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a b s t r a c t 

Protein dynamics play a significant role in many aspects of enzyme activity. Monitoring of structural 

changes and aggregation of biotechnological enzymes under native conditions is important to safeguard 

their properties and function. In this work, the potential of asymmetrical flow field-flow fractionation 

(AF4) to study the dynamic association equilibria of the enzyme β-D-galactosidase ( β-D-Gal) was eval- 

uated. Three commercial products of β-D-Gal were investigated using carrier liquids containing sodium 

chloride or ammonium acetate, and the effect of adding magnesium (II) chloride to the carrier liquid 

was assessed. Preservation of protein structural integrity during AF4 analysis was essential and the influ- 

ence of several parameters, such as the focusing step (including use of frit-inlet), cross flow, and injected 

amount, was studied. Size-exclusion chromatography (SEC) and dynamic light scattering (DLS) were used 

to corroborate the in-solution enzyme oligomerization observed with AF4. In contrast to SEC, AF4 pro- 

vided sufficiently mild separation conditions to monitor protein conformations without disturbing the 

dynamic association equilibria. AF4 analysis showed that ammonium acetate concentrations above 40 

mM led to further association of the dimers (“tetramerization”) of β-D-Gal. Magnesium ions, which are 

needed to activate β-D-Gal, appeared to induce dimer association, raising justifiable questions about the 

role of divalent metal ions in protein oligomerization and on whether tetramers or dimers are the most 

active form of β-D-Gal. 

© 2020 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

β-D-Galactosidase ( β-D-gal) is a biotechnological enzyme of 

reat interest to the dairy industry. A primary function of this en- 

yme is catalyzing the hydrolysis of lactose to form glucose and 

alactose. It is being used for the production of lactose-free dairy 

roducts for people suffering from lactose intolerance [1–5] . β- 

-Galactosidase can be of animal, plant, or microbial (bacteria, 

ungi, yeasts) origin. Although bacteria may offer more versatil- 

ty, yeasts and fungi are preferential sources of β-galactosidase 

or food biotechnology and pharmaceutical industry [6–8] . Zolnere 

nd Ciprovica [4] summarized and compared the most suitable 
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ommercial β-D-galactosidase enzymes for lactose hydrolysis, em- 

hasizing the variations in optimal conditions for maximal activ- 

ty. Evidently, enzymes from different microorganisms require dif- 

erent optimal conditions, including pH, temperature, presence of 

nhibitors or activators, etc. , which ultimately govern their final 

ndustrial application. For example, β-D-galactosidase from yeast 

 Kluyveromyces species) has proven suitable for the hydrolysis of 

actose in milk and sweet whey, whereas the enzyme originat- 

ng from fungus ( Aspergillus species) exhibits the highest activity 

n acid whey [4] . The activity of an enzyme is strongly related to 

ts structure, which can change when the enzyme is exposed to 

ertain conditions. Knowledge on the in-solution native structure, 

ggregation behavior and chemical composition is essential and re- 

uires appropriate analytical techniques. 

This study focuses on β-D-galactosidase from Kluyveromyces 

pecies, has large biotechnology potential [ 4 , 9 , 10 ]. Extensive re- 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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earch to determine the optimal conditions for its maximal activ- 

ty in the hydrolysis reaction has been conducted [ 3 , 11–13 ]. How-

ver, its X-ray crystallographic structure was determined only re- 

ently [14] . Previously, structural information had been indirectly 

erived from chromatographic studies, mainly using size-exclusion 

hromatography (SEC) and native gel electrophoresis (GE) [15] . 

rom the crystallographic data, the enzyme was described to have 

 tetrameric structure, formed upon association of two dimers 

‘tetramerization’). The authors predicted a dissociation energy for 

he tetramer into two dimers of 6 kcal/mol, which was significantly 

ower than the dissociation energy of the dimers (20 kcal/mol) 

14] . Studies performed by ultracentrifugation, chromatographic 

nd electrophoretic techniques reported the dimer being the ma- 

or component of the enzyme under the examined conditions [14–

6] . In all these studies it was hypothesized that the enzyme 

ould be active both in its dimeric and tetrameric forms, with the 

quilibrium between associated and dissociated dimers depending 

trongly on the solution conditions [ 14 , 15 ]. More studies are re-

uired to elucidate the conditions that govern the association equi- 

ibrium and its impact on the activity of the enzyme [14] . The de-

endence of the higher-order structures of β-D-galactosidase on 

H and temperature, and on the presence and concentration of di- 

alent metal ions and various types of salts still need to be as- 

essed. 

SEC is one of the most commonly used techniques for size de- 

ermination and quantitative assessment of the aggregation, in- 

luding dimers and multimers of proteins [17] . Despite the wide 

se of SEC, the technique has some well-known limitations [18–

1] . The shear forces experienced by the large protein molecules in 

he narrow channels through the packed bed and interactions with 

he packing material [22] may affect the aggregation and structure 

f the enzyme. Additionally, there are restrictions on the buffer 

ypes that can be used [ 20 , 21 ]. Moreover, SEC offers limited reso-

ution, especially for very large molecules or molecular aggregates, 

ome of which may be filtered out, either by frits in the system or 

y the column itself [23] . Given the increasing size and complex- 

ty of newly developed biotherapeutic and biotechnological pro- 

eins these limitations become significant analytical challenges. A 

road set of complementary techniques are required to determine 

he critical quality attributes of such products. 

Asymmetrical flow field-flow fractionation (AF4) is an attractive 

lternative method [9] . The main advantages of AF4 lie in its ver- 

ality and ability to resolve higher-order structures. AF4, due to the 

bsence of packing material in the channel, involves very low shear 

orces and eliminates the risk of filtering effects. In AF4 the an- 

lytes are injected in an open ribbon-like channel, and they are 

eparated thanks to a parabolic flow profile based on their diffu- 

ion coefficients. The external flow (cross-flow), which is perpen- 

icular to the main parabolic flow, is the main separation force. 

he cross-flow drives the analytes towards the membrane (accu- 

ulation wall) of the channel, resulting in a concentration gradi- 

nt [24] . Diffusion (or Brownian motion) creates a counteracting 

otion. Large particles (or molecules) exhibit limited diffusion and 

hey will stay close to the wall, where the lateral flow is slowest. 

maller particles with higher diffusivities will reach equilibrium 

ositions further from the membrane, where the streamlines are 

aster. As a result, particles are separated according to size, with 

he largest ones eluting last. 

AF4 methods can be optimized by varying a number of param- 

ters, including the cross flow (and its variation in time), the de- 

ector flow, injected amount, focusing time, channel thickness, and 

he composition of the carrier liquid. Both the resolution and the 

ecovery are common goals of this optimization process, but for 

he characterization of biomacromolecules preservation of the na- 

ive state (conformation and higher-order structures) is equally im- 

ortant. Many studies have explored the influence of AF4 param- 
2 
ters on protein aggregation. Concerns have been expressed that 

ertain factors, such the focusing step, concentration effect, inter- 

ctions with the membrane, and sample dilution may affect la- 

ile protein aggregates [23–26] . Interactions with the membrane 

an be avoided by selecting an appropriate ionic strength of the 

arrier liquid and suitable membrane materials. Frit-inlet injection 

F4 (FI-AF4) was introduced to avoid undesirable effects of stop- 

ing the flow during the focusing process [27–30] . In FI-AF4 hydro- 

ynamic relaxation may be achieved through a “stop-less” injec- 

ion. The concept has been applied for the fractionation of lipopro- 

ein particles [31] , carbon nanotubes [32] , polyion complex self- 

ssemblies [33] and ultra-high-molecular-weight cationic polyacry- 

amide [34] successfully avoiding adsorption on the membrane and 

ample self-association. 

In this study, the dynamic association equilibria between the 

arious species of the enzyme β-D-galactosidase are investi- 

ated using AF4 coupled to a triple detection system compris- 

ng UV absorbance, differential-refractive-index, and multi-angle 

ight-scattering (UV-MALS-dRI). Three commercially available en- 

yme products are studied, using different carrier liquid composi- 

ions, mainly focusing on type of salt and ionic strength. An im- 

ortant aspect of this work is the evaluation and understanding of 

ossible changes in conformation or association equilibria occur- 

ing during the AF4 analysis. The effects of various parameters will 

e evaluated, including the focusing process, cross-flow rate, and 

njected amount. To confirm the absence of protein denaturation 

n AF4, complementary techniques will be used to verify the in- 

olution state of the protein. FI-AF4 will be used to verify whether 

he focusing process affected the protein association, while batch- 

ode dynamic light scattering (DLS) can provide supporting infor- 

ation on the protein oligomerization under the examined con- 

itions. Comparing the potential of AF4 and SEC for studying the 

ynamic association equilibria may shed light on possible distur- 

ances between the protein species, due to physical stress exerted 

n the molecules. The overall goal of this study is to evaluate the 

otential of AF4 to provide structural information on enzymes un- 

er conditions resembling those encountered in typical environ- 

ents. 

. Materials and methods 

.1. Chemicals 

Three β-D-Galactosidase samples ( β-D-Gal1, β-D-Gal2, β-D- 

al3) from Kluyveromyces yeast were used in this study. The sam- 

les from external vendors were provided by the DSM Biotech- 

ology Center in formulations containing approximately 50% glyc- 

rol. The concentration of the stock solutions was estimated us- 

ng the Bradford’s protein assay [35] . The final concentration of 

he three samples used for the AF4 and FI-AF4 measurements was 

pproximately 2 mg/mL, unless stated otherwise. Disodium hy- 

rogen phosphate, potassium dihydrogen phosphate, sodium chlo- 

ide, potassium chloride, sodium azide, ammonium acetate and 

agnesium chloride hexahydrate were all purchased from (Sigma- 

ldrich, Schnelldorf, Germany). All carrier-liquid solutions were 

repared using ultrapure water (resistivity 18.2 M �; Sartorius Ar- 

um 611UV; Göttingen, Germany). A phosphate-based eluent (pH 

.0 ± 0.1) containing disodium hydrogen phosphate (6.5 mM), 

otassium dihydrogen phosphate (3.5 mM), sodium chloride (10, 

0, 80, 140, or 200 mM), potassium chloride (2.7 mM) and sodium 

zide (0.05% by weight) was used. For the investigation of the 

ffect of metal ions, magnesium chloride hexahydrate (2 or 10 

M) was added in a 9 mM phosphate solution containing 25 mM 

odium chloride (pH 7.0 ± 0.1). Various concentrations (25, 40, 80, 

50 mM) of ammonium acetate (pH 6.9) were also investigated as 
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Table 1 

Relative amounts of the various species, namely low molecular 

weight (LMw); dimer; higher-order structures (HOS) present 

in the three examined products of β-galactosidase ( β-Gal) as 

estimated from the peak areas and the corresponding recovery 

of each product. Approximate molar mass of the monomer is 

1.2 × 10 5 g/mol. 

Product LMw (%) Dimer (%) HOS Recovery (%) 

β-Gal1 15 70 10 85 

β-Gal2 5 85 2 85 

β-Gal3 - 90 5 83 
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arrier-liquid solutions. The final pH was adjusted with ammonium 

ydroxide (28 −30% NH 3 in water). 

For comparison purposes, the SEC-UV-MALS-dRI experiments 

ere conducted with comparable mobile-phase compositions as 

escribed above for the AF4 experiments. First, experiments were 

onducted using a phosphate-based mobile phase (100 mM) con- 

aining sodium sulphate (100 mM) and sodium azide (0.05% by 

eight). Additional experiments were performed with phosphate- 

uffered saline (pH 7.0 ± 0.1) solution, containing sodium chloride 

140 mM), potassium chloride (2.7 mM), sodium azide (0.05% by 

eight) as well as ammonium acetate (100 mM, pH 6.9) as mobile 

hase. 

.2. Instrumentation 

.2.1. Asymmetrical flow field-flow fractionation (AF4-UV-MALS-dRI) 

Experiments were performed using an AF20 0 0 MultiFlow FFF 

ystem (Postnova Analytics, Landsberg/Lech, Germany), coupled to 

n SPD-20A UV/Vis detector operated at 280 nm (PN3212, dis- 

ributed by Shimadzu Corporation, Kyoto, Japan), a multi-angle 

ight-scattering (MALS) detector (PN3621) and a refractive index 

etector (PN3150) at a working temperature of 40 °C. All compo- 

ents were made available for the project by Postnova. The di- 

ensions of the AF4 channel were 335 mm × 60 mm. The chan- 

el had a tip-to-tip length of 275 mm, initial width 20 mm, and 

nal width of 5 mm. Separations were performed in a channel 

hat contained a 350 μm spacer with a maximum width of 20 

m, a minimum width of 5 mm, and a length of 294 mm. A 

0-kDa molecular-weight cut-off membrane prepared from regen- 

rated cellulose (Postnova) was used as the accumulation wall. 

ample injection was performed at an injection flow ( F inj ) of 0.20 

L/min for 5 min using a cross-flow rate ( F c ) of 3.0 mL/min and

ubsequent focusing flow rate of 3.30 mL/min. The detector flow 

ate ( F out ) was set at 0.50 mL/min. After focusing and during elu- 

ion F c was kept constant at 3 mL/min for 25 min, followed by 

 linear decay over a 5-min period down to F c = 0.2 mL/min. F c 
as then kept constant at 0.2 mL/min for 5 min. Lastly, in a rins-

ng step, F c was turned to zero and a laminar flow was maintained 

hrough the channel ( F out = 0.5 mL/min) during 5 min. The cross- 

ow rate profile of the AF4 method developed for the separation 

f the various oligomers of the β-D-Gal products is illustrated in 

igure S1. 

.2.2. Frit-Inlet asymmetrical flow-field flow fractionation 

FI-AF4-UV-MALS-dRI) 

The FI-AF4 experiments were performed using the AF20 0 0 Mul- 

iFlow FFF system (Postnova). The channel consisted of the same 

ottom components as in the standard analytical channel (spacer 

nd ceramic frit). At the top plate a frit of 18.8 mm diameter and

ith 2 μm pore size is positioned at the tip injection port. A re-

enerated cellulose membrane of 10 kDa molecular weight cut-off

Postnova) was used. 

For the FI-AF4 experiments a 10-uL sample injection was per- 

ormed at F inj = 0.1 mL/min, a F c = 3.0 mL/min and a frit-inlet

ow ( F FI ) of 3.2 mL/min. F out was set at 0.30 mL/min. After injec-

ion F c was kept constant at 3 mL/min for 25 min, followed by a 

inear decay over a 5-min period down to F c = 0. Lastly, in a rins-

ng step, F c was turned to zero and a laminar flow was maintained 

hrough the channel ( F out = 0.3 mL/min) during 5 min. 

.2.3. Size-exclusion chromatography (SEC-UV-MALS-dRI) 

Size-exclusion chromatography was performed on the same 

F20 0 0 MultiFlow FFF system (Postnova) and the using the 

ame detectors as for the AF4 measurements. The TOSOH TSKgel 

30 0 0SW XL column (Griesheim, Germany; 300 mm × 7.8 mm i.d., 

-μm particle size, 250- ̊A pore size) was used in this study. In all
3 
ases an injection volume of 20 μL and an eluent flow rate of 0.5 

L/min were used. Separations were carried out at room temper- 

ture. 

.2.4. Dynamic light scattering (DLS) 

Measurements were performed at 25 °C using plastic dispos- 

ble UV-cuvette (Brand, Essex, CT) on a Zetasizer Nano-ZS system 

Malvern Instruments, Malvern, UK), which detects backscattering 

t an angle of 173 °. β-D-Galactosidase was dissolved in the vari- 

us salt solutions at a final concentration of 2 mg/mL. DLS values 

or each sample were averaged over three runs of eleven measure- 

ents each. The Z -Average size or Z -Average mean , also known 

s the cumulants mean or the ‘harmonic intensity averaged parti- 

le diameter’, is considered the primary and most stable parameter 

btained from DLS [36] . 

.3. Data evaluation 

Data acquisition was carried out by AF20 0 0 control software 

ersion 2.1.0.1 (Postnova). The molar mass and average-weighted 

olecular weight ( M w 

) were calculated using the Zimm model and 

 refractive index increment (d n /d c ) of 0.185. In these calculations, 

he angles of 7 °, 12 °, 20 ° and 158 °, 164 ° were excluded, as their

ignal-to-noise ratios were too low for accurate measurement. 

Recoveries (%) were estimated from the ratios of the peak ar- 

as from the UV trace of the separated agglomerated species while 

pplying cross flow, divided by the area obtained when the sam- 

le was eluted through the channel at the same outlet flow with- 

ut cross flow [37] . Only the peaks corresponding to the protein 

ligomers were integrated. Highly retained sample and higher or- 

er structures eluting during the rinsing step ( F c = 0) were not 

ncluded in the recovery estimation. 

. Results and discussion 

.1. AF4 of β-D-galactosidase under near-native conditions 

Initial AF4 experiments were aimed at characterizing three 

amples of β-D-galactosidase obtained from different commercial 

ources ( β-D-Gal1, β-D-Gal2, β-D-Gal3) to investigate the struc- 

ural differences . The three samples were analyzed using a con- 

tant cross-flow rate ( F c ) of 3 mL/min, an outlet flow rate ( F out )

f 0.5 mL/min, and a saline carrier liquid containing 10 mM phos- 

hate buffer and 50 mM sodium chloride at pH 7.0. Figure 1 shows 

he UV signals at a wavelength of 280 nm and the MALS signal 

f the 90 ° angle for the three analyzed samples. Table 1 summa- 

izes the quantitative information obtained. As can be seen, un- 

er the applied conditions a satisfactory sample recovery ( ca. 80- 

5%) and sufficient separation between the low-molecular-weight 

LMW) species, the dimeric species and the higher-order struc- 

ures (HOS) were achieved for the three analyzed samples. The 

ain peaks observed for the three samples correspond to the 

imer, eluting at approximately 11 min with a molar mass of ap- 

roximately 2.4 × 10 5 g/mol (estimated from the combined MALS 
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Figure 1. AF4 fractograms of the three examined β-D-Gal products. Carrier liquid: 10 mM phosphate buffer with 50 mM sodium chloride at pH 7.0. Constant F c of 3 mL/min 

and F out of 0.5 mL/min were used; Drawn line: UV signals at 280 nm (left-hand axis); Dotted line: MALS signal at 90 ° angle (arbitrary scale); Data points: estimated molar 

masses at specific time points (right-hand axis). 
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b

nd dRI signals). The latter is in line with reported values for 

he monomer (1.2 × 10 5 g/mol) [14] . Different amounts of LMW 

pecies and of the HOS were observed in the fractograms of the 

hree samples. β-D-Gal1 contained approximately 15% (based on 

rea) of LMW species ( ca. 9.7 × 10 5 g/mol), as well as about 

0% of HOS. B-D-Gal2 and β-D-Gal3 were mainly present as the 

imer, with less than 10% of LMW species and HOS combined. 

he MALS trace of β-D-Gal3 exhibited an additional, broad, late- 

luting band (16-23 min). This may indicate the presence of larger 

tructures (HOS of increased MW) or unfolded species of higher 

ydrodynamic radius. The estimated molar mass (data points) in 

igure 1 c and diffusion coefficients (from AF4 retention times, 

 dimer = 3.6 × 10 -11 m 

2 s -1 ; D unfolded = 1.8 × 10 -11 m 

2 s -1 ) suggest

he presence of unfolded dimeric species in the later eluting peak 

16-23 min). Enzyme activity can be significantly influenced by ag- 

regation or oligomerization driven by environmental parameters, 

uch as metal ions, ionic strength, temperature, etc . Therefore, we 

ave studied the effects of . ionic strength, salt type, and presence 

f metal ions, on the aggregation behavior and oligomerization of 

hese different products. 

.2. Effect of sodium chloride concentration on β-D-galactosidase 

A known limitation of AF4 is overloading. This can be influ- 

nced by the carrier-liquid composition. Therefore, it is important 

o investigate the overloading phenomena and its possible effect 

n the denaturation. In his critical overview, Wahlund [38] specif- 

cally emphasized the importance of examining possible overload- 

ng as part of AF4 method development, by varying the injected 

ass by a factor of 5 to 10. Overloading leads to distorted peaks 

nd shifting of the peak maximum. When such phenomena are 

bserved, the sample load should be decreased until the retention 

ime and the peak symmetry remain constant. Overloading and ag- 

regation phenomena were investigated at 10 and 140 mM sodium 

hloride in a phosphate-based (PBS) eluent, with sample injected 

mounts varying from 20 to 200 μg. The resulting elution profiles 

re shown in Supplementary Material (Figure S2 A, B). No shift 

n the retention time, nor distortion of the peak of the dimeric 

pecies were observed when varying the injected amount at 10 

M sodium chloride (10 mM) in PBS eluent (Figure S 2A). In con- 

rast, at 140 mM sodium chloride in PBS eluent and above 40 μg 

mount injected, the retention time of the dimeric species shifted 

o higher retention time and the peak shape notably altered, indi- 

ating possible overloading. Subsequent experiments for studying 

he effects of increasing sodium chloride concentration were con- 

ucted by injecting 40 μg of enzyme. 

The optimal ionic strength for characterization studies by AF4 

aries strongly with the proteins to be analyzed. Literature sug- 

ests that neutral pH and an ionic strength values of 50 to 100 mM 

ay be a good starting point [ 37 , 39 , 40 ]. In this work, the effects of
4 
onic strength of the carrier liquid on the retention and stability of 

-D-galactosidase were investigated by varying the concentration 

f NaCl (10, 50, 80, 140, 200 mM) in a phosphate-based buffer (10 

M) of near-physiological pH. β-D-Gal1 sample was used as a test 

ample, as it showed various oligomers in comparison to the other 

amples ( Figure 1 ), allowing information to be obtained on both 

tability and separation. An increase in ionic strength of the car- 

ier liquid led to a shift towards higher retention times of the peak 

orresponding to the dimeric species, while the peaks correspond- 

ng to the LMW species were not significantly affected ( Figure 2 ). 

n increase of the peak width of the dimeric species was also ob- 

erved, especially at higher salt concentrations (140 and 200 mM) 

nd the separation between the dimer and the HOS was ham- 

ered. Recoveries were 80-85% regardless of the ionic strength of 

he carrier liquid. This suggests that the peak broadening is not 

aused by protein-membrane interactions. The shift of the dimer 

eak towards higher retention times suggests a change in the dif- 

usion coefficient, which may indicate conformational changes of 

he dimeric species or aggregation at high ionic strength. 

However, when comparing the molar mass provided by the 

ALS detector for this sample at both low and high concentration 

alues of sodium chloride tested, protein aggregation appears ev- 

dent ( Figure 2 B). At 10 mM sodium chloride, the dimeric species 

ere predominantly present, whereas at 200 mM sodium chloride 

he peak is almost bimodal, indicating the presence of more than 

ne specie. The estimated molar mass at the beginning of the peak 

11-14 min) suggests the presence of dimeric species, followed by a 

teep increase for later-eluting species (15-18 min). The increased 

ggregation or association of proteins at higher ionic strength con- 

itions may be due to “salting-out” effects, and can significantly 

mpact the enzyme activity [ 12 , 41 ]. 

.3. Effects of type and concentration of salts in the carrier liquid on 

he association equilibria 

.3.1. Ammonium acetate 

A significant aspect of this work was to study the effects of 

ifferent carrier liquids on the equilibrium between the associ- 

ted and dissociated dimers of β-D-galactosidase. The AF4 method 

sing a phosphate-based eluent containing sodium chloride pro- 

ided a good separation between the various species of the in- 

estigated β-D-Gal products but showed signs of protein aggrega- 

ion at high salt concentrations. Therefore, the possibility of us- 

ng an ammonium acetate carrier liquid was studied. Figure 3 

epicts the AF4 elution behavior of β-D-Gal1 using the sodium 

hloride/phosphate-based eluent in comparison to an ammonium- 

cetate carrier liquid at identical ionic strength (80 mM) and pH 

6.9 ±0.1). Clearly, when using ammonium acetate, the separation 

etween the dimer peak and the HOS is lost, leading to a broad 

imodal peak. Moreover, the estimated molar masses at each time 
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Figure 2. A) AF4-UV fractograms showing the effect of increasing concentrations of sodium chloride (10, 50, 80, 140, 200 mM) in a phosphate-based carrier liquid on the 

elution profile of the β-D-Gal1 product (40 μg amount injected). B) AF4-MALS traces and molar-mass estimates obtained at low (10 mM; black trace) and high (140 mM; 

blue trace) sodium chloride concentrations. 

Figure 3. β-D-Gal1 AF4 fractograms obtained when analyzed using a sodium 

chloride/phosphate-based eluent (blue) and an ammonium acetate eluent (black) 

at comparable ionic strength (80 mM) and pH (6.9 ±0.1). Injected amount 40 μg. 

Constant F c of 3 mL/min and F out of 0.5 mL/min were used. 
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oint suggested a major shift of the equilibrium from dimers to 

OS in the ammonium-acetate eluent. The molar mass of the main 

eak eluting around 14 min is very close to the molar mass of the 

etrameric species (4.8 × 10 5 g/mol). 

Different concentrations of ammonium acetate (25, 40, 80, 140 

M) were tested to study the effects on the equilibrium between 

he β-D-galactosidase species in detail ( Figure 4 ). A change in 

he percentages based on the UV peak area (at 280 nm) of the 

MW, dimeric and tetrameric species for β-D-Gal1 with increas- 

ng ammonium-acetate concentration was observed ( Figure 4 B). 

s seen in Figures 4 A and 4 B, at low concentrations of ammonium

cetate (25 – 40 mM), the equilibrium is tilted towards the dimeric 

pecies. At concentrations above 40 mM association of the dimers 

s induced, and the presence of tetrameric species is evident. The 

verlaid fractograms obtained by using 40 mM and 140 mM am- 

onium acetate and the estimated molar-mass values obtained are 

hown in Supplementary Material, Figure S3. This is in contrast 

o the results obtained with the sodium chloride/phosphate-based 

luent, in which a similar effect was only observed at higher con- 

entrations of sodium chloride (above 140 mM). 

The focusing step in AF4 may induce protein-protein or self- 

nteraction, as well as interactions of the analyte with the mem- 

rane [24] . To eliminate the possibility of experimental conditions 

ontributing to the association of the dimers, the effects of focus- 

ng time, cross flow, focus flow, and sample concentration were 

tudied. Varying the focusing time from 2 to 10 min while using 
5 
40 mM ammonium acetate as carrier liquid, did not reveal a sig- 

ificant effect on the equilibrium between dimeric and tetrameric 

pecies (Supplementary Material, Figure S4). To investigate the in- 

uence of the injected amount (20, 40, 100, 200 μg), the injection 

olume was kept constant while varying the sample concentration 

t 40 and 140 mM ammonium acetate (Supplementary Material, 

igure S2 C,D). Overloading phenomena started to occur when the 

njected amount exceeded 100 μg, both at low and at high ionic 

trength. However, the association at 140 mM ammonium acetate 

id not appear to be influenced by the injected amount. 

The effect of the cross-flow rate (1.5, 2, 3, 3.5 mL/min) was 

lso investigated at low and at high ionic strength. It is known 

hat lowering the cross-flow rate leads to lower resolution [37] . 

n the other hand, higher cross-flow rates may affect the recov- 

ry, as the analytes are forced closer to the membrane during the 

ntire analysis, which may lead to protein-membrane interactions 

37] . The fractograms shown in Figure S5 (supplementary material) 

rovided no indication of any loss in recovery or shift in equilib- 

ium between the dimeric and tetrameric species upon increasing 

he cross-flow rate, neither at low nor at high ionic strength. 

To verify that the stop-flow and focusing process do not induce 

nwanted structural changes or shift the dynamic equilibrium, the 

etramer formation was also investigated using frit-inlet AF4 (FI- 

F4). In this case, hydrodynamic relaxation is achieved during in- 

ection without stopping the flow to the detector. Thus, the pro- 

edure of sample injection and hydrodynamic relaxation do not 

nvolve halting the sample elution [30] . Various flow conditions 

ere investigated with FI-AF4-UV-MALS-dRI (results not shown) 

sing carrier liquid conditions at which tetramerization occurs 

140 mM an ammonium acetate). Although the resolution between 

he different species was lower than that achieved with analytical 

F4, the presence of the tetrameric species was verified by MALS 

 Figure 5 ). This confirms that their occurrence observed in the frac- 

ograms obtained by conventional AF4 ( Figure 3 ) is not caused by 

he stop-flow relaxation process. The fractograms obtained at two 

xemplary cross flow rate conditions (2, 3 mL/min) suggest a slight 

ncrease in resolution with increasing cross flow. The estimated 

olar masses increase during the ascending slope of the later elut- 

ng peak, indicates coelution of dimeric and tetrameric species. 

Lastly, all three β-D-Gal samples were analyzed by AF4 and FI- 

F4 using 140 mM ammonium acetate as carrier liquid ( Figure 6 ). 

omparison of these fractograms with those obtained using the 

odium chloride/phosphate-based carrier liquid ( Figure 1 ) reveals 

 shift in the aggregation equilibria from dimers to tetramers 

or β-D-Gal1 and β-D-Gal3. In contrast, the equilibrium does not 
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Figure 4. A) Monitoring the shift of the equilibrium between the β-D-Gal1 species at various concentrations of ammonium acetate (25, 40, 80, 140 mM). B) Relative contents 

based on the area of the LMW (blue), dimer (grey) and tetramer (red) signals at the different concentrations of ammonium acetate. 

Figure 5. FI-AF4-UV-MALS analysis of β-D-Gal1 using 140 mM ammonium acetate 

as carrier solution and utilizing F c at 2 mL/min (red) or 3 mL/min (blue) with F out 

0.3 mL/min. 
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eem to be affected for β-D-Gal2. Batch-mode DLS experiments 

onfirmed increasing in-solution aggregation for β-D-Gal1 and β- 

-Gal3 with increasing ammonium acetate concentration. How- 

ver, the z -average diameter of β-D-Gal2 remained unchanged over 

he examined concentration range (Supplementary Material, Figure 

6). 
igure 6. Comparison between FI-AF4 (A) and AF4 (B) fractograms of the three products 

6 
.3.2. Magnesium (II) chloride 

The importance of certain divalent metal cations, such as Mg 2 + 

nd Mn 

2 + , on the stability and activity of β-D-galactosidase have 

een extensively discussed [ 1 , 13 , 42 ]. Divalent metal ions have

roven to be important for achieving maximal catalytic efficiency 

f the enzyme [ 13 , 43 , 44 ]. Although the importance of Mg 2 + and

n 

2 + for optimal activity is well documented, little is known 

bout the influence of these ions on the structure of the enzyme. 

The versatility of AF4 with respect to mobile-phase composi- 

ion allows investigation of a great diversity of conditions that 

re not compatible with other techniques. To investigate the effect 

f the Mg 2 + divalent ions on the structure of β-D-galactosidase, 

agnesium chloride was added to the carrier liquid in concen- 

rations of 2 and 10 mM. Results showed that a higher concen- 

ration of magnesium (II) chloride induces the association of the 

imers ( Figure 7 A). Both the later elution and the estimated mo- 

ar mass (approximately 4.8 × 10 5 g/mol) confirmed the presence 

f tetrameric species. The previously proposed effect of divalent 

ons on the formation of the tetramer is thereby confirmed by AF4- 

ALS. 

To determine whether the tetrameric structure is stable in the 

bsence of Mg 2 + ions, β-D-Gal1 was incubated in 10 mM magne- 

ium chloride and then analyzed with an AF4 carrier liquid con- 

aining no or 10 mM magnesium chloride in the PBS. As depicted 

n Figure 7 B, when analyzing the incubated β-D-Gal1 in the ab- 

ence of Mg 2 + , the equilibrium shifts back towards the dissociated 
at 140 mM ammonium acetate: β-D-Gal1 (blue β-D-Gal2 (grey), β-D-Gal3 (purple). 
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Figure 7. A) Comparison of β-D-Gal1 fractograms obtained with 2 mM (blue) and 10 mM (red) magnesium chloride present in a 10 mM PBS carrier liquid. B) fractograms 

of a β-D-Gal1 sample incubated in 10 mM magnesium chloride and analyzed in the presence (red; 10 mM) and absence (blue) of Mg 2 + ions in the carrier liquid. Constant 

F c of 3 mL/min and F out of 0.5 mL/min were used. 
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imeric species, suggesting that an excess of Mg 2 + is necessary for 

he tetramer to be stable. 

In light of the above results, the tetramerization after incu- 

ation with magnesium chloride of the three different products, 

as studied and the results were compared. Association of the 

imers was apparent for products β-D-Gal1 and β-D-Gal3, but 

ot for β-D-Gal2, which is in accordance with the behavior ob- 

erved with increased concentration of ammonium acetate (Sup- 

lementary Material, Figure S7). The tetramerization of lactase in 

he presence of magnesium chloride was also evaluated with the 

I-AF4-UV- -MALS-dRI system and with batch-mode DLS (Supple- 

entary Material, Figure S6 and Figure S7). The hydrodynamic z - 

verage diameters of the three products were estimated in the 

resence of 10 mM magnesium chloride (Figure S6) and compared 

ith the values obtained at an elevated ammonium acetate con- 

entration (up to 200 mM). Because the type of salt and the ionic 

trength may affect the apparent size, BSA was used as a control 

o evaluate the influence of these two factors. For BSA, no signif- 

cant influence of the salt type and ionic strength was observed. 

he z -average diameters of products β-D-Gal1 (approximately 14.5 

m) and β-D-Gal3 (approximately 16.6 nm) in a solution con- 

aining 10 mM magnesium chloride and in a solution containing 

00 mM ammonium acetate were quite similar, with in-solution 

ggregation or oligomerization indicated under these conditions. 

n contrast, and as expected from the AF4 results where aggre- 

ation was not observed, the z-average diameter of β-D-Gal2 re- 

ained smaller (approximately 12.8 nm) and appeared unaffected 

y the presence of Mg 2 + ions. The DLS results confirmed that AF4 

nd FI-AF4 were providing “soft” separation conditions, preserv- 

ng the labile associated dimeric species (tetramers) if they are 

resent in a solution. This underlines the potential of AF4 and 

I-AF4 to provide detailed structural insights in the actual active 

onformation of enzymes at conditions resembling their natural 

nvironments. 

.4. AF4 vs. SEC to study association equilibria 

SEC is the reference size-based separation technique to mon- 

tor purity levels and quantify aggregation in the quality-control 

QC) process of β-D-galactosidase. SEC experiments were per- 

ormed at conditions comparable to those used for AF4, to inves- 

igate whether it is feasible to study the association equilibria in 

he presence of a stationary phase material. Initial SEC-UV-MALS- 

RI experiments were conducted using a phosphate-based mobile 
7 
hase containing 100 mM sodium sulphate, and 0.05% w/w sodium 

zide (ionic strength 600 mM, pH 6.8). A comparison between the 

arious species observed by AF4 and SEC is presented in Figure 8 . 

wo essential conclusions can be drawn from this figure. HOS can- 

ot be clearly resolved under the applied SEC conditions, as the 

esolution decreases when the elution times approach the exclu- 

ion limit of the column used (TSKgel G30 0 0SW XL ). Another im- 

ortant observation is that a fraction of the monomer is eluting 

ust after the dimer for all the investigated products as revealed 

y MALS. This is in sharp contrast with the AF4 results, which re- 

ealed the dominance presence of dimeric species in all cases, with 

o monomeric structures being detected. 

Although dissociation during SEC analysis may be questioned 

or β-D-Gal1, this is not the case for the other two products. For β- 

-Gal2 and, especially, β-D-Gal3 the elution times and the molar- 

ass estimated from MALS suggested a notable increase in the 

mounts of monomeric species observed ( Figure 8 ). The exerted 

hysical stress on the protein structures while passing through the 

arrow channels of the stationary phase and the potential occur- 

ence of unwanted interactions between the protein and the sta- 

ionary phase material may cause changes in the protein confor- 

ation [45] . β-D-Galactosidase has a pI of approximately 5.9. At 

H 6.8 the protein is negatively charged, while some of the silanol 

roups of the stationary phase may still be deprotonated and nega- 

ively charged. The ionic strength (600 mM) of the examined buffer 

ay not suffice to prevent electrostatic interactions to the extent 

hat disruption of the protein structure can be avoided. However, 

issociation of the dimer may be primarily caused by the shear 

orces imposed on the labile protein structures. 

In an attempt to use SEC to study the equilibrium between 

he dimeric and tetrameric species as was observed with AF4 

hen using ammonium acetate at concentrations exceeding 40 

M, comparable conditions (100 and 200 mM) were used in SEC 

xperiments. The SEC-UV-MALS-dRI results confirmed the domi- 

ant presence of dimeric species for the three investigated prod- 

cts at 100 mM ammonium acetate (Supplementary Material, Fig- 

re S8). This contrasts with the AF4 results, according to which 

he tetrameric species were dominant in β-D-Gal1 and β-D-Gal3 

t concentrations exceeding 40 mM ammonium acetate ( Figure 4 ). 

ncreasing the concentration of ammonium acetate to 200 mM, 

ed to a shift of the observed equilibrium towards the tetramer, 

s shown in Figure 9 . The results underline the advantages of AF4 

ver SEC for analysis of labile protein structures. 
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Figure 8. AF4 fractograms (left) are SEC chromatograms (right) of the three β-D-galactosidase products. SEC column: TSKgel G30 0 0SWXL (30 0 mm × 7.8 mm i.d., 5-μm 

particle size, 250- ̊A pore size) 

Figure 9. SEC-UV chromatograms and the respective molar-mass estimates for the three β-D-Gal products. Mobile phase: 200 mM ammonium acetate; Column: TSKgel 

G30 0 0SWXL (30 0 mm × 7.8 mm i.d., 5-μm particle size, 250- ̊A pore size). 

8 
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. Conclusions 

AF4 was used to study the effects of a number of carrier liq- 

id conditions (type of salt, ionic strength) on the dynamic associ- 

tion equilibria of the biotechnological enzyme β-D-galactosidase. 

hree commercial products of this enzyme were investigated. The 

ffect of three different salts (sodium chloride, ammonium ac- 

tate, magnesium (II) chloride) at various concentrations were in- 

estigated. Elevated concentrations of ammonium acetate (above 

0 mM) and magnesium chloride (above 10 mM) were found to 

hift the equilibrium from dimeric to associated dimeric species 

tetramer, approximately 4.8 × 10 5 g/mol) for two of the exam- 

ned products, as revealed by multi-angle light scattering. It was 

erified that the tetramer formation in the presence of ammonium 

cetate or magnesium chloride was not induced by key parame- 

ers of the AF4 separation (focusing process, cross flow rate, in- 

ected amount). Frit-inlet (FI) AF4, which employs hydrodynamic 

elaxation without stopping the flow, supported this conclusion. 

ongruous structural information was obtained by AF4, FI-AF4 and 

LS, confirming that the analytical techniques provided “soft” sep- 

ration conditions, preserving the labile protein-association equi- 

ibria. In contrast, SEC required higher ionic-strength conditions to 

void unwanted interactions between the stationary phase and the 

nalytes, while the flow through narrow channels exerted physical 

tress on the protein structures. As a result, supramolecular pro- 

ein structures were found not to be preserved during SEC analysis. 

 next challenge is to investigate the coupling of AF4 with high- 

esolution MS (ICP-MS, ESI-MS) to obtain simultaneous structural 

nd compositional information. 
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