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Abstract

In order to elucidate differences observed in the aggregation kinetics of hen-egg white lysozyme under crystallization
conditions we have undertaken a comparative study of the enzyme marketed by Seikagaku and Sigma companies.
When the crystallization of the two lysozyme preparations is followed by time-resolved dynamic light scattering, the
structural differences are also observed under native conditions in the early nucleation kinetics. The differences are
manifested in the formation rates of macroscopic crystals, but do not influence the morphology of the typical
tetragonal lysozyme crystal. Using two-dimensional NMR we have followed the differences in the native-like solution
structure of the two preparations, while the primary sequence and molecular mass are identical. According to the
published structure of tetragonal lysozyme crystal the largest deviations were found for the residues involved in the
intermolecular interactions in crystal structure.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction different from that of inorganic compoundgor a
review see[1]). Among first-order phase transi-
Hen-egg white lysozyme has been exhaustively tions, crystallization and melting processes in
used the past decade as a model for elucidatingatomic solids have a long and respectable research
the mechanism of protein crystal growth. Despite history. In protein nucleation, however, the kinetics
the conflicts found in Iiterature, recent consensus of the phase transition is not yet understood in
indicates that protein crystallization is not much depth. Muschol and Rosenbergi,3 attributed
“Corresponding author. Tel-+ 48-22-658-47-24: fax:+ 48- the beh_aV|0L_1r of supersaturated lysozyme solutions
39-12-16-23. to non-ideality. The same group also presented the
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lysozyme solutions. There is no doubt that several reproducible growth kinetics are taken. However,
issues still have to be clarified but much of these even more pronounced were differences in lyso-
discrepancies can be attributed to the applied zymes purchased from different companies.
procedures(i.e. centrifuged vs. non-centrifuged Depending on additional treatmefdialysis, chro-
solutions upon addition of electrolyte, data evalu- matographic purification, lyophilization, ejcone
ation approaches ejc. If one attributes these may amplify or diminish such differences. In this
properties of supersaturated protein solutions to work we address the question of how critical is
non-ideality it is, however, unclear how nuclei the starting material. We have compared two hen-
could grow out of stationary solutions. Much egg white lysozyme preparations purchased from
earlier than we did experimentally, the same group Seikagaku and Sigma, purposely used without
has theoretically shown that fractals resemble a further purification. To interpret differences often
probable morphological instability step during observed in macroscopic crystal growth rates one
crystal growth [4,5]. Tanaka et al. verified the usually speculates on unknown impurities, varia-
coexistence of oligomers and clusters in supersat- bility in the folded lysozyme population, strongly
urated lysozyme solution] using time-resolved  bound ions etc. Most times there is no way to
dynamic light scatteringDLS), corroborating our  really persuasively prove these ideas. The worst
findings. Their analyses indicated growth expo- impurity seems to us to be the precipitating agent
nents of approximately-0.50, in fair agreement and randomly permutated cocktails used to force
to the reciprocal fractal dimension for DLCA-like proteins to crystallize. In this work we have
aggregation, 0.55, and power-law kinetics, exactly combined NMR, and time-resolved DLS to com-
as in our case. The authors claimed globular pare two lysozyme types. Structural differences
clusters with a conserved order parameter invoking indicated by the NMR spectra in native lysozyme
Langer's work[7]. Whether this interpretation is types are also detected by DLS upon ignition of
correct depends on many factors, and conclusionsthe crystallization reaction by a suitable electrolyte
cannot be drawn yet with confidence. The (NaCl). The system lysozyme-NacCl is simple and
observed differences can be attributed to variations nucleation kinetics can be monitored with confi-
of the initial experimental conditions such as dence using DLS.

temperature, pH, polydispersity and origin of lyso-

zyme. As already mentioned, it is possible to 2. Results

observe wide variations on growth exponents by

varying only slightly the initial conditions. The 2.1. Samples homogeneity test

approximate number of larger clusters was also

found in fair agreement with that determined by  Both lysozyme probes analysed by the mass
us. This is the first report that unequivocally spectrometry demonstrate almost identicafz
demonstrates the formation of large clusters in pattern indicating the molecular mass of 14300D
nucleating lysozyme solutions and renders support (Fig. 1). The identity of the envelope curves
to our works. In a subsequent woi8] several obtained for bothm/z patterns clearly indicate
morphological instabilities were shown during almostthe same charge carriage propensity of both
nucleation of lysozyme, similar to our observa- samples, including any cation binding. Deconvo-
tions. These instabilities were interpreted as a luted mass spectra directly proved absence of any
competition process between liquid—liquid and highly populated cationic adducts, the only differ-
liquid—solid phase separation. In our previous ences could be attributed to the existence in the
works we have examined most often commercial Sigma stock a small amount of the compound of
hen-egg white lysozyme preparations, purchased14460.4D, which is probably glycosylated protein
from Sigma Chemical Co. Using time-resolved (cf. insets in Fig. L.

DLS [9,10 we have found out, nearly without any Detailed analysis of the 2D-TOCSY spectra of
exception, that Sigma preparations exhibit small both stocks proves no evident sequential differenc-
differences, even when precautions for assuring es (Fig. 2). Additional TOCSY spectrum of the
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Fig. 1. TOF MS ES-mass spectra of Sigmaipper, solid traceand Seikagakymirrored, dotted tracelysozyme probes. Both
preparations exhibit almost identical majayz peak pattern corresponding to the molecular mass of 14300D. Simjitaenvelope
curves indicate identical distribution of the molecular ions in electrospray analysis. The estimated mass distiitzefidindicate
the low population of any cations bounded to the protein samples. The deviations inmmingeak patterns are mainly arising
from low populated lysozyme adducts of the mass 160.4D.

1:1 mixture of both lysozyme sampldsot pre- lysozyme and 5.3 Hz for Sigma lysozyme as well
sented showed the single set of the cross-peaks as 5.2 and 4.0 Hz for & protons, respectively,
in the fingerprint region of the spectrum, clearly (neglecting different assignment of Trpl1llaH
indicating no sequential differences between both The largest difference®xceeding 10 Hebetween

stocks. Seikagaku lysozyme and Sigma lysozyme are
observed for amide protons of Metl2, Argl4,
2.2. Chemical shift analysis Asnl9, Asnd4, GIn57, Asn59, Trp62, Cys80,

Val99, Aspl01, Asnl103 Alal07 andcHprotons

For both lysozyme samples almost all proton of Gly22, Cys30, Thr69, Cys80, Ala95, Serl100,
resonances were assigned. Comparison of theAspl01, Gly102, respectively. In most cases the
obtained chemical shift values to the published chemical shift deviations in Fig. 4A could not be
data of Sigma lysozymégl 1] was made separately attributed to a direct effect of electrostatic screen-
for both samples. Fig. 3a and b demonstrate thating of the close acidic residues.
Seikagaku lysozyme deviates from the 1988-year The used method of the manual pH adjustment
Sigma sample much more than the presently usedof the NMR probes resulted in small pH differenc-
Sigma lysozyme sample does. The root mean es (<0.1), which might drive the protonation
square deviation of the chemical shift calculated equilibrium of the acidic residuesaccording to
for amide protons equals 8.6 Hz for Seikagaku the pK's Asp=3.6; Glu=4.3) e.g. Glu7, Aspl8,
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Fig. 2. Fingerprint regions of the TOCSY spectra obtained for Seikagd&tted line and Sigma(solid line) lysozyme probes.
The differences in resonance localizations arise from small deviations in the lysozyme conformafioniatestmolecular inter-
actions pattern.

Glu35, Asp48, Asp52, Asp66, Asp87, Aspl01 and in quite different locations. Proton chemical shifts
Aspl119. The latter was monitored by the analysis of Aspl101, located between the end of the Thr89—
of the chemical shift of the terminal methylene Ser100 helix and the Asn103—Asn106 typet
groups adjacent to the carboxylate group e.g. Asp turn, are distorted analogously to the chemical
CBH, and Glu GyH,. Data presented in the Table shifts of close in the sequence residu@&l99,

1 prove that the only significant difference in the Aspl101, Gly102, Asn108 whereas Asp52 located
putative protonation equilibrium could be attribut- in the Ser50—Tyr53 beta sheet influences mostly
ed to Asp52 and Aspl101 residues, which are found the partners in the opposite chain of festrand.
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Fig. 3. Sequential distribution of the absolute value of the chemical shift deviation of Seikagaku lys@hymiéne) and Sigma
lysozyme(thick line) from published data of Sigma lysozyme stddi] calculated for amid€a) and Hx (b) protons.

The relatively large chemical shift differences

coefficient of (10.86+0.07) X10~7 cn? s cor-

observed for all Asp101 protons strongly suggest rected for water and 293.2 K for both lysozyme
that despite the possible change of the Aspl01l types, which also exhibited low polydispersity

protonation equilibrium, lysozyme probes differ
significantly in the Aspl101 spatial neighbourhood
involving a hydration andor a conformational
change. The effect of chemical shift change
observed for only BH, Asp52 methylene protons
could be directly assigned to the pH induced
difference of the carboxyl group protonation
equilibrium.

2.3. Time-resolved DLS experiments

Using DLS the monomeric lysozyme radius,
under native conditions, was found to be slightly
below 2 nm. This value corresponds to a diffusion

(<10%).

The final output of the experiments conducted
with Seikagaku and Sigma lysozyme are shown in
Fig. 6a—c and d-f, respectively. In aggregation
experiments we usually observe two predominant
populations. One corresponds to monomeric or
oligomeric species whose mean apparent hydro-
dynamic radii,R,, are stationary, and their relative
amount is reduced with time since they are con-
sumed to form larger clusters. The radii of the
stationary species shown in Fig. 6 appear to be
larger than that of the monomer due to attractive
interactions among monomers induced upon addi-
tion of NaCl. When the hydrodynamic radibr
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Fig. 4.(A) Schematic representation of the amide proton chemical shift difference between Seikagaku lysozyme and Sigma lysozyme.
The side-chains of acidic residues marked in red, residues involved in enzymatic activity are marked in blue and Asp52, Glu35,
Aspl101 in black. Protons exercisidg > 10 Hz marked by greefHa) and blue(HN) balls, respectivel(B) Stereo representation

of the intermolecular contacts in tetragonal lysozyme crystal. The molecules are coloured individually, the central one in green. For
both representations the radius of the tube following theb@ckbone is proportional to thHgASHN)?+ (ASHx)?) Y2,
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Table 1
Chemical shift differences of the acidic amino acids for the
two lysozyme probes

Residue Chemical shift differencéHz)

HN  Ha HB Hy
Glu7 -65 -20 -50 -11.0 -35 -35
Aspl8  —3.0 15 00 —-6.0

Glu3s 15 -35 —120 30 00 -05
Asp48 00 -15 -10 -1.0

Asp52  —-1.0 -45 -185 7.0

Asp66 60 -05 20 -55

Asp87  —0.5 0.0 0.5 35

Asp101 -10.0 —-125 —-355 —355

Aspll9 -50 -40 -50 —80

Large deviations for the terminal methylene protdisp
HB and Glu Hy) indicate the possible difference in the pro-
tonation state. Spatial localization of the acidic residues in
lysozyme is presented in Fig. 4.

the corresponding diffusion coefficienttypifying

this population are plotted as a function of protein
concentration(or volume fraction one retrieves
exactly the monomer radius of 2 nifdata not
shown. The positive slope of such plofsegative

if we plot diffusion coefficients vs. volume frac-
tion) indicates the appearance of substantial attrac-
tive forces, responsible for inducing aggregation
[12-14.

The other population resembles nucleating spe-
cies undergoing growth and both preparations
exhibit the expected sigmoidal behaviour. Both
size and amount of the growing cluster increases
with time due to stochastic collisions between
nuclei. The outcome of such collisions is large
fractal clusters. By using a small scattering volume
(100 n) we were able to clearly decouple the
sigmoidal initial nucleation stag€Fig. 5, open
circles). The treatment of this process is beyond
the scope of the present work. The most important
reasons for temporarily neglecting it are experi-
mental ambiguitie<i.e. acquisition times are still
too long for capturing events unambiguoushnd
the lack of a sound theoretical bagihe applica-
tion of homogeneous nucleation from the melt is
not directly applicable to heterogeneous protein
nucleation.

Seikagaku lysozyme indicates faster initial
nucleation kinetics, and clusters with radii ranging
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between 40 and 100 nm formed immediately upon
initiating the reaction. In contrast, the Sigma lyso-
zyme kinetics was slower, the clusters grown at
equivalent times had radii approximately 20 nm
and the lag phase was more pronounced. Worth
noting are the different slopes typifying the linear
parts of the kinetics. Sigma lysozyme kinetics
indicated formation of tenuous fractal clusters
upon completion of the nucleation period. The
fractal dimension of these clusters is in the range
of 1.60-1.70 indicating a diffusion limited-like
cluster—cluster aggregation, in accordance to pre-
vious findings[15-18. In pure diffusion limited
cluster—cluster growth the theoretically expected
dimension is 1.81 for assuming formation of self-
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Fig. 5. Comparison of ACF’s ofa) Seikagaku andb) Sigma
lysozyme in Na-acetate buffer, pH 4.25. The final lysozyme
concentration was 3.5 mM in 0.75 M NaCl. Only every second
point of each fifth ACF is plotted for the sake of clarity.
Although the spectra should be similar, they exhibit significant
differences. Acquisition times are indicated by different
symbols.
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Fig. 6. Time-resolved DLS experiments with &), 2.1 (b) and 3.5 mM(c) of Seikagaku lysozyme incubated with 0.75 M NaCl

at pH 4.25.(d), (e) and(f) are their identical counterparts using Sigma lysozyme. The displayed kinetics correspond to averages
of two experiments each using the same initial lysozyme concentration. Note the differences typifying both tHedtiaircles

and later stage&closed circles of the aggregation process. Monomer rddibsed trianglesare given in Table 2 and the respective
fractal exponents in Table 3.

similar fractals[19]. In contrast, Seikagaku lyso- charge which in turn give rise to different dimen-

zyme clusters indicate a gradual formation of more sionalities throughout.

compact structures at later reaction stages with Visual observations indicated that both lyso-

fractal dimensions ranging between 2.20 and 2.70. zyme preparations crystallize successfully under
We attribute the differences in the late stage the conditions employed. The crystal habit resem-
exponents to structural changes Aodhydration bled in both cases the well-known tetragonal form.
as indicated in the native enzyme form by two- However, the crystals obtained from Seikagaku
dimensional NMR. Such changes favour minor lysozyme grew faster than those from Sigma, the
differences in screening of lysozyme surface observed differences in growth are insignificant,

Table 2 Table 3

Monomer radius of lysozyme determined at three different Fractal exponents derived from the experiments shown in Fig.
concentrations 6

Lysozyme Ry (nm) Ry (nm) Lysozyme ds ds

(mM) Seikagaku Sigma (mM) Seikagaku Sigma

0.7 2.21+0.19 2.12+0.11 0.7 2.70(0.815 1.58(0.803

21 2.34+0.25 2.46+0.14 21 2.20(0.899H 1.61(0.859

35 2.81+0.49 2.62+0.25 35 2.34(0.861 1.67(0.80)

The values denote the mean and standard deviation obtained The numbers in parentheses denote the squared correlation
by averaging over all times the duplicate experiméstation- coefficient of fit into the linear part of each curve. Note the
ary components onjyin 0.75 M NaCl, pH 4.25 shown in Fig. differences in the fractals exponed which is attributed to
6. differences in the commercial preparation of the enzyme.
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i.e. Sigma lysozyme crystals of the same size were both probes of lysozyme differ in the NMR exper-

visualized 1-2 days later. iment in their patterns of intermolecular interac-
tions, which gave rise to the observed deviations
3. Discussion in chemical shifts of the involved aminoacids.

Presented hypothesis is consistent with the anal-
As shown in Fig. 4A, most of the observed ysis of the folded lysozyme flexibility. According
significant chemical shift deviations do not result to the main chain amide group NMR relaxation
from electrostatic interactions with any acidic res- experiment420] Met12—His15, Ans64, Thr69 and
idues, whose protonation equilibrium may slightly Val99—-Asn103 residues are located in the relative-
differ in both probes. Presented data indicates thatly disordered(5%< 0.85 regions. Theoretical cal-
conformation’neighbourhood of Aspl101 changes culations[21] demonstrated that Cys30, Cys80 and
between probes whereas Asp52 chemical shift Ala95 were Kkinetically hot residues exhibiting
deviations may result from change of its protona- large amplitude of high frequency mode of motion.
tion equilibrium. According to the NMR chemical Thus, the obtained results indicate that the
shift data the largest differences between the two observed changes in chemical shifts undergoes in
studied lysozyme probes were found in the surface the surface exposed regions of increased amplitude
exposed protein regions, two segments close toif internal motion. In consequence small differenc-
helix C-termini (Metl12, Argl4, Hisl5 and Val99, es in intermolecular contacts result in the detecta-

Aspl01, Gly102, Asnl0Bas well as four ami- ble changes of experimentally determined chemical
noacids close td3-turns (Asn44, Trp62, Thr69, proton shifts of described residues.
Cys80, respectively. Some of the mentioned resi- It is understandable that the growth kinetics,

dues(Asn44, Asp52, Trp62, Aspl101, AsnlDare observed by DLS, are modulated by relatively
involved in substrate bindin¢Phe34 Glu35 Asn37  small differences in concentration of any particles
Asn44 Asn46 Asp52 GIn57 Asn59 Trp62 Trp63 (ions, small moleculgs in which low populations
Aspl01 Asnl03 Alal07 Trpl08 Vall09 Arg1l4  are not detectable neither by NMR nor by mass
which is easily visible in Fig. 4A. spectroscopy. This interactions may reflect the
Detailed analysis of the intermolecular interac- intimate propagation of structural afot hydration
tions occurring in the tetragonal crystal structure changes of the native enzyme type If such
of lysozyme demonstrate that the aminoacids exer- differences are clearly observable with lysozyme,
cising relatively large chemical shift differences which is a relatively inexpensive and well char-
are located in regions of intermolecular contacts, acterized model system, we believe that more
as it is presented in Fig. 4. Thus Met12—His15 caution than so far anticipated should be exercised
segment is interacting with Glu7, Alal0, Argl28 when undertaking comparisons in nucleation
of the neighbouring molecule | and Val99—-Asn103 kinetics.
is close to Arg112, Asn113 of molecule G. Asn44
is interacting with Arg45, and Arg48 of molecule 4. Material and methods
H, Trp62 with GIn121 of molecule E, Cys80 with
GIn41 of molecule H. No intermolecular interac- Lysozyme was purchased from Seikagdkot
tions were found for Thr69 and Ala95. It is worth Nr. E94Z06 and from Sigma Lot Nr. 57H7045.
to point out that both HN and & proton chemical  DLS experiments were conducted in Na-acetate
shifts are conformation sensitive, so weak inter- buffer pH 4.25. NaCl was purchased from Merck
molecular interactions are detectable mainly by in suprapure form and all other stock solutions
structural deformation of less rigid regions, includ- were made in fresh, triply distilled water.
ing flexible loops. It may be concluded that the Mass spectra were determined on an electros-
precrystallization states of the lysozyme probes pray (ESI-MS) quadrupole time of flight Q-Tof)
analysed by NMR are tending to reproduce the Micromass spectrometer, UK, with resolution
native intermolecular interactions characteristic for approximately 10 000. Spectrometer was calibrated
the tetragonal crystal structure. This suggests thaton a bovine pancreatic trypsin inhibitor probe.
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NMR experiments were performed on 7 mM
samples in a mixture of 90% H 0-10% ,H O at
308 K. In order to minimize distortions arising
from addition of extraneous ions to the probe the
pH was carefully adjusted at 3.8 by adding small
amounts of 0.2 M HCI. All spectra were recorded
on a Varian Unity Plus spectrometer operating at
500 MHz. States[22] method of the quadrature

J. Poznanski et al. / Biophysical Chemistry 104 (2003) 605-616

in the same buffer to attain the final mixture
concentration.

The experimental set-up employed for the DLS
measurements has been recently built in our lab-
oratory. The apparatus employs a single mode fiber
receiving the scattered light at angles between 25
and 155. The apparatus can accommodate dispos-
able round glass cells with 5 mm diameter and

detection of indirect axes was used. Spectra were DLS measurements can be performed in8®f

accumulated with a spectral width of 7200 Hz and solution. A 100 mW frequency doubled laser
1.3 s relaxation delay. The water signal was sup- operating at 532 nm serves as light source. The
pressed by the use of the WATERGATE3] pulse signals are directed to an ALV SO-SIPD photon
sequence where a selective inversion was gener-detector and after amplification and discrimination

ated by 3-9-19 composite pul$24]. NMR spectra
acquisition started approximately 1 h after prepa-
ration of the protein solution. Eighty millisecond
mixing time TOCSY[25,24 and 200 ms mixing
time NOESY [27] (only Sigma lysozyme sample
spectra were recorded with=512,1,=2048 and
processed with the use efvrPIPE program[28].
Zero-filling in ¢, domain to 1024 values and by
/2 shifted sine-bell in both dimensions were
applied prior to Fourier transformation. Spectra

analysis, and peaks assignment were performed

with xeasy [29] program. Assignment process for

both samples based on the chemical shift data

values published11] for lysozyme from Sigma.

to an ALV-5000E digital correlator. Data evalua-
tion of the spectra is performed using a Laplace
inversion technigue(Provencher [32,33. All
experiments were conducted at a scattering angle
of 32° and at 293.2 Kin an air-conditioned room

Both lysozyme types were crystallized under the
same conditions employed in the DLS experiments
using standard @.| hanging drop technique. Crys-
tal growth was followed daily with observations
under a stereo microscope.
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