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Thermochromatium tepidufhotoactive Yellow Protein/Bacteriophytochrome/
Diguanylate Cyclase: Characterization of the PYP Dorhain

John A. Kyndt, John C. Fitch, Terry E. Meyer, and Michael A. Cusanovich*
Department of Biochemistry and Molecular Biophysics, démsity of Arizona, Tucson, Arizona 85721
Receied December 14, 2004; Reed Manuscript Receéd January 19, 2005

ABSTRACT. The purple phototrophic bacteriufhermochromatium tepidyraontains a gene for a chimeric
photoactive yellow protein/bacteriophytochrome/diguanylate cyclase (Ppd). We produded tigidum

PYP domain (Tt PYP) irEscherichia coliand found that it has a wavelength maximum at 358 nm due

to a Leu46 substitution of the color-tuning Glu46 found in the prototy{atorhodospira halophilaPYP

(Hh PYP). However, the 358 nm dark-adapted state is in a pH-dependent equilibrium with a yellow
species absorbing at 465 nmKp= 10.2). Following illumination at 358 nm, photocycle kinetics are
characterized at pH 7.0 by a small bleach and red shift to what appears to be a long-lived cis intermediate
(comparable to the;lintermediate in Hh PYP). The recovery to the dark-adapted state has a lifetime of
~4 min, which is approximately 1500 times slower than that for Hh PYP. However, when the Tt PYP is
illuminated at pH values above 7.5, the light-induced difference spectrum indicates a pH-dependent
equilibrium between the intermediate and a red-shifted 440 nm intermediate. This equilibrium could be
responsible for the sigmoidal pH dependence of the recovery of the dark-adapted Ktate &B). In
addition, the light-induced difference spectrum shows that, at pH values above 9.3, there is an apparent
bleach near 490 nm superimposed on the 358 and 440 nm changes, which we ascribe to the equilibrium
between the protonated and ionized dark-adapted forms. The L46E mutant of Tt PYP has a wavelength
maximum at 446 nm, resembling wild-type Hh PYP. The kinetics of recovery of L46E following
illumination with white light are slow (lifetime of 15 min at pH 7), but are comparable to those of wild-
type Tt PYP. We conclude that Tt PYP is uniqgue among the PYPs studied to date in that it has a photocycle
initiated from a dark-adapted state with a protonated chromophore at physiological pH. However, it is
kinetically most similar tdRhodocista centenariBYP (Ppr) despite the very different absorption spectra
due to the lack of E46.

Photoactive yellow protein (PYPjs a small cytoplasmic ~ Rhodospirillun) salexigens and Halochromatium (also
blue light-absorbing sensory protein discoveredHalo- known asChromatium salexigeng10, 11). All three have
rhodospira (also known asEctothiorhodospiry halophila similar kinetics, and the photocycle of Hh PYP is by far the
(1, 2). More recently, it has been found that PYP also can best studied of all PYPs. In general, the dark-adapted state
be part of larger multidomain protein8)( Several publica-  of Hh PYP absorbs light with a maximum at 446 nm, and a
tions have presented PYP as the structural prototype for thelaser flash initiates a trarsis isomerization of the anionic
PAS domain family 4, 5). PAS domains are signaling p-hydroxycinnamic acid chromophore, concomitant with
modules that sense a wide range of stimuli, e.g., light, conversion of the dark-adapted state P int¢1l9 ps) and
oxygen, redox potential, and a wide variety of small subsequently intat (220 ps) both absorbing at 510 na2¢
molecules §—8). On the basis of homology, kinetics of 14). I¢* decays into the red-shifted intermediate in~3 ns
recovery following photoexcitation, and presumed function, (Amax= 465 nm). In~500us, |, decays to{ which has the
the PYPs found to date can be classified in four gro®s ( ionized chromophore exposed to the solveh§)( Fast

The first group comprises the PYPs found in the halophilic protonation by the solvent results in the blue-shiftethax
organismsHr. halophila, Rhodothallasiun{also known as = 350 nm). Recently, evidence was provided for this |,
equilibrium with a g, of 8.2 for the E46Q Hh PYP mutant
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1 Abbreviations: PAS, acronym formed from the names of the first . . . ,
three proteins recognized as sharing this sensor motif (periodic clock ~ The second group contains the single domain PYP’s from
protein of Drosophilg aryl hydrocarbon receptor nuclear translocator  two Rhodobactespecies:Rhodobacter sphaeroid¢s?7, 18)

of vertebrates, and single-minded proteinybsophilg; WT, wild-
type; PYP, photoactive yellow protein; Ppd, PYP/phytochrome/di- andRhodobacter capsulaty8, 19). In both cases, the PYP

guanylate cyclase; PCR, polymerase chain reaction: Bph, bacteriophy-Nas an additional absorption maximum in .the BWis region
tochrome; IPTG, isopropys-p-thiogalactoside. at neutral pH, at 360 nm foRb. sphaeroide®YP and at
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375 nm for Rb. capsulatuPYP. The photocycle of the  This construct allowed us to express the PYP domain as a
RhodobactePYPs is completee-100 times faster than that  single protein with a C-terminal His tag. The pET20b vector
of the first group. The relatively fast kinetics suggest that introduces a seven-amino acid linker (KLAAALE) between
the RhodobactelPYPs sense a higher light intensity than the end of the PYP domain and the His tag (six His residues).
Hh PYP, since this would be required to achieve a significant ~ Cotransformation of pET20b(TtepPYP) with the previ-
steady-state concentration of the signaling state. ously described biosynthetic plasmid pACYC(TALpCRILJ

In the third group, with a single representative from resulted in arEscherichia colBL21(DE3) strain which was
Rhodocistgalso known aRRhodospirillum centenaria the able to produce holo-Tt PYP. The expression culture was
PYP is actually the N-terminal domain of a larger protein grown at 30°C and induced with 1 mM IPTG at an Q§
called Ppr B). In Ppr, the central domain is a bacteriophy- 0f 0.7. After overnight growth {16 h), the cells were
tochrome (Bph), which is followed by a C-terminal histidine harvested by centrifugation, resuspended in 20 mM Tris-
kinase domain. Recent investigation showed that the pho-HCI (pH 7.5) with 100 mM NaCl, and lysed with an
tocycle of the recombinant PYP domain +s3 orders of automated French press. The Tt PYP was purified from the
magnitude slower than that of the prototypic Hh PYP, crude cell lysate with TALON resin (BD Biosciences
suggesting that it senses much lower light intensities than Clontech, Palo Alto, CA) which has a high affinity for His-
either of the first two groups3j. The Ppr holoprotein, tagged proteins. The purification was performed in batch as
reconstituted with both chromophores, has approximately thedescribed by the manufacturer, and the protein eluted with
same kinetics for the PYP photocycle as in the Ppr PYP 200 mM imidazole. Since the Tt PYP was on60% pure
domain, and the Bph chromophore is bleached at 702 nmafter this step, we performed a size exclusion purification
rather than being red-shifted as in other phytochrores ( 0n a Superdex 75 column using theKRA Explorer
The Bph recovers in a biphasic fashion with time constants (Amersham Biosciences) FPLC system. The protein was
of 2.5 min (like the Ppr PYP domain) and 1.6 h (not observed ~80% pure after this step, and a combination of SIPAGE
with the Ppr PYP domain recovery). It has been shown that and mass spectrometry showed that most of the contamina-
Ppr is involved in regulation of the gene for a polyketide tion was due to the presence of apo-PYP. The purity was
synthase similar to chalcone synthase whereby expressiorestimated from the 280 nm to 358 nm ratio in the absorption
is inhibited 2-fold when Ppr is illuminated and presumably spectrum, suggesting there was20% apo-PYP. An ad-
bleached in either the PYP domain, the Bph domain, or both ditional Q-Sepharose ion exchange step did not improve the
(3). The cognate response regulator has not yet beenpurity of the sample. The recombinant protein was used for
identified. additional characterization without removal of the His tag.

Recently, we reported the discovery oppd gene from The LA6E mutant offc. tepidurPYP was created using
the genome ofThermochromatium tepidunfintegrated the Quick Change PCR mutagenesis kit (Stratagene). The

Genomics), which represents a fourth structural and func- following primers were used: TTCTACAGCCGCGC-
tional form, that encodes a PYP homologue fused to a Bph CGAAGTGGACCTTG and complement as the reverse

domain which is followed by a third domai@)( This gene primer. The mutated bases are underlined. The PCR was as

structure resembles that of tRe. centenaria pprhowever, ~ described previouslyld). The mutant protein was produced
the third domain in the case of tAe. tepidungene shows a_nd purified as described above for the wild type, with the
homology (-38%) to the GGDEF/EAL family of diguanylate dlffergnce belng that the samp_le was completely pure after
cyclases/phosphodiesterases instead of the histidine kinased€ Sizeé exclusion step. No evidence for apo-PYP or other
We therefore named Tc. tepidunPpd (PYP/phytochrome/ ~ Contaminants could be found in the mass spectrometry
diguanylate cyclase). We now report characterization of the analysis.

Tc. tepidumPYP domain. We confirmed that this PYP has ~ Mass Spectrometrjthe mass spectrometry experiments
a substitution of Leu for the color-tuning Glu46. Neverthe- With both WT Tt PYP and L46E were performed at the

less, it has a photocycle that is similar to those of the other Chemistry Department Mass Spectrometry Facility at the
species of PYP, but in this case, the photocycle is initiated University of Arizona. Samples (140M) were in 5 mM Tris-
from a dark-adapted state with a protonated chromophoreHCl and were analyzed with ESI-MS, preceded by an HPLC

absorbing at 358 nm. separation. The WT Tt PYP sample exhibited a significant
mass of 15 974 Da as well as the expected mass of 16 122
MATERIALS AND METHODS Da for the holo-PYP domain plus a His tag. The mass of

15 974 Da corresponds to the theoretical mass of the apo-Tt

Bacterial Cultures. Tc. tepiduwas kindly provided by  PYP domain. L46E exhibited only a single band with a mass
M. Madigan (Southern lllinois University, Carbondale, IL). of 16 137 Da which corresponds well to the theoretical mass
The culture was grown as described previoug) ( of 16 138.1 Da for the mutated holo domain.

Cloning and Mutagenesi®CR was performed to isolate UV—Vis and Time-Resoéd Laser Spectroscopibsorp-
the first 378 bp of the gene encoding PpdTaf. tepidum tion spectra were obtained with a CARY 300 spectropho-
The forward and reverse primers were designed with Ndel tometer. All studies were carried out in a universal buffer
and Hindlll restriction sites, respectively, based upon the (2 mM CAPS, CHES, TAPS, HEPES, MES, sodium citrate
genome sequence determined by Integrated Genomics (Chiand 1 mM PIPES), unless otherwise indicated. In the steady-
cago, IL). After the PCR fragment had been digested with state recovery experiments with the L46E mutant, the protein
Ndel and Hindlll restriction enzymes, it was ligated into the was first bleached by being exposed to a tungsten lamp (60
predigested pET20b vector. The gene was cloned underW) for 2 min, and subsequently, the recovery was measured
control of the T7 promoter and in frame with the His tag in the dark in the CARY spectrophotometer. Some experi-
region of the pET20b vector, resulting in pET20b(TtepPYP). ments were carried out with a 410 nm short band-pass filter
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Ficure 1: UV—vis absorption spectra of four types of PYP at pH
7.0: Hh. halophilaPYP in black,Rb. capsulatu®YP in red,Rc.
centenunPYP domain in cyan, and tHEc. tepidumPYP domain

in green. There is a significant absorbance background i the
tepidumPYP spectrum which could be due to aggregation and light
scattering (see the text).

10— 444, _a

4,

to excite only the 446 nm form. Absorbance changes were
measured over a 40120 min time range, and the kinetic
data were fit using OLIS software (K-Fit, Bogart, GA).

In the recovery experiment with WT Tt PYP, samples were : . . :
iluminated for 20 s with a 150 W Xe arc lamp to obtain a 6 7 8 9 noon 12
stronger signal. The absorbance changes during recovery pH
were measured in the CARY spectrophotometer or-a® FiGUrRe 2: (A) Absorption spectra of WTTc. tepidumPYP in
min time scale. To obtain difference spectra, the spectro- universal buffer at different pH values. Above pH 10, the

; i redominant form has an absorption maximum at 465 nm,
Egg:olrgse tv?/re\rl;atsaﬁz(r:dvk;lir:ggeir\:\'::\r/\?ellfsngth scanning mode ano?esembling the E46A Hh PYP mutant. The background absorbance,
P . ) . presumably due to aggregation, also increases with an increase in
The laser flash photolysis apparatus and data analysispH. (B) Plot of the pH titration of Tt PYP. The absorbance was
protocol for the 365, 445, and 480 nm excitation were as measured at 450 nn®] and 360 nm 4). The two plots were fit
described previously2( 22). with the HendersofiHasselbach equation, resulting iKjvalues
of 10.2 and 10.1, respectively & 1 for both).

Fraction of A absorbance ™

RESULTS AND DI ION
SULTS SCUSSIO point at 388 nm, although above that pH, hydrolysis of the

Cloning and Spectral Characterization of Tc. tepidum chromophore rapidly commences and interferes with the
PYP.We cloned the PYP domain (first 378 bp) of the Tt measurements. As can be seen from Figure 2A, there is an
ppd and verified that it has the correct DNA sequence as increase in background absorbance with increasing pH,
originally determined by Integrated Genomics. Wild-type Tt presumably due to aggregation of the protein and consequent
PYP has a Leu at position 46 which is a Glu in Hh PYP in light scattering. This is most significant below 320 nm, but
the equivalent position. This is of interest since Glu46 it can also explain why the 358 nm absorbance does not
together with Tyr42 has been shown to be hydrogen-bondedappear to reach the baseline at higher pH. This apparent
to the phenolate oxygen of the chromophd®8) @nd Glu46 aggregation effect, in addition to the presence of apo-PYP,
plays a significant role in color-tuning of Hh PYR4). contributes to the high 280 nm to 358 nm ratio of 1.35 (at
Therefore, the presence of Leu in WT Tt PYP was expected pH 7.0). At this point, it is not certain if the presumed protein
to render the protein colorless since the chromophore shouldaggregation is due to apo-PYP, holo-PYP, or both. However,
absorb light in the UV rather than in the blue at pH 7.0. To when the sample was centrifuged at 14 000 rpm for 10 min,
verify that this is the case, we attached a His tag to the Tt a small fraction of the aggregate precipitated out, but the
pypgene fragment and expressed incoli along with the 280 nm to 465 nm ratio did not change significantly. This
two biosynthetic enzymes (frorRb. capsulatus2l). The suggests that both apo- and holo-PYP are forming the
resulting recombinant protein has an absorption maximum aggregate.
at 358 nm. In Figure 1, the Tt PYP absorption spectrum is  The chromophore in Hh PYP has &pat or below 2.8,
compared with that of the three other PYP classes at pHwhere the protein denatures and hydrolysis of the chro-
7.0. Tt PYP (in green) has the most blue-shifted absorption mophore beginsl. The shift in )<, compared to that of
maximum of all WT proteins found to date. Note that the the chromophore in solvent (which is near 9) is thought to
E46A mutant of Hh PYP has an absorption maximum at be due to the formation of a hydrogen bond between the
365 nm at pH 7.0 (24). However, as the pH is increased, Tt E46 carboxylic acid group and the ionized chromophore
PYP, as with the E46A mutant of Hh PYP, absorbs light in hydroxylate, which is broken when the protein denatures.
the vicinity of 465 nm (see the Tt PYP spectra in Figure In the absence of E46, however, as in the E46Q and E46A
2A). The K, for this transition in Tt PYP is 10.2 as shown mutants of Hh PYP, there is a pH-dependent equilibrium
in Figure 2B. The 358 nm to 465 nm transition is reversible between the normal ionized dark-adapted statel{R, =
below pH 10.4 (if performed quickly) and has an isosbestic 462 nm) and the protonated form of the chromophore inside
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0.04

bleach at 358 nm is only~30% of the pre-illumination
absorbance. The photoproduct has a lifetime-4f1 min k
= 4.1 x 102 s™Y). In addition, the absorbance increase at
395 nm as compared to the absorbance decrease at 358 nm
suggests that the intermediate species, which absorbs at 368
nm, has an extinction coefficient approximately half that of
the 358 nm dark-adapted species. The red shiftd® nm
upon illumination of Tt PYP is indicative of a transis
isomerization of the chromophore as shown for Hh PYP
where the photoreversal of (cis state) to the dark-adapted
state (trans state) was investigat2d 7). More importantly,
our spectra are in agreement with the observation that the
extinction coefficient of the trans form is larger than for the
cis intermediate 26, 27). Thus, we conclude that the 358
nm R form has the protonated chromophore in a trans
conformation in the folded protein. Following illumination,
this is converted into the red-shifteglintermediate which
has the chromophore in the protonated cis conformation. A
deprotonated cis chromophore would be expected to be more
significantly red-shifted (see below).

The recovery kinetics ok lare highly pH dependent, with
a more than 30-fold increase between pH 7.0 and 10 (Figure
3B). The pH profile for recovery of Tt PYP was fitted with
a K, of 8.8 (h = 1). This (K, is similar to that for the free
chromophore (K. ~ 9) and for the K, values for the
recovery rate constants of the E46Q and E46A mutants of
Hh PYP (5, 24, 25). Since Tt PYP is lacking E46, this is
not unexpected, and we believe that tlik pf 8.8 is due to
deprotonation of the solvent-exposecchromophore. This

Fic 3: (A) Light minus dark difference spectra taken im will be further discussed below.
IGURE 3: - i
mediately after illumination with white light from a Xe arc lamp pH-Dependent Equilibrium between and a 440 nm

for 20 s. The spectra were taken at pH 7.0, 8.3, 9.1, 10.0, and 10.4.Form. When the pH dependence of the light-induced
(B) Plot of the rate constant for recovery of WT Tt PYP at 358 nm difference spectrum was investigated (Figure 3A), we found
after white light illumination as a function of pH. There is an at that at higher pH values>(7.5) there is formation of an
I'aast 30-fo|dt|nctr)ease i fecovery rate _fr%mb pr']* d7'0| to 1?-&)]- additional red-shifted species at the expense of the |
Chergfrtgg:]noergs%eo;ﬁ)tp was fit ge;ecmfg I\:\ﬁth g a00¥ éf)gy(f]'szo € interme(_jiate (compare _differencg spectra at pH 7.0, 8.3, and
1). 9.1 in Figure 3A). The increase in absorption is at 440 nm,
although the real maximum might be slightly more to the
the protein (B.), which absorbs near 350 nrhg, 24, 25). red, which is masked by spectral overlap withThe kinetics
In those cases, the chromophore inside the protein hi{g a p for decay of the 440 nm intermediate at pH 9%310.4 s)
closer to that in solvent (&, values of 4.8 and 7.9 for E46Q  correlate well with the recovery at 358 nm at pH 9:0<
and E46A, respectively) and considerably higher than that 9.1 s). The observation that the magnitude of the transient
for acid denaturation, which is not significantly altered by 440 nm species increases with an increase in pH while that
mutagenesis. The equilibrium we observe in Tt PYP is of the L species decreases indicates that there is a pH-

A.

delta absorbance

pH8.3
pH 9.1
———— pH100
pH 10.4

400 450 550

Wavelength (nm)

Rate of recovery at 358 nm (min-1)

pH

similar to this P-Pg_ equilibrium, where P is the dark-
adapted state with an ionized chromophdrg.{= 465 nm)
and R, is the dark-adapted state in which the chromophore
is protonatedAmax = 358 nm). However, theky, of 10.2 is

dependent equilibrium between this new species and;the |
seen at lower pH and they both decay with essentially the
same rate constant.

A similar pH-dependent equilibrium was previously found

higher than that for the free chromophore, which might be between the;l and L intermediates for the WT Hh PYP
a result of the chromophore residing in a more hydrophobic and its E46Q mutantlf). The | intermediate is in the cis
environment (due to the Leu46 substitution). conformation and is red-shifted relative to the dark-adapted
Photoactvity of Tc. tepidum PYRNhen illuminated with state, but the phenolate is still hydrogen-bonded to the
white light from a Xe arc lamp (for 20 s), Tt PYP shows a protein. It is the chromophore C9 carbonyl that has rotated
small bleach at 358 nm and a red shift. This can be seen in(~170 relative to the plane of the aromatic ring) in the trans
the difference spectrum at pH 7.0 as a decrease at 358 nnto cis conversion 48). The L' intermediate also has a
and an increase in absorbance with a maximum at 395 nmdeprotonated cis chromophore which is presumably no longer
(Figure 3A). On the basis of the relative amplitudes and hydrogen-bonded by the protein, but instead, the phenolate
separation of the 358 and 395 nm peaks, we estimate theappears to have become solvent-expodes). (Thus, |' is
wavelength maximum of the product formed by illumination thought to have the same chromophore conformation as the
to be around 368 nm. As a consequence of less than 100%, intermediate and can be considered an ionized form, of |
conversion under steady-state conditions and the spectraklthough this remains to be proven. By analogy to Hh PYP,
overlap of the 358 nm species with the product, the maximum the transient 440 nm species which we observe presumably
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is the rate-limiting step in the photocycle. As shown with
the M100A mutant of Hh PYP, isomerization of the
- protonated cis chromophore is catalyzed by M100, which
— accelerates the recovery 1000-foBD). This is presumably
due to the ability of the electron-rich M100 sulfur to stabilize
H the partial positive charge on the aromatic ring of the

@)

tautomerized chromophore. Obviously, the effect of M100

is a more significant factor in recovery than the effect of

O‘) chromophore ionization since the latter is apparent in the

_ (S N\ MZ100A mutant, but at all pH values, the recovery is slower
p— %) S than in WT Hh PYPRc. centenarigPYP also has a slow

O‘_) recovery, which was attributed to a different conformation

of the M100-containing loop, where M100 apparently no

FiGure 4: Tautomeric structures of thehydroxycinnamic acid ; ;
chromophore attached to Cys69. An electron rearrangement startinglong(_:‘r resides over the chromophore ¢dl). The recovery

at the phenolate oxygen turns the-678 double bond into a single 0! RC. centenari@YP also has a sigmoidal pH dependence
bond which facilitates formation of the trans isomer. A subsequent Similar to those of the Hh PYP M100A mutants (unpublished
felectron rearrangement forms the trans ionized chromophore whichresults). We believe that in Tt PYP, M100 does not facilitate
is present in the dark-adapted state. isomerization, presumably due to a different conformation
of the M100-containing loop as in the caseRd. centenaria
also has a deprotonated cis chromophore. According to KortPYP. This would be consistent with the slow recovery
et al. 9), the ionized form of the chromophore should have kinetics and sigmoidal pH dependence.
a wavelength maximum red-shifted by 75 nm from that of  Effect of the Equilibrium for Dark-Adapted-State loniza-
the protonated form. If the, form of Tt PYP absorbs in the  tion (Ps.—P) on the PhotocycleAt very high pH values
vicinity of 368 nm, we might expect the ionized form (above approximately pH 9.3), a bleach with an apparent
(corresponding to ;) to absorb near 443 nm, which maximum near 490 nm appears in the white light-induced
corresponds well to the Tt PYP 440 nm intermediate. At difference spectrum (Figure 3A). The amplitude of the bleach
this point, we cannot determine whether the hydrogen bondincreases with pH. We have already shown above that a pH-
of the chromophore with Tyr42 is present in the 440 nm dependent dark equilibrium exists, with &gof 10.2,
intermediate (thus corresponding to an ionized form;pf |  between the two dark-adapted states of Tt PYP (fprehd
The absorbance of the Tt PYPRihtermediate {max~ 368 P, Amax= 358 and 465 nm, respectively). Since at pH 10 we
nm) decreases at higher pH, as can be seen from thehave significant amounts of both the 358 and 465 nm forms
difference absorbance at 358 and 395 nm in Figure 3A. On (Figure 2), it is necessary to determine whether the difference
the other hand, the 440 nm species was not visible belowspectrum resulted from a light-induced bleach of the 465
pH 7.5, but becomes dominant above pH 8.5. Note that thenm form by white light illumination, or solely from dark
amplitude of the 4 intermediate also decreased in the E46 reactions following the 358 nm bleach. Therefore, we

Hh PYP mutants at higher pH valueg5. The L'—I; illuminated the Tt PYP with monochromatic 365 nm laser
equilibrium in the Hh PYP E46Q mutant has Ejof 8.1, light. Interestingly, when we plotted the difference spectrum
while for WT Hh PYP, the K, for the I'—I, transition (time points after 1 ms) in the 36%20 nm range following
appears to be above 11. Although determining tkg for 365 nm illumination, we obtained the same spectrum as for

the L to 440 nm transition in Tt PYP is complicated by the white light illumination at the same pH (pH 10 trace in Figure
occurrence of additional events at even higher pH, we plotted 3A). This suggests that all of the processes observed in the
the 395 nm to 440 nm ratios from the difference spectra difference spectra are dark reactions resulting from the 358
immediately after illumination versus pH (for the pH range nm bleach reaction. The kinetic trace at 360 nm (Figure 5A)
of 6.5-9.1) and fit the curve with al{, of 8.6 (h = 1, data shows that, besides the expected slow recovery, there is a
not shown). This resembles the observidfor the recovery  fast partial recovery (0+25%) @ = 840us). The slow phase
rate at 358 nm (K, = 8.8), suggesting that ionization of |  of the recovery kinetics could not be measured accurately
increases the rate of recovery to the protonated dark-adaptedvith the laser flash instrument since it exceeded the time
state (BL). This might seem somewhat surprising at first capacity for detection. However, it appears to be consistent
since the decay of intermediates would involve reprotonation with the measurements in the Cary spectrophotometer after
of the chromophore to obtain the 358 nm dark-adapted statewhite light illumination (shown in Figure 5B).

However, a negative charge on the phenolate could facilitate The bleach observed at 490 nm after 365 nm excitation
the re-isomerization. As shown in Figure 4, an electron (Figures 3A and 6A) could either be due to a photocycle
rearrangement from the phenolate oxygen to the carbonylintermediate or to the relaxation of an equilibrium. Since
oxygen can turn the £-Cg double bond into a single bond, the 490 nm bleach is only observed at pH values where the
which allows a facilitated transition to the trans conformation. ionized P species is present (465 nm form), it may be due
Fast protonation of the ionized phenolic oxygen (since we to a shift in the equilibrium between the 358 and 465 nm
are below the W, for ionization of the dark-adapted species. This implies that the bleach at 490 nm would be
chromophore of 10.2) leads to the formation of the 358 nm the result of a depletion of the 465 nm form. The wavelength
dark-adapted state. It is obvious that such tautomeric maximum of the bleach in the difference spectrum (490 nm)
structures cannot be formed as readily in the protonated | could be shifted to the red due to overlap with the formation
chromophore, which therefore has a slower recovery. This of the 440 nm species. A closer look at the difference spectra
rationale suggests that (at least at pH 7.0) re-isomerizationshows that, when the pH was gradually increased, the 490
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AT Table 1: Overview of the Rate Constants Measured at pH 10 after
lllumination of Tt PYP with 365 and 445 nm Light
S 0 excitation at 365 nm excitation at 445 nm
E detection detection
g - wavelength k (min™%) wavelength k (min~1)2
= 358 nm 8.10 370 nm 12.6
T 440 nm 8.14 440 nm 13.2
5 490 nm 7.54 490 nm 10.2
@ aThe standard deviation error for these values 8)—40% of the
-3 measured value due to the low signal to noise level.
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FiGURE 5: Photokinetics at pH 10.0 for WT Tt PYP. (A) E 0001
Absorbance changes at 360 nm (in arbitrary units) containing bleach o
and partial recovery during the first 8 ms after 365 nm laser 2 -001
excitation. The partial recovery has a lifetime of 849 (B) Kinetic ®
trace for the slow recovery of WT Tt PYP at 358 nm measured at 8 0021
pH 10.0. The trace was fit with a rate constant of 8.10 Tthin s
(lifetime of 7.41 s). £
Q -0.03 ;
Ko
nm bleach has a maximum around 503 nm at pH 9.3 which < 004 1
is shifted in the difference spectrum toward 490 nm at pH ’

10, while the 440 nm species shifts its maximum toward 00 02 04 06 08 10
420 nm at pH 10. The shifts in these maxima could be
explained by the relative contributions of the formation of
i 440 nm species and th depleton o e 465 nm dark VT &, KNS 1T T 1T e O oo e
adapted sFate V\.”th Changl_ng PH. At pH values a_round pH bleach occurs with a lifetime 0of210 us. (B) Kinetic trace for
9.0, there is mainly formation of the 440 nm species after a recovery at 490 nm at pH 10.0. The trace could be fit with a rate
365 nm light excitation. At higher pH values, the amplitude constant of 7.5 mint (lifetime of 8 s).
of the bleach around 490 nm increases with an increase in
pH. This makes the maximum of this bleach event shift ~840us; see Figure 5A), but the 4-fold difference in kinetics
toward the true maximum of the bleached species (465 nm).suggests that the situation is more complex. In addition, the
In other words, if extrapolated to very high pH valuesl(), pK, for the formation of this 490 nm species is almost
we expect the 490 nm bleach to shift to 465 nm. Unfortu- identical to the [, for the pH titration of the dark-adapted
nately, the stability of the sample and hydrolysis of the state we obtained earlier Kp values of 10.5 and 10.2,
chromophore does not allow us to perform measurementsrespectively; data not shown). Thus, we conclude that a
above pH 10.4. change in the dark equilibrium between the two dark-adapted
At all pH values where the 490 nm bleach was present species at high pHifax = 358 and 465 nm) is responsible
after 365 nm excitation, it appears to have the same slowfor the 490 nm bleach. As mentioned above, the difference
recovery kinetics as measured at 358 nm [see Tablke=; wavelength maximum of the bleached species is markedly
7.54 min? for the 490 nm recovery at pH 10, compared to shifted because of the admixture with the 440 nm form.
k = 8.10 min?! for the 358 nm recovery at the same pH Whenever 358 nm light excitation depletes the protonated
(Figure 6B)]. When the early part of the trace in Figure 6A form by the formation of intermediates, the equilibrium is
was fitted, we found that the formation of the apparent 490 re-established by rapidly protonating some of the 465 nm
nm species at pH 10 hasreof 210 us. If the bleach is the  form. This can be observed because the transition from the
result of a shift in the equilibrium between the 358 and 465 440 nm form to the dark-adapted state is significantly slower
nm species, there should be a corresponding increase at 35&an the relaxation of the dark-adapted-state equilibrium
nm. We did observe a rapid partial recovery (lifetime of (lifetime of 7.37 s vs~200us at pH 10). The shift in the

Time (min)
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activation of the dark-adapted state absorbing with a 358 nm
maximum (R,) initiates the formation and recovery of different
intermediates, which are in pH-dependent equilibria. The rate and
pH dependence of the various reactions are discussed in the text.
Absorption maxima are given for each intermediate, and the
presumed isomerization state of the chromophore is indicated in

I . superscript.
dark-adapted-state equilibrium also contributes to the ob- P P

servation that the relative amount of bleach at 358 nm after constants have large error values. Nevertheless, the rate
steady-state illumination decreases at higher pH (only constants are comparable to the recovery measured after 365
approximately 10% bleach at 358 nm after steady-state nm excitation and the decay of the 440 nm species at the
illumination at pH 10, as compared to 30% at pH 7.0). same pH (presented in the left half of Table 1). This suggests
Photoactuity of the lonized Dark State FSince at pH 10 that, at pH 10, both dark-adapted states (P agd form
there is a significant amount of the 465 nm dark-adapted the 440 nm intermediate when illuminated, which decays
state (P) present, we investigated whether this form was alsoback to the dark-adapted state mixture with com-
photoactive and if the #£—P equilibrium could also be parable kinetics. Since recovery from the ionized 440 nm
observed after illumination of the 465 nm form. We therefore species to the protonate@Fnvolves an additional proto-
flashed the sample with 445 and 480 nm laser light. Both nation step of the chromophore, one might expect those
wavelengths are expected to excite the 465 nm ionized dark-kinetics to be slightly different; however, the protonation is
adapted state (P), without bleaching the 358 nm forg)(P ~ a relatively fast process (lifetime between 200 and 86))
The difference spectra obtained with 445 and 480 nm which cannot be resolved from the slower recovery phase.
illumination were almost identical and have a shape similar A similar relaxation process has recently been shown for
to those for 365 nm and white light illumination [compare the E46Q and E46A mutants of Hh PYP, where the dark-
Figures 3A (pH 10 trace) and Figure 7]. However, the state equilibrium plays a role in the photocycl®) In those
amplitudes of the photoprocesses induced by both 445 andcases, the Ig, values for this transition are 4.8 and 7.9,
480 nm excitation are significantly smaller than those after respectively. The equilibrium relaxes on the millisecond time
365 nm excitation (estimated to bel% of the sample  scale as shown by pH jump stopped flow measurements for
absorbance at pH 10). We currently have no explanation for E46Q (L5). This equilibrium appears to be slower than in
the small amplitudes of these photoprocesses. When thethe case of Tt PYP, but the Hh PYP measurements were
sample was brought back to pH 7.0, the spectrum and performed at lower pH (6.3 to 4.8 pH jump) and at lower
kinetics were the same as before the high-pH experiment,temperature to slow the photocycle (10). It is important
indicating that the low quantum yield is not due to degrada- to note that, with the E46 mutants of Hh PYP, both the 365
tion of the sample. Nevertheless, the observation of a bleachand 465 nm forms are photoactive, although the 365 nm-
at both 360 and 490 nm in all the difference spectra indicatesinitiated photoprocesses have not been studied in de@il (
that the B.—P equilibrium of Tt PYP has a similar effect Overview of the Tt PYP Photocycléhe presumed Tt PYP
on the photocycle regardless of whether the ionized (P) or photocycle, with the different intermediates and pH-depend-
protonated (R) dark-adapted state is excited. In the case ent equilibria which we described above, is presented in
of the 445 and 480 nm excitation, the 465 nm species of the Figure 8. An important difference between this photocycle
Ps.—P equilibrium is depleted, which is replenished from and the prototypical Hh PYP cycle is that, at pH 7.0, the
the 358 nm form. This can be observed in the difference chromophore in the dark-adapted form of Tt PYP is
spectra as a bleach at 490 and 360 nm. Unfortunately, whenprotonated (R). Deprotonation to form P occurs only at
the sample was illuminated with 445 and 480 nm light, we higher pH (with a K, of 10.2), and is therefore a nonphysi-
could not resolve the kinetics for the P-P equilibrium due ological event and not an essential part of signal-state
to the low signal to noise ratio of the kinetic traces. formation. For clarity, only the photoprocesses initiated by
It appears from the difference spectra that the products of 365 nm illumination are shown in Figure 8. At pH7.0,
excitation of both P and g2 decay to the same 440 nm the only apparent light-induced event is the transitiongpf P
intermediate at pH 10 (compare Figures 3A and 7 at pH 10). to I, with a very slow recovery (reaction 1). We believe this
The rate constants for recovery at 490 and 370 nm and decayinvolves a transcis isomerization whereby the chromophore
at 430 nm after 445 nm excitation are similar (Table 1). Note phenolic oxygen remains protonated and therefore resembles
however that, due to the low signal to noise ratio, these ratethe I, intermediate of the Hh PYP photocycle. Note that for

Ficure 7: Difference spectrum of Tt PYP after 445 nm laser
illumination at pH 10. Kinetic traces were collected every 10 hm
in the 366-520 nm range, and data points were taken after 5 ms.
Because of the high noise level, data points below 360 nm could
not be accurately obtained.
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has significant absorbance near 360 nm (with possibly a small
-08 shoulder at 380 nm; see below), although the mass spectrum
showed that the sample was pure. This was found to be due

08 to steady-state bleaching by room light40% is bleached),

%0 %0 400 0 50 50 as in the M100 mutants of Hh PYR( 32). Overnight
incubation in the dark resulted in elimination of the 360 nm
peak and much increased absorbance at 446 nm (Figure 9A,

k ; : . ._solid line). In contrast, the spectrum of WT Tt PYP did not
overnight dark-adapted spectrum; the intermediate spectrum is S
protein bleached by room light, and the small dashed line is for a ch@nge significantly when the sample was dark-adapted at
sample illuminated for 2 min with white light from a 60 W tungsten 4 °C overnight. The ratio of 280 nm to 446 nm absorbance
lamp. (B) Difference spectrum for L46E recovery. Spectra were of dark-adapted L46E was 0.53, comparable to that of WT
taken every 60 s, but only those at 10, 20, and 40 min are shownHh PYP, which has a similar aromatic amino acid composi-
for clarity. The isosbestic point for the 360 nm to 446 nm transition tion. When the dark-adapted sample was illuminated with
is at 391 nm. The difference spectrum has shoulders at 410 and ;. . .
380 nm, and the latter is quite pronounced in the absolute spectrum White light, it was almost completely bleached, but recovered

with a lifetime of ~15.1 min at pH 7.0 (Figure 10). This is

the purposes of this study we did not identify intermediates similar to Hh PYP M100A at pH 7.0 which has a 7.9 min
occurring in a time domain shorter than 108. Above pH lifetime for recovery. Tt PYP has the M100 residue thought
7.5, ionization of intermediates plays an important role, and to catalyze cistrans isomerization of the Hh PYP chro-
above pH 8.6, relatively more of the deprotonated 440 nm mophore and for this reason was expected to have photocycle
intermediate thamlis formed and the recovery at 358 nm kinetics like those of WT Hh PYP. However, as mentioned

Wavelength (nm)

Ficure 9: (A) Absorption spectra of th&c. tepidumPYP L46E
mutant in 20 mM Tris-HCI (pH 7.5). The solid line shows the

is accelerated-30-fold from pH 7.0 to 10.0 (reaction 2).
The Kafor this I, ionization is~8.6. We tentatively identify
the ionized 440 nm form ag') since |’ was defined in Hh

above, theRc. centenariaPYP domain (Rc PYP) has a
different conformation in the region of M100 as seen by
X-ray studies 81), which could be responsible for the slow

PYP as an intermediate that is in a pH-dependent equilibrium recovery of that protein{3 min). In Tt PYP, most residues

with 1, (15). Above pH 9, there is sufficient ionized form
(P) present in the dark g = 10.2) that relaxation of the
dark-state equilibrium (PPg.) has a significant effect on

in this loop are the same as Rc. centenaridPYP (see the
sequence comparison in rgf, which is consistent with the
interpretation that an altered loop conformation slows

the photocycle. Thus, it partially replenishes the protonated recovery, although there could be other explanations as well.

form (Ps.) that was photobleached since this process46

It is known that Hh PYP, N-terminally truncated by 6,

times faster than the decay of the 440 nm intermediate at15, or 23 residues, also has progressively slower recovery
pH 10 (reaction 3). This was seen as a significant bleach kinetics than the native or WT protei3). Mass spectrom-
around 490 nm and a partial fast recovery phase at 360 nmetry before and after illumination and recovery of Tt PYP
at pH 10. Note that, at this point, we do not know the degree shows that the protein is intact. The N-terminal pair of helices
to which protein conformational changes are involved in any is held tightly against the remainder of the protein by
of the transitions of this photocycle. hydrophobic interactions. Therefore, substitution or mu-
Characterization of the L46E Mutant of Teepidum PYP. tagenesis of hydrophobic residues in the N-terminal segment
To determine whether E46 would have a similar effect in Tt should have effects comparable to those of truncation. From
PYP and Hh PYP, we constructed the L46E mutant. We comparison of PYP amino acid sequences, it is apparent that
found that at pH 7.5 it has an absorption peak at 446 nm asF6 is conserved in all PYPs except for Tt PYP, which has
in WT Hh PYP (see Figure 9A), but differs in that it also an F6A substitution. However, a single substitution may not
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be sufficient to slow the recovery by as much as we observenm (K, = 10.2) similar to the dark-adapted-state equilibria
since, for example, thA1l—6 Hh PYP has a lifetime of 26  of E46 mutants of Hh PYP (which have significantly lower
s for recovery as compared to a lifetime of 160 ms for WT pK, values). We have also shown that the 358 nm form is
Hh PYP. Tt PYP also has an I11A substitution, which, in photoactive, and that the long-lived photobleached fogn (|
combination with the F6A substitution, may be responsible is in a pH-dependent equilibrium with a further red-shifted
in part for our results considering that thd —15 Hh PYP intermediate Amax ~ 440 nm), comparable to the Hh PYP
has a lifetime of 7 min. Rc PYP has only an F28V |i'—I, equilibrium. The photocycle of Tt PYP is very slow
substitution that might slow recovery, consistent with compared to that of Hh PYP (3 orders of magnitude slower
somewhat faster recovery than for Tt PYP. Therefore, itis at pH 7.0) which is presumably related to a different
likely that the slow recovery kinetics in Tt and Rc PYPs functional role. The slower recovery times and sigmoidal
may be due to a combination of altered M100 conformation pH dependence of the recovery suggest that the M100 side
and substitution of hydrophobic residues at the interface chain does not catalyze the eigans dark re-isomerization,
between the N-terminus and the remainder of the protein. resembling the closest homologue, fRe. centenaridPYP
Interestingly, the difference spectrum for L46E recovery domain.
(Figure 9B) shows that in addition to the expected bleaching  Since this is the only WT PYP that has been found so far
of the 446 nm absorbing species and formation of the 360 which is lacking the important E46 residue, we also
nm absorbing form (with isosbestic at 391 nm), there seemsinvestigated the L46E mutant and found it to have an
to be 410 and 380 nm shoulders. The origin of these two absorption spectrum and kinetics similar to those of the M100
spectral shoulders is not yet clear, but it is intriguing that in mutants of the prototypical Hh PYP. Three-dimensional
the difference spectrum &tb. capsulatu®YP, although on  structures for both WT Tt PYP and L46E should reveal the
a much faster time scale, there was also the observation ofpresumed structural differences with Hh PYP.
bleaching of a 410 nm componerit9j.
When studying the effect of pH on the recovery of the ACKNOWLEDGMENT
L46E mutant of Tt PYP, we found that, in contrast to the
bell-shaped pH dependence of WT Hh PYP wikh, palues
of 6.4 and 9.4, there is a sigmoidal pH dependence in the
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