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ABSTRACT: We studied the kinetics of proton uptake and release by photoactive yellow protein (PYP)
from Ectothiorhodospira halophilan wild type and the E46Q and E46A mutants by transient absorption
spectroscopy with the pH-indicator dyes bromocresol purple or cresol red in unbuffered solution. In parallel,
we investigated the kinetics of chromophore protonation as monitored by the rise and decay of the blue-
shifted stated (Amax = 355 nm). For wild type the proton uptake kinetics is synchronized with the fast
phase of 4 formation ¢ = 500us at pH 6.2). The transient absorption signal from the dye also contains

a slower component which is not due to dye deprotonation but is caused by dye binding to a hydrophobic
patch that is transiently exposed in the structurally changed and partially unfeldgdrmediate. This
conclusion is based on the wavelength, pH, and concentration dependence of the dye signal and on dye
measurements in the presence of buffer. SVD analysis, moreover, indicates the presence of two components
in the dye signal: protonation and dye binding. The dye binding has a rise time of about 4 ms and is
coupled kinetically with a transition between twpihtermediates. In the mutant E46Q, which lacks the
putative internal proton donor E46, the formation gElaccelerated, but the proton uptake kinetics remains
kinetically coupled to the fast phase efformation ¢ = 100us at pH 6.3). For this mutant the protein
conformational change, as monitored by the dye binding, occurs with about the same time constant as in
wild type but with reduced amplitude. In the alkaline form of the mutant E46A the formation of the
I-like intermediate is even faster as is the proton uptake 20 us at pH 8.3). No dye binding occurred

in E46A, suggesting the absence of a conformational change. In all of the systems proton release is
synchronized with the decay of. IOur results support mechanisms in which the chromophore of PYP is
protonated directly from the external medium rather than by the internal donor E46.

Photoactive yellow protein (PYPJrom the purple bac-  photocycle consisting of a number of spectrally distinguish-
terium Ectothiorhodospira halophilgl) is a small water- able photointermediate9,(10). We will use the nomencla-
soluble photoreceptor that is believed to be involved in ture of ref1lto designate these intermediates. About 3 ns
negative phototaxis2j. PYP has recently attracted further after photoexcitation the red-shifted intermediatis formed
attention as the structural prototype for the PAS and LOV (1.« = 465 nm,z ~ 200 us) in which the hydrogen bond
domains of a large class of receptor proteik (ts blue with E46 is still intact (2, 13). In the following long-lived
light absorption {max = 446 nm) is due to a thioester-linked  blue-shifted intermediate (Ana = 355 nm,7 ~ 200 ms),
p-hydroxycinnamoyl chromophore. In the dark state P, the this hydrogen bond is broken, and the phenolate moiety has
anionic form of the chromophored), is stabilized by  rotated out of its initial binding pocket, exposing its oxygen
hydrogen bonds to E46 and Y42, €), and the 78 double  to the solvent14). In I, the cis form of the chromophore is
bond of the chromophore is trans. Photoexcitation is followed protonated §, 15), leading to the large spectral blue shift.
by rapid isomerization around this bond, (8) and a  The source of the proton that protonates the chromophore
remains unclear and is the focus of the present study. The
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cresol purple; CR, cresol red; BSA, bovine serum albumin; PAS, and FTIR also indicate that the structural changes observed

acronym formed from the names of the first three protepesi¢d clock for I, in solution are much larger than those observed by
protein of Drosophila aryl hydrocarbon receptor nuclear translocator

of vertebratessingle-minded protein oDrosophilg recognized as ~ X-Tay diffraction with crystals 17, 18). The receptor returns
sharing this sensory motif; LOMight, oxygen, andvoltage. from |, in about 200 ms to the initial P state. In this final
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transition the chromophore reisomerizes and deprotonates;To time-resolve the kinetics of proton uptake and release,
and the structural change is reversed. The structural changesve employed the pH-indicator dyes bromocresol purplke (p
of PYP were also detected by nanosecond time-resolved6.3) and cresol red 8.3). For wild type we confirm the
X-ray diffraction at room temperatur(). previous findings of a tight kinetic coupling between |

It was recently suggested using time-resolved FTIR that formation/decay and Huptake/release from the aqueous
there are two sequentiab lintermediates, both with a  medium, respectively2@). We find, moreover, that the
protonated chromophore and a deprotonated E46 carboxylabsorption signal at 370 nm associated with thatermedi-
group @1). In the transition from4to Iy’ (rise time about ate contains two time constants around 1 ms, both of which
260us at room temperature and pH 7), the carboxyl group are also contained in the dye signal. The faster component
of E46 deprotonates, and the chromophore proton&tBs ( (z = 500 us) represents the proton uptake, and the slower
In this state only local structural changes have occurred component{ = 4 ms) is due to transient dye binding to the
around the chromophore. In the following step frofmd I, changed surface structure in Similar experiments were
(2 ms), large changes in the secondary structure occur agperformed with the mutant E46Q in which a hydrogen bond
monitored by changes in the amide | ba2d)( According between Q46 and the chromophore can still form but in
to these authors the protonation changes are followed by thewhich no proton transfer can occur between these groups.
large global conformational change with considerable delay In E46Q the rise ofJand the H uptake are considerably
(260 us/2 ms). Similar FTIR experiments were performed accelerated with respect to wild type but remain synchro-
by another group that reached somewhat different conclu- nized. Further experiments were carried out with the mutant
sions and employed a different photocycle mod&)(They E46A, in which no H-bond between A46 and the chromo-
interpreted their data in terms of branching afterlih the phore exists and no proton transfer between these groups
faster step = 113us) E46 moves into a more hydrophobic can occur. In this mutant formation of is even faster as is
environment but stays protonated in a fraction of the H' uptake. We conclude that the chromophore is most likely
molecules (i.e., a1 state), whereas in the majority of the protonated from the external medium rather than internally
molecules E46 deprotonates)((13). In the slower phase  from E 46.
(r = 1.5 ms) further deprotonation of E46 from the molecules
in ;" occurs as well as a significant change in the protein MATERIALS AND METHODS
backbone 13). The processes of E46 deprotonation, chro- . . .
mophore protonation, and secondary structure changes all Sample PreparatiorNative PYP fromE. halophilaand
occur with both time constants of 113 and 1.5 ms in ref (e mutants E46Q and E46A were prepared as descried (
13, whereas in rep1 the protonation changes are associated S2)- Buffer removal was performed by size-exclusion chro-

with the faster time and the structural changes with the slower Matography on Sephadex G-25 fine (Pharmacia).
time. Transient Absorption Spectroscopybsorbance changes

Using the pH-indicator dye bromocresol purple it was Of unbuffered solutions of PYP were recorded after laser flash

shown that at pH 6.3 formation and decaymne associated excitation from~100 nsto 20 s. A Iaboratory-built apparatus
with proton uptake and release, respectively, from the Was used which has previously been described in d&3il (
aqueous medium2@, 23). Due to its charge and hydrogen- From this setup the polarizing and depolarizing elements
bonding interactions with E46 and Y42, the chromophore have been removed; i.e., the excitation was only from one
has a very low [ of 2.8 in the dark. These interactions are direction, and the measuring beam was unpolarized. For the
lost after chromophore isomerization and rotation, leading €xcitation in the main absorption band of PYP the laser dyes
to a large increase in itskp Since the phenolate oxygen stilbene 3 dissolved in methanol (emission maximum at
becomes exposed to the solvent in (IL4), these dye ~430 nm) and coumarin 47 dissolved in propylene carbonate
experiments suggested that the chromophore is protonatede€mission maximum at-440 nm) were used. The output
directly from the external mediuni4). Time-resolved FTIR ~ power of the dye laser was up to 5 mJ, and the pulse length
measurements indicated that the Carboxy| group of E46 Wwas about 10 ns. The Samples were measured at a minimum
deprotonates during the formation of doncurrently with of three characteristic wavelengths. To detect protonation
the protonation of the chromophor#3 21). On the basis ~ changes in the external medium, the pH-indicator dye
of this evidence these authors suggested that the chromophor€romocresol purple or cresol red was added to the protein
is protonated intramolecularly from E483 21), thereby solution. The absorption maximum of the deprotonated form
implying that in its subsequent rotation to the protein surface is 590 nm for bromocresol purplep = 6.2) and 570 nm
the chromophore is already protonated. It is currently unclear for cresol red (K. = 8.2). The absorbance changes were
what the source of the protons is that leads to chromophoremeasured at a number of wavelengths over the absorption
protonation. This is the question addressed in this paper. band of the deprotonated dye species. For wavelengths above
Protonation/deprotonation reactions of the chromophore 520 nm these signals reflect the dye kinetics and do not
and apoprotein are of great significance in the formation of include contributions from the protein. The dye signal was
the active signaling state of a number of photoreceptors such@lso measured at the same wavelengths after addition of
as rhodopsinz4—26), sensory rhodopsirﬂw, and phyto_ buffer (10 mM sodium phosphate at pH 6.2 and 10 mM Tris
chrome 28, 29), as well as for the light-driven proton pump @t pH 8.3, respectively). All measurements were performed
bacteriorhodopsin3Q, 31). This provides further motivation ~ at room temperature.
to investigate the mechanism of chromophore protonation Protonation StoichiometrtyThe number of protons per
and H uptake in PYP. We used time-resolved flash cycling PYP was determined by a new method which is
spectroscopy to monitor the kinetics of formation and decay based on the assumption that the protein and the dye act as
of the protonated chromophore (blue-shiftethtermediate). competing buffers. At low dye concentration the protein
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dominates the buffering and the signal scales with the dye
concentration, while at high dye concentration the buffering _
effect of the protein is negligible. This suggests a saturation 0.00

curve of the dye signal as a function of the dye concentration.

0.02

The quantitative relationship (a derivation is given in the g 0.02
appendix) is < 004
; < 0086

AA(f) = AA(L——— 1) -0.08

1+ @Ff—1)p

with f the relative dye concentratiodA(1) the dye signal g'gcz) M B ]

at the reference dye concentratios 1, and the parameter

p the ratio AA(F—~ «)/AA(1). To determine the parameters -0.02 1 i S00nm . 1
AA(1) and p, the dye signal was measured at the dye g -0.04 1 5 1
concentrations 10, 20, 30, and 401, and the data were = -0.06 + ; i 7
fitted to eq 1. From the depletion signal (the bleach of the < -0.08F § .
dark state P) the fraction of cycling molecules was estimated. -0.10 | : 460 nm 1
This requires a correction of the measured depletion signal 012 ) IN___— b
for the contribution of the dye at the measuring wavelength 0.05 I
A .
0.00
AAcorr(jﬂt) = AAmeag*vt) + A'A‘dye(;tdye’t)x (2) -0.05
o

The factorx = AAgyd1)/AAgydAaye) Was determined from % 010k : .
difference spectra of the dye titratioky,. is the absorption 3 L | § | /470 nm P
maximum of the dye, i.e., 590 nm for BCP and 570 nm for -0.15 : § 5 .
CR. From the maximal amplitude of the corrected depletion : ; : :
signal AA.or(4,1) and the dye signal at infinite dye concentra- '0'2? o = :01' - 11)3 * “m;;s' - 1"(')7

tion AA(Layef—) [given by the product of the fit parameters
p and AA(1)] the number of protons per cycling molecule )
was calculated: Ficure 1: Transient absorbance chang&#(t) of unbuffered
solutions of PYP at three wavelengths as indicated. Panels: (A)
wild type, pH 6.3; (B) E46Q, pH 6.3; (C) E46A, pH 8.3. Dashed
AA(ldye,f_’w)/Gdye(ldye) vertical lines mark the time constants of the main components in

AAcorK;L’t)/EPYP(;{) 3 the rise and the decay of.|

Time after excitation (us)

were chosen in compliance with subjective criteria on the

This requires knowledge of the extinction coefficients of the shape of the spectra and the time traces.

proteinepyp and the dyesqye at the respective wavelengths.

Spectral and Kinetic AnalysisThe dye signals of the RESULTS
unbuffered and the buffered samples were analyzed using
the assumption that the same spectral components occur in Photocycles of Wild Type, E46Q, and E4d/ke flash-
both datasets but with different time traces. Thus a singular induced transient absorbance changes of wild type and the
value decomposition (SVD) of the joint array of buffered mutants E46Q and E46A were measured at a large number

and unbuffered data was performesty. of wavelengths. Typical results at selected wavelengths are
presented in Figure 1. Please note the logarithmic time scale.
(AA, AA) = UTD(S)(V V) ) Panel A shows data for wild type at wavelengths of 490,
w uw

370, and 450 nm, which are diagnostic for the red-shifted |
. intermediate, the blue-shifted intermediate, and the deple-
The subscripts u and b refer to the unbuffered and thfation signal of P (446 nm), respectively. From the decay of

buffered measurements, respectively. In this way the basis : - ;
the signals at 490 and 450 nm and the simultaneous rise of
spectra (columns dfi") of both datasetaA, and A, are the agsorbance at 370 nm, we conclude that th® Il,

the same, Wh'le. dn‘fgrent Cof‘t”bu“o’“’fm andVy, arise which transition occurs in several hundred microseconds. From the
represent the kinetic evolution for the two measurements. A decay of the signals at 370 and 450 nm we conclude that
linear transformathr)( provides the absorb.ance specka 0 system returns from o the initial dark state P in several

and the concentration chang&s of the physically relevant hundred milliseconds at pH 6.3. All measurements in Figure

species (irue states’) involved: 1 were performed at 20C and 50 mM KCI in the absence
— of buffer, with excitation at 430 nm for wild type and the
A=UX and  @An, Any) = XD(s){V,, V) (5) mutant E46Q and at 440 nm for the mutant E46A. The
corresponding traces for the mutant E46Q, also at pH 6.3,
The transformation is not unique, but the constraint that the are shown in panel B. This mutant has its absorption
spectrum of one of the true states should represent the dyemaximum in P at 460 nm, and correspondingly somewhat
in solution reduces this ambiguity. The remaining parameters higher values were chosen for the measuring wavelengths
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selected for 4 (500 nm), b (380 nm), and P (460 nm) than B B e e
in wild type. The overall pattern in panel B is the same as 0.06+ .
in panel A, but there are several important differences. An
I-like intermediate is clearly formed in this mutant but with

a considerably shorter rise time of about 10 Moreover,

the return to P has a second very slow component of several
seconds. Panel C shows the time traces for the mutant E46A
at 370, 490, and 470 nm. In this mutant thK pf the 0.00
chromophore protonation in the dark is 732). Above this
pK, in the yellow alkaline form, the chromophore is
deprotonated with its absorbance maximum at 465 3#h (
The data of panel C were therefore taken at pH 8.3 with
excitation at 440 nm. Under these pH and excitation
conditions the percentage of molecules with protonated -0.15}
chromophores (acidic form with absorption maximum at 365 vt il it o
nm) that contributes to the transient absorbance signal was 0.08 e
estimated from the absorption spectrum and from the titration

0.04

0.02

AA@590nm (OD)

-0.05E

-0.10F

AA@450nm (OD)

curve to be less than 2%. This estimate is supported § 008

experimentally by the fact that excitation at the lower E 0.04

wavelength of 430 nm, i.e., at a wavelength at which more 8

molecules in the acidic form could be excited, had no ® o002
<1

significant effect on the photocycle kinetics. Selective
excitation of the population of molecules with deprotonated 0.00
chromophores was thus achieved by a combination of the
choice of pH and excitation wavelength. The trace at 370
nm shows that also in E46A aglike intermediate with a

protonated chromophore is formed. The traces at 370, 470,
and 490 nm show that in this mutant the formation .ol

even faster, occurring with times of about 2 andu20 The

return to P is biphasic with a fast time of about 1 ms and a B
slow time of several seconds, separated by a long plateau. ) )

AA@460nm (OD)

The trace at 370 nm shows that after the fast phase an g 002f

equilibrium is reached between intermediates with protonated Q

(I2) and deprotonated chromophores. g
Comparison of Proton Uptake/Release Kinetics with g 0.01

Chromophore Protonation/Deprotonation Kinetidhe ki- <

netics of proton uptake and release by PYP from the aqueous 0.00

medium was measured at pH 6.2 with the pH-indicator dye
bromocresol purple and at pH 8.3 with the dye cresol red as 0.05
explained in Materials and Methods. In panel A of Figure 2
the kinetics of proton transfer with the agueous medium, as
monitored by the absorbance signal at 590 nm (top; absorp-
tion maximum of the deprotonated dye), is compared with
the photocycle kinetics as monitored by the depletion signal
at 450 nm (bottom) for wild type at pH 6.2. The traces at
590 nm (dye) and 450 nm (chromophore) were fitted
simultaneously with a sum of exponentials. An adequate fit
required four exponentials, two associated with the rise of : el -
1 and a transition between wplke ntormediates and two  Sotions O PYP and of pHindiator dyes at he respectiys,
associated with the decay of INo systematic deviations  two time traces. Panels: (A) wild type, pH 6.2, bromocresol purple,
occurred as evidenced by the residuals (not shown). Ther; = 500us, 7, = 4.8 ms,73 = 600 ms,r; = 1.8 s; (B) E46Q, pH
arrows mark the values of the four common exponential time 6-2, bromocresol purple; = 110us, 72 = 4.1 ms,73 = 550 ms,
constants. The kinetic constants obtained from the fits to the ™ = 3'7203; (©) '5_42'2' PH 8.3, cresol redy = 1.6us, 72 = 20 s,
data of Figure 2 are collected in Table 1. The fact that both 2~ ©'V#S$T = <4 S
the photocycle and dye signals can be fitted well with the components in the rise of Wwith similar times as observed
same set of time constants is strong evidence that the kineticshere optically 13, 21). Moreover, these vibrational data
of chromophore protonation/deprotonatiak(at 370 nm) provided evidence for the nature of the molecular events
and the kinetics of proton uptake/release by PXR &t 590 associated with the times of 50 and 4.8 ms observed
nm) are perfectly synchronized. here for the rise ofJl(21). The first time was assigned to
Our data indicate that the amplitude of the millisecond the protonation of the chromophore, and the second time
component €,) is larger in the dye signal than in the was attributed to a major conformational change between
depletion signal. Recent FTIR experiments also detected twotwo |, states (i.e., intermediates with protonated chromo-

AA@470nm (OD)

10" 10' 10° 10° 107
Time after excitation (us)

FIGURE 2: Transient absorbance chang&#(t) of unbuffered
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Table 1: Simultaneous Fit of Photocycle Kinetics and pH-Indicator  tUd€. Chromophore protonation and proton uptake are
Kinetics of PYP however both accelerated with respect to wild type and E46Q

and remain concerted. The chromophore deprotonation

sample pH 71 T2 T3 T4 . . -

wid type 52 500 28ms 500 ms T8s occurs in two phases (8765 and 2.4 s) as is also evident

E460 6.2 110is 41ms 550 ms 325 from the 370 nm trace in Flgur_e 1C. As we will see in the

E46A 83 1.6us 20us 870us 245 next section, the 87@s phase is clearly accompanied by

@ Excitation at 430 nm for wild type and E46Q and at 440 nm for proton release and is not due to a anfo.rmat.lonal change.
E46A. Data of Figure 2. We conclude that after 87@s an equilibrium is reached

between anlstate and an intermediate with a deprotonated
. . . chromophore. We further note that proton release at&70
phores). In the next section we will present evidence that and 2.4 s is exactly mirrored by chromophore deprotonation.

fO”f'th.“S the F-I;IR |tnter|pr§tat|on_ of tr?.ehstlﬁwer T"“Ste(ijontdt As in wild type and E46Q, the chromophore protonation/
r??hs' 'OE as asr:uc u(;a ¢ angt:]e rl]nw Ic The grct) onate SI"’I/A(?deprotonation reactions in E46A are perfectly coupled to
of the chromophore does not change. The data in panel Ay 00 | ntake/release.

thus show that formation of a protonated chromophore with Wavelength Heterogeneity in Dye Kinetics Is Due to

simultaneous uptake of a proton from the aqueous medium ' o AT
occurs around 500s after flash excitation. With considerable Transient Dye BindingThe d_ye Kinetics in the absence qf
buffer were measured not just at 590 nm, the absorption

delay this is followed by a transition to another protein state ; .

; . ) .~ maximum of its deprotonated form, but at 12 wavelengths
with protonated chromophore in about 4 ms. B|pha5|c]c 520 to 630 . f10 Surorisinaly. th
deprotonation of the chromophore and decay to P occur with rom to nm in steps o nm. Surprisingly, the

kinetics were clearly wavelength dependent, suggesting

:\I/r\::)eso?:eioo ms and 1.8 S which are precisely mirrored by ilnhomogeneity due to the presence of more than one species/
ponding phases in the proton release to the external P ; :
medium. component. This is illustrated in panel A of Figure 3 where
. ] only the traces at the two wavelengths 590 and 620 nm are

The corresponding data for the mutant E46Q, again at pH shown. The 620 nm trace was scaled to match the latter part
6.2, are shown in panel B of Figure 2. Formation of I (>30 ms) of the 590 nm trace (dotted trace). The wavelength
(chromophore protonation; bottom) and proton uptake (top) gependence of the kinetics is apparent. If the dye signal is
are again perfectly synchronized in this mutant with a rise entirely due to transient protonation changes, it should
transition at 4.1 ms has a smaller amplitude but occurs with shows however that in the presence of a saturating concen-
about the same time constant as in wild type. Chromophoretration of 10 mM sodium phosphate buffer a substantial
deprotonation and proton release are also closely kinetically resiqual signal of about-34 m OD remains. At 590 nm the
present in both signals. Except for some changes in the valuegyositive. Subtracting this buffer-resistant part of the signal
of the time constants and amplitudes, the tight kinetic (panel B) from the signal in the absence of buffer (panel A)
coupling between chromophore protonation/deprotonation |eads to the true protonation signal shown in panel C. After
and proton uptake/release observed for wild type is preservedihis correction the time traces in panel C have the same
in this mutant. We note that E46Q lacks the putative internal kinetics and can be scaled simultaneously at all times. This
proton donor E46. is demonstrated in panel C where the 620 nm trace was

Panel C shows the data for the yellow alkaline form of scaled to the 590 nm trace (dottted trace). Within experi-
the mutant E46A. As we saw in the previous section, an mental error the two traces match. This is not just true at
I-like intermediate with a deprotonated chromophore is the two wavelengths shown but at all 12 wavelengths. The
formed in this mutant (trace at 370 nm in Figure 1C), and dye signals in the absence and presence of buffer at all 12
its kinetics is reflected in the depletion signal at 470 nm. wavelengths were analyzed by SVD and fitted simulta-
The measurements were performed at pH 8.3 with excitationneously with a sum of exponentials leading to the three
at 440 nm to select only the alkaline form. At this pH we exponential time constants of 548, 3.2 ms, and 690 ms,
used the dye cresol red. Its deprotonated form has anwhich are indicated by the common vertical dashed lines.
absorption maximum at 570 nm, and accordinggk at this Note that the dye signal which is not due to protons (panel
wavelength is shown in the top panel of Figure 2C. A B) rises with the slow 3.2 ms time and does not contain a
simultaneous fit of both the dye and depletion signals was significant contribution from the fast 5465 component. The
again possible, as indicated with four exponential time large 3.2 ms component in the dye signal of panel A has
constants as marked by the arrows. Formation ofsl almost entirely disappeared after the correction (panel C).
accelerated even further in E46A with time constants of 1.6 This suggests that PYP takes up a proton with 540 us,
and 20us. The amplitude of the 1.6s component in the  remains protonated for several decades, and releases a proton
depletion signal is about half that of the main 28 with 7 = 690 ms. In panel D the amplitude of the true
component. Due to the high pH of 8.3 the ratio of the protonation signal (panel C) after 2 ms (approximate
transient dye signal to the depletion signal is smaller for this maximum) is plotted against the observation wavelength
mutant than for wild type and E46Q, which were measured (solid squares) and compared with the scaled difference
at pH 6.2. The signal-to-noise ratio of the dye signal in the spectrum of the free deprotonated minus protonated dye
submicrosecond time domain is moreover lower than in (solid line). The agreement is excellent, indicating that the
panels A and B where the dye signal occurred later and wascorrected transient proton signal of panel C is indeed due to
larger. It remains therefore uncertain whether the dye signaltransient deprotonation of the dye and transient proton uptake
also contains the 1.6s component with significant ampli- by PYP.
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explanation is supported by transient dye deprotonation data
at various molar dye to PYP ratios. With increasing dye
concentration (10, 20, 30, 46M) the amplitude of the
binding contribution to the total dye signal increased (data
not shown). This is consistent with a shift of the equilibrium
between free PYP and PYP with bound dye. The amplitude
of the binding contributiom\A in the presence of buffer also
increased 3-fold with increasing pH from 5.8 to 6.6 (data
not shown). Remembering that only the deprotonated form
of the dye contributes at 590 nm, this effect can also be
understood on the basis of transient dye binding. Increasing
the pH leads to more deprotonated dye with a corresponding
increase in the concentration of the ehmotein complex.
In conclusion, we have strong evidence that the millisecond
component in the dye signal is due to transient binding of
the dye to a new state of PYP with a protonated chromophore
which we call }'. In agreement with FTIR result2) this
conformational change in bccurs several milliseconds after
excitation and about one decade in time after proton uptake.

The corresponding dye data for the mutant E46Q at two
wavelengths in the absence and presence of saturating
amounts of buffer are shown in panels A and B, respectively,
of Figure 4. The wavelength dependence of the dye signal
is evident from panel A. After correction for dye binding,
the time traces at all wavelengths have the same shape. This
is demonstrated in panel C, where the scaled 620 nm trace
(dotted line) fits well with the 590 nm trace. A simultaneous
fit of the dye signals in the absence and presence of buffer
at the 12 wavelengths led to the three time constants of 110
us, 4 ms, and 1 s indicated by the vertical dashed lines. The
transient dye binding signal (panel B) rises with- 4 ms,
about the same value as for wild type. Its relative amplitude
(compared to the unbuffered dye signal) is smaller than in
wild type, which suggests a smaller conformational change.
The corrected true protonation signal (panel C) now contains
only the two time constants indicated, suggesting that
protonation of PYP occurs around 118 after the flash with
no further protonation change until the return to P. Panel D
shows that the amplitude of the true protonation signal (solid
squares) exactly matches the difference spectrum (solid line)
of the deprotonated free dye.

Similar experiments were performed with the mutant E46A

FiIGURE 3: Transient dye signal (bromocresol purple) obtained with in the form with a deprotonated chromophore in the initial
wild-type PYP, pH 6.2. (A, B, C) Time traces at the indicated dark state. In panel A of Figure 5 time traces of the dye
‘l’."nae"g.e'}%\t)hs n(gof'}grgge%)ag‘g ;Cl\;"es% dsignqal hac}sﬁﬁgte“rgn(g‘?gd signal (cresol red, pH 8.3) are shown at the four wavelengths
(;ifferénce oL:‘ (Al3 and ,(B). Vertical dasrl1ued IFi)nesFiabeI’the time 530, 550, 570, and 59_0 nm in the absence of buffer. The
constants of the involved transitions; = 540us, 7, = 3.2 Ms,73 shape of these traces is the same for every wavelength. In
=690 ms. (D) Wavelength dependence of the absorbance differencecontrast to wild type and E46Q, there is no wavelength
at 2 ms in (C) (solid squares) and pH-induced difference spectrum dependence for this mutant. Moreover, consistent with this
of bromocresol purple (solid line). (E) Wavelength dependence of observation, the signal at 570 nm disappears completely in
the buffered dye signal of () at 20 ms. the presence of 10 mM Tris (panel A). We conclude that in
We turn now to the interpretation of the nonproton this mutant no transient dye binding occurs. Simultaneous
component in the dye absorbance change which rises withfitting of the four traces in panel A led to the three time
3.2 ms (panel B). The sign &fA is negative below about constants 2Qis, 870us, and 2.4 s marked by the dashed
595 nm and positive above. The complete wavelength vertical lines. The fastest time of 2 corresponds to proton
dependence oAA at 20 ms after flash excitation (ap- uptake. In this mutant probably no conformational change
proximately the maximal value) is shown in panel E. This occurs on the milisecond time scale. Instead, a partial proton
difference spectrum is typically what one would expect for release occurs at 87, leading to an equilibrium between
a red shift of the BCP spectrum with an isosbestic point |, and a state with a deprotonated chromophore. In panel B
between 595 and 600 nm. This strongly suggests that thisthe amplitude of the dye signal at the four wavelengths, 100
buffer-resistant component is due to transient binding of the us after the flash (solid squares), is compared with the scaled
dye to a hydrophobic region of the protein i [This pH-induced difference spectrum (deprotonated minus pro-
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FicUrRe 4: Transient dye signal (bromocresol purple) obtained with
the mutant E46Q, pH 6.2. (A, B, C) Time traces at the indicated
wavelengths (solid lines) and scaled signal at 620 nm (dotted
lines): (A) unbuffered, (B) 10 mM sodium phosphate, and (C)
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Ficure 5: Transient dye signal (cresol red) obtained with the mutant
E46A, pH 8.3. (A) Time traces at the indicated wavelengths,
unbuffered except for the lower 570 nm trace which is in the
presence of 10 mM Tris. The dashed vertical lines mark the
exponential time constants of the transitions: = 20 us, 12 =
870us, 73 = 2.4 s. (B) Wavelength dependence of the absorbance
difference at~100 us in (A) (solid squares) and pH-induced
difference spectrum of cresol red (solid line).

520 540 620 640

weighted time tracesVs; were fitted simultaneously with a
sum of exponentials. Using three exponentials the corre-
sponding exponential time constants were x403.2 ms,
and 690 ms. Four exponentials provided an excellent fit with
time constants 54Q:s, 3.0 ms, 600 ms, and 1.9 s. The
residuals are shown in panels D (for thetraces) and E
(for thes; traces). The first time constants of 548 and 3.0

ms are compatible with the results from Figure 2 (530

4.8 ms). A different sample was used here, possibly with a
somewhat different pH. Moreover, in Figure 2 two photo-
cycle and dye traces were analyzed at two wavelengths,
whereas in Figure 6 only dye data but under different
conditions (nbuffered, buffered) were analyzed simulta-

~ 1 s. (D) Wavelength dependence of the absorbance differenceneously at 12 wavelengths.

at 3 ms in (C) (solid squares) and pH-induced difference spectrum
of bromocresol purple (solid line).

tonated) of cresol red (solid line). Again, the agreement is
excellent.
Singular Value Decomposition Analysis of the Dye Kinet-

As described in Materials and Methods the basis spectra
Uy and time trace¥s; were transformed by the 2 matrix
X into component absorption spectrg And corresponding
concentration changesn;(t). Two of the matrix elements
of X were determined by requiring that the absorption

ics. Further evidence for the coexistence of free and bound spectrum of one of the components equals the deprotonated
deprotonated dye populations was obtained from a quantita-minus protonated difference spectrum of the free dye. The
tive SVD analysis of the transient absorption data of the dye. other two matrix elements of were fixed by the experi-

A joint SVD analysis of the dye signals for the unbuffered mental observation that the absorption spectrum of the second
and buffered (pH 6.2) state of the same sample at all 12 component should be red shifted and by the requirement that
measuring wavelengths was performed as described inthe time traces\nj(t) should have the expected signs. The
Materials and Methods. The resulting singular valgese results of this analysis are shown in Figure 7. The spectrum
plotted on a logarithmic scale in panel A of Figure 6. There labeled O (solid squares) is the spectrum of the first
are clearly two dominating values,= 1.019 ands, = 0.105, component corresponding to the free unprotonated dye. This
which are above the noise level as indicated by the dashedspectrum matches almost perfectly the measured difference
line. In the following we therefore only considered these spectrum (solid line). B is the spectrum of the bound
main contributions. The two basis spectrg Bre shown in deprotonated dye. It is clearly red shifted by approximately
panel B and are orthogonal as required. The correspondingthe amount estimated from the data of Figure 3. The resulting
time tracesVs; are displayed in panel C. There are two time concentration changes are shown in the lower pangl. D
traces for the unbuffered state of the sample (labsleand labels the time course of the first component (free depro-
s') and two for the buffered state (labelgf, s,°). The four tonated dye) in the unbuffered state. The concentration rises
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FIGURE 7: Linear transformation of the SVD basis spectra and time
traces of Figure 6B,C for wild-type PYP. (A) Spectm, ©). The
continuous curve that matches the Bata points is the scaled
measured difference spectrum between the free deprotonated and
protonated forms of the dye. The Bpectrum represents the bound
form of the deprotonated dye. (B) Time traces of the relative
concentration changes. The subscript refers to the two different dye
species. The superscripts u and b refer to the unbuffered and
buffered conditions.

possible in terms of two components. The spectra and time
courses of these components show that a red-shifted bound
dye component rises with ~ 3 ms for both the buffered
and unbuffered states of the sample.

Proton Uptake Stoichiometrfrhe stoichiometry of proton
uptake or release is usually determined by calibrating the
dye signal by microtitration and normalizing to the concen-

Ficure 6: SVD analysis of the joint data array of the unbuffered tration of photoreceptor molecules that Cyc%)( In many

and the buffered dye signals for wild-type PYP, pH 6.2. Panels:
(A) singular values; (B) basis spectra; (C) time traces. Superscripts
u and b label the unbuffered and the buffered traces, respectively.

cases this calibration procedure is not very accurate, since
the addition of concentrated acid or base often leads to local

(D) Residuals of a simultaneous fit with four exponentials to the aggregation or denaturation which in turn causes errors in
four time traces of (C), weighted with the respective singular values. AA. For these reasons we employed a different method which
Shown in (D) are the residuals for the traces labelé@nds,” in
(C). (E) Residuals of the traces labelgdl and s, in (C). Time
constants of the common fit with four exponentials: = 540 us,
7, = 3.0 ms,73 = 600 ms,7, = 1.9 s.

with 7 ~ 500 us and then partially decays with~ 3 ms.

Concomitantly with this decay the concentration of the
second component labeled,;XD(bound deprotonated dye)

does not require this calibration procedure. Instead, we
measured the transient dye absorbance signal as a function
of the dye concentration at fixed PYP concentration. With
increasing dye concentration the absorbance change saturates
since ultimately every proton is detected. Equation 1 of
Materials and Methods describes the dependence of the dye
signal on the dye concentration. A fit of the data to this

rises. D° and D label the corresponding time courses for equation yields the two parametgysand AA(1), allowing
the buffered state of the sample. These traces do not contairthe calculation of the dye signal at infinite dye concentration
a significant 500us component, since the protons are (AA(f—w) = pAA(1)). Using this value the stoichiometry is

buffered away. With the slow 3 ms time constant the
concentration of the free deprotonated dye is depletet| (D
negativeAn), whereas simultaneously the concentration of

the bound deprotonated dye increaseg’Drhe fact that

the traces of B' and D are nearly the same is not dependent

on the choice of the variable elements)Xafindicating that
the dye binding is not affected by the buffer.

The results of the SVD analysis thus strongly support the signal at 460 nm also depended on the dye concentration.
more qualitative analysis of the previous section. First, it This is due to two effects. First, the dye also absorbs at 460
shows that two linearly independent components are required.nm so that the depletion signal contains a small transient
Second, it shows that, by an appropriate choice of the matrixdye component that is linear in the dye concentration. This
elements ofX, a self-consistent analysis of the data is could be easily corrected using the spectral titration data of

then calculated from eq 3 of Materials and Methods, which
requires in addition the concentration of PYP molecules that
cycle. The latter is determined from the depletion sigia (

at Amay). The procedure is demonstrated in Figure 8 for the
mutant E46Q at pH 6.3. In panel A the dye signal at 590
nm is shown at the four dye concentrations of 10, 20, 30,
and 40uM. The PYP concentration was®. The depletion
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0.08 —rrrrm—rrremm—rr In this method the stoichiometry is obtained from an analysis
of the dependence of the signal on the buffer concentration,
— 0.06} - . . .
g at fixed concentrations of protein .and dye. The dye signal
T 004l was measured at Tris concentrations of 15, 50, 100, 200,
S 1000, and 10 00@M. The decrease in the dye signal with
g 002r increasing buffer concentrations was analyzed as iB3tef
3 500 In this way we obtained a stoichiometry of 0.7 for the mutant
TR E46A. We note that our analysis assumes that the molecules
107 10° 10° 10° 10’ in the acid form of E46A are not excited and that the
0.08 'Timelaf‘ef fxcitftion (/"S) - extinction coefficient of the basic form of E46A equals that
- of wild type.
8, 0.06 4
2 DISCUSSION
2 oo} ]
£ In this study we investigated the kinetic coupling between
8 0.0z} | proton uptake by PYP and chromophore protonation. The
@ B goal was to contribute to the question of what the source of
< 0.

O T T e 59 25 30 3 40 the protons is that protonates_the chromophore. Since_ FTIR
studies show that deprotonation of E46 and protonation of

E 8 Liahtinduced transient absorb h £ 590 the chromophore are synchronized, it seems reasonable to
IGURE 6. LIghtiinduced transient absorbance changes a NM pelieve that the chromophore is deprotonated directly by the

of a sample of E46Q (concentration/®1, pH 6.3) at four different internal donor E46 to vF\?hich it is rf)dro en bondedyinxf[he

concentrationsf) of the pH-indicator dye bromocresol purple. (A) M€ ydrogen bonde

Time traces (the dashed vertical line marks &S} (B) Dye signal ~ initial dark state {3, 21). The synchronization is not

at 550us (solid squares) versus relative dye concentrétiefdye]/ sufficient proof in itself, however, since concurrently with

10uM. The solid line is a fit to the data with eq 1. The dotted line  chromophore isomerization and rotation the proton of E46

indicates the predicted dependence in the absence of saturation., 14 pe transferred to some neighboring group ¥sing

effects. pH-indicator dyes, it was observed that proton uptake by

the dye as explained in Materials and Methods (eq 2). The PYP. and chromophore protqnation are synchronized, sug-
second effect is due to the fact that with increasing dye gesting that the_chr_om(_)phore is protonated from the aqueous
absorbance at 460 nm fewer PYP molecules were excited.mecIlum (4). This view is support_ed by structural datg which
After correction for the transient dye contribution the §how that the_phenolgte oXygen |s_c|ose to the prpteln §urface
depletion signal at 460 nm was therefore normalized to the in 12 (14). In |Fself this eV|d.ence is not conclusive either:
same maximal value by applying a scaling factor. This same the conformatlongl change 2 dould lead to X changes of
scaling factor was applied to obtain the dye signals at 590 surface groups with concomitant proton upta_lke. Recent FTIR
nm shown in Figure 8A. The maximal amplitudes at 550 results |_nd|cate however that deprotqnatlon of E_46 f'ind
(vertical dashed line) are clearly nonlinear in the dye protonation of the chromophore occur with the early rise time
concentration. ThesAA values at 55Qus are plotted in of 12 of 260 us (21), where_as the global conformational
Figure 8B as a function of the relative dye concentrafion change is clearly delayed wittw 2 ms @1). If the protons
defined as the dye concentration in units of:dd. The dye that are taken up were Bohr protons assouf':lted with the
signal shows clear saturation behavior. The straight line structural change, they should also appear with the slower

through the origin indicates the linear signal increase millisecond time. As we have shown here, they are always

expected in the absence of saturation. The continuous curve""ssoc""Ited with the fastest time in the formation f |

through the data points is the best fit to eq 1. From the good When E46 was replaced by glutamine, the formation of
quality of the fit we conclude that the data can indeed be l2was significantly accelerate@); Since glutamine can still
described by eq 1. The corresponding fit parameterpare form a hydrogen bond but is unable to transfer a proton,
= 5.02 andAA(1) = 0.029 OD. The amplitude of the this observation does not fit in with the role of E46 as internal
depletion signal at 460 nm wasA = 0.113 OD. Using the donor. To explain this without invoking protonation from
extinction coefficientsseo = 50000 Mt cmr 2 for the dye the external medium, a group XH was postulated which takes
BCP andesso = 45500 ML cm™ for the E46Q mutant, the ~ Over from E46 and is more efficient than E46 in its absence
stoichiometry was calculated from eq 3 to be 1.2. Similar (21).
data were collected for wild type and the mutant E46A (data  Here we have used time-resolved absorption spectroscopy
not shown). Analyzing these in the same way, a stoichiom- to monitor both the kinetics of chromophore protonation
etry of 0.8 was obtained for wild type. (absorption increase at 370 nm and decrease at 450 nm) and
With E46A the data were collected at pH 8.3. At this high the kinetics of proton uptake\@A of dye at 590 nm). In wild
pH and due to the fact that only a fraction of the molecules type we find from a simultaneous fit of photocycle and dye
were in the yellow alkaline form, the measurements with data that proton uptake is perfectly synchronized with the
E46A had to be performed at a higher protein concentration formation of b (about 50Qs at pH 6.2). In the mutant E46Q
of 25 uM to achieve a reasonable proton signal. As a both |, formation and proton uptake are accelerated to about
consequence the data points at the dye concentrations fron100 us (pH 6.2) but remain kinetically coupled. In the
10 to 40 uM were in the linear range, and no reliable alkaline form of the mutant E46A we find that aglike
stoichiometry could be determined. Instead, we used aintermediate is formed (chromophore protonation) and that
different procedure for this mutant, first described in3éf formation of this } is further accelerated (two rise times of

relative dye concentration f
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1.6 and 20us) with a concurrent acceleration of proton free and bound forms correspond closely to theabd D,
uptake. We note that no significant 1.8 component was  spectra from our SVD analysis (Figure 7A8)7j. The results
detected in the dye signal which was also quite noisy in this of the extensive measurements on BCP binding to BSA (see
early time range (see Figure 2C). This may be due to the also references in re¥7) fully support our interpretation of
limited intrinsic time resolution of CR which is determined the nonproton part of the transient dye signal as binding to
by its rate constant for deprotonatia®6yf. In wild type and the |, form of PYP. We could not detect any change in the
E46Q the stoichiometry of proton uptake was close to 1. spectrum of BCP when PYP was added in the dark. In view
Whereas these data are perfectly consistent with protonationof the large spectral effect with BSA, we conclude that no
from the aqueous medium in all three systems, they cannotbinding occurs in the dark state of PYP. Our measurements
be explained by internal protonation from E46 unless some also clearly show that the chromophore remains protonated
very special assumptions are invoked. An alternative internal when the conformational change occurs in wild type and
donor XH would be required, for example, which would be E46Q. The transition is thus between twostates which
a better donor than E46 in the absence of this group in thewe call L and L'
mutants E46Q and E46A. We therefore conclude that the | is jnteresting that, in previous work with the dye BCP
simplest explanation of all the data, chromophore protonation 5,4 pyp at pH 6.0 in 50 MM MES buffer dri M KCI, no
from the agueous medium, should at present be the preferreq, snsient dye binding was said to be obsen&8).(However,
explanation. _ _ upon closer examination of their Figure 1B, a difference
A second conclusion from our work is that the dye gpectrum with crossover around 600 nm may be discerned
bromocresol purple binds transiently to arstate of PYP.  hat has the same shape as our difference spectrum of Figure
Thus this dye binding signal is a useful kinetic indicator to gp Moreover, the ratio of the amplitude of this bound dye
monitor the structural transition fromto I,. This conclusion signal to the signal amplitude in the absence of buffer is

is based on the observation that in the presence of excesg sy ahout what we observed. We conclude that the authors
buffer a transient dye absorption change remains which is 4\ eri0oked this evidence for transient dye binding in their

not due to dye deprotonation. This effect was analyzed in 4515 This may have been due to the insensitive way they

detalll “S'”r? the degzndence of this dye binding signal on ynieq the data or to the small signal-to-noise ratio.

wavelength, pH, and dye concentration. The existence of two L .

independent components in the transient dye signal was Whereas in V.V'Id type the time constants for proton uptake
and conformational change are 546 and 3.2 ms, respec-

quantitatively established using a combined SVD analysis © | . .
of the data in the absence and presence of buffer. The twollV€ly: these times are 1165 and 4.1 ms in the mutant E46Q
(both at pH 6.2). Proton uptake is clearly accelerated in

SVD basis spectra & and time tracesVs could be he timi ) .
transformed into two-component spectra and the correspond-E46Q' but the timing of the conformational change is barely

ing component time courses. The spectrum of the bound affected. Our data further indicate that the dye binding signal

deprotonated dye was red shifted by the appropriate amount'S smaller in E46Q, suggesting a smaller structural change.

whereas the time courses were in excellent agreement withThis is in agreement with FTIR data which indicated smaller
amplitudes for the difference spectra in the amide | band in

the more qualitative analysis based on subtracting the dye<' '~
signals in the presence of buffer from those in the absencethis time range21).
of buffer. In wild type the dye binding occurs at pH 6.2 with ~ With the mutant E46A we had to work at the higher pH
a time constant of about 3.2 ms. This is clearly much delayed of 8.3 to be sure we were selecting the yellow alkaline form
with respect to proton uptake & 500 us). These results  with an excitation wavelength of 440 nm. Accordingly, we
are in excellent agreement with recent FTIR measurementshad to use another dye, cresol red, with an approprikite p
which indicate that the conformational change occurs 2.0 In contrast to the results with wild type and E46Q, the dye
ms [pH 7 @1)] or 1.5 ms [pH 7.0 {3)] after the flash. We  signal with E46A was entirely due to protons, and no dye
have thus confirmed the timing of this structural change using binding was detected. The simplest explanation is that no
an independent method. As in 21 we assume that'lis conformational change occurred. However, we cannot en-
on a sequential pathway betweerahd the initial state P.  tirely exclude that the absence of dye binding was due to
This is the simplest model consistent with our data. Further the different nature of the dye or to the higher pH. We note
work is required to prove this photocycle model. however that we also performed dye measurements with
This conformational change is often described as a partial cresol red at pH 8.3 on wild type and that transient dye
unfolding (16) in which a hydrophobic patch is exposed to binding was observed (data not shown). The apparent
the solvent. It is not surprising that a dye such as bromocresoldecrease in the amplitude of the conformational change from
purple can bind to such a site. We confirmed that lower wild type to E46Q and to E46A may now be rationalized as
dielectric media such as methanol induce a red shift in the follows. In wild type the breakage of the electrostatic and
spectrum of the deprotonated form of bromocresol purple hydrogen-bonding interactions with E46 and Y42 when the
(data not shown). It is also well-known that BCP binds to chromophore rotates out of the binding pocket leads to a
bovine serum albumin (BSA) with a substantial red shift and structural reorganization in the binding pocket in which E46
that the change in the BCP spectrum upon binding can beand Y42 find new interaction partners. With considerable
used to estimate the amount of BSA7). Titrating the delay this local structural change relaxes and develops into
anionic form of BCP with BSA, the isosbestic point is at a global structural change. In E46Q the interaction of Q46
598 nm, close to our estimated value of between 595 andwith the chromophore in the dark is weaker, leading to a
600 nm. Moreover, the measured difference spectrum whensmaller structural change. Finally, in E46A there is no
BCP binds to BSA{7) has a striking quantitative similarity  interaction of A46 with the chromophore, and no reorganiza-
with panel E of Figure 3, and the absolute spectra of the tion occurs.
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For the mutant E46A we established with measurements APPENDIX
at 370 and 470 nm that an-like intermediate with a
protonated chromophore is formed. In previous studies a fast
time and slow time in the decay of the depletion signal were
noted B2). Here we confirm this finding and show moreover
that these two time constants in the depletion signal are x = + H* <= XH (dye) and Y + H" = YH (protein)
exactly mirrored in the decay of lat 370 nm and in the
proton release signal. The fast time thus represents the partiall Ne dependence of the concentrations of the speciesn
transition to a state with a deprotonated chromophore andY ™~ ©on the pH is given by the Hendersehiasselbalch
the simultaneous release of protons. The simplest interpreta€quation. For small pH changes this equation may be
tion of these findings using a sequential photocycle model linearized, and the relation is substantially simplified:
is that an equilibrium is established betweerahd a state e
with a deprotonated chromophore that relaxes to P with the A[X7]() = fCxAPH() (A1)
slow decay time (see Figures 2C and 1C).

ALY 1(f) = C,ApH A2
The slower ¢10 ns) part of the photocycle of PYP and (100 vAPH(D (A2)

its mutants has not yet been investigated in great detail excepiC, andCy are constants.The factbexpresses the fact that

in ref 10. For wild type most authors describe the formation the concentration change of the deprotonated dye species is
of I, with one exponential time constant and the return from proportional to the dye concentratiéfor a given pH change

I> to P with another exponential time constant. In &&f  ApH. This pH change depends in turn on the protonation
formation of b occurs with two time constants {200 us changeA[H '] (the concentration change due to proton uptake
and 5 ms. The return to P occurs with a time constant of or proton release by PYP), on the concentration change of
about 600 ms. In refl0 both the rise and decay of are the deprotonated dye species, and on the concentration
biexponential. For the rise of these authors obtained time change of Y:

constants of 25@s and 1.2 ms with relative amplitudes of N B B

60% and 40%, respectively, at pH 7.5 and°C@ Thus our AHT] = —AX](f) — ALY 1(f) — CApH()  (A3)

time constants of 50@s and 4.8 ms at pH 6.2 and 2C . . | . .

(Table 1) are compatible with the previous work. For the _I?ﬁuatlon A3 'S;‘ proton bal ﬁlmce Céf Eon;\e(gatllof? equatm:)n.

recovery of the ground state values of 150 ms and 2.0 s were, e protons taken up or released by . (lef) must be
balanced by the sum of all the protonation changes of the

obtained in refl0, comparable with our values of 600 ms dve. th o d water (riaht). Theref the oH ch
and 1.8 s (Table 1). Few data are available for the mutants ye, the protein, and water (right). | heretore, the pr change
depends on the dye concentratibn From these three

E46Q and E46A. For E46Q at neutral pH, single exponential . -

time constants were obtained for the rise and the decay of | Egu;?r?]?nsagéjgﬁé t\t]vz pH tchange&pH(f) andA[Y~](f) can
of about 50us and 50 ms®). In our experiment at pH 6.2 ge
we obtained two exponential time constants for the rise of N C,+C, B

I, (110us and 4.1 ms, Table 1) and two for the decay (550 AR =—|1+— " JAX (D) (A4)
ms and 3.2 s, Table 1). Since these time constants are X

strongly pH dependent and due to the difference in the Replacing Cy + C;)/Cx by Ca and rearranging eq A4 yields
number of observed components, our data are consistent with

the previous work. For E46A the rise of in the alkaline AXTI(F) = —A[H+] 1 (A5)
form is resolved here for the first time. For the biphasic decay 1+ Cu/f

of I, we obtained time constants of 848 and 2.4 s at pH ) ) .
8.3, which should be compared with 125 and 2 s at pH This equation shows that the concentration change o
8.0 in the previous work3?). a function off depends on only two independent parameters,

+
We note that in all cases proton release is perfectly coupledA[:;'or] ; nmdo%;:onvenient representation we considr](1)
to the decay of J This is also in agreement with a tight _ —A[H*J/(1 + Ca) and introduce the new parameters
coupling between the protonation changes of the chromo—A[xf](l) andp = 1 + Ca instead ofA[H*] and Ca:
phore and the aqueous medium.
To determine the proton stoichiometry, we developed a AIX 71 = A[X (1) f
novel extrapolation method which is very simple and does 1+ -1

not require the inaccurate calibration procedure. It is basedMuItipIying eq A6 on both sides by the extinction coefficient
on the fact that with increasing dye concentration the dye caye OF the deprotonated dye and the sample thickuesee
signal due to protons will saturate since ultimately every get the following hyperbolic dependence of the observed
proton will be detected. The experimental data obeyed the jpsorbance changdA(f) on f with AA(1) and p as
analytical form of eq 1. The method requires some saturation parameters:

which can only be reached at high molar dye to PYP ratios.
Since for E46A these conditions could not be reached, a f

’ AA(N) = AAQ)—7F—— A7
different procedure was applied in this case. For wild type, 0 ( 1+f—21)p (A7)
E46Q, and E46A, the proton stoichiometry is close to 1,
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