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Abstract 

Enhancing protein stability holds paramount significance in biotechnology, therapeutics, and the food industry. Circu-
lar permutations offer a distinctive avenue for manipulating protein stability while keeping intra-protein interactions 
intact. Amidst the creation of circular permutants, determining the optimal placement of the new N- and C-termini 
stands as a pivotal, albeit largely unexplored, endeavor. In this study, we employed PONDR-FIT’s predictions of dis-
order propensity to guide the design of circular permutants for the GroEL apical domain (residues 191–345). Our 
underlying hypothesis posited that a higher predicted disorder value would correspond to reduced stability in the cir-
cular permutants, owing to the increased likelihood of fluctuations in the novel N- and C-termini. To substantiate this 
hypothesis, we engineered six circular permutants, positioning glycines within the loops as locations for the new 
N- and C-termini. We demonstrated the validity of our hypothesis along the set of the designed circular permutants, 
as supported by measurements of melting temperatures by circular dichroism and differential scanning microcalorim-
etry. Consequently, we propose a novel computational methodology that rationalizes the design of circular permu-
tants with projected stability.

Introduction
Designing proteins with desired properties [1, 2] is of 
paramount importance in biotechnology, medicine, and 
the food industry [3–5]. One sought-after modification 
is the enhancement of protein stability without compro-
mising protein function [5, 6]. Conventional approaches 
involve the introduction of single- and multi-point muta-
tions to improve protein stability [6]. In cases where pro-
tein N- and C-termini are located close to each other, 
circular permutations can also serve as a method to mod-
ify protein stability and the mobility of specific protein 
regions [7–13].

Two factors are critical for the successful design of cir-
cular permutants (CPs): (i) the structure and length of the 
linker connecting the original N- and C-terminal amino 
acid residues of the protein, and (ii) the cleavage site for 
generating new N- and C-termini. While numerous stud-
ies have concentrated on linker design [14–16], the selec-
tion of the circular permutation site has garnered limited 
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attention in existing literature. Typically, experimentalists 
choose a cleavage site based on intuition and personal 
experience [17]. Consequently, the site’s placement ends 
up being either nearly arbitrary or involves testing mul-
tiple potential options. This methodology necessitates 
the isolation and purification of each proposed circular 
permutant, followed by an assessment of its stability and 
activity [8], which is time-consuming and labor-intensive. 
Hence, the development of computational strategies for 
designing novel N- and C-termini in circular permutants 
is of great significance.

In an earlier work, we employed predictive tools [18, 19] 
for identifying intrinsically disordered regions to pinpoint 
optimal sites for introducing disulfide bonds aimed at 
enhancing protein stability [20, 21]. Analysis of the com-
pact structures of globular proteins using these prediction 
methods [18, 19] unveiled that almost all proteins contain 
small regions that are intrinsically disordered, even in 
the presence of their well-defined structures, as observed 
in crystallographic or NMR studies. Drawing from this 
insight, we effectively engineered cysteine bridges to 
increase the stability of GFP [20] and GaO protein [21]. 
Furthermore, an exploration of L1 ribosomal proteins 
across diverse organisms highlighted the potential of 
PONDR-family programs in identifying weakened regions 
within proteins exhibiting similar three-dimensional (3D) 
structures [22–24].

In this research, we employed predictions from the 
PONDR® VLXT program to create circular permuta-
tions of the apical domain of the GroEL (AD-GroEL) 
chaperone [25], each exhibiting distinct stability. The 
GroEL apical domain plays an important role in binding 
non-native target proteins [26–31], a critical aspect of 
the GroEL chaperone’s functionality. When examined in 
isolation, the 15 kDa GroEL apical domain retains some 
of its functional characteristics, enabling it to bind non-
native proteins, and is often denoted as a "minichap-
erone" [28, 32–35]. Given the proximity of the N- and 
C-termini within the GroEL apical domain (residues 
191–335) [25], it stands as an apt model for investigating 
circular permutations.

We postulate that a decreased degree of disorder at 
the chosen cleavage site indicates increased stability for 
the corresponding CP. To investigate this conjecture, we 
designed six CPs of the GroEL apical domain utilizing 
glycine residues as cleavage sites. The designed CPs, in 
conjunction with the wild-type protein, exhibited a broad 
spectrum of stability, as assessed through circular dichro-
ism (CD) and differential scanning microcalorimetry 
(DSC). The melting temperatures  (Tm) of these proteins 
displayed a reasonable correlation with the predictions 
generated by the PONDR® VLXT program, yielding 
Pearson correlation coefficients ranging from 0.66 to 

0.92, contingent on the experimental method employed 
to define  Tm. These findings underscore the feasibility of 
the proposed strategy for engineering CPs with desired 
stability, establishing a robust computational framework 
for this objective.

Materials and methods
Protein expression and purification
The expression vectors were obtained by cloning DNA 
fragments encoding the Escherichia coli GroEL api-
cal domain (amino acids 192–333 of GenBank protein 
sequence no. NP_418567.1) or its circular permutants 
into the plasmid vector pET11cjoe. DNA fragments were 
produced by polymerase chain reaction (PCR) from the 
plasmid template pET11cjoe  GroES-GroEL [36]. Cir-
cular permutations were made by three separate PCRs. 
The first PCR amplified the 3′ end of the GroEL apical 
domain cDNA (encoding amino acids 210–333, 244–333, 
256–333, 269–333, 282–333, or 297–333). The forward 
primer contained an NdeI restriction site, and the reverse 
primer included a three-glycine linker coding sequence. 
The second PCR amplified the 5′ end of the GroEL api-
cal domain cDNA (encoding amino acids 192–209, 192–
243, 192–255, 192–268, 192–281, or 192–296) with the 
forward primer coding for three-glycine linker and the 
reverse primer containing a stop codon followed by a SalI 
restriction site. The PCR products were purified by aga-
rose gel electrophoresis; corresponding pairs were mixed 
and used as a template for the third PCR with primers 
containing restriction sites. The final PCR products were 
purified and cloned into the plasmid vector using NdeI 
and SalI sites.

GroEL apical domain and its circular permutant forms 
were expressed in E.coli cells and isolated as described 
elsewhere [37] with some modifications. The purity of 
the isolated protein was checked by the SDS-PAGE.

Polyacrylamide gel electrophoresis (PAGE) under native 
conditions
The native PAGE experiment was performed with Mini 
PROTEIN®System (BIO-RAD, USA), under the follow-
ing conditions: 15% (w/v) separating gel with a 4% (w/v) 
stacking gel (non-denaturing polyacrylamide gel) in 
Tris–glycine (pH 7.2), and 6-µL samples were loaded. The 
proteins were stained with Coomassie Blue G250.

Circular dichroism (CD) spectroscopy
The Far-UV CD spectra and ellipticity dependence on 
temperature were measured using a JASCO–1500 spec-
tropolarimeter (Japan Spectroscopic Co, Japan) equipped 
with a temperature-controlled holder in 0.1 mm thick 
cells at the protein concentration of 0.1–0.4 mg/ml. The 
molar ellipticity [θ] was calculated from the equation, 
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[θ] = (θobs*Mres)/(c*L) where c is the protein concentra-
tion (g/l), L is the optical path length of the cell (mm), 
θobs is the ellipticity measured (in degrees) at wavelength 
λ (nm), and Mres is the mean residue molecular mass of 
the protein. The dependence of protein ellipticity on tem-
perature was carried out in a 10 mM sodium phosphate 
buffer, pH = 7.2 in the temperature range from 20° C to 
90° C in 1°C increments. The Far-UV CD spectra were 
measured at 20° C.

The protein concentrations were determined by the 
method of Waddel based on the difference between spec-
trophotometric absorption at 215 nm and 225 nm [38].

Differential scanning calorimetry (DSC)
DSC measurements were made on a precision scan-
ning microcalorimeter SCAL-1 (Scal Co., Ltd., Russia) 
with 0.33 ml glass cells [39] at a scanning rate 1 °C per 
min and under the pressure of 2.5 atm. The experiments 
were performed between 0 and 100 °C in 20 mM sodium 
phosphate buffer at pH 7.2. The protein concentrations 
in the experiment varied from 1.9 mg/ml to 5.5 mg/ml. 
The experimental DSC profiles were corrected for the 
calorimetric baseline, and the molar partial heat capac-
ity functions were calculated in a standard manner. The 
excess heat capacity was evaluated by subtracting the lin-
early extrapolated initial and final heat capacity functions 
with correction for the difference of these functions by 
using a sigmoid baseline [40]. A typical value for the par-
tial specific volume for globular proteins (0.73cm3/g) was 
accepted arbitrarily, since it does not influence the calcu-
lated excess heat capacity.

Results and discussion
Analysis of circular permutant amino acid sequences
In this study, we examine the hypothesis that the loca-
tion for the new N- and C-termini within a circular 

permutant, intended to impact protein stability, can be 
chosen based on predictions of intrinsic disorder scores. 
According to this hypothesis, regions with lower intrinsic 
disorder scores will experience minimal destabilization 
upon chain cleavage, primarily due to the robust stabiliz-
ing effect of intra-protein interactions within such areas. 
Consequently, the impact of chain cleavage on protein 
stability in these regions is expected to be minimal, as 
the new N- and C-termini are less likely to undergo sig-
nificant fluctuations. Conversely, amino acid residues 
characterized by high disorder values suggest weaker sta-
bilization within the corresponding protein region. Thus, 
cleaving the chain at such a location is predicted to lead 
to substantial fluctuation of the new N- and C-termini, 
resulting in the loss of stabilizing intra-protein con-
tacts and configurational entropy increase. As a result, 
we expect an inverse correlation between the predicted 
degree of disorder at the cleavage site prior to circular 
permutation and the stability of the resulting circular 
permutant.

The design of a circular permutant involves initially 
connecting the original N- and C-termini of a protein. 
Subsequently, a new cleavage site for this circular protein 
must be chosen, guided by disorder predictions. How-
ever, it is important to note that the PONDR® VLXT pro-
gram [41] (and, as a matter of fact any other algorithms 
for prediction of the per-residue disorder propensity) 
was not specifically designed for the analysis of circular 
protein sequences. It processes linear protein chains and 
consequently assigns additional disorder to the N- and 
C-terminal regions. To circumvent the influence of pro-
tein termini and accurately determine the disorder level 
of the circular amino acid sequence, we replicated the 
amino acid sequence of the GroEL apical domain three-
fold (Fig.  1) and conducted the calculation using the 
PONDR® VLXT program. The outcomes obtained for 

Fig. 1 A Intrinsic disorder profile of AD-GroEL (amino acid residues from 191 to 335 of the full-length GroEL) predicted by PONDR® VLXT. The 
sequence is replicated three times; the central fragment can be considered as a circular amino acid sequence of AD-GroEL. B The 3D structure 
of AD-GroEL colored according to the PONDR® VLXT predictions from (A)
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the central fragment of this triplicated sequence can be 
leveraged to gauge the disorder extent of amino acid resi-
dues within a circular permutant.

Selecting sites for circular permutations
Aside from the placement of the new N- and C-termini, 
several factors can potentially influence the stability of 
circular permutants, such as the specific amino acid resi-
dues at the new termini and their corresponding second-
ary structure within the wild-type protein. To alleviate 
the potential impact of these factors, we focused on loop 
regions containing glycine residues as potential cleav-
age sites. This decision is considered judicious because it 
minimizes the likelihood of disrupting the existing sec-
ondary structure elements.

We identified all thirteen glycine residues within the 
apical domain of GroEL and specifically chose those 
situated within loops, while excluding glycines located 
in regions critical for maintaining the regular secondary 
structure of the protein. Additionally, glycines positioned 
at the N- and C-terminal regions were not considered. In 
cases where two glycines were situated in close proxim-
ity, only one of them was chosen arbitrarily for further 
analysis. Consequently, we identified six glycine residues 
at positions 211, 244, 256, 269, 282, and 297 within the 
GroEL apical domain as suitable candidates for circular 
permutation and the subsequent design of new N- and 
C-termini (Fig. 2).

Making a cut within a loop of the original protein 
to generate new ends in the permutein makes perfect 

sense because of the two reasons. First, this ensures 
that the important elements of regular secondary struc-
ture are minimally affected. Second, it is known that 
the intrinsic disorder is unevenly distributed within the 
hybrid proteins containing both ordered and disordered 
regions, being more commonly found at the N- and 
C-termini of a typical globular protein [42]. Therefore, 
the new N- and C-termini produced by a cut within the 
disordered or flexible loop will be disordered or flexible 
in native conditions, as practically always happens in 
globular proteins [42].

In accordance with our hypothesis, there should be 
an inverse correlation between the stability of circu-
lar permutants and the level of disorder at the cleavage 
site. Therefore, based on the results obtained from cal-
culations using the PONDR® VLXT program (Fig.  2B), 
among the six glycine residues we selected, the chain 
cleavage in proximity to Gly269 or Gly211 is expected 
to yield the highest stability (Fig. 2). Conversely, the cir-
cular permutants with a chain cleavage near Gly297 
or Gly256 is projected to exhibit the greatest degree of 
destabilization.

We recognize that one could maintain the opposite 
hypothesis, where cutting a higher disorder region would 
be less disruptive (less destabilizing) than cutting an 
ordered region. However, in reality, it is difficult to give a 
solid answer to a question if a region with high disorder 
level is good or bad for mutations. In fact, after conduct-
ing a lot of research on the effect of different mutations 
on the folding of globular proteins (see for example [43]), 

Fig. 2 A 3D structure of AD-GroEL (PDB: 1DER, residues from 191 to 335). The numbering of amino acids corresponds to the numbering 
in the structure of a full-length protein. The protein is colored from N- to C- terminus according to the color scale at the bottom of the Figure. 
Thirteen glycines are denoted as orange or dark grey. The six glycines selected as cleavage points are colored in orange and are labeled by their 
residue number. The other glycines are shown in dark grey. B Probability of intrinsic disorder of the AD-GroEL circular sequence calculated 
by the PONDR® VLXT program. The circles denote the glycines at the site of the designed breaks in the amino acid sequence



Page 5 of 14Melnik et al. Cell Communication and Signaling           (2024) 22:90  

we came to the following conclusions. In an ordered pro-
tein, there is a very limited number of contacts inside a 
"weak region" (i.e., a region with higher disorder score) 
that stabilize it. Breaking of even a very few of these con-
tacts might cause big changes in protein stability. If the 
same is done in a well-stabilized region (i.e., a region 
with low disorder score), the corresponding mutation 
will disrupt a small number of exiting interactions, and in 
general, will not have a very strong effect on the protein 
stability. We are using similar arguments here, while con-
sidering design of circular permutants. We also recog-
nize that the reality is much more complex, as there are 
important dependencies on the secondary structure of 
the protein, its domain structure, and many other factors. 
Although it is unlikely that a strong correlation between 
the disorder status of a region subjected to mutation 
and the overall protein stability would be unequivocally 
established, it seems that there is a working "recipe" for 
the researchers. The “formula” is supported by the out-
puts of our three studies in this direction. First, we estab-
lished that it was possible to evaluate the effects of single 
mutations on protein stability using PONDR [24, 44]. 
Then, we showed that this technique can be used for the 
design of stabilizing cysteine bridges [20, 21, 23, 24]. And 
now, we are showing the applicability of this approach for 
rational design of circular permutants.

Study of the designed circular permutants in native 
conditions
To experimentally investigate the influence of circular 
permutations on the secondary structure of AD-GroEL, 
we examined the far ultraviolet circular dichroism (CD) 
spectra of six designed circular permutants and the 

wild-type protein (Fig.  3). The spectra coincide in the 
210–250 nm range, exhibiting two characteristic min-
ima at 210 nm and 220 nm, typical of α-helical proteins. 
Based on the spectra, altering the positioning of the N- 
and C-termini had a minor impact on the protein’s sec-
ondary structure under native conditions, except for the 
cp256 variant. The inset in Fig. 3A demonstrates that the 
minima at 210 nm and 220 nm are shifted for the cp256 
variant compared to those in the wild-type protein spec-
trum, implying a different secondary structure for cp256. 
This alteration in secondary structure due to circular per-
mutation appears to contribute to the observed reduced 
stability of the cp256 variant (see below).

Gel electrophoresis under native conditions (blue 
native electrophoresis; see Materials and Methods) 
reveals that all circular permutants exhibit compara-
ble motility to the wild-type protein, with the exception 
of the cp269 variant, which displayed slightly reduced 
motility (Fig. 3B).

Consequently, based on the findings from experiments 
conducted under native conditions, we can infer that all 
designed circular permutants are appropriately folded, 
compact, and possess a secondary structure akin to that 
of the wild-type protein. Notably, the cp269 and cp256 
variants exhibit minor deviations from the wild-type, 
showcasing differences in motility and secondary struc-
ture, respectively.

Thermostability of the GroEL apical domain circular 
permutants
To experimentally assess the stabilities of the designed 
circular permutants, we investigated the protein struc-
ture’s resilience to elevated temperatures using circular 

Fig. 3 A Circular dichroism spectra of the GroEL apical domain (WT) and the designed circular permutants in the range of 195–250 nm. B 
Electrophoresis under native conditions for (from left to right) cp256, cp211, cp269, cp297, cp244, cp282, and WT. M1, M2, and M3 denote markers 
BSA, BCAB, and apomyoglobin, respectively
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dichroism (CD) spectroscopy and differential scanning 
microcalorimetry (DSC).

Figure  4 illustrates the ellipticity changes at 210  nm 
and 220  nm in response to temperature variations. 
To facilitate comparisons across different proteins 
and wavelengths, the obtained curves were normal-
ized within the 0 to 1 range. The wild-type AD-GroEL 
protein exhibited the highest level of thermal stability, 
with half-transition temperatures  (t1/2) measured at 
73.8  °C ± 0.3  °C and 72.4  °C ± 0.3  °C, as determined by 
CD measurements at 210 nm and 220 nm, respectively. 
These values slightly surpass the half-transition tem-
peratures reported in previous studies for the GroEL 

apical domain, which were 57  °C [45, 46], 67  °C [35], 
and 70 °C [34].

Figure 5 depicts the temperature-dependent excess heat 
capacity of the circular permutants, as determined by DSC. 
Once more, the wild-type protein demonstrated the utmost 
stability, exhibiting the maximum temperature of the heat 
absorption peaks of proteins  (tm) of 70.7 °C ± 0.1 °C, which 
notably concurs with the CD measurements.

However, the maximum temperature of the heat 
absorption peaks of proteins  (tm) values obtained through 
the DSC method still exhibit disparities when compared 
to the half-transition temperatures  (t1/2) acquired via the 
CD method (Table 1). Moreover, the CD measurements 

Fig. 4 Dependence of ellipticity at 210 nm (dashed curves) and 220 nm (solid curves) on temperature A for GroEL apical domain WT, cp211, cp244, 
cp256 and B for GroEL apical domain WT, cp269, cp282, cp297. Ellipticity values are normalized for ease of comparison

Fig. 5 Temperature dependence of the excess heat capacity of the wild-type (WT) AD-GroEL protein and cp269, cp211, cp282, cp244, and cp297 
circular permutants, respectively
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at both 210 nm and 220 nm display differences between 
each other as well (Fig. 4 and Table 1). These variations 
suggest the occurrence of intermediate states during the 
process of protein thermal denaturation.

Even for the wild-type protein, these discrepancies 
hold statistical significance. The emergence of intermedi-
ates in the case of the wild-type protein aligns with prior 
findings regarding the GroEL minichaperone (residues 
191–376) [35]. For the designed circular permutants, the 
disparities are more conspicuous and indicate that they 
undergo transitional states during the heating process (as 
outlined in Table 1). Remarkably, for cp297, the temper-
ature-dependent excess heat capacity curve exhibits two 
distinct peaks (see Fig. 5), providing additional evidence 
for the potential disruption of various protein domains or 
the formation of intermediate states during the protein’s 
heat-induced denaturation [40].

In summary, our findings highlight the presence of 
intermediate states in the folding and unfolding pro-
cesses, which complicates our study. Consequently, the 
verification of our hypothesis through multiple methods 
(CD at 210 nm, CD at 220 nm, and DSC) adds an extra 
layer of credibility to the results and demonstrates a good 
experimental practice. Given the intricacies observed in 
the (un)folding dynamics, it is interesting to extend our 
hypothesis testing to a two-state protein in future studies.

We should also note that our current work did not aim 
to study the features of thermal denaturation of each cir-
cular permutant in detail. Evidently, individual mutant 
proteins may manifest distinct intermediate states that 
could impact their aggregation characteristics or the for-
mation of oligomers. Our primary aim was to establish 

a comparative analysis between disorder calculations and 
the outcomes of an empirical investigation into the ther-
mal stability of the CPs. Consequently, we refrained from 
an exhaustive analysis of the folding and unfolding mech-
anisms underlying the designed circular permutants.

Comparison of predicted parameters and experimentally 
measured thermal stability of circular permutants
Figure 6 illustrates that the melting temperature for pro-
teins, as determined by each of the methods, displays a 
reasonable inverse correlation with the PONDR® VLXT 
calculations (Table  1). The Pearson correlation coeffi-
cients stand at -0.62 for CD at 210 nm, -0.65 for CD at 
220 nm, -0.93 for DSC, when we consider the main peak 
of cp297 with  Tm = 51.0°C, and -0.95 for DSC, when we 
consider the second peak of cp297 with  Tm = 45.1°C. 
However, a distinct variation in slope across the data 
obtained through different methods is observed. This 
disparity is to be anticipated for proteins that undergo 
multi-state transitions involving intermediate states dur-
ing the unfolding process. Nevertheless, Fig.  6 demon-
strates that, for our purposes, both dependencies yield 
satisfactory results. In fact, to identify the most stable 
or most destabilized circular permutant variant, we can 
effectively accomplish this computationally by relying on 
PONDR® VLXT’s disorder predictions. Consequently, 
the evaluation of local instability, which exhibits a strong 
inverse correlation with protein disorder predictor calcu-
lations, offers a viable approach for the design of circular 
permutants in globular proteins.

One should keep in mind though that making corre-
lations based just on 6 data points does not provide any 

Table 1 Heat denaturation parameters for the AD-GroEL protein 
and circular permutants obtained by different methods

PONDR—Intrinsic disorder score of specified amino acid residues predicted by 
PONDR® VLXT program

DSC  tm—the maximum temperatures of the heat absorption peaks of protein 
obtained by the DSC method

CD Θ210  t1/2—the half-transition temperatures obtained by the CD ellipticity at 
210 nm

CD Θ220  t1/2—the half-transition temperatures obtained by the CD ellipticity at 
220 nm

PONDR DSC tm, C (± 0.1) CD Θ210 
t1/2,C (± 0.3)

CD Θ220 
t1/2,C 
(± 0.3)

wt 0.03 71.1 73.8 72.4

cp211 0.31 66.2 66.4 64.3

cp244 0.40 54.9 54.5 60.4

cp256 0.66 — 57.6 55.6

cp269 0.23 65.5 56.6 55.5

cp282 0.38 61.1 63.4 62.7

cp297 0.69 45.1 and 51 59.2 59.8

Fig. 6 Dependence of the melting temperature of circular 
permutants, obtained by the CD at 220 nm (blue circles, Pearson 
correlation coefficient being -0.65) and by DSC for secondary peak 
of cp297 (red squares, Pearson correlation coefficient being -0.93), 
on the degree of disorder at the chain cleavage site
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strong indication towards any conclusion. In fact, to have 
a possibility to reliably discuss statistically significant cor-
relations, one should study very large number of mutant 
proteins. However, even if 100 proteins are analyzed, it 
would not be possible to establish a strong correlation 
if the proteins are characterized by different structures. 
This is because, it can always be said that the replacement 
of amino acid residues in the α-helix is not the same as 
amino acid substitution in the loop or in β-structure. 
Therefore, the question of how to increase the number 
of experimental points in Fig. 6 is not a simple task. We 
tried to solve this problem by studying proteins with dif-
ferent amino acid sequences but identical structures, 
ribosomal proteins L1 from the halophilic archaeon 
Haloarcula marismortui (HmaL1) and extremophilic 
bacterium Aquifex aeolicus (AaeL1) [23]. This analysis 
revealed that the protein melting temperature was not 
changed when a disulfide bond was introduced into the 
predicted structured region in AaeL1, whereas introduc-
tion of a disulfide bond introduced into the same region 
that was predicted as a weakened in HmaL1, resulted in 
the noticeable increase in the protein thermal stability 
[23]. The positive results of that study indicated that, in 
principle, it is possible to use PONDR® VLXT outputs 
for designing mutant proteins with increased stability. 
Hence, in the present study we do not answer the ques-
tion whether there is a correlation between the melting 
temperatures for the proteins and the degree of disor-
der at the chain cleavage site. Instead, we show that our 
approach works not only when introducing disulfide 
bridges [21–24] but also when designing circular 
permutants.

Using AlphaFold to analyze the structure and stability 
of circular permutants
AlphaFold has gained widespread popularity for its 
remarkable ability to accurately predict the native 3D 
structures of proteins [47]. Motivated by this achieve-
ment, we opted to harness its capabilities to dissect 
disparities between the designed AD-GroEL circular 
permutants and the wild-type protein. We hoped to gain 
valuable structural insights into our findings by predict-
ing alterations in the CPs’ structures. Given the consist-
ent reduction in  Tm values across all CPs (Table  1), we 
anticipated a logical relationship where the greater desta-
bilization corresponds to more pronounced deviations 
from the wild-type protein structure.

However, we observed a somewhat contradictory 
scenario. Structural alignments revealed the greatest 
divergence in structure within the most stable cp211 
variant (Fig.  7B), while the least notable deviation 
was detected in the highly destabilized cp256 protein 
(Fig.  7A). Notably, we performed structural alignment 

using the sequence order-unaware mode of the TM-
align program [48], ensuring that structural differ-
ences are not attributable to differing arrangements of 
structural fragments. For cp211, it is plausible to con-
sider that its altered structure might be somehow less 
destabilized, although this remains improbable but con-
ceivable. In contrast, the nearly identical structure of 
cp256 predicted by AlphaFold offers no clear explana-
tion for the substantial ~ 16°C reduction in melting tem-
perature (Table 1). Furthermore, skepticism toward the 
AlphaFold-predicted structure of cp256 is further com-
pounded by its secondary structure, which evidently 
deviates experimentally from that of the wild-type and 
other CPs (Fig.  3A), while inexplicably coinciding with 
the AlphaFold prediction.

We also lack explanations for the diminished mobility 
of cp269 as compared to the AlphaFold-predicted struc-
ture (Fig.  7F). The disparities from the wild-type pro-
tein structure are exceedingly minute, conflicting with 
the reduced compactness identified in the experimen-
tal data (Fig. 3B). Similarly, alterations in the AlphaFold 
confidence scores fail to account for the varying stability 
among circular permutants (Table 1), aligning with prior 
observations [49].

As depicted in Fig. 7, it appears that AlphaFold does 
not discern between circular permutants, despite 
experimental evidence highlighting distinctions 
among the proteins (Figs. 3, 4, and 5). This implies that 
AlphaFold recognizes the shared spatial configuration 
of amino acids as presented in PDB structures, rather 
than individually predicting the 3D structure for each 
mutant. Consequently, AlphaFold adeptly predicts the 
overarching attributes of protein structure with the 
requisite accuracy crucial for diverse structural bio-
informatics tasks [50, 51], yet falls short in capturing 
local alterations within these structures. This obser-
vation harmonizes with previous findings concerning 
single-point mutations [49, 52]. This perspective also 
signifies that AlphaFold draws on the statistics derived 
from PDB and multiple sequence alignments, without 
assimilating the physics underlying the protein folding 
[53, 54].

Overall, circular permutations present a suitable test 
case for evaluating AlphaFold. Given that circular per-
mutation of substantial segments of the amino acid 
sequence preserves the relative arrangement of residues 
in three-dimensional space, AlphaFold retains the abil-
ity to discern the 3D structure of the wild-type protein, 
seemingly using PDB data. Nonetheless, AlphaFold’s 
predictions appear to adhere too closely to the wild-type 
protein’s structure, leading to an underestimation of the 
alterations resulting from mutations. This agrees with 
findings from a prior investigation [52].



Page 9 of 14Melnik et al. Cell Communication and Signaling           (2024) 22:90  

PONDR® VLXT vs. PONDR‑FIT
The intrinsic disorder score calculations shown in 
Figs. 1 and 2 were conducted using the PONDR® VLXT 
algorithm (http:// www. pondr. com) [41], and the AD-
GroEL circular permutants were designed based on 
these calculations. In our previous studies, we hypothe-
sized that if a region of a globular protein is predicted by 
a program as intrinsically disordered but the structure 
of this region is known, this may serve as an indication 
of the structural “weakness” of this region. Therefore, 
the results of the per-residue evaluation of intrinsic dis-
order predisposition allows the detection of “weak” and 
“stabilized” parts of a protein, despite the fact that they 
are all structured. We tested this hypothesis on several 
proteins. For example, using this principle, the stabi-
lizing cysteine bridges were designed in the GαO and 
ribosomal protein L1 [21, 23].

In our studies, the intrinsic disorder predictor 
PONDR® VLXT is typically used, as this algorithm is very 
sensitive to the local sequence features and peculiarities 

[41, 55]. This tool was one of the first (if not the first) per-
residue disorder predictors and serves as the originator 
of the family of PONDR predictors, each developed for 
some specific purposes, with the most recent being a 
metapredictor PONDR-FIT, which is a consensus arti-
ficial neural network prediction method developed by 
combining the outputs of several individual disorder 
predictors (including PONDR® VLXT) [18]. Not surpris-
ingly, a researcher looking for the PONDR program will 
find this PONDR-FIT algorithm that is freely available 
at (http:// origi nal. dispr ot. org/ pondr- fit. php). Although 
to an inexperienced user, it may seem that the PONDR® 
VLXT and PONDR-FIT are the same program, in real-
ity, these tools give completely different results. This is 
illustrated by Fig. 8 that shows a comparison of the cal-
culations performed for the apical domain of GroEL 
(AD-GroEL) by these two programs. It can be seen that 
the PONDR-FIT program indicates the absence of weak-
ened regions in the amino acid sequence of AD-GroEL. If 
we had used PONDR-FIT calculations when the current 

Fig. 7 3D structure of AD-GroEL (PDB: 1DER, shown in grey) aligned with the structures of the circular permutants predicted by the AlphaFold 
program (colored with a color gradient located in the bottom of Figure). The wild-type protein structure is shown in grey. The orientation 
of the structures is the same in all subfigures. A Structure of AD-GroEL and cp211 circular permutant (least differing structures). B Structure 
of AD-GroEL and circular permutant cp256 (most differing structure). C-G – structural alignment of the six circular permutants with wild-type 
protein structure. The insets depict new N- (blue) and C- (green) terminal regions for each circular permutant. The orientation in the insets 
is optimized for a better view

http://www.pondr.com
http://original.disprot.org/pondr-fit.php
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project was started, we would not have planned to work 
with the apical domain of GroEL, since, according to the 
disorder profile shown in Fig.  8, mutations in different 
regions of the amino acid sequence will affect the protein 
in the same way.

A completely different assumptions can be made based 
on the outputs of the PONDR® VLXT algorithm. In fact, 
the curve generated by the PONDR® VLXT program 
(Fig.  8) has several characteristic minima and maxima. 
According to this profile, mutations in different regions 
of the protein are expected to have different effects on 
the AD-GroEL stability. Therefore, this assumption was 
used to plan our study, the final results of which are illus-
trated by the correlation shown in Fig. 6. Of course, the 
generality of this hypothesis can be questioned, since the 
peculiarities of this correlation will depend on the struc-
ture of the protein under study and on the complexity 
of the mutations planned. In difficult cases, instead of 
looking for exact correlations, one can simply use the 
division of proteins into stable and unstable regions. 
For example, based on Fig. 2, it can be assumed that the 
cp211 and cp269 mutants will be more stable than cp256 
and cp297. And this assumption turned out to be correct 
(Fig. 5, Table 1).

Unfortunately, neither correlation nor even division 
into stable and unstable regions is possible if one would 
use the outputs of the PONDR-FIT for the analysis. This 
is an interesting observation, as, overall, PONDR-FIT 
was found to improve the prediction accuracy com-
pared to the single predictors [18]. However, the detailed 
comparison of the performance of the PONDR® VLXT 
and PONDR-FIT algorithms is beyond the scope of this 

study. Especially because we used disorder predictors 
for the non-standard purpose of searching for weakened 
and stabilized regions of a fully structured protein. The 
main purpose of this work is to help experimentalists by 
proposing some useful ideas, such as using the PONDR® 
VLXT algorithm in the design of stable proteins [22].

Published studies on S6 permutants support 
the applicability of the disorder‑based design 
of permutations
As it was already pointed out, numerous studies have con-
centrated on the design of linkers for circularly permuted 
proteins [14–16], leading to a very important conclusion 
that the specific features of a new linker region might have 
very significant effects on the permuted protein stability. 
In fact, it was pointed out that the circular permutation 
involves two partly compensating energetic components, 
an energetic penalty from cutting up the polypeptide 
chain in a new position and a structural stabilization due 
to the linkage of the N- and C- termini [56]. Therefore, it 
might be expected that the peculiarities of the linker region 
design might affect the protein stability. The validity of this 
statement can be checked by the analysis of the published 
experimental data on the conformational stabilities of the 
small ribosomal subunit protein S6 permuteins with the 
same cleavage sites but different linkers [56–58]. Hadlug 
et  al. (2008) generated permuteins by the  P13−14,  P33−34, 
 P54−55,  P68−69, and  P81−82 incisions within the loops linking 
the secondary structure elements of S6, whereas the link-
age of the wild-type ends was achieved via the removal of 
ten residues at C-terminal end (KSQEPFLANA) and two 
residues at the N-terminal end (MR) of S6 sequence and 

Fig. 8 Intrinsic disorder profiles of AD-GroEL generated by the PONDR® VLXT and PONDR-FIT algorithms
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connection of the modified using a loop consisting of the 
amino acid residues ASTTPG [56]. Note that the S6 per-
muteins with the  P13−14 and  P68−69 incisions and the same 
design of a linker region were analyzed in earlier study of 
this group [58]. In the Miller et  al. (2002) study, residues 
14, 36, and 55, which are located within the loop regions 
(i.e.,  P13−14,  P35−36, and  P54−55 incisions), were selected as 
new N termini, whereas old N- and C-termini were con-
nected by a simple AGA linker [57]. Both groups analyzed 
peculiarities of the guanidinium chloride (GdmCl)-induced 
unfolding-refolding processes of the resulting S6 per-
muteins in comparison with those of the wild type of this 
protein. Therefore, since these two teams used different 
linkages, and since three of the studied S6 permutants had 
same or similar cleavage sites, the corresponding S6 per-
muteins represent an important system that can provide an 
answer on the actual effects of the linkages on the permu-
tant stability.

According to Miller et  al. (2002), based on their ΔGu, 
analyzed wild type (WT) and permuted proteins can be 
arranged in the following order [57]:

Based on the results reported by the Oliveberg’s group, 
the WT S6 and its permutants can be arranged based their 
ΔGD−N values as follows [56, 58]:

P
13−14

(

4.1± 0.1 kcal mol
−1

)

< P
35−36

(

5.4 ± 0.3 kcal mol
−1

)

< WT

(

8.5± 0.5 kcal mol
−1

)

< P
54−55

(

9.1± 0.5 kcal mol
−1

)

P
13−14

3.89/4.29kcal mol
−1 < P

81−82
5.15 kcal mol

−1 < P
33−34

5.76 kcal mol
−1 < 68− 69 6.82/6.91kcal mol

−1 < WT 8.22/8.97 kcal mol
−1 < P

54−55
9.36 kcal mol

−1

Therefore, since no major differences were detected 
for the permutants with the similar cleavage sites 
 (P13−14,  P35−36/  P33−34, and  P54−55 incisions) but differ-
ent linkers, the results of these studies indicated that 
the linker did not have a major role in the permutant 
stability (at least in the context of the S6 system).

On the other hand, data reported by these groups 
provided an important support to our concept that the 
peculiarities of the PONDR® VLXT-generated intrin-
sic disorder profile can be used in the rational design 
of the cleavage sites in permutants. This conclusion is 
illustrated by Fig.  9A showing the localization of the 
permutation sites within the disorder profile of the S6 
protein from Thermus thermophiles. It is clearly seeing 
that the locations of the  P13−14,  P33−34,  P54−55,  P68−69, 
and  P81−82 incisions are characterized by a very notice-
able variability of the local intrinsic disorder predispo-
sition. Furthermore, Fig. 9B shows that in line with our 
data for the AD-GroEL permutants, stability of the S6 
permuteins is inversely correlated with the local dis-
order propensity of cleavage site. Therefore, these data 

provide further evidence that, in principle, it is possi-
ble to use PONDR® VLXT outputs for designing per-
mutants with the increased stability. Importance of 

Fig. 9 A The PONDR® VLXT-based evaluation of the per-residue intrinsic disorder propensity of the ribosomal protein S6 from Thermus thermophiles 
(UniPrit ID: P23370). The circles denote the position of the sites of the designed breaks in the amino acid sequence. B Dependence of the changes 
in the global stability (ΔGu) of S6 circular permutants, determined from the analysis of the guanidinium chloride-induced unfolding of the analyzed 
proteins on the local intrinsic disorder propensity of the designed cleavage cites in the wild type protein. Data were retrieved from Haglund et al. 
[56] (red circles), Lindberg et al. [58] (pink circles), and Miller et al. [57] (green circles). Pearson correlation coefficient is -0.57, reflecting a moderate 
negative correlation, which means there is a tendency for high PONDR® VLXT scores to go with low ΔGu values
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this conclusion is further stringent by the fact that it is 
based on the analysis of the conformational stability of 
permutants of two different proteins against temper-
ature-induced denaturation (AD-GroEL) or GdmCl-
unfolding (S6).

Conclusions
Selecting the optimal points for new N- and C-termini 
stands as a key factor in the protein redesign process 
through circular permutations. Building upon our pre-
vious achievements in applying disorder predictions to 
engineer stabilizing disulfide bonds in GFP and GαO pro-
teins [20, 21] we harness disorder-related insights in this 
investigation to guide the selection of new N- and C-ter-
mini locations for circular permutations within the GroEL 
apical domain. Utilizing the set of glycines positioned 
within loops as potential cleavage sites, we substantiate 
our hypothesis that higher disorder values correspond to 
decreased stability in circular permutants. Experimen-
tal assessments of melting temperatures through circu-
lar dichroism and differential scanning microcalorimetry 
align remarkably well with disorder predictions made by 
the PONDR® VLXT algorithm [18, 41].

Obviously, linkers are very important when designing 
stable circular permutants. Many articles are devoted to 
the design of universal linkers [59, 60], and to design link-
ers in a particular protein, different methods can be used 
ranging from a simple enumeration of the linker length 
and its amino acid composition to conducting molecu-
lar dynamics simulation and using the machine learning 
[61–63]. However, in this article, we did not consider 
the question of how the linker might affect the designed 
circular permutants. Instead, we focused on elaborating 
means for finding the suitable cleavage sites for generat-
ing new N- and C-termini. As a result, we have chosen 
the simplest linker, realizing in advance that it might not 
be the most effective. We believe that finding the "right" 
linker, which will further improve the stability of the 
protein, represents the next task after finding the “right” 
cleavage points.

Concluding, our study introduces the first systematic 
computational approach to rationally choose cleavage 
points in the designing circular permutants with tar-
geted stability. We hope that this work will streamline 
and enhance the efficiency of protein design via circular 
permutations.

Authors’ contributions
BSM conceived the idea, planned experiments, analyzed data, wrote the 
paper; VNU conceived the idea, analyzed data, wrote the paper;DNI AlphaFold 
prediction, data analysis; wrote the paper;MAP AlphaFold prediction, data 
analysis;KAG gene engineering, plasmid production;VRV protein purification, 
performed CD experiments;GSN planned experiments, protein purifica-
tion, performed CD experiments;DEV protein purification, performed CD 

experiments;MAM planned experiments, performed experiments, analyzed 
data;TNM planned experiments, performed DSC experiments, analyzed data, 
wrote the paper.

Funding
This research was funded by Russian Science Foundation, grant number 
21–14-00268.

Declarations

Competing interests
The authors declare no competing interests.

Received: 15 September 2023   Accepted: 8 December 2023

References
 1. Khersonsky O, Lipsh R, Avizemer Z, Ashani Y, Goldsmith M, Leader H, et al. 

Automated design of efficient and functionally diverse enzyme reper-
toires. Mol Cell. 2018;72(1):178-86.e5. https:// doi. org/ 10. 1016/j. molcel. 
2018. 08. 033.

 2. Rothlisberger D, Khersonsky O, Wollacott AM, Jiang L, DeChancie J, Betker 
J, et al. Kemp elimination catalysts by computational enzyme design. 
Nature. 2008;453(7192):190–5. https:// doi. org/ 10. 1038/ natur e06879.

 3. Khoury GA, Smadbeck J, Kieslich CA, Floudas CA. Protein folding and de 
novo protein design for biotechnological applications. Trends Biotechnol. 
2014;32(2):99–109. https:// doi. org/ 10. 1016/j. tibte ch. 2013. 10. 008.

 4. Chevalier A, Silva DA, Rocklin GJ, Hicks DR, Vergara R, Murapa P, et al. Mas-
sively parallel de novo protein design for targeted therapeutics. Nature. 
2017;550(7674):74–9. https:// doi. org/ 10. 1038/ natur e23912.

 5. Tang N, Liu J, Cheng Y. Potential improvement of the thermal stabil-
ity of sweet-tasting proteins by structural calculations. Food Chem. 
2021;345:128750. https:// doi. org/ 10. 1016/j. foodc hem. 2020. 128750.

 6. Wang R, Wang S, Xu Y, Yu X. Enhancing the thermostability of Rhizopus 
chinensis lipase by rational design and MD simulations. Int J Biol Macro-
mol. 2020;160:1189–200. https:// doi. org/ 10. 1016/j. ijbio mac. 2020. 05. 243.

 7. Clifton BE, Whitfield JH, Sanchez-Romero I, Herde MK, Henneberger 
C, Janovjak H, et al. Ancestral protein reconstruction and circular 
permutation for improving the stability and dynamic range of FRET 
Sensors. Methods Mol Biol. 2017;1596:71–87. https:// doi. org/ 10. 1007/ 
978-1- 4939- 6940-1_5.

 8. Reitinger S, Yu Y, Wicki J, Ludwiczek M, D’Angelo I, Baturin S, et al. Circular 
permutation of Bacillus circulans xylanase: a kinetic and structural study. 
Biochemistry. 2010;49(11):2464–74. https:// doi. org/ 10. 1021/ bi100 036f.

 9. Ferreira GC, Cheltsov AV. Circular permutation of 5-aminolevulinate syn-
thase as a tool to evaluate folding, structure and function. Cell Mol Biol 
(Noisy-le-grand). 2002;48(1):11–6.

 10. Heinemann U, Hahn M. Circular permutation of polypeptide chains: 
implications for protein folding and stability. Prog Biophys Mol Biol. 
1995;64(2–3):121–43. https:// doi. org/ 10. 1016/ 0079- 6107(95) 00013-5.

 11. Abdullaev ZK, Latypov RF, Badretdinov AY, Dolgikh DA, Finkelstein AV, 
Uversky VN, et al. S6 permutein shows that the unusual target topology 
is not responsible for the absence of rigid tertiary structure in de novo 
protein albebetin. FEBS Lett. 1997;414(2):243–6. https:// doi. org/ 10. 1016/ 
s0014- 5793(97) 01042-9.

 12. Uversky VN, Kutyshenko VP, Protasova N, Rogov VV, Vassilenko KS, Gudkov 
AT. Circularly permuted dihydrofolate reductase possesses all the proper-
ties of the molten globule state, but can resume functional tertiary 
structure by interaction with its ligands. Protein Sci. 1996;5(9):1844–51. 
https:// doi. org/ 10. 1002/ pro. 55600 50910.

 13. Protasova N, Kireeva ML, Murzina NV, Murzin AG, Uversky VN, Gryaznova 
OI, et al. Circularly permuted dihydrofolate reductase of E. coli has 
functional activity and a destabilized tertiary structure. Protein Eng. 
1994;7(11):1373–7. https:// doi. org/ 10. 1093/ prote in/7. 11. 1373.

 14. Lo WC, Dai T, Liu YY, Wang LF, Hwang JK, Lyu PC. Deciphering the prefer-
ence and predicting the viability of circular permutations in proteins. PLoS 
One. 2012;7(2):e31791. https:// doi. org/ 10. 1371/ journ al. pone. 00317 91.

https://doi.org/10.1016/j.molcel.2018.08.033
https://doi.org/10.1016/j.molcel.2018.08.033
https://doi.org/10.1038/nature06879
https://doi.org/10.1016/j.tibtech.2013.10.008
https://doi.org/10.1038/nature23912
https://doi.org/10.1016/j.foodchem.2020.128750
https://doi.org/10.1016/j.ijbiomac.2020.05.243
https://doi.org/10.1007/978-1-4939-6940-1_5
https://doi.org/10.1007/978-1-4939-6940-1_5
https://doi.org/10.1021/bi100036f
https://doi.org/10.1016/0079-6107(95)00013-5
https://doi.org/10.1016/s0014-5793(97)01042-9
https://doi.org/10.1016/s0014-5793(97)01042-9
https://doi.org/10.1002/pro.5560050910
https://doi.org/10.1093/protein/7.11.1373
https://doi.org/10.1371/journal.pone.0031791


Page 13 of 14Melnik et al. Cell Communication and Signaling           (2024) 22:90  

 15. Butler JS, Mitrea DM, Mitrousis G, Cingolani G, Loh SN. Structural and ther-
modynamic analysis of a conformationally strained circular permutant 
of barnase. Biochemistry. 2009;48(15):3497–507. https:// doi. org/ 10. 1021/ 
bi900 039e.

 16. Iwakura M, Nakamura T. Effects of the length of a glycine linker connect-
ing the N-and C-termini of a circularly permuted dihydrofolate reductase. 
Protein Eng. 1998;11(8):707–13. https:// doi. org/ 10. 1093/ prote in/ 11.8. 707.

 17. Paszkiewicz KH, Sternberg MJ, Lappe M. Prediction of viable circu-
lar permutants using a graph theoretic approach. Bioinformatics. 
2006;22(11):1353–8. https:// doi. org/ 10. 1093/ bioin forma tics/ btl095.

 18. Xue B, Dunbrack RL, Williams RW, Dunker AK, Uversky VN. PONDR-FIT: a 
meta-predictor of intrinsically disordered amino acids. Biochim Biophys 
Acta. 2010;1804(4):996–1010. https:// doi. org/ 10. 1016/j. bbapap. 2010. 01. 011.

 19. Ishida T, Kinoshita K. PrDOS: prediction of disordered protein regions 
from amino acid sequence. Nucleic Acids Res. 2007;35(Web Server 
issue):W460-4. https:// doi. org/ 10. 1093/ nar/ gkm363.

 20. Melnik BS, Povarnitsyna TV, Glukhov AS, Melnik TN, Uversky VN, Sarma RH. 
SS-stabilizing proteins rationally: intrinsic disorder-based design of stabi-
lizing disulphide bridges in GFP. J Biomol Struct Dyn. 2012;29(4):815–24. 
https:// doi. org/ 10. 1080/ 07391 102. 2012. 10507 414.

 21. Nagibina GS, Tin UF, Glukhov AS, Melnik TN, Melnik BS. Intrinsic disorder-
based design of stabilizing disulphide bridge in Galphao protein. Protein 
Pept Lett. 2016;23(2):176–84. https:// doi. org/ 10. 2174/ 09298 66523 02160 
10513 0540.

 22. Nagibina GS, Melnik TN, Glukhova KA, Uversky VN, Melnik BS. Intrinsic 
disorder-based design of stable globular proteins. Prog Mol Biol Transl Sci. 
2020;174:157–86. https:// doi. org/ 10. 1016/ bs. pmbts. 2020. 05. 005.

 23. Nagibina GS, Marchenkov VV, Glukhova KA, Melnik TN, Melnik BS. Verifica-
tion of the stabilized protein design based on the prediction of intrinsi-
cally disordered regions: ribosomal proteins L1. Biochemistry (Mosc). 
2020;85(1):90–8. https:// doi. org/ 10. 1134/ S0006 29792 00100 83.

 24. Nagibina GS, Glukhova KA, Uversky VN, Melnik TN, Melnik BS. Intrinsic dis-
order-based design of stable globular proteins. Biomolecules. 2019;10(1). 
https:// doi. org/ 10. 3390/ biom1 00100 64.

 25. Braig K, Otwinowski Z, Hegde R, Boisvert DC, Joachimiak A, Horwich AL, 
et al. The crystal structure of the bacterial chaperonin GroEL at 2.8 A. 
Nature. 1994;371(6498):578–86. https:// doi. org/ 10. 1038/ 37157 8a0.

 26. Feltham JL, Gierasch LM. GroEL-substrate interactions: molding the fold, 
or folding the mold? Cell. 2000;100(2):193–6. https:// doi. org/ 10. 1016/ 
s0092- 8674(00) 81557-3.

 27. Chen L, Sigler PB. The crystal structure of a GroEL/peptide complex: 
plasticity as a basis for substrate diversity. Cell. 1999;99(7):757–68. https:// 
doi. org/ 10. 1016/ s0092- 8674(00) 81673-6.

 28. Tanaka N, Fersht AR. Identification of substrate binding site of GroEL min-
ichaperone in solution. J Mol Biol. 1999;292(1):173–80. https:// doi. org/ 10. 
1006/ jmbi. 1999. 3041.

 29. Sigler PB, Xu Z, Rye HS, Burston SG, Fenton WA, Horwich AL. Structure 
and function in GroEL-mediated protein folding. Annu Rev Biochem. 
1998;67:581–608. https:// doi. org/ 10. 1146/ annur ev. bioch em. 67.1. 581.

 30. Xu Z, Horwich AL, Sigler PB. The crystal structure of the asymmetric 
GroEL-GroES-(ADP)7 chaperonin complex. Nature. 1997;388(6644):741–
50. https:// doi. org/ 10. 1038/ 41944.

 31. Llorca O, Marco S, Carrascosa JL, Valpuesta JM. Symmetric GroEL-GroES 
complexes can contain substrate simultaneously in both GroEL rings. 
FEBS Lett. 1997;405(2):195–9. https:// doi. org/ 10. 1016/ s0014- 5793(97) 
00186-5.

 32. Smoot AL, Panda M, Brazil BT, Buckle AM, Fersht AR, Horowitz PM. 
The binding of bis-ANS to the isolated GroEL apical domain fragment 
induces the formation of a folding intermediate with increased hydro-
phobic surface not observed in tetradecameric GroEL. Biochemistry. 
2001;40(14):4484–92. https:// doi. org/ 10. 1021/ bi001 822b.

 33. Wang Q, Buckle AM, Foster NW, Johnson CM, Fersht AR. Design 
of highly stable functional GroEL minichaperones. Protein Sci. 
1999;8(10):2186–93. https:// doi. org/ 10. 1110/ ps.8. 10. 2186.

 34. Chatellier J, Hill F, Lund PA, Fersht AR. In vivo activities of GroEL min-
ichaperones. Proc Natl Acad Sci U S A. 1998;95(17):9861–6. https:// doi. 
org/ 10. 1073/ pnas. 95. 17. 9861.

 35. Golbik R, Zahn R, Harding SE, Fersht AR. Thermodynamic stability 
and folding of GroEL minichaperones. J Mol Biol. 1998;276(2):505–15. 
https:// doi. org/ 10. 1006/ jmbi. 1997. 1538.

 36. Marchenkov V, Gorokhovatsky A, Marchenko N, Ivashina T, Semisotnov 
G. Back to GroEL-assisted protein folding: GroES binding-induced 
displacement of denatured proteins from GroEL to Bulk Solution. 
Biomolecules. 2020;10(1). https:// doi. org/ 10. 3390/ biom1 00101 62.

 37. Kamireddi M, Eisenstein E, Reddy P. Stable expression and rapid puri-
fication of Escherichia coli GroEL and GroES chaperonins. Protein Expr 
Purif. 1997;11(1):47–52. https:// doi. org/ 10. 1006/ prep. 1997. 0764.

 38. Wolf P. A critical reappraisal of Waddell’s technique for ultraviolet spec-
trophotometric protein estimation. Anal Biochem. 1983;129(1):145–55. 
https:// doi. org/ 10. 1016/ 0003- 2697(83) 90062-3.

 39. Senin A, Potekhin S, Tiktopulo E, Filomonov V. Differential scanning 
microcalorimeter SCAL-1. J Therm Anal Calorim. 2000;62:153–60.

 40. Privalov PL, Potekhin SA. Scanning microcalorimetry in study-
ing temperature-induced changes in proteins. Methods Enzymol. 
1986;131:4–51. https:// doi. org/ 10. 1016/ 0076- 6879(86) 31033-4.

 41. Romero P, Obradovic Z, Li X, Garner EC, Brown CJ, Dunker AK. 
Sequence complexity of disordered protein. Proteins. 2001;42(1):38–48. 
https:// doi. org/ 10. 1002/ 1097- 0134(20010 101) 42: 1< 38:: aid- prot5 0>3. 0. 
co;2-3.

 42. Uversky VN. The most important thing is the tail: multitudinous 
functionalities of intrinsically disordered protein termini. FEBS Lett. 
2013;587(13):1891–901. https:// doi. org/ 10. 1016/j. febsl et. 2013. 04. 042.

 43. Majorina MA, Melnik TN, Glukhov AS, Melnik BS. Some useful ideas for 
multistate protein design: Effect of amino acid substitutions on the 
multistate proteins stability and the rate of protein structure formation. 
Front Mol Biosci. 2022;9:983009. https:// doi. org/ 10. 3389/ fmolb. 2022. 
983009.

 44. Melnik TN, Povarnitsyna TV, Glukhov AS, Uversky VN, Melnik BS. Sequen-
tial melting of two hydrophobic clusters within the green fluorescent 
protein GFP-cycle3. Biochemistry. 2011;50(36):7735–44. https:// doi. org/ 
10. 1021/ bi200 6674.

 45. Chatellier J, Hill F, Foster NW, Goloubinoff P, Fersht AR. From minichaper-
one to GroEL 3: properties of an active single-ring mutant of GroEL. J Mol 
Biol. 2000;304(5):897–910. https:// doi. org/ 10. 1006/ jmbi. 2000. 4278.

 46. Chatellier J, Hill F, Fersht AR. From minichaperone to GroEL 2: importance 
of avidity of the multisite ring structure. J Mol Biol. 2000;304(5):883–96. 
https:// doi. org/ 10. 1006/ jmbi. 2000. 4277.

 47. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. 
Highly accurate protein structure prediction with AlphaFold. Nature. 
2021;596(7873):583–9. https:// doi. org/ 10. 1038/ s41586- 021- 03819-2.

 48. Zhang Y, Skolnick J. TM-align: a protein structure alignment algorithm 
based on the TM-score. Nucleic Acids Res. 2005;33(7):2302–9. https:// doi. 
org/ 10. 1093/ nar/ gki524.

 49. Pak MA, Markhieva KA, Novikova MS, Petrov DS, Vorobyev IS, Maksimova 
ES, et al. Using AlphaFold to predict the impact of single mutations on 
protein stability and function. PLoS One. 2023;18(3):e0282689. https:// doi. 
org/ 10. 1371/ journ al. pone. 02826 89.

 50. Pak MA, Ivankov DN. Best templates outperform homology models in 
predicting the impact of mutations on protein stability. Bioinformat-
ics. 2022;38(18):4312–20. https:// doi. org/ 10. 1093/ bioin forma tics/ 
btac5 15.

 51. Tsaban T, Varga JK, Avraham O, Ben-Aharon Z, Khramushin A, Schueler-
Furman O. Harnessing protein folding neural networks for peptide-
protein docking. Nat Commun. 2022;13(1):176. https:// doi. org/ 10. 1038/ 
s41467- 021- 27838-9.

 52. Buel GR, Walters KJ. Can AlphaFold2 predict the impact of missense 
mutations on structure? Nat Struct Mol Biol. 2022;29(1):1–2. https:// doi. 
org/ 10. 1038/ s41594- 021- 00714-2.

 53. Outeiral C, Nissley DA, Deane CM. Current structure predictors are not 
learning the physics of protein folding. Bioinformatics. 2022;38(7):1881–7. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btab8 81.

 54. Finkelstein AV. Does AlphaFold predict the spatial structure of a protein 
from physics or recognize it (its main parts and their association) using 
databases? bioRxiv. 2022;2022.11.21.517308. https:// doi. org/ 10. 1101/ 
2022. 11. 21. 517308.

 55. Cheng Y, Oldfield CJ, Meng J, Romero P, Uversky VN, Dunker AK. Mining 
alpha-helix-forming molecular recognition features with cross species 
sequence alignments. Biochemistry. 2007;46(47):13468–77. https:// doi. 
org/ 10. 1021/ bi701 2273.

 56. Haglund E, Lindberg MO, Oliveberg M. Changes of protein folding 
pathways by circular permutation. Overlapping nuclei promote global 

https://doi.org/10.1021/bi900039e
https://doi.org/10.1021/bi900039e
https://doi.org/10.1093/protein/11.8.707
https://doi.org/10.1093/bioinformatics/btl095
https://doi.org/10.1016/j.bbapap.2010.01.011
https://doi.org/10.1093/nar/gkm363
https://doi.org/10.1080/07391102.2012.10507414
https://doi.org/10.2174/092986652302160105130540
https://doi.org/10.2174/092986652302160105130540
https://doi.org/10.1016/bs.pmbts.2020.05.005
https://doi.org/10.1134/S0006297920010083
https://doi.org/10.3390/biom10010064
https://doi.org/10.1038/371578a0
https://doi.org/10.1016/s0092-8674(00)81557-3
https://doi.org/10.1016/s0092-8674(00)81557-3
https://doi.org/10.1016/s0092-8674(00)81673-6
https://doi.org/10.1016/s0092-8674(00)81673-6
https://doi.org/10.1006/jmbi.1999.3041
https://doi.org/10.1006/jmbi.1999.3041
https://doi.org/10.1146/annurev.biochem.67.1.581
https://doi.org/10.1038/41944
https://doi.org/10.1016/s0014-5793(97)00186-5
https://doi.org/10.1016/s0014-5793(97)00186-5
https://doi.org/10.1021/bi001822b
https://doi.org/10.1110/ps.8.10.2186
https://doi.org/10.1073/pnas.95.17.9861
https://doi.org/10.1073/pnas.95.17.9861
https://doi.org/10.1006/jmbi.1997.1538
https://doi.org/10.3390/biom10010162
https://doi.org/10.1006/prep.1997.0764
https://doi.org/10.1016/0003-2697(83)90062-3
https://doi.org/10.1016/0076-6879(86)31033-4
https://doi.org/10.1002/1097-0134(20010101)42:1%3C38::aid-prot50%3E3.0.co;2-3
https://doi.org/10.1002/1097-0134(20010101)42:1%3C38::aid-prot50%3E3.0.co;2-3
https://doi.org/10.1016/j.febslet.2013.04.042
https://doi.org/10.3389/fmolb.2022.983009
https://doi.org/10.3389/fmolb.2022.983009
https://doi.org/10.1021/bi2006674
https://doi.org/10.1021/bi2006674
https://doi.org/10.1006/jmbi.2000.4278
https://doi.org/10.1006/jmbi.2000.4277
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1093/nar/gki524
https://doi.org/10.1093/nar/gki524
https://doi.org/10.1371/journal.pone.0282689
https://doi.org/10.1371/journal.pone.0282689
https://doi.org/10.1093/bioinformatics/btac515
https://doi.org/10.1093/bioinformatics/btac515
https://doi.org/10.1038/s41467-021-27838-9
https://doi.org/10.1038/s41467-021-27838-9
https://doi.org/10.1038/s41594-021-00714-2
https://doi.org/10.1038/s41594-021-00714-2
https://doi.org/10.1093/bioinformatics/btab881
https://doi.org/10.1101/2022.11.21.517308
https://doi.org/10.1101/2022.11.21.517308
https://doi.org/10.1021/bi7012273
https://doi.org/10.1021/bi7012273


Page 14 of 14Melnik et al. Cell Communication and Signaling           (2024) 22:90 

cooperativity. J Biol Chem. 2008;283(41):27904–15. https:// doi. org/ 10. 
1074/ jbc. M8017 76200.

 57. Miller EJ, Fischer KF, Marqusee S. Experimental evaluation of topological 
parameters determining protein-folding rates. Proc Natl Acad Sci U S A. 
2002;99(16):10359–63. https:// doi. org/ 10. 1073/ pnas. 16221 9099.

 58. Lindberg MO, Haglund E, Hubner IA, Shakhnovich EI, Oliveberg M. Iden-
tification of the minimal protein-folding nucleus through loop-entropy 
perturbations. Proc Natl Acad Sci U S A. 2006;103(11):4083–8. https:// doi. 
org/ 10. 1073/ pnas. 05088 63103.

 59. Patel DK, Menon DV, Patel DH, Dave G. Linkers: a synergistic way for 
the synthesis of chimeric proteins. Protein Expr Purif. 2022;191:106012. 
https:// doi. org/ 10. 1016/j. pep. 2021. 106012.

 60. Arai R. Design of helical linkers for fusion proteins and protein-based 
nanostructures. Methods Enzymol. 2021;647:209–30. https:// doi. org/ 10. 
1016/ bs. mie. 2020. 10. 003.

 61. Chen TR, Lin YC, Huang YW, Chen CC, Lo WC. CirPred, the first structure 
modeling and linker design system for circularly permuted proteins. 
BMC Bioinformatics. 2021;22(Suppl 10):494. https:// doi. org/ 10. 1186/ 
s12859- 021- 04403-1.

 62. Pittas T, Zuo W, Boersma AJ. Engineering crowding sensitivity into protein 
linkers. Methods Enzymol. 2021;647:51–81. https:// doi. org/ 10. 1016/ bs. 
mie. 2020. 09. 007.

 63. Ceballos-Alcantarilla E, Merkx M. Understanding and applications of Ser/
Gly linkers in protein engineering. Methods Enzymol. 2021;647:1–22. 
https:// doi. org/ 10. 1016/ bs. mie. 2020. 12. 001.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1074/jbc.M801776200
https://doi.org/10.1074/jbc.M801776200
https://doi.org/10.1073/pnas.162219099
https://doi.org/10.1073/pnas.0508863103
https://doi.org/10.1073/pnas.0508863103
https://doi.org/10.1016/j.pep.2021.106012
https://doi.org/10.1016/bs.mie.2020.10.003
https://doi.org/10.1016/bs.mie.2020.10.003
https://doi.org/10.1186/s12859-021-04403-1
https://doi.org/10.1186/s12859-021-04403-1
https://doi.org/10.1016/bs.mie.2020.09.007
https://doi.org/10.1016/bs.mie.2020.09.007
https://doi.org/10.1016/bs.mie.2020.12.001

	Design of stable circular permutants of the GroEL chaperone apical domain
	Abstract 
	Introduction
	Materials and methods
	Protein expression and purification
	Polyacrylamide gel electrophoresis (PAGE) under native conditions
	Circular dichroism (CD) spectroscopy
	Differential scanning calorimetry (DSC)

	Results and discussion
	Analysis of circular permutant amino acid sequences
	Selecting sites for circular permutations
	Study of the designed circular permutants in native conditions
	Thermostability of the GroEL apical domain circular permutants
	Comparison of predicted parameters and experimentally measured thermal stability of circular permutants
	Using AlphaFold to analyze the structure and stability of circular permutants
	PONDR® VLXT vs. PONDR-FIT
	Published studies on S6 permutants support the applicability of the disorder-based design of permutations

	Conclusions
	References


