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Abstract
Recently Bekker et al. [Bekker G-J et al. Protein Sci. 2019;28:429–438.] described
a computational strategy of applying molecular-dynamics simulations to estimate

the relative stabilities of single-domain antibodies, and utilized their method to

design changes with the aim of increasing the stability of a single-domain antibody

with a known crystal structure. The structure from which they generated potentially

stabilizing mutations is an anti-cholera toxin single domain antibody selected from

a naïve library which has relatively low thermal stability, reflected by a melting

point of 48�C. Their work was purely theoretical, so to examine their predictions,

we prepared the parental and predicted stabilizing mutant single domain antibodies

and examined their thermal stability, ability to refold and affinity. We found that

the mutation that improved stability the most (~7�C) was one which changed an

amino acid in CDR1 from an asparagine to an aspartic acid. This change unfortu-

nately was also accompanied by a reduction in affinity. Thus, while their modeling

did appear to successfully predict stabilizing mutations, introducing mutations in

the binding regions is problematic. Of further interest, the mutations selected via

their high temperature simulations, did improve refolding, suggesting that they

were successful in stabilizing the structure at high temperatures and thereby

decrease aggregation. Our result should permit them to reassess and refine their

model and may one day lead to a useful in silico approach to protein stabilization.
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1 | INTRODUCTION

One key attribute of single-domain antibodies (sdAbs) is
their ability to function following exposure to high tempera-
tures. This is primarily due to their ability to refold follow-
ing heat denaturation. Nonetheless, many efforts to provide
sdAbs with enhanced thermal stability by raising their melt-
ing temperature have been undertaken.1 These efforts are not

without merit, for in many instances sdAbs do not refold
100% and a fraction of the material aggregates irreversibly.
Their failure to refold is a function of both intrinsic proper-
ties, such as the protein's isoelectric point, as well as the total
number of charged amino acids on its surface and extrinsic
properties such as protein concentration and solvent pH and
ionic strength. Thus, efforts that succeed in raising the melt-
ing point of an sdAb, which retards unfolding until extreme
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temperatures, can prevent aggregation and loss of activity
from occurring.

Amongst the methods examined to raise the melting
point of sdAbs, CDR grafting onto know stable frameworks
and making point mutations to residues identified to enhance
stability from highly stable exemplars are two common
methods. While perhaps the most straightforward method
has been to insert a non-canonical disulfide bond between
framework regions.2,3 This approach often yields an increase
of 10–20�C in melting temperature. However, regardless of
the approach the resulting mutant sdAb will need to have its
affinity reevaluated, as all these methods can impact affinity
and particularly in the case of an added disulfide bond,
refolding often is negatively impacted.

In recent work, Bekker et al.4 took a different approach
to sdAb thermal stabilization. They applied molecular
dynamics (MD) simulations to estimate the relative stability
for a set of 7 sdAbs for which both crystal structures and
melting transition temperature (Tms) were available. Their
approach was based on computing the fraction of native
atomic contacts (denoted by Q) for the sdAbs at three differ-
ent temperatures and drawing a correlation between Q and
the experimental Tm values. The best Q-Tm correlation from
this strategy was observed at a simulation temperature of
400 K and yielded a Pearson correlation r = 0.79 from
fitting to the set of sdAbs.

Applying this protocol to the PDB 4idl (designated as the
A9 sdAb) structure at 400 K, several residues were identi-
fied as “unstable.” Two point mutations were predicted to
stabilize A9 where the wild-type (WT) form has a relatively
low melting point. According to their model, both single

mutations (N27D and R71I illustrated in Figure 1) slightly
increased the stability with respect to the Q value over the
WT and the double mutant even more. It was claimed that
the stability of the double mutant would be comparable to
sdAbs which have Tm values of around 80�C. Unfortunately,
the mutant sdAbs generated by in silico methods were not
validated by producing the sdAbs and experimentally mea-
suring their melting temperatures. As we had initially
selected A9 from a naïve library, determined its crystal
structure as well as measured its affinity and stability,5,6 we
elected to prepare A9 and the mutants predicted to stabilize
its structure, to give Bekker et al.4 hard information from
which they could reexamine their model to facilitate even
better modeling approaches in the future.

2 | DISCUSSION

The DNA coding for A9 (PDB 4idl) and the mutants
described by Bekker et al.4 was purchased from Eurofins
Genomics. Soluble his-tagged sdAb protein was produced in
E. coli for each using the methods described previously.7 All
four proteins produced well, giving yields that ranged from
29 to 39 mg/L. The circular dichroism (CD) data and surface
plasmon resonance (SPR) data were obtained as described
previously,7 and are reported in Figure 1.

It was clear from the good production that A9 and both
single point mutants and the double mutant folded well. This
was confirmed by the CD data, where A9 gave a Tm of
48�C, within the error of what we had observed originally
(47 ± 1.5�C),6 and the Tms of the mutants all showed

FIGURE 1 Sequences of A9 (PDB 4idl) and the mutants used in this study are shown. Changes in the mutants are indicated. The CDR
identifications follow the usage in Bekker et al.4 The crystal structure of A9 is shown with the mutated amino acids rendered as a stick model. The table
shows the melting point and affinity data reported in this study. “Q:h-a” is the Q score for the set “hydrophilic -all” and is taken from Bekker et al.4
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improvement relative to A9 WT. The relative ordering of
their Tms matched that predicted by Bekker et al.,4 in that Tm
of A9 (4idl) < R71I < N27D < double mutant. The double
mutant yielded a Tm increase of 10�C as determined by CD
and was additive as predicted. For stabilizing mutations
selected purely in silico these measured increases in thermal
stability confirm the ability of their model to identify stabi-
lizing changes. In addition to improved Tms, we found the
refoldability of the mutant sdAbs also improved dramati-
cally. The A9 WT (4idl) only refolded 39%. While we found
the single point mutants improved to 66 and 69% refolding
and again the improvement for the double mutant was
“additive,” and gave excellent refolding at 86%. This finding
may be just as important an observation as the improved Tm,
as the resistance to permanent denaturation while unfolded
can also improve the ability of an sdAb to function in austere
environments where transient exposure to high temperatures
may occur.

What was not achieved by their model was the ability to
obtain the level of thermal stability observed by VH-B1a
(3b9v)8 and VHH-A3 (4tyu),9 which have Tm values of
around 80�C. Thus, while their current model successfully
identified stabilizing mutations, the degree of stabilization
achieved was not of the magnitude predicted. The other
critical factor they failed to achieve was to improve stabil-
ity while retaining wild type levels of affinity. The point
mutant N27D with the change in CDR1 faired the worse,
as they feared, increasing its dissociation constant (KD) by
a factor >5, while the other point mutant R71I only
increased slightly, at most a factor of 2, however this is
near our ability to discriminate due to experimental error.
In this case the double mutant did not appear additive, and
measured as having a KD midpoint between N27D and
R71I. This result is not surprising as it has already been
demonstrated that stability and affinity cannot be indepen-
dently modified without consideration of the effect on the
other parameter.10

A method of applying Q values at a single temperature
would appear to be ad hoc, a more rigorous simulation
method would be to model the complete thermal unfolding
profile as a function of the reaction coordinate Q. Neverthe-
less, this alternative approach is simply too demanding for a
high throughput analysis. To help put the success by Bekker
et al.4 in perspective, the application of computationally fast
web-based empirical methods described for modeling PDB
4tyu11,12 to evaluating N27D and R71I mutants showed
inconsistent success. All of the fast empirical methods find
N27D to be weakly destabilizing, while R71I improves sta-
bility. Notably, unlike most of the web-based methods, the
algorithm HoTMuSiC predicts direct changes in the Tm from
mutations.13 This server yields for N27D a ΔTm ~ −1 K
change and for R71I, ΔTm of ~+2 K.

Despite the theoretical limitations, the in silico approach of
Bekker et al.4 is a highly useful addition to the current stable of
predictive stabilization methodologies, as it is able to identify
mutations unlikely to be ascertained easily by any other means.
Our results show that it is most beneficial for the modeling to
direct the experimental, but that experimental results at the end
of the day are required to refine the modeling.
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