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ABSTRACT Motions through the energy landscape of proteins lead to biological function. At temperatures below a dynamical
transition (150–250 K), some of these motions are arrested and the activity of some proteins ceases. Here, we introduce the
technique of temperature-derivative fluorescence microspectrophotometry to investigate the dynamical behavior of single
protein crystals. The observation of glass transitions in thin films of water/glycerol mixtures allowed us to demonstrate the
potential of the technique. Then, protein crystals were investigated, after soaking the samples in a small amount of fluorescein.
If the fluorophore resides within the crystal channels, temperature-dependent changes in solvent dynamics can be monitored.
Alternatively, if the fluorophore binds to the protein, local dynamical transitions within the biomolecule can be probed directly. A
clear dynamical transition was observed at 175 K in the active site of crystalline human butyrylcholinesterase. The results
suggest that the dynamics of crystalline proteins is strongly dependent on solvent composition and confinement in the crystal
channels. Beyond applications in the field of kinetic crystallography, the highly sensitive temperature-derivative fluorescence
microspectrophotometry technique opens the way to many studies on the dynamics of biological nanosamples.

INTRODUCTION

Intramolecular motions are essential to the function of

proteins. They are associated with transitions between

substates representing local minima in the highly complex

energy landscape of a protein (Frauenfelder et al., 1991).

Motions occurring on the picosecond or slower timescales

exhibit a so-called dynamical transition at a temperature

within the range 150–250 K, below which they are ‘‘frozen

out’’ (Parak et al., 1982; Doster et al., 1989; Ferrand et al.,

1993; Réat et al., 1997; Fitter, 1999; Tsai et al., 2000;

Paciaroni et al., 2002; Lee and Wand, 2001; Vitkup et al.,

2000; Hayward and Smith, 2002). Abrupt changes in the

amplitude and timescales of atomic fluctuations at the

dynamical transition have been shown to mark the onset of

activity for a number of proteins (Ding et al., 1994; Ferrand

et al., 1993; Ostermann et al., 2000; Heyes et al., 2003).

Besides its fundamental importance as an essential feature of

protein dynamics, the dynamical transition is of considerable

practical interest in structural cryoenzymology. In particular,

it can be employed in temperature-controlled crystallo-

graphic experiments to trigger enzymatic activity within the

crystal, allowing the visualization of conformational changes

at the atomic level (Rasmussen et al., 1992; Ostermann et al.,

2000; Royant et al., 2000; Schlichting et al., 2000a,b; Weik

et al., 2001a; Ursby et al., 2002). However, molecular dy-

namics in protein crystals are affected by packing forces

within the lattice and by the solvent arrangement, compo-

sition, and content (Doster et al., 1986; Miyazaki et al., 2000;

Weik et al., 2001b). Thus, they may differ significantly from

those measured in dilute solutions and require dedicated

techniques to observe them.

Here we introduce the technique of temperature-derivative

fluorescence microspectrophotometry (TDFM) as a powerful

tool to investigate dynamical changes occurring within

biological nanosamples such as single protein crystals.

TDFM extends the panel of methods that have been used

to monitor the dynamics of crystalline proteins, such as solid

state NMR (Usha and Wittebort, 1989), Mössbauer spec-

troscopy (Parak, 1986; Chong et al., 2001), calorimetry

(Doster et al., 1986; Miyazaki et al., 1993, 2000), mechanical

experiments (Morozov and Gevorkian, 1985), and crystal-

lography (Tilton et al., 1992; Teeter et al., 2001).

The difference in wavelength between absorbed and

emitted photons (the Stokes shift) in a steady-state fluor-

escence emission spectrum is dependent on the motions of

the molecules surrounding the fluorophore. If the corres-

ponding dipolar relaxation time becomes comparable to the

fluorescence lifetime, abrupt changes in Stokes shifts may

appear in a temperature-dependent experiment. Since fluor-

escence lifetimes are typically of the order of nanoseconds,

fluorescence spectroscopy is sensitive to molecular dynam-

ics occurring on that timescale. Based on this principle, the

dynamics of noncrystalline biological samples have been

investigated (Vincent et al., 2000).
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To validate the TDFM technique, we measured the glass

transition and crystallization temperatures of thin films of

water-glycerol mixtures to which a small amount of

fluorescein was added. The study was then extended to

protein crystals soaked in fluorescein. Depending on whether

the fluorophore simply resides within the solvent channels or

binds to the protein molecules, either solvent glass transitions

or protein dynamical transitions, respectively, could be

monitored. Crystals of three different proteins, TcAChE,
HuBChE, and the well-known HEWL were employed.

TcAChE belongs to the family of acetylcholinesterases,

which terminate impulse transmission at cholinergic sy-

napses by hydrolyzing the neurotransmitter acetylcholine at

a diffusion-limited rate. The physiological role of the

structurally similar human butyrylcholinesterase is unknown,

yet it has been shown that the protein is capable of catalyzing

similar hydrolysis reactions as TcAChE does. The secondary

structure of all three proteins comprises a-helices as well as
b-sheets.

MATERIALS AND METHODS

Sample preparation

Thin films of binary mixtures of water and glycerol (30–95% (v/v))

containing 0.3 mM fluorescein (Sigma Aldrich, St. Louis, MO; referred to as

solution A when the glycerol content is 40%) were flash-cooled to 100 K

using a cryoloop (Hampton Research, Laguna Niguel, CA) in the cryostream

of a cooling device (600 series, Oxford Cryosystems, Oxford, UK).

Crystals of TcAChE (MW 65000, Sussman et al., 1991; Raves et al.,

1997) were grown in space group P3121, using 32–34% (v/v) PEG 200 and

0.3 M MES at pH 6.0. These crystals contain 68% (v/v) solvent. They were

soaked for 24 h in 34% (v/v) PEG 200, 0.3 M MES pH 6.0, 0.3% DMSO,

3% ethanol, and 0.3 mMfluorescein. Subsequently, they were transferred for

20 s into a drop containing 34% (v/v) PEG 200 and 0.3 M MES pH 6.0

(referred to as cryosolution B), and flash-cooled to 100 K in a cryoloop.

Crystals of HEWL (MW 14000) were grown in space group P43212,

using 0.8 M NaCl and 0.1 M sodium acetate at pH 4.5. These crystals

contain 39% (v/v) solvent. They were soaked for 72 h in 1 M NaCl, 0.1 M

sodium acetate at pH 4.5, and 0.3 mM fluorescein. Subsequently, they were

transferred for 10 min into a drop of cryosolution containing 1 M NaCl, 0.1

M sodium acetate at pH 4.5, and 30% (v/v) glycerol (cryosolution C), and

flash-cooled to 100 K.

Crystals of HuBChE (MW of the recombinant protein is 70000) were

grown in space group I422, using 2.1 M ammonium sulfate, 0.1 M MES pH

6.5, and 1 mM butyrylcholine (Nachon et al., 2002). These crystals contain

60% (v/v) solvent. They were soaked for 96 h in a solution containing 2.5 M

ammonium sulfate, 0.1 M MES pH 6.5, and 0.3 mM fluorescein.

Subsequently, they were transferred for 10 min into a drop of cryosolution

containing 2.5 M ammonium sulfate, 0.1 M MES pH 6.5, and 20% (v/v)

glycerol (cryosolution D), and flash-cooled to 100 K.

Transfer to cryosolution B, C, or D allowed the removal of the

fluorophore from the solvent surrounding crystals of TcAChE, HEWL, and

HuBChE, respectively.

Temperature derivative fluorescence
microspectrophotometry

Fluorescence emission spectra were recorded with a CCD-based micro-

spectrophotometer (Figs. 1 and 2) dedicated to the study of protein crystals at

cryotemperatures (Bourgeois et al., 2002). Fluorescence excitation was

provided at 455 nm by an argon ion laser (Melles Griot, Carlsbad, CA).

Short excitation pulses (10–30 ms) were delivered at a frequency of 0.1 Hz

to minimize photobleaching. Steady-state single-shot spectra were collected

at this frequency throughout the application of a temperature profile

consisting of a heating phase from 100 to 220 K at a rate of 180 Kh�1 and

a 10 min plateau at 220 K. Temperatures corresponding to each spectrum

were recorded online via a Labview-based graphical interface (National

Instruments, Austin, TX) controlling the synchronization of the experiment.

The center of mass of emission spectra, which is closely linked to the Stokes

shift, was calculated as a function of temperature with the software IDL

(Research Systems, Boulder, CO). Temperature-dependent shifts in pH

(Yguerabide et al., 1994) may slightly change the ratio between the

monoanionic and the dianionic forms of fluorescein, possibly leading to an

additional small shift in the center of mass of the total (monoanionic and

dianionic) fluorescence spectrum. To minimize this potential bias, the

centers of mass were calculated within a fixed wavelength range delimiting

the emission peak from the dianionic form of fluorescein only, as recorded at

100 K.

The concentration of fluorescein was chosen so that the absorbance of

typical loop-mounted samples did not exceed 0.3 OD at the absorption

maximum, so as to probe the sample homogeneously and minimize inner

filtering effects. However, in the case of HuBChE, the affinity of fluorescein

for the enzyme considerably increased the concentration of the fluorophore

within the sample whose OD at the peak absorbance exceeded 2.0. As

a consequence, only a shallow volume of HuBChE crystals could be probed.

RESULTS AND DISCUSSION

Amorphous mixtures of glycerol, water, and fluorescein

Steady-state fluorescence emission spectra at 100 and 220 K

from a flash-cooled aqueous solution containing 40% (v/v)

glycerol and 0.3 mM fluorescein (solution A, see Materials

and Methods) are shown in Fig. 3. Upon raising the

temperature, the peak maximum undergoes a red shift from

500 to 510 nm and the spectrum broadens. Fluorescence

from solution A was continuously monitored during heating

from 100 to 220 K. The center of mass of the emission

spectrum from fluorescein in the dianionic state is shown as

a function of temperature in Fig. 4. Three main temperature

windows can be delimited, i.e., 100–158 K, 158–179 K, and

179–220 K. In the range 100–158 K, a continuous red shift is

observed and the sample remains macroscopically trans-

parent, as assessed by visual inspection (Fig. 4, inset a). At
158 K, a transient blue shift sets in, followed by a drastic red

shift and the sample becomes slightly opaque (Fig. 4, inset
b). At 179 K, a second blue shift is observed and the sample

rapidly becomes opaque (Fig. 4, inset c). Above 192 K, the

fluorescence spectrum is red shifted again, and from 207 K

the rate of this red shift decreases markedly.

The temperature, i.e., 158 K, at which the red shift

deviates from a nearly linear behavior in Fig. 4, is very close

to the glass transition temperature (160 K) of a similar

sample, as determined by calorimetry (Harran, 1978). Cor-

roborative evidence that this deviation from linearity indeed

originates from a glass transition is provided by the excellent

agreement (Fig. 5) of the corresponding temperatures with

glass-transition temperatures of aqueous solutions of glyc-
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erol at various concentrations as determined by calorimetry

(Harran, 1978).

We attribute the red shift of the emission spectrum in the

temperature range between 165 and 179 K (Fig. 4) to

increased solvent mobility above the glass transition. Since

solvent molecules gain rotational freedom at the glass

transition (Fisher and Devlin, 1995), the rate of dipolar

relaxation of the excited fluorophores is increased, inducing

a red shift of the emission spectrum according to:

ncgðTÞ5 nN1ðn02nNÞtSðTÞ=½tSðTÞ1tðTÞ�;

where ncg(T) is the wavelength corresponding to the center

of mass of the emission spectrum observed at temperature T,
n0 and nN are the centers of mass in the absence and after

completion of solvent relaxation, respectively, and tS(T) and
t(T) are the lifetimes of the solvent relaxation processes and

of the fluorescence, respectively (Lakowicz, 1999). Such

a red shift has been observed in early studies of liquid-state

dynamics (Yu et al., 1992).

The transient blue shift between 158 K and 165 K is

consistent with a temporary increase in sample rigidity ac-

companying the process of enthalpy relaxation reported to

occur near the glass transition of amorphous samples (Johari

et al., 1991; Mayer, 1991). However, the magnitude of this

blue shift varies between identically prepared samples, which

may be related to small differences in sample volumes.

The onset of the second blue shift at 179 K (Fig. 4) reflects

the formation of crystalline ice. This assignment is supported

by the strong and rapid opacification of the sample at 180 K

(Fig. 4, inset c) due to scattering from ice clusters that

become comparable in size with the laser wavelength. Upon

crystallization, dipolar relaxation is slowed down due to an

increased rigidity of the solvent molecules, which shifts the

emission maximum to the blue. However, crystalline ice also

reabsorbs the emitted fluorescence light. This reabsorption is

stronger at shorter wavelengths, resulting in a competing red

shift of the observed emission maximum. This latter effect

becomes dominant from 192 K onward, as confirmed by

simulations (not shown). At 207 K, the decrease in slope and

return to a more linear regime (Fig. 4) mark the completion

of ice formation.

Vitrified bulk water has been argued to undergo a glass

transition at 136 K upon warming (Johari et al., 1987). As the

temperature is increased, it crystallizes at;150 K into cubic

ice, which transforms into ordinary hexagonal ice at 186 K

(McMillan and Los, 1965). Amorphous water in the

FIGURE 1 Schematic view (a) and

picture (b) of the microspectrophotom-

eter setup. Three mirror objectives (in

orange) focus the ultraviolet-visible

light beam onto a 50 mm diameter spot.

The sample mounted in a nylon loop is

cooled by a cryostream system de-

livering cooled gaseous nitrogen. The

sample is positioned at the intersecting

focal points of the mirror objectives

with a one-circle goniometer and can be

visually inspected with a microscope.

FIGURE 2 Photo of a flash-cooled HEWL crystal (300 mm 3 300 mm)

soaked in fluorescein and mounted in a cryoloop at 100 K. Fluorescence is

observed upon continuous laser illumination with blue light. Only the

crystal, not the vitreous cryosolvent around it, contains fluorescein, which is

at the origin of the green emitted light.
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temperature window between the glass transition and

crystallization has been described as being ‘‘ultraviscous’’

(Mishima and Stanley, 1998), but the existence of this

window is still controversial (Velikov et al., 2001). Our

results on water-glycerol mixtures show a temperature

window that corroborates the findings of Mishima and

Stanley (1998). However, in our case, a possible ‘‘ultra-

viscous’’ phase seems to coexist with the presence of slowly

growing, small ice crystals, as suggested by the slight

opacity of the sample (Fig. 4, inset b) observed throughout

the 158–179 K temperature window.

To determine the molecular relaxation time in the ‘‘ultra-

viscous’’ phase, the temperature of a flash-cooled solution A

was increased from 100 to 170 K, held constant at 170 K for

;16 h, and then increased further to 220 K (Fig. 6). Similarly

to data shown in Fig. 4, a transient blue shift in the emission

spectrum is observed between 160 K and 165 K, marking the

occurrence of a glass transition. A red shift follows, which

continues to develop while the temperature is maintained at

170 K, with an associated monoexponential relaxation time

of 205 s. This relaxation time is comparable to the one

attributed to molecular relaxation at the glass transition (100

s, Angell, 1995), although it may include a small contribution

from slowly growing ice crystals. Further heating leads to

massive crystallization, as monitored by the appearance of

a characteristic blue shift at 177 K (Fig. 6 b).
In summary, TDFM provides the glass transition temper-

ature of flash-cooled water-glycerol mixtures as well as the

crystallization temperature of the water fraction. Conse-

quently, the temperaturewindow inwhichwater is likely to be

ultraviscous (Mishima and Stanley, 1998) can be detected. In

the following, we extend these studies to the case of protein

crystals.

Solvent behavior in crystals of Torpedo
californica acetylcholinesterase with large
solvent channels

A single crystal of TcAChE, soaked in 0.3 mM fluorescein

and cryoprotected with solution B (see Materials and

FIGURE 3 Fluorescence emission spectra of a flash-cooled film of an

aqueous solution containing 40% (v/v) glycerol and 0.3 mM fluorescein at

100 K and after heating at 220 K. The main peak and the red-shifted shoulder

in both spectra are due to fluorescence from the dianionic and monoanionic

states of fluorescein, respectively. The signal at 455 nm originates from

scattering of laser light that is more pronounced at 220 K due to crystalline

ice formation in the sample.

FIGURE 4 Transitions in a glycerol/water mixture as seen by TDFM.

Center-of-mass of the dianionic peak (solid triangles) in the fluorescence

spectrum of an amorphous film of an aqueous solution containing 40% (v/v)

glycerol and 0.3 mM fluorescein as a function of experimental time. After

flash cooling, the temperature (solid line) was raised from 100 K to 220 K.

The insets show optical images of the fluorescent sample illuminated with

blue light and recorded at different temperatures. The film of solution is

held in a nylon loop of typical size 100 3 300 mm2. The probed volume

is �1 nL.

FIGURE 5 Glass transition temperatures for mixtures of glycerol and

water as determined by calorimetry (open squares, Harran, 1978) and

TDFM (solid squares) as a function of glycerol concentration.
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Methods), was flash-cooled to 100 K. The optical densities at

490 nm and fluorescence Stokes shifts at 100 K of such

crystals were comparable to those of a flash-cooled

cryosolution B alone to which 0.3 mM fluorescein has been

added. This indicates that the fluorophore did not specifically

bind to TcAChE and resides in the crystal channels where it

can probe dynamical changes of the solvent. Upon raising

the temperature, two transitions are observed, at 158 K and

188 K (Fig. 7 a). We attribute the former to a glass transition

of the crystal solvent and the latter to its massive crys-

tallization. A comparative experiment performed on cryoso-

lution B alone shows two characteristic transitions at 151 K

and 172 K (Fig. 7 b).
Given the large solvent channels in trigonal TcAChE

crystals (65 Å diameter), the observation of a solvent glass

transition at a temperature close to the one seen in bulk

cryosolution is consistent with the idea that solvent in large

channels behaves similarly to bulk solvent (Weik et al.,

2001b). The temperatures of the glass transition measured

from four similarly prepared crystals varied from 151 to 164

K, implicating that more than one sample should always be

investigated by TDFM before drawing detailed conclusions.

We attribute this variation to small differences in the initial

flash-cooling process, in crystal size, crystal shape, or other

parameters (Garman, 2003). Therefore, the 7 K difference

between the glass transition temperatures in Fig. 7, a and b,
may not be unambiguously attributed to confinement of the

crystal solvent. Interestingly, x-ray diffraction experiments

on an 80-fold increased timescale (several tens of hours)

showed that crystalline ice in trigonal TcAChE crystals starts

to form at ;155 K (Weik et al., 2001b). This temperature is

close to the glass transition temperature observed here

(Fig. 7 a), suggesting that ice may form slowly as soon as the

glass transition is passed, in line with the observations on

flash-cooled mixtures of glycerol and water described above.

The temperature at which massive crystallization is

observed by TDFM is expected to depend on the kinetics

of this process relative to the timescale of the experiment.

Here, crystallization of unconfined bulk solvent, starting at

172 K, is particularly rapid, occurring on a timescale of a few

seconds (Fig. 7 b). On the contrary, the kinetics of ice

formation within the crystal channels appears to be much

slower (Fig. 7 a), which may explain the 16 K difference

between the crystallization temperatures observed in Fig. 7,

a and b.

FIGURE 6 Molecular relaxation at the glass transition. Center-of-mass of

the dianionic peak (solid triangles) in the fluorescence spectrum of a film of

an amorphous solution containing 40% (v/v) glycerol and 0.3 mM

fluorescein as a function of experimental time. The temperature profile is

represented as a solid line. Data corresponding to different time windows are

shown, i.e., between 0 min and 80 min (a) and between 980 min and 1010

min (b).

FIGURE 7 Transitions in a TcAChE crystal as seen by TDFM. Center-

of-mass of the dianionic peak (solid triangles) in the fluorescence spectrum

of fluorescein soaked into TcAChE crystals (a) and of fluorescein in the

cryoprotective solution B of TcAChE crystals (b) as a function of

experimental time. After flash cooling, the temperature (solid line) was

raised from 100 to 220 K.
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In summary, TDFM allowed the detection of a glass

transition and massive crystallization of solvent in a protein

crystal with large channels. The results also suggest that

confinement in such channels significantly slows down the

kinetics of ice formation. In the following section, experi-

ments on protein crystals with narrow channels are described

in which the solvent neither undergoes a glass transition nor

crystallizes.

Solvent behavior in crystals of hen egg white
lysozyme with narrow solvent channels

A single crystal of HEWL, soaked in 0.3 mM fluorescein and

cryoprotected with solution C (see Materials and Methods)

was flash-cooled to 100 K. The temperature was subse-

quently raised from 100 to 220 K. Inspection of electron

density maps in an x-ray crystallographic study of HEWL

revealed that fluorescein does not bind to the enzyme (not

shown). Again, the fluorophores reside in the solvent

channels. The evolution of the Stokes shift is essentially

featureless up to 190 K, where a small red shift appears (Fig.

8 a). Investigation of a second crystal led to the same result.

In contrast, a similar experiment performed on cryosolution

C alone to which 2.1 mM fluorescein was added reveals

marked transitions at 160 and 177 K (Fig. 8 b), which are

assigned to a glass transition and the onset of ice formation,

respectively. Comparison of Fig. 8, a and b, suggests that

a glass transition does not occur in the solvent channels of

tetragonal crystals of HEWL. Furthermore, the transition at

190 K in Fig. 8 a originates from the massive formation of

ice outside the crystal, in the cryosolution embedding it, as

substantiated in the following. First, temperature derivative

absorption spectra (not shown) revealed massive ice

formation at 190 K, resulting in a significant reabsorption

of the emitted light (see section about glycerol/water

mixtures) at the origin of the observed red shift. Second,

x-ray diffraction experiments based on cell volume measure-

ments (Weik et al., 2001b) indicated that the solvent within

HEWL crystals does not crystallize in the temperature range

100–220 K. Third, the TDFM profile from 190 K onward in

Fig. 8, a and b, are similar, consistent with massive crys-

tallization in the range 190–208 K in cryosolution C.

The absences of a glass transition and of ice formation in

the solvent channels of HEWL crystals may be explained by

the very small size of these channels (14 Å in diameter),

resulting from the tight packing of the macromolecules in the

lattice. A substantial fraction of water molecules are ordered

in the crystal channels (.70% of them is required for

monolayer coverage of the protein molecules (Usha et al.,

1991)) and an extended three-dimensional hydrate lattice

may not form. Viscous drag forces are generated, hindering

unordered water molecules from freely reorienting as the

temperature is elevated.

Protein dynamics are acknowledged to be considerably

influenced by the surrounding solvent (Beece et al., 1980;

Walser and van Gunsteren, 2001). It has been proposed that

solvent glass transitions trigger dynamical transitions in

proteins (Vitkup et al., 2000; Réat et al., 2000). Based on this

assumption, our results suggest that a dynamical transition

may not occur in tetragonal crystals of HEWL in the

temperature range 100–220 K.

Interestingly, a glass transition at 150 K was observed in

similar HEWL crystals by calorimetric measurements

(Miyazaki et al., 2000). However, calorimetric glass transi-

tions do not only relate to molecular dynamics on the

nanosecond timescale, in contrast to the transitions probed

here. The glass transition detected by calorimetry may thus

FIGURE 8 Transitions in a HEWL crystal as seen by TDFM. Center-

of-mass of the dianionic peak (solid triangles) in the fluorescence spectrum

of fluorescein soaked into HEWL crystals (a) and of fluorescein in the

cryoprotective solution C of HEWL crystals (b) as a function of

experimental time. After flash cooling, the temperature (solid line) was

raised from 100 to 220 K.
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concern faster motions that are not observable by fluorimetry.

However, protein movements developing on the nanosecond

timescale have been described as determinant in controlling

biological activity (Brooks et al., 1988). Therefore, our

findings indicate that some or all conformational changes

associated with enzymatic activity of HEWL, and that are

‘‘slaved’’ to solvent dynamics (Iben et al., 1989), may not

take place at cryotemperatures in tetragonal crystals. Never-

theless, other so-called ‘‘nonslaved’’ protein motions whose

temperature dependence does not correlate with solvent

fluctuations (Fenimore et al., 2002) may in principle still take

place.

Dynamical transition in crystalline
human butyrylcholinesterase

The structure of crystalline HuBChE has been solved

recently (Nicolet et al., 2003). HuBChE crystals soaked in

0.3 mM fluorescein and cryoprotected with solution D (see

Materials and Methods) were flash-cooled to 100 K. A

crystallographic study revealed that fluorescein binds to the

active site of the enzyme as evidenced by the inspection of

electron density maps (not shown). This was confirmed by

the observation of a shift of the fluorescence spectrum by

;15 nm as compared to the spectrum of fluorescein in

cryosolution D alone, and by the high optical density (OD.
2.0 at 490 nm) of representative crystals, suggestive of

a concentration of fluorescein in the crystal similar to the

HuBChE concentration (8.7 mM). The evolution of the

fluorescence peak emission as a function of temperature (Fig.

9 a) is, therefore, a marker of the active site dynamics rather

than of the solvent dynamics.

Upon heating, the slope of the Stokes shift starts to increase

significantly at 175 K.We assign this observation to the onset

of a dynamical transition in the active site of HuBChE. This

increase is consistent with the model of a higher flexibility of

protein residues above the transition (Parak et al., 1982;

Doster et al., 1989; Ferrand et al., 1993). The study of five

similar crystals employing the same protocol showed that

this transition varied from 175 to 183 K.

Remarkably, a glass transition is observed at 153 K in the

corresponding cryosolution D alone to which 2.1 mM

fluorescein was added, 22 K below the dynamical transition

in the active site (Fig. 9 b). However, firm conclusions about

the origin of this shift may not be drawn at this point. Given

the moderately large channels in HuBChE crystals (42 Å in

diameter), the crystal solvent is expected to undergo a glass

transition upon heating, although being somewhat more

confined than in the case of TcAChE. To investigate whether
or not this transition directly triggers the dynamical transition

observed in the active site (Fenimore et al., 2002), its temp-

erature must be measured. To this end, new experiments can

be envisaged where an irreversible HuBChE inhibitor

prevents the fluorophore from binding to the active site,

which would then only reside in the crystal channels.

Massive crystallization of water in cryosolution D and

within or around HuBChE crystals occurs at ;200 K (Fig.

9, a and b), as confirmed by visual inspection and by the

appearance of strong ice rings in x-ray diffraction patterns

(not shown). The progressive onset of a blue shift seen in

Fig. 9, a and b, from ;200 K onward is a manifestation of

an increased rigidity of the fluorophore environment and

correlates well with the idea that the kinetics of water

FIGURE 9 Transitions in a HuBChE crystal as seen by TDFM. Center-

of-mass of the dianionic peak (solid triangles) in the fluorescence spectrum

of fluorescein bound to the active site of crystalline HuBChE (a) and of

fluorescein in the cryoprotective solution D of HuBChE crystals (b) as

a function of experimental time. After flash cooling, the temperature (solid

line) was raised from 100 to 220 K. Oscillations seen around 200 K in b are

attributed to the crystallization of ammonium sulfate, which has been

identified visually.
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crystallization within the crystal channels and within

cryosolution D are much slower than in the case of

TcAChE. In the latter case, a red shift owing to reabsorption

of the emitted fluorescence light by crystalline ice masked

a blue shift due to a crystallization-related increase in

rigidity of the fluorophore’s environment.

The evolution of the Stokes shift in Fig. 9 a defines

a temperature window (175–200 K) between a dynamical

transition of the protein and crystallization of its surrounding

solvent. In this window, the protein gains conformational

flexibility and may find itself in a partially or fully functional

state although reaction rates are expected to be considerably

lower than at physiological temperatures. The identification

of this window is especially pertinent to the design of

kinetic-crystallography experiments aimed at trapping func-

tional intermediate states (Ursby et al., 2002). In the case of

crystalline HuBChE, the following experimental strategy can

be devised based on our TDFM results (Fig. 10). A photo-

labile precursor of the enzymatic product (caged compound),

i.e., 1-(2-nitrophenyl)ethyl-caged choline (Peng et al., 1998),

is soaked into HuBChE crystals at room temperature and

inhibits the enzyme by binding to the active site. Subsequent

to flash-cooling the crystal to 100 K, the caged compound is

cleaved by laser cryophotolysis (Specht et al., 2001),

liberating a choline molecule in the active site. The crystal

is then warmed to a temperature above the dynamical

transition of the active site (i.e., to above 175 K), yet still

below the ice-formation temperature (200 K), to allow the

build-up of a putative enzymatic reaction intermediate

associated with choline exit from the active site. A second

cooling process traps the intermediate state, which then can

be studied by conventional monochromatic x-ray crystal-

lography. This strategy is likely to be applicable to fast

enzymes other than cholinesterases if the enzymatic reaction

can be initiated at 100 K.

CONCLUSION

We have demonstrated that temperature-derivative fluores-

cence microspectrophotometry is a simple and reliable tool to

monitor dynamical changes in protein crystals in complement

to other established methods. Depending on the size and

composition of the solvent channels, a temperature window

may be identified in which the protein molecules gain

conformational flexibility by passing a dynamical transition

while the solvent does not yet form crystalline ice. More

fundamental aspects of protein dynamics may also be in-

vestigated such as gaining insight into the coupling between

the dynamics of solvent and biological macromolecules.

Although the use of the cheap and commonly available

fluorophore fluorescein appears adequate in many cases,

fluorescent amino acids, cofactors, ligands, or inhibitors can

in principle also be used to investigate the local dynamics of

active and/or binding sites. Furthermore, specific exogenous

fluorophores targeted to residues of interest in engineered

proteins (Boyd et al., 2000) may yield information on

spatially resolved protein dynamics. Although we have

developed the technique in the context of protein crystallog-

raphy, a large number of applications in the fields of

biophysics or physical chemistry can be envisaged due to

the possibility of working with nanovolumes that can be

readily flash-cooled.
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