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The oxidized  homodimeric Scapharca  inaequivalvis 
hemoglobin  undergoes changes in coordination  and 
spin state as a  function  of pH, ionic strength,  and  pro- 
tein concentration  which  have  been  monitored by opti- 
cal  absorption  spectroscopy.  Three species contribute to 
the spectra  between pH 5.8 and 8.7: (i) a  hexacoordinate 
high spin aquomet  derivative,  whose  concentration is 
essentially constant  over the whole pH range  analyzed; 
(ii) a  pentacoordinate high spin component  which  pre- 
vails at alkaline pH values,  and (iii) a  hexacoordinate 
low spin hemichrome,  which is formed at acid pH.  The 
contribution  of each of the components to the  observed 
spectra  was  calculated with the  singular  value  decom- 
position procedure  and has been described  quantita- 
tively in terms of a  linkage  scheme  which  accounts  for 
the change in heme  coordination  and  for  the  observa- 
tion that  the high spin to low spin transition entails 
dissociation into monomers. A n  important  feature of 
the linkage  scheme is the cooperative  binding  of  protons 
to aquomet  dimers.  Stopped  flow  experiments to study 
the kinetics indicate that dissociation into monomers is 
the rate-limiting process. The unusually  strong  tend- 
ency of  oxidized HbI to loose the heme-bound  water  mol- 
ecule is discussed in terms of strain in the iron-proximal 
histidine bond. 

The first  study of oxidized Scapharca  inaequiualvis HbI (l), 
carried  out  by means of parallel  sedimentation  velocity and 
optical  spectroscopy  experiments,  demonstrated that the high 
spin  dimeric  protein  undergoes a pH-dependent  dissociation 
into a low spin  monomeric  hemichrome.  However,  the  existence 
of two high spin  components, an aquomet and a pentacoordi- 
nate species, in  addition  to the low spin  hemichrome, has been 
brought  out  by  the  resonance Raman measurements  described 
in  the accompanying  paper (2). The Raman data also  show that 
the  ratio of the three  species  depends  not  only  on  pH  (in the 
range 5.8 to 8.3), but  also  on  buffer  ionic  strength  (between 0.01 
and 0.1 M). These findings require a re-examination of the pro- 
tein  concentration, pH, and ionic strength dependence of the 
optical  absorption  spectra. 

The present  paper  reports  new  optical  spectroscopy  measure- 
ments carried  out as a function of pH,  ionic  strength,  and pro- 
tein  concentration. These data  have  been  supplemented with 
stopped flow and  molecular  weight  measurements  in  order  to 
correlate the relative  amounts of high  spin  and low spin com- 
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ponents  to the reversible  dissociation  into  monomers.  The 
model  proposed  previously  (1) has been modified in  light of the 
present data to  include  formation of the pentacoordinate  heme. 

Nitrite-oxidized HbI has been  used  throughout this study, 
since BofE et al. (3) observed that ferric HbI binds  the  ferrocy- 
anide  anion  produced in the oxidation  reaction  tightly ( K  >> lo6 
M - ~  at pH 6.1 in  0.01 M ionic strength buffer). 

MATERIALS AND METHODS 
The dimeric hemoglobin present in  the red cells of the mollusc S. 

inaequivalvis was separated from the tetrameric one, purified as de- 
scribed in Ref. 4, and kept frozen at -80 “C. The protein concentration 
is expressed on a heme basis and was determined at 578 nm in the oxy 
state and at 556 nm in  the deoxy state using the molar extinction 
coefficients E = 14,300 and E = 12,000,  respectively (4). 

Oxidation  was obtained by addition of solid potassium nitrite to a 
concentrated solution of oxyhemoglobin  dialyzed uersus the desired 
buffer. The excess oxidant was removed  by passage on a Sephadex G-25 
column equilibrated with the same buffer. This method ensures com- 
plete oxidation and does  not lead to binding of the oxidant to  the 
protein (5). 

Optical spectra were measured immediately after oxidation on a 
Cary 219 or Cary 3 spectrophotometer at 20  “C. In  the experiments 
carried out as a function of protein concentration, the sample was di- 
luted 2-fold at each step. Unless otherwise stated, MOPS’-NaOH was 
used at ionic strengths covering a range between  0.01 and 0.25 M. 

Sedimentation velocity experiments were carried out using a Spinco 
model E ultracentrifuge equipped with a temperature control unit at 
56,000 rpm and at 10 “C. The values of the sedimentation coefficients 
have been  corrected  to  20  “C in water using standard procedures. 

Rapid  mixing experiments have been carried out at 20 “C on an 
Applied  Photophysics apparatus (Applied  Photophysics  Ltd., Leather- 
head KT 227PB, UK)  by mixing nitrite oxidized  HbI (3-4 x M) in 
0.01 M MOPS-NaOH  buffer at pH 7.5 with the desired buffer. 

A Radiometer pH M64 was used for the pH measurements. 
The absorption spectroscopy data were  processed with Matlab (The 

Math Works Inc., South Natick, MA) on a 486 DX personal computer. 
The absorption spectra as a function of  pH were  processed by a singular 
value decomposition (SVD) algorithm which entails transformation of 
the data set, A, into a product of three matrices A = USV (6), where the 
U columns are the orthonormal basis spectra, the V columns  (eigenvec- 
tors) represent the corresponding amplitudes as a function of pH, and 
the diagonal matrix S (singular values) gives the relative contributions 
of the basis spectra to the observed signal. The  processed data have 
been fitted according to the following  scheme  (Scheme I) where D, and 
D, are the dimeric hexacoordinate and pentacoordinate species,  respec- 
tively, M is the monomeric  hemichrome, K2, K3, K5 and K4 and K6 refer 
to protonation and dissociation equilibria, respectively, and K,  = D,tDp. 
The fit was carried out by a nested loop procedure in which in the first 
iteration the four equilibrium constants were obtained which  yield the 
best fit to the  three V columns (K, was assumed to be equal to K3 
thereby fixing the value of K J ;  in the second iteration, the 9 coefficients 
of the linear combination of the  three  U columns  were obtained which 

’ The abbreviations used are: MOPS, 4-morpholinepropanesulfonic 
acid; BisTris, 2-[bis~2-hydroxyethyl)amino]-2-(hydroxymethyl)-pro- 
pane-1,3-diol; SVD, singular value decomposition. 
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yield the best fit to the experimental data. Thus, the estimate of the 
equilibrium constants and  three new basis spectra (nonorthogonal) cor- 
responding to the absorption spectra of the pure species A,,, ADP, and 
AMH have been obtained. In particular, the observed absorption spec- 
trum, Aobs, at each pH value is given  by: 

Aobs = AD, + ADp + AuH = 2; (cb X u, )  
where C5 represents the (3 x 3) matrix of the linear combination coef- 
ficients and U ,  is the (3 x n)  matrix containing the  first  three  U col- 
umns for n wavelengths. This information can be used to  calculate the 
fraction of the components at every  pH value. 

RESULTS 
Buffer and Ionic Strength Effects-A first  set of experiments 

was carried out at pH 7.0 and at a protein concentration of 5 x 
M in order to study specific  buffer and ionic strength ef- 

fects. The optical spectra measured in phosphate, MOPS- 
NaOH * Ca2+, BisTris-HC1, and Tris-HC1 buffers at  an ionic 
strength of 0.1 M were indistinguishable. In  contrast, marked 
effects of ionic strength were  observed in MOPS-NaOH  buffer 
at pH 7.0. Thus, an increase in ionic strength produces a de- 
crease of the high spin bands at about 600 and 630  nm with 
respect to the low spin ones. Representative spectra at I = 0.01 
and 0.1 M are shown in  the inset of Fig. 1. The change in  the 
relative amounts of high and low spin components with an 
increase in ionic strength  is plotted in Fig. 1 as  the difference 
between the absorbance at 600 and 560 nm, normalized with 
respect to protein concentration. Fig. 1 also shows that addi- 
tions of a ferricyanide solution or of concentrated buffer to 
oxidized  HbI in 0.01 M buffer to  yield the indicated ionic 
strength have different effects. Ferricyanide appears to be 
more  effective in stabilizing the low spin species than all the 
other ions tested. 

Effect of pH and Protein Concentration-Several sets of ex- 
periments were  performed; the effect of pH changes at constant 
protein concentration and ionic strength was studied first (Fig. 
2). Thereafter, the effect of changing the protein concentration 
at constant pH (in  the range 6.5-8.0) and ionic strength (0.01 or 
0.1 M) was analyzed. A typical set of data  is shown in Fig. 3. In 
line with the results reported in Fig. 1 and  in Ref. 1, the low 
spin bands (at 526 and 560 nm) dominate the spectrum at acid 
pH values, low protein concentration, and high ionic strength, 
whereas the high spin band at 602 nm prevails at alkaline pH, 
high protein concentration, and low  ionic strength. Moreover, 
the high spin band at 634  nm is visible at neutral  and acid pH 
values. 

The spectra of the pH titration (Fig. 2) were analyzed with 
the singular value decomposition (SVD) procedure in order to 
single out the contribution of the different components. The 
three most significant V (panels  a+) and U (panel d )  columns 
are given in Fig. 4. The linear combination of the  first  three U 
columns yields the  three basis spectra of Fig. 5,  which display 

0 0.1 0.2 0.3 

Ionic strength (M) 

FIG. 1. Effect of ionic  strength on the  relative  amounts of high 
spin and low spin  components in oxidized HbI at pH 7.0. Protein 

obtained with: MOPS-NaOH  buffer (O), MOPS-NaOH  buffer, I = 0.01 M 
concentration, 5 x M; temperature, 20 "C. Indicated ionic strength 

plus ferricyanide (m). Inset: absorption spectra of 5 x M oxidized  HbI 
in MOPS-NaOH  buffer I = 0.01 M (- - -) and 0.1 M (-). 
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FIG. 2. Spectrophotometric pH titration of oxidized HbI. Pro- 
tein concentration, 5 x M in MOPS-NaOH  buffer, I = 0.01 M, tem- 
perature, 20 "C. pH values (from  above  downward at 602 nm) 8.7,  7.9, 
7.6,  7.3,  7.0,  6.65,  6.5,  6.2,  6.0, 5.9, 5.7. 
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FIG. 3. Effect of protein  concentration  on  the  absorption  spec- 
trum of oxidized HbI at pH 6.6. MOPS-NaOH  buffer, I = 0.01 M; 
temperature, 20 "C. The top spectrum at 602 nm corresponds to the 
initial protein concentration, 5 x M; the other spectra were obtained 
upon  successive  2-fold dilutions and were  normalized to emphasize the 
changes in lineshape. 

the characteristic features of  low spin (Xmu 526 and 560 nm), 
aquomet (Xmm 634 nm), and pentacoordinate (X,,, 602 nm) fer- 
ric derivatives. The fraction of the  three species at the different 
pH values, calculated in  the same way  from the linear combi- 
nation of the V columns, is given in Fig. 6. 

The optical absorption spectra measured at constant pH and 
ionic strength as a function of protein concentration (e.g. the 
spectra given in Fig. 3) likewise have been analyzed in  terms of 
the  three basis spectra in order to  obtain the fraction of the 
different components in solution (Figs. 7 and 8). 

A global fit of the  data  sets of Figs. 7 and 8 to the linkage 
scheme  given under "Materials and Methods," using a  least 
squares procedure,  yielded the equilibrium constants listed in 
Table  I. The initial guess of the constants was obtained by 
fitting the pH titration  data. 
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FIG. 4. SVD analysis of the data  matrix of Fig. 2. Panels  a-c show 

the  first  three V columns and panel  d the  first  three U columns: U1 
(-), U2 (- - -), U3 (- . -). Solid  lines inpanels a+ were calculated 
using the scheme  given under “Materials and Methods.” 
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FIG. 5.  Basis  spectra  obtained from the linear  combination of 
the U columns of Fig. 4. High spin pentacoordinate (---) and 
hexacoordinate (-. -) species and low spin hemichrome (-). 

pH 

FIG. 6. Fraction of the  high  spin and  low spin components of 
oxidized HbI as a  function of pH. Component: high spin pentacoor- 
dinate (O), high spin hexacoordinate (A) heme, low spin hemichrome 
(m). The fraction of each species was calculated from the data set  in Fig. 
2 as detailed under “Materials and Methods.” Continuous  lines repre- 
sent  the fit to the linkage scheme given under “Materials and Methods.” 

Stopped Flow Experiments-Three types of experiment were 
performed on HbI (3-4 x 10“‘ M heme)  in 0.01 M MOPS-NaOH 
buffer at pH 7.5. In  the  first (dilution experiment, Fig. 9a),  the 
HbI solution was mixed with the  same 0.01 M MOPS-NaOH 
buffer at pH 7.5; in  the second (ionic strength  jump, Fig. 9b), 
the  protein solution was mixed with 0.2 M MOPS-NaOH buffer 
at pH 7.5; in  the  third  (pH  jump, Fig. 9c), HbI  was mixed with 
0.01 M MOPS-NaOH, pH 6.0, to give a final  pH of 6.5. Under  all 
conditions, the  spectral  transition  was followed at 610 nm. The 
time course  corresponds closely to  a first  order process charac- 
terized by a rate  constant of 52-57 s-’. Whereas the kinetic 
absorbance  changes  correspond to  the  static one in  the dilution 
and ionic strength  jump  experiments (A = 0.004 and 0.37, re- 
spectively), the  kinetic change is significantly smaller  than  the 
static  change  in  the pH jump  experiment (A = 0.052 versus 
0.076). 
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FIG. 7. Fraction of the  high  spin and  low spin  components of 
oxidized HbI as a  function of protein  concentration  at 0.01 M 
ionic  strength. MOPS-NaOH  buffer, at  the indicated pH values. Sym- 
bols as in Fig. 6. ::!m 0 . 4  

0 . 2  

0 
-6 -5  -4 -3 -2 

0 . 4  

0 . 2  T2ii!d -6 -5  -4 -3 -2 

0 . 4  

0 . 2  :::m -b -5 -4 -3 -2 

0.8  

0 . 4  

0 . 2  

B-6 -5 -4 -3 -2 

PC (M heme) 

FIG. 8. Fraction of the  high  spin and  low spin  components of 
oxidized HbI as a  function of protein  concentration  at 0.1 M ionic 
strength. MOPS-NaOH  buffer, at  the indicated pH values. Symbols as 
in Fig. 6.  

TULE I 
Equilibrium  constants  relating  subunit  dissociation  and  protonation 

in oxidized HbI  at 0.01 and 0.1 M ionic  strength 
The equilibrium constants were obtained by fitting the data sets of 

Methods.” 
Figs. 7 and 8 to the linkage scheme presented under “Materials and 

Ionic streneth 
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Sedimentation Velocity Experiments-In order  to  establish 
whether  the high to low spin  transition  is linked to dissociation 
into monomers under  all  experimental conditions, sedimenta- 
tion velocity experiments  have been carried  out.  This  relation- 
ship  has been established conclusively for the  spin  transition 
attendant upon a pH  change (1). 

The  stabilization of the low spin species obtained  with an 
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FIG. 9. Time course of the  absorbance  change  obtained  upon 
dilution of oxidized HbI in rapid  mixing  experiments. Hemoglo- 
bin solution, 3 4  x M, in MOPS-NaOH buffer of1 = 0.01 M at pH 7.5 
diluted 1:l with the same buffer (a); MOPS-NaOH buffer of I = 0.2 M a t  
the  same pH (ionic strength  jump) ( b ) ;  MOPS-NaOH buffer of I = 0.01 
and pH 6.0 yielding a final  pH of 6.5 (pH  jump) (c). Temperature, 20 “C. 

increase in ionic strength from 0.01 to 0.1 M at pH 7.0 is indeed 
accompanied by dissociation as indicated by the sz0 value of a 
2.5 x lo4 M HbI solution which decreases from 2.76 S to 2.15 S. 

DISCUSSION 

The structural characterization of ferric HbI by means of 
resonance Raman and EPR spectroscopy has enabled the iden- 
tification of three distinct heme environments and the assign- 
ment of the corresponding optical absorption bands. Thus, the 
absorption maximum at 634 nm pertains to a high spin 
aquomet derivative, the bands at 560 and 526 nm to a low spin 
bis-imidazole heme, and  the band at 602 nm to a pentacoordi- 
nate heme (2). In turn, recognition that ferric HbI  forms two 
spectrally distinct high spin dimeric species requires a modifi- 
cation of the previously  proposed  scheme (1) which links the 
high spin to  low spin transition to  the pH-dependent monomer- 
ization process. In the new  scheme  which takes  the pentacoor- 
dinate species into account (see “Materials and Methods”), a 
simplifying assumption has been made for practical reasons. In 
order to diminish the number of parameters to  evaluate, it  has 
been assumed that  the pentacoordinate derivative, which 
dominates the experimental picture in the alkaline range, is 
formed  only by the deprotonated aquomet derivative. 

The simplest possible analysis of the spectral changes in 
terms of the new linkage scheme rests on the assumption that 
the protonation steps  are spectroscopically silent, i.e. that only 
three spectrally distinct species  suffice to describe the system. 
Within this  set of constraints, the observed lineshapes have 
been  deconvoluted using the SVD analysis in order to obtain 
the spectra of the pure components. The fit of the  data  set given 
in Fig. 2 yields three basis spectra (Fig. 5 )  which do indeed 
correspond to those of pure high spin aquomet, high spin pen- 
tacoordinate, and low spin bis-imidazole heme derivatives, 
thus validating the assumptions made. In fact, one of the spec- 

tra displays peaks at positions and with the relative intensity 
typical of aquomethemoglobin derivatives in which band I11 
occurs at 633 nm, band IV appears  as  a broad peak at 580 nm, 
and  the Q, and Q,, bands are centered at 540 and 500 nm, 
respectively (7). The other two basis spectra correspond to 
those of the pentacoordinate 2-Me-imidazole-Fe-protoporphy- 
rin IX complex (8 )  and of the distorted iron-bis-imidazole de- 
rivative (9). 

The spectra of the pure species  derived  from the SVD anal- 
ysis were  used  for a global fit of the  data  sets in Figs. 2, 7, and 
8 to the linkage scheme. The agreement between the theoreti- 
cal and measured optical absorption changes is good. A devia- 
tion from the theoretical prediction is observed  only at pH 6.5 
and high ionic strength, namely under conditions where the 
measured absorbance changes are small and hence the exper- 
imental  error is relatively large. 

The values of the equilibrium constants describing the sys- 
tem at  the two ionic strengths studied are presented in Table I. 
The protonation and dissociation constants at the higher ionic 
strength cannot be  compared directly with those of Ref. 1 due to 
the different linkage scheme  employed.  However, a necessary 
requirement to  describe the experimental data  still  is the co- 
operative binding of protons to dimers, which therefore must 
undergo a proton-linked structural change. This property has 
been ascribed to the aquomet derivative, since the simplifying 
assumption has been made that  the pentacoordinate compo- 
nent does  not  bind protons. The extension of the scheme to 
include the pentacoordinate derivative is reflected mainly in 
the decrease of the dissociation constant of protonated aquomet 
dimers. A further difference  concerns the protonation constant 
of monomers, K,, which has been made equal to K3 (1 x lo5 M-’) 
rather  than to K, (5.5 x lo5 M-’) for the reasons given below. 

The influence of ionic strength on subunit dissociation in the 
range 0.01-0.1 M points to the existence of specific  ion  effects 
and is in marked contrast with the stability of the reduced 
protein which  does  not dissociate up to 2 M ionic strength (4). 
The effect of ferricyanide depicted in Fig. 1 suggests that anion 
binding may contribute to destabilize the interface of the ferric 
protein. The change in ionic strength leaves the protonation 
constants unaltered,  as expected  for a process that depends 
solely on the  state of association of the protein. 

The stopped flow measurements provide information on the 
dynamics of the system, in particular on the  rates of the D, H 

D, transition. When the equilibrium is  perturbed, be it by 
changes in protein concentration, pH, or ionic strength (Fig. 9, 
a-c), re-equilibration takes place at about 55 s-l which corre- 
sponds to the  rate of dimer dissociation (1). It follows that not 
only the protonation step, but also the D, e D, transition is 
fast. Accordingly, in  the pH-jump experiments, the D, - D, - 
D,H f-) D,H, relaxation occurs in  the dead time of the  appara- 
tus (3 ms), and the kinetic absorbance change is smaller than 
the  static one (Fig. 9c). Moreover, in  the experiments carried 
out at constant pH (ionic strength  jump or 1:l dilution), where 
the dimerization equilibrium is perturbed directly and the 
whole relaxation process is limited by the dissociation rate,  the 
static  and kinetic absorbance changes are identical. 

In  the absence of a crystal structure of ferric HbI, any mo- 
lecular description of the system has to rest on the crystallo- 
graphic data of the ferrous derivatives (10, 11). However, the 
different stability of the dimeric assembly in the two oxidation 
states indicates that oxidation-linked and oxygenation-linked 
structural changes must differ significantly from  one another. 
It may be  envisaged that  the decreased stability of the ferric 
protein toward dissociation is accompanied by significant 
changes in  the heme environment since the heme-carrying E 
and  F helices are involved in  the  intersubunit contact. On the 
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distal  side,  the network of interactions between the  near neigh- 
bors of the  distal  histidine (His6', E6) and  residues  in  the F 
helix of the  contralateral  subunit is likely to be disrupted. On 
the proximal side,  other  interactions may be affected, e.g. those 
linking one of the heme  propionates to Lysg6 (F9)  and Asn'OO 
(F13), 2 residues located in  the  last  turns of the F helix near  the 
proximal His"'. As a matter of fact,  the bond between Lysg6 and 
the  heme propionate provides one of the two hydrogen bonds 
across the interface, the  other being formed by Lys30 (B2) and 
Aspsg (F2). The carboxylates involved in  these hydrogen bonds 
will necessarily have a different pK value  depending on the 
state of association of the protein. In  particular, a pK of 4-5 
may be expected for the free  carboxylate in  the monomeric 
protein,  and a higher one, e.g. 7-7.5, for the hydrogen-bonded 
carboxylate in  the dimer. These considerations provide the  ra- 
tionale for the choice of the pK value for the protonation of 
monomers. In  turn,  the  value chosen corresponds to  the proto- 
nation of D,H, the  aquomet species in which the proton-linked 
structural change has  already occurred. The carboxylates of the 
heme  propionate and of Aspsg are  the obvious candidates  re- 
sponsible for the monomerization-protonation linkage as they 
are  the only groups at the  subunit  interface which ionize in  the 
appropriate pH range. Deprotonation of the proximal histidine 
N,H cannot be ruled  out,  although  its pK is unknown and its 
linkage  to  the  state of association of the protein would be indi- 
rect. The discrimination  between these  candidates  requires  ad- 
ditional  information that  necessitates  the  use of modifed hemes 
or proteins obtained by site-directed mutagenesis. 

Lastly, the  striking tendency of the  aquomet derivative to 
loose the heme-bound water molecule (Fig. 6) deserves a com- 
ment.  The loss of water  transforms aquomet-HbI into different 
derivatives, the low spin hemichrome at acid  pH values  and  the 
pentacoordinate species in  the  neutral  and slightly alkaline pH 
range,  whereas  the ionization of the heme-bound water  has 
been detected at pH values above 9 (2). Pentacoordinate hemes 
have been observed in  other hemeproteins (8, 12-14), but  their 
formation has  not been correlated to specific structural fea- 
tures of the  heme pocket. I t  is  tempting to  ascribe the high 
stability of the  pentacoordinate  heme  in HbI to proximal ef- 
fects. Thus, a strain  in  the Fe-His bond could be invoked to 
explain the anisotropy of the low spin hexacoordinate  deriva- 
tive EPR  signal (2) and  the optical  absorption spectrum of the 
pentacoordinate species which resembles that of the  strained 

2-Me-imidazole-Fe-protoporphyrin M derivative (8). On the 
other  hand  ferrous  HbI,  in both the unliganded and liganded 
state, is characterized by a  reduced covalency of the Fe-His 
bond as indicated by a number of spectroscopic properties. In 
deoxy-HbI, the proximal strain  manifests itself for example in 
the low frequency of the Fe-His stretching mode (151, in  the 
small hyperfine shift of N,H proton  resonance (16), and  in  the 
highly  anisotropic EPR signal of the CO-substituted  protein 
(17). In  the CO-liganded protein there is one property, namely 
the  stretching frequency of the Fe-CO bond which is much 
higher (517 cm") than  in  other hemoglobins and myoglobins, a 
finding that is generally interpreted  as  an indication of proxi- 
mal  strain (15, 18). It  appears therefore that  in HbI, possibly 
due  to  the packing of Pheg7  against  the  heme  and  the proximal 
histidine,  in some forms of the protein proximal strain effects 
are  larger  than  in  vertebrate hemoglobins. 
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