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1 Native Contacts in DPO4

F domain P domain T domain LF domain Linker

F domain 144 36 0 0 0

P domain 36 256 32 2 32

T domain 0 32 130 22 9

LF domain 0 2 22 257 11

Linker 0 32 9 11 2

Table S1: The native contact numbers of the intra- and inter-domains, as well as the flexible linker in DPO4. The total
native contact number of DPO4 is 933, among which the intra-domain native contact number is 787 and the number of
inter-domain native contacts that are mostly formed by the sequential neighboring domains, is 90. Only 2 inter-domain
contacts are formed by non-sequential neighbor domains (the P-LF inter-domain interface). The number of contacts
formed by the flexible linker is 54.

2 DPO4 folding in bulk
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Figure S1: (A) Melting curves of Q for each intra- and inter-domain of DPO4 in bulk. (B) Melting curve for the F
domain of DPO4 and its fitting to two-state sigmoidal transition to obtain the folding probability curve pI(T ), where I
is the index of intra- or inter-domain and T is the temperature. The data for the F domain shown here are chosen for
illustrating and similar results can be observed for other intra- and inter-domains under different conditions. The fitting
procedure follows the standard protocol instructed by Sborgi et al. [1].
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Figure S2: Root mean square fluctuation (RMSF) of DPO4 in bulk. RMSF is calculated based on the constant tempera-
ture simulations performed at room temperature, of which the value is estimated by the linear interpolation from rough
connection between simulation and experiments: TRoom(Sim) = Tf (Sim)/Tf (Exp)×TRoom(Exp). As folding temperature
of DPO4 in simulation Tf (Sim) is 1.135 (reduced energy unit) from the heat capacity curve (Figure 2 in the main text)
and the experimental folding temperature Tf (Exp) of DPO4 is 369±1 K from thermal denaturation measurements [2],
we can then deduce TRoom(Sim) = 0.90 (if assumes TRoom(Exp) = 293 K). Different domains of DPO4 are marked near
to the x-axis with same color scheme used in Figure 1 in the main text. The native structure of DPO4 is shown insert
with coloring (drawing) from blue (thin) to red (thick), corresponding to the RMSF values from low to high.

Figure S3: The fractions of helical content fhelix of DPO4, DPO4 Core and LF domain as a function of temperature.
DPO4 Core is made up by the F, T and P domains. The fhelix as the function of temperature are reminiscent of the
CD melting curves measured in [2]. The brown shadow region represents the experimental temperature range from 26
to 87 ◦C, where the fractions of helical content for DPO4, DPO4 Core and LF domain remain almost unchanged. The
estimation on mapping of experimental temperature to simulation temperature is same as described in the Figure S2.
The calculation of helical formation for a Cα -level coarse-grained structure is based on the algorithm suggested by de
Sancho and Best [3].
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3 Effects of confinements on DPO4 folding

Figure S4: Melting curves of Q for each intra- and inter-domain of DPO4 under different strengths of confinement. The
DPO4 structures at the bottom illustrate DPO4 distorted by the strong spherical confinement. 10 representative DPO4
structures shown in ribbons were extracted from the simulation trajectory at low temperature and superimposed to the
native DPO4 structure, which is shown in cartoon. The circle represents the spherical confinement (RC=3.00 nm).
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Figure S5: Melting curves of DPO4 for different order and shape parameters under different confinements.
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Figure S6: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and Rg under different confinements at
the bulk folding temperature T bulk

f . Rg(N) is the Rg of DPO4 at native PDB structure [4]. Free energy is in the unit of
kT bulk

f .
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Figure S7: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and RMSD under different confinements
at the bulk folding temperature T bulk

f . Free energy is in the unit of kT bulk
f .
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Figure S8: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and Rg under different confinements at
the corresponding folding temperatures. Free energy is in the unit of kTf .
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Figure S9: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and RMSD under different confinements
at the corresponding folding temperatures. Free energy is in the unit of kTf .
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Figure S10: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and Q(Inter) under different confine-
ments at the corresponding folding temperatures. Free energy is in the unit of kTf . The two folding pathways from
intermediate states I3 to I2 gradually merge to a single one that proceeds with transition state T S1, as the strength of
confinement increases (RC decreases) (The pathways are illustrated in Figure 3 in the main text).
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Figure S11: Native contact maps of DPO4 in each state identified from 1D free energy landscape shown in Figure 2 in
the main text under differet confinements. In each sub-figure, top left shows the native contact probability and bottom
right shows the differences to that in bulk. For each state, DPO4 preserves quite similar structural characteristics in
respect of native contact formation for different confinements: (1) DPO4 in N states stays and fluctuates around the
native PDB structure, associated with apparent dynamics within the F domain, which has been modelled very flexible
within residues 34 to 39; (2) DPO4 in I1 states has unfolded F domain, with the T-LF interface and linker starting to show
fluctuations. (3) DPO4 in I2 shows unfolded F and T domains, as well as the interfaces involved by these two domains,
which are the F-P and P-T, and at the same time the native contacts in the T-LF and linker are entirely broken; (4) DPO4
in I3 has only folded LF domain, while the other domains/interfaces are unfolded; (5) DPO4 in U is completely unfolded
with very little native contact formation. Under strong confinements, DPO4 can not fully explore the whole states as
those in bulk, so the N state at RC = 3.00 nm and N, I1 states at Rc = 2.50 nm are not shown.
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Figure S12: Native contact formations for each domain and interface of DPO4 during folding under different confine-
ments.
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Figure S13: Spatial distance formations for the pairs in each domain and interface of DPO4 during folding under different
confinements. di j is the spatial distance between residue i and j.
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Figure S14: Native contact evolution for each domain and interface of DPO4 along with temperature under different
confinements. One line represents the mean value of Q for each domain and interface in DPO4 at one temperature.
Temperature increases from 1.00 to 1.35 coloring from blue to red. The grey lines correspond to the folding temperatures
and the dashed lines correspond to the bulk folding temperature.
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Figure S15: The mean Q for each domain and interface of DPO4 at the low, high and folding temperatures under different
confinements.
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Figure S16: RMSF of DPO4 under different confinements at room temperature.

4 Effects of repulsive crowders on DPO4 folding

Figure S17: Melting curves of Q for each intra- and inter-domain of DPO4 under different concentrations of repulsive
crowders.
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Figure S18: Melting curves of DPO4 for different order and shape parameters under different concentrations of repulsive
crowders.
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Figure S19: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and Rg under different concentrations
of repulsive crowders at the bulk folding temperature T bulk

f . Free energy is in the unit of kT bulk
f .
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Figure S20: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and RMSD under different concentra-
tions of repulsive crowders at the bulk folding temperature T bulk

f . Free energy is in the unit of kT bulk
f .
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Figure S21: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and Rg under different concentrations
of repulsive crowders at the corresponding folding temperature. Free energy is in the unit of kTf .
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Figure S22: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and RMSD under different concentra-
tions of repulsive crowders at the corresponding folding temperature. Free energy is in the unit of kTf .
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Figure S23: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and Q(Inter) under different concen-
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trations of repulsive crowders at the corresponding folding temperatures. Free energy is in the unit of kTf .
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Figure S24: Native contact formation during DPO4 folding under different concentrations of repulsive crowders.
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Figure S25: Native contact maps of DPO4 in each state identified from 1D free energy landscape shown in Figure 4 in
the main text under different concentrations of repulsive crowders. In each sub-figure, top left shows the native contact
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probability and bottom right shows the differences to that in bulk. For each state, DPO4 preserves quite similar structural
characteristics in respect of native contact formation for different concentrations of repulsive crowders.

✥

✥�✁

✥�✂

✥�✄

✥�☎

✆

❋
✝✞
✟
✠✡
☛

❋☞
✌

✌
✝✞
✟
✠✡
☛

✌☞
✍

✍
✝✞
✟
✠✡
☛

✍☞
✎❋

✎❋
✝✞
✟
✠✡
☛

✎✡
☛▲
✏✑

❁
✒
✐✓
❃

❯

✥

✥�✁

✥�✂

✥�✄

✥�☎

✆

❋
✝✞
✟
✠✡
☛

❋☞
✌

✌
✝✞
✟
✠✡
☛

✌☞
✍

✍
✝✞
✟
✠✡
☛

✍☞
✎❋

✎❋
✝✞
✟
✠✡
☛

✎✡
☛▲
✏✑

❁
✒
✐✓
❃

■✸

✥

✥�✁

✥�✂

✥�✄

✥�☎

✆

❋
✝✞
✟
✠✡
☛

❋☞
✌

✌
✝✞
✟
✠✡
☛

✌☞
✍

✍
✝✞
✟
✠✡
☛

✍☞
✎❋

✎❋
✝✞
✟
✠✡
☛

✎✡
☛▲
✏✑

❁
✒
✐✓
❃

■✷

✥

✥�✁

✥�✂

✥�✄

✥�☎

✆

❋
✝✞
✟
✠✡
☛

❋☞
✌

✌
✝✞
✟
✠✡
☛

✌☞
✍

✍
✝✞
✟
✠✡
☛

✍☞
✎❋

✎❋
✝✞
✟
✠✡
☛

✎✡
☛▲
✏✑

❁
✒
✐✓
❃

■✶

✥

✥�✁

✥�✂

✥�✄

✥�☎

✆

❋
✝✞
✟
✠✡
☛

❋☞
✌

✌
✝✞
✟
✠✡
☛

✌☞
✍

✍
✝✞
✟
✠✡
☛

✍☞
✎❋

✎❋
✝✞
✟
✠✡
☛

✎✡
☛▲
✏✑

❁
✒
✐✓
❃

◆

Figure S26: Native contact formations for each domain and interface of DPO4 during folding under different concentra-
tions of repulsive crowders.
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Figure S27: Spatial distance formations for the pairs in each domain and interface of DPO4 during folding under different
concentrations of repulsive crowders.

Figure S28: Number of crowders inside each domain/interface of DPO4 during folding under different concentrations
of repulsive crowders. The top figure illustrate the definition of the crowder inside. The crowder is inside only to fulfill
the following criteria: (1) the distances between crowders and the two residues of DPO4 are shorter than 1.2 nm; (2) the
angle formed by the crowders and the two residue of DPO4 are larger than 150◦.
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Figure S29: Number of crowders outside each domain/interface of DPO4 during folding under different concentrations
of repulsive crowders. The crowder is considered to locate outside of domain/interface in DPO4 when it is closer to the
residue in DPO4 than 1.2 nm but is not inside.
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Figure S30: Native contact evolution for each domain and interface of DPO4 along with temperature under different
concentrations of repulsive crowders.
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Figure S31: The mean Q for each domain and interface of DPO4 at the low, high and folding temperatures under different
concentrations of repulsive crowders.
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Figure S32: RMSF of DPO4 under different concentrations of repulsive crowders at room temperature.

5 Effects of attractive crowders on DPO4 folding

Figure S33: Melting curves of Q for each intra- and inter-domain of DPO4 with different strengths of attractive protein-
crowder interaction at concentration ΦC = 0.20.
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Figure S34: Melting curves of DPO4 for different order and shape parameters with different strengths of attractive
protein-crowder interaction at concentration ΦC = 0.20.
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Figure S36: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and RMSD different strengths of
attractive protein-crowder interaction at the bulk folding temperature T bulk

f with concentration ΦC = 0.20. Free energy
is in the unit of kT bulk
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Figure S37: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and Rg different strengths of attractive
protein-crowder interaction at the corresponding folding temperatures with concentration ΦC = 0.20. Free energy is in
the unit of kTf .
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Figure S38: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and RMSD different strengths of
attractive protein-crowder interaction at the corresponding folding temperatures with concentration ΦC = 0.20. Free
energy is in the unit of kTf .
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Figure S39: 2D free energy landscapes of DPO4 folding projected onto Q(Total) and Q(Inter) different strengths of
attractive protein-crowder interaction at the corresponding folding temperatures with concentration ΦC = 0.20. Free
energy is in the unit of kTf .
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Figure S40: Native contact formation during DPO4 folding with different strengths of attractive protein-crowder inter-
action at concentration ΦC = 0.20.
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Figure S41: Native contact maps of DPO4 in each state identified from 1D free energy landscape shown in Figure
5 in the main text with different strengths of attractive crowders at concentration ΦC = 0.20. In each sub-figure, top
left shows the native contact probability and bottom right shows the differences to that in bulk. For each state, DPO4
preserves quite similar structural characteristics in respect of native contact formation for different strengths of attractive
protein-crowder interaction.
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Figure S42: Native contact formations for each domain and interface of DPO4 during folding with different strengths of
attractive protein-crowder interaction at concentration ΦC = 0.20.
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Figure S43: Spatial distance formations for the pairs in each domain and interface of DPO4 during folding with different
strengths of attractive protein-crowder interaction at concentration ΦC = 0.20.
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Figure S44: Number of crowders inside each domain/interface of DPO4 during folding with different strengths of
attractive protein-crowder interaction at concentration ΦC = 0.20.
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Figure S45: Number of crowders outside each domain/interface of DPO4 during folding with different strengths of
attractive protein-crowder interaction at concentration ΦC = 0.20.
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Figure S46: Native contact evolution for each domain and interface along with temperature under different strengths of
attractive protein-crowder interaction at concentration ΦC = 0.20.
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Figure S47: The mean Q for each domain and interface in DPO4 at the low, high and folding temperatures with different
strengths of attractive protein-crowder interaction at concentration ΦC = 0.20.
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Figure S48: RMSF of DPO4 with different strengths of attractive protein-crowder interaction at room temperature with
concentration ΦC = 0.20.
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Figure S49: DPO4 folding under different concentrations of attractive crowders. The strength of the attractive protein-
crowder interaction is εLJ

PC = 0.05.
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Figure S50: DPO4 folding under different concentrations of attractive crowders. The strength of the attractive protein-
crowder interaction is εLJ

PC = 0.25.
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Figure S51: DPO4 folding under different concentrations of attractive crowders. The strength of the attractive protein-
crowder interaction is εLJ

PC = 0.50.

27



Figure S52: The relative change of the differences in free energy (top), energy (middle) and entropy (bottom) for different
folding states of DPO4 to those in bulk with different attractive crowder concentrations for strengths (A) εLJ

PC = 0.05, (B)
εLJ

PC = 0.25 and (C) εLJ
PC = 0.50.

6 Mapping of the effects of confinement and repulsive crowder on DPO4 fold-
ing

Figure S53: (A) The change of folding temperature led by confinements. The change of folding temperature is fitted
to the power-law relation of RC: ∼ R−α

C . Two dashed vertical lines dictate the half length of DPO4 native structure
at longest axis (black, 3.36 nm) and radius of gyration Rg of DPO4 at unfolded states obtained from high temperature
simulations in bulk (grey, 5.25 nm). The solid red line is fitted to power-law function with the data between 3.36 and
5.25 nm, while the dotted red line is fitted to power-law function with the data of whole range. We found the α for
fitting our entire data is 3.56, in reasonable agreement with previous studies [5–8], where a range of α from 2 to 4 was
found. (B) The change of folding temperature led by repulsive crowder. The change of folding temperature is fitted to
the power-law relation of ΦC: ∼ ΦC

−β . We found β = 1.90, close to that found in [6]. (C) The relation between RC and
ΦC established by the fitting parameters obtained in (A) and (B) with RC ∼ Φ

−1/γ

C . We found γ = 2.76, in reasonable
agreement of 3.00, predicted by theory [9] and verified by simulation [6].
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Figure S54: The mapping of free energy change led by confinement and repulsive crowder for different DPO4 folding
states.

Figure S55: (A) The mapping of folding temperature change led by confinement and repulsive crowder. (B) The change
of folding cooperativity in terms of MTCI led by confinement and repulsive crowder.
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