
Biophysical Chemistry, 37 (1990) 43-59 
Elscvier 

43 

BIOCHE 01464 

A possible new control mechanism suggested by resonance Raman spectra 
from a deep ocean fish hemoglobin 

Joel M. Friedman a, Blair F. Campbell G* and Robert W. Noble b 
@ AT&TBeIl I&oratories, Murray Hi16 NJ 07974 and b Dept.? of Medicine and Biochemistry, SUNY at Buflalo, 

VA Medical Center, Buffaalo, NY 14215, U.S.A. 

Received 22 January 1990 
Accepted 1 February 1990 

Ligand binding; Hemoglobin; Resonance Raman spectroscopy 

The rattail fish, Coryphnenoides annntus, lives at ocean depths of 3000 tn. As an adaptation for pumping oxygen into the swim 
bladder against the extreme pressures at the ocean bottom, the hemoglobin from this fish at low pH exhibits an extraordinarily low 
affinity for ligands. In this study, continuous wave and time-resolved Raman techniques are used to probe the binding site in ihis 
hemoglobin. The. fmdings show an association between the low-affinity material and a highly strained heme-proximal histidine 
linkage. The transient Raman studies reveal differences in the protein structural dynamics at pH 6 and 8. The cmcrging picture 
derived from both this and earlier studies is that in vertebrate hemoglobins the heme-proximal wtidine linkage represents a key 

channel through which species- and solution-dependent variations in the globin are communicated both statically and dynamically to 
the heme to produce an extensive range of ligand binding properties. Also presented is a new model that relates both intensity and 
frequency of the resonance Ratnan band involving the iron-proximal histidine stretching mode to specific protein controlled 
structural degrees of freedom. There emerges from this model a mechanism whereby modifications in the proximal heme pocket can 
further reduce the affinity of an already highly strained T state structure of hemoglobin. 

1. Introduction 

Genetic engineering has the potential of being 
at the center of future technologies based on 
custom modifications of both natural and syn- 
thetic protein structures. A relevant biophysical 
question is to what extent the variability in ftmc- 
tional properties within a given class of proteins is 
control@+ by well-defined tunable structural de- 
grees of freedom. For example, most vertebrate 

hemoglobins bear a striking resemblance to each 
other. From one organism to the next, they all 
have the same oxygen-binding heme chromophore 
and the same overall protein morphology. Despite 
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the structural similarities, the functional proper- 
ties can vary dramatically from one species to the 
next. Furthermore, for a given hemoglobin the 
reactivity towards oxygen displays a strong depen- 
dence upon solution conditions. The initial ques- 
tion as applied to hemoglobin translates into 
whether these species- and solution-dependent 
changes in reactivity arise through many different, 
perhaps unrelated, structural channels or through 
some specific or limited number of structural de- 
grees of freedom that can be tuned by either 
evolution, genetic engineering or solution condi- 
tions to give rise to the broad range of observed 
oxygen-binding properties. 

An approach to this problem is to examine the 
structure of many different hemoglobins for the 
purpose of correlating specific structural features 
with relevant functional properties. This approach 
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is facilitated by examining those materials that are 
at extreme end points of reactivity, i.e., exceed- 
ingly low- or high-affinity hemoglobins for the 
case at hand. In this context, the hemoglobin from 
the deep-sea rattail fish Coryphaenoides armatus 
(C.a.) was chosen for study. At low pH, half of the 
heme groups of this hemoglobin exhibit what is 
perhaps the lowest ligand affinity for any 
vertebrate hemoglobin [l]. 

The results of a recent comparative study [l] of 
the ligand binding properties of hemoglobins from 
C. armatur and other deep-sea fishes were inter- 
preted in terms of two heterogeneous binding sites. 
At low pH in the presence of inositol hexa- 
phosphate (IHP), a P’,, for CO of 100 mmHg at 
lS” C was measured for the low-affinity sites on 
the hemoglobin C. armatus. Assuming a partition 
coefficient of 100, this would suggest a Pso for 0, 
of some 13 atm. This extraordinarily low affinity 
for CO arises primarily from a very slow ‘on’ rate 
(approx. 102-times slower than for ‘normal’ de- 
oxyhemoglobiis). At high pH, the on rate still has 
a slow component that is almost an order of 
magnitude slower than typical deoxyhemoglobin 
(unpublished results). It is suggested that the ex- 
ceptional ligand binding properties of this hemo- 
globin are related to the functional requirement of 
pumping oxygen into the oxygen-rich gas phase of 
the swimbladder of this fish at the abyssal depths 
(- 3000 m) at which it is found. 

In this study, resonance Raman spectroscopy is 
used to probe the local environment at the ligand 
binding site in Hb(C.a.) as a function of solution 
conditions (pH and IHP) and degree of ligand 
saturation. Earlier studies [2-61 indicate that the 
ligand-free ferrous heme is responsive to varia- 
tions in the protein structure; consequently, all 
comparisons made in this study are among de- 
oxyhemes surrounded by either equilibrium or 
nonequilibrium protein structures. The latter 
structures are generated using short laser pulses 
both to photodissociate the initial liganded 
material and to generate the resonance Raman 
spectrum of the deoxyheme surrounded by and 
hence influenced by the as yet unrelaxed protein 
structure of the starting liganded species [7]. This 
approach allows us to compare the &and binding 
site of the deoxy and liganded hemoglobin as a 

function of solution conditions. In alI cases, it is 
the protein structure that is the variable altering 
the spectrum of the deoxyheme. The results of this 
Raman study reveal that at the heme there are 
only slight frequency differences between normal 
deoxyhemoglobins and deoxy-Hb derived from C. 
armatus. There is, however, a dramatic difference 
in the relative resonance enhancement of the Ra- 
man band corresponding to the iron-proximal 
histidine stretching mode v(Fe-His). An analysis 
of the relationship between the frequency and the 
relative intensity of v(Fe-His) in the resonance 
Raman spectrum leads to a detailed microscopic 
model that connects structure, spectra and func- 
tion. This model includes several novel features 
which suggest strategies, both natural and syn- 
thetic, by which extremely low ligand binding 
affinities can be generated. 

2. Materials and methods 

The fish were obtained during two expeditions 
aboard the R/V Oceanus as described previously 
[l]. The procedures for both the collection of the 
blood and the subsequent preparation of purified 
hemoglobin solutions were as previously described 
[Il. 

The paucity and scant availability of material 
necessitated the use of a microvolume rotating 
Raman cell into which was placed a fraction of a 1 
ml volume of sample (- 10d4 M heme). A rubber 
septum allowed for a controlled atmosphere about 
the sample. Spectra of equilibrium species and 
near-steady-state populations were generated with 
approx. 20-30 mW of 441.6 nm excitations 
(Liconix, He-Cd laser). The spectra of the non- 
equilibrium deoxy species occurring within 10 ns 
of photodissociating either the oxy or carboxy 
derivative were generated with a 10 ns pulse at 
approx. 441.6 run from an excimer laser-pumped 
dye laser (Lambda Physik) operating at 25 Hz 
(- 1 mJ/pulse). The back-scattered radiation was 
collected and then dispersed by a 0.64 m single 
spectrograph (I.S.A. 640, with a 2400 groove/mm 
grating) and detected on an intensified reticon 
multichannel detector (Princeton Instruments, 
IRY 700). Samples were run at ambient tempera- 
tures. 
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3. Results 

3.1. Deoxyhemoglobin a~ a junction ojpH 

The high (1300-1650 cm-‘) and low (150-400 
cm-‘) frequency Raman spectra of deoxy-Hb (C. 
armatus) showed little superficial variation with 
solution conditions. The detectable differences be- 
tween samples at pH 8.5 (100 mM Cl-,‘10 mM 
Tris) and at pH 6.0 (100 mM Cl-, Bistris) oc- 
curred in two inversely correlated modes [2,5,8]; 
v,, at approx. 1355 cm-’ and v(Fe-His), the iron- 
proximal histidine stretching mode, at approx. 215 
cm-‘. Relative to the high-pH sample, the low-pH 
sample exhibits a v, that is shifted approx. 1 cm-’ 
to higher frequencies and a v(Fe-His) that is 
shifted to lower frequencies by approx. 3 cm-‘. 

The presence of IHP (1.5 mM) did not alter the 
spectra of the low-pH sample. The low-frequency 
spectra are shown in fig. 1. Also shown in fig. 1 
for comparison purposes is the corresponding 
spectrum of adult human deoxyhemoglobin 
(HbA). The spectrum of deoxy-HbA is invariant 
with respect to these pH changes. The peak 

DEOXY Hb 

-3 cm-’ 
h 

RAMAN SHIFT (cm-‘) 

Fig. 1. Comparison of low-frequency resonance Rarnan spectra 
of deoxyhemoglobiis. 

frequency of u(Fe-His) is the same for deoxy-HbA 
and the pH 8.5 deoxy-Hb (C. armatur) sample. A 
striking difference is seen in the relative intensity 
of Y(Fe-His). For HbA, v(Fe-His) is a little more 
than half the intensity of the 366 cm-’ band, 
whereas for Hb(C.a.) both at high and low pH, 
v(Fe-His) is more than twice the intensity of the 
366 cm-’ band. Other Raman bands from C. 
armatus samples which are derived primarily from 
porphyrin motions displayed roughly the same 
relative intensities (with respect to each other in- 
cluding the 366 cm-’ reference band) as for de- 
oxy-HbA. 

3.2. Photoproducts of carboxy forms of Hb(C.a_) 

A spectral comparison of nonequilibrium de- 
oxyhemoglobins is shown in fig. 2. It can be seen 
that the deoxy transient generated within 10 ns of 
photodissociating CO-Hb(C.a.) yields roughly the 
same spectrum under high- and low-pH (+ IHP) 
conditions. Compared to the respective equi- 
librium deoxy spectra (fig. 1) both nanosecond 
spectra show two key features. The distinct 341 
cm-’ peak observed for the equilibrium species is 
replaced by a broadening on the low-frequency 
side of the 366 cm _ ’ band and the frequencies for 
v(Fe-His) of the 10 ns photoprocluct are relative to 
the stable deoxy species, increased by approx. 3 
and 6 cm-’ for the high- and low-pH samples, 
respectively. It should be noted that the end-point 
value for v(Fe-His) is very nearly the same for 
both high- and low-pH transient species. Also 
shown in fig. 2 are the spectra of the near-steady- 
state populations of photoproduct generated dur- 
ing the lo-50 /.LS illumination window created by 
the combination of rotating sample cell and clear 
white laser. For the high-pH sample (C), the 366- 
341 cm-’ region appears intermediate between 
the stable deoxy form and the 10 ns photoproduct. 
The frequency of v(Fe-His) is still the same as for 
the nanosecond transient (i.e., 3 cm-’ higher than 
that of high-pH deoxy-Hb at equilibrium). The 
low-pH sample (D) yields a spectrum that is iden- 
tical to that of the corresponding low-pH equi- 
librium deoxy-Hb sample. The spectrum of the 
low-pH sample was unaffected by either the pres- 
ence or absence of IHP or the rate of rotation 
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COHb(C.armatus) + hu 

RAMAN SHIFT km-‘) 

2. Cbmparison of the resonance Raman spectra of the 
deoxy photoproduci of photodissociated carboxyhemoglobins. 
(A) 10 ns photoproduct, pH 8.5; (B) 10 ns photoproduct at pH 
6.0+IHP; (C) approx. 10 ps photoproduct, pH 8.5; (D) ap- 

prox. 10 ps photoproduct spectrum at pH 6.0+ IHP. 

(O-30 rev. s-l). The lack of material precluded a 
more detailed pulse probe time-resolved study. 

3.3. Oxy-Hb(C.a) at pH 6.0 

Hb(C.a.) at pH 6.0 in the presence of oxygen at 
normal pressures remains half saturated [l]. Fig. 3 
shows the v, Kaman mode for such a sample 
under fast and slow rotation conditions for the 
spinning cell. Under conditions of fast rotation, 
the v, region contains both a deoxy and oxy band, 
whereas slow-rotation conditions yield a spectrum 
with a marked reduction in the oxy peak. Since 
the deoxy and oxy forms of Hb have different 
Soret baud absorption peaks, the resonance en- 
hancement for the 441.6 run excitation is different 
for these two derivatives. Based on the similarity 
between the absorption spectra of Hb(C.a.) and 
those of other hemoglobins and on the resonance 
Raman excitation profiles of heme-proteins [9], we 
conclude that the spectrum from the rapidly rotat- 

ing cell is consistent with a half-oxygenated sam- 
ple. 

Fig. 4 depicts the low-frequency spectra of both 
the fast (F) and slowly (S) rotating samples as well 
as a fully deoxy sample at the same low pH. The 
slow-spin sample yields a low-frequency spectrum 
that is very nearly identical with that of the pH 
6.0 deoxy-Hb(C.a.) sample. The frequency, inten- 
sity and line shape of v(Fe-His) are the same in 
these two cases. At high rotational speeds the 
spectrum of the oxy sample changes. As can be 
seen in fig. 4, v(Fe-His) for the fast rotating cell is 
at a higher peak Raman frequency (- 215 vs 212 
cm- ’ for deoxy), considerably narrower and much 
more intense compared to deoxy-Hb(C.a.). The 
quantity and stability of the sample prevented our 
obtaining an interpretable 10 ns photoproduct 
spectrum of the half-saturated oxy material. 

3.4. Summary of experimental results 

Table 1 contains a summary of the frequencies 
observed for v(Fe-His) as a function of solution 
conditions for Hb(C.a.). As shown (in parenthe 
ses) are designations to indicate the relative inten- 
sity of v(Fe-His). Included for comparison pur- 
poses are values for HbA, Hb(tuna), Hb(Kempsey) 

\ 

1375 1355 
RAMAN SHIFT (cm-1) 

Fig. 3. The v., region of the resonance Raman spectra of a pH 
6.0 sample of Hb(C.a) in the presence of oxygen under ordinary 
pressure conditions in a rotating cell at fast and at slow 
rotational speeds. The frequency of the v4 band can be used to 
distinguish five- from six-coordinate ferrous hemes as indi- 

cated by the arrows. 
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Fig. 4. Low-frequency resonance IUman spectra of the same 
fast (F) and slowly (S) rotating pH 6.0 partially oxygenated 

sample used to generate fig. 3. 

and Mb. The key distinguishing features of 
Hb(C.a.) with respect to most other vertebrate 
hemoglobins are: (1) The shift in the frequency 
of v(Fe-His) for deoxy-Hb(C.a.) from a normal 
T-state value of approx. 215 cm-’ at pH 8 to the 
extremely low value of 212 cm-i at pH 6.0. 

Table 1 

Frequency (in cm-‘) of p(Fe-His) for equilibrium and tran- 
sient (deoxy l ) forms of deoxyhemogIobins and myoglobin 

Values of other hemoglobins and Mb are taken from refs 2, 3, 
13.18 and 36. The designations W, M, S and VS, which refer 
to the relative intensity of r(Fe-His) compared to the relatively 

invariant approx. 366 cm-’ band, correspond to weak, medium, 
strong and very strong respectively. 

Deoxy Deoxy* Deoxy* 
(10 ns) ( > 1 cs) 

Hb(C.a., pH 6.0) 212 (S) 222 (S) 212 (S) 
HL$C.a., pH 6.0+ IHP) 212 (S) 222 (S) 212 (S) 
Hb(C.a., pH 8.5) 215 (S) 222 (S) 222 (S) 
Hb(C.a., pH 6.0 + 9) 216 (‘KS) 212 (S) 

Hb(A, pH 6 + IHP) 215 (W) 226 (S) <222(w) 

I-MA, pH 8.3) 215 (TV) 230 (S) =-222(M) 
Hb(K~psey, PH 9.0) 2200 230 (S) 
mtuna, pH 7.5) 216 (M) 228 (S) 

Mb 222 222 222 

(2) The enhanced intensity of z$Fe-His) for the 
deoxy form. 
(3) Both high- and low-pH forms of COHb(C.a.) 
have identical 10 ns photoproduct spectra despite 
being functionally very distinct. 
(4) The half-liganded (oxy) low-pH form has a 
v(Fe-His) for the deoxy sites that is sharper, more 
intense and higher in frequency than the corre- 
sponding fully deoxy sample. 

4. Discussion 

In the previous sections, it was shown that the 
resonance Raman spectra of different forms of 
Hb(C.a.) exhibit distinctive features. Obvious 
questions which stem from these observations in- 
clude: 
(1) What is the structural basis for these distinc- 
tive spectral features? 
(2) To what extent do these features account for 
or reflect the extreme functional properties of 
Hb(C.a.)? 
(3) How do these features and their associated 
(if any) functional significance fit into the current 
schemes used to explain the structural basis for 
hemoglobin reactivity? 

In the following sections we shall attempt to 
address these questions. We will first explore the 
structural basis for the intensity and frequency 
behavior of v(Fe-His) and then attempt to in- 
tegrate the structural and dynamical information 
contained within the Raman spectra into a corn- 
prehensive model to account for the functional 
properties of vertebrate hemoglobins. 

4.1. Spectra and structure 

Detailed structural comparisons among a broad 
spectrum of functionally disparate species and/or 
states of hemoglobin would be ideally accom- 
plished using high-resolution X-ray crystallo- 
graphic techniques [lo]. Unfortunately, that tech- 
nique has severe constraints that limit its applica- 
bility. Insofar as the resonance Raman bands from 
hemoglobin -can be assigned to vibrations of 
specific structural degrees of freedom, Raman 
spectroscopy provides a more facile probe of the 

local structure about the ligand-binding site. The 
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iron-proximal histidine stretching mode is one of 
the better characterized [3,5,6] features in the Soret 
enhanced Raman spectrum of five-coordinate 
high-spin heme forms of hemoglobin and 
myoglobin. The behavior and properties of this 
mode as reflected in the resonance Raman spectra 
of the various forms of Hb(C.a.) indicate that 
Hb(C.a.) is not only at an extreme end-point for 
functional properties of hemoglobin but is also 
similarly extreme in the structure that determines 
the properties of v(Fe-His). Since the iron-prox- 
imal histidine linkage has been implicated in the 
control of hemoglobin reactivity, it is important to 
consider the origin of the v(Fe-His) features in the 
Hb(C.a.) spectra both as a possible explanation 
for the functional properties of Hb(C.a.) and as a 
means of exploring the range of control mecha- 
nisms within hemoglobins in general. Several stud- 
ies [3,5,6] have exposed relationships between 
frequency of v(Fe-His) and both the structure and 
functionality of the probed population. The pre- 
sent study raises the prospect that the relative 
intensity of v(Fe-His) may also be relatable to 
functional properties. This idea is further sup- 
ported by results obtained from cryogenic studies 
on myoglobin photoproducts. The temperature de- 
pendence of v(Fe-His) from the photoproduct of 
CO-Mb shows a progressive increase in the inten- 
sity of v(FeHis) in going from 2 to 200 K [5,11,12]. 
The frequency, however, does not begin to shift 
until above 100 K (Friedman, unpublished results), 
suggesting that intensity and frequency are not 
obligatorily coupled. Optical pumping of fully 
photodissociated CO-Mb samples at 4 K and 
higher temperatures induces an increase in the 
intensity of v(Fe-His) but not a change in the 
frequency [13]. It was shown that such optical 
pumping also causes a slowing in the rebinding 
kinetics [14]. Thus, a possible connection exists 
between increased v(Fe-His) intensity (relative to 
heme modes) and decreased rates of rebinding. 
This idea is additionally supported by our ob- 
servation that the slowest rebinding population of 
photodisaociated Or-Mb has a higher intensity 
v(FsHis) than the corresponding fully photodis- 
sociated CO-Mb sample at all temperatures be 
tween 2 and 80 K. (Friedman unpublished results, 
and ref. 14). 

In order to compose a structural picture that 
accounts for both frequency and intensity of 
v(FsHis) in the Hb(C.a.) spectra, it is necessary 
to have a model which relates differences in those 
parameters with variations in some specific struc- 
tural degree of freedom. In the subsequent set 
tions, we first review au earlier model that deals 
just with the frequency of v(Fe-His) and then 
develop a new and more comprehensive model 
that includes intensity as well. With this model it 
is then possible to begin addressing the issue of 
the structural basis for Hb(C.a.) reactivity. 

4. I.I. v(Fe-His) and structure: frequency 

The Raman frequency of the v(Fe-His) mode is 
an indication of the effective bond strength of the 
iron-histidine linkage: the lower the frequency the 
weaker the bond. Variations in this frequency with 
protein structure are claimed to be a direct mea- 
sure of protein-induced strain between the prox- 
imal histidine and the heme. The variation in 
frequency has been attributed to the F-helix-in- 
duced tilt of the histidine with respect to the heme 
plane (or a shift of the heme with respect to the 
F-helix) [3,5,7,15]. It is postulated that an increase 
in the protein-induced tilt results in a weakening 
of the Fe-histidine bond due to an increase in the 
nonbonding repulsive interaction between the 
heme atoms and the nearest imidazole carbon. 
The detailed X-ray picture suggests that there may 
in fact be a constellation of protein-induced steric 
influences aside from the tilt that can further 
modify the heme-histidine interaction [lo]. The 
frequency of v(FeHis) remains nonetheless an 
overall indicator of the net effective bond strength 
between the heme and the histidine for the five- 
coordinate Fe*+ systems. 

4.1.2. v(Fe-His} and structure: Raman intensity 
The v(Fe-His) band exhibits species and struc- 

ture-dependent variations not only in frequency 
[2-8, 16-201 but also in its relative intensity even 
for a given frequency. Excitation profile studies of 
v(Fe-His) show that this mode is resonantly en- 
hanced ‘through Soret band excitations [9]. This 
enhancement pattern indicates a coupling of the 
Ir-electron systems of the heme and the imidazole. 
Thus, the resonance enhancement of v(FsHis) 
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depends upon three factors: (1) coupling of the 
imidazole electronic and vibrational motions to 
the heme; (2) the homogeneous and inhomoge- 
nwus contributions to the width of the resonant 
optical transition; (3) the relative offset of the 
resonance excitation from the peak of the reso- 
nance. Several arguments can be given as to why 
only the first is likely to be the primary factor 
responsible for the difference in the relative inten- 
sity of v(Fe-His) between Hb(C.a.) and other he- 
moglobins. Since there are no sizable differences 
among absorption spectra from the various species 
of deoxy-Hb it is not at all likely that there are 
large enough differences in the optical widths to 
cause species-specific differences in the resonance 
Raman damping factors. Such an effect has been 
observed in cytochromes [21] but in this case there 
occur discernible differences in the absorption line 
shapes. Furthermore, since both the heme modes 
and the iron-histidine stretching mode are en- 
hanced through the same optical transition, varia- 
tions in the electronic damping constant should 
not preferentially influence one of these modes 
over the others. Siiarly, given. the comparable 
absorption spectra and the common Soret en- 
hancement mechanism for v(Fe-His) and certain 
heme modes [9], it is not very plausible to explain 
large species-specific variations in the relative in- 
tensity of v(Fe-His) in terms of differences in the 
offset from resonance. Since it is v(Fe-His) alone 
which displays the large variation in relative inten- 
sity and since for the reasons given above factors 
(2) and (3) are not likely to be contributory, we 
focus upon the electronic coupling between the 
imidazole of F8 and the heme as the cause of this 
intensity variation. The known variability in the 
relative orientation of the F8 imidazole and the 
heme makes this casual relationship all the more 
plausible. 

Champion andco-workers [9] have proposed an 
enhancement model based upon the interaction of 
the u * (Fe-N,,,) and v * porphyrin orbitals [9]. In 
this model, the variations in both the frequency 
and intensity of v(FsHis) stems from the cou- 
pling of the u*(FeN,,) and T* porphyrin 
orbitals. The coupling of these orbitals is a func- 
tion of the iron displacement, tilt angle (8) and 
azimuthal angle (+) (see fig. 5). Although this 

N2 

X 

Fig. 5. Angular coordinates defiig the relative position of the 
proximal histidine and the hcme macrocycle. C, and Cs, histi- 
dine carbon atoms: NI-N4, heme pyrrole ring nitrogens. The 
angle B defines the tilt of the h&dine from the heme normal 
and the angle + denotes the rotation of the projection of the 
histidine on the porphyrin plane with respect to the N(l)-Fe- 

N(3) axis. 

hypothesis has been used to account for several 
Raman observations, including the behavior of 
v(Fe-His) in the cryogenically trapped photoprod- 
uct of CO-Mb [lo], it also has implications that 
are problematic. The most significant such prob- 
lem is the implied close relationship between the 
frequency and intensity of v(Fe-His) which arises 
from the same orbital coupling mechanism con- 
tributing to both observables. As seen in the pre- 
sent work, the intensity and frequency are not 
obligatorily coupled. 

An alternative hypothesis relating geometry to 
v(Fe-His) intensity is derived from the extended 
Hiickel calculations of Schkdt and Chipman [22]. 
They showed that for protein-free iron porphyrins 
the observed azimuthal angle $B could result from 
a balance between steric interactions (favoring a 
large #) and IT interactions between the iron and 
the imidazole (favoring the eclipsed I#I = 0” con- 
figuration). Since the iron-imidazole bond is pre- 
dominantly of u character, its strength (and hence 
the frequency of v(Fe-His)) would not be signifi- 
cantly affected by variations in cp. On the other 
hand, the Soret band resonance’ enhancement of 
v(FsHis) should be sensitive to variations in t$ 
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insofar as it reflects the variation in * overlap 
between the iron and the imidazole. Consequently, 
in comparisons of systems having nearly the same 
frequency for v(FsHis), variations in the intensity 
of v(Fe-His) are to be attributed to variations in 
9. Structures having high intensity for v(Fe-His) 
are therefore assigned a smaller value for (p rela- 
tive to similar structures exhibiting lower intensity 
for v(Fe-His). Changes in the displacement of the 
iron from the heme plane are also expected to 
influence the a overlap that determines the inten- 
sity of v(FsHis). Since the displacement should 
be responsive to changes in the tilt angle 8, com- 
parison between hemoglobins having different 
v(Fe-His) values can show differences in the in- 
tensity of p(Fe-His) due to different combinations 
of rotation and iron displacement. 

4.1.3. Tilt, rotation and iron displacement: separate 
but connected degrees of freedom 

The above model leads to a clear separation 
between the factors contributing to the intensity 
and frequency of v(FeiHis). The frequency of 
v(Fe-His) is taken as a direct measure of the 
influence of proximal strain upon the iron-histi- 
dine bond strength and the intensity of v(FeHis) 
is a reflection of the protein modulated (vide 
infra) value for the azimuthal angle 9. The X-ray 
crystallographic data from various hemoglobin and 
myoglobin derivatives reveal trends that connect 
the various parameters capable of influencing 
~(FsHis) [lo]. Both the X-ray and EXAFS [23] 
studies indicate that for five-coordinate species, 
structures having lower frequencies for p(Fe*His) 
(e.g., T vis-a-vis R deoxy-Hb) have larger displace- 
ments of the iron out of the heme plane. Karplus 
and co-workers [24] have shown for hemoglobin 
that the architecture of the proximal heme pocket 
imposes a preferred value for +_ Changes in 
specific protein- and hemerelated coordinates can 
result in changes in the protein-specific ‘preferred 
value of +. In HbA and Mh where $ has a range 
of accessible values, greater values of Cp are associ- 
ated with both larger values of 8 and small or no 
displacement of the iron from the heme plane. 
Steric repulsion can be increased by either increas- 
ing the tilt angle 8 or having the iron more in 
plane. The tilt angle and the iron displacement are 

also correlatqd in that larger tilts are associated 
with greater iron displacements (possibly being 
reflected in the sterically weakened iron-im- 
idazole bond). We now propose the following pit- 
ture relating v(Fe-His) and key structural ele- 
ments associated with assorted proximal strain 
models for hemoglobin reactivity (e.g., see refs 3, 
24 and 33): 

(1) 

(2) 

(3) 

(4) 

The frequency of v(Fe-His) in equilibrium 
and transient forms of Hb and Mb is a reflec- 
tion of protein-induced proximal strain: the 
lower the frequency the greater the strain. 
In the X-ray crystallographic data, the F- 
helix-mediated proximal strain for deoxy 
heme-protein species is reflected in the tilt 
angle 8, the displacement of the iron from the 
heme plane and the related pyrrole nitrogen- 
imidazole carbon distances. 
Soret band excitations result in structure-de- 
pendent resonant enhancements for v(Fe-His) 
that depend upon electronic interactions be 
tween the imidazole and the iron. This pre 
dominantly v interaction is modulated prim- 
arily through variations in the azimuthal angle 
+ and probably to some lesser degree through 
variations in the above parameters connected 
with proximal strain. 
The parameters of proximal strain (8 and the 
iron displacement) and (p are interrelated in 
that for a given B a more out of plane iron is 
associated with a smaller + and for a given 
displacement of the iron a larger 6 (increased 
tilt) favors a larger +. 

The above proposed interplay among spectral 
and structural parameters is summarized in fig. 6. 
The shaded area represents a distribution of val- 
ues for + based on a recent [25) kinetic holabum- 
ing study [26] from which it is concluded that for 
a given tiIt angle 8 there is a distribution of 
rotational angles # with an accompanying distri- 
bution of iron displacements. Fig. 6 shows how 
the distribution shifts towards larger values of cp 
with increasing 0. It should be emphasized at this 
point that a given spectral value such as the 
frequency or intensity of v(Fe-His) represents an 



J.M. Friedman et al./ Possible new control mechanism suggested by RR Spectra from a deep ocean fish fib 51 

/FV (Fe-His) 

*Y 'Y 

DECREASING v (Fe-HI@ INTENSITY 

B-NT 

LOW 
BARRIER 

Fig 6. A schematic showing the interplay among structural and spectral parameters. In going from the left to the right, x decreases 
as occurs in tertiary structure changes associated with the T-to-R transitions. As a result of the decrease in nonbonding repulsive 
interactions between the hi&line and the heme upon decreasing 6, cp can adopt a more eclipsed couformation provided this 
movement is not constrained by the architecture of the proximal heme pocket. The rotational parameter + is represented as a 
distribution in + (see text). Associated with the distribution in @ is a distribution in the iron displacement. Thus, for a given 8 which 
is iniposed largely by the allosteric core [24] there is a linked distribution in both + and the iron displacement with the distribution of 
I# limited by the architecture of the heme Rocket. The structures having the lowest hgand-binding affinity would have a large B (low 
@r&is)) oversll tertiary structure and be aplembcr of the distribution of conformational substates that has s small 9 and a large 
iron displacement. Deoxy-Hb(C.a) appears to have both a large + and, unlike other T-state deoxy forms, a heme pocket that 

constrains q3 to low values. 

average value for some distribution of conforma- 
tional substates. 

4.2. HbA 

The Raman spectrum of deoxy-HbA shown in 
fig. 1 illustrates several key features. The 341-366 
cm-’ region contains two well-defined peaks that 
are the halhnark for the tertiary structure associ- 
ated with the heme pocket of an equilibrium de- 
oxy-Hb for either the R or T quaternary state 
[3,4]. Both low relative intensity and the 215 cm-’ 
frequency for v(Fe-His) are characteristic of 
mammalian T-state deoxyhemoglobins. It has re- 
cently been shown that these deoxy T-state fea- 
tures are invariant over a series of T-state mutant 
and chemically modified humarr deoxyhemoglo- 
bins [19]. Within the framework of the above 
model, the low frequency and low intensity of 
v(Fe-His) for deoxy-HbA stems from a tilted (large 

a), rotated (large +) histidine with an enhanced 
displacement of the iron out of the heme plane. In 
contrast to deoxy-HbA, the R-state photoproduct 
(10 ns) of liganded HbA (CO, Oz or NO) exhibits 
a v(FeHis) with both higher frequency 230 cm-’ 
and greater relative intensity [3,4,15]. The deoxy R 
forms of HbA (using either Hb(ICempsey) or the 
l-5 ps transient photoproduct of CO-HbA at 
pH I 7.0) have values for v(Fe-His) that are inter- 
mediate (222 f 3 cm-‘) between those of the de- 
oxy T and the 10 ns R-state photoproduct. These 
results are consistent with the existence of a pro- 
gression in the coupled degrees of freedom involv- 
ing the iron-histidine linkage in going from deoxy 
T to deoxy R to liganded R for HbA. The struc- 
tural picture based on the analysis of the Raman 
spectra is one in which the decrease in tilt in going 
from deoxy T to deoxy R to R-state photoproduct 
is also coupled to a decrease in azimuthal angle of 
the hi&dine and in the displacement of the iron. 
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4.3. Hb(C. a.) 

Unlike the situation for HbA, v(Fe-His) for the 
deoxy form of Hb(C.a.) shifts with decreasing pH 
from a typical T-state value (215 cm-l) to an even 
lower frequency. The observation that at pH 8 the 
frequency for deoxy-Hb(C.a.) is equivalent to that 
of deoxy-HbA implies a standard deoxy T-state 
value for the heme-histidine bond; however, the 
lowered frequency at pH 6 indicates an even 
weaker or more strained bond (‘super’ T state?). 
The spectra from deoxy-Hb (C. armatus) are un- 
usual not only because of this evidence for en- 
hanced proximal strain at low pH but also be- 
cause of the intensity pattern for v(Fe-His). The 
spectra of both the high- and low-pH forms of 
deoxy-Hb (C. armatus) differ dramatically from 
other deoxyhemoglobm spectra in that the relative 
intensity of v(Fe-His) is significantly greater for 
the former spectra. Within the context of the 
above discussion, the increased intensity of v(Fe- 
His) could be due to a proximal heme pocket that 
constrains # to low values and prevents the usual 
rotation in response to the highly tilted T-state 
heme-histidine geometry (as reflected in the low 
frequencies for v(Fe-His)). A heme-histidine 
geometry with a near zero rotation has au in- 
creased rr overlap between the heme and the 
histidine which results ‘in a greater relative reso- 
nance enhancement of v(Fe-His). This configura- 
tion has implications for reactivity as is discussed 
in section 4.5. Since the intensity for v(Fe-His) 
does not vary with changes in frequency and since 
the observed frequency at pH 8 is the same as for 
most other T-state deoxyhemoglobins, it is un- 
likely that the anomalously high intensity of v(Fe- 
His) for Hb(C.a.) originates from an atypical dis- 
placement of the iron. This conclusion follows 
because the frequency of v(Fe-His) should also be 
highly responsive to shifts in the iron displace- 
ment. It would appear that for all of these T-state 
deoxy forms the iron probably is at the extreme 
limits for being out of the heme plane. 

The low-pH form of Hb(C.a.) in the presence 
of 0, at sub-hyperbaric pressures appears to be 
half-saturated [l]. The high-frequency spectrum of 
such an oxy sample in a rotating cell spun at high 
speed (which minimizes photodissociation) is con- 

sistent with only half the binding sites being oc- 
cupied. At slower rotation speeds, the sample ex- 
hibits spectral evidence of substantial photodis- 
sociation and manifests the equilibrium deoxy 
low-frequency Raman spectra. The low-frequency 
spectrum of the unbound sites in the half-saturated 
sample reveals a v(Fe-His) that is substantially 
sharper and more intense than for the fully deoxy 
sample. This narrower band is also at higher 
frequency than the broad band for the fully deoxy 
sample. An unambiguous analysis of this result is 
not possible because it is not established whether 
or not the binding of 0, at two of the four 
binding sites induces a tertiary structural change 
that influences the unbound sites. In either case, 
the observed deoxy-heme spectrum reflects the 
structure of the low-affinity sites; nonetheless, it 
needs to be determined whether this contributing 
structure is the same as that which contributes to 
the spectrum of the fully deoxy material. Clarifica- 
tion of this issue would be achieved by generating 
the 10 ns photoproduct spectrum of the half- 
liganded sp@es and comparing it to the fully 
deoxy spectrum. Unfortunately, the sample stab& 
ity and quantity thwarted our attempts in this 
direction. However, it does look as though the 
v(Fe-His) of the half-saturated sample is the result 
of the loss of the less-intense lower frequency 
component of the composite spectrum from the 
fully deoxy sample. In this case, the pH 6.0 deoxy 
spectrum is made up of an intense band at ap- 
prox. 215 cm-’ and a much less .intense band at 
lower frequency. This interpretation implicates the 
more intense 215 cm-’ band as belonging to the 
subunits with the anomalously low affinity for Oz. 
Based on the presented model relating structure to 
the properties of v(Fe-His), the low-affinity sub- 
unit in the low-pH sample would have a histidine 
tilt somewhat greater than the j%subunit of deoxy- 
HbA (215 vs 218 cm-‘) but with the additional 
key feature of having a much more eclipsed (small 
+) hemebistidine conformation. This combination 
for Hb(C.a.) produces a weaker o bond and greater 
n overlap relative to the /3-subunit of HbA. EJC- 
tending this interpretation to the higher pH de- 
oxy-Hb(C.a.) sample, we contend that the fre- 
quencies of the (r- and &subunits are similar to 
those of deoxy-HbA but the intensity of the /3- 
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subunit continues to remain anomalously high for 
the former sample. Thus, the major difference in 
going from high to low pH for deoxy-Hb(C.a.) is a 
shift to lower frequency for v(Fe-His) in the /3- 
subunits without a change in relative intensity. 
The assignment of the unusual subunit in Hb(C.a.) 
to the fi-class is based solely on these spectral 
comparisons, since no structural data exist. 

4.4. Structural relaxation 

The Raman spectra of the deoxy-like photo- 
product of CO-Hb(C.a.) at 10 ns subsequent to 
photodissociation show that ligand binding in- 
duces persistent tertiary structure changes in the 
protein under conditions where the protein both is 
and is not cooperative (pH 8 and pH 6 + IHP, 
respectively). This protein should be contrasted 
with myoglobin where spectral evidence indicates 
a loss of ligation-induced structural features in the 
photoproduct within at most a few piwseconds 
[27-291. Persistent (> 10 ns) ligation-induced ter- 
tiary changes [18] are, however, the rule for hemo- 
globins including noncooperative structures hav- 
ing either low affinity (Hb(Kansas) [7]) or high 
affinity (I-Ib(Tuatara) [16], Hb(Kempsey) [31]). 
What is unusual in the case at hand is that the 
high- and low- (with and without IHP) pH carboxy 
samples both have essentially the same 10 ns 
photoproduct spectrum. The steady-state spectra 
taken with a rotating cell show that at low pH the 
relaxation to the equilibrium deoxy T state occurs 
faster than approx. 10 gs whereas at high pH the 
population shows very little if any relaxation over 
this time window. These findings indicate that in 
spite of nearly identical local heme-heme pocket 
conformations in the early time photoproducts, 
the photoproducts’ relaxation time is strongly 
solution dependent. As observed earlier for HbA 
[30], low-pH conditions favor faster tertiary re- 
laxation of the initial photoproduct. The tertiary 
structure relaxation of the T-state photoproduct of 
CO-I-% (tuna, Thunnus thynnus) at pH 6 was 
observed to occur within 1 ps whereas the R- 
state photoproduct of CO-HbA at high pH shows 
very little relaxation over this time scale [30]. 

4.5. Structure and reactivity 

The above analysis of the Raman data can now 
be used as a basis for an understanding of the 
functional properties of Hb(C.a.). Our goal is to 
explore systematically the functional implications 
of our structural picture in order to see if any of 
the elements of this picture are likely to be the 
cause of the exceptional functional properties of 
Hb(C.a.). We first consider the potential role of 
both the histidine tilt and rotation in the control 
of reactivity. We then examine whether these con- 
trol mechanisms are likely to be operational in 
Hb(C.a.) and to what extent Hb(C.a.) fits into the 
overall pattern of control within vertebrate hemo- 
globins. 

4.5.1. Proximal strain and the energetics of &and 
binding: the frequency of v(Fe-His) as an indicator 
of the protein spring constant 

The systematic variations in v(Fe-His) for both 
transient and stable deoxy species of hemoglobin 
indicate a corresponding systematic variation in 
the Fe-His bond strength. Despite the fact that for 
deoxyhemoglobins the different quaternary and 
tertiary structures exhibit varying degrees of strain 
in this bond (as reflected in v(Fe-His)) [32], the 
energies associated with these differences do not 
appear to be of sufficient magnitude to account 
for variations in reactivity among the different 
structures [33]. Nonetheless, these small dif- 
ferences in the dwxy structures do imply dif- 
ferences in the ligand-bound structures that 
account for functional differences. 

Each value of v(Fe-His) implies a configuration 
of the heme-histidine linkage for the probed dwxy 
species. Low frequencies of v(Fe-His) indicate a 
tilted (or ‘strained’) configuration; however, the 
out of heme plane displacement of the iron mini- 
mixes the repulsive interactions between the im- 
idazole and the heme. Based on picosecond Ra- 
man studies [27,34], it is concluded [5,31,34] that, 
to a first approximation, those structural elements 
(including histidine F8 and segments of the F 
helix) between the iron and the ai& interface can 
be viewed as a tight spring with a protein-tunable 
spring constant (see fig. 7). Movement of iron is 
coupled to this spring. The wnfiguration and sta- 
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Fig. 7. A schematic of the spring model description of the 
proximal strain contribution to ligand binding. In the absence 
of any proximal restraint (A), the drop in free energy upon 
ligand binding GL is equal to GP In cases B and C, the 
movement of ‘the iron into the heme plane requires the ad- 
ditional work (Gms) of straightening the proximal histidine 
(0 + 0”) against the pull of ihe F-helix spring. In the case of 
myoglobin (B), the anchoring of the spring is to a fixed 
structure, whereas in hemoglobins (C), there are switchable 
anchor points which correspond to the R and T configurations 
of the a& interface. The spring constant of the F helix is set 
by the c& interface. As the iron moves into the heme plane, 
the nonbonding repulsive interaction (n.b.) increase% gener- 
sting the torque that straightens the proximal hi&line (Prox. 
His,). The free energy lost from GB through Gapn_ is available 
to drive structural rearrangements such as the T -* R transition 

which modifies the spring (G,,,(T) -+ G,,,+,,,,(R)). 

bility of the a& interface have been shown to 
control the static and dynamic properties of v(Fe- 
His) [3,15,30]. Thus, the interface can be viewed as 
the element controlling the set point for the tilt of 
the proximal histidine. The tilt determines the 
nonbonding (denoted by n.b. in fig. 7) repulsive 
interactions between the heme and the hi&dine. 
This tilt-modulated interaction both contributes to 
the above spring constant and modifies the dis- 

placement of the iron (the greater the tilt the 
greater the nonbonding repulsive interaction with 
the heme and the larger the displacement of the 
iron from the herne plane in the five-coordinate 
case). The key point is that the frequency for 
v(Fe-His) indicates or reflects a specific spring 
constant (or distribution of spring constants). The 
lower the frequency of v(Fe-His) the greater is the 
spring constant. 

In the case of myoglobin at ambient tempera- 
tures where equilibrium deoxy-Mb and the deoxy 
photoproduct at 30 ps have the same frequency 
for v(Fe-His) [27], the protein structure and the 
spring constant are minimally changed by l&and 
binding and solution conditions. In contrast, he- 
moglobin exhibits ligand- and solution-dependent 
quatemary and tertiary structure changes that in- 
dicate considerable tunability of the spring con- 
stant. 

The proposed direct connection between the 
frequency of v(Fe-His) in the five-coordinate 
species and the spring constant for the movement 
of iron provides a direct link between structure 
and function. Maximum stability for the iron- 
ligand bond is a six-coordinate heme system in 
which the iron is in the plane of the heme. Raman 
and infrared studies show that in solution both R 
and T forms of at least some liganded hemo- 
globins have the same local, in-plane configura- 
tion at the iron [35,36]. To achieve this configura- 
tion upon ligand binding requires that the iron 
move from an out-of-plane to an in-plane config- 
uration. Since the spring constant (as reflected in 
v(Fe-His) in the starting five-coordinate species) is 
a function of quatemary and tertiary structure, 
different structures will require different amounts 
of energy to move the iron in plane. A key point is 
that the iron-hi&line bond is not the relevant 
spring, but rather, the changes in the iron-histi- 
dine bond strength (as reflected in the Raman 
spectra) are indications of changes in the overall 
spring that does dictate the energetics of moving 
the iron in plane. 

Calculations show that the repulsive interac- 
tions between the imidazole carbons and the pyr- 
role nitrogens increase as the iron moves into the 
heme plane [36-381. A tilted hi&dine substan- 
tially increases the repulsive interaction especially 
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when the iron is only slightly out of the heme 
plane. It has been postulated that the absence of 
R-T differences in the spectroscopic indicators of 
local structure at the iron for six-coordinate species 
in solutions indicates that as the iron goes in plane 
the repulsive interactions increase sufficiently to 
become the dominant local interactions, 
[3,4,20,23]. The net result is that in solution for 
most hemoglobin structures the repulsive interac- 
tions for the in-plane iron are sufficient to keep 
the hi&dine upright regardless of the magnitude 
of the tilt-inducing forces from the al& interface. 
Thus, as shown in fig. 7, in comparing five-coordi- 
nate systems that are unconstrained and untilted 
to ones that are constrained and tilted, the move- 
ment of the iron from an out-of-plane to an in- 
plane position requires for the latter the added 
work of straightening up the histidine against the 
pull from the interface (G+,,s in fig. 7). The pull 
on the ‘F helix spring’ which both straightens the 
histidine (B + 0 * ) and transmits state of ligation 
information to the interface is generated by the 
increase in the nonbonding interaction as the iron 
moves into the heme plane. This iron-generated 
torque on the histidine is represented in fig. 7 as a 
curved arrow extending from the heme through 
the line representing the tilted histidine. Champ- 
ion and co-workers [33] have recently taken a 
major step in making aspects of this model more 
quantitative. 

The extra low T-state frequency for v(Fe-His) 
from deoxy-Hb(C.a.) at pH 6 (with and without 
IHP) indicates an enhanced tilt or strain from the 
heme histidine configuration and hence a larger 
Gspri,,s for the movement of the iron into the heme 
plane. Based on the proposed relationship be- 
tween the frequency of v(Fe-His) and the spring 
constant controlling ligand binding, one would 
expect that if there were no other factors control- 
ling reactivity, then for the pH 6 sample, the 
subunit having the lowest frequency would have 
the lowest ligand affinity. The intense, narrowed 
v(Fe-His) band at 215 cm-’ for the partially 
oxygenated pH 6 Hb(C.a.) sample strongly implies 
that the oxygen binds to the subunit having the 
lower frequency. This result raises the issue of 
what other factors might influence the reactivity. 
Assuming that the higher frequency component of 

deoxy-Hb(C.a.) has the low affinity, we consider 
how it differs from deoxy-HbA. Studies on iron- 
metal hybrid hemoglobins show that the p-subunit 
of deoxy-HbA has a v(Fe-His) at 218 cm-’ and is 
less intense than the 266 cm-’ band [5,6,20]. The 
results on the half-oxygenated sample suggest that 
the low-affinity ‘/3 ‘-subunit in Hb(C.a.) at low pH 
is, relative to the /3-subunit in deoxy-HbA, slightly 
lower in frequency (215 vs 218 cm-‘) and very 
much more intense. Although this reduction in 
frequency for the &subunit of Hb(C.a.) should 
lower the oxygen affinity (all other things being 
equal) relative to the HbA &subunit, it seems 
likely that additional factors contribute to the 
dramatically reduced Oz affinity. This point is 
further strengthened from the results at high pH 
where the frequency of Y(Fe-His) is the same for 
deoxy-Hb (C.a.) and deoxy-HbA and yet the 
former still displays a markedly reduced ligand 
on-rate for CO compared to HbA (R. Noble, 
unpublished data). The enhanced relative intensity 
of the v(Fe-His) for the &subunit is a reasonable 
focus for the additional factor. 

4.5.2. Histidine rotation and ligand reactivity 

The substantiaIly greater intensity of v(FeHis) 
for the @-subunit of deoxy-Hb(C.a.) compared to 
that of HbA indicates, within the framework of 
our analysis, that the Hb(C.a.) histidine is in a 
more eclipsed orientation_ The nonbonding inter- 
actions between the pyrrole nitrogens and the 
eclipsing carbons of the tilted imidazole ring 
should make moving the iron into the heme plane 
energetically more costly than for a comparable 
geometry that differs only in being less eclipsed. 
Since smaller values for the azimuthal angle should 
enhance the repulsive interactions arising from the 
above-mentioned nonbonding interactions, the 
spring constant for the allosteric core should also 
depend upon 9 especially when accompanied by a 
large tilt angle 8. Thus, the spring constant and 
GJpting can be modulated by both the tilt and 
rotation of the heme-hi&dine unit. Protein con- 
trol Of the spring constant can therefore occur 
both by varying the stability of the LY& interface 
which most directly influences the histidine tilt 
and by modifying the proximal pocket so as to 
constrain the proximal histidine at a specific rota- 



56 J. M. Friea?nun ei al./ Possible new control mechanism suggested by RR spectra from a deep ocean fwh Hb 

tional angle I$. 

4.5.3. Strategies for a low-affinity hemoglobin 
Studies on iron-cobalt hybrid hemoglobin show 

that for HbA a switch from the T state to the R 
state is facilitated more by ligand binding to the 
/&subunit over the cu-subunits [39,40]. A reason- 
able strategy for generating a low-affinity hemo- 
globin that still retains the same basic ‘machinery’ 
as other vertebrate hemoglobins (such as HbA) is 
both to stabilize the T structure and to decrease 
the affinity of the /3-subunit. The general lowering 
of the frequency of v(FeHis) for deoxy-Hb(C.a.) 
at pH 6 is a strong indication of an exaggerated or 
extreme T-like a,& interface. The low frequency 
of v(Fe-His) for the early photoproduct of CO- 
Hb(C.a.) suggests enhanced stability of a T-like 
interface. An enhanced intensity for v(Fe-His) in 
Hb(C.a.) regardless of v(FeHis) frequency and 
solution conditions suggests that the proximal 
pocket has been modified to restrict tightly the 
proximal hi&line to more eclipsed configuration. 
At low pH, the combination of an increased tilt 
(lower v(Fe-His)) and a decrease in azimuthal 
angle (higher v(FeHis) intensity) for the &sub- 
unit of deoxy-Hb(C.a.) might ensure that the (Y- 
subunit preferentially binds O,, thereby minimiz- 
ing the destabilization of the T state by ligand 
binding. 

4.5.4. Structure, dynamics and reactivity 

the reactivity of this hemoglobin all originate from 
variations in proximal constraints, then the ques- 
tion arises as to how the same initial proximal 
structures as reflected by v(Fe-His) values yield 
different ligand kinetics. An answer is suggested 
from the observation (fig. 2) that although the 
initial spectra of the 10 ns transients are nearly the 
same, the microsecond transient populations are 
radically different. The low-pH sample has a mi- 
crosecond spectrum that resembles the low-pH 
dwxy sample, whereas the high-pH sample more 
closely resembles the initial photoproduct. The 
microsecond results suggest that solution condi- 
tions modulate the relaxation times for tertiary 
structures which are coupled to the heme histidine 
linkage. This result in turn suggests a modulation 
of equilibrium among relevant tertiary structures. 
The Raman data reveal three tertiary structures 
designated x1, x2, x3 in fig. 7. In the absence of 
ligand, x1 and x2 predominate at low- and high- 
pH, respectively, whereas in the presence of excess 
ligand, x3 predominates at both high and low pH. 
The Raman kinetic data imply that by increasing 
the pH of the solution in the presence of excess 
ligand, the stability of x3 is still further enhanced 
over that of x1 and x2. Thus, for a solution 
containing excess ligand at equilibrium, x3 is 
overwhelmingly the most populous species at both 
high and low pH; nevertheless, the low-pH sample 
will contain more of the minority species (x1 and 

xz)* 
The changes in v(Fe-His) at both low and high It is of interest to consider first how local 

pH in going from the stable deoxy species to the structure at the heme influences the elemental 
10 ns transient photoproduct indicate that even steps that contribute to the macroscopic parame- 
when under noncooperative ligand-binding condi- ters of reactivity. Two key steps are the intrinsic 
tions, there are at least two tertiary structures rate of iron-ligand dissociation and the ligand- 
necessary for understanding the equilibrium and binding rate from within the heme pocket. The 
kinetics of reaction of this hemoglobin with latter is the final step in any ligand-binding pro- 
ligands. The increased frequency of v(Fe-His) for cess. It has been designated by Frauenfelder and 
the low-pH photoproduct relative to the starting co-workers [41] as process I. Variations in the 
dwxy species suggests that the presence of the yield of geminate recombination are in most in- 
ligand shifts the conformational equilibrium of the stances controlled by this final step [3,5,15,40,42- 
protein toward more ‘normal’ geometries. It is 441. As a direct consequence of the proposed tight 
intriguing that the frequencies of v(Fe-His) for the spring-like coupling between the iron and the de- 
high- and low-pII photoproducts (10 ns) are very terminants of quaternary structure (vide supra), 
nearly the same despite different reaction equi- the heights of potential energy barriers for both 
librium and kinetics. If we make the plausible spontaneous dissociation and geminate recombi- 
assumption that solution-dependent differences in nation are functionally related to the iron-prox- 
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Xl x2 x3 strain (spring constant) contribution to the bar- 

v(Fe-His) = 212 cm-’ , 215 cm-‘, 222 cm-’ riers controlling reactivity. 
Applying the picture to x1-x3 leads to the 

qualitative picture shown in fig. 8, where the bar- 
rier for spontaneous dissociation increases and 
that for geminate recombination decreases in going 
from x1 to xz to x3. The structural relaxations 
which follow photolysis and exhibit variable re- 
laxation times suggest that the extrapolation from 
the kinetics of geminate processes to an under- 
standing of ligand affinity may be complex, espe 
cially if the geminate processes precede the relaxa- 
tion in the structure of the local heme pocket or 
occur during this relaxation. The reason is simply 
that the population of deoxy conformers which 
result from photolysis must in general be quite 
unlike the population which results from sponta- 
neous ligand dissociation at equilibrium. To con- 
clude otherwise is to postulate that at equilibrium 
different conformational states are involved in 
ligand binding and dissociation. This, however, 
requires that at equilibrium the binding and dis- 
sociation reactions occur by different pathways, a 
condition that violates the requirement of micro- 
scopic reversibility. Instead, the rates of ligand 
dissociation from the many conformers will vary, 
perhaps widely, reflecting differences in their 
ligand affinities and these rates along with the 
relative concentrations of the various conformers 
will define the population of states formed by 
spontaneous dissociation, whereas the photodis- 
sociation experiments are typically dominated by 
only the most populous conformational species. 
For the case at hand as shown in fig. 8, each of the 
conformational populations, defined as x1, x2 and 
x3 on the basis of v(Fe-His), has + particular 
spontaneous dissociation constant and geminate 
rebinding rate. The overall measured off-rate is a 
product of the intrinsic bond rupture rate times 
the probability that the ligand does not undergo 
geminate recombination. The 10 ns transiefit Ra- 
man data show that x3 predominates at equi- 
librium in the presence of excess ligand. If, how- 
ever, the off-rate for x3 is very low whereas for x1 
or x2 it is high, then the major pathway for 
dissociation and relaxation at equilibrium may be 
the very low population of ligand-bound x1 or x2. 
In the transient experiments only the properties of 

n I 

G,lX,) 

Hb, pH6.0 Hb, pH8.5 Hb*(lO ns) 

I I 1, I I >. I I 

0.0 0.5 CL 0.0 0.5 ” 0.0 0.5 

Fe--L ti, 

Fig. 8. A schematic of possible reaction coordinate diagrams 
detailing the changes in free cncrgy (G) upon ligand binding 
and protein structural relaxations. The protein coordinate x is 
some combination of allosteric components that define the 
functionally relevant tertiary and quatemary structure of the 
protein (i.e., heme, hi&line F8, F-helix FG comer, etc.). Also 
shown is the proposed relationship between x, G(x) and the 

frequency of the iron-proximal histidine stretching mode v(Fe- 
His). 

. 

imal histidine linkage (see figs 6-8). In many 
instances for a large variety of vertebrate hemo- 
globins, changes in solution conditions that alter 
u(Fe-His) in the photoproduct spectra also change 
the yield of geminate recombination and probably 
the rate of spontaneous dissociation. A rough cor- 
relation exists showing that a solution- or species- 
induced shift to lower frequencies for v(Fe-His) is 
accompanied by a decrease in the yield of geminate 
recombination consistent with an increase in the 
innermost barrier for process I [3,5,31,40,42,44]. A 
quantitative study of the geminate process for 
carboxy derivatives of metal hybrid forms of HbA 
shows that this innermost barrier is what mod- 
ulates the nanosecond geminate process in going 
from the R to the T states of HbA [43]. Since the 
barriers controlling geminate recombination and 
dissociation are also key elements in the full de- 
scription of ligand on- and off-rates, it is not 
surprising that a correlation with v(Fe-His) ex- 
tends to these macroscopic parameters of reactiv- 
ity as well [40,44]. Lower frequencies appear to 

correspond to structures that exhibit lower reactiv- 
ity. The emerging picture is that a value for Y(Fe- 
His) for a given structure dictates the proximal 
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x3 are probed. The similarity in the 10 ns photo- 
products at low and high pH indicates that in the 
presence of the ligand, x3 conformers dominate 
the equilibrium under both conditions. One must 
realize, however, that the rate of ligand dissocia- 
tion from this set of conformers may be vanish- 
ingly small as suggested in fig. 8. Instead, as 
discussed above, dissociation may occur pre- 
dominately from a conformer which is present in 
very small amounts but from which ligand dissoci- 
ates rapidly. The overall rate of spontaneous dis- 
sociation would then be controlled by the con- 
centration of the population of this conformer, a 
concentration which could vary widely with pH 
and still remain undetected in the population of 
the 10 ns photoproduct. The pH dependence of 
the structural relaxation observed in the Raman 
spectra is consistent with such a change in equi- 
librium populations. This is not to say that v(Fe- 
His) of the photolysis product is without interest. 
It appears to reflect the affinity of ligand binding 
to the conformer which predominates in the 
liganded state. This is one of the critical parame 
ters in the overall equation for the free energy 
change associated with ligand binding to the de 
oxygenated molecule. 

5. summaly 

The hemoglobin from the deep ocean fish C. 
urmatus has an extremely low ligand binding af- 
finity. For CO it has been shown [l] that at low 
pH the low affinity arises largely from an on-rate 
that is two orders of magnitude lower than for 
normal T-state dcoxyhemoglobins. Increasing the 
pH increases the on-rate by only a factor of seven. 
In the present study, an attempt is made to under- 
stand the origin of the low affinity through a 
resonance Raman study of the heme environment 
in high- and low-pH forms of deoxy-Hb(C.a.), 
half-saturated Hb(C.a.) and photodissociated CO- 
Hb(C.a.). For the deoxy samples, the most visible 
difference in the Raman spectra between HbA 
and Hb(C.a.) occurs in v(Fe-His), the iron-prox- 
imal histidine stretching mode. Whereas at pH 8, 
deoxy-Hb(C.a.) exhibits the same frequency for 
v(Fe-His) as deoxy-HbA, the low-pH dwxy- 

Hb(C.a.) is shifted to a lower frequency by 3 cm-’ 
relative to HbA and high-pH Hb(C.a.). At both 
pH values, the Raman spectra of dwxy-Hb(C.a.) 
are strikingly different from those of other dwxy- 
Hb samples in that the relative intensity of v(Fe- 
His) to the heme modes is substantially greater. A 
connection between the relative resonance en- 
hancement of v(Fe-His) and reactivity is made 
not only from Hb(C.a.) but also from cryogenic 
Raman studies on both optically pumped CO-Mb 
photoproducts and Mb photoproducts derived 
from different ligand-bound species. In the at- 
tempt to understand the connection between spec- 
tra and function, a model is developed in which 
the relative intensity of v(Fe-His) is modulated by 
variations in the azimuthal angle between the im- 
idazole of F8 and the iron-pyrrole nitrogen axis. 
The azimuthal angle modulates the n-electron 
coupling between the heme and the histidine. A 
discussion is presented that both relates the histi- 
dine tilt and rotation to each other and to iron 
displacement and connects these Raman detect- 
able structural parameters to ligand binding reac- 
tivity. The resulting picture, in conjunction with 
data on Hb(C.a.) half-saturated with 9, suggests 
natural and synthetic strategies for developing ul- 
tra low-affinity hemoglobins. 

A discussion is also given on the relationship of 
the transient Raman data to the kinetic pararne- 
ters associated with equilibrium measurements. 
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