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ABSTRACT. There are previously two known intermediatesaid b) in the room-temperature photocycle

of the photoactive yellow protein (PYP) frofctothiorhodospira halophila The three-dimensional
structures of ground-state PYP and pfiive shown that light-induced conformational changes are localized

to the active site. Previous site-specific mutagenesis studies of PYP in our laboratories have characterized
two active site mutants (Glu46GIn and Arg52Ala). We now report the construction and characterization
of a mutant at a third active site position (Met100Ala) in order to establish the role of this residue in the
photocycle. Metl100Ala PYP has an absorption spectrum which is very similar to wild-type (WT) PYP,
but exhibits very different kinetic properties. At pH 7.0, the light-induced bleaching reactiforrfiation)

has a half-life<1 us and the recovery in the dark has a half-life of 5.5 min, as compared with half-lives

of 100us and 140 ms for the same reactions in WT PYP. The slow rate of recoveryfforrfMet100Ala

results in the accumulation of the bleached intermediate even under room light illumination. These results
are qualitatively similar to what has been observed with the Arg52Ala mutant of PYP, and with WT PYP

in the presence of alcohols or urea, and suggest that Met100 acts to stabilize the ground state of the
protein. The midpoint for guanidine denaturation confirms this. The slow recovesyrotHe Met100Ala

mutant has allowed us to obtain direct evidence that this intermediate species is also photoactive and can
be returned to the ground state by a 365 nm laser flash, with kinetics (ha#-Iif60 us; k = 6300 s1)

which are 6 orders of magnitude faster than dark recovery. This implies that chromophore reisomerization
limits the rate of conversion ot lto the ground state in PYP. Met100 is in van der Waals contact with

the chromophore in the ktate, and we suggest that the sulfur atom catalgesans isomerization in

WT PYP.

The photoactive yellow proteins (PYP®)f phototrophic time resolution 21) has revealed two new red-shifted
bacteria constitute a class of signal transduction proteinsintermediates, ol and b*, which precede the previously
which change conformation as a result of trans-cis photo- established;land L intermediates. The less red-shifted |
isomerization of their anionip-hydroxycinnamyl cysteine  species is produced frongflin 3 ns, a blue-shifted form )
thioester chromophore. To date, PYPs have been found onlyappears on a millisecond time scale, andeturns to the
in the halophilic purple phototrophsl,(2), where they ground state in several hundred milliseconds ).
presumably mediate a photophobic response to blue light Several amino acid and nucleotide sequences of PYP are
(3). PYPs are small (14 kDa) water-soluble, cytoplasmic known (7—9), and the three-dimensional structure of the
proteins which have maximal absorption at 446 rm=(45 protein fromEctothiorhodospira halophildas been deter-
mM~* cm™) and a relatively simple photocycle. Recent mined to 1.4 A resolution1(0). The structure ofJhas also
characterization of the photocycle of WT PYP at picosecond peen solved to 1.9 A by millisecond time-resolved Laue
crystallography 11). These latter results show that light-
"This work was supported by NSF Grant MCB-9722781 (to jnduced conformational changes are confined to the region

M.A.C.), NIH Grant GM37684 (to E.D.G.), and Boehringer Ingelheim ; i ; At
Fonds (to U.K.G.). These data were presented at the 42nd annualOf the chromophore, and involeans-cisphotoisomerization

meeting of the Biophysical Society, Feb-226, 1998. of the p-hydroxycinnamyl double bondl2, 13 and move-
* To whom correspondence should be addressed. E-mail: gtollin@ ment of a small number of nearby amino acid residues.
U-aifgg;‘/%-gﬂu-oﬁa:;izgﬁg) 621-9288. Among the latter is Arg52, and mutation of this residue to
$The Scrigps Research Institute. Ala has been showrg) to have significant effects on the

1 Abbreviations: PYP, photoactive yellow protein; WT, wild type;  photocycle; i.e., it increases the rate of formation of the |
HEPES N-(2-hydroxyethyl)piperaziné¢-2-ethanesulfonic acid; MES,  intermediate by approximately 4-fold and slows its return
2-(N-morpholino)ethanesulfonic acid; MOPS, S-tnorpholino)pro- 5 the ground state by about 5-fold at pH 7.0. The slightly
panesulfonic acid; PCR, polymerase chain reaction; IPTG, isopropyl ; . . L o
B-D-thiogalactopyranoside; SBSPAGE, sodium dodecyl sulfate red-shifted spectrum of this mutant indicates that the positive

polyacrylamide gel electrophoresis; CD, circular dichroism. charge of Arg52 is not required to stabilize the anionic form
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for previously prepared mutantS)( During the purification,

the concentration of ammonium sulfate was reduced to 60%
to prevent excessive precipitation of PYP holoprotein. The
rest of the purification was performed as previously described
(6). Asjudged by SDSPAGE and isoelectric focusing, the
mutant protein was>90% pure.

Protein Stability and Circular DichroismProtein stability
was assessed by denaturation @M solutions of Met100Ala
PYP in 20 mM Tris-chloride buffer (pH 7.5) plus 40 mM
NaCl with increasing concentrations of guanidine (USB,
ultrapure), following a procedure developed by Pakel
and by monitoring changes in the secondary structure at 222
nm with circular dichroism. These changes as well as visible
circular dichroism spectra were obtained using an Aviv-
modified Cary 60 spectropolarimeter with 2M protein in
Ficure 1: a-Carbon backbone structure of PYP showing the 20 mM HEPES buffer, pH 7.0.
p-hydroxycinnamyl group attached to Cys69, and the side chains Time-Resaled Optical SpectroscopyThe laser flash

of Arg52 and Met100. T .
photolysis, time-resolved spectroscopy, and data analysis

of the chromophore§ 14). Instead, the kinetic results ~procedures have been described previoudly (The laser
correlate with a decreased overall stability of the protein. flash and steady-state photobleaching and recovery experi-
Met100 is part of the peptide loop that connects strands 4 ments were done either in 10 mM HEPES buffer, pH 7.0,
and 5 of PYP’s centrgb sheet 10), as shown in Figure 1.  or in universal buffer (10 mM MES/MOPS/Bicine; pH 5:0
This loop forms the back of the active site pocket which 9.5) for studies of the pH dependence of the dark recovery
shields the ground-state chromophore from solvent. The and photorecovery kinetics. In the latter experiments, the
distance (3.3 A) between one of the terminal nitrogens of protein was first bleached by a few seconds exposure to a
Arg52 and the Met100 sulfur atom is well below the tungsten lamp, and subsequent recovery of absorbance was
maximum value for NH—S hydrogen bonding16) and measured at 446 nm either in the dark or after a 365 nm
exhibits reasonable bonding angles. Itis therefore likely that laser flash. A modified Cary-15 spectrophotometer (OLIS
this interaction, along with the hydrogen bonds described Corp., Bogart, GA) was used to follow the dark recovery
earlier (10), helps stabilize the ground-state position of kinetics. Absorbance changes were determined over-a 30
Arg52; Met100 may therefore be involved in influencing the 60 min time period after photobleaching the sample, and the
movement of Arg52 during the process efférmation. In data were fit with a single-exponential function using OLIS
the present work, we have constructed and characterized thegoftware.
Met100Ala mutant in order to establish the role of this
residue in the photocycle and on protein stability. As will RESULTS AND DISCUSSION

be demonstrated below, the kinetic consequences of the Steady-State PropertiesThe MetL00Ala mutant of.

mutation are to greatly increase the rate dbkmation and . . .
to dramatically slow the dark return oftio the ground state. halophna PYP has an absorption spectrum similar to WT
protein, except for the presence of-850 nm shoulder on

As a consequence of these effects, the Met100Ala mutant Sthe 446 nm peak: this is shown in Figure 2. The relative

partially bleached on exposure to room light. This has intensities of the 350 and 446 nm peaks were found to be

allowed us to directly demonstrate that photoexcitation of | dependent on the length and intensity of exposure to room
greatly accelerates the ground-state re-formation process"ght. When a solution of this mutant PYP was placed in

thereby implying that the rate-limiting process in the recovery N : . . ; .
of the ground-state conformation is chromophore isomer- the dark at 4°C overnight to obtain maximal intensity at
446 nm, the protein still retained significant 350 nm

Ization. absorbance. Nevertheless, the mutant protein still had only
MATERIALS AND METHODS half the absorptivity of the WT protein at 446 nm, when the
spectra were normalized at 280 nm. A short exposure to

Site-Directed Mutagenesig-or the generation of the site-  \yeak room light caused the 446 nm peak to partially bleach
directed mutation, we used a PCR-based approach asand the 350 nm peak to increase in magnitude, with an
implemented in the QuickChange kit (Stratagene). The jsosbestic point at approximately 380 nm at pH 7.0. When
template for the PCR was the pPYP vect6), (and the it is fully bleached by steady-state illumination, the difference
sequences of the primers were: spectrum for the Met100Ala mutant has a shape similar to

, the time-resolved difference spectrum of protein bleached
SCCTTCGATTACCAAGCGACGCCCACGAAGGS by laser flash photolysis4]. Thus, the 4 photocycle

5CCTTCGTGGGCGTCGCTTGGTAATCGAAGG3 intermediate is kinetically, and perhaps also thermodynami-

cally, stabilized in this mutant, and even weak light can lead

The generation of the correct mutation was confirmed by to a further accumulation of this species. In contrast, WT
sequencing with an Applied Biosystems automated se- protein is unaffected by room light and requires a high-
guencer. intensity laser flash to give an equivalent amount of
Protein Production and Purification.Protein expression  bleaching. The visible CD spectrum for Met100Ala is

and chromophore attachment were performed as describedjualitatively the same as that of WT PYP (data not shown),
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FiGure 2: UV—vis absorption spectra of dark-adapted Met100Ala
(solid line), Met100Ala partially bleached by irradiation with a 40
W tungsten lamp for 15 s (dastdotted line), and WT PYP (dashed
line), in HEPES buffer at pH 7.0.
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suggesting that the mutation does not result in significant
changes in the overall protein structure and chromophore

environment. -4 . . : T
The behavior of the Met100Ala mutant toward room light 00 02 04 08 08 1.0
is similar to that observed with tHehodospirillum salexigens Time (sec)

PYP in pure waterd), and to nativet. halophilaPYP in Ficure 3: Transient absorbance changes observed at 446 nm upon

urea ¢). The latter result suggests that the mutant protein |aser flash photolysis of dark-adapted Met100Ala PYP in 10 mM
is relatively unstable in the ground-state conformation. HEPES at pH 7.0. Excitation was at 446 nm; measurements were
Guanidine denaturation was used to test this possibility. The made on 20Q:s (panel a) ath 1 s (panel b) time scales.

energy of unfolding was obtained by measuring changes in photolysis system (Figure 3b), which is limited to a time
the UV circular dichroism at 222 nm of the dark-adapted range of several seconds due to diffusion processes occurring
Met100Ala protein as a function of the concentration of the 4t |onger times. Thus, the kinetics of dark recovery were
denaturant guanidine hydrochloride. As expected Agg,- measured on an ordinary spectrophotometer, following
fold (6.3 kcal/mol) for the Met100Ala mutant is lower than  steady-state bleaching by a tungsten lamp, as shown in Figure
that of the WT PYP (7.2 kcal/mol), and the midpoint of 4 As with WT PYP, the return of,Ito the ground state is
denaturation is 2.4 M compared to the WT value of 2.75 M 3 single-exponential process (see inset to Figure 4). How-

(data not shown). A similar decrease in the energy of ever, the half-life at pH 7.0 is more than 3 orders of
unfolding has been observed for the Arg52Ala mutant (6.2 magnitude (half-life= 5.5 min;k = 21 x 10~* s larger
kcal/mol) 6). However, in this mutant the effects on the nan that obtained with WT PYP. These large differences

photocycle kinetics were much less pronounced than thosejn photocycle kinetics between WT PYP and the Met100Ala

formation of b is accelerated-34-fold and the return from  pleach the mutant protein. Removal of the supposed
|2 to the ground state is slowed-8-fold, compared with a  hydrogen bond between Met100 and Arg52 by the mutation,
more than one 100-fold acceleration and several 1000-fold s well as the destabilization of the ground state, which occur
deceleration of the respective reactions in Met100Ala (seen poth the Arg52Ala and the Met100Ala mutan€),(may
below). This indicates that destabilization of the ground state gccount in part for the observed increases in the rate of |
alone cannot account for the observed kinetic properties, andformation. The loss of the hydrogen bond could also account
that Met100Ala must have an additional effect that leads to iy part for the slowing of the dark recovery process, if this
the exceptionally large kinetic changes, especially the nteraction is an important thermodynamic barrier which
decrease in the rate of thetb ground-state reaction. One keeps the chromophore “locked” into the active site cavity
possibility is that Met100 plays a central role in the, as yet i the dark-adapted state. Arg52 H-bonds to the chro-
undetermined, mechanism that drives the reisomerization of ophore hydroxyl in theolform of PYP (L1), an interaction
the cis chromophore to initiate the return to the ground state. which is presumably still present in Met100Ala but which
Laser Flash PhotolysisLaser flash-induced formation of is lost in Arg52Ala. This may play a role in the differences
I, in dark-adapted Met100Ala is too fast to measure with in the kinetics for the two mutants.
the present apparatus (half-lifel us;k > 10° s71), as shown pH Effects on Dark Recery. The dark recovery of the
in Figure 3a. Furthermore, dark recovery of the pho- Met1l00Ala mutant is faster by an order of magnitude at pH
tobleached protein is too slow to measure with our flash 9.5 (half-life = 3.3 min) compared with pH 5.0 (half-life
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Ficure 4: Dark recovery kinetics of Met100Ala PYP in universal
buffer (10 MM MES/MOPS/Bicine, pH 7.0) following steady-state
bleaching with a 40 W tungsten lamp. Spectra were taken at
intervals of approximately 2 min. Note the isosbestic point at 380
nm. The inset shows data (open circles) obtained at 446 nm at pH
6.5 over a time range of 60 min, and a single-exponential fit (solid
line) withk =1.35x 103sL
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Ficure 5: pH dependence of dark recovery kinetics of Met100Ala
PYP. Conditions as in Figure 4. The solid line corresponds to a
theoretical one-proton ionization curve with &pvalue of 7.0,
obtained using a nonlinear least-squares fitting procedure.

60 min) (Figure 5; the kinetics were not reproducible above
pH 9.5); a sigmoidal curve was obtained over this pH range
governed by a ¥, of about 7.0. In contrast, WT PYP has
a biphasic pH dependence for dark recovery,pfvith pK,
values of 6.4 and 9.4 (the half-life is 0.1 s at the pH 8.0
maximum ad 1 s at pH5.0; 6). Thus, the K, for
Met100Ala is similar to one of those of WT PYP, and both
proteins show a 10-fold effect of pH on kinetics. The
difference is that the rate of dark recovery of the mutant is
more than 3 orders of magnitude slower than the WT and

Devanathan et al.

Residuals

0.0010

Signal (arb. units)

-1 T T T T

0.0000 0.0002 0.0004 0.0006 0.0008

Time (sec)

FIGUrRe 6: Transient absorbance change obtained at 446 nm upon
laser flash excitation at 365 nm of steady-state bleached Met100Ala
PYP. The solid line through the data corresponds to a single-
exponential fit with a rate constant of 6300t sresiduals are shown

in the upper panel. Conditions are as in Figure 3.
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Ficure 7: Laser flash-induced difference spectrum for recovery

of bleached Met100Ala PYP; points correspond to signal amplitudes
at 1 ms following the laser flash. Conditions are as in Figure 3;

compare with the spectra in Figure 4.

intermediates might be photoconverted back to the ground
state (7), but it was not established which intermediate was

involved nor was the effect quantified. When laser flash

photolysis was carried out on white light-bleached Met100Ala
protein, with excitation at 365 nm and observation at 446

has a monophasic pH dependence. The ionizable groupsnm, a single-exponential absorbance increase was observed

responsible for these effects are uncertain at present.
Photorecaery of the Ground State from thglhtermedi-
ate. The long lifetime of } in the Met100Ala mutant has
allowed us to directly demonstrate that this intermediate is
itself photoactive. Previous steady-state experiments with
white light illuminated WT PYP suggested that one of the

which occurred more than 6 orders of magnitude faster than
spontaneous dark recovery (half-life 160 us; k = 6300
s1); this is shown in Figure 6. The time-resolved difference
spectrum shown in Figure 7 indicates that the increase at
446 nm occurs concomitantly with the bleaching at 350 nm.
No evidence for the existence of any kinetic complexities
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10 position in the active site pocke®,(20. Perhaps hydrogen
0 L] bond formation between the anionic chromophore and the
carboxyl group of Glu46 is part of the rate limitation.
8 . The above results clearly establish thaisl photoactive.
AW . ] L The large flash-induced signal observed in these experiments
(?" o indicates a high quantum yield for the photorecovery of
S 6+ . o ¢ ground state from,lin Met100Ala (we estimate that it is
x ° comparable to the photoinduced formationdfém ground-
c %7 state PYP), which is consistent with previous estimates for
2, photorecovery in the steady-state experimém).(
8 We have also examined the effect of ionic strength.on |
% 37 photorecovery and found that the kinetics in 0.1 M NacCl
| were essentially the same as in 0.2 mM HEPES, pH 7.0.,
and that the reaction slowed approximately 2-fold in 0.8 M
17 NaCl. The normal photocycle kinetics of WT protein are
0 ’ 1 ' [ ’ also relatively insensitive to ionic strengt#)(

5 6 7 8 o 10 CONCLUSIONS
pH . : .
Ficure 8: pH dependence of kinetics of laser-induced recovery of The present studies have shown that thétermediate
bleached IF\)/IetlogAIa PYP. Buffer conditions are as in Figurg 4; N PYPls ph_ot(_)(_:lctlve, tha.lt isomerization of the Chromo_phore
other conditions are as in Figure 6. " is the rate-limiting step in the; Ito ground-state reaction,
and that the protein adapts to the configuration of the

was obtained from these data. Thus, the protein returnsisomerized chromophore very quickly (rate constant of 6300
directly to the ground state without any apparent intermedi- S * for the light-driven reaction). Mutation of Met100 [as
ates. Presumably, this process involves an initial cis-transWell as of Arg52 6)] does not produce a large shift in the
photoisomerization of the chromophore in théorm, which ground-state chromophore absorption spectrum compared to
probab|y oCccurs on apicosecond time sca|e](8)‘r followed WT PYP. This demonstrates that these residues make
by a rate-limiting protein relaxation to complete the return negligible contributions to charge stabilization of the nega-
to the ground state. This observation suggests that the ratetively charged hydroxylate of the chromophore. The results
limiting step in the dark recovery of in WT PYP (half- also indicate that both Met100 and Arg52 play a role in

life = 140 ms) is the dark reisomerization of the chro- controlling photocycle kinetics and in stabilizing the ground
mophore. state of PYP. This is not surprising since they are adjacent

to one another in the 3-D structure and appear to interact
via a hydrogen bond. Both mutants show a faster bleach
and a slower recovery in the photocycle kinetics, thereby
indicating that these residues influence the rates of the
processes involved in these photocycle steps in a qualitatively
similar manner. The kinetic effects appear to be due both
to decreases in ground-state PYP stability (i.e., a global
property change) and to specific influences of these residues
on the conformational transitions occurring during the
bleaching and recovery reactions. We therefore suggest that
é\/letloo catalyzes the rate-limitings-trans isomerization

in the L to ground-state conversion in WT PYP.

We had previously shown that alcohols increase the rate
of formation of | and decrease the rate of dark return to the
ground state in WT PYP1Q). Thus, it is conceivable that
such treatment could also affect the kinetic properties of the
photorecovery process in the Met100Ala mutant. However,
30% methanol had no effect on these kinetics. We also
tested the possibility that in 30% methanol the mutant protein,
which is mostly bleached in the dark, might show spontane-
ous dark bleaching following photorecovery induced by a
365 nm laser flash. However, the magnitude of the photo-
recovery signal was smaller under these conditions, and ther
was no measurable dark bleachingan?2 stime scale. This
indicates that the dark bleaching reaction is kl_netlc_ally quite pEEERENCES
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