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Two strategies to engineer flexible 
loops for improved enzyme 
thermostability
Haoran Yu, Yihan Yan, Cheng Zhang & Paul A. Dalby

Flexible sites are potential targets for engineering the stability of enzymes. Nevertheless, the success 
rate of the rigidifying flexible sites (RFS) strategy is still low due to a limited understanding of how to 
determine the best mutation candidates. In this study, two parallel strategies were applied to identify 
mutation candidates within the flexible loops of Escherichia coli transketolase (TK). The first was a 
“back to consensus mutations” approach, and the second was computational design based on ΔΔG 
calculations in Rosetta. Forty-nine single variants were generated and characterised experimentally. 
From these, three single-variants I189H, A282P, D143K were found to be more thermostable than wild-
type TK. The combination of A282P with H192P, a variant constructed previously, resulted in the best 
all-round variant with a 3-fold improved half-life at 60 °C, 5-fold increased specific activity at 65 °C, 1.3-
fold improved kcat and a Tm increased by 5 °C above that of wild type. Based on a statistical analysis of 
the stability changes for all variants, the qualitative prediction accuracy of the Rosetta program reached 
65.3%. Both of the two strategies investigated were useful in guiding mutation candidates to flexible 
loops, and had the potential to be used for other enzymes.

Transketolase (TK), a thiamine diphosphate dependent (ThDP) enzyme, catalyses the reversible transfer of a 
C2-ketol unit from D-xylulose-5-phosphate to either D-ribose-5-phosphate or D-erythrose-4-phosphate, linking 
glycolysis to the pentose phosphate pathway in all living cells1,2. The stereospecifically controlled carbon-carbon 
bond forming ability of TK makes it promising as a biocatalyst in industry, for the synthesis of complex carbo-
hydrates and other high-value compounds3,4. The use of β -hydroxypyruvate (HPA) as the ketol donor renders 
the donor-half reaction irreversible, thus increasing the atom efficiency of the reaction favourably for industrial 
syntheses. Escherichia coli (E. coli) TK converts HPA with a rate of 60 U/mg, significantly higher than the rates of 
2 U/mg and 9 U/mg reported for its orthologs from spinach and yeast5.

Wild-type (WT) E. coli TK has been successfully engineered to have improved and inverted enantioselectivity6, 
as well as an expanded aldol-acceptor substrate range including polar aliphatics7, non-polar aliphatics8, and het-
eroaromatics9,10. Most recently, E. coli TK has been engineered to synthesize L-gluco-heptulose from L-arabinose, 
thus transforming a major component of the carbohydrates in sugar beet pulp, into a rare naturally-occurring 
ketoheptose with potential therapeutic applications in hypoglycaemia and cancer11. Additionally, the substrate 
range accepted by TK has been recently extended to aromatic benzaldehyde derivatives, which opened up poten-
tial routes to chiral aromatic amino-alcohols such as chloramphenicol antibiotics, nor-ephedrine, and their ana-
logues with alternative aromatic substituents12,13.

As a mesophilic enzyme E. coli TK suffers the limitation of low stability to elevated temperatures and extremes 
of pH14, limiting its current use in industrial processes. High temperatures are often used to enhance reaction 
rates, increase reactant solubility, and decrease the risk of microbial contamination. E. coli TK has a broad opti-
mum activity at 20–40 °C and loses activity rapidly at above 55 °C due to irreversible aggregation14. It therefore 
remains a challenge to design efficient bioconversions of aliphatic or aromatic aldehyde substrates by E. coli tran-
sketolase, at elevated temperatures to enhance their solubility in water. In addition, limited enzyme stability can 
be a barrier to further improvements in activity by mutagenesis.

Our recent mutagenesis of cofactor-binding loops towards those amino-acids found in Thermus thermophilus 
at equivalent positions, provided some success in which the H192P variant increased the optimal temperature for 
activity from 55 °C to 60 °C, with a linked increase in the Tagg measured by dynamic light scattering, from 60 °C to 
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61.5 °C15. However, considerable improvement is still required in both the specific activity and the half-life of the 
enzyme at elevated temperatures, to achieve good conversion yields.

Various techniques have been applied to enhance the thermostability of enzymes, including protein engi-
neering, post-translational enzymatic or chemical modification, use of additives, and immobilization16. Targeted 
mutagenesis guided by structural or sequence information has emerged as a popular protein-engineering route 
for altering various properties of enzymes. Unlike traditional directed evolution consisting of iterative cycles of 
library construction using random mutagenesis and high-throughput screening, this strategy focuses on several 
specific mutations sites such that no high-throughput screening approach is required17. Targeted mutagenesis 
is less likely to disrupt the global protein fold and thus increases the probability for obtaining active variants. 
The focus on specific amino-acid positions significantly reduces the size of generated libraries and subsequently 
increases the efficiency of directed evolution, provided that the target-site prediction is reliable18.

One potential target for protein stabilisation is their flexible loop regions. Loops are a diverse class of struc-
tures including both well-defined turns and more disordered random coils, which generally connect the main 
secondary structures, α -helices and β -strands19. Loops are important structural elements in proteins, often asso-
ciated with a higher sequence variability across homologs, thus contributing to diversification in terms of func-
tion within different clades of the same superfamily20. A growing number of studies have shown that loops play 
a significant role in modulating enzyme catalysis21, specificity22, stability23, and protein-protein interactions24. 
Therefore, loops might be good targets for engineering enzymes with newly acquired or improved properties. 
Several enzymes have been successfully engineered to have altered stability by carrying out mutations in loop 
regions25,26.

Considerable attention has, recently, been given to the role of fluctuations in protein thermostability. Highly 
fluctuating regions are believed to have a relatively low number of contacts with other amino acids, while large 
thermal fluctuations within flexible regions potentially expose the hydrophobic core of a protein to water pene-
tration, triggering protein unfolding27. The assumption that rigidity is a prerequisite for high thermostability was 
supported by studies that compared mesophilic and thermophilic proteins28,29. However, other experimental and 
computer simulation studies imply that thermal tolerance is not necessarily correlated with the suppression of 
internal fluctuations for all proteins30.

With flexible sites as targets, a number of enzymes have been engineered to have improved thermostability31. 
B-Factor analysis and molecular dynamics (MD) simulation are two commonly used methods to investigate 
protein flexibility. As an experimental approach, B-Factors are obtained from X-ray data which indicate smearing 
of atomic electron densities with respect to their equilibrium position32. Since B-Factors are dependent on the 
resolution of crystal structures used, it is difficult to compare them from proteins with different resolution, unless 
structures at similar resolution are employed. MD simulation focuses on the dynamic motion of proteins during 
a simulated period of time, and provides accurate representations of protein flexibility under physiological-like 
environments. However, compared to B-Factor analysis, MD simulations are more time-consuming. Flexible 
sites could be engineered by various approaches such as iterative saturation mutagenesis33, RosettaDesign34, the 
introduction of disulphide bonds or prolines35, or the addition of salt bridges36 although no single approach is 
consistently successful at increasing thermostability.

The evolved enzymes guided by the RFS (rigidifying flexible sites) strategy tend to maintain a comparable 
catalytic activity with that of wild type, mainly because the most flexible tend to be located on the protein surface, 
far away from catalytic sites. However, in one recent exception, the introduction of disulfide bonds to flexible sites 
was used to engineer Candida antarctica lipase B (CalB) for enhanced thermostability. A variant N169C-F304C 
showed an improved conformational stability but a decreased thermal deactivation. Investigation of conforma-
tional change at molecular level indicated that the catalytic sites were influenced by the mutations, although the 
formed disulfide bond rigidified the flexible regions35. The relationship between flexibility, stability, and activity 
can therefore be complex. Rigidity is needed to maintain integrity of the native folded structure, whereas a certain 
degree of flexibility is required for activity. The number of cases successfully employing the RFS strategy is still 
limited mainly due to a limited understanding of how to determine the best mutation candidates.

Here we aimed to improve the thermostability of E. coli TK using a targeted mutagenesis approach. Flexible 
loops were selected as the mutation targets, and then two parallel strategies were applied to identify mutation 
candidates within those loops. The first was a “back to consensus mutations” approach37, and the second was 
computational design based on Δ Δ G calculations in Rosetta38. Forty-nine single-mutant variants and one 
double-mutant variant were generated and assessed for their impact on catalytic activity and thermostability. 
From these, three single-variants and one double-variant were found to be more thermostable than wild-type TK. 
The best variant had a 3-fold improved half-life at 60 °C, and an increase in Tm of 5 °C above that of wild type. We 
confirmed that flexible loops could be selected as “hot spots” for engineering protein thermostability, and that 
thermostability is greatly correlated to rigidity.

Results and Discussion
Identification of flexible and thermally-sensitive loops in TK. The PyMol molecular graphics system 
(Schrödinger, USA) was used initially to highlight secondary structure as annotated within the pdb file of TK 
(PDB ID 1QGD). A total of 39 loops were identified with the longest one, loop5 90–117 containing 26 amino 
acids and the shortest ones like loop3, only containing 2 amino acids (Supplementary Table S1). Here, with the 
TK 3D crystal structure (PDB: 1QGD) as input, the average B-Factor for each residue was calculated with the 
B-FITTER program, and the B-Factor for each loop was calculated by averaging the B-Factors of all residues 
within the loop. In order to understand the relationship between flexibility and the location of loops, the depth of 
loops was also calculated using the DEPTH server.

As expected, loops with higher flexibility tended to locate at the protein surface, whereas loops deeply bur-
ied in the protein tended to have lower flexibility than surface loops (Fig. 1). However, some exceptions were 
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observed. Loop3 is interesting as it has a relatively high B-Factor for its depth. Only containing two residues 
Ser63 and Asn64, loop3 is a small loop located in the active site, and close to the dimer interface. Asn64 interacts 
sterically with the ThDP cofactor, and also with catalytic residue His66 which is directly involved in the substrate 
specificity of the TK (Supplementary Fig. S1). Given that loop3 is located quite deeply within the protein, its rel-
atively high flexibility may be required for efficient enzyme catalysis.

Loops11, 15, 17, 33, 35 are all located on the protein surface with similar depths of around 4 Å, but their aver-
age B-Factors varied greatly, from 15.7 to 29.9. Flexibility is an indicator of the accumulation of interactions. Since 

Figure 1. Flexibility and depth of loops in TK. (A) Comparison of B-Factor and depth of 39 loops in TK. The 
Y-axis is for both B-Factor and Depth (Å). (B) Correlation of B-Factor and depth for loops. (C) Normalized 
RMSF values versus residues of TK at different temperatures. (D) Difference of normalized RMSF values 
between 370 K and 300 K for each loop.
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these loops are located at a similar depth, their differences in flexibility will be heavily determined by the number 
(per residue), type and strength of interactions they make. Salt bridges and hydrogen bonds were analysed for 
loops11, 15, 17, 33, 35, and listed in Supplementary Table S2. Loop11 214–220 is the most rigid of these five sur-
face loops, with a B-Factor of 15.7, and contained the most interactions. Three salt bridges and 12 hydrogen bonds 
were found to rigidify this loop. Similarly, the salt bridge Asp545-Arg579 within loop33 could be the reason for its 
lower flexibility than loop17. Loop33 contains the same number of amino acids but fewer hydrogen bonds than 
loop17, suggesting that the salt bridge contributes more to rigidifying the loop than the four additional hydrogen 
bonds in loop17. However, as the total number of hydrogen bonds is higher than the number of salt bridges in 
proteins, their accumulative contribution to protein stability cannot be neglected. For example, loop35 592–593 
was relatively rigid as a result of seven hydrogen bonds found in this small two-residual loop.

Molecular dynamics (MD) simulations were used to investigate flexibility independently from B-Factors. A 
30-ns molecular dynamics simulation was applied to analyse the flexibility of the wild-type TK structure. The 
backbone RMSD remained at around 0.13 nm and that the structure became relatively stable within 15 ns of a 
30 ns molecular simulation performed at 300 K (Supplementary Fig. S2A). Based on the results of RMSD, the 
last 10 ns of the trajectory was selected to calculate the RMSF (root-mean-square fluctuation) values for all atoms 
except hydrogen in each residue. However, since the baseline values of average RMSF varied greatly between runs 
(Supplementary Fig. S2B), the original RMSF values were normalized by the average RMSF of the whole protein. 
We compared the normalized RMSF values of each residue with the average B-Factor values obtained from the 
crystal structure to validate its performance (Supplementary Fig. S3). Although B-factor values and RMSF val-
ues reflect protein flexibility in different aspects, they have significant similarity (Supplementary Fig. S3), with 
a Pearson’s correlation coefficient of 0.83, indicating that RMSF is consistent with B-Factors in the prediction of 
protein flexibility. However, despite the strong correlation, there were differences worth noting. For example, the 
five most flexible loops were loop15, loop6, loop33, loop17 and loop8 based on RMSF values calculated from an 
MD trajectory run at 300 K (Fig. 1C), whereas the five most flexible loops were loop15, loop17, loop13, loop14 
and loop33 predicted by B-Factors (Supplementary Table S1).

MD simulations performed at higher temperatures could potentially give more information relating to protein 
unfolding. Two additional simulations of TK were performed at 330 K and 370 K to identify thermally sensitive 
regions. As shown in Fig. 1C, the pyrophosphate (PP)-binding domain (2–322 aa) and the C-terminal domain 
(540–663 aa) were more flexible than the pyrimidine (Pyr)-binding domain (323–539 aa). Residues 400–500 
within the Pyr domain showed the lowest fluctuation under all three temperatures, suggesting that this highly 
buried region is also relatively thermostable. The difference in normalized RMSF values between 300 K and 370 K 
shows that several loops exhibited steep changes in fluctuation as a function of temperature (Fig. 1D).

The most thermally sensitive loop was loop8, one of two cofactor-binding loops. A previous study has shown 
that deactivation, denaturation and aggregation of TK at extreme pH or high temperatures is strongly linked to 
the binding of cofactors, and to the structure of the cofactor-binding loops14. More importantly, this loop has 
been engineered by mutating it towards the equivalent loop of a thermostable orthologue, Thermus thermophilus, 
and the best variant, H192P, showed both improved activity and stability indicating the importance of thermally 
sensitive loops in regulating protein stability39. By contrast, the other cofactor-binding loop, loop21 in this study, 
did not show an increase in flexibility as the temperature was increased (Fig. 1D and S4). Consistent with this 
observation, previous mutations tested in this loop did not lead to any improvements in thermostability39. As 
observed for loop21, several loops including loops32–37, led to a decrease in normalized RMSF values at higher 
simulation temperatures. These loops tended to locate deeply in the protein (See Fig. 1A), consistent with deeply 
buried residues having a stronger tolerance to thermal stress compared to surface residues.

Although loop8 was previously shown to be a critical region in which to engineer the thermostability of TK, 
this loop failed to be detected by the B-Factor approach which ranked loop8 at only eighteenth among the 39 
loops (Supplementary Table S1), indicating a potential limitation of using the B-Factor approach in isolation for 
predicting flexible regions of a protein. One of the reasons that the B-Factor approach underestimated the flexi-
bility of loop8 could be the presence of the cofactor ThDP in the crystal structure (1QGD.pdb). It is known from a 
comparison of the crystal structures of holo-TK and apo-TK40, that the cofactor-binding loops are non-structured 
in the absence of ThDP, but become structured upon ThDP binding. It is thus important to consider the B-Factor 
values both in the presence and absence of such ligands when relying upon that approach alone. In addition, 
protein flexibility in solution might differ qualitatively from that in a crystal and the possible reasons have been 
discussed previously31.

Despite the potential pitfalls, the B-FIT approach33 has been used successfully to engineer the thermostability 
of several enzymes such as lipase from Yarrowia Lipolytica41, lipoxygenase from Anabaena sp. PCC 712042 and 
esterase from Pseudomonas fluorescens43. Being aware of the limitation of B-Factors, it is beneficial to apply a 
complementary method like MD simulation to investigate protein flexibility. Considering both methods for TK, 
we finally selected loop6, loop8, loop13, loop15 and loop17 as five targets for engineering the thermostability 
of TK (Fig. 1C and S5). Loops13, 15 and 17 were predicted to be flexible by both MD simulation and B-Factors, 
loop6 was picked based on RMSF values at 300 K, and loop8 was selected based on the largest Δ RMSF due to the 
increased MD simulation temperature.

Introduction of mutations guided by the consensus concept. Amino acids appearing at a specific 
position most frequently among homologous structures, contribute to the stability more than other residues at 
the same position. Based on this assumption, the “consensus design” approach has been widely used in engi-
neering protein stability. A related and simple approach is to compare the sequence or structure of the target 
enzyme with that of homologs from thermophilic organisms, to identify key sites for mutagenesis. In this way 
the two co-factor loops of E. coli TK, have been mutated previously toward those of Thermus thermophilus TK. 
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A single variant H192P gave a two-fold improved stability to inactivation at elevated temperature, and three-fold 
improved specific activity compared to WT at 60 °C15.

Loops include both well-defined turns and disordered random-coil-like structures. The β -turn is a 
well-defined turn, consisting of 4 residues (positions i, i +  1, i +  2, i +  3) and has been classified into nine different 
types based on the dihedral angle values of the i +  1 and i +  2 position in the turn44. Although poor amino-acid 
consensus has been observed in loop regions, a statistical analysis of residues constituting 7153 β -turns of 426 
protein chains showed that significant residue preferences occur at specific β -turn positions44. For example, four 
residues (A, E, K, P) occur with higher frequency than others at the second position of type II β -turns. From 911 
type II β -turns, 213, 95, 89, and 76 respectively had proline, alanine, lysine, glutamic acid at the second position. 
According to the consensus concept, if the residue in the second position of a type II β -turn is not A, E, K or 
P, then mutating it to one of them might improve the stability of the target protein. Using this assumption we 
designed 40 single variants within the selected flexible loops, with the aim of improving the stability of TK. Loop8 
was ruled out in this strategy as it had already been engineered previously to the consensus, using the H192P 
mutation.

The β  -turn locations within TK (1QGD.pdb) were obtained from the PDBsum database 
(Supplementary Table S3). There were 47 isolated or overlapping β -turns in transketolase, all of which belonged 
to four types I, II, IV, VIII. In this study, we only considered type I and II β -turns since they represent the major-
ity of the different types of known β -turns and showed previously the most statistically significant amino-acid 
positional preferences44. Overlapping β -turns are those that share one or more residues with other β -turns such as 
turns 20–24, all of which locate in loop13 245–257. Such overlapping turns appear to be common in proteins, and 
comprise 58% of all β -turns45. For overlapping β -turns, we only considered the overlapped residues when design-
ing potential mutants. Since turns 22, 23 and 24 shared residue Lys254, it was mutated to C, G, N, D, S, T, P based 
on the sequence statistics of β -turns (Supplementary Fig. S6, Table 1). In addition to three overlapping β -turns, 
an isolated β -turn 246IIGF249 was also detected in loop13. As a type II β -turn, the amino acid found at the first 
position in wild-type E. coli TK was isoleucine, which was not in agreement with the statistically preferred C or 
P (Supplementary Fig. S6). Therefore, I246C, and I246P were selected as mutation candidates. Following this 
strategy, all possible mutants in loops6, 13, 15, 17 were designed and shown in Table 1.

The activity and stability of all generated variants were investigated initially using a microplate-based screen-
ing method. Specific activity and residual activity ratios relative to WT were calculated for comparison, and the 
variants ranked based on the relative residual activity (Fig. 2). Most of the variants decreased the thermostability 
relative to WT, except for two variants in loop15, A282P and E282D, and five variants in loop6, H142C/K/Q/S, 
and R139C. Although these seven variants did not all show a significant improvement of stability according to 
the screening conditions, they mostly maintained specific activities comparable to WT. In addition, some of the 
variants such as K254D, R139P, and I247K led to a significant loss of specific activity. Nineteen variants were 
designed within loop13 245–257 (Table 1) and, surprisingly, most of them showed both decreased activity and 
stability. Loop13 is near to an invariant active-site residue His261, which interacts with the diphosphate of ThDP 
and the C3-hydroxyl groups of the ketol donor substrate, and forms part of the active-site funnel leading to the 
co-factor ThDP and substrates.

To evaluate the true effect of mutations on the properties of TK, we purified several variants showing relatively 
high residual activity, and compared their thermostabilities with the wild type, but first we adopted a second 
computational approach for additional mutant designs as below.

Computational design of variants using Rosetta. Several algorithms have been developed to predict 
protein stability changes due to mutations, Δ Δ G, for which negative values represent stabilising mutations. A 
recent comparison indicated that Rosetta ddg_monomer program generally provided more accurate results than 
three other methods38,46. To investigate whether Δ Δ G prediction is an effective strategy to guide mutation can-
didates in flexible loops, we calculated the Δ Δ G values of all possible single substitutions in the flexible loops of 
TK using the Rosetta ddg_monomer program.

There were 49 amino acids in the flexible loops (loops6, 8, 13, 15, 17) and 931 possible single variants in 
total. A heat map of all 931 predicted Δ Δ G values suggested that most substitutions would be neutral or del-
eterious (Fig. 3A). The positions predicted to tolerate very little sequence variation include Gly191 in loop8, 
Gly248-Ser251 in loop13, and Phe337 in loop17. In the consensus approach above, we already constructed sev-
eral variants at positions Phe249 and Phe337. All of these variants F249C/D/K/Q/S/T, and F337C/G/N failed to 
improve the stability of TK, which agreed with Rosetta’s prediction. As for Gly191, this was already the consensus 
residue in an alignment of 54 homologous TK sequences.

Loops β-turns Type Possible mutations

Loop6 138–148 139RPGH142 II R139C,P H142C,D,K,Q,S,T

Loop13 245–257

246IIGF249 II I246C,P I247A,E,K,P F249C,D,K,Q,S,T

251SPNK254 I

K254C,G,N,D,S,T,P252PNKA255 I

254KAGT257 II

Loop15 278–287 282APFE285 II A282C,P F284G,N E285C,D,K,Q,S,T

Loop17 331–337 334PSDF337 I F337C,G,N

Table 1.  Design of variants based on β-turn amino acid positional preference.



www.nature.com/scientificreports/

6Scientific RepoRts | 7:41212 | DOI: 10.1038/srep41212

Figure 2. Residual activity and specific activity for 40 consensus variants relative to wild-type TK. Residual 
activity was measured by incubating 200 μ L cell lysates in triplicate under 60 °C for 1 h. Specific activity was 
calculated by dividing initial activity by OD600 of culture.

Figure 3. Stability prediction of TK variants by Rosetta. (A) Heat map of Δ Δ G values for TK variants 
showing stable (red) and unstable (green) variants. Black squares highlight the variants generated and tested 
experimentally. (B) Correlation between Δ Δ G values and residual activity (relative to wild type) of 41 TK 
consensus variants in lysates.
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Asp143 in loop6, was predicted to be tolerant of mutation to all amino acids except leucine, suggesting its 
potential to be a hotspot for engineering the stability of TK (Fig. 3A). The heat map of predicted Δ Δ G values also 
showed some amino acid preferences at certain positions. For example, Val145, also in loop6, was predicted to 
be tolerant only to leucine and isoleucine. These are both larger hydrophobic residues than valine, indicating the 
potential to optimise hydrophobic packing in this region.

To investigate the accuracy of the Rosetta ddg_monomer program, we compared the predicted Δ Δ G values 
with the residual activities in lysates, obtained above for the 41 consensus variants, including the previously iden-
tified thermostable variant, H192P in loop8 (Fig. 3B). There was no obvious quantitative correlation between pre-
dicted Δ Δ G values and their residual activity. However, the data in Fig. 3B was clustered into two main groups, 
each with an inverse correlation between residual activity and predicted Δ Δ G. The group with the lowest residual 
activity was formed by mutations that were clustered near the active site. By contrast the mutations with greater 
residual activity were distributed throughout the PP-domain both within and far from the active site, and also 
with one mutational site in the PYR domain. The flexible residues targeted in the cluster close to the active site, 
appear to become more prone to thermal inactivation upon mutation than variants in the other cluster, which 
indicates an additional mechanism of destabilisation that is not accounted for within the global Δ Δ G calculation. 
For example, the region may be particularly sensitive to introducing irreversible local unfolding, or to increasing 
the local aggregation propensity, upon mutation.

Qualitatively, the variants can be divided into four zones with the WT located at the cross centre (Fig. 3B). The 
majority of the variants were predicted to be destabilising, and this is consistent with the experimental results. 
Qualitatively, the 30 variants in zone I and IV (73.2%) were predicted correctly by Rosetta, while the 11 variants 
in zone II and III (26.8%) were not. The variant H192P is located in zone IV with the Δ Δ G value of − 0.537, 
significantly higher than the lowest Δ Δ G value of D143K (− 6.384), although its effect on stability was predicted 
correctly by Rosetta.

The assessment of thermostability as a residual activity after heating, does not necessarily reflect the stability of 
a purified protein, as the lysate environment could influence the conformational stability and also the aggregation 
rate of and enzyme. Furthermore, differences in expression levels in lysates between variants could also influence 
the aggregation rates as this is concentration dependent. Hence, to further investigate the accuracy of the Rosetta 
ddg_monomer program in predicting stable variants independently from the consensus approach, we generated, 
purified and tested the thermostability of the 8 variants with the lowest predicted Δ Δ G values.

Characterisation of purified variants with greater stability. We generated and purified 6 top hits 
from the consensus approach, and the 8 best Rosetta designs from above (14 variants in total). Of the variants 
guided by the “back to consensus” concept, A282P improved the residual activity 2.4-fold compared to wild type, 
whereas the other five variants retained a similar or lower activity after heat inactivation (Fig. 4). As H192P was 
constructed previously based on a related consensus strategy, and found to improve the residual activity 5-fold 
above wild type, we further combined H192P and A282P to get the double variant H192P/A282P. This variant 
was found to be more stable than both H192P and A282P, with a 7-fold improvement in residual activity com-
pared to wild type, and retained 50% activity after 1 hour at 60 °C.

As for the 8 variants predicted by the Rosetta ddg_monomer program, I189H showed the highest residual 
activity with an 8-fold improvement relative to WT (Fig. 4). However, this mutation also resulted in a 95% loss 
of specific activity relative to wild type, most likely because Ile189, which is in the same co-factor loop as His192, 
also interacts directly with the thiazolium ring of ThDP47. Although both the I189H and H192P mutations were 
located in loop8, the residual activity of I189H was almost 1.6-fold higher than that of H192P, indicating that 
I189H introduced a greater rigidification of loop8. This highlights both the powerful capability of Rosetta in 
predicting stabilising variants, but also a key challenge in that Rosetta would not discriminate against mutations 
that potentially impair function. By contrast, the consensus approach in such sensitive areas is more pragmatic as 

Figure 4. Thermostability and specific activity of TK variants from two strategies. Thermostability was 
examined by incubating 100 μ L 0.1 mg/mL enzymes in triplicate under 60 °C for 1 h. Enzyme activity was 
measured at 22 °C with 50 mM GA, 50 mM HPA, in 50 mM Tris-HCl, pH 7.0 before and after heating. Specific 
activity in the plot was the initial activity measured before heating.
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it selects from functional mutations that exist in natural variants of the enzyme, although it would tend to provide 
more modest stability enhancements such as those of H192P and A282P.

The most stable variant predicted by Rosetta was D143K but that variant only increased the residual activity 
by 50% relative to wild type (Fig. 4). The residual activity of T245N was the lowest among all purified variants 
although it had a predicted Δ Δ G value of − 4.1. Combining these 8 variants with the 41 tested above, for statisti-
cal analysis, we found that the qualitative stability changes of 32 variants were predicted correctly by the Rosetta 
in 65.3% of cases. Correlating the residual activities of the purified TK variants (Fig. 4) with their Δ Δ G values 
(Supplementary Fig. S9A) shows that 9 of 15 variants were predicted correctly by Rosetta, with five stable variants 
and four unstable variants relative to wild type, giving a prediction accuracy of 60%.

Variants showing improved residual activities were assessed further for their impact on other measures of 
stability, namely their thermal transition mid-points, Tm, half-lifes of inactivation, and activities at elevated tem-
perature. The thermal transition mid-point, Tm, of each variant was measured from intrinsic fluorescence using an 
Optim1000 (Figure S7A). The Tm of 69.9 °C for D143K was essentially unchanged from that of wild-type (70.4 °C), 
whereas I189H marginally increased the Tm to 72.3 °C. The consensus variants H192P, A282P and double variant 
H192P/A282P, each increased the Tm to 74.0, 74.9 and 75.0 °C respectively, which were around 4–5 °C higher than 
that of wild type (Table 2). The increased Tm values are therefore all consistent with the improved residual activi-
ties observed for these variants after incubation for 1 hour at 60 °C.

From the unfolding curves reported using the barycentric mean fluorescence (BCM), a second transition was 
observed for H192P and H192P/A282P, which was not previously seen for wild type or the other two variants 
A282P and D143K (Supplementary Fig. S7A). As the low temperature baseline, and early transition map onto the 
wild-type curve, it appears that the H192P amino acid substitution selectively stabilised a part of the TK structure, 
leading to a separate transition at higher temperatures. In the structure of TK, Trp196 is directly connected to 
loop8 185–192 by a small helix (Supplementary Fig. S8). Local stabilisation of the cofactor-binding loop by the 
H192P could therefore be reported directly by Trp196 as a new transition at elevated temperature. Interestingly, 
the MD simulations also showed that loop8 185–192 and the regions nearby underwent dramatic fluctuations at 
elevated temperature, consistent with the new transition being attributable to stabilisation of this co-factor loop.

The variant H192P/A282P showed the highest Tm value among all the variants tested, and this might be 
contributed to by both the H192P and A282P amino acid substitutions. The interactions added or removed by 
the mutations are investigated in the ‘MD simulation analysis of variants’ below. A new salt bridge was formed 
between Glu275 and Lys280 in the variant A282P, and new hydrogen bonds were formed in loop8 (185–192) 
of variant H192P compared to the wild type. All of these new interactions were detected in the double variant 
H192P/A282P, suggesting that the increased stability was due to the additive effects of H192P and A282P.

The Tm-values of the other 13 purified variants were also investigated to test the performance of Rosetta 
against this measure of thermodynamic stability (Supplementary Fig. S9B). As found above for residual activity, 
no obvious correlation was observed between the predicted Δ Δ G and the Tm-values for these variants. Six of 11 
variants were in zone IV, and none in zone I, resulting in a prediction accuracy of 46.2%. However, more samples 
would be required for a robust statistical analysis of any such correlation between predicted Δ Δ G and experi-
mental Tm-values for TK.

The half-life for the loss of enzyme activity at 60 °C was also determined as a measure of kinetic stability, for 
the five TK variants that had been shown to have improved residual activities relative to WT (Fig. 4). All five 
variants had a lower degradation rate constant kd than for wild type, indicating that the variants deactivated 
more slowly (Supplementary Fig. S7B). H192P/A282P improved the half-life 3-fold relative to wild type, whereas 
A282P, H192P and I189H had 1.5-fold, 2-fold and 2.5-fold improved half-lifes, respectively (Table 2).

Michaelis-Menten kinetics at saturating (50 mM) Li-HPA were carried out to better understand the influence 
of mutations upon the enzyme kinetics at 22 °C. All variants had a similar Km to wild type, indicating that these 
mutations did not significantly affect the interactions of GA within the active site (Table 2). I189H showed lowest 
specific activity among all wild-type and mutant TKs, and this could be contributed to a 40-fold decrease in kcat 
to 1.5 s−1. This reflects the disruption of hydrophobic interactions with the thiazolium ring of ThDP, as discussed 
above, due to this mutation. Interestingly, the kcat of variant H192P/A282P was improved 1.3-fold relative to wild 
type, which was not the case for either H192P or A282P. The improved kcat could have resulted from an improve-
ment in the flexibility of another co-factor loop (loop21), detected in MD simulations, as this might facilitate 
binding of co-factor (Supplementary Fig. S10). By contrast, A282P lost around 50% of the specific activity found 
in wild type, which is reflected in a 1.4-fold lower kcat relative to wild type. The Km of D143K is the lowest of the 
five variants. However, the kcat achieved was also lower than wild type, which resulted in a comparable kcat/Km and 
specific activity to that of wild type.

Specific 
activity 22 °C

(μmol mg−1min−1) 
60 °C Tm (°C)

Half life 
t1/2 (min) Km (mM) kcat (s−1)

kcat/Km 
(s−1 M−1)

WT 48.8 (0.4) 89.8 (1.4) 70.4 (0.3) 22.9 20.5 (1.3) 62.3 (2.4) 3039

D143K 46.7 (1.6) — 69.9 (0.4) 25.2 16.1 (1.2) 48.1 (3.2) 2988

I189H 1.9 (0.1) 40.9 (1.1) 72.3 (0.2) 56.8 18.0 (0.8) 1.5 (0.03) 833

H192P 57.3 (1.0) 158.0 (3.7) 74.0 (0.2) 43.9 18.0 (1.2) 65.5 (1.9) 3639

A282P 22.3 (0.5) 89.3 (1.1) 74.9 (0.2) 36.1 17.6 (2.1) 45.5 (1.5) 2585

H192P/A282P 59.9 (1.4) 254.7 (2.3) 75.0 (0.1) 63.0 23.3 (1.4) 81.2 (4.2) 3485

Table 2.  Characteristics of wild-type and mutant TKs.
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The optimum temperature range for the wild-type E. coli TK enzyme activity has been reported as 
20–40 °C14. To investigate whether the variants functioned well at higher temperatures, we tested the cat-
alytic activity of wild-type and variant TKs at the particularly challenging temperatures of 60 °C and 65 °C 
(Supplementary Fig. S7C, D). At high temperature, HPA can degrade independently, but this was observed in 
control experiments to be less than 5% within 1 h at 65 °C. At 60 °C, both the wild type and variants achieved 
increased specific activity compared to that at 22 °C (Table 2). The variant, H192P/A282P showed the highest 
specific activity of 254.7 μ mol mg−1min−1 at 60 °C, a 4.3-fold improvement relative to that at 22 °C, and 2.8-fold 
higher than that of the wild type at 60 °C. This indicates an improved potential of H192P/A282P to be used in 
bioconversions at elevated temperatures.

I189H, surprisingly, achieved a specific activity of 40.9 μ mol mg−1min−1 at 60 °C which was 21.5-fold 
higher than that at 22 °C, whereas the specific activity of the wild type increased only 1.8-fold when the reac-
tion temperature was shifted to 60 °C. Additionally, the wild type and all variants, except H192P/A282P, dis-
played lower final conversions of erythrulose at 60 °C, compared to the 50 mM maximum observed at 22 °C 
(Supplementary Fig. S7C). This suggests that the high temperature denatured the enzymes before the substrates 
could be fully converted, and is consistent with the enzyme half-lifes at 60 °C. At 65 °C, the variants and wild type 
all demonstrated a significant loss of activity during the reaction, as indicated by the even lower final conversions 
to erythrulose compared to that at 60 °C (Supplementary Fig. S7D). However, H192P/A282P achieved a 5-fold 
higher initial activity compared to wild type, resulting in a 4-fold greater final conversion to erythrulose. Recently, 
a TK from the thermophilic microorganism Geobacillus stearothermophilus was characterised to have an optimal 
temperature range of 60–70 °C, and retained 100% activity for 3 days at 65 °C, which is more stable than our 
double variant. This enzyme has been engineered to convert unnatural substrates including aliphatic aldehydes48, 
(2 S)-hydroxyaldehydes49 and arylated substrates50 in recent studies, implying the potential of thermostable TK in 
the improvement of catalytic properties by mutagenesis.

MD simulation analysis of variants. 30-ns MD simulations were applied to examine the flexibility 
changes of variants H192P, A282P, H192P/A282P and T245N. The T245N variant was selected as it showed a sim-
ilar specific activity but significantly decreased stability compared to WT (Fig. 4), thus it might be expected to dis-
play the opposite flexibility change to the three stabilising variants. The normalized RMSF values of each amino 
acid were calculated from the last 10 ns trajectory (Supplementary Fig. S10) and used for colouring structures of 
wild-type and mutant TKs (Fig. 5A). The local flexibilities of different variants were also examined by calculating 
the RMSD of the specific loops containing mutations in respect to its average conformation of last 10 ns (Fig. 5B).

At 300 K, the stable variants showed an increased local rigidity compared with the wild type in loop8 for 
H192P, loop15 for A282P, and both loop8 and15 for H192P/A282P, which all displayed lower RMSD or RMSF 
values than those of the wild type (Fig. 5). This is consistent with the new transition observed in variants contain-
ing H192P, as a result of localised stabilisation reported by W196 in loop8. Introduction of prolines at positions 
of His192 and Ala282 could have rigidified the local regions of TK and hence led to the improved thermostability. 
On the other hand, loop13 of variant T245N exhibited a significantly increased flexibility, suggesting that the 
mutation from Thr to Asn at position 245 might trigger a large conformational change around loop13.

Interestingly, the per-residue RMSF plots also showed the dynamic change of other regions beyond the five 
loops we identified (Supplementary Fig. S10A). For example, loop21 387–403 of variant H192P/A282P became 
more flexible than that of WT and other three variants. In order to confirm this, 100 frames were extracted from 
last 10 ns of one MD simulation at 300 K, and displayed in one picture (Supplementary Fig. 10B). Loop21 of 
H192P/A282P became more disordered compared to that of WT. Loop21 is a co-factor binding loop and interacts 
with loop8 of the second chain, across the dimer interface, to form one side of the active-site funnel with ThDP at 
the base (Supplementary Fig. S4). The increased flexibility of active sites has been observed frequently in thermo-
stable proteins, and is believed to be linked to their higher temperatures of optimal activity51. Hence, the increased 
dynamics of loop21 could have contributed to the elevated kcat of variant H192P/A282P (Table 2).

Loop8 and loop13 of WT are the two most thermally-sensitive loops and showed the greatest improvement 
in flexibility as the temperature increased from 300 K to 370 K (Fig. 1D). However, these two loops, along with 
loop15, were clearly rigidified at 370 K in the most thermostable variant, H192P/A282P, highlighting the critical 
role of flexible loops in regulating the protein thermostability (Fig. 5A). The variant H192P/A282P, therefore 
appears to have stabilized TK by rigidifying loops8, 13, 15, while increasing the enzyme activity by making loop21 
more mobile. In agreement with the observation at 300 K, loop13 of variant T245N became more dynamic com-
pared to that of wild type at 370 K. Also, loop8 of T245N apparently underwent an unfolding event at 370 K, 
which was not the case for WT and the other three variants, indicating its limited tolerance to high temperature 
(Fig. 5A). The local flexibilities of all three stable variants H192P, A282P, H192P/A282P were decreased, and that 
of T245N was increased compared to wild type, suggesting a good inverse correlation between flexibility and 
stability.

As a single mutation is unlikely to cause a significant change to the overall flexibility of a protein, especially 
one as large as TK, an appropriate method to examine the local flexibility around mutation sites is vital to pre-
dict the effect of mutations on protein stability. A method based on inspection of averaged structure from MD 
simulation trajectories has been used in a stability engineering strategy, FRESCO to analyse the flexibility effect 
of each single mutation52. Although the FRESCO strategy has proven useful53, the method used for predicting 
local flexibility is not straightforward since it is based on inspection instead of quantification. Additionally, the 
100 ps MD simulations used in the FRESCO strategy would not be long enough for a protein to reach a stationary 
equilibrium phase. The method we used here took only conformations from the stationary phase into account, 
and an RMSD instead of RMSF calculation was used to allow detection of local region movement over the whole 
stationary phase, which provides an alternative approach for predicting local flexibility change caused by muta-
tions, to the one used in the FRESCO strategy.
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As shown in Supplementary Table S2, salt bridges and hydrogen bonds greatly influenced the flexibilities of 
the loops. It is useful to identify which interactions were removed or added by the mutations, and how these affect 
the flexibilities of the loops. The total number of hydrogen bonds involved in each loop kept changing during 
the simulation, and the average number of hydrogen bonds revealed differences for specific loops of WT and the 
variants (Fig. 6). Loop8 was rigidified by the H192P mutation, as a result of forming more hydrogen bonds on 
average in H192P (17) than for WT (11).

The variant T245N showed decreased thermostability and increased local flexibility compared to those of WT. 
Interestingly, the number of hydrogen bonds in loop13 decreased on average in T245N relative to those in WT 
(Fig. 6A). The mutation could have triggered a large conformational change and then removed several hydro-
gen bonds from loop13. In order to confirm that, we compared the structures of WT and T245N and identified 
three hydrogen bonds existing in WT but not in T245N (Fig. 6B). All of these hydrogen bonds were formed 
with the main chain atom N (blue) as a donor and the main chain atom O (red) as an acceptor. The distances 
between donors and acceptors (labelled on dashed lines) for WT (green) were smaller than the threshold of 3.9 Å, 
whereas those of T245N (cyan) exceeded the distance threshold for hydrogen bonds. Additionally, the small helix 
His258-His261, linked to loop13 (245–257) in WT, was denatured in the T245N variant, which would also con-
tribute to the increased flexibility of the loop13 in T245N.

Loop15 of A282P showed decreased mobility compared to in wild type. Surprisingly, the average number 
of hydrogen bonds formed by the loop15 did not differ considerably between A282P and wild type (Fig. 6A). 
However, a salt bridge between Glu275 and Lys280 was formed in A282P but not in WT (Fig. 6C). In order to 
confirm this, the distance between the atom OE2 of Glu275 and the atom NZ of Lys280 was investigated during 
the last 10-ns simulation for the WT, A282P and H192P/A282P (Supplementary Fig. S11), revealing a shorter dis-
tance in A282P most of the time, and increasing occurrence of larger distances in H192P/A282P then WT. With 
the salt bridge distance threshold set to 3.2 Å, this salt bridge was intact for at a total of 3.1 ns, 5.1 ns, and 3.2 ns 
during the last 10 ns of simulations at 300 K for WT, A282P, and H192P/A282P, respectively. As shown in Fig. 6C, 

Figure 5. Flexibility of wild-type and mutant TKs. (A) Comparison of wild-type and mutant TKs structures 
coloured by normalized RMSF at 300 K and 370 K. Each structure was achieved from the average of the 
last 10-ns trajectory of one simulation. The surfaces of loops8, 13, 15, 21 are displayed and only those of 
WT at 300 K are labelled. (B) The RMSD of loops8, 13, 15 of wild-type and mutant TKs with the average 
conformations of last 10 ns as reference. For H192P/A282P, RMSD of loops8 and 15 were combined. Only the 
RMSD values of frames at 10-ps intervals were displayed for clarity and each value was the average of RMSD 
from triplicate simulations.
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Figure 6. Hydrogen bonds and salt bridges formed by the loops of wild-type and mutant TKs.  
(A) Number of hydrogen bonds formed by loops (chain A and B) of wild type (black square) and variants (red 
circle) changed as the function of simulation time. Numbers of hydrogen bonds were calculated for last 10-ns 
simulation trajectories at 300 K and only those of frames at 10-ps intervals were displayed for clarity. (B) Ribbon 
diagrams showing the positions and distances of three hydrogen bonds found in WT (green) but not in variant 
T245N (cyan). The distance between atom O (red) and N (blue) in Å, was measured using PyMol. Residues, 
Thr245 of WT and Asn245 of T245N were displayed as spheres. WT and T245N structures were obtained from 
the average of the last 10 ns of simulation trajectories. (C) A ribbon diagram of loop8 showing positions and 
distances of the salt bridge in WT (pink) and A282P (green). WT and A282P structures were obtained from the 
average of the last 10 ns of simulation trajectories. Images were generated in PyMOL.
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the A282P mutation could have restricted the mobility of its neighbour residue, Lys280 leading to the decreased 
distance between Glu275 and Lys280 in the variant A282P. This salt bridge survived a little longer in the variant 
H192P/A282P than in the WT, and the number of hydrogen bonds formed by loop8 and loop15 of H192P/A282P 
was significantly higher than those found in WT, which was in agreement with the fact that thermostable variant 
H192P/A282P showed increased local rigidity.

In this work, two strategies were applied to guide mutations in the flexible loops to engineer the thermo-
stability of E. coli TK. According to the “back to consensus” concept, 40 single variants were designed in five 
flexible loops. A282P in loop15 was proven to be the most thermostable variant and its combination with H192P 
in loop8, a variant from our previous study, resulted in a double mutant H192P/A282P showing significantly 
improved thermostability and also catalytic activity compared to the wild type. In a second strategy, the Rosetta 
ddg_monomer program was used to predict the stability change of all possible 931 single variants within the 
same five target-loops. Eight variants with the lowest predicted Δ Δ G values were generated and characterised 
experimentally. Of these, the variant I189H showed an 8-fold increased kinetic stability relative to the wild type, 
but also led to a significant loss in activity. MD simulations of three stable variants H192P, A282P, H192P/A282P 
and one unstable variant T245N revealed a strong correlation between thermostability and rigidity, suggesting the 
important role of flexibility in engineering protein stability.

Based on a statistical analysis of the stability changes for all variants constructed, the qualitative prediction 
accuracy of the Rosetta ddg_monomer program reaches 65.3%. Two variants, A282P and R139C were identified 
from a library of 40 variants, with a success rate of 5%, guided by the “back to consensus” approach. Both of 
these variants were predicted accurately by Rosetta. However, when we ranked the Δ Δ G values of all 931 single 
variants, then A282P ranked only 72nd and R139C ranked 112th. These two variants would not be readily iden-
tified using Rosetta Δ Δ G values alone, as the library predicted by Rosetta is too large to be constructed using a 
site-directed mutagenesis approach. A flexibility prediction approach such as MD simulation could be used to 
identify variants with increased rigidity in the future to further reduce the library size.

Both of the two strategies investigated in this study were useful in guiding mutation candidates to flexible 
loops, and have the potential to be applied to other enzymes. Although the Rosetta ddg_monomer program had 
the higher success rate, as an alternative to pure computation design, the “back to consensus” strategy can be used 
for enzymes with no available structure. Rational design to engineer protein thermostability is still in progress 
and combination of different strategies could give an increased chance of success.

Methods
All chemicals were obtained from Sigma-Aldrich, UK unless mentioned otherwise.

Site-directed mutagenesis, overexpression and purification of enzymes. QuikChange XL 
Site-Directed Mutagenesis Kit (Agilent Technologies, US) was used to carry out site-directed mutagenesis with 
tktA gene in plasmid pQR791 as the template54. Wild-type and mutant TKs were expressed with an N-terminal 
His6-tag from E. coli XL10-Gold. A single colony was picked and transferred to 5 mL of LB Amp+ medium in a 
50 mL falcon tube. Cultures were then transferred into 45 mL of LB Amp+ medium in a 250 mL shake flask, and 
incubated at 37 °C, 250 rpm, for an additional 8 hours. All proteins including wild-type and mutant TKs were 
purified with Ni-NTA spin columns (Qiagen, CA, USA), using the protocol provided. Purified protein was then 
transferred to Slide-A-Lyzer Dialysis Cassettes (Thermo Fisher Scientific, Paisley, UK) with 10 kDa molecular 
mass cut-off for dialysis against 2.4 mM thiamine diphosphate (ThDP), 9 mM MgCl2, 50 mM Tris-HCl pH 7.0 
for 18 h at 4 °C. The final concentration of purified TK was measured using the Bradford method55, and OD280 
measurements, independently.

Microplate-based screening for thermostable variants. Microwell fermentation was carried out 
using 2 mL 96 deep-well square plates (DWP). Wells were filled with 900 μ L LB Amp+ medium and inoculated 
with individual colonies of variants. DWP plates were sealed with breathable sterile film (VMR International, US)  
and incubated at 37 °C, 400 rpm for 18 h. Reaction plates were generated by transferring 200 μ L cells to 96-well 
PCR plates and then centrifuged at 4000 rpm 30 minutes to collect cell pellets. Reaction plates were thawed 
from − 80 °C resulting in freeze-thaw lysis of cells. The cells were resuspended in 50 μ L 18 mM MgCl2, 4.8 mM 
ThDP, 50 mM Tris-HCl, pH 7.0 and inoculated for 30 minutes before heating at 60 °C for 1 h in a thermal cycler. 
Reactions were initiated by adding 50 μ L 100 mM hydroxypyruvic acid (HPA), 100 mM glycolaldehyde (GA), 
50 mM Tris-HCl, pH 7.0 at 22 °C, and then quenched after 60 min with 1 vol. 0.2% (V/V) trifluoroacetic acid 
(TFA). Samples were analysed by HPLC (Dionex, CA, USA) as previously7 to determine the concentration of 
L-erythrulose against a standard curve. For screening purposes only, an approximate specific activity of enzymes 
in lysates was estimated by dividing the initial activity of samples by the OD600 of culture.

Temperature inactivation of holo-TK. Wild-type and mutant TKs were purified and then diluted 
to 0.1 mg/mL by dialysis buffer. The half-life of enzyme activity was measured in triplicate by placing 100 μ L 
enzymes at 60 °C. Samples were removed at different times and then cooled to 25 °C. Reactions were initiated at 
22 °C by adding 50 μ L of 150 mM Li-HPA and 150 mM GA in 50 mM Tris-HCl, pH 7.0, then quenched at various 
times over 60 min by adding 10 μ L sample into 190 μ L 0.1% (v/v) TFA, prior to erythrulose determination by 
HPLC. A first-order deactivation rate constant (kd) was measured by linear regression of ln(residual activity) 
versus the incubation time (t). The half-life (t1/2) of each variant at 60 °C was calculated by Eq. (1).

= kt ln(2)/ (1)d1/2
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TK activity measurement at high temperature. Purified wild-type and variants of E. coli TK were pre-
pared at 0.1 mg/mL, with 2.4 mM TPP, 9 mM MgCl2 and 50 mM Tris-HCl, pH 7.0. Enzymes were then incubated 
for 5 min by placing 100 μ L samples into a water bath equilibrated at 60 or 65 °C. Sample temperatures were mon-
itored using a digital wired-thermometer (Topac, USA) and shown to equilibrate within 5 min. Reactions were 
initiated by addition of pre-warmed 50 μ L of 150 mM Li-hydroxypyruvate (HPA), 150 mM glycolaldehyde (GA) 
in 50 mM Tris-HCl, pH 7.0. Aliquots of 10 μ L were quenched at various times over 120 min with 190 μ L of 0.1% 
(v/v) trifluoroacetic acid (TFA). Triplicate reactions were analysed by HPLC. Specific activities were determined 
as initial rate/enzyme concentration.

Enzyme kinetics. Kinetic parameters were obtained at saturating 50 mM Li-HPA levels and a range of 
4–80 mM GA in final conditions of 50 mM Tris-HCl, 2.4 mM ThDP, 9 mM MgCl2, pH 7.0. The mixtures con-
taining enzymes (0.067 mg/mL) and substrates were incubated 22 °C for 2 h. Aliquots of 10 μ L were quenched 
at various times by adding 190 μ L of 0.1% (v/v) TFA. Triplicate reactions were monitored using HPLC as above. 
All data were fitted by non-linear regression to the Michaelis–Menten equation to determine the KM and kcat of 
wild-type TK and the variants using software OriginPro9.0.

Thermal transition mid-point, Tm, measurements. The Tm-values of TK variants were measured in 
an Optim1000 (Unchained Laboratories, Wetherby, UK) via their intrinsic fluorescence. The microcuvette arrays 
were loaded with 9 μ L of 1.0 mg/mL sample and excited with a 266 nm laser. The fluorescence was measured as a 
function of temperature in the range of 30–90 °C with steps of 1 °C, equilibration time of 30 s at each temperature, 
and a temperature tolerance of 0.5 °C. Barycentric mean fluorescence (λ bcm) was used as the analysis method for 
Optim1000 results, which was defined as Eq. (2).

λ λ λ= Σ ΣλI( )/ ( ) (2)bcm

where 𝜆  is wavelength and I(𝜆 ) is the fluorescence intensity at wavelength 𝜆 . The λ bcm indicates a change in the 
average wavelength of fluorescence emission, which was normalized for comparative purposes for different vari-
ants and fit to a two-state transition model to determine Tm as previously56.

B-Factor analysis. The B-Factors of wild-type TK (PDB ID: 1QGD) were extracted from the pdb structure 
file using the B-FITTER software33. This tool calculates the amino acid B-Factor as an average of B-Factor of all 
the atoms of an amino acid in a given protein excluding hydrogen. Since TK is a homodimer, the B-Factor of each 
residue was calculated by averaging the B-factor values of the same residue from chain A and chain B.

Atom depth calculations. The DEPTH server (http://mspc.bii.a-star.edu.sg/tankp/intro.html) was used to 
calculate atom depths for TK, defined as the distance of the atom from the nearest surface water molecule57. The 
default conditions used for calculating atom depth of TK were: number of solvating cycles, 25; solvent neighbour-
hood radius, 4.2 and minimum number of neighbourhood waters, 2.

Salt bridges and hydrogen-bond analysis. Analysis of salt bridges was carried out with the visual 
molecular dynamics (VMD) program58. The distance threshold was set as 3.2 Å and PDB structure (1QGD) was 
used as the input. HBPLUS v.3.06 program was used to calculate the number of hydrogen bonds in the TK struc-
ture59 setting maximum distances for D-A and H-A bonds at 3.9 Å and 2.5 Å respectively [D refers to the donor 
atom; A, the acceptor; H, the hydrogen atom].

Molecular dynamics simulations. Molecular dynamics simulation software Gromacs v 5.0 was used to 
investigate the structural flexibility of wild-type TK (PDB ID 1QGD) and variants constructed with the PyMol 
Mutagenesis Wizard (Schrödinger, USA). Simulations were carried out using the OPLS-AA force field. The initial 
structure was solvated in a cubic simulation box with a layer of water at least 10.0 Å from the protein surface. 
Sufficient Na+ was added to neutralize the negative charges in the system. The whole system was minimized 
using the steepest descent method (2000 steps) plus the conjugate gradient method (5000 steps). Two 50 ps 
position-restricted simulations were performed under NVT and NPT ensembles respectively with heavy atoms 
and Cα-atoms fixed. Finally, a 30 ns MD simulation was performed in triplicate on the whole system at 300 K, 
330 K and 370 K. All bond lengths were constrained using the LINCS algorithm and the time step of simulation 
was set to 2 fs. Trajectories were saved at every 2 ps and post-analysis was performed using standard Gromacs 
tools. RMSDs (root-mean-square deviations) were calculated using the starting structure of each simulation as 
a reference.

ΔΔG calculations and mutational scanning. The relative change in folding free energy due to point 
mutations, Δ Δ G, was predicted for residues in flexible regions using the Rosetta ddg_monomer application38. 
Here the TK variant G540Stop with a truncated C-terminal domain, instead of the full-length wild-type structure, 
was used as the input for Rosetta due to its limitation on computational resource. G540stop has been reported 
to have an increased catalytic rate compared to WT TK, whereas the C-terminal domain has an as yet unknown 
function, and is not thought to contribute significantly to the stability of TK47. For the Rosetta ddg_monomer pro-
gram, we used the high-resolution algorithm which allows a small degree of backbone conformational freedom. 
Based on the high resolution protocol, the flags used for the ddg_monomer executable were as follows –in:files 
target.pdb –ddg::mut file mutation.mutifle -ddg::weight_file soft_rep_design –fa_max_dis 9.0 -ddg::iterations 50 
-ddg::min_cst false -ddg:: mean true -ddg::min false -ddg::sc_min_only false -ddg:: ramp_repulsive true).

http://mspc.bii.a-star.edu.sg/tankp/intro.html
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