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ABSTRACT: We have measured and analyzed the pH dependence of the 695 nm charge transfer band of
horse heart ferricytochrome c as a function of pH between 7.0 and 10.5 at high (50 mM) and low (0.5
mM) phosphate ion concentrations. Our data clearly reveal that the transition from the native state (III)
to the two alkaline states (IV) involves two deprotonation steps which cannot be assigned to the two
different lysine ligands associated with the two alkaline states. While the respective pK values are rather
similar at high phosphate concentrations (9.23 and 9.14), they are clearly different at low anion
concentrations (9.65 and 8.5). Apparently, the deprotonation that can be assigned to a pK of 8.5 populates
an intermediate state termed III*, in which M80 is still an axial ligand. A comparison of Soret band CD
spectra suggests that III* bears some similarity with the recently characterized thermally excited state
IIIh. Our data suggest that the current picture of the alkaline transition is incomplete. The obtained results
might be of relevance for characterizing the structure of ferricytochrome c bound to anionic phospholipids.

Cytochrome c is a small heme protein in the intermem-
brane space of the mitochondria. It mediates the electron
transfer from cytochrome c reductase to cytochrome c
oxidase (1, 2), plays a pivotal role in apoptosis (3), and is
also involved in the aggregation of R-synuclein, which is
responsible for Parkinson’s disease (4). Moreover, this
protein has been used extensively as a model system for
protein folding studies. The non-native states of cytochrome
c play an important biological role in vivo (1-3, 5-8), so
that the functional diversity reflects the conformational
flexibility of the oxidized state. This relationship between
structure and function led to a continuous interest in the
transition of native ferri state III (populated at room
temperature and neutral pH) to alkaline state IV, in which
the M80 ligand of the heme is replaced with either K73 or
K79 (9-17). The details of this reaction are still not fully
understood.

Most investigations of the III f IV and other conforma-
tional transitions of the oxidized protein were carried out at
high anion concentrations to maximize its stability (10, 12,
15-17). However, this complicates any meaningful ther-
modynamic analysis, because many anions bind to the
positive patches on the protein surface (18, 19). This binding
causes small structural changes which are nevertheless likely
to be functionally relevant because they affect the Fe-M80
linkage between the heme and the flexible Ω-loop of the
protein (20-24), which is a key determinant of the redox

potential. Electrochemical studies of Sola and co-workers
showed that the apparent pK value of the alkaline transition
decreases with an increase in ionic strength (13, 19), but its
dependence on anion binding has not yet been investigated
in structural terms. Investigating the structure and dynamics
of ferricytochrome c at low ionic strengths is of particular
relevance due to the fact that it is necessary for, e.g., the
complex formation with Apaf-1 and anionic lipids (3, 8).

The charge transfer band at 695 nm in the optical spectrum
of ferricytochrome c has frequently been used for studying
the III f IV transition, since it disappears in the alkaline
state (9). Recently, we showed that this band can be
subdivided into three sub-bands that can be assigned to
subconformations of the Fe3+-M80 linkage (24-26). More-
over, we found that the binding of H2PO4

- ions at pH 6
causes a rather dramatic increase in the oscillator strength
of the bands (24). We interpreted this as being indicative of
a strengthening of the functionally pivotal Fe3+-M80 linkage
due to anion binding to the positively charged patch of
cytochrome c. In this study, we measured the absorption and
CD (circular dichroism) profile of the 695 nm band as a
function of pH between 7.0 and 10.5 at high (50 mM
phosphate buffer) and low (0.5 mM phosphate buffer)
phosphate ion concentrations. The study, which was guided
by the desire to study (a) the involvement of these substates
in and (b) the influence of anion binding on the alkaline
transition, yielded results which suggest that the current
understanding of the alkaline transition has to be revised.

MATERIALS AND METHODS

Preparation of the Solution. Horse heart cytochrome c was
purchased from Sigma-Aldrich Co. (St. Louis, MO) without

† D.V. was the recipient of a Maryanoff fellowship for summer
research in Drexel’s Chemistry Department.

* To whom correspondence should be addressed. Phone: (215) 895-
2268. Fax: (215) 895-1265. E-mail: rschweitzer-stenner@drexel.edu.

‡ Department of Chemistry.
§ Department of Biology.

Biochemistry 2009, 48, 2990–29962990

10.1021/bi802208f CCC: $40.75  2009 American Chemical Society
Published on Web 02/17/2009



further purification and dissolved in 0.5 mM (low phosphate
ion concentration) and 50 mM potassium phosphate buffer
(high phosphate ion concentration). A protein concentration
of 5 mM was used for measurements of the 695 nm band
region. Selected absorption and CD spectra of the B-band
region were recorded with a protein concentration of 0.05
mM for both buffer concentrations. A small amount of
potassium ferricyanide was added to each sample before
proceeding to ensure complete oxidation.

Spectroscopy. A Jasco J-810 spectropolarimeter purged
with N2 was used to obtain the charge transfer (CT) and Soret
band CD spectra. The CT band was recorded between 650
and 740 nm using a 10 mm quartz cell (Helma) with a data
pitch of 0.2 nm, a continuous scanning speed of 50 nm/min,
a response time of 1 s, and a bandwidth of 2.5 nm. A total
of five accumulations for each pH were averaged at 20 °C.
The Soret band region was measured between 350 and 550
nm using a 1 mm quartz cell with a data pitch of 0.1 nm, a
continuous scanning speed of 500 nm/min, a response time
of 1 s, and a bandwidth of 2.5 nm. A total of five
accumulations for each pH were averaged at 20 °C. FTIR
spectra of the highly concentrated sample (i.e., 5 mM) in a
0.5 mM H2PO4

- buffer were recorded using a Biotools Chiral
IR spectrometer with a 20 µm CaF2 cell and 50 scans with
an 8 cm-1 resolution in the amide I′ region.

Titration of Cytochrome c. The sample cell was filled with
2 mL of the 5 mM cytochrome c solution. The pH was
measured with a micro size glass combination electrode
(Fisher Scientific) directly in the sample cell as a function
of 1 µL aliquots of NaOH being added, which increased the
pH by ∼0.2. The accuracy of the pH determination was
(0.01 pH unit. Absorption and CD spectra were recorded
after each titration step until the 695 nm band was no longer
detectable. This titration required, at the most, only 30 µL
of 0.1 M NaOH. The corresponding dilution effect was
negligible. We also measured the spectrum with a much
lower concentration (0.5 mM) at pH 9 and reproduced the
band profile observed with the higher concentration used for

this study (Figure S1 of the Supporting Information; some
deviations between the two profiles are due to problems with
the baseline corrections for the 0.5 mM measurement). This
rules out aggregation as a cause for the observed results, in
accordance with the results of earlier sedimentation measure-
ments, which showed that horse heart cytochrome c is
monomeric at millimolar concentrations, since aggregation
is prevented by the positively charged lysine residues which
constitute the docking site for cytochrome c oxidase (27). A
similar check was performed at neutral pH (26).

Decomposition of Spectra. Before the spectra were pro-
cessed for analysis, reference spectra were used for back-
ground subtraction. MULTIFIT (28) was used to decompose
both the absorption and the CD band profile of the 695 nm
band into sub-bands. In contrast to the strategy adopted in
earlier studies (24, 26), we did not subtract a baseline prior
to the spectral decomposition process, because we found the
final result to be somewhat dependent on the selection of
the baseline type offered by MULTIFIT. Instead, the original
band profiles were fitted by superimposing a set of Gaussian
sub-bands with a quadratic function to account for the
baseline predominantly constituted by the low-energy wing
of the Q-band. Self-consistency of our analysis was achieved
by using the same spectral parameters for all absorption and
CD spectra. The thus obtained half-widths of the sub-bands
were 500 cm-1 for S2, 500 cm-1 for S3, and 540 cm-1 for
S4, and the corresponding wavenumber positions were 14.02
× 103, 14.40 × 103, and 14.7 × 103 cm-1, respectively. The
integrated intensities of the sub-bands obtained from the fits,
which are measures of the oscillator strength (absorption)
and rotational strength (CD), were plotted as a function of
pH to construct the titration curves.

RESULTS AND DISCUSSION

We measured and analyzed the absorption and circular
dichroism (CD) profile of the 695 nm band of horse heart
ferricytochrome c between pH 7.0 and 10.5 in increments

FIGURE 1: Absorption and CD band profiles (left column) of the 695 nm band of horse heart ferricytochrome c measured at pH 7 with a
50 mM phosphate buffer. The profiles were decomposed with a procedure described in Materials and Methods. Integrated (absorption)
intensities (right column) of sub-bands S3 (b) and S4 (2) as a function of pH measured with 50 mM (top panel) and 0.5 mM phosphate
buffer (bottom panel).
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of 0.2 by adopting the protocol described above. The bands
were self-consistently analyzed by being decomposed into
sub-bands, which have the same half-widths, bandshapes,
and wavenumber positions in the respective absorption and
CD spectra. To this end, we adopted a protocol which is
slightly different from that used by Dragomir et al. (25), as
described in Materials and Methods. Figure 1 (left column)
shows the band profiles measured at pH 7.0 at high phosphate
ion concentrations. We found that the band is dominated by
two sub-bands with rather different rotational strengths,
which correspond to sub-bands S3 and S4 of Dragomir et
al. (25). Sub-band S2 is very weak and will not be assessed
in this study. The sub-bands are assigned to charge transfer
transitions in different conformational substates of the
Fe3+-M80 linkage for reasons detailed in earlier publications
(25, 29). The intensity distribution is somewhat different from
what Shah and Schweitzer-Stenner obtained with the same
buffer concentration (24). This difference might in part be
due to the different strategies of spectral decomposition but
should be predominantly attributed to the different pH values
at which the respective experiments were conducted. A pH
dependence of the 695 nm band between 6 and 7 has recently
been reported (26).

The right column of Figure 1 exhibits the integrated
intensities:

of the sub-bands S3 and S4 as a function of pH. The pH
dependences of the respective rotational strengths Rj

are shown in Figure 2. ε and ∆ε denote the wavenumber-
dependent molar extinction and ellipticity coefficients,
respectively, and fj reflects the (apparent) oscillator and
rotational strength of considered sub-band j.

The titration curves of ferricytochrome c in 50 mM
phosphate buffer are clearly monophasic and could be easily
fitted by a simple protonation model, which assumes one
(effective) pK value and some cooperativity reflecting the
Coulomb interactions between protonatable groups in the
heme pocket. The respective equation reads

where K is the dissociation constant of the protonation
process and f j

III is the integrated intensity of the jth substate
of native conformation III. A similar equation can be
formulated for Rj(pH). Cooperativity is reflected by Hill
coefficient n. The fit of eq 3 to the f(pH) and R(pH) data
obtained at high phosphate concentrations yielded pK
values of 9.2 ( 0.1 and 9.1 ( 0.1 for S3 and S4,
respectively. The corresponding Hill coefficients of 1.14
and 1.6, respectively, are significantly different. The pK
values are close to what Blouin et al. observed under
nearly the same experimental conditions (14). By linear-
izing the titration curve, these authors showed that two
protonatable groups with slightly different pK values are
involved in the III f IV transition. We utilized the same
equation and also obtained two pK values, i.e., 9.3 and

8.8. Blouin et al. assigned the two pK values to the parallel
transitions from III to isomers IVa and IVb. As shown in
Figures 1 and 2, the titration curves obtained at low anion
concentrations are clearly biphasic. This has not yet been
observed. On the other hand, the pH dependence of the
redox potential is still monophasic at low ionic strengths
(13). One is tempted to explain the biphasic titration by
invoking coexisting IV isomers in which K73 and K79
are coordinated to the heme iron (11, 12). The reaction
scheme would thus read as

The pH dependence of the sub-bands’ intensities fj thus
reads as:

where Ka and Kb are the dissociation constants for the
protonation of IVa and IVb, respectively, and κ ) [IVa]/[IVb]
is the equilibrium constant for the IVaT IVb isomerization.
Note that Kb is substituted in eq 4 with Kaκ to reflect the
conservation of Gibbs energy in a thermodynamic cycle. A
formal derivation of eq 4 is given in the Supporting
Information. The thus described titration is not biphasic and
can therefore not explain the biphasic behavior of f(pH). As
a matter of fact, the model cannot explain the two similar
but distinguishable pK values derived from the titration at
high anion concentrations either. We invoked an alternative
model which assumes two protonatable sites for each isomer.
This scheme involves four different protonation states, but
if pK1 . pK2, only a single intermediate (with one proton
bound) will be substantially populated. We call this inter-
mediate, for which the 695 nm band still exists, III*. The
reaction scheme reads as

where K1, K1′, K2, and K2′ denote the equilibrium constants
of the indicated conversions. In the absence of any evidence
to the contrary, we assumed that the two considered
protonation processes proceed independently, so that K1 )
K1′ and K2 ) K2′. Thus, the pH dependence of the absorption
band intensities can be written as

fj ) ∫ εj(ν̂) dν̂ (1)

Rj ) ∫∆εj(ν̂) dν̂ (2)

fj(pH) ) f j
III[1 + ( K

[H3O]+)n]-1
(3)

fj(pH) ) f j
III{1 + [Ka(1 + κ)

[H3O]+ ]n}-1

(4)
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where f j
III* is the intrinsic intensity of the intermediate.

Equation 5 is based on the assumption that III1* and III2*
exhibit the same f value, Of course, this is not necessarily
the case, but as shown by our analysis, this minimal model
I is sufficient to explain our data. The fit of eq 5 to the
biphasic titration curves (Figures 1 and 2) yielded a pK1 of
9.6 ( 0.1 and a pK2 of 8.5 ( 0.1. for the S3 substate. The
pK1 value is slightly different for S4 (i.e., 9.54). The f values
of the different protonation states are listed in Table 1. The
respective pK values obtained from the fits to the four
titration curves of S3 and S4 are identical within the limit
of their statistical error. The titration curves for the rotational
strength were analyzed as well by means of the same
formalism; the results are also listed in Table 1. We used
the obtained parameters to calculate the mole fractions �i

(i ) III, III1*, III2*, and IV). The result is depicted in Figure
3a. At neutral pH (7.0), nearly all proteins of the sample are
in the III state (�III ) 0.99), whereas state III1* is predominant
at pH 9.0 (�III1* ) 0.91). At pH 10, 91% of the proteins adopt
alkaline state IV. For the sake of comparison, we used the
two pK values inferred from the titrations performed with
high anion concentrations (i.e., 8.8 and 9.3) to calculate the
respective mole fractions of the protonation states. To this
end, we used the Hill coefficient obtained from fits to the
titrations obtained with high anion concentrations for n1 and
n2. The results are displayed in Figure 3b. They reveal that
states III and IV are still dominant at pH 7.5 and 10,
respectively. Compared with the situation at low anion
concentrations, intermediate state III1* is now less populated
at pH 9.0 (compared with the situation at low anion

concentrations), and the respective mole fraction �III1* ≈ 0.4.
The occupation of state III2* is small (�III2* ≈ 0.1), but not
negligible.

It should be mentioned in this context that at least one pK
(pK2) should be considered as an apparent value which
reflects two consecutive steps. As shown by Davis et al.,
kinetic measurements revealed a two-phase kinetics of the
alkaline transition at high ion concentrations (9). The
deprotonation occurs at a rather high pH (pKH ) 11.0) and
is followed by a rather slow conformational transition to yield
the final alkaline state. This second step gives rise to the
much lower apparent pK value (9.0). It is obvious that the
kinetic intermediate observed by Davis et al. cannot be
identified with any of the III* states, because the conforma-
tional transition identified by their measurements is unimo-
lecular and cannot be discriminated from the protonation step
by equilibrium measurements.

Our results clearly reveal a two-step mechanism for the
IIIf IV transitions. The first step involves the formation of
state III*, for which the 695 nm band still depicts oscillator
and rotational strength. If this band can be assigned to a S
f Fe3+ charge transfer as suggested, our results indicate that

FIGURE 2: Rotational strength of the S3 (b) and S4 (9) sub-bands at 0.5 mM potassium phosphate (left) and 50 mM potassium phosphate
(right). The solid lines were generated from the fit described in the paper.
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Table 1: Parameters Obtained from the Fits of the Titration Curves of
the Indicated Sub-Bands of the Absorption (top part) and CD Band
Profile (bottom part)a

band pK1 pK2

f III

(M-1 cm-2)
f III*

(M-1 cm-2) n1 n2

S3, 50 mM 9.2 ( 0.1 136 0 1.14
S3, 0.5 mM 9.6 ( 0.1 8.5 ( 0.1 115 54.5 2.2 2.86
S4, 50 mM 9.1 ( 0.1 61 0 1.6
S4, 0.5 mM 9.5 ( 0.1 8.6 ( 0.1 59 18.5 2 4

band pK1 pK2

RIII

(M-1 cm-2)
RIII

(M-1 cm-2) n1 n2

S3, 50 mM 9.2 ( 0.1 9 0 1.14
S3, 0.5 mM 9.6 ( 0.1 8.5 ( 0.1 13 6.7 2.2 2.86
S4, 50 mM 9.1 ( 0.1 38 0 1.6
S4, 0.5 mM 9.6 ( 0.1 8.6 ( 0.1 25 10.5 2 4

a The titration curves obtained for cytochrome c in 50 mM phosphate
buffer were fitted with a model assuming the involvement of a single
protonatable group, whereas the titration curves observed for cyto-
chrome c in 0.5 mM phosphate buffer were fitted with a model
assuming two protonatable groups, as outlined in the paper; f III (RIII)
and f III* (RIII*) are the oscillator (rotational) strengths associated with
states III and III*, respectively. Hill coefficients (n1 and n2) were used to
account for cooperativity.
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M80 is still coordinated to the heme iron, though the
respective interaction energies are certainly weaker than those
in III. This leads us to suppose that III* is very similar to
though not identical with thermal intermediate IIIh (15),
which we recently showed to be different from state IV,
contrary to claims in the literature. Figure 4a shows the
visible CD spectra of the B-band taken at pH 8.0 (III), 9.0
(III*), and 10.0 (IV) at low ionic strengths. Not only is the
state III* spectrum clearly distinct from that of state IV, it
also closely resembles the CD spectrum of IIIh reported by
Hagarman et al. (15), in that it displays a symmetric couplet
which is diagnostic of substantial B-band splitting by the
internal electric field of the protein (30). This splitting is
(nearly) absent in alkaline state IV. For the sake of
comparison, we also measured the corresponding CD spec-
trum of the B-band region of the protein in the 50 mM
phosphate buffer, which are shown in Figure 4b. At pH 8.0,
the couplet appears upshifted (i.e., increase in the maximum
at the expense of the minimum) compared with the respective
CD signal in Figure 4a. This is in agreement with the CD
spectra reported by Shah and Schweitzer-Stenner (24), which
were taken at more acidic pH. At pH 10, the positive Cotton
bands seem not to depend on the anion concentration. At
pH 9, the spectrum obtained with high anion concentrations

is only slightly different from that obtained at pH 8 and thus
much more pronounced than the signal obtained at low anion
concentrations, indicating that state III is even more popu-
lated at pH 9 than suggested by the somewhat hypothetical
mole fractions displayed in Figure 3b.

One might suspect that protein aggregation might become
involved at the chosen low anion concentration, because of
the high protein concentration, which exceeds the molarity
of the buffer. As mentioned in Materials and Methods, the
similarity of 695 nm band profiles recorded with protein
concentrations of 5 and 0.5 mM rules out this possibility
(Figure S1 of the Supporting Information). The very fact
that the band still exists in state III* also argues against
aggregation, which has been shown to lead to its elimination
(31). To be absolutely sure about this issue, we measured
the amide I′ FTIR spectrum of the 5 mM sample under low-
ionic strength buffer conditions. The FTIR spectra from 1600
to 1700 cm-1 (amide I′ region) are characteristic of an
R-helix, with a single band centered at 1650 cm-1, and no
indication of aggregation (Figure S2 of the Supporting
Information).

Recently, a structural model of one of the alkaline states
(M80f K73) has emerged from a very detailed NMR study
by Assfalg et al. (16). The investigation was carried out at
pH 11, which ensures the population of state IV and to some
extent even state V (12). The results revealed that the
proximal side of the heme cavity, which contains axial ligand
H18, remains intact. Structural changes involve predomi-
nantly the 70-80 loop and the 50s helix. This result implies
that the electronically induced splitting of the Soret band
probed by its CD spectrum is produced by charges in the
flexible distal loop of the protein. The intermediate state still
exhibits this splitting and distinguishes itself from state III
only by a more symmetric couplet, which could reflect a
reorientation of amino acid residues in the 70-80s loop
rather than the structural changes observed for state IV (16).
Hagarman et al. suggested F82 as a very likely candidate
(15), based on its established influence on the CD couplet
of the Soret band (32).

Our results suggest the necessity to revise the current
picture of the III f IV transition. The two deprotonation
processes recently assigned to III f IVa and III f IVb

transitions in a parallel reaction scheme must instead be
understood as reflecting two consecutive reactions, i.e., the
population of an IIIh-like intermediate and the subsequent
transition into either IVa or IVb. Anion (phosphate ion)
binding increases the pK value of the III f III* transition,
whereas the opposite is the case for the III*f IV transitions.
A comparison with the electrochemical data reported by the
Sola group (13, 19) suggests that it is the IIIf III* transition
which actually causes the decrease in the redox potential at
alkaline pH. The Hill coefficients of the two transitions are
apparently much smaller than those obtained from the two-
state analysis of the titration at high phosphate ion concentra-
tions. Since the exact mechanism underlying the cooperativity
of proton binding is not yet understood, one can only
speculate about the reasons for the lower cooperativity at
low ion concentrations. X-ray scattering studies have shown
that the protein is less compact at low ionic strengths (33),
so that the interaction energy between proton binding sites
becomes smaller, thus reducing cooperativity.

FIGURE 3: pH dependence of the mole fractions of the protonation
states derived from an analysis of the titration curves in Figures 1
and 2 at (a) a low phosphate concentration and (b) a high phosphate
concentration (state III, solid line; state III1*, dashed line; state III2*,
dashed-dotted line; state IV, dotted line).
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It has to be mentioned in this context that the existence
of a thermodynamic intermediate of the III f IV transition
of horse heart cytochrome c has recently been reported by
Weinkam et al. (17). These authors used a very elegant
technique, i.e., the selected deuteration of side chains in
combination with FTIR spectroscopy, to probe structural
changes involved in the alkaline transition. The experiments
were conducted at high phosphate (50 mM) and sodium
chloride (200 mM) concentrations, so that their results are
not directly comparable with those of our study. Their results
led them to subdivide the alkaline transition into two steps
with midpoints at pH 8.8 and 10.2. They attributed the former
to a transition from state III to an intermediate designated
as state 3.5, whereas the second step was assigned to the
formation of state(s) IV. The IIIf 3.5 transition was found
to involve only conformational changes of the M80 ligand,
but not any of the lysine ligands. There are several differ-
ences between their results and ours. Weinkam et al. claim
that the IIIf 3.5 transition leads to a complete disappearance
of the 695 nm band, which can therefore not be interpreted
as reflecting a loss of the Fe-M80 coordination, which they

thought still existed in 3.5. Intermediate state III* inferred
from our data still exhibits considerable 695 nm band
intensity and rotational strength. Moreover, the Weinkam et
al. study did not explicitly consider the finding of Blouin et
al. (14), who showed that the monophasic titration curve of
the 695 nm band observed at high phosphate ion concentra-
tions can still be decomposed into two protonation steps,
which we could now clearly resolve at low anion concentra-
tions. This indicates that state III1* also becomes populated
with high anion concentrations, though in a very small pH
range and to a much lesser extent than observed at low anion
concentrations (cf. Figure 3b). We therefore conclude that
state 3.5 reported by Weinkam et al. is not identical with
state III1* inferred from our study. However, we wonder
whether 3.5 could be identified with state III2*, which, as
argued above, can become populated at high anion concentra-
tions.

We wonder about the possibility that state III* is involved
in a conformational transition caused by the binding of
cytochrome c to anionic phospholipids. Belikova et al. used
the 695 nm band to probe structural changes caused by

FIGURE 4: CD spectra of the Soret band region of ferricytochrome c recorded at pH 8.0 (solid line), 9.0 (dotted line), and 10.0 (dashed line)
at low (a) and high (b) ionic strengths.
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interactions between the protein- and cardiolipin-containing
liposomes and found the intensity of the band to be
substantially reduced at low ionic strengths (8). They
interpreted this as reflecting a protein fraction for which the
ligand (M80) has been lost. This misligation would be a IV-
like conformation. Our results reveal the possibility that the
liposome-protein interaction actually stabilizes state III*.
Experiments for testing this hypothesis are underway in our
laboratory. Antalı́k et al. reported an increase in the 695 nm
band upon the binding of polyglutamate to horse heart
ferricytochrome c in a 2 mM phosphate buffer (34). This
would be in line with results of Shah and Schweitzer-Stenner,
who showed that an occupation of anion binding sites yields
an increase in the 695 nm oscillator strength (24). However,
a comparison of the spectra reveals that hydrogen phosphate
ions are much more effective in this regard.

SUPPORTING INFORMATION AVAILABLE

Derivation of eq 4, Figure S1, and Figure S2. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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