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Since its introduction in the early 1970s, high pressure crystallography (HPX) has shown great potential for the

investigation of different types of matter. Using diamond anvil cells, HPX is an emerging technique that has been

rapidly implemented, making it available to biologists, and there is immense potential for utilizing this technique in

biological systems in the future. At the molecular level, high-pressure crystallographic investigation provides

information on structural characteristics that not only determine the native conformation of a protein but also the

conformations with higher free-energy, thus revealing function-related structural changes and properties that can

be modified as a result of pressurization. The increase in the number of crystal structures of different

macromolecules determined under high pressure over the last five decades can be ascribed mainly to two factors:

the emergence of high-pressure cells with very large, open angles, and the advent of third generation synchrotron

sources. The use of high pressure crystallography as a research tool has been shown to contribute to the

advancements in the basic fields of biochemistry (protein misfolding and aggregation), biophysics (protein stability),

and biotechnology (food processing).
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1. High Pressure in Structural Studies

The origins of high-pressure structural studies can be traced back to geology and astronomy, as a significant

portion of condensed matter in the universe exists under high pressure conditions. For instance, a classic study

could involve examining the reaction of a mineral structure to increasing pressure levels, up to those present at the

corresponding depth within the Earth. As evidenced in previous HPX studies, the structures obtained at various

pressure levels are analyzed to reveal the molecular responses to compression. The application of a few tens of

MPa may only affect the weak intermolecular interactions, leading to a decrease in the unit cell volume and a

possible rearrangement of structural units. Higher pressures may result in changes in the conformation or internal

geometry of macromolecules and ligands. At higher compression, notable phenomena include chemical reactions

such as polymerization and transformations such as the generation of new polymorphs or reorganization of

hydrogen bonding networks in organic and inorganic compounds. Additionally, there may be changes in molecular

organization or conformation, closer approach of structural units, and even modifications to the electron

configuration . More recently, the scope of materials studied under high pressure has expanded to include

biologically relevant molecules spanning from amino acids and DNA fragments to proteins. One significant

advantage of applying high pressure in protein studies is the ability to explore intermediate substates between the
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folded and unfolded states. By combining experimental and theoretical approaches, it has been possible to map

the energy landscape and construct p-T phase diagrams for several proteins .

Although crystal structures determined under HP comprise less than 0.1% of structures reported in the Protein

Data Bank , studies at high pressures are becoming more common. The development of apparatus (compact

high-pressure cells, high-intensity radiation sources and area detector diffractometers) followed by the

improvement of technique (crystal mounting, pressure measurement, and data acquisition) over the past 10 years

is remarkable, and HP studies are now conducted for more complex systems. When pressure is applied, different

responses can be observed from the macromolecules that form the crystal and the crystal itself (Figure 1). The

most important features reported as those that change in the course of the biocrystallographic HP experiment are

changes of crystals quality , crystal symmetry , volume of the unit cell , and Wilson B factors when

crystallographic parameters are concerned. In terms of modification at the molecular level, changes can be

observed in the hydration structure , the size and localization of cavities and tunnels , and the conformation of

the polypeptide chain and ligands . All structural rearrangements are often associated with alterations in the

stability and/or activity of biomolecules .

Figure 1. Features that can change upon pressurization of the macromolecular crystal.

As observed for small organic molecules pressure turned out to be ideally suited also to study the physical

behavior of compressed macromolecules. Since weak intermolecular interactions are most likely to be easily

compressed and conformations of molecules themselves can be modified it can lead to ordering and structural

phase transition . The application of hydrostatic pressure offers a genuine opportunity to manipulate and explore

the intermolecular “bonding” present in crystals. For example, the ordering effect of pressure on the crystal lattice
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was observed for P23 cowpea mosaic virus (CPMV) crystals . In addition, subjecting the crystals to a pressure of

350 MPa resulted in a significant improvement in diffraction, as the crystals underwent a phase transition from an

apparently primitive cell to the body-centered I23 space group. Modest pressures significantly enhanced the

diffraction quality as the crystal undergoes a phase transition to a space group with enhanced order.

In general, under relatively low pressure (up to 150–200 MPa), due to the high compressibility of protein crystals,

compression typically results in a reduction in the unit cell parameters and volume of a few percent . Pressures

exceeding 400 MPa can lead to a contraction that is twice as great, highlighting the immense potency of pressure

as a thermodynamic variable capable of inducing structural modifications in proteins, without causing denaturation.

The reported compressibility of the unit cell volume βv for protein crystals is about 170 MPa  at moderate

pressure, whereas the compressibility at high pressure (limit determined by loss of diffraction), as reported by

Fourme et al. for hen egg-white lysozyme (HEWL) based on crystal structures at pressure as high as 1 GPa was

equal 150 MPa  . In general, the compressibility of the unit cell volume calculated for macromolecular crystals

decreases as pressure increases. It should be underlined that the HPMX also allows the determination of the

isothermal compressibility of a protein molecule itself (β ), for example the value of tetragonal HEWL lysozyme is

47 MPa  based on X-ray crystallographic data obtained at 0.1 and 100 MPa  and for IPMDH from the

nonpiezophile S. oneidensis MR-1 (SoIPMDH) dimer is 54 MPa  . Furthermore, the analyzed structure

revealed that contraction of the molecules in most cases is anisotropic and decreases with increasing pressure. It

is worth to mention that with the change of the pressure, the solvent-accessible volume may change, and the

solvent molecules can be transferred both sides between pool and the crystals, according to the thermodynamic

equilibrium, as it was demonstrated for the CuZnSOD crystals .

Analysis of the B-factors can be used as an indicator of the relative vibrational motion of different parts of the

structure. Therefore, atoms with low B-factors can be considered as parts of the structure that are well ordered,

while atoms with higher B-factors are identified in parts of the structure that are more flexible. Colloc’h et al. in

studies on neuroglobin high pressure structures revealed that the increase in the B-factors proved the

destabilization of the zone close to the heme, whereas the zone at the back of the protein is stabilized by pressure

which was accompanied with a decrease in the B-factors . Furthermore, the general observation of the behavior

of secondary structure upon pressurization revealed that beta-sheets are noticeably less deformed than helices.

As aforementioned, the way water interacts with the biomolecules is also rearranged as a result of pressurization.

A good example is the analysis of changes in the hydration structure in lysozyme crystals described in . When

high pressure is applied, the conformation of the amino acid side chains on the surface of the protein changes and

stabilizes the hydrogen bond network, causing more water molecules to be visible. After the pressure exceeded a

certain limit and the protein started to unfold, the number of ordered water molecules in the structure decreased.

As pressure is applied, the protein cavities typically are monotonically compressed; however, it was also observed

that the volume of a cavity located at the dimer interface can increase, as investigated, for example, in the structure

of SoIPMDH where parallel to this volume increase, changes in the hydration shell and water penetration into the

cavity were observed . It is also possible that some cavities can shrink sufficiently enough to be undetectable

[4]

[12]

−1

−1 [13]

M

−1 [14]

−1 [15]

[16]

[17]

[6]

[15]



High Pressure Macromolecular Crystallography | Encyclopedia.pub

https://encyclopedia.pub/entry/42771 4/12

using the 1.2 A radius solvent probe as the pressure increases . Another possible scenario after protein

compression describes the generation of a new cleft or tunnels (favorably on the molecular surface) accompanied

by water penetration . Such water-penetration phenomena are considered to be initial steps in the pressure-

denaturation process. The example of such an event was presented by Hamajima et al. , where the authors

showed the decrease in DHFR activity under elevated pressure and connected it with the hydrophobic cavity

penetration by three water molecules. It was concluded that increasing number of water molecules entering the

spaces between subunits of oligomeric proteins can lead to the disruption of quaternary structure, since it is

stabilized mainly by hydrophobic forces .

As mentioned above, pressures below 200 MPa typically cause only minor disturbances to the overall structure of

proteins, resulting in atomic displacements of only a few tenths of an angstrom. At higher pressure shifts of atoms

or structural regions are larger, but still can not to be compared in scale with, for example, loops rearrangements or

conformational changes observed upon ligand binding. Even though structural perturbations are relatively small, it

does not mean that the functional effects are also small. As exemplified in high pressure studies of urate oxidase

(UOX), compression of a protein–ligand complex drove the thermodynamic equilibrium towards ligand saturation of

the complex and revealed a new binding site . Furthermore, the UOX after decompression displayed a pressure-

dependent decrease in specific activity that culminated at 200 MPa when the complete loss of activity was

observed . This may be associated with a disruption of the tertiary structure, usually occurring above 200 MPa.

At this pressure, internal amino acid residues could be exposed, leading to the disruption of tertiary structure and

increasing the surface hydrophobicity . Further increasing of pressure could lead to the breakage of disulfide

bonds  and rearrangement of the intermolecular hydrogen bonds . Intermolecular hydrogen bonds are usually

broken at lower pressures , which is sometimes compensated by new intramolecular interactions .

Accordingly, the presented examples prove that high-pressure perturbation potentially enables the trapping in

crystal states the protein conformations of biological significance. It is worth mentioning that, for different proteins,

the level of pressure required for capturing those conformations can greatly vary and cannot be easily predicted,

mostly because the architecture of macromolecules may be less and more resistant to external factors.

2. High Pressure Macromolecular Crystallography
Instrumentation

The method uses a diamond anvil cell especially configured to maintain protein crystals at a precisely determined

pressure. The most widely utilized design for high pressure cells is that of the diamond-anvil cell. The creation of

the first DAC chamber dates back to the second half of the 1950s, when it was used for HP IR measurements .

A few years later, special DAC cells for powder diffraction  and single-crystal X-ray measurements  were

developed. Placing the metal gasket in between two diamond culets allowed to measure the influence of the

applied pressure on the freezing properties of many liquids, but also gave rise to the study of crystals surrounded

by hydrostatic medium. Today, DACs are commercially available in various shapes and sizes and can be easily

adjusted to different experimental techniques, such as optical spectroscopy (IR, fluorescence, RAMAN), X-ray,

magnetic, or electrical measurements . The most popular version of this compact device (ca. 4.0 × 3.2 × 1.9 cm)
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which can generate pressures up to 10 GPa, and can be effortlessly integrated into a standard diffractometer

setup. The essential components of the DAC are shown in Figure 2. Diamonds used in DACs are usually gem

quality single crystals, with the carat weight between 1/8 to 1. They are cut and polished along certain

crystallographic planes to obtain the brilliant. The culet is usually flat, but other designs such as bevels and toroids

are also available . To subject the crystal to high pressure diamond cell, it is placed in the sample chamber, a

hole drilled in a metal gasket held between the diamond anvils. Pressure is applied to the support plates by

tightening screws, which is transferred via the anvils and a hydrostatic medium to the small crystal. In the past, the

diamond anvils were supported on beryllium disks. While beryllium is transparent to short-wavelength X-rays, it can

introduce a pervasive background that contaminates the diffraction pattern and causes various issues. Therefore,

alternative supports are currently being developed. In modern DACs, depending on the application, the supports

are made predominantly from steel, tungsten, titanium, or metal alloys.

Figure 2. Diamond anvil cell: scheme of the core body of the 60-degree diamond anvil cell (on the left), a

photograph of the core body of the cell once assembled, before it is put in position on the goniometer (on the

right). The drawing is scaled for clarity.

Pressures inside the DAC are usually measured by placing a small piece of a calibrant (e.g., ruby) within the

chamber and gauging the pressure-dependent shift in its fluorescence band. For the first time ruby was used to

determine the pressure in the cell in the 1970s and it revolutionized the field . The procedure requires only a

standard Raman or other spectrometer and is non-invasive. Despite the fact that DACs have a relatively simple

structure, their use in biocrystallographic studies requires several obstacles to overcome. First, it is necessary to

mention that there is no one-size-fits-all strategy that can be used to measure all macromolecular crystals;

however, a general workflow of the HPMX experiment can be identified (Figure 3).
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Figure 3. Schematic representation of a HPMX experiment.

As already mentioned, macromolecules are complex three-dimensional structures that can be affected to varying

degrees by pressure, so the pressure range over which they are studied cannot be standardized. Moreover, from

an experimental point of view, there are many factors to consider when planning HPMX measurements. The first

challenge, especially at lower pressures and single-crystal measurements, is prevention of crystal movements.

Since the DAC is rotated during the measurements, it is important to immobilize the crystals prior to data collection.

That can be achieved by adding MPD or PEG in high concentration (20–30%) to the mother liquor , but also by

placing low absorbing materials, such as cotton fibers  or cigarette filter fibers  inside the DAC. The crystal

space group and its orientation inside the cell are also crucial for the success of the measurements. Low-symmetry

crystals require more frames to be collected and are hard to achieve, especially with anisotropic crystals. To

overcome this, splinters made from various materials, such as crushed diamonds or boron nitride, can be closed

inside DAC together with the sample crystal . Another factor that significantly influences the result of the HPMX

experiment is the pressure medium. Although crystallization mother liquor is a natural choice, one should foresee

two effects that can occur during sample loading. First, because a very small volume of the mother liquor is used,

the most volatile components can evaporate, which may change the composition of the hydrostatic medium and

result in destabilization of the crystal before pressure ramping. Second, in case of high concentration of the

precipitant, i.e., salt, formation of additional crystals can be observed upon pressurization, as reported by

Kurpiewska et al. in studies of RNase A crystallized from the solution containing a high concentration of ammonium

sulphate . As a consequence, some undesirable strong reflections can be present on the diffractograms and

disturb data processing.

The limit of pressure stability of the crystals is specific to each study and depends on many elements, i.e.,

composition of the mother liquor, native or mutated form of protein, or complexation with ligand. Loss of diffraction
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caused by a loss of long-range order in the crystal was observed near 820 MPa for HEWL, at 400 MPa for (CpMV)

, while crystals of RNase A, as well as those formed by Cu/Zn superoxide dismutase molecules and DNA

fragments could be compressed without loss of diffraction beyond 1 GPa and 2 GPa, respectively . On the

opposite side of the pressure sensitivity scale one can find urate oxidase crystals, for which the critical pressure

was determined at about 180 MPa . Regardless of pressure limit for the studied system, a high-pressure

experiment should commence with the acquisition of a dataset at ambient pressure. This step is primarily taken to

ensure that there are no issues with the experimental setup. Subsequently, additional datasets are collected

following the gradual application of pressure. The number of data sets collected is determined by the original

objective of the experiment, the compression behavior exhibited by the sample during the course of the

experiment, and the point at which failure of the crystal or the metal gasket is observed. A preliminary survey

involving large increments in pressure may highlight regions of interest that can then be further investigated in

detail.

Even though HPMX experiments can be easily carried out by utilization of DAC and in-house diffractometer,

synchrotron centers by enabling the tunable wavelengths and adjustable size of the beam significantly facilitate

HPMX. There are many synchrotron beamlines that allow DACs to mount, but only a few are suitable for high

pressure measurements for biological samples. The main limitation is the weight of the DAC cells. Standard

diffractometers and other positioning units are equipped with very precise motors to adjust the sample position.

Such motors are not designed to handle heavy loads. Another difficulty is the available space at the sample

environment. The DAC, even in its smallest version, is incomparably greater than the sample holder used for

regular crystallographic experiment. In many beamlines, due to the proximity of cooling attachments, cameras, and

other goniostat components, DAC cell cannot be safely mounted. Nevertheless, some beamlines overcame this by

mounting modular diffractometers  or by disassembling the attachments surrounding the sample. Examples of

such beamlines are BL2S1 at the Aichi Synchrotron (Japan), ID7B2 at CHESS (USA), ID09 and ID27 at ESRF

(France), CRISTAL at SOLEIL (France), NW12A of the Photon Factory (Japan), I19 at DIAMOND (UK), and

beamline under construction at SOLARIS (Poland). The DACs can be mounted on standard goniometer heads or

on specially developed grippers (Figure 4).
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Figure 4. High pressure X-ray experiment: (A) mounting DAC with the use of goniometer head (ESRF, beamline

ID30B, France); (B) determination of the pressure inside the DAC (green light of the laser is used to excite the ruby

fluorescence and the proportional shift of line R1 694.25 nm determines the pressure inside the DAC); (C) the

holder produced with 3D printer; (D) mounting DAC with the fitted holder (DIAMOND, beamline I19, UK).

Availability of the new generation synchrotron sources allowed to change the experimental approach by allowing a

different data collection strategy. With a smaller beam, it is possible to collect data from multiple crystals loaded to

the DAC simultaneously. If the crystals packed in the DAC are oriented differently, by collecting several data series

in different places, it is possible to obtain a complete diffraction data set even for crystals with lower symmetry.

Moreover, packing several crystals at the same time significantly reduces the sample preparation time prior to the

experiment. The problem in this approach is primarily to find the right solution that will prevent the crystals from

moving after applying pressure, while not affecting the stability and quality of the crystals. Moreover, it may be

difficult to orient crystals in the chamber, especially in the case of anisotropic crystals.

In recent years, interest in measurements of biological samples at high pressures has increased. This is reflected

in the development of new techniques for pressure measurements different from DAC implementation. One of

them is the technique of freezing crystals under pressure. Crystals are harvested and placed in a drop tubes and

pressurized with compressed gas up to 200 MPa prior the flash-cooling in liquid nitrogen . This technique allows

to reach pressures much lower than inside the DACs, but does not require access to any specific beamline:

crystals are mounted in standard pins compatible with most MX beamlines and home source diffractometers.
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