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Abstract: PAS domains form a divergent protein superfamily with more than 20 000 members that perform
a wide array of sensing and regulatory functions in all three domains of life. Only nine residues are well-
conserved in PAS domains, with an Asn residue at the start of a-helix 3 showing the strongest conservation.
The molecular functions of these nine conserved residues are unknown. We use static and time-resolved
visible and FTIR spectroscopy to investigate receptor activation in the photosensor photoactive yellow
protein (PYP), a PAS domain prototype. The N43A and N43S mutants allow an investigation of the role of
side-chain hydrogen bonding at this conserved position. The mutants exhibit a blue-shifted visible absorbance
maximum and up-shifted chromophore pK,. Disruption of the hydrogen bonds in N43A PYP causes both
a reduction in protein stability and a 3400-fold increase in the lifetime of the signaling state of this
photoreceptor. A significant part of this increase in lifetime can be attributed to the helical capping interaction
of Asn43. This extends the known importance of helical capping for protein structure to regulating functional
protein kinetics. A model for PYP activation has been proposed in which side-chain hydrogen bonding of
Asn43 is critical for relaying light-induced conformational changes. However, FTIR spectroscopy shows
that both Asn43 mutants retain full allosteric transmission of structural changes. Analysis of 30 available
high-resolution structures of PAS domains reveals that the side-chain hydrogen bonding of residue 43 but
not residue identity is highly conserved and suggests that its helical cap affects signaling kinetics in other

PAS domains.

1. Introduction

Photoactive yellow protein (PY P) isablue light receptor from
the halophilic photosynthetic proteobacterium Halorhodospira
halophila™? and is a prototype PAS domain.>* PYP was the
first PAS domain for which the three-dimensional structure was
reported™® and remains the PAS domain that is best understood
in terms of biochemistry and biophysics at the protein level.”
The PAS domain is a ubiquitous protein module with acommon
three-dimensional fold involved in a wide range of regulatory
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and sensory functions in al domains of life® Amino acid
sequence anaysis indicates that over 20 000 proteins in the
protein sequence database contain a PAS domain, with 43 PAS
domains present in the human genome as listed in the SMART
database.® The term PAS is derived from the first letter of the
name of the three founding members of the superfamily: the
Drosophila period protein (Per), the aryl hydrocarbon receptor
nuclear translocator protein (Arnt), and the Drosophila single-
minded protein (Sim). PAS domains have been identified in a
wide range of signaling proteins,®° including transcription
factors, circadian clock proteins, phytochrome, and other
proteins involved in regulation, photosensing, and oxygen/redox
sensing. Interestingly, all members of this diverse set of proteins
appear to be involved in sensing or regulation. Medically
important PAS domains include the human ERG potassium
channel. Mutationsin various domains of this protein, including
its PAS domain, cause cardiac arrhytmias (long QT syndrome).**
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Figure 1. Sequence conservation and structural context of Asn43in PYP.
(A) Multiple sequence alignment of the N-terminal region of PAS domains
with conserved side-chain hydrogen bonding at residue 43. The PAS domain
residue numbering used here is based on the PYP from Halorhodospira
halophila. The number of the first depicted residue of each PAS domain is
shown. The sequence alignment was adjusted on the basis of the known
three-dimensional structure of these PAS domains. Secondary structure is
indicated: a-helices are shown in red and by the thick black bars; -strands
are indicated in green and by the black arrows. Residue 43 and its two key
hydrogen-bonding partners in S-strand 1 and a-helix 3 are highlighted in
bold. The conserved side-chain hydrogen bonds of residue 43 with the
backbone amide groups of these two residues are indicated by arrows. Hh
= Halorhodospira halophila; Bj = Bradyrhizobium japonicum; Rm =
Rhizobium meliloti; Cr = Chlamydomonas reinhardtii; Ac = Adantium
capillus-veneris; Ec = Escherichia coli; Av = Azotobacter vinelandii; Gs
= Geobacter sulfurreducens; Hs = Homo sapiens; Bs = Bacillus subtilis.
(B) Schematic representation of the crystal structure of PY P highlighting
Asnd3. The side chain of Asn43 is shown in CPK coloring. As in panel
(A), o-helix 3 is shown in red, while 5-strands 1 and 2 are indicated in
green. The pCA chromophore is depicted in yellow, and the N-terminal
region of PYP isin dark blue.

The PAS domain protein hypoxia-inducible factor is involved
in myocardial and cerebral ischemia®? and in tumor hypoxia.*®

PY P consists of 125 residues divided into two regions (Figure
1b): (i) atypical PAS domain fold'* with a central antiparallel
6-stranded f3-sheet flanked by three a-helices (residue 28—125;
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referred to below as the PAS domain core of PYP); and (ii)
two N-terminal o-helices (residues 1—27) not present in most
other PAS domains (referred to below as the N-terminal region).
The two N-termina helices pack against the central 3-sheet,
forming a second, small hydrophobic core in PYP.® Six of the
nine residues that are fairly highly conserved in PAS domains
are present in PYP. PYP has been studied extensively by site-
directed mutagenesis (summarized in ref 15). A systematic study
examining the effects of mutating each of the 13 Gly residues
in PYPto Alareveaded that substitution of the three Gly residues
in PYP that are conserved in the PAS domain superfamily
(Gly31, Gly51, and Gly59) results in fairly small changes in
its biochemical properties.*®”

PY P functions as the photoreceptor for negative phototaxis
in H. halophila.® It exhibits alight-triggered photocycle? based
on its p-coumaric acid (pCA) chromophore.**#° In the initial
pG dark state of PYP, the pCA is in the trans conformation
and its phenolic oxygen is deprotonated due to its pK, of 2.8,
which is strongly down-shifted from the pK, of 8.8 for pCA in
solution.?? The pCA forms functionally critical hydrogen bonds
with active site residues Tyr42 and Glu46.%>2* Light initiates
the PYP photocycle through the photoisomerization of the
PCA,% followed by pCA protonation from Glu46®® and
subsequent large protein conformational changes®” 3 that result
in the formation of the pB intermediate. This pB state is believed
to be the signaling state of PYP and spontaneously decays to
theinitial pG dark state of PYP in afew hundred milliseconds.
Spectroscopic evidence indicates that upon pB formation the
N-terminal region of PY P dissociates from its PAS domain core
and becomes largely unfolded.®*3232 Thisis astriking example
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Figure 2. Side-chain hydrogen bonding of Asn43in PYP. (A) Cartoon of
the conserved hydrogen-bonding pattern (residue numbering for PYP). (B
and C) Residues 28—50 of PY P (INW2Z) shown in two orientations, together
with the pCA. Selected hydrogen bonds are shown as dotted lines, a-helices
are shown in red, and -strands are in green. The helical capping hydrogen
bond is shown in yellow, while the structural bridging hydrogen bond isin
red. (D) Zoom-in to highlight the hydrogen-bonding interactions of Asn43.

of alosteric transmission of a structural change across a protein,
because the photoactive site of PY P and the N-terminal region
are separated by the rigid central 3-sheet in PY P. The changes
in electrostatic interactions caused by proton transfer from Glu46
to the pCA have been identified as a key mechanism in
triggering large conformational changes during the “protein
quake” that results in pB formation.?®** However, the mech-
anism for the all osteric transmission of conformational changes
in PY P from the chromophore binding pocket to the N-terminal
region has not yet been identified. Here, we examine the role
of Asn43 in this mechanism. The role of Asn43 in receptor
activation in PYP is of interest for the more general question
of alosteric signal transmission. 3¢

The side chain of Asn43 in PY P forms four hydrogen bonds,
all of which are buried: with the backbones of Leu23 in a-helix
2, Phe28 and Ala30 in 3-strand 1, and Glu46 in a-helix 3. These
side-chain hydrogen bonds of Asn43 thus hold three secondary
structure elements together. The side-chain hydrogen bond
between Asn43 and the backbone of Glu46 forms an a-helical
cap®” (Figures 1 and 2), which likely stabilizes o-helix 3. The
term “helical cap” is occasionaly used to describe a terminal
helical domain in a protein. Here, we use it to designate the
specific hydrogen-bonding pattern of a side chain at the end of
an o-helix with a backbone amide in this helix. The side-chain
hydrogen bonds to Phe28 and Ala30 anchor g-strand 1 at the
start of the PAS domain fold to the rest of PYP. Findly, the
hydrogen bond to Leu23 contributes to the docking of
the N-terminal region of PYP to the central 3-sheet. Below,
we refer to the hydrogen bond between Asn43 and Ala30 as
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the structural bridging hydrogen bond and that between Asn43
and Glu46 as the helical capping hydrogen bond. Because the
side-chain hydrogen bonds of Asn43 are structurally implicated
in linking the N-terminal region to the centra -sheet of PYP,
light-induced changes in hydrogen bonding of this residue are
a clear candidate for the mechanism of alosteric transmission
of conformational changes at the photoactive site of PYP to its
N-terminal region during pB formation. Evidence for such a
model has been reported on the basis of time-resolved X-ray
crystallographic studies of PY P.*® Here, we report experiments
that provide an experimental test of this proposal.

A major recent development in the molecular life sciencesis
the determination of the amino acid sequences of large numbers
of proteins due to improvementsin DNA sequencing technology.
Sensitive methods to identify weak amino acid sequence
similaritiesin databases have revealed that many proteins contain
short (~100 residues) conserved domains™=® and that shuffling
of such domainsis an important processin protein evolution.*
These conserved domains typically form large protein super-
families that share a common three-dimensional fold, but are
highly diverse with respect to both amino acid sequence and
functional properties. Classical protein families have acommon
active site and therefore contain conserved active site residues.
However, protein superfamilies often exhibit a high degree of
variation in their active sites. Thisraises anovel question: what
is the molecular role of the conserved amino acids in protein
superfamilies? Are these residues required for stability and
folding, or are they functionally critical? It has been proposed
that highly conserved residues form a folding nucleus, but this
proposal is debated.***? We explore these issues for the most
conserved residue in the PAS domain superfamily.

The PAS domain was initially identified through its weak
sequence conservation.®° The subsequent determination of the
three-dimensional structure of a number of proteins from this
superfamily revealed that they share a common protein fold.>*
While PAS domains are ~100 residues in length, only nine
residues show fairly strong conservation. Three-quarters of PAS
domains contain 4—7 of the 9 conserved residues, with Asn43
(residue numbering based on the PYP from Halorhodospira
halophila) as the most conserved residue.® PAS domains can
bind avariety of cofactors, including heme and flavin, but some
function in the absence of cofactors. Thus, a conserved active
site is not expected. The residues conserved in PAS domains
could be required for the folding or stability of the PAS domain
fold or be part of a conserved signaling mechanism. If these
residues are functionally important, they may be involved in
some aspect of a conserved allosteric switch for PAS domain
signaling.

Because the residues conserved in PAS domains are not part
of the active site, they have not been selected in structure-based
site-directed mutagenesis studies. Therefore, the functional role
that these nine moderately conserved residues play in PAS
domains is not known. This indicates that important gaps in
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(39) Bateman, A.; Coin, L.; Durbin, R.; Finn, R. D.; Hollich, V.; Griffiths-
Jones, S.; Khanna, A.; Marshdl, M.; Moxon, S.; Sonnhammer,
E.L.L.; Studholme, D. J; Yeats, C.; Eddy, S. R. Nucleic Acids Res.
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understanding remain in current approaches to evaluating three-
dimensional structures of proteins to identify residues that are
critical for function. Here, we report that Asn43, the most highly
conserved residue in PAS domains (Figure 1a), affects signaling
kinetics in PYP.

Therole of helical capping interactions, such asthe side chain
of Asn43, in determining protein stability had been extensively
studied.**** The propensity for helical capping varies strongly
for different side chains.*"*> Whereas Asn and Ser are often
observed to form N-terminal a-helical capping interactions, this
capacity isfully lacking in Ala. We therefore probe the role of
side-chain hydrogen bonding by residue 43 in PYP using the
N43S and N43A mutants. The results show that the helica
capping hydrogen bond strongly affects both the stability and
the signaling kinetics of PYP. This extends the importance of
helical capping from protein structure and stability®”*3~5 to
regulating the kinetics of functional transitions and provides a
specific functional molecular role for the most highly conserved
residue in PAS domains.

2. Experimental Section

Mutagenesis and Protein Purification. Mutagenesis was per-
formed using Stratagene’s QuikChange site-directed mutagenesis
kit with primers designed to introduce the N43A and N43S
substitutions. A pQE-80A plasmid (QIAGEN) containing the pyp
gene inserted between BamHI and Hindlll sites was used as
template. The PCR products were digested with Dpnl and trans-
formed into E. coli DH50.. DNA was purified using a QIAPrep
Spin Miniprep kit (QIAGEN), used for DNA sequencing to confirm
the mutation in the intact pyp gene, and transformed into E. coli
BL21 (DE3) cells grown on LB agar with ampicillin (200 xg/mL).
Overproduction of apoPY P was induced by the addition of 1 mM
IPTG, and the protein was extracted from E. coli BL21 (DE3) using
8 M urea, and reconstituted with p-hydroxycinnamic anhydride
(Sigma-Aldrich) following the procedure described in ref 23.

UV/Vis Absorbance and Fluorescence Spectroscopy. UV/vis
absorption spectra were measured at room temperature using an
HP-8453 (Hewlett-Packard) diode array spectrophotometer and a
monochromator-based Cary300Bio (Varian) spectrophotometer. A
150 W halogen quartz light source (Cuda) with a broadband blue
filter (band-pass filter 59855, Oriel) was used to initiate the
photocycle of PYP in 10 mM TrissHCI pH 7.5. After 15 s of
illumination, the actinic light was shuttered, and the thermal
recovery of the dark state was measured with a time resolution of
up to 100 ms. Photocycle kinetics at 445 nm were described as a
monoexponential or biexponential decay as needed. A mixed buffer
(glycine, succinate, MES, and MOPS, 100 mM each) was used for
pH titrations from pH 1.5 to 10.0. The acid titration was carried
out in a darkened dark room using the minimal intensity of red
light needed for handling of the samples. The pH dependence of
the sample absorbance at its visible absorption maximum was
described using the Henderson—Hasselbalch equation. Thermal
unfolding curves were measured at pH 7.5 using an HP-8453
spectrophotometer equipped with a Peltier element. Denaturant
titrations with guanidinium hydrochloride (Gdn—HCI) were per-
formed at pH 7.5 in 10 mM Tris buffer at 25 °C in the same
spectrophotometer and analyzed as described in ref 29.

Aromatic fluorescence emission measurements were performed
at room temperature in a FluoroMax3 (Y obin Yvon) fluorimeter.
Excitation was at 280 nm using a 3 nm dlit width and PYP in 10

(43) Doig, A. J; Baldwin, R. L. Protein Sci. 1995, 4, 1325-1336.

(44) Serrano, L.; Sancho, J.; Hirshberg, M.; Fersht, A. R. J. Moal. Bial.
1992, 277, 544-559.

(45) Daig, A. J;; MacArthur, M. W.; Stapley, B. J.; Thornton, J. M. Protein
Sci. 1997, 6, 147-155.

Table 1. Effect of the N43S and N43A Mutations and Deletion of
the N-Terminal 23 Residues on the Properties of PYP

property wt N43S N43A A23 PYP?

Tm (°C) 8054+ 04 763+02 57.4+03 nd
AGy (kImol) 4494+02 41.0+£18 (11.2+11)9 nd
[Gdm] 12 284+005 24+005 (22+005° nd
m(M1) 6.6+ 05 71403 (45+09¢Y nd

Amax Of pG (nm) 446 441 441 442
pKa of pCA in pG 30 34 4.6 27

pB — pG amide|l 100% 133% 138% 60%
pG Glud6 C=0 (cm™) 1737°/1726° 1725° 1725° 1736°
pB lifetime (s) 0.5 17 1640 590

a References 30, 32, 33. P Measured in H,O. ¢Measured in D,O.
d Derived assuming single transition (see main text); nd indicates not
determined.

mM TrisHCI pH 7.5 with an OD of 0.2 at 441 nm. Titrations were
performed using a buffered 6 M Gdn—HCI stock solution. For every
measurement, a fresh protein sample at a specific denaturant
concentration was prepared.

FTIR Spectroscopy. For FTIR spectroscopy, PY P and its N43A
and N43S mutants were used at 8 MM protein concentration in 50
mM phosphate buffer in D,O at pH* 6.6, obtained by washing and
concentrating with aMicrocon (Y M-10, Millipore) centrifuge filter.
An FTIR sample consisted of 2.7 uL of PY P sandwiched between
two CaF, windows (15 mm diameter), separated by a 12 um spacer.
Sample temperature was controlled at 300 K. A Bruker IFS 66v
spectrometer was utilized for static and time-resolved infrared
measurements in the spectral range 4000—850 cm™* using aliquid
nitrogen-cooled mercury cadmium telluride (MCT) detector. The
spectrometer sample chamber was purged with dried nitrogen gas.
Light-induced infrared absorption changes in PY P were measured
using rapid-scan FTIR spectroscopy at 4.5 cm™* spectral resolution
with 200 kHz scanner velocity. The photocycle was triggered by 6
mJ laser pulses of 4 ns duration at 462 nm (Continuum Surelite-1|
pumped OPO laser). Laser repetition rate was set to 0.0033 and
0.0166 Hz for N43A and N43S, respectively, while the laser spot
size on the FTIR sample was ~6 mm in diameter.

Time-resolved FTIR measurements on N43A PYP were per-
formed at room temperature and 4 cm™* spectral resolution using
a Nicolet 740 FTIR instrument with DTGS detector with dry air
purging. A Cuda I-150 light source with awater filter and 420 nm
cutoff filter was used to initiate the photocycle. Time resolved
spectra were recorded on a quasi-logarithmic time scale. Difference
absorption spectra were calculated using single beam spectra of
the sample immediately before illumination and single beam spectra
at specific time points after shuttering the visible excitation. The
resulting FTIR difference spectra were corrected for reproducible
systematic baseline drift.

Analysis of Three-Dimensional Structures. Swiss pdb viewer
3.7, WebLabViewerPro, and Pymol were used to examine three-
dimensiona structures of PAS domains, and for the automatic
placement of hydrogen atoms in the structures. For four PAS
domains (209C, 200L; 2VLG; 2Z6C), visual inspection of the
automatic placement of the hydrogen atoms revealed an unfavorable
hydrogen-bonding geometry for the side chains of the residue
corresponding to Asn43 in PYP. In these four cases, Swiss pdb
viewer 3.7 was used for energy minimization, which converged to
an alternative placement of the hydrogen atoms involved that
resulted in afavorable hydrogen-bonding geometry. Only hydrogen
atoms moved in this optimization.

3. Results and Discussion

Differential Effects of the N43A and N43S Mutations on the
Stability of PYP. The effects of the N43A and N43S mutations
on various functional properties of the initial pG state of PYP
were determined, as summarized in Table 1. We first studied
the effect of the N43A and N43S mutations on the stability of
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Figure 3. Effect of the N43A and N43S mutations on the stability of PYP.
Thermal unfolding (A) and denaturant titration (B) of wtPYP (solid line),
N43S PY P (dashed line), and N43A PY P (dotted line) probed using visible
absorbance at 446 nm for wtPY P and 441 nm for the mutants. The data for
the thermal unfolding of N43A PYP are truncated at the point where
aggregation started to occur. The lines in (B) are fits of the denaturant
titration data as single transitions. (C) Comparison of the denaturant titration
of N43A PYP as detected by absorbance at 441 nm (®) and aromatic
fluorescence emission at 350 nm (H).

PYP (Table 1; Figure 3; Supporting Information Figures 1 and
2). In these experiments, UV/vis absorbance spectroscopy was
used to monitor thermal melting and equilibrium denaturant
titrations. All three samples exhibited a thermally induced
transition with an isosbestic point near 385 nm in which the
native absorbance band near 445 nm is converted into an
unfolded species with an absorbance maximum near 335 nm
(Supporting Information Figure 1). For wtPYP and the N43S
mutant, the entire thermal unfolding transition could be moni-
tored. Thermal unfolding of the N43A mutant caused aggrega-
tion at temperatures above 80 °C. The midpoint temperature
for thermal melting T, of wtPYP (80.5 °C) was only dlightly
reduced in the N43S mutant (76.3 °C), but significantly
decreased by the N43A mutation (57.4 °C).

In the denaturant titrations, wtPYP and the N43S mutant
exhibited apparent two-state behavior?® with an isosbestic point
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near 380 nm (Supporting Information Figure 2). The free energy
for unfolding AGy of wt PYP (44.9 + 0.2 kJ/mol) derived from
Gdn—HCI titrations with UV/vis absorbance detection (Figure
3b) was decreased only dlightly in N43S PYP (41.0 + 1.8 kJ/
mol). The ~4 kJmol reduction in AGy caused by the N43S
mutation is smaller than the destabilization of ~8 kJ/mol that
istypically observed for mutants that disrupt a buried hydrogen
bond.**~** This indicates that hydrogen bonding remains largely
intact in N43S PYP.

In the case of the N43A mutant, two distinct isosbestic points
were observed: at 385 nm up to 0.8 M Gdn—HCI and at 375
nm at higher denaturant concentrations (Supporting Information
Figure 3). The spectral changes during the first part and last
part of the denaturant titration were distinctly different (Sup-
porting Information Figure 3B). As for wtPYP and the N43S
mutant, the denaturant dependence of the absorbance at 445
nm could be fitted as a single transition. However, this yielded
a significantly reduced denaturant m value (Table 1). On the
basis of this observation and of the nonisosbestic nature of the
transition, we conclude that unfolding of N43A PYP by
Gdn—HClI involves one or more partialy unfolded intermediates.
To test this proposal, we used fluorescence emission from
aromatic amino acids to probe the unfolding of N43A PYP.
These data reveal a transition that deviates from the one
observed using 441 nm absorbance as a probe (Figure 3C). This
confirms that the denaturant-induced unfolding of N43A PYP
deviates from two-state folding. While these data do not allow
a complete description of the denaturant-induced unfolding of
N43A PYP, they reveal that the N43A mutation strongly impairs
the stability of PY P and disrupts the cooperativity of the folding
process in PYP.

These results indicate that the side-chain hydrogen bonds at
position 43 contribute significantly to the stability of PYP and
that the stabilizing side-chain hydrogen-bonding interactions of
Asn43 can also be performed by a serine at this position. This
isin line with the shared propensity of Asn and Ser to form a
helical capping hydrogen bond to residuei + 3.3743 |n addition,
in various PAS domains containing a Ser at this position, the
helical capping hydrogen bond is maintained (see below). Part
of the reduction in stability of N43A PY P can be attributed to
the loss of the helical capping hydrogen bond of Asn43.4344

Tuning of the Properties of the pG Dark State of PYP by
Asn43. The absorbance maximum (Ama) Of N43S and N43A
PYP is blue-shifted by 5 nm, from 446 nm in wtPYP to 441
nm in the mutants (Figure 4a). The overall shape of the
absorbance spectrais essentialy unchanged in the mutants. This
shows that the side chain of Asn43 is involved in tuning the
Amax Of PY P. Because the same blue-shift in the A Of the pG
state is observed in N43A and N43S PY P, this spectral tuning
is caused by an effect for which the hydrogen-bonding interac-
tions offered by the Ser side chain are not sufficient.

(46) Fersht, A. R.; Shi, J-P.; Knill-Jones, J.; Lowe, D. M.; Wilkinson, A. J;
Blow, D. M.; Brick, P.; Carter, P.; Waye, M. M. Y.; Winter, G. Nature
1985, 314, 235-238.

(47) Shirley, B. A.; Stanssens, P.; Hahn, U.; Pace, C. N. Biochemistry 1992,
31, 725-732.

(48) Byrne, M. P.; Manuel, R. L.; Lowe, L. G.; Stites, W. E. Biochemistry
1995, 34, 13949-13960.

(49) Takano, K.; Yamagata, Y .; Kubota, M.; Funahashi, J.; Fujii, S.; Y utani,
K. Biochemistry 1999, 38, 6623-9662.

(50) Pece, C. N.; Horn, G.; Hebert, E. J; Bechert, J.; Shaw, K.; Urbanikova,
L.; Schaltz, J. M.; Sevcik, J. J. Mol. Biol. 2001, 312, 393-404.

(51) Deechongkit, S.; Nguyen, H.; Powers, E. T.; Dawson, P. E.; Gruebele,
M.; Kelly, J. W. Nature 2004, 430, 101-105.
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Figure 4. Effect of the N43A and N43S mutations on the absorbance
maximum and pK, of the pCA in PYP. Absorbance spectraat pH 7.1 (A)
and pH titrations fit with the Henderson—Hasselbalch equation (B) are
depicted, with data for wtPY P (solid lines and M), N43S PY P (dashed lines
and A), and N43A PYP (dotted lines and @). The titration curves were
obtained at 446 nm for wtPY P and 441 nm for the mutants. The pK, and
n vauesfor these three proteins are 3.0/1.2, 3.4/1.0, and 4.6/1.2, respectively.
The amplitudes of the data were normalized at their visible absorbance
maximum.

The protonation of the pCA chromophore at low pH in the
mutants was monitored by UV/vis absorbance spectroscopy as
the loss of the native absorbance band near 445 nm and the
concomitant population of a new species with a Ay near 345
nm (supplemental Figure 4). This transition is described by the
Henderson—Hasselbalch equation, revealing that the N43A
mutation causes an upshift in the pK, of the pCA by 1.6 units,
from 3.0 in wtPY P to 4.6 in the mutant (Figure 4b). In contrast,
the pK, of the N43S mutant is up-shifted by only 0.4 pH units
to 3.4. Thus, the remova of side-chain hydrogen bonding at
position 43 in the N43A mutant significantly increases the pK,
of the pCA in the pG state of PYP.

The effect of the N43S and N43A mutations on the structure
of the pG state was studied by second derivative FTIR
absorbance spectroscopy. The FTIR spectrum of a protein in
the 1800—950 cm™! region contains contributions from the
protein backbone and from all polar and charged side chains.
The peak positions of these overlapping bands are better resolved
in the second derivative of the FTIR spectrum.>® Thus, the
second derivative of the FTIR absorbance of a protein provides
asensitive “fingerprint” for the structure of a protein.>?*® This
approach has been extensively applied to the amide | region,
revealing that it provides a sensitive probe for changes in
secondary structure.>*>® The N43A mutation could result in a
release and partial unfolding of the two N-terminal helices of
PYP. This would be sensitively detected in the amide | region
of the second derivative FTIR spectrum.

(52) Dong, A.; Huang, P.; Caughey, W. S. Biochemistry 1992, 31, 182—
189.

(53) He, W. Z.; Newell, W. R.; Haris, P. |.; Chapman, D.; Barber, J.
Biochemistry 1991, 30, 4552-4559.
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Figure 5. Probing structural deformations of the pG dark state of wtPY P
(black) by the N43A (red) and N43S (green) mutations using second
derivative FTIR spectroscopy. The FTIR absorbance spectrum of the three
protein samples was measured at 2 cm™* resolution and was used to calculate
the second derivative to facilitate comparison of spectral features in the
three spectra. Selected peak positions are indicated.

The second derivative of the infrared absorbance spectrum
of the pG dark state of wtPYP is very similar to that for the
N43S and N43A mutants of PYP (Figure 5). Specificaly, the
strong amide | signals at 1642 and 1635 cm™! are essentially
unchanged. Thisis strong evidence that the N43A mutation does
not significantly perturb the secondary structure of PYP,
indicating that the two N-terminal helices are still packed against
PYP in the pG state of these two mutants. Most signals from
side chains, for example, at 1726 and 1687 cm™%, are also largely
unaltered. These results indicate that the side-chain hydrogen
bonds provided by Asn43 are not required for the docking of
the N-terminal region of PYP in the pG dark state. Apparently,
the N43A mutant reduces the stability of the pG state (see Figure
3) while not significantly atering the structural properties of
the folded state.

Careful inspection of the second derivative spectra indicates
that the amplitude of the peak at 1726 cm™, which originates
from the C=0 stretching mode of the side chain of Glu46,% is
reduced in the N43A mutant. Because the amplitude of signals
in the second derivative spectrum is highly sensitive to the width
of the peak in the infrared absorbance spectrum, this observation
indicates a dight increase in the width of the Glu46 C=0
stretching mode. This suggests aslight increase in the structural
heterogeneity of the Glu46 side chain, without a change in its
average properties.

Mechanism of Active Site Tuning in the pG State of PYP
by Asn43. Free pCA thioester compounds in water exhibit a
pKa near 8.8, and a Ama Near 400 nm in the ionized state.??
These values are significantly shifted as compared to the pK,
of 2.8%2! and Ama Of 446 nm' in native PY P. The mechanisms
involved in tuning the pK.>*®” and A2 % in PYP have

(54) Dong, A.; Huang, P.; Caughey, W. S. Biochemistry 1990, 29, 3303—
3308.

(55) Zhang, J; Yan, Y. B. Anal. Biochem. 2005, 340, 89-98.

(56) Yoda, M.; Inoue, Y.; Sakurai, M. J. Phys. Chem. B 2003, 107, 14569~
14575.

(57) Philip, A. F.; Eisenman, K. T.; Papadantonakis, G. A.; Hoff, W. D.
Biochemistry 2008, 47, 13800-13810.

(58) Yoda, M.; Houjou, H.; Inoue, Y.; Sakurai, M. J. Phys. Chem. 2001,
105, 9887-9895.
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attracted significant attention and are of more general rele-
vance.®>®2 Both of these properties are affected by the N43A
and N43S substitutions. The X-ray structure of the pG state
PYP>® provides a framework to evaluate the structural basis
for these effects. The side chain of Asn43 is 7.5 A removed
from the pCA, indicating that the effects of the N43A and N43S
mutations on the properties of the pCA in the pG state are caused
by an indirect mechanism.

Because Asn43 forms hydrogen bonds with the backbones
of Leu23in a-hdix 2, Phe28 and Ala30 in -strand 1, and Glu46
in a-helix 3, the observed effects caused by the N43A and N43S
substitutions may be caused by three possible effects: (i)
deformation of a-helix 3 due to a change in helical capping,
(ii) a change in the docking of the N-terminal region, or (iii) a
structural change in the PAS domain core of PYP by the
disruption of the structural bridge between o-helix 3 and
B-strand 1. We consider these three possibilities for altering the
Amax @nd pK, of the pCA in the pG dark state of the mutants. In
the first option, the loss of the helical capping interaction of
o-helix 3 would result in an atered structure/position of this
helix and thus of the critical active site residues Glu46 and Tyr42
that it contains. This would likely ater the Ama and pK, of the
pCA, because substitutions at these two residues significantly
alter these properties.>>246384 A reduction in the hydrogen-
bonding strength between the pCA and residue 46 in the E46Q
mutant causes a red-shift in the A of PY P.232* The absorbance
spectra of the N43A and N43S mutants are essentially identical,
and both are blue-shifted by 5 nm as compared to wtPY P. This
implies that it is not a change in the side-chain hydrogen-
bonding interactions of residue 43 that blue-shifts the absorbance
spectra in the mutants. In addition, FTIR spectroscopic results
presented below show that the position of the negative signa
at 1726 cm™* in the pB — pG difference spectrum caused by
Glu46 deprotonation® is unaltered in both mutants (see Figure
7), demonstrating that the hydrogen bond between Glu46 and
the pCA is not changed in the pG state of the two mutants.
This argues against a change in the location of a-helix 3 or a
structural disruption of the PAS domain core of PYP in the
N43A and N43S mutants.

We also considered the possibility that mutations at position
43 cause a change in the strength of the hydrogen bond between
the pCA and Tyr42. Spectroscopic analysis of active site mutants
of PYP has indicated that mutations that weaken the
pCA—Tyrd2 hydrogen bond also affect the pCA—Glu46
hydrogen bond.®®>®® Thus, the observation that the position of
the C=0 stretching mode of Glu46 at 1726 cm™! is unaltered
in the Asn43 mutants makes it unlikely that the Tyr42—pCA
H-bond is significantly changed in these mutants.

Mutants lacking the N-terminal 23—27 residues of PYP
exhibit a blue-shifted A (442 nm),%°3233 gimilar to that of

(59) Yamato, T.; Ishikura, T.; Kakitani, T.; Kawaguchi, K.; Watanabe, H.
Photochem. Photobiol. 2007, 83, 323-327.

(60) Philip, A. F.; Nome, R. A.; Papadantonakis, G. A.; Scherer, N. F.;
Hoff, W. D. Proc. Natl. Acad. Sci. U.SA. 2010, 107, 5821-5826.

(61) Kochendoerfer, G. G.; Lin, S. W.; Sakmar, T. P.; Mathies, R. A. Trends
Biochem. Sci. 1999, 24, 300-305.

(62) Harris, T. K.; Turner, G. J. IUBMB Life 2002, 53, 85-98.

(63) Imamoto, Y.; Koshimizu, H.; Mihara, K.; Hisatomi, O.; Mizukami,
T.; Tsujimoto, K.; Kataoka, M.; Tokunaga, F. Biochemistry 2001, 40,
4679-4685.

(64) Meyer, T. E.; Devanathan, S.; Woo, T.; Getzoff, E. D.; Tollin, G,;
Cusanovich, M. A. Biochemistry 2003, 42, 3319-3325.

(65) Sigala, P. A.; Tsuchida, M. A.; Herschlag, D. Proc. Natl. Acad. ci.
U.SA. 2009, 106, 9232-9237.

(66) Joshi, C. P.; Otto, H.; Hoersch, D.; Meyer, T. E.; Cusanovich, M. A_;
Heyn, M. P. Biochemistry 2009, 48, 9980-9993.
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Figure 6. Substitutions at Asn43 slow the kinetics of the last PYP
photocycle step. The pB — pG UV/vis absorbance difference spectra (A)
and kinetics of the pB to pG transition (B) for wtPY P (solid lines and W),
N43S PYP (dashed lines and a), and N43A PYP (dotted lines and @) at
pH 7.1 are shown. The difference spectra were normalized for the extent
of bleaching of the pG state. The kinetics of the wtPY P photocycle were
fitted as a biexponential decay, while those of N43A and N43S PY P were
fitted as a monoexponential decay. The amplitudes of the kinetic traces
were normalized; the optical densities of the samples at their visible
absorbance maxima near 445 nm were in the 0.35—0.45 range.

the N43A and N43S mutants. This suggests that the blue-shift
in the two mutants reported here is caused by an atered
interaction between the PAS domain core of PYP and its
N-terminal region. The second derivative FTIR spectraindicate
that the N-terminal helices of PYP remain docked on the rest
of PYP in the N43A and N43S mutants. This implies that an
altered docking of the N-terminal region of PYP isinvolved in
the blue-shifted A Of N43A and N43S PYP.

While the absorbance spectra of the N43A and N43S mutants
are essentially identical, their pCA pKjis significantly different:
3.4 for the N43S mutant and 4.6 for the N43A mutant. This
result indicates that the side-chain hydrogen bonds of residue
43 reduce the pK, of the pCA by up to ~1.6 pH units. This
could be due either to the capping function of residue 43 or to
itsrole in holding the N-terminal region of PYP in place by its
hydrogen bonds to Leu23, Phe28, and Ala30. Because the pK,
of the pCA in mutants lacking the N-terminal region is
essentially unperturbed (below 3.0),2 we propose that a change
in the helical capping interaction is a key factor in the atered
pK, of the N43A mutant. Protonation of the pCA at low pH
causes significant structural changes that have been described
as acid denaturation.?* The capping interaction likely stabilizes
a-helix 3, and the reduced stahility of this helix in the N43A
mutant can explain the reduced acid stability of the protein
(Figure 4b).

The Side-Chain Hydrogen Bonds of Residue 43 Strongly
Affect the Lifetime of the pB State. The kinetics of the last
photocycle step in the N43A and N43S mutants was determined.
The light — dark UV/vis absorbance difference spectra of the
two mutants show the formation of a pB state with a charac-
teristic Amax Near 350 Nm, very similar to that in wtPY P (Figure
6a). For both mutants, the decay of the pB state is significantly
slowed (Figure 6b). However, the degree of deceleration greatly
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depends on the substitution at position 43. In wtPY P, the decay
of the pB state is biphasic, with the major fast component (90%)
decaying with a time constant of 0.48 + 0.04 s. In the N43S
mutant, the lifetime of the pB state is extended to 17 + 0.2 s,
whilein N43A PYPitis 1640 + 19 s. These results revea that
the side-chain hydrogen bonds of residue 43 have a strong effect
on the lifetime of the pB state.

Substitutions at four positions have been reported to greatly
slow the kinetics of pB decay: Met100,%"%¢ Glu46,%° Phe96,
and Gly29.%® For the G29A, E46D, M100K, and FO6A mutants,
the lifetime of pB is 210, 385, 600, and 1075 s, respectively.
Thus, the N43A mutant of PYP exhibits the most dramatic
increase in pB lifetime reported to date.

Structural Changes during pB Formation in the N43A and
N43S Mutants. To examine proton transfer events and structural
changes during the formation of the pB intermediate in the
N43A and N43S mutants, we performed time-resolved rapid-
scan FTIR difference spectroscopy (Figure 7). The negative
signal at 1725 cm™* caused by the deprotonation of Glu46 and
the signals at 1497 and 1515 cm™* caused by the protonation
of the chromophore®® are unchanged in the two mutants (Figure
7), indicating that the proton transfer process from Glu46 to
the pCA proceeds in the mutants as in wtPYP. The pB — pG
FTIR difference spectra of wtPY P and the two Asn43 mutants
can be convincingly scaled using these signals. This comparison
reveals that the amplitude of the amide | difference signals at
1643 and 1623 cm™* aisincreased by ~35% in the two mutants.
This result shows that photoexcitation still triggers a large
protein quake in the two Asn43 mutants and that the amplitude
of the protein quake is somewhat larger than in wtPYP. The
increase in the amplitude of the amide | signals indicates that
the Asn43 side chain somewhat constrains the structural changes
that occur upon pB formation in a manner that cannot be
achieved by Alaor Ser.

Close inspection of the pB — pG FTIR difference spectra
indicates that the negative feature at 1689 cm™* and the positive
band at 1669 cm™* are somewhat altered by the N43S and N43A
mutations. Because these vibrational modes are still present in
the mutants, they do not originate from the C=0O stretching
mode of the side chain of Asn43. These signals have not yet
been assigned, precluding a further structural interpretation at
this point.

Because the side chain of Asn43 forms multiple hydrogen
bonds that bring together multiple regions of PYP, it is possible
that pB decay in the N43A mutant is greatly slowed because of
alack of cooperativity for the multiple structural changes that
occur during the last part of the PY P photocycle. This possibility
is supported by the loss of cooperativity in the unfolding of
N43A PYP (Figure 3C). To test this possibility, we performed
time-resolved FTIR measurements during the decay of the pB
state in N43A PYP (Figure 7B). In these measurements, PY P
in D,O buffer was used to allow accurate measurements in the
amide | region. We probed pB decay using infrared signals for
four key eventsin the PY P photocycle: reprotonation of Glu46

(67) Devanathan, S.; Genick, U. K.; Canestrelli, I. L.; Meyer, T. E,;
Cusanovich, M. A.; Getzoff, E. D.; Tollin, G. Biochemistry 1998, 37,
11563-11568.

(68) Kumauchi, M.; Hamada, N.; Sasaki, J.; Tokunaga, F. J. Biochem. 2002,
132, 205-210.

(69) Devanathan, S.; Brudler, R.; Hesdling, B.; Woo, T. T.; Gerwert, K.;
Getzoff, E. D.; Cusanovich, M. A.; Tollin, G. Biochemistry 1999, 38,
13766-13772.

(70) Morishita, T.; Harigai, M.; Yamazaki, Y.; Kamikubo, H.; Kataoka,
M.; Imamoto, Y. Photochem. Photobiol. 2007, 83, 280-285.
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Figure 7. Structural changes upon pB formation in wtPY P and its N43A
and N43S mutants detected by FTIR difference spectroscopy. (A) The pB
— pGinfrared difference spectra at 4 cm* resolution for wt (black), N43A
(red), and N43S (green) PY P (pH* = 6.6) were derived from flash-induced
time-resolved rapid scan FTIR spectra. The inset shows a magnification of
the peaks near 1726 and 1689 cm™. (B) Time-resolved FTIR difference
spectroscopy during pB decay in N43A PYP. The plotted spectra range
from 8 to 1712 s. The region 1100—1400 cm™* is not shown because it
does not contain relevant vibrational marker signas. (C) Amplitude-
normalized kinetics of structural events during pB decay in N43A PYP.
The data from (B) were used to extract the kinetics of Glu46 protonation
(1725 cm™), pCA deprotonation (1515 and 1497 cm™1), pCA reisomer-
ization (1051 cm™Y), and backbone conformational changes (1641 and 1624
cm™). The transitions were fitted as monoexponential decays (lines),
yielding lifetimes of 1640, 1190, 1630, and 1880 s (see main text).

using the signal at 1725 cm™?, protein conformational changes
at 1641 and 1624 cm™%, pCA protonation at 1515 and 1497
cm™1, and pCA reisomerization at 1051 cm™* (Figure 7C). Each
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of these processes followed a monoexponential decay, with an
average time constant of 1590 s. Thisis essentialy identical to
the rate observed using changes in visible absorbance at 441
nm. The rates for the four processes varied within a factor 1.25
(Figure 7C). Because the very slow photocycle of N43A PYP
reduces the quality of the FTIR spectra due to contamination
of the sample with H,O and water vapor signals, we conclude
that the N43A mutations leave the cooperativity of the pB decay
process essentially intact.

Role of Asn43 in PYP Receptor Activation and Deactivation.
We examined the role of Asn43 in determining two aspects of
the pB signaling state: its lifetime and its structural properties.
Elimination of side-chain hydrogen bonding in the N43A mutant
results in a dramatic increase in the lifetime of the pB
intermediate. Wefirst consider altered docking of the N-terminal
region as a factor in affecting the lifetime of the pB state in
N43A PYP. Two lines of evidence indicate that docking of the
N-terminal region accelerates pB decay. First, substitutions at
Phe6 in the minor hydrophobic core of PY P that weaken docking
of the N-terminal region prolong the lifetime of the pB state by
~25-fold.” Second, mutants lacking 6, 15, 23, 25, or 27
N-terminal residues exhibit areduced rate for pB decay ranging
from 18 to 590 s.3%3%72 These results show that the N-terminal
region is not required for pB decay but does accelerate it. Above,
we concluded that the blue-shift in A in the Asnd3 mutants
is caused by an atered docking of the N-terminal region of
PYP, which could affect pB lifetime. However, the effect of
the N43A mutation on the lifetime of the pB state is at least a
factor ~3 stronger than that of mutants lacking the entire
N-terminal region. Thisindicates that factors other than docking
of the N-terminal region are involved in causing the prolonged
pB lifetime in N43A PYP.

Both the structural bridging hydrogen bond of Asn43 to Ala30
and its helical capping hydrogen bond to Glu46 may contribute
to the increased pB lifetime in N43A PYP. The large confor-
mational changes that occur upon pB formation®®=° have been
studied in detail by NMR spectroscopy.®* This revealed that
formation of the pB state involves unfolding of o-helix 3 and
disruption of the helical capping hydrogen bond of Asn43, while
the hydrogen bond from Asn43 to Ala 30 remains intact. We
therefore propose that refolding of o-helix 3, which contains
key active site residue Glud6, is facilitated by the capping
interaction of Asn43 during the reformation of this helix upon
pB decay. Thus, the formation of the helical capping hydrogen
bond of Asnd3 during pG recovery is a key interaction
regulating the lifetime of the pB state. In this analysis, both the
refolding/redocking of the N-terminal region and the re-
establishment of the helical cap in o-helix 3 are key eventsin
determining the lifetime of the pB signaling state. This provides
aspecific molecular functional role for a PAS-conserved residue.

The N43A mutation strongly affects both AGy and pB
lifetime. While no general trend has been reported that
destabilizing mutations slow functional turnover, the possibility
exists that pB lifetime is directly related to the AGy of PYP.
Published data on the M100A and R52A mutant argue against
this proposal. The AGy of M100A PYP is reduced by 3.8 kJ/
mol, while its pB lifetime is ~550 s.°” The R52A mutant
exhibits a very similar reduction in AGy, but its pB lifetime is

(71) Harigai, M.; Kataoka, M.; Imamoto, Y. J. Am. Chem. Soc. 2006, 128,
10646-10647.

(72) Harigai, M.; Yasuda, S.; Imamoto, Y.; Yoshihara, F.; Tokunaga, F.;
Kataoka, M. J. Biochem. 2001, 130, 51-56.
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0.8 s.2* We conclude that the N43A mutation has a specific
effect on the kinetics of the PY P photocycle.

Receptor deactivation kinetics are of direct importance for
in vivo signal transduction. The lifetime of signaling states in
microbial sensory rhodopsins has been shown to alter the
sensitivity of the in vivo response”™ and appears to match the
typical time scale of the biological response triggered by
the receptor.” Two-component regulatory systems also show
a correspondence between the lifetime of an activated signaling
component and the time scale of the biological response
involved.”7® Thus, the effects of the N43A and N43S mutations
on pB lifetime would be expected to be biologicaly relevant.

Regarding the role of Asn43 in determining the structure of
the pB state, the finding that the N43A mutant exhibits light-
induced structural changes that are somewhat larger than in
wtPY P (Figure 7) has important implications for the mechanism
of receptor activation in PYP. X-ray crystalographic studies
of PYP have suggested a role for the side-chain hydrogen
bonds of Asn43 in the allosteric transmission of conformational
changes at the photoactive site of PY P to its N-terminal region
during pB formation.*® However, large light-induced confor-
mational changes are observed in the N43A mutant. If the N43A
mutation would cause the release of the N-terminal region in
the pG state, the amplitude of the light-induced amide | signals
would be expected to be smaller, contrary to the rapid-scan FTIR
results. In addition, the negative signalsin the pB — pG FTIR
difference spectrum, which originate from the pG state and thus
provide a probe for the structure of the pG state, are largely
unaffected by the two substitutions. This confirms the conclusion
from the analysis of the second derivative FTIR absorbance
spectrum of the pG state of the N43A mutant that the N-terminal
region remains bound to the rest of PY P before photoexcitation.
The data reported here show that even in the absence of side-
chain hydrogen bonding at residue 43 (the N43A mutant), large
light-induced structura changes occur upon pB formation. This
argues against a major role for photocycle-associated changes
in side-chain hydrogen bonds of residue 43 in triggering the
release of the N-terminal region of PYP during pB formation.

The FTIR difference spectra of the N43A and N43S mutants
of PYP are highly similar, while their pB lifetime is very
different. Thisindicates that the structure of the pB intermediate
in these two mutants is very similar, and that it is the transition
state for pB decay that is differentially affected by the two
mutations. Apparently, it is not the altered pB structure of the
two mutants detected in the FTIR difference spectrum but
the lack of side chain hydrogen bonds to promote recovery of
the pG state that greatly reduces the rate of pB decay in N43A
PYP. In summary, the data reported here indicate that side-
chain hydrogen bonding at position 43 is a key factor in
regulating the lifetime of the pB state, but not in triggering
allosteric conformational changes upon pB formation.

A Functionally Important Helical Capping Hydrogen Bond. The
data reported here allow a structural dissection of the role of
Asn43 in determining key functional properties of PYP. The
resultsindicate that the blue-shift in the A Of PY P in the N43A

(73) Yan, B.; Takahashi, T.; Johnson, R.; Spudich, J. L. Biochemistry 1991,
30, 10686-10692.

(74) Jdung, K. H.; Trivedi, V. D.; Spudich, J. L. Mol. Microbiol. 2003, 47,
1513-1522.

(75) Janiak-Spens, F.; Sparling, J. M.; Gurfinkel, M.; West, A. H. J.
Bacteriol. 1999, 181, 411-417.

(76) Thomas, S. A.; Brewster, J. A.; Bourret, R. B. Mol. Microbiol. 2008,
69, 453-465.
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Figure 8. Comparison of functional properties of PYP mutants. The pK,
of the pCA in the pG state and the lifetime of the pB state for all mutants
for which both of these properties have been reported are depicted.
Substitution mutants at position Asn43 are indicated as M, those at Glu46
as A, and at Met100 as #; the remaining proteins are depicted by @. The
cluster of mutants indicated as M100X consists of the A, L, and K
substitution mutants of Met100; cluster E46X contains the A, C, G, H, I,
K,L,N,S T,V, W, and Y substitutions of Glu46.

and N43S mutations is not caused by the loss of the helical
capping hydrogen bond of Asn43, and that allosteric transmis-
sion of structural changes upon pB formation can proceed in
the absence of this helical capping hydrogen bond. Our results
provide evidence for the importance of the helical capping
hydrogen bond of Asn43 in determining two functional proper-
ties of PYP. The analysis presented above indicates that the
upshift in the pK, of the pCA in the pG state of N43A PYPis
caused by the disruption of the helical capping hydrogen bond
of Asn43. In addition, a significant fraction of the dramatic
increase in the lifetime of the pB state caused by the N43A
mutation can be attributed to the removal of this helical capping
hydrogen bond. Thisinterpretation is strongly supported by the
observation that the pCA pK, and pB lifetime are largely
unchanged in the N43S mutant but greatly altered in the N43A
mutant (Figure 8).

A number of studies have shown the importance of N-terminal
a-helical capping interactions on protein stability.*>** Asn43
in PYP provides an example of an N-terminal helical capping
hydrogen bond with functional importance. Because helical
capping interactions are common in proteins, the importance
of thisinteraction in regulating functional properties as reported
here for PYP is likely to also be applicable to other proteins.

PY P has been studied extensively by site-directed mutagen-
esis, resulting in the identification of a number of mutations
thet alter its functional properties.*>® A summary of the effects
of these mutations on the pK, of the pCA in the pG state of
PYP and on the lifetime of the pB state is provided in Figure
8. Thisanalysisrevealsthat the N43A mutation causes a unique
combination of strong changes in these two properties of PYP.

Side-Chain Hydrogen Bonding of Residue 43 Is Highly
Conserved in PAS Domains. To examine apossible general role
of side-chain hydrogen bonding of residue 43 in the PAS domain

Table 2. Conservation of Hydrogen-Bonding Interactions of Asn43
in PYP and Other PAS Domains

helical cap helix 3 link to S-strand 1

protein? (PBD) residue” length® length®
Hh PYP (INWZ) Asn43 Glu46 29 Ala30 29

Rm FixL (1D06) Asnl63 Alal66 28  Thrls0 2.8
Av NifL (2GJ3) Asn51  Phes4 29  le38 3.0
EcDOS— O, (1VB6) Asw¥6 Alad9 29 Ala33 28
EcDOS+ 0, (1S67) As¥6  H,0 26

Hs ERG (1BYW) As¥5  Phe8 29 Phe29 32
Hs PasK (ILL8) Asn25  Ala28 32  llell 34
Bs YtvA (2PR5) As¥3  Phes6 29 Va7 29
Bj FixL (1DP6) Ser169  Alal72 34  Metls6 32
AcLOV2 (1G28) Ser947  Phed50 33  Phe93l 30
Cr LOV1 (IN9L) Ser38 Phedl 32 Phe22 31

a8Hh = Halorhodospira halophila; Rm = Rhizobium meliloti; Av =
Azotobacter vinelandii; Ec = Escherichia coli; Hs = Homo sapiens; Bs
= Bacillus subtilis; Bj = Bradyrhizobium japonicum; Ac = Adantium
capillus-veneris, Cr = Chlamydomonas reinhardtii. ° Hydrogen bond
from the side chain of Asn43 and corresponding residues to the
backbone NH group of the indicated residue. © Hydrogen-bonding length
isindicated in angstroms.

superfamily, we used the DALI server”” to identify proteins that
are structurally related to PYP. We examined the three-
dimensional structure of each of the 28 different PAS domains
identified in this search. Six of these structures were determined
by the Protein Structure Initiative.”® This analysis revealed that
in 66% of the PAS domain structures, the hydrogen-bonding
pattern of residue 43 (and the equivalent position in other PAS
domains) is identical to that observed in PYP (Table 2 and
Supporting Information Table 1). In an additional 28% of the
structures, both hydrogen bonds were observed, but in an i+1,
i+2, or i+4 capping configuration. The average dihedral angle
© at the hydrogen atom for the structural bridging hydrogen
bondsin this set of PAS domain structuresis at an energetically
favorable value of 156 + 14. In the case of the n+3 helical
capping hydrogen bond, the values of © are 146 + 16, slightly
lower than ideal but still clearly in the allowed region.”® The
three-dimensional structures of the region involved in the
interactions of residue 43 with a-helix 3 and S-strand 3 are
highly similar in most PAS domain structures (Figure 9). Thus,
the pattern of side-chain hydrogen-bonding interactions of
residue 43, forming a helical cap for a-helix 3 and a structural
bridge to -strand 1, is highly conserved in the PAS domain
superfamily. These conserved helical capping and structural
bridging hydrogen bonds are indicated in Figures 1, 2, and 9.

The 28 PAS domains with conserved side-chain hydrogen
bonding for residue 43 (PYP numbering) have very little
sequence similarity. The residue corresponding to Asn43in PYP
is conserved as Asn in 13 of these proteins and is substituted
by Ser, Asp, and Thrin 11, 2, and 1 PAS domain, respectively
(Table 2 and Supporting Information Table 1). These substitu-
tions retain side-chain hydrogen-bonding capability at position
43. Within the PYP family, Asn43 is fully conserved, except
for the PYP from Thermochromatium tepidum,®® where it is
substituted with Ser. Multiple sequence alignments® of the PAS
domain superfamily show that Ser is the most common

(77) Holm, L.; Kaariainen, S.; Rosenstrom, P.; Schenkel, A. Bioinformatics
2008, 24, 2780-2781.

(78) Grabowski, M.; Joachimiak, A.; Otwinowski, Z.; Minor, W. Curr.
Opin Struct. Biol. 2007, 17, 347-353.

(79) Kortemme, T.; Morozov, A. V.; Baker, D. J. Mol. Biol. 2003, 326,
1239-1259.

(80) Kyndt, J. A.; Meyer, T. E.; Cusanovich, M. A. Photochem. Photobioal.
Sci. 2004, 3, 519-530.
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Figure 9. Conservation of the side-chain hydrogen-bonding interactions
of residue 43 in the PAS domain superfamily. Depicted are the relevant
regions of the PYP from H. halophila (A), human ERG (B), LOV2 from
Adantium capillus-veneris (C), and FixL from B. japonicum (D). a-Helix
3 is shown in red, and f-strand 1 is in green. The residues in the PAS
domains corresponding to Asn43 in PY P are indicated with their side-chain
hydrogen bonds (dashed lines). The helical capping hydrogen bond is shown
in yellow, and the structural bridging hydrogen bond is in red.

substitution for Asp at position 43, providing support for an
important role of side-chain hydrogen bonding by residue 43
in the PAS domain superfamily. Thisanaysis indicates that the
side-chain hydrogen-bonding interactions of residue 43 are
strongly conserved in PAS domains despite significant variation
in the side chain found at this position. Thus, not residue identity
at position 43 but the pattern of side-chain hydrogen-bonding
interactions is conserved in this protein superfamily.

The high level of evolutionary conservation of the side-chain
hydrogen bonds of residue 43 in PAS domains suggests the
possibility that it plays a conserved role in the function of this
diverse protein superfamily as a whole. This is confirmed by
analysis of hydrogen bonding in the heme-containing PAS
domain from the oxygen sensor DOS from E. coli.®* The side-
chain hydrogen bonds of Asn46 that form the helical cap and
the structural bridge to 8-strand 1 in this PAS domain (Table
2) are intact in the absence of oxygen. However, O, binding
causes conformational changes that disrupt both of these
hydrogen bonds. This supports the notion that the functional
importance of the side-chain hydrogen bonds of Asn43 in PYP

(81) Kurokawa, H.; Lee, D. S.; Watanabe, M.; Sagami, |.; Mikami, B.;
Raman, C. S.; Shimizu, T. J. Biol. Chem. 2004, 279, 20186—20193.
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is conserved in other members of the PAS domain superfamily.
This analysis indicates the possibility that the side-chain
hydrogen bonds of residue 43 modulate the kinetics of signaling
in many members of the PAS domain superfamily.

4. Conclusions

Disruption of the side-chain hydrogen bonds of Asn43 in
N43A PY P significantly reduces the stability of PY P and causes
an upshift in the pK, of the pCA (from 3.0 to 4.6), likely because
of the removal of the helical capping hydrogen bond to the
backbone of Glu46. In both the N43A and the N43S mutants,
the Amax is blue-shifted to 441 nm, which is attributed to a
dightly altered docking of the N-terminal region.

The N43A mutation causes adramatic increase in the lifetime
of the pB state, largely attributed to the loss of side-chain
hydrogen bonding at this position. Analysis of the available data
indicates that the helical capping hydrogen bond of residue 43
plays an important role in regulating the kinetics of receptor
resetting in PYP. Thus, a-helical capping is not only important
for protein structure and stability, but can also be a key factor
for regulating functional kinetics. These results provide a clear
molecular role for the most conserved residue in the PAS
domain superfamily.

It has been proposed that the side-chain hydrogen bonds of
Asnd3 are akey part of the mechanism of allosteric transmission
of structural changes from the active site of PYP to its
N-terminal region. However, time-resolved FTIR difference
spectroscopy shows that the N43A mutant still exhibits large
light-induced conformational change. Thus, side-chain hydrogen
bonding at this position is not an essential part of the allosteric
trigger but affects the lifetime of the pB state.

Analysis of the structure of PYP together with a set of 28
PAS additional domains shows that the two side-chain hydrogen
bonds of the residue corresponding to Asn43in PYP are highly
conserved despite significant variation in the residue at this
position: the structural bridging hydrogen bond to the start of
p-strand 1 and the helical capping hydrogen bond. Analysis of
published crystal structures of the oxygen sensor DOS from E.
coli shows that O, binding disrupts these side-chain hydrogen
bonds, suggesting that they play a functiona role in a number
of different PAS domains.
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