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ABSTRACT: Protein-ligand interactions alter the properties of active site groups to achieve specific biological
functions. The active site of photoactive yellow protein (PYP) provides a model system for studying such
functional tuning. PYP is a small bacterial photoreceptor with photochemistry based on its p-coumaric
acid (pCA) chromophore. The absorbance maximum and pKa of the pCA in the active site of native PYP
are shifted from 400 nm and 8.8 in water to 446 nm and 2.8 in the native protein milieu, respectively, by
protein-ligand interactions. We report high-throughput microscale methods for the purification and
spectroscopic investigation of PYP and use these to examine the role of active site residue Glu46 in PYP,
which is hydrogen bonded to the pCA anion. The functional and structural attributes of the 19 substitution
mutants of PYP at critical active site position 46 vary widely, with absorbance maxima from 441 to 478
nm, pCA fluorescence quantum yields from 0.19 to 1.4%, pCA pKa values from 3.0 to 9.0, and protein
folding stabilities from 6.5 to 12.9 kcal/mol. The kinetics of the last photocycle transition vary by more
than 4 orders of magnitude and are often strongly biphasic. Only E46Q PYP exhibits a greatly accelerated
photocycling rate. All substitutions yield a folded, photoactive PYP, illustrating the robustness of protein
structure and function. Correlations between side chain and mutant properties establish the importance of
residue 46 in tuning the function of PYP and the significance of the strength of its hydrogen bond to the
pCA. Native PYP exhibits the lowest values for pCA fluorescence quantum yield and pKa, indicating
their functional relevance. These results demonstrate the value of quantitative high-throughput biophysical
studies of proteins.

Photoactive yellow protein (PYP)1 from Halorhodospira
halophila is a cytosolic photoreceptor (1, 2) that mediates
the host organism’s negative phototaxis in response to blue
light (3). The biochemical and biophysical properties of PYP
have been studied extensively (4-6) due to the rich biophys-
ics of its light-triggered function and its extraordinary ease
of handling, including its solubility (1), thermostability (2),
and excellent overexpression in Escherichia coli (7, 8). The
protein interacts with light via a p-coumaric acid (pCA)
chromophore covalently bound to Cys69 (9, 10). Absorption
of a photon by the initial pG state of PYP causes pCA
trans-cis isomerization that triggers a complex photocycle
(2, 11), resulting in the formation a photoactivated state, pB,
that presumably has a downstream effect on cell motility.
In the pG state, the pCA is deprotonated and in the trans

conformation (10, 12). At neutral pH, the pB state decays
back to the initial pG state in approximately 250 ms (2, 8, 11).

The crystal structure of PYP (13) provides detailed
information about the side chains interacting with the pCA
chromophore (Figure 1). The side chains Glu46 and Tyr42
form hydrogen bonds to the phenolic oxygen of the pCA,
thus stabilizing its buried charge. Mutagenesis of Glu46 and
Tyr42 significantly alters the properties of PYP, confirming
the importance of these two side chains. Residue 46 is known
to be involved in tuning the absorbance maximum (λmax) and
pKa of the pCA chromophore, and the photocycle kinetics
in PYP, based on studies of the E46Q, E46A, and E46D
mutants (8, 14-16). In addition, it has a very short hydrogen
bond to the pCA (17) (Figure 1b), has been identified as the
proton donor for the ionized pCA during the PYP photocycle
(18-20), and has been uncovered as a key factor in triggering
proteinconformationalchangesuponpBformation(18,20,21).
The importance of Glu46 is also supported by the high degree
of conservation of this residue within the PYP family of
proteins (7, 22).

The properties of the pCA chromophore in PYP are greatly
shifted compared to their values in water. In solution, pCA
has a λmax at 286 nm (at neutral pH) and a pKa of 8.8 (10, 23).
Within PYP, the pCA has its λmax shifted to 446 nm and its
pKa shifted to 2.8 (1, 24, 25). In addition, the photochemical
quantum yield is high (approximately 50%) (26, 27), while
its fluorescence quantum yield is low (0.19%) (28), indicating
that the PYP binding pocket promotes photochemistry over
fluorescence. These tuning phenomena illustrate a common
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property of proteins in general: ligands or amino acid residues
within the protein have their chemical properties adjusted
with the aim of accomplishing a biochemical goal. In the
case of PYP, the color is tuned to make the protein sensitive
to a specific wavelength regime. The pCA pKa is tuned to
facilitate a proton transfer switch coupled to protein con-
formational changes. In the dark state of PYP, the pKa values
of Glu46 and the pCA are such that the pCA remains
protonated; photoexcitation of PYP triggers transfer of a
proton from Glu46 to the pCA, causing receptor activation
(18, 20). Acid denaturation of PYP also results in pCA
protonation and the formation of the blue-shifted state (1, 25),
pBdark, allowing the apparent pKa of the pCA to be deter-
mined. PYP offers a unique system with which to study
biochemical tuning because it can conveniently be activated
and observed using light. Here we describe methods for the
purification of PYP in 96-well format and use this to study
the effects of all 19 substitutions at position 46 on the
protein-ligand interaction between PYP and its pCA chro-
mophore using high-throughput methods.

MATERIALS AND METHODS

Mutagenesis. Mutagenesis was performed using Strat-
agene’s QuikChange site-directed mutagenesis kit with
primers degenerate at position 46 (5′-ATC CTT CAG TAC
AAC GCC GCG NNN GGC GAC ATC ACC GGC CGC
GAC-3′ and complement). A pQE-80A plasmid (Qiagen)
containing the pyp gene inserted between BamHI and HindIII
sites was used as a template. The PCR products were digested
with DpnI and transformed into E. coli DH5R. Transformants
were grown overnight in liquid culture to resolve mismatches

at position 46 during in vivo replication. DNA was then
purified using a QIAPrep Spin Miniprep kit (Qiagen) and
transformed into E. coli BL21 cells grown on LB agar with
ampicillin (200 µg/mL). Protein samples were purified as
described below, and the individual mutants were separated
on the basis of their unique absorbance spectra.

Expression and Purification of PYP in 96-Well Micro-
plates. Colonies were picked and inoculated into deep-well
microplates containing 0.5 mL of Terrific Broth per well with
200 µg/mL ampicillin and handled using a procedure adapted
from ref 29 (also see Methods in the Supporting Information).
The microplates were covered with gas-permeable adhesive
covers (ABGene catalog no. AB-0718) and grown overnight
on a microplate shaker operating inside a 37 °C incubator.
The next day, 100 µL of the overnight cultures was used to
inoculate expression cultures (deep-well microplates contain-
ing 1.2 mL of Terrific Broth per well with ampicillin), and
freezer stocks were prepared from 140 µL of culture and 60
µL of glycerol stored at -80 °C in a freezer-safe microplate.
After growth for 1.5 h, IPTG was added (final concentration
of 1 mM) to the expression cultures, and growth was
continued for 4-5 h. The cells were pelleted using a
centrifuge equipped with microplate holders (2800g for 30
min).

The cells were frozen, thawed, and lysed using 200 µg/
mL lysozyme and 0.5 µg/mL DNase I. PYP was reconstituted
using pCA anhydride (30). After centrifugation, the soluble
fractions were pipetted into GF/C filter plates (Whatman
catalog no. 7700-3301) stacked on top of polypropylene filter
plates (Whatman catalog no. 7700-3305) containing 40 µL
of Ni-NTA agarose (QIAGEN) per well and sealed on the
bottom with Parafilm. The soluble cell extract was centri-
fuged into the polypropylene plates. The resin was washed
by centrifugation using a denaturing wash step [100 mM
sodium phosphate, 10 mM Tris-HCl, and 6 M guanidine HCl
(pH 8.0)] followed by three washes with lysis buffer [50
mM sodium phosphate, 500 mM NaCl, and 10% glycerol
(pH 8.0)], and one wash with elution buffer lacking EDTA.
Protein was eluted from the resin by incubation for 30 min
with 200 µL of elution buffer containing 50 mM EDTA and
centrifugation into a collection plate. The precise composition
of the elution buffer depended on the desired pH. All of the
elution buffers contained 100 mM NaCl and 50 mM EDTA.
For pH 8.0, the buffering agent was 20 mM Tris-HCl, and
for pH 9.0 or 9.5, it was 20 mM CHES.

Data Collection. Absorbance spectra were measured in
either a Synergy HT plate reader (Bio-Tek) or individually
with a microcuvette in a Hewlett-Packard (now Agilent
Technologies) 8453 UV-vis spectrophotometer. Fluores-
cence spectra were measured individually in a SPEX
Fluoromax-3 fluorometer (Jobin-Yvon) using a 100 µL
fluorescence microcuvette (also see Methods in the Support-
ing Information). Fluorescence was excited at 445 nm and
detected from 465 to 600 nm. To compare the fluorescence
quantum yields of the mutants with those of wtPYP, the
emission spectra obtained for samples with identical optical
densities at 445 nm were integrated from 465 to 600 nm.

For pH titrations, a dip probe and fiber-optic coupler
(Custom Sensors&Technology) were used to convert the
8453 spectrophotometer into a device capable of taking
measurements within a microplate well. A square-well
microplate (Whatman catalog no. 7701-1651) was used to

FIGURE 1: Structure of PYP and its pCA chromophore. Schematic
illustration of the crystal structure of PYP (helices colored red,
sheets yellow, and loop regions green) (a) and active site of PYP
with Glu46 and Tyr42 hydrogen bonded to the pCA (b).
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accommodate the dip probe as well as a micro-pH electrode
(Thermo Orion catalog no. 9803BN) and a small stir bar. In
this manner, acid/base could be manually titrated and
absorbance and pH measurements acquired simultaneously.
Dilution effects were taken into account.

Protein stability was measured by chemical denaturation
using buffer with 8 M guanidine hydrochloride. Samples in
96-well plates were titrated using a 12-channel pipetter, and
absorbance measurements were taken in the Synergy HT
plate reader. Plates with flat-bottom wells were used so that
changes in volume were directly proportional to changes in
path length. Thus, no corrections were needed for dilution
effects.

Dark-state recovery kinetics were recorded with the 8453
spectrophotometer with the sample in a microcuvette. Actinic
light from a 150 W halogen lamp (Cuda model I-150) was
directed onto the sample through the top of the cuvette using
a fiber-optic light guide. The sample was illuminated for
approximately 30 s before the light source was shuttered and
the recovery of the pG dark-state absorbance was monitored
with a time resolution of 100 ms.

All measurements taken in a cuvette (with the 8453
spectrophotometer or the Fluoromax-3 fluorometer) were
performed at 25 °C. All other measurements were taken at
room temperature. Absorbance and fluorescence spectra were
measured from samples at pH 9.5 to minimize the amounts
of acid-denatured species. All other samples were at pH 8.0.

Data Analysis. Titration curves were fit with a sigmoidal
relationship derived from the Henderson-Hasselbalch equa-
tion. The equation was modified to include sloping baselines,
as well as an n value that accounts for variations in the
steepness of the transition (31) (eq 1)

A) {au + bu × pH+ (al + bl × pH)[10n(pKa-pH)]} ⁄

[1+ 10n(pKa-pH)] (1)

The parameters a and b are the y-intercept and slope of each
baseline, respectively. The subscripts u and l denote the terms
for the upper and lower baselines, respectively. The pKa is
the pH value at which half of the sample is ionized.

Denaturant titration data were fit with a sigmoidal relation-
ship with sloping baselines (32) (eq 2)

y) [au + bu × [D]+ (al + bl × [D]) × exp(-∆G ° +m[D]
RT )] ⁄

[1+ exp(-∆G ° +m[D]
RT )] (2)

The pG dark-state recovery traces were fit with the sum
of two exponential rise functions (eq 3)

y) y0 + a[1- exp(-bt)]+ c[1- exp(-dt)] (3)

The parameter y0 indicates the minimum value from which
the recovery starts. The parameters a and c indicate the
amplitudes of the two rate constants b and d.

RESULTS

Ninety-Six-Well Expression and Purification of PYP. To
allow the application of 96-well approaches to the study of
PYP, its expression and purification in 96-well plates were
examined. The method is based on the His6 tag extension at
the N-terminus of PYP (modified slightly from ref 29) that
allows a one-step purification using Ni-NTA resin. This

procedure reproducibly yielded ∼100-200 µg of PYP per
well in 96-well format with high purity, as shown by
SDS-PAGE and purity index (typically ∼0.60) (Figure S1
of the Supporting Information). In comparison, a multistep
purification from a 1 L culture typically yields ∼30 mg of
PYP with a purity index of e0.48 (18). The one-step 96-
well purification procedure yields samples in which an
estimated 75-85% of the protein is PYP with an N-terminal
His6 affinity tag (MRGSH6GSD4K). Below, comparisons
between mutants and wtPYP are made with both having His6

tags. When PYP without a His6 tag is referenced below, it
will be denoted as PYPnHt.

To test the applicability and value of 96-well approaches
to biophysical studies of proteins, we characterized the
complete set of 20 proteins in the E46X library with respect
to a number of functional properties: pCA λmax, fluorescence
quantum yield Φfl, and pKa, free energy for unfolding ∆G°U,
and photocycle pG recovery kinetics. In these experiments,
methods that are fully compatible with high-throughput
techniques were used.

Absorbance Spectra of the E46X Mutants. A monochro-
mator-based plate reader was used to acquire complete
absorbance spectra of the 20 proteins in the E46X library.
This allowed the measurement of 96 absorbance spectra
(260-600 nm) in ∼90 min with a spectral quality ((1 nm)
that is only slightly lower than that obtained with a traditional
cuvette-loaded spectrophotometer.

All 19 mutants yielded a protein with a visible absorbance
band (Figure 2a). On the basis of the absorbance at the peak
of the visible absorbance band, the samples had purification
yields that are similar to that for wtPYP, within a factor of
2. Even at pH 9.5, some of the mutants exhibit an absorbance
band near 350 nm, indicating that the pCA is partially
protonated due to a greatly upshifted pKa (as confirmed
below). To allow direct comparison of the absorbance bands
of the ionized pCA in the mutants, the amplitudes of their
absorbance spectra were normalized at their visible absor-
bance maxima. For mutants containing a significant amount
of protonated pCA, this normalization increases their relative
concentration in Figure 2a. This explains most of the
variation in the amplitude of the 280 nm absorbance bands
of the mutants. The λmax values of the pCA absorbance bands
in the E46X library range from 441 nm (E46P) to 478 nm
(E46I and E46V), compared to 446 nm for wtPYP (Figure
2b). A complete list of the properties of the E46X mutants
reported here is provided in Table S1 of the Supporting
Information. Most mutants have a red-shifted λmax; only five
mutants were shifted to the blue (Figure 2b). Also, the extent
of the observed red shifts (up to 32 nm) was larger than that
of the blue shifts (up to 5 nm). Substitutions with small
hydrophobic residues resulted in the largest red shifts.
Substitutions with proline and acidic/basic residues (except
E46H) resulted in the strongest blue shifts.

Fluorescence Emission Quantum Yield. Emission spectra
of the E46X library (data not shown) were recorded using
integration times of both 0.1 and 0.5 s to test if excitation
lamp-induced photocycling affects the results. No significant
difference was noted (data not shown). The Φfl of the mutants
was determined using the published value for wtPYPnHT of
0.14% (28) as a standard. Most of the mutants had Φfl values
that fell within a narrow range (0.53-0.66) (Figure 3). The
Q, M, and L substitutions had Φfl below this range, while
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D, P, R, K, F, and Y had a higher Φfl. A notable observation
is that all of the mutants exhibit a Φfl larger than that of
wtPYP (0.19%), increased up to 7-fold (1.4%).

pH Titrations. Since the side chain of Glu46 is hydrogen
bonded to the pCA, mutations at this residue can be expected
to affect the pKa of the pCA, as has already been shown for
the E46Q, E46A, and E46D mutants (8, 15, 16). To

systematically investigate this effect for all substitutions at
this position, we performed pH titrations with visible
absorbance monitoring in individual 96-well samples. Acid
titration of PYP results in the protonation of the pCA
chromophore, and a blue shift in the absorbance spectrum
to ∼350 nm. A typical data set is shown in Figure 4a. Such
pH titration measurements were performed for all 20 samples
in the E46X library (Figure 4b). The pH dependence of the
absorbance at the pCA λmax for each mutant was fit using eq
1 to determine the pKa and slope n of the transition.

This revealed that the pKa of the pCA varied by 6 pH
units from 3.0 for wtPYP to 9.0 for the E46D mutant. Almost
all of the mutants, in contrast with wtPYP, exhibit apparent
pKa values close to that of solvent-exposed pCA (Figure 4c).

FIGURE 2: Absorbance spectra of the E46X PYP mutants. (a)
Normalized absorbance spectra of the E46X library at pH 9.5. (b)
Dependence of the visible absorbance maximum λmax on the
substitution at position 46. Substitutions were sorted from most
blue-shifted to most red-shifted. A histogram of the distribution is
shown on the right axis. The location of wtPYP is indicated by an
arrow.

FIGURE 3: Quantum yield of pCA fluorescence Φfl in the E46X
PYP mutants. The dependence of Φfl at pH 9.5 on the substitution
at position 46 is shown. Substitutions were sorted from lowest to
highest Φfl. The plot represents the average of two data sets
measured using different integration times (0.1 and 0.5 s; see the
text). Errors bars indicate one standard deviation. A histogram of
the distribution within the library is shown on the right axis. The
location of wtPYP is indicated by an arrow.

FIGURE 4: Dependence of absorbance spectra of the E46X PYP
mutants on pH. (a) An example titration of the pH dependence of
the absorbance spectrum (E46Q PYP). The data were thinned for
clarity. The inset shows the titration curve at the absorbance
maximum (461 nm) derived from the visible absorbance spectra.
(b) Amplitude-normalized pH titration curves for the entire E46X
library, measured at the absorbance maximum for each protein. The
pH titrations were fit using eq 1. (c) Dependence of the pKa (b)
and n values (O) on the substitution at position 46. Substitutions
were sorted from lowest to highest pKa. Errors bars represent the
standard deviation from the average of two measurements. Histo-
grams of the distributions of pKa and n values are shown on the
right axis. The locations for wtPYP are indicated with arrows.
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The only exception is the conservative substitution E46Q
which has an apparent pKa of ∼4.6, intermediate between
that of wtPYP and those of the rest of the mutants.

The n values for most of the titration curves were close
to 1, which would be expected for a single-site titration
(Figure 4c). For wtPYP and E46Q, the n values are greater
than 1, suggesting some degree of cooperativity. The n values
for the C, D, K, P, and R substitutions were near 0.75 (see
the Discussion in the Supporting Information).

Guanidine Titrations. The folding of PYP can be described
with a two-state mechanism (33). In the folded state, the
pCA absorbs in the visible region. In the unfolded state,
the pCA absorbance is shifted to ∼340 nm (2). Thus, the
visible absorbance band of PYP can be used as an indicator
of the folded-unfolded equilibrium (Figure 5a). Guanidine
titrations were performed in 96-well plate format for all 20

members of the E46X library using visible detection (Figure
5b). The titration data were fit (32) using eq 2 to determine
the m value and ∆G°U (Figure 5c). The ∆G°U values for the
mutants varied from 6.5 kcal/mol for the E46D mutant to
12.9 kcal/mol for the E46M mutant. The majority of the
mutants exhibit reduced ∆G°U values, around 10 kcal/mol.
Three mutants stand out as having stabilities that are higher
than expected (see Discussion): E46A, E46M, and E46W.

The m values for most of the 20 samples are largely
constant at 4.5 kcal mol-1 M-1 (Figure 5c). The E46D, E46K,
E46P, and E46R mutants are exceptions with lower m values
(near 3.7 kcal mol-1 M-1). These same mutants also have
the lowest ∆G°U compared to that of wtPYP.

Dark-State RecoVery Kinetics. All 19 mutants exhibited
a light-induced photocycle with a blue-shifted photocycle
intermediate. We measured the kinetics of the last
photocycle transition in PYP, from the blue-shifted pB
intermediate to the initial pG state for the E46X library
at pH 8.0. In wtPYPnHt, this step proceeds on the order of
0.2 s at pH 8.0 (2, 8, 11), with 5-10% of the population
decaying 1 order of magnitude more slowly (11). Among
the E46X mutants (with His tags), the recovery times vary
more than 4 orders of magnitude: from tens of minutes to
beyond the time resolution of the spectrophotometer
(0.1 s) (Figure 6). Typically, the fastest were the mutants
with small hydrophobic substitutions. The slowest were
E46P and the acidic/basic substitutions (except E46H).
Quantitative descriptions are complicated by the fact that
different mutants exhibited different behaviors. Some
recovery traces were fit well with single-exponential
functions, while others (including wtPYP) required mul-
tiple exponentials (Figure S2 of the Supporting Informa-
tion). For the 19 mutants, the relative contribution of the
faster time constant varied from 15 to 100% (Figure 6c).
To distill the data into a single metric that can be used to
directly compare mutants, we determined the degree of
steady-state bleaching given a fixed amount of light (same
illumination conditions used for all measurements) (Fig-
ure 7).

Our photocycle measurements for E46Q PYP revealed a
photocycle at pH 8.0 (0.6 s-1) much slower than that reported
in the literature [21 s-1 for E46QHt (34) and 150 s-1 for
E46QnHt (8)]. This issue was resolved by considering the very
small fraction of photobleaching of E46Q (Figure 7). If the
entire E46Q population would exhibit a pB to pG transition
rate of 0.6 s-1, then a much larger bleaching percentage
would be expected (see the Discussion in the Supporting
Information). We conclude that the majority of the population
of the E46Q mutant proteins exhibits a rate of pG recovery
beyond our time resolution, while a small fraction of the
sample has a much slower recovery rate.

To investigate if other mutants also exhibit photocycle
kinetics with a major component faster than the 100 ms time
resolution of the spectrophotometer used here, we compared
the measured photobleaching percentage with the photo-
bleaching percentage calculated on the basis of the observed
recovery rates, assuming parallel pathways (see Figure S3
of the Supporting Information) in the case of mutants with
a biphasic recovery rate (see the Discussion in the Supporting
Information). Only in the case of the E46Q mutant was a
clear discrepancy found between the observed and expected
percentage of photobleaching (Figure S3 of the Supporting

FIGURE 5: Denaturation of the E46X PYP mutants at pH 8.0 with
Gdn-HCl. (a) Dependence of the absorbance spectrum of wtPYP
on Gdn-HCl as an example denaturant titration. The inset shows
the titration curve at 450 nm. (b) Gdn-HCl titrations for the entire
E46X library. The denaturant titrations were fit using eq 2. (c)
Dependence of the stability ∆G°Un (b) and m values (O) on the
substitution at position 46. Substitutions were sorted from lowest
to highest ∆G°U. Errors bars represent one standard deviation from
the mean of a minimum of two measurements. Histograms of the
distributions of ∆G°U and m values are shown on the right axis.
The locations of wtPYP are indicated by arrows.
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Information). On the basis of this, we conclude that only
the E46Q mutant exhibits a recovery rate much faster than
10 s-1 of the mutants in the E46X library.

DISCUSSION

Implications for the Mechanism of Spectral Tuning and
pKa Tuning in PYP. The relationship between the structure
of a protein and its function is a central unresolved problem
in biology. In particular, questions remain regarding the
mechanisms involved in the tuning of the properties of active
sites and their cofactors to achieve spectacular rate enhance-

ments and specific biological functions. To study these
questions, we utilized active site residue Glu46 in PYP.

The E46Q substitution lengthens, and presumably weak-
ens, the hydrogen bond with the pCA by 0.29-0.35
Å (17, 35) and leads to a shift of the λmax from 446 to 461
nm (8, 14). It has been proposed that the reduced charge
localization caused by the weakening of this hydrogen bond
results in the observed red shift in pCA λmax (8) (also see
the Discussion in the Supporting Information). When we
replaced E with I, L, or V, residues with similar volumes
but no hydrogen bonding capability, we observed an even
further red shift to ∼475 nm. This confirms the importance
of the strength of the hydrogen bond between residue 46
and the pCA in the spectral tuning of PYP: progressive
weakening of this hydrogen bond results in a progressive
red shift of the λmax (Figure 8a).

The absorbance spectrum of the E46W mutant initially
was surprising in that it is very similar to that of E46Q
(Figure 8b). On the basis of this observation, we propose
that the NH group in the Trp side chain forms a hydrogen
bond with the pCA similar to that with the Gln side chain
(see the inset of Figure 8b). This is in line with the ∆G°U of
the E46W mutant (see below). However, in contrast to Gln46,
the apparent hydrogen bond between Trp46 and the pCA
apparently is not able to substantially lower the pKa of the
pCA (see Figure 4c). The hydrogen bonding status for
the remaining substitutions remains to be determined (see
the Discussion in the Supporting Information).

The data reported here indicate that the pKa value of the
pCA in PYP also depends on the strength of the hydrogen
bond between residue 46 and the pCA. A combination of
published data (1, 8, 16, 25) and the results reported here
yields the following view. For wtPYP (strong hydrogen
bond), the pKa value is ∼3; in the E46Q mutant (weakened
hydrogen bond), it is shifted to ∼5, and for the E46I, -L,
and -V mutants (hydrogen bond absent), it is increased to
∼7.5. This supports the notion that the hydrogen bond
between residue 46 and the pCA stabilizes the ionized state
of the pCA. However, when all 20 E46X samples are taken
into consideration, no correlation is observed between the
λmax and the pKa value of the pCA (Table 1). This indicates
that additional factors are important for tuning these two

FIGURE 6: Kinetics of the final photocycle transition in the E46X
PYP mutants at pH 8.0. (a) Normalized examples of dark-state
recovery traces. Data for wild-type PYP (s), the fast mutant E46L
( · · · ), and the slow mutant E46D (---) are shown, detected at their
visible absorbance maxima (446, 475, and 442 nm, respectively).
(b) Biexponential fits using eq 3 of the amplitude-normalized
kinetics of the pB f pG photocycle recovery in the mutants. (c)
Dependence of the relative contribution to the slow phase in pG
recovery kinetics on the substitution at position 46. Substitutions
were sorted from lowest to highest percentage of slow pG recovery
phase.

FIGURE 7: Dependence on the substitution at position 46 of the
fraction of photobleached PYP after illumination for 30 s at pH
8.0. Substitutions were sorted from lowest to highest fraction
bleaching. A histogram of the distribution of bleaching fraction is
shown on the right axis. The location of wtPYP is indicated by an
arrow.
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functional properties that are differentially modified by
mutations at position 46.

Both in the data reported here and in previous work, the
n value for the acid denaturation of wtPYP is fractional and
larger than 1 (Figure 4c and ref 25). This apparent cooper-
ativity in the acid denaturation of PYP remains unexplained.
We found that the pCA pKa and n value are correlated (Table
1) and that the only mutants in the E46X library with an n
value of >1 are wtPYP and E46Q. These are also the only
mutants with a low pKa. On the basis of this observation,
we propose that the cooperativity is based on the concomitant
titration of the pCA and Asp/Glu side chains.

The pCA Φfl is a third property that is progressively
increased when the hydrogen bond between residue 46 and
the pCA in the E46Q and E46I, -L, and -V mutants is
weakened. This suggests that increased mobility of the pCA
within its protein binding pocket in the absence of a hydrogen
bond tether causes the increased fluorescence emission.

Robustness and EVolVability of Protein Function. The side
chain of Glu46 is fully buried within the active site of PYP,
directly hydrogen bonded to the pCA (13, 17), and function-
ally important (8, 14-16, 18-21, 36). Despite its central
importance, we found that all 19 substitutions of E46,
including Gly and Trp, yielded a colored protein with
photochemical activity. This indicates that the structure of
PYP remains largely intact in the set of mutants studied here.
Thus, the functional properties of PYP appear to be quite
robust to active site perturbations. We conclude that the
structure of PYP has sufficient flexibility to accommodate
significant perturbations at its active site while maintaining
its overall fold and many aspects of its functionality (see ref
37). However, the values for various functional properties
are significantly perturbed in the mutants. The observation
that substitutions at functionally important active site residues
alter function without abolishing it appears to be more
general for proteins (38).

Functional DiVersity from a Single Side Chain. We find
here that different substitutions at position 46 of PYP result
in a very significant variety of functional properties. Of note
is where the properties of wtPYP fall within the ranges
observed for the E46X library. While its λmax (Figure 2b),
∆G°U (Figure 5c), and dark-state recovery rate (Figure 7)
are intermediate among those of the E46X library, the pCA
Φfl (Figure 3) and particularly the pCA pKa (Figure 4c) in
wtPYP are significantly lower than those of the 19 mutants.
This result suggests that the low Φfl and pKa of the pCA
have been selected for during evolution and are functionally
important. The biological relevance of the low Φfl can be
rationalized by evolutionary pressure to optimize the sensi-
tivity of a photoreceptor, favoring a high quantum yield for
photochemistry and thus a low Φfl. The unusually low pKa

of the pCA can be rationalized on the basis of the mechanism
for receptor activation that has been described for PYP (18, 20).
In this mechanism, proton transfer from the side chain of
Glu46 to the pCA creates a destabilizing buried charge on
Glu46 that acts as an “electrostatic epicenter” and drives
protein conformational changes during the activation of
PYP (18, 20, 21). Large shifts in the pKa values of the pCA
and Glu46 side chain during the PYP photocycle are expected
to be of direct importance to this mechanism of PYP receptor
activation. The unusually low initial pKa of the pCA in the
pG dark state of PYP creates the potential for light-triggered
proton transfer that activates PYP.

Effects on Protein Stability. The contribution of hydrogen
bonding to protein stability has been studied in a wide range
of proteins. Mutational analysis of the contribution of buried
hydrogen bonds to ∆G°U has yielded values of ∼2 kcal/mol
of destabilization per hydrogen bond (39-43), but this value
depends significantly on the structural context of the
hydrogen bond (44). In the case of the PYP active site, the
E46-pCA hydrogen bond is unusually short (17), and this
ionic hydrogen bond is expected to be significantly strength-
ened due to the negative charge on the pCA (45).

In line with the expected stabilizing effect of the
Glu46-pCA hydrogen bond on PYP, 14 of the Glu46
substitutions result in reduced ∆G°U values. On the basis of
the visible λmax of the E46I, -L, and -V mutants and the
volumes of these three side chains, we argued above that
the main effect of these substitutions is to remove the active
site hydrogen bond between residue 46 and the pCA. The

FIGURE 8: Spectral tuning in PYP by the hydrogen bond between the
pCA chromophore and residue 46. (a) The absorbance spectra show
a progressive red shift upon weakening and elimination of the hydrogen
bond through wtPYP (s), E46Q ( · · · ), and E46I (---). (b) E46Q (s)
and E46W ( · · · ) have very similar absorbance spectra, indicating the
presence of a hydrogen bond between Trp46 and the pCA, as indicated
in the inset.

Table 1: Correlation Coefficients for the Properties Determined for the
20 Proteins in the E46X Librarya

λmax pKa n ∆G°U m Φfl bleach

λmax 1 0.086 0.029 -0.708 -0.721 0.488 0.797
pKa 0.086 1 -0.896 -0.648 -0.362 0.662 0.455
n 0.029 -0.896 1 0.571 0.322 -0.534 -0.342
∆G°U -0.708 -0.648 0.571 1 0.743 -0.712 -0.775
m -0.721 -0.362 0.322 0.743 1 -0.521 -0.782
Φfl 0.488 0.662 -0.534 -0.712 -0.521 1 0.452
bleach 0.797 0.455 -0.342 0.775 0.782 0.452 1

a Underlined values are significant to the 0.01 level.
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∆G°U of these three mutants is reduced by 1.0 ( 0.7 kcal/
mol, significantly less than expected for the dissociation
energy of typical ionic hydrogen bonds. This suggests the
existence of compensatory effects involving adjustments in
protein structure. The E46D, -K, -P, and -R mutants exhibit
a significantly lower ∆G°U than the other substitutions, with
an average reduction in ∆G°U of 4.9 ( 0.8 kcal/mol. For
these mutants, additional destabilizing effects based on
charge burial and conformational restriction are expected to
play a role. These are also the four substitutions with the
lowest m values, suggesting that they may already be partially
unstructured in the native state. Indeed, since the pCA pKa

in these mutants is at or above 8.0, they are likely to be
partially acid denatured at the pH of the Gdm-HCl titration,
which was performed at pH 8.0, explaining the observed
correlation between the values of ∆G°U and m (Table 1).

The E46A, E46M, and E46W mutants exhibit stabilities
higher than anticipated. We propose that the surprising
stability of E46W PYP (only 1.5 kcal/mol lower than that
of wtPYP) is due to the hydrogen bond between the NH
group of the Trp side chain and the pCA indicated by the
absorbance spectrum of E46W PYP (Figure 8b). The E46M
mutant is slightly more stable than wtPYP, despite the
disruption of the E46-pCA hydrogen bond. Methionine
residues have two features that may allow them to enhance
∆G°U. Their unbranched nature makes them highly flexi-
ble (46, 47) and thus able to pack with other residues easily.
Second, the polarizability of the sulfur atom creates the
potential for a relatively large London dispersion force
interaction. The dispersion energy between a S and CH2

group in the cysteinyl-tRNA synthetase was estimated to be
as high as ∼5 kcal/mol (48). The unperturbed ∆G°U in E46A
PYP may be due to an ordered water molecule in the cavity
created in the E46A mutant, which hydrogen bonds to the
pCA.

Interestingly, the ∆G°U correlates with all of the other
functional properties measured here: pCA Φfl and pKa, λmax,
and percentage photobleaching [correlation coefficients of
greater than (0.64 (see Table 1)]. The correlation between
∆G°U and Φfl suggests that a more rigid pCA in a well-
packed active site results in both an increased ∆G°U and a
reduced Φfl. The detected correlation between ∆G°U and the
pKa of the pCA indicates the importance of interactions in
the active site for the stability of PYP. The strong pKa shifts
in the pCA and Glu46 indicate that this region of the protein
is an “energy hot spot” for the structure of PYP, and this
notion is supported by the observed correlation between the
stability of PYP and the pKa of its chromophore. The partial
unfolding of the pB state (33) triggered by the light-induced
electrostatic epicenter (20) at this site can explain the
correlation between pB lifetime (photobleaching percentage)
and the complete unfolding (∆G°U) of the protein.

High-Throughput Protein Biophysics of PYP. Science has
been progressing toward approaches that are smaller, faster,
and higher-throughput. Recently, high-throughput approaches
have begun to be applied to quantitative studies of protein
biophysics (49-54). We report the development and utiliza-
tion of methods for 96-well-based purification and quantita-
tive characterization of PYP and its mutants. This opens the
way for high-throughput approaches to quantitative biophysi-
cal studies of PYP, and more generally for water-soluble
proteins with good expression levels. This approach is

applicable to systems that involve a spectroscopic observable
(e.g., absorbance, fluorescence) from either the protein itself
(e.g., aromatic side chains, cofactors, attached fluorescent
probes) or a substrate.

One of the advantages of using the Glu46 position is that
it is the most well studied residue in PYP, allowing us to
compare our results with those reported in the literature for
wtPYP, E46A, E46D, and E46Q based on traditional large-
scale purification and spectroscopy methods (see Table S2
of the Supporting Information). We observed very similar
absorbance maxima for these samples which have been
published (8, 14-16, 36). Similarly, the pKa values of these
mutants as determined here using microscale methods closely
match those reported in the literature (8, 15, 16, 25, 34). In
summary, with the exception of the kinetics of pG recovery
in the E46Q mutant (see above), the microscale data
correspond well to the published properties of these four
samples (Table S2 of the Supporting Information). This
provides a strong validation of the methods developed and
used in this study (also see the Discussion in the Supporting
Information).

Because of the somewhat reduced purity of the samples
obtained by 96-well purification, it is possible that a small
percentage of misfolded PYP contributes to the spectroscopic
data reported here. This issue would only arise in the case
of misfolded PYP that absorbs in the visible region where
the photocycle kinetics and titration curves were detected,
and where fluorescence was excited. For the acid denatur-
ations and denaturant titrations, this could cause either two
distinct transitions or highly anomalous values for the pH
titration n values and the denaturant m values, respectively.
These effects are not observed (Figures 4c and 5c). The two
measurements most sensitive to a misfolded PYP subpopu-
lation are the kinetics of pG recovery and the pCA Φfl.
Misfolded PYP could give rise to a slow component in the
kinetics of pG recovery. Recently, we reported evidence that
the isomerization of Pro54 is involved in this slow component
(55), but a misfolded PYP fraction could increase the
contribution of this slow phase. Thus, the relative contribu-
tions of the slow phase in the E46X mutants (Figure 6c)
should be interpreted with care; the other conclusions reached
here are not affected by this issue. An additional complication
for the comparison of pG recovery kinetics in the E46X
mutants is that the data reported in Figure 6 were determined
at one selected pH value (pH 8.0). The kinetics of pG
recovery are pH-dependent, and this dependence can be
significantly altered in PYP mutants (8, 56, 57). The data
reported here on pG recovery kinetics in the E46X mutants
provide a snapshot of the pB lifetime at one specific pH
value.

Misfolded PYP could also cause an increase in pCA Φfl

(Figure 3) that is not representative of the well-folded fraction
of the mutant. For the E46H, E46K, and E46Y mutants, we
have performed subpicosecond pump-probe spectroscopic
measurements using highly purified samples and found that
the excited-state lifetime of the mutants correlates well with
their Φfl (A. Philip, R. A. Nome, N. F. Scherer, and W. D.
Hoff, unpublished results). This correlation indicates that the
pCA Φfl for these three mutants is not caused by a small
percentage of highly fluorescent misfolded PYP but is
representative of the bulk of the PYP molecules.
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The study reported here provides a test case for the high-
throughput biophysical characterization of libraries of mu-
tants. Advantages of this approach over the study of
individual mutants are that it allows the rapid identification
of (i) trends in the data that link amino acid structure to a
functional property (see Figure S4 and the Discussion in the
Supporting Information for a cluster analysis of the data
reported here), (ii) mutants with atypical behaviors, and (iii)
the “evolvability” of selected functional properties and the
position of the wild-type protein in the range of values
observed for the mutants.

These advantages are illustrated by the following observa-
tions. (i) A dependence of both the position of the λmax and
the pKa of the pCA chromophore in PYP was found on the
strength of the hydrogen bond between position 46 and the
pCA, based on a comparison of the properties of wtPYP with
E46Q PYP and the E46I, -L, and -V mutants. (ii) The E46Q
mutanthasbeenstudiedextensively(8,14,17,20,21,35,57-60)
and greatly accelerates the final photocycle step at pH >7
(8). Here we find that the E46Q mutant is unusual since it is
the only substitution at position 46 that results in such a
dramatic acceleration of the photocycle rate. (iii) All of the
functional parameters measured here were significantly
affected by mutations at position 46, confirming the central
position of this residue in tuning a variety of functional
properties of PYP. In the case of the pCA Φfl and pKa,
wtPYP was found to have the lowest values of all 20 side
chains, supporting the notion that these two values were
functionally optimized during evolution, whereas for the
other properties studied this is not the case. The approach
reported here opens the way to high-throughput studies of
large libraries of mutants of PYP and other soluble chro-
mophoric proteins.

Implications for Proton Transfer and Protein Conforma-
tional Changes during the PYP Photocycle. Two key events
in the PYP photocycle are pCA protonation and protein
conformational changes. Two pathways for proton transfer
have been proposed in the literature for the protonation
of the pCA chromophore during the PYP photocycle: (i)
intramolecularproton transfer fromGlu46 to thepCA(18-20)
and (ii) proton transfer from solvent water (58). The
observation that all of the E46X mutants exhibit a
photocycle with a pB intermediate shows that Glu46 is
not an essential part of the proton transfer pathway for
pCA protonation upon pB formation. The data reported
here do not allow a conclusion about the proton transfer
pathway in wtPYP.

Three distinct models have been proposed regarding the
propagation of conformational changes during the PYP
photocycle. First, it has been proposed that the transiently
deprotonated side chain of Glu46 functions as an elec-
trostaticepicenterthattriggersalarge“proteinquake”(18,20,21).
In a second model, solvent exposure of the pCA upon
isomerization creates a hydrophobic cavity that collapses
upon itself, causing a distortion of the protein (5). Third,
it has been proposed that hydrogen bonding interactions
of Asn43 are a key element of the structural pathway that
relays conformational changes from the photoactive site
to the N-terminal region (60). Since all of the 19
substitution mutants studied here have a pB intermediate
but do not contain the proposed electrostatic epicenter,
its presence is not required for the formation of the blue-

shifted photocycle intermediate. However, the protein
quake model leads to the prediction that the conforma-
tional changes upon formation of this intermediate will
be significantly smaller for these mutants. This has indeed
been confirmed for E46Q PYP on the basis of time-
resolved FTIR (20) and NMR (21) spectroscopy. No high-
throughput measurement for determining the extent of the
conformational changes during the PYP photocycle is
currently available. Thus, the data reported here do not
reveal the extent of the structural changes in the 19
mutants studied here, and the prediction given above
remains to be tested in future work.

SUPPORTING INFORMATION AVAILABLE

Supplemental methods provide further details about the
96-well protein purification and data acquisition for PYP.
Supplemental discussion is provided on pH titrations, the
kinetics of pG recovery, validation of the data, analysis
of correlations in the data, and spectral tuning effects. Four
figures are included regarding the microscale purification
of PYP, analysis of pG recovery kinetics, measured and
predicted photobleaching fractions, and hierarchical clus-
tering of the E46X mutants. Two tables list the properties
of the 20 E46X samples and a comparison with published
data on these mutants. This material is available free of
charge via the Internet at http://pubs.acs.org.
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