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Lack of Negative Charge in the E46Q Mutant of Photoactive Yellow Protein
Prevents Partial Unfolding of the Blue-Shifted Intermediate
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ABSTRACT: The long-lived light-induced intermediate (pB) of the E46Q mutant (glutamic acid is replaced
by glutamine at position 46) of photoactive yellow protein (PYP) has been investigated by NMR
spectroscopy. The ground state of this mutant is very similar to that of wild-type PYP (WT), whereas the
pB state, formed upon illumination, appears to be much more structured in E46Q than in WT. The
differences are most striking in the N-terminal domain of the protein. In WT, the side-chain carboxylic
group of E46 is known to donate its proton to the chromophore upon illumination. The absence of the
carboxylic group near the chromophore in the E46Q mutant prohibits the formation of a negative charge
at this position upon formation of pB. This prevents the partial unfolding of the mutant, as evidenced
from NMR chemical shift comparison and proton/deuterium (H/D) exchange studies.

Photoactive yellow protein (PYP)s a small (14 kDa) occurs prior to the large global conformational change, a
water-soluble blue light photoreceptor found kfalorho- phenomenon that was not observed for E46Q. The authors
dospira halophila (1). The wavelength dependence of suggested that this partial unfolding in solution is caused by
negative phototaxis of the bacterium is similar to the the buried negative charge on E46 in the pB state, which is
absorption spectrum of PYP, and therefore it is believed thatformed when this residue donates its proton to the chro-
PYP plays a role as the primary photoreceptor in this process.mophore 7, 8). FTIR measurements also revealed that E46
As a model for other photoactive proteins, PYP and its light in the pB state of WT in the crystalline state remains
cycle have been the subject of many studies. PYP belongsprotonated 7). The chromophore must then be protonated
to the PAS family and has a covalently linked chromophore, by other routes, which might require only little structural
p-coumaric acid, which undergoes a trans to cis isomerization changes in the protein, as is observed in the crystal structure
upon illumination 2, 3). During the light cycle various of pB (5). In contrast, Cusanovich and Mey&) (ecently
intermediates are formed, of which the long-lived blue-shifted proposed a hydrophobic collapse model as the signaling
intermediate (also known as pB, br PYR,) is thought to mechanism for PAS domains, thereby reducing the role for
be the signaling state. The pB state has been characterizedt46.
by many techniques and it was shown that its structure in  To test the idea of the negative charge on E46 being the
solution differs significantly from its structure in the crystal cause of partial unfolding in pB, we have studied the mutant
environment4, 5). The pB state in crystals is well-described E46Q in various NMR experiments performed both with and
by a single structuresj, whereas both thermodynamic and without illumination. We have chosen this PYP mutant in
NMR studies in solution indicate that the pB state shows order to specifically study the effect of the absence of a
structural and dynamic disordet, ). Xie et al. () showed negative charge in the hydrophobic core of the protein upon
by FTIR that in WT the protonation of the chromophore formation of pB, as the replacement of the glutamic acid at
position 46 by a glutamine prohibits the transfer of a proton
from this residue to the chromophore. As a consequence,

T Financial support of NWO (Dutch Foundation for Scientific

Research) is gratefully acknowledged. the chromophore is protonated via another route in this
* To whom correspondence should be addressed: e-mail kaptein@ mutant, e.g., protonation via Y42 or via surrounding water
nmr.chem.uu.nl; telephone31 30 2533787, fax-31 30 2537623. molecules, and requires little structural changes.
* Utrecht University. . . . . .
s University of Amsterdam. The intensity and chemical shift differences in the HSQC
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infrared spectroscopy; H/D, proton/deuterium; HSQC, heteronuclear of E46Q are compared with those of WT to elucidate the

single-quantum coherence; NMR, nuclear magnetic resonance; NOESY, ..
nuclear Overhauser enhancement spectroscopy; PAS, Per, Arnt, Simd'fferences between these two states. Furthermore, prOton/

pB, long-lived intermediate of the photoactive yellow protein photo- deuterium (H/D) exchange experiments with and without
cycle; pBdark, low-pH form of photoactive yellow protein in the ground jllumination were performed on E46Q to see whether there

state; pG, ground state of photoactive yellow protein; PYP, photoactive ; ; litvg ;
yellow protein; PF, protection factor; SCOTCH, spin coherence transfer is a change in stability in parts of the protein compared to

in chemical reactions; 3D, three-dimensional; TOCSY, total correlation WT. These studies _ShOW that the ground S_tate is hardly
spectroscopy; WT, wild type. affected by the mutation, while the pB state differs substan-
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tially from the pB state of WT, mainly in the N-terminal e | 108

part of the protein. . .y ' e :]3 (a)

MATERIALS AND METHODS %:Qe‘ o,\,é ® [ 110
Uniformly **N-labeled wild-type PYP (WT) and E46Q er ¢ oz e F =

were expressed and purified as described previod$lyl(). o, ¥ . 16 ==

All samples contained 50 mM phosphate buffer and a ¢ 'e;:’,‘g,:“ff“ L g

protease inhibitor cocktail (Complete, Roche Applied Sci- ¢ 9 aclf.,f’"od; o et o, [0 =

ence). Samples were at pH 6.5 for E46Q data. Data for WT %M‘“ e % [ 122

were recorded at pH 5.8. As th&pfor the protonation of e ,"-‘S--o» f’": “o 124

the chromophore is higher in E46Q than in WI2), this ” % e S [ 126

slightly higher pH (6.5) was chosen instead of pH 5.8 " o [ 128

normally used for experiments on W#,(13, 14) to avoid e % @O . [ 190

formation of pBax (15). All spectra were acquired on a o s s 3 132

Bruker Avance 500 MHz spectrometer, except for 30— HN [ppm]

NOESY-HSQC and 3D™N-TOCSY-HSQC spectra,

which were recorded on Bruker Avance 750 MHz. NMRPipe - 106 b

(16) was used for processing the spectra, and data were *es. *afo _ - 108 ( )

analyzed by use of NMRviewl{). An argon laser (Stabilite -® '%33, o L . - 110

2017, Spectra-Physics) with mechanical shutter connected N $ ‘”‘*&‘ - 112

to a glass fiber light guide was used to illuminate the sample ° . @l Fi

in the probe of the spectrometet3). To reach maximal 3 e L 16 =

conversion during illumination, the experiments with E46Q °e "3%5 . F1e o

were carried out at 283 K, and at 311 K for WT. Assignment % ° Ko %b.g o "o | L 3,

of the HSQC peaks of E46Q-pG was initially done by direct ° oﬁﬁg 40 f:j" - 12

comparison with WT and was confirmed by the use of both og 0% @0 | - 124

IN—-NOESY—-HSQC and®™N—-TOCSY-HSQC spectra. o s - 126

E46Q-pB was assigned by the SCOTCH experimés). ( f g 5..:' - 128

H/D exchange experiments with and without illumination T e . [ 130

were performed on E46Q, similar to what was previously h s s T 132

done for WT (4). A series of HSQC spectra was recorded HN [ppm]

to follow the exchange without illumination. These data were

compared with HSQC spectra interspersed with 5, 20, and F{G;JRE (1b:) OfvéggéOf %Sv(\?/'cl': glf\’(e;trg fortthe Fﬁ‘z 2:%93 (@) ﬁ‘”d pB
P . . . . . . : _ States (0] an . Opectra O are snown in
80 min illumination periods. The illumination period con black and those of WT are shown in red. The chemical shift

sisted of 0.5 s laser bursts, repeated p¥es toprevent too  ifferences in panel a are mainly due to the different experimental
much heating (i.e., less than 1 K). This resulted in a total conditions needed to achieve maximum conversion: the spectra

illumination time of 10.5 min. The whole experiment of E46Q were recorded at pH 6.5 and 283 K, and those of WT, at
including the illumination period was performed in 3.8 h. PH 5.8 and 311 K.

The pH of the samples after dissolution in@was 6.1
(uncorrected meter output). Data collection was started Dihe dark, andr. the time constant during illuminatiomy,
min after the protein was dissolved. The decrease in intensity

of a particular signal as a function of the exchange time was and 7o were determined from the data from the dark
P 9 9 - experiment. The values for these parameters were kept

gtor;\l/e(rltgdllg) protection factors by using the method of Bali constant during the fitting of the data of the light experiment.
L e As the conversion to and recovery of pB is rapid at this pH,

ex‘l(;ﬁaonbseeg(e 52;2?1?85 J\ztﬁéﬁ?ﬁﬂ?ﬁgﬁ Snfc:; ;Tégﬁ;én d:rll? the period spent in the pB state was taken to be equal to the
9 P ( illumination time without further correction. In this way

exper!ment) and with |IIum|ﬂat|on (!'ght eXpe”'.“e”t)* the is a measure for the time constant in the pB state.
following has to be kept in mind: Only residues that

exchange slowly enough in the dark experiment can be usedQResSULTS AND DISCUSSION

to monitor any change in the light experiment. Furthermore, _

due to the limited time of illumination, only residues that ~ Comparison of the Ground State of WT and E4Bigure
show a significant decrease in intensity during this time will 1a& shows the HSQC spectra of the pG states of WT and
give rise to observable changes in exchange rate. Residue§46Q. The spectra are very similar although small shifts are
for which the exchange rate is only slightly altered upon visible that are mainly due to the different experimental
ilumination will thus not show a difference in such an conditions. The high similarity of the spectra made the

dark,t. the time it was illuminatedsp the time constant in

experiment. backbone assignment of E46Q straightforward. THend
The data for the light experiment were then fitted by use '°N assignments thus obtained were confirmed by the use
of of 3D ’N—NOESY—HSQC and 3D"N—-TOCSY—HSQC
spectra. ThéHa chemical shift indices (CSI) are closely
Y= A, exp[—ty/ty — t /7] (1) similar for the pG states of WT and E46Q and correspond

to the secondary structure elements found in the WT structure
whereA; is the interceptip the time the protein spentinthe (see Supporting Information). These data indicate that the
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E46Q exact value of the time constant of exchange could be derived
from these data. These residues are all positioned in the core
of the 5-sheet and are colored dark gray in Figure 2. These
residues showed a very high protection factor in WT as well
(14). Figure 2 highlights the difference in the protection
factors of the pG states of E46Q and WT PYP mapped on
the 3D structure of the WT protein. Most residues showed
a change in protection factor of less than 0.5 (color-coded
yellow in Figure 2). In both proteins the N-terminal part
shows hardly any protection. For the regions where the
protection could be measured, only the region near the
mutated site as well as the strand comprising residues N61
and F62, and V107 and V120 show slightly less protection
in E46Q compared to WT (indicated in red in Figure 2).
Only a few amide protons are more protected in E46Q (color-
coded blue in Figure 2). Of these, Y98 shows the highest
protection compared to WT (difference with WT+sL.08),
most likely resulting from local rearrangements near the
chromophore loop. The small differences found in the H/D
exchange behavior are in agreement with the strong similarity
in the structures of the pG states of E46Q and WT PYP
judged from the chemical shift comparison discussed above.

T Comparison of the Long-Léd Intermediates of WT and
Ficure 2: Differences in protection factor (PF) of the pG states of E46Q. The photocycle of E46Q is similar to that of WT.

E46Q and WT mapped on the X-ray structure of WT PYP (PDB . P
entry 2phy). The chromophore is shown in dark green. Residues The recovery time from pB to pG also lies in the subsecond

with largest differences in PF are labeled. Color coding: (reg);PF time scale butis more pH-dependent than for VET)(More
— PReseq > 0.5; (yellow) —0.5 < PRyt — PFReseg < 0.5; (blue) than 90% conversion was achieved by illuminating the

PRwt — PFessg < —0.5; (gray) ambiguous data, prolines and rates  sample with a power of 1.5 W during 300 ms of illumination
ts?gvji(s)téce)tgfrﬁgglg?:m: (dark gray) exchange rate in E46Q 100 oy 1o and during the recording of the FID. HSQC spectra
of pB E46Q resemble the spectra of pG E46Q and a similar
number of peaks is visible in both spectra. This is in strong
structure of the pG state of the mutant protein strongly contrast to the situation for WT, where only half the number
resembles that of WT PYP. of peaks visible in the pG HSQC spectrum are detectable in
Protection factors obtained from H/D experiments could the spectrum of the pB staté)( Figure 1b shows an overlay
be determined for 67 out of the total of 125 residues of E46Q. of the pB spectra of E46Q (color-coded black) and WT (red).
A few amides exchanged extremely slowly in E46Q and no This clearly shows the much larger number of peaks

L1111 - W T T TITTTEETTT - ] —_—
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Ficure 3: Comparison of the intensities of HSQC peaks of (a) pB versus pG of WT, (b) pH 3.0 versus pH 5.8 of WT, and (c) pB versus
pG of E46Q. A small negative bar indicates that the peak becomes too weak to detect. A missing bar indicates that the peak cannot be
represented due to ambiguity or spectral overlap. The secondary structure of WT PYP in solution, as determined by DL®),asal. (
shown above the figure.

WT pB vs pG

T
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observable in the spectrum of E46Q compared to WT (116 (a)
backbone peaks versus 67).

When the intensities of the HSQC peaks in pG and pB
for both WT and E46Q are compared (Figure 3a,c), the most
striking differences are observed in the N-terminal part of
the protein. In WT, the N-terminal residues are no longer
visible in pB, as is also the case for WT upon lowering pH
(Figure 3b) 4), whereas in E46Q these peaks retain high
intensity. This shows that in E46Q the N-terminal part
exhibits smaller conformational changes than is the case for
WT. The decrease of signals in WT and E46Q cannot be
attributed to increased correlation time or aggregation, as
these phenomena would affect all the signals in the spectrum.
The other regions that show dramatic decrease of intensity
in WT, i.e., Y42-158, C69-K78, and T95-M100, also show
a decrease in intensity in E46Q but to a much lesser extent.
Apparently the pB state of both WT and E46Q shows
exchange behavior in these regions. Besides the N-terminal
part, the structural changes upon formation of pB are
therefore similar for WT and E46Q but less pronounced in
E46Q. When the chemical shift differences between the
HSQC peaks of pG and pB are visualized on the X-ray
structure for both WT (Figure 4a) and E46Q (Figure 4b),
the same trend can be seen. The main differences in E46C
are located in the chromophore region and the mutation site,
whereas in WT the differences affect larger parts of the
protein. (b)

In our previous studies, a decrease of protection against
H/D exchange of WT PYP due to exposure of light was
observed for 14 out of 51 residues for which exchange could
be measuredl@). We have performed the same type of H/D
exchange experiments on E46Q. In Figure 5 the time
constants for H/D exchange with and without illumination
are shown for WT (upper panel) and E46Q (lower panel),
where the first 25 residues are omitted as they exchanged
within the dead time of experiment. Time constants obtained
for E46Q and WT without illumination are similar (full-
height boxes in Figure 5), with small differences arising from
different experimental conditions. The general trend is the
same and comparison of the protection factors (where
differences in temperature and pH are compensated for)
showed that there are only subtle differences (Figure 2). The
residues in E46Q for which no time constant could be
determined due to extremely slow exchange (color-coded
dark gray in Figure 2) are marked with an open circle in the
lower panel of Figure 5.

Of the 54 slowly exchanging residues in E46Q, 13 showed
a significantly faster exchange behavior during illumination

(Figure 5, lower panel, solid boxes). For these residues theFIGURE 4: Chemical shift differences between pG and pB super-

hydrogen-bonding network is altered upon formation of pB. imposed on the structure of WT PYP (PDB entry 2pyp) for WT
For the other 41 residues no difference in exchange behavior(a) and for E46Q (b). Colors range from blue via red to yellow

in the pB state could be observed, which means that thesel/\{ith increasing chemical shift difference. Peaks that were no longer
residues exchanged also slowly during illumination. In WT visible in pB are also colored yellow. Peaks that could not be

. . detected due to ambiguity or spectral overlap are colored gray. The
the same number of residues showed observable d|fference‘ghmmophore is shown in dark green in the pG state and in light

in exchange behavior in pB compared to pG (Figure 5, Upper green in the pB state in the crystal environment. An arrow indicates
panel, solid boxes)14). the mutation.

Comparing the exchange behavior in pB, for E46Q and
WT, it is seen that mainly at the beginning or ends of in more perturbed residues at the termini of secondary
secondary structure elements a decrease in exchange ratstructure elements. For example, in both E46Q and WT the
between pG and pB is observed (e.g., F28 and G29 at thebeginning of the first strand, comprising residues-234,
beginning of the first strand and N43 at the second helix). shows a clear decrease in exchange rates upon formation of
In WT the deprotection seems to be slightly larger, resulting pB, and for WT also a decrease for A30 is observed. The
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Ficure 5: Logarithmic time constants (in seconds) per residue for exchange experiments without illumingtiand with illumination

(o). Data for WT are shown in the upper panel, and for E46Q, in the lower panel. Detectable changes in time constants upon illumination
are color-coded black, i.e., the time constant with illuminatiqn s represented by the height of the open box for these residues. For the

other residues no change was observed. Open circles indicate residues of E46Q that exchanged too slowly to determine the time constant.
The secondary structure of PYP in solution, as determined by Dux €t@\.i¢ shown above the figure.

same is true for the helix comprising residues-86. In

upon formation of pB. For both WT and E46Q the exchange

E46Q only F75 shows a decrease in exchange rate, but inrate for G29 is enhanced upon formation of pB, which means
WT both Y76 and G77 show a decrease. The strand that also in the mutated form this region is altered, but the

comprising residues 886 exhibits in WT both for F92 and

changes are less pronounced in E46Q as the amide signals

F96 a decrease in exchange rate. For E46Q this is only thefor the N-terminal part remain visible in the HSQC spectrum
case for T90. All these observations are in agreement with of pB. This favors the “protein quake” model over a
the less dramatic intensity changes in E46Q discussed abovehydrophobic collapse model, although the latter cannot be

The chromophore loop (C6%72) in E46Q shows a

excluded on the basis of our data.

decrease in exchange rates between pG and pB. Unfortu- A conclusive understanding of the underlying mechanism
nately, the time constants in WT for this region were too that triggers the protein to partly unfold upon illumination

low to determine a difference with pB. It should be awaits a high-resolution structure in solution. The reduced
mentioned that the information obtained from these H/D exchange broadening in the spectrum of E46Q compared to
exchange experiments is limited, as small changes inWT makes this mutant an attractive candidate to characterize

exchange behavior of very slowly exchanging residues andthe
very fast exchanging residues (like those in the N-terminal
part of PYP) are not observable.

Concluding Remarkdn this paper we have shown that
the replacement of glutamate at position 46 by glutamine

pB state by NMR spectroscopy.
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causes hardly any changes in the structure of pG comparedsyppPORTING INFORMATION AVAILABLE

to WT. In the long-lived light-induced intermediate pB,

however, the large conformational changes observed in the Figure with the'Ho chemical shift indices (CSI) for the
WT protein are |arge|y absent in the mutant. We are now pG states Of WT and E46Q This material is available free
able to pinpoint these conformational changes in WT in a Of charge via the Internet at http://pubs.acs.org.

residue-specific manner: the chemical shift and intensity
changes between pG and pB indicate that mainly the
N-terminal part is responsible for the unfolding behavior
upon formation of pB in WT.

Although residue 46 in E46Q can no longer donate a
proton to the chromophore, and therefore no negative charge
can be formed in the interior of the protein on this residue,
the differences in H/D exchange behavior in pG and pB
between E46Q and WT still show much resemblance. This
confirms that the major differences must be in the regions
that are not observable with this method, i.e., in the
N-terminal region. Our findings are in agreement with studies
on truncated forms of PYP where the N-terminal part is
lacking 1, 22). These studies revealed that the transient
functional unfolding of PYP in the pB state has essentially
been abolished in the N-terminally truncated variants.

Additionally, Xie et al. {) concluded that the large-
amplitude “protein quake” in the WT protein is due to the
negative charge located on E46, after donation of the proton
to the chromophore. This is in contrast to the proposed
hydrophobic collapse model of Cusanovich and Me@r (
However, the results described in this paper indicate that
E46 plays a key role in the unfolding of the N-terminal part
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