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Abstract

Conformational dynamics allow proteins to fulfil their biological roles, yet the
understanding of these molecular machines is largely limited to structural snap-
shots. Time-resolved X-ray scattering provides a possible way of uncovering
such dynamics, but hinges on the ability to trigger reactions, and most crit-
ically on the ability to interpret the resulting data. This thesis explores how
such experiments can be carried out and analysed.

First, a computational tool for the interpretation of time-resolved X-ray
scattering data is presented and tested. It is found that the method works for
systems which undergo concerted domain movements, but fails for those where
the structure changes in more subtle ways. The method is a potential starting
point for systematic, molecular dynamics based interpretation schemes, and
provides the most general and unbiased scheme yet.

Further, the time-resolved X-ray scattering technique is applied to the phy-
tochrome family of light-sensing proteins. The results establish a comprehen-
sive mechanism of signal transduction in a particular member of the family.
A comparative study shows that this mechanism is also found in several other
protein relatives, implying that a core structural apparatus has been conserved
and reused for various purposes during evolution.
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Chapter 1

Introduction

This thesis deals with structural change in proteins, the process by which a
macromolecule transfers from one conformation to another. This happens all
the time in living organisms. At equilibrium, proteins wander aimlessly along
pre-determined conformational paths, performing perpetual exercises which
are written into the very genetic code that also prescribes their structure and
their function [1, 2]. Biomolecular catalysts, which are vital to all organisms,
undergo well-defined movements which allow them to fill their purposes with
efficiency and specificity [3]. Yet, structural biology has rather little to say
about the subject. At the time of writing, the Protein data bank (PDB)
contains 113331 structures, most of which were determined from X-ray crys-
tallography. Determining a hundred thousand protein structures is no mean
feat, and these structures have revolutionised how we understand the building
blocks of life. But if one wishes to understand how these complex molecular
machines work, then static snapshots are not enough. It is then necessary to
directly and experimentally study their dynamics [4].

In this work, my colleagues and I have contributed to this effort. We
have developed experimental and analytical techniques which can be used for
studying the structural dynamics of a subset of all natural proteins, those
which depend on light stimuli. Before us, others have carried out similar
studies of proteins which are incidentally light-sensitive in ways unrelated to
their biological function [5], or which serve to harvest the energy content of
incident light [6]. In contrast, we apply these methods to the signalling proteins
which inform plants, fungi, and bacteria of their surroundings, the “eyes” of
these blind organisms.

The dynamics of light-dependent proteins are usually studied by means of
time-resolved absorption spectroscopy. While certainly useful, spectroscopic
methods report on molecules’ electronic or vibrational energy levels, which are
only indirectly related to molecular structure. X-rays, on the other hand, in-
teract with matter in a way which depends directly on the spatial arrangement
of its electrons [7]. If X-ray scattering experiments are done with the protein
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2 Chapter 1. Introduction

in solution, then the protein is free to move as it would, for example, in the cell
itself. At certain X-ray facilities, scattered X-rays can also be measured with
very high time resolution. This makes the technique of time-resolved X-ray
scattering ideal for experimental studies of protein structural dynamics. It is,
however, a rather new and untested method, and the aim of this work is to
further its applicability.

The work that I describe here can be divided into two parts, in the title
referred to as detection and identification. The first is the experimental process
of observing structural change as a time-dependent X-ray scattering signal.
For light-sensitive proteins, this amounts to setting up an experiment where
light in the form of laser pulses can be delivered to a protein sample, which
is simultaneously monitored in a controlled way using an X-ray beam. All
this must be done at large-scale synchrotron facilities, where the high X-ray
intensities needed for detecting these weak signals are available. The second
aspect encompasses what comes after the experiment, when data encrypted
by the interference process and by the random nature of liquid samples are to
be understood. The task is to translate data with a low information content
into structurally meaningful insights, and is currently the bottleneck in this
type of study.

The research leading up to this thesis was carried out in an erratic and
iterative way, with the dead ends and surprising findings that seem to be
inherent to basic research. While I in principle think that science should not be
narrated [8], I fear that a chronological account of my PhD work would be both
uninteresting and hard to follow. I have therefore chosen to summarise and
discuss my research papers in a way which is intuitive to me, and interwoven
this with theory and background in the following thematic chapters.

Chapter 2 explains how X-ray scattering works, and why measuring scat-
tered X-rays gives structural information on molecular length scales. It de-
scribes how X-ray scattering patterns can be calculated from trial structures,
and explains why this is a necessary but resource-intensive operation. In this
context, Paper I, which explores how coarse-grained representations of protein
structures can be used to accelerate structural interpretation, is summarised.

Chapter 3 describes how time-resolved X-ray scattering can be detected.
The chapter is mainly practical, and describes how lasers and X-rays are syn-
chronised, how dynamics can be triggered, and how time-resolved data can be
recorded and treated. The sensitivity of the technique is discussed, as are its
major experimental pitfalls. The choices made in the included research papers
are motivated.

Chapter 4 picks up where the last chapter left off, and outlines what can
be done with the data once recorded. The theoretical possibility of correctly
identifying structural movements from information-poor scattering data is dis-
cussed, and an overview is given over the approaches previously taken. This
is a natural place to summarise Paper II, in which a general and rather un-
biased method for interpreting time-resolved solution X-ray data is proposed
and implemented. A set of limitations to the method are encountered and
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explored.
Chapter 5 describes the application of the technique to the phytochrome

family of light-sensing proteins. Building on the previous chapters, it sum-
marises and puts in context Papers III, IV, and V, all of which are solution-
structural investigations into phytochrome signalling.

At the end, Chapter 6 is an attempt to sum up, to conclude, and to
provide an outlook.
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Chapter 2

X-ray scattering

This chapter introduces X-ray radiation, and explains why it is such a powerful
probe for molecular structure. The chapter then explores how to predict the
scattering from a solution of protein molecules, and how this computationally
costly operation can be sped up, as required in iterative refinement schemes.
At the end of the chapter, I show that the complicated task of X-ray scat-
tering prediction is simplified when dealing with time-resolved data. In this
way, the chapter provides theoretical background and an overview of published
methods, as well as a summary of Paper I.

2.1 Fundamentals
X-rays are electromagnetic waves with wavelengths in the range of 0.1Å to
100Å, which corresponds to photon energies of around 100 eV to 100 keV.
This highly energetic type of radiation interacts with matter in several ways,
and is a useful probe throughout science and medicine. One of its most useful
properties is that the wavelength is on the same length scale as interatomic
distances and molecular dimensions. Therefore, radiation scattered from a
sample carries information on the internal atomic or molecular structure of the
material, and scattering techniques are frequently used for structural studies
in physics, chemistry and biology.

In what follows, I will only consider elastic scattering of X-rays, where no
energy is transferred from the electromagnetic wave to the sample, that is,
where the wavelengths of the scattered and incident waves are equal. Further,
although the phase shift of anomalous dispersion is a useful effect in crystal-
lography [9] and even for solution studies [10, 11], the following treats only
normal, instantaneous scattering.

Simple scattering can be conveniently thought of in classical terms. Essen-
tially, an electron struck by an X-ray beam is accelerated by its electric field.
According to classical electromagnetism, the resulting oscillating charge will
emit a scattered wave with an amplitude given by fundamental constants [12].

5



6 Chapter 2. X-ray scattering

A

B

P

W

Figure 2.1: Scattering from two points

~ri

~k0
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~q = ~k − ~k0 D

etector

Figure 2.2: Scattering from a general sample.

When scattering originates from different parts of the sample, such as different
atoms in a molecule, these scattered waves add and interfere. Consider the
geometry shown in Fig. 2.1. At the point of observation P , the observed wave
is the sum of the scattered waves from particles A and B. The two waves will
reach P with different phases, because each has travelled a different distance
from the plane front W to the point of observation. The actual phase shift
will depend on the difference |−−→WA| + |−→AP| − (|−−→WB| + |−→BP|), which for larger
three-dimensional systems is a complicated expression.

Consider instead the geometry shown in Fig. 2.2, where the distance be-
tween the sample and detector is much larger than the size of the sample. As
it turns out, the geometrical problem of Fig. 2.1 simplifies a great deal un-
der this condition. An incident plane wave ~k0 with | ~k0| = 2π

λ (where λ is the
wavelength) is scattered and observed in the direction ~k. With all phases taken
into account, a collection of spherical point scatterers at the sample position
produce a scattered wave of amplitude

F (~q) =
∑
k

fk(~q) exp(i~q · ~rk) , (2.1)

where ~rk is the position of atom k relative to some arbitrary origin, and ~q =
~k − ~k0 is the momentum transfer vector. The quantity fk(~q) is the atomic
scattering factor of particle k, a tabulated quantity derived from quantum-
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rij

~k0

q = |~k − ~k0| = 4π
λ sin θ

2θ

D
etector

Figure 2.3: Scattering from a collection of identical but randomly oriented
particles, together with a detector image of protein solution scattering. The
spot on the detector image shows the beam block which catches the primary
beam, and the image axes are perpendicular to the direction of the primary
beam.

chemical calculations [13–15].
In any actual experiment, what is measured is not scattered amplitude but

intensity, which is obtained by multiplying F (~q) by its complex conjugate. If
~rkl is the vector from atom l to atom k, the total scattered intensity becomes

I(~q) = F (~q)F (~q)∗

=

[∑
k

fk(~q) exp(i~q · ~rk)

][∑
l

fl(q) exp(−i~q · ~rl)
]

=
∑
k

∑
l

fk(~q)fl(~q) exp(i~q · ~rkl) . (2.2)

What is more, for solution experiments, one typically measures a large
number of identical particles, such as protein molecules. In solution, these are
usually randomly and uniformly oriented, as illustrated in Fig. 2.3. This means
that one simultaneously measures all possible orientations, and the resulting
detector image is spherically symmetric and essentially one-dimensional. It is
convenient to represent the scattered angle as q = |~k− ~k0| = 4π

λ sin θ, such that
it is independent of the actual wavelength and detector distance used. The
one-dimensional intensity is obtained by taking a spherical average, which
yields the well-known Debye equation (2.3). Note that all atoms are assumed
to scatter spherically, so that the quantities fk(~q) = fk(q) are independent of
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the orientation of ~q.

I(q) =
〈
I(~q)

〉
=

〈∑
k

∑
l

fk(~q)fl(~q) exp(i~q · ~rkl)
〉

=
∑
k

∑
l

fk(q)fl(q)
〈

exp(i~q · ~rkl)
〉

=
∑
k

∑
l

fk(q)fl(q)
sin(qrkl)

qrkl
(2.3)

A final complication is that, in most experiments, one measures a whole so-
lution of the compound of interest, including a solvent and possible additives.
In practice, one then records the scattered intensity both from the solution
of interest (Isoln) and from the background solvent or buffer (Ibg). It is the
difference of these, I(q) = Isoln(q)− Ibg that must be compared to structural
hypotheses for interpretation. Therefore, two additional terms must be in-
cluded before taking the intensity and spherical average of Eq. (2.1). The
first is the contribution from the solvent or buffer displaced by the solute. The
second is that of the solvent or buffer close to the solute, where its structure
most likely differs from that of the bulk [16]. Taken together, the measured
intensity can be expressed as

I(q) = Isoln(q)− Ibg(q)

=

〈
(Fvac − Fexcl + Fsolv)(Fvac − Fexcl + Fsolv)∗

〉
, (2.4)

where the terms in parentheses represent scattered amplitudes from the mole-
cule itself in vacuum (Fvac), from the excluded solvent (Fexcl), and from the
solvation layer (Fsolv). This final expression is rather complicated, and involves
individual contributions as well as all of their cross terms. In the following sec-
tion, we shall see several practical approaches to overcoming this complexity.

2.2 X-ray scattering prediction
Structural interpretation of macromolecular X-ray scattering patterns is a re-
verse modelling process, meaning that theoretical scattering curves must be
repeatedly calculated (as discussed in Chapter 4). This demands both accurate
and reasonably fast ways of predicting the scattering from a given structure
or structural distribution. The available methods mainly differ in how they
represent the solvent contributions in Eq. (2.4), and in how they carry out the
spherical average. Both these aspects appear to be critical to the quality and
computational cost of the prediction. This section describes today’s dominant
software package, and justifies why our studies in Paper III required an alter-
native approach. At the end of the section, I describe state of the art methods
for ab initio estimates of the terms of Eq. (2.4), and give an outlook.
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Figure 2.4: The protein solution model used in CRYSOL. Directly copied from
Svergun et al. [17].

2.2.1 The industry standard: CRYSOL
The first major software package for predicting small-angle X-ray scattering
(SAXS) patterns was CRYSOL, published in 1995 [17]. Adapted to the limited
computing resources available at the time, it was designed to be fast rather
than accurate. Still, it is probably the most widely used program today.

CRYSOL takes its departure in Eq. (2.4), and constructs a model where
all three terms are accounted for. This model is displayed in Fig. 2.4, which is
copied from the original CRYSOL paper [17]. The first term (Fvac) is simply
a sum over all atoms as in Eq. (2.1). For the second, excluded solvent term
(Fexcl), CRYSOL uses an approximation originally introduced by Fraser, where
the excluded solvent is taken into account by placing a spherical Gaussian of
negative electron density at the position of each scatterer [18]. This can be
done at the level of the atomic scattering factor and also gives a spherically
Gaussian term in q space.

f exclk (q) = fk(q)− νkρs exp

[
−ν2/3k

q2

4π

]
, (2.5)

where νk is a volume associated with the scatterer. This correction to the
atomic form factors is both useful and popular, and we shall see it again in
other scattering prediction strategies.

In the CRYSOL model, the solvation layer is described by a continuous
layer of uniform density, described by the envelope function F (ω) (see Fig.
2.4). The solvation layer density is simply defined as

ρ(~r) =

{
ρb for F (ω) ≤ |~r| ≤ F (ω) + ∆

0 otherwise
(2.6)

What makes CRYSOL so fast is what happens in the next step. Taking
intensities and orientational averages is hugely accelerated by expanding each
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Figure 2.5: Corrected scattering factors cause overlaps and gaps.

term of Eq. (2.4) in Bessel functions jl and spherical harmonics Ylm. For
example, the exponential in Eq. (2.1) is expanded as

exp(i~q · ~rk) = 4π

L∑
l=0

l∑
m=−l

iljl(qr)Y
∗
lmYlm . (2.7)

Owing to the mutual orthogonality of spherical harmonics, the final intensity
evaluation will involve nested sums over the atoms, and over the spherical
harmonic indices.

I(q) =

N∑
k=1

L∑
l=0

l∑
m=−l

... (2.8)

Since a decent representation of a protein requires L ≈ 15, the l and m sums
involve (L + 1)2 = 256 terms. Thus for N atoms, the sum has L2N ≈ 256N
terms, and scales with the number of atoms as O(N). For large molecules this
evaluation, even including the overhead of the expansion, is quite efficient.
It is much less time-consuming than evaluating the Debye equation (2.3), for
which the number of terms scales roughly as O(N2).

CRYSOL has several shortcomings, and perhaps the worst danger is the
risk of over fitting. In the implementation, six quantities are treated as free
fitting parameters: the solvent electron densities of the bulk solvent (ρ0) and
of the hydration shell (ρb), the volume displaced by each atom (νk), and the
overall displaced volume. In addition, the experimental data can be scaled
and shifted. Much of the error caused by a bad model therefore risks being
absorbed into these fitting parameters [19, 20].

Further, the scattering model itself suffers from some of its approximations.
Firstly, the excluded solvent correction introduces artefacts, since the spheres
will both overlap and leave gaps uncovered, as schematically illustrated in Fig.
2.5. This introduces structure where there should be none. The excluded sol-
vent amplitude should be an average over all possible solvent configurations,
ultimately a homogeneous density. Instead, the excluded solvent scatterers
cause artificial scattering features at high q [21]. Secondly, CRYSOL has an
over-simplified view of the hydration layer, which is considered as continuous
and independent of the local protein surface properties. Actually, the solvation
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layer treatment has very little physical support. Thirdly, the surface repre-
sentation F (ω) is far too simple to represent proteins which are not roughly
spherical. For example, the surfaces of proteins which have internal cavities or
external protrusions, or which consist of multiple domains connected together,
cannot be represented in this way.

2.2.2 An alternative: SASTBX
A more recent development is the method introduced by Liu et al. [33], and
implemented in the SASTBX package [32]. By this method, the exponential
in Eq. (2.1) is expanded in terms of three-dimensional Zernicke polynomials
(which are just convenient basis functions). Similarly to the spherical harmon-
ics expansion described above, this greatly reduces the computational cost of
the intensity evaluation, and reduces the scaling to O(N). In this method, the
displaced solvent and the hydration layer are modelled as continuous regions
on a grid of finite volume elements [33]. One result of this is that the overlaps-
and-gaps problem discussed above (Fig. 2.5) is solved. Another is that the
shape of the hydration layer region becomes more flexible, so that SASTBX
can accommodate much more complex molecular shapes.

For the structural studies in Paper III, this last point became critical. As
will be seen in later chapters, the phytochrome protein studied is strongly
non-spherical, with a dimeric interface that opens up to form a solvated cleft.
CRYSOL does a poor job of describing such a molecular envelope, and we used
SASTBX with Zernicke expansion for all scattering calculations.

2.2.3 The bleeding edge: explicit solvent methods
Many alternatives to the spherical harmonics (or Zernicke polynomial) ex-
pansion methods have been proposed, and Table 2.1 summarises most of
them. But the most ambitious development is to calculate the scattering of
a biomolecule solution directly from all-atom molecular simulations. Almost
accomplishing this, Grishaev et al. used independent frames of an equilibrium
water box to find representations of the displaced solvent and hydration layer
contributions [19]. They then scaled up the scattering from the bulk-structured
water in the hydration layer to account for the assumed excess density there.
The results were scattering curves which better matched experimental data.
But more importantly, their method was better able to discriminate good mod-
els from randomly generated bad ones, a crucial requirement to avoid the over
fitting which inevitably happens when too many free parameters are allowed
to vary [20].

In an attempt to numerically explore how much information can be ex-
tracted from static SAXS and WAXS curves, Park et al. were the first to cal-
culate the scattering from a complete, realistically hydrated protein molecule.
They simulated two droplets, one of pure water and one which also contained
a conformationally locked protein molecule, and calculated the time-averaged
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signal. In this way, all terms of Eq. (2.4) were approximated by considering
the actual solvent which would have occupied the molecule’s place, and that
which is accumulated or depleted at various positions around the molecule.
Their approach uses no free parameters that can be varied to reproduce data,
and which might therefore absorb the model’s flaws. Instead, the quality of
the structure, together with the quality of the simulation performed, the force
field used, etc, completely determines the predicted scattering.

In a similar approach, Chen et al. recently launched a web server which
performs MD simulations and returns the predicted scattering from simulated,
completely explicit models [20, 34]. Their method is mostly equivalent to that
of Park et al., with the improvement that a dynamic envelope is used, so that
protein flexibility can be taken into account. Thus, the idea is to validate MD
trajectories by comparing the time-averaged scattering intensity to experiment.

It is easy to conclude that the ambitious methods presented in this section
provide the way forward in scattering calculations. But for a SAXS or WAXS
practitioner, the choice will ultimately be a practical one, with the accuracy
gained by using a more advanced method weighed against the computational
cost and logistical aspects. Sometimes, a rough picture is simply enough.
Other times, MD simulation might not even be an option, due to exotic amino
acid components or chromophores that may not be parametrised in standard
MD packages. Therefore it is entirely possible that CRYSOL, from 1995, will
continue to be the most commonly used program in the field.

2.3 Structural change and difference scattering
This thesis deals with the structural dynamics of molecules. In solution X-ray
experiments, such dynamics are tracked by measuring the change in scattered
intensity which occurs during the dynamic process of interest. The process
is triggered by some perturbation, typically a laser pulse, at t = 0. The
difference scattering at some later time t = τ is then calculated from the
scattered intensity by subtracting that of the unperturbed sample at t < 0,

∆I(q, τ) = I(q, τ)− I(q, t < 0) . (2.9)

In time-resolved X-ray studies, solving the reverse problem of structural
interpretation (Chapter 4) thus requires repeated calculation of the quantity
∆I(q, τ). But now there are two trial structures, one for t < 0 and one for
t = τ . Obviously the most accurate way of calculating the difference in Eq.
(2.9) is to calculate the predicted scattering from each, using the most accurate
method available. But Eq. (2.9) actually affords some cancellation of error
which can be exploited by using a simpler X-ray scattering calculation.

In particular, the effect of the hydration layer is negligible in the quantity
∆I(q, τ), as shown for three test systems in Fig. 2.6. The test systems are sets
of published structure pairs which represent conformational change of varying
magnitudes, at 0.2Å, 4.0Å and 10.1Å (RMSD). The difference scattering from
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Figure 2.6: Predicted solution difference scattering of three test systems which
undergo conformational change at different length scales, calculated from atom-
istic models using the CRYSOL program [17]. Solid lines are calculated with
the displaced solvent correction in Eq. (2.5), dashed lines additionally account
for the hydration layer using the default CRYSOL settings. Reproduced from
Paper I.
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each system was predicted with CRYSOL, both by ignoring the hydration
layer, and by accounting for it with the program’s default parameters but at
the highest possible resolution (L = 50 in Eq. (2.7)). Although the treatment
of the hydration layer in CRYSOL is primitive, it is useful as a prototype for
estimating the effect on ∆I(q, τ). Evidently, at all scales of conformational
change, the hydration layer scattering more or less cancels out.

The results of Fig. 2.6 justify disregarding the hydration layer scattering in
difference intensity calculations, but this must be done with prudence. If, for
example, solvent-accessible surface was created or lost in the conformational
change, then the error cancellation would probably become worse. This could
happen if a buried interface was formed or broken in the process. One could
also imagine an effect on ∆I(q, τ) if the hydration layer remains unchanged,
but that the internal charge density of the protein is rearranged, such that the
protein-hydration layer cross terms are altered. For most systems, however,
Fig. 2.6 is a reassuring reminder that the complexities of scattering predictions
are somewhat relaxed for difference scattering.

2.4 Speeding up the calculation
Predicting scattering data from a molecular model is riddled with the above
challenges and complexities. But as we shall see in Chapter 4, the reverse
operation – determining structure from scattering data – is even worse. For
proteins, the information encoded in a scattering curve is nowhere near what
is needed to uniquely solve a structure, so structural interpretation is a reverse
problem which requires testing a large number of trial structures. Needless to
say, such schemes easily become computationally overwhelming, and scattering
evaluations must be accelerated.

There are a number of ways to approach this problem. As we have already
seen, expansion of the three-dimensional form factor (2.1) in some convenient
basis set greatly accelerates calculations by simplifying the spherical average.
Another strategy is to do Monte Carlo sampling of the molecule’s internal
distance distribution [23, 38]. There are also methods that directly speed up
the analytical (but computationally expensive) spherical average of the Debye
equation (2.3). One example is the approximation by Gumerov et al., which
reduces the O(N2) complexity to O(N) [39], although to my knowledge, this
has not been implemented in distributed software. The Debye sum can also
be simplified by distance binning, or by assuming that all atomic scattering
factors have the same q dependence, both of which decrease the number of
time-consuming sin(qr) evaluations in Eq. (2.3) [29, 40].

Perhaps the most intuitive way of speeding up the Debye sum is to cluster
atoms together and consider a coarse-grained representation of the protein.
This is justified by the low-resolution nature of protein X-ray scattering, which
is in practice rarely used for learning about short-range structure in proteins.
Scattering calculations have been coarse-grained before, usually at amino-acid
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(a) All-atom (b) MARTINI (c) Amino-acid

Figure 2.7: Coarse-grained protein representations, exemplified by the head-
piece sub domain of chicken villin, PDB code 3TRW [44].

resolution [25, 40–43]. In Paper I, we developed a finer coarse-graining scheme,
and evaluated the resolution limits and gain in applicability as compared to
other representations. We now turn to a detailed discussion of this study.

2.4.1 MARTINI scattering factors
Our coarse-graining scheme is coincident with MARTINI, an increasingly pop-
ular representation and force field for biomolecules [45–51]. MARTINI splits
each amino acid into 1 to 4 coarse beads, depending on size, as illustrated in
Fig. 2.7b. A total of 20 bead types are used, and their pairwise interaction
potentials parametrised based on thermodynamic data, with focus on polar-
ity and hydrogen bonding behaviour. Although MARTINI simulations are far
less reliable than those based on atomistic models, they have been applied to
various biomolecular problems, particularly those involving protein-membrane
interactions, and have recently resulted in several influential studies [52–54].

We chose the MARTINI level of representation for two main reasons.
Firstly, as we shall see, amino acid-level resolution is not sufficient to refine
structures in the range 0.4Å−1 < q < 0.8Å−1, where a lot of time-resolved
information is encoded. Secondly, simulations in the MARTINI model is possi-
bly a very useful vehicle for structural fitting, because coarse-graining greatly
speeds up the simulations themselves (and not just the scattering calculations).
Whereas the 20 MARTINI particle types are designed to cover the necessary
properties in terms of size and polarity, for X-ray calculations, the number of
electrons in a coarse bead and possibly the bead’s internal structure is more
important. Paper I therefore defines one type of scatterer for each constituent
bead of all the amino acids. This defines a set of 49 scatterers, and the task is
to define the scattering properties of each.

The mathematics of coarse-graining are discussed in detail in Paper I. Es-
sentially, the form of the Debye equation (2.3) is maintained,

I(q) =
∑
m

∑
n

Fm(q)Fn(q)
sin(qRmn)

qRmn
, (2.10)
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where m and n now run over the coarse beads. The capital letters Fm(q)
denote coarse-grained scattering factors and, having decided on the form of
Eq. (2.10), the task remains to calculate these. As Paper I shows, this can be
done in a number of increasingly accurate ways, which takes more and more
of each bead’s internal structure into account. In the simplest terms possible,
a form factor can be calculated by making sure that a single bead will give
roughly the same scattered intensity as its constituent atoms would, with an
average taken over their possible conformations. Since intensity is amplitude
squared, the square of the form factor can then be expressed as follows.

Fm
2(q) =

〈∑
k∈m

∑
l∈m

fk(q)fl(q)
sin(qrkl)

qrkl

〉
PDB

(2.11)

Here, the average 〈...〉PDB runs over a number of instances in published struc-
tures, chosen so that all commonly occurring conformations of each bead’s
constituent atoms is included in the average. Such protein libraries exist, and
we chose to average over RaSP50, a basis set designed to span a wide range of
possible protein folds [55].

A caveat of Eq. (2.11) is that, for each q, Fm(q) can be both positive
and negative (but not complex, since elastic scattering is described by real
scattering factors). This is important when considering interference terms
between beads: all-positive scattering factors would overestimate the total
intensity. The problem arises when the displaced solvent correction (2.5) is
applied, because some parts of amino acids have a smaller electron density
than water, and therefore the corrected amplitude will be negative. This was
not acknowledged by Yang et al. [25], probably because it never occurred
in their study, which considered entire amino acids where the electron-rich
backbone always gives a net positive corrected F (q). In practice, this can be
appropriately corrected for. The square root of Eq. (2.11) can be taken, and
the all-positive F (q) corrected to produce actual form factors, as described in
detail in Paper I.

The effect of the library averaging says a lot about how rough the coarse-
graining approximation is. If the F (q) calculated from individual instances
differ considerably from the library average, then a lot of structure has been
averaged away in (2.11). Fig. 2.8 shows how individual instances deviate for a
particular amino acid, methionine. It clearly shows that the MARTINI repre-
sentation conserves much more of the structural diversity than the amino-acid
approach does. Indeed, for methionine, all side chain conformations give nearly
identical form factors, while backbone beads differ a little more. On the other
hand, the amino acid representation averages very different structures into the
same function, inevitably worsening the approximation. Not surprisingly, this
shows that the diversity in the relative arrangements of the backbone and side
chain beads is more important than the structural diversity of the constituent
atoms within beads.

We now turn to an examination of how the effects just described affect the
actual modelling of time-resolved data. As an example, in Paper I we use two
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Figure 2.8: Coarse-grained scattering factors for methionine, before and after
library averaging. Red: library average, blue: from α-helix-dominated pro-
teins, green: from β-sheet-dominated proteins, gray: from proteins with mixed
content. Reproduced from Paper I.
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Figure 2.9: Calculated difference in solution scattering intensity between hu-
man carbon monoxy- and deoxy-haemoglobin, based on published crystal struc-
tures (∆I = I2HHB − I1BBB [36, 37]). Reproduced from Paper I.

published crystal structures of human haemoglobin for a trial calculation. In
one structure, the protein’s heme group has a bound carbon monoxide (CO),
in the other, CO has dissociated and the protein has adjusted its structure
slightly. We calculated the difference of the scattering intensities from the
bound and unbound crystal structures. Fig. 2.9 examines how the three
representations (atomistic, MARTINI and amino acid based) compare, and
also shows experimental data collected in solution.

Fig. 2.9 demonstrates that none of the crystal structure based difference
curves reproduce the experimental solution data. This is not surprising, be-
cause crystal structures represent momentary protein conformations which
may or may not be relevant in solution. It also shows that if one wished
to refine crystal structures against this solution data, one would need a pro-
tein representation which is accurate enough in the q range used. So, since the
MARTINI curve follows the atomistic curve up to around 0.8Å−1, this would
be an acceptable level of coarse-graining. The amino acid representation, on
the other hand, deviates already at 0.4Å−1 and is therefore too rough for this
particular refinement. Clearly, the best choice of representation depends on
the q range of interest and the computational complexity of the problem, and
this should be an active decision when setting out to interpret scattering data.

2.5 Summary
• Predicting X-ray scattering patterns from molecular models is riddled

with complications, and a host of methods have been devised to circum-
vent these problems.
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• For difference scattering, as encountered in time-resolved studies, the
situation is slightly less complicated because errors associated with the
solvation layer tend to cancel out.

• Coarse-grained molecular models can be used to accelerate X-ray scat-
tering calculations, and different levels of coarse-graining are appropriate
for different situations.



Chapter 3

The time-resolved scattering
experiment

This chapter explores how and why time-resolved solution X-ray experiments
work. All X-ray measurements hinge on the availability of intense radiation,
to allow collecting the necessary statistics in a reasonable amount of time. But
this requirement is especially strict for time-resolved experiments as, in prin-
ciple, the same amount of data must be collected independently for each time
point. This chapter therefore begins with a brief description of how intense
X-rays are generated, before outlining how the experiments are set up and per-
formed, and how time resolution is achieved. I then describe the implications
of measuring difference scattering ∆I(q, τ), and discuss how to handle experi-
mental pitfalls such as laser damage, X-ray damage, and concentration effects.
The last section defines a set of software classes for reducing and analysing the
large amounts of data spawned by the experiments, which I have developed to
facilitate my PhD work.

3.1 Generation of intense X-Rays
Since the dawn of X-ray crystallography in 1912, brought about by the discov-
eries of Laue and coworkers [56, 57] as well as those of the Bragg family [58, 59],
a lot has changed in the way that X-rays are produced. The vacuum tubes
from which X-rays were first discovered in 1895 have developed over the last
century, and are still used for in-house diffractometers, as well as for medical
and security applications. But the biggest leap in X-ray production occurred
when the need for intense radiation were aligned with the development of par-
ticle physics. It so happens, that as charged particles are accelerated, they
emit electromagnetic waves according to classical physics. Thus in circular
electron accelerators such as cyclotrons or synchrotrons, the orbiting electrons
inevitably lose energy as radiation, probably much to the dismay of high-energy

21
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Table 3.1: Synchrotron beamlines used for the studies included in this thesis.
U, W, and BM stand for undulator, wiggler and bending magnet, respectively,
whereas ∆λ/λ is the approximate spread in X-ray wavelength. BioCARS and
cSAXS refer to the beamlines 14-ID-B and X12SA.

Beamline Facility Electron
energy

Source
type

Typical flux ∆λ/λ

ID09b ESRF 6GeV U 1 · 1010 ph/pulse 3%
BM29 ESRF 6GeV BM 1 · 1012 ph/s 1%
ID23-1 ESRF 6GeV U 5 · 1012 ph/s
cSAXS SLS 2.4GeV U 1 · 1012 ph/s < 0.02%
BioCARS APS 7GeV U 4 · 1010 ph/pulse 5%
I911-2 Max II 1.5GeV W 1 · 1011 ph/s 0.1%

physicists. But this radiation can also be harnessed, and light from accelera-
tors was first utilised in 1956 [60]. By the 1980:s, synchrotron facilities started
being built for the sole purpose of producing intense light for research [61, 62],
and in that same decade, synchrotron X-rays became a key tool for structural
biology [63].

The designated synchrotron light sources of the 1980:s, termed “2:nd gen-
eration” facilities, used bending magnets both for steering the electron beam
and for producing radiation. The 1990:s saw the construction of several larger
facilities which operated on a different principle. These “3:rd generation” syn-
chrotrons were designed to hold straight magnet assemblies, called undulators
and wigglers, which produce coherent, polarised and intense radiation with a
tunable peak wavelength. These so-called insertion devices are arrays of mag-
nets which periodically bend the electron beam path, and are designed such
that the waves from each bend interfere constructively in the forward-going
direction. At modern synchrotrons, electrons travelling around the storage
ring are organised into bunches, with a well-defined time structure around the
ring [64, Fig. 3]. One effect of this is that the radiation produced in magnetic
devices is coherent, as entire electron bunches are accelerated together. An-
other is that the resulting X-rays emerge in pulses, usually around 100 ps in
duration, which can be exploited for time-resolved studies. The work described
in Papers III, IV, and V was conducted at several 3:rd generation synchrotron
facilities, as summarised in 3.1.

X-ray production has continued to develop beyond synchrotron sources, as
X-ray free-electron lasers (XFEL:s) are coming into operation [65–67]. These
machines are linear accelerators coupled with very long undulators (132m at
the LCLS), which produce intense X-ray flashes through a process known as
self-amplified spontaneous emission. This SASE process results in very short
pulses, with duration on the order of 100 fs.

The XFEL sources are often praised as generally superior to synchrotrons,
primarily on the basis of their peak brilliance [68, p. 4], a quantity defined
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as the number of photons per second, per unit area, per unit solid angle,
per unit spectral bandwidth. This quantity, which is fundamentally invariant
for a given source, usually carries units of photons/s/mm2/mrad2/(0.1%band-
width), and is about a billion (109) times higher at today’s XFEL sources
compared to state-of-the-art synchrotron beamlines. High peak brilliance can
certainly be useful in some areas, especially for studying nonlinear phenom-
ena, for time-resolved experiments at ultrafast timescales, or for experiments
banking on the diffract-and-destroy principle [69, 70]. But in many cases,
the experimental demand is to get as many total photons as possible onto
the sample during the course of an allotted beam time. For that purpose,
XFEL:s are perhaps better but not in a world of their own. As an example,
the LCLS delivers roughly 1012 X-ray photons per pulse, at a repetition rate
of 120Hz, which adds up to around 1014 photons per second. Comparing with
the synchrotron beamlines listed in Table 3.1, this is higher by two orders of
magnitude, which for many experiments will not justify competing for scarce
and coveted XFEL beam time, let alone the cost of building and running the
machine. Hence, the many synchrotron facilities around the world are likely
to stay in business for the foreseeable future.

3.2 Experimental setup

3.2.1 Detection schemes
In the work included in this thesis, we have employed two methods for record-
ing time-resolved solution scattering at synchrotron facilities, both illustrated
in Fig. 3.1. The conceptually simplest is what I will refer to as the rapid
readout mode of acquisition, while the pump-probe mode offers more efficient
acquisition at short time points, and therefore higher time resolution in prac-
tice.

Rapid readout

In this mode, time resolution simply arises from the speed of the X-ray detec-
tor, which operates much like a video camera. The X-ray shutter is opened to
let the beam through to the sample, and the fast detector records a series of
frames. As illustrated in Fig. 3.1a, t = 0 is defined by a perturbation (usually
a laser pulse) somewhere in the exposure train. As also shown in Fig. 3.1a,
the X-rays are pulsed according to the time structure of the storage ring. But
in practice, the pulses arrive at a rate much higher than the frame rate of the
detector, and the beam can be considered to be entirely continuous in time.

The rapid readout mode is made possible by fast photon-counting detec-
tors, which have become available in the last decade [71, 72]. Each pixel is
a photoelectric silicon sensor equipped with its own amplification and count-
ing electronics, and can therefore detect single quanta of scattered radiation.
These detectors are free of dark currents and readout noise. Time resolution
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Figure 3.1: Modes of time-resolved X-ray scattering data acquisition. The
photographs show Eiger and MarCCD detectors.

is strictly limited by the time required after each exposure, to read out the
counts from each pixel. For the PILATUS series of detectors [71], this is on
the order of 3ms, while the newer Eiger detectors [72] read out in as little
as 4 µs. This means that these detector types can in principle record a frame
every 10ms and 10 µs, respectively, and still maintain a photon-counting duty
cycle above 50%.

The next limitation to rapid readout time resolution is data transfer, the
rate at which the assembled images can be transferred over the network to a
storage server. The PILATUS detectors transfer the last exposure as a new
one is acquired on the pixels, and so the transfer limit is the rate at which
an entire detector image can be uploaded. For smaller detectors such as the
300K-W model (300 000 pixels) used in Papers III and V, this is much faster
than 10ms, and does not limit the time resolution. For the larger 2M model
(2× 106 pixels) used in Paper IV, the images were larger, and data transfer
limited the time resolution to 40ms.

The newer Eiger detectors have a built-in memory, so that frames can be
acquired faster than they can be transferred. This allows for much higher
frame rates than for PILATUS instruments, although too high average frame
rates will eventually fill the memory and limit the overall duty cycle of the
experiment. After a fast series of frames, the experiment will have to wait for
transfer anyway. A solution is to use an external timing system, and to trigger
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the Eiger detector at unevenly spaced time points, with high resolution at the
beginning and lower at the end of the frame series. Although my PhD work
has involved one experiment using a prototype single-module Eiger detector
with 500 000 pixels, this data was ultimately not used in any of the included
papers.

Despite these technical limitations, for both types of rapid readout detector,
the actual limit is perhaps that imposed by the overall repetition rate, the rate
at which the process under study is actually triggered. For high time-resolution
to be meaningful, enough photons must be collected from each time point to
properly resolve the signal. Since a short time point can only be measured
in a short window of time, this means that the experiment has to revisit that
time point frequently in order to resolve it. Thus, continuous X-ray exposure
with fast readout is best suited for measuring kinetics on the range of time
scales from milliseconds to seconds. The first rapid-readout measurement of
protein dynamics, applied to proteorhodopsin [73, 74], had a time resolution
of 10ms. In papers III, IV, and V, this mode of acquisition was used for
measurements ranging from 10ms all the way up to the long time limit of the
steady state. These measurements were all conducted at the cSAXS beamline
(see Table 3.1).

Pump-probe

In the pump-probe acquisition mode, the perturbation is a laser flash which
is synchronised with the X-ray source in order to achieve time resolution, as
illustrated in Fig. 3.1b. The mode is implemented at the beamlines ID09b
and BioCARS (Table 3.1), where intense and slightly polychromatic (so-called
pink) beams are produced in undulators [64, 75]. The beam is passed through
an optical line which consists of a heat load chopper, a millisecond shutter,
and a rotating chopper which is fast enough to select single X-ray pulses from
the storage ring’s time structure [76]. Advanced control systems keep the
rotating chopper in phase with the storage ring, continuously correcting for
drifts and monitoring its phase jitter. A femto-, pico-, or nanosecond laser
system is synchronised with the X-ray pulses, and offset backwards by a delay
∆t which defines the time point of interest. By measuring over several delays,
a time-resolved data series is produced.

In this way, all the measuring power of the beamline can be directed at just
one delay. This circumvents the problem just discussed for the rapid readout
mode, where a small fraction of the X-ray photons are devoted to each short
time point. Since all scattered photons reflect the same dynamic state, they
can be recorded on an integrating CCD detector, which only has to be read out
once it reaches the end of its dynamic range. CCD detectors are not photon-
counters, and are affected by dark currents and readout noise. However, the
X-ray pulses in these setups are so intense that the counting electronics of the
PILATUS or Eiger detectors could not keep up with the peak photon flux.

At both the BioCARS and ID09b beamlines, single-bunch pulses can be
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produced at 1 kHz. Even at this rate, only a very small fraction of the X-ray
pulses produced in the undulator is transmitted. For example, the APS in
24-bunch mode operates at 6.7MHz, so only one in around 6700 X-ray pulses
ever reaches the sample. Table 3.1 shows that these facilities produce X-ray
pulses containing around 1010 photons each. At 1 kHz, this amounts to a time-
averaged flux higher than that available at monochromatic beamlines (such as
cSAXS). For protein experiments, however, the photophysics of the sample
itself usually limit the experiment to 10Hz, which brings down the average
flux to an order of magnitude below cSAXS. On the other hand, all these
photons are focused at a specific time point. In addition, the fast chopper can
be configured to transmit more than one X-ray pulse, which can add another
order of magnitude in time-averaged flux for long delays, and again bring it up
to 1012 photons/s. My experience from conducting several protein experiments
under both regimes, is that the rapid-readout and pump-probe modes are
roughly equivalent at the 10ms time scales, with the former preferable at
longer times and the latter at shorter times.

3.2.2 Sample delivery
A practical aspect of setting up an experiment is how to deliver the sample
to the right spot on the X-ray beam path. If one or more laser triggers are
used, these must overlap with the X-ray beam on exactly the right spot. The
sample has to be held in a container which is transparent at all wavelengths
involved, and it must be easily aligned. Also, as described below, both X-rays
and lasers damage the protein samples, which must therefore be continuously
replaced or cycled in order to dilute such damage.

The work leading up to Papers III, IV, and V has, in many ways, been a
continuation of similar experiments at this department [6, 73, 77, 78]. Thus
the experiments described here use thin-walled quartz capillaries (∼1mm in
diameter), connected to tubes through which the sample is delivered with some
sort of pump, with the whole capillary assembly mounted on motorised stages
to facilitate precise positioning. But in the ten WAXS experiments leading
up to this thesis (totalling 146 eight-hour shifts) the setup has been gradually
refined.

Fig. 3.2 shows the current status of the sample delivery system, including
the materials details. Although this aspect might seem trivial, a large fraction
of the work required to prepare for time-resolved synchrotron X-ray experi-
ments usually goes towards solving these types of practical issues. One key
advance is the use of a peristaltic pump which operates in one direction. This
avoids the nuisance of getting air bubbles into the system [79] as there is no
air/liquid interface in the tubing. This type of pump also avoids pressure arte-
facts when changing pump direction, which occur with bidirectional syringe
pumps and can be seen in scattered X-ray data. Lastly, it greatly simplifies
sample changing, which with this configuration is just a matter of emptying
the tubes and replacing the sample reservoir. Other useful details include join-
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1. peristaltic pump
2. 0.51 mm I.D. Tygon tubing
3. 0.50 mm I.D. PEEK tubing
4. Kynar heat-shrink tubing
5. 1.0 mm quartz capillary
6. sample reservoir

Figure 3.2: Sample environment and delivery. The total volume (reservoir
excluded) is 150 µL. Reproduced from Paper IV.

ing the capillary and tubing using chemically inert heat-shrink tubing, which
gives reproducible capillary assemblies that can be easily manufactured and
replaced during synchrotron experiments.

With this setup a large sample volume is used (typically 500 µL), so that
any damage from lasers and X-rays (see below) are diluted over a large volume.
Ideally, each triggering event should strike a part of the sample which has not
been been excited directly before. This assures that no kinetics are still going
on in the interaction volume, and that its temperature is equilibrated so that no
heat buildup occurs. With the reservoir setup sketched in Fig. 3.2, the sample
is even mixed continually so that the sample is homogeneously irradiated.

In pump-probe acquisition, which in Papers III and V was done at 10Hz
repetition, the sample is continuously flowed, with the flow rate carefully
matched to the repetition rate and the time points measured. If the flow
is too fast, the excited sample will be flushed out of the scattering volume
before the arrival of the X-rays. If the flow is too slow, the same sample will
be repeatedly excited which may result in heat buildup and/or scrambled ki-
netics. In rapid readout acquisition, the long time points often used demand
that the sample is stationary during each exposure series. Instead, the sam-
ple is moved between shutter openings by sending commands to the pump as
part of the acquisition cycle. A short waiting period is necessary to let the
sample stop moving and to let the pressure equilibrate, typically 1 s as used
in Paper IV. For rapid readout acquisition, the sample delivery itself therefore
adds dead time to the measurement, and typically decreases the duty cycle by
30-50% (see Paper IV, Supporting Information).
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3.2.3 Triggering
Most time-resolved solution X-ray scattering studies published to date involve
light-sensitive molecules [5–7, 73, 80–92], and the same is true for the studies
presented in this thesis. The experiments described here cannot track equilib-
rium dynamics, but require that a large fraction of the molecules in a sample
undergo a dynamic process at roughly the same time. Therefore, these ex-
periments demand a way to suddenly trigger a dynamic chain of events. For
light-driven systems, such triggering is simple. Either synchronise a laser with
the X-ray source (for pump-probe acquisition), or program a delay generator
to trigger a laser at a certain point during an exposure series (for rapid readout
acquisition).

Moving beyond light-triggered systems is an important challenge for ad-
vancing the time-resolved X-ray technique [93]. For systems which can be trig-
gered by the sudden addition of a new component, rapid mixing is an option.
SAXS studies with moderate time resolution have been carried out in this way
using stopped-flow [94] or continuous-flow mixers [95], and by using laminar
diffusion mixers made from microfluidic devices [96–98]. While macroscopic
flow mixers require prohibitively large samples for most protein experiments,
the microfluidic approach will probably become increasingly important for un-
derstanding the dynamics of, for example, protein-ligand interactions.

Some systems which are not intrinsically light sensitive can be manipulated
to react indirectly to light triggers. Again, if a system can be activated by the
sudden addition of an additive, so-called caged compounds are sometimes an
option. These molecules are engineered to release the desired component after
the photolysis of a protecting group [99]. For example, caged Ca2+ ions can be
released by illuminating a photo-labile derivative of ethylenediaminetetraacetic
acid (EDTA), which then loses its affinity towards the ion. An obvious draw-
back of this approach, which also applies to the mixers discussed above, is
that each part of the sample can only be measured once and then has to be
discarded. In contrast, many (but not all) intrinsically light sensitive systems
are reversible and can be measured repeatedly to resolve small signals.

Light-induced temperature jumps [100] can be used to suddenly shift tem-
perature dependent equilibria [101], or conceivably to suddenly ramp up tem-
perature dependent rate constants. As far as I know, this has not been suc-
cessfully∗ applied to fast time-resolved solution scattering, but should be
possible considering that the corresponding experiments have been carried out
for slower processes [102, 103] and at equilibrium [79]. The conceivable time-
resolution limit for this technique would be on the order of 100 ns to 1 µs, which
is the time it takes for temperature and pressure to equilibrate in the inter-
action volume [104]. As discussed below, temperature jump experiments are
in fact routinely done for subtracting the heating component of light-induced
signals.
∗Incidentally, the first year of my PhD was devoted to developing a model system for

membrane fusion [105, 106], which could be triggered by a temperature jump. The scientific
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Figure 3.3: Difference scattering is a very sensitive technique, as illustrated
here with data from the D. radiodurans phytochrome PAS-GAF-PHY fragment.
Reproduced from Paper IV.

3.3 Difference scattering

3.3.1 Sensitivity and subtraction
The time-resolved scattering method measures difference scattering, as defined
in Eq. (2.9). It is therefore possible to robustly detect very subtle changes in
protein conformation. In fact, structural changes which are probably smaller
than 1Å can be very reproducibly detected [104]. This sensitivity is illustrated
in Fig. 3.3, using a fragment of the D. radiodurans phytochrome (the main
subject of Papers III, IV and V), where absolute detector readings of two con-
formational states are plotted together with their difference. In a conventional
SAXS measurement, such a small difference would be prohibitively sensitive
to uncertainties in concentration and scaling, and would not be resolvable.

This sensitivity has two main origins. Firstly, since the same sample and
capillary position can be used for both terms of Eq. (2.9), there is no need
for subtracting a separately measured (and appropriately scaled) buffer signal
as in conventional SAXS, Eq. (2.4). This gives consistent data up to very
high q. Secondly, any slow drifts (such as X-ray or laser damage, discussed
below) are cancelled out if the difference is taken appropriately. It turns out
that the best way to take this difference is to alternate measurements of the
triggered process with measurements taken in the resting state. The appropri-
ate interpolation between adjacent resting-state measurements then gives the
reference to subtract for each triggered measurement. For haemoglobin pho-
tolysis, this can be accomplished by alternately running the experiment with
and without laser excitation, or equivalently by interleaving positive and neg-
ative delays. For phytochrome photo switching, it can for example be done by
alternating far-red and red illumination (cf. Fig. 3.3). This drift-cancellation

goal was to measure an X-ray fingerprint of the elusive intermediates of this biologically
fundamental process. It never worked, as we could not instantaneously generate enough
fusion events to accumulate detectable concentrations of intermediates.
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Figure 3.4: Toggled acquisition allows for near-perfect subtraction of back-
ground and drifts, as shown here for the pump-probe acquisition mode. Hollow
circles represent negative time points where the sample is measured before the
arrival of the excitation pulse, filled circles are positive time points. The red
line represents the piece-wise interpolated reference, which is insensitive to lin-
ear drift.

in laser-toggled experiments is illustrated in Fig. 3.4.

3.3.2 Heating
Whenever a reaction is triggered by laser excitation, the sample warms up
slightly. Thermal expansion in the liquid changes the distances present in
the medium, and therefore affects the scattered signal. Fig. 3.5 shows the
scattering from a quartz capillary filled with pure water at room temperature,
as well as the difference scattering which results from moderate heating with
an infrared laser. The absolute signal has a positive peak at q = 2Å−1, which
shifts very slightly and causes an isosbestic point in the difference curve just
above this q value.

Proteins may also respond to heating, either by changing the average con-
formation or by broadening the distribution around it. It must therefore be
shown that any signal induced by, for example, a visible laser pulse is due to
relevant structural change, and not due to heating. One convenient way to ac-
complish this, is to carry out the same experiment but using an infrared laser
as the trigger, with the laser energy adjusted so that it causes approximately
the same amount of water heating signal as in the original experiment. This
heating curve can then be subtracted from the light-induced difference curves
at each time point, by scaling to the region q > 1.5Å−1, where water scat-
tering completely dominates over any protein contributions. What is left can
then be considered to be the real structural component of the light-induced
signal.

Fig. 3.6 shows a particularly demanding example. In this experiment,
carbonmonoxy myoglobin (Mb–CO) was photolysed by intermittent steady-
state illumination from a green laser (λ = 532 nm). This causes the CO
molecule to leave the Mb binding site, which in turn induces a tiny (RMSD <
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Figure 3.5: Scattering of water, and the difference scattering caused by mod-
erate heating (∆T < 10K).
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Figure 3.6: The difference scattering of a myoglobin (Mb) solution saturated
with CO, before (blue) and during (orange) steady-state photolysis of the Mb–
CO bond. The black curve is the pure heating response measured with an
infrared laser. The noisy curves have had the heating contribution subtracted
as described in the text. The green curve is a published reference from an
experiment using the pump-probe acquisition mode. All curves are shifted for
clarity.
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1Å) structural relaxation in the protein. However, as Mb and CO recombine
very quickly [5], the sample is continuously excited and heated up. This results
in two difference curves, a baseline for the [Mb–CO] complex, and a signal-
containing curve for the separated solution of [Mb]+[CO], which contains a
small structural contribution and a large heating signal. While the topmost
orange curve in Fig. 3.6 contains weak wavy features at q ≈ 0.5Å−1, they
are very hard to discern over the strong heating background. When the pure
heating signal is subtracted, these very weak structural features appear in
the orange curve, which at least resembles the reference curve shown at the
bottom. In this case, pump-probe acquisition (used for acquiring the reference
curve) is much more efficient, as all X-ray photons then arrive at a sample
newly photolysed by a single laser pulse. However, as Fig. 3.6 shows, even
this non-ideal experiment can detect very small (RMSD < 1Å) structural
changes if heating subtraction is done carefully.

3.3.3 Radiation damage and concentration artefacts
An additional advantage of the difference technique is its insensitivity to X-ray
radiation damage. The main effect of such damage is protein aggregation [107],
often on the capillary wall, resulting in absolute data which is unfit for struc-
tural interpretation. But since only intact protein responds to illumination, the
effect vanishes in the difference ∆I. Scattering from non-functional radiation-
damaged protein on the wall becomes just another drift, and is cancelled by
the toggled difference (Fig. 3.4). This is shown in Fig. 3.7a, where data
from two individual transients of the D. radiodurans phytochrome fragment,
separated in time by approximately 900 seconds of data acquisition and X-ray
exposure, are plotted together. There is no significant difference between these
curves, which means that radiation damage has not affected the outcome of
the experiment.

A drawback of difference X-ray scattering is that small difference signals
require high protein concentrations. In SAXS, artefacts due to inter-particle
interference, repulsion or aggregation are typically seen at low q as the con-
centration is increased [108]. Such problems could also occur in difference
measurements, and need to be ruled out for each studied system. As an ex-
ample, Fig. 3.7b shows how the photoconversion signal in the D. radiodurans
fragment changes as the sample is diluted. The difference curve clearly depends
on concentration at low q. However, the main feature discussed in Papers III,
IV and V, that at q = 1/nm, lies in a q range free from concentration arte-
facts. The conclusions of these studies are therefore insensitive to the high
concentrations.
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Figure 3.7: Effects of radiation damage and high concentration, illustrated
with data from the D. radiodurans phytochrome PAS-GAF-PHY fragment. See
text for details. Reproduced from Paper IV.
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Figure 3.8: Container classes for time-resolved scattering data. Individual
runs are stored in Run_PP (pump-probe) and Run_RR (rapid readout) objects,
from which a universal Dataset object can be constructed.
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3.4 Data reduction – a general implementation
To simplify the task of reducing and analysing time-resolved scattering data,
I have developed a Python module† for data reduction, analysis and visu-
alisation. The code, called libwaxs, ultimately organises all time-resolved
scattering data sets into instances of the same class. Therefore, the same user
scripts can be used to load and analyse data from any experiment without
knowledge of the specific setup.

The libwaxs module consists of container classes for pump-probe and
rapid-readout runs, as illustrated in Fig. 3.8. A Run_xx object is constructed
with knowledge of the setup-specific parameters (X-ray energy, detector dis-
tance, etc). Corrected [109] and radially integrated data are loaded from
beamline-specific files. Loading routines for new or modified file formats or
setups are written or adapted for each synchrotron or XFEL experiment, and
appended to those already in place. The Run_xx classes also carry methods to
take the appropriate differences in Eq. (2.9), to reject outliers and to normalise
the data if required.

A typical experiment generates tens or hundreds of runs before a signal
is adequately resolved, and the next step in data reduction is to construct
a universal Dataset object from such a set of runs. The final data can be
represented as two-dimensional matrices I(τ, q) or ∆I(τ, q), and vectors τ and
q, regardless of the acquisition mode and experimental details. As Fig. 3.8
shows, the resulting Dataset object contains methods to further analyse and
plot the data. For example, if a separate Dataset object representing heating
data is available, the heating contribution can be easily removed. Data can be
sliced and averaged across the τ or q axes to allow better plotting or analysis,
and the time evolution of known basis signals can be extracted as done, for
example, in Paper V.

3.5 Summary
• Modern synchrotron sources and detectors allow time-resolved acquisi-

tion in the “pump-probe” and “rapid readout” modes.

• The system under study must be triggered by a well-defined event. This
is most easily done with a laser pulse, but other triggering methods
should be developed in order to make time-resolved X-ray scattering
applicable to a wider range of scientific problems.

• Difference scattering detection is very sensitive to structural change, but
care must be taken to account for experimental artefacts such as heating
and beam damage.

• A general software framework was developed to facilitate these analyses.

†Available at http://bitbucket.org/alexbjorling/libwaxs
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Structural interpretation

In this thesis, “structural interpretation” refers to the process of determining
three-dimensional structures, at some spatial resolution, solely or partly based
on solution X-ray scattering data. This chapter first discusses the informa-
tion content of such data, and describes the conditions for deriving structural
models from them. I then provide an overview of previous approaches to the
interpretation problem for proteins, before turning to the MD-based methods
used in the research leading up to this thesis. The first (from Paper III) is
an approach where free or perturbed simulations are performed, and suitable
structures are afterwards chosen from the trajectories. The second (from Pa-
per II) is a more general method of biasing simulations towards structures that
agree with experimental data. Finally I discuss when this method is and isn’t
applicable, based on two examples.

4.1 Is interpretation even possible?
When molecules in solution are measured at all orientations simultaneously
(Chapter 2), the resulting scattering curves contain very little information.
Exactly how small this information content is follows from communication
theory [110, 111], suitably adapted to the scattering problem [112–115]. Essen-
tially, the theory leads to an estimate of the maximal number of independent
observations (nS) held by a data set,

nS =
qmax · rmax

π
, (4.1)

where qmax is the highest q value at which data was collected, and rmax is the
largest internal distance of the scattering particle. As an example, a typical
SAXS data set (qmax = 0.3Å−1) for bovine serum albumin (rmax = 93Å)
would contain at most nS ≈ 10 data points. A time-resolved WAXS data set,
such as that in Fig. 2.9 (qmax = 1Å−1) for human haemoglobin (rmax = 70Å)
contains no more than nS ≈ 20 observations for each time point.

35
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Under certain conditions, anisotropic X-ray scattering can be measured to
squeeze slightly more information out of time-resolved experiments. This is
possible because a linearly polarised laser selectively excites those molecules
for which the transition dipole moment vector and the oscillating field of the
laser beam are suitably aligned. Thus, if the laser energy is weak enough not
to saturate excitation, and if detection is so fast that the protein molecules do
not have time to tumble, then they will give rise to an anisotropic difference
signal. A recent analysis shows that such data, under ideal conditions, carry
exactly twice the information of an isotropic experiment [116].

Regardless of whether there are 10, 20 or 40 independent observations
encoded in a data set, this number is dwarfed by the number of variables to
be determined in structural interpretation. A molecule with N atoms has
3N − 5 ≈ 3N degrees of freedom, which for any protein of relevance gives
many thousands of unknowns. Of course, these degrees of freedom are not
independent. For example, knowledge of a molecule’s bonding topology (which
for proteins mainly follows from the sequence) together with reference values
for bonds and angles, can significantly reduce the number of unknowns.

Even for macromolecular crystallographic and NMR data, in which the
information content is much higher than in solution X-ray data, prior chemical
information is needed to find unique, acceptable structural solutions [117–
121]. In fact, protein crystallography has developed into a robust framework
in which to analyse the quality of the derived structural models and to avoid
over-fitting [122–125].

Static SAXS data is commonly interpreted by so-called ab initio low-
resolution modelling, or by assembling rigid high-resolution structural ele-
ments taken from crystallographic models [126, 127]. Both methods reduce
the number of degrees of freedom, but usually not enough to allow unique
solutions [128]. A more robust methodology for SAXS is starting to take
shape, with the development of improved fitting metrics [114, 129], but it is
still unclear how much structural information can actually be extracted from
macromolecular SAXS curves. For time-resolved WAXS, where slightly more
information is available, and where ideally the structural evolution of related
intermediates is tracked, the situation is even less clear. But structural in-
terpretation at any resolution will undoubtedly require complementary infor-
mation to enable a unique solution, and the coming sections of this chapter
discuss how it can be incorporated in practice.

4.2 Simple cases: small molecules
Some real-space structural information is directly available from scattering
data, and if the system under study is simple enough, this might admit struc-
tural interpretation. Specifically, the distance distribution function p(r) can
be calculated from data by a simple transform. The continuous analogue of
Eq. (2.1) gives, by taking intensities and spherically averaging, the following
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complementary expressions [130].

I(q) ∝
∫ ∞
0

dr p(r)
sin qr

qr
(4.2)

p(r) ∝
∫ ∞
0

dq qr · I(q) sin(qr) (4.3)

In practice the direct evaluation of Eq. (4.3) is an ill-posed problem which
is better solved by expanding p(r) in some basis set [112, 130, 131]. But in
principle, some intuitively meaningful information can be straightforwardly ex-
tracted, even for large systems. For example, it can be immediately determined
if a particle is compact or extended, and if a protein is folded or unfolded, or
contains multiple separate domains, just by inspection of p(r) [128].

For difference data, the corresponding transform gives analogous informa-
tion on the change ∆p(r) in distance distribution [81]. Although the exper-
imental q range is of course finite, a pragmatic approximation involving a
damping factor is suggested by Kim et al. [92].

∆p(r) ∝
∫ ∞
0

dq qr ·∆I(q, τ) sin(qr) exp
[
−αq2

]
(4.4)

Transforming time-resolved data according to Eq. (4.4) doesn’t add any-
thing new, it simply transforms ∆I(q, τ) from q space to r space, but it does
make the data more intuitive. If the molecule under study contains very few
atoms, the ∆p(r) representation can directly guide interpretation. As an ex-
ample, in the early study of light-induced dissociation of I2 in CCl4 solution
by Plech et al. [81], ∆p(r) is directly interpreted. The first feature to appear
after photolysis is the depletion of p(r) at 2.7Å, the length of the I–I bond in
the ground state. At longer delays, as I2 is re-formed and relaxed, the energy
is transferred to the solvent and ∆p(r) mainly reflects how Cl–Cl distances
change.

Even for marginally bigger systems, the situation is more complicated.
For example, the study of 1,2-diiodoethane (CH2I)2 by Ihee et al. [83] uses
electronic structure calculations and molecular dynamics together with spec-
troscopic background information, and still barely manages to distinguish be-
tween two structural hypotheses. A similar approach is taken in the more
recent XFEL investigations of I3

–, which also treat the solvent degrees of free-
dom with great care [88, 89].

4.3 Whatever works: protein approaches
Selected time-resolved solution X-ray studies of small molecules and proteins
are listed in Table 4.1. These studies have one thing in common: they have all
taken pragmatic routes to structural interpretation, and have included what-
ever system-specific knowledge that has been available. Thus, various ad hoc
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approaches are described in the literature (including Paper III), and this sec-
tion discusses some of them in order to illustrate how difficult this task actually
is.

In a ground-breaking time-resolved WAXS study on Haemoglobin, Cam-
marata et al. were the first to show that such signals can even be detected for
proteins. In the experiment, carbon monoxide bound to the four metal sites
of the tetramer were dissociated by a green laser pulse. The ensuing struc-
tural relaxation of the protein, and the return to the initial conformation upon
re-formation of the complex in the CO-saturated solution, were detected as a
time-resolved set of scattering curves. While experimentally remarkable, this
study only attempted rudimentary structural interpretation. For the 100 µs
time point, where CO is dissociated and the protein relaxed, the data were
simply compared to existing crystal structures. There are at least two such
structures of carbon monoxy haemoglobin (R and R2), and one of the un-
bound protein (T), all of which were put through CRYSOL. The two possible
unbound−bound model differences were compared with data, and the T−R2
difference curve matched qualitatively. For the 200 ns time point, where CO
has dissociated but the protein is not yet relaxed, the crystal structure of the
CO-bound protein (R2) was deformed as suggested by a previous model of
Myoglobin [132], which is structurally similar to the haemoglobin monomer.
Remarkably, this structural change also matched data in a rough way.

Of course, it is one thing to confirm previous structural models, and quite
another to construct new ones. Thus when Andersson et al. [6, 74] compared
data on the proton pump Bacteriorhodopsin to a wealth of crystallographic
information on initial, intermediate, and late states, they found no satisfying
matches. Going one step further than the aforementioned Haemoglobin study,
these authors then used the available crystallographic data to construct a
basis set of rigid helical movements, and refined the model by a hierarchical
minimisation procedure in this low-dimensional space. In a similar study on
Proteorhodopsin from the same group [74, 77], the approach was extended
with MD simulations to sample physically relevant structures in the vicinity
of the best-fitting rigid-body models.

A similar approach of moving secondary-structural elements around in a
lower-dimensional parameter space was employed by Kim et al. [85] to analyse
CO dissociation from dimeric (not tetrameric) Haemoglobin. These authors
applied a chemically based potential energy, as well as a penalty term rep-
resenting the mismatch between model and data, and minimised a weighted
sum of the two with a Monte Carlo algorithm. In a similar scheme, applied
to CO dissociation from Myoglobin, Ahn et al. [133] instead simulated the
classical dynamics of such a rigid-body system. It should be noted that in
both studies, refinement always starts from existing crystal structures. Thus,
the solution structures of CO-unbound dimeric Haemoglobin and Myoglobin
were refined from the corresponding crystal structures. It is not clear if the
same structures would be found had only the initial CO-bound structures been
known. This ultimately depends on the sampling power of the method, and
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the ability to uniquely select the right solution even when searching a larger
region of conformational space, both of which are untested. Also, although
these approaches sound very attractive, it is rather suspicious that each has
not been applied to more than one data set.

In a paper which mainly describes a new pump-probe X-ray setup at the
BioCARS facility, Cho et al. [84] apply a more wary analysis to the Myoglobin-
CO model system. Instead of refining explicit structures, they interpret the
data in terms of standard SAXS parameters, specifically in terms of the inte-
grated scattering. This quantity, proportional to I(q = 0), carries information
on the time-dependent volume change after excitation, and can also track the
departure and re-binding of the CO molecule with reasonable precision. Kim
et al. [87] go further in applying methods from conventional SAXS interpreta-
tion to time-resolved data, and construct low-resolution ab initio models for
each intermediate species found in a kinetic analysis of the data. The validity
of such an approach is, to the best of my knowledge, not tested on any other
systems.

4.4 Selection from pre-generated ensembles
By dividing proteins into rigid elements, the above approaches reduce the ex-
cessive degrees of freedom of these molecules. An alternative way to accomplish
this, is to use molecular dynamics as a vehicle for structural representation,
and to let thermal sampling in a potential (a force field) remove all those
conformations which are not physically accessible.

Ideally, one would like to simulate the whole dynamic process under study,
and simply confirm the resulting trajectories by comparing with experiment.
For the Haemoglobin-CO example, this would for instance mean running an
equilibrium Hb-CO trajectory, and then removing the carbon monoxide to see
what happens. In the example of light-sensing bacteriorhodopsin, it would
entail perturbing the shape and charge distribution of the chromophore to
mimic the excited state, and then to simulate the protein’s response. In real-
ity, this approach is unrealistic for two reasons. Firstly, it would require the
empirical potential, the numerical algorithms and the starting structure to be
almost perfect, which they are not. Secondly, while some processes would be
accessible, most occur on time scales too long for simulation. Many quasi-
independent runs would be needed, and the computational cost would simply
be too high.

One notable exception is the recent study by Arnlund et al. [91], where
the photosynthetic Reaction Center from Blastochloris viridis was violently
excited with around 800 photons per molecule using a femtosecond laser, after
which the ultrafast structural response was recorded at an XFEL. The process
was simulated with MD by instantaneously heating up the chromophore, and
then following the vibrational transfer of energy through the molecule and
the solvent. The experimental and theoretical time dependencies were very
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similar, allowing a detailed interpretation of how the molecule rids itself of
this excess energy.

Two other ways in which MD simulations can aid structural interpretation
are illustrated in Fig. 4.1 a-b. Firstly, when two crystal structures that approx-
imately represent the two states reflected by a solution ∆I(q) curve are known
(such as for the haemoglobin model system discussed above), MD can be used
for local sampling around them (Fig. 4.1a). This allows relaxing idiosyncrasies
of the crystal models, which typically describe strained conformations [134].
This way of probing a small volume in conformational space in the vicinity
of a given model was, for example, employed in the proteorhodopsin study
mentioned above [77]. Secondly, if instead the starting model is known, and
there is knowledge about the qualitative nature of structural change, then con-
formational space can be explored in a particular direction (Fig. 4.1b). The
reaction coordinate to span can for instance be an internal distance, or the
projection on some basis vector, and the MD package GROMACS contains
code for running such directed simulations. Such knowledge might come from
homologous proteins, from observed equilibrium fluctuations in a simulation
of the starting model, or from other biophysical data such as crystallography.
In this way, the solution-structural analysis in Paper III maps out a particular
intra-molecular distance found from crystallography.

Once enough conformational space has been sampled through one of these
schemes, theoretical difference curves can be obtained by calculating the abso-
lute I(q) for each frame of the trajectories. In Paper III, all possible pairwise
differences between two such pools of curves were considered, and the best-
fitting pairs selected. In reality, it is the time-averaged simulated signal which
should be compared to experimental data [91]. However, averaging over a
set of structures before comparison to data inevitably adds more unknowns
to the problem and, as we found when performing the analysis leading up to
Paper III, can actually lead to over-fitting in the space of possible structural
choices.

4.5 Experimentally guided simulations
Most of the interpretation methods discussed in this chapter so far require
substantial knowledge of the very process to be interpreted [5, 6, 77, 83, 88–
90]. With this in mind, Paper II is an attempt to implement and test a
generally applicable interpretation scheme, which requires only (i) an initial
model, and (ii) difference X-ray scattering data. This scheme, which consists of
biasing (or “guiding”) MD simulations towards conformations which represent
experimental data, is the topic of this section.

Simulations are guided towards a particular X-ray curve ∆I(q) by applying
a pseudo energy on top of the normal MD potential (which typically accounts
for bonds, angles, dihedrals, electrostatics, and van der Waals terms). It is
important to understand that the time-resolved nature of the experiment and
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Figure 4.2: Schematic view of the energy landscape in guided MD refinement.

the dynamic nature of the simulations are separate. This scheme does not
attempt to simulate the dynamics, but instead to find an artificial equilibrium
which reproduces a particular scattering curve, either corresponding to a par-
ticular time point ∆I(q, τ), or to a stable intermediate detected from kinetic
decomposition of the data [6].

The experimental bias EXS is defined as

EXS =
kχ
2

∑
q

[
∆Iexp − α∆Icalc

σq

]2
, (4.5)

where kχ is a coupling parameter, σq the experimental error or inverse fitting
weight at each q point, and α the relative triggering efficiency or yield in the
experiment. The resulting force on each atom can be obtained by derivation of
EXS with respect to all coordinates of the molecule. This exercise is described
in detail in Paper II, and yields the following force on atom k.

~FXS,k =2kχα
∑
q

{
1

σq2

[
∆Iexp(q)− α∆Icalc(q)

]

×
∑
j

fk(q)fj(q)

[
cos qrkj −

sin qrkj
qrkj

]
~rkj
rkj2

}
(4.6)

A schematic view of the resulting energy landscape is shown in Fig. 4.2,
which attempts to illustrate how it is distorted or “warped” by the guiding en-
ergy. Amazingly, Eq. (4.6) says exactly in which direction to move each atom
in order to reproduce experimental data. However, as we have seen, simply
following these vectors in a steepest-descent minimisation would be futile as
the data contains tens of observations and the model thousands of unknowns.
What would happen is most likely that the molecule would assume some un-
physical geometry while reproducing the input data to arbitrary precision. As
already discussed, the role of the MD potential is to remove excessive degrees
of freedom from the system, allowing only those with reasonable energies. But,
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as also illustrated in Fig. 4.2, chemical force fields yield rough energy land-
scapes, and minimisation would instantly get stuck in a local minimum. Hence
the use of the MD integrating algorithm, which integrates Newton’s equations
of motion at some relevant temperature.

In a qualitative way, the guided MD approach can be visualised as in Fig.
4.1c, where the simulation automatically makes the appropriate excursions in
conformational space, based purely on the force field and the bias. So in con-
trast to the schemes depicted in Fig. 4.1a and Fig. 4.1b, the conformational-
space direction in which to depart is not known beforehand.

Applying a bias towards X-ray scattering data is not an entirely new idea.
Essentially, Grishaev et al. [135] have already described the pseudo-energy in
Eq. (4.5) and force in Eq. (4.6). These authors described the addition of
SAXS information to the analysis of NMR data, and did not investigate how
Eq. (4.6) can be applied to structural change. On the other hand, Ahn et
al. [133] applied the same equation to structural change in the carbon monoxy
Myoglobin system using a rigid-body framework, but no thorough tests were
published, and the implementation is not distributed. Our implementation is
both tested, distributed∗, and open to further development via the open-source
GROMACS code base [136–138]. It should be noted here, that two papers
rather similar to Paper II appeared shortly after it was published [139, 140],
which shows that there is a general need for this type of interpretation tool.

A method such as guided MD refinement needs to be tested, both to make
sure that the algorithm is correctly implemented and to evaluate its usefulness.
Paper II describes three tests of the latter kind, and here I will discuss one
of these as an example. Looking for models of global protein rearrangement,
we learned that a large number of domain movements can be described in rel-
atively simple mechanical terms [141]. The lysine/arginine/ornithine-binding
protein (LAO) from Salmonella typhimurium is one such case, where lysine
binding or detachment causes a domain to rotate around a well-defined hinge
axis [142], as shown in Fig. 4.3a. The holo structure is crystallised with lysine,
while the apo structure is crystallised without it.

The LAO test consisted of running simulations starting from the holo
model, from which the lysine ligand had been manually removed. The re-
finement was guided by the theoretical holo-to-apo difference scattering curve,
calculated using the Debye equation (2.3), and was run at several coupling
strengths kχ, chosen to give reasonable initial biasing energies EXS(t = 0).
The deviations from the starting and target structures were calculated from the
finished trajectories, and are plotted in Fig. 4.3c. The panel for 30 kJmol−1
shows most clearly how the structure transitions from holo to apo, with the
corresponding RMSD curves simultaneously jumping up and down. At the
same time, the biasing energy EXS can be seen to drop in jumps. As expected,
the transition occurs earlier for higher coupling strengths. At low coupling,
where EXS(t = 0) approaches the thermal energy (NA · kBT ≈ 2.5 kJmol−1 at
∗At the time of writing, it is available as a patch at http://gerrit.gromacs.org, however

it is being incorporated into the main GROMACS distribution.
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298K), the transition does not happen at all. The RMSD of the refined trajec-
tories reach values of around 2Å, which is typical for equilibrium fluctuations
around a stable average structure [143]. The second half of the 30 kJmol−1
trajectory is rendered on top of the crystallographic models in Fig. 4.3b.

The structural change of lysine detachment in LAO is rather simple. A
hinge axis motion can be uniquely specified by three parameters†, which could
perhaps be refined using the reaction coordinate procedure outlined above
(Fig. 4.1b). The other test systems described in Paper II are of similar com-
plexity, with essentially one intra-molecular distance describing the movement.
On the other hand, this method does not presuppose knowledge of the type
of movement happening, and instead this qualitative information is automat-
ically found and output (Fig. 4.3b). Ultimately, the usefulness of guided MD
refinement as a general tool depends on the ability to

(i) calculate X-ray scattering patterns with good enough accuracy,

(ii) recognise the target structure, using the combined wisdom of the force
field and the experimental data, and

(iii) sample so much conformational space in a reasonable amount of time,
that the target structure can be found.

For difference scattering data, we have seen already that the Debye equation
with corrected scattering factors is entirely adequate, even at coarse resolution
(Chapter 2), which satisfies condition (i). At least for LAO and the other
test systems in Paper II, condition (iii) is also satisfied, as 10 ns simulations
converge on the target structures.

The uniqueness requirement (ii) is the most difficult to satisfy. As an ex-
ample, we attempted to refine the solution structure of unbound Haemoglobin
by starting from the carbon monoxy bound R2 form (with CO manually re-
moved), and guided the simulation with difference scattering data (see Fig.
2.9). The result, shown in Fig. 4.4, was that the bias energy EXS was relaxed,
without convergence to the target conformation. This means that for the
Haemoglobin test system, invalid structures exist which are favourable enough
in the eyes of the force field, and that also approximate the input difference
scattering data. Even if a good force field and extended sampling should in
principle be able to weed out such false solutions, the uniqueness requirement
was clearly not met for Haemoglobin in our tests. This is a discouraging result
since our aim was to create the first generally applicable interpretation scheme
for time-resolved scattering data. The uniqueness problem is discussed further
in the next section.
†Two points along the peptide backbone define the axis, one angle specifies the amount

of rotation.
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Figure 4.3: Refinement of structural change upon binding of lysine to the test
system, LAO.
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4.6 Uniqueness, sampling, and resolution
In Paper II, the uniqueness problem is rationalised by the argument that low-q
features can be more easily assigned structural meaning than high-q features
can. The idea is that there is reciprocity between the q and r scales: that small
intra-molecular distances scatter at large angles, and vice versa. Because there
are fewer long distances than intermediate ones in any near-spherical object,
the problem would therefore be less under-determined for low-q signals. This
would explain why LAO can be refined with the guided MD method whereas
Haemoglobin cannot, as the signal from the former is dominated by low-q
features to a greater degree than the latter (Fig. 4.5).

The notion of a direct, reciprocal relation between r and q is borrowed from
crystallography [6], and warrants a critical discussion. For crystals, the Bragg
law states that repeated planes separated by r will diffract constructively at
first order for

λ = 2r sin θ , (4.7)

or equivalently,
qr = 2π . (4.8)

Of course, as we have seen, proteins in solution do not follow this condition,
since there is no translational symmetry, and therefore no repeated planes to
diffract. Instead, the Debye equation states that each pair of scatterers adds
a term of the form sin(qr)/(qr) to the intensity, a function illustrated in Fig.
4.6. Therefore, all atom-atom pairs give positive contributions to the overall
intensity for qr < π. At the Bragg condition qr = 2π, a Debye term contributes
exactly zero to the overall intensity. At higher qr, each Debye term oscillates,
and since all pairwise distance terms oscillate incoherently, the contributions
largely cancel. A SAXS equivalent of Eq. (4.8) might therefore be formulated
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as
qr < 2π . (4.9)

There is thus no simple map from q to r space as is frequently claimed [6, 144].
The often-repeated rule that low-q features are more easily assigned than high-
q features, which overlap to a larger degree, is also not obviously true. In fact,
the low-q region is the most crowded, as each and every internal distance
contributes there.

Despite this excursion, it is sometimes true that low-q features are more
easily interpreted than those at high q, for reasons slightly different than
those just described. To explain why, I will consider as examples the LAO
and Haemoglobin systems. Fig. 4.7a displays the pair distribution func-
tions of both states of LAO as well as their difference, which shows that ly-
sine unbinding causes a shift in the distribution from R1 to R2. The Debye
terms corresponding to these two distances are plotted in Fig. 4.7b. Ap-
parently, very crudely approximating the difference scattering by just these
two terms produces a curve which is quite similar to the full Debye sum at
q < 2π/R1 ≈ 0.3Å−1 (in the full Debye curve, oscillations at higher q are
washed out as noted above).

The Haemoglobin system is analysed in the same way in Fig. 4.8. In con-
trast to LAO, the Hb pair distribution function is depleted at two distances
(R1 and R3), and enriched at one distance (R2) when the ligand departs. The
three Debye terms corresponding to R1, R2, and R3 generally reproduce the
first features of the difference scattering curve, when weighed appropriately.
While slightly more complex, this redistribution involves similar internal dis-
tances as for LAO, and the largest difference scattering signals therefore also
occur at q < 0.3Å−1. Indeed, when viewed as in Fig. 4.7b and 4.8b (without
amplifying the y axis by q2 as in Fig. 4.5), the Hb and LAO signals are rather
similar.

This shows that the position of a difference scattering feature on the q axis
alone does not decide whether or not that feature can be structurally inter-
preted. Comparing the Hb and LAO systems, it is obviously the magnitude
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of the change in p(r), and not the distances involved, that is different. But
when many distances change in the same way, then their corresponding Debye
terms, which have similar decay lengths, will also change in the same way.
These terms then add constructively at qr < 2π where they are still fairly co-
herent, but destructively at higher qr, where they oscillate out of phase. This
gives rise to difference signals dominated by low-q features.

Thus, the LAO signal is caused by many distances changing in the same
way, whereas in Hb, it is the result of more subtle rearrangements. Guided
MD easily refines the LAO process, as there are very few ways of producing
such a concerted movement (and such a strong change in p(r)) without causing
unacceptable energies from the force field. It cannot uniquely refine the Hb
process, since the subtle change in p(r) which reproduces ∆I(q) can be accom-
plished with conformations that are wrong but not sufficiently non-physical to
be forbidden in the simulation.

It would be useful to define when, and to what spatial resolution, difference
X-ray curves can be uniquely assigned structural meaning. But, as we have
seen, position along the q scale is a poor indicator of uniqueness. Similarly, the
average magnitude of the structural change also says very little. For example,
the transitions in LAO and Hb discussed here correspond to comparable C-
alpha RMS displacements of 4.7Å and 3.5Å, respectively. A simple resolution
limit for unique interpretation in terms of RMSD can therefore not be found. A
criterion for uniqueness, which would work as a “detection limit” for structural
interpretation, would have to be based on the amount of change in p(r).

As mentioned above, uniqueness and sampling are also entangled, and the
tests presented here do not prove that the Hb system cannot be refined cor-
rectly. Conceivably, the false solutions found in the simulations (Fig. 4.4)
represent local free energy minima. Longer simulations in accurate force fields
might (and should, in principle) find the target structure. For these reasons,
the results described here and in Paper II do not provide a clear criterion for
uniqueness. Unfortunately, whatever works is still the state of affairs for struc-
tural interpretation of time-resolved solution X-ray scattering experiments.

4.7 Summary
• X-ray scattering data carry a limited amount of information, and com-

plementary knowledge is usually required for structural interpretation.

• Various protein studies have involved ad hoc analyses which exploit prior
structural or spectroscopic information.

• Molecular dynamics provides a useful way of restricting a molecular
model to physically relevant conformations.

• Sampling around known crystal structures or along inferred reaction co-
ordinates is sometimes useful, but relies on prior information about the
structural change being studied.
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• A more general algorithm of combining MD with experimental X-ray
scattering data is described and tested. It is applicable to some systems,
but not to others, and the reasons for this are discussed.



Chapter 5

Application to phytochromes

This chapter summarises and discusses Papers III, IV, and V, all of which
revolve around a family of light-sensing proteins called phytochromes. These
papers build on the methodology described in the preceding chapters. In order
to put their results in a biological context, I first briefly introduce cellular
signalling and the class of signalling proteins called histidine kinases. I then
review the literature on phytochromes, before discussing the connections and
overlaps between these two protein families. Finally, the main findings of
Papers III, IV, and V are summarised and discussed one at a time.

Cells respond to environmental stimuli of many kinds, and possess com-
plex signalling machinery to gather and manage this information, ultimately
causing responses such as changes in shape or metabolism, gene expression,
or cell division. A common theme in all kingdoms of life is that information
is passed along as phosphate “tags”, functional groups which are added and
transferred in a controlled manner to and from specific protein sites [145, 146].
The process starts by phosphorylation, the catalysed transfer of a terminal (γ)
phosphate from ATP to the receiving site.

In bacteria, the predominant sensing mechanism is two-component sig-
nalling, wherein a sensor histidine kinase (HK) interacts with a response reg-
ulator (RR) in a way which depends on the state of the sensor [147]. The
kinase catalyses the phosphorylation of one of its own histidine residues, so-
called autophosphorylation. Depending on the signalling state of the kinase,
the phosphate tag is then transferred to the response regulator, which relays
the signal further or directly causes the desired biochemical output by bind-
ing to, for example, DNA [148]. This chapter mainly deals with a particular
bacterial phytochrome, that from D. radiodurans, which we have studied in a
number of ways throughout Papers III, IV, V, and VI. As we shall see, under-
standing bacterial phytochromes is made easier by putting them in the context
of histidine kinases and two-component signalling, whether they belong there
or not.

The primary driving force behind phytochrome research has been to gain

53



54 Chapter 5. Application to phytochromes

better understanding and control over plants, especially those grown as crops.
Indeed, phytochromes were discovered at U.S. federal institutions devoted to
agricultural and food research. This aspect of phytochrome research is still
valid today, and phytochrome-based modifications can be made to increase the
yield in farming, by reallocating the plants’ internal energy resources [149].
More recently, modified phytochromes produced in bacterial expression sys-
tems have been found to have valuable fluorescent properties, of great poten-
tial use in medical and biotechnical applications [150, 151]. They are also
considered to be promising tools for optogenetic applications [152].

5.1 Fifty years of plant phytochromes
In 1952, scientists at the Agricultural Research Center in Beltsville, Maryland,
discovered that lettuce seeds respond to light in the red and far-red region
(600 to 800 nm) [153]. Germination was promoted at certain wavelengths,
and inhibited at others, and in an extensive set of wavelength- and power-
dependent experiments, they mapped out this dependence. The result, known
to plant biologists as an action spectrum (Fig. 5.1), is a measure of how light at
each wavelength affects organisms’ behaviour. In this case, the action spectrum
shows that seed germination is promoted by red light (with a maximum around
670 nm) and inhibited by far-red light (most strongly at around 725 nm). A
remarkable feature of these seeds, is that germination was reversibly affected by
the two shades of red. Thus, alternating red and far-red illumination switched
the seeds between states in which they germinated more and less frequently.

The pigment responsible for light-dependent germination was directly de-
tected in 1959, using absorption spectroscopy of living maize shoots [154].
The researchers devised a clever detection scheme which allowed measurement
despite the strong scattering in the sample and the overlapping illumination-
dependent absorption in chlorophyll. It was found that the absorption spec-
trum of the entire plant was reversibly switched upon illumination with red
and far-red light. A difference absorption spectrum was obtained, the main
features of which were coincident with those of the action spectrum of lettuce
seeds (Fig. 5.2). With this hallmark study, the phytochrome photorecep-
tor was identified and given its name. The two stable states of phytochrome
became known as the Pr (red-absorbing) and Pfr (far-red-absorbing) states.
Usually, the Pr state is the most stable form, and is re-formed by dark re-
laxation, but some phytochromes have developed a more stable Pfr state, so
that dark reversion favours the Pfr state. The Pr- and Pfr-preferring phy-
tochromes are somewhat cryptically referred to as “canonical” and “bathy”,
respectively. The photochromic behaviour of phytochromes (the way in which
their absorption spectra change with illumination) is summarised in Fig. 5.3.

Over the decades, a lot of effort has gone into understanding and ma-
nipulating plant phytochromes, and a full review is outside the scope of this
introduction. But it is worth noting that it took until 1983 before a native
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Figure 5.1: Action spectrum of lettuce seed germination, adapted from the
original 1952 data [153]. Squares represent promotion, circles represent the
weaker inhibition effect, and are multiplied by 10.
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Figure 5.2: Difference spectrum of living maize shoots, displayed as ∆A =
A(red-illuminated)−A(far-red-illuminated), adapted from the original 1959
data [154].
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Figure 5.3: Photochromicity and dark reversion in phytochromes.
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phytochrome, with photophysical properties similar to those found in living
materials, was isolated in vitro, as independently reported by two different
groups [155, 156]. The role of plant phytochrome at the organism level was
gradually understood [157, 158], while their biochemistry at the molecular
level remains unclear to this day [159]. Moreover, because of the difficulty in
producing and purifying large amounts of sample, the structural biology of
plant phytochromes remained a mystery for many years. To my knowledge,
only one plant phytochrome has been crystallised and solved to date, through
recombinant expression in bacteria and as late as 2014 [160].

5.2 Bacterial phytochromes: structure and func-
tion

A major leap in phytochrome research happened in 1996, when it was dis-
covered that a particular gene in the cyanobacterium∗ Fremyella diplosiphon
resembled the genes that encode plant phytochromes [161]. Only the year after,
two independent reports showed that a gene from the cyanobacterium Syne-
chocystis sp. PCC6803 [162] could be over-expressed in Escherichia coli , and
that the purified protein photoconverts reversibly between red and far-red ab-
sorbing states, a behaviour familiar from plant phytochromes [163, 164]. Two
years after that, the existence of phytochromes† in the non-photosynthetic
bacteria D. radiodurans and Pseudomonas aeruginosa was discovered [165].
The photoreceptor from the former, awkwardly named DrBphP, is the main
subject of study in Papers III, V, and VI, while Paper IV compares DrBphP
to some of its bacterial relatives.

The ability to produce large quantities of sample, which is easier to do for
bacterial phytochromes, made possible the crystallisation and structural char-
acterisation of these proteins. In part, the surge of structural studies which
followed was driven by a desire to understand the elusive plant phytochromes
by proxy [159, 166]. Like many other light-sensors, phytochromes (from plants
and bacteria alike) have a seemingly modular domain architecture [167–169].
Almost all consist of a photosensory core based on the PAS-GAF-PHY se-
quence of domains, where the PAS-GAF part binds the chromophore, a lin-
ear tetrapyrrole, covalently. For bacterial phytochromes, the chromophore is
biliverdin, a metabolite of haem. The output domain, which varies in identity
from phytochrome to phytochrome, sits at the C-terminus connected to the
PHY subunit. Phytochromes are homodimers both in solution and in crystal
structures, where they usually form parallel (head to head) dimer interfaces.
This arrangement is illustrated with an example in Fig. 5.4.
∗Cyanobacteria, or blue-green algae, are bacteria that perform photosynthesis.
†Phytochrome relatives from bacteria are sometimes called bacterial phytochromes, bac-

teriophytochromes, or phytochrome-like proteins, to distinguish them from their plant rela-
tives. I use the term phytochrome universally for these proteins, and qualify the term only
when needed.
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Figure 5.4: Sequence and structure of bacterial phytochromes, as illustrated by
a crystal structure of the DrBphP photosensory core (PDB code 4Q0J [170]).
The putative histidine kinase output domain (discussed in the text) lacks a
crystallographic model, and is shown as blobs. The biliverdin (BV) chromophore
is indicated. Reproduced from Paper V.

The overarching goal of phytochrome structural biology has been to es-
tablish how the signal, generated close to the N-terminus by the absorption
of a photon in the chromophore, is propagated through the molecule towards
the output domains. In this quest, a number of crystal structures have been
reported, as summarised in Table 5.1. The most straightforward way to char-
acterise structural signalling would of course be to determine crystal models
of both the Pr and Pfr states, and work out what has changed. Prior to the
study reported in Paper III, this had not been accomplished. Instead, only the
ground state (be it Pr or Pfr) of each homologue had been resolved, even if two
studies claim to approximate the Pr state of the Pfr-stable phytochrome from
P. aeruginosa using mutation and trapping at low temperature [176, 177].

In lieu of direct structural data on photoconversion, a number of struc-
tural and sequential motifs were identified and postulated to be important for
photoconversion, as also listed in Table 5.1. The first phytochrome crystal
structure focused on an unusual knot, in which the N-terminus is tied to-
gether with a loop in the GAF domain [171]. While peculiar, the meaning of
this so-called “light-sensing” knot is unclear. Eventually, two structures were
published which contained not just the PAS-GAF, but the whole photosensory
PAS-GAF-PHY module for a Pr- and a Pfr-preferring phytochrome [174, 175].
Both noted that a protrusion from the PHY domain, named the “arm” or
the “tongue”, stretched back onto the chromophore binding pocket, as can be
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seen in Fig. 5.4. In one, the long helices at the center of the dimer were
suggested to carry the signal to the N-terminus [174]. In the other, a well-
conserved PRxSF (proline-arginine-X-serine-phenylalanine) sequence motif in
the arm was found to interact closely with a well-conserved aspartate residue
in the binding pocket, and this interaction was suggested to have a role in
signal propagation [175]. Later, the same group suggested that a “tryptophan
switch”, involving a rotation of the arm about its own axis, was a general
device in signalling [180]. Other crystallographic studies have focused on the
detailed structure of the chromophore and its environment [172, 176, 177],
fluorescence [151], interactions with downstream signalling proteins [178], or
dimerisation [179]. Paper III, discussed below, is the first to provide direct
structural data on the Pr→Pfr conversion process.

For many plants, phytochrome function has been determined at the or-
ganism level, whereas the biochemical details have been rather difficult to un-
derstand [182–184]. Conversely, many bacterial phytochromes have unknown
functions, but for most, it is known or assumed that they biochemically op-
erate as histidine kinases [185]. Autophosphorylation assays and tests for the
transfer of phosphate tags to the response regulator can be performed under
red or far-red illumination, to measure activity and to learn about the gat-
ing logic. In that way, Synechocystis Cph1 [164] and Agrobacter tumefaciens
Apg1 [186] have been found to signal more actively in the Pr ground state
than in Pfr. Other phytochromes, such as A. tumefaciens Agp2, have been
reported to be more active in the Pfr form [187] (although this is disputed, as
discussed in Section 5.5). We now turn to a more detailed discussion of the
histidine kinase enzymes, and to how our phytochrome of interest, DrBphP,
fits into that context.

5.3 DrBphP – a Histidine Kinase?
Histidine kinases and two-component systems have received increasing atten-
tion during recent years, as more and more structures have become available.
At the time of writing, the PDB website’s “molecule of the month” section
features such a system [188], indicating the broad interest in these proteins.
Fig. 5.5a shows the crystal structure of a fragment of the histidine kinase
HK853 from Thermotoga maritima as an example [189, 190]. Prototypical
HK:s are extracellular sensors, connected to intracellular kinase domains via
transmembrane segments and signal transducing domains, which eventually
connect to the so-called DHp (dimerisation and histidine phosphorylation) do-
main’s α1 helix, marked in the figure. This helix holds the phosphorylatable
histidine, as also indicated. A linker of variable length leads to α2, and the ho-
modimeric structure forms a central four-helix bundle. Finally, another linker
connects to the CA (catalytic and ATP-binding) domain, which binds ATP in
a well-defined pocket and catalyses autophosphorylation.

The structural details of histidine kinase autophosphorylation are elusive.
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DHp
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(a) The intracellular domains of the kinase HK853 (PDB code 2C2A) [189].
The phosphorylation site is on α1, shown as spheres.

His

Pro

(b) Asymmetry in a histidine kinase,
exemplified by the kink in one of
VicK’s α1 helices [191] (PDB code
4I5S).

VicK CpxA

α1α2

α2
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(c) Handedness and linker length in
the DHp bundle, exemplified by
VicK [191] and CpxA [192] (PDB
codes 4I5S and 4BIU).

Figure 5.5: Structural illustrations of histidine kinases.
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Figure 5.6: Sequence alignment of the histidine kinases HK853, VicK, CpxA,
EnvZ, the P. aeruginosa bacterial phytochrome PaBphP, the cyanobacterial
Cph1, as well as the phytochrome studied here, DrBphP. Also shown is the fold
for the kinases, the fold predicted for DrBphP with the program JPRED [196],
and the crystallographic secondary structure found for the photosensory mod-
ule (PSM) of DrBphP [90]. The phosphorylation site is marked with a star.
Blue and pink correspond to residues which are frequently charged and neutral,
respectively.

This seems to be because the high mobility of the CA domain (which is only
loosely linked to DHp) makes these proteins difficult to crystallise [193]. But
despite this, a number of themes relevant for the phytochrome family emerge
from the developing literature. A recent crystallographic study on the ki-
nase VicK from Streptococcus mutans suggests that phosphorylation proceeds
via an asymmetric structure, where the α1 helix to be phosphorylated is bent
inwards [191], as illustrated in Fig. 5.5b. This bending exposes the phosphate-
accepting histidine residue (marked in the figure), and occurs at a highly con-
served proline residue found 5 sequence positions towards the C-terminus. Pro-
line is, of course, known to disturb helical structures, and its high conservation
(see Fig. 5.6) is circumstantial evidence that this mechanism is important and
general. In fact, asymmetry in the DHp domain is a common motif in the
recent HK literature, and can also be found in other kinases [192, 194]. A
fairly general hypothesis is presented by Bhate et al., in which a symmetric
structural signal in the sensory domains is converted to an asymmetric confor-
mational change when it reaches the DHp bundle [195]. Based on a review of
recent crystal structures, they argue that this induced asymmetry is a general
feature for histidine kinases.

Both the kinases VicK and HK853 discussed above are thought to phos-
phorylate in the cis geometry, such that ATP bound to the CA domain reacts
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with the phosphorylatable histidine of the same peptide chain in the dimer.
Many HK:s, however, autophosphorylate in a trans geometry. For example,
the E. coli kinases EnvZ [197] and CpxA [192] are known to phosphorylate in
a trans manner. Interestingly, the cis/trans autophosphorylation behaviour
correlates with sequential and structural traits, in particular with the α1-α2
linker length and with the handedness of the DHp helix bundle. The former
is visualised as a sequence alignment in Fig. 5.6, where the region marked
“Linker” is clearly shorter for the trans-active CpxA and EnvZ homologues,
than it is for the cis-active HK853 and VicK. The handedness distinction can
be understood by building a DHp bundle in a thought experiment. After plac-
ing the first α1 helix, the α2 helix on the same peptide chain can be positioned
on either side of it, and the two choices are not equivalent. Therefore, the re-
sulting bundle is handed, meaning that it is not identical to its mirror image.
Again EnvZ and CpxA represent one class (say, right-handed) while HK853
and VicK fall in the other (then left-handed), as illustrated in Fig. 5.5c. The
two possibilities are suggested to have biological meaning, essentially open-
ing up two parallel channels for cellular communication if the handedness is
recognised by the response regulator [193]. For phytochromes, the dichotomy
represents a choice which must be made when modelling proteins for which no
crystal structures exist.

As with the other bacterial phytochromes, sequence homology immediately
suggests that the main protein under study in this thesis, the D. radiodurans
phytochrome DrBphP, is a light-gated histidine kinase [198]. Apart from over-
all sequence similarity on the C-terminal side of the PHY domain (residues no.
500 and up), the phosphorylatable histidine site and the nearby proline (Fig.
5.5b and 5.6) are conserved too. Many kinases have GAF domains as their
signal transducing elements which connect the sensor and DHp domains [195],
which in bacterial phytochromes is matched by the very similar fold of the
PHY domain. Taken together, sequence similarity, homodimeric assembly,
and the sensory–transducing–output domain architecture, make the similarity
with kinases striking.

DrBphP also fits into the dichotomy discussed above for histidine kinases,
where those with long α1-α2 linkers tend to assemble in left-handed helical
bundles and phosphorylate in a cis manner, and those with short linkers tend
to do the opposite [193]. Fig. 5.6 shows the DrBphP sequence aligned with
four histidine kinases, as well as a secondary structure prediction. Both predict
that the linker length in DrBphP is very similar to the cis-type kinases VicK
and HK853, indicating a left-handed DHp bundle.

Although satisfying, viewing DrBphP as a histidine kinase is complicated
by that fact that, as far as I am aware, there is no published evidence of kinase
activity. The group which discovered both the Pseudomonas syringae and
D. radiodurans phytochromes [165] only show kinase activity for the former
[198], with no comment as to why. In fact, there is no clear evidence of any
functional or biochemical role for the D. radiodurans homologue. In this light,
it is interesting that the conserved aspartate or glutamate residue adjacent to
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the phosphorylatable histidine is missing in DrBphP, as Fig. 5.6 shows. This
residue is thought to activate the histidine toward the reaction with ATP,
via an acid-base mechanism, and has been found by mutational studies to be
important for autophosphorylation activity [193]. This vaguely suggests that
DrBphP might have some other, as yet unknown, biochemical function.

5.4 Photoactivation is structural change
As already mentioned, the overarching goal in phytochrome structural biology
is to understand the structural nature of signal propagation. Paper III is
a major contribution to this campaign, as it is the first to provide direct
information on the Pr and Pfr structures for one and the same phytochrome. It
focuses on the photosensory core module (the PAS-GAF-PHY fragment) ofDr -
BphP, and builds on both crystallographic and solution data. My contribution
was in the latter, and I will focus on this aspect here.

The study takes its starting point in time-resolved solution experiments.
The first trial was a rapid-readout experiment (Section 3.2) in which two lasers
were used to convert a sample back and forth between the Pr and Pfr states.
X-rays were collected on a Pilatus 300K detector, with a time resolution of
10ms. The purpose was, first of all, to see if a highly concentrated solution
of DrBphP could withstand repeated laser-induced switching and high-flux
X-ray exposure. What we found was not only that the protein is rather stable
under these circumstances and that the experiment is feasible, but also that
a large ∆I(q, τ) signal appeared upon illumination with red light. Fig. 5.7
shows these initial results for the PAS-GAF-PHY fragment.

At the outset of the experiment, the sample is in the Pr form, the most
stable state of this canonical (Pr-preferring) phytochrome. As the first red
(671 nm) laser pulse hits, a strong difference scattering pattern appears. The
curve has a feature at 0.1Å−1 which completely dominates the signal (note
that the data are amplified by a factor q2), indicating domain movements as
discussed in Chapter 4. While the time-resolved data become engulfed in noise
at q > 0.6Å−1, averaging together all Pr→Pfr difference curves gives entirely
consistent data up to q = 1Å−1 and beyond. The data directly establish that
both the Pr→Pfr and the Pfr→Pr structural conversions are mostly completed
in 10ms, so the actual rise of the signal cannot be resolved in this experiment.
Comparing the behaviour of the PAS-GAF, PAS-GAF-PHY and PAS-GAF-
PHY-“HK” (full-length) samples in Fig. 5.9, 5.7, and 5.8, respectively, one
concludes that the two longer constructs behave alike, indicating that the
important structural transformations of photoconversion are described well
by the PAS-GAF-PHY fragment. Contrarily, the PAS-GAF fragment gives a
response which does not resemble that of the others. Its difference pattern is
smaller, and there is no dominating low-q feature. It is also not quantitatively
switched back to Pr, probably because its absorption in the far-red region is
too weak [90].
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Figure 5.7: A rapid readout experiment of DrBphP PAS-GAF-PHY at 10ms
time resolution. The 2D plot shows q2 ·∆I(q, τ). The kinetic curve on the left
shows average intensity of the main peak, the scattering curve at the top shows
the average Pr→Pfr difference. Far-red (750 nm) laser pulses were issued at 1,
3, and 5 s, whereas the red (671 nm) laser was fired at 2 and 4 s.
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Figure 5.8: Rapid readout data on full-length DrBphP. See Fig. 5.7 for
details. The ∆I scale is the same as in Fig. 5.7.
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Figure 5.9: Rapid readout data on DrBphP PAS-GAF. See Fig. 5.7 for
details. The left-hand panel follows the q = 0.3Å−1 peak. The ∆I scale is 5
times smaller than in Fig. 5.7 and 5.8.
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Paper III provides a detailed analysis of the structural change in the pho-
tosensory (PAS-GAF-PHY) module, to which we now turn. As discussed in
Chapter 4, analysis of difference scattering data usually requires prior struc-
tural information. Although the structures of other bacterial PAS-GAF-PHY
fragments had been published before (see Table 5.1), there were no structures
of this fragment from the D. radiodurans receptor. Therefore, crystallisation
studies were initiated. Our collaboration partners managed to determine the
structure of DrBphP crystals grown in the dark, a necessary starting point
for any of the protein approaches discussed in the previous chapter. Amaz-
ingly, they also managed to crystallise the protein under intermittent red il-
lumination, and the resulting structures exhibit clear differences, as shown in
Fig. 5.10. This groundbreaking result (to which I did not contribute) is the
first of its kind, as no other crystallographic studies have directly reported on
light-induced change in a phytochrome. Two aspects of these structures are
especially important. Firstly, illumination causes the opposing PHY domains
in the homodimer to move apart, forming a Y-shaped, open arrangement. In-
terestingly, such an arrangement has been found before by SAXS for a different
bacterial phytochrome [199], but was interpreted the other way around, as an
opening of the PAS/GAF interface with intact PHY-PHY proximity. This
illustrates the uniqueness problem in interpreting SAXS data.

Secondly, the “arm” or “tongue” region discussed above shows different sec-
ondary structures in the two crystal models, and is seen as a β-sheet in Pr
but as an α-helix in Pfr (orange parts in Fig. 5.10). This provides a clue as
to what drives the opening of the PHY-PHY distance. Apparently, changed
interactions around the chromophore pocket (for instance, through the motifs
previously identified, Table 5.1) causes a shift in the free energy balance be-
tween sheet and helix, and the tongue refolds. This affects the effective length
of the arm’s peptide chain, effectively pulling on the outside of the rigid PHY
domains. The central helix bundle, previously thought to actively carry the
conformational signal [174], then acts as a mechanical lever, with the end result
that the PHY domains are moved apart. Note that this model is not tested
through simulation or energetic analysis, but is presented as a mechanistic
hypothesis which is in agreement with all the structural observations.

These results are valuable on their own merit, but they also provide a start-
ing point for analysing the solution X-ray data presented above. We did this
in the way already described in Fig. 4.1b, with the reaction coordinate given
by the internal PHY-PHY distance of the dimer. Reducing the problem to a
one-dimensional coordinate obviously comes at the risk of over-simplification,
but given the striking difference between the dark and light crystal structures
this was warranted, at least as a first-order approach.

Molecular dynamics simulations were started from both crystal models,
amended with modelled loops and missing atoms, as described in detail in
the supplement to Paper III. In addition to unrestrained simulations, the
PHY-PHY distance was artificially sampled by applying a harmonic poten-
tial between the two domains, the equilibrium distance of which was slowly
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(a) Dark (Pr) structure. (b) Light (Pfr-like) structure.

Figure 5.10: Crystallographic models of DrBphP, from crystals formed in the
dark or under periodic illumination at 655 nm (PDB codes 4O0P and 4O01,
respectively).

scanned. This gave two pools of trial structures, one containing Pr candidates
and the other containing Pfr candidates. For each trial structure, the theo-
retical scattering curve was calculated using SASTBX and Zernicke expansion
(see Section 2.2), and all pairwise Pfr-Pr differences were taken. This situa-
tion is illustrated schematically in Fig. 5.11 (see also Section 4.4), where 15
randomly chosen frames from each pool of candidates are drawn. As that fig-
ure shows, the pairwise difference contained many near-perfect fits, as well as
completely orthogonal curves. We chose the 100 best-fitting curves, and con-
sidered the participating snapshots (83 Pr and 9 Pfr candidates) as collectively
describing the solution structures of the Pr and Pfr forms. Fig. 5.12 shows
that all pairwise differences within these sets, in total 747 difference curves,
agree very well with experimental data, which means that the sets of solution
structures are consistent, and that no ludicrous over-fitting was done when
picking structures. The chosen solution structures are shown in Fig. 5.13.

Fig. 5.12 also shows how the model is improved from the starting crystal
structures, which do not explain the solution scattering curves very well. It
is interesting to compare this situation to that in the first time-resolved pro-
tein WAXS study, that of Haemoglobin photolysis. In that case, the subtle
structural change was well-described by available crystallographic models. For
the phytochrome system, where the structural change is much greater, crystal
packing apparently affects the splayed dimeric arrangement, rendering struc-
tures which cannot fully explain solution X-ray data. Therefore, the simpler
approach of using MD to locally sample around crystal models (Fig. 4.1a), or
to “relax” the crystal model, would not be viable in this context as prohibitively
long simulations would be required for sufficient sampling.

The difference scattering analysis above generated two sets of structures
which were internally consistent, but the analysis is rather improvised. To
make sure that frame selection purely based on difference scattering was not
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Figure 5.11: Illustration of the difference scattering analysis. Black curves
show experimental data, and red curves are theoretical differences. Yellow and
green highlights represent best-fitting difference curves and participating struc-
tures, respectively.
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Figure 5.12: All possible pairwise difference curves between the refined Pfr
and Pr solution structures, together with experimental data. Also plotted is the
theoretical difference curve corresponding to the dark and light crystal struc-
tures. Reproduced from paper III.
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(a) Pr. (b) Pfr.

Figure 5.13: Solution structures, as resulting from the difference scattering
analysis.

imprudent, we verified the result using conventional SAXS. In an experiment
much less sensitive to the details of structural conversion, we recorded the
equilibrium scattering from samples of DrBphP previously illuminated with
LED:s. After correcting for the relative Pr and Pfr populations, we then
compared the theoretical scattering curves from each of the original candidate
structures to data. The result is shown in Fig. 5.14, where a strong correlation
between PHY-PHY distance and agreement with absolute SAXS data can be
seen. The structures which were picked out in the difference scattering analysis
are shown as squares, and they are (i) among the best matches with absolute
SAXS data, and (ii) clustered together along both axes. This corroborates the
above structural analysis.

Paper III proposes representative sets of solution structures based on time-
resolved X-ray experiments, and provides another example of where such data
are useful, an example added to the others in Table 5.1. The refined solution
structures differ from their crystal models, in that the PHY-PHY distance is
larger in solution. This is not surprising, considering the crystal contacts (de-
scribed in the supplement of Paper III). But what is the value of these solution
structures, given that the crystal models already lead to a hypothesis on molec-
ular signal propagation? They are not very valuable in and of themselves. In
fact, as discussed in the supplement to Paper III, the exact degree of opening
is a rather ill-posed problem, and in reality the distribution of PHY-PHY dis-
tances probably has significant width. Rather, the solution data serve to prove
that the crystal models represent relevant structures, and that the differences
between them has biological meaning. This type of validation is rare in struc-
tural biology, and should probably be sought more often to make sure that
observed crystal structures actually represent solution conformations [200].

It is interesting to speculate around how the Pr→Pfr structural conversion
might be received by the output domain. If DrBphP indeed is a histidine
kinase then, as we have seen, the signal might be converted into a kinking of
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Figure 5.14: Verification of the difference scattering analysis by comparison
with conventional SAXS data. See text for explanation. Reproduced from Paper
III.

one or more helices in the DHp bundle. It is fully conceivable that the motion of
the PHY domains is transferred into an induced asymmetry downstream, with
the DHp bundle essentially intact but with its symmetry broken. A different
interpretation is made in the commentary which accompanied Paper III [200].
There, it was speculated that the splaying of the PAS-GAF-PHY dimer might
fully occur even in the presence of a C-terminal DHp bundle. Then, the
dimeric interface of the kinase domain itself would be broken, which would be a
rather violent structural signal compared to those discussed in the literature on
histidine kinases [193]. The authors argued that such a transformation would
hinder trans-autophosphorylation, thus gating activity. This type of regulation
appears less likely in the light that DrBphP resembles a cis-phosphorylating
kinase, but not impossible since this assignment is far from definitive. In
Paper VI (a “related” article not formally included in this thesis), we also
argue that a mechanism where the DHp dimer interface is broken should be
considered. However, the data presented here do not clearly support it. A
detailed structural analysis of the full-length data in Fig. 5.8 would be needed,
which in turn would need a believable homology-based model for the full-length
starting structure. This remains to be done and would constitute a major step
in the full understanding of phytochrome structural signalling.

5.5 All phytochromes are equal : a comparative
study

Paper IV also deals with photoconversion in bacterial phytochromes, but takes
a different approach. Rather than interpreting solution scattering data struc-
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Figure 5.15: Pr→Pfr difference scattering patterns for phytochromes from
the bacteria D. radiodurans, A. tumefaciens, and S. aurantiaca, all shifted for
clarity. Reproduced from Paper IV.

turally, it establishes that several phytochromes show almost identical response
in the time-resolved experiment. The study therefore benefits from the great
detection power of the difference scattering method, without suffering from
the interpretation problems discussed at length in the previous chapter.

Fig. 5.15 shows the scattering fingerprints of Pr→Pfr photoconversion from
the photosensory cores (PAS-GAF-PHY fragments) of five wild-type bacterial
phytochromes. Aside from the familiar D. radiodurans phytochrome signal,
those from the recently discovered phytochromes from Stigmatella aurantiaca
(SaBphP1 and SaBphP2, including a point mutant of the former), and from
A. tumefaciens (Agp1 and Agp2) are also shown. The experimental details are
described in the supplement to Paper IV, but the experiment is essentially a
rapid-readout exercise done at 40ms time resolution. These five phytochromes
give rise to very similar difference scattering patterns. We draw the conclusion
that this reflects similar molecular movements upon illumination. Note that
this is not a rigorous conclusion; there are, of course, a large number of ways
in which to reproduce a given scattering pattern. But given the similarity of
all known phytochrome crystal structures (Table 5.1), it appears reasonable
that similar signals reflect similar motions.

Kinetic traces of these experiments are shown in Fig. 5.16. Agp2 is not
included, as it was illuminated with continuous LED:s for practical reasons.
All samples can be seen to switch reversibly, much as in the original DrBphP
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Figure 5.16: Shifted kinetic traces corresponding to Fig. 5.15. Far-red
(785 nm) laser pulses were administered at 0.5, 2, 3.5, and 5ms. Red laser
(671 nm) pulses arrived at 1, 2.5, and 4ms. Reproduced from Paper IV.

experiment (Fig. 5.7). Taken together, these results suggest that the mecha-
nism of conformational signalling has been conserved throughout the evolution
of these protein homologs. In light of the differences otherwise found within
the phytochrome family, this result is rather significant, and has especially
far-reaching consequences for the cases of Agp2 and SaBphP1. I now turn to
a discussion of each.

5.5.1 Bathy phytochromes: Agp2
The odd one out among the phytochromes in Fig. 5.15 is Agp2, a bathy phy-
tochrome which relaxes to Pfr in the dark. This homologue was discovered
in the genome of A. tumefaciens around 15 years ago [201, 202], and was ex-
pressed and investigated shortly after [186, 187]. The meaning of the apparent
inversion of the Agp2 photocycle has never been fully understood. It is unclear
whether Agp1 and Agp2 have opposing physiological function and, if so, how
this is accomplished structurally.

The data reported in Paper IV and in Fig. 5.15 establish that the direc-
tionality of Agp2 photoconversion is the same as in other phytochromes. That
is, illuminating Agp2 with red light causes the same type of structural change
as it does for its sibling Agp1, and for its cousins DrBphP, SaBphP1, and
SaBphP2. This result is extremely important for understanding the evolution
and signalling mechanisms of these apparently opposing phytochromes, but of
course says nothing about the biochemical or physiological function. Karniol
et al. [187] have reported that Agp2 displays inverted autophosphorylation
activity, that is, phosphorylates more actively in the Pfr form. To confuse
things, Zienicke shows the opposite, that the phosphorylation logic of Agp2
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Figure 5.17: Absorption spectra of S. aurantiaca phytochromes 1 and 2, ob-
tained at steady state under continuous illumination from red and far-red LED:s
(gray and black lines, respectively). Reproduced from Paper IV.

is the same as for all other described systems, with higher activity in the Pr
form [203]. Our data does not settle this dispute, but we can at least say, that
whatever the logic of the kinase is, it is gated by a structural signal with pro-
totypical directionality. Interestingly, Karniol et al. have identified the output
domain of Agp2 as the founding member of a new class of histidine kinases
called the HWE family. Supposing that Agp2 is biochemically inverted, then
its inversion is a result of a substituted kinase domain, not of a change in
the structural signalling. This would be a manifestation of modular domain
architecture. In fact, phytochromes and other light receptors are known to
be modular, and chimeric kinases can be constructed by cutting and pasting
together naturally occurring sensory and output domains [168, 204, 205].

5.5.2 Photochromicity and structure: SaBphP1
The above results are rather surprising in another case, that of S. aurantiaca
BphP1. To see why, consider the absorption spectra in Fig. 5.17. The top
panel shows the photochromic response of SaBphP2. Just like most other
wild-type bacterial phytochromes, red illumination causes a significant change
in the absorption spectrum, which adopts a spectrum typical of the Pfr state.
The middle panel shows the corresponding data of SaBphP1. Unlike its sib-
ling, it does not fully adopt the Pfr spectrum, but only develops a shoulder on
the red side of the main peak. It is not just a matter of populations, as the dif-
ference spectra on the right-hand side show. Sequence alignment (supplement
to Paper IV) reveals that a conserved histidine, which for other phytochromes
lies close to the chromophore, is replaced by a threonine in SaBphP1. There-
fore, our collaborators cloned and produced a point mutant (T289H), where
the “missing” histidine is reintroduced. As the bottom panel of Fig. 5.17
shows, this restores photochromicity.
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Now, as already mentioned, SaBphP1 structurally behaves like its rela-
tives, and the point mutation T289H does not change this (Fig. 5.15). This
unexpected result has both phytochrome-specific and general, methodologi-
cal implications. For phytochromes, it implies that the conserved histidine
(which corresponds to His290 in DrBphP) is not indispensable for structural
signalling. Systematic mutagenesis studies have shown that many conserved
residues affect the photocycle of phytochromes [160, 206, 207]. With pho-
tochromicity and Resonance Raman spectroscopy as the only probes for pho-
toconversion, Wagner et al. assigned His290 of DrBphP a “central role” in
the light-induced isomerisation of the chromophore. Although these authors
acknowledge the need for more data to pin down the residue’s exact task, this
conclusion appears to be hasty. At least for SaBphP1, structural photocon-
version does not depend on this residue.

So what is the role of this conserved histidine? It may be that its effect
is exactly what is shown in Fig. 5.17, an alteration of photochromicity itself.
Under ambient light conditions, a lower absorbance in the far-red region will
affect the Pr and Pfr populations, decreasing the Pr/Pfr ratio if all other fac-
tors are kept constant. It may also be to adjust the equilibrium properties
(such as the relative stabilities) of the Pr and Pfr forms, or to tune the light or
dark conversion dynamics between the two, all of which affect the light-sensing
properties of the receptor. In fact, Fig. 5.16 shows that the Pr→Pfr (but not
the Pfr→Pr) conversion kinetics of SaBphP1 are in fact much slower than for
the other phytochromes, as the rise is seen even at 40 ms time resolution. Just
like with photochromicity, the “restoring” mutation T289H recovers prototyp-
ical switching behaviour. This is likely a useful clue for those interested in
understanding the importance of this particular residue.

From a methodological standpoint, these results demonstrate that quarter-
nary-structural change cannot be probed with spectroscopic techniques which
interrogate only the chromophore and its local environment. Photochromicity
alone is shown to be a poor indicator of global signal propagation. In lieu of
crystallographic information, phytochrome researchers have largely relied on
local spectroscopies for understanding signalling. Paper IV shows that this
is insufficient, and establishes difference X-ray scattering as a much-needed
complementary technique in the field.

5.6 Phytochrome structural dynamics‡

While Papers III and IV contain some kinetic considerations, a full time-
resolved study based on both fast (pump-probe) and slower (rapid readout)
experiments for the PAS-GAF, PAS-GAF-PHY, and full-length DrBphP con-
structs was deferred to Paper V. Over the decades of plant phytochrome re-
search, much attention has been paid to the kinetics of transformation of the
‡This section describes unpublished work, and the primary data are therefore not repro-

duced. Instead, the text refers to figures in the attached manuscript, Paper V.
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Figure 5.18: Typical representation of a (canonical) phytochrome photocycle.

absorption spectrum in the Pr→Pfr process [208–212]. It soon became clear
that the first reaction step is light-dependent, while a series of “dark” reactions
lead, through a number of intermediates, to the ultimate formation of the Pfr
state [209].

The canonical photocycle is usually represented as in Fig. 5.18. With
nomenclature borrowed from the literature on Rhodopsin, the primary pho-
toproduct is labelled lumi-R or lumi-F, when formed from illumination of Pr
of Pfr, respectively. The intermediates subsequently formed are respectively
termed meta-R or meta-F, with letters a, b, c etc. indicating subsequent in-
termediates. Thus, according to Kendrick et al. [209], phytochrome from oat,
upon illumination as Pr, passes through the intermediates lumi-R, meta-Ra
and meta-Rb before forming Pfr.

It is rather difficult to piece together a coherent description of the con-
version kinetics from published data, and the overall mechanism has been
described as “a series of ill-defined intermediates that appear on the picosec-
ond to millisecond timescales.” [159] Indeed, complexity and non-exponential
behaviour has been proposed to be intrinsic to this protein family [211]. Time-
resolved absorption spectroscopy data are often analysed in terms of a kinetic
model, or decomposed using numerical techniques such as Singular Value De-
composition (SVD) or Principal Component Analysis (PCA). The outcome is
a series of time constants, which loosely describe the set of processes which
constitute the overall reaction. Fig. 5.19 provides a summary of such time
constants for various phytochromes.

The spread in the time constants of Fig. 5.19 precludes direct compari-
son. The numerical analyses used are sensitive to rather subjective choices,
especially with regard to the number of components extracted. Looking at
the original literature, it is also clear that the component spectra found from
said analysis are similarly hard to compare, since they are both featureless
and discordant. It is therefore not surprising that a varying number of pro-
cesses have been found both for the Avena sativa (oat) phytochrome A, and
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Figure 5.19: Selected literature time constants of phytochrome photoconver-
sion, measured by absorption spectroscopy in the range from microseconds to
seconds. Proton release and uptake are indicated, and red arrows denote a
kinetic H/D isotope effect larger than 3/2. Samples are full-length unless indi-
cated (* = PAS-GAF-PHY, ** = PAS-GAF). The DrBphP results are those
reported in Paper V, as discussed below, and the blue box represents the major
structural transformation. Reproduced from Paper V.

for Synechocystis Cph1. Still, it appears that compared to the others, the
plant phytochrome undergoes more reaction steps, and that these processes
span a wider time range. Apparently, a trend in complexity of the phototrans-
formation can be seen, where phytochromes from non-photosynthetic bacteria
(Agp1) are the simplest, cyanobacterial Cph1 are intermediate, and the plant
phytochrome shows the most complex kinetics. Considering the small number
of studies included, this could also be a mere coincidence.

There is almost no structural knowledge about the reactions in Fig. 5.19.
Clever pH-measurements and isotope studies have revealed that proton trans-
fers from protein to solution, and back, occur in both Agp1 and Cph1. Both
have also been shown to involve rate-determining proton transfers steps, as
indicated by red arrows in the figure. But aside from that, the only specific
information available pertains to the very early steps of the reaction, where
the tetrapyrrole chromophore is isomerised, usually in a matter of picoseconds
[212, 217–224].

In Paper V, we present conventional time-resolved absorption-spectroscop-
ic data for three constructs of DrBphP. The novelty of our study is that we also
present time-resolved solution X-ray experiments, by which the spectroscopic
evolution can be directly related to structural change. Figure 3 of Paper V
shows the data. As discussed in Section 5.4, it is immediately clear that the
PAS-GAF fragment behaves very differently compared to the PAS-GAF-PHY
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and full-length variants. All three show an induced absorption at around
730 nm after 10 µs, which decays over the subsequent 100 µs. For PAS-GAF,
this decay leads to a mostly bleached product, while in the larger constructs a
different process starts at around 1ms and leads to the familiar Pfr spectrum
(cf Figures 5.2 and 5.17).

Unlike the spectroscopic dynamics, the X-ray difference signals of all three
constructs remain essentially featureless over the whole microsecond time scale.
This is rather a surprising result. On the one hand, structural dynamics are
clearly going on, as the evolution of the absorption spectra shows. On the
other hand, these experiments were carried out under similar conditions as
the studies referenced in Chapter 4, where tiny (but global) rearrangements
were straightforwardly detected. Our conclusion is that until the onset of the
millisecond process, structural change is localised to the chromophore environ-
ment. In other words, the intermediates of photoconversion are reactant-like.

We decomposed the spectroscopic data in order to very roughly estimate
the time constants present in the complex reaction. This was done by fitting
a sum of exponentials, as detailed in Paper V, and gave the results shown
in Table 5.2. The results are also included in Fig. 5.19 above, and reveal
kinetics somewhat similar to the bacterial Agp1 and cyanobacterial Cph1.
This establishes comparative behaviour, and allows careful extrapolation of
the other results found for DrBphP.

Figure 5 of Paper V directly compares the spectroscopic and X-ray tran-
sients. The figure shows the absorbance at 754 nm as a representative of the
spectroscopic process. The structural process is represented by the in-growth
of the steady-state signal. This is extracted by decomposing the overall signal
into a set of N basis curves, each with an associated time evolution. Thus,
∆I(q, τ) is expressed as a matrix D, which is factored into a matrix S of basis
curves, and a matrix T of time evolutions,

D
(Nq ×Nτ )

= S
(Nq×N) ·

T
(N ×Nτ )

. (5.1)

If either S or T is known, the other can be extracted from the data by solv-
ing (5.1) in the least-squares sense. This is almost trivial in many high-level
programming languages, and is implemented in the libwaxs code described
in Section 3.4. For this particular case, two components were used (N = 2).
The first was a constant offset, found to be almost insignificant, and the other
was the steady-state signal, as approximated by the difference scattering over
500ms < τ < 1 s. The half-times of the main structural process in the three
protein constructs are summarised in Table 5.2. If each repeat (each individ-
ual detector image) is considered as its own observation, with no averaging



5.7. Summary 79

Table 5.2: Spectroscopic time constants (τi) and half-times of the main X-ray
signal.

Construct τ1 τ2 τ3 X-ray

PAS-GAF 53 µs 3.5 ms – 1 ms
PAS-GAF-PHY 55 µs 1.0 ms 200 ms 2 ms
Full-length 80 µs 2.6 ms 27 ms 6 ms

done, then the spread in T for each delay time τ can be used to estimate the
uncertainty. Thus, Figure 5 of Paper V also includes 95% confidence intervals.

The two main results of Paper V follow from this analysis. The first is that
the main structural change is coincident with the second-to-last spectroscopic
transition. This is the step which, for Agp1 and Cph1, involves the transfer
of a proton from the protein to the surrounding solution. In the terminology
of Fig. 5.18, it is the formation of the meta-Rc intermediate. Extrapolation
to plant phytochromes is much harder, as there is little similarity in the sets
of time constants. Further time-resolved X-ray studies would perhaps show
that one of the many transitions described for oat PhyA is similarly associated
with global structural change.

The second result is that the kinetics (Figure 5 of Paper V) are similar
for both the PAS-GAF, the PAS-GAF-PHY, and the full-length samples. All
three exhibit a main signal which rises in a few milliseconds. This suggests,
but in no way proves, that the rate-limiting step is a process which is contained
within the PAS-GAF moiety. Apparently, the addition of downstream PHY
domains slows the process down only slightly, from 1 ms to 2 ms. The further
addition of the output domain retards it slightly more, to a half-time of 6 ms,
which seems to represent a frictional retardation rather than an entirely new
rate-limiting step. The process which limits the rate of structural conversion
within the PAS-GAF domain could, for example, be the transfer of a proton
from the chromophore or from chromophore-adjacent residues. This would be
consistent with the fact that no structural intermediates can be detected on
the microsecond time scale.

5.7 Summary
The following is a bullet-point summary of the phytochrome-specific outcomes
of Papers III, IV, and V.

• Photoconversion in solution causes only minor structural change in PAS-
GAF, but concerted domain movements in PAS-GAF-PHY and in the
full-length protein.

• For PAS-GAF-PHY, the structural signal is expressed as a dimeric open-
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ing, wherein the opposing PHY domains are separated. For the other
constructs, there is no structural interpretation.

• Several other bacterial phytochromes show similar X-ray signals, indi-
cating that structural signalling is conserved.

• The bathy (Pfr-preferring) phytochrome Agp2 does not have an inverse
structural photocycle, it is merely the direction of dark reversion which
is reversed.

• The much-investigated His290 (in D. radiodurans numbering) is not crit-
ical to signalling as previously suggested, but it does affect the kinetics
of the Pr→Pfr transition.

• In bacterial phytochromes, the early photoconversion steps do not cause
much structural change. The so-called meta-Rc state is the first inter-
mediate which is structurally similar to the Pfr product.

• It seems that local changes in the chromophore-binding PAS-GAF mod-
ule control the rate of photoconversion.



Chapter 6

Conclusion

This thesis summarises four years of work, which started out with the ambition
to generally “do something useful with time-resolved X-ray scattering”. The
project quickly branched out in two directions. The first was an investigation
of how to successfully carry out the experiments themselves, and how to reli-
ably interpret their results. These questions had been very actively researched
at our Department for a number of years, and our efforts were directed at
improving existing solutions and finding novel applications. As Chapters 2-4
show, this work ranged from calculating X-ray scattering intensities in new
ways, to constructing new and improved sample environments and data ac-
quisition schemes, all the way to designing and implementing new software for
data interpretation. It was at times extremely stimulating work, the results
of which are described in the fine print and supplements of all five included
papers. They are in the focal points of Papers I and II.

The second branch was formed when our Finnish collaborators brought the
fascinating phytochrome system to our attention. This light-sensing protein
was heavily researched yet relatively poorly understood. It turned out that
phytochromes were an excellent target for novel scattering measurements, as
they are quite stable and their structural signalling is easily controlled with
light. Chapter 5 describes a number of papers (III, IV, and V) where different
aspects of these light-sensing proteins were studied. These papers are signifi-
cant contributions to the understanding of phytochrome signalling. They also
demonstrate how bringing a new experimental method into an old field of re-
search can quickly advance understanding, highlighting the potential value of
basic methodological research and proof-of-principle projects.

6.1 Results summary
The aggregate results of these investigations show that structural change can
be studied with time-resolved X-ray scattering at two levels. Firstly, if the ini-
tial structure is roughly known and if the conformational transitions studied
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are of a suitable type, then the method can be used to deduce likely move-
ments, as in Paper III. The conditions for when this can be done were roughly
drawn up in Chapter 4, but the precise limits for structural interpretation
will need more work and experience to become clear. Secondly, the detection
power and time-resolution of the difference scattering technique are sometimes
useful in themselves. For example, and this is already demonstrated in the lit-
erature [5, 6], the sequential interconversion between structural intermediates
can be followed by numerical decomposition of the data, even if each interme-
diate scattering curve cannot be interpreted. In fact, this is how time-resolved
absorption spectroscopy is often used in practice. Similarly, comparative be-
haviour between fragments of a protein or between protein family members
can be established by comparing the raw data. Papers IV and V ran along
these lines.

In summary, then, Paper I shows that structural models of varying resolu-
tion can be used for analysing difference scattering data, and that the level of
resolution should be chosen rationally for each case. It also shows that differ-
ence scattering is easier to calculate than are absolute SAXS data, because of
error cancellation to do with the solvation layer. These findings are exploited
in Paper II which describes an MD-based interpretation method and discusses
its limits. We suggest that the method will serve as a starting point for fur-
ther developments, and note that two competing projects were published just
after ours, which is at least an indication that the work is of interest to the
structural biology community.

Paper III proposes a solution-structural change for the D. radiodurans phy-
tochrome. The results are based on crystallography, time-resolved X-ray scat-
tering, and conventional SAXS. The crystallographic model leads to a detailed
molecular hypothesis of signal propagation, and the main role of the solution
data are to lend credibility to this model, showing that domain movements do
occur in solution.

Paper IV extends this result by showing that similar domain movements
occur in several other bacterial phytochromes. This suggests that a core ac-
tuator mechanism (a way of translating light into movement) has been con-
served in evolution. It becomes even more interesting when the peculiarities
of these phytochromes are considered. In one, the spectroscopic photocycle is
apparently reversed, whereas the structural one is not. In another, the pho-
tochromicity so typical of phytochromes is barely seen, yet the full structural
movement is produced upon illumination. These details show how the core
structural apparatus has been adapted and regulated to fill various cellular
needs.

Lastly, Paper V extends the result of Paper III to the full-length pro-
tein, and dissects the time dependence of molecular signal propagation. Sur-
prisingly, the rich spectroscopic evolution of intermediates seen over the sub-
millisecond range is not reflected in the time-resolved X-ray scattering signal.
Considering the sensitivity of the time-resolved technique, this negative result
indicates that the early intermediates are structurally very similar to the Pr



6.2. Outlook 83

starting state. Contrarily, the last intermediate seems structurally very similar
to the Pfr state. We conclude that the spectroscopic evolution seen at early
times reflect local rearrangements around the chromophore.

6.2 Outlook
The phytochrome results reported here could be furthered by more exper-
iments. In structural biology, slicing up the protein of interest into differ-
ent fragments or investigating point mutants can sometimes give valuable in-
sights. Our studies already exploit several fragments of the D. radiodurans
phytochrome, but systematic investigations of point mutants would most likely
reveal which residues (or combinations thereof) are crucial to global structural
signalling.

To me, the more interesting question is what the future holds for time-
resolved X-ray scattering as a method. The technique has been up-and-coming
for some time now, but has yet to take off. Its applicability hinges on triggering
the dynamic processes of interest, as light-activation is a very rare property
for proteins. In that regard, most time-resolved X-ray studies are in a sense
“drunkard’s searches”, attempts to find a wallet left in the park at night by
looking for it under a street lamp a few blocks away, where the light is better.
This is quite all right, there are plenty of interesting questions which pertain
to light-sensitive proteins, and the technique no doubt has a role to fill. In the
street lamp metaphor, one could say that the ground is littered with wallets,
and the ones under the street lamp are no worse than those in the park. But
in the long run, the method will need to be applied to other systems. Chap-
ter 3 outlined ways to extend the experimental utility, and the development of
microfluidic devices which allow rapid mixing without requiring excessive sam-
ple volumes seems to be a promising way forward. Another interesting route
could be to directly and selectively excite low-frequency vibrational modes us-
ing low-energy radiation [225], and to study these movements in solution with
an X-ray probe.

Disregarding the practical problem of reaction triggers, the ultimate bot-
tleneck in time-resolved X-ray scattering is in data interpretation. The results
presented here do not suggest an obvious way forward. Personally, I think
that more attention must be paid to the equilibrium fluctuations of macro-
molecules. It should be systematically investigated whether inherent dynam-
ics encode functional movements, as seems to be the case for some systems
[226, 227]. If so, then these meaningful, collective fluctuations could define
a lower-dimensional space in which to run, for example, X-ray guided MD
simulations. Equilibrium fluctuations can be found and analysed using MD
simulations of systems for which good starting structures exist. In this way, ex-
ploiting resting-state dynamics as well as resting-state structure would add to
the complementary information so desperately needed for data interpretation.
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