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1. Introduction

In this chapter, I would like to describe following two main roles of high pressure (up to 250
MPa) on protein crystal growth.
1. High pressure as a tool for enhancing crystallization of a protein
2. High pressure as a tool for modifying a three-dimensional (3D) structure of a protein
molecule
For the first role, Visuri et al. reported that the total amount of obtained crystals of glucose
isomerase (GI) was drastically increased with increasing pressure, for the first time (Visuri et
al., 1990). Such drastic enhancements probably play an important role in increasing the
success rate of 3D structure analysis of protein molecules, since crystallization is still the rate
limiting step in the structure analysis process. Although they were the pioneers of this field,
they did not do further studies on the growth mechanisms of GI crystals. After their pioneer
work, many studies have been done on solubility (Section 2), nucleation (Section 3), and
growth kinetics (Section 4) under high pressure. Here I would like to review and classify
these studies, and present the potential of high pressure as a tool for enhancing protein
crystallization.
For the second role, Kundrot & Richards were the pioneers of this field. They analyzed 3D
structure of hen egg-white lysozyme under high pressure at the atomic level, for the first
time (Kundrot & Richards, 1987). High-pressure protein crystallography is a prerequisite
to understanding effects of pressure on an enzymatic activity of a protein at the atomic
level (Makimoto et al., 1984). The structural information also plays an important role in
the studies of deep-sea organisms (Yayanos, 1986). Pressure probably influences the
protein structure through the structure of surrounding water molecules. Thus the protein
structure under high pressure has to be solved with water of hydration at ambient
temperatures, since a flash cooling method obviously influences the crystal structure
(Charron et al., 2002); a freezing process of the method probably influences the structure
of the surrounding water molecules, and the process prevents us from an “in situ”
analysis of the protein structure with water of hydration. In addition, mainly due to the
technical difficulties, total number of studies on high-pressure protein crystallography is
not so many at this stage. In Section 5, I would like to review the studies on “in situ”
protein structure analysis under high pressure, and present a new methodology for an
ideal “in situ” structure analysis.
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2. Solubility of protein crystals under high pressure

Solubility is generally important and indispensable to study an equilibrium state between a
solution and crystal. Solubility is usually measured at the beginning of the crystallization
research to determine the supersaturation o (o =In(C/C), C: concentration of the solution,
Ce: solubility), because the crystallization phenomena are often well described by using o.
Supersaturation is also named as the driving force for crystallization. For the studies at
atmospheric pressure, o has been useful for the discussion on the protein crystallization
(Rosenberger et al., 1996). Thus, for a high-pressure study, the high-pressure o is also useful
to discuss the mechanisms of protein crystallization. To determine the high-pressure o, the
high-pressure solubility is indispensable.

2.1 Methodology

Many researchers have measured the solubility under high pressure. However, the
solubility varies according to the method, even though the composition of the solution is
almost the same (Suzuki et al.,, 2000b). The variation prevents us from the quantitative
discussion. Therefore, the more sophisticated method is expected to measure the more
accurate solubility. Here I would like to present several methods for the measurement of
solubility under high pressure with their merits and demerits.

2.1.1 Change in the concentration of a supernatant solution with time (ex situ)

In general, this method is the most popular one for the solubility of crystals of small
molecules. Grofs et al. and Lorber et al. reported the solubility of tetragonal lysozyme
crystals under high pressure by ex situ measurement (Grofs & Jaenicke, 1991; Lorber et al.,
1996). They incubated the supersaturated solution under high pressure for a certain period,
then reduced the pressure and measured the concentration in the supernatant solution. They
measured the solubility only from the supersaturated state, where the solubility is always
uncertain from 0 mgmL-! to the asymptotic concentration. In addition, Suzuki et al. showed
that an asymptotic concentration from a supersaturated state did not correspond to that
from an undersaturated state in a realistic time scale (Suzuki et al., 2000b). Although this
method provides concentration data directly, it takes very long time to attain an equilibrium
condition.

2.1.2 Change in the concentration of a supernatant solution with time (in situ)

We have designed an in situ precise method of solubility measurement using a Mach-
Zehnder interferometer (Suzuki et al., 1998) and measured in situ the solubility of lysozyme
(Suzuki et al., 2000b). Using the method, the relative change in the concentration with time
during equilibration was measured accurately and continuously starting from a
supersaturated state (growth relaxation) and an wundersaturated state (dissolution
relaxation). The asymptotic concentration for the dissolution relaxation was regarded as the
solubility. This method is more precise than ex situ one (described in 2.1.1). However, a long
time period is still required to establish a solubility curve by this method, and this remains
as one of the most serious barriers to further high-pressure studies.

2.1.3 Change in the crystal size with pressure
Takano et al. provided a much-improved technique based on in situ observation (Takano et
al., 1997). They measured the equilibrium pressure in situ from supersaturation and
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undersaturation. They gradually increased the pressure of the sample over a period of few
days, and continuously recorded the images of the lysozyme crystal. The solubility was
determined from changes in both the size of the crystal and the amount of the transmitted
light through the crystal. Although they could shorten the period for one plot, a long time
period was still required to establish a solubility curve.

We also measured the solubility of triclinic lysozyme crystals by observing the crystals
before and after pressurization for two hours with high precision, although the
measurements had been conducted ex situ (Suzuki et al., 2011).

2.1.4 Change in the concentration distribution around a crystal (in situ)

In order to decrease the time necessary for the solubility measurement under high pressure,
another interferometric technique has been developed, which can determine the solubility of
lysozyme within at most 3 hours (Sazaki et al., 1999). In the interferometric method, an
equilibrium temperature of a given concentration is determined by observing the
concentration distribution around a crystal. The distribution can be visualized by using a
Michelson interferometer (Sazaki et al., 1999).

Under high pressure, the concentration distribution around the crystals was observed in situ
with the Michelson interferometer. Figure 1 shows interferograms of the solution around a
GI crystal under 100 MPa (Suzuki et al., 2002b). Here, the concentration of glucose isomerase
was 354 mgmL-l. If the temperature of the sample was set lower than its equilibrium
temperature, the crystal grew (24.7 °C), and the fringes were bent in the vicinity of the
crystal (Fig. 1(a)), because of the decrease in the concentration around the crystal. On the
other hand, when the temperature was raised higher than its equilibrium temperature
(44.1 °C), the crystal dissolved and the fringes bent in the opposite direction (Fig. 1(b)). From
observation of the fringes around the crystal, we determined the equilibrium temperature of
the crystal and solution of a given concentration.

Fig. 1. Interferograms around the glucose isomerase crystal under 100 MPa (Suzuki et al.,
2002b). Concentration of glucose isomerase in bulk solution is 35.4 mgmL-1. (a) Growth
(24.7 °C), (b) dissolution (44.1 °C). The scale bar represents 1 mm.

Although this technique reduced the measurement time for one data point drastically
(within 3 hours), the error of the data points was generally larger than the method of 2.1.3.
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2.1.5 Change in the position of steps or the morphology of ledges of crystals (in situ)
Among the many studies on protein solubilities so far, in situ observation of steps on crystal
faces using a laser confocal microscope combined with a differential interference contrast
microscope (LCM-DIM (Sazaki et al., 2004)) has been the most powerful method (step-
observation method) for measuring the equilibrium temperatures T. of protein crystals (Van
Driessche et al., 2009; Fujiwara et al., 2010). Van Driessche et al. reported that this method
yielded the highest precision in measurements of T. of tetragonal hen egg-white lysozyme
crystals (Van Driessche et al., 2009), and we found it produced the fastest results (Fujiwara
et al., 2010). For high-pressure solubility, Fujiwara et al. measured that fastest and with
highest precision, at this stage.

To tell the truth, we applied this method to measure high-pressure solubility of GI crystals
for the first time (Suzuki et al., 2009, 2010a). In these papers, we also use the changes in the
morphology of a ledge of a crystal, while the precision was not so high as that of the data
measured by Fujiwara et al.

2.2 Solubility data

In addition to the above studies, many studies on the solubility of proteins under high
pressure have been reported. The solubility, Ce, of tetragonal (Grofs & Jaenicke, 2001; Lorber
et al., 1996; Takano et al., 1997; Sazaki et al., 1999; Suzuki et al., 2000a, 2000b, 2002a; Kadri et
al., 2002; Fujiwara et al., 2010) and monoclinic (Asai et al., 2004) hen lysozyme, turkey
lysozyme (Kadri et al., 2002), and subtilisin (Webb et al., 1999; Waghmare et al., 2000a)
crystal increased with increasing pressure, while that of orthorhombic hen lysozyme (Sazaki
et al.,, 1999; Suzuki et al., 2002a), glucose isomerase (Suzuki et al, 2002b, 2005, 2009), and
thaumatin (Kadri et al., 2002) crystal decreased with increasing pressure.

Pressure Measurement time

Protein crystals dependence for one plot Accuracy
Hen Lysozyme
Tetragonal 1 (Positive) <70 minutes <+0.7Kin Te
(Fujiwara et al., 2010)
Orthorhombic | (Negative) <3 hours <+48KinT.
(Sazaki et al., 1999)
Monoclinic 1 < 6 hours <+ 0.4 mgmL!in Ce
(Asai et al, 2004)
Triclinic 7 < 6 hours <+1.0 mgmL1in Ce
(Suzuki et al., 2011)
Turkey Lysozyme 7 9 days -
(Kadri et al., 2002)
Purafect Subtilisin 7 7 days -
(Webb et al., 1999)
Glucose Isomerase ! <90 minutes <+25Kin Te
(Suzuki et al., 2009)
Thaumatin i 9 days -
(Kadri et al., 2002)

Table 1. Effects of pressure on the solubility of proteins.
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The above results are listed in Table 1. In general, the decrease in solubility with pressure
results in the increase in nucleation rates and growth rates of crystals. From Table 1, three of
eight crystals exhibit the decrease in solubility with pressure. Thus, application of high
pressure to a protein solution would be useful for crystallizing previously uncrystallized
proteins.

2.3 Thermodynamic analyses

From solubility data, thermodynamic parameters are often calculated using van’t Hoff plots.
If we assume that the effect of the activity coefficient is negligible, we can estimate the
partial molar enthalpy of dissolution, AH, from Eq. (1) and the partial molar entropy of
dissolution, AS, from Eq. (2).

olnC, -AH )

81/T) R '’

ORTInC, _ o )
oT

where Ce: solubility (mg mL-1); R: gas constant.

To estimate AH InC. is plotted against T-l. If we assume that AH does not depend on
temperature, AH is estimated from the slope by linear fitting of the plot. In this section,
weighted fitting was done, because the temperature error was large at lower concentration
region. AS is estimated from T-RTInC. plots.

From the dependence of pressure on solubility, if we assume that the effect of the activity
coefficient is negligible, the volume change accompanying the dissolution, AV (AV =V -V,
V : the partial molar volume of the solute, V.: molar volume of the crystal), is expressed as,

oInC,

AV =—RT]
oP

Ir- €

If AV does not depend on pressure up to P MPa, the molar volume change accompanying
the dissolution at 0.1 MPa is expressed as,

11’1 Ce, P - 11’1 Ce, 0.1
P-0.1

AV =-RT , 4)
where C,, pand C,, o1 indicate the solubility at P MPa and 0.1 MPa, respectively.

All the above thermodynamic functions (AH, AS and AV) reported so far are listed in Table 2.
Negative value of AV indicates that the partial molar volume of a protein, V', is smaller than
the molar volume of a crystal, V., and vice versa. Figure 2 represents a simplified model of
the states of the protein in the crystal and in solution.

Consider now the change from crystalline to the solution state. If we neglect any change in
volume of the protein molecule, the bulk water, and the waters of hydration 2 (those around
parts of the protein exposed in both crystal and solution), then AV is given by the volume of
the waters of hydration 1 (around the contact surfaces of the protein) minus the volume
occupied by these same water molecules as “free” water when the protein is in the
crystalline state. For this volume change to be negative, as found for tetragonal lysozyme
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crystals, the water molecules must be more tightly packed when hydrating the contact
regions than when “free” in the bulk water. This, in fact, is expected to be the case for
contacts containing a large number of hydrophilic residues. Correspondingly, the positive
volume change on dissolution of glucose isomerase crystals implies that the contact surfaces
tend to structure the waters of hydration such that they occupy a larger volume than in the
bulk. It predicts that the contacts in glucose isomerase crystals should be more hydrophobic
than in tetragonal lysozyme crystals.

Protein crystals AV / cm3mol-! AH / kJmol- AS / Jmol-1K-1
0.1 MPa Authors 0.1MPa  100MPa 0.1 MPa 100 MPa
Hen Lysozyme
Tetragonal -18+46 S&S 130£10 70+10 460+40 280440
-11.6 L
-5 We
-3.0+0.5 K
Orthorhombic ~ 5£18 S&S 3513 3515 140£10 140£20
Monoclinic A 102t6 7912
Triclinic S2011 1134 9714
Turkey Lysozyme -15+1 K
Purafect Subtilisin -21+1 We
-3017 Wa

Glucose Isomerase 54+31 52002 160440 210+60 420+100 580+180

Thaumatin 11+1 K

Table 2. Thermodynamic functions of dissolution obtained by solubility data of protein
crystals. Characters listed in Authors column indicate references as follows. S&S: (Sazaki et
al., 1999; Suzuki et al., 2002a); L: (Lorber et al., 1996); We: (Webb et al., 1999); K: (Kadri et al.,
2002); A: (Asai et al., 2004); S2011: (Suzuki et al., 2011); Wa: (Waghmare et al., 2000a); S2002:
(Suzuki et al., 2002b).

The decrease in AS of tetragonal lysozyme crystal with pressure can be explained by a
decrease in AV with pressure. Since the solution is more compressible than the crystal, the
magnitude of AV is smaller under high pressure than under atmospheric pressure. Smaller
| AV| under high pressure can lead to a smaller change in a degree of freedom. In the case
of GI crystals, on the other hand, the increase in AS can be explained by the increase in AV
with pressure. The change in AH is still not clear. Further crystallographic study on the
hydration of the intermolecular contact regions or the other independent measurements of
AV, AH and AS may explain these phenomena.
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a) Contact

region e Water of hydration 1
D/ o Water of hydration 2
) o Bulk water
Protein molecule
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o
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Fig. 2. Schematic diagrams of protein molecules in the crystal and solution (Suzuki et al.,
2002a). In the crystal, the molecules are in contact with each other at the regions indicated in
black. Hydrated water 1 and 2 represent water molecules hydrating the contact and non-
contact regions of the protein, respectively. The volume change on dissolution is given
mainly by the difference in volume between hydrated water 1 and bulk water.

3. Nucleation of protein crystals under high pressure

The mechanisms of high-pressure acceleration of 3D nucleation will play the most important
role in the improvement of the success rate of crystallization, since the success rate of the 3D
nucleation corresponds to that of the crystallization. The precise analyses of the
supersaturation dependencies of 3D nucleation rate, |, will clarify the mechanisms.

Except for the data presented in our studies on GI crystals (Maruoka et al., 2010; Suzuki et
al., 2010c), the effects of pressure on | have not been reported yet. Although Grof3 et al.
discussed the effects of pressure on the nucleation kinetics using the Oosawa theory of
protein self-assembly (Grof3 et al., 1993), and the group of Glatz discussed the activation
volume of the nucleation using the number of crystals (Saikumar et al., 1998; Webb et al.,
1999; Waghmare et al., 2000b; Pan & Glatz, 2002), neither group measured | under high
pressure directly.

Thus, in this section, I would like to focus on our studies on GI crystals (Suzuki et al., 2009,
2010c; Maruoka et al., 2010).

3.1 Classical nucleation theory
The 3D nucleation rate (Volmer & Weber, 1926), | , is modified and expressed as follows
(Suzuki et al., 1994):
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*

] = vsn, exp(——

) ®)

where v, s, n;, AG", k, and T represent the collision rate of GI tetramers with critical nuclei,
the sticking parameter for the addition of a GI tetramer to a critical nucleus, the number of
GI tetramers in the unit volume of a solution, the Gibbs free energy for the formation of a
critical nucleus of a GI crystal, the Boltzmann constant, and the absolute temperature,
respectively. The variables s and AG" can be expressed as follows (Boistelle & Lopez-Valero,
1990):

s = nexp(ﬁ) , (6)
and
. fQ2 /3
AG" = Tof )

where 1, ¢, f, Q and y represent the total number of tetramers adjacent to the surface of a
nucleus, the activation energy for the addition of a GI tetramer to a critical nucleus, the
shape factor, the average volume occupied by a GI tetramer, and the surface free energy of
the GI crystal, respectively. Substituting equation (6) and (7) for (5) and taking the natural
log of both sides, we obtain the following expression:

Q%7 1
ln]=ln(vnnt)—kiT—]ZkT;/3x?. )

3.2 Methodology

A high-pressure vessel with transparent sapphire windows was used (Maruoka et al., 2010;
Suzuki et al., 2010c). An inner cell (inner volume =1 x 6 x 20 mm3) for in situ observation
was made of glass slides, and equipped with soft silicone tubes for sample loading. The cell
was set in the vessel, and crystals in the cell under high pressure were observed through the
sapphire windows using a stereoscopic microscope (Nikon, SMZ800, objective: EDPlanx2
(N. A. = 0.2)). The solution and pressure medium were separated by soft silicone tubes of
the cell. The solution around the crystals was pressurized via the tubes. The pressure in the
vessel was well controlled automatically by a feedback system with a pressure sensor
(accuracy of pressure: + 0.5 MPa) and could be kept constant for a long time. The
temperature of the cell was directly controlled using a Cu jacket with a Peltier element. We
could control the temperature from 15.0 to 35.0 °C with the accuracy of + 0.2 °C.

A supersaturated solution of a given GI concentration was transferred into an inner cell. The
number of the observable crystals per unit volume N was counted with time t using a
stereoscopic microscope. The nucleation rate | is defined as the slope of the tangent line of
the t - N plots at the point of inflection. In practice, we fit Gompertz function, which is a
sigmoid function, to the t - N plots, since Foubert et al. fit the Gompertz function to their
data of released crystallization heat of fat crystals, and the fit of the Gompertz model
seemed to be better than that of the mostly used Avrami model (Foubert et al., 2003). The
Gompertz function we used is expressed as,
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N = aexp{-expl-k( - )]} ©)

where t represents time, and 4, k, and {. are fitting parameters. We assume that | is defined
as the slope of the tangent line of the Gompertz function at the point of inflection, since the
slope provides the maximum value. From eq. (9), ] is expressed as,

] =ak/e (10)

Induction time t is calculated by substituting N = 1 into eq. (9), and expressed as,

7= t. - (1/K)In(-In(1/a)) (11)

3.3 Three-dimensional nucleation rates

N increased with time in a sigmoidal-like fashion (Fig. 3). The Gompertz function fitted well
all the t - N plots. From the fitting parameters and eq. (10), ] was calculated and plotted
against o (Fig. 4). | increased with increasing pressure at the same 0. We also determined 7
using eq. (11). T also increased with increasing pressure at the same o (Fig. 4). The increase
in ] and 7! with pressure at the same ¢ indicates that they are kinetically accelerated under
high pressure.

1.210" L

810"

N/m?

410"

0 400 800 1200
t/s

Fig. 3. Time course of the number of observed microcrystals at T =20 °C, C = 27.07 mgmL-,
and P =100 MPa (Maruoka et al., 2010). Solid curve indicates a Gompertz function.

Although nucleation of protein crystals under high pressure has been already studied by a
few researchers (Suzuki et al., 1994, Waghmare et al., 2000b; Pan & Glatz, 2002), no one has
succeeded in measuring | directly and discussing the dependence of | on 0. We previously
measured | of tetragonal lysozyme crystals under high pressure by in situ observation of the
number of crystals using a diamond anvil cell (Suzuki et al., 1994). | decreased with increasing
pressure at a constant concentration. However, since the solubility was not measured at that
time, we could not separate the effects of solubility change under high pressure. Waghmare et
al. and Pan et al. assumed that the final number of subtilisin crystals was proportional to |
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(Waghmare et al., 2000b; Pan & Glatz, 2002), and they did not observe the transient number of
the crystals. Thus, our results shown in Fig. 4 successfully clarified, for the first time, that the
3D nucleation of GI crystals was kinetically accelerated under high pressure.

10" 0.01

= =

‘Tw + Q
O?E 108 |- 10.001 <
~ m-
ﬁ -—
107 - g i
100 —6—2" . 10.0001

1.5 1.7 1.9 21

ol -

Fig. 4. ] and 7! with supersaturation ¢ (Maruoka et al., 2010). Open and closed symbols
indicate | and 1, respectively. Circles and squares indicate the data measured under 0.1 and
100 MPa, respectively.

3.4 Kinetic analyses

We plotted the natural logarithm of | against 1 / 02. In] increased with increasing pressure at
the same value, 1 / 02. Using eq. (10) and tentatively assuming that f equals 25 (Boistelle &
Lopez-Valero, 1990), the average surface free energies y at 20°C are calculated to be (8 + 3) x
105 and (9 +2) x 10> Jm2 at 0.10 and 100 MPa, respectively. y does not change with pressure
within experimental errors. This result does not correspond with our previous results, in
which y decreased with increasing pressure (Suzuki et al.,, 2005). This inconsistency is
mainly due to the experimental errors in J. To confirm the pressure dependency of y in
detail, we will need to measure the two-dimensional (2D) nucleation rates with o under high
pressure (Suzuki et al., 2009, 2010a; Van Driessche et al., 2007).

On the other hand, the intercept of the linear fitting function shown in Fig. 2, In(vnny) - € /
kT, at 100 MPa is much larger than that at 0.10 MPa. This indicates that the activation energy
for the addition of a GI tetramer to a critical nucleus, ¢, decreases drastically with increasing
pressure, since v should not change so much, and »n and n; of 100 MPa are less than those of
0.10 MPa at the same o.

3.5 Two-dimensional (2D) nucleation rates
We preliminarily measured in situ 2D nucleation rates Js of 2D islands on the {011} face of
glucose isomerase crystals at 0.1, 25 and 50 MPa. J; increased with increasing pressure. For
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these plots, GI concentration in the bulk solution C (= 5.6 mg mL-) and temperature (T =
26.4 °C) were constant throughout the measurement. Thus, the increases in Js are completely
due to the increase in pressure.

4. Growth kinetics of protein crystals under high pressure

To understand the mechanisms of crystal growth precisely, growth kinetics should be
clarified. In this section, I would like to describe mainly following two topics.

1. Effects of high pressure on growth rates of crystal faces, R

2. Effects of high pressure on step velocities, V

4.1 Effects of high pressure on growth rates of crystal faces, R
Kinetic analyses of R provide useful information about growth mechanisms. Pressure effects

on the kinetics of R of protein crystals are listed in Table 3.

Protein crystals Pressure effects Authors
Hen Lysozyme
Tetragonal Inhibition Suzuki et al., 2000a
Orthorhombic Inhibition Nagatoshi et al., 2003
Monoclinic Acceleration Asai et al., 2004
Purafect Subtilisin Inhibition Waghmare et al., 2000a
Glucose Isomerase Acceleration Suzuki et al., 2005

Table 3. Effects of pressure on the growth kinetics of protein crystals.

4.1.1 Growth theory

How does pressure affects R kinetically? The following three hypotheses are conceivable. (1)
An increasing pressure reduces the volume of the system, and thus elevates the protein
concentration. (2) The rising pressure brings about changes in the crystals' growth mode. (3)
Changes in growth parameters such as an activation energy, surface free energy, etc. occur
with elevations in pressure.

(1) Elevation of the protein concentration through a reduction in the system volume

Let us first consider hypothesis (1). How much does the concentration change with
increasing pressure? Kundrot & Richards reported that from 0.1 to 100 MPa the volume
contraction of a tetragonal hen lysozyme (t-HEWL) crystal, the solvent in the crystal and the
bulk solution were 1.1, 3.7 and 3.7 % (Kundrot & Richards, 1987, 1988), respectively. For a t-
HEWL crystal, regardless of the increase in the protein concentration resulting from the
volume contraction, the growth kinetics decelerates with increasing pressure (Suzuki et al.,
2000a). In the case of the other protein crystals listed in Table 3, the volume contraction of
the system is probably of the same order as that of the t-HEWL crystal (i. e. several percent).
Thus, this hypothesis (1) can not explain the inhibition of the growth kinetics of protein
crystals. In addition, it hardly explains the significant acceleration of the growth kinetics of
monoclinic hen lysozyme and GI crystals.
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(2) Changes in the crystals' growth mode

To evaluate the second hypothesis, we should first confirm the crystal growth mode under
all the growth conditions. Since all the crystals described in this review had clear facets, the
crystals formed via a layer-by-layer growth mechanism. Therefore, they must have grown in
a spiral growth mode with screw dislocations or in a 2D nucleation growth mode (Fig. 5).

Mononucleation

Polynucleation

Spiral growth mode 2D nucleation growth mode

Fig. 5. Schematic illustrations of typical growth modes of crystals with clear faces.

If the density of the screw dislocations is sufficiently low, the growth rate R of the spiral
growth mode is expressed as (Burton et al., 1951; Cabrera & Levine, 1956),
Kh

R = 19f01(0 . (12)

Here, K is a step kinetic coefficient, i a step height, fy the area which is occupied by a
molecule on the crystal face, and « a ledge free energy. In Table 3, only for t-HEWL and
orthorhombic lysozyme (o-HEWL) and GI crystals, R of specific faces of the crystals were
precisely measured. Supersaturation dependencies of R of the above three crystals were not
fitted well using the equation (12).

Next, we take into account the 2D nucleation growth model. Actually, there are two models
that can represent the 2D nucleation growth mode: one operating by mononucleation and
the other by polynucleation. Through the following reasoning, we judged that the latter is
the growth mode in the present cases. The growth rate in the mononucleation mode is
proportional to the surface area of the relevant face (Markov, 1995). However, all R referred
in the present review did not depend on the surface area, although different crystals of
different size were used. In addition, to confirm the growth mode directly, we observed the
surface topography in situ using a reflection type laser confocal microscope combined with a
differential interference contrast microscope (LCM-DIM system) (Sazaki et al., 2004) for GI
crystals. The 2D nucleation and subsequent lateral growth of the 2D islands were clearly
observable. Thus, we concluded that the GI crystal grew in the polynucleation mode. In the
case of t-HEWL, we also confirmed polynucleation growth under high pressure.

R in the polynucleation mode is expressed as (Suzuki et al., 2000a, 2005; Nagatoshi et al.,
2003),
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R=k eXp(z?J)(eXpo )2 exp(2) (13)
o)
where k; and k; are expressed as,
_TT\1/3 13/37,4/3, ,-2/3~4/3 &+ &y + 284
ki=(=)""a>""h C, exp(—E—"%
1=(3) Vag " C " exp( e (14)
and
2
4
k2 - 3k2T2 . (15)

In Egs. (13), (14) and (15), the following symbols are used: a is the distance between the
molecules in the crystal; / is the step height; v is the thermal frequency of a solute; A is the
average distance between the kinks on a step; ¢ is the activation energy for a solute molecule
to be incorporated into a critical nucleus; €.q is the activation energy for a solute molecule to
be adsorbed on the crystal surface; eink is the activation energy for a solute molecule to be
incorporated into a kink site; y is the molecular surface energy that represents the excess free
energy due to unsatisfied bonds of a molecule at a step edge; and k is the Boltzmann
constant. By nonlinear least squares fitting, eq. (13) reproduces the experimental data well.
All experimental data were best fitted to the 2D nucleation growth mode of the
polynucleation type. Hence we concluded that there was no change in the growth mode
with increasing pressure. Thus pressure effects are mainly due to (3) Changes in growth
parameters such as an activation energy, surface free energy, etc. with pressure.

4.1.2 Summary of kinetic analysis of R

For t-HEWL, o-HEWL, and GI crystals, R were measured with ¢ under high pressure. By
fitting these data with the equation (13), kinetic constants k; and k, were calculated as shown
in Table 4.

The value of k; of the {110} face of t-HEWL crystals at 100 MPA for the best fit (k; = 7.1 x 106
nms1) is extraordinarily large and this value has less physical meaning. This is owing to the
lack of data and error of R. As in eq. (14), there are too many factors to determine which
dominate the increase in ki with pressure. Thus, I also showed the result in which I fixed ki
value. The increase in k; and the decrease in k; result in the acceleration of growth kinetics.
In Table 4, the dependence of ki and k; on pressure is generally complicated.

First, in the case of t-HEWL crystal, for both faces, k; increases with increasing pressure,
while k; increases. This shows that the effect of the increase in surface free energy dominates
the overall inhibition of the growth kinetics. Second, results of o-HEWL crystals show
different pressure dependencies. Both k; and k. decrease with an increase of pressure. The
decrease in k; dominates the inhibition of the growth kinetics under high pressure. Third,
the acceleration of growth kinetics of GI crystals is mainly due to the decrease in surface free
energy (ka).

To study the effects of pressure on each parameter precisely, further accumulation of the
data of R is needed.
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Protein crystals and Authors Pressure / MPa
constants
0.1 50 100
Hen Lysozyme
Tetragonal Suzuki et al., 2000a

{110} face
ki / nms-1 0.84 3.5 7.1 x 106
ko / - 3.6 8.7 45
ko (k1 = 0.84 nms-! fixed) / - 3.6 5.4 9.6

{101} face
ki1 / nms-1 0.14 0.33 0.86
ky/ - 1.0 3.8 6.5
ko (k1 = 0.14 nms-! fixed) / - 1.0 2.0 2.6

) Nagatoshi et al.,
Orthorhombic 2003
ki / nms1 47+13 1.7+0.6
ky / - 20+£04 1.5+0.5
Glucose Isomerase Suzuki et al., 2005

{101} face
k1 / nms-1 76 O(')é(())Si
ky / - 18+2 311

Table 4. Kinetic constants of 2D polynucleation growth.

4.2 Effects of high pressure on step velocities, V

In the case of a 2D nucleation growth model, since R is proportional to J1/3V2/3 (Js: 2D
nucleation rate, V: step velocity) (Markov, 1995), the model analyses of R are indirect and
prevent further detailed analysis. In situ observation of the steps enables us to directly and
separately measure J; and V, which are necessary to elucidate the causes of high-pressure
acceleration of the nucleation and growth. Hence, direct observation of individual
elementary steps plays a crucial role in studies of crystallization under high pressure.

Direct observations of individual elementary steps on protein crystal surfaces have been
carried out mainly by atomic force microscopy (AFM) (Durbin & Carlson, 1992; Durbin et
al., 1993; McPherson et al., 2000). However, AFM does not work under high pressure (> 6
atm) at the present stage (Higgins et al., 1998). Besides, the scan of a cantilever would
potentially affect the soft surfaces of protein crystals. Advanced optical microscopy is a
promising alternative to directly and noninvasively observe individual elementary steps
even under high pressure. Among various kinds of advanced optical microscopy, we
adopted laser confocal optical microscopy combined with differential interference contrast
microscopy (LCM-DIM), by which we have already succeeded in observing the elementary
steps of GI crystals under atmospheric pressure (Suzuki et al., 2005). The development of a
high-pressure vessel with an optical window thin enough to suppress optical aberration,
also played a crucial role in the LCM-DIM system.
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At this stage, V of GI crystals under high pressure are only available data (Suzuki et al, 2009,
2010a).

4.2.1 Theory of step velocities, V
Assuming a direct incorporation process, step velocity on a specific face of a GI crystal V is
expressed as follows (Suzuki et al., 2009, 2010a):

V = Petep2(C - Ce) (16)

where fsep and €2 represent the step kinetic coefficient of the incorporation process of GI
tetramers, which are the growth units of GI crystals, at kink sites on steps of GI crystals and
the average volume occupied by a GI tetramer in the crystal, respectively. We used bulk
concentration C instead of the concentration adjacent to a crystal surface, Csurf. Pstep iS
expressed as follows (Chernov, 1984):

Py =v - aexp(- Tk, (17)
where v, p, A, a, and &xink represent the vibrational frequency of a GI tetramer, unit cell length
parallel to a step, kink spacing, unit cell length perpendicular to the step, and activation
energy of the incorporation of a GI tetramer into a kink site on the GI crystal surface,
respectively. The variables v, p, and a seldom change with increasing pressure. A probably
does not change with increasing pressure too much, since the shape of a step does not
change with increasing pressure (Suzuki et al., 2009, 2010a). Most of the steps on GI crystal
surfaces were straight ones and the shape of the steps did not change with increasing
pressure. This means that A did not change significantly; the change in fsep was mainly due
to the change in ejnk.

Based on the dependence of pressure on fep, the volume change in going to the activation
state in the incorporation process of GI molecules at the kink site on the step, AV¥ (AV# =V# -
V, Vi partial molar volume of the activated GI tetramer in the solution), is expressed as
follows (Laidler, 1987):

Oln Bstep
AVi=-RT [T]T : (18)
If AV* does not depend on pressure up to P, AV+ at 0.10 MPa is expressed as follows:
In -In
AVE=_RT ﬂSl‘ep,P ﬂstep,O.lO ) (19)

P-0.10

where Petep,p and Petep,0.10 indicate the step kinetic coefficients at P and 0.10 MPa, respectively.

4.2.2 Experimental

This study made use of an LCM-DIM system (Olympus Optical Co., Ltd.). To measure V of
GI crystals precisely, a super-luminescent diode (SLD) laser (Amonics Ltd., model ASLD68-
050-B-FA: A = 680 nm), whose coherence length is about 10 pm, was adopted as a light
source.
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Figure 6 shows a schematic illustration of a high-pressure vessel and a GI crystal. A high-
pressure vessel with a 1-mm-thick sapphire window (Syn-corporation, Ltd., PC-100-MS)
was specially designed and used for the in situ observation of crystal surfaces under high
pressure. We used an O-ring to provide a seal between the sapphire window and a stainless
steel support. The surface of the support attached to the sapphire window was processed by
mirror polishing to increase the pressure that the O-ring could withstand. In this study,
achieving a balance in the thickness of the sapphire window was particularly important,
since a thinner window decreases optical aberration, while a thicker one raises the
withstand pressure. To our knowledge, the vessel used in this study provides top
performance in in situ observation of crystal surfaces. The volume of sample space in this
vessel is 8.3 mm? (4.3 mm in height and 1.6 mm in diameter).

Crystal

% r &

Sapphire Stainless-steel U

window Objective  support Crystal O-ring

Fig. 6. Schematic illustration of an experimental setup.

To compensate for the optical aberration caused by the light transmitted through the
sapphire window, an objective with a compensation ring for a cover glass with a thickness
of 0 - 2 mm (Olympus Optical Co., Ltd., SLCPlanFI 40X) also played an important role.
Precise adjustments of the compensation ring of the objective and the shear amount of the
Nomarski prism were indispensable for obtaining a high contrast level of elementary
steps.

For in situ observation of elementary steps under high pressure, seed crystals were placed
directly on the sapphire window of the high-pressure vessel to minimize the optical
aberration. The seed crystals were prepared as follows. A suspension of GI crystals
(Hampton Research Co., Ltd., HR7-100), containing 0.91 M ammonium sulfate and 1 mM
magnesium sulfate in 6 mM tris hydrochloride buffer (pH = 7.0) (Tris-HCl is known as the
most insensitive buffer to pressure) (Neuman et al., 1973), was dissolved (~ 33 mg mL) and
filtered (Suzuki et al., 2002b). Then the filtrate was transferred onto the sapphire window
and sealed with an o-ring and a glass slide.

After a few small crystals appeared on the window at 10 °C, the crystals were grown at
room temperature (~ 22 °C) until they reached an appropriate size for the observation
(typically = 100 pm). The crystals placed on the window were rinsed with a GI solution of
5.6 mg mL-, and then the window with the crystals was fitted into the high-pressure vessel
filled with a GI solution of 5.6 mg mL-1. In this study we prepared < 10 crystals (size ~ 150
pm) in the 1.6 mmg O-ring on the sapphire window. Thus, the average separation between
the crystals was ~ 300 pm.
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4.2.3 Step velocities

Step velocities V on the {011} faces at 0.1 and 50 MPa were measured in the range of protein
concentrations C = 5.3 - 8.9 mg mL-1. As shown in Figure 7(a), V increased with increasing
pressure. The increase in V is attributed to both kinetic and thermodynamic contributions as
shown in eq. (16).

10 10
() (b)
‘-W Iil ‘-m
E 5t - E 5|
> - © > ’&)@/@1
o
o
0 : 0 ‘
0 5 10 0 5 10
C /mg mL" C-C./mgmlL”

Fig. 7. Step velocities V on the {011} faces of GI crystals as a function of C (a) and C - C. (b)
(Suzuki et al., 2009, 2010a). V was measured at 0.1 MPa (©) and 50 MPa (o). Temperature
was 25.0 °C. The lines shown in (b) indicate the results of weighed linear fitting.

To separate the kinetic contribution (fsep) from the thermodynamic one (C - C¢), we
replotted V as a function of C - Ce (Figure 7 (b)). The slopes of the straight lines shown in
Figure 7 (b) correspond to fsepS2 in eq. (16) at 0.1 and 50 MPa. We have measured £ under
100 MPa by X-ray crystallography, and found that Q decreased by only 1.1% with increasing
pressure: 2 were (4.79 = 0.03) x 10-% and (4.74 = 0.08) x 102 m3 at 0.1 and 100 MPa,
respectively (Tsukamoto, 2009). Thus, we concluded that feep increased with increasing
pressure kinetically. fsep thus obtained were (3.2 £ 0.2) x 107 and (5.7 £ 0.9) x 107 m st at 0.1
and 50 MPa (here we assume that Q at 50 MPa is same as that at 0.1 MPa), respectively.
From these data, we calculated AV* to be -28 + 8 cm3mol-! using equation (19).

Ce values at 25°C (2.6 £ 1.4) and (0.8 + 0.4) mgmL -1 at 0.10 and 50 MPa, respectively (Suzuki
et al., 2009, 2010a). From these data, we calculated AV to be -60 + 40 cm3mol-! using equation
(4). The absolute value of AV*is almost half that of AV.

Such volumetric parameters are strongly related to the dehydration process during the
incorporation of a growth unit into a kink site. Thus, further data accumulation will be
useful for understanding the dehydration process, which should be one of the most
important mechanisms of protein crystallization.

5. X-ray crystallography of protein crystals under high pressure

From the viewpoint of "in situ" high-pressure protein crystallography at the atomic level,
five reports have been published so far (Kundrot & Richards, 1987; Urayama et al., 2002;
Collins et al., 2005, 2007; Colloc’h et al., 2006). Kundrot et al. reported a three-dimensional
structure of a protein (lysozyme) molecule under 100 MPa for the first time (Kundrot &
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Richards, 1987). They used a Beryllium (Be) vessel with a stainless steel capillary tube. They
revealed anisotropic contraction of the molecule and the increase in the number of ordered
water in the crystal with increasing pressure. Urayama et al. and Collins et al. also used Be
vessels (Urayama et al., 2002; Collins et al., 2005, 2007). Colloc'h et al. used a diamond anvil
cell (DAC), and they could collect 2.3 A resolution data of urate oxidase (Colloc’h et al.,
2006).

However, each method has some problems. All the Be vessels equipped capillary tubes, and
the tubes were obstacles to the free rotation of the vessels on goniometers during data
collection processes. In the case of a DAC, the accuracy of pressure measurements with ruby
fluorescence is low, although the DAC can generate much higher pressures than the Be
vessels can do. The error of the pressure measurements in a DAC is usually larger than 10
MPa. In addition, there are usually geometrical constraints on data collection processes with
a DAC.

A stand-alone type Be vessel solves all the above problems. Without connecting to the
capillary tube, the vessel can freely rotate. With a simple free-piston type pressure indicator,
we can monitor pressure in the vessel. In this section, I would like to present our most recent
work on high-pressure x-ray protein crystallography.

5.1 Methodology

A stand-alone type high-pressure Be vessel (Syn-corporation Ltd.) was constructed for "in
situ" high-pressure protein crystallography at the atomic level (Suzuki et al., 2010b). The
vessel equips a Be tube, a stainless steel base, a pressure valve, a coupler joint and a free-
piston type pressure indicator. The pressure indicator was composed of a free piston and
two springs, and pressure was monitored within £ 1 MPa. From calibration plots of the
indicator, we obtained the following equation.

h = (0.46 + 0.05) + (0.0983 + 0.0009) P. (20)

Here h is the displacement of the piston in mm, and P shows pressure in MPa. The Be tube
contains 1% BeO, which reduces X-ray transmittance, and this BeO content is less than that
in Urayama’s Be tube (2.5%) (Urayama et al., 2002). The thickness of the tube wall is 1.08
mm, and it is also less than that of Kundrot’s tube (2.25 mm) (Kundrot & Richards, 1987).

5.2 High pressure X-ray analyses of crystals grown at ambient pressure

Glucose isomerase from Streptomyces rubiginosus (Hampton Research, HR7-100) was used
without further purification. A GI crystal (~ 0.5 mm) was prepared at atmospheric pressure
on the inner wall of a glass capillary (Hampton Research, HR6-164) with its growing
solution. The solution contains 0.91 M ammonium sulfate, 1 mM magnesium sulfate, and
these are dissolved in 6 mM tris hydrochloride buffer (pH = 7.0). The details of the
preparation of the crystal are as follows. First, smaller seed crystals were prepared as
described elsewhere (Suzuki et al, 2002b). Second, one of the smaller seed crystals was
transferred into a growth solution (the GI concentration of the solution was 28 mgmL-1) in a
glass capillary. Third, the seed crystal was incubated for 3 days at 26 °C. Last, the capillary
with the crystal and solution was transferred into our high-pressure vessel without
replacing the solution. We did not remove the solution, since hydrostatic pressure should be
transmitted via the solution. A diffraction data set was collected at room temperature on an
imaging-plate detector (Rigaku Co., R-AXIS VII) using a rotating copper-anode in-house
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generator operating at 40 kV and 20 mA (0.8 kW). Such a relatively mild condition is
suitable for “in situ” structure analyses, since a high-intensity X-ray radiation easily
increases the temperature of a crystal and water molecules around the crystal; the crystal
easily dissolves and deteriorates.

Rotation diffraction spots of a GI crystal and powder diffraction rings of a Be tube are
shown in Fig. 8. The data were processed using Crystal Clear (Rigaku Corporation, Tokyo).

é‘:h;" i e et L.““:‘:J
Fig. 8. Rotation diffraction spots of a GI crystal and diffraction rings of a polycrystalline Be

tube (Suzuki et al., 2010Db).

We successfully collected a 2.0 A resolution data set of a GI crystal. Pressure could be kept
constant at 100 £ 1 MPa for > 24 hours in stand-alone conditions (without connecting to a
pressure generator). Although the crystal dissolved a little after the data collection process
(> 3 hours irradiation with X-rays), we confirmed that this vessel is sufficiently useful for “in
situ” high-pressure protein crystallography.

Strictly speaking, no one has done true “in situ” high-pressure protein crystallography, and
a direct result has not been achieved yet. Kundrot et al., Urayama et al., Collins et al., and
Colloc’h et al. prepared their crystals at atmospheric pressure, and then pressurized and
analyzed the crystals. In such cases, proteins in a crystal shrink with keeping their bonding
structure in the crystal during the pressurization. Thus, the pressurized structure in the
crystal can be different from that in a solution. In contrast, Charron et al. prepared
thaumatin crystals under high pressure, and analyzed the crystals at 100 K after
depressurization (Charron et al., 2002). The 3D molecular structures of thaumatin in the
depressurized crystals were essentially same as those of unpressurized control crystals. The
result suggested that the crystal lattice of thaumatin is elastic. Our group analyzed
depressurized, pressurized, and unpressurized GI crystals (Tsukamoto, 2009). A GI
structure of the depressurized crystal was essentially same as that of thee unpressurized
crystal. Only a GI structure of the pressurized crystal shrinked a little under 100 MPa. This
result seems to support Charron’s conclusion. However, all the above results are indirect.

To achieve direct results, we should collect a high-resolution, “in situ”, and high-pressure
data set of a crystal that has nucleated and grown under high pressure. Our setup will
achieve the direct results. We can incubate a sufficiently supersaturated protein solution in
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our vessel under a pressure as long as possible with connecting to a pressure-generating
apparatus. After the appropriate nucleation and sufficient growth of crystals from the
solution, we can separate the vessel from the capillary tube and directly collect a high-
resolution diffraction data set of the crystals with keeping the pressure in the vessel
constant.

6. Conclusions

In this chapter, I have presented the great potentialities of high pressure for the promotion

of studies on the fundamental growth mechanisms of protein crystals and correlation

between the function and 3D structures of protein molecules. Key points in this review are
described shortly as follows.

1. As a tool for enhancing the crystal growth, three of eight proteins show the decrease in
its solubility under high pressure. Application of high pressure during the screening
processes would be useful because of such high probability.

2. Acceleration of growth and nucleation kinetics of glucose isomerase crystals occurred
under high pressure.

3. Step velocities under high pressure provided us direct information on activation
volume. Activation volume was negative in the case of glucose isomerase crystals.
Precise discussion on the activation volume will be useful for understanding
dehydration mechanisms during an incorporation process of a protein molecule into a
kink site.

4. Usefulness of our standalone-type Be vessel for high-pressure protein crystallography
was confirmed. With the vessel, precise high-pressure 3D structure analysis of protein
crystals which are also grown under high pressure.
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