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ABSTRACT The role of glycine residues was studied by alanine-scanning mutagenesis using photoactive yellow protein, a
structural prototype of PER ARNT SIM domain proteins, as a template. Mutation of glycine located close to the end of b-strands with
dihedral angles disallowed for alanine (Gly-37, Gly-59, Gly-86, and Gly-115) induces destabilization of the protein structure. On the
other hand, substitution for Gly-77 and Gly-82, incorporated into the fifth a-helix, slows the photocycle by 15–20 times, suggesting
that these residues regulate the light-induced structural switch between dark-state structure and signaling-state structure. Most
importantly, a significant amount of G29A is in the bleached state and showed a 1000-fold slower photocycle. As Oe2 of the
carboxylic acid of Glu-46 is close enough for contact with Ca of Gly-29, alanine mutation perturbs this packing. Fourier transform
infrared spectroscopy demonstrated that the C¼Oe2 stretching mode of Glu-46 is 6 cm�1 upshifted in G29A, suggesting that Ca of
Gly-29 acts as a proton donor for the Ca-H���Oe2 hydrogen bond with Glu-46, which stabilizes the dark-state structure. During the
photocycle, Glu-46 becomes negatively charged by donating a proton to the chromophore, resulting in breakage of this
hydrophobic packing and consequent conformational change of the protein.

INTRODUCTION

Of 20 amino acids in proteins, glycine is peculiar in that it has

no side chains. Low levels of internal steric hindrance allow

dihedral angles (f, c angles) rare for other amino acid resi-

dues (disallowed region of Ramachandran plot). Glycine can

form a sharp loop-like b-turn connecting secondary structure

elements. Thus flexibility of glycine is essential for the overall

fold of most proteins. Absence of a side chain provides the

spatial tolerance as well. For example, collagen has glycine at

every third position. Due to the absence of side chains in

glycine, three helical chains can be packed tightly together to

form the collagen superhelix. Therefore, glycine is likely to

have a unique role, given its flexible dihedral angle and/or

small dimensions. Replacement of most glycine residues

would cause a marked effect. This is informative for under-

standing the mechanism of protein folding and conforma-

tional changes. In this work, glycine residues of photoactive

yellow protein (PYP) and their role were systematically ex-

amined by substitution with alanine.

PYP is a water-soluble photoreceptor protein composed of

125 amino acid residues and a p-coumaric acid chromophore

binding to a cysteine residue by a thioester bond (1–3). Due to

its simple structure, as well as the availability of the tertiary

structure at the atomic level (4,5), it is a good target for in-

vestigating the photoreaction and subsequent conformational

changes based on protein structure. PYP was first found in

the purple photosynthetic sulfur bacterium, Halorhodospira
halophila (6,7). The primary structures of four PYPs from

Rhodothalassium salexigens (8,9), Halochromatium salexigens
(9), Rhodobacter sphaeroides (10), and Rhodobacter capsu-
latus (11) are also available. These PYPs are highly homol-

ogous, with 44 out of 125 amino acid residues perfectly

conserved between them. Although PYPs from Hr. halophila,

Rt. salexigens, and Hc. salexigens have a single absorption

band in the visible region, PYPs from Rb. sphaeroides and

Rb. capsulatus are mixtures of yellow and bleached states

(12). Amino acid sequences of the PYP domains of Ppr

(PYP-phytochrome related histidine kinase) from Rhodocista
centenum (13) and Ppd (PYP/bacteriophytochrome/diguanylate

cyclase/phosphodiesterase) from Thermochromatium tepidum
(12) are available. The former is yellow colored like Hr.
halophila PYP, whereas the latter is bleached under physio-

logical conditions due to the lack of a glutamic acid at position

46, which is important for deprotonation of the phenolic

oxygen of the chromophore. Consequently, 23 amino acid

residues are perfectly conserved between seven PYP-like

proteins and domains.

A schematic drawing of the secondary structure of Hr.
halophila PYP is shown in Fig. 1. Hr. halophila PYP has 13

glycine residues (1,14,15). Gly-29, Gly-37, Gly-59, Gly-77,

and Gly-86 are perfectly conserved between seven PYPs (Fig.

1, Table 1). Gly-7 is conserved, except for the PYP domain

from Tc. tepidum, and Gly-47, Gly-51, Gly-82, and Gly-115

are conserved between four or five PYPs. In contrast, Gly-21,

Gly-25, and Gly-35 are less conserved.

Gly-7, Gly-37, Gly-51, Gly-59, Gly-86, and Gly-115, in-

dicated by hexagonal stars in Fig. 1 a, have dihedral angles
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disallowing alanine (16) (Fig. 1 b, Table 2). Except for Gly-7,

they are located at the end of an a-helix or b-strand. There-

fore, substitutions at these positions might perturb the protein

backbone. In addition, some glycine residues are close to the

chromophore binding pocket (Gly-47, Gly-51, and Gly-29).

These findings suggest that glycine residues may be the key

residues determining the structure and function of PYP.

The role of glycine in PYP has been extensively investi-

gated for a PER ARNT SIM (PAS) core segment at positions

47 and 51 (17). Phenolic oxygen of PYP chromophore is

hydrogen bonded with Glu-46 and Tyr-42, and this interaction

is stabilized by Arg-52. The fact that the neighboring residues

of Glu-46 and Arg-52 are glycines strongly suggests that the

flexibility of glycine is essential for the function of Glu-46 and

Arg-52. Crystallography of mutants in which these residues

was replaced by Ser (G47S, G51S, and G47S/G51S) demon-

strated no significant alteration of the protein structure, but

recoveries of G47S and G51S from their M intermediates (also

called I2 or pB) are 3–4 times slower than wild-type (WT) (17).

As these glycine residues are not perfectly conserved, more

essential glycine might be present in conserved glycines.

In this study, the role of all glycine residues in Hr. halophila
PYP were studied by characterizing mutants in which glycine

was replaced by alanine by thermal denaturation, pH titration

of the chromophore, and flash photolysis over a millisecond

timescale. As G29A showed striking alterations of properties,

it was further characterized using Fourier transform infrared

(FTIR) spectroscopy.

MATERIALS AND METHODS

Sample preparation

PYP mutant genes were prepared according to a standard protocol (15,18).

To substitute alanine for glycine, GGC, GGT, and GGG of the original gene

were replaced by GCC, GCT, and GCG, respectively. Apoproteins of mu-

tants were heterologously overexpressed by Escherichia coli, then recon-

stituted by adding p-coumaric anhydride in the presence of 4 M urea (3,15).

Holoproteins of PYP mutants were purified by diethylaminoethyl-Sepharose

column chromatography (Amersham Biosciences, Piscataway, NJ) (15,18)

and suspended in 10 mM MOPS (3-(N-morpholino)propanesulfonic acid)

buffer at pH 7.0. Ultraviolet (UV)-visible absorption spectra were recorded

by a Shimadzu (Kyoto, Japan) UV-2400PC recording spectrophotometer.

Purity of the sample was evaluated using an optical purity index (ratio of

FIGURE 1 (a) Schematic drawing of

the secondary structure of Hr. halophila

PYP. Glycine residues are colored. Con-

served and partially conserved glycine

residues are shown in red and pink,

respectively, and cyan shows noncon-

served glycine residues. Glycine resi-

dues that have disallowed f, c angles

are indicated by a hexagonal star. (b) A

Ramachandran plot of glycine residues

(1NWZ). Contours indicated in cyan and

magenta show the favored f, c angles

for glycine and alanine, respectively (16).

(c) Spatial relationship of Gly-29, Glu-

46, and the chromophore.

TABLE 1 Conservation of glycine residues

Position

7 21 25 29 35 37 47 51 59 77 82 86 115

Hr. halophila G G G G G G G G G G G G G

Rt. salexigens G A D G E G G G G G G G G

Hc. salexigens G Q Q G A G E G G G G G D

Rb. sphaeroides G Q Y G R G G N G G F G G

Rb. capsulatus G A S G R G G G G G F G G

Rc. centenum G A A G G G S G G G G G P

Tc. tepidum I D R G A G V N G G G G P
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absorbance at 277 nm to lmax). For WT and mutants except G29A, the op-

tical purity index was 0.43–0.46 (pH 7.0). For G29A an optical purity index

was estimated at pH 2.0, where G29A is fully in the bleached form (lmax ¼
350 nm). The ratio of absorbance at 277 nm to 350 nm was 0.84. These

results demonstrate that the purity of these samples is .95%.

Thermal denaturation

Thermal denaturation experiments were performed on a JASCO (Tokyo,

Japan) J-725 circular dichroism (CD) spectropolarimeter, as reported pre-

viously (19). The negative CD signal at 222 nm linearly decreased with

temperature before denaturation. This change was empirically approximated

by a linear line, subtracted from experimental data as a baseline. Using el-

lipticity of the native and denatured states at 222 nm, the fraction of native

state (f ) at each temperature was calculated. f was fitted to the following

equation:

f ¼ 1

1 1 exp
DH

R

DS

DH
� 1

T

� �� �; (1)

where DH and DS are enthalpy and entropy of denaturation, R is the gas con-

stant, and T is temperature. DH/DS shows the midpoint temperature (T1/2),

used as a measure of thermal stability.

pH titration of the chromophore

The phenolic oxygen of the chromophore was titrated by adding HCl or

NaOH. WT and mutants, except G29A, showed simple conversion from the

yellow form to the colorless form after acidification. Absorbance at l nm

(Absl) against pH was fitted to the following equation:

Absl ¼
eC 1 eY 3 10

nðpH�pKÞ

1 1 10
nðpH�pKÞ 3 c; (2)

where eY and eC are the molar extinction coefficients at l nm for the yellow

and colorless forms, respectively, c is total molar concentration, and n is a

cooperativity constant. As pH-dependent absorbance change of G29A

showed four plateaus or inflection points, equilibrium containing yellow

form (G29AY), colorless form (G29AC), and two putative intermediate states

(G29AIS1 and G29AIS2) was assumed as follows:

G29A
Y ����! ����1n1H

1

�n1H1
G29A

IS1 ����! ����1n2H1

�n2H
1

G29A
IS2 ����! ����1n3H

1

�n3H
1

G29A
C
:

(3)

In this equilibrium, the concentration of each component is expressed as

follows:

where c is total molar concentration, and K1, K2, and K3 are equilibration

constants for their respective equilibria. Absorbance at l nm (Absl) for G29A

was thus fitted using the following equation.

TABLE 2 Properties of alanine mutants and role of glycine residues in PYP

Properties of Ala mutants

Position Dihedral angles Conservation lmax (nm) T1/2 (�C)* pKa
y k (s�1) Role of glycine

–z – – 446 90.3 6 0.2 2.9 5.49 6 0.02

29 b-strand Yes 442 99.6 6 1.2 9.1 0.00476 6 0.0005 H1 donor for Ca-H���O hydrogen bond

77 a-helical Yes 445 83.7 6 0.1 2.8 0.290 6 0.001 Facilitate the photocycle

82 a-helical Partially 445 88.8 6 0.4 3.5 0.366 6 0.002 Facilitate the photocycle

47 a-helical Partially 443 90.3 6 0.1 2.7 2.93 6 0.01 Form the chromophore binding site

51 Disallowed Partially 447 89.6 6 0.2 3.7 0.482 6 0.003 Form the chromophore binding site

37 Disallowed Yes 446 81.9 6 0.1 3.0 2.64 6 0.01 Stabilize the dark-state structure

59 Disallowed Yes 446 82.8 6 0.1 3.0 4.71 6 0.02 Stabilize the dark-state structure

86 Disallowed Yes 446 85.6 6 0.1 2.9 4.57 6 0.03 Stabilize the dark-state structure

115 Disallowed Partially 445 86.0 6 0.9 2.7 8.27 6 0.04 Stabilize the dark-state structure

7 Disallowed Partially 446 91.6 6 0.3 2.9 1.74 6 0.01 No important role

21 a-helical No 446 89.6 6 0.1 2.4 6.37 6 0.03 No important role

25 a-helical No 446 90.2 6 0.1 2.5 6.50 6 0.04 No important role

35 a-helical No 446 92.2 6 0.1 2.7 5.47 6 0.03 No important role

*Error is the standard deviation of fit coefficients estimated by the trace from a single experiment.
yErrors ,0.1.
zValues for WT.

½G29A
Y� ¼ c

1 1 10
�n1ðpH�pK1Þ1 10

�n1ðpH�pK1Þ�n2ðpH�pK2Þ1 10
�n1ðpH�pK1Þ�n2ðpH�pK2Þ�n3ðpH�pK3Þ

(4)

½G29A
IS1� ¼ c

1 1 10
n1ðpH�pK1Þ1 10

�n2ðpH�pK2Þ1 10
�n2ðpH�pK2Þ�n3ðpH�pK3Þ

(5)

½G29A
IS2� ¼ c

1 1 10
n1ðpH�pK1Þ1n2ðpH�pK2Þ1 10

1n2ðpH�pK2Þ1 10
�n3ðpH�pK3Þ

(6)

½G29A
C� ¼ c

1 1 10
n1ðpH�pK1Þ1n2ðpH�pK2Þ1n3ðpH�pK3Þ1 10

1n2ðpH�pK2Þ1n3ðpH�pK3Þ1 10
n3ðpH�pK3Þ

; (7)
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Absl ¼ eY½G29A
Y�1 eIS1½G29A

IS1�
1 eIS2½G29A

IS2�1 eC½G29A
C�; (8)

where eY, eIS1, eIS2, and eC are the molar extinction coefficients at l nm for

G29AY, G29AIS1, G29AIS2, and G29AC, respectively.

Flash photolysis

Transient spectra after photoexcitation of PYP mutants were measured using

a multichannel charge-coupled device (CCD)/fiber optic spectroscopy sys-

tem (S2000 system; Ocean Optics, Dunedin, FL) (20). An excitation pulse

(.410 nm, duration¼ 150–180 ms) was generated by a short arc xenon flash

lamp (SA200E; Eagle, Kawasaki, Japan), then passed through a glass cut-

off filter (Y43; Asahi Techno Glass, Chiba, Japan). Each flash converted

10%–20% of pigments to M intermediates, from which excitation energy

was calculated to be within the linear range reported previously (21).

FTIR spectroscopy

FTIR spectra were recorded with a BioRad FTS-6000 FTIR spectropho-

tometer equipped with an Oxford (Witney, Oxfordshire, UK) Optistat DN

optical cryostat (22). PYP or mutant was dissolved in the buffer (100 mM

TAPS (3-f[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]aminogpropane-1-sul-

fonic acid), 200 mM NaCl, pH 8.0) at high concentration (;100 mg/ml) and

placed between two CaF2 windows with a 7 mm spacer. Difference FTIR

spectra were calculated by subtracting dark state spectra from photo steady

state spectra generated by a blue light at 436 nm passed through an optical

interference filter (43161, Edmund Optics, Barrington, NJ).

RESULTS

Absorption spectra and far-UV CD spectra of
PYP mutants

Apoprotein from a site-directed mutant was expressed by

E. coli then reconstituted into holoprotein by adding p-coumaric

anhydride. UV-visible absorption spectra measured at pH 7.0

are shown in Fig. 2 a. WT shows a single bell-shaped ab-

sorption spectrum, with maximum at 446 nm in the visible

region. The absorption maximum of G47A was located at

443 nm and the absorption maximum of G51A was located at

447 nm (Table 2). G29A was in the equilibrium between the

yellow (442 nm) and colorless (360 nm) forms, with the latter

dominant at neutral pH. Other mutants had absorption spectra

comparable to WT. Secondary structures of these mutants were

studied by far-UV CD spectra (Fig. 2 b). Results demonstrated

that the negative CD signal of G37A at 210 nm was larger than

WT, suggesting that some portion of the secondary structure is

unfolded. The negative CD peak of G29A was 2-nm blue

shifted. The maximal difference between CD spectra of G29A

and WT was located at ;222 nm, suggesting that the a-helix

would be partially unfolded in G29A. CD spectra for the other

mutants are comparable to WT, indicating that the replacement

of glycine residues, except at positions 29 and 37, does not

affect the secondary structure of PYP.

Thermal denaturation experiments

Thermal stability of mutants was studied by denaturation

experiments using far-UV CD. The temperature of the sam-

ple was raised 1�C/min, and ellipticity at 222 nm was re-

corded at each temperature. If PYP is folded, a negative CD

signal due to the a-helix and b-sheet is observed (Fig. 2 b)

while intensity is lowered for the denatured state (23). Mid-

point temperature (T1/2) estimated by Eq. 1 was used as the

measure of stability (Table 2). The negative CD signal of

G115A was decreased by warming to 87�C but increased

after further warming (data not shown), probably due to the

formation of an amyloid-like structure (24). Therefore, to

estimate T1/2, ellipticity for the denatured state of G115A was

assumed to be the same as WT. T1/2 of G37A, G59A, G77A,

G86A, and G115A were 4�C–8�C lower than WT (Table 2),

indicating that replacement of glycine residues at these po-

sitions significantly destabilizes the PYP structure. It is im-

portant to note that the dihedral angles of Gly-37, Gly-59,

Gly-86, and Gly-115 are unfavorable for alanine (Fig. 1).

Unexpectedly, T1/2 of G29A was significantly higher than

FIGURE 2 UV-visible absorption spectra and far-UV CD spectra of PYP

mutants. (a) Absorption spectra of WT, G7A, G21A, G25A, G29A, G35A,

G37A, G47A, G51A, G59A, G77A, G82A, G86A, and G115A were mea-

sured at pH 7.0, 20�C. The major part of G29A is in a colorless form (G29AC;

absorption maximum, 360 nm) in this condition. The absorption spectrum

of the yellow form of G29A (G29AY) was calculated (see text) and is shown

as a broken line. Although absorption maxima of G47A and G51A were 3 nm

blue shifted and 1 nm red shifted, respectively, maxima for other mutants

agreed with WT. (b) CD spectra were measured under the same conditions.

CD spectra of mutants other than G29A and G37A agreed with WT.
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WT. However, this finding is likely to be an artifact as

a-helices, less stable than a b-sheet in the PYP structure, are

partially unfolded in G29A (Fig. 2 b).

pH titration of the chromophore

Upon acidification, PYP is bleached by protonation of the

chromophore (6,18,25). pH titration of mutants except G29A

showed pH-dependent equilibria between the yellow and

colorless forms like WT (data not shown). pKa values esti-

mated by fitting the absorbance change to Eq. 2 are sum-

marized in Table 2. pKa values for G51A and G82A were

larger than WT (3.7 and 3.5, respectively), whereas the others

were comparable or lower.

pH titration of G29A was complicated (Fig. 3 a). The

yellow form is dominant only at pH . 9 but denatured at pH

11.6, as shown by the absorption maximum at 400 nm

(26,27). Over a wide pH range (pH 4–8), G29A had its main

absorption band at 360 nm and spectral shoulder at 440 nm.

This resembles findings for Y42A (18). Typical absorbance

changes at 490, 441, and 370 nm were plotted against pH

(Fig. 3 b). As there were two inflection points in addition to

two plateaus for the acidic (pH 2) and alkaline (pH 10) forms,

equilibrium between four states, yellow form (G29AY),

colorless form (G29AC), and two putative intermediate states

(G29AIS1 and G29AIS2), was assumed. Absorbance changes

at 490, 441, and 370 nm were simultaneously fitted by Eq. 8

using a global fitting program, producing values of 9.07 for

pK1, 6.53 for pK2, and 3.49 for pK3. Cooperativity constants

of n1, n2, and n3 were estimated to be 0.94, 0.71, and 1.12,

respectively. Using these values and the measured spectra,

the absorption spectrum of G29AY was calculated (Fig. 2 a).

The absorption spectrum of G29AY is broadened on the

short wavelength side, suggesting the possible presence of

360-nm species. The G29AY spectrum was reproduced by the

sum of three Gaussian curves at 455 nm (amplitude ¼ 0.38,

width¼ 54 nm), 429 nm (amplitude¼ 0.38, width¼ 68 nm),

and 393 nm (amplitude¼ 0.24, width¼ 99 nm), compared to

454 nm (amplitude ¼ 0.55, width ¼ 40 nm), 433 nm (am-

plitude ¼ 0.54, width ¼ 56 nm), and 408 nm (amplitude ¼
0.23, width ¼ 80 nm) for the WT spectrum (not shown).

Therefore, the broad spectrum of G29AY is accounted for by a

15-nm blue shift and the broadening of the third component

rather than the presence of 360-nm species.

Flash photolysis over a millisecond timescale

On photon absorption, PYP is transiently bleached in ;1 ms,

then recolored in ;500 ms (28). PYP mutants were excited

by a yellow flash (.410 nm), then subsequent spectral

changes in the 100 ms timescale were recorded using a CCD

multichannel spectrophotometer (Fig. 4). In the time reso-

lution here (;20 ms), an absorbance decrease at 446 nm and

an absorbance increase at 350 nm were observed just after

excitation (Fig. 4 a), showing conversion from dark state to

M intermediate (¼ pB or I2). Subsequently, absorbance at

446 and 350 nm reverted to the dark state. Absorbance

changes for recovery were plotted against time after excita-

tion in a logarithmic timescale (Fig. 4 b). Traces were fitted

by single-exponential curves, and rate constants were esti-

mated (Table 2). Rate constants of mutants varied by more

than three orders of magnitude. Decay of G29AM was 1000-

fold slower than WT, possibly due to denaturation of G29AM

like its dark state. G51AM, G77AM, and G82AM showed a

10–20-fold slower decay than WTM, suggesting that these

glycine residues are involved in the light-induced confor-

mational change.

The positive band in the difference spectra for formation of

M intermediate was blue shifted for G77A and G82A,

whereas bands from other mutants agreed with WT (Fig. 4 a,

inset). This demonstrates the shift of equilibrium between

PYPacid
M (I2 or pB9) and PYPalkali

M (I29 or pB) (29) toward the

latter in G77A and G82A.

FTIR spectroscopy of G29A

Mutation of Gly-29 yielded the most significant alteration

among the 13 glycine residues of Hr. halophila PYP. As Gly-

29 is located at the hinge position of the N-terminal cap and

PAS core (30), it was first assumed that the strain of these

segments resulting from alanine substitution may cause

FIGURE 3 pH titration of G29A. (a) Absorption spectra of G29A at

various pH. pH values are indicated in the figure. (b) Absorbance at 490,

441, and 370 nm is plotted against pH and fitted using Eq. 8. pK1, pK2, and

pK3 were estimated to be 9.07, 6.53, and 3.49, and n1, n2, and n3 were

estimated to be 0.94, 0.71, and 1.12, respectively.
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partial bleaching of PYP. Therefore, the N-terminal cap of

G29A was cleaved by chymotrypsin to release this strain.

Although truncation of the N-terminal cap does not bleach

PYP (31,32), the yellow color was not recovered (data not

shown). As the dihedral angle of Gly-29 is located in a

b-strand region (Fig. 1 b), flexibility of Gly-29 is unlikely to

be important for PYP. The crystal structure of dark-state PYP

demonstrates that Ha of Gly-29 is in van der Waals contact

with Oe2 of Glu-46 (Fig. 1 c), suggesting an interaction be-

tween Gly-29 and Glu-46. Therefore the interaction involv-

ing Gly-29 was characterized using FTIR spectroscopy.

UV-visible difference spectra between the dark and photo

steady states generated by 436-nm light are shown in the inset

of Fig. 5. WT showed a broad negative band at 446 nm and a

positive band at 350 nm, indicating bleaching of the dark

state and formation of PYPM, respectively. G29A showed

two negative bands at 442 and 370 nm while illuminated with

436-nm light to not excite G29AC. This indicates that G29AY

and G29AC are in equilibrium and a rapid repopulation takes

place after the loss of G29AY from light exposure. In this

condition, difference FTIR spectra between dark and photo

steady states were recorded for WT and G29A (Fig. 5). The

intense negative band of WT at 1163 cm�1 is characteristic of

the deprotonated trans chromophore (33,34). The 1163 cm�1

band was reduced; however, a band at 1145 cm�1 and a

shoulder at ;1170 cm�1 appeared in the G29A spectrum. As

they are also observed for the acidic (bleached) forms of WT

and mutants (35), this mode is characteristic of the protonated

trans chromophore. As the absorbance decrease attributable

to G29AY and G29AC in the infrared (1163 and 1145 cm�1,

respectively) and UV-visible regions (442 and 370 nm, re-

spectively) were comparable, the negative region of the FTIR

spectrum of G29A represents an approximate 1:1 mixture of

G29AY and G29AC.

The C¼Oe2 stretching mode of the carboxylic acid of Glu-

46 (protonated) is observed at 1736 cm�1 for WT in the dark

state (34). A corresponding band of G29A was present at 1742

cm�1. Intensity of this band was significantly reduced,

whereas the bandwidth was comparable to WT, suggesting

FIGURE 4 Thermal recovery of dark states from M intermediates. (a)

G77A (pH 7.0) was excited by a yellow flash (.410 nm), then subsequent

spectral changes were recorded every 340 ms. Inset: transient difference

spectra for WT, G51A, G77A, and G82A are compared. (b) Absorbance

changes at difference maxima (440–450 nm) after flash excitation were

plotted against time after excitation. Data were fitted by the single-expo-

nential curves.

FIGURE 5 Difference FTIR spectra between dark state (negative) and

photo steady state (positive). Photo steady state was generated by illuminating

with 436 nm light at 4�C. (Inset) UV-visible difference spectra measured

under the same conditions.
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that G29A in the dark state in part has this mode. Negative

bands in the G29A spectrum are attributable to a mixture of

G29AY and G29AC. For WT, Glu-46 is protonated in the dark

state (yellow form) but deprotonated in PYPM (bleached

form). Therefore, it is reasonable to attribute the 1742 cm�1

band to G29AY, that is, Glu-46 of G29AY is protonated in the

dark state like WT, whereas Glu-46 of G29AC is de-

protonated. Absence of the complementary positive band

shows that Glu-46 of G29AM is deprotonated. The C¼Oe2

stretching mode of G29AY was 6-cm�1 upshifted from WT,

showing that the hydrogen bond involving Glu-46 is weak-

ened in G29AY.

DISCUSSION

In this study, 13 glycine residues of Hr. halophila PYP were

replaced by alanine, and the mutants were characterized.

Substitution for conservative glycine residues caused sig-

nificant changes in properties, and detailed inspection based

on the tertiary structure shows that the glycine residues of

PYP perform various roles (Table 2).

Replacement of Gly-29 showed the most striking effect on

properties of PYP of all the glycine residues. G29A is in the

equilibrium between yellow form (G29AY) and colorless

form (G29AC) at neutral pH and shows an extremely slow

photocycle. G29AY was enriched by cooling and addition of

NaCl and ammonium sulfate (data not shown), suggesting

that G29AC assumes a less packed structure than does G29AY

(36). Ha of Gly-29 is in van der Waals contact with Oe2 of Glu-

46 (Fig. 1 c). Previous crystallography has demonstrated that

the distance from Oe2 of Glu-46 to Ca of Gly-29 is 3.32

(Protein Data Bank (PDB) 2PHY) (4), 3.34 (PDB 2D01) (37),

3.40 (PDB 1NWZ) (5), or 3.45 Å (PDB 1OTB) (38). This

proximity is also seen in Ppr (PDB 1MZU, 3.36–3.49 Å for

chains A–C) (39), suggesting that it is a common arrangement

in PYPs. The phenolic oxygen of the chromophore (O49) is

located on the opposite side and hydrogen bonded with the

Oe1-H of Glu-46. Replacement of Gly-29 by alanine substi-

tutes a methyl group for Ha in proximity to Glu-46. The

methyl group added to this position should not be accom-

modated without perturbation of the interaction between

Glu-46 and the chromophore. Gly-29 thus provides space to

accommodate the carboxylic acid of Glu-46.

FTIR spectroscopy demonstrated that the C¼Oe2 stretching

mode of Glu-46 is located at 1736 cm�1 in WT and shifts to

1742 cm�1 in G29A. The upshift of 6 cm�1 indicates that the

mutation of Gly-29 to Ala significantly weakened the hy-

drogen bond(s) involving Glu-46. If the hydrogen bond be-

tween Oe1-H and O49 of the chromophore is weakened, the

absorption spectrum of G29A should be red shifted (40).

Therefore, these findings suggest that the additional hydrogen

bond is present between Oe2 and Ca-H of Gly-29. It should be

noted that this is a CH���O hydrogen bond, which is weaker

than a conventional OH���O or NH���O hydrogen bond

(41,42), thus the C¼Oe2 stretching frequency of Glu-46 (1736

cm�1) is higher than that of the carboxylic acid forming two

hydrogen bonds (1703–1710 cm�1) (43). Replacement of

Gly-29 by Ala brings about the displacement of Glu-46 by

steric hindrance, which would also cause the altered proper-

ties of G29A.

If Glu-46 is protonated, d1 of Ca of Gly-29 and d� of Oe2

of Glu-46 are electrostatically balanced, and the packing of

this part would be stabilized by hydrophobic interaction as

well as a Ca-H���Oe2 hydrogen bond. In the PYP photocycle,

a proton of Oe1 is transferred to O49 upon conversion from

PYPL (¼ I1 or pR) to PYPM (34,44,45). The negatively

charged Glu-46 would abolish the hydrophobic effect, and

then packing would not be further maintained solely by a

weak Ca-H���Oe2 hydrogen bond. As the generation of neg-

ative charge at position 46 is essential for the protein con-

formational change of PYP (45,46), Glu-46 is proposed as an

epicenter of the protein quake, although the function of the

negative charge is unclear. The experiments here show that

breakage of hydrophobic packing by the generation of neg-

ative charge would be the essence of the protein quake. The

results of this study provide a clear example that the CH���O
hydrogen bond, for which importance in protein appears to be

in dispute, is present in the core portion for the structure and

function of protein.

Substitutions of Gly-77 and Gly-82 by alanine shift pKa of

the chromophore or thermal stability in the dark state. It is

more noticeable that G77AM and G82AM were markedly

stabilized (;20 times), suggesting that Gly-77 and Gly-82

during the photocycle take more essential roles than in the

dark state. The transient difference maxima of these mutants

were slightly blue shifted from WT (Fig. 4 a), indicating that

the equilibrium between PYPacid
M and PYPalkali

M (29) shifts to-

ward the latter. Gly-77 and Gly-82 are located in a5-helix,

which interacts with the b-scaffold segment (b4–b6). How-

ever, the side chain of position 77 directs outward from the

protein, and the addition of a methyl group is unlikely to

perturb the interaction with the b-sheet. Glycine destabilizes

the a-helix (47), and thus the presence of two glycine residues

suggests that the a5 of WT is less stable than G77A and

G82A. NMR studies have shown that M intermediates formed

from WT and D25 (PYP lacking N-terminal 25 amino acid

residues) show an unfolding of the N-terminal half of a5

(48,49). Our previous CD experiment also demonstrated that

the loss of CD is explained by a structural change of the long

a-helix (a5 and/or a3) (22). These results suggest that Gly-77

and/or Gly-82 act as the hinge between the unfolded and

native parts of a5. The shift of equilibrium between PYPacid
M

and PYPalkali
M toward a more disordered state (PYPalkali

M )

in G77A and G82A suggests, however, that stable a5 is

favorable for PYPalkali
M : Thus the equilibrium between two

M-intermediates would not depend solely on the stability of

a5. The strain at position 77 and/or 82 would disorder the

overall structure of M intermediate.

The slow recovery of G77AM and G82AM seems to sug-

gest that the refolding of the partially unfolded structure of
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M intermediate is suppressed by replacing Gly-77 or Gly-82

with alanine. However, as the cis-trans reisomerization of the

chromophore is a rate-determining step of the recovery of the

dark state (50,51), the slow recovery should be accounted for

by the structure of the chromophore binding site of PYPM

rather than the rate of refolding. Therefore, the flexibility of

Gly-77 and Gly-82 are necessary to form the chromophore

binding site facilitating cis-trans isomerization.

Gly-51 neighbors Arg-52, which stabilizes the anionic

form of the chromophore but is not involved in the color

regulation (15). Thermal stability of G51A was almost the

same as WT, but pKa was 3.7 and the lifetime of G51AM was

11 times longer than PYPM. These properties are very similar

to those of the mutants for Arg-52 (18,52), suggesting that

maintaining the disallowed dihedral angle of Gly-51 is nec-

essary to regulate the direction of the side chain of Arg-52.

Gly-47 of WT has a-helical dihedral angles, and G47A

showed pKa of the chromophore, thermal stability, and pho-

tocycle kinetics comparable to WT. However, the absorption

maximum of G47A was 3-nm blue shifted. The absorption

spectrum of PYP is sensitive to the hydrogen-bonding net-

work composed of the phenolic oxygen of the chromophore,

Tyr-42, Glu-46, and Thr-50 (15,18,52). Thus the position of

the side chain of Glu-46 is altered in G47A, resulting in the

spectral shift.

Gly-37, Gly-59, Gly-86, and Gly-115 have dihedral angles

disallowed for alanine (Fig. 1 b). They are located at the end of

b-strands (Gly-37, Gly-59), the end of an a-helix (Gly-86),

or the loop (Gly-115), forming a sharp turn between the

secondary structure elements. Replacement of these glycine

residues reduced thermal stability, with midtemperatures

4�C–8�C lower than WT. Gly-37 is located between b1 and

b2, which are connected by a very compact loop (b-turn).

Substitution of alanine into this position is unlikely to allow

such a sharp turn, and some hydrogen-bond-forming b-sheet

would be broken, resulting in a gain in negative CD signal at

210 nm (Fig. 2 b). For G59A, G86A, and G115A, no signif-

icant change in the far-UV CD spectrum was observed (Fig.

2 b), suggesting that the protein backbone is comparable to

that of WT. However, the backbones of these mutants would

be constrained at respective positions, resulting in a decrease

in thermal stability in the dark state.

In summary, PYP is designed to utilize the flexibility and

spatial tolerance of glycine at the right positions. Gly-37,

Gly-59, Gly-86, and Gly-115 stabilize the overall structure of

PYP. Gly-47 and Gly-51 maintain the chromophore binding

site by accommodating key residues (Glu-46 and Arg-52).

Gly-77 and Gly-82 regulate the photocycle. The most im-

portant glycine location is Gly-29, as it accommodates the

carboxylic acid of Glu-46 in its cavity with a CH���O hy-

drogen bond in the dark-state structure. Once carboxylic acid

is negatively charged, hydrophobic packing is broken, and

the protein conformational change takes place. These find-

ings are informative for understanding mechanisms of pro-

tein folding and structural changes.
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