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Abstract: Monoclonal antibodies to the soluble antigens or cell surface markers hold great 

promise as effective human therapeutics. One of the major disadvantages is its large size, 

which prevents efficient penetration into the target tissues. Smaller version of antibodies, 

which has only antigen binding sites, is extensively investigated. It becomes increasingly 

apparent, however, that these smaller fragments of antibodies are rather difficult to 

produce, as the normally efficient mammalian secretion system does not work well for 

these fragments. Thus, refolding of insoluble proteins produced in Escherichia coli is a 

method of choice, although such refolding is mainly based on trial-and-error experiment. 

Here we describe a novel refolding system using a new amino acid-based detergent,  

N-lauroyl-L-glutamate, and arginine. This detergent appears to readily dissociate  

from proteins below critical micelle concentration (CMC), while remaining effective in  

protein solubilization above CMC. Arginine suppresses protein aggregation when the 

detergent concentration was reduced below CMC. The interaction of the detergent and 

arginine with proteins, which play an important role in protein refolding, will be discussed 

in great length. 
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1. Introduction 

Monoclonal antibodies occupy a large fraction of biopharmaceutical proteins [1] and can be readily 

produced by a platform technology with extremely high expressions and efficient downstream 

processes [2–6]. One of the major disadvantages using the whole antibody is its large size, which 

limits penetration into diseased areas [7–9]. Antibody-dependent cellular cytotoxicity (ADCC) or 

complement-dependent cytotoxicity (CDC) functions mediated by binding of the Fc domain of the 

whole antibodies to the Fc receptor also limits the circulation and mobility [10]. Smaller version of 

antibody, lacking Fc-domains, can overcome these problems, provided that the ADCC or CDC 

function is not required for therapeutic efficacy of the antibodies [11–14]. One of them is a construct 

linking two variable domains, i.e., heavy and light chains, of antibody with a flexible spacer, called 

single-chain antibody (scFv) [15,16]. Such scFv molecules normally retain the original antigen 

specificity and affinity [14]. A number of functional adducts have been fused to the scFv, creating 

novel dual-functional antibody fragments, including biosensors for detection [17], cytokines for 

immunotherapy [18,19] and radioisotopes for imaging and cytotoxicity [20,21]. Conjugation of scFv 

with cytotoxic agents is particularly attractive for treatments against solid tumors, such as breast 

cancers [22–25]. A small size also opens opportunity for the intracellular delivery of therapeutic 

antibody fragments [26–28]. 

It is increasingly apparent, however, that the mammalian secretion system, which is a major 

workhorse for the production of monoclonal antibodies [3–5,29] as well as other secretory proteins [30], 

is rather ineffective for antibody fragments due to both folding and aggregation problems [23,31,32]. 

On the contrary, ScFv can be readily produced in bacterial cells, in particular Escherichia coli  

(E. coli), often as inclusion bodies (IBs) [30–34]. When expressed as IBs, solubilization and 

subsequent refolding of the insoluble proteins are required for production of functional and soluble 

proteins. Various solubilization and refolding technologies have been developed using  

denaturants [35,36] or detergents [37–40]. Such refolding technologies have been applied to various 

antibody fragments [41–44]. We have developed a novel refolding technology using a new detergent, 

N-lauroyl-L-glutamate (C12-L-Glu), as a solubilizing agent and arginine as an aggregation-suppressing 

and refolding-enhancing agent [45,46]. This review describes the refolding technology and the 

possible mechanism of how C12-L-Glu and arginine assist refolding processes. 

2. Refolding of Interleukin-6 

A number of acylamino acids are naturally present and hence can be physiologically metabolized. 

They are normally mild as a surfactant and possess various important properties as a household 

detergent [47]. Among various acylamino acids, N-lauroyl-L-glutamate (C12-L-Glu) appeared to be 

unique in certain detergent performances and physical properties: the chemical structure is depicted in 

Figure 1. It is composed of a C12 fatty acid and glutamic acid. Here, we focused on the ability of  

N-lauroyl amino acids to solubilize proteins from IBs and assist refolding. First, the ability to 

solubilize proteins from IBs was determined using insoluble interleukin-6 (IL-6) expressed in E. coli. 

IL-6 belongs in a 4-helical bundle family, which includes granulocyte colony stimulating-factor, 

growth hormone and many cytokines and interleukins. Many of them are produced by refolding of the 
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protein from IBs. Thus, it should serve as a model for testing the ability to refold these important 

proteins. The IL-6 IBs were readily and completely solubilized by C12-L-Glu above 1.75% (~50 mM), 

far above its CMC (0.37%, 10.6 mM), indicating its strong dissolution properties. Various detergents 

were compared with C12-L-Glu in solubilization and refolding. Ideally, comparison should be made 

separately for solubilization and refolding. We have instead combined these properties in one 

experiment as described in Figure 2. The IL-6 IBs were solubilized by 2% C12-L-Glu and then diluted 

20-fold to a 0.05% detergent concentration with 10 mM phosphate at pH 7.0 containing disulfide-

exchange reagents. The refolding efficiency was determined by an analytical ion exchange 

chromatography-HPLC, which has been shown to separate the unfolded or partially folded species 

from the correctly folded native structure containing two intact disulfide bonds [48]. Thus, the overall 

yield is a product of solubilization and refolding processes. This simple dilution refolding normally 

gave an approximate yield of ~50%, demonstrating moderate efficiency of the refolding system. As 

dissolution of IL-6 IBs were nearly 100%, less than 100% recovery is due to misfolding. Based on the 

simple refolding protocol described above (Figure 2), C12-L-Glu was better than other detergents 

tested. Figure 3 shows the results with different lauroyl (C12)-amino acids as well as some mild 

detergents. The % recovery is normalized to the value for C12-L-Glu as 100%. The actual recovery is 

about the half the values shown. Except for C12-L-Asp, all other lauroyl-amino acids showed low 

recovery, due to either less efficient solubilization or weaker ability to assist refolding or both. As both 

acidic amino acids (Glu and Asp) gave a high refolding yield, the chemical structure having an 

negatively charged side chain may play a role in this refolding process. Surprisingly, lauroyl-sarcosine 

(Sar) and lauric acid, commonly used detergents [40,49], were not effective. Since they are normally 

effective in solubilization of IBs, their ineffectiveness is most likely due to inability to assist refolding. 

It should be, however, noted that those ineffective detergents could be more effective than shown, 

when used under different refolding protocols. Nevertheless, it is remarkable that this rather simple 

dilution refolding leads to ~50% efficiency with C12-L-Glu detergent. As expected, mild detergents, 

such as CHAPS, Triton X-100 and Tween 20 and 80, were ineffective due to their inability to 

solubilize IBs. 

Refolding of IL-6 by C12-L-Glu was compared with other Glu-based detergents. As shown in 

Figure 4, both shorter and longer alkyl chains were less effective than C12-L-Glu. C11-L-Glu was 

about half effective and an increase in alkyl chain length (C13 and C14) significantly compromised the 

effectiveness. As acidic amino acids resulted in higher refolding efficiency, an additional Glu residue 

was added to C12-L-Glu either at γ-position (lauroyl-γ-GluGlu) or α-position (lauroyl-α-GluGlu) of 

the Glu residue. Both were not as effective as C12-L-Glu. 

Figure 1. Chemical structure of N-lauroyl-L-glutamate (C12-L-Glu). 
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Figure 2. General refolding protocol for IL-6 and transglutaminase with C12-L-Glu. 

 

Figure 3. Refolding of IL-6 by lauroyl-amino acids or -derivatives and detergents.  

Sar, sarcosine. PCA (2-oxo-pyrrolidone carboxylic acid), pyroglutamate. 
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Arginine has been extensively used to enhance refolding of proteins [50–65]. Its discover as a 

refolding assisting agent is rather surprising, considering its inhibitory effects on enzymatic  

activities [66,67]. Rudolph et al. [63] and Rudolph and Fisher [68] were working on refolding of 

plasminogen activator that cleaves substrates at arginine residue and thus considered a potential 

autolysis of the protein upon successful refolding that should generate active enzyme. They included 

free arginine molecule in the refolding mixture, assuming that the excess free arginine would compete 

with the arginine residues in the protein. This resulted in enhancement of refolding yield, rather than 
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the inhibition, of plasminogen activator. Since this enzyme is specific for arginine, one might expect 

that the effect is protein-specific. It turned out that the effect is non-specific and broad [50–65,69,70]. 

Arginine showed such effects on numerous proteins, including those that have resisted different 

refolding approaches. As described later, this broad effect of arginine is due to its weak, but extensive 

binding to the proteins. The binding is not protein-specific. Although refolding of IL-6 was already 

moderate using the C12-L-Glu refolding system, whether arginine further improves the yield was 

tested. Figure 5 shows the relative yield in the presence of arginine. In this case, 2.5% C12-L-Glu 

solubilization and 50-fold dilution were used, leading to ~70% yield. Since the yield was already high 

without arginine, the effects of arginine are moderate at 40%–60%. Figure 5 shows % increase by 

arginine in refolding yield. As seen in Figure 5, 0.4 M arginine or even less may be sufficient for this case. 

Sucrose (0.4–1.2 M), glycerol (0.4–1.2 M) resulted in small increase (data not shown). On the contrary, 

butyroyl-arginine at 0.4–0.8 M arginine showed effects similar to, or better than, those of arginine.  

Figure 4. Refolding of IL-6 by glutamate-based detergents. 
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Figure 5. Effect of arginine on refolding of IL-6 by C12-L-Glu. 
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3. Refolding of Transglutaminase 

Microbial transglutaminase was chosen as a model protein due to our extensive experience [71]. 

Refolding of transglutaminase requires a complex refolding procedure, comprising urea solubilization, 

pH shift, dilution refolding and another pH shift [71]. Even with this sophisticated process, the best 

yield was ~29%. We have applied the above refolding process to the IBs containing this enzyme: no 

transglutaminase activities were observed due to complete incorporation of this protein into IBs. The 

IBs were solubilized with 2% C12-L-Glu and refolded similarly. A one-step 40-fold dilution from 2% 

C12-L-Glu resulted in 24% yield, slightly less than the above complex refolding procedure. Inclusion 

of arginine greatly enhanced refolding yield concentration dependently, as plotted in Figure 6. The 

addition of 1.2 M arginine resulted in 72% yield in one-step dilution (Exp.1). Not only the final yield 

but also the stability of the final product was different in the absence and presence of arginine. The 

transglutaminase refolded in the presence of arginine was more stable, perhaps due to the structure 

differences. It appears that the enzyme generated without arginine is trapped in an intermediate 

structure, while it gained a fully native structure in the presence of arginine. When the 

transglutaminase was refolded in two steps (Exp.2), i.e., 2-fold dilution of 2% C12-L-Glu solubilized 

IBs followed by 20-fold dilution resulted in further increased refolding, in particular in the presence of 

arginine. The refolding yield sharply increased at higher arginine concentration, reaching 86% in 1.2 M 

arginine. Since the final C12-L-Glu concentration is identical between the two refoldings, the observed 

small difference may be due to C12-L-Glu dependence of the structure of the solubilized 

transglutaminase. These refolded transglutaminases were fully active, equivalent to the microbial 

enzyme derived from the natural source. 

Figure 6. Effect of arginine on refolding of transglutaminase by C12-L-Glu. 
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4. scFv 

Having established the basic concept of refolding using C12-L-Glu and arginine, we attempted to 

refold two scFv constructs expressed as IBs. One of them is a scFv derived from a monoclonal 

antibody, HyHEL-10. This antibody has been developed against hen egg lysozyme. Its binding to 

lysozyme inhibits enzymatic activity. The gene coding for HyHEL-10 scFv was expressed in E. coli, 

resulting in IBs. The IBs were dissolved with 2.5% C12-L-Glu, pH 8.5, at 15 mg IB/mL 

(corresponding to 6 mg scFv/mL). Previously, we observed with transglutaminase refolding that the 

C12-L-Glu concentration impacts, though slightly, the refolding yield. As in the two-step dilution for 

transglutaminase, the 2.5% C12-L-Glu solubilized IBs were diluted 2.5-fold with pH 8.0 buffer (to a 

final C12-L-Glu concentration of 1%): the overall protocol for scFv refolding is depicted in Figure 7. 

This was further 20-fold diluted with various refolding buffers containing 0.8 M arginine and  

0.05%–0.5% C12-L-Glu at pH 8.0 (a final scFv concentration of 0.12 mg/mL). The diluted solutions 

were incubated at 5 °C for 17 h (low temperature incubation) and then at 23 °C for 43 h (high 

temperature incubation). It was apparent in the initial experiments that a simple one-step dilution 

refolding with one incubation temperature, which was fairly effective for IL-6 and transglutaminase, 

was ineffective for this scFv and that such a complex procedure needs to be developed. The enhanced 

refolding by 2-step incubation suggests that the course of refolding of the HyHEL-10 scFv is complex 

and occurs via multiple steps. Refolding yield from the above series was determined as a function of 

C12-L-Glu concentration. As shown in Figure 8, the refolding yield was dependent on C12-L-Glu 

concentration. Even in the presence of 0.8 M arginine, the yield was 38% at 0.05% C12-L-Glu. Both 

IL-6 and transglutaminase showed a >80% yield under a similar refolding condition. It is apparent that 

not only the refolding protocol consisting of 0.8 M arginine but also the C12-L-Glu concentration must 

be optimized for refolding of the HyHEL-10 scFv. Refolding yield gradually increased with  

C12-L-Glu concentration, reaching ~100% at or above 0.15% C12-L-Glu. It is interesting that the 

refolding yield was still 100% above the CMC (0.3%), meaning that C12-L-Glu is effective during 

refolding even in the micelle form. This however assumes that C12-L-Glu micelles are stable in the 

presence of 0.8 M arginine: it is highly likely that arginine disrupts the micelle structure, based on the 

observation that arginbine inhibits fatty acid aggregation [72]. The observed enhanced refolding by 

C12-L-Glu suggests binding of C12-L-Glu to the protein, which may increase the solubility of the 

protein (inhibit protein aggregation) or alter the structure to the one more competent for folding. The 

observed enhancement above CMC suggests either that C12-L-Glu binding to the protein in micelle 

form does not lead to the scFv structure incompetent for folding or that the detergent binding is 

molecular even above CMC, as the micellar structure may be disrupted by 0.8 M arginine. It should be 

noted in Figure 8 that the greater than 100% yield is within experimental errors of protein analysis.  

The above refolding was done in the presence of 1 mM oxidized and reduced glutathione. This ratio 

was determined by observing formation of oxidized band on non-reducing SDS-PAGE. When the ratio 

of GSSG to GSH was varied from 1:5 mM to 3:1 mM, the 1:1 mM ratio gave the best result.  
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Figure 7. General refolding protocol for scFv with C12-L-Glu. 

 

Figure 8. Refolding of HyHEL-10 scFv in the presence of 0.8 M arginine as a function of 

C12-L-Glu concentration. 

20

40

60

80

100

120

0.000 0.100 0.200 0.300 0.400 0.500 0.600

C12-L-Glu, %

R
e
c
o

v
e
ry

, 
%

 

Another scFv construct, i.e., anti-fluorescein scFv, was derived from a monoclonal antibody against 

a fluorescent probe, fluorescein. This antibody stoichiometrically binds to the antigen with high 

affinity and abolishes fluorescence from this fluorophore. Anti-fluorescein scFv IBs were solubilized 

with 2.5% C12-L-Glu, pH 8.5, at 15 mg IB/mL, containing 8 mg anti-fluorescein scFv/mL. After 

rounds of screenings based on the scheme of Figure 7, it was apparent that without optimization, the 

refolding yield would be extremely low. Thus, an experiment was done to determine optimal 

concentrations of arginine and C12-L-Glu. The 2.5% C12-L-Glu solubilized IBs were diluted to 1% 

detergent as in the case for HyHEL-10 scFv. This was then 10-fold diluted to the solutions containing 

0–0.8 M arginine and 0.05%–0.4% C12-L-Glu as indicated in Figure 9. The diluted samples were 

incubated first at 10 °C for 17 h and then at 23 °C for 12 h. The recovery from this refolding is plotted 
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in Figure 9 as a function of both arginine and C12-L-Glu concentrations. In the absence of arginine, 

recovery of folded scFv was undetectable at 0.05% C12-L-Glu (white bar), most likely due to 

insufficient solubility of this scFv during refolding. However, at 0.05% C12-L-Glu, addition of 

arginine at 0.4 and 0.8 M, in particular the latter, greatly increased the refolding (white bar). 

Nevertheless, the yield was below 10% even at 0.8 M arginine. In the presence of 0.2% C12-L-Glu 

(gray bar), the recovery was already high even without arginine (~8%). The addition of 0.4 M arginine 

increased the yield to over 15%. The addition of 0.8 M arginine further increased the yield to ~20%. 

Arginine and C12-L-Glu enhanced refolding synergistically, as 0.4% C12-L-Glu (black bar) along with 

0.4 M arginine further enhanced refolding. It is evident that 0.8 M arginine and 0.2–0.4 M C12-L-Glu 

led to the highest recovery under the experimental conditions used. As in HyHEL-10 scFv, two-step 

incubation enhanced refolding, suggesting that refolding of the anti-fluorescein scFv also occurs in 

multiple steps. More detailed analysis of the effects of C12-L-Glu concentration showed that 0.3% may 

be most suitable for refolding of the anti-fluorescein scFv. When the second incubation temperature 

was raised to 45 °C, over 20% yield was obtained.  

Figure 9. Refolding of anti-fluorescein scFv as a function of C12-L-Glu and arginine 

concentrations. White bar, 0.05% C12-L-Glu. Gray bar, 0.2% C12-L-Glu. Black bar, 0.4% 

C12-L-Glu. 

 

The effects of the first incubation temperature were then examined at the fixed second incubation of 

45 °C and 4 h. The first incubation temperature was varied at 5, 10 and 15 °C with an incubation time 

of 18.5 h: refolding conditions were 0.1% C12-L-Glu, 0.8 M arginine and 1 mM GSSG/1 mM GSH. 

The C12-L-Glu concentration used is lower than the above optimal concentration. As shown in  

Figure 10A, the recovery after first incubation increased with the incubation temperature, but was only 

slightly above 15% at 15 °C incubation (black bar). When the incubation temperature, after the first 

low temperature incubation, was raised to 45 °C, the recovery increased for all three first incubation 

temperatures. For the 15 °C incubation condition, the recovery was greater that 25% after 4 h 45 °C 

incubation (black bar, second column). This result clearly indicates that the refolding occurs via 

multiple steps and higher temperature at the first incubation facilitates refolding. Such stepwise 

increase in refolding temperature was more effective when done in three steps. Between the first low 
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temperature incubation and the second 45 °C incubation, 23 °C incubation for 24 h was inserted. The 

results are shown in Figure 10B. As in the left panel, the diluted samples were first incubated at three 

temperatures as plotted in the first three columns in Figure 10B. The intermediate 23 °C incubation 

greatly enhanced refolding for all three temperatures, e.g., reaching over 30% when the 15 °C 

incubated sample (black bar) was followed by 23 °C incubation. When the intermediate incubation 

was followed by 45 °C incubation, recovery further increased for all three temperatures. Among them, 

the 10 °C incubated sample (gray bar) resulted in the highest yield after 25 °C and subsequent 45 °C 

incubation. It appears that the presumed multi-step folding of scFv was facilitated by an incremental 

increase in incubation temperature. 

Figure 10. Effect of incubation temperature on refolding of scFv. Initial incubation 

temperature: white bar, 5 °C; gray bar, 10 °C; black bar, 15 °C. 

 

It is interesting that incremental change in refolding temperature enhances refolding yield. Such 

enhanced refolding of scFv was also observed during stepwise dialysis, where denaturant 

concentration was incrementally reduced [43]. The construct of scFv consists of two domains linked 

by a short spacer sequence, i.e., heavy chain variable domain, linker and light chain variable domain, 

as shown schematically in Figure 11. Each domain has a disulfide bond that should stabilize the 

domain structure. The most likely mechanism may be stepwise folding: i.e., formation of intermediate 

structures followed by the formation of the native structure. Based on the temperature effects on 

recovery, it may be concluded that low temperature is favored in formation of the intermediate 

structures without formation of off-pathway products (such as incorrect SS bonds or aggregation) and 

high temperature accelerates the conversion of the intermediate to native structure with correct 

domain-domain interactions. This stepwise folding protocol by modulating incubation temperature 

may also be applicable to other refolding processes, such as solubilization by denaturants or other 

detergents. In this regard, the stepwise dialysis refolding gave a high yield of scFv [43]. 

Concentrations of denaturant and refolding-assisting agents were modulated stepwise, which can be 

similarly explained from the presence of folding intermediates. Earlier step containing high denaturant 

concentration favors formation of the intermediate structures, while preventing the off-pathway 
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product formation. The subsequent drop in denaturant concentration facilitates the formation of the 

final product. In either case, arginine may serve as an aggregation suppressor. 

Figure 11. Schematic illustration of folding course of scFv. Two black curves express two 

variable domains (I and II). Gray line is a linker connecting two domains. 

 

5. Property of C12-L-Glu 

To our knowledge, only available data with regard to the physical properties of C12-L-Glu is a 

systematic study by Xia et al. [47]. The solution properties of lauroyl-amino acids have been analyzed 

based on the transfer free energy concept developed by Nozaki and Tanford [73–76] and later extended 

by Gekko’s group [77,78], Liu and Bolen [79] and Arakawa and Timasheff [80–82]. Tanford [83] 

determined the hydrophobic properties of amino acid side chains by measuring the solubility of amino 

acids and glycine in water and ethanol. The transfer free energy was then calculated from the 

differences in solubility between water and ethanol. Ethanol was chosen as a hydrophobic, non-polar 

solvent. When the solubility of an amino acid decreases in ethanol compared to the aqueous solubility, 

the transfer free energy is positive, indicating that the amino acid favors water over ethanol. All natural 

amino acids prefer water to ethanol due to the charged amino and carboxyl groups, whose electrostatic 

free energy is stabilized in polar solvents, e.g., water. This charge contribution can be approximately 

estimated from the transfer free energy of glycine that lacks the side chain. Thus, the transfer free 

energy of side chain can be estimated from the difference between amino acids and glycine, as shown 

in Equation 1.  

ΔGSC = ΔGAA − ΔGG 
(1) 

In Equation 1, ΔG is the transfer free energy of an amino acid from water to ethanol and the 

subscript SC, AA and G are the side chain, amino acid and glycine. Thus, the transfer free energy of 

the side chain, ΔGSC is the difference in transfer free energy between each amino acid and glycine. The 

value for glycine exceeds the values for other amino acids. This means that the transfer free energy of 

these chains from water to ethanol is negative: these side chains are stabilized by ethanol. Thus, the 

more negative the transfer free energy for a particular side chain, the more hydrophobic the side chain 
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is. They compared the CMC of various lauroyl-amino acids using the transfer free energy of the amino 

acid side chain of these lauroyl-amino acids. 

Na (monosodium) salts of N-lauroyl amino acids with 5 different amino acids (Gly, Glu, Ala, Val 

and Phe in increasing hydrophobicity) showed decreasing CMC in this order, ranging 16 mM for  

C12-Gly and 3 mM for C12-L-Phe.The transfer free energy of these side chains from water to ethanol 

is more negative and their side chain is more hydrophobic in this order. Thus, hydrophobic side chains 

stabilize the micelles (lowering CMC). These N-lauroyl-amino acids all decreased the surface tension 

of water, with the magnitude in the reverse order: i.e., the surface tension increased in the order of  

Gly < Glu < Ala < Val < Phe < pure water. In this regard, C12-L-Glu is fairly strong in suppressing the 

surface tension of water, but requires high concentration for micelle formation (high CMC at 13 mM). 

It is not clear from these properties why C12-L-Glu is special in protein refolding. Xia et al. [47] 

compared these N-lauroyl-amino acids at 0.25% (below CMC) in terms of the detergency, foaming power 

and emulsifying power. The parameter detergency is the ability of the surfactants to wash off stains, e.g., 

blood or grease, from a given surface. This parameter increased in the order of Gly < Ala < Val < Phe. 

C12-L-Glu was exceptionally weak in this property. At this concentration (0.25%), both C12-Gly and 

C12-L-Glu are below CMC, thus indicating that the molecular C12-L-Glu is weak in dissolving these 

stains. The observed weak detergency of C12-L-Glu below CMC may be closely related to its critical 

property during refolding: i.e., it readily dissociates from the folded proteins. The foaming power of 

C12-L-Glu is exceptionally strong, indicating its ability to stabilize the foams. The foaming power of 

C12-L-Glu is well above the other four amino acids, i.e., stronger than anticipated from its side chain 

hydrophobicity. This may be explained in terms of the effectiveness of C12-L-Glu to suppress the 

surface tension of water. In this regard, C12-Gly is far weak in stabilizing the foams, despite its 

effectiveness as a surface tension depressant. Such strong effect of C12-L-Glu on the surface tension of 

water may be related to the two carboxyl groups, resulting in strong hydration potential of the side 

chains and in turn stabilizing the water/foam interface. C12-L-Glu at 0.25% is also unique in emulsifying 

power, which is a measure of mixing oil and water. C12-L-Glu is exceptionally effective in stabilizing 

the interface between oil and water, leading to the effective mixing. Both the foaming and emulsifying 

powers of C12-L-Glu may be at least in part due to its ability to suppress the surface tension of water. It 

is, however, much better than C12-Gly that has a lower surface tension than C12-L-Glu, indicating 

uniqueness of Glu. While effectively stabilizing the interface, C12-L-Glu at 0.25% cannot dissolve the 

stains, which may be related to its weak hydrophobic nature and hence binding to the stains. 

It is expected that these properties of C12-L-Glu depend on the charged states of 2 carboxyl groups. 

The surface tension sharply increases with titration of two carboxyl groups at higher pH (i.e., COOH 

 COO
−
). Interestingly, the foaming power increases with titration from 1.0 to 1.6 carboxyl groups, 

above which this property sharply decreases. At about 1.6 carboxylate groups (–COO
−
), it most 

effectively stabilized the foams. However, the emulsifying power decreases with titration above 1.2. 

The aggregation number of C12-L-Glu micelles is about 80 (80 molecules per micelle on average) up 

to 1.4 carboxylates, above which the aggregation number sharply increases, reaching 110 at 2.0 

titration of carboxyl groups. Such an increase in aggregation number was ascribed to loose packing of 

two carboxylated C12-L-Glu to form large micelles.  

Lower detergency of C12-L-Glu described above may be related to its weaker cytotoxicity, 

denaturation potential and hemolytic activity [47]. It showed low cytotoxicity to cultured human skin 
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cells. When the concentration of C12-amino acids required for 50% denaturation of Cu2-transferine or 

50% hemolysis was plotted against hydrophobicity, the value for C12-L-Glu derived from the linear 

correlation was 0.8 mM for hemolysis and 4 mM for Cu2-transferine denaturation: i.e., 50%  

Cu2-transferine would be denatured at 4 mM and 50% hemoglobin would be lysed at 0.8 mM. The 

observed concentrations for C12-L-Glu were much higher, 20 mM (25-fold) for hemolytic activity and 

13 mM (3-fold) for protein denaturation. These less toxicity may be due to its weaker interaction with 

the protein or other target molecules, as has been seen in its weaker detergency. Such properties may 

be important for protein refolding, as it may more readily dissociate from the proteins. Such ability to 

dissociate may also assist removal of residual detergents from the final product. In addition, less 

toxicity may give an advantage as a safer refolding agent.  

Dissociation of C12-L-Glu from proteins was experimentally confirmed using model proteins [45]. 

C12-L-Glu at 2% denatured both bovine serum albumin (BSA) and IL-6. When the detergent 

concentration was reduced to 0.1%, the native protein structure was regained, suggesting that the 

bound detergent molecules have dissociated. Native gel analysis showed an identical mobility of BSA 

and IL-6 when these protein samples containing 0, 0.1 and 0.2% C12-L-Glu were loaded on the native 

gel, indicating that the proteins are not binding the detergent during electrophoresis.  

6. Effects of Arginine on Refolding 

Because of its natural presence as a cell metabolite and hence safety [84], arginine is now widely 

used in biotechnology field. It is used in refolding proteins [50–65], suppressing aggregation of 

pharmaceutical proteins during formulation [85,86], enhancing elution and minimizing aggregation 

during column chromatography [87,88], and solubilization of proteins from inclusion bodies [89,90] 

and virus inactivation [91–99]. It also increases the solubility of various low molecular weight organic 

compounds [100–103]. Because of its unique effects, there is a strong interest in understanding why 

arginine is so effective in these applications. Relatively high concentrations are required in most of the 

above applications. Requirement of high concentration is a reflection of weak interactions of arginine 

with proteins or other target molecules and its indirect effect on proteins or others through weak 

binding to water molecules. When solvent additives, such as arginine, are only effective at high 

concentrations, they are called “co-solvents” to indicate that they are a part of the solvent. One 

technique that has been used to study the mechanism of co-solvent effects is equilibrium dialysis. This 

technique was extensively used to study the effects of co-solvents listed in Table 1. In early 1980, 

there were strong interests in understanding the mode of interactions of amino acids with proteins, as 

certain amino acids have been shown to stabilize proteins [66]. Stabilizing effects of other co-solvents, 

including sugars, polyhydric alcohols and certain salts, were found to correlate with their exclusion 

from the protein surface [104–108]. When arginine was compared with protein-stabilizing amino 

acids, it showed clear indication that arginine is different from the stabilizing amino acids in terms of 

its interaction with the proteins [109]. 
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Table 1. Mode of preferential interaction of proteins with various co-solvents. 

Co-solvent  Interaction with Protein Effects on Protein 

Denaturants (Urea, GdnHCl) Binding Denaturation/Salting-in 

Organic solvents Exclusion 

Binding  

Precipitation 

Denaturation 

Sugars/Polyols Exclusion Stabilization 

Salts Exclusion 

Binding 

Stabilization/Salting-out 

Salting-in 

Polymers Exclusion Precipitation 

Amino Acids Exclusion Stabilization 

Arginine ???????? Aggregation Suppression 

The interaction of co-solvents with proteins can be studied by thermodynamic techniques, e.g., 

equilibrium dialysis. Such thermodynamic measurements give a parameter, termed “preferential 

interaction”, which indicates preference of protein surface for co-solvent or water, as depicted in 

Figure 12. Preferential interaction measurements have resulted in the wealth of information, as summarized 

in Table 1, with regard to the denaturing effects of guanidine hydrochloride (GdnHCl) [110],  

urea [111–113] and organic solvents [80,114–119], the stabilizing effects of polyols [104,106],  

sugars [105,107], salting-out salts [81,108] and osmolytic amino acids [120–122] and the precipitating 

effects or salting-in effects of certain organic solvents and salts [81,108,123–126]. As summarized in 

Table 1, there is a clear distinction between denaturants and stabilizers or between precipitants and 

salting-in co-solvents. Figure 12A depicts the preferential binding of protein denaturants and salting-in 

agents. They (shown by closed triangles) preferentially bind to the protein surface. Protein–protein 

interaction and hence aggregation reduce such binding and hence is disfavored by these co-solvents, as 

such reactions would reduce co-solvent bindings. On the contrary, preferential exclusion of co-solvents 

has been universally observed for protein stabilizers [81,104–108,120,122]. Such case is depicted in 

Figure 12C, where their preferential exclusion leads to the thermodynamically unstable solution, which 

is reduced by protein aggregation (see Figure 12C for dotted line). They thus enhance protein-protein 

interactions. Arginine showed unique interactions with BSA and lysozyme [109] and other  

proteins [127], different from their interactions with protein-stabilizing amino acids. Weak binding of 

arginine to the proteins was implicated (Figure 12B): binding is intermediate between stabilizing and 

denaturing co-solvents. So a question is how binding of arginine to proteins is related to its effect on 

protein refolding. The way arginine interacts with the native proteins has been studied by different 

techniques. Contact of arginine with aromatic groups was shown in crystal structure analysis of 

lysozyme [128] and by molecular dynamics simulation [100,129]. Such binding of arginine to aromatic 

groups was also shown with small aromatic compounds [100–102,130]. Binding of arginine with aromatic 

groups is at least in part mediated by the side chain of arginine, as the guanidinium-aromatic 

interactions are frequently observed in the folded protein structures [131–134]. Conversely, no 
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apparent binding of arginine in the lysozyme crystal was also observed, perhaps due to different 

crystallization conditions [135]. However, it showed changes in hydration of the lysozyme [135]. 

Different observation for arginine binding in lysozyme crystals suggests that arginine binding may not 

be strong and thus is readily affected by crystallization condition. Such weak binding and hydration 

change may be consistent with the following preferential interaction analysis. Although these data 

suggest potential binding of arginine to the native protein surface, other types of interaction can occur 

in aqueous arginine solution. The effects of arginine on protein aggregation are determined by overall 

interactions, not just by specific site bindings, of arginine with the protein surface. Such overall 

interactions involve hydration of both arginine and protein and arginine-protein interaction.  

Figure 12. Different mode of interactions between co-solvent and protein. (A) denaturants. 

(B) arginine. (C) stabilizers. Upper panels show the interaction, while the lower panels show 

how protein–protein interaction affects co-solvent interaction at the protein–protein contact. 

 

It has been shown that many protein–protein interactions involve aromatic interactions and hence 

the affinity of arginine for aromatic groups can disrupt such aromatic interactions and enhance 

dissociation even when the overall interaction with the protein surface is of exclusion. When 

protein-protein interaction is also supported by electrostatic interactions, arginine can disrupt such 

interaction, also due its ionic property. If the protein–protein interaction is supported by hydrophobic 

interaction through alkyl groups, however, the effects of arginine might not be toward dissociation. At 

this stage, we really do not have a good understanding of the effects of arginine on pure 

hydrophobic interaction.  
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The effects of arginine on kinetics of protein–protein interaction were extensively analyzed by 

Trout’s group. They called the effects of arginine, the “gap effect” [136]. It is similar to the effects of 

denaturants on protein–protein interaction. However, the larger size of arginine than many denaturants 

means that there will be many water molecules left bound when two protein molecules approach each 

other and remove bound arginine from the contact area (see Figure 12B, lower panel), leading to a 

highly unfavorable energy state toward association and an enhanced activation energy. This argument 

again requires that arginine be involved in the contact areas of associating proteins. 

The mechanism of arginine on aggregation suppression during refolding or unfolding has been 

suggested to be due to its effects on intermediate structures [51,137,138]. It is an established concept 

that both refolding and unfolding reactions do not occur in one step, i.e., from unfolded to native and 

native to unfolded, but rather go through structure intermediates, in which some secondary  

structures are formed, but the tertiary structure is still largely unfolded. Both unfolding and refolding  

reactions are often made irreversible due to aggregation of the structure intermediates. Arginine has 

been suggested to increase the solubility of the intermediate structures and suppress their  

aggregation [56,136,137]. How effective arginine is against aggregation during refolding or unfolding 

may depend on the structure of the intermediates. If a large portion of aromatic side chains is present in a 

protein molecule and exposed in the intermediate structures, then arginine may be highly effective in 

aggregation suppression. 
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