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ABSTRACT: The use of protein crystals as a source of
nanoscale biotemplates has attracted growing interest in
recent years owing to their inherent internal order. As these
crystals are vulnerable to environmental changes, potential
applications require their stabilization by chemical crosslinking. We have previously shown that such intermolecular
chemical crosslinking reactions occurring within protein
crystals are not random events, but start at preferred
crosslinking sites imposed by the alignment of protein
molecules and their packing within the crystalline lattice.
Here we propose a new working hypothesis and demonstrate
its feasibility in enabling us to extricate homogeneous
populations of single protein molecules that display chemical
point mutations or of dimers that show homogeneous
chemical crosslinking, and that have the potential for
isolation of higher structures. Characterization of the
crosslinking mechanism and its end products opens the
way to the potential retrieval of such speciﬁc modiﬁed/
intermolecular crosslinked products simply by effecting
partial crosslinking at identiﬁed preferred sites, followed by
time-controlled arrest of the crosslinking reaction and
dissolution of the crystals by medium exchange complemented by chromatographic puriﬁcation.
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Introduction
Protein crystals that are routinely prepared for elucidation of
protein 3D structure by X-ray crystallography present a
highly ordered 3D array of protein molecules. In addition,
formed along with this molecular array is a complementary
3D array of voids, consisting of solution-ﬁlled cavities and
interconnecting channels whose pattern, geometry, and size
depend on the protein molecule dimensions, shape, and
intermolecular interactions. These intermolecular interactions are dictated in turn by the composition of the surfaces of
the protein molecules (Cohen-Hadar et al., 2006, 2009). The
void volume, the space that is occupied by the solvent and is
responsible for the deﬁnition of porosity of the protein
crystal, varies between 30% and 70% of crystal’s total volume
(Matthews, 1968).
The porosity of protein crystals, which enables them to be
permeated by low-molecular-weight solutes, has been
exploited for their use in enzyme-mediated organic synthesis
(Margolin and Navia, 2001; Zelinski and Waldmann, 1997)
and size-exclusion chromatography (Vilenchik et al., 1998).
As a prerequisite for such applications, it was necessary to
stabilize the vulnerable protein crystals to changing environments by chemical crosslinking of neighboring protein
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molecules embedded within the crystal. This was done by
the use of bifunctional or multifunctional crosslinking
agents, such as glutaraldehyde (Margolin and Navia, 2001;
Zelinski and Waldmann, 1997). In addition to the abovementioned applications, stabilization of protein crystals by
glutaraldehyde crosslinking also enables them to be used as
biotemplates, as demonstrated by the use of glutaraldehydestabilized concanavalin A crystals as a biotemplate for
fabrication of a 3D array of metallic silver nanoparticles
embedded within the internal crystalline voids. This could be
achieved either by directed electroless deposition (CohenHadar et al., 2009) or by photoreduction of periodically
deposited silver ions in the solvent channels of glutaraldehyde-crosslinked lysozyme crystals (Guli et al., 2010).
Elucidation of the end products and the molecular mechanism underlying protein crystal crosslinking by glutaraldehyde was previously described by our laboratory (Wine et al.,
2007). Structural analysis by X-ray diffraction of lysozyme
crystals crosslinked by glutaraldehyde for longer than 24 h
under acidic (pH 4.8) or alkaline (pH 8.0) conditions revealed
site-preferred crosslinking of lysine13 residues of neighboring
lysozyme molecules. Under acidic conditions the reaction rate
was much slower, and the result was that bridging of the same
two lysine13 residues of neighboring lysozyme molecules
culminated in a different crosslinking end product. It was
observed in that study that chemical crystal crosslinking
involves a speciﬁc initiation site for preferable crosslinking,
presumably indicating that it is ``guided'' by the alignment of
protein molecules throughout the crystallization process so
that some of their amino acid residues are displayed close to
neighboring molecules in the crystal’s pores, readily accessible
to low-molecular-weight crosslinking agents.
On the basis of this mechanism we now propose a working
hypothesis that provides a new tool for the preparation of
homogeneous populations of protein molecules modiﬁed
at speciﬁc sites or protein dimers of protein molecules,
all crosslinked through the same speciﬁc site, or of higher
protein arrays obtained by using a series of site-preferred
crosslinking reactions effected by several different chemical
crosslinking agents. Such chemically modiﬁed or crosslinked
homogeneous protein populations may be readily extricated
by the arrest of site-preferred crosslinking reactions achieved
through washing with crystallization medium devoid of the
crosslinking agent, followed by medium exchange that brings
about crystal dissolution.
In this study we demonstrated the feasibility of our
``extrication'' working hypothesis by preparing (i) a
homogeneous population of protein molecules displaying
identical chemical point mutations, and (ii) a homogeneous
population of chemically crosslinked protein dimers all
crosslinked via the same residues.

Materials and Methods
Preparation of Crosslinked Crystals
Lyophilized hen egg white lysozyme (HEWL, Sigma, St.
Louis, MO) was dissolved to a concentration of 50 mg/mL in
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3 mL of 0.1 M sodium acetate pH 4.8 and transferred into
three tubular dialysis membranes (MWCO 6000–8000,
CelluSep, Seguin, TX). The enzyme solutions were dialyzed
(1:100 v/v) against 3.5% NaCl in 0.1 M sodium acetate pH
4.8. Following overnight incubation at 18 C the crystals were
transferred into separate test tubes and washed three times
with 5 mL of the crystallization solvent (3.5% NaCl in 0.1 M
sodium acetate pH 4.8). Crosslinking was carried out by
incubating the crystals in solution, consisting of 0.1 M
sodium acetate pH 4.8, 3.5% NaCl, and 1% (v/v)
glutaraldehyde (Merck, Darmstadt, Germany) for 10 min,
24 or 48 h. The crosslinking reaction was arrested by medium
exchange followed by washing three times with crystallization
solvent devoid of glutaraldehyde.
Purification of Partially Crosslinked Crystal End Products
by Ion Exchange Chromatography
HEWL crystals were grown in the dialysis bags and
crosslinked for 10 min as described above. The crosslinker
was then removed by washing the partially crosslinked
crystals with crystallization solution, and crystals were
dissolved by replacement of buffer with 0.1 M sodium
acetate pH 4.8. Samples of the dissolved crystals were loaded
on 15S cation-exchange columns (FPLC system, ÄKTAexplorer, GE Healthcare, Piscataway, NJ). Protein fractions
were eluted from the column at a ﬂow rate of 1.5 mL/min by
applying a stepwise gradient of sodium chloride (0–0.4 M) in
20 mM HEPES pH 7.0. Elution was monitored by UV
absorption at l ¼ 280 nm.
Following the chromatographic procedure, fractions
containing lysozyme monomers or dimers were combined,
desalted, and concentrated to at least 30 mg/mL using a
Centricon centrifugal ﬁlter (3000 MWCO, Millipore, MA).
Mass Spectrometry
Mass spectrometric analysis was performed using the
QSTAR1 XL Hybrid LC/MS/MS (Applied BioSystems, Foster
City, CA) nano-electrospray ionization system.
SDS–PAGE
Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) was carried out with a Mini-PROTEAN1 3
system (Biorad, Hercules, CA) consisting of a 12.5%
polyacrylamide gel and a 4% polyacrylamide stacking gel.
Residual Enzymatic Activity
The residual lysozyme hydrolytic activity of isolated and
puriﬁed monomers and dimers was determined using
insoluble suspended substrate (cell wall of Micrococcus
lysodeikticus after Worthington, 1993) and soluble substrate
(PNP-(GlcNAc)3-b-N-acetylglucosaminidase coupled assay
after Nanjo et al., 1988).

Crystallization of Chromatographically Purified Lysozyme
Monomers and Dimers
Glutaraldehyde-modiﬁed and chromatographically puriﬁed
lysozyme monomers were crystallized by the hanging drop
vapor diffusion technique and puriﬁed glutaraldehydecrosslinked lysozyme dimers crystallization was conducted
by using the microbatch-under-oil method (Ducruix and
Giege, 1999). Modiﬁed lysozyme monomer crystals were
grown from protein solution (30 mg/mL, 0.1 M sodium
acetate pH 4.8) mixed to a 1:1 ratio (4 mL each) with
precipitant solution (3–9% NaCl in 0.1 M sodium acetate pH
4.8) and equilibrated at 18 C over 0.4 mL of the precipitating
solution. Crystallization conditions for the crosslinked
lysozyme dimers were screened using a Crystal Screen HT
(Hampton Research, Aliso Viejo, CA) in a 96-well microbatch plate (1 mL of 5 mg/mL protein solution and 1 mL
precipitant). Screening was performed at 18 C with an Oryx6
crystallization robot (Douglas Instruments, Berkshire, UK).
Diffraction Experiments and Structure Refinement
Twenty representative crystals were selected from the three
time-groups of crosslinked lysozyme crystals: ten crystals
crosslinked for 10 min, ﬁve crosslinked for 24 h, and ﬁve
crosslinked for 48 h. Each crosslinked crystal was harvested
from the crystallization solvent and transferred into
cryoprotectant solution (0.1 M sodium acetate pH 4.8,
3.5% NaCl and 25% ethylene glycol) using CryoLoopTM
(Teng, 1990). The crystals were immediately plunged into
liquid nitrogen and put in pucks to transport to synchrotron
for data collection (ESRF, Grenoble, France). The crystals
were placed in a stream of cold nitrogen at a temperature of
100 K, which was generated by Oxford Cryosystems (Cosier
and Glazer, 1986). Diffraction data sets were indexed,
integrated, and scaled using DENZO and SCALEPACK as
implemented by HKL2000 (Otwinowski and Minor, 1997),
and by using the programs XDS and XSCALE (Kabsch, 1993;
Kabsch, 2010a,b). Structures were reﬁned and electrondensity maps calculated (2Fobs-Fcalc and Fobs-Fcalc) by the
use of PHENIX software (Adams et al., 2010), with 5% of the
total data excluded from the reﬁnement for the purpose of
Rfree calculations. Structures were rebuilt and validated using
COOT (Emsley et al., 2010), and molecular images were
rendered using PyMOL software (DeLano, 2002).

Results and Discussion
Short-Term Versus Long-Term Glutaraldehyde
Crosslinking of Lysozyme Crystals and Crystal Dissolution
Tetragonal HEWL crystals crosslinked by incubation in 1%
(v/v) glutaraldehyde solution for 10 min, 24 or 48 h were
dissolved by incubation in 0.1 M sodium acetate pH 4.8 and
the resulting solutions were analyzed by SDS–PAGE. The
results described in Figure 1 showed that dimerization had
already occurred by 10 min after the start of the crosslinking

Figure 1. SDS–PAGE analysis. Lane 1: dissolved native crystals; lanes 2–4:
dissolved crystals crosslinked with 1% (v/v) glutaraldehyde for 10 min (lane 2), for 24 h
(lane 3), and for 48 h (lane 4). MW: low-molecular-weight protein marker.

reaction. Unlike the complete dissolution of crystals crosslinked for 10 min, crystals that were crosslinked for 24 h were
largely resistant to dissolution, releasing less than 10% of
their volume to the dissolution buffer and revealing mostly
crosslinked dimers and higher crosslinking products.
Attempts to dissolve crystals that were crosslinked for 48 h
failed, indicating that these crystals had become fully resistant
to dissolution.
To gain further insight into the potential impact of the
crosslinking reaction on protein alignment within the
partially crosslinked (10 min) or fully crosslinked lysozyme
crystals (24 and 48 h), we analyzed the X-ray diffraction of
representative groups of crystals incubated for 10 min, 24 or
48 h, and then performed statistical calculations of hierarchical clustering on the collected data sets to determine the
degree of isomorphism between the crosslinked crystals
representing each group. According to hierarchical clustering
method (Giordano et al., 2012), a correlation-coefﬁcient
matrix was calculated for the intensities that were scaled but
not merged for each pair of data sets. This matrix was then
used to deﬁne an isomorphism distance criterion, for
estimation of the structural similarity between the crystals.
Results obtained from the hierarchical cluster analysis
(Fig. 2) depict two main clusters, one containing data sets
from crystals crosslinked for 10 min and the other containing
data sets from crystals crosslinked for 24 and 48 h. Each of the
main clusters was further divided into two sub-clusters.
Whereas crystals crosslinked for 10 min exhibited two sub-
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50.0–1.38
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P43212
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10 min #2

P43212
a ¼ b ¼ 78.494,
c ¼ 36.849
227043.9
50.0–1.21
379831
98.8 (84.8)
0.36–0.45
0.054
33.9 (1.0)

10 min #10
10 min #9
10 min #8
10 min #7
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10 min #1

Electron-density maps were calculated from 20 structures
of lysozyme crystals crosslinked for 10 min, 24 and 48 h.
Standard data-processing statistics are summarized in
Tables I and II. The reﬁned models revealed speciﬁc regions
of extended electron densities that appeared repetitively
throughout the crystal lattice of the different time-groups of
crosslinked crystals. In the ten 10-min-crosslinked crystals
that we examined, a distinctive electron-density continuum
was unexpectedly observed between two N-guanidyls of
Arg45 from two neighboring lysozyme molecules related by a
crystallographic twofold axis (see Fig. 3b). On the other hand,
in the 24 and 48-h-crosslinked crystal models (5 crystals
each) an additional electron-density continuum was identiﬁed, connecting the two e-amines of Lys13 from two adjacent
lysozyme molecules (Fig. 3c and e).
These sequential time-dependent crosslinking reactions
utilizing two different preferred crosslinking sites resulted
in fast crosslinking of Arg45–Arg45 complemented by the
much slower secondary crosslinking reaction of Lys13–Lys13,
enabling us to potentially extricate lysozyme dimers resulting

Data set

Structural Analysis of Crosslinked Lysozyme Crystals

Table I. Crystal parameters and data collection statistics for data sets of lysozyme crystals crosslinked for 10 min.

clusters, data sets obtained for crystals crosslinked for 24 and
48 h each appeared as separate sub-cluster. These ﬁndings
point to a signiﬁcant structural difference between the 10min data sets and the 24 or 48-h data sets, indicating a higher
degree of similarity among the 24 and 48-h data sets, in
accord with their observed resistance to dissolution, than in
the 10-min data sets, which were found to be hierarchically
more divergent.

10 min #6

Figure 2. Hierarchical cluster analysis dendrogram for 18 data sets of crosslinked
lysozyme crystals (eight crosslinked for 10 min (red); five crosslinked for 24 h (green);
and five crosslinked for 48 h (blue)). The Y-axis defines the distance between the
clusters.
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P43212
a ¼ b ¼ 78.584,
c ¼ 36.919
227995.9
50.0–1.38
334,007
99.7 (95.2)
0.27–0.94
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63.2 (3.7)

P43212
a ¼ b ¼ 78.556,
c ¼ 36.741
226733.1
50.0–1.38
334,004
100.0 (100.0)
0.27–0.49
0.039
71.3 (3.8)

P43212
a ¼ b ¼ 78.564,
c ¼ 36.840
227382.6
50.0–1.24
402,998
100.0 (99.3)
0.14–0.16
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48 h #5
48 h #4
48 h #3
48 h #2
48 h #1
24 h #5
24 h #4
24 h #3
24 h #2
24 h #1
Data set

Table II. Crystal parameters and data collection statistics for data sets of lysozyme crystals crosslinked for 24 and 48 h.

from the ﬁrst crosslinking reaction indicated by the SDS–
PAGE ﬁndings. Furthermore, it appears from the crystallographic data presented in Figure 3 that whereas the ﬁrst
crosslinking reaction (Arg45–Arg45, see Fig. 3b) was
mediated by a glutaraldehyde ``monomer'' the second
crosslinking reaction (Lys13–Lys13, see Fig. 3c and e) was
mediated by polymeric glutaraldehyde as described by
(Migneault et al., 2004), via the mechanism previously
identiﬁed by our lab for glutaraldehyde crosslinking effected
under acidic pH (see Wine et al., 2007, Fig. 7). The slower rate
of the second crosslinking reaction may thus be explained in
terms of steric hindrance imposed by the close proximity of
the crosslinked lysine residues, brought about by the densely
packed lysozyme crystal exhibiting relatively narrow inter
channels of 7–23 A. An additional factor might be that small
molecular conformational changes effected by the previous
crosslinking of Arg45 residues, as shown in Figure 4a, Leu129
and Lys13 residues in the 10-min-crosslinked crystal
(magenta), are involved in a network of salt bridges that
draws them closer together, whereas in the 24-h (green) and
48-h (orange) crosslinked crystals (Fig. 4b) these residues are
drawn further apart, as reﬂected by the resulting downwards
displacement of the Leu129 residues (shown in Fig. 4c),
which probably reﬂects steric hindrance glutaraldehyde
crosslinking impose on neighboring Lys13 e-amines.
Isolation, Characterization, and Recrystallization of
Modified Lysozyme Monomers and Crosslinked Lysozyme
Dimers Obtained by Dissolution of Partially Crosslinked
Lysozyme Crystals
Purification of Lysozyme Monomers and Dimers Retrieved
by Dissolution From Partially (10-min) Crosslinked
Lysozyme Crystals
Solution obtained from dissolution of crystals was puriﬁed
and fractionated by ion-exchange chromatography, yielding
separated monomeric and dimeric fractions (Fig. 5a). The
two fractions were subjected to electrospray ionization mass
spectrometry (ESI-MS) (Fig. 5b), which revealed two major
peaks corresponding to lysozyme monomer (Lys-M,
14.309 kDa) and dimer (Lys-D, 28.747 kDa). Deviation
from the calculated molecular weight of a lysozyme dimer
(28.618 kDa) was small (0.129 kDa), indicating the presence
of the glutaraldehyde crosslinker. The minor peaks seen in
Figure 5b all over the molecular weight axis imply the
presence of polyglutaraldehyde chains of variable lengths
attached to monomeric or dimeric lysozyme molecules.
Impact of Crystallization, Crosslinking and Dissolution
Process on Residual Enzymatic Activity
The enzymatic activities of dissolved and puriﬁed end
products Lys-M and Lys-D were assayed using suspended M.
lysodeikticus cells or the low molecular weight substrate PNP(GlcNAc)3-b-N-acetylglucosaminidase coupled assay (Nanjo
et al., 1988). While the residual speciﬁc bacteriolytic activities
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Figure 3.

Electron density maps of (a, c, e) Lys13 and (b, d, f) Arg45 crosslinking sites, as depicted in lysozyme crystals crosslinked for 10 min (a, b), for 24 h (c, d), and for 48 h (e, f).

of both Lys-M and Lys-D were respectively decreased by the
process to 82% and 49% of the speciﬁc activity exhibited by
their parent native enzyme, their speciﬁc hydrolytic activities
on the soluble substrate have signiﬁcantly increased
respectively to 143% and 172%. It appears that while both
lysozyme monomer modiﬁcation and crosslinking into
dimer affected steric hindrance interfering with cell wall
lysis, same modiﬁcations enhanced the hydrolysis of low
molecular weight soluble substrate.
Crystallization of Glutaraldehyde-Modified Monomers of
Lysozyme

Figure 4.

Distance between Lys13 and Leu129 residues in a lysozyme crystal
crosslinked (a) for 10 min (magenta) and (b) for 24 h (green) and 48 h (orange). c
Superposition of C-terminal region depicting downward displacement of Leu129
residues due to glutaraldehyde crosslinkage in crystals crosslinked for 24 and 48 h.
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The modiﬁed lysozyme monomeric fraction was readily
crystallized using the hanging drop method under similar
conditions to those used to crystallize the parent lysozyme
(0.1 M sodium acetate pH 4.8 with sodium chloride as
precipitant). Crystal parameters and statistics of data
collection are listed in Table III. While noticeable intramolecular structural changes were not observed, the complicated
electron density appearance observed between the Arg45–
Arg45 pair suggested that some of these residues were

Figure 5.

a: Ion-exchange elution profile of dissolved crystal products crosslinked for 10 min. b: ESI-MS spectrometry of the dimeric fraction retrieved from chromatography.

Table III. Crystal parameters and data collection statistics for the parent lysozyme, the purified modified lysozyme monomer and the purified
crosslinked lysozyme dimer.
Crystal

Parent lysozyme

GA-modified monomer of lysozyme

GA-crosslinked dimer of lysozyme

Space group

Unit cell parameters (A)
 3
Unit cell volume (A )

Resolution (A)
No. of reflections
No. of unique reflections
Completeness (%)
Mosaicity ( )
Rmergea
I/s (I)

Wilson B factor (A2)

P43212
a ¼ b ¼ 78.64, c ¼ 36.88
228127.9
42.2–1.42 (1.44–1.42)
258,729
22,456 (1,089)
99.9 (99.9)
0.36
0.023 (0.44)
90.9 (26.0)
14.96

P43212
a ¼ b ¼ 79.25, c ¼ 36.83
231289.6
50.0–1.08 (1.10–1.08)
1,344,465
50,765 (2,488)
99.9 (99.7)
0.21
0.054 (0.44)
82.26 (7.7)
7.10

P43212
a ¼ b ¼ 79.91, c ¼ 36.97
236104.7
50.0–1.46 (1.49–1.46)
37,262
21,467 (545)
68.4 (57.3)
0.98
0.073 (0.56)
18.5 (1.50)
16.06

P P
P P
P
P
Rmerge ¼ hkl i|Ii(hkl)  I(hkl)|/ hkl iIi(hkl), where hkl denotes the sum over all reﬂections and i the sum over all equivalent and symmetry-related
reﬂections (Stout and Jensen, 1968).
a

modiﬁed, though not crosslinked, by polymeric glutaraldehyde (Fig. 6a), indicating a site-preferred point chemical
mutation.
Crystallization of Glutaraldehyde-Crosslinked Dimers of
Lysozyme
The crystallization conditions of the dimeric fraction of the
crosslinked lysozyme was screened using Crystal Screen HT.
Crystallization conditions consisting of 0.1 M bicine
buffer pH 9.0 containing 2.0 M magnesium chloride
hexahydrate yielded the envisaged crystal with the parameters
and data collection statistics listed in Table III. This crystal
belonged to the tetragonal system and its unit cell parameters
were almost the same as those of its parent (native) lysozyme
crystal. While noticeable intramolecular structural changes
were not observed, analysis of electron-density maps

Figure 6. Part of the interface in the structure of (a) a glutaraldehyde-modified
lysozyme monomeric crystal and (b) glutaraldehyde-crosslinked lysozyme dimeric
crystal. Electron density is observed between Arg45 and the symmetrically related
Arg45.
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conﬁrmed the presence of an intermolecular electron-density
continuum between the Arg45–Arg45 pair (Fig. 6b), similar
to that observed for the 10-min, 24, and 48-h time groups of
the crosslinked lysozyme crystals, clearly indicating preservation of the relative orientation and chemical crosslinking
identiﬁed in the pre-dissolved parent crystal.

Conclusion
We formulated a working hypothesis enabling us to extricate
homogeneous populations of chemically modiﬁed single
protein molecules or crosslinked protein dimers, and we
demonstrated its feasibility on protein crystals crosslinked by
glutaraldehyde. Potential applications of the homogeneous
population of modiﬁed lysozyme monomer and crosslinked
dimer thus obtained include oriented immobilization of
single active lysozyme molecules and generation of hyperactive soluble lysozyme dimers. Our ﬁndings open the way to
extending the proposed methodology to additional crosslinking agents and their mixtures, which are currently under
investigation.
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