations. Since
these estimates are independent, the global estimate
of R’ is tlie average of that from either band, ie.

R'=(1- [HS] + [LS])/2. @)

This procedure tends to minimize concentration errors.
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Table 2A - ) 5
Individual band parameters for nitritomethemoglobin a)
Species -Band a r vo A Bx 103 D
NOzmetHb Hsa 0.685 794 15906 - - 0.716
. 0.026 483 15892 0.101 0.377 —
1Sa 0.842 1340 17431 - — 4671
0.316 . 912 17600 3.194 0.303 -
1Sg 0.571 1361 18552 - - 4.236
0.625 1222 18474 2.142 0.767 -
cTh) 0.010 2956 19804 — -- 5.964
0.809 1866 20603 0.414 -5.116 —
Soret 0.803 1903 24390 - — 131.5
Table 2B .
Individual band parameters for azidomethemoglobin
Species Band a by vo A B%x103 D
N3metHb HS a 0.124 1370 15740 - - 0.763
0.203 318 15777 0.0059 0.075 -
1Sa 0.467 947 17313 - — 2997
“0.433 763 17361 2.657 284 -
LSg 0520 1194 18441 - - 4575
0.691 1015 18560 1.058 —2.16 -
cth) 0.012 4178 19398 - — 9.686
0.654 2582 20920 —0.504 -7.40 -
Soret 0.810 2496 23964 - - 65.67
Table 2C
Individual band parameters for hydroxymethemoglobin
Species Band a T vo A Bx103 D
OH “metHb HSo 0.086 882 16596 - - 2.385
0.003 791 16663 1224 —1.36 -
1Sa 0.032 899 17314 - — 2984
0.741 737 17328 3.461 195 -~
1Sg 0.070 1371 18449 - — 6.849
0.801 1122 .18560 2911 —1.66 -
CT CcT 0.014 2060 20181 - - 2590
Soret 0.823 2299 24390 - - 1494

3) The parameters in table 2 (see eq. (3) for definition) reproduce the fitted specta and are not normalized for the spin state popula-
tions, i.e. the intensities (/) in tables 2A—D are R-7 or (1 — R) -7, depending upon the spin state associated with the band. To get
the intensity associated with the pure spin state for a given band, divide the tableentty by R or 1 — R.

b) The CT bands are obviously not of the same origin in MCD and absorption. See text.

2.7. Calibration—internal and external

If the R’s for each species can be obtained by inde-

pendent methods, such as magnetic susceptibility
measurements, we can use these values to scale the
separated bands in eq. (5) and thereby calibrate the

procedure. If R is not known. we may determine it,
and its changed value R’ in the perturbed case, from
the multiple regression results if we assume that the
differences between the spectra of the perturbed and
unperturbed protein are due solely to changes in the
spin state populations. In this case, eq. (6) becomes
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Table 2D
Individual band parameters for aguomethemoglobin
Species Band a r vo A BX103 D
HoOmetHb HS o 0.121 808 15822 — — 1473
0084 526 15834 0.471 0551 -0
0.010 357 16101 0.044 0.632 -9
LS a 0.023 2166 17098 — - 2919
0.037 868 17027 0.370 0.830 -
LS8 0.023 722 18519 — - 0.329
0.058 575 18557 0.222 0.356 -
CT 0.014 2383 19786 — — 8.223
Soret 0.832 2088 25000 — — 133.6

©) These two bands are summed to give the HS « band.

S
X'=

r ‘is r
ERRf%S+ZI)1]~—§(1—R)1;HS. ®)

»Mk"

Thus multiple regression with the band as fitted on the
unperturbed spectrum, R or 1 — R times the s (the
unnormalized basis set). yields the regression coeffi-
cients R'/R and (1-- R")/(1- R) for the appropriate
bands. This yields two equations and two unknowns
and so we may solve for R and R’.

3. Spectroscopic resuits and discussion

3.1. Spectra of high and low spin forms of
methemoglobin

The low spin methemoglobins are typified by cyano-
methemoglobin which is low spin at accessible temper-
atures [42,43]. Likewise, fluoromethemoglobin is
typical of the high spin forms [S5]. The visible MCD and
absorption spectra of CN”metHb (100% low spin [42])
and of F~ metHb (100% high spin [5]) are given in fig.
3. The primary difference between the MCD of these
two species lies in the position of the & band (crossover
~560 nm in CN"metHb: ~605 nm in F~metHb). The
maximum absorption of CN—metHb is at ~540 nm
(due to two bands. the LS a and the LS § bands) ¥2.

*2 The nomenclature is LS = low spin, HS = high spin, o =
Qo o7 —*7*, = Qg-17— =*,CT = mixed = — =* and charge

- transfer excitations. See Smith and Williams [36,37] for spec-
troscopic background and band assignments. In particular,
they show that the HS « band has some charge transfer
character and explore ligand variations.

while F~metHb snows two predominant absorption
maxima (~605 nm. the HS a band, and ~490 nm, the
CT band).

3.2. Deconvolution of methemoglobin spectra

Nonlinear least squares fitting was used to obtain
the band structure of NO5 metHb. N3y metHb.

OH "metHb and H,OmetHb. Generally. the spectra
were fitted with the HS a, LS «, LS 8,and CT band
and, in the case of the absorption spectra, the tail of
the Soret band. An example of the comparison of
fitted and experimental spectra and the components
of the fitted spectra is given in fig. 4 (NOZ metHb)
The spectral parameters of the components for NO5-
N3-, OH™ -, and H,OmetHb are tabulated in tables
2A-2D.

Two situations require elaboration. First, the CT
band is of mixed origin as can bz seen by comparing
center frequencies in tables 2A and 2B for the CT
band. Evidently two bands exist in this region, one
strong in absorption but not in MCD, and vice versa.
The connection between spin state and band intensity
is not unique in the CT region and we will largely ig-
nore these bands. Second, the very weak HS « band
in the azidomethemoglobin MCD spectrum was fitted
first and subtracted from the experimental spectrum.
The resultant curve was then used to obtain the remain-
ing bands. If this procedure was not foliowed. overlap
from the LS a band rendered the fitted parameters for
the HS a band unreliable. Because of the mixed nature
of the CT band and because the LSS band is weak in
MCD, we choose the HS a and LS o bands as the analy-
tical bands for spin state analysis.
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Fig. 5. A) Experimental MCD and absorption spectra (darker lines) and multiple regression fits (lighter lines) for N3metHb in bis-
tris buffer (pH 7.0, 0.05M, 0.1 M NaCl, 5°) in the absence of IHP, [heme] ~ 100uM. B) Same as A, but in the presence of 1.0 mM

IHP. :

3.3. Spin state analysis

The data were analyzed using eq. (8) as the multiple
regression model and the fitted bands in table 2 as the

basis set. An example of the resulting calculated specira

along with the experimental spectra is given in fig. 5.
Here the calculated spectra mimic the experimental
spectra quite well. In particular. the red shift in the
HS a band in MCD does not appear to have affected
the reconstruction.

Eq. (8) for N3y metHb is calibrated with the mag-
netic susceptibility data obtained by Iizuka and
Kotani [42]; these data yield a value for R of 0916
for N3metHb at 5°. With this value for R, the appro-
priate relative band intensities are converted to spin
state percentages which are presented in table 3.

We see that the spin state populations deterrnined
by MCD and absorption agree very nicely when IHP
" is absent, and, with one exception, the changes in the

low spin content which occur upon addition of THP
agree well. However, the changes in high spin content
with THP are underestimated badly from absorption
data. Examination of the fits reveals no obvious reason
for this and we conclude that an absorption band from
the LS form is present in the HS « region. Such a band
has been noted in azidometmyoglobin by Eaton and
Hochstrasser [44] who find a broad z-polarized band
at 650 nm and associate this band with the low spin
form. Z-polarized bands are expected to be much
weaker in MCD than are the x, y-polarized degenerate
excitations since the latter transitions exhibit strong

A terms. We measured the MCD spectrum of N3 metHb
at ~—20° (where R > 0.96) and indeed find that the
HS a MCD band is essentially gone. In MCD, therefore,
the intensity of the HS a band is a valid measure of the
high spin fraction in N3 metHb. whereas this is not the
case in absorption.
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Table 3 .
Spin state populations in mixed solvents — azidomethemoglobin

Buffer ' THP (mM) %HS %LS (%) AHS(%) ALS (%)
MCD method P

prophieEO 3 1613 sto-le 1051 5213 ~2dels
smO S0 mEerme ses s
prseel g 132:07  851:06 583 sSaE3 o532
wG g mied @il M2 ey o
Absorption method 9»d)

soico 4 A pme % mee e
prnso : 105201 858:01 561 M1 42:03
prmeerel 9 105505 83810 512 03:06 51223
primrEe : 127:01  seros  sss 129:02 7611

2) puffers (pH 7.0) are mixed 50/50, v/v, with the indicated solvents; 5°.

) Using the HS & and LS « bands, R = 0.916.
€) Error bars are 1.
9) Using the HS 2 and LS g bands, R = 0.916.

3.4. NO3 metHb

Using eq. (8) as the multiple regression model and
the fitted bands of fig. 4 as the basis set, we have anal-
yzed the absorption and MCD spectra of NOy metHb
for different perturbations. The experimental and
calculated spectra for NO3 metHb in bis-tris buffer at
pH 7.0 with and without IHP are shovmn in fig. 6.
Comparison of the calculated and experimental spectra
shows that the changes with IHP are reasonably well
represented even though these changes are quite large.

NO3 metHb is not completely characterized and
reliable magnetic susceptibility data is not available.
Hence we used the internal calibration procedure
given earlier to estimate the low spin fraction and ob-
tained R = 0.70 (5%). Using this value for R and the
relative band intensities, we obtained the spin state
populations of table 4. In view of the magnitudes of
the changes in populations, the agreement between
MCD and absorption on the one hand and between
AHS and ALS on the other is guite good. The change

in spin state populations with IHP ranges from 13%
to over 30%.

3.5. Comparison of calibration procedures

At the end of section 2, we presented two ways to
apply the multiple regression equations, one based upon
prior know ledge of the spin state equilibrium under
reference conditions and the other based upon the as-
sumption that IHP alters only the spin state equilibrium
constant. A comparison of the results of spin state
analysis by both methods is made in table 3, and the
comparison shows a very satisfactory check between
the two procedures when MCD data are used. The %
increases in high spin state with IHP (ASS) agree to
within 1% with one exception. This exception (8 ASS
= 2,3% for NO; metHb in bis-tris/PEG) is an extreme
case (ASS > 30%), so that on a relative basis the agree-
ment is still satisfactory We conclude that either proce-
dure is basically sound for MCD data. If one uses ab-
sorption data the analysis of the NO3 metHb data is
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and multiple regression fits (+) for NO2metHb in bis-tris buffer
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Table 4
Spin state populations in mixed solvents — nitritomethemoglobin
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satisfactory, but that for N3 metHb reflects serious
errors due.to problems in isolating the HS a abserption
band. These errors are reflected primarily in the values
of R calculated from eq. (8). -

3.6. Stability of analvsis under band shifts

We have investigated the effect of the HS &« band
red shift with IHP on the analysis. We expanded the-
band shape function in a Taylor’s series in §v, included
these functions in the fit. and evaluated the calculated
spin state populations. The res:lts are summarized in
table 6A as the variance between three cases: 1) no
shift, 2) HS « shift, 3) HS a and LS a shift. It is obvious
from the table that the MCD procedure is much more
stable towards band shifts than is the one using absorp-
tion data. This occurs because the MCD bands overlap
each other much less than do the avsorption bands.

We also calculated the % LS of NO5 metHb-A in
bis-tris/PEG versus the band shift of the MCD HS «
band. These results are given in table 6B and show that
the % LS is overestimated somewhat (2.1%) by current
procedure. Since this value is small when compared to
the % change with IHP (~309%). we can neglec: this
error for now, but note the result for future improve-
ment of the method.

Method Bufferd) IHP (mM) ZHS %LS = (%) AHS (%) ALS(%)
MCDbY) phosphate/H,0 0 35.9:0.5 67.8:0.5 103.7
1 49.3:04 54.1+1.1 1034 +13.4:0.6 —13.7:1.2
bis-tris/H,0 0 30.2:1.0 70.0:0.5 100.2
1 48.4:09 52.6:0.5 101.0 +182:1.3 —17.4:07
bis-trisfglycerol 0 208+1.5 71.6:0.5 1024
1 56.2:0.2 43.1:0.3 99.3 +25.421.5 -28.5:0.6
bis-tris/PEG 0 34.2:0.8 60.9:1.2 95.1
1 61.4:0.4 26.8:0.1 88.2 +27.2+0.9 —34.1:1.2
Abs€) phosphate/H,O 0 38.2:0.2 65.5+0.2 103.7
1 53.7:0.2 50.7:0.7 1n4.4 +15.5:0.3 -14.8:0.7
bis-tris/H, O 0 30.9:0.3 70.620.5 161.5
1 52.6:0.2 50.3:0.2 102.9 +21.7+0.4 1203105
bis-tris/glycerol o 30.4:0.4 70.5:0.7 100.9
1 65.9:0.2 422:03 108.1 +35.5:0.4 . —28.3:0.8
bis-tris/PEG 0 38.0:1.4 58.3:0.6 96.3
1 73.7x1.7 24.7:0.9 98.9 +35.7¢2.2 -33.6:0.7

2) Buffers (pH7.0) are mixed 50/50, v/v, with the indicated solvents; 5°.

b) Using the HSx and LSa bands, R =0.7.

©) Using the HSa and LS3 bands, R = 0.7.
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Table 5
Comparison of calibration procedures )

Species Buffer D) External calibration ©) Internal calibration®)
SS ASS SS ASS

NOzmetHb phosphate/H, O 66.0 (63.6) —13.6 (—-15.2) 64.9 (64.2) —13.1 (-14.5)
bis-tris/H, O 66.9 (69.5) —17.8 (—-21.0) 708 (71.0) —17.6 (—-20.4)
bis-tris/gly cerol 70.4 (70.0) -27.0 (-31.9) 67.4 (74.49) —26.8 (-29.9)
bis-tris/PEG 634 (60.2) —30.6 (—34.6) 58.7 (62.0) —32.9¢(-35.7)

N3metHb phosphate/H,0 92.3 (91.2) -2.8(-3.0) 96.4 (75.0) -1.7(-3.8)
bis-trisfH, O 93.4 (90.9) -4.6 (-2.7) 93.6 (71 4) -39(-34%)
_bis-trisf/glycerol 91.2 (89.4) -5.2(-2.7 91.5 (34.1) —54(-2.0)
bis-tris/PEG 89.5 (90.6) —7.6 (—6.4) 92.0(71.%) --7.2 (-8.5)

3) Results from absorption data are given in parentheses.

b? Buffers (pH 7.0) are mixed 50/50, v/v, with the indicated solvent, 5°.
€7 Calibration is either from magnetic susceptibility (N3metHb) or from averaging internal calibration results from earlier spectra

(NOzmetHb). In either case. only one R-value is used for all data.

@) Each set of data is internally calibrated using eq. (8).

Table 6A
Variance due to A shifts ©)

Buffer 2 ASS (MCD) ASS (Abs)
phosphate/H20 14.4:04 14.9:3.0
bis-tris/H20 17.0:0.2 20.8+2.8
bis-tris/PEG 30.3:0.2 34.3:4.9
Table 6B

Change in calculated % LS for nitritomethemoglobin-A in
bis-tris/PEG solvent with red shifts of the HS « library bang.

LS &A (nm)
26.8 0o

26.1 0.5

25.7 1.0

253 1.5

251 2.0
249 25

24.7 3.0

24.7 35

24.7 4.0

) The indicated buffer (pH 7.0, 5°) is mixed 50/50, v/v, with
the indicated solvent.

b) The derivatives (with respect to frequency) of the HS « and
LS a bands are added as indicated to the multiple regression
basis set.

) The standard deviation §5 that among the three estimaies of
ASS; calculated with the original basis, adding the HS «
‘band shift, and adding the HS o and 1S « band shifts,

3.7. Errors

We have indicated only replication errors in all
tables, usually as the variance among three solutions
all made at the same time from the same reagents and
measured on the same day. This procedure was follow-

Table 7
Sample preparation and handling error.

A. ASS for NO;metHB in bis-tris buffer, pH7, 5°.

ASS @)

15.0
17.4
17.8
18.0
17.9
15.7
17.0

17.5:1.0

B. ASS for NO2metHb in mixed solvents.

buffer/solvent ASS (preparation 1) ASS (preparation 2)
bis-tri/glveerol  27.0:0.8 338-1.1
bis-tris/PEG 30.7x0.7 36.2:1.1

) ASS =SS (no IHP) — SS (w/IHP).
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Table 8
A. IHP Effect — pH differences 2), ionic strength dxfferenc&s‘ﬂ

Buffer ASS MCD)©) ASS (Abs) ©
bis-tris, pH 6 3) 16.6:0.9 18.0+0.4
bis-tris, pH 7) 19.0:1.0 19.8:05
bis-tris, pH 7b) 17.8:0.8

B. IHP effect—concentration dependence 2)

Concentration .ASS
~3107% M 17.5:1.0D
~1073M 17.8¢)

2) NOZmetHb, buffers (0.05M, 0.1M NzCl, 5°).

b) Same as in a) but diluted 50/50 with H,0.

©) ASS in the percentage increase in the high spin population
upon addition of IHP. Error bars are + 10, triplicate deter-
minations.

9) Based on seven determinations.

©) Single determination.

ed to minimize variance from sample preparation and
to allow direct comparison between results. The varia-
tions which are due to the initial Hb preparation (puri-
fication, storage, or shipping) or which occur during
sample makeup (reagent variations, column conditions)
may exceed the analytical error. Two sets of data bear
on this point: 1) a set of seven determinations of ASS
for NO3 metHb in bis-tris buffer (pH 7) obtained over
a year’s time and from several Hb preparations (table
7A), and 2) a pair of spin state analyses for NO3 metHb

in the mlxed buffer/solvent systeris (table 7B). From
table 7A, we see that the inherent reproducibility is
aboui 1% in. ASS. even with preparanve errors included,

" in the absence of PEG or g]ycerol "When PEG or glycer-

ol is present (table 7B), the variations are ‘greater. for
reasons not y€t understood. However, either set of
values in table 7B is consistent viith,oﬁr,argu'ments.
Other errors include those caused by the presence
of additional species, as for example the presence of
OH™ metHb in H,OmetHb solutions. Problems arise

" in this mstance because of the large degree of overlap -

between the spectra of OH - and- H20metHb. Further.
these problems are exacerbated by band shifts upon the
addition of IHP and hence a spin state analysis by the
method outlined above is not feasible in this special
case.-

4. Spin state resunlts and discussion

4.1. IHP effect — pH, ionic strength heme concentration
dependence

In the initial stages of this work, several variables
could possibly have caused the spectral variations which
were later ascribed to small amounts of HbO, and to
solvation effects. Hence we examined variations in pH,
ionic strength, and heme concentration. The results
are given in table 8. Except for a very small possible
effect due to pH, these variables cause no change in
the ASS values in the ranges studied.

Table 9
IHP effect — solvent dependenee.
Ligand Buffer/Solvent 2) SS (no IHP)Y),0) SS (w/IHP)b):0) ass 9D
N3 phosphate/H,0 92.4+0.5 88.4x1.0 4.0=1.1
bis-trisfH, 0 93.4:04 88.8:0.2 4.6:04
bis-tris/glycerol 91.1:0.6 86.0:0.5 5.1:0.8
bis-tris/PEG 89.4:0.9 81.0:0.5 8.4:1.0
NO3 phosphate/H,0 66.0:0.4 52.4:1.1 13.6:1.2
bis-trisfH20 69.9:0.6 521205 .17.820.8
bis-tris/glycerol 70.4:0.8 43.5:0.2 26.9:0.8
bis-tris/PEG 63.4:0.7 32.8:0.2 30.6:0.7

3) The buffer (ph 7.0) is diluted with the indicated solvent 50/50, v/v; 5°.

)5S is the % low spin population from MCD measurements. _
©) Exror bars are +1o.

) ASS is the percentage increase in the high spm populanon upon addition of IHP. (ASS = SS (no IHP) — SS (w/IHP)).
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Fig. 7. The variation in ASS for NO; metHb with (volume)
percentage of glycerol as the co-solvent with bis-tris buffer
(0.05 M, 0.1M NaCl, pH 7.0, 5°). [NO3] ~ 40 mM, [heme}
~ 100 M, [IHP] ~ 1 mM (when present).

4.2. IHP effect — solvent dependence

The effects of IHP on the spectra of N3 metHb and
NO3 metHb were measured in four buffer/solvent mix-
tures, and the resnlt of spin state analysis of these data
are given in table 9. Inspection of table 9 reveals that
the changes in the spin state distribution with IHP for NO
NOEmetHb,are quite sensitive to the solvent composi-
tion. The ordering of the magnitudes of ASS is phos-
phate < bis-tris < bis-tris/glycerol < bis-tris/PEG. and
the magnitudes more than double through the series
of solvents. For N3 metHb. the IHP-induced changes in
the spin state distribution are significantly greater when
PEG (MW 190-210) is present. For the other solvents,
the trend for N3 metHb follows that observed for
NO3 metHb, but because the numerical values are
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within experimental error, a closer comparison is not
possible.

We have also measured ASS for NO; metHb as a
function of the percentage of glycerol in the buffer/
solvent system. The results are given in fig. 7 and show
that the change in spin state with IHP increases mono-
tonically and roughly linearly with the volume percen-
tage of glycerol over the range investigated. Similar
results were obtained with PEG as the co-solvent (i.e.,
rough linearity to 50/50 mixtures).

PEG of high molecular weight has long been used
as a means of fractionating protein mixtures by
precipitation [45]. On the grounds that solubility
and the synergism between IHP and the polyhydroxy
solvents might be related, we compared the effect of
PEG of different moiecular weights. For PEG of molec-
ular weight 6000, precipitation of the protein occurred
before enhancement of the THP effect was observed.
unlike the behavior observed for PEG of molecular
weight 200. Hence we conclude that the mechanism by
which PEG causes protein precipitation. solute exclu-
sion [45], is not the one which enhances the THP effect.

4.3. IHP effect — PEG/glvcerol differences

To provide information on any linkage between
conformation and ligand binding constant, we measured
the apparent binding constant for NOj5 in the mixed
buffer/solvent systems and in the presence and absence
of IHP (table 1). Taking the changes in spin state dis-
tribution as a measure of conformational change, we
see a lack of correlation between conformational change
(as ASS) and the change in apparent binding constant
upon addition of IHP. In the case of bis-tris/glycerol
the decrease in binding constant upon addition of THP
correlates with the enhanced spin state changes observed
in this solvent. However. in bis-tris/PEG, the spin state
changes are the largest observed and yet we see no
change in the equilibrium binding constant with THP.
Other differences between the bis-tris/glycerol and bis-
tris/PEG cases arise. In the absence of IHP, we see a
significant red shift in the HS « band of F~metHb with
PEG and none with glycerol. Also PEG and glycerol
appear to affect the initial spin state distributions (SS
(no IHP), table 9) differently. It therefore appears that
PEG and glycerol. even though structurally similar.
interact with Hb in different ways.
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Table 10

R-form hemoglobins

Hb-Wood Hb-Osler DME-treated
Hb-A

Buffer 3) SS aSS SSbB) ASS SS  ASS
phosphate/H,O 62.7 0.9 - ~©) 651 1.2
bis-trisfH, O 619 3.1 - 1.2 61.6 1.6
bis-tris/glycerol  63.0 1.7 - i9 573 26
bis-tris/ PEG 62.0 6.2 - 5.0 577 62

R/T-form hemoglobins

Hb-A Hb-S Hb-F
Buffer 2) SS as8s ssb) ass ss  ass
phosphate/H,O 66.0 136 — _© 592 125
bis-iris/H20 69.9 17.8 685 148 607 17.1
bis-trisfglycerol 704 269 702 30.1 598 348
bis-tris/PEG 634 306 642 279 _—¢© _¢q)

a) pH 7, diluted 50/50 with the indicated solvent.

b) This preparation showed ~ 15% hemichrome, which distorts
SS. However, the ASS should be ~85% of its correct value.

©) Missing data.

d) ASS is the difference between SS (with IHP) and SS (no IHP)?

4.4. IHP effect — mutant or modified hemoglobins

Five additional hemoglobins were chosen to provide
a comparison between three with “normal” O, affinity
(Hb-A. Hb-F, and Hb-S) and three with enhanced O,
affinity which can be ascribed to an impediment of the
R/T transition. These latter three were Hb-Wood (897
His — Leu), which lacks one of the o182 contacts
[46], Hb-Osler (145 Tyr — Asp), with a modification
of the IHP binding site [47], and BME-ireated Hb-A
with the reagent linking 93 Cys and $97 His [4]. Hb-

Wood, Hb-Osler, and BME-Hb all show a reduced cooper-

ativity, enhanced O, affinity, and reduced response to
THP, relative to Hb-A, in the ferrous form, and so can
be said to be stabilized in the R form. These features
of the ferrous forms are also reflected in the spin state
data for the NO; met- forms, given in table 10.

The ASS values for Hb-A, Hb-S, and Hb-F are ail
much higher than those for the R-form set, wherein
ASS reaches 5% or more only when PEG is present.
Clearly the impediments to the R/T transition in the

ferrous form carry over to the ferric form and the ASS
values correlate well with quaternary structure. Since
the structural modifications in the R form set vary
from modifications of the a! —32 interface to modifica-
tions of the COOH terminus of the § chains, we may
also conclude from these data that PEG and glycerol
are, most probably, influencing the quarternary struc-
ture of Hb rather than having any specific pocket or
helicity effect.

Another aspect of these data lies in the comparison
of the initial spin state distributions (SS) among the
several proteins. If the correlation between SS and
R/T were a close one, then one would expect the SS
values for the R form set to be greater than those for
the “normal’” hemoglobin. In fact, the SS values for
Hb-A and Hb-S are the largest in table 10. (Myoglobin
too exhibits a visible MCD spectrum which appears to
have a much larger HS contribution than Hb-A does,
even though Mb is a common model for an R form
hemoglobin.)

4.5. IHP effect — estimation of the R]/T populations

Since it is clear that ASS provides a measure of the
conversion of R form metHb to T form metHb, it is
incumbent on us to explore the possibility that ASS
can be used to evaluate the allosteric constant in
NO5 metHb, L (E[T]/[R])- Such a calculation requires
two reference points, namely the SS-values for pure R
and pure T forms. It is clear from the data presented in
the previous section that such points are not applicable
to all hemoglobins. However, if one refers only to one
protein, say Hb-A, and assumes values (or at least limits)
for the SS values of R and T forms. then one can estimate
L under intermediate conditions. If we assume that
NO3 metHb-A is ~70% low spin in the R form (bis-tris,
no IHP, table 9) and ~23% low spin in the T form (bis-
tris/PEG. with IHP, table 9). calculations indicate that
the proportions of the R and T forms, in the presence
of IHP, in phosphate or bis-tris buffers are about equal.

5. Conclusions

We have found that PEG (MW 190—210) and glycerol
enhance the spectral changes induced by IHP in
NO; metHb. We interpret these enhanced spectral
changes as an indication that IHP induces more complete
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R/T transition in these solvents, as opposed to a lesser
effect in aqueouns buffers. Calculations based on the
two state model, assuming the above-stated SS-values
for the pure R and T forms, indicate that the popula:
tions of R and T states are roughly equal for NO>metHb.
in the presence of IHP, and in phosphate or bis-tris
buffer. ’

These conclusions make the data presented by
Perutz and co-workers [6,7] on trout Hb much more
understandable. Hb-A is apparently only partially con-
verted to the T form by IHP in the usual buffers whereas
trout Hb seems to be completely so converted. The
added effect of glycerol or PEG makes Hb-A approach
trout Hb in its ability to undergo the R/T transition.

Certain differences between glycerol and PEG do
appear. PEG shifts the spectra of F~metHb-A, which
is presumably biased towards the T form by virtue of
being high spin, in the same way that IHP does. PEG
also makes all of the R form hemoglobins and
N3 metHb-A exhibit their largest spin state changes
with IHP. Glycerol does neither. Also, there is a factor

- of two difference between the apparent binding con-
stants of NO3 to H,OmetHb in these two buffer/
solvent mixtures.

Finally, a comparison of several hemoglobins shows
that while the changes in spin state distribution with
IHP (ASS) correlate with changes in quarternary
structure for a particular hemoglobin, there is no
similar correlation between quarternary structure and
the initial SS values among the various hemoglobins
examined here.
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