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Abstract: L-Arginine hydrochloride (L-ArgHCl) was found to be an effective enhancer for in vitro

protein refolding more than two decades ago. A detailed understanding of the mechanism of
action, by which L-ArgHCl as co-solvent is capable to effectively suppress protein aggregation,

while protein stability is preserved, has remained elusive. Concepts for the effects of co-solvents,

which have been established over the last decades, were found to be insufficient to completely
explain the effects of L-ArgHCl on protein refolding. In this article, we present data, which clearly

establish that L-ArgHCl acts on the equilibrium solubility of the native model protein recombinant

plasminogen activator (rPA), while for S-carboxymethylated rPA (IAA-rPA) that served as a model
protein for denatured protein states, equilibrium solubilities could not be obtained. Solid to solute

free transfer energies for native rPA were lowered by up to 14 kJ mol-1 under the tested

conditions. This finding is in marked contrast to a previously proposed model in which L-ArgHCl
acts as a neutral crowder which exclusively has an influence on the stability of the transition state

of aggregation. The effects on the apparent solubility of IAA-rPA, as well as on the aggregation

kinetics of all studied protein species, that were observed in the present work could tentatively be
explained within the framework of a nucleation-aggregation scheme, in which L-ArgHCl exerts a

strong effect on the pre-equilibria leading to formation of the aggregation seed.
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Introduction

Production of recombinant proteins is a well-estab-

lished process. One of the most commonly used pro-

karyotic expression systems is Escherichia coli.

Unfortunately, production of proteins of pharmaceu-

tical interest in this system frequently leads to for-

mation of insoluble inactive protein aggregates, the

inclusion bodies. These inclusion bodies have to be

solubilized with a denaturing agent such as urea or

guanidine hydrochloride (GuHCl) and refolded after-

wards to obtain correctly folded native protein.1–4

One of the most commonly occurring undesirable

side reactions of protein refolding is unspecific aggre-

gation.5 The extent of protein aggregation can be mini-

mized by optimization of process parameters like tem-

perature, protein concentration, pH value, ionic

strength, catalysis of disulfide bridge formation, and

by additives, which enhance protein refolding in a spe-

cific manner.1

The positive effects of some additives like sugar

and polyalcohols are based on the stabilization of the

most compactly folded protein species which is—in

most cases—the native state.6,7 The effect of L-

arginine, which is the proteinogenic amino acid with

the most basic pKa value, differs from the rest of the
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natural amino-acids.8 L-Arginine hydrochloride (L-

ArgHCl) has no significant effect on protein stability

but has been found to increase the solubility of aggre-

gate-prone, unfolded protein species, and folding

intermediates.9

The positive effect of L-ArgHCl on protein refold-

ing has been demonstrated for an extensive series of

proteins, including lysozyme,9,10 the HA1-domain of

hemagglutinin,11 human glucose 6-phosphate dehy-

drogenase,12 recombinant Fab-fragments,13 and tis-

sue type plasminogen activator (t-PA).14 Although

an impressive body of work describing the effects of

L-ArgHCl has been accumulated, the mechanisms

behind the action of L-ArgHCl are still not fully

understood.9,15

The effects of co-solvents on proteins in solution

may in principle be divided into kinetic and equilib-

rium effects. Observation of either type of effect puts

constraints on possible mechanistic explanations.

Equilibrium effects of co-solvents are based on a rel-

ative shift between the free energy of the accessible

protein states. If this shift affects the dissolved and/

or the macroscopically aggregated state, it would be

equivalent to a difference in the equilibrium solubil-

ity of the protein. A large body of work exists, in

which the effects of co-solvents on the solubility of

proteins have been studied (see e.g., Refs. 16–20). As

early as 120 years ago, Hofmeister21 ordered a series

of cations and anions according to their ability to

precipitate (salt out) proteins.

Apart from the general salting out and salting

in effects, which are thought to be caused mainly by

the influence of the dissolved salts on solvent struc-

ture,22–24 the diverse functional groups on proteins

may give rise to a variety of different specific inter-

actions with co-solvents.

One of the ways to think about the thermody-

namics of protein/co-solvent interactions is in terms

of preferential hydration and interaction. These con-

cepts assume that a molecule, which is dissolved in

an aqueous solution containing a co-solvent, can ei-

ther have a higher affinity to the co-solvent or to

water molecules. A higher affinity to water mole-

cules gives rise to a situation that is called preferen-

tial hydration while a higher affinity to the co-sol-

vent is named preferential interaction.25,26

For L-ArgHCl, it is not possible to straightfor-

wardly explain its effect in terms of preferential

interaction and hydration alone. Other compounds

that show a similar efficacy as suppressors of pro-

tein aggregation like, for example, GuHCl, are pref-

erentially bound, and consequently highly denatur-

ing. One possibility to overcome these difficulties

would be to postulate an effect of L-ArgHCl on the

kinetics of protein aggregation only. Kinetic effects

in this case are marked by a selective increase of the

free energy of the transition state, that is, the bar-

rier between the unfolded and the aggregated state.

A simplified, purely kinetic model for the action of L-

ArgHCl, based on a postulated so-called gap effect,

was proposed by Baynes et al.27 in 2005. This model

predicts a kinetic effect caused by a steric exclusion

of co-solvent-molecules from gaps, which are

expected to be formed in the transition state of pro-

tein-protein association reactions.

At present, it seems impossible to propose any

molecular mechanism for the action of L-ArgHCl

with a reasonable degree of certainty, as some fun-

damental information seems to be missing. We are

currently not aware on any previous study that has

investigated whether the increased apparent solubil-

ity of proteins in the presence of L-ArgHCl actually

does represent a solution equilibrium or whether it

is due to kinetic inhibition of aggregation. The main

aim of this article is to decide this question for one

model protein.

As solubility measurements in the presence of L-

ArgHCl are impractical for well-soluble proteins, we

chose a model that shows a relatively low apparent

solubility in the absence of co-solvent, namely

recombinant plasminogen activator (rPA; BM

06.022), which was first described and characterized

by Kohnert et al.28 in 1992. This protein was

reported to have a low solubility above pH 4.6 and is

mostly insoluble in the pH range of 5 to 8.29 Besides

native rPA, we included fully S-carboxymethylated

rPA (IAA-rPA) in the solubility studies as a model

for non-native, denatured protein states.

Results

Spectroscopical characterization of
rPA and IAA-rPA

To establish IAA-rPA as valid model system for the

denatured state of rPA, circular dichroism (CD) was

used to gather information about differences in the

secondary and tertiary structures of both protein

forms (Fig. 1). As the solubility of rPA is negligible

in the absence of additives, the measurements had

to be performed in the presence of 100 mM D,L-argi-

nine hydrochloride (D,L-ArgHCl). Under these condi-

tions, far-UV spectra could only be recorded down to

�205 nm. Furthermore, IAA-rPA only shows a resid-

ual solubility of approx. 0.1 mg mL�1 in 100 mM D,L-

ArgHCl (cf. below). Due to these restrictions on the

data quality of the recorded far-UV spectra, reliable

quantitative estimates of secondary structure con-

tent could not be obtained. To reach protein concen-

trations that were high enough to observe near-UV

spectra with an acceptable signal-to-noise ratio, even

higher concentrations of ArgHCl up to 1M were

necessary.

The far-UV spectrum of native rPA showed a

shallow minimum at 237 nm, followed by a decrease

of the signal down to � �55 deg cm2 mmol�1 at 205

nm. The near-UV spectrum of native rPA (Fig. 1,

inset) in the presence of 1M L-ArgHCl showed a
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maximum at 295 nm and several resolved fine-struc-

ture bands in the region between 280 and 260 nm,

indicative of a well-ordered tertiary structure.

For the carboxymethylated protein, the far-UV

CD spectrum showed a minimum of � �70 deg cm2

mmol�1 at around 210 nm. The near-UV spectrum

was significantly different from that of the native

protein, and no fine-structure bands were visible.

These observations suggest a relatively high content

of secondary structure elements in IAA-rPA dis-

solved in D,L-ArgHCl buffer, along with significant

deviations from the tertiary structure of the native

protein.

However, the CD spectra of rPA and IAA-rPA in

buffer containing 6M GuHCl were practically indis-

tinguishable over the entire monitored wavelength

range. The near-UV spectra under these conditions

were nearly featureless, whereas the far-UV spectra

were in agreement with both protein forms adopting

similar sets of random-coil conformations under

denaturing conditions.

GuHCl-induced folding/unfolding of rPA and

IAA-rPA

As CD had shown significant conformational

changes for IAA-rPA induced by GuHCl, it was nec-

essary to investigate if these structural changes

were cooperative, that is, whether it was possible to

differentiate between different, thermodynamically

distinct states of the modified protein. CD had indi-

cated a relatively high content of secondary struc-

ture of IAA-rPA in buffer containing 100 mM D,L-

ArgHCl. To be able to treat the modified protein as

valid model for the denatured state of native rPA, it

was necessary to exclude that the conformation, or

conformational ensemble, of IAA-rPA under these

native-like conditions was separated from the en-

semble of random-coil conformations in GuHCl-con-

taining buffer by a cooperative transition.

As a point of reference, the GuHCl-induced fold-

ing/unfolding of native rPA was monitored by fluo-

rescence spectroscopy [Fig. 2(A)]. Folding/unfolding

of the native protein was found to be fully reversible,

and at least two apparently cooperative transitions

with midpoints at �1.5M and �3M GuHCl could be

observed, with an additional nonlinear change in the

fluorescence signal above 6M GuHCl. Parallel

changes were visible in the CD signal at 215 nm

[Fig. 2(B)]. The two apparent transitions were

ascribed to the separate folding/unfolding of the ser-

ine protease and kringle-2 domains of the protein,

respectively.

In contrast to native rPA, the carboxymethy-

lated protein did not show any cooperative folding

transition over the tested range of GuHCl concentra-

tions [Fig. 2(A,B)]. The observed changes in fluores-

cence and CD signal, respectively, indicate a loss of

secondary structure, when the modified protein is

exposed to increasing concentrations of denaturant.

These results are in agreement with the idea

that IAA-rPA is present in solution as an ensemble

of conformations with average observable properties

that gradually relax in response to perturbations of

buffer composition, without transitions between

defined conformational states separated by signifi-

cant energy barriers. Using this assumption, the S-

carboxymethylated protein was taken as a model for

the denatured state of the native protein in the pres-

ent work.

For the main argument of the present work, it

was also necessary to exclude a major influence of L-

ArgHCl on the stability of rPA against denaturant-

induced unfolding. In all cases described so far, this

additive has been found to exert no, or an only mar-

ginally destabilizing, effect on the unfolding equili-

bria of proteins in solution. To investigate, whether

this observation also held for rPA, folding/unfolding

of the native protein was monitored by fluorescence

spectroscopy in the presence of different concentra-

tions of L-ArgHCl [Fig. 2(C)]. Within the error of

measurement, no L-ArgHCl-dependent differences

between the transition curves could be observed.

Folding/unfolding of the protein was fully reversible

in all cases. In conclusion, the addition of L-ArgHCl

had no apparent effect on the structural stability of

native rPA.

Solubility of native rPA

The solubility of native rPA was determined in pres-

ence of increasing concentrations of L-ArgHCl by

measuring the concentration of dissolved protein in

the supernatant [Fig. 3(A)]. As control for ionic

strength effects as well as for the influence of the

zwitterionic a-amino acid moiety, all measurements

Figure 1. CD spectra of rPA and IAA-rPA. Far-UV CD

spectra of rPA (circles) and IAA-rPA (triangles) were

recorded under nondenaturing conditions (filled symbols) in

100 mM D,L-ArgHCl and under denaturing conditions (open

symbols) in 4M GuHCl. Data are reported as mean molar

ellipticity per amino acid residue, Hmrw. The inset shows

the corresponding near-UV CD spectra. Axis labels and

units are the same as for the main panel.
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were repeated under similar conditions in the pres-

ence of NaCl and equimolar amounts of NaCl and

glycine, respectively, instead of L-ArgHCl.

By definition, the solubility of a substance is

defined as the concentration in the solvent phase,

which is in equilibrium with a solid phase under a

given set of conditions. If such an equilibrium is not

established due to additional irreversible processes

like, for example, continuous decomposition of the

substance, or due to kinetic inhibition, as in the case

of supersaturated solutions, solubility in the strict

sense cannot be measured. To decide if the observed

concentrations of dissolved rPA truly represented

equilibrium solubilities, it was necessary to establish

that the same values were reached independent of

the starting conditions. Thus, the solubility of native

rPA was determined on the one hand by dialyzing a

highly concentrated protein stock solution in �1.2M

L-ArgHCl against measurement buffers containing

the indicated concentrations of salts. On the other

Figure 2. GuHCl-induced unfolding of rPA and IAA-rPA. (A)

GuHCl-induced unfolding and refolding of rPA and IAA-rPA,

respectively, were monitored by tryptophan fluorescence

emission at 359 nm. Excitation wavelength was 280 nm.

Data points represent the unfolding of rPA (filled circles),

the refolding of rPA (open circles), and the unfolding of IAA-

rPA (filled triangles). The protein concentration was 10 lg
mL�1. (B) GuHCl-induced unfolding of rPA (filled circles)

and IAA-rPA (filled triangles), respectively, were monitored

by far-UV CD at 215 nm in the presence of 100 mM D,L-

ArgHCl. The protein concentration for rPA was 440 lg
mL�1 rPA and 15 lg mL�1–193 lg mL�1 for IAA-rPA. (C)

The influence of L-ArgHCl on the GuHCl-induced unfolding

and refolding of rPA was monitored by tryptophan

fluorescence. In addition to the data from (A), data points

are shown for the unfolding (filled triangles) and the

refolding of rPA (open triangles) in the presence of 200 mM

L-ArgHCl. Lines are meant to guide the eye.

Figure 3. Solubility of rPA. (A) Protein solubility in the

presence of increasing concentrations of L-ArgHCl (filled

symbols), NaCl (open symbols), and NaCl with an equimolar

amount of glycine (gray symbols), respectively, was

determined as described in materials and methods. Data

points represent solubility values obtained from soluble

protein (circles) and from aggregated protein (triangles),

respectively, as starting material. Data from two to three

independent experiments are represented as mean values

6 standard deviation. The inset represents the same data

on an expanded protein solubility scale, and axis labels and

units are the same as for the main panel. (B) Corresponding

transfer free energies calculated from the data in (A).
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hand, solid precipitate of rPA was prepared by dia-

lyzing the stock solution against additive-free buffer,

and the precipitated solid protein was then re-solu-

bilized by buffer exchange to the measurement con-

ditions [Fig. 3(A)].

With increasing concentration of L-ArgHCl, the

solubility of native rPA increased up to 66 mg mL�1

in buffer containing 1M L-ArgHCl, while by increas-

ing the NaCl concentration to 1M only 0.66 mg

mL�1 of rPA could be kept in solution [Fig. 3(A),

inset]. For the buffers containing NaCl/glycine, a

maximum solubility of 1.8 mg mL�1 rPA was

observed in the presence of 0.5M salt. In the absence

of added salts, only 0.07 mg mL�1 protein were

detected in the supernatant. Re-solubilization of

native rPA from the solid state with increasing con-

centrations of L-ArgHCl led to a maximum concen-

tration of soluble rPA of 59 mg mL�1 in buffer con-

taining 1M L-ArgHCl, whereas an increase of the

NaCl concentration to 1M resulted in only 0.71 mg

mL�1 solubilized rPA. In buffer containing 0.5M

NaCl/glycine, 1.8 mg mL�1 rPA could be re-solubi-

lized from precipitated protein. In conclusion, L-

ArgHCl was found to increase the solubility of

native rPA by almost three orders of magnitude,

while the combined presence of NaCl and the amino

acid glycine led to a 25-fold increase in solubility at

best. Concentrations of soluble protein in the super-

natant were very similar for all tested buffers, irre-

spective of the starting material. This clearly indi-

cates that the observed solubility curves represent

true equilibrium values. The possibility to re-solubi-

lize rPA, which had been precipitated by removal of

L-ArgHCl, indicated that the protein maintained a

compact native-like molecular structure in the solid

state. This notion was further supported by the ob-

servation that the specific enzymatic activity of rPA

re-solubilized from the precipitate was identical to

that of native protein from the stock solution (data

not shown).

This was a precondition for the calculation of

the corresponding differences in solid to solute

transfer free energies (DDGtransfer) for rPA caused by

the presence of L-ArgHCl, NaCl, and NaCl/glycine,

respectively, according to

DDGtransfer ¼ �RT ln ðS=S0Þ; (1)

with the universal gas constant R, the temperature

T, and S and S0 being the solubilities of rPA in the

presence and absence of added salts, respectively

[Fig. 3(B)]. Apparently, DDGtransfer was not linearly

dependent on the concentrations of either L-ArgHCl

or NaCl and glycine, but reached a minimum

between 0.5M and 1M of added salt.

Assuming that the presence of the salts had no

influence on the structure of the solid state, the

standard chemical potential of native rPA in solution

was lowered by 15 kJ mol�1 in the presence of 1M L-

ArgHCl. The maximal combined effect of ionic

strength and the zwitterionic a-amino acid moiety in

the presence of 0.5M NaCl/glycine accounted for �
�7 kJ mol�1.

Solubility of IAA-rPA
In analogy to the experiments performed with native

rPA, solubility measurements of IAA-rPA were car-

ried out in the presence of increasing concentrations

of L-ArgHCl, NaCl, and NaCl/glycine, respectively

(Fig. 4).

With increasing concentrations of L-ArgHCl, the

apparent solubility of IAA-rPA also increased up to

2.1 mg mL�1 in buffer containing 1M L-ArgHCl,

whereas increasing the NaCl concentration up to 1M

resulted in a protein concentration of only 0.074 mg

mL�1 in the supernatant. The addition of NaCl had

no positive effect on the solubility of IAA-rPA,

whereas the addition of NaCl and glycine led to a

slightly increased apparent solubility of up to 0.12

mg mL�1 in the presence of 0.2M salt (Fig. 4). These

results were obtained using a stock solution of IAA-

rPA dissolved in GuHCl as starting material.

Again, to assess if the determined solubilities

represented equilibrium values, IAA-rPA was pre-

cipitated by removal of GuHCl from the stock solu-

tion of denatured protein by dialysis and subse-

quently dialyzed against buffers containing the

indicated concentrations of L-ArgHCl, NaCl, and

Figure 4. Solubility of IAA-rPA. The solubility of IAA-rPA in

the presence of increasing concentrations of L-ArgHCl (filled

symbols), NaCl (open symbols), and NaCl with an equimolar

amount of glycine (gray symbols), respectively, was

determined as described in materials and methods. Data

points represent solubility values obtained from soluble

protein (circles) and from aggregated protein (triangles),

respectively, as starting material. Data from two to three

independent experiments are represented as mean values

6 standard deviation. The inset represents the same data

on an expanded protein solubility scale, and axis labels and

units are the same as for the main panel.
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NaCl/glycine, respectively (Fig. 4). In contrast to

native rPA, re-solubilization of IAA-rPA from its

solid state could not be effectively achieved. With

increasing concentrations of L-ArgHCl, the apparent

solubility of IAA-rPA decreased to 0.05 mg mL�1 in

0.1M L-ArgHCl and then increased up to 0.13 mg

mL�1. The solubility of IAA-rPA in 1M NaCl

decreased to 0.007 mg mL�1, that is, detection of

soluble modified protein in the supernatant was

hardly possible under these conditions. In the pres-

ence of 1M NaCl/glycine, a solubility of rPA of only

0.03 mg mL�1 was observed. Although molar concen-

trations of L-ArgHCl were able to keep relatively

high concentrations of IAA-rPA in solution, the pre-

cipitation of the carboxymethylated protein was

found to be a practically irreversible process. These

findings indicate a high energy barrier between the

unfolded state in solution and the solid precipitate of

IAA-rPA in the presence of L-ArgHCl. By mass spec-

trometric analysis, we found that the re-solubilized

protein in the supernatant was additionally enriched

in over-alkylated forms of IAA-rPA that had been

present as impurities in the modified protein prepa-

ration. These forms seem to exhibit a slightly

increased solubility compared with the correctly S-

alkylated protein, possibly due to an increased net

charge. Thus, the determined solubility values for

the re-solubilization of IAA-rPA from the precipi-

tated denatured material represent upper limits.

It should be noted here that native rPA can be

transferred into a similar irreversibly aggregated

precipitate by thermal denaturation (not shown).

Concentration dependence of aggregation

In addition to the equilibrium solubility measure-

ments discussed above, we set out to investigate

how the observed differences in solubility between

the various forms of rPA are reflected in differences

in aggregation kinetics.

The aggregation of IAA-rPA, denatured reduced

rPA, and of native rPA, respectively, was monitored

by light scattering after dilution into renaturation

buffer containing different concentrations of L-

ArgHCl [Fig. 5(A)]. For the analysis, the initial

slopes of the measured light scattering traces were

determined. The data was tentatively analyzed

using the formalism for a simple nucleation-elonga-

tion mechanism.30 In this case, a linear relationship

is expected between the logarithms of the initial

aggregation rate, as measured by the initial rate of

change of the light scattering signal, (dB/dt)0, and of

the protein concentration, C.

logðdB=dtÞ0 ¼ log kþ n log C: (2)

Using this relation, it was possible to estimate the

apparent order n of the initial aggregation reaction,

which may be interpreted as the size of an assumed

nucleation seed, from a double logarithmic plot of

the initial slope of the aggregation kinetics versus

the protein concentration [Fig. 5(B)]. In all cases, a

relatively steep dependence of the initial aggregation

rates on protein concentration was observed. While

the concentration range, in which aggregation could

be observed, was strongly dependent on the protein

species and on solvent composition, the estimated

values of n for the aggregation of IAA-rPA, dena-

tured reduced rPA, and native rPA were found to be

in the range between 8 and 12 and are summarized

in Table I. The addition of L-ArgHCl did not signifi-

cantly influence the values of n for IAA-rPA and

denatured reduced rPA, indicating similar mecha-

nisms of aggregation for all rPA species under all

Figure 5. Kinetics of protein aggregation. (A) The time- and

protein concentration-dependent formation of rPA- and

IAA-rPA aggregates in absence of L-ArgHCl was followed

by measuring light scattering intensity at 600 nm. Total

protein concentrations were 174, 162, 139, and 103 lg
mL�1 for rPA (top to bottom, black lines) and 43, 41, 35,

and 32 lg mL�1 for IAA-rPA (top to bottom, gray lines). (B)

The initial rates of protein aggregation are plotted against

the total protein concentration in the respective

experiments. Data points represent aggregation of IAA-rPA

in 0 mM (black circles), 200 mM (light gray circles), and 500

mM (dark grey circles) L-ArgHCl, for denatured reduced rPA

in 200 mM (black filled triangles) and 500 mM (light gray

filled triangles) and for native rPA in absence of L-ArgHCl

(black squares). The slopes taken from this double-

logarithmic plot (n-values) are summarized in Table I.
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tested conditions. The presence of L-ArgHCl shifted

the curves toward higher protein concentrations

without changing the steepness of the concentration

dependence [Fig. 5(B)]. Thus, an estimate for the

size of the hypothetical nucleation seed for the

aggregation of native as well as for denatured forms

of rPA of �10 was obtained. In all these cases, a se-

ries of pre-equilibria leading to a critical transitional

stage in the aggregation process must exist, and the

observed increase of the apparent solubility of IAA-

rPA in the presence of L-ArgHCl might be explained

by a shift in these pre-equilibria toward dissociation,

and a consequently much reduced concentration of

available nucleation seeds.

State of IAA-rPA in solution

The solubility measurements described so far had

determined total dissolved protein mass in solution.

To determine the molecular mass distribution, the

samples were analyzed by asymmetrical flow field

flow fractionation/light scattering (AF4/LS) [Fig.

6(A)]. In an AF4 experiment, the injected sample

will be concentrated more than 30-fold in a small

volume adjacent to the channel wall during the fo-

cusing phase, which is necessary to establish an

equilibrium distribution of the analyzed molecular

species in the flow field, before the actual separation

may proceed. As a consequence, a characterization

of IAA-rPA in the absence of L-ArgHCl was not pos-

sible due to the negligible residual solubility of the

modified protein in additive-free buffer, and meas-

urements were performed in buffers containing L-

ArgHCl in different concentrations.

Native rPA eluted in a single peak containing a

single species of apparently 43 kDa under all tested

conditions, in agreement with monomeric protein

[Fig. 6(A)]. The ratio of mass-average molecular

mass to average molecular mass, Mw/Mn, was 1.0 in

all cases, indicating a homogeneous species. IAA-rPA

in turn, eluted in a broad peak in a continuous dis-

tribution of molecular masses up into the MDa

range. In the presence of 100 mM L-ArgHCl, the

observed molecular mass distribution for IAA-rPA

was dependent on the duration of the focusing phase

[Fig. 6(B)]. When the protein was held under focus-

ing conditions from 3 to 180 min, the Mw/Mn ratio

increased from 1.2 to 2.9, indicating increasingly

populated species of high molecular mass. Along

with these changes, the overall percentage of recov-

erable protein material decreased over focusing

Figure 6. Effect of L-ArgHCl on distribution of rPA species

in AF4 experiments. (A) The chromatograms of AF4-

measurements in 100 mM L-ArgHCl for 6 lg native rPA

(dark gray line) and 7 lg IAA-rPA after focusing for 3 min

(black line) and 180 min (gray line), respectively, are shown.

The channel height was 490 lm. The channel flow was 1

mL min�1, the focus flow 0.75 mL min�1, and the cross

flow 2 mL min�1. The corresponding molecular masses

(dots) were calculated from UV-absorption and light

scattering signals; for clarity, only every 20th data point is

plotted. (B) The cumulative mass distributions of IAA-rPA in

100 mM L-ArgHCl were calculated from the experiments

shown in panel (A). Elution was started after 3 min (black

line), 60 min (grey line) and 180 min (dark grey line). As

reference the cumulative mass distributions of native rPA in

200 mM L-ArgHCl are plotted after 3 min (black dashed

line) and after 50 min of focusing (dots). (C) Cumulative

mass distributions of IAA-rPA were determined in 500 mM

L-ArgHCl. Data are represented as described for panel (B).

Table I. Concentration Dependence of Aggregation
Kinetics—n Values

Protein species [L-ArgHCl] (M) n

IAA-rPA 0 11.9 6 1.9
0.2 8.2 6 0.2
0.5 10.3 6 1.6

Denatured reduced rPA 0.2 10.1 6 0.9
0.5 10.7 6 0.9

Native rPA 0 9.8 6 1.0
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time, probably due to the formation of macroscopic

aggregates that could no longer be detected by the

AF4 method. When the L-ArgHCl concentration was

increased to 500 mM, the observable distribution of

molecular masses became stable over time [Fig.

6(C)]. The Mw/Mn ratio stayed constant at 1.4 over

the entire time range covered by the represented

experiment.

Under conditions of a stable molecular mass dis-

tribution, analytical ultracentrifugation experiments

became possible. The measurements were performed

in the presence of 1M L-ArgHCl. Again, native rPA

was included for comparison. Apparent sedimenta-

tion coefficients sapp were 1.55 S for the native and

2.75 S for the carboxymethylated protein, respec-

tively. The sedimentation equilibrium measurements

with rPA and IAA-rPA resulted in apparent molecu-

lar masses of 39 kDa for rPA and 103 kDa for IAA-

rPA (Fig. 7). Both sets of results were in agreement

with monomeric native protein and a mixture of

mainly di- and trimeric forms of the modified protein

in solution, respectively. To exclude the possibility

that IAA-rPA oligomers had been formed by covalent

linkage, for example, by formation of intermolecular

disulfide bridges on air, the sedimentation equilib-

rium experiment was repeated with the modified

protein dissolved in 4M GuHCl, pH 3 (data not

shown). Under these conditions, IAA-rPA appeared

as a monomer.

Discussion

In an effort to understand the suppression of protein

aggregation by L-ArgHCl, Baynes et al.27 proposed a

mechanistic explanation based on the relative size of

the arginine molecule, which is assumed to act as a

neutral crowder compared with water.31 Such a neu-

tral crowder would interact with protein surfaces

with almost the same strength as water molecules.

However, if two protein molecules interact, either to

form a functional complex or as a step on the path-

way to aggregation, gaps between these protein mol-

ecules would be transiently formed, before full sur-

face-surface contact is established. In such a case,

water molecules would still be able to enter gaps of

a certain size, while a neutral crowder would not;

this preferential exclusion of crowder molecules from

the protein surface would create a thermodynami-

cally unfavorable situation and therefore increase

the free energy of the transition state of protein-pro-

tein contact formation.

If this postulated gap effect were valid, L-

ArgHCl would exert an influence on the kinetics of

protein aggregation alone and would not be expected

to affect equilibrium solubilities. One of the purposes

of the work presented in this article was to deter-

mine whether this proposition holds for the tested

model protein rPA in its native and in its non-native

S-carboxymethylated form, respectively. In the case

of native rPA, a straightforward answer was

obtained. The native protein equilibrated with a

solid precipitate that could be easily re-solubilized

into native, enzymatically active protein by simple

dilution. Equilibrium solubilities could be deter-

mined and were strongly dependent on the concen-

tration of L-ArgHCl in the solvent system. The pres-

ence of L-ArgHCl as a co-solvent lowers the chemical

potential of the dissolved monomeric protein in solu-

tion with respect to its solid state. Any hypothesis

that explains the stabilization of protein against

aggregation by a mechanism acting on the transition

state alone is therefore untenable. The increase in

protein equilibrium solubility points into the same

direction as recent measurements, in which a signifi-

cant increase of the solubilities of a series of amino

acids as well as of diketopiperazine in the presence

of 1M arginine had been demonstrated.32

The only remaining possibility to defend the ba-

sic tenets of the neutral crowder hypothesis for argi-

nine would be to hypothesize that the observed

effects on equilibrium solubility are caused by a

destabilization of the solid state with respect to all

soluble species, possibly by molecular mechanisms

akin to the gap effect. However, this idea may only

be tested by future structural investigations of the

solid state.

In the case of IAA-rPA, which was employed as

an example for denatured protein states in solution,

equilibrium solubilities could not be determined. The

precipitated material could only be solubilized by

Figure 7. Analytical ultracentrifugation of rPA and IAA-rPA.

Sedimentation equilibrium measurements were carried out

as described in the text with 380 lg mL�1 rPA (open

circles) and IAA-rPA (filled circles), respectively. Solid lines

represent single-exponential fits to the data obtained for

rPA (black) and IAA-rPA (grey), respectively. The lower

panel shows the deviation of the fit from data.
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denaturing treatment with GuHCl, but did not

measurably equilibrate with the dissolved carboxy-

methylated protein in the nondenaturing measure-

ment buffers. Apparently, the amorphous aggregate

formed from the non-native protein species was ther-

modynamically much more stable than the solid pre-

cipitate formed by native protein. This stabilization

might be tentatively ascribed to an increased confor-

mational entropy of the entangled disordered poly-

peptide molecules in the solid produced from non-

native protein, when compared with the well-or-

dered and structured molecules in the solid obtained

by precipitation of native rPA.

Thus, for non-native protein species, the effect

of L-ArgHCl on the apparent solubility is determined

by its influence on aggregation kinetics. Interest-

ingly, even in the presence of 1M L-ArgHCl, forma-

tion of precipitate from the concentrated stock solu-

tion of IAA-rPA was observed within minutes,

whereas on the other hand, residual solubility was

maintained for weeks at an almost constant level.

This is in agreement with the very steep concentra-

tion dependence of the aggregation kinetics that was

observed.

Measurement of the thermodynamic stability of

rPA by GuHCl-induced folding/unfolding transition

curves revealed no significant shift in the equilib-

rium between the folded and the unfolded state of

native rPA in presence of L-ArgHCl, which is consist-

ent with data published for lysozyme and RNase

A.9,33–35 This means that the chemical potential of

denatured rPA in solution is lowered parallel to the

chemical potential of the folded protein. As it seems

likely that the free energy of IAA-rPA is influenced

by the same factors as the denatured protein, a simi-

lar decrease in the chemical potential of dissolved

IAA-rPA by L-ArgHCl with respect to the solid state

may be assumed.

The observed decrease in chemical potential of

rPA by 14 kJ mol�1 in a solution containing 1M L-

ArgHCl would lead to aggregation kinetics that are

decelerated by a factor of �500, if the chemical

potential of the transition state were assumed to be

unaffected. However, a much steeper dependency of

aggregation kinetics on the concentration of L-

ArgHCl was observed for both native and carboxy-

methylated rPA; at the same protein concentration,

aggregation was decelerated by more than 10 orders

of magnitude in the presence of 500 mM L-ArgHCl.

For all species under all conditions, the apparent

size of the nucleation seeds was �10, with no signifi-

cant differences. This indicates the existence of a se-

ries of pre-equilibria, which finally result in a criti-

cal transitional species in the process of protein

aggregation. Thus, the increased apparent solubil-

ities of IAA-rPA and of denatured reduced rPA in

presence of L-ArgHCl can be explained by a shift of

a series of pre-equilibria towards dissociation, which

results in a reduced concentration of nucleation

seeds without changing the formal mechanism of

protein aggregation.

To summarize the described interpretation of

the obtained results, we present an energy scheme

for the effects of L-ArgHCl on the aggregation of rPA

(Fig. 8). It has been shown that L-ArgHCl increases

the solubility of both, the native (N) and the

unfolded protein (U), which is equivalent to a reduc-

tion of free energy of the protein species in solution.

To reflect the fact that L-ArgHCl does not signifi-

cantly affect the thermodynamic stability of rPA, the

relative positions of the native and unfolded state in

solution remains unchanged in the presence of addi-

tive. The low solubility of rPA under physiological

conditions makes the native-like aggregated state

(AN) easily accessible. The addition of L-ArgHCl,

however results in a relative destabilization of the

AN-state versus the native protein in solution.

Regrettably, our data do not permit a distinction

between a true destabilization of the aggregated

state via a gap effect-like mechanism and a stabili-

zation of protein species in solution by interaction

with, for example, arginine clusters as proposed by

Das et al.36

The position of the aggregated state of the

unfolded protein (AU) cannot be specified because of

the practical irreversibility of aggregation of U

under physiological conditions. For the transition

state of U to AU a significantly increased free energy

in presence of L-ArgHCl was observed, that may be

explained by a shift of a series of pre-equilibria to-

ward dissociation.

Figure 8. Proposed energy diagram for the effect of L-

ArgHCl on protein states in solution. Black lines and letters

represent a schematic energy diagram in absence, gray

lines and letters symbolize changes in the presence of L-

ArgHCl. Abbreviations are N, native rPA in solution; U,

unfolded rPA in solution; AN, aggregates of native rPA; and

AU, aggregates of unfolded rPA. The inset is meant to

illustrate the free energy balance of pre-equilibria leading to

formation of the nucleation seed Un via a series of

oligomeric species U2, U3, . . ., etc.
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Over the last two decades, L-ArgHCl has become

a widely used additive for in vitro protein refolding.

In this article, we present clear evidence that L-

ArgHCl acts by a massive increase in the equilib-

rium solubility of native rPA. Furthermore, we sug-

gest that shifts of the pre-equilibria in the formation

of protein aggregates towards dissociation are re-

sponsible for the apparently increased solubility of

IAA-rPA, our model system for non-native protein

states. Any proposed mechanistic model for the

action of L-ArgHCl will have to take these findings

into account.

Materials and Methods

Materials

A stock solution of pure native rPA (BM 06.022) in a

concentration of 4 mg mL�1 was kindly provided by

Roche Diagnostics Penzberg. EDTA, Tris base and

DTT were purchased from MP Biomedicals LLC. L-

Arginine and L-ArgHCl were from Ajinomoto, and

bovine serum albumin, D,L-arginine and Tween 80

from Sigma Aldrich Chemie GmbH. GuHCl was

kindly provided by Bioselect Nigu GmbH. Chromo-

zyme t-PA was purchased from Roche Diagnostics

Penzberg. All other reagents were of analytical

grade or higher purity.

Preparation of carboxymethylated rPA (IAA-rPA)

rPA (4 mg mL�1) was denatured and reduced by

adding 100 mM DTT to the protein solution, which

then was dialyzed for 3 h against 100 volumes of

buffer containing 6M GuHCl, 1 mM EDTA, 1 mM

DTT, 100 mM Tris/HCl, pH 8.5. DTT was removed

by dialyzing the protein solution three times against

50 volumes of 4M GuHCl, pH 3. Afterwards, 2.8 mg

mL�1 of denatured reduced rPA were diluted into

four volumes of 6M GuHCl, 1 mM EDTA, 100 mM

boric acid/NaOH, pH 9, and 12.5 mM iodoacetic acid,

incubated for 1 h at 22�C and dialyzed three times

against 20 volumes of 4M GuHCl, pH 3.9

Mass spectrometry

For the determination of the molecular mass and

the homogeneity of IAA-rPA-preparations, protein

samples were desalted via RP-HPLC and analyzed

by electron spray ionization-quadrupole-time of

flight (Q-TOF)-mass spectrometry using a Q-TOF 2

mass spectrometer (Micromass, Manchester, UK).

Determination of protein concentrations
Protein concentrations were determined photometri-

cally using an extinction coefficient e280 of 1.69 cm2

mg�1 for native rPA28 and an e280 of 1.635 cm2 mg�1

for denatured reduced and IAA-rPA, which was cal-

culated from the amino acid sequence according to

Gill and von Hippel.37

Solubility of native rPA and IAA-rPA
For solubility measurements in L-ArgHCl, native

rPA stock solution and IAA-rPA in 4M GuHCl, pH 3,

respectively, were concentrated using centrifugal

ultrafiltration devices (up to 93 mg mL�1 in the case

of native rPA), and subsequently dialyzed at 6�C for

48 h against 200 volumes of 1 mM EDTA, 100 mM

Tris/HCl, pH 8.5, containing the indicated concentra-

tions of L-ArgHCl. Solubility measurements in NaCl

and NaCl/glycine were carried out in an analogous

manner. Due to the low solubility of rPA in the

NaCl-containing buffers, prior concentration of the

protein solutions was not necessary in this case. Af-

ter dialysis, precipitates were removed by centrifu-

gation for 30 min at 15,000g, 4�C and following

ultracentrifugation at 150,000g, 4�C for 20 min. Pro-

tein concentrations in the supernatant were deter-

mined as described above. For measurement of equi-

librium solubilities, rPA was concentrated up to 84

mg mL�1 and dialyzed at 6�C for 24 h against 200

volumes of 1 mM EDTA, 100 mM Tris/HCl, pH 8.5.

Afterwards, the aggregated protein suspension was

treated as described above. Measurements of IAA-

rPA solubility and equilibrium solubility in L-

ArgHCl, NaCl, and NaCl/glycine, respectively, were

carried out in principle as mentioned above, but the

protein was used in concentrations ranging from

0.45 to 4.7 mg mL�1 and the transfer into aggre-

gates was achieved by dialysis of the protein solu-

tion for 24 h at 6�C against �1000 volumes of 1 mM

EDTA, pH 3. The duration of ultracentrifugation at

150,000g and 4�C was prolonged to 1 h.

Measurement of aggregation kinetics
Aggregation was monitored on a Fluoromax 3 spec-

trofluorimeter (Horiba Jobin Yvon, Edison, NJ) using

a 1 cm stirrable fluorescence quartz cell at 20�C. For

all measurements, aggregation was monitored via

the intensity of scattered light at 600 nm. All buffers

were filtered immediately before use. Native rPA

was dialyzed for 48 h against 200 volumes of 200

mM L-ArgHCl, 1 mM EDTA, 100 mM Tris/HCl, pH

8.5 and then treated as described above. Aggregation

of native rPA was monitored after dilution to an end

concentration of L-ArgHCl of 10 mM. IAA-rPA was

ultracentrifuged at 150,000g, 4�C for 20 min and

diluted into renaturation buffer consisting of 200

mM GuHCl, transferred from the IAA-rPA stock so-

lution, 1 mM EDTA, 100 mM Tris/HCl, pH 8.5 and

no, 200 or 500 mM L-ArgHCl.

Denatured reduced rPA was prepared by adding

100 mM DTT to native rPA, which then was dia-

lyzed for 10 h against 100 volumes of buffer contain-

ing 6M GuHCl, 1 mM EDTA, 1 mM DTT, 100 mM

Tris/HCl, pH 8.5. After addition of 100 mM fresh

DTT, denatured reduced rPA was dialyzed against

100 volumes of 4M GuHCl, 5 mM DTT, 1 mM
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EDTA, 100 mM Tris/HCl, pH 8.5 for 12 h. For the

measurement of aggregation, denatured reduced rPA

was diluted into renaturation buffer with 200 mM

GuHCl, 10 mM DTT and 200 mM or 500 mM L-

ArgHCl.

Activity of rPA

Enzymatic activity of rPA was measured by cleavage

of 0.4 mM chromozyme t-PA (N-Methylsulfonyl-D-

Phe-Gly-Arg-4-nitroanilide acetate) in 90 mM L-

ArgHCl, 1 mM EDTA, 0.13% (w/v) Tween 80, 90 mM

Tris/HCl, pH 8.5 at 37�C. The increase of the

released 4-nitroaniline was monitored photometri-

cally at 405 nm. The slope of the initial 60 s of the

reaction was taken and compared with a simultane-

ously measured reference sample with a known pro-

tein concentration. Hydrolytic activities are pre-

sented as the percentage of native enzymatic

activity.

Measurement of far- and near-UV CD spectra

Far-UV CD of native rPA and IAA-rPA, respectively,

had to be recorded in the absence of L-ArgHCl. For

that purpose, samples were dialyzed four times for

24 h against 50 volumes of 4M GuHCl, pH 3, fol-

lowed by two dialysis steps against 10 volumes of

buffer containing 100 mM Tris/HCl, pH 8.5, 1 mM

EDTA and 1M D,L-ArgHCl. Because of the high opti-

cal absorption of D,L-ArgHCl, renatured rPA and

IAA-rPA were diluted into nine volumes of 1 mM

EDTA, 100 mM Tris/HCl, pH 8.5. Protein concentra-

tion were determined photometrically after centrifu-

gation for 1 h at 150,000g. Far-UV CD spectra of

denatured IAA-rPA and of denatured reduced rPA

were recorded in 4M GuHCl, pH 3. Far-UV CD spec-

tra between 200 and 250 nm wavelength were

recorded in 0.1 mm quartz cells using a Jasco J-810

spectropolarimeter (Jasco, Easton, MD). Spectra

were accumulated 16 times with a scan rate of 20

nm min�1. The temperature for all measurements

was 20�C. Near-UV CD spectra of rPA and IAA-rPA

under nondenaturing conditions were recorded after

dialyzing the samples two times for 24 h against 50

volumes of 1M L-ArgHCl, 1 mM EDTA, 100 mM

Tris/HCl, pH 8.5. Samples were centrifuged for 1 h

at 150,000g and 4�C before photometric determina-

tion of protein concentrations. Spectra under dena-

turing conditions were recorded in 4M GuHCl, pH 3.

Near-UV CD spectra were measured between 260

and 350 nm in 1 cm quartz cells, and accumulated

50 times with a scan rate of 50 nm min�1.

Measurement of GuHCl-induced folding/
unfolding transition curves

For measuring GuHCl-induced unfolding transition-

curves by far-UV CD, protein samples were diluted

from stock solutions into nine volumes of 100 mM

Tris/HCl, pH 8.5, containing 1 mM EDTA, and the

indicated concentrations of GuHCl, to final concen-

trations of 440 lg mL�1 rPA, and 15 lg mL�1 to 193

lg mL�1 IAA-rPA, respectively. The protein stock

solutions contained 1M D,L-ArgHCl, 1 mM EDTA,

and 100 mM Tris/HCl, pH 8.5. To remove aggre-

gates, IAA-rPA samples were centrifuged for 1 h at

150,000g, 4�C immediately before the experiments.

Indicated protein concentrations were determined

after this centrifugation step. The measurements

were carried out in quartz cells with path lengths of

0.1 or 0.5 mm, and CD signals were monitored at a

wavelength of 215 nm. For monitoring GuHCl-

induced unfolding by fluorescence emission, protein

solutions containing 1 mg mL�1 rPA or IAA-rPA in

1M L-ArgHCl, 1 mM EDTA, 100 mM Tris/HCl, pH

8.5, were diluted into 99 volumes of 100 mM Tris/

HCl, pH 8.5, containing 1 mM EDTA and the indi-

cated concentrations of GuHCl and incubated for 24

h at 25�C. For refolding transition curves, the pro-

tein was dialyzed two times for 24 h against 200 vol-

umes of 4M GuHCl, pH 3, followed by dilution into

99 volumes of 100 mM Tris/HCl, pH 8.5, containing

1 mM EDTA, and the indicated concentrations of

GuHCl and incubation for 24 h at 25�C. Fluores-

cence emission spectra were recorded using a Fluo-

romax 3 spectrofluorimeter (Horiba Jobin Yvon, Edi-

son, NJ). The excitation wavelength was 280 nm.

Fluorescence emission was recorded between 290

and 440 nm. Spectra were accumulated three

times. All measurements were performed at 20�C.

Concentrations of GuHCl were determined

refractometrically.38

Analytical ultracentrifugation

Before the analytical ultracentrifugation experi-

ments, rPA and IAA-rPA, respectively, were dialyzed

for 48 h against 200 volumes of 1M L-ArgHCl, 1 mM

EDTA, 100 mM Tris/HCl, pH 8.5, and diluted to a

final concentration of 0.38 mg mL�1 in dialysis

buffer. Experiments were performed at 20�C in an

Optima XL-A (Beckman, Palo Alto, CA) centrifuge

using double sector cells and an AnTi50 rotor. Sedi-

mentation velocity and equilibrium runs were car-

ried out at a rotor speed of 40,000 and 12,000 rpm,

respectively. Optical scans at 280 nm were recorded

every 10 min. Under the employed experimental

conditions, protein concentration at the bottom of

the cells was �3 mg mL�1 during the equilibrium

runs.

Asymmetric flow field flow fractionation/light
scattering (AF4/LS)

Asymmetric flow field flow fractionation (AF4)39 is a

powerful method for the analytical separation of

polymers and particles in solution according to size.

Separation takes place in a flow channel with one

side made up of a semipermeable membrane. While

the sample passes along the channel, buffer cross-

flow through the semipermeable wall creates a net
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force perpendicular to the direction of the main

channel flow. The molecular species in the sample

assume a mass-dependent distribution in the result-

ing flow field, with larger species being on average

closer to the wall than smaller ones. When a lami-

nar flow velocity profile is established along the

channel, this situation leads to small species being

eluted more quickly than larger ones. By controlling

the cross-flow, the separation range of the instru-

ment may be adjusted to cover the entire size range

from virus particles and large aggregates to small

monomeric proteins (cf., e.g., Refs. 40,41). This ana-

lytical separation method may be ideally coupled to

an in-line multi-angle laser light scattering (MALS)

detector.42 Combined with a concentration detector,

for example, a UV absorption or a differential refrac-

tive index detector, MALS allows for the direct

determination of weight-average molecular masses,

MW, of the species in the eluent flow of the AF4. As

the concentration detector delivers an independent

mass-proportional signal, other molecular mass

moments, that is, the average molecular masses,

MN, and the z-average molecular masses, MZ, can be

calculated as well, and the ratios of these mass

moments then serve as indicators of sample

homogeneity.

In this work, AF4 measurements were carried

out using a Wyatt Eclipse 2 separation system

(Wyatt Technology Europe GmbH, Dernbach, Ger-

many) coupled to an Agilent G 1310A isocratic

HPLC pump and an Agilent G 1322A degasser (Agi-

lent Technologies, Palo Alto, CA). The height of the

separation channel was 490 lm, and the applied

membrane consisted of regenerated cellulose with a

10 kDa cutoff. An LKB 2152 UV detector (LKB,

Bromma, Sweden) and a Mini Dawn Tristar multi-

angle light scattering detector (Wyatt Technology,

Santa Barbara, CA) were coupled to the system.

For the experiments, rPA and IAA-rPA were dia-

lyzed against 200 volumes of 1 mM EDTA, 100 mM

Tris/HCl, pH 8.5, and 100 mM or 500 mM L-ArgHCl.

To remove aggregates, IAA-rPA samples were centri-

fuged for 30 min at 15,000g and 4�C, followed by an

ultracentrifugation step at 150,000g and 4�C for 1 h.

Afterwards, protein concentrations were determined

photometrically. Samples were injected into the sep-

aration channel through a 100 lL loop. The dialysis

buffers were used as carrier liquids. Before usage,

carrier liquid was filtered with 0.1 lm membranes.

For all measurements, inject flow was 0.2 mL

min�1, carrier liquid flow was 1 mL min�1, focus

flow was 0.75 mL min�1, and the cross flow during

the elution phase was 2 mL min�1. AF4 measure-

ments consisted of an equilibration phase of 4 min,

and a focusing phase with a duration between 3 and

180 min, followed by an elution phase which was

extended to up to 120 min. For the determination of

molecular masses from UV absorption and light scat-

tering signals, bovine serum albumin was used as a

calibration standard.
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