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Abstract

Increased protein solubility is known to correlate with an increase in the proportion of lysine over 
arginine residues. Previous work has shown that the aggregation propensity of a single-chain 
variable fragment (scFv) does not correlate with its conformational stability or native-state protein-
protein interactions. Here we test the hypothesis that aggregation is driven by the colloidal stability 
of partially unfolded states, studying the behaviour of scFv mutants harbouring single or multiple 
site-specific arginine/lysine mutations in denaturing buffers. In 6 M guanidine hydrochloride (GdmCl) 
or 8 M urea, repulsive protein-protein interactions were measured for the wild-type and lysine 
enriched (4RK) scFvs on account of weakened short-ranged attractions and increased excluded 
volume, in contrast to the arginine enriched (7KR) scFv which demonstrated strong reversible 
association. In 3 M GdmCl, the minimum concentration at which the scFvs were unfolded, the 
hydrodynamic radius of 4RK remained constant but increased for the wild-type and especially for 
7KR. Individually swapping lysine back to arginine in 4KR indicated that the observed aggregation 
propensity of arginine in denaturing conditions was non-specific. Interestingly, one such swap 
generated a scFv with especially low aggregation rates under low/high ionic strength and denaturing 
buffers; molecular modelling identified hydrogen-bonding between the arginine side chain and main 
chain peptide groups, stabilising the structure. The arginine/lysine ratio is not routinely considered 
in biopharmaceutical scaffold design, or current amyloid prediction methods. This work therefore 
suggests a simple method to increase the stability of a biopharmaceutical protein against 
aggregation. 

Page 2 of 20

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Introduction

Design and optimisation of bioprocessing steps for the production and manufacture of 
therapeutic monoclonal antibodies (mAbs) requires control over their physical and chemical 
instabilities such as unfolding, adsorption, deamidation, oxidation and aggregation.1 Control over 
physical instabilities such as aggregation and the generation of particulates becomes more 
challenging as mAb concentration increases to meet, for example, high concentration (> 100 mg/ml) 
liquid formulations for subcutaneous injection.2,3 Understanding and prediction of such instabilities 
involves multi-disciplinary effort between bioprocess and design teams in which the solution 
behaviour of mAbs can be reviewed and optimised.4 

Protein aggregation can occur through different mechanisms, which can be generally described by 
models including an aggregate formation step through a nucleation event followed by aggregate 
growth. The formation of the smallest stable aggregate can involve reversible association of partially 
folded states to form an oligomer. Aggregate growth can occur through monomer addition, 
commonly referred to as chain polymerisation, or by aggregate condensation and precipitation.5–7 
The rates of the individual steps are determined by multiple characteristics including the colloidal 
stability of the aggregate precursors, the native-state conformational stability, and the propensity to 
undergo conformational rearrangements. The complex nature of protein aggregation makes 
prediction problematic, with no single measureable parameter able to describe the protein’s 
propensity to aggregate.8,9

A number of aggregate prediction algorithms focus on the propensity of the protein to form 
amyloid-like structural motifs, using as inputs amino acid sequence and secondary structure to 
identify regions prone to rearrange into β-sheet structures.10–13 Unfortunately, these aggregation 
predictors do not take into account colloidal or conformational stability,14,15 although surface 
hydrophobic patches on native, transient or dynamic structures are indirect measures.14,16,17 
Applying these algorithms to mAbs will require improved prediction of aggregation prone regions on 
intermediate structures.18,19 Identifying aggregation prone regions via protein mutation and analysis 
provides complementary data to in silico methods. Aggregation prone regions for mAb variable, 
heavy (VH) domain fragments have been generally determined in the vicinity of the complementarity 
determining region (CDR).20,21 Partial unfolding also exposes aggregation prone hydrophobic residues 
buried in the native core8,22 Aggregation pathways driven through buried residues in transient 
structural intermediates are difficult to predict in silico and experimentally verify.22–24 

Contributions of the protein surface electrostatic and short range attractive interactions to 
aggregation propensity can be elucidated through the study of native state protein-protein 
interactions. A large repulsive electrostatic surface charge in combination with short-range 
attraction will generally result in aggregate growth via chain polymerization since aggregate-
aggregate coalescence must overcome the long range electrostatic barrier. If this electrostatic 
barrier is removed by changing pH to minimise surface net charge, aggregate coalescence occurs and 
leads to larger, denser aggregates that appear more amorphous.7,25–29 Thus, measurement of 
reversible self assembly of protein monomers may not predict aggregation driven by transient, 
partially unfolded states, which presents a challenge to a full understanding of protein aggregation 
propensity. 
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Temperature is often used to promote protein unfolding in order to accelerate and study protein 
aggregation.30–32 Properties such as the melting temperature can be used as an indicator of 
aggregation propensity in early mAb formulation screening. However, because high temperatures 
can alter the relative populations of fully unfolded to partially unfolded states and the relative rates 
of aggregate growth and nucleation, extrapolating temperature-induced behaviour to long-term 
room or storage temperature behaviour does not always follow Arrhenius modelling for the 
calculation of the mAb product shelf-life.19,29,33–35  Non-native protein aggregation can also be 
investigated using chemical denaturants such as urea and guanidine hydrochloride (GdmCl). GdmCl 
induced aggregation differs significantly with respect to thermal-induced aggregation since chemical 
denaturants weaken intermolecular association leading to reduced aggregate growth.36–38 At 
denaturant concentrations above the unfolding transition of a protein, aggregation no longer occurs 
and the colloidal stability of the fully unfolded protein can be directly quantified in terms of the 
osmotic second virial coefficient (B22) or the protein-protein interaction parameter (kD) obtained 
from diffusion coefficient measurements.39 A key question is whether or not such measurements for 
fully unfolded proteins reflects the behaviour of transient intermediates involved in aggregation 
under native conditions. B22 measurements of eight different proteins in solutions containing 6 or 8 
M GdmCl were found to correlate with the fraction of the protein refolded from inclusion bodies in 
solutions containing 1 M GdmCl. This provides evidence that protein-protein interactions can be 
scaled with denaturant concentration.39

As described above, control of mAb instability is a multi-disciplinary effort and before excipients are 
explored in the context of stabilising a candidate mAb drug substance, the mAb sequence may be 
modified during lead selection. Approaches include the introduction of amino acid mutations which: 
i) supercharge the mAb protein by introducing multiple charge mutations of either acidic 8,40 or basic 
41 residues; ii) target charged residues near aggregation ‘hotspots’ in the CDR 21,42, or residues in 
amyloidogenic sequences;43 iii) change the arginine to lysine ratio, wherein a higher lysine content is 
correlated with increased solubility.44 Our previous work has shown that mutating arginine into 
lysine reduces the aggregation propensity of a human recombinant single chain fragment variable 
(scFv).29 However, the mechanism underpinning our observed increase in solubility was not fully 
determined and here we study the effect of changing the arginine to lysine ratio of the scFv in more 
detail. Protein-protein interactions and aggregation behaviour were determined under both native 
and denaturing conditions and the results provide insight into why the arginine-enriched mutants 
are more aggregation prone.

Methods

Mutant Design

Individual mutants of an anti-c-Met scFv45 were created based on the four locations of a lysine rich 
mutant termed 4RK, described previously.29  These mutants were termed R98K, R156K, R214K and 
R252K, using the single letter amino acid code and numbering according to sequence position, and 
generated by ThermoFisher GeneArt, UK, with optimised codon usage for E.coli. A further mutant, 
termed 7KR, had 7 arginine residues substituted for 7 lysine residues, with the sites located more 
extensively over the protein surface.29 Extinction coefficients were determined from sequence using 
ProtParam.46

Protein Purification

Page 4 of 20

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Protein purification was carried out as previously stated using Protein A affinity and size exclusion 
chromatography, the latter equilibrated in 25 mM sodium acetate, pH 5.29 Following purification, 
protein samples were concentrated to 10 mg/ml in 25 mM sodium acetate, pH 5, and stored at -80 
°C.

Sample preparation

250 μl of a protein sample was placed in 3.5 kDa MWCO GeBAflex-Midi Dialysis tubes (Generon, UK) 
and dialysed against 1 L of a solution containing 25 mM sodium acetate, pH 5, for 1 hour and then a 
fresh dialysis was carried out overnight. The same procedure was used to also dialyse protein 
samples into the same buffer with addition of 150 mM NaCl. After dialysis, protein samples were 
concentrated to 40 mg/ml by ultracentrifugation using Vivaspin 500 10,000 MWCO, and then filtered 
through a 0.02 µm polypropylene syringe filter (Whatman, UK). Final protein concentration was 
measured by absorbance at 280 nm. Stock denaturant solutions of 10 M urea and 8 M GdmCl by 
mass were prepared with gentle (~50 °C) solubilisation in 25 mM sodium acetate, with final pH 
adjusted to pH 5, before 0.02 µm filtration (Whatman, UK). Stock solutions were rapidly diluted with 
40 mg/ml protein solution in 25 mM sodium acetate, pH 5, to give final concentrations of 8 and 10 
mg/ml in 8 M urea and 6 M GdmCl respectively. These solutions were then used for determining the 
protein-protein interaction parameter  or for isothermal aggregation studies.𝑘D

Static light scattering (SLS) measurements of aggregation

Thermal-induced aggregation behaviour was monitored by SLS, undertaken on an Uncle instrument 
(Unchained Labs, UK), which contains a laser with wavelength of 473 nm. The sample environment 
was equilibrated at 36.5 °C for 10 mins before measurements. Increases in light scattering intensity 
reflect concomitant increases in weight average molecular weight of the protein.47 9 µL of protein 
sample at 1 mg/mL in 25 mM sodium acetate, pH 5, with/without 150 mM NaCl, was loaded into 
each microcuvette. SLS experiments were carried out under isothermal conditions at 36.5 °C and 
using a temperature ramp with 0.5 °C increments between 20 and 80 °C with a 30 s delay after each 
increment to allow for equilibration. Each sample scan took ~2 s. All measurements were taken in 
triplicate. 

Dynamic light scattering (DLS) measurements of aggregation and determination of interaction 
parameter kD.

The Wyatt Dynapro Nanostar system was used for DLS measurements (Wyatt, UK). DLS was used for 
quantifying isothermal aggregation at 25 °C in terms of the time evolution of an apparent 
hydrodynamic radius, which is calculated from the measured protein diffusion coefficient using the 
Stokes-Einstein relation. In addition, DLS measurements were carried out under non-aggregating 
conditions as a function of protein concentration to determine the protein-protein interaction 
parameter  The Nanostar uses laser light scattering at 658 nm and a scattering angle of 90 °C. 9 µL 𝑘D

of protein in 25 mM sodium acetate, pH 5, with/without 150 mM NaCl, was loaded for each 
measurement in a low volume quartz cuvette. 

Diffusion coefficients were obtained from cumulant fits to the correlation function over the time 
delays in the range of 10 to 6 × 104 µs using the DYNAMICS software. The minimum cut-off in the 
time delay was chosen to avoid artefacts in the analysis arising from the effect of high 
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concentrations of either urea or GdmCl on the autocorrelation function. For protein free solutions, 
there is an observable decay in the correlation function between 0.5 and 4 µs (Figure S1). This effect 
was omitted by only using the interval over delay times in the range of 10 and 100000 µs when 
fitting the correlation function.

Sample preparation and collection for kD determination: Protein samples in denaturant (see sample 
preparation) were diluted with 6 M GdmCl or 8 M urea in 25 mM sodium acetate, pH 5, at room 
temperature to a concentration range between 2 to 10 mg/ml for kD determination. The DLS 
acquisition time was set to 5 s and 15 collections were taken per sample and each sample was run in 
triplicate

 was determined from measurements of diffusion coefficients D (under non-aggregating 𝑘D

conditions) as a function of protein concentration over the range of 1 and 10 mg/mL at 25 °C using 
the relation

𝐷 = 𝐷0[1 +  𝑘D𝑐] (1)
where  is the infinite dilution diffusion coefficient. An infinite-dilution hydrodynamic radius  is 𝐷0 𝑅H0

calculated from the extrapolated value for  using the Stokes-Einstein equation:𝐷0

𝑅H0 =
𝑘B𝑇

6𝜋𝜇𝐷0

(2)

where  is the Boltzmann constant, T is temperature and solvent viscosity µ values were taken from 𝑘B

literature to account for the high concentration of chemical denaturant.48,49

Sample preparation for isothermal aggregation: Samples at either 4 mg/ml and 2 mg/ml protein 
concentration were initially prepared in solutions with 6 M GdmCl, in 25 mM sodium acetate, pH 5, 
buffer. The sample was then diluted to 3 M GdmCl concentration by 50:50 dilution with a buffer-only 
solution to a total volume of 40 µl. The DLS acquisition time was set to 5 s and 3 collections were 
taken per time point with measurements taken immediately after dilution every 15 s up to 2500 s.

Modelling

To investigate whether the structural environment of R214 may aid understanding of the 
importance of this site upon mutation to lysine, the scFv sequence was searched against the 
structural database50 using BLAST.51  From the aligned sequences that maintain an arginine in the 
equivalent position, an Fv fragment (Protein Data Bank, PDB, ID 2OTU) was selected.  This scaffold 
was used to assess the change of electrostatic interactions for an arginine to mutation at the site 
equivalent to R214 of scFv.  Side chain interactions for the arginine in 2OTU are largely with the main 
chain component of two loops, each associated with a pair of -strands.  Additionally, the arginine 
side chain is relatively buried, so that the effect of mutation to lysine is dominated by whether the 
lysine side chain can reproduce the hydrogen-bonding interactions between arginine side chain and 
neighbouring loop main chains.  Electrostatic interactions of arginine and modelled lysine side chains 
were assessed using pKa calculations.52  A lysine side chain was modelled with Swiss PDB Viewer 53, 
maintaining a conformer that is, so far as possible, isosteric with the native arginine.
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Fluorescence based protein unfolding

Protein samples at 100 µg/ml in 25 mM sodium acetate, pH 5, were prepared over a range of GdmCl 
concentrations from 0 to 3 M in 0.2 M increments, in the same buffer. 40 μl samples of each were 
pipetted into a Corning  Cyclic Olefin Copolymer 384 well plate and measured using a Varioscan Lux 
fluorescence plate reader (Thermo Fisher Scientific, UK). Excitation was performed using a laser at 
295 nm, where the emission was measured at 325 and 350 nm to determine the ratio between the 
intensities at these wavelengths.

Results and Discussion

Arginine to lysine mutations reduce aggregation propensity

Static light scattering profiles as a function of temperature for the WT, 4RK or 7KR scFv mutants in 
25 mM sodium acetate, pH 5, with/without 150 mM sodium chloride are shown in Figure 1.  The 
temperature onset of aggregation Tagg refers to the temperature when the light scattering signal is 
greater than the mean baseline intensity by 10% of its value. Tagg decreased in order of: 4RK > WT > 
7KR (~50, 47 and 40 °C, respectively); with higher Tagg values indicating lower aggregation 
propensity. Upon addition of 150 mM NaCl to the buffer solution, this trend was still observed 
although the aggregation temperatures were lower. In solutions with 150 mM NaCl, the Tagg for 4RK, 
WT and 7KR was 43, 40 and 27 °C, respectively. This reduction is due to screening of the repulsive 
double layer forces by sodium chloride leading to a lower colloidal stability which increases the 
aggregation growth rates.29,43,54–56 The mutant-specific effects observed at high and low ionic 
strength indicates the changes in aggregation propensities cannot be only rationalized in terms of 
differences in electrostatic interactions. In addition, the aggregation propensities are not controlled 
by the conformational stabilities, as the 4RK mutant has been shown to be less conformationally 
stable than the WT, while the 7KR native structure is the most stable.29 The similar rate of SLS 
intensity increase observed for each of the mutants may indicate that the mechanisms of aggregate 
growth of the three proteins are similar to each other.57
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Figure 1: SLS intensity measured for WT, 7KR and 4RK scFvs during heating from 20 to 60 °C at 2 
mg/ml in solutions containing 25 mM sodium acetate, pH 5 (closed symbols) or with addition of 150 
mM sodium chloride (open symbols). 

In our previous work 29, we found that the aggregation propensity of the mutants did not correlate 
with the conformational stability or the native-state protein-protein interactions, which, led us to 
hypothesize that the main impact of the mutations was to alter the interactions or the colloidal 
stability of the unfolded or partially folded states. The other possibility that the mutation alters the 
β-sheet forming propensity was disregarded because predictors of aggregation prone regions, which 
primarily reflect the propensity to form β-structure, do not distinguish between lysine and arginine. 
However, there is no direct evidence for the effect of the mutation on the colloidal stability of the 
unfolded states. As such, we have carried out protein-protein interaction measurements in solutions 
with 6 M GdmCl, conditions where the scFv proteins only undergo reversible interactions in the 
unfolded states. In this case, there are no conformation rearrangements to β-structure which would 
lead to irreversible association or aggregation, so the measurement only reflects the colloidal 
stability.

7KR mutant exhibits much stronger self association under highly denaturing conditions

The protein-protein interaction parameter, kD, is often used as a surrogate parameter for the 
osmotic second virial coefficient, B22, which is related to the interaction free energy between a pair 
of proteins averaged over their relative orientations and separations. There exists a monotonic 
correlation between  and  for solutions of lysozyme or monoclonal antibodies under native 𝑘D 𝐵22

conditions58–60 and for lysozyme under chemically denaturing conditions.61 Determining the net 
effect of protein-protein interactions first requires knowledge of the excluded volume contribution 
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to , which exists for all proteins. Increasingly positive values reflect increasing protein-protein 𝑘D

repulsion, while attractive protein-protein interactions are reflected by decreasing values of . The 𝑘D

change in attractive versus repulsive interactions can be observed clearly in Figure 2 for the three 
mutants in buffer with/without denaturant. Under native conditions, the excluded volume 
contribution can be approximated by using the result for hard spheres given by  𝑘D = 1.55𝑉p𝑁A 𝑀
where  and M are Avogadro’s number and protein molecular weight respectively, and  is the 𝑁A 𝑉p

protein molecular volume assuming spherical geometry, . For example, from Table 1, 𝑉p = 4𝜋𝑅3
H 3

measured values of  equal to 2.7 nm, give an excluded volume contribution equal to 3 mL/g.  𝑅H

Figure 2 : Protein-protein interaction ( ) values for WT, 7KR and 4RK scFvs in 25 mM sodium 𝑘D

acetate, pH 5, alone or containing 6 M GdmCl, or 8 M urea denaturant, at 25 °C.

Table 1 :  values of WT, 4RK and 7KR scFvs in 25 mM sodium acetate, pH 5, alone or with 𝑅H0

addition of 8 M urea, or 6 M GdmCl 

Native 8 M Urea 6 M GdmHCl
WT 2.8 ± 0.1 4.3 ± 0.1 3.6 ± 0.1
4RK 2.7 ± 0.1 4.5 ± 0.1 4.1 ± 0.1
7KR 2.7 ± 0.1 4 ± 0.1 3.4 ± 0.1

scFv R H0  (nm)
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The effects of urea and GdmCl on the  of the WT and 4RK mutants can be rationalized in terms of 𝑘D

the denaturants ability to weaken inter and intramolecular interactions.  Under native conditions, 
the  values are near to the excluded volume value, which indicates that the net contribution from 𝑘D

other forces cancel each other out.  It is likely that there exists an electrostatic repulsion arising from 
the net charge on the proteins due to the low ionic strength conditions, which is balanced by a short 
ranged attraction.27 Increasing urea concentration is expected to weaken any short-ranged 
attraction and increase the excluded volume contribution due to the increase in protein size upon 
unfolding.39,62,63  It is the combination of these effects that causes the increase in protein-protein 
repulsion for 4RK and for WT. The  values are lower for solutions of GdmCl versus urea, indicating 𝑘D

the protein-protein interactions for WT and 4RK are less repulsive.  The likely explanation is that 
GdmCl has screened the electrostatic repulsion, although, the sizes are also smaller in GdmCl so that 
the excluded volume contribution is also expected to be smaller.

While there is no direct evidence for self association of WT or 4RK at high denaturant 
concentrations, the negative values of kD measured for 7KR provide a clear indication of a strong 
reversible association in solutions of either denaturant. Replacing the lysines with arginines in the 
7KR mutant causes association of the unfolded state that exists even at a denaturant concentration 
of 6 M GdmCl. While this finding might seem surprising, it is consistent with measured patterns of 
protein-protein interactions in solutions containing the amino-acid arginine. Ho and Middelberg 
(2004) showed that protein-protein attractions, characterized in terms of B22 measurements, 
covering a set of eight proteins when dissolved in solutions containing 6 M GdmCl are weakened 
when adding 500 mM arginine chloride. The attenuation of attractive interactions indicates 
preferential binding of arginine to the protein is not screened by the high concentration of 
guanidinium ion. It is not surprising then that arginine, when part of the protein surface, can form 
preferential binding interactions in solutions at high denaturant concentration. The stronger 
interactions of arginine likely occur with aromatic groups on the protein surface, which has been 
deduced from the stronger effectiveness of arginine over guanidnium at salting in aromatic amino 
acids64 and other small molecules containing aromatic ring groups.65,66  The strong preference for 
aromatic groups has also been observed from molecular simulation studies,67,68 the identification of 
arginine binding sites near to aromatic groups in protein crystal structures,69 and a survey of the 
macromolecular structure database indicating approximately one-half of all protein complexes 
contain at least one arginine-aromatic stabilizing interaction.70  As such, it is very likely that the sticky 
interactions observed with 7KR over the WT arise from the additional arginines interacting with 
aromatic groups exposed in the unfolded states.

The  values (Table 1) follow a similar pattern to the  measurements indicating the mutations 𝑅H0 𝑘D

have similar effects on intra and intermolecular interactions. The arginine-enriched mutant is more 
compact in the presence of denaturant reflecting more attractive intramolecular interations. In 
addition each of the mutants has a smaller size in GdmCl versus urea possibly due to screening of 
intramolecular electrostatic repulsion by the salt.
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Figure 3: Rh values for WT, 4RK and 7KR scFvs at 2 mg/ml (solid) and 1 mg/ml (open) in 25 mM 
sodium acetate, pH 5, containing 3 M GdmCl,  at 25 °C.

The kD measurements provide strong evidence that the 7KR mutant has much stronger self- 
association in the unfolded state (Figure 2). To further quantify the unfolded-state interactions lower 
denaturant concentrations were used so that effects of protein-protein association should become 
more apparent. As such, protein aggregation behaviour was measured in solutions with 3 M GdmCl 
(Figure 3), which corresponds to the minimum denaturant concentration where each protein is in 
the unfolded state.29  An increase in  was observed for WT and 7KR mutants over time, reflecting 𝑅H

an aggregation process, whilst  for 4RK remained relatively constant indicating very little, if any, 𝑅H

aggregate growth. Under these conditions, the WT is significantly more aggregation prone than the 
4RK mutant, which further correlates with the trend that arginine promotes association of the 
unfolded state.
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Figure 4: SLS intensity over time for R98K, R156K, R214K, R252K, WT, 7KR and 4RK scFvs at 2 mg/mL 
in 25 mM sodium acetate, pH 5, (A) and in the same buffer with 150 mM NaCl (B), at 36.5 °C.

Table 2: Aggregation rates for mutants at 2 mg/ml in 25 mM sodium acetate, pH 5, with/without 150 
mM NaCl (high/low ionic strength buffer), at 36.5 °C.

scFv
Aggregation rate low 
ionic strength (Cts/s ± 
S.E.)

Aggregation 
rate high 
ionic 
strength 
(Cts/s ± S.E.)

Standard 
Error

R98K 0.29 ±0.04 8.0 0.44
R156K 0.32 ±0.01 9.5 0.70
R214K 0.02 ± 0.001 1.1 0.12
R252K 0.49 ± 0.02 15.0 0.86
WT 1.32 ± 0.04 29.4 2.32
7KR 3.26 ± 0.12 39.9 4.77
4RK 0.25 ± 0.01 7.5 0.59

Four single-point mutants were produced to ascertain how each mutation in 4RK contributed to its 
aggregation propensity relative to the WT. Each mutant contained a single arginine to lysine 
mutation corresponding to the 4RK protein at positions 98 (R98K), 165 (R165K), 214 (R214K) and 252 
(R252K). In order to understand the contributions of each residue to the stability of the 4RK mutant, 
the SLS of each mutant was monitored during an isothermal hold at 36.5 °C (Figure 4). For each 
mutant there is an initial linear rate of scattering intensity increase, which was used to estimate an 
aggregation rate from the corresponding slope of the plot which is given in Table 2. Under both low 
and high ionic strength conditions, the aggregation rates for the scFvs increased in order of R214K < 
4RK ≈ R98K ≈ R156K < R252K <WT < 7KR.

The aggregation propensity of the 4RK mutant is similar to two of the individual R to K mutants 
(R98K and R156K) and indicates that the effects of R to K mutations on aggregation propensity may 
not be additive. In order to check whether this discrepancy could be rationalized in terms of changes 
to protein conformational stability or protein structure, the denaturant unfolding curve for R214K 
was determined and compared against 4RK and the WT (Figure S2).  There is a slight decrease in the 
unfolding curve to lower denaturant concentration for the R214K mutant, which is expected as 
arginine groups are known to contribute favourably to protein stability.  The decrease however is 
less than observed for 4RK.  Although the denaturant unfolding curves have not been measured for 
the other single mutations, it is likely that each of these either does not contribute or contributes 
unfavourably to the stability and that the larger reduction in stability observed for 4RK is due to the 
net additive effect from all the mutations.  It has been shown that the introduction of arginine in 
place of lysine increases the conformational stability of mutants of GFP71,72 through increased 
opportunities for stabilising hydrogen bond and salt bridge interactions. This is also consistent with 
the finding that 7KR has a much increased conformational stability which is likely due to the 
stabilizing effects of multiple KR mutations, rather than one mutation. Because each of the RK 
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mutations likely lowers the conformational stability, we hypothesize that the non-specific reduction 
in aggregation brought about by each mutation may be due to changes in how the protein-protein 
interactions occur between (partially) unfolded states, while in the WT, the native arginine residue 
located at position 214 may be located in a region responsible for self-association between 
monomers.   

Figure 5: Change in RH over time as a measure of aggregation of 4RK, R214K and WT scFvs, initiated 
by dilution from 6 to 2.6 M (solid) or 2.8 M (open) GdmCl, final concentration 2 mg/ml, at 25 °C. 
Lines provided are purely illustrative.

Isothermal aggregation studies were carried out using DLS for the proteins in 2.6 or 2.8 M GdmCl 
solutions, chosen to differentiate between the WT scFv and 4RK/R214K mutants. The small increase 
in GdmCl concentration to 2.8 M attenuated the aggregation only of the mutants (Fig 5), i.e. 
substitution of K for R reduced aggregation likely through reduced association of the unfolded 
states, which were prevalent at these denaturant concentrations.  The fact that the R214K mutant 
aggregates later than the 4RK mutant in 2.6 M GdmCl is of interest. If the whole population of each 
protein is entirely unfolded, it might be expected that the mutant containing the 4 lysine residues 
would be more stable than the mutant only containing one. However, aggregation pathways of 
unfolded proteins are complicated involving multiple steps including nucleation and aggregation 
growth. As an example there is no simplistic mechanism behind aggregate nucleation of the 
intrinsically disordered protein α-synuclein.73 It is also interesting to note that the 4RK mutant 
achieves a stable aggregate size of ~20 nm which is an aggregation behaviour that differs from the 
WT and R214K mutant which exhibit an apparent exponential growth rate. This may be indicative of 
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different rate controlling steps in the aggregation pathway of 4RK versus either WT or the R214K 
mutant.

Interrogation of the structural database, through sequence alignment, yielded an Fv fragment (in 
PDB ID 2OTU) that has arginine at an equivalent position to R214 of scFv.  From this comparison, the 
arginine is located between two structural loops of the scFv, each of which connects antiparallel -
strands.  The arginine side chain is relatively buried and makes hydrogen-bond interactions with the 
main chain regions of the two loops.  Lysine was also modelled at this position, to assess the 
difference between lysine side chain amino and arginine side chain guanidine groups, using pKa 
calculations that estimate charge interactions, including hydrogen-bonding.  From calculated pKa 
changes relative to the side chains in free solution, the effect of interactions in the protein 
environment is predicted.  For arginine in the scFv, a stabilisation of 5 kJ/mole is calculated, in 
comparison with a destabilisation of 7 kJ/mole for a lysine side chain at this location.  It is concluded 
that that arginine side chain is involved in a hydrogen-bonding network with main chain peptide 
groups, which stabilises the structure, whilst the lysine side chain is not complementary to the 
surrounding loops, leading to destabilisation.  These calculations refer to the folded scFv.  
Interestingly, one of the loops interacting with R214 (by analogy to 2OTU), neighbours R214 in 
sequence, so that that part of the arginine side chain to main chain interaction could be replicated in 
an unfolded form.  Modelling this putative unfolded state local interaction gives a small stabilisation 
of the arginine side chain from electrostatic interactions with the main chain (1 kJ/mole).  It would 
be possible, in principle, to reproduce the elements of the folded interaction between arginine side 
chain and two loops, from this local interaction in the unfolded state, with the juxtaposition of -
turn from a second protein molecule, and formation of a hydrogen-bonding network similar to that 
of the folded form.  In this model, the R214K mutation would not only impact on stability of the 
folded state, but also on aggregation potential of the unfolded state.

A critical step in aggregation pathways often corresponds to forming intermolecular -sheet 𝛽
structures that irreversibly trap the protein in an oligomeric state.  A key question to address, 
therefore, is whether or not swapping between arginine and lysine can alter the -sheet propensity, 𝛽
which can be assessed using amyloid predictors.  We have tested a number of these predictors on 
our arginine-lysine mutants and found a negligible difference in their aggregation propensity scores 
and no change to the aggregation-prone regions of the protein (Table S1),10,14,74 which is expected 
because the predictors have similar scoring functions between lysine and arginine.  There is such a 
low propensity for lysine or arginine to be buried in -sheets that the groups are classified as 𝛽
gatekeeper residues.  Indeed, in some of the predictors, arginine is a more effective -sheet breaker 𝛽
than lysine.75 The effect of the arginine to lysine mutation is non-specific, as mutations are located 
both close to, and away from predicted aggregation-prone regions and β-sheet rich regions 
(including R252K located on the C terminus), yet each reduces the aggregation propensity of the 
protein (Figure 4). This provides further evidence that the mutations are not changing 
conformational rearrangement steps- there would otherwise be positional dependent changes 
based on their proximal location to the aggregation prone regions.  If the R/K mutations do not 
impact conformational changes, it is likely that they promote protein ‘stickiness’ through favourable 
interactions with aromatics exposed in the unfolded states. This stickiness will decrease the colloidal 
stability of the protein, by increasing the percentage of successful collisions between proteins that 
form an aggregate, which is often quantified in terms of the Fuchs ratio.55
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Conclusion

We show that solvent-exposed arginine residues make ideal charge swap mutation candidates for 
improvement of colloidal stability of scFvs, where rational mutagenesis can be undertaken in a non-
specific manner. This approach avoids the need to first identify aggregation prone regions.76 Since 
arginine residues promote interactions with the unfolded state, we propose that their mutation to 
lysine will reduce the likelihood that protein-protein collision will result in aggregation, due to a 
reduction in surface stickiness. This method of charge swap mutation is also a successful approach 
for the identification of aggregation hotspot regions, as the difference in aggregation behaviour from 
a single residue substitution is large, without significant changes to the native protein structure. For 
the scFv and the arginine-lysine swap mutants, the protein-protein interactions measured under 
chemically denaturing conditions, rather than under native conditions, correlate with their 
aggregation propensity.  This suggests the measurements could be a complementary tool for 
developing protein therapeutics, either in the discovery phase when choosing from a panel of 
therapeutics based, or when screening solution conditions to find the most stable formulation. 
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