Journal of Magnetic Resonan@&7,443—-447 (1999) ®
Article ID jmre.1999.1705, available online at http://www.idealibrary.conl Ile &I.

NMR Experiments for the Study of Photointermediates:
Application to the Photoactive Yellow Protein

Gilles Rubinstenri,Geerten W. Vuistef,Nico Zwanenburg, Klaas J. HellingwetfRolf Boelens, and Robert Kaptéin

Bijvoet Center for Biomolecular Research, Utrecht University, Padualaan 8, 3584 CH Utrecht, The Netherlands

Received July 14, 1998; revised December 30, 1998

Many biological processes involve the interaction of ligh®5:5 v:v H,0:D,0 at pH 5.75 in 50 mM deuterated acetate
with the living cell. Examples are photosynthesis, phototaxisuffer, and a protease inhibitor cocktail (1 mM pefablock, 5
photorepair of DNA damage, and the process of vision. In gllM leupepsin, 1 mM EDTA). A total sample volume of 300
these cases proteins or protein complexes serve as the prinveag inserted into a Shigemi tube (Shigemi, Inc., Allison Park
photoreceptors and invariably these receptors cycle througPA&). Subsequently, the distance between the bottom of the tul
number of intermediate states and are regenerated at the enanaf the internal glass sliding piston was adjusted to 15.5 mn
the cycle. Turnover kinetics usually preclude the detailed sbhe rather low concentration and short sample height ar
lution study of these photocycle intermediates. Here, wmposed by the high extinction coefficient of the ground stat
present an approach that enables the NMR study of the blp& in order to obtain efficient irradiation conditions.
shifted intermediate pB in the photocycle of photoactive yel- The setup for the excitation of the ground state of PYP insid
low protein (PYP) 1-4). PYP, a 14-kDa water-soluble proteinthe NMR magnet is depicted in Fig. 2. A Stabilite 2017 Argon
has been proposed to be a photosensor for the negative ghser (Spectra-Physics Lasers Inc., Darmstadt, Germany) w
totactic response toward the intense blue lighEofothiorho- used as a light source. The multiline laser beam was directe
dospira halophila(5), a motile bacterium which survives ininto a Fibropsil quartz fiber§ 400 um, Quartz & Fibres,
Egyptian salt lakes. Light excitation induces a series of strueithiviers, France) via a refocusing lens. The free edge of th
tural and dynamic changes yielding a blue-shifted, long-livdiber was inserted in the glass piston of a Shigemi tube. Th
intermediate pB with a lifetime on the ordefr bs (cf., Fig. 1). 7-mm-long end scattered the light beam into the sample. Tt
This photocycle is triggered by theangcis isomerization §) irradiation was controlled by a focal plane shutter that wa:s
of the chromophore double bond, @). This kinetic interme- placed between the light source and the lens. The power yie
diate is generated using argon light irradiation inside the NM&t this setup equals approximately 25% (in the following
probe, while its properties are studied by multidimensiondiscussion the indicated power levels will be the laser outputs
heteronuclear experiments. Assignment of the resonancesTbé Shigemi tube and fiber were inserted into the NMR magne
pB was obtained by using a 2BI—"N correlation experiment in the usual way.
in analogy to a previously proposéll NMR experiment for ~ The NMR experiments were recorded at 38°C using a Var
spin coherence transfer in chemical reactions (SCOT®M) (ian UnityAnova operating at 499.91H resonance frequency,
The results of this study show that pB is structurally disorderedjuipped with a triple-resonance probehead and a shielde
and exists as a family of conformers in exchange on a mill-gradient coil. Data were processed using the NMRPipe sof
second timescale. ware packagel(l) and analyzed using REGINEZ).

EXPERIMENTAL PROCEDURES RESULTS AND DISCUSSION

Uniformly **N-labeled PYP was prepared as described be-The intensity and length of the light pulse necessary t
fore (10). Samples consisted of a 0.6 mM solution of PYP igchieve the conversion of the pG state of PYP into the pB sta
were first calibrated by monitoring the disappearance of th

! Present address: Service de Chimie Malaire, CEA Saclay, F-91191 Gif |0w-field methyl resonance of alanine 67@.82 ppm) in the

sur Yvette Cedex, France. 1D spectrum 10). The limiting factors were the lower stability
*Present address: Department of Biophysical Chemistry, University of PYP in the presence of light and the need to maintain
Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands. reasonable sample homogeneity. Whereas a sample of PYP

* Laboratory for Microbiology, E. C. Slater Institute, University of Amster- . LS . o
dam, Nieuwe Achtergracht 127, 1018 WS Amsterdam, The Netherlands. the absence of light excitation is stable for weeks at 38°C an

“To whom correspondence should be addressed. E-mail: kaptein@nfP€S NOt require any special protection against proteolysi:
chem.uu.nl. PYP quickly decays under irradiation conditions. A continuous
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intensities and lineshapes as well as the monitoring of samp
integrity. Modifications in the position, lineshape, and intensity
of related cross peaks in the pG and pB spectra could therefo
be fully attributed to changes in the structure and dynamics c
PYP. The N-'H HSQC, *N-filtered TOCSY (4), *N-

SCOTCH of pG and pB were recorded in this way with a full

photocycle completed for each transient.

Once recorded, thEN-"H HSQC of pB had to be assigned.

wy
/S We designed a pulse sequence, shown in Fig. 3B, that corr
L

lates the N chemical shift of the pG state with th&H
chemical shift of the®N attached protons of the pB state for

each™N—"H spin pair. In analogy to th&H experiment for the

355

pB transfer of spin coherence (SCOTCH),(we propose naming
this experiment®N-SCOTCH. It employs the possibility of

FIG. 1. Photocycle of the photoactive yellow protein. pG is the groundonverting pG into pB via a light pulse, the duration of which
state, pR the red-shifted intermediate, and pB the blue-shifted intermedigte of the order of the Iongitudinal relaxation time of nitrogen

The absorption maximuml,,., (in nm), is indicated for the three states.

light irradiation of 0.4 W induced complete degradation of the
sample in only a few hours. This degradation was identified as
a proteolysis of the 30 N-terminal amino acids. Subsequently,
we observed that the sample could stand higher power levels of
irradiation upon addition of a protease inhibitor cocktail. In this
case, provided that overheating of the sample was avoided by
interleaving light excitations (0.3—0.7 s) and dark periods
(>1.5 s), relatively higher power levels could be used (up to 2
W) for more than 3 weeks without any degradation. The
irradiation of the sample also induces a temperature gradient
along thez axis, estimated to be 2°C over the length of the RF
coil. The resulting inhomogeneity of the axial shims could
easily be accommodated by shimming of the sample under
irradiating conditions. No overall heating effect was observed.
Under optimal conditions, an irradiation of 400 ms duration
using 1.75 W of laser power, followed by acquisition under
light conditions (150 ms), achieved 95% conversion of pG into
pB. We also checked that a 2-s delay was sufficient to recover
over 90% of the PYP back in the pG state.

In order to verify that our experimental setup was indeed
converting the ground state pG of PYP into the long-lived state
pB, we looked at the changes induced in the UV spectrum of
a slightly less concentrated solution (0.2 mM) of PYP under
the same conditions of pH, buffer, and temperature. By in-
creasing the light intensity a gradual transformation of PG,
= 446 nm (), into pB, A = 355 nm (L3), is induced.

The general scheme for recording the NMR experiments is
shown in Fig. 3A. A dark and a light spectrum are recorded in
a scan-by-scan interleaved way. Approximately 350 ms before
the end of the relaxation delay the laser excitation is switched
on and is kept on during the pulse sequence and the acquisition
time. The dark experiment is recorded in the absence of any
light irradiation and the resulting dark spectrum of PYP con-
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and of recovering pG within a reasonable delay.

stitutes a control spectrum as it is recorded under experlment%el 2. Experimental setup for the NMR study of photocycle intermedi-

conditions identical to those used for the spectrum of thgs. The light from an argon laser is focused on a flexible light guide whict
excited PYP. This enables a quantitative comparison of peialttached to a 5-mm Shigemi tube as shown.
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FIG. 3. General NMR scheme for the study of pB (AIN-SCOTCH subsequence for HSQC assignment (B). The symbols used in A are defined in the t
Filled and unfilled boxes represent 90° and 180° hard pulses, respectively. Unless expressed otherwise, the phase of thexputdeéywasy); ¢2 (x)4
(=x)4; 3 (X)8 (=X)8; $4 (¥); $5 (V)8 (—¥)8; 66 (X)2 (V)2; ¢7 (=X)2 (=Y)2; prec (X, =X, ¥, =Y, =X X =V, ¥, =X, X, =Y, ¥, X, =X, ¥, =Y).

For each increment dfL, $4 anddrec were both incremented by 180° according to the STATES procedluvas set to 1.7 s. The power level of the light
excitation was 1.75 W and, was set to 0.3 sA was set to 2.7 ms. The semiconstant time délaas given the maximum value such that the delay t1 -

¢ does not become negative. With a spectral width of 1852 Hz in D1 and 80 pairs of real-imaginary points recorded, this adheudt8625. This decreases
the semiconstant period by approximately 10%. The interpulse défathe WATERGATE pulse train was set to 1.83, and the correctioa for J evolution

to 1.685- 7 = 224 us. Sine-shaped pulsed-field gradients were used to purge unwanted coherences. The following lengths and strengths were used: C
2 Gem'Y), G2 (1 ms, 29 Gent), G3 (1 ms, 7 Gem'), G4 (1.5 ms, 30 Gen). GARP decoupling employing an RF field strength of 2500 Hz was used durin
acquisition.. The proton spectral width was set to 6667 Hz and the nitrogen spectral width to 1852 H. cEnder was set at 4.75 ppm and thl carrier

at 116.5 ppm.; 160 real and imaginary FIDs of 2048 points were recorded.

The ®N-SCOTCH experiment employs a refocused INEPPYP, together with residual cross peaks of the ground state p
(15) in conjunction with semiconstant time frequency labelingds can be seen in Fig. 4, this enables the assignment of tl
(16) to transfer proton pG magnetizatid(pG), at time point cross peaks of the HSQC of pB by starting from the corre
1 to nitrogenS,(pG) magnetization of pG at time point 2,sponding peaks in the spectra of pG and pB and by connectir
where | and S denote the'H and N spin operators17), them by means of the exchange spectrum correlations. Usir
respectively. During timerl the pG N magnetization is this strategy 67 of 116 amide cross peaks in the pG spectru
labeled with its chemical shift. could be unambiguously related to their counterpart in the

During the delayd; (300 ms), in the presence of lightspectrum of pB. For the remaining 49 amide spin systems n
irradiation, S,(pG) is partially converted at time point 3 intocross peak was found in the HSQC of pB under the exper
S,(pB). BothS,(pG) andS,(pB) are transferred into observablemental conditions. In the HSQC of pB as well, no intense cros
proton magnetizatiorl,(pG) andl ,(pB), at time point 4 by the peaks at random coil positions were observed, which would b
reverse INEPT sequence in which the |a4t180° pulse has indicative of a fully unconstrained polypeptide backbone.
been replaced by a 3—9—19—19—9—3 WATERGATESIince the HO magnetization was kept close to its thermal
pulse train 18). At the experimental parameters chosen, pBquilibrium, avoiding the loss of cross peaks by saturatiot
was populated for 85%. Note that the two ter&&G) (15%) transfer, the lack of observed cross peaks in the HSQC of p
and S,(pB) (85%) also contain an attenuation coefficient, dus likely to be a result of conformational exchange occurring or
to relaxation. About 40% of the overall magnetization is thus millisecond timescale between multiple conformations of pB
lost, assuming an identical rotational correlation time of 6 rnkhis conclusion is further supported by the fact that the as
and identical®N longitudinal relaxation rates for the dark andsigned pB cross peaks showed significant broadening of tr
the light statesX0). resonance lines along théN axis when compared to corre-

This experiment results in &4—"°N correlation spectrum sponding cross peaks of pG. In addition, substantial structur.
with cross peaks at thEN chemical shift of pG and théH changes occur, as judged from th&l chemical shift differ-
chemical shift of pB for each amide bond of the backbone ehces between corresponding cross peaks in pB and pG, whi
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FIG. 4. Superimposed regions of the HSQC spectra of pG, pB, and®th8COTCH exchange experiment connecting the HSQC cross peak$NFHel
HSQC spectra of pG and pB were recorded using the general scheme of Fig. 3A. The light alil-d4%kHSQC employed gradient coherence selection, water
flip-back, and sensitivity enhancemeR0); d was set to 2 s. The power level of the light excitation was 1.75 Wdaneas set to 0.4 s. All other experimental
parameters were as listed in the legend to Fig. 3. fNeSCOTCH experiment was recorded by using the pulse sequence of Fig. 3B.

exhibit a pairwise rmsd of 2.15 ppm and a maximum deviatiayetic barriers in the refolding process. This method provides
of 9 ppm. Earlier we showed how these data are highly indianique approach for the solution study of the underlying mo
ative of the collapse of the hydrophobic core and a disruptidecular mechanisms involved in the phototactic response ¢

of the centralB-sheet of PYP 19). Ectothiohodospira halophila.
A "N-filtered aromatic TOCSY experiment4), recorded
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