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Abstract

Solution conditions under which proteins have a tendency to crystallize correspond to a slightly negative osmotic second virial coefficient
(B22). A positive By, value guarantees no crystallization to occur. On the other haBgl, ealue within the so called “crystallization slot”
thermodynamically supports the crystallization processes but does not guarantee successful crystal growth. It is, however, a prerequisite for
protein crystallization that thB,, value must be in the slightly negative regime. Self-interaction chromatography (SIC) is designed in this
work as an analytical tool for determinirgy, in a precise and reproducible way. The methodology was demonstrated in detail in terms of
its theoretical basis, experimental methodology, troubleshooting and data analysis for different protein samples and solution conditions. The
inherent error limit of SIC is found to be comparatively less than oBjemeasurement techniques. The designed experimental approach
was applied for mapping crystallization conditions of a model protein, i.e. lysozyme. Good agreement between the obtainedBysozyme
values and literature values confirms the accuracy of the approach.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction protein crystalg1]. Most high-resolution protein structural
information is obtained by X-ray diffraction, neutron crys-
Protein crystallization is one of the critical aspects of struc- tallography or surface plasma resonance of protein crystals.
tural biology and pharmaceutical biotechnology. In addi- The major obstacle in these processes is often to obtain a
tion, crystallization is one of the demanded techniques in diffraction-quality crystal. Because of the involvement of
biotechnology and pharmaceutical industries for downstreamseveral parameters and the lack of a systematic screening
processing of proteins. Numerous independent variables,approach, optimum crystallization conditions are tradition-
including solvent conditions (pH, ionic strength, salt type, ally determined by empirical screening. Empirical screening
temperature, crystallizing agent, etc.) and initial protein con- provides neither any insight of crystallization thermodynam-
centration, are usually involved in nucleation and growth of ics nor any indication of how close the solution conditions
were to the ones optimal for growing crystals. Consequently,
L ) N . the approach requires intensive screening of numerous solu-
Abbreviations: B, osmotic second virial coefficientys, hard 00 onditions blindly and failure is often the case for
sphere/excluded volume contributionBgy; FEC, frontal-exclusion chro- N N i
matography: kDa, kilo dalton; LALLS, low-angle laser-light scattering: LS, Many proteins, particularly membrane proteins and mono-
light scattering; MO, membrane osmomethy;;, molecular weight; NHS, clonal antibodies. It is, therefore, highly desirable to develop
N-hydroxysuccinimide; SANS, small-angle neutron scattering; SAXS, high-throughput methods to determine conditions for protein

small-angle X-ray scattering; SEC, size-exclusion chromatography; SIC, crystallization in a rational manner, reducing the number of
self-interaction chromatography; SLS, static light scattentgpotential of . . .
mea'n force' graphy chg @ ' crystallization experiments, cost and time.

* Corresponding author. Tel.: +31 152782151; fax: +31 152782355 George and Wilsof2] observed that solution conditions
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spond to a slightly negative osmotic second virial coefficient oped alternative methods of characterizing weak protein
(B22), resulting from weak attractive protein self-interactions. interactions that could potentially meet the requirements of
They correlated protein crystallization conditions wigky being inexpensive in terms of both time and protein relative to
values in the form of so called “crystallization slof3]. other traditional techniqug87]. SIC measures the interac-
B2, is a thermodynamic parameter that reflects the mag- tion of immobilized protein molecules in the stationary phase
nitude and direction of deviations of a non-ideal solution with free protein molecules in the mobile phase. The average
from ideality. At the molecular leveBy2 characterizes pair-  retention of a protein pulse characterizes the protein—protein
wise protein self-interactions including contributions from interaction and hence the value Bf,. On the other hand,
excluded volume, electrostatic interactions and short-rangeSEC characterizes the thermodynamic non-ideality of a pro-
interactiong4]. According to the McMillan and May€b] tein solution as a function of protein concentration. Negative
solution theory,By; is correlated to the potential of mean Bpzvalues correspond to decreased retentionina SEC column
force W), which describes all kinds of possible interactions as a function of protein concentration, which consequently
between two protein molecules in a dilute solution. A nega- reflects the protein—protein attraction and vice versa. The
tive value ofB;; indicates protein—protein attraction whereas advantage of SIC is that a single injection of dilute pro-
a positiveBy2 value indicates mutual repulsion. The thermo- tein solution leads to B,z value, whereas several injections
dynamic insight regarding the macromolecular interactions of dilute to concentrated protein solution are required for
involved inBy2 and why these interactions are related to pro- SEC, which obviously costs more protein and time. On the
tein crystallization were explaingd,6]. There is still doubt other hand, SIC requires immobilization of protein to the
whether the crystallization slot guarantees successful crystalstationary phase, which may sometime cause structural and
growth universally for all kinds of proteins. In this study, we conformational change of the immobilized protein. Compar-
review available literature in order to explore the relationship atively speaking, the required experimental time and protein
betweerB,2 and phase behavior of different proteins. We also consumption in SIC is at least four to five times less than that
discuss the question wheths, is the only thermodynamic  of SEC. In addition, SIC is better suited to miniaturize the
parameter that governs the protein crystallization process. process to the microchip level, which would provide easy and
The link betweenBy, and protein crystallization con-  fast screening of crystallization conditions. The SIC princi-
ditions offers the hope that screeniBg, values may be  ple and methodology can also be used to study interactions

useful for the predictive crystallization of proteins that are
proven difficult to crystallize. In some cases, solution prop-
erties could also be pushed toward the crystallization slot.

among unlike proteing38].
A systematic crystallization approach was successfully
performed to produce diffraction quality crystals of chy-

Nevertheless, there has been little usdgf for predictive motrypsinogen27] and OmpF porifj12] throughBy2 map-
crystallization, largely because of the difficultieHsp mea- ping by static light scattering (SLS) and membrane osmom-
surement. A considerable amount of modeling work has beenetry (MO), respectively. The SIC approach has been applied
done recently by calculatinB,2 and/or predicting protein  so far for predictive crystallization of myoglobi31] and
phase behavior on a theoretical bd4i$—10] However, no ribonuclease A32]. However, no study has been reported
model can universally be applied for all kinds of proteins for B> mapping and predictive crystallization of proteins that
regardless of their molecular mass, size, shape and nBfgre.  are structurally complex and were previously proven difficult
is usually measured experimentally by colloidal characteri- to crystallize by empirical screening. In the present work,
zation techniques, for instance static liga+4,8,9,11-17] SIC methodology was designed with respect to its theoret-
small-angle X-ray[18-20] laser-light[21,22] or neutron ical basis, experimental methodology, troubleshooting, data
[9,23,24] scattering, membrane osmometfg5—-27] and analysis and applicability for different kinds of proteins. The
sedimentation equilibriunf28]. Unfortunately, all of these  accuracy and precision limit of the optimized methodology
methods are too labor-intensive and expensive in terms ofwas compared by reproducifg, trends of the well-known
both protein and time to allow extensive screening. More- protein, lysozyme.

over, Bo> measurement by scattering techniques becomes
extremely difficult when the solubility of the protein is low
(<5mgmt1). Another obstacle of th@,, aided protein
crystallization approach is the inconsistencyBsp values
measured by different techniques and/or different researcher®.1. Inherent inaccuracy in measurement

for exactly the same protein sample and the same solution

conditions. In this paper we also discuss possible reasons for Lysozyme is the most widely studied protein in the field
this inherent inaccuracy in different techniques. It is, how- of By,. We plotted the reporteB;,» values or trends among

2. Theory and design of SIC methodology

ever, essential to have an easy-to-perf@&im measurement
technique, which provides a precise result using a minimum
amount of protein, time and effort.

Self-interaction chromatography (SI1{29-35]and size-
exclusion chromatography (SE3g] are two recently devel-

different literature sources for exactly the same or similar
solution conditions Kig. 1). The possible reason of these
variations was suspected to be the source and purity of
lysozyme, the employed measurementtechnique, minor devi-
ations in the solution conditions or experimental errors. Hen
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_4.7and Fig- 2. Bz of lysozyme purchased from Sigma with varying NaCl concen-
tration at pH 4.5 and temperature 2325 The line represents the outcome

of this work. The meaning of the other symbols as well as experimental
conditions, measurement technigue, source of lysozyme and reference are
shown inTable 1

Fig. 1. By of lysozyme with varying NaCl concentration at pH 4.2
temperature 20-2%C. The corresponding experimental conditions, mea-
surement technigue, source of lysozyme and reference are shdalél

egg lysozyme from different sources is different in terms 2.1.1. Membrane osmometry

of purity. For instance lysozyme from Sigma contains more  For a dilute protein solution, thBy» is defined in terms
contaminant proteins (ovalbumin and albumin) than those of the osmotic pressuré], by the osmotic virial expansion
from Seikagaku and Boehringer-Mannhejtrb,21,23,36] [39]

We therefore discriminated between different sources of

lysozyme and plotted the cases where lysozyme was pur- 1

chased from Sigma anB,; was measured at pH 4.5 and 1T = RTcp (Mw + Baacp + - ) @)

at 23-25C (Fig. 2). Fig. 2 still represents a variation of

+1.5x 10~*mol mlg=2 unit. We, therefore, conclude that whereR is the universal gas constait,s the temperature
because of the involvement of only weak protein interac- in Kelvin, cp is the concentration of protein ad,, is the
tions B2z measurement techniques have significant inherent molecular weight of the protein. For the description of a dilute
inaccuracy. Virial coefficients are determined from chemi- protein solution, three-body or higher order interactions are
cal potential as the coefficients of a positive power series neglected from the virial expansion Egd.). Thus, a plot of

of protein concentration. The chemical potential of protein IT/RTG, versuscy is linear for a sufficiently low range af,
moleculesina given solvent is usually measured by osmotic values, with the slope equal By, and the intercept equal
pressure, light scattering (LS) or sedimentation behavior or to 1M,,. Alternatively, By, can also be measured from the
retention times in chromatography. Minor inherent inaccu- osmotic pressure data at a single point of protein concen-
racy inthese measuring parameters leads to a huge inaccuracyation, if the molecular weight and aggregation state of the

in the determined,» values, as it is discussed below. protein in that solvent condition are known.

Table 1

Solution conditions and references féigs. 1 and 2

Data symbol Protein source pH Temperatu@)( Buffer Measurement technique Ref.
Black diamond Sigma 4.5 20 100 MM Na-acetate SAXS [20]
Grey Ash Sigma 45 25 100 mM Na-acetate SAXS [20]
White diamond Sigma 4.5 N/A N/A LALLS [21]
Black square Sigma 4.5 25 N/A LALLS [22]
Grey square Seikagaku 4.7 N/A 50 mM Na-acetate SLS [15]
White square Sigma 4.5 25 Minimal citric acid SLS [9]
Black triangle Sigma 4.5 25 Minimal citric acid SANS [9]
Grey triangle Sigma 4.6 25 40 mM Na-acetate SLS [8]
White triangle Seikagaku 4.7 25 25 mM Na-acetate SLS [14]
Black circle Seikagaku 4.2 25 100 mM Na-acetate SLS [11]
Grey circle Seikagaku 4.6 25 50 mM Na-acetate SLS [13]
White circle Sigma 4.5 23 5mM Na-Acetate SIC [30]
Cross Sigma 4.5 25 20 mM Na-acetate SIC [35]
Star Seikagaku 4.7 N/A 50 mM Na-acetate SEC [36]

N/A, not available; SAXS, small-angle X-ray scattering; LALLS, low-angle laser light scattering; SLS, static light scattering; SANS, smaléaingie n
scattering; SIC, self-interaction chromatography; SEC, size-exclusion chromatography.
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The inherent inaccuracy @, values measured by MO  tion [40,41]
comes from the inaccuracy in the osmotic pressure mea- Ke 1
surement and from the partial aggregation of the protein. —° — _—_ | 2Boocp 2)
Membrane osmometers of different manufacturers have an Xo Mw
inherent inaccuracy of 0.5-1% in osmotic pressure measure-whereK is an optical or instrumental constant, which can be
ment. Accordingto the information provided by differentsup- given by
pliers, Type 3300 Micro Osmometer of John Morris Scientific
and Advanced 3250 osmometer of Advanced Instruments, ., 477211% dl 2
Inc. have a precision limit of 0.5%. Semi-Micro Osmome- "~ Nax4 dep
ter Type Dig. L of KNAUER has a measurement accuracy
of <1%. In the work of Haynes et k5], the average mean
square error of the measured osmotic pressure at different so
vent concentration and at different protein concentration was
0.94%. This apparently small inaccuracy in osmotic pressure
measurement dramatically affects B value. For a simple
case of lysozymeMy, 14,600 g mot?) at a concentration of
5mgmi-t, aBy, value 0.00< 10~ mol ml g2 corresponds

©)

whereng is the refractive index of the solventpcy, is the
|refractive index increment for the protein—solvent phig,
is the Avogadro’s number antl is the wavelength of the
incident vertically polarized light in vacuum.

Eqg.(2) indicates that a plot dfcp/Rs versusc, allows the
determination ofMy, and By,. The accuracy of the deter-

mined By, values however depends on the measurement

to an osmotic pressure of 849 Pa at’Z5 Only a 1% inac- ~ accuracy oy, no and dvdcp values as well as the linear-

curacy in osmotic pressure measurement would shifBthe ity of the plot. Since light scattering in the Rayleigh limit is
value from 0.00< 104 to +1.37x 10~4 mol ml g2 isotropic, the values oRy in SLS are usually measured at

The measure,, value is more reliable, if the measure- 90+ In order to determine the absoluggo values for pro-

ment is done from the slope of the plot BIRTG, versusc, tein solutions, the SLS instrument is calibrated first using
at multipoint protein concentration without any preliminary toluéne or benzene. Tolggzneil?d benzene have an established
knowledge of the molecular weight of the protein. However, 190 value_sof 1_"1‘06‘ 10~>cm™" at 633nm(8,15,17] and

an additional error may arise from the standard deviation 3-86>x 107> cm™= at 488nm([4,9], respectively. The back-

of the slope. We have analyzed the data of Haynes et a|_ground scattering of the pure solvent alone is then subtracted
[25] and standard deviations of the slope corresponded tofirst in order to measure the actual increment of scattering
an error of£0.6x 10~*molmig=2 in the calculatedByy due to protein.

values. Haynes et a[25] also found an error margin of Solvents in By, determination system are usually
+0.4% 10~4 mol m|gfz only due to the mean square error salt/buffer solutions, whose refractive indey, can be deter-

in osmotic pressure measurement. The overall error thenMined by arefractometer. The term/dcy is the change ofthe
becomes equal te-1.0x 10~ molmlg-2. It is, therefore solution’s refractive index with respect to a change in protein

concluded thaBy, values measured by MO have an inherent cOncentration, which can be measured using a differential
inaccuracy of-1.0x 104 mol mlg2. !nterferometrlc refractom_eter. The difference in refractive
index between the protein solution and the electrolyte sol-
vent (An) is measured at the same wavelength at which light
scattering is measured. To obtain the same chemical potential
of salt and water in protein solutions as in the pure solvent,
a tedious dialysis against the solvent is rigorously required
before measuring than, which is often overlooked. The
value of dvdcy, can then be measured by plotting versus

2.1.2. Light scattering

Macromolecular solutions scatter light due to the ther-
mally induced fluctuation in local concentration. Using this
property of protein solutions, light scattering technigues can

be used to obtain the so called “static” parameters of a proteinCP as

such as molecular weight, osmotic second virial coefficient, dn

molecular dimensions and sometimes the radius of gyration. Ac = acp (4)
p

The static light scattering or low-angle laser-light scatter-
ing (LALLS) experiment measures the average intensity of  In order to study the sensitivity of thBy, value on
light scattered by a protein solution of defined concentration the measuredR, value, we consider a simple case of light
in excess of that scattered by the background solvent. Mea-scattering intensity of lysozyme\, 14,600gmot?!) at
surement oBy> using this method relies on measuring the a concentration of 0.002gmt and at a wavelength of
intensity of light scattered as a function of the protein con- 633 nm. We also fix the values of at 1.33 and d/dc, at
centration. Since protein molecules are usually much smaller1.81 ml g1, which eventually give an optical constait,
than the wavelength of the incident light((20), their scat-  of 2.37x 10~7 mol mlcm~1 g=2. In this specific case, By
tering intensity is independent of the scattering angle, in other value 0.00x 10~*molmlg~2 corresponds to & value of
words, within the Rayleigh limit. In this limit, the Rayleigh  6.91x 10~ cm~1. Unfortunately, no information is avail-
ratio, Ry, is by definition proportional to the scattered light able aboutthe precision limit of tf value measured by SLS
intensity and is related to thé,, andB,2 by the classicequa-  or LALLS from the instrument suppliers. However, incon-
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sistency in light scattering data is very common in practice. at the limit of infinite dilution andKp is the local protein
For this reason, the final data point is usually taken baseddistribution coefficient, which is described as
on the average of at least 50 statistically consistent measure- Cs  Vi—Vo
ments. Disturbance from dust is a common source of error, Kp = FoR T (6)
which can be minimized by using the statistical dust rejection m t 0
function and by setting a tight rejection ratio. We, therefore, whereCsandCr, are the local protein concentrations, respec-
assumed that the standard deviatiorRgfvalues would be  tively, in the pore/intraparticle volume (stationary phase) and
about 0.05%. interparticle volume (mobile phasey; is the average reten-
In addition toRy, small errors in the optical parameters, tion volume of the mobile proteiryg is the extra-particle
i.e. ng and dvdc, dramatically affect thé,, value because  or interstitial volume and/ is the total mobile phase vol-
of their quadratic dependence. According to the information ume. If In(Kp) is plotted as a function o€i(1 - Kp), the
provided by different suppliers, most interferometric refrac- slope of the plotted line becomes equal tp28,,. TheB;»
tometers have a measurementinaccuraeyldf. In practice, determination procedure is then to inject different concentra-
a 0.5% inaccuracy is quite normal in the eventualdd, tions of protein sample and measikg from the retention
value. For example, Rosenbaum et{&B] found the ah/dc, volumes. Therefore, the accuracy of a determiBggvalue
value of lysozyme to be 1.181 mtd with an error bar of ~ depends on the run-to-run deviation of retention volume for a
+0.005mlg? (0.42%) at 633 nm. We, therefore, approxi- fixed protein concentration and the linearity of{iy) versus
mate the standard deviation of measutgdnd dvdc, values  Ci(1—Kp) plot.
to be 0.5%, which gives an error of approximately 2% inthe  Frontal exclusion chromatography was, however, rarely
K value using Eq(3). used as &y, measurement technique because it requires
Arealistic error margin iy, as measured by light scatter- a huge amount of protein and long experimental times to
ing technigues is obtained as followsBlf, is calculated from reach the plateau region. In contrast, a pulse SEC technique
a single data point of lysozyme concentration considering a was recently develop€@6], where the plateau value of the
0.05% error iRy values and a 2% error i value, the over- mobile phase protein concentrati@;, was replaced by aver-
all error inBy; value is as high a2.58x 10~4molmlg—2. age protein concentration of the mobile phase in the pulse,
The error margin decreases with an increasing number of data(Ci)
points at different protein concentrations. For the case of five

data points, the standard deviation of the slope corresponds tdn <KD> = 2BooMy{C;)(1 — Kp) @)
an error of about2.0 x 104 mol ml g2 in the determined 0
B2o value. ltis, therefore, quite realistic thaBg value mea- For the error estimation in SEC, we consider a realistic

sured by the light scattering techniqgue may have an inherentcase withVy and V; values of 6.07 and 10.77 ml, respec-
inaccuracy of=2.0x 10-*molmlg=2. The accuracy limitor tively. In such a SEC column, thé values vary from 9.85
error bar is not presented in most published works. However, to 9.88 ml for(C;) values from 0.70 to 2.95 mg mt, respec-
the extent of the error margin and the experimental repro- tively [36]. The random run-to-run difference in retention
ducibility are obvious from the experimental approach of volumes in this system is usually within the range of 0.1%.
Curtis etal[22]. They found an error in thi,, determination According to error propagation statistics, an error of only

on the order of 400 g mot for lysozyme and 1200 g mot £0.1% in the retention volumes corresponds to an error of
for ovalbumin. If we translate this error in terms of tBg 40.0023 in theKp values andt0.00285 in the Irp) val-
value, the error could be as large-84.0 x 10~*mol ml g—2. ues. Considering the fact af0.00285 errors in the IKp)

A similar error is also reported in other wofk5]. Rosen- values, our analysis shows huge error bars in every data point

baum et al[13] also mentioned an estimated uncertainty for in the direction ofY-axis in the(C;j)(1 — Kp) versus InKp)
the lysozymeBo, measurement by their SLS experiment to plot (Fig. 3). The standard error of the slope duevt@xis

be+18 nn?, which is equivalent te-0.5x 10~* mol ml g—2. error bar was analyzed as described in the [#3]. Since
every data point shows a huge error bar, the standard error of
2.1.3. Size-exclusion chromatography the slope is as large as 0.0083 mImgwhich gives an error

Thermodynamic non-ideality of a solute leads to a con- of about+3.0x 10~% molmlg~2 in the eventuaBy, value.
centration dependent partition coefficientin a non-interacting Therefore,B,» values measured by either pulse or frontal
column[42]. Using this non-ideal behavior of a proteinin a elution SEC system would have an inherent inaccuracy of
typical SEC column, atheoretical framework was established +3.0 x 10~% mol ml g~2. The error limit could even be higher
to determindBy; by frontal-exclusion chromatography (FEC) inapulse SEC system, because the mobile phase protein con-

as[36,42] centration in a pulse system changes during transport down
Kp the column whose measurement difficulty could be an extra
In <K> = 2BooMyCi(1 — Kp) (5) source of error. Since it is quite difficult to measure the accu-
0

rate average protein concentration of the mobile phase in the
whereC; is the plateau value of the protein concentration in pulse{C;), a reasonably realistic value ¢E;) can be deter-
the mobile phaseXg is the partition coefficient of protein  mined as the total amount of protein in the pulse divided by
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0.1 02 0.3 0.4 0.5 0.6 m s the amount of resin in terms of volume and ¥,

' term denotes the changes in retention volume due to pro-
tein self-interactions only. The distribution coefficieMs,

in Eq.(9)is a measure of protein—protein interaction. Positive
values ofK4s correspond to higher retention of the mobile
protein molecules due to attractive interaction with stationary
molecules. Similarly, negative values 6§ may also arise
from repulsive interaction between stationary and mobile pro-
tein molecules. In thermodynamic term&;; can also be

-0.224 <C(1-Kg) (mg/m) defined a$30,44]

fV,- (e—(AG/kT) _ 1) dVl

Fig. 3. (Ci)(1—Kp) vs. InKp) plot considering error margin of£0.1% Kaff = (10)

in the retention volumes. Solid line represents the trend line according to Vi

least-square fitting and dotted lines represent standard error of the trend line

according to ref{43]. This plot was generated using some data of[&#f. where AG is the free energy change of bringing a protein

_ _ ~ molecule from the interstitial volume into the pore volume so
the volume of the column accessible to the protein. Bloustine that it interacts with a single immobilized protein molecule,

etal.[36] showed that the maximum concentration of protein ks the Boltzman constant afids the absolute temperature.
in the eluted mobile phas€max, can also be used instead of  |n a typical SIC system, we measure an overall partition coef-
(Ci). In such a situation an error of few percentage in the ficient, Kqveran, which is contributed by both size-exclusion

(Ci) values is quite optimistic. In practic€max values dif-  and weak-protein interactions. The overall partition coeffi-
fer from respectiveC;) values by about 5%36]. However, cient can therefore be represented as

this error was neglected in this analysis of error margin of

+3.0x 104 molmlg—2. Koverall = Ksec+ Katt (11)
2.2. Determination of B by SIC Only theKgf term in Eq.(10)is related to protein—protein

interaction, and eventually ;. Since the retention volume
in SEC column also varies with the injected protein con-
centration due to protein—protein interacti¢86], theKsec
term as defined in E(8) is also related to protein—protein
interaction. However, the injected protein concentration in
SIC is usually very dilute and in the linear region of adsorp-
Vi— Vo _ Vi— Vo (8) tion isotherm. Changes of retention volume in a SEC column
Vi i —Vo as a function of the injected protein concentration is, how-

whereV;, Vo andV; terms are described in E(6) The term ever, very little and within the range of run-to-run errors
(Vi — Vo) was assumed a4, which denotes the intra-particle of retention volume. Therefore, any relationkéec to the
pore volume. Th&sgc term in Eq.(8) may vary from 0 to protein—protein interactions is neglecte¥iG in Eq. (10) is
1 for fully excluded large molecules to fully included small €ssentially equivalentto the potential of mean fovgyhich
molecules, respectively. is described as the anisotropic interaction free energy required
Self-interaction chromatography is essentially a quan- t© bring two infinitely spaced solute molecules into a defined
titative affinity chromatography system, which estimates separation distance,averaged over all possible orientations
weak interactions of mobile protein molecules with immo- ©Ofthe solute molecules. The free energy charg®, isalso a
bilized protein molecules. Because of the weak and bi- function of intermolecular separation distanceand possi-
directional (both attractive and repulsive) nature of protein ble angular positions/orientations of both immobilizezh f
self-interactions, the SIC system cannot be characterized in@nd mobile £22) interacting molecules. HowevekG(r, £21,
terms of association or dissociation constants. In the case off22) may not be equal tAW(r, £21, £22) in the sense that
low protein load in the mobile phase, which is essentially the ©n€ mobile protein molecule may simultaneously interact
condition for SIC, the slope of the linear region of the adsorp- With more than one immobilized molecule or among mobile
tion isotherm is however related to the potential of mean force Mmolecules themselves or with the chromatography resin. In
between protein molecules. The distribution coefficient in addition, the immobilized protein molecules may lose their
such a quantitative affinity chromatography systigg, can rotational freedom and may not be accessible from different

2.2.1. Calculation of B, from SIC retention data

Retention of a protein sample in a SEC column is typically
characterized by the distribution coefficiedgc, which is
given by

Ksec=

be described 488,44] angular positions or orientations. Assuming that the exper-
imental SIC system does not encounter these uncertainties,
Kaff = q_ AVr aff (9) AG(r, £21, £22) becomes equal tAW(r, £21, £27).
¢ m Considering all statistically possible orientations for both

whereq is the amount of protein adsorbed per volume of immobilized and free protein molecules, the distribution
resin,c is the concentration of protein in the mobile phase, coefficient due to protein—protein interactiokaf) can be
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expressed as discussed by Tessier ¢84l. and does not require the retention volume in the theta con-
dition (when mobile phase proteins have no net interactions
_ Nfgl f.Qz fooo(e_(w(r’m’QZ)/kT) — 1)r?dr di2; d2y with the immobilized proteins), which is quite impractical to
N Vi determine accurateli34].

(12) An extra hard sphere contribution terBs) is disap-
peared in this derivation because lower limit of the separation
integral in Eq.(12) was taken as zero. THgys contribu-
tion to By is always positive and roughly equal to 6.7 times
the molecular volume of the prote[d6]. Considering the
lysozyme molecule as a hard sphere of 3.11 nm, the excluded
volume contribution is 4 times the molecular volume, which
is equal to 1.84 10~*molmlg 2. The Bys term of the
larger protein is even smaller in the unit of mol migy

Kaft

whereNis the total number ofimmobilized protein molecules
accessible for mobile protein molecules. The lower limit of
the separation integral in E¢L2) was taken as zero rather
than the center-to-center distance upon intermolecular con-
tact, because thKg+ term has to be obtained from chro-
matography retention data. The nature of protein—protein
interactions in the SIC column is similar to that in a real
protein solution and the chromatographic retention data rep-
resents all sorts of interactions including the excluded volume
contribution.

The osmotic second virial coefficierB£y) refers to the
interaction between two protein molecules in solution and is
rigorously related to the two-body potentials of mean force
between protein molecules in solutif$)45]

2.2.2. Selection of stationary phase

For the purpose of SIC, chromatography particles with
wide pores are desirable in order to minimize the mass
transfer limitation and to ensure that immobilized protein
molecules do not block the pore space for the mobile
molecule to pass and interact outside the pore surface.
o In addition, the packed particles should not have any

Ba2 = — /91 /92/0 (e” (V0L BV — 1) r%dr di2odi2y interaction with mobile phase protein. In this work, we used
(13) N-hyroxysuccinimide (NHS) activated Sepharose FF which
consists of a 14-atom (6-aminohexanoic acid) spacer arm
between the ligated protein molecules and the surface of the

Comparing Eqs(11)—(13)yields particle. This long spacer arm gives the immobilized protein
(Ksec — Koveral) Vi molecule more flexibility to interact with the mobile phase
Bz = N ' (14) protein from different angular positions and orientations. The

mean particle size, pore diameter and porosity of Sepharose
Eq. (14) can be used to calculatBy; by the SIC  FF are 9qum (provided by Amersham Biosciences), 50 nm
methodologyKsgc can be determined using E(B) for a [47] and 0.6347], respectively. The NHS groups react with
protein-free column with the same resin material, where no N-terminal amino groups of the peptide chains and with
protein—protein interaction can take place and the retentionthe e-amino groups of lysine residu¢48], which provides
volume of the mobile protein is only determined by size random orientation of the immobilized protein molecules
exclusion. In such a protein-free column, the valu&gf is on the particle surface. In addition, the NHS-activated
zero. The overall distribution coefficieroveral, Can alsobe  support shows very fast and complete binding of protein
determined using E¢8) for animmobilized-protein column,  with comparatively minimal protein leakage during storage
where the retention of the mobile protein is guided by both gnd chromatographj49]. The only minor disadvantage of
size exclusion and protein—protein interactionsn Eq.(14) NHS-Sepharose is that it may produce some anionic groups
is equal to ¥ — Vo) for the protein-immobilized columm on its surface by hydrolysis of NHS, when the coupling
can also be represented as the total amount of immobilizedreaction is done at high pH and/or high temperature.
protein in gram. The unit 0Bz, obtained in this approach  However, this problem can be minimized and the coupling
is mlg~! which has to be divided by the molecular weight reaction rate can be controlled in order to obtain the desired

(Mw) of the protein in order to obtain the usual uniti, coupling concentration by conducting the reaction at pH 6.0
mol mlg—2. Therefore, and at a temperature of€ [48].
K —K Vi
Bop = ( SECN A;"e’a") d (15) 2.2.3. Optimization of the extent of immobilization
° w

Tessier et al[30,31] found that the retention of protein
Our approach to the calculation Bp, is comparable to  depends on the injected concentration at higher surface cov-
that derived in previous studi¢80,35] and essentially the  erage (33%), while the effect of injected concentration
same as that of Teske et &5] for the case of identically  on retention volume is negligible at a surface coverage of
packed immobilized-protein and protein-free columns. How- 17-18%30,35] Atvery high surface coverage, a free protein
ever, the immobilized-protein column in our work does not molecule may have the opportunity to interact simultane-
necessarily have to be the same as the protein-free columrously with multiple immobilized molecules, which results
in terms of column volume and packing integrity. In addi- in an injection concentration-dependent retention behavior.
tion, our approach justifies the use of a protein-free column In addition, the higher surface coverage may block some par-
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ticle pores, which hence become inaccessible to free proteinsany interactions with the particle surface and the immobi-
We, therefore, controlled the immobilization process to work lized proteins.

within a surface coverage of about 15%. The immobiliza- N is the number of immobilized protein molecules acces-
tion concentration of 20 mg lysozymeml of packed col- sible for mobile phase protein. The number of protein
umn corresponds to 15% surface coverage for NHS-activatedmolecules immobilized per volume of settled particles can be
SepharoseAppendix A). The incubation time, temperature, determined first, then multiplied by the amount of settled par-
pH and protein concentration of the immobilization reaction ticles used to pack the column. Considering the fact that the
mixture are the parameters for controlling the immobilization entire pore spacesin Sepharose FF are notwide enough for the
reaction. Only the incubation time was varied in thiswork and protein molecule$47], it was nevertheless assumed that all

it was found that 12 h of incubation was sufficient to obtain the immobilized protein molecules are accessible to mobile

optimum coupling. molecules. Since only 15% surface coverage is applied, the
remaining 85% of the pore surface is still free. Therefore, the
2.2.4. Optimization of injection sample immobilized protein molecules entered into the pore spaces

While a 15% surface coverage is used to avoid multi-body are not expected to restrict the entry of mobile molecules.
interaction, the protein concentration in the mobile phase hasSuch a restriction can only be expected in the case of high
also to be low enough to avoid interaction among mobile surface coverage or monolayer coverage. Therefore, the value
phase proteins themselves. Since the range of protein self-of N is equal to the total number of protein molecules immo-
interactions is very shof#] and the injected protein concen- bilized onto the stationary phase.
tration in the SIC experiment is typically quite dilute, this is
not a prominent matter of concern. However, in order to make
sure that we are working in the linear region of the adsorption 3. Materials and methods
isotherm, the total amount of protein in an injection pulse
must be much lower than the amount of immobilized pro- 3.1. Materials
tein in the stationary phase. In that case, the retention of the
pulse should not vary with little fluctuations in injection con- Lysozyme from chicken egg white f3crystallized, dia-
centration. Patro and Przybyci¢p9] found no significant  lyzed and lyophilized; product no. L6876) was bought from
difference in the peak position of lysozyme over an injection Sigma-Aldrich CoNHSactivated Sepharo8¥ 4 Fast Flow
concentration range of 2-9 mgml Teske et al[35] also (code no. 17-0906-01) was purchased from Amersham Bio-
obtained retention times independent of the mobile phasesciences.
protein concentration provided that this concentration is less  Acetic acid (Baker analyzed, product no. 6052), sodium
than 0.25mgmil. On the other hand, Tessier et 0] chloride (Baker analyzed, product no. 0278), hydrochloric
observed that the retention time of lysozyme increases whenacid (36—38%, Baker analyzed, product no. 6081), sodium
the injection concentration goes below 5 mgmliConsider- hydrogen carbonates (ACS grade, Baker analyzed, product
ing these variations in previous studies, we have studied theno. 0263), potassium hydrogen phosphate anhydrous (ACS
optimum range of injected concentrations and volumes in grade, Baker analyzed, product no. 0241), potassium dihy-
our system. Using an injection volume of @Dand concen- drogen phosphate (ACS grade, Baker analyzed, product no.
trations of 1-5 mg mi* for a 1.2—1.4 ml columns produced 0240), acetone (Bakers HPLC analyzed, product no. 8142)
sharp Gaussian peaks with a fairly high detection limit for and sodium hydroxide (Baker analyzed, pellets, product no.
lysozyme. The peak position was independent of the injected0402) were bought from J.T. Baker. Sodium hydrogen phos-

protein concentration in the tested range (1-5 mginl phate dihydrate (product no. 6573) and sodium dihydrogen
phosphate dodecahydrate (product no. 6345) were bought
2.2.5. Determination of K, &cand N from Merck. Ethanolamine (redistilled, product no. 41100),

K and Ksgc can be determined from the immobilized- tween 80 (product no. P8074), blue dextran (product no.
protein column and the protein-free column, respectively, D5717) and magnesium bromide hexahydrate (product no.
using Eq(8). Itis therefore important to injecta pulse of non- 518220) were bought from Aldrich. BCA (bicinchoninic
interactive fully included and of fully excluded molecules in acid) protein assay reagents (products 23221 and 23224) were
both columns. Acetone was selected as the fully included bought from Pierce.
molecule because of its small size, delectability in UV at A Tricorn™ 5/50 column (code no. 18-1163-09) and
280 nm and non-interactive nature. The optimum concentra- Tricorn™ 5 adapter unit (code no. 18-1153-00) was bought
tion of acetone was found to be 2% (v/v). On the other hand, from Amersham Biosciences. Chromatography experiments
the interstitial volume was determined by injecting a fully were done in a Pharmacia FPLC system, which was con-
excluded large molecule, i.e. blue dextraviy(~2 mDa). trolled by Unicorn Version 2.0. Ultracentrifugation experi-
Blue dextran has some interaction with the Sepharose par-ments were done by a Beckman L-70 ultracentrifuge with a
ticles and probably with the immobilized protein molecules Ti-60 rotor type. Normal centrifugation was done in a Beck-
at low ionic strength. Therefore, the blue dextran pulse was man GP centrifuge. All spectrophotometric analyses were
eluted in the presence of 1.0M NaCl in order to eliminate done in a Pharmacia spectra UV/visible spectrophotometer.
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3.2. Immobilization of protein 7.0), when not in use. Each column was used for a period of
maximum 4 weeks.

An amide linkage is formed between the amino groups
of the protein and the NHS activated group of Sepharose in
the pH range of 6-9. The coupling reaction is very fast and 4. Results and discussion
almost uncontrollable at higher pH and temperafdg3. In
addition, NHS groups are hydrolyzed rapidly at higher pH 4.1. Inherent inaccuracy of SIC
to give free COO groups, which makes the particle a weak
cation exchangdgn9]. In order to avoid this undesirable side A theoretical framework for determination Bf, by SIC
reaction, the coupling reaction was done atpH6.0and@t4 s presented in Sectich2 According to Eq(15), the uncer-
The protein solution was prepared first at a concentration of tainty in Bo» may come from errors in the estimation of pulse
5mgmit in the coupling buffer (0.1 M sodium phosphate, retention volumes in the columns and in the determination of
0.5M NacCl, pH 6.0). Isopropanol suspended particles were immobilized protein concentration on the stationary phase.
washed five times with ice cold 1 mM HCI by centrifugation. In our experimental set-up, the reproducibility of retention
Three milliliters of washed particles were incubated with volume was within the limit of£0.01 ml and the maximum
10 ml of 1 mM HCl for 15 min at 4C for swelling. HClwas  inaccuracy in determining the immobilized protein concen-
removed from the settled particles and immediately replacedtration on the gel particle was20%. These amounts of error
by 10ml of pre-prepared protein solution. The coupling in V andN in Eq. (15) yield an overall error of maximum
reaction was allowed to proceed &t@ with gentle shaking. +1.0x10~*mol ml g~2 in the calculated,, value. A com-
The desired surface coverage of protein was obtained byparative overall error analysis of the different techniques is
manipulating the incubation time. The coupled particles shown inFig. 4.
were then washed a few times with ice cold coupling
buffer to remove unbound proteins and released NHS. They > o efficient is the SIC technology compared to
immobilized particles were incubated again with 10ml giher techniques?
of blocking buffer (1M ethanolamine, 0.5M NaCl, 0.1 M

Na-phosphate, pH 6.0) for 12h at@ in order to block The efficiency of a8,, measurement technique is deter-

any remaining reactive groups. The protein-free particles nined by the amount of protein and experimental time

were.prepared in the same way without doing the coupling required to measure org; value. Although a fairly good

reaction. _ _ _ estimation can be made regarding the amount of protein
Since NHS, released during the coupling reaction, has required to determine orig; value, the estimation becomes

a very high UV absorption at 280 nm, it was not possible ¢omplicated regarding the time needed to obtain Bage

to determine the amount of immobilized protein from the 15 is because each method has its own long preparation

amount of protein in the wash out solutions. The density of ime data acquisition difficulties and extraneous complica-

protein immobilized in the particle was therefore determined tjons, |n reality, in all of these troubleshooting consume most

by a standard BCA techniqg0], applied to the solid phase  f the time compared to the real data acquisition experimen-

[51]. tation.
) In MO, a micro-osmometer may have sample volume
3.3. Chromatography and data analysis as low as 2Qul. Five different concentrations are usually

) . required to compare the/RTg versuscy plot. We assume
Tricorn 5/50 (5 mmx 50 mm) columns were packed with  -oncentration levels of 2, 4, 6, 8 and 10 mgthl There-

both immobilized-protein and protein-free particles ataflow fore the minimum amount of protein required to measure
rate of 3 mImirr?! for at least 10 min. The flow rate was sub-

sequently reduced to 1 ml mif for confirming the stability

of the bed. The integrity of the packed column was character-
ized by height equivalent to a theoretical plate analysis, and
peak shape and symmetry of a pulse of a small molecule, for 3.0
instance acetone and/or high salt. The chromatography pro-
cedure was accomplished as described by Tessie[8Dain

an automated Pharmacia FPLC system controlled by Unicorn
Version 2.0. The injection sample was prepared at a con-
centration of 1-2 mg mit, unless mentioned otherwise. The 04
column was equilibrated with the appropriate solution until
the UV, pH and conductivity base lines became completely i

straight before every injection. Retention volumes were auto- ' MO LS | SEC | sIC
matically determined by Unicorn as the peak position. The

column was stored at“€ in 10 MM sodium phosphate (pH  Fig. 4. Inherent inaccuracy limit of differe®> measurement techniques.

4.0

Inherent error limit.
(104 mol.ml.g2)




120 T. Ahamed et al. / J. Chromatogr. A 1089 (2005) 111-124

oneBy, value is 0.6 mg. Regarding time requirement, once 3
the installation of the osmometry equipment is completed,
the duration of each osmotic pressure measurement is about
15 min[25]. MO, however, suffers from some practical prob-
lems, for instance fouling and adsorption. Troubleshooting of
these difficulties require unusually long time, which are case
oriented and difficult to estimate.

In light scattering, 1 ml of sample volume is usually
required to place in the sample cell. If we consider five 51
data points with the same protein concentration as estimated
for MO, total amount of protein required to measure one
B22 value is 6 mg. However, light scattering measurement is
not usually run-to-run consistent and require a large numberFig. 5. By, of lysozyme measured by SIC using different gel materials at
of replications in order to validate one data point. Sample pH 4.5 and at a temperature of 23<Z5 The line represents Sepharose
preparation and the ability of the LS equipment to measure from Amersham Biosciences (this work), the circles represent Toyopearl
scattering intensity rapidly over a range of protein concentra- frgm Tosoh Bioscienci80] and crosses represent cross-linked agarose from
tions are great challenges. If we assume that all experiments> 9335}
run perfectly and provide acceptable data, 15min is usu-

ally enough to measure the light scattering intensity and the turized to microchip level, thereby lowering the analysis time
refractive index of a sample. and the protein requirement by orders of magnitude.

B,, (104 mol.ml.g-2)

NaCl concentration (M)

Five different concentrations of protein are usually
injected in a SEC column to obtain a linear relationship in the 4.3. Mapping of lysozyme,Bprofile
In(Kp) versusCi(1— Kp) plot. Each protein concentration
has to be far apart from the next ones in order to provide bet-  Fig. 2 shows that the accuracy &, data obtained by
ter resolution and consequently higher accuracy. For@d20 SIC at pH 4.5 is quite good in comparison to other tech-
pulse injection with protein concentrations of 10, 20, 30, 40 niques. However, we have extended our work on lysozyme
and 50 mg mtL, the total protein requirement is 3.0 mg. The in order to investigate the reproducibility of the SIC technique
elution time of one pulse can be assumed to be 25 min. How- in different gel materials, protein immobilization strategies
ever, column preparation, characterization and equilibration and solution conditions.
takes much longer time than the peak elution time. The stationary phase and the protein immobilization strat-
If the experiment is done in a frontal exclusion system egy used in this work were quite different from those in
in a 1 ml volume column, the injected sample volume has previous studief30,35] We have used narrow pore-size par-
to be at least 1 ml in order to reach the plateau stage. In aticles where protein immobilization took place via a spacer
frontal elution system, protein concentrations of 2, 4, 6, 8 and arm. The result obtained in our work shows that the SIC sys-
10 mg mI-* would be enough to provide good resolution. The tem is able to reprodudg,, data irrespective of the type of
amount of protein required is then 30 mg in order to obtain stationary phase and protein immobilization stratégyg.(5).
oneBy; value. The elution time will also be at least twice as We have also found for our system that a column packed with
long as for a pulse system. immobilized lysozyme can be used as long as microorgan-
Measurement dB,, by SIC requires at least 2-pulse injec- isms do not degrade it. Microbial degradation deteriorates
tions, one on an immobilized-protein column and another on the packing integrity of the column and the column can no
a protein-free column. Total experimental time for each pulse longer produce sharp Gaussian peaks. However, the lifetime
elution is not more than 25 min for our current set-up. Typ- of SIC columns can be different depending upon the stability
ically each pulse contains 30 of a protein solution at a  the protein immobilized on it.
concentration of 2mgmk. Therefore, two pulses contain The experimental approach was further extended to calcu-
a total of 0.2 mg of protein. In addition, optimization of the lateBy» values in conditions available from the literature and
injection concentration and flow rate requires several pulse atin some unknown conditions. It was found earlier tBag
different protein concentration and different flow rate level, trends of lysozyme are quite ideal, decrease smoothly with
which eventually costs more time and protein. A compara- pH and ionic strengtfiL1], but increase proportionally with
tively large amount of protein (about 30 mg) is required to temperatur¢3,20]. The next mapping d8;»> was done at pH
prepare an immobilized-protein column, which can be used 7.6 in the presence of 10 mM Na—phosphate buffer. There are
for a month for the determination of hundredsBy val- remarkable variations in publish@&j, values for this condi-
ues. We assume that an immobilized-protein column is usedtion (Fig. 6). The data obtained in this work fell below SLS
to determine 16®;; values (20 days 8 measurements per data available in the literature. A notable featuré-f. 6is
day) throughout a month. Therefore, an average of minimum that theB,, values obtained by SIC at higher NaCl concen-
0.45 mg of protein is required to determinBg value by the trations (>0.5 M) are well below than that of SLS. The reason
SIC technique. However, the SIC method can easily be minia- for this behavior can be explained as simultaneous interaction
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B, (104 mol.ml.g2)

-12
NaCl concentration (M)

Fig. 6. By trend of lysozyme at pH 7.6. Black diamond: pH 7.5°25 SLS

[9]; white diamond: pH 7.4, 25C, SLS[8]; white rectangle with line: pH
7.6, 10 mM Na—phosphate, SIC [this work]; black triangle with dashed line:
pH 7.0, 5mM bis-tris, SIJ30]; white triangle with dashed line: pH 7.6,
20 mM Na—phosphate, SI[35].

of a mobile-phase molecule with two or more immaobilized
moleculeg35]. The overall trend 0By as a function of NaCl
concentration is obviously due to electrostatic interaction.
Since the p of lysozyme is quite high (11.2), electrostatic
repulsion is more prominent during self-interaction at low
pH and low salt. Lysozyme is almost chargeless at pH 9,
where short-range attractions play the vital role.

It is known thatB,, of lysozyme in MgBp shows a mini-
mum at 0.3 M MgBs at pH~7.6[11]. This phenomenon was
confirmed by the SIC methdd0]. The phenomenon was fur-
ther confirmed in this work and the minimum was found at
0.4 M instead of 0.3M MgBr (Fig. 7). However, theBy,
of lysozyme does not change significantly with the MgBr
concentration. Tessier et §B0] explained this phenomenon
as an increase in repulsion at higher MgBoncentrations
due to binding of the divalent Mg to the acidic residues of
lysozyme. In order to correctly determine the reason of this
behaviorB,, was also measured in Mg£l

The By, trend was found to be steadily decreasing with
MgCl, at pH 4.5 Fig. 8). However, there is no literature data

B,, (104 mol.ml.g2)

MgBr, concentration (M)

Fig. 7. Bz trend of lysozyme as a function of MgBconcentration at pH
7.6. Triangle: pH 7.6, 10 mM Na—phosphate, SIC [this work]; diamond: pH
7.8, 5mM bis-tris, SIG26]; rectangle: pH 7.8, 20 mM HEPES, 23, SLS
[11].

121

2
1
0
10
2]
34
4 4
5
-6 |
7

B, (104 mol-ml.g2)

MgCl, concentration (M)

Fig. 8. By, trend of lysozyme as a function of Mg{toncentration at pH
4.5. Line: pH 4.5, 10 mM Na-acetate, SIC [this work]; rectangle: pH 4.6,
50 mM Na-acetate, 25C, SLS[13].

available for this condition except one point. The available
data point13] is lower than that found in this work, prob-
ably because of lower ionic strength of the buffer. By
trend obtained in MgGlis comparable with that in NaCl for

pH 4.5. The trend line in Mg@Glis slightly lower than that in
NaCl. The reasonis the presence of more electrolytes at equal
molarity in MgCh than in NaCl because of the divalency of
magnesium. Th8y, trend of lysozyme was also determined

in MgCl, at pH 7.6 (10 mM Na—phosphate) and we found
that theBy, does not change much with MgCtoncentra-

tion (Fig. 9). Instead of a minimum, a maximum was found
at 0.2-0.3 M Mgd. The trend was further going down with
increasing MgGl concentration. Since the effect of MgCl
and MgBk on theBy; trend is not very large at pH 7.6, it

is hard to determine a minimum or maximum point at a par-
ticular ionic strength. It is therefore clear that g trend

of lysozyme in MgC} is similar to that of NaCl but differs
between MgCJ and MgBb. A likely explanation why trends

in MgCl, are not similar to MgBy is the chloride binding
affinity of lysozyme. Lysozyme does not exhibit salting in
behavior with NaCl due to predominant electrostatic screen-
ing of the positively charged protein and/or by adsorption of
chloride ions by the proteifb2]. Lack of this phenomenon

in presence of bromide salt produces a downward peak in the
By trend.

01 02 03 0.6

0.4 0.5

B, (104 mol-ml_g2)

MgCl, concentration (M)

Fig. 9. By, trend of lysozyme as a function of MgiCtoncentration at pH
7.6 (10 mM Na—phosphate).
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4.4, Crystallization slot from the literature Fig. 11). Fig. 11supportsFig. 10in the
sense that crystals do not grow in conditions at whictBhe
George and Wilsoj2] determinedB;, values of nine value is either positive or largely negative. Interestingly how-
different proteins by SLS at their crystallization conditions ever, crystals were not obtained in a number of cases where
and found them to be within a narrow range (between theBy; values were within the crystallization slot.
—0.8x 10~%and—8.4 x 10~* mol mlg~2), regardless of the We have also conducted ultracentrifugal crystallization
size and nature of the proteins. The patterigf for non- experiments with lysozyme in six solution conditions, out
crystallization solvent conditions was not studied in detail. of which three conditions correspond to crystallization, one
It was, however, observed for lysozyme that solution con- corresponds to amorphous precipitation and the remaining
ditions corresponding to positive and highly negatie two correspond to no phase changalfle 3. According
values promote no phase separation and amorphous preto the previously described moddls3,54] for an initial
cipitation, respectively. After further investigation of a few protein concentration of 5mgm} and rotational speed of
other proteins, they defined the so called “crystallization 45,000 rpm, 8 h of ultracentrifugation was enough to pro-
slot” as the range 0By, values between-1x 10~ and duce crystals in our system (Beckman Ti 60 rotor). After
—8 x 10~*mol mlg—2[3]. ThisBy2 based crystallizationslot  finishing the ultracentrifugation, about 80% of the super-
was used thereafter for predictive crystallization of lysozyme natant was removed gently with a pipette. The remaining
[9], chymotrypsinogeri9,27], ribonuclease A32], myo- solution and pellet were examined visually for the presence
globin [31] and OmpF porin12]. By, clearly has a pre-  of crystals or precipitate. It was unexpectedly found that no
dictive value for the conditions of protein crystallization. phase separation occurred in two samples at pH 7.6 where
The question one could ask is whether this rangof B> values were-4.3x 10~% and—8.8 x 10~*molmlg 2.
values—1x 1074 to —8 x 10~*molmlg=2 applies to all In our experiment pH 7.6 was buffered using K-phosphate,
kinds of proteins, regardless of their size, shape, charge,which seems to be unfavorable for growing lysozyme crys-
hydrophobicity and surface roughness. In order to explore thetals. It was also previously found that phosphate and sulfate
versatility and applicability oBy2 as a predictor of protein  ions are comparatively less effective for crystallization of
phase behavior, crystallization conditions of known proteins lysozyme[13,55]

were mapped from available literature in termsBaf. Boo It is, therefore, fair to conclude th&,, values within
values of all of these proteingig. 10 at their crystalliza- the range of 0 to-10-3 mol ml g~2 are thermodynamically
tion conditions fell fairly within the range of-1 x 10~% to favorable for protein crystallization but do not guarantee
—8x 10~*mol mlg~2. Fig. 10confirms that it is important  successful crystal growth. On the other hand, protein crystal-
to have aBy;, value within the crystallization slot for crystal-  lization is difficult or impossible at a condition where tBg

lization of any protein. However, doe$a, value within the value is positive. Successful crystal growth may depend on
crystallization slot guarantee successful production of pro- several other parameters, for instance solubility and the effect
tein crystals? An extendd8b, mapping was therefore done of specific ions. Several authors investigated whether any
for proteins, of which the conditions of crystallization, amor- direct relationship exist between protein solubility By
phous precipitation and no phase separation were availablg3,11,13,16,20,23,56]Their outcome suggests that a sim-
ple correlation may exist, but the relationship is not strong
enough to design crystallization experimeris; may not
4 sufficiently account for all interactions that are reflected in
solubility, especially protein—salt interactioffl]. In addi-
tion, the crystallization process is significantly affected by
the effect of specific ionB,, of lysozyme decreases with
R L increasing chloride ionic strength. However, the presence of
-2+ o oe < 4 ®Bm phosphate and sulfate as buffering salts is not favorable for
lysozyme crystallization even though tBe, value is driven
into the crystallization slot by extra chloride. Indeed, the
64 A +x * solubility of lysozyme is also very high in the presence of
& A phosphate and sulfate ioffs6]. Similarly, the solubility of
. T lysozyme is the lowest in buffers containing Nsalts com-
pared to other cations at equal ionic strer{§tf. Therefore,
in addition toBy2, the successful design of crystallization
Fig. 10. B> map of different proteins at their crystallization conditions. ~experiments may require solubility data and the knowledge
Solid rectangle: canavalif2,3]; open rectangles: concanavalin [A,3]; of the effect of specific ions on that protein. Howeves;
solﬁd d_iamonds: bovine serum aIbunﬁih;]; open digmond:ovostat[ﬁ',:%];' is the preliminary guide for systematic screening of pro-
solldC|rc_le:a_—chymotryp5|r[2_,3];opencwclt_a:satellltetobaccqmosalcwrus tein crystallization conditions in the sense that it must be
[2,3], solid triangle: ovalbumiii2,3]; open trianglex-lactalbumin(3]; plus: . 8 . . C A
B-lactoglobulin A[3]; cross:B-lactoglobulin B[3]; star: pepsiri3]; shaded in the slightly negative regime for crystallization is likely
diamond: thaumatifB]; shaded rectangles: OmpF pofir?]. to occur.
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Fig. 11. Phase behavior of proteins as a functioBgf Solid, shaded and white symbols denote crystal, precipitate and no change, respectively. Dashed lines
denote the upper and lower boundaries of the crystallization slot. (a) Chymotrypsinogen: rectangular symbols are$jommdediamond symbol are from

ref. [27]. (b) Ribonuclease A: rectangular symbols are from[&8] and diamond symbols are from r¢32]. (c) Myoglobin: all symbols are from ref31].

(d) Lysozyme: rectangular symbols are from {2}, diamond symbols are from rdf] and triangular symbols are from ré8].

Table 2

Ultracentrifugal crystallization of lysozyme froBp, aided prediction

Sample no. Solution condition B22 (10~*mol mlg—2) After ultracentrifugation
A pH 4.5 (0.01 M Na-acetate), 2C >300 None

B pH 4.5 (0.01 M Na-acetate), 0.51 M NaCl, 20 ~-20 Crystal

C pH 4.5 (0.01 M Na-acetate), 0.86 M NaCl, 2D ~—4.0 Crystal

D pH 7.6 (0.01 M K-phosphate), 2C ~0.0 None

E pH 7.6 (0.01 M K-phosphate), 0.17 M NaCl, 20 ~—4.3 None

F pH 7.6 (0.01 M K-phosphate), 0.86 M NaCl, 20 ~—8.8 None

A molecular or thermodynamic understanding why a par- 5. Conclusion
ticular range ofB,2 values promotes crystallization was
described in the literatuf2—4,6,16,58] Here we recall that A theoretical framework was established to correlate self-
negative values d8,; indicate that attractive forces between interaction chromatography retention data wigsp value.
protein molecules are dominant and protein—solvent interac- The approach requires retention data from an immobilized-
tions are less favored than those between protein moleculesprotein column as well as from a protein-free column for
A positive value forBy, does not completely exclude the the determination of 8y, value. However, the protein-free
possibility of crystallization, but typically requires imprac- column does not necessarily have to be the same as the
tically high concentration of protein in order to bring about immobilized-protein column in terms of column volume and
any kind of phase separation and the probability of obtaining packing integrity. Details of the chromatography method-
acceptable crystals is very low. For the negative regime of ology, troubleshooting and data analysis approaches were
the Bz2 map, Wilson[59] discriminated between craggs and designed. The reproducibility and accuracy limit of B
praggs. Craggs are highly structured microcrystalline aggre-data by the SIC methodology was discussed in comparison
gates formed at slightly negativ&,. On the other hand, to other traditional techniques, and SIC was shown to per-
praggs are non-specific aggregates formed at highly negativeforms in a superior way. The SIC methodology can even
B2, which usually leads to amorphous structures. be improved further by miniaturization to microchip level.
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The designed methodology was applied Bap mapping of
a model protein, i.e. lysozyme. It was also found th&a
value within the crystallization slot is an essential prerequisite 23]
of crystalllzatlpp, but doe§ not guarantee SgCCGSSfUl'CryStal[24] V. Receveur, D. Durand, M. Desmadril, P. Clamettes, FEBS Lett.
growth. In addition to protein—protein interaction, protein sol- 426 (1998) 57.

ubility and the effect of specific ions also play a vital role for [25] C.A. Haynes, K. Tamura, H.R. Korfer, H.W. Blanch, J.M. Prausnitz,
successful crystallization of protein, by mechanism that are J. Chem. Phys. 96 (1992) 905.
not completely understood [26] H.M. Schaink, J.A.M. Smith, Phys. Chem. Chem. Phys. 2 (2000)
' 1537.
[27] P.E. Pjura, A.M. Lenhoff, S.A. Leonard, A.G. Gittis, J. Mol. Biol.
300 (2000) 235.

[28] J. Behlke, O. Ristau, Biophys. Chem. 79 (1999) 13.
[29] S.Y. Patro, T.M. Przybycien, Biotechnol. Bioeng. 52 (1996) 193.

The accessible surface area per volume of packed col-[30] P.M. Tessier, A.M. Lenhoff, S.I. Sandler, Biophys. J. 82 (2002) 1620.
umn, also called phase ratio, of a typical Chromatography [31] P.M. Tessr:e;,f S.D. Vandrey, B.W. Berger, R. Pazhianur, S.I. Sandler,
media decreases with increasing mobile phase particle size, A™M- Lenhoff, Acta Cryst. D 58 (2002) 1531, .

. . . [32] P.M. Tessier, H.R. Johnson, R. Pazhianur, B.W. Berger, J.L. Prentice,

The circumradius of the lysozyme molecule is 1.56 nm. An

X ; B.J. Bahnson, S.I. Sandler, A.M. Lenhoff, Proteins: Struct. Funct.
estimate of the phase ratio of Sepharose FF for lysozyme  Gen. 50 (2003) 303.

can be obtained from the data of DePhillips and Lenhoff [33] C.D. Garcia, S.C. Holman, C.S. Henry, W.W. Wilson, Biotechnol.

[22] R.A. Curtis, J. Ulrich, A. Montaser, J.M. Prausnitz, H.W. Blanch,
Biotechnol. Bioeng. 79 (2002) 367.

C. Gripon, L. Legrand, I. Rosenman, O. Vidal, M.C. Robert, F. Boue,
J. Cryst. Growth 178 (1997) 575.

Appendix A. Calculation of surface coverage

[46]. Although the material used in this paper was neither SP
nor CM Sepharose, an approximation can be made for NHS-

Sephasore using this data. Interpolating the data ifd&f
the phase ratio for lysozyme is approximately 42%mfr 1.

In order to obtain 15% surface coverage, the required immo-

bilization concentration is 20 mg of lysozymemhlof settled
particle for lysozyme.
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