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The crystallization enthalpy and entropy of
protein solutions: microcalorimetry, van't Hoff
determination and linearized Poisson—Boltzmann
model of tetragonal lysozyme crystals
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During a first-order phase transition, a thermodynamic system releases or absorbs latent heat. Despite
their fundamental importance, the heat or enthalpy change occurring during protein crystallization has
been directly measured only in a few cases, and the associated entropy change can only be determined
indirectly. This work provides an experimental determination and theoretical analysis of the dependence
of the molar crystallization enthalpy of lysozyme solutions, AH,, on the physicochemical solution
parameters. Its value is determined directly by isothermal microcalorimetry and indirectly by a van't Hoff
analysis of solubility data, which quantitatively agree. This suggests a two-state crystallization process, in
which oligomeric intermediates play a minor role. AH,, is found to be negative on the order of few
tens of the thermal energy per molecule. It is independent of protein concentration and stirring speed,
but weakly depends on salt (NaCl) concentration and solution pH. Assuming that crystals are
electrostatically neutral, these trends are explained by a linearized Poisson—Boltzmann theory. In addition, the
molar crystallization entropy, ASyw, is analyzed. The dependence of the van't Hoff entropy on salt concen-
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1 Introduction

The crystallization of proteins is relevant to many fields of
science and technology, ranging from structural biology, phar-
macy, to medicine, and inspiring to physics." In modern
structural biology, the functions of proteins are related to their
three-dimensional molecular structure. An important technique
to determine the protein structure is X-ray crystallography, for
which high-quality crystals are required and hence identifying
conditions under which crystals grow represents a major
bottleneck.” In biotechnology, crystallization is used for batch
purification in order to improve storage and stability of
enzymes.® The slow dissolution of protein crystals is exploited
in protein-based therapeutics for controlled high-dose delivery
with sustained release, which allows for treatments of acute and
chronic diseases.” In addition, protein crystallization occurs
under both native and abnormal conditions in vivo.” Native in
cellulo crystallization is a rare process, but occurs in all kingdoms
of life. It is related to specific functions, such as storage, protection
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tration and pH is captured by the model, complementing the analysis of crystallization thermodynamics.

and catalysis.® Non-native crystallization can be induced by small
environmental changes or point mutations. It is often associated
with pathological conditions, eg, those relevant for lens
opacification” and anemia,® but also occurs due to recombinant
gene expression in host cells. Concepts developed in colloid
physics have successfully been applied to rationalize certain
aspects of protein crystallizations,” including the DLVO theory
to describe inter-protein interactions,'®™* the colloidal phase
behavior of proteins with short-range attractions™ ' and the
“crystallization slot” to characterize conditions favoring nuclea-
tion based on two-body interactions.”*>* Moreover, the study of
protein crystallization has opened up new vistas on soft-matter
concepts, such as the phase behavior of patchy particles®>> and
non-classical crystallization pathways.**>° However, despite
these efforts, many aspects of protein crystallization are still
not fully understood. For example, screening for optimum crystal-
lization conditions often remains a trial-and-error process.*®
Hence, further attempts to rationalize aspects of protein crystal-
lization are highly desired.

Protein crystallization depends on both thermodynamic and
kinetic factors that govern the equilibrium state as well as the
path toward equilibrium, that is nucleation and growth,
respectively.’’ Equilibrium properties, such as the (molar)
protein solubility c.q as well as the change of enthalpy AH,,
and entropy ASy,; upon crystallization, are used to describe the
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thermodynamics of protein crystallization and reflect the quan-
tities that stabilize protein crystals. Many experimental efforts
have been undertaken to explore the dependence of protein
solubility on physicochemical parameters, such as pH and
temperature,®>>® as well as type and concentration of
precipitant.’’*® In particular, a correlation between solubility
(or crystallization boundary) and second virial coefficient has
been observed.">***! However, direct experimental determina-
tions of AH,, are rare, as noted previously,>** and its dependence
on the solution parameters has as yet not been systematically
explored. This is likely due to experimental difficulties associated
with the kinetics and thermodynamics of protein crystallization.
On the one hand, to be reliably captured by microcalorimetry,
the onset and offset of the crystallization process may neither be
too fast compared to the initial thermalization of the sample and
instrument nor too slow to allow for a significant signal. On the
other hand, the absolute value of AH,, is typically less than
100 kJ mol™*,**** and thus difficult to measure. The value of
AH,., is expected to largely reflect hydrophobic and hydrogen
bonding interactions as well as electrostatic protein-protein and
protein-salt interactions. The enthalpic (and entropic) contribu-
tions of hydrophobic and hydrogen bonding interactions differ
in sign*®* and thus partially compensate each other. As a
consequence, depending on the specific protein studied, AHy,
can be moderately negative or positive or close to zero.*?

The few studies in which AH,, was examined do not lead to a
conclusive picture. Calorimetric and van’t Hoff enthalpies are
equivalent for simple two-state transitions,>® which in some cases
has been found for biomolecular ion binding reactions.>' However,
whether complex processes, such as crystallization, can be effec-
tively modelled as two-state transitions is controversial. For two
specific conditions, the directly determined values of AH,, were
shown to agree with the van’t Hoff enthalpy,® but arguments raised
against van’t Hoff analysis of protein solubility data** have still not
been dispelled. Moreover, in order to obtain molar quantities which
allow for thermodynamic inferences, the calorimetric enthalpy has
to be related to the crystallized protein fraction, which needs to be
obtained from independent measurements. Yet, this aspect has
been ignored in a previous study.”® Furthermore, the magnitude of
AH,,; was found to increase with salt concentration,*® whereas the
opposite trend was predicted theoretically.*’

Microcalorimetry represents a powerful method to study the
thermodynamic properties of individual proteins,**** such as
unfolding,>® protein-ligand®® or protein-ion binding.>”*® How-
ever, it has been only scarcely used for studying protein con-
densation, due to the difficulties mentioned above. Nevertheless,
some calorimetric experiments have been performed to study
amyloid fibril formation®® > and protein crystallization,>*>*%36*
where the latter focussed on lysozyme as a model protein.

Here, we directly measure AHy, of lysozyme solutions by
combining microcalorimetry with UV-vis spectroscopy to deter-
mine the fraction of protein crystallized. The results are found to
agree with the van’t Hoff enthalpy as determined based on
solubility data. We quantitatively and systematically study the
dependence of AH,, on the physicochemical solution parameters,
such as protein and salt concentrations, pH value, and stirring
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speed, and explain the observed trends theoretically. We further-
more determine and theoretically explain the salt and pH
dependences of the van’t Hoff entropy. This work thus aims
for a comprehensive picture of the crystallization thermo-
dynamics of protein solutions and a resolution of the controversial
results of previous studies.

2 Experimental methods
2.1 Sample preparation

Hen egg-white lysozyme powder (Roche Diagnostics, prod. no.
10837059001, purity >95%), sodium chloride (NaCl; Fisher
Chemical, prod. no. $/3160/60, purity >99.5%), and sodium
acetate (NaAc; Merck, prod. no. 1.06268, p.a.) were used with-
out further purification. Ultrapure water with a minimum
resistivity of 18 MQ cm was used to prepare buffer solutions.
The protein powder was dissolved in 50 mM NaAc buffer
solutions, which were adjusted to pH 4.0, 4.5, 5.0 and 5.4 by
adding small amounts of hydrochloric acid. Solution condi-
tions resemble those of our previous work'>** and allow for a
comparison with theory.*® Protein stock solutions with an
initial protein mass concentration p, ~ 80 mg mL " were
filtered through an Acrodisc syringe filter with low protein
binding (pore size: 0.1 pm; Pall, prod. no. 4611) in order to
impurities and undissolved proteins. The final
protein concentration (typically 65 mg mL™"') was determined
by UV-vis absorption spectroscopy and/or refractometry.®®
For some experiments, higher protein concentrations (up to
150 mg mL ™) were needed, which were achieved by ultrafiltra-
tion, as described previously.®® Samples were prepared by
mixing appropriate amounts of lysozyme, buffer and salt stock
solutions. Sample preparation was conducted at room tempera-
ture (21 = 2) °C, above the solution cloud-points.®®®” Due to the
high salt content, the samples were prone to crystallize and
hence injected into the calorimeter immediately after prepara-
tion. Most solution conditions were studied three to five times
in order to allow for a statistical analysis.

remove

2.2 Microcalorimetry

A VP ITC (isothermal titration calorimeter) instrument (MicroCal)
consisting of a pair of identical cells was used to monitor the heat
signal of crystallizing protein solutions at 20.0 °C. The reference
cell was filled with ultrapure water. Before each measurement, the
adiabatic shield was cooled 0.5 °C below the working temperature
in order to compensate for the injection heat and thus to allow for
reaching the working temperature fast. The freshly prepared
sample solution was injected into the sample cell (volume V =
1.4129 mL, according to the producer) of the calorimeter. The
syringe was not used to titrate any ligands into the solution, but to
seal the calorimeter and to stir the solution at 270 rpm, as
recommended by the manufacturer to homogeneously dissipate
heat and obtain a stable baseline. For a few conditions, explicitly
mentioned below, different stirring speeds have been chosen. The
instrument started to record the heat signal, once the working
temperature was reached a few minutes after sample preparation.

Phys. Chem. Chem. Phys., 2021, 23, 2686-2696 | 2687
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While the reference cell was continuously supplied with a small
power of 5 pcal s~', the instrument measured the differential
power AP between the two cells necessary to hold both cells at the
same temperature as a function of time. The instrument was
operated in the passive feedback mode, allowing for highest
sensitivity, as recommended for slow thermal processes. As the
sample solution crystallized, heat was released, such that less
power had to be provided; i.e., AP became negative and showed an
exothermic peak. When the differential power signal reached the
baseline again, which typically occurred one or two days after
sample preparation, the exothermic reaction was assumed to be
completed and the measurement stopped. Subsequently, the
crystal-free supernatant was carefully removed from the sample
cell and its protein mass concentration p¢ determined spectro-
photometrically. As equilibrium and hence the molar protein
solubility ceq is only reached after months,*® typically, p¢ > ceqgM
with the molecular weight of lysozyme M = 14320 g mol ". In
addition, the UV-vis spectra were inspected for the presence of
oligomers or aggregates. Even if small amounts of such species
were present in the supernatant, they would scatter light much
stronger than the monomers, reducing the transmission and
augmenting the measured absorbance. With increasing wave-
length, the amount of scattered light diminishes and thus the
increase in absorbance becomes weaker, leading to a gradual
decrease of the measured UV-vis absorbance with wavelength.®
The UV-vis spectra did not indicate the presence of aggregates or
oligomers. Afterwards, the crystallized protein sample was removed
from the sample cell, usually containing visually observable small
crystals. For very similar solution conditions (without stirring),
optical microscopy studies revealed the occurrence of (tetragonal)
lysozyme crystals.®® In the vicinity of the binodal, spherulitic
needle-like crystals have been observed as a polymorph.'®7° After
each microcalorimetric experiment, the sample cell was meticu-
lously cleaned with ethanol, acetone and ultrapure water to
completely remove any residuals. ITC experiments with a drifting
baseline and those that did not show the characteristic mini-
mum in AP due to an extended period necessary to reach the
working temperature were discarded. The instrumental
response, especially regarding the accuracy of the power signal,
has been validated by measuring the chelation reaction of
calcium with ethylenediaminetetraacetic acid (EDTA).

3 Results and discussion

At first, the solution conditions that we want to study are
localized in the protein state diagram. In a second step, the
different methods used to determine the crystallization
enthalpy AHy, and entropy ASy., are discussed and illustrated
with examples. Finally, data on the independence of AH, on
protein concentration and stirring speed as well as the weak,
but systematic dependence of AH,., and ASy on salt concen-
tration and pH value are presented and discussed. Directly and
indirectly determined values of AH,., quantitatively agree with
each other, and the dependence of AHy, and ASy, on solution
conditions is rationalized theoretically.
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3.1 Crystallization conditions in the state diagram of
lysozyme solutions

The state of a protein solution depends on, e.g., molar protein
and salt concentrations, ¢, = p,/M and c, respectively. For a
systematic microcalorimetric study of isothermal protein
crystallization, solution conditions have to be identified (i)
under which crystals form and (ii) microcalorimetric experi-
ments can be successfully performed.

As previous theoretical studies indicate that AH,., exhibits
only a weak temperature dependence,*”" isothermal crystal-
lization is studied at 20.0 °C, which is a common temperature
for protein crystallization experiments.®® We focus on acidic pH
values ranging from 4.0 to 5.4, covering the conditions where
the solubility as well as number and size of tetragonal lysozyme
crystals are maximized, respectively.”>””* In addition, theoretical
calculations predict a systematic variation of the crystallization
enthalpy over this pH range.*’

As pointed out by George and Wilson,* optimum conditions
for protein crystallization are met when the (net) attractions
between the proteins are neither too weak nor too strong. In this
case, the second virial coefficient, B,, of the solution is in the range

—10 < By/BYS < —1, (1

where By is the corresponding value of a hard-sphere system.
State diagrams®>®®7° and solubility experiments®****® with mod-
erately concentrated protein solutions (p, < 100 mg mL™ ") point
to a minimum salt concentration necessary to induce crystal-
lization. Microscopic observations together with static light
scattering experiments and DLVO calculations of B, for acidic
lysozyme-salt solutions’*'° indicate that net attractions favor
crystallization if ¢; 2 0.3 M (at room temperature). This hints at
a link between B, and solubility ccq, as previously suggested.*”

The second condition, the feasibility of microcalorimetric
experiments, is met if protein concentrations are chosen that
lead to moderate supersaturations. At hight supersaturation,
nucleation starts within minutes, while it can take days to
months at low supersaturation levels." Neither of these cases
can be reasonably studied by microcalorimetry.> In the former
case, crystallization is faster than thermostatting after sample
loading, which, however, is essential due to the weak heat
signal associated with protein crystallization (on the order of
microwatts>?) in order to avoid spurious effects due to thermal
offsets. In the latter case, the instrument and its surroundings
have to be thermally stable over a long time period.

Fig. 1 shows the state diagram of lysozyme solutions in the
Cp Vs. ¢ plane at pH 4.5 and 20.0 °C and indicates the condi-
tions studied in this work. The state diagram contains data on
solubility (black filled circles*®) and metastable liquid-liquid
phase separation (LLPS, gray filled squares), where the latter
have been extrapolated from cloud-point measurements at
fixed protein or salt concentration.®®®” With increasing c, both
the solubility and the binodal (solid) lines occur at lower values
of cp, reflecting the enhanced (net) attractions. In the present
work, protein crystallization has been studied by microcalori-
metry for the solution compositions marked with an X,
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Fig. 1 State diagram of lysozyme solutions at pH 4.5 and 20.0 °C in the
salt concentration cs vs. molar protein concentration ¢, (or, equivalently,
mass protein concentration pp) plane: solubility (black filled circles®®) and
cloud-point data (gray filled squares®®®’). Lines are guides to the eye.
Microcalorimetric crystallization experiments from the present work, con-
ducted under constant stirring, are marked by an x. Open circles denote
that the supernatant was cloudy when removed from the calorimeter and
open squares that further solution conditions (as indicated) were investigated.

corresponding to supersaturations c¢,/c.q 2 10. Experiments with
smaller ¢, or ¢, than indicated were not successful. The solutions
are investigated under continuous gentle stirring, inducing con-
vection and local shear effects. This might accelerate the crystal-
lization process,”>”® break large protein clusters,>® and displace
the phase coexistence curve,”” but does not alter the solubility.
For some conditions (denoted by a circle symbol), the super-
natant was found to be cloudy when removed at the end of the
experiment. We speculate that the cloudiness is directly or
indirectly related to phase separation. It is, for example, con-
ceivable that the LLPS line is shifted to lower salt concentrations,
due to stirring, as observed for colloidal suspensions under
shear.”” As phase separation is much faster (on the order of
seconds’®”®) than crystallization, it is expected to occur during
the initial equilibration period of the calorimeter (if induced by
stirring) and thus to not noticeably affect the microcalorimetric
crystallization experiment. In addition, those conditions for
which the effects of pH or stirring speed vy, have been examined
are labelled with a blue and green rectangle, respectively.

3.2 Determination of the crystallization enthalpy AH,., and
entropy ASxal

The value of AH,, can be experimentally determined directly by
a combination of microcalorimetry with a spectrophotometric
measurement of the protein concentration of the supernatant
and indirectly based on a van’t Hoff analysis of solubility data. In
addition, it can be calculated based on theoretical approaches.
The value of AS,, is obtained from van’t Hoff fits and the model.
These different ways will be described and discussed in turn.
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3.2.1 Direct microcalorimetric determination of AH,,.
Upon crystallization, binding energy of the protein molecules
is released as heat, and the ITC instrument records the temporal
evolution of the corresponding exothermal signal. Fig. 2 shows
exemplary microcalorimetric data of crystallizing protein solutions
(pp = 20 mg mL™") for various salt concentrations as indicated.
The curves are qualitatively similar, showing an exothermal peak.
The microcalorimetric signal of the solutions with the highest salt
concentrations exhibit a steep decrease without initial lag phase.
The depth of the minimum in the instantaneous power signal AP
increases with ¢;. The times ¢; as well as ¢, at which AP(t) starts and
ceases to deviate from the baseline, respectively, tend to decrease,
while the peak area, ie., Q, seems to be hardly affected. The
systematic dependence of AHy, on the physicochemical proper-
ties of the solution will be discussed in Section 3.3.

The heat Q released upon crystallization is given by the
integral of the differential microcalorimetric power signal
AP(¢), which is limited by ¢; and ¢; to minimize noise effects:

1
0= JfAP(t)dt, 2
li

which depends on the volume V of the sample as well as the
protein mass concentration p,. In few cases, a non-zero, but
constant baseline was observed and subtracted from the power
signal before performing the integration in eqn (2). Since the
initial protein concentration, pp, is known and the protein
concentration of the supernatant at the end of the microcalori-
metric experiment, py, is measured, their difference, Ap;, = p, — py,
can be inferred and Ap,,V is the crystallized amount of the sample.
Hence, the molar enthalpy of crystallization, AHy,, reads

M
AI_Ixtal = m Q (3)
p

The uncertainty of AHy,), d(AHyw), depends on the uncer-
tainties of the various quantities in eqn (3). The relative

—0.9
—11

1.3
—15 R
T T T T T T T T T ¥

0 10 20 30 40 50
t/'h

Fig. 2 Exemplary time-dependent microcalorimetric power signals of protein
solutions (p, = 20 mg mL~% pH 4.5) with various salt concentrations c., as
indicated.
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uncertainty of Ap, was calculated, in most cases reaching
0(App)/App = 0.1, which comprise pipetting and dilution uncer-
tainties of two protein solutions, and that of Q estimated with a
typical value 8Q/Q = 0.05. Since the relative uncertainties in M
and V are at least an order of magnitude smaller, 6(AHyca)/
AHyq ~ 0.1.

For some solution conditions, in particular at large super-
saturations (e.g., ¢s = 1.1 M in Fig. 2), the first data point
recorded by the instrument might already lie below the base-
line. In these cases, the initial part of the recorded signal is
extrapolated to the baseline and the associated error in Q
estimated to be on the order of the additional area (typically,
3Q/Q = 0.15, and sometimes even larger), such that 6(AHy)/
AH,, =~ 0.2. The instrument would allow to record the AP
signal before the working temperature was reached. However,
in this case, the temperature of the sample would be offset,
leading to a systematic error in Q, which is often neglected in
other studies.

3.2.2 van’t Hoff enthalpy AH,y; and entropy AS,y derived
from solubility data. A protein molecule will be spontaneously
transferred from the solution to a crystal if the associated change
in Gibbs free energy is negative: AGya < 0; ie., the process is
exergonic. The change in Gibbs free energy AGy, upon crystal-
lization depends on the enthalpic and entropic contributions,
AHya and ASya), respectively,

AGxtal = AI_Ixtal - TASxtaly (4)

from which the Gibbs-Helmholtz equation can be deduced:

i Aleal _ AHxlal(T)
OT\ RT ),

RT2 (5)
with the universal gas constant R.
The equilibrium constant Ky, for the transfer of a molecule
from solution to the crystal is defined as

AGE
mel = €Xp (_R—ijal> (6)

with the standard change of Gibbs free energy upon crystal-
lization AGS,. The value of AGS, depends on the choice of the
solution standard state; as in ref. 49, here cpe =1 M is the molar
protein concentration in a hypothetical solution standard state,
in which the proteins are assumed to be non-interacting.

Based on eqn (4) and (6), the logarithm of K, is expected to
be a linear function in inverse temperature T~ *:

AH AS
In Ky =~ 771 4=

)

where instead of AH,. and AS,., we use AH,y and AS,y,
respectively, to indicate that here this implicitly refers to the
enthalpy and entropy of a two-state transition. Eqn (7) yields
the van’t Hoff equation:

Oln me] 2 dln mel
AHg = —R (7_> =RT (7 . (8
oT-! » oT »

which can be derived by considering eqn (5) and (6). (Note that
AHy is determined under constant (standard) pressure.) This
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equation implies that if a van’t Hoff plot of solubility data,
i.e., In Ky plotted as a function of 7™ ! shows a linear behavior,
its temperature-independent slope is related to the van’t Hoff
enthalpy AH,y; and the heat capacity of the solution does not
change between initial and final state.**

The value of Ky, can be determined via

1 _ YeqCeq __ Ceq
Kial - o o (9)
CIS’ cs

o

with the thermodynamic activity coefficients y.q of the protein
in a solution with equilibrium concentration c.q. For simplicity,
the solution is assumed to be close to ideal (i.e., yeq =~ 1), which
is justified below. As a consequence, the van’t Hoff enthalpy
can be inferred from the temperature dependence of the
solubility.

Despite the amount of protein (typically grams) and time
(few months) required for common solubility measure-
ments from batch crystallization, solubility data for tetragonal
lysozyme crystals are available in literature for a wide range
of temperatures, pH values and salt concentrations.?*%7°
Here, van’t Hoff enthalpies are determined based on the
comprehensive dataset provided in ref. 36 containing solubi-
lity data with two or three significant digits, corresponding
to uncertainties ranging from 0.1 mg mL™" to 1 mg mL™", for
a temperature range (with a temperature control of 0.1 K)
which covers the temperature used in our calorimetric
experiments.

Fig. 3 shows an exemplary van’t Hoff plot of the solubility
data (open symbols®®) of lysozyme solutions at pH 4.5 for various
salt concentrations (2, 3, 4, 5, and 7% (w/v), corresponding to ¢s =
0.34, 0.51, 0.68, 0.86, and 1.2 M). For the temperature range
available, 1.8 < T/°C < 22.7, the natural logarithm of the
equilibrium constant exhibits a linear increase with the inverse
temperature, and the slopes retrieved from fitting (lines) provide
the van't Hoff enthalpy AH,;; according to eqn (8). As expected,
AH,4, is negative. The magnitude of the slope and, correspondingly,
the value of AH,y decreases slightly with c,. Further details are
discussed in Section 3.3.

In addition, the van’t Hoff entropy AS,y can be inferred from
the intercept of a linear fit to the van’t Hoff plot according to
eqn (7).%° (Note that the value of AS, depends on the choice of
cpe .) The negative intercept of the van’t Hoff fit according to
eqn (7) in Fig. 3 increases with ¢ and, accordingly, |AS,u|
decreases.

For lysozyme in brine, temperature-dependent virial coeffi-
cients are known'* and hence activity coefficients can be
estimated.®"®* As crystallization will only occur if B, < 0, Kyl
will generally exhibit smaller values if non-ideality is accounted
for by the second virial coefficient.*> However, since B, and Ceq
are correlated with each other,* ie., the smaller (more
negative) B,, the smaller c.q, their effects to non-ideality, to
some degree, compensate each other. For the solution condi-
tions considered, the value of K, taking non-ideality into
account via B, (filled symbols) increases by a few percent,
ranging from 0.14% (at high ¢; and low T) up to 1.5% (at low ¢
and high T), compared to the value of K, that assumes ideal
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Fig. 3 Exemplary van't Hoff plots: dependence of the equilibrium con-
stant Kys on inverse temperature T-! (open symbols; calculated using
egn (9) with solubility data from ref. 36) and corresponding van't Hoff fits
(lines), according to eqgn (7), for various salt concentrations c,, as indicated.

Values of the equilibrium constant taking corrections due to non-ideality
into account are shown as filled symbols.

solutions (open symbols). However, due to the temperature
dependence of the virial coefficients, i.e., B, becomes less
negative with increasing T within the relevant range, there is
only little effect on the slope of In K.,;: the magnitude of AH,y
(fits not shown) is only very slightly decreased, at most by
2.2% (at the lowest cs) and at least by 0.6% (at the highest).
This small effect is neglected here.

3.2.3 Theoretical model for AH,, and ASyg. Schmit
and Dill have developed a model for protein crystalliza-
tion equilibria.*® With parameters adjusted to describe an
experimental data set,’® it predicts protein solubilities ceq as
a function of temperature, pH and salt concentration. In
Section 3.3, model predictions regarding the crystallization
enthalpy are systematically compared with independent experi-
mental data. Protein crystals are considered as electrostatically
neutral. Proteins are modelled as spheres of radius a and net
charge Z surrounded by a concentric spherical shell of outer
radius b, which contains water and ions. To achieve charge
neutrality, the outer layer is enriched in counterions and
depleted in coions as compared to the bulk solution. The values
of a and b are set, such that the volume of the compound
spheres matches the volume of the unit cell as well as its
solvent content; @ = 16.1 A, which is close to the linear size of
the protein molecule, and b = 19.1 A for tetragonal lysozyme
crystals.*®

Within this model, the stability of protein crystals is governed
by four terms: (i) electrostatic inter-protein repulsion and, more
important, counterion sequestration into the crystal, (ii) none-
lectrostatic protein-protein contact interactions due to the
hydrophobic effect and hydrogen bonding, as well as the (iii)
translational entropy of the proteins and (iv) that of counterions.
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The two latter (entropic) contributions, (iii) and (iv), oppose
crystallization, whereas the two former contributions, (i) and
(ii), are enthalpic and favor crystallization. Thus the crystalli-
zation enthalpy and entropy read

AH,1(Z,¢5) = AHy + AHgg(Z,cs), (10)

ASxtal(Zycs) = ASO + ASES(Z;CS) (11)
with the temperature-independent non-electrostatic terms
AH, = —49.4 k] mol™! and AS, = —95.7 ] K ! mol™* for

tetragonal lysozyme crystals, which were obtained from fits to
solubility data in ref. 49, and the electrostatic terms AHgs(Z,cs)
< 0 and ASgs(Z,cs) < 0, which depend on the protein net
charge Z, as set by the pH value, and the salt concentration c.
The values of AH, and AS, were chosen to account for the
positive enthalpy and entropy changes due to hydrophobic
burial and the negative enthalpy and entropy changes due to
hydrogen bonds in the lysozyme crystals as well as the negative
change of internal entropy.*’

The electrostatic contribution AHgg(Z,cs) can be determined
by solving the nonlinear Poisson-Boltzmann equation with
appropriate boundary conditions.** Using the linearized
(Debye-Hiickel) approximation, an analytical expression for
the electrostatic enthalpy change has been derived:

VAT
AHgs(Z,cs) =Np——F—
Bs(Z:cs) NA4n5r80 (ka+1)
N e 0= (kb +1) - (ka+1)
et(0=a) (kb —1)(ka+1) —e*t=a) (kh+1)(ka—1)’

(12)

where N, is Avogadro’s number, x the Debye screening constant
that depends on the salt concentration,® e the elementary
charge as well as ¢, and ¢, the dielectric permittivity of vacuum
and solvent, respectively.

Despite the high charge density of the proteins, both the
linear and the non-linear treatment lead to qualitatively
similar behavior as a function of pH*® with the main differ-
ence being an almost constant offset, i.e., a slightly smaller
magnitude of AHgg(Z,cs) in the non-linear case, which could
largely be accounted for by readjusting AH,. This might, in
parts, be ascribed to the relatively high salt concentrations
considered here. For simplicity, the analytical expression is
used here. To determine the protein net charge Z for a given
pH value, titration data® obtained in the presence of 1 M salt
have been interpolated. It is important to note that experi-
mental titration curves®*®’ are slightly smaller (by about 2¢) at
pH 4.0 than the calculated values in ref. 49, which affects
AHgs. Eqn (10) and (12) provide a theoretical description of
AHya1(Z,c5) that will be compared with experimental results in
the next section.

The electrostatic term ASgs(Z,c;) is determined by the different
ions surrounding the protein in the concentric spherical shell.
If the protein was uncharged, the total number of ions would be:
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n = ¢sNaVe, with the shell volume Vi, = (4n/3)(h* — @). The co-
and counterion enrichment numbers read:

Z
m* =n (exp {JFarsinh (—)} - 1) . (13)
2n
Thus, ASgs(Z,c) implicitly depends on Z and c:
+
ASes(Z,¢s) = (n+m") ln(l + m_) —m"
R n
(14)

+(n+m7)ln<l+%> —m.

3.3 Dependence of AH,:,; and ASy, on physicochemical
solution parameters

Fig. 4 shows experimental data (symbols) on the crystallization
enthalpy for solution conditions differing in stirring speed v,
and protein concentration ¢, The values reported represent
weighted averages of the values determined in, typically, three
to five individual experiments with independently prepared
samples. For the conditions considered, AH,, is, within experi-
mental uncertainty, constant (indicated by the dashed lines) at
the different stirring speeds and protein concentrations. From a
thermodynamic point of view, this is expected, both stirring and
protein concentration affect the crystallization kinetics only (not
shown). As a consequence of the independence of AH,, On Vgy,
the following experiments have been performed under constant
stirring with vy, = 270 rpm to obtain a reliable measurement. In
addition, the enthalpy change upon crystallization determined
for solutions with different protein concentrations is averaged
taking uncertainties into account.

Fig. 5 shows the resulting dependence of the crystallization
enthalpy on salt concentration and pH. Data obtained from
direct microcalorimetric measurements (brown filled squares),
indirect van't Hoff determinations (blue crosses), literature data
(green open symbols,>>>*%*%* a5 indicated) as well as theoretical
calculations based on the Schmit-Dill model (red solid lines) are
presented. Direct and indirect determinations as well as theore-
tical predictions yield a consistent picture: within the experi-
mental uncertainties, directly determined and van’t Hoff
enthalpies quantitatively agree with each other and with the
model. The magnitude of AH,, tends to slightly decrease with
increasing salt concentration and pH value. According to the
theoretical description, this decrease is due to screening of
electrostatic inter-protein repulsions at increased cs or reduced
ion sequestration owing to the lower net charge at higher pH. It
is important to note that the theoretical model is not a fit to our
data, but calculated without any free parameters. The quantitative
agreement with the experimental data is therefore particularly
significant.

van’t Hoff enthalpy data slightly scatter around the micro-
calorimetric data and the model calculation. Taking inter-
protein interactions into account in the van’t Hoff analysis
(see Fig. 3, filled symbols) or restricting the temperature interval
of the van’t Hoff analysis symmetrically around 7= 20 °C leads to
slightly less negative van’t Hoff enthalpies, especially at low ¢ or
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Fig. 4 Effects of (A) stirring speed v (PH 4.5, pp = 20 mg mL™, ¢, =13 M)
and (B) initial molar protein concentration ¢, or, equivalently, mass concen-
tration pp, (pH 4.5, ¢ = 0.7 M) on crystallization enthalpy AH,.,. Experimental
data (symbols) represent averages of several independent measurements.

low pH, and hence an even better agreement (not shown).
However, for these solution conditions, either direct measure-
ments have not been successful (low c;) or the solubility data
show larger uncertainties and scatter more about the van’t Hoff
fit (low pH), thus not allowing for a detailed analysis.
Microcalorimetric literature data grossly scatter around our
data. Some values (green hexagons and triangle) follow our
trends.’>®* In an early experiment (green circle),®® a value of
AH,., with a larger magnitude than observed here was
reported. We note that individual experimental runs scatter a
lot; both the value and the uncertainty do agree with single
runs of our measurement series. In another experiment (green
diamonds),>® the heat effect of the solution was considered;
i.e., these values have not been normalized by the crystallized
fraction of the sample but by the whole solute concentration
and, accordingly, have smaller magnitudes. Moreover, their
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experiments (brown filled squares), van't Hoff enthalpies as calculated
from solubility data®® (blue crosses), theoretical model®® (red solid line;
based on eqgn (10) and (12)); calorimetric literature data®>°3634 (green
open symbols). Note that some literature data®*® (green diamonds) were
normalized by p,, instead of Ap,,. Thin error bars indicate 95% confidence
intervals.

dependence on ¢, (at fixed c,) or ¢ is difficult to compare with
our data. Overall, the few previous direct measurements of
lysozyme crystallization experiments are well in line with our
data or their different results can be rationalized.

Fig. 6 shows the dependence of the entropic contributions to
the Gibbs free energy, —TASy:, at a temperature of 7=20 °C on
salt concentration and solution pH value, including indirect
van’t Hoff determinations (blue crosses) and model calcula-
tions (red solid lines). The van’t Hoff values range from
31 kJ mol " to 59 k] mol " and, again, slightly scatter around
the model calculation. The salt and pH dependences of
—TAS,y are captured by the model. This indicates contribu-
tions to the entropy by the translational entropy of the proteins
and ions as well as a constant non-electrostatic contribution.
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(or net charge Z, at cs = 0.7 M) on crystallization entropy ASyta, sShown as its
contribution to the Gibbs free energy —TASya with T = 20 °C: van't Hoff
entropies as calculated from solubility data®® (blue crosses) and theoretical
model*® (red solid line; based on eqn (11) and (14)). Thin error bars indicate
95% confidence intervals.

Furthermore, according to the model, the standard change of
the Gibbs free energy upon crystallization (not shown) ranges
from —17 kJ mol " to —22 k] mol " (i.e., from —7 RT to —9 RT)
at T'=20 °C for the conditions studied, which agrees with values
computed from solubility data (¢f Fig. 3) using eqn (6).

3.4 Discussion

We have carried out and analyzed a number of microcalori-
metric lysozyme crystallization experiments, performed a van’t
Hoff analysis of solubility data and described the experimental
observations by a theoretical model. Experimental, van’t Hoff
and theoretical enthalpy and entropy values semi-quantitatively
agree. The analysis of the microcalorimetric experiments
reveals that the enthalpy of tetragonal lysozyme crystallization
is about —65 k] mol~". AH,, was neither observed to depend
on stirring speed nor on protein concentration, as expected for
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thermodynamic consistency. According to the model,*® AH,y
and ASy; are dominated by hydrophobic and hydrogen bonding
interactions as well as electrostatics. They weakly, but system-
atically vary with salt content and pH value. The decrease of the
magnitude of AH,., with salt concentration is in contrast to a
previous study,’” in which the opposite trend was reported. Their
claim was based on a van’t Hoff analysis of solubility data® that
were measured at few temperatures and with lower precision,
whereas our van’t Hoff analysis (blue crosses in Fig. 5) of the
more comprehensive and accurate data set*® revealed the opposite
trend in accordance with the direct microcalorimetric experi-
ments. Nevertheless, for the two solution conditions microcalor-
imetrically probed in ref. 52 (c; = 0.86 M, pH 4.6 (green triangle in
Fig. 5(A)); ¢s = 0.51 M, pH 5.2; both at 15 °C), a coincidence of
microcalorimetric and van’t Hoff enthalpies was observed. The
agreement of different independent methods in this work provides
confidence that the controversial observations regarding the weak
salt-dependence of AH,, are resolved and underlines the impor-
tance of accurate solubility measurements to reach reliable ther-
modynamic conclusions. The agreement between the van’t Hoff
and model entropies provides further support.

Here, the agreement between direct and van’t Hoff values as
well as theoretical predictions has been observed for a broad range
of solution conditions and is thus unlikely to be incidental,
despite concerns previously raised against van’t Hoff analysis of
protein solubility data®® that have so far not been clarified. The
coincidence of direct and van’t Hoff enthalpies suggests that the
tetragonal lysozyme crystallization process can be effectively
described as a two-state transition. Some experiments,®® in parti-
cular atomic-force microscopy observations,®” have suggested that
tetragonal lysozyme crystals grow by addition of oligomers, espe-
cially tetramers, preformed in the bulk solution. However, com-
prehensive light scattering experiments did not indicate any
evidence for prenucleation aggregate formation.*®®® Moreover,
the dependence of the growth rate of protein crystals on solution
conditions showed best agreement with a model assuming mono-
mer adhesion as mechanism, which includes non-productive
binding in wrong orientations to describe the growth rate at high
supersaturations.>® Furthermore, in our experiments, the UV-vis
analysis of the supernatant removed after the microcalorimetric
experiments did not indicate the presence of oligomers or aggre-
gates, but of soluble monomers only. In view of these previous and
the present results, it is plausible to assume that the initial state of
our two-state description of lysozyme crystallization is composed
of protein monomers and, as a consequence, tetragonal crystal
growth is likely to proceed via the integration of monomers into
crystals.

Cacioppo et al.** argue further that, due to a lack of knowledge
about or uncertainties in the composition of the solvent within the
crystalline phase, the chemical potential of the protein in the
crystal might not be constant. However, after their publication the
sequestration of ions into the crystal has been accurately
measured® and the solvent content can be inferred from crystal-
lographic modelling.”* At equilibrium, thermodynamics requires
the chemical potential of the protein in the solution to be the
same as that of the protein in the crystal in agreement with
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experiments and theory. After long enough equilibration, the
supernatant concentration of crystallizing solutions and solutions
with dissolving crystals were found to be equal.®® Coarse-grained
colloidal descriptions, in which the solvent was modelled as a
continuum, semi-quantitatively reproduced experimental protein
solubility data.”*®*® In view of these findings, the chemical
potential of the protein in the crystal appears to be constant for
fixed solution conditions. Thus, the arguments previously raised
against the van’t Hoff analysis of protein solubility** do no longer
appear compelling.

4 Conclusion

We have measured the heat-power peaks of crystallizing lysozyme
solutions and determined the molar crystallization enthalpy,
AH,,, for solutions differing in protein and salt composition as
well as pH value. The experimental results quantitatively agree
with van’t Hoff enthalpies inferred from solubility data. This
indicates that the crystallization process can be effectively con-
sidered as a two-state transition. The dependence of AH,, and
ASy on salt concentration and pH is captured by a theoretical
model based on charge neutrality of the protein crystals and a
linearized Poisson-Boltzmann treatment for the electrostatic con-
tribution to the enthalpy and entropy. These consistent experi-
mental and theoretical findings provide a detailed description of
tetragonal lysozyme crystallization thermodynamics. This contri-
butes to our understanding of protein crystallization and can aid
the search for optimum conditions for protein crystal growth.
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