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ABSTRACT: Site-directed mutagenesis in combination with Fourier transform infrared difference spectroscopy
has been used to study how hydrogen bonding modulates the electronic and physical organization of
P700, the primary electron donor in photosystem I. Wild-type PS I particles fromChlamydomonas
reinhardtii and a mutant in which ThrA739 is changed to alanine [TA(A739) mutant] were studied. ThrA739
is thought to provide a hydrogen bond to the chlorophyll-a′ molecule of P700 (the two chlorophylls of
P700 (P700+) will be called PA and PB (PA

+ and PB
+)). The mutation considerably alters the (P700+-

P700) FTIR difference spectra. However, we were able to describe all of the mutation induced changes
in the difference spectra in terms of difference band assignments that were proposed recently (Hastings,
G., Ramesh, V. M., Wang, R., Sivakumar, V. and Webber, A. (2001)Biochemistry 40, 12943-12949).
Upon comparison of mutant and wild type (P700+-P700) FTIR difference spectra, it is shown that (1)
the 133 ester carbonyl modes of PA and PB are unaltered upon mutation of ThrA739 to alanine. (2) The
133 ester carbonyl modes of PA

+/PB
+ upshift/downshift upon mutation. These oppositely directed shifts

indicate that the mutation modifies the charge distribution over the pigments in the P700+ state, with
charge on PB being relocated onto PA. We also show that the 131 keto carbonyl mode of PB/PB

+ is unaltered/
downshifted upon mutation, as is expected for the above-described mutation induced charge redistribution
in P700+. Although the 133 ester carbonyl modes of the chlorophylls of P700 in the ground state are
unaltered upon mutation, the 131 keto carbonyl mode of PA upshifts upon mutation, as does the 131 keto
carbonyl mode of PA+. For P700 in the ground state, bands that we associate with HisA676/HisB656
upshift/downshift upon mutation. For the P700+ state, bands that we associate with HisA676/HisB656
also upshift/downshift upon mutation. These observations are also consistent with the notion that the
mutation leads to the charge on PB

+ being relocated onto PA+. In addition, we suggest that a hydrogen
bond to the 131 keto carbonyl of PA is still present in the TA(A739) mutant, probably mediated through
an introduced water molecule.

Photosystem I (PS I)1 is one of the two light activated
enzymes present in the thylakoid membrane of plants algae
and cyanobacteria. Light activation of PS I results in the
generation of an electrical potential gradient across the
membrane. The energy in the electrical potential gradient is
harnessed via a series of biochemical processes that ulti-
mately result in the generation of ATP and/or reducing
products, which are necessary precursors in a series of dark

reactions that lead to carbon assimilation (1-3). In PS I,
the generation of an electrical potential gradient is achieved
by the light induced oxidation of a dimeric chlorophyll-a
species called P700. The electron from the oxidation process
is transferred across the membrane via a sequential series
of electron acceptors called A0 (a chlorophyll species), A1
(a phylloquinone), and FX (an iron sulfur complex) (4). The
electron-transfer cofactors in PS I are bound to two mem-
brane spanning proteins calledPsaA andPsaB. In PS I, there
are two symmetrical sets of electron carriers bound toPsaA
and B, and it is unclear if ET occurs down one or both of
these symmetrical branches (5-8). The two chlorophylls that
constitute P700 sit at the juncture of the two branches, with
a Chl-a molecule bound toPsaB and a Chl-a′ molecule
bound toPsaA (9, 10). The structure and numbering scheme
for Chl-a is outlined in Figure 1. Chl-a′ is a 132 isomer of
Chl-a. Throughout this paper, the two Chls of P700 are
termed PB and PA. In the oxidized state (P700+), these Chls
are termed PA+ and PB

+.

Although there appears to be a high degree of symmetry
in the ET chain in PS I (9, 10), this symmetry does not extend
to P700, the primary electron donor. It is therefore likely
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that the electronic and structural organization of P700 is tied
to the degree of ET directionality in PS I. The possibility
that P700 could modulate ET directionality, and the highly
resolved PS I crystal structure (9, 10), has renewed interest
in research aimed at investigating the electronic and physical
organization of P700.

From the 2.5 Å PS I crystal structure, PA and PB are well-
resolved (Figure 2, (9, 10)). The two pigments are asym-
metrically bound, with PA being involved in a hydrogen (H)
bond network with several surrounding amino acid residues
and a water molecule (Figure 2 (9, 10)). PB is not involved
in H-bonding. Figure 2A shows that the hydroxyl oxygen
of ThrA743 is 2.98 Å from the 131 keto carbonyl (CdO)
oxygen of PA. In addition, the ThrA743 hydroxyl oxygen is
2.7 Å from the oxygen atom of a water molecule (H2O-19).
If ThrA743 is oriented such that its hydroxyl group provides
an H-bond to the 131 keto CdO of PA, then the lone pair of
electrons on the hydroxyl oxygen of ThrA743 are well-
positioned for H-bonding with H2O-19. Importantly, the
strength of the H-bond provided by ThrA739 to the 131 keto
CdO of PA is dependent on the proton from H2O-19 pointing
toward ThrA739. H2O-19 could also be involved in H-
bonding to the backbone oxygen of GlyA739 (Figure 2C,D),
the side chain O-H of TyrA603 (Figure 2E), or the backbone
oxygen of SerA607 (Figure 2F). H2O-19 and TyrA603 could
also be H-bonded to the bridging ester oxygen of PA. We
also note that ThrA743 could be H-bonded to the bridging
ester oxygen of PA (Figure 2A,C). The 133 ester CdO of PA

appears to be free from H-bonding. Finally, TyrA735 could
be H-bonded to the 173 ester CdO of PA or to the backbone
of SerA607. In Figure 2, theS. elongatusamino acid
numbering scheme was used. All of the amino acids in Figure
2 are conserved inChlamydomonas reinhardtiiand are
numbered; TyrA600, SerA604, TyrA731, GlyA735, and
ThrA739. In addition, inC. reinhardtii, the axial histidines
to PA and PB are HisA676 and HisB656, respectively. We
will use C. reinhardtii numbering throughout this paper.

Removal of ThrA739, and the possible H-bond to the 131

keto CdO of PA, could disrupt the H-bond network, which

could alter the properties of P700. To investigate these altered
properties, we have constructed a site-directed mutant from
C. reinhardtii (strain P71, see Materials and Methods) in
which ThrA739 has been changed to alanine. This mutant
is termed the TA(A739) mutant. The preferred orientation
of substituted Ala(A739) is shown in Figure 2B. At present,
it is unclear if PA in C. reinhardtiiPS I is a Chl-a′. It is also
unclear if PA is a Chl-a′ in the mutants in which ThrA739
has been substituted, although Witt et al. (11) claim to have
determined (unpublished) that one Chl-a′ molecule is present
in their WT PS I particles fromC. reinhardtii and in all
mutant PS I particles in which ThrA739 has been substituted.
This suggests that PA is a Chl-a′ in both WT and TA(A739)
mutant PS I particles.

Here, we have used (P700+-P700) FTIR difference and
double difference spectroscopy (DDS) to analyze mutation
induced alterations in the molecular and electronic structure
of P700 and P700+. Witt et al. also produced (P700+-P700)
FTIR DS for their ThrA739 site-directed mutants. However,
these authors did not produce FTIR DDS and provided only
a partial and incomplete interpretation of their spectra.

MATERIALS AND METHODS

Site-Directed Mutagenesis.The point mutations were
created as described (12). After sequencing to confirm the
point mutations, the plasmid DNA was coated onto 1-µm
diameter gold particles and introduced into algae chloroplast
ballistically. The recipient strains ofC. reinhardtii were
KRC91 (P71 FUD7 psaA∆) or KRC94 (P71 FUD7 psaB∆),
which had no PS II and lowered antenna content to simplify
PS I purification for biophysical analyses. Transformants
were selected by resistance to the antibiotics spectinomycin
and streptinomycin. The mutations within the transformants
were confirmed by PCR using purified genomic DNA as
the template. The control strain (wild type) KRC1003 was
made by crossing anac2strain with aP71strain to create a
nac2 P71double mutant, containing no PS2 and lowered
amounts of light harvesting complexes. Cells were grown
in Tris-acetate-phosphate medium (13) at 25°C in low light.
Thylakoid membranes and PS I particles were prepared as
described (7).

For all FTIR experiments, PS I particles were pelleted and
placed between a pair of CaF2 windows. No mediators were
added, although identical spectra were obtained in the
presence of a mixture of ferri/ferrocyanide (data not shown).
All experiments were performed at room temperature. FTIR
spectra were recorded using a Bruker IFS/66 FTIR spec-
trometer. Spectra were collected before, during, and after
light excitation from a helium-neon laser, as described (14).
All spectral analyses (subtractions, second derivative calcula-
tions, Fourier deconvolution, and curve fitting) were per-
formed using the software package OPUS, supplied by
Bruker Instruments. No smoothing procedures were applied
to any of the data presented here. Data were collected using
4 or 2 cm-1 resolution. In spectra collected at 2 cm-1

resolution, a data point is collected every 0.62 cm-1. For
Fourier deconvolution of the spectra, the following variables
were used: bandwidth, 1.0 and resolution enhancement, 8
(deconvolution factor, 535; noise reduction factor, 4.5). In
all deconvolved spectra, no sign of spurious bands, or bands
due to water vapor, were observed in any spectral region,

FIGURE 1: Molecular structure and IUPAC numbering scheme for
chlorophyll-a (Chl-a). Chl-a′ is a 132 isomer of Chl-a.
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including the 2000-1770 cm-1 region. The 2000-1770 cm-1

region contains no difference bands. The lack of any features
in the deconvolved spectra in the 2000-1770 cm-1 region
is testimony to the appropriateness of the Fourier deconvo-
lution procedures used (15-17).

RESULTS

Figure 3 shows (P700+-P700) FTIR DS obtained using
WT (top) and TA(A739) mutant (middle) PS I particles from
C. reinhardtii, in the 1800-1200 cm-1 region. The [WT-
TA(A739)] DDS is also shown (bottom). The spectra in
Figure 3 were collected with the instrumental resolution set
at 4 cm-1. The mutant spectrum was scaled by a factor of
2.0. This scaling minimizes the amplitude of the bands in
the DDS in the 7000-1200 cm-1 region (data not shown,
but see Figure 3). Figures 4A and 5A show expanded views
of the spectra in Figure 3, in the 1770-1700 and 1740-

1580 cm-1 spectral regions, respectively. We have performed
identical sets of measurements using PS I membranes, and
the [WT-TA(A739)] DDS for both membranes and particles
are identical (data not shown). This indicates that the PS I
particle preparation procedures did not modify the molecular
environment of P700 in the WT or the mutant.

The FTIR DDS in Figure 4A suggest that the positive
difference band at 1753.7 cm-1 downshifts slightly upon
mutation. Although the shift is observable in the FTIR DDS
in Figure 4A, it is not well-resolved in the FTIR DS. To
fully characterize the mutation induced band shifts in the
1770-1580 cm-1 spectral region, data was also collected at
2 cm-1 resolution, and these spectra are shown in Figures
4B and 5B.

The very high signal-to-noise ratio in our experiments
allows effective application of Fourier deconvolution meth-
ods (15-17) to the spectra in Figure 5B. Figure 5C shows

FIGURE 2: Several views of the molecular geometry around ring V of PA. Possible H-bonding interactions are shown (green, dotted).
Figures were generated using Swiss PDBViewer and the crystallographic coordinates of PS I at 2.5 Å resolution (PDB IJB0). In panel A,
ThrA743 (ThrA739 inC. reinhardtii) and a nearby water molecule (red circle) are shown. In panel B, the geometry when ThrA743 is
changed to alanine is shown. (C) Another view of the same species as in panel A (except GlyA739), and possible hydrogen bonding
interactions, are also shown. (D) Same species as in panel C with TyrA735, and possible hydrogen bonding interactions, are also shown.
(E) Same species as in panel D with TyrA603, and possible hydrogen bonding interactions, are also shown. (F) Same species as in panel
E with SerA607, and possible hydrogen bonding interactions, are also shown.

Modulation of Hydrogen Bonding to P700 Biochemistry, Vol. 42, No. 33, 20039891



the results of Fourier deconvolution of the FTIR DDS in
Figure 5B. Similar results were obtained by first deconvolv-

ing the FTIR DS in Figure 5B and then obtaining the [WT-
TA(A739)] FTIR DDS by subtraction (data not shown).

Deconvolution procedures are widely used to enhance the
resolution of amide I and II absorption bands of proteins
(15-17). This enhancement is a crucial step in estimating
the component bands that underlie the amide I and II
absorbance bands. Fourier deconvolution procedures have
also been used to analyze protein secondary structural

FIGURE 3: (A) (P700+-P700) FTIR DS obtained using WT (top)
and TA739 (middle) PS I particles fromC. reinhardtii, in the 1800-
1200 cm-1 region. The [WT-TA(A739)] double difference spectrum
is also shown (bottom). The mutant spectrum was scaled to the
WT spectrum in a manner that minimizes the amplitude of the bands
in the double difference spectrum in all spectral regions. Spectral
resolution was 4 cm-1.

FIGURE 4: (A) (P700+-P700) FTIR DS obtained using WT (solid)
and TA(A739) mutant (dotted) PS I particles fromC. reinhardtii,
in the 1770-1700 cm-1 region. These spectra were collected at 4
cm-1 resolution. The [WT-TA(A739)] DDS is also shown (bottom).
(B) Same spectra as in panel A but collected at 2 cm-1 resolution.

FIGURE 5: (A) (P700+-P700) FTIR DS obtained using WT (solid)
and TA(A739) mutant (dotted) PS I particles fromC. reinhardtii,
in the 1740-1580 cm-1 region. The [WT-TA(A739)] DDS is also
shown (bottom). Spectra were collected at 4 cm-1 resolution. (B)
Same spectra as in panel A but collected at 2 cm-1 resolution. (C)
Expanded view of the FTIR DDS shown in panel B (dotted). Also
shown is the FTIR DDS obtained after Fourier deconvolution of
the DDS in panel B (solid). Deconvolution parameters were
bandwidth, 1.0 and resolution enhancement, 8 (deconvolution factor,
535; noise reduction factor, 4.5). See OPUS software notes from
Bruker Instruments for details.
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changes in temperature induced FTIR DS (18, 19). The
Fourier deconvolution procedures applied here are limited
by our instrumental resolution of 2 cm-1. Thus, no bands in
the deconvolved spectra can have a bandwidth less than 2
cm-1. All of the bands in the FTIR DDS in Figure 5C are
significantly greater than 2 cm-1, and Fourier deconvolution
has therefore been applied appropriately.

DISCUSSION

In (P700+-P700) FTIR DS, negative bands correspond
to modes of P700 (in the ground state) while positive bands
correspond to modes of P700+. One advantage of FTIR DS
therefore is that it provides information on molecular modes
of both P700 and P700+ (20, 21). In the ensuing discussion,
we will distinguish between modes of P700 or P700+. We
will specify band peak frequencies to 0.1 cm-1. These peak
frequencies are found by interpolation. At 2 cm-1 resolution,
however, the interval between data points is 0.62 cm-1.

133 Ester CdOs. Much of the interpretation of bands in
(P700+-P700) FTIR DS is based on studies of modified
Chls (22-24) and their corresponding cations (25) in organic
solvents. Presently, it appears to be accepted that that the
1753.7(+)/1747.8(-) cm-1 difference band in WT FTIR DS
(Figure 4A) is due to an upshift of the 133 ester CdO of PB

upon cation formation. For Chl-a in organic solvent, the 133

ester CdO absorbs at 1742 cm-1 and upshifts 12 cm-1 upon
cation formation (25). In addition, the difference band at
∼1742.4(+)/1734.4(-) cm-1 (Figure 4A) is thought to be
due to the 133 ester CdO of PA. This difference band is not
well-resolved at 4 cm-1 resolution. In the spectra collected
at 2 cm-1 resolution, the difference band is clearly resolved,
at 1741.3(+)/1734.2(-) cm-1. In Figure 4B, a weak deriva-
tive feature is also clearly observed at 1730.7(+)/1728.0-
(-) cm-1 in the WT FTIR DS. The origin of this weak
feature is not clear. It could be due to one or both of the 173

ester CdO modes of PA and PB. The∼1731(+)/1728 cm-1

difference feature is weak because the 173 ester CdO is
distantly located from the charge distribution over the Chl
macrocycle.

The fact that there are two 133 ester CdO bands in
(P700+-P700) FTIR DS was taken as an indication that
P700 is dimeric (25). The fact that they absorb at different
frequencies indicates different environmental perturbations
on each of these modes. It was suggested that the lowered
frequency of the 133 ester CdO mode of PA could indicate
that it is H-bonded (25, 26). However, the structural data in
Figure 2 indicate that the 133 ester CdO of PA is not
H-bonded. Two mechanisms could account for the lowered
frequency: (1) the 133 ester CdO is coupled to the bridging
ester oxygen, which is H-bonded (Figure 2C). We note,
however, that the ester oxygen is likely to be a weak H-bond
acceptor (11). (2) The lowered frequency of the 133 ester
CdO of PA could also result from the fact that PA is a Chl-
a′ and/or the fact that ring V of PA (unlike PB) is considerably
bent out of the plane of the macrocycle (Figure 2C,F).

Mutation Induced Alteration of the 133 and 173 Ester Cd
Os of PA (PA

+) and PB (PB
+). In the WT FTIR DS in Figure

4B, two difference bands are observed at∼1753.1(+)/
1748.2(-) and∼1741.3(+)/1734.2(-) cm-1. The negative
bands at 1748.2(-) and 1734.2(-) cm-1 do not appear to

shift upon mutation, although both bands appear slightly
decreased in intensity. The positive band at 1753.1(+) is
downshifted to 1752.4 cm-1 upon mutation, while the
positive band at 1741.3(+) cm-1 upshifts to 1742.6 cm-1

(Figure 4B). Although the difference band shifts are small,
they are clearly resolved, especially in the double difference
spectrum in Figure 4B. The derivative feature at 1754.5(+)/
1749.8(-) cm-1 in the DDS in Figure 4B is a very strong
indication that only the positive band at 1753.1(+) cm-1 in
the WT spectrum downshifts upon mutation, while the
negative band at 1748.4 cm-1 does not shift. Similarly, the
derivative feature at 1744.7(-)/1740.5(+) cm-1 in the DDS
in Figure 4B indicates that the positive band at 1741.3(+)
cm-1 in the WT FTIR DS upshifts upon mutation, while the
negative band at 1734.2 cm-1 does not shift. The oppositely
directed mutation induced shifts of the 1753.1(+) and
1741.3(+) cm-1 bands in the WT spectrum (Figure 4B) give
rise to the decrease in intensity of the 1748.2 cm-1 difference
band upon mutation. Given the assignments for the 133 ester
CdO bands of PA/PA

+ and PB/PB
+ outlined previously (see

also Table 1), these observations indicate that that the 133

ester CdO modes of PB+/PA
+ downshift/upshift upon muta-

tion, while the 133 ester CdO modes of PB/PA are unaffected
by the mutation.

Finally, the single derivative feature at 1734.1(-)/1730.5-
(+) cm-1 in the DDS in Figure 4B suggests that a positive
difference band at 1730.7 cm-1 has upshifted to∼1734.1
cm-1 in the mutant. The band at 1728.7(-) cm-1 appears to
be little affected by the mutation. Above, we suggested that
the 1730.7(+) cm-1 band in the WT FTIR DS in Figure 4B
is due to one of the 173 ester CdOs. The fact that it upshifts
upon mutation would then indicate that it is due to the 173

ester CdO of PA
+.

The 1730.7(+) cm-1 band displays a mutation induced
upshift that is larger than the shifts observed for the 133 ester
CdO difference bands. This most likely indicates some
modulation of the H-bond network in the vicinity of the 173

ester CdO of PA, as it is unlikely that a charge redistribution
within PA

+ and PB
+ would significantly impact the mode

frequency of the 173 ester CdO of PA. If the H-bond network
is modified, then this suggests that ThrA739 is coupled to
the network. This then indicates that it is likely that the water
molecule H-bonds to the side chain hydroxyl oxygen of
ThrA739.

From electrochemical studies of Chl-a and Chl-a+, it is
known that the 133 ester CdO modes increase in frequency
upon cation formation. For example, the ester difference
bands in Figure 4A upshift upon cation formation. These
observations suggest that absorption frequencies of the ester

Table 1: Mutation Induced Shifts in Frequency of the CdO Modes
of P700 and P700+ Taken from Figures 4B and 5B

WT TA(A739) shift assignment

1753.1 1752.4 -0.7 133 ester CdO of PB
+

1748.2 1748.2 0 133 ester CdO of PB

1741.3 1742.6 +1.3 133 ester CdO of PA
+

1734.2 1734.2 0 133 ester CdO of PA

1730.7 1734.1 +3.4 173 ester CdO of PA
+

1728.0 1728.0 0 173 ester CdO of PA

1716.1 1712.8 -3.3 131 keto CdO of PB
+

∼1704.0 ∼1704.0 0 131 keto CdO of PB

1694.8 1698.7 +3.9 131 keto CdO of PA

1686.4 1688.7 +2.3 131 keto CdO of PA
+

Modulation of Hydrogen Bonding to P700 Biochemistry, Vol. 42, No. 33, 20039893



CdO groups of Chls will decrease/increase as the amount
of positive charge on the Chl decreases/increases. Therefore,
the mutation induced shifts of the difference bands in Figure
4 suggest (1) the electronic configuration of P700 in the
vicinity of the 133 and 173 ester CdOs is unaltered by the
mutation. (2) In the mutant, the positive charge over PA

+

and PB
+ is distributed differently from that of WT. Charge

on PB
+ in the mutant is reduced relative to that of WT, while

charge on PA+ in the mutant is increased relative to WT.
That is, mutation of ThrA739 to alanine modifies P700+,
with charge on PB being relocated onto PA. This model is in
good agreement with mutation induced changes associated
with the 131 keto CdO mode of PB+ (see below).

In passing, we note that the oppositely directed mutation
induced shifts of the 1753.1(+) and 1741.3 difference bands
provide direct evidence that these bands are due to different
133 ester CdO modes. Thus, we provide the first direct
evidence that the two difference bands above∼1730 cm-1

in the WT FTIR DS are due to 133 ester CdO modes of
different pigments and that these bands are not due to some
type of mode frequency heterogeneity, as has been suggested
(28). Finally, we stress that there are very few mechanisms
that could explain the mutation induced frequency decrease
of the 133 ester CdO of PB

+. Generally, when a species
interacting with a CdO group is removed, the CdO
absorption frequency will increase. So the downshift of the
133 ester CdO of PB

+ is very strong evidence supporting
the above-described mutation induced charge redistribution
within the pigments of P700+. This charge redistribution can
explain the upshift of the 133 ester CdO of PA

+. However,
this upshift could also be (perhaps partially) due to modula-
tion of the H-bond network near the 133 ester oxygen of
PA.

Mutation Induced Alteration of the 131 Keto CdO of PB

(PB
+). The data in Figure 4 indicate that mutation of ThrA739

to Ala results in a charge redistribution over the pigments
in the P700+ state. Given this, we would predict that the
mutation will decrease the frequency of the 131 keto CdO
mode of PB+.

One interpretation of WT (P700+-P700) FTIR DS is that
the 1700(-) cm-1 band of WT (Figure 5A) is due to the 131

keto CdO of PB, which upshifts to∼1716 cm-1 upon cation
formation (29). Within this interpretation, the 1637(-) cm-1

band is proposed to be due to the 131 keto CdO of PA, which
upshifts to∼1654 cm-1 upon cation formation. The origin
of the 1688(+) cm-1 band is not considered in this model.
In an alternative interpretation of WT (P700+-P700) FTIR
DS, we proposed that the 1700(-) cm-1 band is due to the
131 keto CdOs of both PB and PA, at ∼1703 and∼1697
cm-1, respectively (14). The∼1703 cm-1 band of PB upshifts
to ∼1716 cm-1 upon cation formation, while the∼1697 cm-1

band of PA downshifts to ∼1687 cm-1 (14). We also
suggested that the 1636(-)/1654(+) cm-1 difference band
is due to modes associated with the axial histidine ligands
(HisA676 and B656 inC. reinhardtii).

The band-shifts discussed previously are better resolved
at 2 cm-1 resolution: in Figure 4B, the 1716.1(+) cm-1 band
of WT clearly downshifts to 1712.8 cm-1 and decreases
considerably in intensity upon mutation. This downshift
results in a single derivative feature at 1716.4(+)/1702.5
cm-1 in the FTIR DDS in Figure 5B. The fact that only a
single derivative feature is observed indicates that it is only

the positive band at 1716.1(+) cm-1 that is affected by the
mutation and is downshifted∼3.3 cm-1.

From hybrid density functional calculations of the vibra-
tional structure of Chl-a and Chl-a+, it has been demonstrated
that the 131 keto CdO mode frequency is related in an
approximately linear fashion to the amount of charge on the
Chl. The more positive the charge on the Chl, the higher
the frequency (30). These calculations therefore predict that
absorption frequencies of non-H-bonded 131 keto CdO
groups of Chls will decrease/increase as the amount of
positive charge on the Chl decreases/increases. Therefore,
the mutation induced downshift of the 1716.4(+) cm-1

difference band (Figure 5B) provides very strong evidence
to support the hypothesis that the positive charge over PB

+

in the mutant is decreased, relative to WT.
Witt et al. (11) have used ENDOR spectroscopy to study

WT PS I fromC. reinhardtii (strain CC2696) and mutants
in which ThrA739 was changed to tyrosine, histidine, or
valine. The hyperfine coupling constant for the methyl group
at position 12 of PB was impacted the most by the mutations.
From this observation, Witt et al. suggested a spin redistribu-
tion within P700+. It is not clear if this spin redistribution
was localized to PB or extended over PA also. The above-
described mutation induced charge redistribution between
PA

+ and PB
+ suggests that the mutation induced changes in

the hyperfine coupling constants observed by Witt et al.
probably arise because of a spin redistribution between PB

and PA.
From a variety of curve fitting simulations (data not

shown), we have found that a single mutation induced shift
of the positive 1716.1 cm-1 band in the WT FTIR DS (Figure
5B) cannot simultaneously explain the mutation induced
decrease in intensity of the 1716.1 cm-1 band (Figure 5B)
and the negative feature at 1702.5 cm-1 in the FTIR DDS
in Figure 5B. Both features can be simulated adequately,
however, if a negative band is included at∼1704 cm-1 that
is unaffected by the mutation. We therefore conclude that a
negative band is present near 1704 cm-1 in both FTIR DS
in Figure 5B. We assign this band to the 131 keto CdO of
PB (Table 1). With these assignments, the FTIR DDS in
Figure 5 are consistent with the band assignments that we
previously proposed for PB and PB

+ (14).
Mutation Induced Alteration of the 131 Keto CdO of PA.

The 1700.4(-) cm-1 difference band of WT appears
somewhat altered in the mutant spectrum (Figure 5B), but a
negative band is still observed at 1700.4 cm-1. This band is
sharper in the mutant spectrum, however. This mutation
induced band sharpening can be rationalized by an upshift
of a negative band near 1696 cm-1 upon mutation. In the
FTIR DDS spectrum in Figure 5B, a shoulder is observed
at∼1695 cm-1, while a positive band is observed at∼1698.8
cm-1. In the resolution enhanced FTIR DS in Figure 5C,
these features are clearly resolved, and a derivative feature
is found at 1694.8(-)/1698.7(+) cm-1. This derivative
feature indicates that a negative band at∼1695 cm-1 has
upshifted upon mutation. Previously, we suggested that a
band at∼1697 cm-1 is due to the 131 keto CdO of PA, so
the above observation suggests that the negative band at
1694.8(-) cm-1 in the deconvolved FTIR DDS in Figure
5C is due to the 131 keto CdO of PA, which upshifts 3.9
cm-1 upon mutation (Table 1). The upshift of the 1694.6-
(-) cm-1 band is an indication that the 131 keto CdO of PA
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(in the ground state) is slightly modified in the mutant. Since
the 131 keto CdO of PB is unaltered by the mutation, the
mutation induced modification of the 131 keto CdO of PA

most likely results because of a change in the H-bond
network.

In the WT FTIR DS, we suggest that a negative band at
∼1695 cm-1 downshifts to∼1688 cm-1 upon cation forma-
tion. This downshift results from a strengthening of the
H-bond to the 131 keto CdO of PA. Below, we will show
that cation formation also induces a downshift of the band
associated with the 131 keto CdO of PA in the mutant. This
means that an H-bond to the 131 keto CdO of PA is also
present in the mutant. Consistent with this idea is the
observation that the mutation induced shift in the band
associated with the 131 keto CdO of PA is small.

Finally, it is very difficult to describe the FTIR DDS in
the 1720-1690 cm-1 region without the 1700(-) cm-1 band
in WT FTIR DS containing contributions from at least two
negative component bands. This is consistent with our
previous findings (14).

Mutation Induced Alteration of the 131 Keto CdO of PA
+.

In the FTIR DS in Figure 5B, it appears that a positive band
at 1686.4(+) cm-1 in the WT spectrum has upshifted 2.3
cm-1 to 1688.7 cm-1 upon mutation. The 1686.4(+) cm-1

band in the WT spectrum has also increased considerably
in intensity. This intensity increase can be partly explained
by the upshift of the negative 1694.8 cm-1 band, discussed
previously. The mutation induced upshift of the positive
1686.4 cm-1 band in the WT spectrum to 1688.7 cm-1 in
the mutant can also explain, at least in part, the negative
band at 1690.4 cm-1 in the FTIR DDS in Figure 5C and the
positive bands at 1682.3 or 1678.0 cm-1. Irrespective of
which of the two bands, we associate the 1686.4(+) cm-1

feature in the WT FTIR DS (Figure 5B) with the 131 keto
CdO of PA

+. This again is compatible with our previous
interpretation of FTIR DS (14).

Previously, we suggested that the 131 keto CdO mode of
PA downshifted, to∼1686 cm-1, upon cation formation. This
downshift was rationalized via the notion that the H-bond
to the 131 keto CdO mode of PA became stronger in the
P700+ state (14). Given that the mutation induced upshift
of the 1686.4(+) cm-1 band is only ∼2-3 cm-1, the
suggestion is that an H-bond must also be present in the
TA(A739) mutant.

In summary, the spectra in Figure 5 are compatible with
our previous assignments of FTIR difference bands associ-
ated with the 131 keto CdO modes of PA (PA

+) and PB (PB
+).

However, this is likely to be the case only if an H-bond to
the 131 keto CdO of PA is still present in the TA(A739)
mutant. Witt et al. have also concluded that an H-bond is
still present in all three of their TA739 mutants (11). The
H-bond in the mutant is possibly mediated by an introduced
water molecule. If a water molecule is introduced into the
P700 binding site in the mutant, then this could give rise to
derivative feature in the FTIR DDS, in the∼1660-1620
cm-1 region, because of new H-O-H bending modes (31)
in the mutant.

Mutation Induced Alteration of Protein Modes.To fully
explain the positive intensity of the 1688.7(+) cm-1 band
in the mutant FTIR DS (Figure 5B), it is likely that further
modes must be altered upon mutation. The FTIR DS and

DDS in Figure 5C do indicate that bands in the∼1682-
1678 cm-1 region are altered upon mutation.

Although not resolved in Figure 5A, a difference band is
clearly observed at 1673.2(+) cm-1 in the WT FTIR DS
(Figure 5B). This band appears to downshift to∼1665.4(+)
cm-1 (or possibly 1652.0 cm-1) upon mutation. This shift
results in the positive feature at 1671.7 cm-1 in the FTIR
DDS in Figure 5B. This downshifting difference band could
be associated with a protein mode that is altered upon
mutation. Given the protein environment around PA (Figure
2), this idea is reasonable.

Can the 1637(-)/1654(+) cm-1 Difference Band in the
WT FTIR DS in Figure 5A Be Due to the 131 Keto CdO of
PA? Previously, it has been suggested that the 1637(-)/1654-
(+) cm-1 difference band in WT FTIR DS (Figure 5A) is
due to the 131 keto CdO of PA, at least inS. 6803(29).
Such a low frequency for the 131 keto CdO was suggested
to result from the presence of an extremely strong H-bond
to the CdO. If this interpretation is correct, then the whole
of the 1637(-)/1654(+) cm-1 difference band should down-
shift considerably upon uniform2H labeling of PS I. No such
complete difference band downshift is observed (29) (G.
Hastings, manuscript submitted), and this interpretation is
therefore unlikely.

If the 1637(-)/1654(+) cm-1 difference band were due
to a strongly H-bonded 131 keto CdO of PA, then removal
of this strong H-bond would cause the 1637(-)/1654(+)
cm-1 difference band to upshift considerably, possibly by
as much as 60 cm-1. The FTIR DDS in Figure 5A shows a
set of features at 1637(-)/1663(+)/1671(+)/1688(-) cm-1.
These features in the DDS in Figure 5A could suggest the
following: a difference band at 1637(-)/1663 cm-1 is
present in the WT spectrum and shifts∼34/26 cm-1 to
∼1671(-)/1688(+) cm-1 upon mutation. That is, the
1637(-) cm-1 band in the WT FTIR DS upshifts 26 cm-1

upon cation formation. In contrast, the 1671(-) cm-1 band
in the mutant spectrum upshifts 17 cm-1, to ∼1688 cm-1,
upon cation formation. These observations could suggest the
removal of a strong H-bond from the 131 keto CdO of PA.
However, several observations suggest otherwise: (1) the
1671 cm-1 band (proposed to be due to the 131 keto CdO
of PA in the mutant) upshifts 17 cm-1 upon cation formation.
Therefore, the upshift upon cation formation in the mutant
is significantly less (by 9 cm-1) than in WT. This suggests
that the charge on PA+ in the mutant is much less than in
WT. However, above we showed that the mutation resulted
in charge being redistributed within P700+, with charge from
PB

+ being relocated onto PA+. Given this, we would then
expect that the cation induced upshift in the mutant would
be greater than 26 cm-1, as compared to an observed shift
of only ∼17 cm-1. The interpretation outlined above (that
the quadruple feature at 1637(-)/1663(+)/1671(+)/
1688(-) cm-1 in the DDS in Figure 5A is due to the loss of
an H-bond to the 131 keto CdO mode of PA) is therefore
incompatible with the changes in the 133 ester CdO region,
as well as the changes associated with the 131 keto CdO of
PB

+. The same conclusions can also be drawn by considering
the spectra collected at higher resolution (Figure 5B): a
difference band at 1635.9(-)/1660.0(+) cm-1 in the WT
FTIR DS upshifts to 1671.7(-)/1690.3 cm-1 in the mutant.
That is, in WT, a cation induced upshift of 24.1 cm-1 is
observed. In the mutant, a cation induced upshift of 18.6
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cm-1 is observed. Again, the cation induced upshift is
significantly less in the mutant than in WT. As pointed out
above, this is not compatible with a greater positive charge
on PA

+ in the mutant as compared to WT. (2) In the ThrA739
mutant, the 131 keto CdO of PA is now presumably free
from H-bonding. However, an absorption frequency of
∼1671 cm-1 for a free 131 keto CdO mode is rather low.
(3) It is likely that the positive band at 1673.2 cm-1 in the
WT FTIR DS (Figure 5B), which is not resolved at lower
resolution (Figure 5A), gives rise to the 1671.7(+) cm-1

feature in the FTIR DDS (Figure 5B). The above three
observations therefore lead us to the conclusion that the
mutation induced changes in the 1630-1690 cm-1 region
are not related to a large upshift of a difference band
associated with the 131 keto CdO mode of PA.

Mutation Induced Alteration of the Axial Histidine Ligands.
Previously, we suggested that the∼1637(-)/1654 cm-1

difference band in WT FTIR DS (Figure 5A) is due to both
HisA676 and HisB656. More specifically, the difference band
is due to the C4dC5 modes of the histidine imidazoles that
are protonated at one nitrogen and involved in metal binding
at the other (14). The shoulder observed at 1632.0 cm-1 in
the WT FTIR DS in Figure 5B supports the idea that at least
two negative components contribute to the∼1637(-) cm-1

difference band.

The negative band at 1608 cm-1 in the WT FTIR DS
(Figure 5B) is clearly downshifted upon mutation (Figure
5B). It is thought that this band is indicative of pentacoor-
dinated Chl-a (32, 33). The fact that the 1608 cm-1 band is
modified upon mutation therefore suggests some coordination
modifications of PA and PB. If the coordinating histidine
ligands to P700 are modified, and the band at∼1637(-)
cm-1 is due to both ligating histidines, then the∼1637(-)
cm-1 band would be expected to be modified upon mutation.
The histidine ligands of P700 could be modified because
the mutation disrupts the conformation of the macrocycles
of PA and/or PB or because the charge distribution over the
Chls is changed in the mutant.

The FTIR DDS at 2 cm-1 resolution in Figure 5B shows
several shoulders that indicate underlying unresolved struc-
ture in the spectra. To investigate this underlying structure,
we have used Fourier deconvolution methods to enhance the
resolution of the FTIR DDS in Figure 5B. The resolution
enhanced FTIR DDS is shown in Figure 5C.

Clearly, the mutation considerably impacts the
1635.9(-) cm-1 difference band. The 1635.9(-) cm-1

difference band is almost completely lost in the mutant
spectrum. It could be possible that a difference band at
∼1636(+)/1629(-) cm-1 is present in the mutant spectrum
because of an H-O-H bending mode of an introduced water
molecule, for example. If this is the case, then it would be
difficult to observe changes in ground-state modes of the
axial histidines in the FTIR DDS.

Notwithstanding the above, the resolution enhanced FTIR
DDS in Figure 5C suggest that a negative difference band
at 1632.4 cm-1 downshifts upon mutation, while the
1635.9(-) cm-1 difference band upshifts to near 1644 cm-1.
Since the 1635.9(-) cm-1 difference band in the WT FTIR
DS upshifts upon mutation, it is likely that it is associated
with HisA676. Similarly, since the band near 1632(-) cm-1

downshifts upon mutation, we associate it with HisB656.

If the 1635.9(-)/1660.0(+) cm-1 difference band in WT
FTIR DS is due to both axial histidines, then the 1660.0(+)
cm-1 band should split in the mutant FTIR DS because
charge is redistributed between PA and PB in the mutant. The
features at 1663.8(-)/1660.7(+)/1652.6(-) cm-1 in the
resolution enhanced FTIR DDS (Figure 5C) indicate that this
hypothesis could be appropriate. That is, the 1663.8(-)/
1660.7(+) cm-1 derivative feature in the deconvolved FTIR
DDS (Figure 5C) is due to a mutation induced upshift of a
positive band near 1660.0(+) cm-1. The 1663.8 cm-1 feature
in the deconvolved FTIR DDS (Figure 5C) is then due to
HisA676. The 1660.7(+)/1652.6(-) cm-1 derivative feature
in the deconvolved FTIR DDS is due to a mutation induced
downshift of part of the 1660.0(+) cm-1 band in the WT
FTIR DS. Similarly, the 1652.6 cm-1 feature in the decon-
volved FTIR DDS is then due to HisB656.

Conclusions.The 133 ester and 131 keto CdO modes of
PB

+ downshift when ThrA739 is changed to alanine. In
contrast, the 133 ester CdO mode of PA+ upshifts upon
mutation. These shifts indicate that the mutation alters the
delocalized charge distribution in the P700+ state, with
charge on PB being relocated onto PA in the mutant. The
rationale behind substituting ThrA739 with Ala was to
remove the proposed H-bond to the 131 keto CdO of PA.
However, an H-bond still appears to be present in the mutant,
probably mediated via an extra water molecule that is
introduced into mutant PS I but is not present in WT PS I.
The mutation induced changes in the (P700+-P700) FTIR
DS are compatible with FTIR difference band assignments
that we proposed recently (14).
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