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ABSTRACT: Photoactive yellow protein (PYP) is a eubacterial photoreceptor and a structural prototype of
the PAS domain superfamily of receptor and regulatory proteins. We investigate the activation mechanism
of PYP using time-resolved Fourier transform infrared (FTIR) spectroscopy. Our data provide structural,
kinetic, and energetic evidence that the putative signaling state of PYP is formed during a large-amplitude
protein quake that is driven by the formation of a new buried charge, C&@i@he conserved Glu46, in

a highly hydrophobic pocket at the active site. A protein quake is a process consisting of global
conformational changes that are triggered and driven by a local structural “fault”. We show that large,
global structural changes take place after Glu46 ionization via intramolecular proton transfer to the anionic
p-coumarate chromophore, and are suppressed by the absence off@@fation in the E46Q mutant.

Our results demonstrate the significance of buried charge formation in photoreceptor activation. This
mechanism may serve as one of the general themes in activation of a range of receptor proteins. In addition,
we report the results of time-resolved FTIR spectroscopy of PYP crystals. The direct comparison of time-
resolved FTIR spectroscopic data of PYP in aqueous solution and in crystals reveals that the structure of
the putative signaling state is not developedP@ crystals. Therefore, when the structural developments
during the functional process of a protein are experimentally determined to be very different in crystals
and solutions, one must be cautious in drawing conclusions regarding the functional mechanism of proteins
based on time-resolved X-ray crystallography.

Embedding a charged group inside a protein in a nonpolar buried charge in triggering large conformational changes in
(low-dielectric) environment is energetically unfavorable. a protein has not received significant attention. Here we show
Therefore, most charged groups in a protein are solvent-that formation of a new buried charge drives a large-
exposed. Buried charges are unique and generally wellamplitude protein quake that leads to PYffhotoreceptor
conserved, indicating their structural and functional impor- activation. A protein quake3] is a process consisting of
tance. To lower the electrostatic energy for embedding a global conformational changes that are triggered and driven
charged group inside a protein, a buried charge must beby a local structural “fault”.
stabilized through a network of polar groups, hydrogen PYP is a structural prototype of the PAS domain super-
bonding, and salt bridge interactioriy.(Buried charges are  family (4, 5) of receptor and regulatory proteins from all
important in protein folding 1, 2). During the functional three kingdoms of life. As a small water soluble photore-
process of a protein, proton transfer events may lead to theceptor 6—8), PYP bears a unique thioester-linkgs
formation of a new buried charge. Such a relocation of a coumaric acid (pCA) chromophor®8, (L0) for light detection.
buried charge in a protein may demand a new protein Photoexcitation of the initial receptor state, fa6(peak
conformation. Although there are many studies on proton absorption at 446 nm), leads to a photocy@glf, 12) that
transfer events in energy transduction, formation of a new involves at least two intermediate states @RAimax = 465

nm) and pBss (Amax = 355 nm), from 5 ns until the
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transform infrared (FTIR) spectroscopic measurements of theresolved rapid-scan FTIR data sets. The FTIR difference
infrared difference spectra between the photocycle intermedi-spectra of pkss, pB'sss, and pBss [AAR®Y) = Apr(Y) —

ates and the receptor state from/A9to the completion of  Aps(v), AAge(v), and AAs(v)] were extracted from the
the PYP photocycle. We have identified five major spectral experimental data of time-resolved step-scan FTIR difference
markers that are sensitive to crucial structural changes. Thesepectra AA(t,v), using the equatioAA(t,r) = ppr(t) AApr-
spectral markers are employed to probe the kinetics and the(v) + ppe()AAe(¥) + pee(t)AAss(v). The population
nature of structural transitions that result in PYP photo- accumulations of photocycle intermediates,gRpB 355 and

receptor activation. PBsss [Por(t), Poe(t), @andpps(t), respectively] were calculated
on the basis of a unidirectional unbranched photocycle model
MATERIALS AND METHODS (PRuss — pB'sss — pBass — pGaag) With time constants of

260us, 2.0 ms, and 350 ms, respectively. The extractegspB
: i — pGuge spectrum (Figure 1C) is found to be essentially
(wt-PYP) and the E46Q mutant were obtained using the jgenical to the one (Figure 3) directly obtained from time-

method previously reportedl§). PYP samples for FTIR = \eqq|yed rapid-scan FTIR measurements at 60 ms following
experiments were prepared with a protein concentration of |;ga, excitation, when only pBs and pGus are populated.

approximately 10 mM in 100 mM potassium phosphate This gemonstrates the reliability of our spectral calculations
buffer in DO at pH* 7.0. This was achieved by dissolving  jascribed here.

about 3 mg of purified and freeze-dried PYP in 300 of

the above buffer, and washing it three times through
Microcon centrifuge filters at 140@0Each solution sample
was made by sandwiching 24&L of the PYP solution
between two Cafplates 25 mm in diameter and 2 mm thick
using a 12um spacer. Thé®6; PYP crystals were grown
using the reported protocoll4). PYP crystal samples for
FTIR experiments were made from polycrystals gently
ground between two CaFplates without a spacer. With U= 1
polycrystals, the sample is effectively isotropic, so the 8Brege
detected signals are averaged over all crystal orientations.

The kinetics of polycrystalline PYP samples were tested wheree (=8.85 G N~ m™?) is the permittivity of vacuum
using time-resolved visible absorption spectroscopy, and ande is the dielectric constant. The prefactor (ié4) has a
were found to be faster than those in solution, in agreementvalue of 14.4 eV, or 1524 kJ/mol. To the first order of
with the reported kinetic measurement of PYP singty approximation, this electrostatic energy due to a C@éup
crystals using visible absorption spectroscop$) ( in a dielectric medium is calculated using Rof 2.50 A

Time-Resaled FTIR SpectroscopyA Bruker IFS 66v and aD of 4.00 A for the first shell of atoms surrounding
FTIR spectrometer was utilized for time-resolved measure- the COO™ group, based on the Glu46 in the PYP crystal
ments in the spectral range of 196870 cnt™. The PYP structure. The value ob is obtained on the basis of the
photocycle was triggered using laser pulses with a pulse diameters of C and O atoms plus the effects of hydrogen
duration of 4 ns and an energy of 6 mJ at 450 nm for wt- atoms and the nonequal distances from the center of the
PYP and 430 nm for the E46Q mutant (Continuum Surelite- COO™ group. The value oR is obtained from the average
Il pumped OPO laser). The laser repetition rate was 0.5 Hz. interatomic distances (4.5 A) between the center of the COO
The laser beam size at the samples was 6 mm in diametergroup of Glu46 and the 13 neighboring atoms that form the
The pRiss to pBasstransition in aqueous wt-PYP was probed first shell of the binding pocket (witlR + D/2 = 4.5 A)
from 10 us to 7 ms using time-resolved step-scan FTIR based on the crystal structure of p{14). To calculate the
spectroscopy with a time resolution of 48 and a spectral ~ €lectrostatic energy differenceA()) between the same
resolution of 4 cm®. The pB to pG transitions in aqueous charged group at two different binding sites in a protein,
wt-PYP, the E46Q mutant, and tiR6; crystals of wt-PYP  the contributions tAU from the first shells of atom that
were monitored from 60 m® s using time-resolved rapid-  define the properties of the two binding pockets (e.g.,
scan FTIR spectroscopy with a time resolution of 60 ms and hydrophilic and hydrophobic) are dominant, while the regions
a spectral resolution of 4 crh The heating effect on PYP ~ beyond the first shells contain many more atoms per shell

crystals was less the2 K based on 90% absorption of laser and are much less different on average. As a result, their
pulse energy. contributions toAU are small and not accounted for in our

calculation.

Sample PreparationPurified proteins of wild-type PYP

Calculation of the Electrostatic Energy for a Buried
Charge The electrostatic energy (16), which is stored in
an electric field generated by a small charged group with a
net chargeq and a dipole momenp in a homogeneous
spherical shell of a dielectric medium with an inner radius
R and a thicknes®, is

11 \.2pf1_ 1
iR~ =p) 3(R3 (R+D)3)

Data AnalysisAll time-resolved FTIR difference spectra
were calculated using the preflash data {pfzas a baseline, RESULTS AND DISCUSSION
and averaged over repetitive measurements. The time-
resolved step-scan FTIR spectra at 25 100us, 400us, Time-resolved FTIR spectroscopy is a powerful technique
1.6 ms, and 6.6 ms (Figure 1A) were further averaged over that provides both excellent time resolutiaki/ and high
2, 4, 16, 64, and 256 time points, respectively, around the structural sensitivity 18). We employed this technique to
specified times. The kinetic data of each peak (Figure 1B) probe chromophore photoisomerization, proton transfer, and
were averaged to a quasi-logarithmic base with four data global conformational changes involving the protein back-
points per doubling time. The pB — pGass Spectra (Figure  bone and environments of polar side chain groups during
3) of wt-PYP, the E46Q mutant, and PYP R&; crystals the PYP photocycle. The E46Q mutant was studied in an
were the first time slices (60 ms) of the corresponding time- effort to clarify the role of buried charge formation in PYP



1512 Biochemistry, Vol. 40, No. 6, 2001

activation. In addition, time-resolved FTIR spectroscopy is
applicable to proteins both in solutions and in crystals. We
have examined the structural developments during the PYP
photocycle inP6; crystals using time-resolved rapid-scan
FTIR spectroscopy.

Time-resolved FTIR difference spectra between the pho-
tocycle intermediates and pks (Figure 1A) reveal progres-
sive structural changes in PYP from 2B to 6.6 ms
following photoexcitation. Positive bands arise from photo-
cycle intermediates, whereas negative ones arise fromspG
Only structurally active groups during the PYP photocycle
are detected in the time-resolved FTIR difference spectra.
Those structural groups that do not undergo any structural
changes make no contribution to the difference spectra. We
have identified five spectral markers for probing important
structural changes during PYP activation. The 1726 %tm
band is assigned to the COOD group of Glud@)( The
bands at 1498 and 1514 ctare attributed to the phenolic
ring vibration of the ionized and neutral pCA chromophore,
respectively (unpublished results). The positive band centered
at 1624 cm? arises predominantly from the=€D stretching
of the protein backbone (amide I) in antiparalfestructure
(19, 20). The 1689 cm?® band is due to a ND-containing
side chain group (Arg, Asn, or GIn), based on its sensitivity
to 1N isotopic labeling and to HD exchange (unpublished
results). The region between 1610 and 1560 i largely
attributed to various polar side chain groups containing
double bondsZ1).

To resolve the temporal order and kinetics of key structural
events during the pfs to pBsss transition, we have analyzed
the kinetics (Figure 1B) of chromophore protonatiol)[(
characteristic upshift of the pCA ring vibration from 1498
to 1514 cnl] (unpublished results), Glu46 ionizatiorif)
depletion of the 1726 cnt band] (L3), protein conforma-
tional changes at amide IQY increase in the intensity of
the 1624 cm! band] (9), and a side chain &) depletion
of the 1689 cm? band] (unpublished results). We found that
the pRiss to pBsss transition is biphasic. The fast phase (
= 260us) predominantly encompasses pCA protonation and
Glu46 ionization, while the slow phase, & 2 ms) primarily
involves large conformational changes in PYP. The data
unambiguously demonstrate that a new buried charge, COO
of Glu46, is formed prior to large global conformational
changes.

The biphasic kinetics of the pR to pBsss transition reveal
a new photocycle intermediate, g8 The pBsss State serves
as an important structural link betweengfand pBss, and
is critical for understanding the mechanism of signaling state
formation. The pBss — pGaas Spectrum (Figure 1C) shows
that in pBsss, Glu46 is ionized (bleaching at 1728 chy,
the pCA is protonated (peak shift from 1498 to 1514 &mn
and the conformation of ps strongly resembles that of
pGuss (Minimal changes in amide | and in side chain groups).
The COOD group in pGgis buried in a highly hydrophobic
environment (Figure 2), confined by the rigid and nonpolar
side chain groups of 1le31, 1le49, and Vall22. Since the
conformation of pBsss closely resembles that of pgs
(Figure 1C) and the binding pocket of the COOD group of
Glu46 in pGgsis very rigid, we therefore conclude that the
newly formed charge, COOof Glu46, in pBsssremains in
its highly hydrophobic environment, and is energetically
unstable.

Accelerated Publications

S < 2
SYET S e B
o < B + < E
— ° 5= - oL
= m] o g a’>
E 5 S 2% £ —
—_— w < -
Q © | 4 ®
o o . 2
2 ol A
m - 1 ! A Sty
B 1 A
Y
8 5} e o
< =38 ' 3
£ - <
o-10 |- =3
w
L 1 1 A | 1 1
1700 1600 , 1500
Wavenumber [cm™]
100 |- B

50

Structural Transition [%]

-3

Difference Absorbance

1700 1600
Wavenumber [cm™]

1500

Ficure 1: Time-resolved FTIR spectroscopy of the PYP photo-
cycle. (A) Time-resolved FTIR difference spectra of wt-PYP at
pH* 7 in D,O at 25us (purple), 10Q:s (blue), 40Qs (green), 1.6

ms (orange), and 6.6 ms (red). (B) The temporal courses of key
structural events during the PYP photocycle: pCA protonain (
1498 cn1?l), Glu46 ionization @, 1726 cnl), protein secondary
structural changesQ( 1624 cnt'), and dramatic changes in the
environment of a ND-containing side chai®,(1689 cnt?).
Nonlinear least-squares fitting—) of the data to two-exponential
kinetics yields ar; of 260us and ar, of 2.0 ms. The time constant
for the fast kinetics is in agreement with the decay of pR from
previous studies at neutral pH and room temperat6rd 1). (C)
Difference infrared spectra of pR (gray, top), pBsss (black, top

and bottom), and pBs (gray, bottom) with respect to pg. The
shaded areas represent the extent of structural changes during the
PRyss t0 pB'3s5 transition (top) and the pBss to pBsss transition
(bottom).

Glu46 Is the Proton Donor for Chromophore Protonation.
In pGayes the COOH group of Glu46 is hydrogen bonded to
the negatively charged phenolic oxygen of the chromophore



Accelerated Publications Biochemistry, Vol. 40, No. 6, 20011513

(13, 14). This hydrogen bond may be disrupted ingpRlue has been reported2q, 28). Comparison of the infrared
to chromophore photoisomerization. It was found that this difference spectra of pfs pB'sss, and pBss (Figure 1C)
bond is intact in pRsat 80 K (FTIR difference spectroscopy) reveals that such large conformational changes take place
(13), but broken in pRss at room temperature (nanosecond during the pBsss to pBsss transition. The large positive
time-resolved X-ray crystallographyR2?). This issue is amplitude of the spectral marker at 1624 ¢nm the pBss
crucial to understanding the proton transfer pathway for PYP — pGy4s Spectrum evidences large structural changes in the
activation. protein secondary structure. The spectral marker for the polar
Our time-resolved FTIR spectroscopic data of the PYP side chain groups with double bonds (161%60 cnl)
photocycle at room temperature unambiguously determineexhibits four positive bands, indicating changes in the
the hydrogen bonding status of Glu46 inggRThe COOD environment of four polar side chain groups. Exposed polar
stretching frequency of Glu46 would be shifted from 1726 and charged groups are not expected to contribute to the
cm™tin pGyeto approximately 1750 cnt upon loss of the difference spectra as long as they remain exposed. There
hydrogen bondZ3) or to <1600 cnt! upon ionization 21). are 12 buried and partially buried polar groups inp@L4).
The pRiss — pGass Spectrum (Figure 1C) reveals that (i) the Therefore, the data indicate that the large global conforma-
carboxylic group of Glu46 remains protonated insgRno tional changes during the pfBs to pBsss transition involve
depletion of the 1726 cnt band), (ii) the COOD group of  one-third of the buried and partially buried groups. The
Glu46 is unperturbed in pfgs (no significant peak shifts of ~ molecular mechanism for PYP activation has been disputed
the 1726 cm? band), and (iii) the protein conformation of (13, 27, 29). We present the following strong evidence for
pR4ss remains unchanged from that of pe(a small peak  the decisive role of Glu46 ionization in driving signaling
at 1623 cm? arises from the chromophore due to photoi- state formation.
somerization, unpublished results). In addition, there is no The COO group of Glu46 in pBsss is embedded in a
alternative hydrogen bond partner for the COOD group of highly hydrophobic environment (Figure 2). Buried charges
Glu46 within 4 A (14). Therefore, the COOD group of Glu46  in hydrophobic interiors of proteins exert strong destabilizing
remains neutral and hydrogen bonded to the phenolic oxygeneffects on protein structureg,(2). We show a method (see
of the chromophore in pfgs. Materials and Methods) for estimating the electrostatic energy
Furthermore, pCA protonation and Glu46 ionization take difference between a buried COOgroup in a highly
place with identical kinetics (Figure 1B) with essentially no hydrophobic environment (with a dielectric constanf 2.5)
associated protein conformational changes (Figure 1C). Weand the same group in a less hydrophobic or hydrophilic
therefore conclude that a direct intramolecular proton transfer environment ¢ of 5—7) in proteins. Using a chargg of
takes place from the COOD group of Glu46 to the negatively —0.80 e and a dipole momenp of 1.00 eA from our ab
charged phenolic oxygen of the pCA chromophore during initio Gaussian98 calculation or the larger values|¢f1.0
the pRiss to pB'sss transition. e) and p (1.3 eA) for the COO group, the electrostatic
It is intriguing that protonation of the chromophore in the energy difference is found to be 285 kJ/mol. In compari-
E46Q mutant is 5 times faster than in wt-PYP at neutral pH son, a typical value for protein folding energy is ap-
(24). However, this does not provide informative evidence proximately 40 kJ/mol Z). Therefore, the destabilizing
against the role of Glu46 as the proton donor for pCA in electrostatic energy of this single buried COQroup of
wt-PYP. First, the chromophore in the E46Q mutant may Glu46 in pBgsss is sufficiently strong to drive large confor-
be protonated by direct proton transfer via a hydrogen- mational changes during pg& formation.
bonded wire 25) involving the OH groups of Tyr42 and The electrostatic energy of a buried charge is determined
Thr50, when the primary proton donor, COOH of Glu46, is by two effects 16): the effective radius of the charge and
absent. Second, the rate of this secondary protonationthe effective dielectric constant of its environment (see
pathway may be increased due to an increased proton affinityMaterials and Methods). Both effects contribute to an
of the chromophore caused by the E46Q mutation. It is increased electrostatic energy upon the;Go pB'sss
important to point out that the electronic state of the pCA transition. The negative charge on the pCA chromophore in
chromophore is perturbed by the E46Q mutation, as observeddoGaae is more delocalized via conjugated electrons (larger
from changes in the peak positions and amplitudes of the effective radius) than the charge on the CO@roup of
chromophore vibration bands (Figure 3A) and a significant Glu46 in pBsss. In addition, the binding pocket of the pCA
red shift of the visible peak absorptio@4 26) from 446 (Figure 2) in pGae and pRiss is less hydrophobic with 40%
nm in wt-PYP to 462 nm in the E46Q mutant. In addition, polar atoms (nine oxygens, eight nitrogens, and one sulfur)
the faster protonation of the chromophore in the E46Q mutantand 60% nonpolar atoms (29 carbons) than the binding
can also be due to a reduced energy barrier for the pR topocket of the COO of Glu46 in pBsss with 17% polar atoms
pB' transition, since pBin the mutant is formed without  (two oxygens) and 83% nonpolar atoms (11 carbons).
creating a new buried charge at the hydrophobic binding site. To experimentally investigate the role of creating a new
Finally, our observation that the E46Q mutation greatly buried charge, COOof Glu46, in driving large conforma-
reduces the extent of structural changes during the formationtional changes, we performed time-resolved FTIR spectros-
of the pB-like state (see Figure 3 and below) fully supports copy on the photocycle of the E46Q mutant, in which
the role of Glu46 as the proton donor in wt-PYP and its formation of a new buried charge (COPDis abolished. A
importance in PYP activation. pB-like state is formed during the photocycle of the E46Q
Formation of a New Buried Charge, COQof Glu46, mutant @4). This pB state was identified by visible absorp-
Drives Large Conformational Changdsxtensive evidence  tion spectroscopy, which is a local probe only sensitive to
showing that the protein conformation of the putative the pCA chromophore, not to the entire protein. In contrast,
signaling state, pBs, is largely different from that of pgas time-resolved FTIR spectroscopy is sensitive to the structure
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Ficure 2: Electrostatic properties of the binding pocket for the
pCA chromophore and the COOH group of Glu46 ingpGThe
binding pocket is formed from the atoms on the first shell, and is

depicted as a surface generated using a probe with a 1.6 A radius.

The top half of the binding pocket (A) is formed, for pCA, from
the atoms of Tyr42 (OH, CZ), Thr50 (OG1, CB, CG2), Arg52
(NH1, NH2, CZ, NE, CD), Tyr94 (CE2), Thr95 (O), Phe96 (C,
CA, CB, CD1, CD2, CE1, CE2, CG, CZ), Asp97 (N, OD1, OD2),
Tyr98 (N, CB), and Met100 (SD) and, for the carboxylic group of
Glu46, from the atoms of Gly29 (CA), Glu46 (CA, O), lle49 (CB,
CD1, CG2), and Vall22 (CG1). The bottom half of the binding
pocket (B) is formed, for pCA, from the atoms of lle31 (CD1),
Tyr42 (OH, CZ, CE2), Phe62 (CZ, CE1), Val66 (CG1, O), Ala67
(CA, CB, O), Pro68 (N), Cys69 (CA, N, O), Thr70 (CG2, N), Tyr94
(CE2), and Phe96 (CZ, CE1) and, for the COOH group of Glu46,
from the atoms of Gly29 (C, CA), lle31 (CD1, CG1), and Val122
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Ficure 3: pB — pG infrared spectra of the E46Q mutant (A) (black)
which shows significantly reduced amplitudes of both the amide |
band and signals from side chain groups around 1689 @nd
over the 1616-1580 cn1? region. (B) pB— pG infrared spectrum

of PYP inP6; crystals. The pBss — pGass Spectrum of wt-PYP in
solution (gray) is presented in both panels A and B for comparison;
the dashed lines represehA = 0.

(CG1, CG2). The green areas (carbon) represent a low-dielectric
medium, whereas red (oxygen), blue (nitrogen), and yellow (sulfur) dimensional structure of proteins in atomic detail, and has
areas denote a high-dielectric environment. The chromophore andp|ayed a crucial role in understanding the molecular mech-
the side chain group of Glu46 are illustrated in sticks and balls, ;. icn of protein function. Time-resolved X-ray crystal-
with gray for carbon, red for oxygen, and yellow for sulfur. Three - .
hydrogen bonds are shown as dashed lines. Since the binding pocke9raphy has recently become possit#?2, (29), opening a
of the COOH group of Glu46 is very rigid in p&and the structural ~ novel field of investigation on the structural changes during
fold of pB'sss is very similar to that of pGe the binding pocket  protein function. The X-ray structure of pB was determined
for the COO" group of Glu46 in pBss is expected to be very  ysing millisecond time-resolved X-ray crystallographyRa
similar to that in pGus as illustrated here. PYP crystals 29). The pB structure formed iR6; crystals
of both the chromophore and the entire protein. The-pB  was found to be very similar to that of p& in contrast
pG FTIR difference spectrum of the E46Q mutant (Figure with other observations on pg in agueous solution using
3A) reveals that the intensities of the amide | signals, probing a range of technique&T, 28). To resolve this dispute, we
the backbone structural changes, are dramatically reducedpberformed time-resolved FTIR spectroscopy on wt-PYP in
in the E46Q mutant compared with that of wt-PYP, and that P6; crystals. The pB- pG spectrum of PYP ii®6; crystals
the strong 1689 cnt band for a side chain group in wt-  (Figure 3B) reveals no changes in the protein backbone
PYP is not present in the E46Q mutant. Therefore, the extent(amide ), and dramatically reduced changes in the side chain
of conformational changes from pG to pB is greatly reduced groups (1616-1560 cm?). Therefore, the structure of the
in the E46Q mutant. This result demonstrates that the putative signaling state pgis not developed i6; crystals.
protonation of the chromophore by itself has little effect on Furthermore, a positive band of COOD stretching is observed
the protein conformation. It is the formation of a new buried at 1757 cm?, indicating the presence of protonated Glu46
charge, COO of Glu46, that drives large conformational in a highly hydrophobic pocket in pB iR6;3 crystals.
changes. Our results demonstrate that the structure of the pB-like
Importance and Limitations of Time-Resedl X-ray state in PYPP6; crystals is very different from that of the
Crystallography X-ray crystallography of static proteinsis pBgss state in PYP solution. In addition, the pB to pG
the most powerful technique for resolving the three- transition is approximately 10 times faster R6; crystals
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Ficure 4: PYP photocycle and a molecular mechanism for PYP activation. Three intermediaies fifRss, and pBss) of the PYP
photocycle are depicted. Their population accumulations are shown in the inset. The electrostatic properties of the binding pocket for the
chromophore and Glu46 are denoted using thick dashed lines for high-dielectric environments, thick solid lines for low-dielectric environments,
and thin solid lines for unspecified dielectric environments. The charge delocalizations are qualitatively represented by shaded ovals.

than in solution, in agreement with kinetic measurement of hydration level of proteins is reduced te350 water
single P6; crystals (5). Therefore, the photocycle of PYP  molecules per PYP, the large structural changes during pB
is both structurally and kinetically different between & formation are fully suppresse@7). The hydration level in
crystal state and the solution state. P6; crystals is~500 H,O molecules per PYP, only slightly
The large differences between the pB states in crystalshigher than 350 D molecules per PYP. This partial
and in aqueous solution raise the question of which pB statedehydration can reduce the extent of structural changes in
is active in intact cells. This question will be discussed here P63 crystals. Finally, the inhibition of large conformational
in terms of protein concentration, water content, and lattice changes may be caused by restraints imposed by the large
contacts. The total protein concentration in the cytoplasm number of proteir-protein contacts that form tes; crystal
of bacteria is~50 mg/mL. In P6; crystals, the PYP lattice (58 contacts per PYP3(@). In general, such lattice
concentration is approximately 650 mg/mL. In comparison, contacts may prevent the full development of conformational
the PYP concentration of our FTIR samples is 140 mg/mL changes during the functional cycle of a prote®l)(
(10 mM), and is therefore closer to physiological conditions. Therefore, the structure of g formed in agueous solution
In terms of water content, PYP is a highly water soluble at room temperature and neutral pH of our FTIR samples is
protein. PYP molecules in our FTIR samples are fully expected to be closer to that of the putative signaling state
hydrated with 4800 water molecules per PYP. When the under physiological conditions than the pB structure formed
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in crystals. It is possible, however, that interactions between is further supported by the fact that Glu46 is conserved within

PYP and its signal transducer may affect the structure of the PYP family 85). This mechanism for protein quakes is

the pB state in the living cell. not restricted to PYP, but may play roles during the
We show that time-resolved FTIR spectroscopy is a functioning of other receptor proteins and nonreceptor

powerful technique for testing the transient structures of proteins that require large conformational changes.

proteins in solution and in crystals. Prior to this work, only
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