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Self-interaction Chromatography: a novel characterizing pairwise protein interactions, and protein
. thod f ti | tei crystallization offered hope that screening second virial coefficient
screemng method for rauonal protein values may be useful for the predictive crystallization of proteins not

crystallization crystallized previously. Yet there has been little use of the second
virial coefficient for predictive crystallization, largely because the
methods for determining virial coefficients, such as static light
scattering (SLS) and membrane osmometry, are too expensive in
terms of protein and time to allow extensive screening.

Peter M. Tessier, Scott D. Vandrey, Bryan W. Berger,
Rajesh Pazhianur,’ Stanley I. Sandler and Abraham M.

Lenhoff We have recently introduced a highly efficient method for
o ) measuring the second virial coefficient using self-interaction
Center for Molecular and Engineering Thermodynamics, chromatography (SIC) (Tessier et al.,, 2002b). SIC was initially
Department of Chemical Engineering, University of Delaware, proposed as a method for screening excipients for use in drug
Newark, DE 19716, USA. E-mail: lenhoff@che.udel.edu formulation (Patro & Przybycien, 1996), but we have adapted the

method for characterizing the effects of additives that promote

protein association and may lead to crystallization. The basis of the
The osmotic second virial coefficierBy,, has become the quantity method is that protein is covalently immobilized on chromatographic
most widely used in developing a rational understanding of proteirparticles that are packed into a chromatography column, and a pulse
crystallization. In this work a novel method of measuiagusing  of the same protein is passed through the column. The retention time
self-interaction chromatography (SIC) is presented that is at least di¢flects the average protein-protein interactions, and this can be
order of magnitude more efficient than traditional characterizationrelated to the second virial coefficient using statistical mechanics,
methods, such as static light scattering. It is shown that SiGvithout the need for adjustable parameters (Tessier et al., 2002b).
measurements of second virial coefficients for BSA are inWe have previously demonstrated that the virial coefficient values
quantitative agreement with static light scattering results. Themeasured by SIC are typically in quantitative agreement with values
measured virial coefficient for both BSA and myoglobin reveal ameasured by SLS, yet SIC requires at least an order of magnitude
surprisingly narrow range of concentrations of ammonium sulfatd€ss protein and time.
that promote weakly attractive interactions that are optimal for The efficiency of SIC enables the rapid measurement of virial
crystallization. Using the virial coefficient information, myoglobin coefficients at a variety of solution conditions, which can then be
crystals were obtained by ultracentrifugal crystallization in a rationalcompared to protein phase behavior results to validate the

and rapid manner. applicability of the “crystallization slot” correlation for use in
predictive crystallization. However, the second virial coefficient
Keywords: protein interactions, static light scattering, does not provide an adequate indication of the proper initial protein
ultracentrifugal crystallization, osmotic second virial coefficient concentration to use for crystallization. Crystallization techniques
such as vapor diffusion circumvent the need for solubility
1. Introduction information by concentrating the protein by evaporation, but the

) ) i ) . . concentration of the crystallization agents also changes, making it

The rapidly emerging field of proteomics aims to elucidate thegitficult to compare the phase behavior results to thermodynamic
complex role of protein molecules in the cellular environment, whichyeasyrements. Ultracentrifugal crystallization was used in this work
will require detailed structural information for thousands of proteins.is maintain constant solution conditions during our crystallization
Most high-resolution protein structural information is currently experiments (Wyckoff & Corey, 1936; Karpukhina et al., 1975;
obtained by X-ray diffraction. The limiting factor in protein Barynin & Melik-Adamyan, 1982; Lenhoff et al., 1997; Pjura et al.,
strucFL_lraI characterization typl_cally is th_e dgtermlnatl_on of solutlonzooo). This technique involves placing a dilute protein solution in a
conditions that promote protein crystallization. The importance ofcenrifugal field, which causes the protein concentration to increase
protein structural information has consequently led to hundreds ot the pottom of the vial due to sedimentation until the solubility and
millions of dollars being directed toward developing high- ncleation threshold are exceeded, allowing crystallization to
throughput crystallization technology to perform a vast number ofcommence. The advantages of ultracentrifugal crystallization are that
crystallization screens daily (Schulz, 2001). Although empiricalpigh protein concentrations can be obtained at the beginning of the
crystallization screens_have be_en used to crystallize pr_otelns foéxperiment, which promotes nucleation, yet due to depletion of
decades, many proteins, particularly membrane proteins, havgrotein locally around the growing crystal, the protein concentration
proven difficult to crystallize using this type of approach. It would js |ower in the later stages of the experiment, which promotes the
be of significant value if high-throughput methods could be growth of high quality crystals. An additional benefit of
developed to determine conditions for protein crystallization in a,jtracentrifugal crystallization is that crystals may appear within
rational manner, reducing the number of crystallization experiment$,o.rs to days, compared to other methods such as vapor diffusion
and, thereffore, the cost and time required for determining thyhich can require weeks to months for crystallization to occur.
structure of a protein. o _ N _ We have previously used SIC to characterize ribonuclease A

The goal of rationally determining solution conditions conduciventeractions at more than 50 solution conditions, and the virial
to protein crystallization has been the focus of much research in theyefficient information was used to obtain ribonuclease A crystals
past decade. One of the most promising findings has been thgla; giffract to 1.5 A (Tessier et al., 2002a). In this paper we
solution conditions that are conducive to protein crystallizationgemonstrate that SIC can be used to measure the second virial
correlate with slightly negative, or moderately attractive, values Ofpefficient quantitatively for BSA. We then demonstrate how self-
the osmotic second virial coefficier£), a range referred to as the jnteraction chromatography can be used to characterize myoglobin
crystallization slot” (George & Wilson, 1994). The link between jyieractions, which are found to be quite different from those
molecular interactions in terms B, & thermodynamic parameter normally seen for small globular proteins. We then demonstrate, for
myoglobin, that crystallization can be accomplished in a predictive

" Current address: Rhodia Inc, CN 7500, 259 Prospect Plains Rd, Cranburgnanner despite the unusual virial coefficient trends.
NJ 08512, USA.
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2. Methods and materials For each virial coefficient measurement, the column was
equilibrated with several column volumes of the solution
2.1. Materials environment of interest. Then 20 or fDof a protein solution at a

concentration of 5 to 20 mg/ml was injected into the 3 or 5 mm
BSA (A-7638), carboxymethyl BSA (A-6285) and horse skeletal diameter column respectively (unless otherwise stated). After the
muscle myoglobin (M-0630) were obtained from Sigma and used agrotein was eluted from the column, the electrolyte concentration
received. Bis-tris (B-7535), MES (M-8250), bis-tris propane (B-was typically raised to 1 M for several column volumes, and then
6755), glutaraldehyde (G-5882), and ethanolamine (E-9508) wergywered to a concentration of 5 mM for several column volumes.
also purchased from Sigma. Boric acid (ACS grade, A73), potassiuminally the column was equilibrated in the solution environment of
phosphate (ACS grade, P288), hydrochloric acid (ACS gradethe next sample. The buffers used for myoglobin were 5 mM bis-tris
A114), ammonium sulfate (ACS grad_e, A702), sodium CarbonatQ)r MES at pH 6, 5 mM potassium phosphate at pH 7.4 and 5 mM
(ACS grade, S263) and sodium chloride (ACS grade, 5271) wer@oric acid or bis-tris propane at pH 9. The buffers used for BSA
purchased from Fisher. Nochromix (19'010) was pUrChased fronﬂvere 50 mM sodium phosphate at pH 6.2 and 5 to 10 mM at pH 7.

Godax Laboratories. Micro-BCA assay reagents (23231BPa|| SIC experiments were carried out at a temperature of 23&/- 2

23232BP and 23234BP) were obtained from Pierce. AF-AMiN0-  The retention measurements obtained by SIC were used to
650M chromatography particles (08002) were obtained from TosoRgicylate the retention factor,
Biosep. V. -V )

V

whereV, is the retention volume, or the volume required to elute a
solute from the column, and, is the dead volume, or the volume
2.2.1. Light scattering. The SLS procedures used in this work were required to elute a non-interacting solute of the same size from the
essentially the same as those described previously (Velev et akplumn. The dead volume was evaluated using a column without
1998). Light scattering experiments were typically conducted usingrotein immobilized (Tessier et al., 2002b).

5 protein samples ranging from 2 to 16 mg/ml. The concentration of The second virial coefficient can be related to the retention
BSA was determined spectrophotometrically at 280 nm using amactor by (Tessier et al., 2002b)
extinction coefficient of 0.67 l/g-cm (Sorber, 1970). All SLS K'
experiments were carried out at a temperature of 25°@- The By, = Bus —
specific refractive index (udc) for BSA was measured using a C.N. Psp

Wood differential refractometer (Model RF 600at 488 nm. The  where Bys is the excluded volume or hard sphere contribution
measured value ofndtc for BSA was 0.21 ml/g. (Bys=2/37® for spheres)p, is the amount of protein immobilized
per unit surface area, angis the phase ratio, or the accessible
surface area per mobile phase volume, which is available for a

2.2.2  Self-interaction chromatography. Myoglobin, BSA and . . o
carboxymethyl BSA were immobilized on Tosoh Biosep AF-Amino- variety of chromatography particles (DePhillips & Lenhoff, 2000).
The excluded volume can be calculated using the protein diameter

650M particles using glutaraldehyde as a cross-linking agent, .
Approximately 75 mg of protein was dissolved in 15 g of 1 M evaluated from the molecular volume (Connolly, 1985; Connolly,

potassium phosphate at pH 8.5. After 2 ml of amino particles (settlecjiggg)’ or a reasonable estimate can be found using the protein partial

volume) were activated with glutaraldehyde and washed with 2 ”tergpecmc volume and molecular weight.

of water, the particles were added to_apprOX|mater_ 11 g of protelr}.z.& Ultracentrifugal crystallization. Centrifugal crystallization was
solution and allowed to react overnight. The particles were then

. . conducted using a Sorvall Discovery 90 ultracentrifuge with a
washed with 1 M potassium phosphate at pH 8.5 ar_1d added to 15E9eckman SW5 1-50,000 RPM rotor and Beckman centrifuge tubes
of 1 M ethanolamine at pH 8 for endcapping unreacte

d . . X
X -(344057). Approximately 4 ml of a 10 mg/ml solution of myoglobin
g:?ﬁ::aid&hyg;sgzi ah(];iwhgt?e ugsr, 1”:3 S%ﬂ:&%ezh\(g?ir;e Vgﬁzhset%rgg as added to each centrifuge tube, and the samples were spun at
potas phosp . . 0,000 rpm for 48 hours. Afterwards, most of the supernatant was
at £C. The initial protein solution and the wash solutions were

analyzed at 280 nm to determine the amount of protein immobilizeqremovEd and the samples were analyzed by optical microscopy to

. - - determine the phase behavior.
and a direct measure of the amount of protein immobilized was also
obtained using the micro BCA method (Plant et al., 1991; Tessier et
al., 2002b). The immobilization densities were found to be 17.5 +/3. Results

1.6, 19.1 +/- 2.3 and 19.6 +/- 0.2 mg of protein per ml of settled . . . -
particle volume for carboxymethyl BSA, native BSA, and In order to validate the ability of SIC to measure virial coefficients

myoglobin respectively. quantitatively relative to SLS, we first present a comparison of the

The chromatography experiments and analysis were conductek sults obtained for BSA. Figure 1 shows a comparison of SIC and

using a Pharmacia FPLC system. The particles were packed into t S virial coefficient measurements for native BSA in ammonium

following glass columns: 3x25 mm column from Cobert Associatessu”ate at pH 6.2. The virial coefficient dependence on the ionic

for BSA, 3x50 mm column from Cobert Associates for myoglobin,Strength IS weak except at very high ammonium sulfgtg
and 5x50 mm column from Waters for carboxymethyl BSA. Theconcentratlo_ns. Th_e agreeme_nt is good at IO\.N to r_noc_ierate lonic
packing flow rate was 3 to 5 mi/min, which was continued until thestrength, while a slight offset is observed at higher ionic strength.

; o : : . Figure 2 shows that carboxymethyl BSA virial coefficients in
bed height stabilized. The column integrity was analyzed by passmgodium chloride measured by SIC and SLS are also in good

a pulse of acetone through the bed and confirming that th

unretained peak was symmetric, which was typically the case in thiggreement, with the largest offset observed at low ionic strength. The
work. Therefore. we used thé peak maximum as the retentiofVerage difference between the virial coefficients measured by SIC
volume : and SLS is 0.5xI6 mol-ml/¢f, which is small compared to the size

K=

2.2. Procedures and analysis

)
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of the “crystallization slot”, 7xI6 mol-ml/¢f. Finally, there was no
significant dependence of the amount of injected proteinu{2ff 5
protein at 5 to 20 mg/ml) on the virial coefficient values measured

by SIC at solution conditions that promote attractive pairwise
interactions (e.g., pH 6.2, 1.8 M ammonium sulfate), as was found 4
previously fora-chymotrypsinogen and ribonuclease A (Tessier et .
al., 2002a; Tessier et al., 2002b). However, we observed a separate
aggregate peak that was resolvable from the monomer peak under =
similar solution conditions, yet it did not interfere with our <
measurements.
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BSA virial coefficients for sodium chloride solutions at pH 7 as a function of
ionic strength measured by SIC (squares) and static light scattering (filled
A triangles).
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BSA virial coefficients for ammonium sulfate solutions at pH 6.2 as a
function of ionic strength measured by SIC (squares) and static ligh
scattering: (filled triangles) (Asanov et al., 1997) and (filled circles)
(Kulkarni et al., 2000).

!
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The good agreement between the virial coefficient measuremen
using SIC and static light scattering for BSA is consistent with .
earlier observations for lysozyme and chymotrypsinogen (Tessier ¢ 1 Crystallization slot
al., 2002b). The accurate measurements for BSA provide a basis «
which to conduct SIC virial coefficient measurements for
myoglobin, despite the general inaccessibility of results by light
scattering due to the strong absorbance of the heme group. (Th Mt
problem can be circumvented using an IR laser, although most ligt 0 2 4 6 8
scattering systems are configured with a laser operating in the visibl I (M)

region.) The results of the myoglobin measurements are shown in

Figure 3. The virial coefficients for myoglobin in sodium chloride at

pH 7.4 show little variation as a function of ionic strength up to 5 M, Figure 3

while the V'”f'il ‘FQGﬁ'C'emS In potassmm phosphate at the same pl_Il/IyogIobin virial coefficients measured by self-interaction chromatography at

show a significant reduction and pass sharply throughpy 7.4 in potassium phosphate (squares), pH 6 (circles) and 9 (triangles) in

the“crystallization slot” at an ionic strength of approximately 4 M. ammonium sulfate, and at pH 7.4 in sodium chloride (diamonds).

We also measured myoglobin virial coefficients as a function of

ammonium sulfate concentration at two pH values, and in both cases

found a sharp decrease at an ionic strength of approximately 6 to tfations (20 to 30 mg/ml) and a larger injection volume |{§0the

M. The virial coefficients for myoglobin measured at pH 9 becomeelution volume became independent of the injection consistent with

negative (attractive) at a lower ionic strength than at pH 6. our previous results for lysozyme (Tessier et al., 2002b). Therefore,
The elution volume for myoglobin was dependent on the amountve used an injection concentration of 5 mg/ml and an injection

of injected protein for solution conditions that led to attractive volume of 20pl for virial coefficients that were repulsive, and 20

protein interactions at a protein concentration of 5 mg/ml and amg/ml and 50pl for virial coefficient measurements that were

injection volume of 20ul. However, at higher injection concen- attractive.

B, (10™* mol-ml/g?)
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Table 1 observed previously for lysozyme at low ionic strength (Tessier et

Summary of virial coefficient measurements for myoglobin as a function ofal" 2002b). SIC cannot accurately characterize highly repulsive

pH and the corresponding phase behavior determined by ultracentrifugdf't€ractions since the free protein that passes through a column
crystallization. The location of the “crystallization slot" is denoted by the containing immobilized protein _W|" be eXCIUQed from a significant
bold lines. fraction of the pore space, causing the retention to depend weakly on
the amount of immobilized protein. However, accurately

i i iti 1 4 - « . . . . . .

pH _ Crystaliization additives Phase separation o (B0" mol-mifg) characterizing repulsive forces is of little interest when searching for
6 1 M ammonium sulfate none 3.0 " . . X .
74 3 M sodium chloride none 24 conditions under which proteins will favorably associate and
7.4 5 M sodium chloride none 23 crystallize.
9 1Mammonium sulfate none 22 It is interesting that the BSA and myoglobin virial coefficients
9 1.8 M ammonium sulfate none 0.8 L . . . L
6 2.2 M ammonium sulfate none 0.6 show similar trends. Myoglobin and BSA both display little intrinsic
7.4 1.75 M potassium phosphate phosphate sep. 2.1 affinity to self-associate, even at high concentrations of sodium
2 g-gmammonium Su:;a:e CryS:a: gé chloride. We have conducted BSA virial coefficient measurements

. ammonium sulfate crystal -. . . . -
9 2.1 M ammonium sulfae crystal 56 in sodium chlonde_ up to 5 M (data not shc_)wn), and confirmed that
9 2.2 M ammonium sulfate precip. & crystal 7.7 the values show little variation as a function of salt concentration
7.4 2 M potassium phosphate phosphate sep. -8.7 above 0.1 M, which is similar to the behavior seen here for

myoglobin. The repulsive protein interactions for BSA and
myoglobin at high concentrations of sodium chloride agree with the

To determine the relationship between the virial coefficienthigh solubility of BSA and myoglobin reported previously (Cohn &
measurements and the myoglobin phase behavior, ultracentrifug&idsall, 1943), and are consistent with the behavior of halophilic
crystallization experiments were conducted at the correspondin§nzymes, which are stable and maintain activity at concentrations of
solution conditions (Table 1). It can be seen that the “crystallizatiorfodium chloride exceeding 4 M (Hecht & Jaenicke, 1989). It has
slot” (-1 to -8 x10" mol-ml/¢f) is a good predictor of protein phase also been shown that for the large oligomeric proteins aspartate
behavior. The conditions at which crystals or precipitate formedranscarbamylase (306 kD) (Budayova et al., 1999), urate oxidase
correspond to virial coefficient values within the “crystallization (128 kD) (Bonneté et al., 2001) amdcrystallin (800 kD) (Finet,
slot”, while conditions where no phase separation was observed999), the pairwise interactions remain repulsive above an ionic
correspond to virial coefficient values above the “crystallizationstrength of 1 M. It has been speculated that the lack of attraction may
slot”. The solution conditions corresponding to the most attractivede attributed to the size of the protein (Tardieu et al., 2001), yet our
conditions at pH 9 (2.2 M ammonium sulfate) produced a mixture ofesults for myoglobin suggest that this type of behavior can also be
crystals and precipitate, while the other two conditions with negativenanifested for relatively small proteins.
virial coefficients at pH 9 correspond to samples that were primarily ~ The virial coefficient behavior of BSA and myoglobin, as well as
crystalline. The two phase behavior points at pH 7.4 with negativeaspartate transcarbamylase, urate oxidasecaagstallin, can be
virial coefficient values correspond to potassium phosphate samplegeneralized into a class of proteins that display little self-association
(1.75 and 2 M) that phase separated during centrifugationaffinity at low to moderate salt concentrations (< 1 M sodium
Myoglobin partitioned into the top phase, while a clear liquid waschloride). There are at least two other patterns of virial coefficient
observed in the bottom phase. Finally, the virial coefficient at pH 6behavior previously observed in which attractive protein interactions
that fell within the “crystallization slot” corresponds to a phase withare observed at low to moderate salt concentrations. The first
only a few very small protein crystals relative to those at the threelassification is for proteins that display virial coefficient behavior
crystallization conditions at pH 9. similar to that described by the DLVO theory over a wide range of
pH values, such as the behavior observed for lysozyme (Rosenbaum
& Zukoski, 1996; Gripon et al., 1997; Curtis et al., 1998; Velev et
al., 1998; Bonneté et al., 1999; Piazza & Pierno, 2000). Lysozyme
virial coefficients decrease monotonically with increasing salt
The development of SIC as a rapid screening method for measuringbncentration and increasing pH, up to the isoelectric point,
the second virial coefficient has been reported only recently andonsistent with electrostatic interactions dominated by the net charge
needs to be further validated (Tessier et al., 2002a; Tessier et abn the protein. The other major classification is for proteins that
2002b). Previous work has shown that quantitative agreemendisplay attractive electrostatic interactions at low ionic strength even
between SIC and SLS can be obtained for lysozyme @nd when their net change is non-zero. This behavior has been observed
chymotrypsinogen (Tessier et al., 2002b), and this papefor chymotrypsinogen (Velev et al., 1998), ribonuclease A (Tessier
demonstrates that accurate BSA virial coefficient values can also bet al., 2002a), and staphylococcal nuclease (unpublished results).
measured by SIC. An important advantage is that the agreemefthis type of behavior appears to be caused by the complex
between SIC and SLS is obtained without the use of adjustablerientational dependence of protein interactions, with a relatively
parameters, which is particularly important if SIC is to find use as asmall number of high-affinity configurations being especially
tool for predictive crystallization. significant (Neal at al, 1998).

The minor deviation between the SIC and SLS virial coefficient ~ Myoglobin and BSA also show similar behavior in ammonium
measurements for BSA in ammonium sulfate above an ionic strengtbulfate: both proteins show little change in their virial coefficient
of 5 M may be due to immobilized BSA partially unfolding on the values at low concentrations of ammonium sulfate, and a sharp
surface of the chromatography particles, causing the exposure eoéduction in their virial coefficient values at high concentrations of
hydrophobic residues (Sarkar & Chattoraj, 1994). However, thisammonium sulfate. It has been estimated that sulfate, a strong
seems to be a small effect since a difference between the SIC akdsmotrope, has 14 water molecules bound in its hydration layer
SLS measurements is seen only at high concentrations of ammoniughovrien et al., 1994). At ammonium sulfate concentrations of 2 to 3
sulfate. For carboxymethyl BSA, the virial coefficients measured byM (I = 6 to 9 M), the total amount of water bound by sulfate would
SIC at pH 7 and low ionic strengtlk 0.1 M) are more attractive be at least 28 to 42 M, which is more than half of the total available
than the corresponding light scattering values, which was alsevater. Interestingly, the water activity of ammonium sulfate

4. Discussion
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solutions is a weak function of salt concentration at high ionicshould be readily amenable for proteins that have not been
strengths relative to the dramatic change observed for the viriatrystallized previously.
coefficient measurements. Therefore, we speculate that a reduction
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