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ABSTRACT: Orange carotenoid proteins (OCPs), which are
protecting cyanobacterial light-harvesting antennae from
photodamage, undergo a pronounced structural change
upon light absorption. In addition, the active state is
anticipated to boost a significantly higher molecular flexibility
similar to a “molten globule” state. Here, we used quasielastic
neutron scattering to directly characterize the vibrational and
conformational molecular dynamics of OCP in its ground and
active states, respectively, on the picosecond time scale. At a
temperature of 100 K, we observe mainly (vibronic) inelastic
features with peak energies at 5 and 6 meV (40 and 48 cm ™!,
respectively). At physiological temperatures, however, two
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(Lorentzian) quasielastic components represent localized protein motions, that is, stochastic structural fluctuations of protein
side chains between various conformational substates of the protein. Global diffusion of OCP is not observed on the given time
scale. The slower Lorentzian component is affected by illumination and can be well-characterized by a jump-diffusion model.
While the jump diffusion constant D is (2.82 + 0.01) X 107 cm?/s at 300 K in the ground state, it is increased by ~20% to
(3.48 £ 0.01) X 107° cm?*/s in the active state, revealing a strong enhancement of molecular mobility. The increased mobility is
also reflected in the average atomic mean square displacement (u*); we determine a (u*) of 1.47 + 0.05 A in the ground state,
but 1.86 + 0.05 A in the active state (at 300 K). This effect is assigned to two factors: (i) the elongated structure of the active
state with two widely separated protein domains is characterized by a larger number of surface residues with a concomitantly
higher degree of motional freedom and (ii) a larger number of hydration water molecules bound at the surface of the protein.
We thus conclude that the active state of the orange carotenoid protein displays an enhanced conformational dynamics. The
higher degree of flexibility may provide additional channels for nonradiative decay so that harmful excess energy can be more

efficiently converted to heat.

1. INTRODUCTION

Orange carotenoid proteins (OCPs) play an important role in
the protection of the cyanobacterial light-harvesting apparatus
against photodamage by non-photochemical quenching
(NPQ) of antenna fluorescence. As described in detail in
the accompanying paper, OCPs undergo photoconversion
from the orange ground state (OCP®) to the active red state
(OCP®) upon absorption of blue photons (450—500 nm). s
OCP is a water-soluble protein with an approximate molecular
weight of ~35 kDa and is composed of an N-terminal and a C-
terminal domain (NTD and CTD, respectively) binding one
xanthophyll molecule.”

The structure of the ground-state OCP® has been known at
atomic resolution for many years (see Figure 1).*” Briefly, the
NTD is mainly constituted by a-helices, while the CTD is
composed of both a-helices and -sheets. The two domains are
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interconnected by the NTD-CTD linker and by the N-terminal
extension (NTE) of the NTD, that is, the @A helix attaching to
a specific site on the f-sheet surface of the CTD. Furthermore,
multiple protein—protein interactions across the NTD—CTD
interface are stabilizing the OCP° structure. In contrast, a
high-resolution structure of the OCP® state is not yet available,
although this would be essential to understand the effective
binding of OCP in its active state to the phycobilisome
antennae and to the fluorescence recovery protein (FRP) as
well as the underlying mechanism of photoprotection. Previous
studies®”'? suggest that formation of the active-state OCP® is
characterized by (i) a separation of the two domains connected
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Figure 1. (top) Crystal structure of dimeric OCP® (PDB-code
3MG1).” The gray spheres represent the structure of OCP
reconstructed from the SANS data in the accompanying paper
using the software package DAMMIF. (bottom) Structure inferred for
dimeric OCP® according to the accompanying paper.'” The C-
terminal and N-terminal domains are shown in orange and green,
respectively. Flexible areas like N-terminal extension and linkers in the
OCP structure are indicated in blue.

by the flexible NTD—CTD linker, (ii) a considerable increase
of the protein volume along with enhanced conformational
flexibility referred to as a “molten globule state”,"" and (iii)
translocation of the bound carotenoid into the NTD.

In the accompanying paper,’”” we employed small-angle
scattering methods combined with simulation tools to obtain
solution structures of the OCP active state by in situ
illumination of wild-type OCP achieving a turnover to the
active state of more than 90% and by using the mutant
OCPY*®A anticipated to mimic the active state structure.
Reconstitutions of the active-state structure corroborate that
OCP" is significantly elongated compared to the ground-state
OCP® and characterized by a separation of the N-terminal and
C-terminal domains with unfolded N-terminal extension (see
Figure 1).

As pointed out above, the active-state OCP® is not only
characterized by a considerably altered structure but also by a
specific molecular flexibility similar to a molten globule state.'’
Here, we use the definition of Ptitsyn,'' who referred to the
molten globule state as a compact intermediate with a native-
like secondary structure, which is however lacking the tertiary
structure of the protein’s ground state. The latter situation
seems to apply in the case of OCP, because CTD and NTD are
well-separated, and the NTE becomes unfolded in OCP¥; see
above and Figure 1.

Generally, conformational flexibility is considered as
prerequisite for protein function,””~"” especially when func-
tional competence of proteins requires large-scale structural
changes as in the case of OCP. Dynamics-function relation-

ships are usually inferred when conformational protein
motions and biological activity are simultaneously suppressed
or cease below characteristic temperatures or hydration levels.
For instance, specific electron transfer steps in photosynthetic
reaction centers are impaired upon temperature decrease or
dehydration and thus appear to recgluire the presence of
conformational protein dynamics.'®'” In contrast, photo-
synthetic antenna complexes remain operative even at low
temperatures, because—in terms of protein dynamics—their
function mainly requires harmonic protein vibrations.”*

Neutron spectroscopic methods like inelastic and quasie-
lastic neutron scattering (INS and QENS) are powerful
experimental tools for direct investigations of vibrational and
conformational protein dynamics (for reviews, see refs 22—24).
Because of the high incoherent scattering cross section of
hydrogen atoms, which are almost homogeneously distributed
in biomolecules, INS and QENS are widely used to study
molecular motions in proteins. QENS experiments have shown
that proteins™ >’ and biological membranes'”**~** display
complex hydration-dependent conformational (diffusive) dy-
namics at physiological temperatures above a dynamical
transition. The latter transition occurs in the temperature
range from 200 to 240 K depending on the particular protein
and on its specific environment. Hydration water dynamics can
also be studied by QENS using contrast variation.”””* INS
spectra of proteins generally display a distinct inelastic peak
centered at energies of 2—7 meV representing vibrational
modes of the protein (see, eg, refs 21, 35, and 36).
Furthermore, QENS data are complementary to molecular
dynamics (MD) simulations of internal protein mo-
tions 243739

It is of particular interest to this study that QENS has also
established the effect of unfolding on protein dynamics,*’
which can be more generally viewed as a large-scale structural
change increasing the motional degrees of freedom of protein
residues at the surface along with a higher hydration due to a
larger number of bound water molecules. Somewhat similar
effects can be expected upon the light-induced transition from
OCP® to OCP¥; see above. In this study, we provide the first
comparative characterization of protein dynamics of OCP°
and the mutant OCP™?®4 which can be viewed as a structural
and constitutively functional analogue to OCP®.*!

The small-angle experiments presented in the accompanying
paper reveal that the OCP® and OCP“W*** samples used for
QENS experiments in the present study are preferentially
dimeric and widely resemble the structures of the ground and
active states of OCP described above, respectively. This
enables us to properly characterize the molecular dynamics of
both states of OCP on the picosecond time scale. The results
reveal a general enhancement of protein flexibility in the
functionally active form represented by OCP"*** compared to
that of the structurally more compact OCP in its basal orange
state OCP®. The data can also be used as a benchmark for MD
simulations and thus shed more light on the manifold of
conformational substates in the active state of QCP"*%4,

2. MATERIALS AND METHODS

Sample Preparation. The sample preparation including
cloning of cDNA and protein purification is described in detail
in the accompanying paper.'” The large amount of protein that
is necessary for QENS experiments was produced by using a
rich minimal medium.*” Finally, ~6 L of MTM was used to
obtain a total of 100 mg of protein for QENS experiments. The
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buffer was exchanged from H,O to D,O to suppress the
solvent scattering in the QENS experiments. This was achieved
by using a phosphate buffer in D,O prepared by dissolving a
phosphate-buffered saline (PBS) tablet (Life Technologies) in
100 mL of D,O (Sigma-Aldrich, 99.9% D content). The
purified proteins were concentrated in a centrifugation
concentration filter (PALL corporation Macrosep) to 400—
500 pL and diluted with D,O phosphate buffer three to four
times, until a D,O content of 99.9% was reached. The protein
solutions were sealed in small tubes and frozen at —80 °C until
use.

Experimental Methods. QENS Experiments and Data
Analysis. QENS spectra were recorded using the time-of-flight
spectrometer TOFTOF, operated by Technische Universitit
Miinchen at the Heinz Maier-Leibnitz Zentrum (MLZ)
(Garching, Germany).43 The incident neutron wavelength
was S A (~3.2 meV) corresponding to an (elastic) Q range of
~0.1-2.3 A7, In this configuration, the chopper speed was
14 000 rotations per minute with a ratio of the frame-overlap
chopper of 2. The typical run time for one protein sample at
one temperature was 4 h. The elastic resolution of AE = 0.08
meV was determined by vanadium standard runs. The samples
were kept in cylindrical aluminum cells having an effective
volume of 1 mL. The raw neutron data were normalized to
incoming flux and vanadium, corrected for the contribution of
the empty cell and detector efficiency, and then transferred to
energy and momentum transfer scale to obtain the scattering
function S(Q®) using the program package MANTID."**
OCP and OCP"**** in solution as well as the D,0-containing
buffer solution were studied separately to independently
investigate the contribution of the solvent at temperatures
between 100 and 300 K.

In the case of a protonated scatterer like a protein, the
experimental scattering function SeXP(Q,CO) can be described as
(for an overview, see, e.g., ref 46)

h
(@ @) = Ko -1 2 JR(@ 0) © Sp@ )

which is the product of a normalization factor Fy, the detailed
balance factor exp(—%), and the convolution of an

experimentally obtained resolution function R(Q) with a
theoretical model function S,.,(Q@) describing the dynamics
of the sample system. The theoretical scattering function can
be described by the following phenomenological model
function:

Siea(Q @) = e_<"2>Q2{Ao(Q)5(w)

+ 2 A(QL,(H, o) + $,(Q a))}
)

Here, the scattered intensity is the product of the Debye—
Waller factor =<, characterized by the “global” vibrational
mean square displacement (u*) and the sum of three
contributions: (i) the elastic component Ay(Q)d(w), (ii) the
quasielastic component Y} A, (QL,(H,, ®), and (iii) the
inelastic contribution S;,,(Q®) describing low-frequency

vibrational motions of the protein (typically found as a band
of energies in the order of a few meV). In the simplest case of

an exponential protein relaxation, the line shape function
L,(H, w) is a Lorentzian, whose width (H,, half width at half-
maximum (HWHM)) is related to the characteristic decay
time 7 of the relaxation process. Ay(Q) and A,(Q) are the
elastic and quasielastic incoherent structure factors (EISF and
QISF), respectively, which are related to each other according
to

3 4,Q) =1 - A(Q)
n (3)

The QENS spectra were analyzed using a model-free
approach. Therefore, each spectrum was fitted by a sum of
an elastic Gaussian contribution identical with the resolution
function and two Voigt functions representing the convolution
of a Lorentzian with the Gaussian elastic peak. The HWHM of
the Lorentzian curves as a function of Q* provides information
on types of motions.*® While Lorentzians exhibiting a constant
HWHM over all Q groups are indicative of rather localized
motions like, for example, a rotational diffusion, the Lorentzian
HWHM of a jump diffusion follows

DQ?

M) = e 0

where 7 represents the residence time before the jump, and D
is the jump diffusion constant.

3. RESULTS AND DISCUSSION

Separation of Buffer and Protein Scattering. In a
QENS experiment of a protein sample in solution, the overall
scattering signal will be generally composed of contributions
from both protein and solvent. This is illustrated in Figure 2,
where the angle spectrum (diffractogram), that is, the
scattering intensity at each angle averaged over all neutron
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Figure 2. Buffer subtraction for the case of the OCP"*** sample:
Angle spectra (diffractograms) of OCP"*%%* in buffer solution (blue
line), a separate buffer sample (green line), and vanadium as an
incoherent standard sample (black line) measured at 300 K. Each data
point is scattering intensity at a specific angle averaged over all
neutron energies; see below. The OCP"**** contribution (red line) is
obtained by subtraction of the buffer signal from the sample data
under the condition that the coherent peak at ~100° vanishes. As a
result, the OCP"?¥* contribution is featureless as expected for an
incoherent scatterering. The scaling factor to subtract the buffer is
found to be 0.76.
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energies, of OCP“?* in buffer solution (blue line) is
compared with those of a separate buffer measurement
(green line) and of a vanadium standard. The sample solution
reveals a correlation peak at a 26 value of ~100°. The same
correlation peak is present in the buffer data so that it can be
identified with the coherent scattering of D,O. In contrast, a
protein is expected to be an incoherent scatterer as the
vanadium standard;*” that is, it should display a flat
background in the angle spectrum. Following,*® the
OCP"*A contribution is obtained by subtraction of the
buffer signal from the sample data under the condition that the
coherent peak at ~100° vanishes according to

Iprotein = Lsample — k.Ibuffer (5)

where k is a scaling factor, which was found to be 0.76 in the
case of OCPY?4 (and 0.81 in the case of OCP®, not shown).
As a result, the OCP"?%%* contribution to the angle spectrum
shown as a red line in Figure 2 is featureless confirming the
validity of the approach.

Having determined the scaling factor for the solvent, the
contributions of OCPY?#4 and of the buffer solution to the
QENS spectra can be reliably separated. Figure 3 shows the
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Figure 3. Buffer subtraction for the case of the OCP™* sample:
QENS spectra of OCPW?*%4 in buffer solution (blue line) and of a
separate buffer sample (green line) measured at 300 K and averaged
over all scattering angles. The OCP"**3* contribution (red line) is
obtained by subtraction of the buffer signal from the sample data
using the scaling factor obtained in Figure 2. The color code is the
same as in Figure 2.

spectra for the sample solution (blue line), separate buffer
measurement (green line), as well as the difference spectrum
attributed to OCPY?4 (red line) at 300 K. The QENS spectra
displayed in Figure 3 directly correspond to the angle spectra
shown in Figure 2 and show that the dynamics of OCPW*¥%4
and of the buffer solution are very different. The buffer
spectrum exhibits a broad quasielastic contribution, which is
most likely dominated by the fast diffusion of D,O. In
comparison, the oCpWwsea spectrum is much narrower
consistent with slower protein dynamics. It is notable that
the buffer contribution accounts for a significant part of the
QENS spectrum of the OCP"*%* sample in buffer solution
and may thus largely hide the protein contribution without a
reliable separation. Finally, it has to be mentioned that the

difference spectrum accounts for OCPW*** and its hydration

shell of tightly bound water not reflected by buffer dynamics.
The QENS spectrum of OCP is determined in the same way
(not shown). In the following, we discuss only the QENS
spectra of the protein contributions of OCP and OCP"*%%4,
respectively.

The low-temperature spectra were treated in the same way
using same the scaling factors as determined at 300 K. This
procedure also yielded diffractograms for OCP® and OCP"2%84
(see Figure 4) with a flat intensity distribution as expected for
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Figure 4. Buffer subtraction for the case OCP® (upper) and
OCP"*2 (lower): Angle spectra (diffractograms) of the respective
sample in buffer solution (blue line), a separate buffer sample (green
line), and vanadium as an incoherent standard (black line) measured
at 100 K.

incoherent scatterers like proteins. The only difference to the
situation at room temperature is that the buffer exhibits Bragg
peaks corresponding to ice formed at 100 and 200 K,
respectively. The Bragg peak region is excluded from further
analysis because of improper subtraction due to high Bragg
peak intensity.

Temperature Dependence of Protein Dynamics.
QENS spectra of OCP° and OCP"**¥* are shown in Figure
S for three selected temperatures aiming to characterize the
temperature dependence of protein dynamics. The spectra
measured at 100 and 200 K are mainly composed of an elastic
peak at zero energy and a broad inelastic feature with peaks at
~5 and 6 meV (40 and 48 cm™, respectively), which can be
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Figure 5. QENS spectra of OCP® (lower) and OCP"**%* (upper)
measured at different temperatures of 100 K (green line), 200 K (red
line) and 300 K (blue line). The spectra are averaged over the g-range

from 0.3 to 2.3 A™! resulting in an average momentum transfer value
of g = 1.3 A™! to improve the statistics in the inelastic region.

associated with protein vibrations. The inelastic range of the
QENS spectra does not reveal apparent differences between
OCP® and OCP™?®* 3t the given signal-to-noise ratio.
Generally, the protein vibrations of both proteins are
characterized by relatively high protein frequencies compared
with other proteins typically showing vibrational peaks at ~2.5
meV.”"** The relatively high vibrational frequencies observed
can be explained by a relatively high degree of localization of
the corresponding vibrations. Similarly high vibrational
frequencies were recently reported for phycobiliproteins of A.
marina.*® With temperature increase from 100 to 200 K, the
inelastic contribution gains intensity on the expense of the
elastic peak due to higher thermal occupation of vibrational
levels. At the same time, the inelastic peak energies remain
almost constant underlining the harmonic nature of the
corresponding vibrations.

In a next step, we attempted fits of the low-temperature
QENS spectra of OCP® and OCP"*¥* (100 and 200 K)
according to eq 2 using a Gaussian function as elastic peak, a
Lorentzian function (g-independent HWHM of 0.32 meV) to
model a potential quasielastic contribution and an inelastic
peak. At 100 K, the EISFs determined are generally well above
0.995 so that the quasielastic contribution accounts for less

than 0.5% of the scattering intensity (not shown). This shows
that quasielastic scattering is widely absent so that conforma-
tional motions are impaired. When the same model is applied
to the QENS data measured at 200 K (see representative fit in
Figure 6), some quasielastic contribution can be detected. The
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Figure 6. Representative QENS spectrum of OCP® shown for a

selected Q-value of 0.9 A™" at 200 K. The full red line is a Lorentzian
fit of a QENS spectrum of OCPY; see text for details.

width (HWHM) of 0.32 meV obtained for the Lorentzian is g-
independent, suggesting that the motions detected are widely
localized as generally observed for proteins in this temperature
region.25 The g-dependence of the corresponding EISFs of
OCP® and OCP™?*¥ are shown in Figure 7. The EISFs are
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Figure 7. Comparison of the EISFs obtained from Lorentzian fits of
QENS spectra of OCPW*¥4 and OCPP, respectively, at 200 K as a
function of momentum transfer Q.

generally still above 0.98 indicating that the proteins remain
rather rigid at 200 K. Interestingly, however, the EISFs for
OCP? are slightly lower than those of the mutant QCP"?%4
with separated domains and unfolded NTE. This effect could
be rationalized assuming that the mutant has a larger number
of surface residues whose motional freedom is hindered by the
rigid (crystalline) solvent, especially the unfolded NTE. In
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contrast, the more compact OCP® may retain some motional
freedom in its interior.

Comparison of OCP and OCP"288A pProtein Dynamics
at 300 K. In contrast to the situation at low temperatures, the
QENS spectrum at 300 K exhibits an intense quasielastic
contribution centered around the elastic peak at zero energy.
This feature shows that—as an additional type of protein
mobility—Ilarge-amplitude rearrangements between different
conformational substates on the picosecond time scale are
present at physiological temperatures. The latter type of
motion is often viewed as a prerequisite for functionally
important structural changes'”'*'®*" as observed between the
ground-state OCP® and the active-state OCP®.”’

QENS spectra of OCP® and OCP"*¥34 obtained at 300 K
are compared in Figure 8 for a representative value of

10 -
] .
~
5 5
. o
e 1 S
5 :
[ <}
—~~ o
>
LIJ.~ § 03
(@] 0,14 2
~ E =
U) 0,25 0.00 O‘IZS 0,50
.é\ Energy [meV]
@ opt{ 1=300K
C ] Q=13 A
q) (o]
= ——ocP
E OCPWZB&A
1E'3 T T T T T T T T 1

T
-2 -1 0 1 2 3 4 5 6 7 8

Energy [meV]

Figure 8. Comparison of QENS spectra of OCP® (black line) and
OCP"*# (red line) at an average momentum transfer value of Q =
1.3 A™! obtained at 300 K.

momentum transfer Q. The data reveal that OCPY*%4 jg
characterized by an increased, that is, broader, quasielastic
intensity in the energy range of +0.5 meV. Qualitatively, this
can be interpreted as a general increase of picosecond protein
flexibility of the elongated OCP"*¥* structure compared with
OCP®. To further analyze the latter change in conformational
flexibility, the QENS spectra of OCP® and OCP“W*** were
fitted with phenomenological scattering functions according to
eq 2. The latter fits require an elastic contribution and two
Voigt functions depicting protein motions; see above. A
representative fit is shown in Figure 9, and the fit parameters
are compiled in Tables 1 and 2 for OCP® and OCP"*%%4
respectively. Here, the elastic contribution (green line in Figure
9) is determined by the resolution of the instrument. The
broader of the two Lorentzians (gray line in Figure 9)
characterizing faster protein motions is fixed at an HWHM of 4
meV for both OCP® and OCPY?*®% independent of
momentum transfer Q. This is the signature expected for
localized conformational protein motions of small protein
residues.

A clear difference between OCP® and OCPW*¥* is observed
for the narrow Lorentzian corresponding to slower protein
motions as can also be deduced from Figure 8. The line widths
(HWHM) obtained for OCP® and OCPW?** a5 a function of
momentum transfer Q are shown in Figure 10. Obviously, the
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Figure 9. Example of a theoretical fit for the case of the OCPW*554

QENS spectrum (orange dots) at a representative momentum
transfer value Q of 1.7 A™!. The elastic contribution is shown as a
gray solid line, and the two quasielastic (Voigtian) contributions show
as gray long-dashed and short-dashed lines, respectively. The final fit
is shown as a black line. OCP® data were fitted using the same model
function.

line widths of OCP"** are systematically wider than those of
OCP®, which qualitatively points to a larger mobility of
OCP"*®A The Q-dependence can in both cases be described
by a jump diffusion model (eq 4) describing localized diffusive
protein motions. The mobility of the system can be quantified
by a jump diffusion constant D and by the residence time 7.
The full set of parameters of the fits are summarized in Table
3. According to our fits, the jump diffusion constant D found
for OCPW*¥A of (3.48 + 0.01) X 10™° cm?/s is increased by
~20% compared to a D-value of (2.82 + 0.01) X 107> cm?/s
derived for OCP°. Thus, the increased D-value is a
quantitative measure for a significantly enhanced protein
dynamics of OCP"?#* which can be viewed as a structural
analogue of the active-state OCP®. A global diffusion as
observed for WSCP** or hemoglobin®* could not be detected
on the given time scale of motions. This is consistent with
rather slow values of translational diffusion for both OCP
forms observed by fluorescence correlation spectroscopy.”

As a further quantitative measure of the protein mobility of
OCP° and OCPW?*¥4 we determined the average atomic mean
square displacement (u*). Briefly, Figure 11 shows the natural
logarithm of the integrated intensity in the elastic peak region
of OCP® and OCP"**¥* a5 a function of momentum transfer
Q> The quasielastic contribution in the region of the elastic
peak was estimated just outside of the elastic peak region and
subsequently subtracted as a flat background. Both data sets
exhibit linear ranges at low Q. The larger slope of the linear
range for OCP"?*®* corresponds to a larger mean square
displacement (u?) compared with OCP®, which again
corroborates a larger mobility of OCP"2%4,

The observed enhanced flexibility of the signaling state
analogue OCP"?%¥4—whose structure is believed to mimic
that of the active-state OCP®—can be understood in terms of
the structural differences between OCP® and OCP"*84, As
already discussed above, the NTD and CTD are separated in
OCP"?%84 Jeading to a more elongated structure of the
molecule. In addition, the NTE and domain linkers are
unfolded and provide additional flexibility by themselves.>*
This situation is illustrated in Figure 1 and—for the OQCP"?$84
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Table 1. Parameters Used to Fit the QENS Spectra of OCP® at 300 K

QENS fitting parameters OCP°

QA area Gauss area Lorentzl area Lorentz2 EISF FWHM® 1 meV FWHM?" 2 meV Gauss width, meV
0.3 0.509 09 0.188 07 0.06 0.672 37 0.21 4 0.073
0.5 0.37142 0.3098 0.06 0.501 09 0.21 4 0.075
0.7 0.257 32 0.4 0.105 0.337 58S 0.21 4 0.075
0.9 0.21892 041917 0.11 0.292 64 0.233 66 4 0.08
1.1 0.189 57 0.4113S 0.16 0.227 94 0.307 0S 4 0.082
1.3 0.193 07 0.4549 0.2 0.227 68 0.407 37 4 0.084
1.5 0.173 33 0.546 81 0.24 0.180 53 0.479 07 4 0.084
1.7 0.174 82 0.63027 0.32 0.155 38 0.55178 4 0.084
1.9 0.147 86 0.648 08 0.35 0.129 03 0.609 18 4 0.086
2.1 0.12 0.45 0.44 0.118 81 0.65 4 0.087

“FWHM = full width at half-maximum.
Table 2. Parameters Used to Fit the QENS Spectra of OCP"?*** at 300 K
QENS fitting parameters OCP"2854

Q A area Gauss area Lorentzl area Lorentz2 EISF FWHMI1 meV FWHM?2 meV Gauss width, meV
0.3 0.241 32 0.06 0.027 0.73501 0.19 4 0.073
0.5 0.151 51 0.110 84 0.03 0.518 25 0.19 4 0.075
0.7 0.079 0.217 66 0.042 023327 0.19 4 0.075
0.9 0.071 3§ 0.21877 0.047 86 021111 0.278 67 4 0.08
1.1 0.053 01 0.216 24 0.062 52 0.159 78 0.346 85 4 0.082
1.3 0.050 53 0.208 13 0.072 68 0.1525 0.44 4 0.084
1.5 0.046 16 0.200 04 0.082 52 0.140 42 0.516 4 0.084
1.7 0.040 83 0.195 04 0.095 0.1234 0.567 18 4 0.084
19 0.03127 0.177 34 0.12 0.095 16 0.611 82 4 0.086
2.1 0.024 91 0.175 84 0.12 0.077 66 0.669 65 4 0.087

“FWHM = full width at half-maximum.
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Figure 10. Q-Dependence of the HWHM of narrower quasielastic
component (see gray dash line in Figure 9 for the case of OCPW*%4)
for OCP? and OCP"*** The lines connecting the data points are

shown as a guide. The parameters of the fits are summarized in Table
3.

sample under study here—in the inset of Figure 3. It is clearly
visible that the structure of OCP® is more compact, while
OCPY?®A has a larger surface and some unfolded residues/
linkers. In addition, under the chosen experimental settings,
QENS probes the mobility of small protein residues like
methyl and OH groups as well as that of water molecules on
the picosecond time scale.””** Taking this into account, the
enhanced mobility observed for OCP"**** can be attributed to

Table 3. Parameters of the Fits Shown in Figure 10

ocCp° OCp™
jump diffusion model narrow Lorentzian peak
D (meV x A?) 0.185 = 0.006 0.236 + 0.006
D (107 cm?/s) 2.82 + 0.01 348 + 0.01
t (mev™!) 1.81 + 0.06 2.06 + 0.06
t (ps) 1.18 + 0.05 1.34 + 0.05
constant width over all g range broad Lorenzian peak
HWHM (meV) 2
toe (ps) 0.33

two effects: (a) the larger protein surface due to separated
domains and unfolded NTE leads to a higher degree of
motional freedom of surface residues™ and (b) a concom-
itantly higher number of hydration water molecules performing
relatively fast translational and rotational motions on the
protein surface themselves.'”'®***® The latter dynamical
component cannot be experimentally separated by our buffer
subtraction approach, because the buffer dynamics is mainly
determined by translational diffusion of free bulk water.”” In
contrast, the dynamics of bound hydration water molecules has
been shown to be slowed compared with that of bulk water.>®
It is interesting to note that ref 56 reported a suppression of
molecular dynamics upon photoactivation because of for-
mation of additional bonds.

Protein dynamics is generally assumed to ensure functionally
relevant structural changes in biomolecules.'>'*'%'8 We
therefore anticipate that the enhanced flexibility directly
observed by QENS for the signaling state analogue—also
referred to as molten globule state—is important for the
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Figure 11. Determination of the average atomic mean square
displacements (u*) of OCP® and OCP"**¥4; Logarithmic plot of
the elastic intensities of QENS spectra as a function of momentum
transfer Q2. Linear fits of the data in the low Q-limit are shown as

black lines.

function of OCP, because it may facilitate the structural
changes necessary not only for binding of OCP to PBS but also
for the translocation of the carotenoid in the quenching state.”*
However, there is another important aspect, as the enhanced
conformational flexibility appears to be a specific property of
the active state of OCP itself: the higher flexibility observed
may be directly related to the reduced fluorescence quantum
yield of the OCP*-PBS complex and thus to NPQ, because
excess energy can be more efficiently converted to heat by a
more flexible structure due to additional channels for
nonradiative decay as shown, for example, for different
mutants of phytochrome®” and cyan fluorescent proteins.>®

4. CONCLUSIONS

In the present study, we directly investigated the picosecond
molecular dynamics of OCP using quasielastic neutron
scattering for the first time. We show that the jump diffusion
constant D characterizing the localized stochastic fluctuations
of protein residues is increased by ~20% from (2.82 + 0.01) X
107 cm?/s in the ground state to (3.48 + 0.01) X 107> cm?*/s
in the active state. At the same time, the average atomic mean
square displacement (u*) increases from 1.47 + 0.05 A in the
ground state to 1.86 + 0.05 A in the active state at 300 K. This
significantly enhanced molecular mobility can be rationalized
taking two factors into account: (i) the two widely separated
protein domains of the active state display a larger number of
surface residues along with a higher degree of motional
freedom and (ii) a larger number of hydration water molecules
bound at the surface of the protein. The higher degree of
flexibility may provide additional channels for nonradiative
decay so that harmful excess energy can be more efficiently
converted to heat.
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