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Small globular proteins have a compact structure; therefore, their thermal denaturation is described using a two-state
model (N2D). However, some protein structures exhibited an exception to the two-state mode as implied by the two
endothermic peaks in the DSC thermograms, indicating the occurrence of a complicated thermal transition (nN2I,2nD) at high
temperatures. The detailed analysis of DSC results indicated that this irregular phenomenon in the thermal denaturation of
small globular proteins could be attributed to a reversible oligomerization (RO) at high temperature. RO was significantly
destabilized by a single mutation in the hydrophobic amino acid at the interface of the crystallographic oligomer in the native
state. The destabilization of the RO of PSD95-PDZ3 resulted in the inhibition of the amyloid fibrils generated by the incubation
at 60°C for 1 week. Therefore, RO was hypothesized as the precursor of protein thermal aggregation, and this observation
would enable us artificially control the thermal aggregation tendency of proteins.

Keywords: protein thermal aggregation, reversible oligomerization, differential scanning calorimetry, hydrophobic amino acid,

amyloid fibrillation.
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Fig.1 The DSC thermograms of wild-type DEN4 ED3 at the scan rate of +1 °C min™'.” 50 mM Na-acetate buffer (pH 4.6) was used
for the sample preparation and the blank measurements. (A) The reversibility check of DSC thermogram; 1st scan (solid line) and
2nd scan (dashed line). (B) The protein concentration dependence of DSC thermogram; 1.0 mg/mL (closed circle) and 0.50 mgmL™!
(open circle). (C-D) The pH dependence of DSC thermogram at pH 3.0-5.1; (C) one endothermic peak at pH 3.0 (closed circle) and
pH 3.6 (open circle). (D) two endothermic peaks at pH 4.1 (solid line), pH 4.6 (dashed line) and pH 5.1 (dashed dotted line).
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Table 1 Thermodynamic parameters of wild-type DEN4 ED3
and its single mutated variants determined by DSC
measurements and DDCL3 analysis.¥ For example, V380A
meant that 380th valine (V) residue was substituted with alanine
(A). The samples were prepared at pH 4.6, and the protein
concentration of 0.50-1.0 mg mL~'. DSC measurements were
performed at the scan rate of +1°C/min by using VP-DSC
(MicroCal, USA).

Name Protein Model Tin AHcal (Tim)
conc. (°C) (kJ mol™1)
(mg mL™")

1.0 4N-I4 63.63+0.16  190.01£3.14
wt 4N-14-4D  69.27+0.46 249.68+7.13
0.50 4N-14 66.31£0.13  195.73+4.00
4N-14-4D  68.83+0.31 255.19+£3.92
V380A 1.0 N-D 67.08£0.28 269.36+3.70
V380S 1.0 N-D 67.90+£0.13  277.90+2.75
V380T 1.0 N-D 69.23+£0.12  285.89+2.56
V380N 1.0 N-D 66.05£0.36  240.85+3.54
1.0 N-D 66.34+£0.22  275.08+3.30
V380K 0.50 N-D 65.97+£0.17 271.38+£2.96
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Fig.2 The physicochemical properties of wild-type DEN4 ED3 and its single mutated variants (DEN4 V380K).# 50 mM Na-
acetate buffer (pH 4.6) was used for the sample preparation, and the protein concentration was adjusted to 1.0 mg mL~". (A) The
ribbon model of wild-type DEN4 ED3 and DEN4 V380K designed by Pymol. They were generated by using the crystallographic
structure of wild-type DEN4 ED3 (PDB ID: 3WE1), and single mutation (V380K) was artificially induced by COOT analysis. (B)
The DSC thermogram at the scan rate of +1 °C min~! and its fitted curve by DDCL3 analysis; DSC raw data (closed square) and

fitting curve (gray line).

(C) The DLS graphs indicated the particle volume distribution of protein molecules. The Rn

(Hydrodynamic Radius) values were calculated by the Stokes-Einstein equation. The sample was heated from 25 °C to 90 °C; 25 °C
(solid line), 65 °C (dashed dotted line) and 90 °C (dashed line). For example, DEN4 ED3 formed the native monomer (N) at 25 °C,

and it turned into the intermediate tetramer (I4) at 90 °C.
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HEF LT T O, NIRETO kG /RER L,
IR TOMMEIITIR EEE L -T2, & Z A2 DSC JHIE
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REZEZ THEIFHNRT A =2 — (Tn, AHea (Tw))
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Fig.3 (A) Design of single-mutated variants of PSD95-PDZ3 by alanine scanning.'? Based on X-ray crystal structure data (PDB
ID: 314W), seven hydrophobic amino acids exposed on the molecular surface were targeted and classified into two groups: present
on the oligomer contact surface (Group 1) or far from its interface (Group 2). (B) The DSC thermograms of wild-type PSD95-PDZ3
and its single-mutated variants at the scan rate of +1 °C min~.'>! 50 mM K-phospate buffer (pH 7.5) was used for the sample
preparation and the blank measurements. The protein concentration dependence of DSC thermogram were confirmed at 1.0 mg mL™!
(closed circle) and 0.50 mg mL™! (open circle). The DSC thermograms of PDZ3-wt,'? PDZ3-L342A,'3 PDZ3-F340A'¥ and PDZ3-

N326L F340A'% were reported in previous articles.
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RIZ PDZ3 BPATRL D X s s S T 7 — & & i L7z
LI A, fERREET T4 ARDORY RTF RENRESLTE
D, ThIv—%FBRL T\, TZTE/v—DHTE
HIZEMH Lz 7 MEOBAKMET I JBRIIEB L, £U 3

~—FAREICH S TWD T X/ BE% Group 1 (V328,F340,
L342, 1389), HfECT\5 7 X /% Group 2 (V310, L349,

V365) EENFNLFE L (Fig3(A). D Znb0fnhs
EEDT 2 ) BEBUKIEDIRNT T = Nl —FREEW 5
ZETC, THEOERKRERE L,

DSC MIEDFER, Group | DT I/ k% —FRILER L2
2 FREE O A (PDZ3-F340A, PDZ3-L342A) T, 1 ADW
Be—r MMl s (Fig.3B)), 7' —J5, Group2 O7
2 E—EEERLCYH, DSCY—E 7T AT2AAD
W — 27 RSN, %Eﬂ&k%ﬁéwiﬁgﬂ@ﬂo
77e L7273 > T PDZ3 OEIETO RO FEAICIE, NiIRRE
U I~ —HEARE AT D BUK MR N E R e J%%
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FEEIZEIRETO ROERBEEX /B2 65,
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Table 2 Thermodynamic parameters of wild-type PSD95-
PDZ3 and its single or double mutated variants determined by
DSC measurements and DDCL3 analysis.!>'¥ The samples
were prepared at pH 7.5, and the protein concentration of 1.0
mg/mL. DSC measurements were performed at the scan rate
of +1°C/min by using VP-DSC (MicroCal, USA). The
thermodynamic parameters of PDZ3-wt,'? PDZ3-L342A,'9
PDZ3-F340A,'Y and PDZ3-N326L F340A'Y were reported in
previous articles.

Name Model Tm AHcal (Tin)
(°C) (kJ/mol)

6N-I¢ 65.41%£0.07 237.651+3.08
w 6N-I¢-6D  69.9910.33 327.26£5.29
L342A N-D 69.56£0.10 346.11%+1.93
F340A N-D 69.95£0.11 369.01£2.59
N326L 4N-I4 68.11+0.24  233.41%10.10
F340A  4N-+-4D  7339*1.15 250.78*+16.80
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Fig.4 The physicochemical properties of wild-type PSD95-PDZ3 and its single-mutated variants (PDZ3-F340A and PDZ3-L342A)
in 50 mM K-phosphate buffer (pH 7.5).'® The samples were previously incubated at 60°C for 1 week, 10-times diluted by Milli-Q
water, and the final protein concentration of samples was adjusted to 0.8 mg/mL. (A) Thioflavin T (ThT) fluorescence spectra of
PDZ3-wt and PDZ3-L342A with 12 uM of ThT. (B) Photographs of PDZ3-wt and PDZ3-L342A taken by transmission electron
microscopy (TEM) at the magnification of 2000x. The negative staining of TEM samples was performed with 2% uranyl acetate.
The scale bar in the lower right corner was 200 nm are shown in black.
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