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Results: The current work presents such example: DnaJ Hsp40 in complex with alka-

line phosphatase PhoA-U (PDB ID—6PSI)—the client molecule. The availability of WT
form of the folding protein—alkaline phosphatase (PDB ID—1EW8) enables a com-
parative analysis of the structures: at the stage of interaction with the chaperone

and the final, folded structure of this biologically active protein. The fuzzy oil drop
model in its modified FOD-M version was used in this analysis, taking into account
the influence of an external force field, in this case coming from a chaperone.

Conclusions: The FOD-M model identifies the external force field introduced by chap-
eron influencing the folding proces. The identified specific external force field can be
applied in Ab Initio protein structure prediction as the environmental conditioning

the folding proces.
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Introduction

Chaperone proteins play a significant role in a control of protein folding process [1].
Their function relies on preventing the formation of internal interactions unfavorable
for the final structure of proteins. The risk of misfolding increases when the temperature
increases. The heat shock proteins are a group of chaperone proteins, the production
of which is increased under conditions of thermal stress [2]. Based on the size of the
chaperon molecule, the following classes are distinguished: Hsp90, Hsp70 and Hsp40,
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where the number at the end is the number of kilodaltons of a given group of heat shock
proteins. The most frequently identified proteins in the Hsp group are Hsp70 and Hsp40,
also referred to as DnaK and DnaJ, respectively [3]. The structures of proteins support-
ing the folding process, including the prevention of inappropriate aggregation, as well as
the potential interaction with the membrane, are the subject of numerous studies, as the
mechanism of action of these proteins is not fully recognized [4, 5]. In order for chap-
erone proteins to perform their functions, it is necessary to identify the sites of chaper-
one-client interactions [6, 7]. Very often, in the activity of chaperone proteins, a specific
synergy involving both Hsp40 and Hsp70 is observed [8-10].

The availability of chaperone’s structure together with the structure of the folding pro-
tein in a complex is a valuable source of information on the relationships between these
two types of proteins during the folding process. The object of analysis in the current
work is the complex of two Hsp40 chaperone chains (ttHsp40—tt- Thermus thermophi-
lus) with a pre-folded Alkaline Phosphatase (PhoA) chain. This complex (PDB ID 6PSI—
[11]) and its components (two chaperone chains and a partially folded "client" protein)
are analyzed individually as independent structural units. For comparative purposes,
the final structure of the folded client protein (PDB ID 1IEW8—[12]) is also used in this
work.

The aim of the current work is to quantify the impact of different environmental fac-
tors, including the chaperone’s one, on the folding process of the aforementioned cli-
ent protein. The paper presents a proposal for expressing the external force field for the
representation of environmental conditions for folding proces in ab initio approach. This
proposal relies on the assumption that a polypeptide chain built-up of bi-polar amino
acids with different proportions of polar to hydrophobic parts in a polar water environ-
ment tends to obtain a micelle-like structure. This means the concentration of hydro-
phobic residues in the center of the molecule with the exposure of polar ones on the
surface. The hydrophobicity distribution resulting from such idealized structuring can
be described by 3DGaussian function. This function is proposed to represent the exter-
nal force field directing the folding proces. Real proteins, each with a specific sequence
can obtain a micelle-like structure to a full or limited extent which can be expressed by
a local mismatch of the observed hydrophobicity distribution to the idealized one. The
status of the hydrophobicity distribution present in a given structure is determined on
the basis of the hydrophobic interactions as dependent on the distances between the
interacting residues and their different intrinsic hydrophobicities.

A specific form and degree of maladjustment of the hydrophobicity distribution in the
protein in relation to the idealized one is a form of recording the specific activity of a
given protein. Local maladjustment carries information about the specificity of a poten-
tial partner in a chemical reaction. In the case of enzymes, the local "deficit" of hydro-
phobicity expresses the presence of cavity ready to interact with the ligand/substrate.
Local exposure ("excess") of hydrophobicity on the surface may in turn be the form of
preparation to complexation of another protein [13].

Just as the external environment provides the conditions for proper folding, the
already folded protein can provide a local external force field for the course of a given
reaction in the active site of the enzyme. The protein body is much larger than the active
center, constituting an external force field for a specific reaction. The degree and type
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of separateness of the hydrophobicity distribution from the idealized one is a kind of
recording the specificity of the environment and its impact on the ongoing process in
the active center. The structure of the protein, including its local maladjustment to the
micelle-like system, is the result of the influence of the external environment. The order/
disorder of the hydrophobicity distribution in the folded protein, in turn, constitutes an
external force field for the active site and thus an environment for a specific reaction.

In the Fuzzy oil drop (FOD) model [14], the external force field for proteins folding
in an aqueous environment is described by the 3DGauss function. Proteins with an
ordered hydrophobicity distribution in this way are known [15]. A different specificity
is expressed by the membrane environment in which numerous proteins are active. The
modification of the FOD model was introduced in the FOD-M model [15], where the
possibility of changing the characteristics of the environment is taken into account. In
addition to the factors such as the cell membrane, other factors are used to guide the
process of protein folding. Such factors are chaperones, which—as it is generally inter-
preted—prevent misfolding by imposing the appropriate structuring.

In the present study the assessment of the form and degree of influence of the chap-
erone on the protein folding process was carried out by analyzing the native form of
bacterial alkaline phosphatase [12] with the form that this protein represents in a com-
plex with the chaperone Hsp40—DnaJ2 [11]. The available structures, both native and
partially folded with the help of a chaperone, enables the comparative analysis to track
the structural changes during folding.

It is also possible to identify the specificity of an external force field provided by a
chaperon. The status of the hydrophobicity distribution in the native form revealing sig-
nificant deviations from the distribution typical for the aquatic environment allows to
determine the influence of the external force field introduced by a chaperone. In turn.
the availability of the structure of the chaperone-client molecule’s complex, enables the
evaluation of the chaperone itself as a provider of a specific external force field for the
folding of the enzyme in question.

The FOD-M model is assumed to deliver the expression of environmental conditions
directing the folding process toward the aim-oriented results in biologicaly active form.

Pictorial presentation of the discussed model is shown in Fig. 1. The influence of polar
water environment (Fig. 1A) supports the process of micellisation. The hydrophobic
environment (similar to membrane environment) directs the structuralisation process
toward polar core in central part of protein with hydrophobic residues exposed on the
surface (Fig. 1B). The mixture of polar-water and hydrophobic compounds in random
organisation produce the unflded form of polypeptide chain (Fig. 1C). The dynamic
changes of polar/hydrophobic compounds positions causes the dynamic structural
forms of polypeptide chain structuralisation. This example (Fig. 1C) represents the sta-
tus of unfolded polypeptide chain. The ordered organisation of polar and hydrophobic in
bi-layer form directs the folding process toward the di-polar organisation of the protein
structure (Fig. 1D). All examples: Fig. 1B—D represent the structures deprived of hydro-
phobic core.

The presence of chaperone (discussed in this paper) plays also the role of external force
field directing the folding process toward structure with hydrophobicity distribution as
directed by external force field coded in chaperone (Fig. 2.).
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Fig. 1 Different structuralisations of polypeptide chain of the sequence of polar (blue stars) and hydrophobic
residues (red circles) (top line) depending on othe form of external force field. A Water environment directs
the folding toward the micelle-like structuralisation with hydrophobic core and polar surface. B Hydrophobic
environment directs the folding toward exposure of hydrophobic residues on the surface with polar residues
concentrated in central part (membrane protein case). C Mixture of polar/hydrophobic compounds present
in environment produces the unfolded structural form of polypeptide chain. D Bi-layer environment with
separated polar and hydrophobic compounds directs folding process toward the polar structure with two
poles: polar one and hydrophobic one

The stability of polar and hydrophobic residues dispertion in chaperone (Fig. 2) pro-
duces the stable structralisation of polypeptide chain in contrast to example (Fig. 1C)
where the localisation of polar and hydrophobic compounds is dynamic.

Materials and methods
Data

Table 1 shows the proteins analyzed with the identifiers introduced for the present work.

Programs used

The program allowing calculation of RD (Relative Distance—see Methods) is accessible
upon request on CodeOcean platform: https://codeocean.com/capsule/3084411/tree.
Please contact the corresponding author to get access to your private program instance
(accessed June 10, 2023).
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Fig. 2 The chaperone (two gray parts) influence on folding process. The localisation of polar (blue X) and
hydrophobic (red O) residues in polypeptide chain (client molecule) determined by positions of polar and
hydrophobic residues in chaperone (external force field)

Table 1 Proteins with structural units analyzed in the work and identifiers introduced for the
purpose of this work

PDB—ID SKLAD NAME ID in this paper
6PSI[11] Chain A—chaperone Hsp40-A HspA-Comp (complex)
Chain C—chaperone Hsp40-C
Chain B—client PhoA
6PSI Chain A—chaperone Hsp40-A HspA-AC
Chain C—chaperone Hsp40-C
6PSI Chain A—chaperone Hsp40-A Hsp40-A
6PSI Chain C—chaperone Hsp40-C Hsp40-C
6PSI Chain B—client PhoA PhoA-U (unfolded)
1EW8 [12] Chain A PhoA-A PhoA-WT-AB
Chain B PhoA-B
1EWS8 Chain A PhoA PhoA-WT-A

The right column gives the identification system for structural units as described in this paper

The application—implemented in collaboration with the Sano Centre for Computa-
tional Medicine (https://sano.science) and running on resources contributed by ACC
Cyfronet AGH (https://www.cyfronet.pl) in the framework of the PL-Grid Infrastruc-
ture (https://plgrid.pl)—provides a web wrapper for the abovementioned computational
component and is freely available at https://hphob.sano.science (accessed June 10, 2023).

The VMD program was used to present the 3D structures [16, 17] (accessed June 10,
2023).

The FOD-M model

The FOD model assumes that the structure of proteins folding in a polar water envi-
ronment leads to the formation of forms corresponding to a spherical micelle with a
hydrophobic, centrally located hydrophobic core and a polar surface that guarantees a
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favorable entropic-enthalpy state towards the water environment. The description of
the hydrophobicity distribution in the micelle-like form is expressed by the 3DGauss-
ian function spanned over a protein molecule. The size of the ellipsoid (expressed by
the appropriate values of oy, oy and o,) is adjusted to the size of the protein molecule
encapsulating it.

1 —(xi — %)’ ~(i-3)° —~(zi — 2
HiT = T P ( x2oxzx ) exp (O/Z(jyzy)> exp (ZZJZZZ> (1)

The value of the 3DGaussian function for the positions of effective atoms (average

position of atoms included in a given amino acid) expresses the level of hydrophobicity
treated as theoretical, completely consistent with the micelle-like system, and is denoted
by T, (Fig. 3A).

The actual level of hydrophobicity resulting from interactions is determined using
the function proposed by Levitt [18]. The observed level of hydrophobicity assigned to
a given effective atom—referred to as O,—depends on the distance between adjacent
effective atoms (cutoff distance =9 A) and the intrinsic hydrophobicity of each interact-

ing amino acid.

1 r r 1 Tij 2 ri\* Tij 6 Tij 8
e (14 o) (2 (2))) =
Him 7 0, Jorrj>c

(2)

Both T and O distributions after normalization can be compared by evaluating to what

HP =

extent the O distribution reflects the T one. In other words, how close is the O distribu-
tion to the distribution of an idealized spherical micelle (Fig. 3A).

In order to quantify this distance, the Dy, entropy divergence introduced by Kull-
back—Leibler [19] was used. The Dy, value expresses the amount of entropy for
the assessment of the differences between the two compared distributions P; (the
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Fig. 3 Graphical interpretation of the FOD and FOD-M models. A Profiles: T (blue), O (red), R (gray) and M
(yellow) for K=1.5. B Search for optimal K value—the minimum value of Dy, for (O|M) relations is reached for
K=1.5in this case. CThe RD value for O profile assesment—RD = 0.95 is obtained for the O distribution as
similar to R distribution in this example
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analyzed distribution—in our case the O distribution) and Q;—the reference distribu-
tion (in our case the T distribution)

N P
Dir(P|Q) = ZPilogzaf. (3)
i=1 :

The value of Dy; determined in this way cannot be interpreted as expressing
entropy. Thus, a second reference distribution was introduced in the form of the R
distribution, where each residue is described by the same level of hydrophobicity
equal to R;=1/N where N is the number of amino acids in the protein. Such a distri-
bution represents a status devoid of any variation in hydrophobicity levels within the
protein and thus devoid of a hydrophobic core.

Each protein is described by the two parameters: Dy, for the O|T and for the O|R
relationships, respectively. To avoid the necessity of using two parameters to describe
one object, the RD (Relative Distance) parameter was introduced, expressed as:

D T
D kL (O|T) @
D1 (O|T) + Dk (OIR)

The value of RD < 0.5 means the presence of a hydrophobic core (good approxima-
tion of the O distribution the T one), while RD > 0.5 means the absence of a hydro-
phobic core (the O distribution similar to uniform R distribution) (Fig. 3C).

The RD parameter can be determined for any given structural unit: complex, single
chain or domain. In this case, the corresponding 3DGaussian function is defined for
each of the listed structural units.

It is also possible to assess the contribution to the construction of a given distribu-
tion of any selected section (or other component, e.g. a single protein within a com-
plex, or a domain within a protein, but also a chain fragment within a given structural
unit). For this purpose, the Oi and Ti values of the selected fragment are normalized
and the calculation of the Dy;s and RD values becomes possible. Interpretation of
the RD value is as above: RD < 0.5 means the participation of a given fragment in the
construction of a central hydrophobic nucleus. An RD value > 0.5 for a given fragment
means a local disorder of the structure of the micelle-like system.

The water environment is not the only one where proteins are active. In particular,
membrane proteins function in an environment that expects a different distribution
of hydrophobicity. The hydrophobicity is expected to be exposed on the surface for
stabilization in the hydrophobic environment of the membrane. Therefore, the ideal-
ized hydrophobicity distribution in a membrane protein is described by a function
that is the complement of the 3DGaussian function:

M; = Tyax — Ti (5)

On the basis of previous analyses, the description of the distribution of hydropho-
bicity in the membrane protein is a combination of the distribution of 3DGauss and
[1-3DGauss], with the share of the latter turning out to be varied. Therefore, the final
form of the hydrophobicity distribution turns out to be:
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M; = [T; + K * (Tpax — Ty, (6)

where the index n means a normalization. Parameter K determines the degree to which
the micelle-like system has been modified by the external factors, including the hydro-
phobicity coming from an environment in particular. The choice of the values of param-
eter K is determined on the basis of the minimum Dy, value calculated for the O|M
relation, which means that the given modified M distribution was ,reproducer” to the
highest degree by the O distribution (Fig. 3B).

Therefore, each protein analyzed here is determined by two parameters: RD — the
assessment of proximity to/far from the idealized micelle-like distribution and K, which
determines the degree of participation of environmental factors other than polar water
affecting the structure of the protein in question. Thus, the RD value characterizes the
structuring of the protein, while the K parameter characterizes the environment.

Proteins with a high degree of micelle-like order with low R and K values have been
identified. Proteins characterized by the K=0 parameter are: down-hill, fast-folding, and
antifreeze type II proteins. Also, the vast majority of domains present in proteins show
structures with a micelle-like order of hydrophobicity [15]. Membrane proteins includ-
ing channels in particular show significantly elevated RD and K values (even K levels as
high as 3) [20, 21].

The analysis of protein complexation models showing compliance with the FOD
model, based on the use of superficial hydrophobic interactions to build the interface,
is a point of reference for the example analyzed in the present work. In [22] it has been
shown that if the purpose of the complex is only to stabilize and maintain the system,
then the construction of an interface is based on a common hydrophobic core for the
interacting proteins. The interface is built of hydrophobic residues of interacting pro-
teins exposed on the monomers surface. A local deviation of the O distribution from
the T one in the form of a local excess of hydrophobicity indicates a potential site of
complexation of another. A local hydrophobicity deficit indicates the presence of a cav-
ity. The type of incompatibility determines the specificity towards a potential interaction
partner. This is clearly seen in a significant proportion of enzymes [23].

The main aim of the present study is to characterize the chaperone protein Dna]
Hsp40 in a complex with the protein referred to as the "client” using FOD-M model as
well as the folded client protein In its native form.

The example shown in Fig. 1A represents the status of low RD and low K as similar to
3D Gauss distribution. The examples shown in Fig. 1B-D as well as in Fig. 2 represent
the status described by high RD and high K values. The aim of this paper is to assess
the influence of chaperone on folding process. This influence is expressed by calculated
values of RD and K parameters as they are present in the protein folded in assistance of
chaperone.

Results

The description of the results obtained in the current work covers the following issues.

1. The non-micelle-like structuring in PhoA-WT-Aprotein.
2. Tracking structural changes during PhoA-U folding into PhoA-WT-A.
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3. Determining the specifics of the external force field introduced by the chaperone —
HspA-Comp and HspA-AC
4. Speculations on how the chaperone chain obtains the structure — HspA-A

Comparative analysis of PhoA-U and PhoA-WT structures: assessment of changes

in the hydrophobicity distribution

Evaluation of the homodimer status of the active form of PhoA-AB reveals a high
degree of maladjustment of the observed distribution to micelle-like one. A very high
value of the K parameter indicates a significant contribution of environmental mod-
ifying factors to the polar water environment (Table 2). The status of PhoA-A and
PhoA-B chains treated as components of the complex turns out to be comparable to
the status of a complete complex with equally high K values.

PhoA-A and PhoA-B chains treated as individual units show slightly lower RD
and K values, although they are far from those typical of micelle-like ones. On the
other hand, the status of the PhoA-U chain is described by very high RD and K val-
ues—much higher than for the PhoA-WT. This is due to the very low packing of the
structure caused by the cleavage of the PhoA-U chain between Hsp40-A and Hsp40-
C (Fig. 4). It should be noted that the value of K=1.7 is one of the highest values
observed for polypeptide chain structures.

The visualization of the RD and K parameters (Fig. 5) reveals a clearly better fit of
the T and O distributions for the PhoA-WT-A form compared to the PhoA-U. The M
distribution for K=0.6 partially reproduces the T distribution. Obtaining the value
RD <0.5 requires the removal of numerous residues (showing a significant deviation
of both T and O distributions), which also show a significant dispersion along the
entire chain. Such a situation indicates inconsistent micelle-like protein folding.

Table 2 The set of parameters describing the status of the chains in the dimer and the monomers
in the PhoA-WT structure

1EW8 Complex Individual

PhoA-WT PhoA-WT-A / PhoA-WT-B PhoA-WT-A / PhoA-WT-B // PhoA-U
RD K RD K

PhoA-AB 0.689 1.1

PhoA-A/PhoA-B 0.691/0.688 1.0/1.1 0.596 /0.596 // 0.778 06/06//17

CAT102+5 0.485/0487 0.274/0.289// 0.564

CAT 166 +5 0.610/0.605 0.539/0.537//0.518

SS168-178 0471/0471 0484 /0483 //0.521

SS 286-336 0.572/0.597 0.480/0.476 // 0.592

P-P 0678 0.718/0.720

NO P-P 0.672 0.574/0.577

Two values given in the COMPLEX column—the status of the chains A and B considered as components of PhoA-WT. The
columns COMPLEX/ INDIVIDUAL—3D Gauss function stretched over a complex/chain. Values after the // sign—status in
the form of PhoA-U. CAT & 5 denotes the status of the catalytic residue along with a stretch of immediate surroundings +5
adjacent residues. SS—segments defined by Cyx positions building the appropriate disulfide bond. P-P—the status of the
residues included in the interface, NoP-P—the status of the rest of the chain after elimination of the interface residues
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Fig. 4 3D structure of the complete complex: Hsp40-A— red, Hsp40-C—pink, PhoA-U—"client” (chain B)—
blue
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Fig.5 TheT, O and M profiles for: A PhoA-WT. B PhoA-U (chain Hsp40-B)—as individual structural unit. C
PhoA-U (chain Hsp40-B)—as a part of the complex Hsp40-Complex). On the x-axis the residues engaged
in the interaction in PhoA-U are marked: with chain Hsp40-A (blue) and Hsp40-C (blue). Top line—red—
catalytic residues, blue—residues eliminated from PhoA-WT to reach the RD<0.5
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The M distribution is important here, which for the PhoA-U form takes the form of
a horizontal line, i.e. similar to the R distribution. The R distribution means complete
independence from the influence of the polar water environment, introducing an almost
uniform distribution of hydrophobicity along the entire chain.

The discrepancies in the T and O distributions in proteins are of a different nature.
There are examples of proteins with RD values > 0.5 (e.g. lysozyme [13]), where the elimi-
nation of several residues results in RD <0.5. The common spatial location of these resi-
dues turns out to build an active center. This is not the case in the discussed PhoA-WT
protein. Here, obtaining the value RD <0.5 requires the elimination of a large number of
residues located in a significant dispersion along the chain (top lines Fig. 5). This means
a different folding strategy, where the chain adapts to a non-aquatic environment. The
micelle-like arrangement in PhoA-WT is present to a negligible extent. This may be
explained by the involvement of the chaperone in the folding of this protein. In the dis-
cussed system, the chaperone is treated as a supplier of the external force field, actively
participating in the folding process by isolating the folding chain completely from the
influence of the polar water environment. The localisation of chain fragments distin-
guished according to interaction with chaperone chains A and C are shown in Fig. 6. to
trace the structural changes after final step of folding.

It is important to analyze the status of catalytic residues and their immediate sur-
roundings. The catalytic residue 102S+5 (together with the immediate vicinity of
+ adjacent residues in the chain sequence) shows a status described by the RD<0.5 in
all forms discussed. In the case of PhoA-U, this value is slightly above the threshold 0.5,
while the residue 166R+5 in all forms shows a status far from micelle-like order. It can
be speculated that this common status of catalytic residues is already imposed in the
form of PhoA-U.

The presence of disulfide bonds is important for tertiary structure stabilization. The
disulfide-bonded chain fragment 168—178 appears to represent a micelle-like arrange-
ment in PhoA-WT. The SS-binding of 286-336 in the PhoA-WT-AB homodimer struc-
ture shows RD >0.5. However, from the point of view of the structure of a single chain,
its status is determined by the value of RD <0.5. The status of both segments in the case
of PhoA-U is described by RD values > 0.5 (Table 2, Fig. 7).

X T " T"
PPINTERACT{O%IEC\{(V) and in "CLIEN ABSENFE R

(white)

ELIMINATED (_"

TO REACH \;ﬁ s
RD< 0.5 ?

(red)
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CHAIN B (gray) P-P INTERACTION (yellow)

Fig. 6 3D visualization of the PhoA-WT (left) and PhoA-U structures (right). Left—PhoA-Dimer WT—chain
B—white. Right—PhoA-U — white fragment space filling—the N-terminal fragment absent in final PhoA-WT
form of the discussed enzyme. Residues distinguished: red space filling—residues eliminated to reach
status expressed by RD < 0.5, green — catalytic residues, yellow—residues engaged in P-P interaction in final
PhoA-WT; black - residues engaged in P-P inreaction and simultaneously emgaged in P-P interaction
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¥

(green)

CHAIN B (gray)

Fig. 7 3D presentation of SS-bonds localisation in: Left — PhoA-WT form—the SS bond 167-178—ice blues
space filling, SS bond 286-336—pink space filling. Chain in white—chain B in homodimer. Right—PhoA-U
form with chain fragments limited by SS bonds distinguished—colours as in WT. Residues in green—catalytic
residues

Residues that build the interface play a specific role in protein complexes. These
residues—if the complexation is based on the hydrophobic interactions—very often
show a local excess of hydrophobicity. The exposure of hydrophobicity promotes the
complexation of another protein, thus disturbing the 3DGaussian distribution within
the monomeric unit. In such a situation, the stepwise elimination of residues for the
rest of the chain except those included in the interface results in the significant reduc-
tion of the interface’s RD value [22]. In the example discussed here, this is not the
case. The increased RD value for interface building residues is observed for a sin-
gle PhoA-WT chain. The remaining part of the chain (after eliminating the residues
that build the interface) is described by the reduced value of RD. This means that the
interface is partially encoded in the monomer structure, although the formation of a
homodimer does not result in the appearance of the micelle-like arrangement for the
dimer. Here one should refer to the interfaces, that only stabilize the complex. This is
the case, for example, in distrophin, where the purpose of the domain with a clearly
defined hydrophobic core is to stabilize the system subjected to numerous external
stresses, and where the stable hydrophobic core prevents destabilization of the system
[22].

The analysis of the status of individual fragments of the chain with a specific secondary
structure in PhoA-WT in comparison with the form represented by these segments in
PhoA-U reveals a significant increase in the RD value. Their location is shown in Fig. 8
indicating the mismatch of the centrally located part of the 3-sheet.

In summary: the analysis of the structure of PhoA-WT protein chains, it should be
emphasized that their status is far from micelle-like, indicating the presence of a factor
significantly reducing the influence of polar water as a supplier of external force field.
This is indicated by a large number of residues showing maladjustments between T and
O distributions distributed along the entire chain. The inability to identify one common
location of such maladjustments proves the need for the presence of an environment
other than polar water in the folding process.

The status of the PhoA-U (Hsp40-B) chain shows a specific, very far from micelle-like
order, of O distribution with a significantly high value of K parameter. This allows to
assess the influence of the immediate environment introduced by the chaperone on the
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Fig. 8 3D presentation of PhoA-WT with the residues marked as follows: Pink space filling — catalytic
residues. Red—Beta-sheet fragment of significantly higher RD status with respect to PhoA-U. Green—helical
fragments of significantly higher RD values in PhoA-WT form with respect to PhoA-U

Table 3 The values of RD and K parameters for the part of the PhoA-WT chain involved in the
interaction with the chains (A and C) in the Hsp40-Compl complex

Interaction RD K

With Chain A 0.638 0.8
With Chain C 0.604 0.7
Not engaged 0.584 0.5

folding of the chain. The M distribution for this chain is similar to that of R one, indicat-

ing almost complete isolation from the influence of the polar water environment.

Chaperone Hsp40 as a force field supplier in PhoA folding

The presence of the Hsp40 chaperone can be regarded as an external force field provider
in the folding process of PhoA. The assessment of its impact on the basis of the FOD-M
model is given in Table 3. The analysis of the status of the PhoA-U chain residues
involved in the interaction with the relevant chaperone chains may answer the question
about the contribution of the chaperone to the folding process. In the final structural
form of PhoA-WT, the status of the sections involved in the PhoA-U structure in inter-
action with the chaperone (chain A and C) turns out to be far from the micelle-like sta-
tus. On the other hand, the part of the chain not involved in the interaction with the
chaperone chains shows the status closest to the micelle-like status (Table 3), although
also at the level with RD >0.5.

The location of these segments in the 3D structure of the PhoA-WT form reveals the
role of the residues involved in the interaction with the Hsp40-A chain in the interchain
interface area of the PhoA-AB complex. In contrast, the residues involved in the PhoA-
U form in the interaction with the C chain (Hsp40-C) show surface localization in the
PhoA-WT form. In other words, the chaperone determined the form of the interface
and the specificity of the surface in the final form of PhoA-WT (Fig. 9.).
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Fig. 9 3D presentation with residues marked as follows: red—engaged in the interaction with chain A in
Hsp40-Complex, blue —engaged in interaction with chain C in Hsp40-Complex. Left—PhoA-WT: ice blue—
chain B in PhoA-WT. Right—PhoA-U: white space filling fragment—fragment absent in PhoA-WT; yellow
fragment—fragment interacting with Hsp40-A in Hsp40-Complex
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Fig. 10 The search for factors determining the structural changes: A Change in the T status of the amino
acids present in the structure of the enzyme in question. The Residues red—no changes in status, blue—
excess in PhoA-U, green—defficiency in PhoA-U assessed versus the status in WT form. B The numbers

of residues engaged in the interaction with Hsp40-A (left row), Hsp40-C (central row) and no interacting
with Hsp40 (free—right row) respect to their belonging to areas distinguished in A. Colors as in A. Residues
representing defficiency—green bars, residues representing the status accordant with T distribution in both
structural forms (red bars) and residues representing excess of hydrophobicity (blue bars)

Comparing the forms of PhoA-U with PhoA-WT (Fig. 10A) one can notice a change in
the T values of individual residues. Low T values indicate a surface location, far from the
center. On the other hand, high T values indicate a central position. Therefore, changing
the low T values in PhoA-U to high T values in PhoA-WT indicates a shift towards the
center of the final structure. Figure 10B reveals that PhoA-U (and thus PhoA-WT) resi-
dues being in contact with Hsp40-C contribute the most to this rearrangement. On the
other hand, the residues located on the surface in the PhoA-U that have migrated to the
center are most involved in contact with the Hsp40-A chain. The residues that did not
change their location in relation to the center of the molecule are mainly the residues
without the contact with the chaperone chains.

The results given above allow us to speculate on the folding mechanism of the protein
in question. Sections involved in interactions with A and C chains (PDB ID—6PSI) in
the final structure show a status far from micelle-like organization with high RD and K
values (Table 3). The structure of the relevant segments, frozen by interactions with the
chaperone, enables the interaction-free part of the chain to fold according to the rules
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applicable in the aqueous environment, leading to a structuring similar to the micelle-
like form (the lowest RD and K values for the compared sections of the PhoA-U protein
chain).

The structure of Hsp40 complex

The use of the FOD-M model to analyze the Hsp40-Comp complex (DnaJ homodi-
mer + client protein) reveals the high RD and K values (Table 4), and when analyzing the
T, O and M profiles, significant discrepancies between the O and T distributions can be
observed (Fig. 11). The M distribution obtained for a high value of K is expressed in the
form of a line parallel to the x-axis, which means an approximation to the R distribution.
This means an approximation of the force field devoid of the specificity of the aquatic
environment. Thus, the folding process takes place in an anhydrous environment. The R
distribution, which is similar to the M distributions for the entire complex, suggests that
this structure is located in a kind of ,water-vacuum". The presence of a polar external
force field characteristic of a polar water environment is not revealed.

The statuses of individual units treated as components of the complex expressed by
the values of RD and K are very close to the description of the entire complex.

The highest value of RD and K, which is shown by PhoA-U treated as a component of
the complex, is noteworthy. This is interpreted as imposing a structuring far removed
from that which the chain obtains in an aqueous environment. Similarly, an M distribu-
tion similar to the R one reveals structuring in the ,water-vacuum" (Fig. 11).

The high RD value of the interface residues (P-P and NoP-P) in the discussed com-
plex suggests that this complex was not formed as a result of interactions directed by the
aquatic environment. Using the FOD-M model, the mechanism of formation of protein
complexes can be explained as an interaction of surface-exposed hydrophobic residues,
which in turn gives the interface the status of a hydrophobic core component [22]. This
is not the case in given example.

The status expressed by the values of RD and K (Table 4) visualizes a set of T, O and M
profiles for the discussed units. The 3D Gaussian function was generated for a complex
containing all three chains.

Positions on the horizontal axis—the residues involved in interactions with other
chains of complex. Legends given on left site.

Table 4 A set of parameters describing the status of the Hsp40-Complex complex (chaperone
homodimer + "client" protein)

Chains—sktfadniki kompleksu- chain RD K PP interaction No P-P

RD interaction

RD

Hsp40-A, 0.738 13 0.658 0.728
Hsp40-C,
PhoA-U (chain B)
Hsp40-Dimer A+ C in complex 0.738 1.3 0.682 0.743
Hsp40-A in complex 0.738 12 0.641 0.743
Hsp40-C in complex 0.698 09 0.643 0.642

PhoA-U in complex 0.749 14 0.651 0.766
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Fig. 11 Hydrophobicity distributions: T (blue), O (red) and M (gray) for chains treated as parts of complex
(3DGauss function generated for complete complex). A Hsp40-A. B Hsp40-C. C Hsp40-B (PhoA-U)

Looking ate Fig. 11 one can observe that the distributions O and T are significantly dif-
ferent, but the M distributions are comparable for All chains.
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Fig. 12 3D presentation of single Hsp40 chain with highlighted sections treated as independent structural
units. (color denotations as in Table 5.). Parts denoted by red are characterized by the value of RD <0.5

Table 5 The values of RD and K parameters describing the status of domains distinguished in a
single Hsp40 chain

Domain Fragment RD K Number of
residues
eliminated

1. (Blue) 1-107 0514 04 4

2. (Blue) 1-115 0.499 04

3. (Blue) (1-115)+(163-170) 0519 04 7

4. (Red) (116-162)+(171-182) 0.353 0.1

5. (Violet) (183-257) 0.595 0.7 15

6. (Cyan) (262-280) 0.592 04 3

7. Violet + Helix (183-280) 0.563 0.5 13

Column on right—number of residues eliminated to reach RD<0.5

How a chaperone chain folds?

One can also ask about the way of obtaining the structure by the Hsp40-A and Hsp40-
C chains. The status of these chains (dimer) treated as individual structural units
is characterized by the values of RD=0.778 and K=1.7. So this is a status far from
the form obtained spontaneously in the aquatic environment. The status of single
chain Hsp40-A is described by RD =0.646 and K=0.8. It suggests no water-directed
folding. In the structure of a single chain of the Hsp40 chaperone, the presence of
domains according to the CATH criteria was not identified [24, 25]. However, for the
purposes of the present work, the components of this protein structure—pseudo-
domains—can be distinguished on the basis of visual analysis (Fig. 12).

The pseudo-domain status shows relatively very low K values suggesting a rela-
tively low contribution of non-aqueous factors. RD values are slightly above the limit
of RD=0.5. The exception is the pseudo-domain 183-280. This part of the chain
is involved in the interaction with the second monomer. The reason for this disor-
der may therefore result from the mutual influence of both chains in the interaction
area. However, this complexation is also not based on hydrophobic interactions. In
the structure of the dimer limited to these two pseudo-domains, there is a significant
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deviation from the micelle-like arrangement (RD =0.676, for the P-P part RD =0.561
and for the NoP-P RD =0.682).

For the remaining pseudo-domains, however, it can be assumed that they folded based
on the influence of the aquatic environment.

Discussion

In our previous works related to protein’s structure, a hydrophobic core stabilizing the
tertiary structure was repeatedly identified using the FOD-M model. This structure can
be found in numerous proteins like down-hill, fast-folding, ultra-fast-folding and anti-
freeze type II ones [15]. The structures having a hydrophobic core can be found in the
vast majority of domains identified in the PDB database [26]. This phenomenon can be
interpreted as the effect of the active participation of water environment, which directs
the localisation of hydrophobic residues to the center of a protein molecule with the
exposure of polar ones on the surface. Very often the participation of disulfide bonds in
the stabilization of protein’s tertiary structure favors the arrangement of a hydrophobic
core, but it can be also the only factor responsible for its stabilization [27]. Proteins with
a longer than 150 aa chain (being the limit for a domain) without a hydrophobic core are
stabilized by the disulfide bonds. Undoubtedly, the presence/absence of a hydrophobic
core imposes appropriate dynamics and allowable structural changes, including those
related to a [22] function.

The water-based external force field can be modified by the presence of chaperones
as discussed in the present work. The specificity of the hydrophobicity distribution
obtained in this way relies on ,imposing” uniform distribution.

To illustrate this, the reference enzyme lysozyme can be used (RD value =0.529).
Exceeding the threshold value RD =0.5 is caused only by the 3 residues. These are the
two catalytic residues 35E and 53D and the residue 128C. The location of 128C in the
immediate vicinity of the substrate binding cavity should be emphasized, which gives
the specificity of this site related to enzymatic activity. Eliminating these three resi-
dues results in the obtaining a status with RD < 0.5, so In this way a part of the protein
was identified which, arranged according to the micelle-like scheme, ensures not only
the solubility of the protein, but probably also the appropriate dynamics, including
local one, related to biological activity. The folding of this protein can therefore be
treated as a synergy effect of non-binding interactions and the active participation
of an external force field from water [13]. Identification of the part with micelle-like
order in the protein (PhoA-WT) discussed in the present work requires the elimina-
tion of numerous residues significantly distributed along the chain. [13]. This means
the effect of deliberately preventing micelle-like ordering, which is ensured by the
chaperone environment. Folding of the PhoA-U chain has a common feature with
the process taking place in the endoplasmic reticulum, where the N-terminal frag-
ment is rigidly anchored in the membrane [28-34]. However, the conclusions drawn
here cannot be generalized due to the very diverse structures of chaperones with the
folding proteins. The only thing that can be generalized is the form of the environ-
mental imposition for the folding protein. This environment is different from the
aquatic environment and can be expressed In the FOD-M model by the high RD
and K values for both the folding protein and the surrounding chaperone. The role
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of Sect. "Introduction”-22 in the PhoA-U chain should also be emphasized, as it is
almost entirely involved in the interaction with the Hsp40-Compl A chain and is
removed leading to the final structure of the enzyme. This section, together with the
A chain of the chaperone, is a factor referred to as a component of external condition-
ing, i.e. a factor modifying the external force field for the folding protein. The status of
the PhoA-U chain with respect to the entire Hsp40 complex (Fig. 5B, C) shows an M
distribution close to the horizontal line (almost uniform distribution). Such a system
can be defined as a specific ,water-vacuum" devoid of any influence of the aquatic
environment (K value > 1). The status of catalytic residues seems to be already defined
in the form of PhoA-U, which means its purposefulness for obtaining the final form
leading to obtaining a biologically active structure.

The role of an external force field as an active participant in the folding process
directly affects the aquatic environment. Changing the structure and ordering of
water molecules turns out to be critical for the course of numerous reactions, includ-
ing protein folding in particular [35-40], the phenomenon of accelerating the reaction
on the surface [41-45], the process of wetting hydrophobic surfaces [46—49] indi-
cated as important for the course of numerous processes. This also applies to amy-
loid transformation, which proceeds with an increased air—water interphase (effect of
shaking) [50]. Therefore, the participation of the immediate environment as an active
player in the protein folding process, the characteristics of which are expressed by
the K parameter in the FOD-M model, seems to be important for the consideration
of protein structuring, including amyloid transformation [51]. The discussed example
of the role of a chaperone as an external force field provider is closely related to the
participation of prefoldins in the process of folding supported by other proteins [52].

The model presented in this paper is oriented on In Silico structure prediction for
proteins folded in assistance of chaperones or other molecules delivering specific
external force field. The progress in chaperone role recognition is made in experimen-
tal as well computer-based techniques.

Recently proposed models like Wako-Saito-Muioz-Eaton (WSME) model succes-
fully predicts the structure of domains [53, 54]. However, according to FOD-M-based
analysis, domains are mostly characterised by very low K parameter [26]. One-state
model for folding process simulation is discussed in context of cooperativity, which
appears to be difficult for simulation-based techniques [55]. Significant progres in
experimental observations of chaperone-assisted folding espetially in context of
refolding process aimed on structural corrections occurring in folding process is
discussed in [56]. Highly complex system of protein quality control systems called
also chaperone-assisted selective autophagy (CASA) responsible for proteinostatis
appears to be to complicated to be simulated In Silico [57]. Despite of high complexity
of chaperone construction the dynamics simulation of plasmodial HSP70 and HSP110
to reveal the disfferences in respect to human forms of these proteins in comparison
to their human orthologs [58]. The complexity of the system is even higher taking into
account the necessary co-operation of chaperones with co-chaperones, as it is shown
in p50/Cdc37 and Hsp90 partnership in the regulation of protein kinanses [59].

Experimental examination of the mutation reveals the influence co-chaperone regu-
lation in folding process [60].
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Mechanism of cellular chaperone machinery involved in Rubisco biosynthesis is
shown as engaging the DnaK and Dna] from Hsp70/40 [61].

The participation of Hsp90 and Hsp70 chaperone families on human metabolic
enzymes espetially their participation in enzymatic activities as participating in translo-
cation and degradation of methabolic enzymes highlights their participation in disease-
related disorders [62].

The protein-binding site in relation to water-exposed surface of chaperone Hsp70 dis-
cussed in context of aggregation devoiding is shown on the binding sites of 2258 Escheri-
chia coli (E. coli) proteins [63].

Experimental examination of chaperone activity on cellular level under changed con-
ditions (extremely-lowfrequency electromagnetic fields (ELF-EMF)) was examined
to reveal the time of 3 h activation and 12 h return to basal level as potential medical
treatemnt in selected diseases [64].

Hsp70 is also interpreted as the tool delivering nascent membrane proteins of appro-
priate structure for that environemnt [65].

This short revision of the recent progres in the chaperon-assisted protein folding
introduces only to egerly developed activity in recognition of chaperone activity.

The self-organized polymer (SOP) model applies the coarse-grained representation of
protein structure to simulate the many-steps process of folding and unfolding includ-
ing forced forms of these processes. The unfolding process as shown in [66] is the effect
of changes of internal interaction (internal force field). Similar effect can be reached
according to FOD-M model defining the external force field with higher K value in com-
parison with the value describing the native structure. Step-wise enlargement of the size
of appropriate 3DGauss (or form representing M distribution — Eq. 6) directs the fold-
ing process (during the FOD-M-based optimisation procedure, which shall follow inter-
nal-force field optimisation procedure) toward the more and more extended structural
form. Any form of internal force field (including coarse-grained representation) may be
applied in such procedure. The UNRES force field applied for folding simulation in the
prresence of external force field represents also the coarse-grained force field [67].

Conclusions
The use of the FOD-M model allows for a quantitative assessment of the change in the
folding environment in relation to the aqueous environment, thus determining the role
of the chaperone as the supplier of the external force field for the protein folding process.
The tertiary structure of PhoA-WT is stabilized by disulfide bonds in the absence of a
hydrophobic core. The mismatch of the hydrophobicity distribution towards the micelle-
like system applies to the entire chain (as opposed to the proteins, where the few resi-
dues showing such a mismatch are located in a 3D structure in a common place, often
creating a precisely defined active center). This means that the uniform distribution of
hydrophobicity is deliberate and is obtained by the environment of the external force
field created in the discussed example by the chaperone. The chaperone’s environment
can be defined as a kind of a ,water-vacuum" enabling the distribution of hydrophobicity
in accordance with the uniform distribution.

The introduction of an external M-distributed field to the in Silico simulation of the

protein folding process should direct this process towards the presence of the chaperone.
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The current work is another example of treating the presence of a factor other than the
aqueous environment (membrane [15], prefoldin [52]) as a form of external force field
actively participating in the protein folding process.

The generated structure of the PhoA-WT enzyme formed as a result of the external
force field provided by the chaperone, in turn, creates an external field for the catalysis
process. The characteristics of this field can be determined by the parameter K, which
specifies the degree of change to the aqueous environment directing the folding process
towards the construction of a central hydrophobic core.

The FOD-M model treats the distribution of hydrophobicity (internal hydrophobic
force field) as the effect of external force field (chaperone) influencing the folding proces.
This is why the M function (3DGauss function modified by K parameter) is assumed
to be the definition of the external force field for prtein folding simulation in Ab initio
model. The folding simulation controled by the energy (non-bonding interaction) opti-
misation shall also take the external force field inluence as optimisation factor under
consideration. The simulation shall follow the step-wise adaptation to the directing role
of environemntal influence. The Ab Initio folding simulation of alkaline phosphatase
folding shall be posssible in the presence of external force field expressed with K=0.6
modification of 3DGauss function.
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