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    Chapter 14   

 A Screening Methodology for Purifying Proteins 
with Aggregation Problems 

           Mario     Lebendiker     ,     Michal     Maes    , and     Assaf     Friedler   

    Abstract 

   Many proteins are prone to aggregate or insoluble for different reasons. This poses an extraordinary challenge 
at the expression level, but even more during downstream purifi cation processes. Here we describe a 
strategy that we developed for purifying prone-to-aggregate proteins. Our methodology can be easily 
implemented in small laboratories without the need for automated, expensive platforms. This procedure is 
especially suitable for intrinsically disordered proteins (IDPs) and for proteins with intrinsically disordered 
regions (IDRs). Such proteins are likely to aggregate due to their lack of tertiary structure and their 
extended and fl exible conformations. Similar methodologies can be applied to other proteins with comparable 
tendency to aggregate during the expression or purifi cation steps. 

 In this chapter, we will mainly focus on protein solubility and stability issues during purifi cation and 
storage, on factors that can prevent aggregation or maintain solubility, and on the importance of the early 
elimination of aggregates during protein purifi cation.  
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1      Introduction 

  Stability is an extremely important issue in protein production, due 
to the fact that once destabilized, proteins are susceptible to chem-
ical and physical alteration that lead to loss of activity. Chemical 
alteration as protein cleavage or related to covalent bond modifi ca-
tions like oxidation and disulfi de bond shuffl ing. Physical changes 
include protein unfolding, undesirable binding to surfaces, and 
aggregation [ 1 ]. These undesirable changes can be reversible or 
irreversible. They can produce aggregates that range in size from 
soluble aggregates, only detectable by size exclusion chromatogra-
phy (SEC), to particles that may contain trillions (or more) of 
monomer units visible by the eye [ 2 ]. There is a great concern 
about the presence of aggregates in therapeutic proteins because of 

1.1  Insoluble 
Proteins, Instability, 
and Aggregation



262

their unpredictable ability to give rise to adverse toxicological and 
immunological responses, which in extreme cases can be life-
threatening [ 2 ]. As the number of therapeutic proteins increases, 
fi nding ways to understand and prevent this problem continues to 
gain importance. The same issues of protein instability and aggre-
gation cause many problems in basic as well as in applied research: 
protein production yields are decreased, aggregated proteins are 
unable to crystallize, their specifi c activity is highly affected, and 
the credibility of the results using aggregated proteins in all kinds 
of experiments is questionable. 

 Aggregation is an undesired interaction between protein 
monomers. This process can be infl uenced by temperature, protein 
concentration, buffer conditions, etc. (Fig.  1 ). There is an extended 
lag phase before large aggregates appear and accumulate in an 
abrupt way [ 3 ].  

 Protein aggregates may be classifi ed in numerous ways, includ-
ing soluble/insoluble, covalent/non-covalent, reversible/irreversible, 
native/denatured, or by size, conformation, and morphology 
[ 4 ,  5 ]. Some efforts are made for nomenclature standardization 
and classifi cation [ 4 ]. Five major mechanisms of aggregation have 
been proposed: concentration-induced aggregation, aggregation 
induced by conformational changes, aggregation induced by 

  Fig. 1    Critical issues to be considered in order to prevent aggregation during protein purifi cation       
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chemical reactions, nucleation-dependent aggregation, and 
surface- induced aggregation [ 3 ,  6 ] .  A fundamental understanding 
of the mechanism of aggregation is not only valuable for identify-
ing the cause of the problem but is also helpful for developing 
methods to suppress aggregation [ 3 ,  6 ]. 

 Insolubility of recombinant proteins may be encountered 
already at the expression level. Several solutions can overcome this 
problem. These include screening of different bacterial strains, 
decreasing culture temperatures, different culture mediums, differ-
ent fusion protein constructs such as maltose binding protein 
( see  Chapter   2    ), alternative expression systems such as cell-free 
expression ( see  Chapter   6    ) or baculovirus ( see  Chapter   9    ), using 
constructs with either amino or carboxyl-terminal deletions, 
expression of homologs of a protein of interest, removing fl exible 
loops or residues that affect solubility, and refolding of denatured 
proteins [ 7 ]. As detailed, many of these approaches will be exten-
sively discussed in other chapters.  

  Although protein solubility during expression is an essential prereq-
uisite before purifi cation, this does not prevent aggregation prob-
lems from arising at later stages of the protein production process 
( see   Note 1 ). In this chapter, we will focus mainly on protein stabil-
ity issues that must be considered from the very early purifi cation 
steps until storage. Some general issues that can lead to denatur-
ation and aggregation and should be considered are purifi cation 
time and temperature, protein concentration at each step, 
and prevention of mechanical or nonmechanical stresses (freezing, 
exposure to air, interactions with metal surfaces, etc.). Other fac-
tors that can infl uence aggregation are pH or ionic strength. In 
addition, the protein environment can be affected by cosolutes 
such as chaotropes and kosmotropes ( see   Note 2 ), osmolytes and 
ligands, protein–protein interaction inhibitors, reducing agents, 
surfactants, and non-denaturative detergents. All of these can be 
divided into two main categories: factors that stabilize proteins and 
factors that inhibit aggregation or inhibit protein–protein interac-
tions (Fig.  1 ,  see   Note 3 ). 

 A change in solution conditions such as a decrease in protein 
concentration or changes in pH or salt concentration can dissoci-
ate the aggregates in some cases. This is especially true for aggre-
gates where the molecules are held together by relatively weak, 
non-covalent interactions. However, such changes rarely affect 
other types of aggregation. Such pH- or salt-dependent reversibil-
ity is indicative of equilibrium between the monomer and high- 
order forms [ 5 ]. 

 Protein stabilizers are additives that inhibit aggregation by 
stabilizing the native structure of the protein [ 8 ]. There is correla-
tion between additives that stabilize proteins against thermal stress 
in cells and additives that stabilize proteins during isolation and 
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storage. These stabilizing cosolutes are also termed osmolytes, 
since they are utilized in nature to increase the osmotic pressure of 
the cellular environment and are compatible with the macromo-
lecular function and cell viability ( see   Note 4 ) [ 8 ]. Examples for 
such osmolytes are trehalose and trimethylamine  N -oxide (TMAO), 
both used for protein refolding [ 9 ]. Other examples include 
sucrose, glycerol, sorbitol, mannitol, glycine betaine (betaine) 
[ 10 ], and proline [ 11 ]. Polyethylene glycol (PEG) ( see   Note 5 ) 
and kosmotropic salts as magnesium or ammonium sulfate [ 8 ,  12 , 
 13 ] and potassium citrate [ 7 ] also act as protein stabilizers. Alcohols 
such as ethanol can be used to stabilize folding intermediates by 
weakening hydrophobic interactions that facilitate aggregation 
[ 12 ] (unpublished data). 

 Aggregation suppressors can work in several ways. The 
H-bonding agents, like urea or guanidine HCl (GdnHCl), work as 
chaotropic agents at low concentration (0.5–2 M). They decrease 
the net hydrophobic effect of prone-to-aggregate hydrophobic 
regions in proteins by disordering the water molecules adjacent to 
the protein surface ( see   Note 6 ). The way  L -arginine hydrochloride 
( L -ArgHCl) protects proteins from aggregation is more compli-
cated. It can act as an H-bonding agent like urea or GdnHCl, but 
it has certain kosmotropic properties, allowing it to interact with 
aromatic side chains of the protein ( see   Note 7 ) [ 14 ]. Other amino 
acids such as proline, histidine, and beta-alanine, as well as the 
naturally occurring polyamines putrescine, spermidine, and sperm-
ine, were also reported as aggregation suppressors [ 15 ]. 

 Aggregation can be induced by chemical modifi cations such as 
incorrect disulfi de bond or arrangement or the formation of bi- 
tyrosine ( see   Note 8 ). The presence of weak reducing agents and 
oxidants can reverse this problem or lead to changes in protein 
conformation that may alter the function of the protein. Reducing 
agents can break disulfi de bonds and lead to dissociation of parts of 
the protein chain(s) that are normally associated. Oxidants can 
cause the formation of disulfi de bonds and consequent association 
of parts of the protein chain that are normally not associated 
( see   Note 9 ). 

 Surfactants are used in biotechnology to stabilize therapeutic 
proteins, suppress aggregation, and assist in protein refolding. 
They can prevent protein adsorption on surfaces, which would 
result in loss of activity and/or surface-induced aggregation. 
Surfactants can also bind hydrophobic regions in proteins and thus 
prevent aggregation [ 6 ]. Some widely used surfactants are polysor-
bate, poloxamers, and non-detergent sulfobetaines (NDSBs) 
( see   Note 10 ) [ 6 ]. 

 Although recommended additive concentrations are found in 
the literature [ 12 ,  13 ,  16 ,  17 ] ,  the optimal range for each protein 
is highly specifi c, and the buffer conditions must be fi ne-tuned for 
each project ( see   Note 11 ). Moreover, there could be a synergistic 
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effect between some of these agents. This could prevent different 
aggregation mechanisms, for example, osmolytes, as cosolutes will 
favor protein structures with minimal surface area, while addition 
of surfactants can mask exposed hydrophobic regions [ 13 ]. Each 
family of additives will improve solubility of some proteins while 
decreasing the solubility of others. The same kosmotrope environ-
ment that stabilizes folded proteins can enhance protein–protein 
interactions and subsequent aggregation in partially unfolded pro-
teins. On the other hand, chaotropic agents that destabilize aggre-
gation of proteins in the native state can induce or enhance 
aggregation of partially unfolded proteins [ 13 ] .  

 Finding the optimal buffer conditions can be performed using 
functional biological assays, but this is not applicable to all pro-
teins. There could be cases where no assay is available, the assay is 
not reliable, or alternatively time, effort, and cost make the assay 
unfruitful. In any case, such assays do not provide information 
regarding yield, oligomeric homogeneity, and protein purity. 

 Several experimental methods are routinely used to determine 
aggregation: visual observation of turbidity, size exclusion chroma-
tography (SEC), circular dichroism (CD), light scattering (LS), 
fl uorescence-based thermal shift (ThermoFluor) assay, and more 
( see   Note 12 ). No single method is optimal for all aggregates. 
Since there is a large number of variables to determine (different 
buffers, pH, additives, salt, etc.), there is a need for a progressive 
and rational experimental methodology that can be used to iden-
tify the optimal buffer conditions and additive concentrations to 
maintain protein solubility. High throughput screening (HTS) 
assays are not always available, so alternatives must be found 
( see   Note 13 ). In a recent publication, Leibly et al. used a screen-
ing methodology with 144 additives, but only the classical ones 
gave the best results ( see   Note 11 ) [ 7 ]. Their fi ndings confi rm our 
assumption that for nonautomated laboratories, using a shorter list 
of additives covering most of the aggregation mechanisms can con-
siderably reduce cost and efforts.  

  We present a new approach for minimizing aggregation. Our 
approach is based on a hierarchical buffer selection using a small 
group of additives, covering different mechanism of aggregation 
inhibition. A similar approach has been previously reported by the 
Bondos’ lab for pure or almost pure proteins ( see   Notes 12  and  13 ) 
[ 12 ,  13 ]. To maximize yield and information, we prefer to tackle 
the solubility issue early, starting from the cell lysate, and then 
 continue analyzing the oligomeric state of the partially pure pro-
tein during the different purifi cation steps until the fi nal pure 
product. 

 Our strategy (Fig.  2 ) begins with a screening of 
 solubility- promoting buffers during cell lysis, followed by a quick 
capture step by parallel small-scale immobilized metal chelate 
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chromatography/Ni column (IMAC) purifi cation (or any other 
capture method) in the presence of selected additives. Analysis is 
performed by SDS-PAGE of the insoluble lysis extract, unbound 
fraction, and eluted protein. Only the best elution conditions are 
further analyzed by analytical SEC, immediately after elution and 
after 24 h at 4 °C (time dependent aggregation), searching for the 
best monomer/soluble aggregate ratio (Fig.  3b ). From this fi rst 
screening, it is possible to estimate the infl uence of different addi-
tives groups on insoluble aggregated proteins, allowing better bind-
ing to the capture resin and as a result obtaining the best yield of 
native oligomeric conformation. This strategy not only provides 
maximum information on solubility issues but also improves the 
fi nal output, since it rescues the protein fraction that was initially 
soluble in the bacteria but was then secluded as insoluble protein 
[ 7 ] .  The following optimization rounds (Fig.  2 ) check if other addi-
tives from the same category may give better results, together with a 
combination of agents that can synergize protein solubility. In the 
fi nal step, the additives concentration is optimized together with sta-
bility over time (Fig.  3b ). For some projects, different buffers, pH, 
and additive type and concentration must be matched for each puri-
fi cation step. In these cases, before scaling up, the best additive(s) 
must be found for all intermediate steps and for storage ( see   Note 
14 ). In some cases, the benefi cial effect of the chosen additives may 
be maximal during cell lysis and early purifi cation steps. This will 
allow drastic reduction of their concentrations at later stages [ 7 ].   

 Since aggregation is a nucleation-growth process, the presence 
of soluble aggregates during bacterial lysis can accelerate the 

  Fig. 2    Screening methodology for purifying proteins with aggregation problems       
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  Fig. 3    Example of screening methodology. ( a ) small-scale IMAC purifi cation; ( b ) spectrum of analytical gel 
 fi ltration – the protein appears in two distinct peaks, oligomer and monomer; ( c ) three rounds of optimization 
for additives, according to the table (Data contributed by Dr. Ronen Gabizon)       
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 insolubilization process. Thus, the classical strategy used by many 
of the protein-producing laboratories (fi rst capture on IMAC col-
umn, followed by protease cleavage under dialysis and negative 
IMAC, and fi nal polishing by size exclusion chromatography) [ 18 , 
 19 ] can be harmful while processing of prone-to-aggregate pro-
teins. The risk is that the presence of soluble aggregates after the 
fi rst IMAC column will trigger the insolubility of more protein 
molecules and decrease total yield (unpublished data,  see   Note 
15 ). A better strategy for such proteins is to try and remove the 
soluble aggregates as soon as possible by performing SEC (or other 
chromatographic procedures,  see   Note 16 ) immediately after the 
IMAC purifi cation, followed by tag cleavage. In extremely prob-
lematic projects, we observed that high protein concentration dur-
ing cell lysis or at the top of the column during chromatographic 
loading could sometimes speed up the aggregation process. These 
problems can be overcome by higher lysis volume or batch purifi -
cation ( see   Note 17 ) or by immediate dilution of the concentrated 
protein after elution ( see   Note 18 ). 

 Once the conditions that give the optimal ratio between active 
protein and unusable aggregates are found, they must be checked 
for suitability with long-term storage or certain particular experi-
mental requirements (NMR, crystallography, etc.). In some cases, 
an additional screening will be required to determine the buffer 
conditions appropriate for storage and specifi c usage (unpublished 
data,  see   Note 19 ). 

 Finally, the importance of designing a “quick strategy of puri-
fi cation” must be emphasized, since process time is one of the most 
critical points to consider. Pure protein should be produced and 
stored as quickly as possible. For this reason, maximum efforts 
must be made to optimize and fi ne-tune each purifi cation step 
before scale-up, guaranteeing that the whole process can be per-
formed quickly and smoothly. 

 The experience accumulated in our laboratory using these 
approaches with many IDPs and IDRs is useful for project- oriented 
protein production of prone-to-aggregated proteins in academic 
and nonautomated laboratories (without standard HTS).   

2    Materials 

        1.    Basic lysis/wash buffer: 50 mM Tris–HCl, 500 mM NaCl with 
10 % glycerol, pH 8.0, with/without β-mercaptoethanol 
(BME) ( see   Note 9 ), and different  additives .   

   2.    Lysis buffer: wash buffer, 1 mM PMSF, lysozyme 0.2 mg/mL, 
DNase 50 μg/mL, protease inhibitor cocktail.   

   3.    Elution buffer: wash buffer, 300 mM imidazole, and  additives .   

2.1  First Round 
of Buffer Additives
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   4.     Additives : (a) 1 M guanidine HCl, (b) 1 M urea, (c) 0.5 % 
Tween 20, (d) 0.5 %  n -tetradecyl- N , N -dimethyl-3-ammonio-
1- propanesulfonate (Zwittergent 3–14), (e) 0.5 M trehalose, 
(f) 500 mM  L -ArgHCl (only in the elution buffer).      

       1.    Microfl uidizer (LV1, Microfl uidics Corp., Newton, MA) or 
Sonicator (Sonics Vibra Cell VCX 750) for small scale (less 
than 10 mL).   

   2.    Microfl uidizer (M-110 EHIS, Microfl uidics Corp., Newton, 
MA) for large volumes (more than 10 mL).      

      1.    IMAC beads: Ni-NTA or similar beads for small-scale batch 
purifi cation.   

   2.    IMAC beads: Ni Sepharose High Performance or similar beads 
for large-scale column purifi cation.      

      1.    ÄKTA explorer system (GE Healthcare).   
   2.    Analytical SEC Superdex™ 200 or 75 HR 10/30 or Superose 

12 30 × 1 (GE Healthcare). Use according to molecular weight 
of the protein. Flow: 0.7 mL/min.   

   3.    Mini-Analytical SEC: homemade columns using Superdex™ 
200, Superdex™ 75, Superose 12 resin, and Tricorn 5/200 
column (~4 mL) (GE Healthcare). Flow: 0.3 mL/min.      

   pH optimization: prepare several buffers changing two variables: 
pH and conductivity

    1.    50 mM MES, pH 6.0.   
   2.    50 mM phosphate buffer, pH 7.0.   
   3.    50 mM Tris–HCl, pH 8.5.   
   4.    50, 300, and 500 mM NaCl.   
   5.    Different  additives  to each buffer ( see   Note 9 ).      

   Disposable 0.5 mL ultrafi ltration devices or protein concentrators 
with molecular weight cutoff lower than that of the native 
protein.   

3    Methods 

  Prepare wash, lysis, and elution buffers with the different  additives  
and with or without BME. Each  additive  represents a different 
mechanism of protein stabilization or suppression of aggregation 
( see  Subheading  2.1  and  Note 9 ). Add  L -ArgHCl only in the elu-
tion buffer.  

2.2  Cell Lysis

2.3  Small-Scale 
IMAC Purifi cation

2.4  Analytical 
and Mini-Analytical 
Size Exclusion 
Chromatography (SEC)

2.5  Second Round: 
Buffer Optimization

2.6  Set Up 
Concentration Limit

3.1  First Buffer 
Selection: Different 
Types of Additives 
(Fig.  2 )
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      1.    Grow bacterial cells and induce protein expression according 
to the best overexpression conditions found (temperature, 
time, [IPTG], induction time, etc.).   

   2.    Harvest cells and keep aliquots of 15, 100, and 500 mL pellet 
cells at −80 °C until further processing (100 and 500 mL ali-
quots will be used for future scale-up).   

   3.    Resuspend different pellets from 15 mL cell culture in 1.5 mL 
lysis buffer with different additives ( see  Subheading  2.1 ) and 
lyze mechanically using a Microfl uidizer at 21,000 psi at 4 °C 
or sonication on ice for 3 × 10 s or more ( see  Subheading  2.2 ) 
if the cells are not completely disrupted (lysis is complete when 
the cloudy cell suspension becomes translucent; avoid protein 
denaturation by frothing and extensive sonication). Remove 
insoluble cell debris from the cell lysate by centrifugation at 
4 °C for 20 min 18,000 ×  g . Separate clear supernatant (lysate) 
from the pellet. Keep sample of supernatant for further analysis 
by SDS-PAGE or Western Blot: supernatant. Continue with 
supernatant ( see  Subheading  3.3 ).   

   4.    Resuspend pellet (insoluble cell debris) in 1.5 mL buffer and 
keep sample for further analysis by SDS-PAGE or Western 
Blot: pellet.      

        1.    Equilibration of IMAC beads: place 200 μL IMAC beads in a 
2 mL plastic centrifuge tube for each condition. Wash once 
with 1.5 mL H 2 O and twice with 1.5 mL lysis buffer (washing: 
mix, spin 3 min at 1,200 ×  g  discard supernatant).   

   2.    Mix supernatant of each condition with its equivalent equili-
brated resin at 4 °C for 60 min.   

   3.    Spin for 3 min at 1,200 ×  g  at 4 °C. Discard supernatant and 
keep sample of 40 μL (unbound proteins) for PAGE-SDS or 
Western Blot.   

   4.    Wash beads with 1.5 mL buffer (of each condition) at least 
three times: mix, spin 3 min 1,200 ×  g , keep supernatant 
(wash). Be careful not to remove the resin.   

   5.    Elute recombinant protein twice with 300 μL buffer with 
300 mM imidazole (incubate 5 min each time before spinning 
3 min, 1,200 ×  g  at 4 °C). Elution sample is obtained. Keep 
sample for PAGE-SDS or Western Blot.   

   6.    Keep elution pools at 4 °C for further use.      

   The emphasis in this fi rst screening is on checking additives that act 
by different mechanisms to suppress or avoid aggregation. For cer-
tain projects, this fi rst run could be enough to determine the best 
conditions. An alternative screening use partially purifi ed protein   
after the fi rst capture step ( see   Note 20 ). This alternative screening, 
although faster and simpler, is less comprehensive. The best results 

3.2  Cell Lysis 
and Clarifi cation

3.3  Small-Scale 
IMAC Purifi cation

3.4  Analysis of First 
Round: Different Types 
of Additives. 
Alternative and Less 
Comprehensive 
Screen
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of these screens can be later applied to all the steps during medium- 
and large-scale purifi cations.

    1.    For each condition, run samples on SDS-PAGE: pellet, super-
natant, unbound to IMAC, and eluted proteins ( see  
Subheading  3.3 ). Analyze them by Coomassie staining.   

   2.    Profi le for the best additive: less target protein in the pellet and 
in the unbound fraction and higher protein concentration in 
the elution.   

   3.    Keep best elution samples overnight (ON) at 4 °C.   
   4.    Visual selection of non-turbid samples. Spin best samples 

15 min 18,000 ×  g  at 4 °C and discard pellet. Only the best 
elution conditions are analyzed immediately by analytical or 
mini- analytical SEC, searching for the best monomeric/solu-
ble aggregate ratio along time.   

   5.    A simple but less informative option is to run SDS-PAGE after 
ON incubation at 4 °C, and spin: higher soluble protein along 
time, without any indication about the oligomeric conformation.   

   6.    Check Western Blot only in case of low protein concentration 
or to verify the presence of the target and absence of cleavage 
products.   

   7.    Final evaluation for this round: estimation of the infl uence of 
different additives groups on lowering insoluble aggregated 
proteins, allowing better binding to the IMAC resin, with the 
healthiest oligomeric conformation along time (Fig.  2 ).    

    In this optimization round, the emphasis is on fi nding alternative 
additives from the same group of the best additives from the fi rst 
round and testing possible synergism of different additives with 
different modes of action.

    1.    Repeat small-scale IMAC purifi cation using other additives of 
the same group as the best results from the fi rst round (similar 
to [ 13 ]; for more information,  see  [ 12 ,  17 ]).   

   2.    If trehalose gives the best results, try other osmolytes: 1 M 
TMAO, sorbitol or sucrose, 0.05 % polyethylene glycol 3,350 
or 6,000.   

   3.    If a detergent such us Tween 20 gives the best results, try 
0.5–1 % of other surfactants like Nonidet P40, Tween 80, or 
Brij 35, or detergents used for crystallization of membrane 
proteins, octyl glucoside ( n -octyl-β- D -glucoside) (OG) or 
 n -dodecyl-β- D -maltoside (DDM).   

   4.    If 0.5 % Zwitergent 3–14 gives the best results, try 1 M non- 
detergent sulfobetaines (NDSBs), 0.5 % 3-[(3- cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), or Lauryl-
di methylamine  N -oxide (LDAO).   

3.5  Second Round 
of Optimization: 
Similar Additives or 
Combination 
of Additives 
from the First Round 
(Fig.  2 )

A Screening Methodology to Avoid Protein Aggregation



272

   5.    If  L -ArgHCl in the elution buffer is the best, try other amino 
acids as proline or a combination of 50 mM  L -Arg with 50 mM 
 L -Glu [ 20 ,  21 ] .    

   6.    Mix additives such as osmolytes and surfactants if both work or 
try other possible synergistic combinations.      

  This optimization step is used for projects in which maximal 
decrease in additive concentration is important (e.g., detergents 
that can affect downstream applications, expensive additives, or 
undesirable chemicals such as urea or GdnHCl). Repeat low-scale 
IMAC purifi cation using sequential dilutions of the target 
additive(s) (Fig.  3c ). Alternatively, the additive concentration can 
be drastically reduced during elution or during later purifi cation 
steps [ 7 ] (unpublished data).  

  This optimization step is performed when additives used for the 
fi rst capture step are incompatible or undesirable in the following 
purifi cation steps. Some other parameters not checked in the fi rst 
purifi cation step can be checked here: different pH, different salt 
concentrations (very important for ion or hydrophobic exchange 
columns), and other types of reducing agents or surfactants.

    1.    Dilute protein samples after fi rst IMAC column 1:4 with a 
matrix of different buffers ( see  Subheading  2.5 ). The two main 
variables should be pH and conductivity. Additional additives 
and reducing agents can be added according to previous results.   

   2.    Keep ON at 4 °C (alternative: experimental stresses;  see   Note 21 ).   
   3.    Spin 20 min at 18,000 ×  g  and 4 °C. Run SDS-PAGE or 

perform Western Blot on supernatants.   
   4.    Profi le of best conditions: most protein in the supernatant after 

long incubation at 4 °C.   
   5.    Only the best conditions are analyzed immediately by analyti-

cal or mini-analytical SEC, searching for the best monomer/
soluble aggregate ratio.      

  For many biochemical and structural studies, there is a need for 
highly concentrated protein. Reaching such concentrations is a dif-
fi cult task for prone-to-aggregate proteins. This screening is applied 
to purifi ed protein in order to fi nd the best buffer conditions for 
maintaining maximal protein concentration and long-term stability 
during storage. In this round, like in the previous round, different 
parameters should be tested including pH, salt concentration, and 
other types of reducing agents or surfactants.

    1.    Select concentrator ( see  Subheading  2.6 ). As a general rule, the 
pore size of the concentrator membrane should be two times 
smaller than the molecular weight of the protein. Select the 
concentrator volume size according to your needs.   

3.6  Third Round: 
Lower Concentration 
of Additives (Fig.  2 )

3.7  Buffer 
Optimization Designed 
for Subsequent 
Purifi cation Steps

3.8  Set 
Up Concentration Limit 
and Best Stability/
Storage Conditions
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   2.    Add some buffer to the concentrator and rinse the membrane. 
Use the concentrator immediately after washing and avoid 
drying the membrane. Always start with a small sample to 
determine the upper limit before concentrating the total 
amount of protein.   

   3.    Spin according to the manufactures’ instructions for a few 
minutes and check the protein concentration. If losses are 
higher than 20–30 %, check for protein concentration in the 
fl ow through. If protein is detected in the fl ow through, it may 
be that the unit is damaged or a smaller MWCO should be 
used.   

   4.    Continue protein concentration by incremental steps. Take 
samples after each step. Aliquot the sample and keep part of 
the samples at −80 °C ( see   Note 19 ) and the rest of the sample 
ON at 4 °C.   

   5.    Spin aliquots that were at 4 °C (20 min 18,000 ×  g , 4 °C). Run 
SDS-PAGE or check the protein concentration.   

   6.    Profi le evaluation of best conditions: highest protein concen-
tration in the supernatant after long incubation at 4 °C.   

   7.    Only the best conditions are then analyzed by analytical or 
mini-analytical SEC, looking for the best monomeric/soluble 
aggregate ratio.   

   8.    Repeat same evaluation with aliquots keeps at −80 °C ( see  
 Note 19 ).   

   9.    Use this information to concentrate and store your protein 
during scale-up.       

4    Notes 

     1.    Many laboratories use a simple protocol based on a small 
screening by SDS-PAGE to check the presence of soluble and 
insoluble proteins after cell lysis and centrifugation. We empha-
size the importance of minimal presence of soluble aggregates 
as well as insoluble aggregates. The quality of the overex-
pressed product must be evaluated in order to minimize unde-
sired aggregates during purifi cation down the line. To reach 
this goal, we coupled small-scale expression and analysis by 
SDS-PAGE and analytical gel fi ltration for the optimal ratio of 
monomer/soluble aggregate in the bacterial lysates (similar to 
[ 22 ]). During expression, conditions must be found that give 
minimal presence of aggregates (both soluble and insoluble) 
and maximal yield of the native overexpressed protein.   

   2.    Heat increases the kinetic energy of the protein chain, and 
this increase can break relatively weak H-bonds, electrostatic 
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interactions, and hydrophobic interactions, speeding up the 
aggregation process. pH change can affect the charge of acidic 
or basic functional groups in the protein and thus disrupt or 
create electrostatic repulsion that will alter the protein struc-
ture. Ionic strength can affect protein aggregation in different 
ways by reducing desired electrostatic interactions at high salt 
or increasing undesired electrostatic interactions at low salt. 
This can result in either stabilization or destabilization of pro-
teins, or even denaturation [ 15 ]. This effect can differ for 
 chaotropic or kosmotropic ions (mainly anions). Kosmotropic 
salts such as ammonium or magnesium sulfate stabilize the 
native protein state favoring protein–water interactions (so-
called water- structure makers) [ 12 ,  13 ]. They are usually small 
ions with low polarizability and a bigger “salting-out” effect 
according to the Hofmeister series. Chaotropic salts, like mag-
nesium chloride (with higher “salting-in” effect according to 
the Hofmeister series), are water-structure breakers and pro-
tein destabilizers. They can also inhibit protein–protein inter-
actions by shielding charges and preventing stabilization by 
salt bridges [ 12 ,  13 ].   

   3.    Factors that enhance protein stability interact mainly with the 
solvent. On the other hand, factors that suppress protein aggre-
gation operate mainly by binding to the protein surface or by 
competitive binding to the interface that has the potential to 
destabilize the protein structure or cause aggregation [ 8 ] .    

   4.    Through the interaction of water molecules with osmolytes, 
water molecules are excluded from protein surface, thus stabi-
lizing the native state of the protein with the smallest surface 
area [ 12 ,  23 ]. The addition of such cosolutes not only stabi-
lizes many proteins but also deters ice formation, thus inhibit-
ing the harmful effects of freezing on protein structure [ 12 ].   

   5.    The amphiphilic polymer polyethylene glycol (PEG) is inten-
sively used for protein refolding [ 24 ] and for protein stabiliza-
tion by chemical modifi cation (i.e., PEGylation) [ 25 ]. PEG 
interacts with the hydrophobic side chains that become exposed 
upon unfolding. Because of their high water solubility, low 
toxicity, and low antigenicity, PEGs are used in protein engi-
neering to enhance refolding, assist in crystallization, increase 
water solubility, and prolong the blood circulation time of pro-
teins [ 26 ]. Polyvinylpyrrolidone (PVP), a similar amphiphilic 
polymer, is applied in pharmaceutical products due to its low 
toxicity [ 15 ].   

   6.    H-bonding agents, such as urea or GdnHCl, interfere with 
intramolecular interactions mediated by non-covalent forces 
such as hydrogen bonds, van der Waals forces, and hydropho-
bic effects. High concentration of these additives can lead to 
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protein unfolding by either a direct interaction with the pro-
tein [ 15 ] or an indirect effect on the surrounding water struc-
ture. Most likely, these two mechanisms are not mutually 
exclusive [ 21 ]. At low concentration (0.5–2 M), they act as 
chaotropic agents.   

   7.    The mode of interaction between  L -ArgHCl and proteins is 
still under extensive investigation [ 8 ,  14 ].  L -ArgHCl as an 
aggregation suppressor during refolding was fi rst reported in a 
patent application [ 27 ]. Stepwise decrease of denaturant con-
centration in combination with the addition of  L -ArgHCl is a 
conventional method for protein refolding [ 28 ]. It is also a 
versatile additive for protein formulation and affi nity column 
chromatography [ 15 ]. It was shown to reduce nonspecifi c pro-
tein binding in SEC, to facilitate elution of antibodies from 
protein A columns, to enhance elution of resin-bound pro-
teins, and as a solvent for elution in hydrophobic interaction 
chromatography (HIC) and ion exchange chromatography 
(IEC) [ 14 ]. 

 A well-known synergistic enhancement of protein solubil-
ity is achieved by the combination of  L -ArgHCl and  L -glutamic 
acid ( L -Glu). They interact with oppositely charged residues 
on the protein surface and mask the surrounding exposed 
hydrophobic patches [ 20 ,  21 ]. Only 50 mM of each com-
pound are necessary, instead of the high concentrations 
(around 0.5–1 M) of  L -ArgHCl alone. The mixture can be 
added to eluted protein after the fi rst IMAC column and to all 
subsequent buffers.   

   8.    Bi-tyrosine formation as a consequence of tyrosine oxidation is 
a chemical modifi cation that can stimulate aggregation [ 5 ]. 
Oxygen scavengers such as methionine or sodium thiosulfate 
can avoid this aggregation [ 6 ].   

   9.    Reducing agents must be used during extraction and purifi ca-
tion if cysteines in the target protein are predicted or known to 
be free. This would prevent protein aggregation by inhibiting 
the formation of nonnative disulfi de bonds. The most com-
mon reducing agents are dithiothreitol (DTT), 
β-mercaptoethanol (BME), or tris-(2-carboxyethyl) phosphine 
hydrochloride (TCEP). TCEP is a non-thiol and odorless 
compound, stable in aqueous solutions, and resistant to air 
oxidation. Unlike DTT, TCEP retains its reducing ability at 
acidic pH and at pH above 7.5 [ 29 ]. 

 It is best to use BME during IMAC purifi cation, since 
DTT or TCEP are incompatible with many of the IMAC res-
ins. Using 5–15 mM, BME can avoid the formation of nonna-
tive disulfi de bonds. In other chromatographic procedures, 
BME can be replaced by other reducing agents. 
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 No reducing agents must be used if only disulfi de bonds 
are predicted. A problematic crossroad is a mixture of free cys-
teines and disulfi de bonds in the same protein target. Our 
approach in this case is not to use reducing agents at all, or a 
very low BME concentration (2 mM), as a compromise 
solution. 

 There are several websites that can predict the bonding state 
of cysteines on proteins, such as Cyspred (  http://gpcr.biocomp.
unibo.it/cgi/predictors/cyspred/pred_cyspredcgi.cgi    ), 
DiANNA (  http://clavius.bc.edu/~clotelab/DiANNA/    ), and 
DISULFIND (  http://disulfi nd.dsi.unifi .it/    ).   

   10.    Polysorbate 80 (polyoxyethylene sorbitan monooleate) and 
polysorbate 20 (polyoxyethylene sorbitan monolaurate) are 
surfactants that are widely incorporated in marketed protein 
pharmaceuticals. Used in the 0.0003–0.3 % range [ 8 ], they are 
reported to suppress aggregation upon agitation, shaking, 
freeze-drying, and freeze-thawing processes and can prevent 
protein adsorption at solid surfaces [ 6 ]. 

 Poloxamers like the triblock copolymers of polyethylene 
oxide–polypropylene oxide–polyethylene oxide (PEO–PPO–
PEO) or commercially available poloxamers such as Pluronics ®  
or Synperonics™ are used in pharmaceutical formulations [ 30 ]. 
Poloxamer 188 (BASF Pluronic ®  F68) is widely used for the 
large-scale production of mammalian cell culture, especially 
when bioreactors are used to amplify a cell population [ 6 ]. 

 Non-detergent sulfobetaines (NDSBs) are very good 
aggregation suppressors. They have a short hydrophobic group 
and a hydrophilic sulfobetaine head group, which is a zwitter-
ion over a wide pH range. NDSBs do not behave like deter-
gents, since their hydrophobic group is too short to form 
micelles even at concentrations as high as 1 M. This property 
allows them to be easily removed by dialysis. Moreover, they 
weakly bind proteins. All these reasons make them sometimes 
more useful than detergents [ 15 ].   

   11.    Buffer conditions can potentially alter protein conformation or 
activity. These effects can vary at different cosolvent concentra-
tions, using different cosolvents from the same family, chang-
ing protein concentration, or depending on the protein 
purifi cation stage. 

 Screening of 144 additive conditions for increasing the 
solubility of recombinant proteins expressed in  E. coli  was 
recently described [ 7 ] .  The classical additives gave the best 
results: trehalose, glycine betaine, mannitol,  L -ArgHCl, potas-
sium citrate, CuCl 2 , proline, xylitol, NDSB 201, cetyltrimeth-
ylammonium bromide (CTAB), and K 2 PO 4 .   

   12.    An easy alternative aggregation test is the visual observation of 
turbidity as a result of precipitation. This can be performed by 
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observing aggregates under a microscope ( Giladi, O., 2012 
Rational optimization of protein stability. P4EU Workshop on 
Protein Purifi cation)  or by optical observation at different 
wavelengths (340, 490, or 600 nm). These approaches, 
although fast and easy to perform, require large volumes of 
concentrated protein (to allow screening by buffer dilution) 
and can only detect highly insoluble and very large protein 
aggregates, while soluble aggregates remain undetected. 

 There are more laborious analytical methods to check for 
soluble aggregates. The most popular of these methods is SEC 
[ 22 ]. Other methods like CD or light scattering (LS) are not 
always available in all laboratories, and their results are more 
diffi cult to interpret. Analytical ultracentrifugation is the most 
accurate, but it is very expensive. Native gels are much cheaper, 
but need to be optimized for each protein and do not give an 
analytical result. 

 A fi lter-based aggregation assay used on crude cell extract or 
partially purifi ed proteins was described [ 12 ]. After incubation in 
different buffers and under different conditions, the soluble, 
non-aggregated protein was separated from the big aggregates. 
This was performed using little ultracentrifugation devices where 
the MWCO was selected such that soluble protein was allowed 
to pass through the fi lter, while aggregate forms were retained. 
Analysis was done by SDS-PAGE or Western blotting [ 12 ]. 

 Another method, used mainly for protein characterization 
for crystallography or NMR, is the fl uorescence-based thermal 
shift (ThermoFluor) assay. An environmentally sensitive dye, 
Sypro Orange, is used to monitor the thermal stability of a 
protein. This assay can be used to investigate the effect of 
 factors (buffers, additives, or ligands) on protein stability [ 31 ,  32 ] .  
RT-PCR machines with fl uorescent detectors are used to com-
pare shifts of  T   m   (midpoint of the unfolding transition on the 
melting curve). 

 There are several commercial assays with similar approach. 
All these can be employed to streamline protein processing 
and optimize formulation procedures:

 ●    OptiSol™ Protein Solubility Screening Kit (Dilyx 
Biotechnologies) based on a fi ltration assay.  

 ●   ProteoStat™ protein aggregation assay (Enzo-Life Sciences 
or BioTek), using Thiofl avin T as a fl uorescence dye and a 
multi-mode microplate reader.  

 ●   Optim1000 (Avacta) combines fl uorescence and static 
light scattering technologies.    

 As is described in the methods section, we prefer to use 
standard SDS-PAGE to select the best buffer and additives 
(electrophoresis of supernatant after ON incubation with 
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different additives), followed by SEC or mini-SEC for a more 
precise analysis. SEC completes the information about protein 
purity with information about the oligomerization state and 
allows a rapid estimation of the presence and amount of solu-
ble aggregates, although larger aggregates seem to be lost in 
the pre-column fi lters [ 22 ] .  Since aggregation is time depen-
dent, we use ON incubation as a relative compromise. In addi-
tion, SEC can be coupled in-line to a light scattering device to 
measure the absolute molar mass, size, and shape of macro-
molecules in solution. Although not using a high amount of 
protein, the main disadvantage of SEC is that it is time con-
suming for nonautomated laboratories.   

   13.    In a recent report, the fi rst buffer selection was performed by 
the type of chemical that best improves solubility, followed by 
identifying the optimal chemical and its most effective concen-
tration [ 13 ] .  The report describes a fi lter-based aggregation 
assay used on crude cell extract to rapidly identify buffers that 
maintain protein solubility for purifi cation and subsequent 
assays ( see   Note 12 ). A similar work was published some years 
ago with a very good table of agents that may promote protein 
solubility [ 12 ]. In spite of its simplicity, this approach yields 
less information regarding optimal purifi cation conditions.   

   14.    The isolation and purifi cation of a tagged protein can be 
achieved by using a cheap and convenient affi nity column that 
can yield tagged protein with 70–90 % purity following a 
single- capture step. Further purifi cation is done by ion 
exchange, hydrophobic exchange, size exclusion chromatogra-
phy, and the new mixed-mode chromatography columns ( see  
 Note 16 ) in order to achieve a higher degree of purifi cation, 
which is often required for downstream applications. 

 Ion exchange chromatography is essential as an intermedi-
ate step for separating target proteins from protein contami-
nants such as chaperones and other host cell proteins. It also 
allows separating the target protein from heterogeneously 
folded forms that are a consequence of the expression and 
purifi cation conditions used and from heterogeneous post-
translational modifi cations. Sometimes ion exchange chroma-
tography does not suffi ciently separate the impurities, and 
additional chromatographic methods are required. These 
should be based on different principles, such as hydrophobic 
exchange, mixed mode, or hydroxyapatite. SEC is often rec-
ommended as a fi nal purifi cation step in order to eliminate 
protein contaminants and low molecular weight molecules 
and to obtain a homogeneous oligomeric form [ 33 ].   

   15.    For some projects, we found that changing the order of the 
purifi cation steps gave better results. This way the soluble 
aggregates were eliminated after the fi rst capture step by SEC 
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before tag cleavage by specifi c proteases. SEC increased the 
purity of the protein and adjusted the initial buffer conditions 
for next columns. Long cleavage incubation times can be cir-
cumvented by increasing the protease concentration.   

   16.    SEC is the method of choice to separate different oligomers. 
Symmetric elution profi les are characteristic of homogeneous 
proteins, whereas asymmetric profi les refl ect nonhomoge-
neous, partially aggregated samples or large aggregates if elut-
ing in the void volume of the chromatogram (or when the 
column is in poor condition) [ 34 ]. Recently, a great effort has 
been done to produce resins with high capacity and high fl ow 
rates, to be used for separating recombinant proteins from 
aggregates. Since these operate on a “mixed-mode” mecha-
nism, based on a combination of electrostatic and hydrophobic 
properties of the proteins and ligands, they are called “multi-
modal” or “mixed-mode” resins. Examples of them are Capto 
adhere or Capto MMC (GE Healthcare); HEA, PPA, and 
MEP HyperCel (PALL); MX-Trp-650 M (Tosoh); Eshmuno 
HCX (Merck); and Hydroxyapatite (BioRad). 

 We have observed several times that high selective ion 
exchange columns can also separate different oligomeric states 
(unpublished data).   

   17.    For prone-to-aggregate proteins, the ratio of lysis buffer to cell 
mass is extremely important and can lead to aggregation before 
the fi rst purifi cation step. We suggest to use at least twice or 
more lysis buffer for the same cell mass (1:5 to 1:10 of initial 
culture). 

 For some diffi cult projects, we preferred to use a batch 
binding of the crude lysate to the resin, in order to avoid the 
aggregation of the protein in the upper part of the column 
during loading. An alternative option is to use an excess of 
resin to avoid molecular crowding, although this approach can 
compromise the purity of the fi nal product. A similar approach 
is used for purifi cation of membrane proteins.   

   18.    Since proteins are concentrated in the upper side of the col-
umns during all chromatographic procedures except SEC, it 
happens that proteins with an extreme tendency toward aggre-
gation start to precipitate immediately after elution. A small 
volume of buffer can be added to the collection tubes in order 
to obtain an immediate dilution of the protein and avoid or 
inhibit aggregation.   

   19.    It is prudent to use a small sample to examine the stability of 
the protein for both protein concentration and freeze-thaw 
cycles before processing the entire batch. Be aware that during 
ultrafi ltration (centrifuge-driven fi lter devices with adequate 
MWCO) a local over-concentration and irreversible precipitation 
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or aggregation of the protein on the fi ltration membrane 
can take place [ 34 ]. Small aliquots should be frozen in liquid 
nitrogen and then stored at −80 °C to avoid damaging freeze- 
thaw cycles. Moreover, aliquots should always be thawed on 
ice [ 34 ].   

   20.    Alternative screening evaluation: low-scale IMAC purifi cation 
is performed without  additives . The eluted protein is diluted 
1:4 in buffers with different  additives  (concentrate protein 
with disposable ultrafi ltration devices if the eluate is not con-
centrated enough). Then proceed to  step 3 , Subheading  3.4 .   

   21.    Experimental stresses:  OptiSol™ Protein Solubility Screening 
Kit Application Manual    http://www.dilyx.com/protein_
solubility_screen_home2    .         
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