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absorption spectra of superlattices. 
The difference in the cathodic quantum yields between LMS 

electrodes with an undoped epilayer and a p-doped epilayer is due 
to photocurrent generated in the p-n junction that exists in the 
former configuration. The photocurrent from the configuration 
with the p-doped epilayer is derived only from the superlattice 
layers; a p-n junction does not exist here. The progressive loss 
of the peak structure in LMS electrode samples that have been 
progressively etched is, of course, additional proof that the pro
nounced cathodic photocurrent peaks arise only from the super-
lattice layers. 

The higher quantum yields for the thin-barrier LMS compared 
to the thick-barrier LMS electrode result from enhanced tunnelling 
and miniband formation in the thin-barrier superlattice. The 
equivalence of the photocurrent spectra for both SLS and LMS 
electrodes with either liquid or solid contacts shows that the 
behavior of superlattice electrodes described here is not related 
to the nature of the junction material. 

Finally, in our previous publications on LMS and SLS elec
trodes,1"3 we suggested that changes in the photocurrent action 
spectra with changes in the redox potential of electron acceptors 

From the very beginning, the nature and role of intermediates 
in cooperative ligand binding to hemoglobin (Hb) has been difficult 
to define.1 First there is the problem of direct observation of 
partially liganded states in unmodified hemoglobins. Low-tem
perature redox trapping of partially liganded HbCO has recently 
established their existence quantitatively and determined whether 
the site(s) of CO binding is in the a or /S chains.2 The more 
difficult problem of obtaining structural information about the 
intermediates and relating this to the mechanism of cooperativity 
has typically been approached with modified or hybrid hemo
globins.3 These studies tend to be contradictory with respect to 
preferential ligand binding to the a or /3 chains,4 but nevertheless, 
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in solution should serve as evidence for hot electron injection from 
the superlattice electrodes into solution. However, a detailed 
quantitative analysis of the kinetics of electron transfer from 
superlattice electrodes7 together with the present results on SLS 
photoelectrodes indicates that this interpretation is not sufficiently 
general and may not be valid for our previous experimental 
conditions. Therefore, further experimental work is required to 
unequivocally establish the importance of hot electron transfer 
processes in superlattice electrodes. 
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there is a growing evidence for preferred intermediate states. 
Many of these must have distinct tertiary structure and some3di5 

may have quaternary structures that are distinct from the T or 
R state. In this paper, we show that 31P NMR spectroscopy can 
be used as a direct probe of ligand binding to unmodified Hb. Two 
distinct intermediates are seen. Both appear to involve preferential 
binding to the a chains in the T state or in a modified quaternary 
structure T'. 

Results and Discussion 

The ligand used is a phosphine, PMe3, which is small enough 
to complex Hb. We have previously shown that the iron-bound 
31PMe3 chemical shifts are sensitive to the presence of the globin: 
separated NMR signals can be observed for PMe3 bound to the 
hemes of the a and /3 chains in the R state.6 The 31P NMR 
spectrum of partially liganded hemoglobin solutions is shown in 
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Figure 1. 31P NMR spectrum of Hb as a function of increasing fraction 
bound to PMe3 (P). Peak A is the absorbance due to /3(PMe3) subunit 
(R state); B is due a(PMe3) subunit (R state); C and D are due to the 
partially liganded intermediate species, (a) Without IHP; (b) with IHP 
(3.6 equiv/tetramer). 

Figure la. In addition to the resonances characteristic of fully 
liganded HbPMe3,6 A (26 ppm, /3 chains) and B (24.8 ppm, a 
chains), two additional resonances C and D are present in the 
intermediate ligation range (8% —• 24%). At low saturation ( F 
= 8%) the smaller of these resonances D appears 1.5 ppm upfield 
of the a subunit of HbPMe3 resonance B (R state) whereas the 
larger intermediate resonance C appears only 0.3 ppm upfield of 
the resonance B. The positions of all four peaks are independent 
of the amount of trimethylphosphine addition, and both resonances 
C and D disappear at high saturation. 

Reversibility of the PMe3 ligation is accomplished by an 
equilibrium exchange experiment utilizing CO. For example, 
human hemoglobin saturated with PMe3 exhibits absorbance 
measurements at Xma.< = 434, 535, and 560 nm.6a Addition of 
CO leads to a decrease in the intensity of these peaks and the 
concomitant appearance of new peaks at 419, 540, and 569 nm 

(6) (a) Bondon, A.; Petrinko, P.; Sodano, P.; Simonneaux, G. Biochim. 
Biophys. Acta 1986, 872, 163-166. (b) Bondon, A.; Sodano, P.; Simonneaux, 
G.; Craescu, C. T. Biochim. Biophys. Acta 1987, 914, 289-293. 
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Figure 2. Observed equilibrium curve for the binding of PMe3 to hem
oglobin. The fractional saturations were determined from observations 
at two wavelenghts: Xma, = 535 and 561 nm (Hb =1.5 mM) in 0.1 M 
Tris-HClat pH 7.1, 20 0C. 

which are known to correspond to CO bound Hb.7 Determination 
of the absorption coefficient shows the absence of denaturation 
during this process. 

Although phosphines have been used in previous studies on 
cytochrome P4508 and chloroperoxydases,9 the affinities of these 
ligands for hemoglobin have never been determined. The plot of 
the fractional saturation of hemoglobin versus the concentration 
of unbound ligand10 is represented in Figure 2. As expected, the 
equilibrium data exhibit markedly cooperative behavior as evi
denced by the sigmoid nature of the binding curve and a large 
Hill coefficient (n = 2.3). 

Analysis of the ligand-binding data in molecular terms was 
dependent on the identification of the subunits influencing the 
NMR probe. Studies on the mercury-free a and /3 chains of Hb 
yield results that do not differ greatly from those of PMe3 bound 
to these subunits in an intact tetramer. For the a(SH) subunit, 
a shift is observed 0.5 ppm upfield from resonance B (S = 24.3 
ppm) and for the /3(SH) subunit (which exists as a tetramer) a 
shift is observed 0.5 ppm downfield from resonance A (6 = 26.5 
ppm). The resonances resulting from 31PMe3 bound to the a 
subunit of the different hemoglobins generally occur in the region 
of 24 ppm downfield from H3PO4; rabbit hemoglobin is an ex
ception (22.9 ppm).6 In contrast the resonance of 31PMe3 bound 
to the /3 subunits of the various hemoglobins occurs in the region 
of 26 ppm downfield from H3PO4.6 This leads us to suppose that 
the two high-field resonances (C and D) of the intermediates that 
are further upfield shifted from the a resonances in the R state 
may represent a-heme bound PMe3. In order to ascertain which 

(7) Antonini, E.; Brunori, M. In Hemoglobin and Myoglobin in their 
Reaction with Ligands; North Holland: Amsterdam, 1971; Chapter 2, p 19. 
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V. J. Inorg. Biochem. 1979,;/, 189-204. Anderson, L. A.; Sono, M.; Dawson, 
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its protonated form in buffer solutions (pH 7.1). Titrations of the ferrous 
protein (1.5 mM), which were carried out in the presence of a slight excess 
of sodium dithionite under a nitrogen atmosphere, showed reproductible re
sults; corrections due to the ligand basicity were not accomplished. A reso
nance at -2.8 ppm was observed by 31P NMR and attributed to a [PMe3, H]+ 
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Intermediate Ligation States of Hemoglobin 

subunit is liganded in the intermediate species, the influence of 
the binding of inositol hexaphosphate (IHP) to human hemoglobin 
at intermediate stages of ligand saturation also has been studied 
by 31P NMR (Figure lb). In the presence of IHP, the chemical 
shift of PMe3 bound to the a or /3 subunits of HbAo is unaffected 
but the intensity of each resonance is greatly modified. The 
presence of IHP at low saturation ( F = 8%) leads to an increase 
in the intensity of the intermediate resonances C and D, and the 
disappearance of resonance A (/? subunits)." Organic phos
phates,12 such as 2,3-diphosphoglycerate (DPG) and inositol 
hexaphosphate (IHP), are known to bind between the /3 chains 
of deoxyhemoglobin and stabilize the T state. In 1970, using X-ray 
evidence, Perutz suggested that a chains have a higher affinity 
for ligand when hemoglobin is in the T state.10 The role of VaI 
67 in blocking the /3-heme pocket has been confirmed by X-ray 
analysis of the deoxy structure.13 Consequently, the intermediate 
resonances C and D must represent the PMe3 bond to the a 
subunit(s) at intermediate stages of ligand saturation.14 Thus, 
by stabilizing the T state of the hemoglobin tetramer, the presence 
of IHP would be expected to encourage preferential ligation of 
the a chains, a prediction that seems to be substantiated by this 
work on the binding of PMe3. Moreover, the determination of 
the relative magnitude of NMR resonances A/B + C + D (0/a) 
without IHP suggests that in the early stage of ligand binding, 
the a chains of Hb exhibit higher affinity for PMe3 than the /3 
chains, even in the absence of IHP. 

The comparison of the 1H NMR spectra with 31P NMR spectra 
of partially liganded HbPMe3 confirms this observation. We 
previously asigned the prominent peak at -3.4 ppm to the a-PMe3 

subunit and the peak at -3.2 ppm to the /3-PMe3 subunit (Figure 
3).6b There are two major conclusions that can be drawn from 
the ratio of the intensities of the a and /3 resonances in the 1H 
NMR spectra. First, as expected the preference for the a chains 
is maintained. Second the ratio between the ligated a chains 
(calculated by using the sum of B (R state) and C + D (T or T' 
state) resonances for a subunits) and the ligated /3 chains (reso
nance A) in the 31P NMR spectra is in good agreement with the 
degree of the difference in affinity for PMe3 between the a and 
/3 subunits observed in the 1H NMR spectra. These conclusions 
are consistent with the extensive 1H NMR studies on the binding 
of O2 and CO to HbA reported by Ho et al., who have shown that 
in the presence of organic phosphates, the a chains have a much 
greater affinity than those of the /3 chains.5a'15 While the 31P 
NMR spectroscopy can be used as a direct probe of intermediate 
ligation states of hemoglobin, the 1H chemical shift of ligated PMe3 

to a or /3 chain is independant of the Hb quaternary structure. 
This is quite unexpected since perturbations in the /3 heme pocket 
induced by a thiol reagent were detected in both 1H and 31P 
spectra.615 However, comparison of the 31PMe3 chemical shift of 
Fe(PMe3)(TPP)(Im) and Fe(PMe3)(TPP)(2-MeIm) reveals that 
the 31PMe3 chemical shift of the latter (5 = 22.2 ppm) is upfield 
shifted (Ad = 1 . 5 ppm) relative to the corresponding 31PMe3 

resonance of the unhindered imidazole complex (<5 = 23.7 ppm).14 

Similarities in chemical shift of model compounds and hemoglobin 
intermediates are coincidal but the relative values (the T state 
induces a highfield shift) are consistent with proximal histidine 

(11) Because of the instability of the protein in high PMe3 concentration 
with IHP, the fractional saturation above K= 0.50 cannot be inferred from 
the last two spectra. A similar result was previously reported with ethyl 
isocyanide as ligand, see: Dill, K.; Satterlee, J. D.; Richards, J. H. Bio
chemistry 1978, 17, 4291-4293. 

(12) Benesch, R.; Benesch, R. E. Biochem. Biophys. Res. Commun. 1967, 
26, 162-167. 

(13) Fermi, G.; Perutz. M. F.; Shaanan, B.; Fourme, R. J. MoI. Biol. 1974, 
175, 159-174. 

(14) The great sensivity of the 31P chemical shift to electronic modification 
in ferroporphyrin models is currently explored in relation to the protein study, 
see: Simonneaux, G.; Sodano, P. J. Chem. Soc, Dalton Trans., in press. 

(15) Lindstrom, T. R.; Ho, C. Proc. Natl. Acad. Sci. US.A. 1972, 69, 
1707-1710. Lindstrom, T. R.; Ho, C. Biochemistry 1973, 12, 134-139. 
Johnston, M. E.; Ho, C. Biochemistry 1974, 13, 3653-3661. Viggiano, G.; 
Ho, N. T.; Ho, C. Biochemistry 1979, 18, 5238, 5247. Ho, C; Lam, G. H.; 
Takahashi, S.; Viggiano, G. In Hemoglobin and Oxygen Binding; Ho et al., 
Ed.; Elsevier: New York, 1982; pp 144-149. 
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Figure 3. 1H NMR spectrum of the region from -2 to -4.5 ppm high-
field from DSS for Hb as a function of increasing fraction bound to PMe3 

(T). Dotted lines illustrate the methods for determining the area ratios 
of the two resonances. 

constraint in the mechanism of cooperativity.16 

The strong, preferential binding to the a chain in the T state 
with respect to the /3 chain was recently supported by crystallo-
graphic studies of doubly oxygenated crystals which show a T state 
hemoglobin with oxygen bound to the a chains but not to the # 
chains.50 The Hill coefficient for the oxygenation of HbA is about 
3 and that for the binding of PMe 3 is only 2.3. Thus, one would 
expect to accumulate more ligation intermediates in the binding 
of PMe 3 to HbA than in the binding of O2 to HbA.17 The present 

(16) Collman, J. P.; Gagne, R. R.; Reed, C. A.; Robinson, W. T.; Rodley, 
G. A. Proc. Natl. Acad. Sci. U.S.A. 1974, 71, 1326-1329. Collman, J. P.; 
Brauman, J. I.; Doxsee K. M.; Halbert, T. F.; Suslick, K. S. Proc. Natl. Acad. 
Sci. U.S.A. 1978, 75, 564-568. 
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results support also the prediction of the allosteric model, recently 
proposed by Gill et al., that carbon monoxide ligation occurs first 
at a chains in the T state and then at the /9 chains after the 
conformational transition to the R state.18 Like CO binding which 
is also cooperative, PMe3 binding is turning out to be a useful 
model for the physiologically important binding of O2. 

Experimental Section 
Adult human hemoglobin was prepared in the usual manner from 

fresh whole blood samples obtained from the local blood bank.6 The a 
and /3 subunits of human hemoglobin were separated and purified as 
described by Geraci et al." A stock solution of sodium inositol hexa-
phosphate (IHP) (obtained from Sigma as the sodium salt) was added 
to the hemoglobin samples to a final concentration of 3.6 molar excess 
per Hb tetramer when required. Deoxygenated human hemoglobin so
lutions (1.5 mM) in the Tris-HCl buffer (0.1 M, pH 7.1) were intro
duced in argon-filled NMR tubes. A small amount of sodium dithionite 
(= 1 mg) was injected in the deoxy sample to be sure it was completely 
deoxygenated. Small aliquots (10-60 nh) of standard phosphine solution 

(17) Reviewer communication. 
(18) Di Cera, E.; Doyle, M. L.; Connelly, P. R.; Gill, S. J. Biochemistry 

1987, 26, 6494-6502. Di Cera, E.; Robert, C. H.; Gill, S. J. Biochemistry 
1987, 26, 4003-4006. Gill, S. J.; Di Cera, E.; Doyle, M. L.; Bishop, G. A.; 
Robert, C. H. Biochemistry 1987, 26, 3995-4002. 

(19) Geraci, G.; Parkhurst, L. J.; Gibson, O. H. /. Biol. Chem. 1969, 244, 
4664-4667. 

Hydrogen bonds are responsible for much of the specificity seen 
in the conformations of proteins1 and nucleic acids,2 in enzyme-
substrate binding,3'4 and in replication,5 transcription,6 and 

(1) Cantor, C. R.; Schimmel, P. R. Biophysical Chemistry; W. H. Free
man: San Francisco, 1980; pp 86-154. 

(2) Cantor, C. R.; Schimmel, P. R. Biophysical Chemistry; W. H. Free
man: San Francisco, 1980; pp 168-204. 

(3) Ferscht, A. R.; Leatherbarrow, R. J.; Wells, T. N. C. TIBS 1986, 11, 
321-325. 

(4) Ferscht, A. R.; Shi, J. P.; Knill-Jones, J.; Lowe, D. M.; Wilkinson, A. 
J.; Blou, D. M.; Brick, A.; Carter, P.; Waye, M. M.; Wincer, G. Nature 
(London) 1985, 314, 235-238. 

(5) Watson, J. D. Molecular Biology of the Gene, 3rd ed.; W. A. Benja
min: London, 1976; pp 208-246. 

(6) Watson, J. D. Molecular Biology of the Gene, 3rd ed.; W. A. Benja
min: London, 1976; pp 288-300. 

were then added. Stock solutions containing 0.26 MPMe3 were prepared 
by dissolving 40 mg of fresh PMe3 in 2 mL of degassed water. 

Visible and NMR spectra were observed concurrently at various stages 
of ligand binding. NMR samples were transferred anaerobically to a 
flushed cell usuable for optical absorbance measurements on samples with 
high absorbance. The percentage of ligation Y was determined by 
measurement at Xmax = 535 (e 22.8 mM"1 cm"1) and 560 nm (« = 24.6 
mM"1 cm"1) with extinction coefficients taken from the fully liganded 
form of the protein. The 1H and proton decoupled 31P NMR spectra 
were recorded in a pulse Fourier transform mode with a Brucker AM 300 
WB spectrometer operating at 300 MHz for 1H and at 121.49 MHz for 
31P. In 1H NMR experiments, lines were drawn along the sides of each 
resonance, giving an essentially triangular representation of the area of 
each resonance. The area was then measured with a planimeter. The 
probe temperature was maintained at 20 0C. 1H and 31P chemical shifts 
were respectively measured with respect to (trimethylsilyl)propane-
sulfonic acid and H3PO4 external standards. The chemical shift scales 
are defined as positive in the low-field direction with respect to the 
references. 

Ultraviolet-visible spectra were recorded with a Jobin Hitachi spec
trometer. The pH values of the samples were measured on a Bioblock 
Model 93301 pH meter equipped with a Schott electrode (A 90438). 
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translation7 of the genetic code. Of the many different techniques 
that have been employed to study hydrogen bonds during the past 
20 years, NMR spectroscopy has proved to be especially useful. 
The chemical shifts of magnetically active nuclei, such as 1H, 13C, 
and 15N, often show substantial displacements when groups bearing 
these atoms engage in hydrogen bonding.8"10 This information 
is useful for detecting specific hydrogen bonds and studying the 
thermodynamic properties of hydrogen-bonded complexes. 

NMR techniques have been widely used to study the structures 
of nucleic acids. In a pioneering study, Katz and Penman" 

(7) Watson, J. D. Molecular Biology of the Gene, 3rd ed.; W. A. Benja
min: London, 1976; pp 303-342. 

(8) Iwahashi, H.; Kyogoku, Y. J. Am. Chem. Soc. 1977, 99, 7761-7765. 
(9) Poulter, C. D.; Livingston, C. L. Tetrahedron Lett. 1979, 755-758. 
(10) Griffey, R. H.; Poulter, C. D. Tetrahedron Lett. 1983, 24, 4067-4070. 
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Abstract: 13C NMR spectra were recorded for chloroform solutions of 2',3'-0-isopropylidene-5'-C>-acetyladenosine (1), 
2',3',5'-0-tribenzoyluridine (2), 2',3'-0-isopropylidene-5'-0-acetyluridine (2a), 2',3'-0-isopropylidene-5'-0-(ferf-butyldi-
methylsilyl)guanosine (3), and 2/,3/-6>-isopropylidene-5'-0-(?e«-butyldimethylsilyl)cytidine (4) in which the imino hydrogens 
were partially exchanged with deuterium. Upfield two-bond deuterium isotope effects (DIE) on 13C chemical shifts were detected 
under conditions of slow exchange as multiple peaks for the appropriate resonances and ranged in magnitude from 40 ppb 
for the amino interaction with C2 in guanosine to 217 ppb for the imino interaction with C4 in the uridine self-association 
dimer. 13C chemical shifts and DIEs for 2 were measured at 12 different concentrations from 219 to 231 K. The data were 
used in an iterative procedure to estimate chemical shifts at C2 and C4 for monomeric and dimeric forms of 2, equilibrium 
constants and enthalpies for self-association, and the distribution of isomeric self-association dimers. Enthalpies for formation 
of hydrogen bonds to C2 and C4 in 2 were similar, AH = -1.8 kcal/mol. DIEs at C2 and C4 increased upon formation of 
a hydrogen bond to the carbonyl oxygens. The maximal increase for each center was estimated to be 90 ppb. Small increases 
were also observed in DIEs when nucleosides 1-4 were mixed with their complementary bases. 
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