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Abstract

Protein denaturation and aggregation are well-known problems in the pharmaceutical industry. As the protein aggregates, it loses its
biological activity and creates problems in its administration to patients. In this paper, we explore the use of agueous two-phase systems,
capillary zone electrophoresis, and dynamic light scattering for the monitoring of protein denaturation and aggregation. Our studies focus on
human IgG and HSA. Capillary zone electrophoresis was used to monitor changes in the charge to size ratio of the proteins upon denaturation
and dynamic light scattering was used to detect the presence of any aggregates and to monitor the size of the proteins. The information obtainec
from aqueous two-phase partitioning is similar to that obtained from capillary zone electrophoresis. The simplicity of aqueous two-phase
system and its low cost (compared to the other analytical techniques) suggest that it can be routinely used for the quality control of some
pharmaceutical preparations.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction cur during their freeze drying, a common polishing step in
any bioseparations process. Aggregation of denatured pro-
In the biotechnology industry, protein aggregation is teins is extremely common and is of particular importance
encountered routinely during purification, refolding, ster- in the recovery of genetically engineered proteins present as
ilization, shipping, and storage processes because of theinclusion bodies in the cell cytoplasm. Inclusion bodies are
presence of chemical and physical stresses. The presence cfolubilized using high concentrations of denaturants and are
aggregates in a protein formulation causes a decrease in théhen diluted to allow the proteins to refold. During the re-
efficiency of the drug and potential problems in its intra- folding process aggregation occurs, decreasing the recovery
venous administration. Even though the protein preparation of the active protein.
may be aggregate-free after the last polishing step has been Some common techniques used to measure the ex-
completed, aggregates can form during storage. Aggrega-tent of denaturation and/or the formation of aggregates
tion levels as low as 1% over a 2-year shelf life can render are circular dichroism, infrared spectroscopy, differential
a product clinically unacceptabJ&]. Therefore, monitoring  scanning calorimetry, NMR spectroscopy, fluorescence
aggregation is an essential quality control practice for any spectroscopy, capillary electrophoresis, second derivative
protein-based pharmaceutical. UV spectroscopy, mass spectroscopy, and light scattering.
Both, native and denatured proteins may aggregate. Ag-It has become common knowledge that in order to pro-
gregation of native proteins is common upon relatively long vide accurate information on protein aggregation the use
storage periods. For example, it is a well-known fact that of some form of light scattering is essential. A technique
small amounts of dimers and oligomers form when antibod- that has been routinely used to measure hydrophobicity
ies are stored. Aggregation of native proteins may also oc-and charge of proteins and to determine their isoelectric
point, but whose use in studies of protein stability has
* Corresponding author. Tel#1-573-341-2745; been quite I_imite_:d[2_—4], is aq_ueous t_wo_'phase Sy_StemS'
fax: +1-573-341-4377. Because of its simplicity and its sensitivity to protein size
E-mail address: forcinit@umr.edu (D. Forciniti). and charge, aqueous two-phase system offers an alterna-

1570-0232/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2004.01.029



18 O. Bermudez, D. Forciniti / J. Chromatogr. B 807 (2004) 17-24

tive to other more expensive and cumbersome analyticalical techniques) provide a nice alternative to study protein
techniques. denaturation.

We believe that a single analytical technique cannot Proteins can be denatured in a variety of ways. We chose
provide a complete picture of protein denaturation and to use urea, which is a chemical that is commonly used for
aggregation. Therefore, we have chosen to use capillarythis purpose. It is known that urea binds to the carbonyl
electrophoresis, dynamic light scattering, and aqueousgroups of the polypeptide chain, disrupting helical struc-
two-phase partitioning to study the denaturation and aggre-tures. Urea is also a chaotropic compound that disrupts
gation of IgG. Our choice of protein reflects its current and water structure, making water more “hydrophobic”. The lit-
potential uses as diagnostic tools and in treatment of hu-erature is flooded with information on protein denaturation
man diseasefb]. The information supplied by these three by urea. For example, as far back as 1978 Lapanje Et%!.
methods complements each other well and provides a gooddid a thermodynamic study on the isothermal interaction of
assessment of the state of the proteins as they denature anduman 1gG with urea, and more recently, Gonzalez-Jimenez
aggregate. In the following paragraphs we present someand Cortijo[20] used urea to denature unlabeled human
background information on each of the three techniques. serum albumin and a similar albumin labeled with acrylodan.

Although capillary electrophoresis is mainly a separations This method of denaturation has become well-known and
technique, there has been a growing interest in its use towell-understood within our current knowledge of the denatu-
monitor changes in protein structure. There have been someration
studies about the use of capillary electrophoresis to monitor process.
protein folding and protein aggregatid6—10]. Dai and To facilitate the interpretation of our results with the an-
Krull [7] investigated the conformational changes of a mon- tibody we performed the same studies with a “simpler” pro-
oclonal antibody exposed to high temperatures for various tein, human serum albumin (HSA). HSA has a molecular
periods of time. In another example, Stellwagen ef&l. weight of ~69,000 and a pl of-4.9. This protein is not as
compared the folding and stability of a wild type, mutant, or complex as an antibody; therefore, interpreting its behav-
post-translationally modified horse heart ferricytochramne  ior under denaturing conditions should be easier. However,
bovine pancreatic ribonuclease, and egg white lysozyme us-even for such a simple protein, interpretation of the results
ing capillary zone electrophoresis. Finally, Righetti and Ver- must be done with caution.
zola[6] presented some evidence that suggests that capillary
electrophoresis can be used to monitor protein aggregation.

A full explanation of the fundamental principles of dy- 2. Experimental
namic light scattering is outside the scope of this paper. We
suggest the reader refer to one or more of the numerous2.1. Materials
references strictly devoted to this topic available in books
[11], websiteq12], journals[13], etc. for details. Dynamic Human IgG, HSA, acrylamide, urea, decamethonium bro-
light scattering is mainly used to determine particle size. mide (DMB), borax, boric acid, PEG, Dx, hydrochloric acid,
This is achieved by measuring the diffusion coefficient of and sodium chloride were all purchased from Sigma Chem-
the particles in a liquid solution and then using the dif- ical (St. Louis, MO). Phosphate buffer (pH 8) and all cap-
fusion coefficient to determine the size. As dynamic light illary electrophoresis materials (capillaries, vials, coolant,
scattering is used to determine particles size it has becomeetc.) were purchased from Beckman Coulter (Fullerton, CA).
very useful to investigate protein aggregation. For example,

Rosenqvist et a[14] used dynamic light scattering to study 2.2. Methods

the aggregation kinetics of human IgG and Joessang et al.

[15] used dynamic light scattering to study the kinetics of  Capillary zone electrophoresis was performed on a Beck-
heat-induced aggregation of human IgG. man Coulter P/ACE MDQ Glycoprotein System equipped

Aqueous two-phase system is a separations and analyticalvith a UV detector and 32 Karat (version 4.0) Software
technique that exploits the uneven distribution of solutes be- (Fullerton, CA). All experiments were performed in an un-
tween two polymers in solution or a polymer—salt solution coated 120cm by 7am i.d. capillary using a run buffer
at thermodynamic equilibrium. Aqueous two-phase systems of 50/50 0.1 M borate/0.02 M phosphate containing 100 mM
are sensitive to both the size and charge of the moleculesDMB, which was added to reduce the electroosmotic flow
being partitioned. Although there is a myriad of polymers and prevent protein interactions with the capillary wat].
and salts that can be used to generate aqueous two-phas€he temperature was maintained at22 a separation volt-
systems, the most widely used ones are poly(ethylene)glycolage of 27 kV was applied, and samples were injected for 30 s
(PEG)—dextran (Dx) and PEG-sodium phosphate. For aunder an applied pressure of 0.5 psi and detected at 200 nm.
complete understanding of aqueous two-phase partition-Thorough rinsing and equilibration of the capillary was per-
ing the reader is referred to Bermudez and Forcidi€], formed both before and after each run with the same buffer
Forciniti [17], and Forciniti et al[18]. The simplicity of used as the run buffer. The experimental running conditions
the method and its low cost (compared to the other analyt- were held constant for all experiments.
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HSA and IgG were prepared as 4 mg/ml samples in the 3. Results
50/50 0.1 M borate/0.02 M phosphate run buffer. Urea was
added to each of the protein solutions to give samples that HSA and IgG were exposed to urea concentrations
were 8, 6, 4, and 2M in urea. Run buffers containing the ranging from 2 to 8M in the absence of a reducing
same amounts of urea as the samples were also preparedigent. Although most proteins are completely denatured in
Each sample was run twice as well as repeated at later time$8 M urea, it is generally accepted that there is a critical,
to ensure consistent and reproducible results. protein-dependent, urea concentration at which proteins
In order to account for the increase in solution viscosity, completely unfold. For HSA the concentration is5M
literature values for solutions of urea atZ2were obtained  [24], whereas for I1gG is~3M [19]. It is also known, from
from Singh and Ranj22] and Kawahara and Tanfof@3] the copious work on inclusion bodies, that a high concen-
and then these values were used to calculate apparent antfation of urea eliminates or minimizes protein aggregation,
modified mobilities for each protein. Acrylamide, a neutral whereas a low concentration of it favors aggrega{@s].
analyte that does not interact with the capillary walls, was What is, by far, less clear is the magnitude in the charge
run under the same experimental conditions as the proteinschange of the protein upon denaturation. For example, there
to provide a direct measure of electroosmotic flow. The mod- are several reports in which capillary electrophoresis has
ified mobility of acrylamide was then subtracted from the been used to monitor protein denaturation but all the ob-
modified mobility of each protein sample to calculate the servations have been interpreted only according to changes
true mobility of each protein. in the size of the protein. This has been done in spite of
The dynamic light scattering experiments were performed evidence that shows a substantial change in the isoelectric
on a fiber-optic quasi-elastic light scattering (FOQELS) in- point of some proteins upon denaturat{@d]. The fact that
strument from Brookhaven Instruments Corp (Brookhaven, the electrophoretic mobility is far more sensitive to charge
NY). The FOQELS uses an 800 nm solid state laser (70 mw) than to molecular size suggests that researchers may have
with a fixed scattering angle of) = 155 and a digi- oversimplified the interpretation of their results.
tal auto-correlator. The delay time intervals are not linearly A realistic picture of the effect of the denaturant on pro-
spaced which allows broad distributions to be sampled prop-tein structure and on protein aggregation can be obtained
erly. The same samples used in the capillary electrophoresisdy using a battery of techniques that offer supplementary
experiments were poured into a 4.5 ml rectangular plastic cu-information. As electrophoretic mobilities depend on the
vette and placed inside a constant temperature holder whichcharge-to-size ratio of the analyte, it is impossible to de-
is capable to control the temperature in the range of 3675  termine changes in either size or charge by using capil-
on steps of 0.1C. The temperature was maintained at ei- lary zone electrophoresis. Therefore, we measured sizes and
ther 22.5 or 25C. Data was taken and collected in 3min size distributions at the various urea concentrations by us-
intervals for a total of 12 min for each sample. Each sample ing dynamic light scattering, which for dilute samples yields
was run twice as well as repeated at later times to ensurehydrodynamic sizes. This allowed us to uncouple possible
consistent and reproducible results. The method of cumu-changes in charge from changes in size; and therefore, to
lants was used to analyze the data. When a distribution of better rationalize the results. In addition, we also measured
sizes is present, the effective diameter can be obtained bythe distribution of the proteins in aqueous two-phase sys-
averaging the intensity-weighted diameters. In FOQELS, a tems containing urea. As the partition coefficient depends
multi-modal size distribution analysis is available through a on both charge and size of the analyte, it should yield in-
non-negatively constrained least squares approach. formation similar to capillary electrophoresis but at a much
Preparation of the aqueous two-phase systems and partilower cost.
tioning of the proteins was done as follows: (1) urea was Before mobilities can be extracted from capillary zone
dissolved in percentage of 50/50 0.1 M borate/0.02 M phos- electrophoresis experiments, the electroosmotic flow must
phate buffer, pH-8.7, at concentrations of 2, 4, 6, and 8 M; be either eliminated or quantified. In our view, the elec-
(2) solid PEG 1450 and Dx 71,000 were added to each so-troosmotic flow cannot be totally eliminated, even by the
lution to reach concentrations of 14%, for each polymer; (3) addition of electroosmotic flow retardants or by using coated
the pH of each buffer solution was brought down to pH 8 capillaries. Therefore, the electroosmotic flow was mea-
with 3N HCI; (4) 1 mg of each protein was dissolved in 1 ml sured by monitoring the mobility of acrylamide, a neutral
of each buffer containing urea; (5) 1 ml of protein solution marker that does not interact with the walls of the capillary.
were added to each aqueous two-phase system; (6) the sysfwo modified mobilities (relative to the viscosity of water)
tems were shaken for 15min on a rotary shaker at 20 rpm of acrylamide are presented kig. 1 One corresponds to
and then centrifuged for 25 min at 10,080z and 20°C to experiments where the running buffer pH was held constant
ensure complete phase separation; and (7) approximately 1 git 8.7, whereas the other corresponds to experiments where
samples were removed from each phase, properly diluted,the running buffer pH was not adjustetiaple ). The vari-
and absorbance readings at 280 nm were taken. The finaktion in pH is the result of the addition of urea to the run
concentrations of urea in the tubes were: 0, 8.64, 17.28, 25.9buffers, which causes an increase in their pH because of its
and 34.6% (w/w). All experiments were done in duplicate. basic nature. The electroosmotic flow mobility is a function
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Fig. 1. Modified (relative to the viscosity of water) mobility of acrylamide ~ Fig- 2. Modified, apparent, and absolute mobilities of HSA vs. urea
vs. Urea concentration. The solid line corresponds to samples whose pHconcentration. The pH at each urea concentration is shoviiatife 1

has been maintained constant. The dashed line corresponds to samples

whose pH depends on the urea concentration as showalle 1 =Modified — —Apparent — - Absolute
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and dielectric constant of the buffer. It has been found
that the electroosmotic flow increases non-linearly with the
buffer's pH and is directly proportional to the product of
the dielectric constant of the solvent and the zeta potential.
As the zeta potential increases with increasing [24], -10
the electroosmotic flow should increase with an increase

in urea concentration when the pH is not adjusted, as ob-rig. 3. Modified, apparent, and absolute mobilities of IgG vs. urea con-
served. The mobility observed in experiments where the centration. The pH at each urea concentration is showFabie 1

pH was not adjusted was higher than in those experiments

whose pH was adjusted. This is a consequence of a fastef;q,, mopilities using neutral analytes for different applied
electroosmotic flow at higher pHs. A similar increase in the voltages and solutions of different pH. They used a capil-
mobility of acrylamide was observed when the pH of the |41y similar to ours in their experiments; however, they did
buffer was adjusted. When the pH of all running buffers ,t gpecify its length. The data set obtained by Bello et al.
containing urea was the same, the increase in the mOb'“tyusing 5mM acetic acid/7.5mM Tris combined run buffer
of acrylamide, as the urea concentration increases, is due to¢ pH 8 is the closest to our running conditions. They ob-
an increase in the dielectric constant of the medium. Chitra {5ined an electroosmotic flow value of approximatel§y 2
and Smith[27] reported an increase in dielectric constant 10-4 .n2/\/s for that system that compares well with our
of urea solutions from 78.5 (pure water) to 96.4 (7.8M | 41 es of 27 x 10~ and 33 x 10-4 cm/Vs for the system
urea), or an increase of about 23%. The observed mobili- haiq at constant pH and®x 10~4 and 36 x 10~ cm/Vs
ties of acrylamide increase from 16.2%fV min (buffer) for the system of varying pH.

to 19.9cn¥/kain (8M urea) or by 22.8%, which agrees Fig. 2 shows the apparent (includes electroosmotic flow),
well with the expected increase due to an increase in dielec- o gified (relative to the viscosity of water) and absolute
tric constant. Because of insufficient data, the mobilities mobilities for HSA; the running buffer pH was not kept con-
were not adjusted by a change in the dielectric constants.qiant The mobilities for IgG are shown Fig. 3 (variable

However, this does not present a problem because, as theyy angrig. 4 (constant pH). As the effects of viscosity and

mobilities of the analytes are adjusted by electroosmotic g|actroosmotic flow have been taken into account, absolute
flow, any variation in dielectric constants is cancelled out.

The measured electroosmotic flow, or rather the modified

Mobility (cm?kV min.)
(4]

- —
—

Urea Concentration (M)

mobility of acrylamide, compares well with values reported = Modified — - Apparent — -Absolute
in the literature. Bello et al[28] reported electroosmotic %7
= 20
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2 8.81 -10 -
4 8.97 Urea Concentration (M)
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8 918 Fig. 4. Modified, apparent, and absolute mobilities of 1gG vs. urea con-

centration. The pH is 8.7 for all urea concentrations.
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mobilities are a measure of the physical-chemistry charac- 02597 _ugv-200nm _Current 60
teristics of the molecules; and therefore, are the quantities 022532 28
to be considered in this work. In each of the plots all the ab- 0200 %
solute mobilities are negative. This is because the electroos- 175 0
motic flow moves the fluid from the anode to the cathode 0150
but the negatively charged proteins move from the cathode 2 0125 30 %
towards the anode. 0.100

The mobility of HSA remains nearly constant for all urea 0075 20
concentrations. We would have expected the mobility of the 0050
protein to change as the urea concentration is increased be- 0025 0
cause of changes in the size and charge of the protein. Can- 0000 o
diano et al[24] found that at 8 M urea the isoelectric point L v

of HSA increases from 4.9 to 6.1 in the native state, which
indicates that the net negative charge decreases. Therefore,
the mobility of the denatured protein should increase. In ad-
dition, the protein is unfolding and thus becoming larger. this merely reflects small errors in the measurement of the
This increase in protein size should slow down its mobility. €lectroosmotic flow.
Finally, the negative charge of the protein is also increas- The electropherograms Figs. 5 and @re for native and
ing because the pH of the solution is increasing with urea denatured IgG, respectively. The multiplicity of peaks re-
concentration; this should result in an increase in HSA mo- flects the heterogeneity of the antibody. IgG consists of four
bility. All these effects seem to cancel one another out and isotypes: IgG1, I1gG2, IgG3 and IgG4 whose relative abun-
hence the mobility remains nearly constant. In summary, it dance in serum is 60-65, 20-25, 10, and 5%, respectively.
is possible that the absence of an abrupt transition in mo- A definitive identification of the peaks is not possible with-
bilities is due to a change in charge of the protein that is out resorting to, for example, mass spectroscopy. We have
compensated for by an increase in its size. Therefore, therun pure IgG1, IgG2 and IgG3 and their mixture under the
charge to mass ratio remains constant and hence so does theame electrophoretic conditions. The three proteins showed
mobility. very close retention times and when seeded together they

The mobility versus urea concentration plots for IgG with- produce a broad peak. The negative peak observed just be-
out pH control are shown iRig. 3 It is obvious that a clear ~ fore the broad peak has been also found by Righetti and Ver-
transition between the native and the unfolded state does nozola[6]. They argued that it may be due to the sequestering
exist. The mobility of IgG should increase with increasing of ions from the buffer by large aggregates. However, the
urea concentration because: (1) the pH increases as the uredynamic light scattering results do not confirm that hypoth-
concentrations increases; and (2) the working pH is higher esis (see next paragraph). Moreover, the aggregates seem
than the isoelectric point of IgG. In contrast, the size of the to decrease in number as the urea concentration increases,
protein may increase as the urea concentration is increasedywhereas the negative peak becomes more pronounced. Puz-
which implies that the mobility of the protein should de- zling enough, no negative peak was observed when pure
crease. The net effect is an increase in IgG’s mobility be- 19G1-3 were seeded individually or in a mixture. There is a
cause the effect of charge plays a larger role than size ondistinct change in peak shape and size as the urea concen-
mobility. However, it is impossible to say if there is a net tration increases, yet the number of peaks does not change.
increase in charge of the protein besides the one caused bylhis suggests that even if aggregates are present under some
an increase in pH.

The absolute mobility of IgG at constant pH shows an
abrupt transition at a concentration of 4 M ur&&y( 4). This

Fig. 5. Electropherogram of IgG in the absence of urea.

0.050 35

—UV-200nm __ Current

is in reasonably good agreement with the reported transi- % i 25
tion value of 3M ureg19]. However, it has been claimed 0.040

that antibodies do not exhibit a sharp denaturation transi- 0% 25
tion but rather a smooth one. As the pH is held constant, the ©9% oo
abrupt change in mobility can only be due to an increase 3 09025 <
in the charge of the antibody that is not compensated for 0020 15

by an increase in its size. So, it is apparent that although o0.015
conformational changes, as indicated by changes in size or o.o10

in secondary structure content, may be smooth; the change o.00s , ls
in the charge of the protein is not. One odd feature about o000

these data is that the mobility remains slightly positive un- 6 5 1o 15 20 25 80 3 4o 45 50
til a 4 M concentration of urea is reached, which can never Minutes

occur because the protein is negatively charged. However, Fig. 6. Electropherogram of IgG in 8M urea.



22 O. Bermudez, D. Forciniti / J. Chromatogr. B 807 (2004) 17-24

120 1
33.2 545

100 A M

N

n

o
J

H

1)

3
\
]

[oc]
o
!
[
o
!

13.9 308.8

Intensity
3
Intensity
(2]

o

N
o
N
o
!

20 A

n
o o
!

"""""""""""""""" O+ F++++—++T T T T T T T T T+ T

49 93 175 332 627 1187 2245 4247 803.4 84 112 149 199 265 354 472 63 84
Diameter (nm) Diameter (nm)

Fig. 7. Histogram showing the size distribution of an IgG solution in the  Fig. 8. Histogram showing the size distribution of an IgG solution in 8 M
absence of urea. Theaxis is the intensity average of the scattered light. yrea. They-axis is the intensity average of the scattered light. ¥faeis

The x-axis is the absolute size of the scatters obtained by a multimodal js the absolute size of the scatters obtained by a multimodal fitting of the
fitting of the time correlation function. time correlation function.

" . ._molecules present of a certain size. Intensity averages are
Pond't'%r:s but absent#nde:j_(;fthers caplllarr]y BIeCtr()'Dr_1F)rG’S'fSreported here because they are extremely sensitive to the
IS not able to capture those differences in the composition o presence of aggregates. Number or volume averages of both
the mixture. It is important to notice the transition that the histograms show that the amount of aggregates in the sam-
protein goes through in between 0 and 8 M urea. The elec—p|es is<1%
tropherograms for 2, 4 and 6 M urea all look similar to the The reported size of native 1gG is10nm[29], which
one with no urea, with a few exceptions: (1) the third peak ;s .omnarable to the 10.9nm, obtained in our experiments.
becomes more of a spike and remains that way until a uréag;y 7 515 shows small, most likely dimers, and larger ag-
concentration of 8 M is reached where it broaden; (2) the gregates present in the commercial IgG sample. However,

second peak is reduced to a hump and continues to flatter}he dimers and larger aggregates present only represent a

out as the urea concentration is mcreasgd; and (3) the f'r_StsmaII fraction of the total number of moleculesi%), as
peak remains nearly the same until 8 M is reached where it

o .~ "confirmed by number average calculations. The presence of
grows in size. The elecropherograms for HSA change signif- <o aggregates is common and known to form during stor-
icantly as urea concentration is increased. The denaturationage. A comparison betwedfigs. 7 and 8shows that IgG

of HSA by urea is reflected in the electropherograms as a ygnayres in the presence of 8 M urea as indicated by the
well defined split peak in the absence of urea that changes 1, e a5e in monomer size from 10.9 nm in its native state to
a short and broad peak, which is a likely indication of aggre- 13.9nm in an unfolded state. It is also clear from both fig-
gation. The change in the electropherograms occurs abruptly, o that high concentrations of urea break apart the large
after a concentration of 2M urea is reached. This is in dis- aggregates.

agreement with the value of 5M that has been suggested as Figs. 9 and 10show the increase in monomer and ag-

the highest urea concentration that HSA may tolerate. Al- gregates sizes of both HSA and IgG, respectively, as the

though 5M urea may be needed to observe Changes n the(:oncentration of urea is increased. Both proteins maintain
secondary structure of HSA, lower urea concentrations may

induce a change in tertiary structure. Aggregation of HSA
upon addition of urea is expected because of the hydropho- 4
bic nature of this protein; i.e., it is not necessary to expose
the hydrophobic amino acids buried in the interior of the
protein to induce aggregatid@9].

A clearer picture of the changes in protein size and of the
presence or absence of aggregates as well as their relativ
abundance is given by the dynamic light scattering results.
Figs. 7 and &re histograms of the size and size distribu-

Fold IncreRe in Size
N
1

tion of IgG with and without urea. The diameters reported & * —o—monomer

are intensity averages; i.e., the diffusion coefficients of the —&— dimer

different scatters are weighted according to the magnitude g : : : :

of the intensity of the light that they scatter. It is also pos- 0.0 2.0 4.0 6.0 8.0 10.0
sible to calculate number, volume, and surface averages by Urea Concentration (M)

assigning Welghts to the diffusion coefficients of the S'C3t- Fig. 9. Variations in the size of the monomer and dimer of 1gG vs. urea
ters by their number, volume or surface area, respectively. concentration. The fold increase in the size of the protein (actual size/size
Number and volume yield information about the number of under native conditions) is plotted against urea concentration.
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2 system were held at a constant pH of 8; therefore, the only
three factors affecting the partitioning behavior of the pro-
teins were: (1) the amount of urea present; (2) the subsequent
exposure of the buried amino acids as denaturation proceeds,
which results in an increase in the surface hydrophobicity
of the proteins and, possibly, a change in their charge; and
(3) possible changes in the phases’ compositions caused by
the addition of urea. The volumes of top and bottom phases
0.5 1 P —— remained unchanged upon the addition of urea, which indi-
—m— dimer cates that the composition of the equilibrated phases does
not appreciably change upon the addition of the denaturant.
This is in agreement with the phase diagrams reported by
Raemsch et al4]. Although the molecular weights of the
polymers used by Raemsch et al. are not same as the ones
Fig. 10. Variations in the size of the monomer and dimer of HSA vs. used in this work, the relatively high polymer concentrations
urea _concentration._ The fol_d_ incrgase in the si_ze of the protein (aptual used in our work places our systems in a region in which
size/size under native conditions) is plotted against urea concentration. changes in tie-line length with urea concentration are not sig-
nificant. Therefore, the only two factors to take into account
their native size until the addition of just past 2M urea. in the analysis of the results are items (1) and (2) above.
IgG shows a smooth increase in size, frerhl to~15nm. The partition coefficientK) is defined as the concentration
This is consistent with observations made in the past. La- of protein in the top phase divided by the concentration of
panje et al.[19] found, using calorimetry data, a smooth protein in the bottom phase and is correlated with the charge
transition for IgG from its native state to a fully denatured of the protein (and therefore the pH of the solution) by:
state when exposed to denaturing concentrations of urea. | _
must be noticed that it is only the size of the protein that tln K=InKo+1Iz @)
undergoes a smooth transition. The size of the aggregatesvhereKy is the partition coefficient at zero charges the
(possible a dimer) remains almost constant up to 6 M. Al- protein’s charge and" is a coefficient that depends on the
though the transition for HSA is not as smooth, the same type of protein, the type of phase system, and the type and
trend is observed. Its size is increased by almost four-fold concentration of salt used. The salt used in our investiga-
from O to 8 M urea. The size of the fully denatured protein tions was sodium phosphate, which ha# avalue of —23
agrees well with the value of 25.8 nm reported by Tanford [31]. The partition coefficient of HSA remains small with its
et al.[30] for the end-to-end distance of albumin denatured highest value of 0.25 at zero urea concentration. Once the
in 6 M guanidine hydrochloride. Again, the size of the ag- concentration of urea reaches approximately 9% (w/w), the
gregates (possible a dimer) remains nearly constant for all partition coefficient drops to nearly zero and only slightly
urea concentrations. This may indicate that the aggregatesncreases to 0.1 as the concentration of urea is increased to
are formed by already denatured protein. ~35% (w/w). This indicates that both native and denatured
Fig. 11 shows the partition coefficients versus urea con- HSA remain in the bottom, Dx-rich, phase. However, be-
centration for both IgG and HSA. All agueous two-phase cause the partition coefficientis so small, no change in size or
charge could be detected. IgG behaves rather differently. Its
partition coefficient remains nearly zero until a urea concen-
tration of 17% (w/w) is reached where it increases slightly
to about 3 at approximately 26% (w/w) urea. There is a large
increase in the partition coefficient from 25.9 to 34.6% (w/w)
urea K ~25 at 34.6% (w/w) urea). We can conclude that
the native antibody partitions preferentially into the Dx-rich
phase but once it is fully denatured it prefers the PEG-rich
phase. A well-known mechanism that is used to explain par-
titioning in aqueous two-phase system is exclusion volume.
As the antibody is increasing in size, exclusion volume ar-
guments would predict that as the denaturation prockgds
should decrease—the presence of aggregates should have a
similar effect. However, if upon denaturation, the net protein
0 8.64 17.28 259 34.6 charge becomes more negative, the second terfgin(1)
will increase. The combined effect is an increase&Kinas
we observed. This does not rule out a change in number and
Fig. 11. Partition coefficients of IgG and HSA vs. urea concentration. ~ Size of aggregates. It is a well-known fact that if aggregates
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are of sufficient size (>200 nm) they have a tendency to ac- should be sensitive to the presence of aggregates. How-
cumulate at the liquid—liquid interface. Thus, their presence ever, aggregates may go unnoticed if they accumulate at the
may go unnoticed. liquid—liquid interface.
The rationalization of our results is highly simplified when
inputs from the three techniques are considered together. The
partitioning experiments indicate that there is a change in the References
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