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ABSTRACT: Photoactive yellow protein (PYP) is a blue light sensor present in the purple photosynthetic
bacteriumEctothiorhodospira halophilawhich undergoes a cyclic series of absorbance changes upon
illumination at itsAmax 0f 446 nm The anionicp-hydroxycinnamoyl chromophore of PYP is covalently
bound as a thiol ester to Cys69, buried in a hydrophobic pocket, and hydrogen-bonded via its phenolate
oxygen to Glu46 and Tyr42. The chromophore becomes protonated in the photobleached) st (|

it undergoes trans-cis isomerization, which results in breaking of the H-bond between Glu46 and the
chromophore and partial exposure of the phenolic ring to the solvent. In previous mutagenesis studies of
a Glu46GIn mutant, we have shown that a key factor in controlling the color and photocycle kinetics of
PYP is this H-bonding system. To further investigate this, we have now characterized Glu46Asp and
Glu46Ala mutants. The ground-state absorption spectrum of the Glu46Asp mutant shows a pH-dependent
equilibrium (K = 8.6) between two species: a protonated (acidic) fotm(= 345 nm), and a slightly
blue-shifted deprotonated (basic) foriix = 444 nm). Both of these species are photoactive. A similar
transition was also observed for the Glu46Ala mutar ¢ 7.9), resulting in two photoactive red-
shifted forms: a basic speciesqax = 465 nm) and a protonated specigs& = 365 nm). We attribute

these spectral transitions to protonation/deprotonation of the phenolate oxygen of the chromophore. This
is demonstrated by FT Raman spectra. Dark recovery kinetics (return to the unphotolyzed state) were
found to vary appreciably between these various photoactive species. These spectral and kinetic properties
indicate that the hydrogen bond between Glu46 and the chromophore hydroxyl group is a dominant factor
in controlling the X values of the chromophore and the glutamate carboxyl.

The photoactive yellow protein (PYP)jsolated from Glu 46
Ectothiorhodospira halophildl), is a small, water-soluble,
blue light transducing protein with a well-defined photocycle e s
(2—4), for which a high-resolution crystal structure has been
obtained 5). The key residues in the phototransducing
machinery of PYP (Figure 1) are mainly localized within
the binding site %) for the thioester-linkeg-hydroxycin-
namoyl chromophore responsible for the blue light absorption
in this protein 4max= 446 nm). In the ground (dark-adapted)
state, the trans form of the chromophore is stabilized as a
result of its anionic oxygen being tethered to Glu46 and
Tyrd42 via hydrogen bonds. A series of structural changes

p - hydroxycinnamate

Arg 52

Ficure 1: Key residues within the active site pocket of ground-
TThis work was supported by grants from the National Science state PYP.
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(GM-37684). . . ) . -
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U-aifggﬁlz-gﬁl;-oﬁa:;izgrf:) 621-9288. trans-cis isomerization of the double bond in the chro-
5 The Scripps Research Institute. mophorg, leading to breakagg of the hydrogen bonds,
' Ruhr-Universita Bochum. protonation of the phenolate anion, and partial exposure of
* Abbreviations: PYP, photoactive yellow protein; HEPENS(2- the phenolic ring to the solven6), Arg52, which shields
hydroxyethyl)-piperaziné¥-2-ethanesulfonic acid; MES, Mmor- — ypa hydrophobic pocket containing the chromophore from
pholino)ethanesulfonic acid; MOPS, B-morpholino)propanesulfonic .
acid; PCR, polymerase chain reaction; SEFAGE, sodium dodecyl solvent, moves OL.Jt of the way _and establishes a new
sulfate-polyacrylamide gel electrophoresis. hydrogen bond with the phenolic hydroxyl of the cis
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chromophore ). The photocycle is completed by a rate- 5 AGTACAAGGCCGCGSGCGGGCGACATCACCG-

limiting reisomerization of the chromophore, influenced by GCCGCGACATCACCG 3
Met100 (7). Apparently, this sequence of steps relays the 5 TCATGTTCCGGCGTGOCCGCTGTAGTGGCC-
light signal to the transduction pathway involved in the GGCGCTGTAGTGGC 3

presumed role of PYP in the negative phototactic response

of E halophi]a(8). . . The generation of the correct mutation was confirmed by
Site-specific mutagenesis has shown that Glu46 is one of pyaA sequencing with an Applied Biosystems automated

the critical residues responsible for the photocycle kinetics sequencer.

and spectral tuning of the yellow color of PY8)(The red- Protein Expression and PurificatiofProtein expression,

shifted 446 nm maximum of the ground-state absorption .\romophore attachment, and purification steps were as
spectrum of PYP can be partially attributed to the anionic yoq-riped previously10). Purity and identity of the mutant

char_a_cter of the chromophore phenolate oxygen, Which_ is proteins were verified by SDSPAGE and mass spectrom-
stabilized by the hydrogen bonding noted above, ap_d which etry. The Glu46Asp mutant was approximately 95% pure,
allows delocalization of the nonbonded electron pair into the |\ areas the purity of the Glu46Ala mutant wag0%.

pi-electron system. Further red-shifts in the absorption Stead - ;
. . y-State and Time-Resal Optical Spectroscopy
maximum have been observed with a Glu46GIn mutant (to Steady-state UV-visible spectroscopy was performed on a

4E 2 nm) he)’ ar:d 253,4-dihydré)xyci?namoyl d(DE_)ftvariant Hewlett-Packard 8453 diode array spectrophotometer at room
chromophore (to nmiQ). Even larger red-shifts were temperature. The dark recovery kinetic experiments for the

obtained for two PYP mutant-variants, Arg52Ala-DH (to 464 Glu46Asp mutant were performed either on the diode array

nm) and Glu46GIn-DH (to 470 nm)}{). Additionally, the s ; .
; . . pectrophotometer or on an Olis-modified Cary 15 spectro-
Glu46GIn mutation resulted in very marked changes in the photometer. In the dark recovery experimerte protein

effects of pH on the photocycle kinetic§)( was first subjected to white light irradiation with a 100 W
The apparent increases in the anionic character of thegiher optic illuminator for 3 min to ensure maximal conver-

chromophore phenolic oxygen (i.e., spectral red-shifts) thu; sion to the photobleached form; subsequently, the sample
far observed could be a direct consequence of changes inyas placed in the dark, and absorption spectra were obtained
the hydrogen bonding interactions between the chromophoreevery 30s.

and its active site partners. To test this hypothesis and to Laser flash photolysis and data analysis procedures for
extend our understanding of the role of Glu46 in PYP, we npqiqcvcie kinetic measurements were as described previ-
have constructed Glu46Asp and Glu46Ala mutants, 0 as 0, ), o) The buffers used for various laser flash photolysis,
detgrmme the effect of decreasing the I_ength qf the C;?Ubonsteady-state photobleaching, and dark recovery experiments
chain and removing the carboxyl group in the side chain on were either 10 mM Tris (pH 8.0), universal buffer (10 mM

the spectral and photocycle properties of PYP. As will be MES/MOPS/Bicine, pH 5.69.5), or 10 mM glycine (pH
demonstrated below, the effects were quite dramatic and 5-10.5).

unexpected. Thus, the steady-state spectra of the dark-adapted
states of the Glu46Asp and Glu46Ala mutants show the
presence of a radically blue-shifted species (maxima at 345
and 365 nm, respectively) at neutral pH, in addition to a
more normal wild-type-like PYP species, which is only
slightly blue-shifted (to 444 nm) in the case of Glu46Asp,

but is surprisingly red-shifted by-20 nm (to 465 nm) for module. The sample was excited with a Nd:YAG laser

Glu46Ala. Furthermore, both the mutants participate in a pH- (Adlas) at 1064 nm. A total of 800610 000 scans were

dependent transition between the two spectral forms. These : : : .
) . . averaged for each sample to improve the signal-to-noise ratio.
differ in the protonation state of the chromophore hydroxyl g P P 9

The spectral resolution was®2 1 cn. The measurements
group as demonstrated by Raman spectroscopy. Both of thesgvere performed at 22C. The spectra were corrected by
forms of the mutants are photoactive, although they have

oo S . subtraction of a buffer spectrum measured under identical
quite different kinetic properties. The structural and mecha- conditions P
nistic implications of these results are discussed. '

Fourier Transform (FT) Raman Spectroscopyf Raman
spectroscopy was performed with an FRA 106 FT Raman
module connected to an IFS 88 spectrometer (Bruker). The
sample (4 mL of 40 mg/mL PYP in 20 mM HEPES at pH
7.0 or 20 mM glycine at pH 10.5) was pipetted into a
specially designed quartz capillarg8) and put into the

MATERIALS AND METHODS RESULTS

. . . Effect of Mutations on Ground-State Absorption Spectra
Site-Directed Mutagenesish PCR-based approach as g ground-state absorption spectrum of the Glu46Asp

implemented in the QuickChange kit (Stratagene) was used,, ;tant shows a predominant 345 nm maximum below pH
to generate the site-specific mutants. pPYP ved®m@as 7 ,nq the appearance of a 444 nm maximum as the pH is
used as the template for PCR. The sequence of the primersyised above 7, with essentially complete conversion at pH
for Glu46Asp was 10.5 (Figure 2). At intermediate pH values, there is an
, equilibrium mixture of both chromophoric forms of the
5 AGTACAAGGCCGCAEACGGCGACATCACCG- mutant. The clean isosbestic point at 390 nm indicates that
GCCGCGACATCACCG 3 only two light-absorbing species are present. The visible
5 TCATGTTCCGGCGECTGCCGCTGTAGTGGCC- absorption spectrum of the basic form is slightly blue-shifted
GGCGCTGTAGTGGC 3 compared to wild-type PYPlfax = 446 nm), whereas the
spectrum of the protonated species is blue-shifted by 100
and for Glu46Ala was nm. (Figure 3 shows the resolved spectra compared to that
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Ficure 2: pH dependence of the absorption spectrum of the
Glu46Asp mutant of PYP in 20 mM Tris buffer.
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Ficure 3: Absorption spectra of the acidic and basic forms of the
Glu46Asp mutant of PYP obtained by subtracting the spectrum at
pH 7.3 from that at pH 10.5. The spectrum of wild-type PYP is

shown for comparison.
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of wild-type PYP.) The pH dependence of the spectral
changes is plotted in Figure 4. The transition is governed
by a single proton equilibrium with akpof 8.6.

The Glu46Ala mutant has a similar pH-dependent behavior
involving two spectral forms. However, the wavelength
maxima are shifted to 365 and 465 nm, respectively (i.e.,
20 nm red-shifts in both bands relative to those in the
Glud46Asp mutant), with a corresponding shift of the isos-
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Ficure 4. pH dependence of the amplitude of the absorbance at
444 nm for the basic form of the Glu46Asp mutant (closed circles)
and at 465 nm for the basic form of the Glu46Ala mutant (open
circles). Theoretical curves (solid lines) were obtained by fitting
the data to the Hendersehnlasselbach equation for the two data
sets, corresponding to single proton ionizations wkh= 8.6 and

7.9, respectively.
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Ficure 5: FT Raman spectra of (a) wild-type PYP at pH 10.5; (b)
Glu46Asp mutant, pH 10.5; and (c) Glu46Asp mutant, at pH 7.0.

Also, the band at 1282 cr (Figure 5a,b) appears shifted
to 1266 cm™.

Steady-State Photobleaching and Rety of the Glu46Asp

bestic point to 410 nm (data not shown). The pH dependenceMutant Steady-state illumination of the basic form of the
of the spectral changes in this mutant is governed by a singleGlu46Asp mutant at high pH results in bleaching of the 444

proton equilibrium with a K of 7.9, as shown in Figure 4.
FT Raman Spectroscopyhe FT Raman spectrum of wild-
type PYP exhibits bands at 1555, 1530, 1493, 1439, 1282

1163, 1058, and 1043 crh in good agreement with a FT

nm peak, which slowly recovers in the dark. The difference
spectrum for the photobleaching at pH 9.5 is given in Figure

,6, and clearly shows that the loss of the 444 nm species is

accompanied by the formation of a 335 nm photobleached

Raman spectrum of Kim et al. (1995). The FT Raman spectraform (presumably corresponding to the 350 nm absorbing

of wild-type PYP and the mutant Glu46Asp at pH 10.5 are
very similar with only minor band shifts of at most 5 ctn

I, species obtained upon laser flash illumination of wild-
type PYP;2, 3). It is important to note that the spectrum of

(Figure 5a,b). In contrast, the Raman spectrum of Glu46Asp the 335 nm species is similar to that of the 345 nm acidic

at pH 7.0 is very different from the wild-type spectrum
(Figure 5a,c). The main band at 1555 @éngFigure 5a) is

upshifted, and two peaks appear at 1597 and 1576'.cm
The band at 1493 cm in wild-type PYP (Figure 5a) and at
1489 cnt in Glu46Asp at pH 10.5 (Figure 5b) is missing
(Figure 5c), and the bands at 1439 and 1163/1161*cm
(Figure 5a,b) are shifted to 1446 and 1172 &mespectively.

form of the mutant (see Figures 2 and 3), which is not present
at this elevated pH. This suggests that the chromophore
hydroxyl is protonated in both the 335 and 345 nm species,
as it is in the } intermediate (see below for further

discussion). A series of spectra illustrating the time course
of the dark recovery of the 444 nm absorption at pH 9.5 is
shown in Figure 7. The first-order rate constant for this dark



pH-Driven Color Transitions in PYP Mutants Biochemistry, Vol. 38, No. 41, 19993769

0.1 0.0

- E
Mpax ~ 335 Nm pH 9.5 024

] 0.4
0.0 i

-0.6 . -
0.8
1.0

0.1 -
1.2

Absorbance

-1.4 1

T -1.6
-0.2 4 4

1 -1.8 4 m

Signal (arbitrary units)

——— T T 504
300 350 400 450 500 20 ]

Wavelength (nm) 22

360 370 380 390 400 410
FIGURE 6: Steady-state difference spectrum for photobleaching of Wavelenath
the basic form of the Glu46Asp mutant at pH 9.5 by irradiation avelength (nm)
with a 40 W fiber optic lamp. FiGURe 8: Flash-induced difference spectrum (excitatiord at
365 nm) for the acidic form of the Glu46Asp mutant at pH 6.5.
Data were obtained at 5 ms after flash excitation.

0.6 pH=9.5

constant for dark recovery (conversion gfd P) of the 345
nm absorbing acidic species (data not shown) is>3.80°

s ! (half-life = 1.8 x 107#s), which is 100 times faster than
that for the wild-type protein, and 1.4 1Cf times faster
than that for its 444 nm basic counterpart (for this species
at pH 8.0,k = 2.6 x 1072 s, half-life = 266 s; this rate
constant is about 2000-fold smaller than that for wild-type
PYP). A time-resolved difference spectrum for laser flash-
induced photobleaching of the acidic form is shown in Figure
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] 0 ZTiine“(mi:) °re 8. The difference spectrum clearly reveals absorbance
0.0 ——— bleaching in the 360 nm wavelength region, although
350 400 450 500 550 absorbance changes at wavelengths below 360 nm were not
Wavelength (nm) measurable with the present apparatus.

Ficure 7: Dark recovery kinetics of the Glu46Asp mutant at pH  photobleaching kinetics for the Glu46Ala mutant were also

9.5 following steady-state bleaching by irradiation with a 40 W 4, fast to measure. However, the dark recovery kinetics after
fiber optic lamp. Spectra taken at 30 s intervals. Note the isosbestic : !

point at 385 nm. The inset shows the data points (closed squares)@Ser photobleaching of the 465 nm basic form of this mutant
obtained at 444 nm superimposed on a single-exponential fit (solid (at pH 8.0) showed a biphasic process, with a partial fast

line) with k = 7.7 x 103 s ™% recovery k = 8.1 x 10° s'%; half-life = 8.6 x 1075 s) and
a slower complete recoverk & 0.5 s'%; half-life = 1.4 s)
Table 1: Rate Constants for Fast and Slow Conversions tof | (data not shown). The fast recovery component for the basic
Ground State (pH 8.0) for Glu46-PYP Mutants form of this Glu46Ala mutant occurs approximately fithes
mutant Krast (S7%) Ksiow (S7) faster than that of the Glu46Asp mutant (but is comparable
Glu46Ala to its 365 nm acidic form, for which at pH 8.@,= 7.5 x
basic form 8.1x 10° 5.0x 1071 1¢® s% half-life = 9.2 x 1075 s), whereas the slower
Gl jzgd:?s;orm 7.5x 10° - recovery phase occurs on the same time scale as wild-type
basic form PYP and is 200 times faster than that of the Glu46Asp

2.6x 1073
- mutant. The rate constants for these dark recovery processes

have been compiled in Table 1.

conversion of thejlintermediate back to the ground state ~ pH-Dependent Recery Kinetics of the Photobleached
(P)is 7.7x 103 s ! (inset). The Glu46Ala mutant does not Acidic Forms The pH dependence of the flash-induced
show this steady-state photobleaching phenomenon becauseinetics for dark recovery of the 345 nm acidic form (Figure
as will be shown below, the dark recovery process is 9) of the Glu46Asp mutant shows a maximum recovery rate
considerably faster and thus the dpecies does not ac- at pH 6.5 k = 12.5 x 10° s'1, half-life = 5.5 x 107° s),
cumulate. which decreased 10-fold as the pH was increased to 9.5, and
Time-Resaled Laser Flash PhotolysiShe two spectral ~ decreased 3-fold as the pH was decreased to 5.5 (below pH
forms of the Glu46Asp mutant are both photoactive in laser 5.5, a decrease in protein stability was noted). This biphasic
flash photolysis experiments carried out at an intermediate curve is governed by K values of ~6 and ~7.5, and
pH of 8.0 (Table 1). The rate constants for laser-induced resembles the biphasic pH dependence of the dark recovery
bleaching (i.e., conversion to the ihtermediate) for both  kinetics of b in wild-type PYP, which hask values of 6.4
species (data not shown) are too fast to measure with theand 9.4 9). The Glu46Ala mutant shows similar biphasic
present apparatuk & 1° s%; half-life < 1 ms). The rate  behavior exhibiting K values of~7.3 and~8.6 (Figure 9).

acidic form 3.8x 1¢°
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Ficure 9: Effect of pH on the flash-induced dark recovery kinetics
of the 345 nm acidic form of the Glu46Asp mutant (closed circles) 20 b)
and of the 365 nm acidic form of the Glu46Ala mutant (open
squares). 1.8 -
00 465 nm fast component
164 (x10)

The maximum rate of recovery for the Glu46Ala mutant
occurs at pH 8K = 7.5 x 10° s°%; half-life = 0.92x 10
s), a shift of~2 pK units from the Glu46Asp mutant. The
groups responsible for these pH effects are not yet identified.
pH-Dependent Recery Kinetics of the Photobleached
Basic Forms The rate constant for the dark recovery of the
photobleached 444 nm basic form of the Glu46Asp mutant
increased 6-fold with pH, fronk = 2.6 x 1073 s7! (half- 08 7
life = 266 s) at pH 8.0 t&k = 0.017 s? (half-life = 42 s)

® 465 nm slow component
(pK=9.0)

Rate constant (s)
-
N
1

at pH 10.5 (Figure 10a). The pH dependence follows a single %8

proton ionization curve with akp = 9.6. Even at these 0.0 % . . : . ‘ , —
elevated pHs, the mutant was found to be remarkably stable, 65 70 75 80 85 90 95 100 105
based on absorption spectral measurements. These dark pH

recovery kinetics were several hundred times slower than E . L
. IGURE 10: (a) pH dependence of the dark recovery kinetics (closed
for wild-type PYP and resemble those of the Metl00Ala gircles) of the photobleached,)Ibasic form of the Glu46Asp
mutant ). mutant. A theoretical curve (solid line) was obtained by fitting the
The kinetics of the faster dark recovery phase of the data to the HenderserHasselbach equation for a single proton
Glu46Ala mutant have akpof ~9.5 (Figure 10b), whereas ionization with a K of 9.6. (b) Effect of pH on the fast component

: (open squares) and slow component (closed circles) of the flash-
the slower recovery process showed<aqh 9.0 (Figure 10b). induced dark recovery kinetics for the basic form of the Glu46Ala

Note that these I values are similar to that observed for mutant, measured at 465 nm. A theoretical curve (solid line) was
Glu46Asp. The rate constants for the slower full recovery obtained by fitting the data for the slow component to the
ranged fromk = 0.45 s (half-life = 1.5 s) at pH 8 tk = HendersorHasselbach equation for a single proton ionization with
1.55 s (half-life = 0.45 s) at pH 10, an increase o#- a K of 9.0. The curve drawn through the open squares is an
fold between the two extreme pHs. arbitrary fit to the data points.

Lack of Photorecpery of the Photobleached 444 nm Basic ., mophore in the dark-adapted state can be converted from

Form of the Glu46Asp MutanfTo test whether the long- 5 yaqjc form (absorbing at 444 or 465 nm) to an acidic form
lived photobleached state; (intermediate) of the 444 nm (absorbing at 345 or 365 nm), withkpvalues of 8.6

basic form of the Glu46Asp mutant qould be photoconverted (Glu46Asp) and 7.9 (Glu46Ala). We attribute this to a
to the ground state, as was previously observed fqr the conversion of the chromophore hydroxyl group from an
Met100Ala mutant), the 444 nm form at pH 9.0 was first  5i5nic 1o a protonated form. The FT Raman spectra are
photobleached by irradiation with a 40 W tungsten lamp for . ,qjstent with this interpretation. Using the chromophore

3 min, and then was excited at 360 nm with a laser pulse. model compoung-hydroxycinnamoy! phenyl thioester, Kim

There was no rapid recovery of absorbance at 444 nm. This, o) (1995) have shown that the bands at 1555, 1530, 1493,
experiment could not be carried out for the Glu46Ala mutant ;439" 2nd 1163 cnt in wild-type PYP (Figure 5a) are

be_cause the recovery process was too rapid to permit themdicative for the deprotonated chromophore. These bands
build-up of the photobleached species.

are present in the mutant Glu46Asp at pH 10.5 at 1553, 1530,
1489, 1439, and 1161 crh (Figure 5b) and indicate that
DI ION ! ’ . : -
SCUSSIO the chromophore in Glu46Asp at high pH is also deproto-
As demonstrated above, mutation of PYP Glu46 to either nated. The resonance Raman spectrum of the chromophore
Asp or Ala results in pH-titratable species in which the model compound in its anionic form shows corresponding
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bands at 1568, 1542, 1500, 1434, and 1166'c(f2). In into the active site. Conversely, protonation of the Asp46
the neutral model compound, however, the most intensecarboxylate at the lower pH values could account for the
bands at 1568 and 1542 chupshift to 1600 and 1587 criy more rapid recovery rates observed with this species.

the band at 1500 cm is missing, the intensity of the band It has been suggested that during the formation of the |
at 1434 cm' appears strongly reduced, and the band at 1166 intermediate in the PYP photocycle Glu46 donates a proton
cm ' is shifted to 1176 cm' (12). The upshift of the most  to the phenolic oxygen of the chromophol&,(16). This is
intense bands to 1597/1576 ththe absence of the band  pased upon low-temperature steady-state infrared difference
at 1493 cm?, and the band shift from 1163 to 1172 ¢ spectroscopy. The Glu46GIn mutant, however, is able to
for the Glu46Asp mutant at neutral pH (compare Figures 5a undergo a highly efficient photocycle, at neutral pH, with
and 5c) are similar to the neutral model compound. We kinetics qualitatively similar to those of the wild-type protein
conclude from these results that the chromophore in G|U46A5p(9) We conclude from these results that, at the very least,
at pH 7.0 is protonated and possibly exposed to the aqueousgroton donation from Glu46 to the chromophore is not a
environment. We presume that the same interpretation isrequired component of the PYP photocycle.

valid for the Glu46Ala mutant, although we have not carried The recovery kinetics for the 444 nm form of the

out the corresponding FT Raman experiments. Glu46Asp mutant were dramatically slowed compared to

This behavior is in sharp contrast to wild-type PYP, for yiiq-type PYP, and resemble those of the Met100Ala mutant
which the chromophore becomes protonated only upon (for whichk = 2.1 x 103 s°%; half-life = 330 s at pH 7.0;
protein denaturation, with an appareit pf 2.7 (1, 13). This 7). We previously proposed that Met100 aids the reisomer-
difference of ~6 pH units for the protonation of the i, aiion of the chromophore and that its absence is responsible
chromophore indicates that hydrogen bonding from the ¢ the slow recovery of the Met100Ala mutant. This, of
Glu46 carboxyl group stabilizes the anionic form of the ¢qyrse cannot be true for the Glu46Asp mutant. A possible
chromophore to a much greater extent than such an interacyypjanation is that the carboxyl group of the Asp46 residue
tion with the carboxyl of the Asp46 mutant. The hydrophobic 55 4 negative charge in the photobleached state and has to
replacement in the Glu46Ala mutant, of course, completely pe nrotonated by the solvent before the anionic chromophore
eliminates the possibility of H-bond formation. In the reisomerizes; i.e., the active site may not allow two negative
Glu46Asp mutant, the hydrogen bonding distance betweencharges to be present, thereby slowing down the recovery
the phenolic oxygen of the chromophore and the ASp rocess. This could explain why the rate of recovery for the
carboxyl group is p.robablyllncreased due to the decrease ing|y46Ala mutation is almost comparable to wild-type PYP,
the length of the side chain by one carbon, as well as by gjnce this mutant does not have any charged residue in the
possible steric interference between the Asp carboxyl andpyqgrophobic pocket to prevent the anionic chromophore from
the phenol ring of Tyr42, thereby weakening or eliminating reestablishing the H-bond with Tyr42.

fgfuggd;?gtehne boAr;(;. ;23 S,&T:”rg:jfcgﬁgc?o?eé\;]vreo?otgﬁo?e Further i.nsight regar.ding th.e mechanistic aspects of the
rotonation sudaests that neither Aspd6 nor Aladé ap- back-reaction ¢ to P) is obtained from the fact that the
proto bly st b'Igg h onic ch ph P bF photobleached Glu46Asp mutant did not show enhanced rates
_pr%mta;] y sta tl 'iﬁs H E anollcim(':r c4r20mop ore. t retsurrgja Y: of photorecovery when a second laser pulse at 360 nm was
It?wer%forn;up?;v%e Eon;eogegroeeyorf st;?)rirl]ii:tisol: actandcan use_d. Th_is is consis_tent_with the obs_ervatio_n that_ the Met100
It is not clear why the anionic form of the ch.romophore re3|due 'S pres.e_nt In this mu_tant. S!ncg this residue may be
in the Glu46Ala mutant has a spectrum which is shifted 20 involved in facilitating the reisomerization process, (the
chromophore would already be in the trans conformation,

nm to the red compared to wild-type PYP, whereas the : : : o
Co X and light absorption and therefore double bond isomerization
Glud6Asp mutant is slightly blue-shifted to 444 nm. Perhaps would not be required for recovery of the dark-adapted state.

changes in the envwonm_ent around the chrorr_lophore, SUChBased on these considerations, it is interesting to speculate
as the extra space that is created on truncating the Glu46

side chain, result in polarity changes which contribute to on the mechanism by which Met100 might be involved in

these spectral shifts. An improved understanding of thesethe reisomerization reaction. The structure of the photo-
P - AN Imp 9 -~ bleached state obtained by X-ray diffractid) éhows that
properties may be obtained from crystallographic analysis

of these mutants. Such studies are underway. the occupied p-orbital of the Met S atom is oriented toward

g . - . . C; of the cis conformation of the chromophore (the distance
It is interesting that the acidic forms remain photoexcitable; between the two atoms is 4.9 A), and the Met sulfur atom is
i.e., they can b? addmpnally bleached by light, prgsumably also within van der Waals distance of the slightly twisted
to generate its isomeric conformer. Whether this is a trans benzene ring of the chromophore. The electron density on
to CIs conversion, or the opposite, is not clear at present. the Met sulfur atom could be further increased by interacting
It is noteworthy that the i§ observed for the rate constant

. with the pi-orbital of the benzene ring. This in turn can result
of the recovery of the photobleached form of the anionic in charge donation to Cof the cis double bond, thereby
species of both m_utants is approximately the same as thatcausing a decrease in its double bond character and facilitat-
found for protonation of the free chromophorek(g= 9.0;

. ing rotation hi nd, which is required for
_14). Thls |nd|cat_es that the chromophore phenolic oxygen re?socr)rfgtri(;e :r?glitetturﬁ ttc))Othctia groucnd itateeq.u ed forto
is readily accessible to the solvent in the photobleached state,
and that removal of the proton from the phenolic oxygen coNCLUSIONS
facilitates recovery. The 200 times faster recovery rate for
Glu46Ala than for Glu46Asp suggests that the Asp46  Glu46Asp and Glu46Ala are the first PYP mutants to be
carboxyl is probably negatively charged at the higher pH characterized that show dual photoactive species, a result of

values, thus hindering the return of the anionic chromophore a pH-driven color transition. At pH8.0, photoactive 345
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365 nm species are predominant, with properties suggesting
that all active site residues are protonated, and that the

chromophore is present in its trans conformation. Above pH
9.0, a 444 nm form is present in the Glu46Asp mutant, which
is spectrally similar to the wild-type protein, but whose
anionic form of the chromophore is considerably less
stabilized by Asp than it is by Glu. The slowing of the
recovery rate by a factor of 2000 and the changeKrfqr
chromophore protonation from?2.7 in the wild-type to 8.6

in the mutant are indicative of this destabilization. It is
interesting that eliminating the H-bond by replacement of

Asp by Ala apparently increases the anionic character of the

chromophore, resulting in a 20 nm red-shifted absorption
spectrum, although thekpof 7.9 for protonation still shows
destabilization relative to the wild-type protein.

The dramatic 1®fold difference in recovery kinetics
between the two chromophoric forms of the Glu46Asp

mutant can be explained on the basis that the phenolic oxygen
atom of the protonated chromophore in the acidic form does

not have to lose its proton before it returns into the active

site, as is the case for the 444 nm form. Presumably, this is

a kinetically difficult process in the latter species, since the

Devanathan et al.

2. Meyer, T. E., Yakali, E., Cusanovich, M. A., and Tollin, G.
(1987)Biochemistry 26418-423.

3. Meyer, T. E., Tollin, G., Hazzard, J. H., and Cusanovich, M.
A. (1989) Biophys. J. 56559-564.

4. Ujj, L., Devanathan, S., Meyer, T. E., Cusanovich, M. A,
Tollin, G., and Atkinson, G. H. (1998iophys. J. 75406—
412.

5. Borgstahl, G. E. O., Williams, D. R., and Getzoff, E. D. (1995)
Biochemistry 346278-6287.

6. Genick, U. K., Borgstahl, G. E. O., Ng, K., Ren, Z,
Pradervand, C., Burke, P. M., Srajer, V., Teng, T., Schildkamp,
W., McRee, D. E., Moffat, K., and Getzoff, E. D. (1997)
Science275, 1471+1475.

7. Devanathan, S., Genick, U. K., Canestrelli, I. L., Meyer, T.
E., Cusanovich, M. A., Getzoff, E. D., and Tollin, G. (1998)
Biochemistry 3711563-11568.

8. Sprenger, W. W., Hoff, W. D., Armitage, J. P., and Helling-
werf, K. J. (1993)J. Bacteriol. 175 3096-3104.

9. Genick, U. K., Devanathan, S., Meyer, T. E., Canestrelli, I.
L., Williams, E., Cusanovich, M. A., Tollin, G., and Getzoff,
E. D. (1997)Biochemistry 368—14.

10. Devanathan, S., Genick, U. K., Getzoff, E. D., Meyer, T. E.,
Cusanovich, M. A., and Tollin, G. (1997rch. Biochem.
Biophys. 34083—89.

carboxyl of the Asp mutant is probably deprotonated at the 11. Devanathan, S., Genick, U. K., Canestrelli, I. L., Getzoff, E.

high pH values required to form the 444 nm basic form and

thus hinders the return of the chromophore. The recovery of 12
the 465 nm basic form of the Glu46Ala mutant can proceed

D., Meyer, T. E., Cusanovich, M. A, and Tollin, G. (1997)
in Forty-first Annual Meeting of the Biophysical Society.

. Kim, M., Mathies, R. A., Hoff, W. D., and Hellingwerf, K. J.
(1995) Biochemistry 3412669-12672.

faster because of the lack of an additional negative charge. 13 Hoff, w. D., van Stokkum, I. H. M., Gural, J., and Helling-

These structural predictions for the two photoactive forms

werf, K. J. (1997)Biochim. Biophys. Acta 132251-162.

of the Glu46 mutants can be tested by crystal structure 14.Baca, M., Borgstahl, G. E. O., Boissinot, M., Burke, P. M.,

determinations for both of these species. Such studies are

underway.
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