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Abstract

Temperature is an important state variable that governs the behavior of microscopic
systems, yet crystallographers rarely exploit temperature changes to study the
structure and dynamics of biological macromolecules. In fact, approximately 90% of
crystal structures in the Protein Data Bank were determined under cryogenic condi-
tions, because sample cryocooling makes crystals robust to X-ray radiation damage
and facilitates data collection. On the other hand, cryocooling can introduce artifacts
into macromolecular structures, and can suppress conformational dynamics that are
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critical for function. Fortunately, recent advances in X-ray detector technology, X-ray
sources, and computational data processing algorithms make non-cryogenic X-ray
crystallography easier and more broadly applicable than ever before. Without the
reliance on cryocooling, high-resolution crystallography can be combined with
various temperature perturbations to gain deep insight into the conformational
landscapes of macromolecules. This Chapter reviews the historical reasons for the
prevalence of cryocooling in macromolecular crystallography, and discusses its
potential drawbacks. Next, the Chapter summarizes technological developments and
methodologies that facilitate non-cryogenic crystallography experiments. Finally, the
chapter discusses the theoretical underpinnings and practical aspects of multi-tem-
perature and temperature-jump crystallography experiments, which are powerful
tools for understanding the relationship between the structure, dynamics, and
function of proteins and other biological macromolecules.

1. Introduction

X-ray crystallography is a cornerstone technique in structural
biology. It is responsible for a large majority of experimentally determined
structures in the PDB (175,602 of 205,451 total), and has enabled the
elucidation of macromolecular structures and their functional implications.
While cryogenic electron microscopy (cryoEM) has stepped into the
limelight recently, X-ray crystallography continues to be the workhorse for
many structural biology endeavors that rely on models with high coordi-
nate precision, derived from high-resolution experimental data. This
includes drug discovery, protein design, and studies of enzyme catalysis or
ligand binding. Throughout the roughly six-decade history of macro-
molecular crystallographic structure determination, nearly 90% of all crystal
structures have been determined at cryogenic temperatures of approxi-
mately 100 K (−173 °C). The temperature at which these experiments
were performed is approximately the temperature on the surface of the
planet Neptune, which is quite far from the physiological conditions that
are relevant to these macromolecules while they function on Earth.

Of course, there are important reasons that sample cryocooling became
standard practice in macromolecular crystallography. Furthermore, despite
the decidedly non-physiological temperatures used in the determination of
most macromolecular crystal structures, the results of these experiments
generally reflect accurate molecular details. This has been validated by
decades of structural observations that were followed by judicious bio-
chemical validation, often employing site-directed mutagenesis to test
hypotheses about the relationship between structure and function.
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Nevertheless, crystal cryocooling can introduce perturbations to the atomic
structures of macromolecules that can obscure the interpretation of bio-
chemical mechanisms (Fraser et al., 2011; Keedy et al., 2014; Thorne,
2023). Also, while proteins are known to be dynamic (Henzler-Wildman
& Kern, 2007), a traditional limitation of crystallography has been the
inherently static nature of macromolecular crystal structures, notwith-
standing the information contained in atomic displacement parameters
(B-factors) and sparsely modeled alternative conformations (Ringe &
Petsko, 1986; Thompson, Yeates, & Rodriguez, 2020). Collecting X-ray
diffraction data from macromolecular crystals at non-cryogenic and near-
physiological temperatures can give a more relevant view of their atomic
structures, and can provide greater insight into the conformational
dynamics that underlie many important protein functions, such as enzyme
catalysis and allosteric communication (Fraser et al., 2011).

Performing crystallography at non-cryogenic temperatures is now easier
than ever, because modern X-ray detectors and data processing software
enable diffraction measurements using low X-ray doses (Ueno et al., 2019;
Winter et al., 2018, 2019). Additionally, computational tools are available
that can model alternative conformations or entire conformational
ensembles from experimental diffraction data (Burnley, Afonine, Adams, &
Gros, 2012; Lang et al., 2010; Riley et al., 2021; Van Den Bedem, Dhanik,
Latombe, & Deacon, 2009), allowing crystallographers to maximize the
amount of structural and biophysical information that can be extracted
from experiments at near-physiological temperatures.

With the ability to collect non-cryogenic X-ray diffraction data easily, it
becomes possible to use temperature as a perturbation to map the con-
formational landscapes of biological macromolecules and probe their
energetics. This chapter will explore the use of temperature perturbation as
a tool for macromolecular X-ray crystallography, from both a fundamental
and practical perspective. First, the historical reason for the prevalence of
cryocooling in macromolecular crystallography will be introduced, and a
brief review of the literature will demonstrate some of the hazards of
sample cryocooling in macromolecular crystallography. Next, modern
developments in instrumentation and software that have made non-cryo-
genic crystallography experiments robust and accessible will be discussed,
followed by a practical description of how best to use these experimental
tools. Finally, theoretical and practical aspects of using temperature as a
perturbation in both static (multi-temperature) and time-resolved (tem-
perature-jump) crystallography experiments will be discussed, including a
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review of several examples that show how these experiments can be
applied. This Chapter will serve as a guide for structural biologists who
wish to apply these techniques in their own research.

2. Sample cryocooling in macromolecular
crystallography

2.1 Cryocooling has become standard practice in
macromolecular crystallography

In the late 1970s, the practice of cryocooling became standard operating
procedure for the vast majority of macromolecular crystallography experi-
ments (Haas, 2020; Pflugrath, 2015). Cryocooling involves the rapid vitri-
fication of a crystal specimen by flash freezing in cryogenic liquid, most
commonly liquid nitrogen, and maintaining the crystal at cryogenic tem-
perature (∼100 K) throughout the course of data collection. The widespread
utilization of cryocooling in modern macromolecular crystallography results
from a key advantage offered by the technique. Cryocooling increases the
tolerance of macromolecular crystals to radiation damage, a common lim-
iting factor for successful data collection, by approximately two orders of
magnitude (Garman & Weik, 2017; Garman, 2003; Holton, 2009; Nave &
Garman, 2005). Generally, the X-ray dose that is considered “safe” for a
100 µm3 crystal at a photon energy of approximately 12 keV is approxi-
mately 0.2 MGy for crystals kept at ambient temperature during data col-
lection, and that dose increases to approximately 20 MGy when crystals are
held at 100 K. Crystals that are smaller, or contain radiation sensitive moi-
eties, such as metal ions, are even more sensitive.

At the time cryocooling was introduced, the protective effects against
radiation damage were critical for expanding the applicability of crystal-
lography to increasingly challenging systems. For example, it enabled structural
measurements for samples that yielded only small crystals, which required a
large X-ray dose relative to their volume for successful data collection.
Additionally, it led to more facile phasing experiments, where small anomalous
differences might be sensitive to the rapid onset of radiation damage. This was
especially true for multi-wavelength experiments that involved large X-ray
doses and/or relatively low photon energies that exacerbate radiation damage.
Importantly, it also opened the door to working with more radiation-sensitive
samples, including crystals of metalloproteins and other redox-sensitive
molecules that are acutely sensitive to damage resulting from photoreduction.
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As synchrotron data collection became more commonplace, an addi-
tional advantage of cryocooling became critically important. As long as
cryocooled crystals remain frozen, they are extremely robust to dehydra-
tion and mechanical damage, almost indefinitely. This allows for trans-
portation of samples across the world with relative ease, and offers a
straightforward solution for long-term storage. The significant advantages
of cryocooling have led to its incorporation into almost every macro-
molecular crystallography workflow since the early 1980s

2.2 Cryocooling can cause lattice distortions that lead to
practical challenges

While cryocooling provides substantial advantages described above, it also
has several notable disadvantages. Practically speaking, cryocooling can be
challenging. Protein crystals are, on average, about 50% solvent by volume,
which leads to complications. When solvent channels and cavities in the
protein crystal are large, it is possible for crystalline ice to form within these
regions of the crystal (Juers & Matthews, 2004a; Moreau, Atakisi, &
Thorne, 2019; Moreau, Atakisi, & Thorne, 2021; Weik et al., 2001). Even
when solvent channels are relatively small, freezing of the mother liquor
which bathes the crystal and keeps it hydrated during the harvesting and
mounting process can form crystalline ice. When mother liquor solutions
produce crystalline ice upon freezing, it is necessary to add cryoprotectants,
additional solutes that promote the formation of vitreous (amorphous) ice
(Pflugrath, 2015). Cryoprotection often involves high concentrations of
small organic molecules, such as glycerol or ethylene glycol, salts, such as
lithium chloride, or polymers, such as polyethylene glycol. The osmotic
shock that results from transferring crystals from their mother liquor
solution to a cryoprotectant solution can damage crystals, often leading to
cracking (López-Jaramillo, Moraleda, González-Ramírez, Carazo, &
García-Ruiz, 2002).

Even when cryoprotection can be effectively optimized, other phy-
sical phenomena that take place during flash cooling can damage the
crystal lattice. In 2001, Juers and Matthews described a contraction of the
crystal lattice upon flash cooling Escherichia coli β-galactosidase crystals,
which was accompanied by a 50% increase in the buried surface area at
crystal contacts (Juers & Matthews, 2001). Following on this observation,
they performed a survey of 15 unique proteins for which both room
temperature and cryogenic structures had been determined at the time,
and found that on average, lattice contractions during cryocooling lead to
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a roughly 4% reduction in unit cell volume. In contrast, the protein
volumes are reduced by only about 1%. In 2011, Fraser et al. performed a
similar analysis with 30 pairs of cryogenic and room temperature struc-
tures and found nearly identical results (Fraser et al., 2011).

The non-uniform contraction of the protein and solvent can lead to
flow of solvent out of the crystal volume during the freezing process (Juers
& Matthews, 2004b; Moreau et al., 2019). These effects can lead to strain
within the crystal, especially when cooling rates are non-uniform (Juers &
Matthews, 2004a; Kriminski, Caylor, Nonato, Finkelstein, & Thorne,
2002; Kriminski, Kazmierczak, & Thorne, 2003). All of these phenomena
associated with cryocooling are potential causes of disorder that can
degrade the quality of X-ray diffraction from frozen crystals, often leading
to non-isomorphism (Kriminski et al., 2002) and increased mosaicity
(Dobrianov, Caylor, Lemay, Finkelstein, & Thorne, 1999; Juers &
Matthews, 2004b; Shaikevitch & Kam, 1981; Vahedi-Faridi, Lovelace,
Bellamy, Snell, & Borgstahl, 2003). Various approaches have been devel-
oped to mitigate these complications, including hyperquenching
(Warkentin & Thorne, 2007) and annealing (Kriminski et al., 2002) stra-
tegies, however, development of an effective cryocooling protocol remains
a major bottleneck in the standard X-ray crystallography pipeline.

2.3 Cryocooling perturbs the structures of macromolecules
In addition to potential technical challenges, a more troubling consequence
of cryocooling is that it can alter the structure and dynamics of the crys-
tallized molecules, sometimes affecting the mechanistic interpretation of
results obtained from crystallographic measurements. Following the
widespread adoption of cryocooling in macromolecular crystallography, a
handful of studies noted the potential introduction of artifacts into protein
structures because of the procedure. For example, in 1997, Deacon et al.
reported significant differences in some side chain rotamers and disordered
segments when comparing room temperature and cryogenic structures of
concanavalin A (Fig. 1A), and noted the number of ordered solvent
molecules that could be identified in the cryogenic structure was more than
double what could be identified in the room temperature structure
(Deacon et al., 1997).

The potential for these cryocooling artifacts to complicate our inter-
pretation of structure-function relationships was later highlighted by studies
of two enzymes. Sandalova, et al. observed that the active site of dethio-
biotin synthetase undergoes a structural transition during cryocooling
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(Sandalova, Schneider, Käck, & Lindqvist, 1999) (Fig. 1B). Similarly,
Scheidig, et al. noted differences in the structure of a key catalytic loop and
associated active site water molecules in the switch II region of the p21(ras)
GTPase (Scheidig, Burmester, & Goody, 1999) (Fig. 1C).

To address the prevalence of cryocooling artifacts, Fraser and coworkers
systematically studied the distortion of side chain conformation upon
cryocooling (Fraser et al., 2011). By analyzing 4008 residues across 30
proteins for which both cryogenic and room temperature structures were
available, they found that 18.9% of all residues and 7.8% of buried residues
change their χ1 rotamer angle significantly upon cryocooling. A growing
body of work also suggests that protein–ligand interactions are potentially
disrupted by crystal cryocooling (Fischer, Shoichet, & Fraser, 2015; Skaist
Mehlman et al., 2023), which has important implications for drug dis-
covery.

In addition to the structural distortions noted above, cryocooling also
negates a major strength of X-ray crystallography with respect to the study of
dynamic macromolecules like proteins. In a crystallographic experiment, the
observed electron density is a spatiotemporal average of all conformations that
are collectively explored by molecules in the irradiated crystal volume during
the course of data collection. Cryocooling lowers the temperature of the
sample below the solvent glass transition temperature (near 200 K) (Halle,
2004), thereby arresting protein dynamics, which are intimately coupled to
the dynamics of the solvent (Fenimore et al., 2013; Frauenfelder et al., 2009).

Fig. 1 Early examples of discrepancies between cryogenic and non-cryogenic protein
structures. The figure summarizes findings from three papers published during the
late 1990s. In each of the panels, a cryogenic structure is shown in blue, and a cor-
responding non-cryogenic structure is shown in orange. (A) Cryocooling results in
small conformational changes in the structure of concanavalin A, including significant
rearrangements of several loop regions (Deacon et al., 1997). (B) Cryocooling sup-
presses conformational heterogeneity and leads to other small conformational
changes in dethiobiotin synthetase (Sandalova et al., 1999). (C) Cryocooling distorts
the switch 2 helix in p21 (RAS) (Scheidig et al., 1999), a region that is critical for it’s
signaling function.
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Ideally, crystal cryocooling would be rapid enough to capture the ensemble of
conformations present at ambient temperature, but in practice, cooling rates
for macromolecular crystals are in the range of 0.1–1 s (Warkentin & Thorne,
2007), which is much slower than most molecular motions.

Therefore, the conformational ensemble is constantly relaxing toward a
new thermal equilibrium during the flash-cooling process, with a tendency
for the conformational ensemble to collapse toward compact, low-enthalpy
states (Halle, 2004) that eliminate void space in the molecule (Fraser et al.,
2011; Frauenfelder et al., 1987). It has already been noted that flash cooling
reduces the volumes of crystallized proteins by approximately 1–1.5%.
Because protein functions often involve exchange among alternative
conformations, this loss of conformational heterogeneity can obscure our
interpretation of molecular mechanisms from crystal structures, as
demonstrated in a 2009 study of proline isomerase (cyclophilin A) by Fraser
et al. (2009). In this work, the authors demonstrate that alternative con-
formations of the enzyme, which are critical for catalysis, were invisible in
electron density maps calculated from cryogenic X-ray data but could be
clearly modeled using maps derived from data collected at ambient tem-
perature.

This study provided a powerful demonstration of the extent to which
functional information can be lost during cryocooling. Additional experi-
ments that included careful controls for X-ray dose highlighted that the
increase in alternative conformations observed in non-cryogenic experi-
ments is not due to enhanced radiation damage, and confirmed that it
represents the true underlying conformational ensemble (Russi et al., 2017;
Yabukarski, Doukov, Mokhtari, Du, & Herschlag, 2021).

3. Non-cryogenic macromolecular crystallography
3.1 Modern hardware and software obviate the need for

cryocooling
After the introduction of cryocooling into macromolecular crystallography,
experiments performed at non-cryogenic temperatures came to be viewed
by most as “boutique” experiments that could be applied only to uniquely
well-behaved crystal systems that yielded very large (hundreds of μm) and
well-diffracting crystals, such as lysozyme, myoglobin, and RNase. This
notion is rooted in the history of X-ray detector capability, and is now less
true thanks to developments in both hardware and software. Given the
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crystal pathologies and artifacts that can arise from cryocooling (Section 2.2),
it is valuable to consider how bottlenecks to performing non-cryogenic
experiments have been removed, and to understand how to utilize new
technology to perform these experiments effectively.

Cryocooling is an important tool; however, one can argue that tech-
nique is overused in modern macromolecular crystallography, especially
given the potential for distortion of the underlying crystal structure. There
are still valid uses for sample cryocooling in a variety of experimental
contexts where radiation damage is a concern (see Section 2.1). Addi-
tionally, many crystallographers have heard anecdotes or had their own
experience in which only a single crystal was ever obtained for a protein of
interest, yet it was enough to determine the structure. When faced with
this type of scenario, it would likely be prudent to freeze your one-and-
only crystal. Outside of those specific situations, most samples that can be
crystallized reproducibly and are not acutely sensitive to radiation damage
are suitable for non-cryogenic data collection, owing to technological
developments in both hardware and software.

3.1.1 Breakthroughs in X-ray detector technology
When cryocooling was originally introduced in the late 1970s, measuring
X-ray diffraction was difficult, because detector technology was still
somewhat primitive. Film and image plate (Amemiya, 2008) detectors used
prior to the 1990s are poorly suited for data collection at low X-ray doses
needed to mitigate radiation damage, leading to the introduction of
cryocooling as an enabling technology. Detectors developed throughout
the 1990s, based on charge-coupled devices (CCDs) offered a variety of
advantages for synchrotron data collection due to their relative speed,
however they still had typically low detective quantum efficiency (DQE),
typically in the range of 0.3 (Phillips et al., 1993). DQE is a measure of how
much the signal-to-noise ratio is degraded by the detector electronics, with
a perfect (“noiseless”) detector having a DQE of 1 (Gruner, Eikenberry, &
Tate, 2006). Detectors with lower DQE require more photons to be
measured to achieve the desired measurement precision. Because of these
detector limitations, data collection with very low X-ray dose was
impossible, so sample cryocooling was revolutionary. In the ensuing dec-
ades cryocooling became a standard practice that enabled many new
experiments and an explosion of structural data.

The mid-2000s ushered in a technological breakthrough in commercial
X-ray detector technology that makes non-cryogenic data collection
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routine. Specifically, during this period, the pixel-array detector (PAD)
became part of the standard instrumentation available at many macro-
molecular crystallography beamlines across the world. These devices have
several advantages over their predecessors, namely CCDs, in terms of their
speed and detection properties. Critical to their utility in non-cryogenic
experiments is the fact that PADs are direct photon counting detectors,
which can have single-photon sensitivity and DQE values approaching 1
(Förster, Brandstetter, & Schulze-Briese, 2019). This allows for measure-
ments with high signal-to-noise, even at very low X-ray doses. With the
ability to measure weak but reliable diffraction using doses as low as tens of
kGy, radiation sensitivity is a lesser problem for many macromolecular
crystal systems, even when crystals are small or otherwise sensitive. The
weak signal resulting from low dose per image can be overcome with high
data multiplicity and merging of the integrated reflection intensities.

3.1.2 Integration of weak reflection intensities with modern software
The ability to reliably measure X-ray diffraction patterns with single-
photon sensitivity required data processing algorithms that could operate
with very small signals. Specifically, crystallographic data reduction soft-
ware needs to reliably find reflections that can be used for indexing, and
then to integrate them accurately (with background subtraction) prior to
merging. When working with very low X-ray doses, data reduction pro-
grams that fit pixel intensities against an empirical reflection profile, such as
DIALS (Winter et al., 2018) and XDS (Kabsch, 2010), are known to give
better estimates of weak reflection intensities (Diamond, 1969). One might
recommend that one of these data processing programs be used for
indexing and integration of weak data resulting from low X-ray doses. In
2012, a groundbreaking paper by Karplus and Diederichs (Karplus &
Diederichs, 2012) demonstrated that useful signal can be extracted from
much weaker (lower I/σ(I)) diffraction data than was previously appre-
ciated (and introduced the useful statistic CC1/2). This revelation further
validated the use of low X-ray doses in macromolecular crystallography,
especially for non-cryogenic measurements.

3.2 Practical considerations for non-cryogenic data collection
When performing non-cryogenic crystallography experiments, there are
two major challenges that the experimenter must be aware of and work to
mitigate—avoiding crystal dehydration and not exceeding the relatively
low X-ray dose threshold for radiation damage. These two key
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considerations, relevant at the sample preparation and data collection stages
of the experiment, respectively, are critical for success and also require
procedures that are markedly different from what one would do during a
cryocrystallography experiment.

3.2.1 Sample preparation
The first branch point where the non-cryogenic macromolecular crystal-
lography workflow deviates from the common procedure for working with
frozen crystals is at the stage of crystal harvesting and mounting. This stage
of sample preparation is critical for protecting the crystal from dehydration
during data collection, which is more challenging when crystals and their
surrounding mother liquor are not frozen, which we noted above as a
major advantage of cryocooling. An additional benefit of cryocooling,
which has not been mentioned yet, was the introduction of the cryoloop
(Fig. 2A), a small polymer lasso that can be used to capture a crystal from its
growth solution with little excess solvent, and then to plunge it directly
into a cryogen such as liquid nitrogen (Pflugrath, 2015).

Before introduction of the cryoloop, the traditional method of pre-
paring macromolecular crystals for X-ray diffraction experiments involved
the assembly of complicated “capillary mounts” (First Analysis of
Macromolecular Crystals | Springer Nature Experiments, n.d.) (Fig. 2B).
In this procedure, an experimenter carefully manipulates a crystal into a
thin-walled glass capillary tube using a pipette or syringe, and then uses a
small wicking device (a tiny sliver of filter paper) to remove just the right
amount of excess mother liquor from the crystal to keep the specimen
hydrated without producing excessive background scattering. A small
volume of excess mother liquor is left inside the tube, and the ends are
sealed with wax or glue before affixing to a goniometer base for data
collection. Mounting protein crystals, which are delicate and sensitive to
humidity, is far easier to do with a cryoloop than with a capillary mount.
Current best practices for preparing samples for non-cryogenic X-ray
diffraction experiments combine the simplicity of cryoloop mounting with
various physical or chemical barriers that protect the crystal from dehy-
dration, rather than with plunge freezing.

The most common approach to preparing crystals for non-cryogenic
data collection is essentially a hybrid of the cryoloop and capillary
methods (Fig. 2C). This approach is straightforward, and the required
materials are available commercially. Specifically, the method requires a
standard cryoloop with a magnetic goniometer base and a 2 mm internal
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diameter, thin-walled polyester capillary, which is sealed on one end.
Such cryoloops have become ubiquitous in macromolecular crystal-
lography, and the tubing is available commercially. The procedure begins

Fig. 2 Crystal handling for non-cryogenic experiments. Different crystal mounting
methods are shown as cartoon alongside a photo of a prepared mount. (A) The
cryoloop, used commonly for cryogenic crystallography experiments consists of a
polymer loop at the end of a metal pin that is affixed to a magnetic goniometer base.
The loop can be used to isolate a crystal and then plunged into cryogen to freeze the
crystal. Ideally, the size of the crystal (bright blue) is well-matched to the size of the
loop as shown to reduce background scattering. (B) The original method for preparing
macromolecular crystals for non-cryogenic data collected is known as a “capillary
mount.” A thin glass capillary contains a hydrated crystal stuck to the inside surface of
the capillary, as well as a small volume of crystal mother liquor to keep the crystal
hydrated (light blue). The capillary is sealed at both ends with wax (yellow), and
affixed to a goniometer base. The preparation of capillary mounts is laborious com-
pared to freezing crystals in cryoloops. (C) A hybrid system allows crystals to be
prepared for non-cryogenic data collection by harvesting them in a cryoloop, and
then sealing the cryoloop with a thin polycarbonate capillary that is closed at one end.
The plastic capillary also contains a small volume of crystal mother liquor to keep the
sample hydrated, like a capillary mount. (D) A commercial plate system is available for
shipping crystals prepared for non-cryogenic data collection. Each well contains a
disposable fiber plug that can be soaked with crystal mother liquor to maintain a
humid environment. Crystals are inserted into the wells of the plate through a hole in
the side that grips the magnetic base of the cryoloop. The top of the well is sealed
with a water impermeable tape.
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by cutting the capillary at the open end to roughly match its length to that
of the cryoloop, and then pipetting a small amount (∼4 μL) of crystal
mother liquor into the sealed end of the capillary. Next, a crystal is
harvested from its growth environment using a standard cryoloop with a
magnetic goniometer base. The process of harvesting the crystal from its
growth environment mirrors the way in which crystals are typically
harvested for cryocooling. However, rather than plunging the harvested
crystal into cryogen, the loop is placed upright, and the polyester capillary
is drawn down over the sample and sealed to the goniometer base using a
small amount of vacuum grease. The assembly retains the advantages of a
traditional capillary mount—the water-impermeable polyester capillary
and vacuum grease create a dehydration barrier, while the small plug of
mother liquor maintains an appropriately humid environment to keep the
crystal hydrated—but does not require challenging crystal manipulations
that can damage the specimen. The thin polyester tube produces a rela-
tively low amount of background scattering, which is beneficial for data
quality.

Another useful method for preparing crystals for non-cryogenic data
collection involves the combination of a cryoloop with chemical barriers to
dehydration, usually some type of highly viscous and water impermeable
oil. Commonly used oils are proprietary mixtures (chemical compositions
unavailable) known as “NVH Oil” and “Parabar” (or “Paratone”), which
are available commercially. The idea is simple in principle—the crystal is
mounted in a cryoloop and coated in oil to prevent dehydration. This
method can be highly effective, but the procedure can be challenging and
requires practice for most experimenters. Once again, a crystal is harvested
from its growth environment using a standard cryoloop with a magnetic
goniometer base, and it is transferred into a small droplet of oil. The crystal
must be fully immersed in the oil, and carefully manipulated to strip away
excess aqueous mother liquor from around the crystal. Once this has been
done successfully, the cryoloop can be used to remove the oil-coated
crystal for data collection.

Although the process seems straightforward, there are several sig-
nificant challenges. First, the oil is very viscous, and maintaining a coating
around the crystal at non-cryogenic temperatures while manipulating the
crystal in the oil can result in mechanical damage if not done carefully.
Next, the refractive indices of the useful oils are generally very close to
the refractive indices of protein crystals, which means that most crystals
become invisible when they are well-coated in oil. Using a microscope
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with a cross-polarizer can help overcome this challenge. Finally, this
method is quite unforgiving, and it is essential to make sure that the
mounted crystal is completely covered in oil, otherwise it will not be
sufficiently protected from dehydration. For this reason, some crystal
morphologies are not ideal for this method, especially those with sharp
vertices and edges that tend to poke out of the oil and create an “Achilles
heel” for crystal dehydration. Although it can be difficult to execute, the
high-viscosity oil method works extremely well if executed properly,
because the oil creates a barrier that is completely impermeable to water
vapor. This maintains the crystal under the same hydration conditions it
was grown in, unlike the capillary method, in which vapor diffusion can
occur within the capillary. Adaptations of this method include sealing the
cryoloop-mounted crystal with more exotic materials, including polymer
glues (Baba, Hoshino, Ito, & Kumasaka, 2013) and graphene (Warren
et al., 2015), but these procedures require specialized materials and/or
equipment.

Regardless of the sample mounting method (capillaries or oils), there
are three important and general considerations for preparing samples for
non-cryogenic data collection. First, when preparing crystals for non-
cryogenic data collection, it is obviously not necessary to add cryopro-
tectants to prevent the formation of ice. However, if the goal of an
experiment is to compare structures at cryogenic versus non-cryogenic
temperatures (see Section 4), it can be useful to add any cryoprotectants
that were utilized for the cryogenic data collection. Cryoprotection often
involves large changes to the solution conditions (López-Jaramillo et al.,
2002), and treating crystals in an identical manner prior to data collection at
different temperatures can circumvent uncertainty about whether any
observed structural differences are due to temperature or differing solution
conditions.

Second, it is important to select an appropriately-sized cryoloop for the
crystal specimen. This is not really necessary in cryocrystallography,
because after the crystal is mounted and frozen, it is virtually immobile on
the loop; it can be larger or smaller than the loop. In a non-cryogenic
experiment, mother liquors and oils that surround the crystal remain liquid,
and therefore if the crystal is small relative to the volume of liquid in the
loop, it can move within the loop as it rotates during data collection,
resulting in data that are difficult to interpret. On the other hand, crystals
become more prone to drying out in capillaries or poking out of oil
coatings if the loop is too small relative to the size of the crystal.
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Third, non-cryogenic crystallography experiments often involve
transportation of crystal trays to the X-ray facility, or crystal growth on-site,
followed by mounting of the samples immediately before data collection.
This can be logistically difficult for researchers that are not close to an
X-ray facility. It would reduce throughput if samples must be prepared
during the experiment, rather than in advance. Recently, shippable humidity
chambers were developed and commercialized that enable the transportation
of mounted crystals at ambient temperatures (Fig. 2D). These chambers can
be pre-loaded with samples (prepared using either capillary or oil methods)
and shipped or transported in a thermally-insulated container to the
experimental facility for data collection. The development of these tools will
likely be transformative for the widespread adoption of non-cryogenic
crystallography because it lowers a major barrier. This will be especially true
if these tools for non-cryogenic experiments are integrated into remote data
collection programs at synchrotron facilities.

3.2.2 Data collection
In a reference to the Wild West, the pioneering protein crystallographer
Michael Rossmann often joked about the “American Method” of crystal-
lography, in which one could “shoot first, and ask questions later” (Wu &
Arnold, 2019). Initially, this phrase referred to the benefits of autoindexing
algorithms [developed by Rossmann himself (Steller, Bolotovsky, &
Rossmann, 1997)] that could identify the unit cell regardless of crystal
orientation relative to the beam. The haphazard approach to data collection
was only reinforced by cryocooling procedures that made samples robust to
large X-ray doses that yielded visibly strong diffraction patterns.

Removing some of the barriers to successful data collection enabled
high-throughput experiments, and made crystallography accessible to the
non-expert, both of which were critical for the development of structural
biology as a field. Indeed, in 2023 most data sets are collected in this manner,
with a relatively high X-ray dose (20–30MGy) being distributed over a large
(e.g. 360°) wedge of reciprocal space, ensuring satisfactory completeness of
the data regardless of the space group. Despite the advantages of the
“American Method,” collecting data at non-cryogenic temperatures requires
a more thoughtful approach so as not to exceed the relatively low X-ray dose
threshold for radiation damage under non-cryogenic conditions.

The approximate dose threshold for radiation damage under non-cryo-
genic conditions, which is approximately 0.2MGy for a 100 µm3 crystal at a
photon energy of approximately 12 keV (Garman & Weik, 2017), has
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already been discussed (Section 2.1). For crystals that are larger or smaller
than 100 µm3, it will be necessary to adjust the dose. A variety of tools are
available for determining the appropriate X-ray dose for non-cryogenic data
collection, the most comprehensive of which is RADDOSE-3D (Bury,
Brooks-Bartlett, Walsh, & Garman, 2018). These tools take various crystal,
X-ray beam, and experiment parameters as input, and calculate the required
X-ray dose and ideal data collection strategy for non-cryogenic experiments.
This total X-ray dose can be converted to a dose rate in terms of Gy/s or
photons/s for a given size X-ray beam, so that the source parameters can be
adjusted appropriately. Please note that the X-ray dose used for non-cryo-
genic data collection is approximately two orders of magnitude less than
what is used for cryogenic experiments (Garman & Weik, 2017). This can
make the diffraction images appear very sparse, and sometimes nearly blank,
but the detector will be able to measure reflections that are too weak be
visualized on the computer screen (Fig. 3).

To get a sense for how well crystals actually diffract, it is often useful to
sacrifice a sample and collect a single image with 10–20 times the planned
dose, so that high-resolution diffraction is clearly visible. This will provide

Fig. 3 X-ray diffraction under high and low dose regimes. X-ray diffraction images are
shown that are collected from identical protein crystals, using a different X-ray dose.
The images are displayed on the same intensity scale. The image on the left was
collected with a high (20 MGy) dose, and the overall signal appears as most crystal-
lographers would expect from a crystal that diffracts well. The image on the right was
collected with 200-fold less dose than the image on the left (0.1 MGy), and only the
very strongest reflections are visible at low resolution. Nevertheless, the data set
corresponding to the image on the right can be integrated and merged to a reso-
lution of 1.7 Å using only 180 images collected using this low dose.
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feedback on crystal quality and will help position the detector at the correct
distance from the sample. Note that the higher dose per image does not
make the crystals diffract better, it simply makes the reflections more visible
to the human eye on a computer screen. With a highly sensitive PAD, the
weak reflections can be accurately integrated (Ueno et al., 2019; Winter
et al., 2019). As described in Section 3.1.2, the weak individual images may
lead to a lower-than-expected overall ratio of I/σ(I) for the integrated and
merged data, however the correlations between unique reflection mea-
surements (as measured by CC1/2, for example) should remain strong.
Certain data reduction programs (Kabsch, 2010; Winter et al., 2018) are
better-suited to handle these weak reflections (Diamond, 1969).

After determining the desired X-ray dose for a particular crystal, one
must consider how the dose will be distributed evenly throughout
the crystal volume. The simplest strategy for doing this is to closely match
the beam size and the crystal size, so the entire crystal volume remains
bathed in the beam throughout the entire rotation series (Fig. 4A). Most
X-ray beams are focused and subsequently shaped with apertures so that
their cross-section is roughly circular. Many beams have adjustable sizes via
the insertion of different apertures or via adjustable focusing (Evans,
Axford, & Owen, 2011; Fuchs et al., 2014). Beams that can be adjusted via
focusing are advantageous because their size is the most variable, but due to
the behavior of synchrotron radiation these beams are often non-circular,
with dimensions that are broader in the horizontal direction than in the
vertical, leading to non-circular shapes. When possible, instrument
adjustments should be used to closely match the crystal size and beam size,
so the dose is inherently distributed across the entire crystal.

Distributing the X-ray dose evenly across the crystal volume is the
most straightforward when the crystal is roughly the same size in all three
dimensions; this is rarely the case. Crystals that are substantially longer in
one or two dimensions require translation of the sample to distribute the
dose throughout the crystal volume, and can also require other com-
promises. In order to facilitate crystal translation during data collection, it
is desirable to mount the crystals so that their longest physical dimension
is roughly (but not necessarily exactly) parallel to the goniometer rota-
tion axis (Fig. 4B,C). Because most diffractometers allow crystal trans-
lation along the goniometer rotation axis, samples that are mounted in
this way can be effectively moved through the X-ray beam during data
collection, to distribute the dose throughout the largest possible crystal
volume.
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Fig. 4 Strategies for low-dose X-ray data collection. A key aspect of mitigating radiation
damage during X-ray data collection, especially for non-cryogenic samples, is to distribute
the X-ray dose throughout the crystal. The cartoons depict differently shaped crystals held
in cryoloops that are rotatable about a goniometer φ axis. In each case, the footprint of
the X-ray beam during data collection is outlined in red, and shaded according to the
approximate dose deposited over the underlying area. (A) If the crystal is roughly the same
size in all dimensions (cubic) then one can simply match the size of the X-ray beam to that
of the crystal. Elongated, rod-shaped crystals can be treated in one of two ways. (B) Helical
data collection can be implemented, in which the crystal is translated during the mea-
surements, so that the entire crystal volume is measured probed during the collection of a
single data set. (C) Another strategy for collecting data from elongated crystals is to collect a
full data set from each of several locations on the crystal, using a lower overall dose for each
individual data set. (D) When crystals are small in a single dimension only (flat/plate crystals),
then one must make a compromise on whether to match the beam to the larger or smaller
dimension of the crystal about the rotation axis.
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There are two distinct approaches to data collection from an elongated
crystal via sample translation, and both will be considered in light of the fol-
lowing example. Consider a crystal that is 1000 µm × 100 µm × 100 µm
(a rod shape), mounted roughly parallel to the goniometer rotation axis, a
desired data collection wedge that includes 180° of reciprocal space with 1°
oscillation per image and a total dose of 180 kGy. Assume an X-ray beam with a
diameter of 100 µm, and hard edges (n.b. most X-ray beams do not have perfect
edges, but this simplification makes the following considerations simpler).

The first, and most common, strategy for doing this is referred to as
“helical” data collection (Polsinelli et al., 2017; Rajashankar & Dauter,
2014). In this approach, the crystal is translated simultaneously in all three
directions as it is rotated during data collection, so that fresh crystal volume
is continuously brought into the beam, and expended crystal volume is
removed from the beam (Fig. 4B). Many synchrotron beamlines have
implemented helical data collection into their control software. Assuming
the above example, a helical data collection strategy will yield 180 images,
each covering 1° of reciprocal space. If the total dose is 180 kGy, then the
dose per image is 1 kGy. If we translate along the length of this crystal, a
particular region will be exposed for 18 consecutive images, and receive a
dose of 18 kGy. When the data are collected in this way, each region of the
crystal is sampled across 18° of reciprocal space.

The second, and less commonly implemented strategy, involves col-
lecting non-overlapping and individually complete data sets across the length
of the crystal, each utilizing only a fraction of the total desired dose (Fig. 4C).
Assuming the above example, this data collection strategy will yield 10
unique, non-overlapping data sets, each containing 180 images and collected
with 18 kGy total dose. Each of the 10 data sets can be integrated indivi-
dually, and then merged appropriately. In this case, the dose per image is
only 0.1 kGy. The composite data set will contain 1800 images, and 180° of
reciprocal space have been sampled at each position on the crystal.

Given the two strategies outlined above, the one which is most
appropriate to use for a particular experiment depends on several factors.
First, if the diffractometer control software is not capable of helical data
collection, then there is no choice but to implement the second strategy,
where multiple unique data sets are collected. Next, the type of detector
becomes a consideration. The differences between older CCD detectors
and newer PAD devices have already been mentioned (Section 3.1.1), and
the important difference between the two is the DQE, which is much
higher for PADs than for CCDs, which makes them much more sensitive.
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A consequence of this is that PADs are much more effective at measuring
weak diffraction signals. If a CCD is available, it might be desirable to have
a high per-image X-ray dose of 1 kGy that results from the helical strategy,
rather than the low per-image X-ray dose of 0.1 kGy that results from the
multiple data set approach. On the other hand, if a PAD is available, then it
should be possible to detect the diffraction signal in the weaker, low dose
images, and effectively merge the integrated reflections.

Finally, crystal quality is an important consideration. In the case of a
perfect crystal, there should be no difference between the two strategies;
however, crystals are never perfect. One can demonstrate that even within
a single macromolecular crystal, there can be domains that are non-iso-
morphous with one another (Gallagher-Jones et al., 2020; Thompson,
Cascio, & Yeates, 2018). The helical data collection strategy results in
different regions of reciprocal of reciprocal space being sampled from
different regions of the crystal. Therefore, if a particular region of the
crystal is not isomorphous with the rest, the composite dataset can be
rendered useless due to incompleteness. When using the multiple data set
approach, complete data sets are collected for each region of the crystal, and
if one or more regions are non-isomorphous, they can simply be excluded
from the final, composite data set. Unit cell clustering algorithms are
available to aid in this process (Foadi et al., 2013; Gildea et al., 2022; Soares
et al., 2022; Thompson et al., 2018; Zeldin et al., 2015).

In the case of plate-like crystal morphologies, in which the crystals are
large in two dimensions, but small in the third, a compromise must be
made (Fig. 4D). The crystal can still be translated along its longest
dimension, but a choice must be made with respect to the beam size. On
one hand, data can be collected with a beam that matches the second largest
dimension of the crystal. In this case, the same volume of crystal remains in
the beam during rotation, but there will be more background air scatter
due to the larger beam. On the other hand, the beam can be made to match
more closely to the smallest crystal dimension. This reduces the back-
ground scattering, but the diffraction will be stronger for some crystal
orientations than for others, because different crystal volumes will be
exposed to the beam as a function of rotation angle.

3.2.3 Multi-crystal approaches and serial crystallography
Section 3.2.2 above described a data collection strategy in which 10
essentially unique data sets were collected from a single crystal and merged,
based on their isomorphism. This same strategy can be applied to data
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collection from 10 (or more) different crystals. By collecting multiple data
sets from many different crystals, it becomes possible to collect high-
multiplicity data with essentially infinitely high X-ray doses, because the
dose can be spread over any number of individual samples. The individual
data sets are indexed and integrated as independent single-crystal data sets,
and then merged to improve signal-to-noise.

Well-established data reduction programs, such as XDS (Kabsch, 2010)
or POINTLESS/AIMLESS/TRUNCATE (Evans, 2006), have options to
merge multiple data sets. Once again, before merging, algorithms that cluster
data sets based on unit cell isomorphism are important for determining which
data sets can be combined (Foadi et al., 2013; Thompson et al., 2018). In a
multi-crystal experiment, full data sets (i.e. 180° of reciprocal space) or partial
data sets can be collected from each individual crystal. If partial data sets are
collected, it is important that the multiple crystals measured are in different
orientations, so that the merged data set is complete.

An advantage to collecting partial data sets is that the individual images
can be measured using a higher X-ray dose, because only a fraction of
reciprocal space needs to be sampled before a given crystal succumbs to
radiation damage. To facilitate multi-crystal experiments, a variety of dif-
ferent mounting supports have been developed that allow the preparation
of multiple crystals on a single device, to minimize the need for sample
changes. These include a variety of polymer grids (Baxter et al., 2016),
meshes (Nam, Kim, & Cho, 2021; Park, Choi, Eo, Cho, & Nam, 2020),
and chips (Gilbile et al., 2021; Lyubimov et al., 2015; Murray et al., 2015;
Perry et al., 2014; Saha et al., 2023; Sui et al., 2021) that can be affixed to a
standard magnetic goniometer base. Additionally, plate goniometers are
available that allow data collection from crystals directly in the crystal-
lization plate, allowing the in situ measurement of multiple crystals without
removing them from their growth environment (Hargreaves, 2012;
Okumura et al., 2022). Because it is impossible to cryocool an entire
crystallization plate efficiently, these in-situ measurements are always per-
formed at ambient temperature. Solid sample supports and plate goni-
ometers are generally limited in the accessible rotation angles during data
collection, so these strategies rely on the random orientation of different
crystals on the support or in the tray.

The most extreme case of multi-crystal X-ray crystallography experi-
ments are those which are referred to as “serial crystallography” (Gruner &
Lattman, 2015; Mehrabi et al., 2021; Schlichting, 2015). In these experi-
ments, rather than using relatively large, single crystals that are tens to
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hundreds of μm in each dimension, researchers prepare slurries of micro-
crystals, that are on the order of 1–20 µm in all dimensions. In contrast to
rotation crystallography, where a single crystal rotated in the X-ray beam to
obtain a complete (or partial) data set, in the serial crystallography
experiment, each crystal produces just a single diffraction image repre-
senting a random slice through reciprocal space. One reconstructs a
complete diffraction pattern by measuring, processing, and scaling together
thousands of randomly oriented crystals (Boutet et al., 2012; Chapman et
al., 2011), producing a random sampling of reciprocal space. This approach
allows a large X-ray dose to be used for each image, effectively destroying
the crystal in a single shot.

When performed at a synchrotron (Martin-Garcia et al., 2017; Owen
et al., 2017; Schulz, Yorke, Pearson, & Mehrabi, 2022; Weinert et al.,
2017), one measures individual diffraction images with tens of kGy, typi-
cally delivered in milliseconds or less. This constitutes a relatively low dose
for the crystal, but a high dose for an individual image (De La Mora et al.,
2020). When the experiment is performed at an X-ray free electron laser
(XFEL) (Boutet et al., 2012; Chapman et al., 2011), the data are collected
using ultrafast X-ray pulses that are roughly 30 fs in duration, but deliver
approximately 1012 photons per pulse. The peak power of these pulses is so
high that they cause the crystals to undergo coulombic explosion, however
they are also so fast that the diffraction patterns are collected before the
onset of any damage. This approach, which has been referred to as “dif-
fraction before destruction,” provides structural data that is ostensibly free
of the effects of radiation damage, even at non-cryogenic temperatures,
provided that the X-ray pulses used in the experiment remain short
(<50 fs). The nature of these experiments, in which each crystal specimen
contributes a single diffraction image to the data set prior to its destruction,
requires that the sample be continually refreshed in the X-ray beam. This
requirement is the defining feature of the technique that inspired the name
“serial” crystallography.

From a practical standpoint, serial crystallography experiments differ
from standard rotation experiments in two main ways, alluded to above.
The first has to do with sample preparation and delivery of crystals into the
X-ray beam. As noted, serial crystallography requires a slurry of micro-
crystals suspended in mother liquor. In favorable cases, tens to hundreds of
microliters of crystal slurry are sufficient to determine a crystal structure in a
serial experiment (Weierstall et al., 2014), however some experiments can
consume milliliters of this slurry. Therefore, it is necessary to have a reliable

22 Michael C. Thompson



method for growing large volumes of microcrystals, preferably in a batch
format. A straightforward and reliable protocol for adapting traditional
crystallization conditions, used for growing large single crystals, to a batch
microcrystallization format was developed by Wolff, et al. (Wolff et al.,
2020). Once a slurry of satisfactory microcrystals has been obtained, one
must decide how they should be delivered to the X-ray beam to be
measured. Various methods are employed for this purpose, each tailored to
overcome different challenges. A variety of microfluidic jets are available
that create stream of liquid or other viscous medium carrying the crystals,
which continuously flows through the X-ray beam (DePonte et al., 2008;
Shimazu et al., 2019; Sierra et al., 2016; Vakili et al., 2020; Weierstall et al.,
2014) (Fig. 5A).

Another approach is the use of fixed-target systems (Hunter et al., 2014;
Lahey-Rudolph et al., 2021; Roedig et al., 2017; Zarrine-Afsar et al.,
2012), where microcrystals are mounted at high density on a solid support,
such as a thin film or a microfabricated chip (Gilbile et al., 2021; Roedig
et al., 2015; Roedig et al., 2016; Sui et al., 2021) (Fig. 5B). With fixed-
target approaches, microcrystals are positioned in an ordered array, allowing
for rapid, automated data collection from each individual specimen. Acoustic
droplet ejection is yet another approach, which utilizes sound waves to
precisely manipulate and eject individual droplets containing crystals into the

Fig. 5 Sample delivery strategies for serial crystallography. In a serial crystallography
experiment, only a single diffraction image is collected from each crystal, destroying
the crystal in the process and necessitating the replenishment of crystals in the beam.
(A) A variety of microfluidic devices have been developed that create a freestanding
liquid jet that flow crystals through the interaction region where they intersect with
the (pulsed) X-ray beam. (B) Fixed-target strategies involve the deposition of hydrated
crystals on some type of solid support chip, which is then rapidly translated in the
horizontal and vertical directions to move crystals through the X-ray beam. (C)
Acoustic methods involve the use of sound waves to eject small droplets of mother
liquor containing crystals into the interaction region where they intersect with the
X-ray beam. All of these methods rely on the random orientation of crystals relative to
the X-ray beam. In the figure, crystals that have not yet been probed with the X-ray
beam are colored bright blue, while crystals that have already been probed and are
damaged are colored dark blue.
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X-ray beam (Roessler et al., 2016) (Fig. 5C). A unifying feature of all these
different sample delivery methods is that the many crystals measured during
the experiment should be delivered to the X-ray beam in random orienta-
tions to ensure complete sampling of reciprocal space.

The second way in which serial crystallography experiments differ from
standard rotation experiments relates to the data processing. In a rotation
crystallography experiment, the crystal orientation only needs to be
determined once, because all the images in the dataset correspond to crystal
orientations that are deterministically related to one another by a known
rotation about the goniometer axis. This powerful constraint is absent in
serial crystallography, because every image in the data set is produced by a
randomly oriented crystal. Therefore, every image must be indexed and
integrated separately before merging (Boutet et al., 2012; Chapman et al.,
2011). An additional problem is that because the crystals are not oscillated
in the beam during the collection of individual images, full reflections are
not swept through the Ewald sphere, and therefore all measurements are
effectively recorded as partial intensities. This problem can be handled in
several ways.

One option is to measure a large number of reflections, and simply take
the mean, so that errors due to partiality average out (White, 2014).
A second approach is to utilize a geometric postrefinement procedure
when scaling and merging the data, which provides an estimate of the
partiality of each measured reflection, and can improve the estimation of
the underlying true reflection intensities (Uervirojnangkoorn et al., 2015;
White, 2014). Such procedures are especially valuable when data sets only
contain a modest number of images. These postrefinement procedures have
their roots in the field of virus crystallography (Rossmann, Leslie, Abdel-
Meguid, & Tsukihara, 1979; Winkler, Schutt, & Harrison, 1979); here,
massive unit cells prohibited sizeable crystal oscillations during data col-
lection due to the introduction of reflection overlap, resulting in a similar
partiality problem.

If the X-ray source permits, the partiality problem can also be addressed
by broadening the energy spectrum of the beam, creating what is known as
a “pink beam” (Meents et al., 2017). When the energy spectrum of the
X-ray beam is broadened, the Ewald sphere effectively becomes thicker,
allowing more interaction between the sphere and reciprocal lattice points,
and a better estimation of the true reflection intensity. The idiosyncrasies of
processing serial crystallographic data require purpose-built computer
programs that differ from the ones that are used to process data from
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rotation experiments. The two primary computational tools for processing
serial crystallographic data are the cctbx.xfel (Brewster et al., 2018) and
CrystFEL (White, 2019) suites of programs.

3.3 Structural modeling with non-cryogenic data
In principle, modeling macromolecular structures from non-cryogenic
data is no different than for cryogenic data, and identical refinement tools
(Afonine et al., 2012; Murshudov et al., 2011) can be used in both cases.
One notable feature of electron density maps derived from non-cryogenic
experiments is that they contain fewer water molecules than those
derived from cryogenic experiments (Deacon et al., 1997; Keedy et al.,
2014). This observation speaks to the effect of temperature on the
behavior solvent on the protein surface, which is critical for function
(Fenimore, Frauenfelder, McMahon, & Parak, 2002). On the other hand,
as discussed in Section 2.3, a major advantage of non-cryogenic experi-
ments is that the resulting electron density often contains additional
evidence for alternative conformations of the crystallized molecules
(Fraser et al., 2009; Fraser et al., 2011).

To capitalize on this additional information, it is helpful to employ
computational tools that are capable of systematically modeling alternative
conformations throughout the molecule. Other Chapters within this Volume
provide a detailed discussion of best practices for modeling conformational
heterogeneity from crystallographic data. Therefore, this section will not
discuss this topic in technical depth, but will instead simply introduce two
relevant model types (Fig. 6) and tools for creating them. The first type of
model is commonly referred to as a “multi-conformer” model, which has
alternative conformations for some, but not all, atoms in the structure. These
models can be created in an automated and systematic manner using the
program qFit (Riley et al., 2021), which takes a standard model of a single
protein conformation as input along with a crystallographic electron density
map, and algorithmically identifies and models alternative conformations.
The second type of model is an ensemble (or multi-member) model, where the
entire macromolecule is represented in alternative conformations. This type of
model can be generated using the PHENIX (Zwart et al., 2008) suite of
software [phenix.ensemble_refinement (Burnley et al., 2012)].

A major challenge with ensemble models, and multi-conformer models
to a lesser extent, is that they are prone to overfitting, because of the large
number of parameters needed to represent the ensemble (Babcock, Keedy,
Fraser, & Sivak, 2018). When implementing these modeling strategies, to
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guard against overfitting, one must watch the R-work/R-free gap as
models are made increasingly complex. A recently-developed program
called Vagabond also addresses the overfitting problem by reparameterizing
the macromolecular structure in terms of bonds rather than atomic coor-
dinates, and creating ensembles from deterministically related alternative
conformations (Ginn, 2021).

Fig. 6 Modeling conformational heterogeneity in crystal structures. The images depict
the differences between two model types that are commonly used to represent
conformational heterogeneity in proteins. The enzyme cyclophilin A (CypA) serves as
an example, and two regions are highlighted; the sidechains of residues Ser99 and
Phe113 are relatively dynamic, while the sidechains of residues Ile78 and Tyr79 are
relatively rigid. The multi-conformer model (Keedy et al., 2015) includes multiple
conformations for residues that display significant conformational heterogeneity, but
not for residues that can be modeled well using a single conformation. On the other
hand, every residue in the ensemble model (Burnley et al., 2012) contains the same
number of conformations. In the case of the more dynamic residues, the side chain
conformations are spread over different rotamers, whereas all the side chain con-
formations appear to correspond to the same rotamers for the more rigid residues.
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To conclude this brief section, one might note that non-cryogenic
diffraction experiments also enable the collection of diffuse scattering data,
which can be used to model correlated motions of the lattice and within
the crystallized molecules (Meisburger, Thomas, Watkins, & Ando, 2017;
Meisburger, Case, & Ando, 2020; Meisburger, Case, & Ando, 2023; Wall,
Wolff, & Fraser, 2018). This is another topic that is reviewed in great depth
in other Chapters of this Volume, and therefore will only be mentioned
briefly here as a potential opportunity arising from non-cryogenic mac-
romolecular crystallography.

4. Temperature as a tool for studying conformational
heterogeneity and dynamics

4.1 Multi-temperature crystallography
Temperature is a key state-variable that helps one understand the behavior of
a dynamical molecular system. Specifically, when attempting to understand
the behavior of a complex system, chemists and physicists have long
implemented temperature perturbations to gain insight into energetics and
kinetics. While this idea is commonplace in other scientific fields, it has been
scarcely exploited by structural biologists attempting to understand the
structures and dynamic properties of complex macromolecules, likely
because the main techniques that are used to study the atomic structures of
macromolecules, namely X-ray crystallography and cryoEM, have become
reliant on cryocooling of samples.

The need for samples to be held in vacuum during cryoEM data
collection will likely remain a prohibitive factor for performing electron
microscopy at non-cryogenic temperatures; however, as described in
Section 3.1, modern hardware and software developments in X-ray
crystallography make non-cryogenic data collection easier than ever.
This opens the door to performing high-resolution structural mea-
surements of biological macromolecules as a function of temperature,
allowing the structural biologist to explore their conformational
ensembles with the tools of physical chemistry (Schmidt, Graber,
Henning, & Srajer, 2010; Weik & Colletier, 2010). Experiments in
which molecular structures are analyzed as a function of data collection
temperature are referred to as “multi-temperature crystallography”
experiments.
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4.1.1 Practical considerations for multi-temperature crystallography
To perform a multi temperature crystallography experiment, a series of
X-ray diffraction data sets are collected at varying temperatures. Each
temperature that the investigator wishes to sample is essentially treated as an
independent rotation crystallography experiment, using a separate crystal
(or multiple crystals which then get merged). Because each temperature in
the series is measured from a different crystal, it is important to develop a
highly reproducible crystallization protocol. Additionally, care should be
taken to treat all crystals the same during sample preparation in order to
ensure that temperature is, in fact, the only difference between data sets in a
multi-temperature series.

Many of the important practical considerations for performing multi-
temperature data collection have been discussed already in this Chapter
(Section 3.2). For data sets collected below 260 K, sample prep can be
managed as if one is collecting “cryogenic” data, because the crystals will
remain frozen during data collection. For data sets collected above 260 K,
samples should be prepared for non-cryogenic data collection (see Section
3.2.1). Multi-temperature data collection requires a stable and adjustable
cryojet device that can be set to maintain temperatures across the broad
range of 100–300 K and higher if possible. These devices are standard at
most macromolecular crystallography beamlines. Additionally, some
cryojets are also equipped with a humidity stream, which offers yet another
option for protecting crystals from dehydration at non-cryogenic tem-
peratures.

An important consideration when performing multi-temperature
experiments is that crystals should be equilibrated to their data collection
temperatures in the cryojet stream. After mounting a crystal at ambient
temperature, the crystal should be transferred to the goniometer in the
cryojet stream at the desired data collection temperature. For example, if
the goal is to collect data at 150 K, the experimenter should not plunge
freeze the crystal in liquid nitrogen and then transfer to the diffractometer
at 150 K, because then the crystal would be subjected to a cooling and
warming process that other crystals (e.g. those measured at temperatures
above the freezing point) did not experience. Instead, the crystal should be
mounted and transferred to the diffractometer and allowed to freeze in the
cryojet stream at 150 K.

This practice has a major advantage and a major drawback. The advantage
is that all crystals will be subjected to the same temperature equilibration
protocol, which sees them transferred from ambient temperature to data
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collection temperature. The disadvantage is that the cooling rate of crystals in
the cryojet stream is not as fast as in liquid cryogen, and so the crystals can be
prone to developing some of the cryocooling artifacts described in Section 2.2.
This can be especially problematic at intermediate temperatures, between
the solvent glass transition (∼200 K) and the freezing temperature of water
(273 K). The problem can be mitigated by using smaller crystals that freeze
faster, although this is a delicate compromise, because smaller crystals
typically yield lower resolution data, and the structural modeling protocols
commonly used to analyze multi-temperature experiments (see below)
benefit greatly from high-resolution information. An additional strategy for
improving the freezing of macromolecular crystals is slow cooling
(Warkentin & Thorne, 2009).

Once crystals are successfully mounted on the goniometer and equili-
brated to the data collection temperature (within seconds), the data can be
collected. It is important to collect all data sets in a multi-temperature series
using the same X-ray dose. This means that crystals measured at low
temperatures, which may be robust to radiation damage, should receive the
same dose as crystals measured at non-cryogenic temperatures. Once
recorded, the data can be processed as they would for any typical rotation
crystallography experiment (see Section 3.2.2).

4.1.2 Studying the conformational ensemble with multi-temperature
crystallography

The idea that temperature can be used as a physical perturbation in mac-
romolecular crystallography to probe conformational ensembles is moti-
vated by fundamental statistical mechanics—the Boltzmann distribution
dictates that increasing the temperature of a molecular ensemble will
increase the population of molecules in high energy states. The first multi-
temperature crystallography experiments were performed decades ago on
myoglobin (Frauenfelder, Petsko, & Tsernoglou, 1979; Frauenfelder et al.
1987) and ribonuclease-A (Tilton, Dewan, & Petsko, 1992). These studies
demonstrated that proteins undergo a small thermal expansion, and that
B-factors also increase as a function of temperature, suggesting an increase
in dynamics of the crystallized molecules.

The observed B-factor increase in these early experiments is consistent
with the idea that higher energy conformational states are being addi-
tionally populated at higher temperatures. Much more recently, in 2015,
Keedy, et al. reported an extremely detailed multi-temperature crystal-
lographic study of the proline isomerase enzyme, cyclophilin A (CypA),
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which demonstrated the power of the technique for mapping the con-
formational ensembles of proteins (Keedy et al., 2015). In this work, the
authors collected eight distinct X-ray diffraction data sets across a broad
range of temperatures, spanning 100–310 K. These data sets were used to
algorithmically generate multi-conformer models of the enzyme with qFit
(Riley et al., 2021) (see Section 3.3), which were then compared across
temperatures using a composite, per-residue analysis of both B-factors and
alternative conformations.

Above the solvent glass transition, most parts of CypA tended to become
more heterogeneous as a function of temperature, as expected. Interestingly,
the response to increasing temperature was not uniform across the enzyme,
with some residues showing large increases in conformational heterogeneity,
and others showing only modest increases. Additionally, there were several
regions of the enzyme that appeared less dynamic with increasing tem-
perature. This analysis yielded detailed insight into how conformational
equilibria change as a function of temperature in proteins. The authors of this
work also suggested that multi-conformer models derived from multi-tem-
perature data can be used to assess which dynamic features of a protein are
thermodynamically coupled to one another, by correlating their tempera-
ture-dependent behavior. Hypothetically, regions of the protein that have
similar changes in heterogeneity as a function of temperature may be
dynamically coupled to one another.

A powerful aspect of multi-temperature macromolecular crystal-
lography is that it opens the door to experimental measurement of the
thermodynamics that underlie observed conformational changes. When
discreet alternative conformations of a macromolecule are modeled in a
crystal structure and their occupancies are refined against the diffraction
data, the refined occupancies give direct insight into equilibrium popula-
tions of the modeled conformations. These populations can provide esti-
mates of equilibrium constants for conformational interconversions. Thus,
for conformationally heterogeneous regions of a molecular structure, a
multi-temperature crystallography experiment provides equilibrium con-
stant information as a function of temperature.

These data can form the basis of a Van’t Hoff analysis, which allows the
calculation of enthalpy changes (ΔH) and entropy changes (ΔS) associated
with a conformational transition, and their temperature-dependence.
Although the theoretical basis for this type of analysis is valid, a detailed Van’t
Hoff analysis has not yet been performed using multi-temperature macro-
molecular crystallography data, and this represents a frontier in the field.
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At present, a major limitation is likely the accuracy of occupancy values
that are refined against the diffraction data. An additional frontier area of
research in multi-temperature crystallography is to co-refine structures
simultaneously across all temperatures, with occupancies restrained to vary
smoothly across a temperature series. This type of refinement has not been
performed in macromolecular crystallography; however, a related tech-
nique known as “parametric refinement” has been applied to analogous
problems in materials science (Stinton & Evans, 2007). Implementing this
type of refinement approach would likely enable detailed thermodynamic
analysis from multi-temperature, multi-conformer models of macro-
molecules.

4.1.3 Examples of multi-temperature crystallography to study protein
function

Multi-temperature crystallography can provide insight into the thermo-
dynamics of a macromolecule’s conformational ensemble, and this infor-
mation can lead to a greater understanding of how conformational changes
drive protein function. This capability is highlighted by an increasingly
large body of work. In the previous section, a multi-temperature crystal-
lographic study of CypA by Keedy, et al. (Keedy et al., 2015) was intro-
duced, and used to describe the results that could be derived from such an
experiment. Note that the observations in this study were consequential for
understanding the functional mechanism of this enzyme.

In CypA, there is a network of amino acid sidechains (Arg55, Met61,
Ser99, Phe113) that are known to undergo rotamer interconversions that
are critical for catalytic turnover (Fraser et al., 2009). Analysis of rotamer
occupancies as a function of temperature for these residues suggested that
two of the four (Ser99, Phe113), which are buried deeper in the protein
core, form a more tightly-coupled sub-network. This observation refined a
previous model based on NMR spectroscopy, where a single exchange rate
was fit to all residues in this network (Eisenmesser et al., 2005). Since 2015,
several additional examples in which multi-temperature crystallography has
been used to study the role of conformational heterogeneity in defining
protein function have been reported. We summarize three examples here.

In 2018, in a different study, Keedy, et al. used multi-temperature
crystallography to investigate allostery in protein tyrosine phosphatase 1B
(Ptp1B) (Keedy et al., 2018). Ptp1B is an important drug target in diabetes
(Elchebly et al., 1999) and cancer (Krishnan et al., 2014). However, most
orthosteric inhibitors of Ptp1B suffer from off-target effects as a result of

Temperature perturbations with X-ray crystallography 31



inhibiting other homologs of the enzyme. In an effort to advance the
design of allosteric inhibitors, the authors used multi-temperature crystal-
lography to characterize the motion of the WPD loop, which opens and
closes over the active site. Additionally, they searched for other regions of
the protein that moved in concert with the WPD loop, identifying two
distinct allosteric sites on the protein that were coupled to the active site.
The ability of these allosteric sites, identified through multi-temperature
crystallography, to perturb active site function was validated using a che-
mical tethering approach. This work demonstrated the potential value of
multi-temperature crystallography for drug discovery.

In 2020, Otten, et al. implemented an interesting use of non-cryogenic
X-ray crystallography in a study of how directed evolution reshaped the
energy landscape in an enzyme to improve catalytic function (Otten et al.,
2020). Specifically, the authors used crystallography and NMR to describe
how successive mutations altered the conformational heterogeneity of the
enzyme, to populate a narrow, highly active ensemble. This study is not a
full multi-temperature series, but remarkably, the authors were able to
collect crystallographic data at 70 °C (343 K). Equilibrating the crystal at
this high temperature populated a hidden active conformation of the
enzyme that was so sparsely occupied it could not be modeled previously.
The large temperature perturbation employed in this study shows an
extreme case of what is possible using temperature as a perturbation in
macromolecular crystallography. Indeed, it may be possible to regularly
determine crystal structures of folded proteins at temperatures that exceed
their melting temperatures in solution, because the crystal lattice will
provide additional stabilization to the folded structure.

In 2022, in response to the COVID-19 pandemic, Ebrahim, et al.
performed a multi-temperature crystallographic study of the SARS-CoV-2
main protease (Mpro) (Ebrahim et al., 2022), with the goal of character-
izing the conformational landscape and elucidating conformational states
that could be targeted with novel orthosteric and allosteric inhibitors. They
collected data at five temperatures spanning a range of 100–300 K, and
performed a detailed analysis of conformational heterogeneity, following in
the footsteps of Keedy, et al. (Keedy et al., 2015). Analysis of multi-con-
former and ensemble models across the temperature series revealed coupled
conformational changes across the active site, substrate-binding pocket,
interdomain interface, and parts of the broad dimer interface, which offer
intriguing possibilities for the design of small molecules that disrupt
function by interacting with these structural elements. Additionally, in this
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work the authors explored the role of relative humidity as a perturbation in
addition to temperature, and found that altering humidity led to an
observable change in the protein hydration shell. This idea, and its rela-
tionship to temperature perturbation was also explored by Atakisi, et al. in a
study of lysozyme crystals (Atakisi, Moreau, & Thorne, 2018).

4.2 Time-resolved crystallography using temperature-jump
Electron density from multi-temperature X-ray crystallography often
reveals multiple conformations of macromolecules, as described extensively
above, and their occupancies represent the equilibrium populations of the
observed conformational states. Experiments performed at multiple tem-
peratures cannot reveal conformations that are not significantly populated
at equilibrium, notably, the intermediate states that are transiently popu-
lated along a particular trajectory of motion (Fig. 7). Additionally, because
molecular motion is very fast relative to the experimental measurement
time, all kinetic information is lost, and we cannot retrieve any information
about the kinematic details (dynamics) of the observed conformational
changes. NMR and other spectroscopic measurements are ideal for
studying the kinetics of molecular motions, but it can be difficult to cor-
relate spectroscopic observables with the atomic details of specific con-
formational transitions that are observed crystallographically. Simulations

Fig. 7 Limitations of spatiotemporally-averaged electron density. This simple example
shows how the electron density derived from traditional crystallographic experiments,
which represents an ensemble average over space and time, is insufficient to describe
the dynamics that underlie any observed conformational heterogeneity. The electron
density on the left shows clear alternative conformations for the serine and pheny-
lalanine residues shown [S99 and F113 of CypA (Fraser et al., 2009)]; however, multiple
different models of conformational exchange (shown) could result in the approxi-
mately the same observed density. Time-resolved measurements have the potential
ability to disambiguate these models.
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can provide additional insight, but computational studies are not feasible for
large systems with dynamics that occur on the microsecond to millisecond
time scale.

Overcoming the challenges highlighted above, time-resolved crystal-
lography is a powerful tool for studying functional protein motions
(Moffat, 2001; Orville, 2020; Šrajer & Schmidt, 2017; Thompson et al.,
2020; Wilson, 2022). This method utilizes brilliant, ultrafast X-ray pulses to
provide simultaneous information about the structure and dynamics of
macromolecules at high spatial and temporal resolution, thus acting like a
“molecular high-speed camera.” The approach allows direct measurement
of structural dynamics in real time using a pump-probe strategy, where the
molecules in the sample are rapidly perturbed to initiate synchronous
conformational changes, and then measured at defined time delays fol-
lowing the perturbation to map the resulting structural changes.

A major technical bottleneck for time-resolved crystallography experi-
ments is the need to rapidly synchronize conformational changes in the
billions of molecules that constitute the sample. Historically, time-resolved
crystallography has been reserved as a niche technique for studying photo-
active proteins, which are easy to perturb through optical excitation of a
protein-bound chromophore using a pulsed laser. The multi-temperature
crystallography experiments described above (Section 4.1) demonstrate
across multiple protein systems that increasing the temperature of crystallized
macromolecules generally enhances populations of higher-energy con-
formations that are invisible at lower temperatures, suggesting temperature as
viable perturbation for time-resolved measurements. Because temperature is
a universal perturbation—the conformational ensembles of all complex
macromolecules are sensitive to changes of this state variable—the use of
rapid temperature change as a perturbation of conformational dynamics has
the potential to make time-resolved crystallography a general tool for
structural biology.

4.2.1 Infrared laser-induced temperature-jump
Rapid temperature change as a perturbation of chemical dynamics, known
as a temperature-jump (T-jump), has been applied for decades to study
chemical kinetics in a variety of different contexts (Crooks, 1983). In
biochemistry, the method has been used to study protein folding
(Gruebele, Sabelko, Ballew, & Ervin, 1998; Gruebele, 1999) and enzyme
catalyzed reactions (Meadows, Balakrishnan, Kier, Spiro, & Klinman,
2015; Phillips et al., 2008). The idea of a T-jump centers on a temperature
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Fig. 8 Summary of T-jump crystallography. (A) In a T-jump experiment, an infrared
laser pulse is used to rapidly heat an aqueous solution (red line), leading to nearly
instantaneous heating, which removes any macromolecules in the solution from
thermal equilibrium. On timescales that are slower than the heating pulse, the

(Continued)
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change being so fast relative to the chemical process of interest that the
perturbation takes the system out of thermal equilibrium, forcing it to relax
to a new equilibrium (Fig. 8A). During this relaxation process, many
molecules should be undergoing the same motions at roughly the same
time, which allows for non-equilibrium measurements of the system.
T-jumps can be introduced in a solution through excitation of molecular
vibrations in the solvent molecules, which converts light energy into
kinetic energy that results in a temperature increase. Because water is the
common solvent for biological macromolecules, vibrational excitation of
water is a universal method for increasing their temperature in solution.

Liquid water has relatively strong infrared absorbance properties, which
relate to the excitation of molecular vibrations. Specifically, the absorption
spectrum has peaks at approximately 1.4 and 1.9 µm, and relatively broad
absorbance in the range of 2.5–4 µm (Palmer & Williams, 1974) (Fig. 8B).
For most biological T-jump experiments, the absorbance peak at 1.4 µm,
corresponding to the OH stretching overtone, is utilized to introduce
T-jump. Absorbance at this wavelength is substantially weaker than at some
other wavelengths. By utilizing another wavelength where absorbance is
stronger, a larger T-jump could be achieved with the same amount of light;
however, the increased absorbance would lead to a more significant tem-
perature gradient within the sample, because the incident light intensity
decreases as the beam passes through and energy is absorbed. The weaker
absorbance at 1.4 µm provides an ideal compromise between the magni-
tude of the T-jump and attenuation through the sample.

In addition to being the correct wavelength to excite vibrations in the
solvent, the incident light used for T-jump must also be delivered sig-
nificantly quickly for the system to be taken out of thermal equilibrium.
For studying biological macromolecules, laser sources that can deliver

Fig. 8—Cont'd macromolecules undergo conformational changes as they relax to a
new thermal equilibrium (gray line), and rapid structural measurements are performed
during the relaxation process (black circles). Note the logarithmic scaling of the time
axis in the plot. (B) The absorbance spectrum of water (Palmer & Williams, 1974) shows
several peaks in the infrared, including a large peak in the region of 2.5–3.5 µm
(2500–3500 nm), and two smaller peaks centered at 1.9 µm (1900 nm) and 1.4 µm
(1400 nm). The absorbance peak that is most commonly used for biological T-jump
experiments is the peak at 1.4 µm (1400 nm) because it provides a good compromise
between absorbance and penetration, and it is accessible with many tunable laser
systems. (C) T-jump crystallography experiments are performed in a pump-probe
serial format, with precise control of the delay between the infrared heating pulses
and the X-ray pulses used to measure molecular structure.
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several mJ of energy in 10 ns or less are ideal, because T-jumps of 10 K or
more can typically be achieved and the duration of the heating pulse is
faster than many functional motions, which take place in the microsecond
to millisecond time scale. Additionally, because thermal equilibration of
molecules typically occurs on the order of picoseconds (Rubtsov & Burin,
2019), one assumes that sample heating is homogenous over the duration of
the nanosecond laser pulse. This assumption holds true for crystalline
macromolecules as well, because their crystals tend to have large channels
that are permeated with bulk solvent that also undergoes infrared irradia-
tion and experiences a T-jump.

4.2.2 Practical considerations for T-jump crystallography experiments
Infrared laser-induced T-jump can be utilized as a rapid perturbation for
time-resolved crystallography measurements of macromolecular structural
dynamics (Wolff et al., 2022). T-jump crystallography experiments occur
in a unique pump-probe format (Fig. 8C) that relies on the use of serial
crystallography (see Section 3.2.3). In the serial crystallography experiment,
a single X-ray diffraction snapshot is measured from each of many crystals
using an X-ray pulse. To incorporate the T-jump, a pulsed infrared laser
tuned to a wavelength of approximately 1.4 µm is focused on the “inter-
action region” where X-rays impinge on the sample. The laser pulses
rapidly heat microcrystals as they pass through the interaction region
(in either a microfluidic or fixed-target format, see Section 3.2.3), and the
timing of infrared and X-ray pulses is coordinated so that the heating
occurs at a defined time delay prior to structural measurement with an
X-ray pulse. The heating is effectively instantaneous (typically nanose-
conds, depending on the laser source) relative to slower (microsecond to
millisecond) molecular motions, and the macromolecules are removed
from thermal equilibrium. By sampling multiple pump-probe time delays,
it is possible to map both the spatial and temporal details (structure and
kinetics) of molecular motion.

An important aspect of this experiment is that it requires the ability to
generate suitable X-ray pulses, which is only possible at XFEL sources or
specialized synchrotron beamlines (Cammarata et al., 2009; Graber et al.,
2011). The temporal resolution of the experiment is limited by the dura-
tion of either the pump (infrared) or probe (X-ray) pulses, whichever is
longer in duration. Alternatively, time-resolved experiments can be per-
formed without a pulsed X-ray source, if a fast frame rate detector is
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available (Singh et al., 2013). In this case, the temporal resolution is set by
the detector frame rate.

There are several critical aspects of the experimental setup described
above that must be considered carefully when designing a T-jump crys-
tallography experiment. First, because the T-jump relies on the presence of
water, crystals should be prepared for serial crystallography in an aqueous
solution or carrier medium. If high sample viscosity is desired, hydro-
xyethyl cellulose is an ideal material (Sugahara et al., 2017), because it is
aqueous and does not undergo unusual phase transitions like many of its
hydrophobic counterparts including LCP (Czeslik, Winter, Rapp, &
Bartels, 1995). Next, the properties of the infrared pump laser are crucial
for success. The role of the wavelength in creating a uniform temperature
jump and of the pulse duration in defining the temporal resolution of the
experiment have already been mentioned. Additionally, the overall fluence
(mJ/mm2) of the infrared beam determines the magnitude of the T-jump
that is introduced in the sample. High fluence at the sample can be
achieved by producing many photons per pulse (high pulse energy), and/or
by focusing the beam to a smaller area. Special cameras that are sensitive to
the mid-infrared region of the electromagnetic spectrum are also critical for
aligning the pump and probe beams with one another and with the sample.

A major question when performing T-jump experiments relates to the
instantaneous temperature of the sample during the X-ray measurement.
Fortunately, samples of macromolecules contain a sensitive internal ther-
mometer, because the X-ray scattering of liquid water is highly sensitive to
temperature. By analyzing the radial average of the solvent scattering
background that is present in the diffraction images, it is possible to detect
the presence or absence of a temperature jump, and in favorable cases, to
estimate its magnitude (Cammarata et al., 2006; Cho et al., 2018;
Thompson et al., 2019; Wolff et al., 2022).

The ability to use the solvent scattering signal as a proxy for temperature
also allows the experimenter to monitor the system for cooling. In a
T-jump experiment, the longest pump-probe time delays that can be
sampled are limited by sample cooling, so it is valuable to have a reliable
estimate of when the effect becomes limiting. Empirically, using current
experimental setups, the longest possible pump-probe time delays that can
be achieved are hundreds of microseconds (Thompson et al., 2019). As of
this writing, T-jump crystallography is a new technique, and one might
note that new hardware and software to facilitate these experiments are in
rapid development.
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Extracting meaningful structural changes from the results of a time-
resolved crystallography experiment can be challenging, and this is espe-
cially true for T-jump experiments. Typically, the modest T-jumps that
can be practically introduced only shift the populations of conformational
states by a very small amount. Therefore, direct refinement of atomic
coordinates against structure factor data in the presence and absence of a
T-jump will likely produce identical models. In order to isolate the time-
resolved signals that arise from the T-jump, it is necessary to analyze dif-
ference structure factors and difference electron density maps calculated
between data measured with and without introduction of a T-jump.
Difference electron density is sensitive to subtle differences between the
underlying structure factors, and the small signals that represent protein
motions are visible in time-resolved difference maps (Ursby & Bourgeois,
1997). Time-resolved difference density can be quantified for direct ana-
lysis (Wickstrand et al., 2020), or it can be used to create structural models
of high-energy conformational states that can be refined against the raw or
extrapolated structure factor data (De Zitter, Coquelle, Oeser, Barends, &
Colletier, 2022), analysis methods that have become commonplace in
time-resolved crystallography. It is worth noting that T-jump generally
leads to widespread structural changes throughout the unit cell, which can
be problematic for structure factor extrapolation methods that rely on scalar
approximations (Genick, 2007), so this method should be approached with
caution for T-jump experiments.

4.2.3 Studying macromolecular dynamics with T-jump
T-jump has only recently been combined with X-ray scattering to be used
as a tool for structural biology. Consequently, there are only limited
examples of its use, and they will be reviewed briefly here. The majority of
time-resolved T-jump X-ray experiments in structural biology (3/4) have
been performed using small- and wide-angle X-ray scattering (SAXS/
WAXS) as a probe, rather than crystallography.

The first proof-of-principle that T-jump could be combined with
X-ray scattering to study macromolecular dynamics came from a series of
papers published by Rimmerman and coworkers (Rimmerman et al., 2017,
2018). In this work, the authors used T-jump to induce changes in insulin
oligomerization state paired with SAXS/WAXS to follow the dynamics
from nanoseconds to milliseconds. Analysis of the time-resolved scattering
curves by singular value decomposition (SVD) revealed several transient
intermediates involved in the association and dissociation of oligomers.
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Later in 2018, Cho, et al. also performed T-jump SAXS/WAXS on the
R-state of tetrameric hemoglobin, to study the effect of R-state hetero-
geneity on the transition from the R-state to the T-state (Cho et al., 2018).
In 2019, Thompson et al. again used T-jump paired with SAXS/WAXS to
study the internal dynamics of the enzyme cyclophilin A (CypA) (Thompson
et al., 2019). In this work, two distinct functional motions could be mapped,
one corresponding to catalysis and the other to substrate recognition.
Importantly, in this study, mutants of the enzyme that are known to have
altered catalytic and substrate binding functions were used as controls to
confirm the functional relevance of the observed time-resolved signals.

More recently, Wolff and coworkers demonstrated the first application of
T-jump to time-resolved macromolecular crystallography (Wolff et al.,
2022). Here the authors used microcrystals of the enzyme lysozyme in a
pump-probe serial T-jump crystallography experiment, as described in detail
above (Section 4.2.2). The authors measured data corresponding to 20 ns,
20 μs, and 200 μs pump-probe time delays. Analysis of time-resolved dif-
ference electron density maps revealed signals related to heating of the
enzyme, manifesting as increased harmonic motions (B-factors) and side
chain rotations at 20 ns after the introduction of T-jump, followed by dis-
sipation of those short amplitude motions into larger, correlated loop
motions at longer pump-probe time delays. These larger amplitude motions,
which appeared to be involved in the well-known hinge-bending motion of
lysozyme (Mccammon, Gelin, Karplus, & Wolynes, 1976), could be
included in multi-conformer models and refined against the time-resolved
data. Similar to the SAXS/WAXS experiments by Thompson, et al.
(Thompson et al., 2019), the T-jump crystallography study by Wolff, et al.
included an important functional control. T-jump crystallography experi-
ments were repeated in the presence of chitobiose, an enzyme inhibitor that
arrests the hinge-bending motion of lysozyme. In the presence of chitobiose,
the time-resolved signals do not dissipate in the same manner as they do for
the apo enzyme, which corroborated the connection between the time-
resolved signal changes and the hinge-bending motion of the enzyme.

5. Conclusion

Temperature is a key variable that governs the dynamic behavior of
complex macromolecules, but it has been underutilized as a tool for structural
biology. Given the traditional reliance of high-resolution structural techniques
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on sample cryocooling, this is somewhat unsurprising. Fortunately, modern
advances in X-ray crystallography eliminate the need for cryocooling in many
cases. Using sensitive detectors and modern data-processing software, it is pos-
sible to collect high-resolution X-ray diffraction with a very low X-ray dose,
mitigating the ill effects of radiation damage. The ability to collect diffraction
data near ambient/physiological temperature eliminates artifacts that are asso-
ciated with cryocooling, and enables the use of temperature as a perturbation to
study structure and dynamics using multi-temperature and time-resolved
T-jump crystallography. Experiments that integrate temperature perturbations
with high-resolution X-ray crystallography can provide detailed insight into the
correlated motions that drive the functions of biological macromolecules.
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