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Discavery and Properties of PYPPhotoactive Yellow

regardless of the composition of the mediuB). (At that

Protein (PYP), originally isolated from an extremely halo- point, it was realized that it was not a redox protein but had

philic phototrophic bacterium, has become the structural a unique, photoactive chromophore. A misleading attempt

prototype for the large family of signaling proteins containing was made to change the name of PYP to Xanthopsin, in

the PAS domain amino acid sequence motif. Moreover PYP, effect, a yellow-colored opsir8(4), but there is no structural

as a consequence of its small size, photochemical propertiessimilarity whatsoever between soluble PYP and the opsin

and the availability of high resolution structural information, family of membrane-spanning helical proteins, the rhodopsins
has become a key model system in efforts to elucidate theof animals and bacteriorhodopsin, halorhodopsin, and sensory

molecular events involved in two-component signaling
pathways. In what follows, we will summarize the principal
structural and kinetic properties of PYP and explore its

rhodopsins ofHalobacterium,which are in fact related to
one another.

PYP is a small soluble cytoplasmic protein (125 residues,

relationship to homologous signaling proteins. We are unable 14 kDa) that has a covalently bourtdansp-hydroxy-
to be comprehensive because of space limitations and regretinnamic acid (also calleg--coumaric acid) cysteine 69
that many references were necessarily omitted. However,thioester as its chromophores—+8). The chromophore

related PAS domains, transcriptional regulators with PAS

undergoes transcis isomerization during the photocycle,

domains, and signal kinase portions of two-component during which the 446 nm absorption maximum is bleached

signaling pathways that contain PAS domains will also
be explored to determine the extent to which they may
show a common mechanism of action in coupling signal-

induced conformational changes to domain/domain interac-

tions.

PYP was discovered ikctothiorhodospiranow Halor-
hodospirg halophilabased upon its cololfax 446 NMe:
45 mM~t cm™1) and its superficial spectral resemblance to
5-deaza-riboflavin-containing proteink)(While attempting
to photoreduce the new protein with a laser flash in the
presence of flavins and EDTA as a sacrificial electron donor,
it was found that it could be reversibly photobleached
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and blue-shifted to about 355 nm within milliseconds and
recovers in the dark withil s @). The amino acid sequence
(9), the gene sequendd, 5), and the three-dimensional
structure determined by X-ray diffraction and by NMEX{-

12) all establish PYP as a mixed/$ fold with topology
that is now recognized as the structural prototype for a large
and diverse family of sensory and signaling proteins that
generally contain the PAS sequence motif (acronym based
upon period clock protein, aryl hydrocarbon receptor nuclear
translocator, and single-minded protein) of approximately 50
N-terminal residues 13). The PAS motif is the most
conserved segment of PYP and contains many of the active
site residues unique to PYP. The C-terminal half of PYP
and related proteins corresponds to what is called the PAC
motif. The PAC motif is an integral part of the protein, and
PAS plus PAC fold as a single structural domain. Henceforth,
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(2). When denaturation is monitored by microcalorimetry,
the melting temperature is & but when denaturation is
monitored by absorbance at 446 nm, fheis 83°C (17).
The small difference may be important as discussed below.
Distribution. There are currently seven known species of
PYP. In addition toH. halophila (Hhal), relatively closely
related PYPs have been found in the halophilic purple
phototrophic bacterigChromatium(now Halochromatiun
salexigeng(Hsal), andRhodospirillum(now Rhodothalla-
sium) salexigengRsal) (L8, 19). PYP from two freshwater
species of purple phototrophic bacteRdodobacter sphaeroi-
des(Rsph) @, 20, 21) and Rhodobacter capsulatufkcap)
(Z. Jiang and C. E. Bauer, 1998, unpublished submission,
Genbank accession AF064095 and Integrated Genomics) are
not only more divergent in amino acid sequence but show
significant differences in spectral properties (two peaks, at
436-446 nm and 366375 nm) and photocycle (recovery
is 100-500-fold faster than Hhal PYPRY, 22). A hybrid
PYP/phytochrome called Ppr was isolated from the thermo-
philic freshwater purple bacteriuRhodospirillum centenum
(now Rhodocista centenarjd&cen Ppr), which differs from
other PYPs and phytochromes in that it has binding sites
for both p-hydroxy-cinnamate and linear tetrapyrrole chro-
mophores 23). A Ppr was also recently inferre@%) from
the genome sequence of the thermophilic purple sulfur
bacterium, Thermochromatium tepidur(Ttep Ppr) (Inte-
. grated Genomics).
Ficure 1: Structure ofH. halophilaPYP. Key structural features Rcen Ppr is the only PYP for which a function is definitely

include the whole PAS domain (amino acid residuesl25) as K lator of t inti fa chal th
opposed to the PAS sequence motif, the N-terminal segment, KTOWN, as a regulator ortranscription or a chalcone synthase

residues +69, which includes the PAS sequence motif, the so- homologue 23). Chalcone and related compounds are
called N-terminal cap or first two helices, the first half of the thought to act as sunscreens to protect cells against the

p-scaffold (strands +3), and the chromophore-binding loop with  harmful effects of UV light.H. halophila is negatively
site of covalent attachment to C69. The C-terminal or PAC sequence o4 ctic in response to intense blue light with an action
motif includes the connecting helix and the three C-terminal .
B-strands 4-6. (A) View with the N-terminal cap at the back, the ~SPECtrum suggestive of PYR4). However, the genome of
B-scaffold in the middle (green), the chromophore to the left, and a closely related specie$hermochromatium tepiduigin-
the connecting helix (blue) in the upper left corner. (B) End-on tegrated Genomics) contains a sensory rhodopsin gene
view of the f-scaffold, with the N-terminus on the left, the agsociated with those for chemotaxis: CheY, CheW, Htr,
<r:eh;$mophore to the right, and the connecting helix at the right and CheA. The Ttep sensory rhodopsin is expected to have
' a wavelength maximum similar to that of PYP (because of
when we speak of the PAS (structural) domain as opposedthe lack of the color-tuning M118) and may be responsible
to the PAS sequence motif, we mean the entire protein, PASfor negative phototaxis. THe. capsulatugenome sequence
plus PAC. A curious observatioid) is that BLAST searches  (Integrated Genomics) shows that the PYP structural and
with PYP will not identify other PAS domains, but searches biosynthetic genes are flanked by a cluster of nine to 13 genes
with any of the three constituent PAS motifs will identify for gas vesicle formation and iR. sphaeroidegJoint
PYP. This anomaly may be eliminated by substitution of Genome Institute) as many as 14 such ger23, (vhich
three PYP-specific amino acids, G29F, G47V, and R52Y suggests a role for both Rcap and Rsph PYPs in regulation
(13). Thus, sequence comparisons alone may not recognizeof cell buoyancy by light. However, none of these specula-
all PAS domains because they are near the limit of detection.tions have yet been proven.
Ribbon drawings of the three-dimensional structure, shown A BLAST search of more than 70 published genome
in Figure 1, illustrate two views of the PYP fold, which sequences has not turned up a single PYP beyond those noted
includes a central 6-stranded antipargliedheet flanked by ~ above. It is thus likely that PYP is narrowly distributed in
helices. Note the N-terminus with two short helical segments phototrophic bacteria as suggested by the Western Blots of
on one side and the chromophore bound to the other side ofThiemann and ImhoffZ5) and contrary to those of Hoff et
the central sheet. al. (26), although there is little doubt that new and unusual
H. halophilaPYP is quite stable; it requires a midpoint species of PYP, that may not cross-react with Hhal antibod-
of 7.40 M urea or 2.722.75 M guanidine at pH 7 for ies, will eventually be discovered as suggested by the recent
unfolding as measured by 222 nm ellipticit®, (14—16). reports of PYP from Rsph, Rcap, Rcen, and Ttep.
When the absorbance at 446 nm is monitored in the dark, it Sequence and Structuréhe amino acid and translated
bleaches at nearly the same concentration of denaturant agene sequences of the seven known PYR$,(9, 19, 20,
when monitored at 222 nm. The protein can be boiled for a 23; Jiang and Bauer, AF064095) are shown in Figure 2.
minute without any permanent damage but has a half-life There are no leader sequences, which is consistent with the
for irreversible denaturation of approximateé? h at 90°C cytoplasmic location of PYP and Ppr. Despite the large
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QYNAAEGDITGRDPEQVIGENFFEDVAPCTDSPEFYGEKFEKEGVAS
AYNAAEGELTGRSPQDVIGENFFEDIAPCTDTEEFGGRFREGVAN
QYNAAEGGITGRDPESVIGINFFEDVAPCTEKESQEFQGRFEKEGVAN
KYNKAEGLIAGRDPSTVIGRDFFNEIAPCAKGEKRFHGEFLEKFNRT
KYNRAEGGIANRNPADVIGENFFNEIAPCAKGEKRFHGEFLRFHQT
RYNRTESRLSGRIPERVIGRNFFTEVAPCTNIPAFSGRFMDGVTS
FYSRALVDLANRQVDSVLGRNFFSEIAPCTVVPEFYGRFRQGVLT

* * * * * * * k % * * %

20 %5 100 105 110 115 120 125
GNLNTMFEYTFDYQMTPTEKVEKVHMEKEKALSGDSYWVFVEKRYV
GDLNAMFEYVFDYQOQMOQPTEKEVEVHMEKRAITGDSYWIFVEKRYV
GNLATMFEYVFDYQMEKEPTEKVEKEVHMEEKALVDDSYWIFVEKRL
GQANVMLDYKFNYKGAEVAVEKIHLEKESQPDGQFCWLFVEKRA
GQVNVMFDYKFAYKGANVGVEKIHMEKSQPDGQSCWLFVEKRYV
GTLDARFDFVFDFQMAPVRVQIRMQNAGVPDRYWIFVRKL
GQLHTTFEFVFDFDMQPVQVRIAMHTSERPGEFWILVQPL
* * * * *

FiGure 2: Amino acid sequence alignment of known PYPs and related proteins. PYPs fréin (idlophila, (2) Rt. salexigens(3) Hc.
salexigens(4) Rb. capsulatus(5) Rb. sphaeroideq6) Rc. centenariaand (7)Tc. tepidum The -scaffold is underlined. The 22 amino

acid positions that are absolutely conserved among the known PYPs are indicated with an asterisk. The chromophore binding site, in
yellow, is surrounded by hydrophobic residues in red, which interact with hydrophobic residues pointing inward ffbehées, in blue.

Those residues pointing outward from fhaheet, in cyan, interact with hydrophobic residues from the N-terminal region, in green. Residues
interacting with the chromophore and affecting the photocycle and wavelength maximum are gray.

NouswNp NouswN e
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variation from 30 to 78% identity, there are 22 (18%) shown in blue. In the minor hydrophobic core, at least four
absolutely invariant sequence positions in the seven knownhydrophobic residues in the N-terminal 26-residue loop, F6
PYPs, which is high considering the small extent of overall (Alain Ttep), 111 (Ala and Leu in other species), L15 (Met
identity. Prominent among these is cysteine 69 that providesor lle in others), and L23 (Phe, lle, or Ala in others), green
the site of binding to the chromophore, colored yellow in in Figures 2 and 3A, pack against at least three hydrophobic
Figure 2. The 1.4 A10) structure of Hhal PYP shows that residues from the outside of the central sheet, A30, W119,
it adopts ana/ fold centered around a six-stranded and F121 (Leu in Ttep) (cyan). The potential significance
antiparallel-sheet as shown in Figure 1. In Hhal PYP, the of the N-terminal loop and the two hydrophobic cores will
E46 (Leu in Ttep) and Y42 side chains hydrogen bond the be described below.

phenolate oxygen of the chromophore, and the T50 side chain BiosynthesisThe chromophore of PYP is derived from
(Ser and Ala in other species) hydrogen bonds the Y42 the amino acid tyrosine through deamination and presumably
hydroxyl, colored gray in Figure 2. The substitution of E46 activated for spontaneous binding to apo-PYP through
by leucine in Ttep Ppr should result in dramatically different formation of a CoA thioester. In fact, the genes for the
properties if not due to a sequencing error. E46 is situated biosynthetic enzymes of the chromophore are near the
in a hydrophobic environment surrounded by 131 (Val in structural gene for PYP4( 28, 29 Jiang and Bauer,
other species), 149 (Leu in other species), and invariant V122. AF064095). These are tyrosine ammonia lyase (TAL) and
This generally hydrophobic environment emphasizes the p-hydroxy-cinnamic acid-CoA ligase (PCL). Recombinant
importance of the hydrophilic interaction of E46 with the Rb. capsulatuS AL was purified and found to be specific
chromophore phenolate oxygen and the Y42 hydroxyl. There for tyrosine 8). The activity of the PCL has not yet been
are two hydrophobic cores located on either side of the characterized. However, a genetic construct, in which all
central 5-sheet in Hhal PYP1(0) and Rcen PprQ7). The three genes, for PYP, TAL, and PCL, are expressef.in
chromophore itself is located in the major core on the inside coli, produces holo-PYP2Q). The biosynthetic enzyme for

of the central sheet, surrounded by hydrophobic residues F62the phytochrome chromophore in aerobic organisms is heme
A67, F75, and F96, the most important of which are shown oxygenase that converts protoheme into biliverdin, which
in red in Figures 2 and 3A, all absolutely invariant. These in turn spontaneously reacts with either cysteine or histidine
interact with at least five hydrophobic residues from the at the active site to form a covalent bond. In plants, the
inside of the central sheet, 131 (Val in others), V105, V107 biliverdin is reduced to phycocyanobilin before attachment
(lle in others), V120 (lle and Leu in others), and V122, to the protein 80). The heme oxygenase gene is usually
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A

Ficure 3: (A) Three-dimensional crystal structure of Hhal PYP, in stereo, showing the hydrophobic interactions indicated in the caption
to Figure 2, with the same color code, the chromophore on the left, and the N-terminus on the right. (B) NMR solution structure of the
ground state Hhal PYP. An ensemble of 26 spectra were used. The relatively disordered N-terminal domain is at the bottom and the
chromophore at the top center.

and k (625 ms decay)3q), but in a subsequent publication,
the small amplitude, second-phase bleach reaction from |
to I3 was no longer observed, and the fully bleached
intermediate 4 was relabeled;l(now 133us formation and

385 ms decay)32). The nomenclature of intermediates then
remained stable for about seven years, although rate constants
were found to change with conditions of the experiment.
However, other workers relabeled thartermediate, pR or
PYR, and the more recently designatedntermediate, pB

FiGURe 4: Minimal Hhal PYP solution photocycle at room  or PYR,, for no apparent reasor8,(33, 34). The small
temperature and neutral pH. P is the ground state, an asterisk L T
indicates the excited state, and intermediates (I) are indicated with amplitude second-phase bleach was rediscove3te 38)

subscripts and superscripts. Each intermediate is followed by its and ascribed toil, |2, or pB (1.2-2 ms decay). We have
half-life. Additional intermediates may be present, especially under adopted the convention that is structurally the furthest

frozen, crystalline, or dehydrated states. intermediate from the ground state before recovery, although

found immediately upstream of the structural gene for Others seeolas the first protonated intermediate. Because
bacteriophytochromes() but has not yet been identified in  the 1-4 ms kinetics correspond to a bleach, the proper
Rc. centenariaor Tc. tepidum designation should be;'! A simultaneous flip of the
Dynamic Properties Photocycle The solution photocycle ~ chromaphore into solvent and proton transfer (M. Heyn,
of Hhal PYP has been determined as shown in Figure 4 personal communication) occurs in the faster bleach phase
Three intermediates were discovered in the initial charac- (I1to I1'), and a conformational change of the protein occurs
terization and called;1(210 us decay), 4 (4.5 ms decay), in the slower phase {lto I,). Biphasic (156-600 ms and
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0.58-2.0 s) decay ofJto ground state was also observed hydroxyl has a K, equal to that for acid denaturation of the
(35, 37, 38) with formation of a new intermediate, which  protein, which is about 2.75@)). There is a net uptake of
should be designated'.| Both proton transfer and confor- one proton upon bleaching at acidic pH and subsequent
mational changes should occur during the large amplitude release upon recoverpd). At neutral pH, there is no net
decay of } to I/, but it is unclear what occurs during the proton uptake, and at alkaline pH, there is a net release
small amplitude 4 to ground-state transition. The rise time followed by uptake on return to the dark sta%el)( Again,
of I, was shown to be 3 ns by picosecond spectroscopy, andthis reflects changingh, values for E46 and chromophore
two new intermediates were discovereglahd L* (39). I, during the photocycle. Using FTIR to follow changes in the
and L* have similar red-shifted spectra with maxima near protonation state of E46, it was concluded that the proton is
510 nm but with differing amplitudes and are formed in about transferred directly from E46 to the chromophore during
3 and 220 ps. Using higher resolution femtosecond spec-progression of the photocycle and that this proton-transfer
troscopy, the actual lifetime of the excited state was shown triggers a conformational change leading to the signaling state
to be 1.9-3.6 ps 40, 41). The quantum yield for the (36, 55, 56). It has been confirmed that proton uptake kinetics
formation of b, presumably the signaling state, is 0.82)( are synchronized with the fast phase gfdrmation (k to
or 0.35 @2). The quantum yield for fluorescence, on the other ;") (35, 38). However, the E46Q mutant, which cannot
hand, is very small, 0.00340.0035 43, 44). transfer a proton from glutamine to chromophore, has kinetics

Crystalline PYP was shown to undergo a different pho- for the formation of 4 that are accelerated relative to wild
tocycle in that decay of:lwas distinctly biphasic), whereas type but remain coupled to proton uptakdh,(38). Thus,
the same protein in solution appeared to be monophdSjc (  proton transfer, from E46, does not trigger the conformational
At low temperature, PYP also undergoes a somewhatchange nor is it rate-limiting in formation o%.1
different photocycle with formation of both blue- and red- Crystallographic Structure of Intermediatds one of the
shifted species at 430 and 490 ne#d), This work was first demonstrations of the power of time-resolved Laue
repeated with gradual warming of the frozen, irradiated crystallography, the structure of a long-lived intermediate,
sample to produce additional low-temperature intermediates,thought to be equivalent to the signaling state was
presumably involved in parallel pathway$6|. These low- determined %7). When the chromophore isomerizes, the
temperature intermediates were called BY489 nm), PYR hydrogen bonds to E46 and Y42 are broken, and the
(442 nm), PYRL (400 nm), PYR. (447 nm), and PYP(456 chromophore becomes exposed to solvent. To accommodate
nm). Some of these intermediates may be similar to thosethe cis conformation of the chromophore, R52 swings out
observed at room temperatur84), but no direct cor- of the way and forms a new hydrogen bond with the phenolic
respondence has been established, and they should not bexygen. The photobleached and dark state structures in
equated. It is thus fitting that they should be named the region of the chromophore are compared in Figure 5.
differently. Dried samples of PYP also have an abnormal These same changes are likely to occur in solution, but
photocycle (unpublished results). In all three cases wherethere could be additional, more dynamic, changes not
PYP is restrained, whether in crystals, the frozen state, orallowed by crystal constraints as will be discussed below.
dehydrated, the properties are significantly different, sug- The extension of time-resolved crystallography to nano-
gesting that dynamics or conformational changes are im- second resolution allowed determination of the structure of
portant. an earlier intermediate, presumably equivalent %8). In

The solution photocycle bleach and recovery are strongly this structure, the chromophore is fully in the cis conforma-
affected by alcohols and by viscosity, consistent with a tion, but the center of the aromatic ring is unmoved; it has
protein conformational change that exposes a hydrophobiclost its hydrogen bond with E46 but retains that to Y42. The
region to solvent32). A change in heat capacity{, 48) time-resolved crystallography also resulted in a nanosecond
inferred from curved Arrhenius plots for recovery of pho- to second molecular movie of the photocycle from which
tobleached PYP as a function of temperatug?) (also two new, spectroscopically silent, intermediates are proposed
indicates that a hydrophobic region is exposed to solventwith half-lives of 33 ns and 2..xs (59). In addition, the
during the photocycle. The photobleachedtiate binds to interpretation of the electron density of the earlier stusB) (
lipid bilayers @9) and to dyes38), consistent with transient ~was revised to incorporate the entire time frame. The
exposure of a hydrophobic site. photocycle of the crystalline state is now seen to be initiated

The PYP solution photocycle is not strongly affected by by a flip of the thioester carbonyb() as first proposed in
ionic strength or by cations or anions in generd). (  (55), which persists until the protein enters theskate.
However, it is now known that ions of the chaotropic and Unfortunately, the molecular movie does not conclude with
kosmotropic series have a pronounced effect on the absorptestable detailed structural models for the crystalline inter-
tion spectrag0). There is also a marked dependence on pH mediates, which have now reached six in number.
for both bleach and recover$l), which appears to reflect A cryo-trapped early intermediate at much higher, 0.85
strongly altered K, values for E46 and the chromophore A, resolution 60) shows a similar electron density map as
hydroxyl in the folded protein and when exposed to solvent for the 1 ns time-resolved crystd), but it was interpreted
following flash photolysis. A quantitative analysis of the very differently. In this structure, presumably for the low-
unusual protonation states of the chromophore and E46temperature intermediate, PYPthe chromophore isomer-
indicate that electrostatic interactions in the low dielectric izes by rotating the thioester linkage with the protein (166
protein interior cause a reversal of the relative, palues degrees relative to the plane of the aromatic ring), which
from what they are in a high dielectric medium (i.e., E46 in results in a distorted transition-state-like conformation in
the folded protein has & approximately equal to that for ~ which the double bond is neither cis nor trans but trapped
alkaline denaturation, which is near 11, and the chromophorebetween (with a torsion angle 6f80°). Significantly, the
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A protein in the bleached ktate. The relatively small changes
in the crystal structure otldo not explain the exposure of
- a hydrophobic site during the photocyc2) or the much
o lower stability of b (1.75 vs 2.72 M guanidine denaturant
-—-!-‘-L-SJF for ground state) and the more than 19% loss of 222 nm
o ellipticity during photoexcitation 15, 16, 63). An internal

water, that connects G7 to H108 via a hydrogen bond, is
) exposed to solvent in the $tate and that interaction is lost

in the H108F mutantg4). These data support a model in
. which structural changes at the chromophore in thetdte

are transmitted to the N-terminus, which is bound to the

remainder of the protein through hydrophobic contacts in

“ the ground statel(). The hydrophobic residues connecting
B the chromophore to the N-terminus are illustrated in Figure
3A. If the N-terminus were to swing away from the central
_ pB-sheet, the exposed hydrophobic side chains could conceiv-
‘dm ably cause the helical segments to rearrange, resulting in the
partial loss of ellipticity observed fok, in the decrease in
stability to denaturation, and in the disorder at the N-
terminus.

50 PYP MutantsThe amino acid residues in PYP that have
been identified from crystallography as most likely to affect
the properties of the chromophore are Y42, E46, T50, R52,

12 and M100 (see Figure 5). Single site mutations Y42F, Y42A,
E46Q, E46A, E46D, T50V, T50A, R52A, R52Q, M100A,
69 M100L, M100K, and M100E have been constructed and at

FiIGURE 5: PYP proteir-chromophore interactions known to affect least partially characterized, 33, 50, 51, 65-68). The

the absorption spectra and solution photocycle. (A) Ground-state major ?ﬁeCts of ”_",Jtatic?”s at Y42 are on _the_SpeCtral
trans chromophore (magenta) where dotted lines represent probabléroperties and stability with lesser effects on kinetics of the
hydrogen bonds to amino acid side chains (green). (B) Pho- photocycle where formation of is twice as fast in Y42F,

tobleached or cis chromophore (presumed signaling state). recovery is half that of wild type50), the lifetime of the
excited state has doubled, and formation 0661100 times
hydrogen bond to E46 is retained in this structure as shownfaster than wild type, most likely because of the loss of the
by FTIR 35, 36, 55 61) and in contrast to the crystal- y42 hydrogen bondg9). In the absorption spectrum of the
lographic structure of,I(58) where it appears to be broken. ground state of Y42F, an intermediate absorption peak
NMR Solution StructureWhen dealing with a sensory appears on the short wavelength side of the 458 nm
protein that is expected to change conformation in the maximum in the vicinity of 390 nm@5), and chaotropes,
signaling state, crystal structures may not provide the kosmotropes, and temperature have strong effects on the
complete picture. Thus, NMR solution structures are expectedrelative amplitude and wavelength maxin&); It appears
to complement the crystallographic data. The principal that the wild-type protein and virtually all mutants tested,
difference in the ground-state solution and crystallographic except those containing substitutions at E46, are capable of
structures of PYP is in residues-293, which adopt a helical ~ forming the intermediate spectral form with a wavelength
conformation in the crystal structure but are somewhat maximum between 370 and 390 nrfi7). A reasonable
disordered in the solution structurglj. In addition, residues ~ model for the intermediate spectral form is a change in the
1-5 and 113-118 show substantial mobility in the solution E46—chromophore hydrogen bond strength either through
structure. Although they cannot be directly equated, the changes in geometry and/or in hydration and alteration of
crystallographic temperature factors are also high for thesethe dielectric environmen().
regions of the structurel(Q) consistent with agreement in The major effect of mutant E46Q is on photocycle kinetics
the two approaches. By way of contrast, the long-lived | in which both formation and recovery of theihtermediate
intermediate shows considerable disorder in the solution are dramatically accelerated with increasing pH in contrast
structure, primarily in the N-terminal helical region but to wild type, where the formation ot lis slowed with pH
extending throughout the structure to strands | and VI of and recovery shows a bell-shaped dependence described by
the central sheet and to the chromophore-containing looptwo pK, values B1). It is likely that the E46Q K, of 8.0 for
(62). Figure 3B shows an ensemble of the NMR solution recovery is due to ionization of the chromophot&)( The
structures of ground-state Hhal PYP and illustrates the pKj for ionization of the chromophore in the folded protein
dynamic regions. This disorder was not apparent in the is increased significantly in E46Q (from 2.7 to 5.0) and even
ground-state crystal structure nor of théntermediate where ~ more so in E46A (to 7.9) and E46D (to 8.6), which approach
changes were localized to the immediate vicinity of the that of the chromophore in solution (about 9.8Y) The
chromophore7). Disorder in itself cannot fully explain the  first intermediateis formed more slowly in E46Q at pH 7
nature of the signaling state but suggests that the N-terminus(3 ps as compared with 1.9 ps), but subsequent steps are
may move with respect to the rest of the protein to allow a faster (b* 8 ps instead of 220 ps, angd0.7 ns instead of 3
new hydrophobic interaction with a reaction partner receptor ns) @1, 70). This was ascribed to the weaker amide to
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chromophore hydrogen bond. For mutant E46A at pH 9.5, Rcap, indicates that the N-terminus is an important region
where the chromophore is ionized, the formation,0§15.3 of the protein.
ps and of | is 40 ps (no 4 was observed)a@). The more PYP as a Prototypic Structure for the PAS Domain
rapid formation of { was ascribed to one less hydrogen bond Sequence MotifThe PAS domain family contains diverse
to the chromophore, permitting more facile rearrangement. sensory proteins that generally share an amino acid sequence
The absense of E46 in Ttep Ppr should result in properties motif, and based upon BLAST searches, PYP was identified
similar to the Hhal E46A mutant. as a PAS sequence homologu@,(78). PAS domains are
Mutants T50V and R52A show small redshifts in the near the limit of detection by sequence comparisons alone,
absorption spectrum and have minimal effects on the but it is well-known that the three-dimensional structure is
photocycle kinetics50, 51). T50 normally hydrogen bonds  more highly conserved than is amino acid sequence and that
Y42 in wild-type protein (Figure 5) but directly hydrogen- is the basis we have adopted to identify homologous PAS
bonds to the chromophore in the Y42F mutéai@, 60). The domains in this review. The PYP three-dimensional structure
double mutant Y42F/T50V has a greater proportion of the was one of the first to be determined for this family of
390 nm intermediate form than does the Y42F mutaid.( proteins (0) and serves as the prototype for all. The three-
Thus, Y42 and T50 stabilize the chromophore in the 446 dimensional structures of the N-terminal domain of the
nm form. Nevertheless, the minimal effects of mutation at oxygen-binding heme protein Fixl79—81), the N-terminal
T50 combined with observation of naturally occurring domain of the voltage-regulated potassium channel protein
substitutions at this position indicate that it is less important HERG 82), the yeast YKG9 protein8@), the FMN-binding
than Y42 and the other active site residues. The negativeLOV2 domain of a phototropin homologu84), the phero-
charge on the chromophore was postulated to be partiallymone-binding domain of the quorum-sensing protein, TraR
stabilized by the nearby positive charge on R3210), but (85, 86), the PAS domain of a mouse membrane-trafficking
the minimal effects of mutation suggest that this is not the protein, Sec22bg7), the cyclic-GMP-binding GAF domain
case. of phosphodiesterase 2A, PDEZ8], and the phosphatidyl
Mutations M100A, M100L, and M100K have dramatic inositol- and actin-binding profilin§9) establish them as
effects and M100E a lesser effect in slowing recovery of structural homologues of the prototypic PYP. Several ho-
the photocycle by as much as 3 orders of magnitude suchmologues of PYP are illustrated in Figure 6 where the
that room light is sufficient to produce a steady-state bleach structures of HERG, LOV2, PDE2, and FixL are overlaid
(66, 68, 71). It has been shown with wild type and more on that of PYP, and in Figure 7 the structures of the TraR/
directly with the M100A } intermediate that recovery can DNA complex, Sec22b, YKG9, and the profilin/actin com-
be accelerated by 6 orders of magnitude over dark recoveryplex are shown. The amino acid sequences were aligned
and 3 orders of magnitude faster than wild-type dark recovery based upon the three-dimensional structures as shown in
by excitation with 365 nm light&6, 72, 73). The more rapid Figure 8 where secondary structure is also indicated. The
photoreversal versus dark recovery suggests thatticdss central 3-sheet is conserved #i-36, although the length
isomerization of the chromophore could be catalyzed by the and number of individual strands variesHelicesal and
M100 sulfur 66). Dark recovery in M100A is nearly as fast o2 are conserved in th8inorhizobiuntixL construct, and
as in wild type at high pH, suggesting that the anionic form N-terminal helices are found in YKG9, TraR, and Profilin.
of the chromophore isomerizes more readily than does theHelicesa3 anda4 are present in most structures but are
neutral form. The crystal structure of the Rcen PYP domain absent in YKG9 and TraR. Helix5 is completely conserved.
indicates that the loop containing residues-9D0 adoptsa  There is no C-terminal helix in PYP, but there is in the
different conformation that limits access of M100 but BradyrhizobiumFixL construct, LOV2, YKG9, and profilin.
increases solvent access to the chromophdre This may Based upon secondary structure predictions for the holo-
partially explain the more than 300-fold slower recovery in FixL and holo-LOV2 proteins, they are likely to have both
Ppr 23). Rsph and Rcap PYPs have naturally occurring N- and C-terminal helices that were unintentionally truncated
M100G substitutions; thus, it is unclear why recovery in Rsph in the constructs used for structure determination, but which
PYP is accelerated relative to wild type Hhal PYP by 100- are likely to interact with one another as in YKG9 and may

fold (21). have functional importance (see below). Models based on
The NMR solution structure indicates large disorder of PYP and FixL were constructed for the aryl hydrocarbon
the N-terminus of the protein in the Intermediate §2); receptor {3, 90), but the structure has not yet been

thus, it was postulated that the N-terminal loop swings out determined. The importance of the PAS domain family is
in the signaling state. However, mutations G47S, G51S, andshown by its presence in most forms of life (plants, animals,
G47S/G51S that could serve as a hinge for the conforma-and bacteria)48). There are as many as 140 and 87 different
tional change had minimal effect on kinetic&l). Deletion PAS and GAF domains identified iAnabaenaalone 91),

of the N-terminal 6, 15, or 23 residues had much the sameand many hundreds have been identified in genomes
effect as M100 mutants in dramatically slowing recovery sequenced to dat®%). Furthermore, the tetrapyrrole-binding
by 140-4500-fold (5). Similarly, slow recovery was domain in phytochrome appears to be related to the cyclic
observed when 2527 residues were deleted from the nucleotide-binding GAF domairf). Given the variety of
N-terminus {6). It is unlikely that a protein having such ligands that have been found to bind to PAS domains and
massive deletions would be stable enough to fold unless thethe protein modifications necessary to accommodate those
N-terminus is only weakly associated with the remainder of ligands, a uniform nomenclature should be developed. We
the protein or folds as a separate domain. That there is nopropose to name the PAS domains according to the type of
observed natural variation in the length of the PYP N- ligand, thus, Heme-PAS, abbreviated H-PAS, Flavin (F-
terminus, except for a single-residue deletion in Rsph and PAS), p-hydroxy-cinnamate (C-PAS), Quorum-(Q-PAS),
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FIGURE 6: Stereo backbone overlays of the PAS domains that are most similar to PYP, all in approximately the same orientation. (A) PYP
(redy-HERG (green), the PYPB-hydroxy-cinnamic acid chromophore (cyan). (B) PYP (re8M FixL (green), heme (magenta). (C) PYP
(red)—LOV2 (green), FMN (magenta). (D) PYP (redPDE2 or GAF (green), cyclic GMP (magenta).

phosphatidyl-inositol (I-PAS), cyclic GMP (G-PAS), and Figures 6 and 7. In all three engineered proteins, FixL, Lov2,
linear tetrapyrrole (T-PAS). and HERG, important segments at both the N- and the
The heme in FixL 79, 81), the flavin in LOV @84), the C-termini may have been inadvertently deleted as compared
cyclic GMP in GAF @8), and the 3-oxo-octanoate- with the structures of the holoproteins YKGY, TraR, and
homoserine lactone in TraR8%, 86) are bound to ap-  profilin. As discussed above, the N-terminus of PYP packs
proximately the same region of the protein aspiiteydroxy-  against the centrai-sheet through hydrophobic interactions
cinnamate in PYP (i.e., on the same side of the central and appears to be disordered in the bleached stajé2).
p-sheet). The changes in the crystal structure induced by Fyrthermore, PYP denatures at two temperatures, where color
oxygen-binding in FixL are minimal7g, 80), just as they g |ost at 83°C and the protein completely unfolds at 82
are upon photoactivation in LOV84) and in PYP §7). (1) a5 noted earlier. Thus, a case may be made for the N-
This does not preclude significant structural changes in ;o4 _termini plus the hyrophobic residues in the central

SOIU.“O_n’ as seen for PYP'_ . . p-sheet in all of the PAS domain-containing proteins to play
It is interesting that the disordered 25-residue N-terminus a significant role in formation of the signaling state and in

of the HERG PAS domain is essential for its function and ; . . - -
. . . the interaction with receptor. This can be seen in TraR, where
that the recombinant PAS domain has been shown to blndboth N- and C-terminal helices are involved in formation of

o potassium channels in which the PAS domain has been'the functional dimer and in interaction with the DNA-binding

deleted 82). Deletion of 23-26 residues at the N-terminus q in when the ligand is boun@4. 86 h i Fi
of the HERG PAS domain has the same effect as deletion 20MaiN When € gand IS boun % _)ass own In Figure
7B. Actin binds to the C-terminal helix and a portion of the

of the entire PAS domain, whereas deletion of the first nine » . X )
residues has a smaller effect similar to F29A and Y43A [-sheetof profilin when there is no ligan8). The ligand-
mutations in the centrad-sheet 82). The central sheet in binding site of profilin is unknown, but there is a basic patch
the HERG PAS domain forms a hydrophobic dimerization composed of residues K37, K69, K90, and K115 near the
patch in the crystal structure that may provide the interface ligand-binding site of the other PAS domains on the opposite
through which it binds to the remainder of the potassium side of thef-sheet from the actin-binding site that could
channel. provide an electrostatic binding site for inositol phosphate,

The N-terminus of FixL is disordered in the crystal the headgroup of phosphatidyl inositol, and the profilin
structure of theBradyrhizobiumprotein ¢9), which may ligand. Thus, the ligand-binding sites of the PAS domains
require the longer N-terminus that is present in ie are on one side of the-sheet, and the protein-binding sites,
norhizobiumFixL (81) for proper folding through N- and  where they have been determined, are on the other side of
C-terminal interaction as seen with other PAS domains in the 3-sheet near the N- and C-terminal helices.
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FIGURE 7: Stereo representation of the more divergent PAS domains. (A) Mouse Sec22b (no ligand). (B) Dimeric TraR (red and green)
DNA (cyan) complex with bound homoserine lactone ligand (green and red). (C) Yeast YKG9 (no ligand). (D) Profilin {dyetm)

(red) complex (no ligand). Panels A, C, and D are in the same orientation as the four structures in Figure 6. The axis of the DNA in panel
B is approximately aligned with the plane of the page.

Development of a Common Signaling Mechanisnhas oxygen binding to the heme may result in steric hindrance,
been suggested that the N-terminus of PYP might be involvedwhich may cause distortion of the centfakheet and may
in signaling via N-terminal disorder induced by photoacti- alter its interaction with N- and C-terminal helices. In Lov,
vation of the chromophore, breakage of the E46/chromophoreformation of the C38-C4A adduct of the flavin may likewise
hydrogen bond, loss of the E46/G29 interaction, and cause distortion of th@-sheet through collapse similar to
perturbation of the adjacent F28, which interacts with the thatin PYP. In profilin, ligand binding disrupts the interaction
N-terminus 04). We believe that there may be a common with actin. On the other hand, ligand binding in TraR may
signaling mechanism for the majority of PAS domains stabilize the protein and promote interaction between the
whereby the signal is transmitted from the ligand-binding j-sheet and the N- and C-termini. The common elements of
site and associated hydrophobic residues in contact with thethe proposed mechanism are alteration of the ligand-binding
ligand through distortion of the centrg-sheet to the  site through environmental sensing, distortion of the central
interacting N- and C-termini (that are involved in protein/ sheet caused by altered interactions at the ligand-binding site,
protein contacts) and their associated hydrophobic residuesand either weakening or strengthening the interaction of the
Expanding and modifying the Craven et &4 mechanism, N- and C-terminal helices with the centygisheet and with
it is plausible that in the case of PYP, photoisomerization interacting proteins or domains.
of the chromophore (on one side of the central sheet in Figure Key Questions Relating to Signal Transducti@entral
1A) and exposure to solvent leaves behind a hydrophobicissues include a more detailed understanding of the molecular
cavity including F62, F75, and F96, red in Figures 2 and events leading to the signaling state, developing a better
3A, which collapses upon itself, thus resulting in distortion understanding of the role of the N- and C-terminal domains
of the residues on the chromophore side of the centralin signal transduction, understanding the interaction of PAS
pB-sheet, 131, V105, V107, V120, and V122 (blue), and the domains with their binding partners (often a response
interaction of hydrophobic residues on the opposite side of regulator), and characterization of the regulation and expres-
the sheet, A30, W119, and F121 (cyan), which hold the sion of PAS domain-containing signaling proteins. Finally,
N-terminal helices in place through hydrophobic interaction there is considerable interest in obtaining information on the
with F6, 111, L15, and L23 (green). In contrast to the Craven ligands and/or sensing mechanism for a broader group of
et al. @4) mechanism, the hydrophobic collapse model PAS domain-containing proteins, for example HERG and
suggests that E46 and G29 are less important than the morerKG9. Given the very large number of PAS domain-
extensive hydrophobic interactions. In each of the PAS containing proteins identified in genomes, there is no doubt
domain-containing proteins, a similar mechanism involving that many new PAS ligands and two-component signaling
communication among ligand, centyalsheet, and the N-  pathways containing PAS domains will be described in the
and C-terminal helices may be operative as much throughfuture. In this context, it seems likely that the insights derived
steric interactions as by hydrophobic contacts. In FixL, from the characterization of PYP will be of significant value
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Ficure 8: Amino acid sequence alignment of PAS domain-containing proteins according to the three-dimensional structures and using the
PYP numbering throughout. (1) Hhal PYP holoprotein with chromophore-binding C69 (red). (2) EngiSeenetliotiFixL heme domain

with heme-binding His 75 (red). (3) Engineer@djaponicuntixL heme domain. (4) Engineered N-terminal human voltage-gated potassium
channel regulatory domain (HERG). (5) Engineered fern Phy3 LOV2 FMN-binding domain with reactive C62 (red). (6) Yeast YKG9
holoprotein. (7) TraR Quorum-sensing transcriptional regulator, N-terminal domain. (8) Engineered mouse Sec22b PAS domain. (9) Mouse
phosphodiesterase PDE2 GAF domain. (10) Bovine profilin holoprotein.-G#esheet, yellow-a-helix, underlineed-structurally similar

to PYP, and italics-disordered regions in crystal structures. Secondary structure is numbered according to the PYP fold. Extra segments,
not present in PYP, are not numbered.
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in understanding and manipulating the mechanisms and 31.Bhoo, S. H., Davis, S. J., Walker, J., Karniol, B., and Vierstra, R.
biological activities of a wide range of signaling proteins.
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