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Protein-chromophore interactions in photoreceptors often shift the
chromophore absorbance maximum to a biologically relevant spec-
tral region. A fundamental question regarding such spectral tuning
effects is how the electronic ground state S0 and excited state S1
are modified by the protein. It is widely assumed that changes in
energy gap between S0 and S1 are the main factor in biological
spectral tuning. We report a generally applicable approach to
determine if a specific residue modulates the energy gap, or if it
alters the equilibrium nuclear geometry or width of the energy sur-
faces. This approach uses the effects that changes in these three
parameters have on the absorbance and fluorescence emission
spectra of mutants. We apply this strategy to a set of mutants
of photoactive yellow protein (PYP) containing all 20 side chains
at active site residue 46. While the mutants exhibit significant var-
iation in both the position and width of their absorbance spectra,
the fluorescence emission spectra are largely unchanged. This pro-
vides strong evidence against a major role for changes in energy
gap in the spectral tuning of these mutants and reveals a change
in the width of the S1 energy surface. We determined the excited
state lifetime of selected mutants and the observed correlation
between the fluorescence quantum yield and lifetime shows that
the fluorescence spectra are representative of the energy surfaces
of the mutants. These results reveal that residue 46 tunes the
absorbance spectrum of PYP largely by modulating the width of
the S1 energy surface.

photoreceptor ∣ protein-chromophore interactions ∣ wavelength regulation

Light-driven proteins, consisting of a protein-chromophore
complex, employ two general strategies to optimize the biolog-

ical effectiveness of the position of their absorbance spectra.
First, covalent modifications of a chromophore can shift its
absorbance maximum λabsmax. An important example is the strong
red-shift in the absorbance spectrum of bacteriochlorophyll com-
pared to plant chlorophyll (1). Second, specific protein-chromo-
phore interactions can shift the absorbance spectrum of the
protein-bound chromophore. A classic example of this spectral
tuning phenomenon is color vision in vertebrates (2, 3): the same
retinal chromophore can absorb in the blue, green, and red,
depending on the amino acid sequence of the rhodopsin to which
it is bound. Spectral tuning provides an example of protein-ligand
interactions that tune the properties of the cofactor to biologi-
cally relevant values.

Two main approaches have been used to unravel the factors
involved in spectral tuning: determining (i) which amino acids
in the protein contribute to spectral tuning, and (ii) what type
of protein-chromophore interactions cause spectral tuning. Inter-
actions that alter the degree of charge delocalization over the
chromophore are of particular importance. These two issues have
been explored extensively in animal visual rhodopsins and the ar-
chaeal rhodopsins (4–7). Here we study spectral tuning in a more
recently discovered photoreceptor, photoactive yellow protein
(PYP) (8, 9), and use it to develop and explore a third approach

to investigate spectral tuning. Central in this approach are the
effects of an individual residue on the shape of the S0 ground
state and S1 excited state energy surfaces. PYP offers a highly
accessible system (10) to study spectral tuning. We use it here
to test a widely used assumption that has dominated the field
of biological spectral tuning: that changes in the energy gap
ΔE between the S0 and S1 energy surfaces are the major factor
in spectral tuning.

PYP is a blue light receptor from the halophilic photosynthetic
eubacterium Halorhodospira halophila (8, 9). It functions as the
photoreceptor for negative phototaxis in H. halophila (11). The
purified protein exhibits a photocycle (9, 12) initiated by the
photoisomerization (13) of its p-coumaric acid (pCA) chromo-
phore (14, 15) by a flip in the position of its carbonyl group
(16). PYP consists of an antiparallel 6-stranded β-sheet flanked
by five α-helices (17). Its pCA chromophore is fully buried within
the protein and its deprotonated phenolic oxygen forms short
hydrogen bonds with the side chains of Tyr42 and Glu46 (Fig. 1A).
Site-directed mutagenesis studies (summarized in ref. 18) have
identified Glu46 as a key factor in the spectral tuning of PYP
(19–21).

Three major factors contribute to spectral tuning in PYP (22)
(Fig. 1B). First, the formation of the thioester bond between the
pCA and Cys69 results in a red-shift from 284 to 335 nm. Second,
the deprotonation of the phenolic oxygen of the pCA causes a
further red-shift to 400 nm. The strong downshift in the pKa
of the pCA from 8.8 in solution (22) to 2.8 in PYP (8, 23) ensures
that the chromophore in PYP is deprotonated under physiologi-
cal conditions. Finally, specific protein-chromophore interactions
result in the final red-shift to 446 nm. These interactions have
been studied by both site-directed mutagenesis (18–21) and
computational approaches (24–27) (SI Text). These studies
have revealed Tyr42 and Glu46 as the two dominant side chains
in the spectral tuning of PYP (18–21, 24–28). Weakening of the
Glu46-pCA hydrogen bond (29, 30) in the E46Qmutant results in
a red-shift to 460 nm, while complete disruption of the hydrogen
bond in the E46V mutant results in a further red-shift to 478 nm
(21). Based on computational studies it has been proposed that
hydrogen bonding, charge-charge interactions, and burial of
the pCA in the hydrophobic protein interior are factors in the
spectral tuning of PYP (24, 25).

Here we propose a straightforward approach to probe if spec-
tral tuning alters not only the ΔE but also the equilibrium nuclear
geometry Re or the width W of the S0 and S1 energy surfaces. We
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find that mutations of active site residue Glu46 in PYP affect
spectral tuning not by a change in ΔE but by a change in W
of the S1 energy surface.

Results and Discussion
A Strategy for Probing the Changes in S0 and S1 Energy Surface that
Cause Spectral Tuning.We propose a strategy to examine the effects
of a selected residue on the spectral tuning of a protein-chromo-
phore complex by changes in the S0 and S1 energy surfaces. The
approach is to measure not only absorbance spectra but also
fluorescence emission spectra for a set of substitution mutants
at this position. Substitution mutations at the residue under study
in principle can affect three independent properties of the S0 and
S1 energy surfaces: ΔE, Re, and W. The expected consequences of
changes in these three properties can be formulated as described
below. The electronic structure of PYP has been examined by a
number of computational studies (24–27), but the details of the
shape of the S0 and S1 energy surfaces and Franck-Condon
factors for the pCA in its active site are difficult to obtain with
high accuracy. However, general trends in changes in the position
and shape of the absorbance and emission fluorescence maxima
as a result of changes in ΔE, Re, and W can be derived. These
qualitative considerations allow for the approach reported here.
We make the approximation that electronic transitions are in-
itiated from the vibrational ground state of S0 and that fluores-
cence emission occurs from the vibrational ground state of S1.
This assumption is supported by the relatively small contribution
of vibrational cooling during the lifetime of the S1 state in PYP as
experimentally detected by ultrafast changes in the chromophore
fluorescence emission spectrum of PYP (31). For the sake of
simplicity we first describe the spectra based on harmonic energy
potentials for the S0 and S1 states and consider the changes in
Franck-Condon factors for absorption and fluorescence emission
expected for changes in ΔE, Re, and W of these two energy
surfaces.

(Case 1) A change in ΔE. In the case that the substitutions alter
only the ΔE (Fig. 2A), the position of the λabsmax and fluorescence
emission maxima λflmax will be shifted in the same direction and by
the same amount (on a cm−1 scale), while the width and shape of
the absorbance and fluorescence emission spectra (when plotted
on an energy scale) remain unchanged. The correlation between
λabsmax and λflmax in the substitution mutants will therefore be linear
with a slope of 1 (see Fig. 5). This is referred to below as
ΔE-tuning.

(Case 2) A change in ΔRe. Substitutions that increase the
difference in Re between the S0 and S1 states (ΔRe) will blue-shift
the position of the λabsmax but in contrast will red-shift the λflmax
(Fig. 2B). The width and shape of both absorbance and fluores-
cence emission spectra will most likely be altered, and to a similar
extent (in the case of similar W of the S0 and S1 energy surfaces).
Therefore, λabsmax and λflmax will be anticorrelated, with a slope
near −1. We refer to this as Re-tuning. In general, when ΔRe is
close to zero only the Franck-Condon factors for the 0-0 transi-
tion will be nonzero, resulting in narrow absorbance and emission
spectra and a small Stokes shift. Since the absorbance spectrum
of PYP is relatively broad (∼2; 000 cm−1 at 3∕4 height), a signif-
icant ΔRe is involved in electronic excitation of the pCA chromo-
phore in PYP.

(Case 3) A change in W. The third possibility is that the
substitutions change the W of either the S0 or S1 energy surface.
Predictions for the spectral changes caused by a change in both
the Wof the S0 or S1 state can be derived. Since our experimental
data indicate (see below) a change in Wof S1 in the PYP mutants
studied here, below we examine the consequences of a change in
Wof the S1 state, while the S0 energy surface remains unchanged
(Fig. 2C). A change in W of the S1 state will cause all Franck-
Condon factors contributing to the absorbance spectrum to be
altered. This will lead to a change in both λabsmax and the shape
of the absorbance spectrum. Fluorescence emission from the
vibrational ground state of S1 to the unchanged S0 energy

Fig. 1. Spectral tuning in PYP. (A) Structure of the pCA chromophore in the
native state of PYP with active site residues Tyr42 and Glu46. (B) Amplitude-
normalized absorbance spectra for free pCA, pCA attached to fully unfolded
PYP in its neutral (pU) and ionized (pU-) state, and PYP in its native pG state.
All four samples are in aqueous solution. Note that besides the absorbance
maximum also the shape and width of the absorbance band is affected.

Fig. 2. Strategy for probing excited state surfaces in spectral tuning. Three
archetypal changes in energy surfaces bymutations and the resulting spectral
tuning effects for absorbance and fluorescence emission spectra are shown.
The energy surfaces, electronic transitions, and spectra for both the wild-type
protein (black) and mutant protein (red) are indicated schematically for each
of the three cases. Changes in both peak position and shape of the absor-
bance spectra (solid lines) and fluorescence emission spectra (dotted lines)
are depicted. Shifts in the positions of the absorbance and fluorescence
emission maxima are indicated by horizontal blue arrows. In case 1, which
represents the classical explanation of spectral tuning, the energy gap ΔE
between the electronic ground state S0 and the first electronically excited
state S1 is altered. In case 2 the difference in nuclear equilibrium geometry
ΔRe is altered. In case 3 the width W of the S1 energy surface is altered.
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surface will be largely unaffected, both with respect to λflmax and
the shape of the emission spectra. The wave function of the low-
est vibrational level of the S1 state will be slightly altered by the
change in W, and this will have a small effect on the fluorescence
emission spectrum. However, this effect is much smaller than the
other spectral changes discussed here, and is therefore neglected.
This S1 W-tuning case will therefore result in mutants that exhibit
changes in λabsmax but an unaltered λflmax. Since photoexcitation of
pCA causes the transition of an electron in a bonding π orbital
to an antibonding π� orbital, the energy surface (considered with
respect to the chemically and functionally relevant C ¼ C tor-
sional angle coordinate) for the S1 state with a C − C single bond
will likely be significantly broader than that of the S0 state with a
C ¼ C double bond (Fig. 2C). Thus, below we will consider the
case that the Wof the S1 state is broader than that of the S0 state.

We now consider the direction of the shift in λabsmax expected
for an increase in the W of the S1 state. An increase in the W
of S1 will result in an increase in the Franck-Condon factors
for transitions to higher vibrational levels of S1 (SI Text), and thus
in a blue-shift in the λabsmax, together with a broadening of the
absorbance spectrum. This argument therefore predicts a corre-
lation between the λabsmax and width of the absorbance band,
with more blue-shifted values of λabsmax corresponding to a broader
absorbance band (see below and Fig. S1).

Three important factors may complicate the above analysis:
anharmonicity of the energy surfaces, contributions of multiple
vibrational modes to the optical transition, and inhomogeneous
broadening of the spectra by heterogeneity in the configuration of
the pCA. In the case of anharmonicity the exact values of the
spectral shifts and the shape of the spectra would be slightly
altered, but all of the above qualitative considerations would
remain valid. The possible involvement of multiple vibrational
modes is considered in SI Text and is found to leave the above
qualitative predictions intact. For contributions of inhomoge-
neous broadening of the spectra to the spectral tuning effects
we consider two cases. In the simplest case this would result in
a similar broadening of all of the spectra; this would not alter
the above conclusions and would not contribute to an explanation
of spectral tuning (i.e., shifts in λabsmax). A more complex situation
would arise if heterogeneity in pCA configuration would alter
spectral peak positions and would do so in a manner that depends
on the side chain placed at position 46. The regularities in the
data presented below (Figs. 4 and 5 and Fig. S1) argue against
this latter possibility (SI Text). These considerations validate
the qualitative analysis of spectral tuning presented here based
on harmonic energy potentials for the S0 and S1 states.

Based on these considerations, quite distinct spectral effects
are predicted for changes in ΔE, ΔRe, and W. These three cases
can therefore be experimentally distinguished by measuring the
effect of mutations on the absorbance and fluorescence emission
spectra of a protein. Below we describe such measurements
for PYP mutants containing substitutions at active site position
46. All of these mutants remain folded, although the stability
of most mutants is somewhat reduced (21).

UV/Vis Absorbance and Fluorescence Emission Spectra of the E46X Mu-
tants Reveal W-Tuning. The amplitude-normalized UV/Vis electro-
nic absorbance spectra and fluorescence emission spectra of the
20 E46X mutants are shown in Fig. 3A. These data were used to
extract the position and width of the absorbance and fluorescence
emission spectra in the mutants (Fig. 3B and Table S1). The λabsmax
values in the mutants range from 441 to 478 nm, and the λflmax
values from 500 to 511 nm. This analysis reveals that while the
λabsmax varies significantly for the 20 proteins (by 1; 755 cm−1), their
λflmax values are much less affected (421 cm−1) (Fig. 4A). The
Stokes shift (difference between λabsmax and λflmax) in the E46X
mutants changes from 1,235 to 2; 726 cm−1.

To examine the effects of the substitutions on the shape of the
absorbance and fluorescence emission bands, we extracted their
widths. The pKa of the pCA chromophore is strongly increased in
some of the mutants, such that even at pH 9 a shoulder is present
near 350 nm (Fig. 3A) (21). The shoulder at 350 nm in some of
the absorbance spectra can be fully attributed to the presence of a
small amount of acid denatured PYP (21). Thus, we determined
the width of all spectra at 3∕4 height, avoiding contributions to
the extracted width of the ∼450 nm absorbance bands by the peak
at ∼350 nm. This yielded two observations.

First, the average width of the absorbance spectra of the E46X
mutants (1; 973 cm−1) is significantly larger than that of the
fluorescence emission spectra (1; 139 cm−1). We attribute the
larger width of the PYP absorbance spectra to the increased
width of the S1 energy surface compared to that of the S0 state
(see SI Text). Second, the width of the absorbance spectra of the
E46X mutants is affected much more (spanning 1; 428 cm−1)
than the width of the fluorescence emission spectra (spanning
342 cm−1) (Fig. 4B). The widths of the red flank and blue flank
of the absorbance and fluorescence emission bands were deter-
mined independently, and the ratio of these values was used as a
measure for asymmetry in the shape of the bands. The absor-
bance spectra were found to have a significant asymmetry
(0.54 on average for the E46X mutants) towards the blue flank
of the absorbance band (also see Fig. 3B), while the fluorescence
emission spectra are nearly symmetrical (average of 1.03). The
asymmetry of the absorbance bands in the E46X mutants varies
significantly (by a factor 2.35), in contrast to the fairly constant

Fig. 3. Absorbance and fluorescence emission spectra of the 20 E46X mu-
tants of PYP. (A) The amplitude-normalized absorbance and fluorescence
emission spectra of the E46X mutants are shown. (B) Analysis of positions
and bandwidths of the E46X mutants. Absorbance (closed circles) and
fluorescence emission (open circles) maxima are indicated. The vertical bars
depict the width of the spectra at 3∕4 height. The horizontal axis represents
the residue substituted at position 46. The residues were sorted from most
red-shifted to most blue-shifted absorbance maximum.
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asymmetry of the fluorescence emission spectra (variation by a
factor 1.35) (Fig. 4C).

These results can be used to determine the dominant spectral
tuning effect of residue 46 in PYP based on three considerations.
(i) The correlation between λabsmax and λflmax expected for the three
distinct spectral tuning effects considered here are depicted in
Fig. 5, together with the experimentally determined correlation.
Since the λabsmax values of the mutants are significantly altered while
their λflmax values are affected much less, the data for the E46X
mutants closely match the W-tuning case. (ii) The widths of
the absorbance spectra of the mutants are significantly affected,
while those for the fluorescence emission spectra are not.
(iii) The asymmetry in the shape of the absorbance spectra
changes significantly in the mutants, in contrast to the similar
shape of the fluorescence emission spectra. These three results
agree with the predictions made for a change in W of the S1
state (case iii above), while they are in striking conflict with
the predictions for a change in ΔE or ΔRe (case i and ii). Thus,

we conclude that the main factor causing the changes in the spec-
tra of the E46X proteins is a change inWof the S1 energy surface.
In future work changes in the W of the S1 state in the E46X mu-
tants could be experimentally verified based on resonance Raman
intensity profile measurements. The experimental results strongly
argue against a change in ΔE as the main spectral tuning effect of
substitutions at position 46.

Correlating Fluorescence Quantum Yield and Excited State Lifetime.
The above assignment of the main effect of the E46X mutations
on spectral tuning in PYP to a change inWof the S1 state is based
on the assumption that the fluorescence emission spectra of the
mutants provide reliable information on the electronic transitions
in these proteins. However, in view of the very low Φfl of wt PYP
(0.19%) (32), it is possible that in (some of) these mutants a small
fraction of the protein is misfolded and becomes highly fluores-
cent. If this misfolding involves a slight perturbation of the active
site structure, the absorbance spectrum of the mutant could be
almost unchanged and difficult to detect experimentally. In that
case the fluorescence emission spectrum would not be represen-
tative of the electronic transitions in the bulk of the protein
molecules detected in the absorbance spectra, and the above
reasoning would not hold.

To examine this possibility, we performed subpicosecond time-
resolved pump-probe measurements to determine the lifetime of
the S1 electronically excited state τexc in the E46X mutants.
Previously, we reported that the fluorescence quantum yield
Φfl in these mutants varies by a factor 7 (21). We selected wt
PYP and the E46H, E46K, and E46Y mutants for this analysis
because they span the entire range of Φfl values. The pump-
probe measurements were performed with detection in the region
400–515 nm, since the electronically excited state has an absor-
bance band in this region (33, 34). The resulting time traces
(Fig. 6A) were fitted as exponential decays. Data at longer time
delays are shown in Fig. S2. In line with literature data (34), wt
PYP exhibited biphasic kinetics with time constants of 0.6 and
2.7 ps. The PYP mutants followed monoexponential behavior.
The extracted τexc of the proteins was plotted against their Φfl
(Fig. 6B), revealing a linear correlation between τexc and Φfl.

The good correlation between τexc and Φfl provides strong
evidence that the fluorescence spectra for the mutants are repre-
sentative of the entire population of PYP molecules. In the case
that a small percentage of the population in a mutant is misfolded
and responsible for the increased Φfl, no correlation with τexc
would be expected. Thus, the conclusion drawn above that the
W of the S1 state is altered in the E46X mutants remains valid.

Fig. 4. Analysis of the variation in the absorbance and fluorescence emission
spectra of the E46X mutants of PYP. Histograms are shown for the peak
positions (A), widths at 3∕4 height (B), and band asymmetries (C) of the
absorbance spectra (broad gray bars) and fluorescence emission spectra
(narrow black bars) of the mutants.

Fig. 5. Analysis of spectral tuning by residue 46 in PYP based on the correla-
tion between absorbance maxima and fluorescence emission maxima.
The predicted correlations for spectral tuning by a change in ΔE (red),
ΔRe (green), and S1 W (blue) are shown together with the experimentally
observed correlation (black).
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Dissecting Spectral Tuning Effects of Residue 46 on the S0 and S1 Free
Energy Surfaces. The data reported here allow a dissection of the
three possible spectral tuning effects (changes in ΔE, ΔRe, and
W) of substitutions at position 46 on the absorbance spectrum
of PYP. The observed spectral properties of the mutants indicate
that the substitutions do not cause significant changes in the dif-
ference between the Re values for the S0 and S1 states of the pCA
in PYP (see SI Text). If all substitutions would only alter the Wof
the S1 energy surface, the fluorescence emission spectra would
not be expected to change. However, the data reveal a small var-
iation in the mutant λflmax (over 421 cm−1). In addition, λabsmax and
λflmax are linearly correlated with a slope of 0.16 (Fig. 5). In the
case of pure ΔE-tuning a slope of 1 would be observed. Thus,
we propose that of the 1; 755 cm−1 in shifts for the absorbance
spectra of the mutants, maximally ∼1∕6th is caused by effects
of the substitutions on the ΔE between the S0 and S1 states.
We conclude that changes in Wof S1 are the major factor in caus-
ing the shifts in λabsmax of the E46X mutants.

In the case of ΔE-tuning it is difficult to distinguish between
mutations that destabilize the S0 state by a certain amount and
mutations that stabilize the S1 state to the same extent; in both
cases the absorbance and fluorescence emission spectra would be
red-shifted by exactly the same amount. A similar degeneracy
applies to shifts in the Re of the S0 and S1 states. However, in
the case of W-tuning a change in W of S1 can be distinguished

from a change in W of the S0 state. In the case that the W of
the S0 state is significantly changed with respect to that of the
S1 state, this would result in changes in the position and shape
of the fluorescence emission spectra, while leaving the absor-
bance spectra largely unchanged. Conversely, a change in the
W of the S1 state would only have significant effects on the
absorbance spectra. Since the variation in the position and shape
of the emission spectra is much smaller than that of the absor-
bance spectra (Fig. 4), we conclude that substitutions at position
46 mainly affect the Wof the S1 energy surface, while leaving the
W of the S0 energy surface largely unaffected.

Above, we derived the prediction that an increase in the W of
S1 will result a positive correlation between the λabsmax and width of
the absorbance band. This correlation is indeed observed in the
data (Fig. S1). Interestingly, a similar observation was reported
for the visual rhodopsins in 1975 (35), indicating its more general
relevance. For PYP we find that the same correlation holds for
the fluorescence emission spectra, although over a much more
narrow spectral range (Fig. S1). This may be explained by propos-
ing that mutations have similar effects on the W of the S0 and S1
states, but that the W of the S1 state is altered more strongly.

How can substitutions at position 46 alter the W of the S1
energy surface? We propose that changes in bond order of the
S1 state resulting from charge redistribution caused by altered
interactions between the pCA and residue 46 (see SI Text) are
responsible for the changes in the W of the S1 state. More gen-
erally, altered electron delocalization is usually discussed in terms
of a change in ΔE, but can also modify W.

A New Approach to Study Spectral Tuning. The approach to inves-
tigating spectral tuning presented here is based on the effect of a
mutation on both the absorbance and fluorescence emission
spectrum of the protein. Since such data can be obtained for a
wide range of chromophoric proteins, the approach should be
broadly applicable.

By investigating multiple substitutions at a single position in
the protein, the effect of this position on the S0 and S1 energy
surfaces can be probed. In general, it is possible that different
substitutions have different effects on the ΔE, Re, and Wof these
surfaces. This would be apparent in the absorbance and fluores-
cence data, leading to a complex view of the changes in the energy
surfaces underlying the tuning effects of this position. Experimen-
tally, this situation would be detected as strong deviations from a
linear dependence of λflmax on λabsmax (see Fig. 5). For residue 46, one
of the residues with the largest spectral tuning effects in PYP (see
ref. 18), we found that a single factor—changes in the Wof the S1
energy surface—dominates spectral tuning by this position.

Published studies on spectral tuning have largely focused on
(i) the residues responsible for spectral tuning in a specific pro-
tein, and (ii) the types of interactions (such as hydrogen bonding)
causing spectral tuning. Experimental and computational work
on PYP has confirmed that the chromophore absorbance band
at 446 nm is a π-π� transition, has identified Glu46 and Tyr42
as the main contributors to the effect of the protein on the
pCA absorbance spectrum, and has revealed that the hydrogen
bonding interactions between these two side chains and the
pCA are critical for spectral tuning in PYP (18–21, 24–27). These
studies have all focused on the energy gap between the S0 and S1
states, i.e., ΔE-tuning.

The approach described here allows a third type of informa-
tion to be obtained: What changes in the ΔE, Re, and W of
the S0 and S1 energy surfaces result in spectral tuning? We have
shown here that these three cases can be experimentally distin-
guished by examining the effect of mutations on both the absor-
bance and fluorescence emission spectra of the chromophore. A
general assumption in the field is that changes in ΔE are respon-
sible for biological spectral tuning. For residue 46 in H. halophila
PYP we found that in fact changes in W for the S1 state are the

Fig. 6. Correlation of excited state lifetime and fluorescence quantum yield
Φfl in wt PYP and the E46H, E46K, and E46Y mutants. (A) Determination of
excited state lifetime by sub-ps transient absorbance pump-probe spectro-
scopy of wt PYP (black line) and its E46H (blue line), E46K (green line),
and E46Y (red line) mutants. (B) Correlation between excited state lifetime
and Φfl in wt PYP and the three mutants. The error bars depict the standard
deviations.
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dominant factor, revealing a unique mechanism for spectral
tuning.

Materials and Methods
Mutagenesis, Expression, and Purification of PYP. Mutagenesis of PYP was
performed using Stratagene’s QuikChange Site-Directed Mutagenesis Kit,
and mutants were overproduced using the pQE-80A plasmid (QIAGEN).
PYP was purified in 96-well format as described in (21) using Ni-nitrilotriace-
tate agarose (QIAGEN) chromatography or batch purified as described in (16)
with minor modifications (see SI Text). Pump-probe measurements and Φfl

determinations were performed using batch purified PYP.

Absorbance and Fluorescence Spectroscopy. All spectroscopic measurements
were performed using PYP in 20 mM Tris HCl, 100 mM NaCl, 50 mM EDTA,
pH 8.0. Absorbance spectra were measured in either a Synergy HT plate
reader (Bio-Tek) or individually with a microcuvet in a Hewlett-Packard
8453 UV/Vis spectrophotometer. Fluorescence spectra were measured in a
Fluoromax-3 fluorometer (Jobin-Yvon) using a 100 μL fluorescence microcu-

vet. Emission spectra were obtained using an excitation wavelength
of 445 nm.

Ultrafast Pump-Probe Spectroscopy. Two-color pump-probe measurements
(see SI Text) were performed using the laser system described by Moran et
al. (36). The pump beam was obtained by second-harmonic generation in
beta barium borate (BBA) using pulses (2 kHz, 50 fs, 50 μJ pulses, 800 nm)
from an amplified Ti:sapphire laser system. The tunable probe pulses
(10–50 nJ, 80–90 fs pulses, 450–520 nm) were produced using an optical
parametric amplifier. For all pump-probe experiments, the 0.2 mm path
length sample was contained in a spinning cell rotated at 10 Hz, using
focused pump (100 nJ) and probe (∼5 nJ) pulses.
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