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1. Introduction

1.1 Protein electrostatics
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1.2 The ionizable groups in proteins
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1.3 pK, and the Henderson-Hasselbalch equation
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1.3.1 Intrinsic pK , values
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1.3.2 Calculating free energies from pK , shifts
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1.4 Molecular determinants of perturbed pK  , values in proteins
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1.4.1 Charge-charge interactions
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1.4.2 Charge-dipole interactions
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1.4.3 Born effect
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1.4.5 lonic strength and the Debye-Hiickel effect
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1.5 Methods for the determination of pK  , values
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1.6 Overview of work
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2. Electrostatic energetics oBacillus subtilisribonuclease P

protein determined by nuclear magnetic resonance-lsed
histidine pK, measurement&’

2.1 Introduction
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2.2 Results and discussion
2.2.1 Measuring pK , values without a pH electrode
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Pyridine Chemical Shift (ppm)
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2.2.2 pK, values of pyridine determined from two methods are

good agreement
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2.2.3 P protein His pK , values determined without a pH electrode
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Protein 'H"' Chemical Shift (ppm)

Protein 'H"' Chemical Shift (ppm) &
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2.2.4 The pK, values of H3, H22, and H105 are depressedinU and F
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Buffer Conditions

[Na,SOy] 20+ 1 mMm 0 0 20+ 1 mM 20+ 1 mM 20+ 1 mM
[NaCl] 0 0 0 0.15+0.01M 050+0.01M 1.00+£0.01M
lonic Strength® 80+£14mM 20+x1mM 201 mM 0.23+0.01M 058681M 1.08+0.01M
State pK,
Histidine Ze . Ze . Ze . Ze . Ze . Ze .
N-Ac-His-NH-Me® 6.52 + 0.03 6.44 £ 0.02 6.44 + 0.02 - - -
His 3 6.31+0.01 571+0062 571+0.08 6.16+0.02 6.25 + 0.01 6.23 + 0.03
His 22 6.03+£0.01 5.41+£0.25 5.99 + 0.02 5.95 £ 0.02 1&0.03 5.99 + 0.01
His 10& 5.52+0.01 576+0.02 5.76 +0.02 5.46 £ 0.01 5.61 £0.01 5.73+0.02
State Hill Coefficient

Histidine n" n' nY n" n" n"
N-Ac-His-NH-Me®  1.09 + 0.05 1.09 + 0.05 1.09 £ 0.05 - - -
His 3 1.02 + 0.04 1.04+0.065 1.04+0.08 0.99 £ 0.03 0.93 +0.02 1.03 £ 0.07
His 22 1.07 £ 0.03 1.09+0.21 1.02 + 0.05 1.00 £+ 0.03 .95@ 0.05 1.03 £ 0.03
His 10k 1.01 £ 0.03 1.04+0.05 1.04+0.08 0.98 £ 0.02 0.95+0.03 0.98 + 0.05
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2.2.5 Electrostatic repulsion is greater in the mor e compact folded
state
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2.2.6 P protein histidine side chains are well-solv  ated in both U and F
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2.2.7 The H3-SO, salt bridge contributes moderately to the stabilit
the sulfate-folded state
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2.2.8 The P protein H22 residue is influenced by an -helix dipole
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2.2.9 Helices 1 and 3 are unfolded in |
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2.2.10 H22 is the source of the pH dependence of th e unliganded U to
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2.2.11 The pK, values of sulfate-folded P protein His have a weak
ionic strength dependence
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2.3 Conclusions and future directions
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2.4 Materials and methods

2.4.1 Expression and purification of P protein
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2.4.2 Determination of pK , values using NMR spectroscopy
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2.4.3 Calculation of pH-dependent stability
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2.4.4 Determination of tautomeric state populations
- 8 1A
21<, '21 5 21 ‘21N
E (F 1%1>N + %

85# 57 58757

01 8¢ &;
2 P 7 7%
4 4 % a
( 9 # 4 #%
5 $
2. 10 ' %

3@

&' 2



L p CHHOENE (167 ©

al
*ws —( - E
p 7
7 X))
8 8oy
0%>
BO7 P<%?2 8
0 7
[ 0%>%

+46 < ®

127

<1

EO0%>F

127

50%2

%

=0p -



3. Salt sensitivity of histidine pK, values in P protein

3.1 Introduction
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3.2 Results and discussion
3.2.1 The pK, values of sucrose-folded P protein His are depress  ed

7 5 7 1%015=%1
0 2752 7(C 8 85
31 +
% 5

4 % # 01 2@ . 7



27 B2

) 7

%

8.6

% 1
8.4 _
8.2 _
8.0 7 <
° I '8'
: : —
7.8 +9%
7.8 B 8.0 8.2 B 8.4 8.6
8.6 [ + 1
8.4 I ’
8.2 I o
8.0 I
L — k%

7.8 2 '_',_'E%

7.8 o 8.0 8.2 o 8.4 | 8.6 |

+ 6+
5 )
' /°1%
27825  E F
5 E#F 1 E-F2 8

%



5 1 2 8 ' % %2

27 B2 5
E#F 1 E-F2 8 %
7 57 /
31 ) % )
) '5
' 2 218 E ‘%0F% )
7 %2%
4 :
85 55 % )
8 . 3%00 R 1%10 E % F% |,
'85 55 - )
5 8 %
.4
4

%

<>



) 7

% 1%/ 6 7

57 5 E#F
E-F 8 % ) 57 . E#F 3%23 R 1%10
E-F >%==R 1%10%

<3



%% /°+$ 1$1$ ! /°1$

278285 55 27825
0 18 % ) 85 55
. 3%00 R 1%10%

<<



0>H .

% / 1% 2+$ 1 $1%
2 $ $
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[NaCl] 0 1.00£0.01 M 0 0 1.00+0.01 M
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Histidine Ze . Ze . Ze . Ze. Ze .
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State Hill Coefficient
Histidine n® n® nY n" n®
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3.2.2 Comparison of the pK , values of unliganded unfolded and
unliganded sucrose-folded P protein His
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3.2.3 Electrostatic repulsion is greater in sucrose  -folded state than

sulfate-folded state
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3.4 Materials and methods

3.4.1 Expression and purification of P protein
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3.4.2 Determination of pK 4 values using NMR spectroscopy
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4. The effect of dielectric constant on the protorteon of the

histidine side chain

4.1 Introduction

) +
4
%
1@ (
<=05>
0%0= 210 22

%

% 9

% 4

0:%:'

%

% 9



%

% 9

%

%

% 8

%

% 9



700
) %9

% V

%

4.2 Results and discussion
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4.3 Conclusions and future directions
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4.4 Materials and methods
4.4.1 Chemicals and reagents
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5. Probing the folding intermediate of P protein va singular

value decomposition

5.1 Introduction
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5.1.1 Singular value decomposition
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5.2 Results and discussion
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5.2.2 TMAO-induced folding of P protein
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5.2.3 Sucrose-induced folding of P protein
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5.4.2 Expression and purification of P protein
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/ 2 2
$ , %30
Residue Ze . n" Ze . n' Ze . nY
His 3 6.32+0.02 1.10+0.06 5.73+0.04 0.94090. 5.73+0.04 0.94+0.09
His 22 6.10+£0.05 0.99+0.12 540+0.55 091440 6.11+0.04 0.95+0.09
His 105 555+0.05 0.90+0.03 580+0.03 0908 5.80+0.03 0.96+0.08
( 21 57 ‘21 @IN 7 o&' 21N o0&
O>H . 1 01 %
| >% 20 B2 ) %
@>N
%
2
B!$/ $B 12
Relative accessible
Residue surface area (%)
His 3 70
His 22 61
His 105 57
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% / %3 1$/ 2
2,
0 mM Na,SO, 20 mM NaSO;,
d (ppm)
Residue H B¢ H B¢
L-Histidine (pH~4) 8.66 + 0.01 136.25 + 0.03 8.66.81 136.26 + 0.02
L-Histidine (pH~8) 7.72+0.01 138.59 + 0.03 7.70.81 138.59 + 0.02
Pyridine (pH~4) 8.08 + 0.01 129.47 + 0.05 8.09310. 129.49 + 0.03
Pyridine (pH~8) 7.45+0.01 126.58 + 0.02 7.46 0. 126.57 + 0.01
His 3 (pH~4) 8.61+0.01 135.81 + 0.06 8.62 +0.01 135.99 + 0.02
His 3 (pH~8) 7.69 +0.01 138.33 + 0.07 7.67+0.01 137.98+0.04
His 22 (pH~4) 8.60 + 0.01 135.82 + 0.05 8.70 £ 0.01 136.28 + 0.05
His 22 (pH~8) 7.67 £0.01 138.48 + 0.08 7.74 +0.01 138.46 + 0.09
His 105 (pH~4) 8.54 + 0.01 135.65 + 0.06 8.6540.0 136.14 + 0.07
His 105 (pH~8) 7.69 + 0.01 138.52 + 0.06 7.81 10.0 137.99 + 0.05
+ E 7S;F E 7S=F%

%

@>N
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