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Hydration and Heat Stability Effects on Protein Unfolding
Motohisa Oobatake and Tatsuo Ooi*
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The conformational stability of a protein in an aqueous solution is described by the Gibbs
free energy of unfolding between the native and random conformation.
The free energy of unfolding consists of two contributions : the hydration around the molecule,
and the intramolecular interactions. A method to calculate the free energy of hydration from
the accessible surface area (ASA) of the constituent atomic groups in a protein has been
developed assuming a proportionality of the free energy to ASA. Similarly, the free energy of
unfolding for the chain in vacwo can also be calculated from the ASA, using the unfolding
thermodynamics derived from the experimental data of 10 proteins. Thus, our method can
predict the unfolding thermodynamics of a protein with a known tertiary structure. The
predicted values of 4 other proteins agreed well with the experimentally derived values. This
method also accounted for the temperature dependences of the free energy of unfolding and the
enthalpy changes of T4 lysozyme, and the occurrence of cold denaturation at a low tempera-
ture. This method was applied to the unfolding thermodynamics of the poly (L.-alanine) helix.
The calculated enthalpy change is close to the value determined in a recent calorimetric study
of a H0-residue alanine-rich helix, and the results suggest that helix formation is enthalpy-

driven.
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Table 1 Parameters of hydration free
energy ‘g, hydration enthalpy
lo,',  hydration entropy is,),
hydration heat capacity (¢, 1129,
unfolding chain free energy (g.),
unfolding chain enthalpy {h.} and
unfolding chain entropy 's5.)'% at
25C. Units are - &, &, K
tkcal mol A%, ¢, s, S ical/
mol 'K/ A2,

Atoms gh hy Sk Cp.h g he Sc
SR . S
Aliphatic C - 0.008 - 0026 ~0114 0370 -0.009 0.020  0.100

Aromatic C  -0.008 -0.038 - 0.099 0296 0030 6101 0239
Hydroxyl O -0.172 —0238 -0222 0008 0151 0198  0.158
Amide N -0132 -0.192 -0203 -0012 0113 0071 -0.140
Carbonyl C 0427 0413 -0.046 0613 —0243 —1528 ~4308
Carbonyl O -0038 -0032 0020 —-0228 0041 0089 0161
Sulfur S -0021 -0.031 0035 -0.001 0037 0104 0224
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Table 2 Computed free energy (AG% .
enthalpy "AH".: and entropy
tAS% of hydration at 25C for
the N-acetyl-N'methylamides of
20 amino acids. Units are : AGY.
AH?, ikcal/mol:, AS®, ‘tkcals
mol/Kj .

AGY A AS Oh

1. Itle 030  —11.77 —0.0405

2. Leu 0.19 -11.87 —0.0404

3. Val - 006 —1136 —0.0379

4. Ala — 062 -10.08 - 0.0317

5 Pro - 0.70 -10.33 —0.0323

6. Met — 112 —11.26 — 00340

7. Gly - 122 - 971 —0.0285

8. Phe - 2.10 -1405 —0.0401

9. Cys - 245 - 883 —0.0241

10. Thr - 463 —1580 -—0.0378
11. Trp — 542 -19.18 —0.0461
12. Lys - 6.14 -20.23 —0.0473
13. Ser - 637 —17.25 —0.0365
14. His - 6.78 -19.62 —0.0431
15. Asn — 7.86 1882 —0.0368
16. Gln - 791 -1957 -—0.0391
17. Asp — 798 —1875 —0.0361
18. Glu - 815 —19.74 —0.0389
19. Tyr - 9.17 —23.08 —0.0467
20. Arg —1401 -30.74 —0.0561
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Table 3 Accessible surface areas and hydration free energies at 25°C for 14 proteins. NR

: residue number, ASAY, ASAP A%

: accessible surface area, AGY,, AGY, ‘kcal/

moli : hydration free energy for native and denatured states, respectively, AGY,
{kcal/mol: : hydration free energy of unfolding, and fraction of ASAY on

unfolding +%5:.

Name* NR | ASAD  AGB AGH/ASAP | ASAY AGY AGN/ASAM | AGY ASANMASAP
APTI 58 | 8758 - 2418  —0.02761 3976 —1423 - 003579 | — 995 454
3CYT 103 | 15581 — 3833  —0.02497 5932 1735  —002925 | — 2158 380
IRNT 104 | 14389 — 4205  —0.02985 5596 1860  —0.03324 | — 2435 389
1CPV 108 | 15727 — 3471  —0.02207 5897 - 1360 - 002307 | - 2111 375
SRSA 124 | 18350 — 5340  —0.02910 6775 —2406  ~ 003551 | — 2935 369
OLYZ 129 | 18970 -~ 5348  —0.02820 6596 - 2506  —0.03799 | — 2844 348
9MBN 153 | 23223 - 5309  —0.02286 8082 —231.7 002867 | — 2992 348
9LZM 164 | 25098 — 6659  —0.02653 | 8504 —3044  — 003580 | — 3615 339
8PAP 212 | 30911 — 8173  —0.02644 9433 - 3613  —0.03830 | — 4560 30.5
2SS1 214 | 29655 — 6278  —0.02117 | 10825 —280.6  — 002642 | — 3329 36.5
ACHA 239 | 33586 — 7554  —0.02249 | 10394 —359.2  — 003456 | — 3962 309
9CAB 256 | 37411 — 9640 002577 | 10993 3683  —0.03350 | — 595.7 29.4
LABP 306 | 44754 - 9859  —0.02203 | 13782 —4580  —003324 | — 5278 308
9TAA 478 | 68766 17162  —0.02496 | 18396 —6666  — 003623 | —1049.7 2638

* Identified by Protein Data Bank code : 4PTI (bovine trypsin inhibitor), 3CYT (albacore tuna

cytochrome ¢), ! RNT (ribonuclease T (Glu®)),

1 CPV (carp parvalbumin), 5RSA (ribonu-

clease A), 2LY7Z (hen egg-white lysozyme), 2MBN (sperm whale myoglobin), 2 LZM (bacte-
riophage T 4 lysozyme), 8 PAP (papain), 2 SSI (streptomyces subtilisin inhibitor dimer),

4 CHA («-chymotrypsin), 2 CAB (carbonic anhydrase B), 1 ABP (l.-arabinose-binding pro-

tein), and 2 TAA (taka-amylase A).
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Table 4 Hydration free energy on unfold-
ing AG", (kcal/mol), hydration
heat capacity on unfoiding AC*,,
(cal/mol/K) and their standard
deviations (SD) of 20 amino acid
residues at 25°C averaged over
113 proteins. Av means the aver-
age value for 20 amino acids'?.

AGY, SD ACH . SD
1. Pro 0.32 0.38 1. Asp 273 547
2. Ile 0.32 038 2. Glu 317 7.07
3. Leu 0.27 0.38 3. Gln 374 6.02
4. Val 0.13 0.36 4. Asn 391 486
5 Ala —-054 039 5 Gly 488 561
6. Gly —059 046 6. Ser 6.14 715
7. Met — 060 0.39 7. Cys 941 326
8. Phe ~1.06 0.46 8. Ala 1422 922
9. Cys —164 050 9. Thr 1611 993
10. Thr - 197 1.78 10. Arg 1666 9.42
11. Lys —219 187 11. Lys 1768 11.62

Av 222 144 Av 1971 9.39
12. Asp — 297 250 12. His 2005 9383
13. His —338 1.78 13. Pro 2369 13.06
14. Asn - 355 233 14. Tyr 3054 10.05
15, Glu —-371 246 16, Met 3167 1291

16. Trp — 380 1.13 16. Val 3258 11.54
17. Ser —382 212 17. Trp 3769 1293
18. GIn —-3.92 240 18. Leu 3826 13.08
19. Tyr -~564 260 19. Phe 39.06 11.92

20. Arg —596 4.08 20. Ile 4198 1286
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Fig. 1 Hydration free energies (AG,, kcal/
mol> and hydration heat capacities
{AG, cal/mol/K) of two typical
amino acid residues with high and low
values for native {N' and denatured
‘D states, respectively, averaged
over 113 proteins at 25C'®. The
terms, expose and bury, mean more
exposed and more buried residues
than a residue located at the average
position at native state, respectively.
Arrows indicate the standard devia-
tions.
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Table 5 Estimation of unfolding enthalpy and entropy for chain and hydration, respec-
tively, at transition temperature on 14 proteins. NR : residue number, NA :
number of heavy atoms, ND : number of effective dihedral angles, 7,, : transition
temperature ‘C!. AH, : experimental unfolding enthalpy (kcal/mol), AHY,,

AH"Y, 1 unfolding enthalpy for chain and hydration, respectively (kcal/mol),
ASY, ASY, : unfolding entropy for chain and hydration, respectively (kcal/mol/
Ki, ACY,., ACY,, : unfolding heat capacity for experimant and hydration,
respectively tkcal mol/Ki, W : statistical weight computed from exp {ASY./k
ND’. where % represents Boltzmann's constant'¥®,
Name NRE NA  ND pH Tn AHa AHY 8HY AS% A%, |ach, act, | w
4 PTI 58 454 271 4.0 100.0 103 268 ~ 165 0518 ~0.241 0.7 0.83 2.6
3CYT 103 803 485 48 780 106 503 -- 397 0933 —-0632 1.8 1.78 2.6
ITRNT 104 781 444 50 567 117 565 — 448 1.048 -0.693 1.7 1.46 3.3
1CPV 108 810 491 70 900 120 486 -~ 366 0.886 -—0.556 1.1 1.77 2.5
5RSA 124 951 590 25 360 69 663 — 594 1234 -1.011 2.0 1.92 2.9
2LYZ 129 1001 616 45 785 140 656 — 516 1.207 -0.809 16 2.25 2.7
2MBN 153 1217 745 105 785 150 724 — 574 1.393 -0.966 2.8 3.04 2.6
2LZM 164 1329 838 3.0 568 100 841 — 741 1595 -—1.292 2.3 3.18 2.6
8PAP 212 1655 984 38 838 216 1050 — 834 1946 —1.341 3.3 4.19 2.7
2SSI 214 1528 904 7.0 830 122 7719 - 657 1.464 ~1.121 1.1 3.85 2.3
4CHA 239 1756 1053 38 570 164 1063 — 899 2208 -—1.713 3.0 4.75 2.8
2CAB 256 2009 1191 - 57.0 180 1387 —1207 2625 —2.080 4.0 5.13 3.0
1ABP 306 2335 1441 7.4 535 152 1371 —1219 2814 —2349 3.2 6.25 2.7
2TAA 478 3690 2197 7.0 620 537 2669 2132 5304 ~3.702 8.7 9.87 34
Table 6 A marginal stability of RNase A DELEOWNTEN DN 2> e D A 45 -
at 25°C. Calculation of unfolding Lo 72ARHL BPTL 4PTL T954kcal ‘'mol, RNase A
free energy from chain and hydra- SRSA T651keal ' mol DA %5 4012, Table 5 o

tion energy. Units are : AGY, AH Y

ikcal‘mol;, AS* "kecal ‘'mol 'K:.
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Table 7 Unfolding chain free energy AGY.
tkcal/mol:, unfolding chain enth-
alpy AHY. ‘kcal/mol:, and unfol-
ding chain entropy AS“C ‘cal.
mol/K) of 20 amino acid residues
at 25°C averaged over 113 pro-
teins. Av means the average value
for 20 amino acids.

Aci AHY ~TAS% AS%

1. Tyr 6.56 1441 —17.95 26.33

2. Trp 559 1346 —7.87 26.39

3. Arg 525 6.03 ~0.78 2.61

4. His 3.95 7.64 —3.69 12.36

5 Gln 3.69 4.47 -0.78 2.62

6. Glu 3.58 5.69 -2.11 7.08

7. Ser 3.42 5.80 —2.38 7.97

8. Asn 3.26 3.64 -0.39 1.30

9. Phe 3.22 1193 -8.71 29.22

10. Asp 2.89 4.72 —1.83 6.13
11. Cys 2.71 8.64 -592 19.87
Av 2.44 5.93 3.49 11.72

12. Lys 1.87 3.57 - 1.70 5.71
13. Thr 1.74 4.42 —2.68 9.00
14. Met 1.13 7.06 -593 19.87
15. Gly 0.68 1.23 —0.55 1.85
16. Ala 0.51 2.17 -2.25 7.55
17. Val —-0.19 3.45 ~3.64 12.20
18. Leu —0.35 3.69 ~4.04 1357
19. Pro —0.39 1.7 —2.36 7.91
20. Ile 040 4.03 ~4.42 14.84
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Table 8 Comparison between predicted Cal: and experimental ‘Exp: values of AGY,
AHY, and ASY for 14 proteins at 25°C%".
A GY, keal/mol AH?Y, kcal/mol AS"Y cal/mol/K
Name NR Cal Exp A Cal Exp A Cal Exp A
4PTI 58 158 15.0 0.8 57.7 50.5 7.2 141 119 22
1CPV 108 10.1 147 —46 42.6 485 — 59 109 113 - 4
5RSA 124 8.2 2.1 6.1 61.2 47.0 14.2 178 151 27
2LY7Z 129 10.0 144 —44 51.3 544 - 3.1 139 134 5
2ZMBN 153 7.0 10.8 -38 36.7 0.2 36.5 100 -~ 36 136
2 LZM 164 1.9 6.0 —41 15.9 269 —11.0 47 70 - 23
8 PAP 212 16.6 18.6 -2.0 25.9 22.0 39 31 11 20
2CAB 256 17.5 11.0 6.5 545 52.0 2.5 124 137 - 13
1 ABP 306 12.7 9.2 35 60.6 608 — 0.2 161 173 — 12
2TAA 478 39.8 40.8 -1.0 208.1 215.1 - 1.0 565 585 - 20
3CYT 103 6.3 94 —31 21.9 16.0 59 52 22 30
1 RNT 104 13.8 8.7 51 54.4 647 —103 136 188 — 52
2881 214 115 144 -29 75.9 58.2 17.7 216 147 69
4CHA 239 18.2 11.2 7.0 91.7 72.0 19.7 246 204 42
AG", /keal mol™! ® AGH DT HEER Y PHIHOME A TR AR T E L0
0 . 20 30 o O AH 5. b‘ FoRIBEIIEIBEHOBRIINE—-D
T T T ™ BTN
& T4"/4~*i‘OLW’AF“LAH“ﬂ&UKK(HT
2001 R R PIEME AT Fig 315000 TR D
(615, D & NI B AC P 5 Th
¢ 130 (P40 AC AR L 2T AUy AL
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4 ASY T =ASYT,: +ACY, In T,/Ty 16
.éo‘ao 52;?7‘1%, I 1T Fig 3 KSR KD
e L 110 72ACE,, FFEHEIZ KRN £ B ACY AL T
W ol A N E DGR Y. T O £
0 o 1 i 0 AR
0 100 200
AH%, /keal mol™! ACT o =2 A = Ay 1
S RDGILE L WD 7o o PHEIZ DT ERISD
Fig. 2 Correlation of calculated and experi- ACY 2 KM 52 ACY W08 KELor D % T

mental unfolding free energies
(AGYa and AGY.,, @) and enth-
alpies (AH Y., and AHY for 14
proteins at 25C?2%.

expy
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Table 9 Unfolding free energy AGY (kcal/
mol), unfolding enthalpy AHV
tkcal’mols, and unfolding
entropy ASY cal/mol/K} of 20
amino acid residues at 25°C aver-
aged over 113 proteins. Av means
the average value for 20 amino
acids.
AGH AH® -TAS" ASH
1. Phe 2.16 682 466 15.64
2. Trp 1.78 447 —2.69 9.00
3. Cys 1.08 521 -4.14 13.85
4. Tyr 0.91 373 282 9.46
5. His 0.56 079 -023 0.75
6. Met 0.53 289 —-236 7.93
Av 0.22 077 —055 1.83
7. Gly 0.09 -0.23 0.31 - 1.07
8. Ala -0.02 051  —054 1.82
9. Val - 0.06 030 -036 1.20
10. Pro --0.06 0.02 - 0.08 0.30
11. Ile —0.08 0.19 ~0.27 0.89
12. Leu - 0.08 0.17 —0.24 0.81
13. Asp - 0.08 0.18 —0.26 0.86
14. Glu -0.13 005 -—-0.19 0.65
15. Gin - 0.23 - 1.76 1.53 — 513
16. Thr -0.24 0.04 —0.28 0.89
17. Asn ~0.30 -2.03 1.74 - 583
18. Lys -032 —1.45 .13 - 378
19. Ser -040 —016 —0.24 0.84
20. Arg 071 —4.40 369 —12.38
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Table 10 Predicted values for helix-coil
transition of the L-alanine helices
{Ac {Alai,NHMe; at 25°C22,
AGY AH" (AHY « AHY) ASY (AS“w»ASh) ACY,
n cal/res cal/res calires cal/res/K
10 24 630 (2240 16100 23 { 42 21 ) 7
00 10 780 (2470 - 1690) 26 ( 48 22 15
30 07 830 ( 2540 1710 ) 28 ( 5.0 22 ) 19
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