
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Investigating the Structural and Metal Binding Properties of an Ancestral Eye Lens Crystallin

Permalink
https://escholarship.org/uc/item/1r4736vn

Author
Kozlyuk, Natalia

Publication Date
2017
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1r4736vn
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA,
IRVINE

Investigating the Structural and Metal Binding Properties of an Ancestral Eye Lens
Crystallin

DISSERTATION

submitted in partial satisfaction of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

in Chemistry

by

Natalia Kozlyuk

Dissertation Committee:
Associate Professor Rachel W. Martin, Chair

Associate Professor Andrej Lupták
Professor James Nowick

2017



All of chapter 1 is adapted with permission from: Kozlyuk, N.; Sengupta, S.; Bierma, J. C.;
Martin, R. W. Biochemistry 2016, 55, 6961-6968. c� 2016 American Chemical Society.

Portion of chapter 3 is adapted with permission from: Kozlyuk, N.; Sengupta, S.; Bierma,
J. C.; Martin, R. W. Biochemistry 2016, 55, 6961-6968. c� 2016 American Chemical

Society.
All of chapter 5 is adapted from: Kozlyuk, N.; Sengupta, S.; Lupták, A.; Martin, R. W. J.

Biomol. NMR 2016, 64, 269-273. c� 2016 Springer Science.
All other material c� 2017 Natalia Kozlyuk.



DEDICATION

I would like to dedicate this thesis dissertation work to my family who have consistently
been supporting me throughout my scientific journey.

ii



TABLE OF CONTENTS

Page

LIST OF FIGURES vi

LIST OF TABLES xi

ACKNOWLEDGMENTS xiii

CURRICULUM VITAE xv

ABSTRACT OF THE DISSERTATION xviii

1 Calcium binding dramatically stabilizes an ancestral crystallin fold in
tunicate ��-crystallin. 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Gene construction, protein expression and purification . . . . . . . . . . 4
1.2.2 Circular dichroism spectroscopy . . . . . . . . . . . . . . . . . . . . . . 5
1.2.3 Fluorescence spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.4 Isothermal titration calorimetry . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3.1 Unlike human �S-crystallin, Ci -�� binds Ca2+ with strong affinity. . . . 7
1.3.2 Ca2+ binding does not change the secondary structure of Ci -��-crystallin 9
1.3.3 The resistance of Ci -��-crystallin to both thermal and chemical

denaturation dramatically increases upon binding Ca2+ . . . . . . . . . 9
1.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Effects of divalent cations on the structure of tunicate ��-crystallin. 18
2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2.1 Thermal denaturation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.2 Dynamic light scattering . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2.3 Isothermal titration calorimetry . . . . . . . . . . . . . . . . . . . . . . 21
2.2.4 NMR experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

iii



3 Solution-state NMR structure determination of tunicate ��-crystallin
in the apo and holo form. 32
3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2.2 NMR experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.3 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.4 Backbone Resonance Assignments . . . . . . . . . . . . . . . . . . . . . . . . 38

3.4.1 HNCO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4.2 HN(CO)CA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4.3 HNCA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4.4 HN(CA)CO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.4.5 CBCA(CO)NH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.4.6 HNCACB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.5 Side-chain Resonance Assignments . . . . . . . . . . . . . . . . . . . . . . . . 56
3.5.1 CC(CO)NH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.5.2 H(CCO)NH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.5.3 HCCH-COSY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.5.4 HCCH-TOCSY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.5.5 15N-TOCSY-HSQC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.6 Distance Restraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.6.1 NOESY-15N-HSQC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.6.2 13C-NOESY HSQC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.6.3 15N-HSQC IPAP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.7 Hydrogen Bonds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4 Low temperature alignment media for measuring residual dipolar
couplings during biomolecular NMR structure determination. 81
4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.2.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.2.2 NMR experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.4 Conclusions and Future Directions . . . . . . . . . . . . . . . . . . . . . . . . 95

5 In Situ NMR Measurement of Macromolecule-Bound Metal Ion
Concentrations. 97
5.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.2.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.2.2 NMR experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.2.3 Construction of titration curves and error analysis . . . . . . . . . . . . 101

5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

iv



Bibliography 110

A 1: Supplementary material for calcium binding dramatically stabilizes
an ancestral crystallin fold in tunicate ��-crystallin. 119
A.1 ITC data analysis for sequential binding . . . . . . . . . . . . . . . . . . . . . 126

B 2:Supplementary material for effects of divalent cations on the
structure of tunicate ��-crystallin. 129

C 3:Supplementary material for solution-state NMR structure
determination of tunicate ��-crystallin in the apo and holo form. 136

D 4:Supplementary material for low temperature alignment media for
measuring residual dipolar couplings during biomolecular NMR
structure determination. 140
D.1 Expression and purification of Droserasin 1, plant specific insert . . . . . . . . 145

E 5:Supplementary material for In Situ NMR Measurement of
Macromolecule-Bound Metal Ion Concentrations. 147

v



LIST OF FIGURES

Page

1.1 Thermogram demonstrating the binding of Ca2+ to tunicate ��-crystallin.
Ca2+ (5 mM) was titrated into 386 µM protein sample in 10 mM Tris-HCl
(pH 7.1) and the curve was best fit to a sequential binding model. . . . . . . 8

1.2 (a) The CD spectra of both the apo (blue dashed line) and holo (red solid
line) forms of tunicate ��-crystallin display strong minima at 218 nm,
indicating primarily �-sheet secondary structure that does not significantly
change upon the addition of Ca2+. (b) Similarly, the intrinsic tryptophan
fluorescence signal displays only a slight increase in intensity as a result of
Ca2+ binding. The wavelength of the emission maximum does not shift,
indicating that the environment of the Trp residues remains mostly unchanged. 10

1.3 Thermal denaturation curves showing the thermal stability of the protein
measured over a range of 17-100 �C. The holo form of the protein shows an
increase in thermal stability compared with the apo form. The Tm increases
from 45.8 �C to 94.2 �C upon addition of Ca2+. Open circles indicate
reversibility of the experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.4 The Ci -��-crystallin is resistant to chemical denaturation with (a) GndHCl
and (b) urea upon addition of Ca2+. Open circles indicate the reversibility of
the experiment. Denaturation of the apo form is fully reversible in both
denaturing conditions, while the holo form refolds to the intermediate state
in the GndHCl denaturing conditions. . . . . . . . . . . . . . . . . . . . . . . 12

1.5 (Top) Sequence alignment of ��-crystalllins from C. intestinalis, C.
beijerinckii, M. acetivorans, G. cydonium, B. taurus, and H. sapiens.
Residues highlighted in green are strictly conserved, while residues
highlighted in cyan are functionally conserved. Boxes enclose residues
involved in calcium binding as determined by polar contacts made in the
structure. Arrows indicate the calcium binding residues of sites 1 and 2.
(Bottom) View of calcium binding site 2 in C. intestinalis ��, M.
acetivorans ��, B. taurus �-crystallin and human �S-crystallin. . . . . . . . 15

2.1 Thermal denaturation of Ci -�� crystallin in the presence of 1 mM EDTA,
MgCl2, NiCl2, ZnCl2, SrCl2, CoCl2, CaCl2 and MnCl2. The presence of all
divalent cations tested thermally stabilized the protein relative to the apo
form; however the degree of stabilization varied from an increase in Tm of 7
�C (Zn2+) to 48 �C (Ca2+). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

vi



2.2 DLS measurements of tunicate crystallin in the presence of 1 mM EDTA,
MgCl2, NiCl2, ZnCl2, SrCl2, CoCl2, CaCl2 and MnCl2. Data were plotted up
to the temperature when the majority of the protein crashed out and caused
a reduction in signal intensity. The presence of Zn2+ and Ni2+ caused the
protein to form aggregates at lower temperatures but the presence of Ca2+
and Sr2+ did not cause protein aggregation until 80-90 �C. . . . . . . . . . . 24

2.3 ITC binding isotherm of tunicate crystallin titrated with 10 mM SrCl2
showed a similar binding mechanism to that with CaCl2 (chapter 1). . . . . . 27

2.4 ITC binding isotherm of tunicate crystallin titrated with 10 mM SrCl2 was
fit to a sequential binding model with Mathematica similar to chapter 1.
Molar ratio was cut off at 2 to obtain a better fit of the data. . . . . . . . . . 28

2.5 Chemical shift perturbation for tunicate ��-crystallin with increasing Sr2+
(a), Mg2+ (c), Ni2+ (e), and Zn2+ (g) calculated from 15N HSQC
experiments. The residues that shift the most fall above the 0.2 cut off and
they are represented in the X-ray crystal structure (PDBID 2BV2) in purple,
residues that minimally shift are between 0.06 and 0.2 and are represented in
teal, and residues that do not shift or were unassigned are represented in
grey (b, d, f, g). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.1 Residues involved in the calcium binding sites of the tunicate ��-crystallin,
observed in the X-ray crystal structure PDBID 2BV2 [3]. . . . . . . . . . . . 36

3.2 a. 15N-1H HSQC spectra of the tunicate ��-crystallin in the absence (green)
and presence (magenta) of 10 mM CaCl2. Residues that have the same
chemical shift under both conditions are labeled in black. b. Average
chemical shift perturbation plot as a function of residue number, with
thresholds for large (> 0.2 ppm) and moderate (0.06-0.2 ppm). Residues for
which the shift is < 0.06 ppm upon addition of CaCl2 are classified as
unperturbed. c. The same CSP data represented on the X-ray crystal
structure. The backbone corresponding to amide NHs for which the chemical
shift perturbation is large are shown in purple, while amides that are slightly
perturbed are in cyan and those of unperturbed residues are shown in gray.
The two calcium ions are represented in red, while the side chains of the
Ca2+-binding residues are highlighted in green. . . . . . . . . . . . . . . . . . 37

3.3 The transfer of magnetization in HNCO [58]. . . . . . . . . . . . . . . . . . . 38
3.4 Four zoomed in planes of HNCO spectra showing sequential (CO)i�1 residue

assignments of tunicate crystallin in the presence of Ca2+ (a) or EDTA (b). 39
3.5 The transfer of magnetization in HN(CO)CA [58]. . . . . . . . . . . . . . . . 41
3.6 Four zoomed in planes of HN(CO)CA spectra showing sequential (Ca)i�1

residue assignments of tunicate crystallin in the presence of Ca2+ (a) or
EDTA (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.7 The transfer of magnetization in HNCA [58]. . . . . . . . . . . . . . . . . . . 44
3.8 Four zoomed in planes of HNCA spectra showing sequential (Ca)i and

(Ca)i�1 residue assignments of tunicate crystallin in the presence of Ca2+ (a)
or EDTA (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.9 The transfer of magnetization in HN(CA)CO [58]. . . . . . . . . . . . . . . . 47

vii



3.10 Four zoomed in planes of HN(CA)CO spectra showing sequential (CO)i and
(CO)i�1 residue assignments of tunicate crystallin in the presence of Ca2+
(a) or EDTA (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.11 The transfer of magnetization in CBCA(CO)NH [58]. . . . . . . . . . . . . . 50
3.12 Four zoomed in planes of CBCA(CO)NH spectra showing sequential (Ca)i�1

and (Cb)i�1 residue assignments of tunicate crystallin in the presence of
Ca2+ (a) or EDTA (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.13 The transfer of magnetization in HNCACB [58]. . . . . . . . . . . . . . . . . 53
3.14 Four zoomed in planes of HNCACB spectra showing sequential (Ca)i,

(Ca)i�1, (Cb)i and (Cb)i�1 residue assignments of tunicate crystallin in the
presence of Ca2+ (a) or EDTA (b). . . . . . . . . . . . . . . . . . . . . . . . 54

3.15 The transfer of magnetization in CC(CO)NH [58]. . . . . . . . . . . . . . . . 56
3.16 Four zoomed in planes of CC(CO)NH spectra showing carbon side chains of

sequential i-1 residue assignments of tunicate crystallin in the presence of
Ca2+ (a) or EDTA (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.17 The transfer of magnetization in H(CCO)NH [58]. . . . . . . . . . . . . . . . 59
3.18 Four zoomed in planes of H(CCO)NH spectra showing proton side chains of

sequential i-1 residue assignments of tunicate crystallin in the presence of Ca2+. 59
3.19 The transfer of magnetization in HCCH-COSY [58]. . . . . . . . . . . . . . . 61
3.20 A 13C plane of HCCH-COSY spectrum showing several proton and carbon

side chains of the same residue in tunicate crystallin in the presence (a) and
absence (b) of Ca2+. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.21 The transfer of magnetization in HCCH-TOCSY [58]. . . . . . . . . . . . . . 64
3.22 A 13C plane of HCCH-TOCSY spectrum showing several proton and carbon

side chains of the same spin system in tunicate crystallin in the presence (a)
and absence (b) of Ca2+. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.23 The transfer of magnetization in 15N-TOCSY-HSQC [58]. . . . . . . . . . . . 67
3.24 Four zoomed in planes of 15N-TOCSY-HSQC spectra showing proton side

chains of sequential i residue assignments of tunicate crystallin in the
presence (a) and absence (b) of Ca2+. . . . . . . . . . . . . . . . . . . . . . . 68

3.25 The transfer of magnetization in NOESY-15N-HSQC [58]. . . . . . . . . . . . 70
3.26 A 15N plane of 15N-TOCSY-HSQC spectrum showing assignments of protons

and nitrogens connected through space of tunicate crystallin in the presence
of Ca2+. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.27 The transfer of magnetization in 13C-NOESY HSQC [58]. . . . . . . . . . . . 72
3.28 A 13C plane of 13C-NOESY HSQC spectrum showing assignments of protons

and carbons connected through space of tunicate crystallin in the presence of
Ca2+. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.29 15N-HSQC IPAP spectra in the presence (a) and absence (b) of Ca2+ of
tunicate crystallin. Each backbone peak is split, unlike in a regular
15N-HSQC. This splitting corresponds to a N-H J-coupling of 91-94 Hz in
the isotropic samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.30 Overlay of a series of temperature 15N-HSQC spectra of tunicate crystallin
in the holo (a) and apo (b) form. The protein remains fully folded even at 75
�C in the holo form yet denatures at 50 �C in the apo form. . . . . . . . . . 78

viii



3.31 Amide proton temperature coefficient plots of six residues taken from the
temperature 15N-HSQC spectrum of tunicate crystallin in the presence of
EDTA. Plots shown in blue have slopes < -4.6 ppb/K and these residues
which are hydrogen bonding intramolecularly. Plots shown in red have slopes
> -4.6 ppb/K and these residues which are hydrogen bonding with the solvent. 79

3.32 Hydrogen bonds determined from the amide proton temperature coefficients
are represented on the crystal structure (PDB: 2BV2) [3]. Residues which
are hydrogen bonding with the solvent are shown in red and residues which
are hydrogen bonding intramolecularly are shown in blue. Both the apo and
the holo form of the tunicate crystallin shows similar hydrogen bonding
patterns. The main difference between the two structures is that the
loop-like region which typically binds to the Ca2+ ions is hydrogen bonding
more with the solvent in the EDTA structure. . . . . . . . . . . . . . . . . . 80

4.1 Isotropic (a) to chiral nematic (b) phase transition of DMPC/DHPC/CS. . . 87
4.3 2H NMR spectra of DLPC/DHPC/CS in the presence of 10 mM Ca2+ and in

the absence (a) and presence (b) of tunicate crystallin. Alignment of the
bicelles occurs at 8 �C in both samples. . . . . . . . . . . . . . . . . . . . . 89

4.2 2H NMR spectra of DLPC/DHPC/CS in the presence of 10 mM Mg2+ and
in the absence (a) and presence (b) of DD. There is a liquid crystallin phase
transition from the isotropic to anisotropic phase at 6 �C. Addition of DD
decreased the bicelle alignment slightly as can be seen by the decrease in the
deuterium splittings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.4 Small regions of DQF-COSY spectra comparing DD cytidine H5/H6
couplings in the absence (a) and presence (b, c) of DLPC/DHPC/CS at 5 �C
(magenta) and -5 �C (green). Solid contours represent positive intensities
and dashed contours represent negative intensities. Couplings were measured
using only the F2 dimension from the top of a positive contour to the top of
a negative contour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.5 Small region of the 15N-HSQC IPAP of tunicate crystallin with 10 mM Ca2+
taken at 8 �C in the absence (a) and presence (b) of 15 % w/v
DLPC/DHPC and 13.4 % CS with respect to moles of DLPC. There are five
residues that are shown in the spectra which are aligned in the presence of
the bicelles as indicated by the change in the N-H couplings. This change in
the couplings is used to calculate residual dipolar couplings of each residue. 93

5.1 Titration curves of the ↵-phosphate 31P chemical shift as a function of
increasing (a) [Mg2+Free] and (b) [Ca2+Free] at different pH values and
temperatures relative to 85 % phosphoric acid (external reference). Blue
represents titrations at 8 �C and red represents titrations at 25 �C. At 8 �C,
the pH increases by about 0.2 units from the pH values given. . . . . . . . . 104

ix



5.2 (a) 31P spectra of dCDP in the presence of ��-crystallin and 7 mM Ca2+
showing differences in the ↵- phosphate chemical shifts at two different
temperatures and neutral pH. The differences in the chemical shifts
correspond to differences in the free divalent ion concentration in solution as
interpolated using the method shown in (b) for 8 � C: e.g. 5.7 ± 1.0 mM of
free plus bound Ca2+ to dCDP out of 7 mM added in the protein sample
(shown by the arrow) implying that 1.1 ± 1.0 mM was bound by the protein.
Using this method, the DNA bound 2.3 ± 0.7 mM Mg2+, bicelles bound 7.7
± 0.3 mM Mg2+, and the bicelles bound 6.0 ± 0.7 mM Ca2+ at 8 � C. . . . . 106

x



LIST OF TABLES

Page

1.1 Thermodynamic parameters for binding of Ca2+ to Ci -��-crystallin. . . . . . 8
1.2 Thermodynamic parameters for guanidinium hydrochloride denaturation. . . 13

2.1 Thermodynamic parameters for binding of Sr2+ to Ci -��-crystallin. . . . . . 28

3.1 HNCO NMR parameters of tunicate crystallin with 10 mM Ca2+ . . . . . . . 40
3.2 HNCO NMR parameters of tunicate crystallin with 10 mM EDTA . . . . . . 40
3.3 HN(CO)CA NMR parameters of tunicate crystallin with 10 mM Ca2+ . . . . 43
3.4 HN(CO)CA NMR parameters of tunicate crystallin with 10 mM EDTA . . . 43
3.5 HNCA NMR parameters of tunicate crystallin with 10 mM Ca2+ . . . . . . . 46
3.6 HNCA NMR parameters of tunicate crystallin with 10 mM EDTA . . . . . . 46
3.7 HN(CA)CO NMR parameters of tunicate crystallin with 10 mM Ca2+ . . . . 49
3.8 HN(CA)CO NMR parameters of tunicate crystallin with 10 mM EDTA . . . 49
3.9 CBCA(CO)NH NMR parameters of tunicate crystallin with 10 mM Ca2+ . . 52
3.10 CBCA(CO)NH NMR parameters of tunicate crystallin with 10 mM EDTA . 52
3.11 HNCACB NMR parameters of tunicate crystallin with 10 mM Ca2+ . . . . . 55
3.12 HNCACB NMR parameters of tunicate crystallin with 10 mM EDTA . . . . 55
3.13 CC(CO)NH NMR parameters of tunicate crystallin with 10 mM Ca2+ . . . . 58
3.14 CC(CO)NH NMR parameters of tunicate crystallin with 10 mM EDTA . . . 58
3.15 H(CCO)NH NMR parameters of tunicate crystallin with 10 mM Ca2+ . . . . 60
3.16 HCCH-COSY NMR parameters of tunicate crystallin with 10 mM Ca2+ . . . 63
3.17 HCCH-COSY NMR parameters of tunicate crystallin with 10 mM EDTA . . 63
3.18 HCCH-TOCSY NMR parameters of tunicate crystallin with 10 mM Ca2+ . . 66
3.19 HCCH-TOCSY NMR parameters of tunicate crystallin with 10 mM EDTA . 66
3.20 15N-TOCSY-HSQC NMR parameters of tunicate crystallin with 10 mM Ca2+ 69
3.21 15N-TOCSY-HSQC NMR parameters of tunicate crystallin with 10 mM EDTA 69
3.22 NOESY-15N-HSQC NMR parameters of tunicate crystallin with 10 mM Ca2+ 72
3.23 13C-NOESY HSQC NMR parameters of tunicate crystallin with 10 mM Ca2+ 74
3.24 15N-HSQC IPAP NMR parameters of tunicate crystallin with 10 mM Ca2+ . 76
3.25 15N-HSQC IPAP NMR parameters of tunicate crystallin with 10 mM EDTA 76

4.1 H5/H6 cytidine splittings in Hertz in the presence and absence of
DLPC/DHPC/CS and all in the presence of 10 mM Mg2+ at 5 �C and - 5
�C. X represents couplings which were not resolved or were absent from the
spectrum as a result of negative dipolar couplings. . . . . . . . . . . . . . . . 92

xi



4.2 Residual dipolar couplings of 37 residues of the tunicate ��-crystallin in the
presence of 10 mM Ca2+ at 8 �C. . . . . . . . . . . . . . . . . . . . . . . . . 94

5.1 Interaction of the dCDP ↵-phosphate with [Mg2+Free]. . . . . . . . . . . . . . 105
5.2 Macromolecule- bound [Mg2+] and [Ca2+] at 25 �C and 8 �C calculated from

the 31P chemical shifts of dCDP. . . . . . . . . . . . . . . . . . . . . . . . . . 108

xii



ACKNOWLEDGMENTS

I would like to thank numerous individuals for their support and helpful insight over the past
five years en route to developing myself as a better scientist. First and foremost, I would
like to acknowledge my Ph.D. advisor Professor Rachel Martin who has developed me into
an independent, collaborative and self-motivated scientist by allowing me to pursue research
projects that I was both curious about and thought were important. Rachel gave our lab the
freedom to work on several projects simultaneously and encouraged us to attend scientific
meetings and workshops that would enhance our career paths. She placed an enormous
amount on publishing our work whenever we made significant progress which undoubtly
helped me focus better and prioritize my work. I will forever be grateful for her ability to
care for each of her students in helping them move forward with their careers.

I am grateful for my dissertation committee members, Professor Andrej Lupták and Professor
James Nowick. They have both continued to support me throughout my graduate studies
and have given me great advice in both my research projects and career paths. Andrej has
been involved on several of my structural NMR methods projects and has remained both
my research collaborator and my go to person whenever I needed advise about future career
plans. I cannot thank him enough for always listening to my frantic worries about which step
I should take next after graduation. He was also the chair of my advancement committee
and guided me tremendously on my original proposal project. James was also an important
part of my graduate studies especially during the first two years by advising me through
classes and through my original proposal for the advancement exam. Although I have not
interacted with James as much over the past couple of years, he has been a huge influence
in my studies and has always been open to hearing about my current and future work.

In addition, I want to thank my B.S. advisor Dr. Henry Acquaye at the University of
Redlands who has remained a significant part of my life even after graduation. It was
because of Dr. Acquaye that I got introduced to conducting my own research projects and
starting to become some-what independent as an undergraduate researcher. He mentored
me through my research projects and encouraged me to attend conferences to present my
work. After graduating from the University of Redlands, a couple of his research students
continued to pursue my research project further to the point where it was enough data
to be published in a scientific journal. He became not only my research advisor but also
my academic one and guided me through the graduate school application process. He also
quickly became my mentor in life and I would daily stop by his office and share with him
about my day and personal life. I will never forget how I would constantly panic in his office
about exams or presentations that I had coming up and he would always calm me down with
his light hearted personality.

My friends and colleagues have all contributed immensely to my growth as a chemist and
human being during my undergraduate and graduate studies. This list is highly extensive
but I want to thank you all for keeping me sane and teaching me how to develop into a
better person. I have had so much fun during my time in California and if it were not for
every one of you then it would not have been as enjoyable.

xiii



I want to thank my boyfriend Dr. Gregory Lackner who has stood by my side during this
past stressful year and continued to support me by listening to my daily complaints. I am
so lucky to have met someone who encourages me to keep going and pursuing my dreams
no matter how difficult that path might be. Thank you for being my everything and always
being able to calm me down!

Last but not least I want to thank my whole family including Mama, Papa, my two sisters
Vika and Lena, my sister’s husband Dima, and my two little nephews Vanya and Andryusha.
They have all contributed in helping me succeed throughout my studies by motivating me
to keep moving forward and to attain the best goal that I can for myself. It is because of
each one of them that I never gave up and kept going during my studies. Although you all
think that I will forever be a student even as a post-doc, I promise that I will eventually
have a real job!

The research presented herein was supported by grants from NSF CHE-1308231 and NIH
EY021514.

xiv



CURRICULUM VITAE

Natalia Kozlyuk

EDUCATION

Doctor of Philosophy in Chemistry 2012-2017
University of California, Irivne Irvine, CA

Bachelor of Science in Biochemistry 2008-2012
University of Redlands Redlands, CA

RESEARCH EXPERIENCE

Structural Biology 2012–2017
University of California, Irvine Irvine, California

Organic Synthesis 2012
Loma Linda University Loma Linda, CA

Bio-inorganic Chemistry 2010–2012
University of Redlands Redlands, CA

PUBLICATIONS

1. Synthesis and the Characterization of Schiff-base Copper Complexes: Reac-
tivity with DNA, 4-NPP and BNPP. Kozlyuk, N.; Lopez, T.; Roth, P.; Acquaye, J. H.
Inorg. Chem. Acta 2015, 428, 176-184.

2. In Situ NMR Measurement of Macromolecule-molecule Bound Metal Ion
Concentration. Kozlyuk, N,; Sengupta, S.; Lupták, A.; Martin, R. W. J. Biomol. NMR
2016, 64, 269-273.

3. Calcium Binding Dramatically Stabilizes an Ancestral Crystallin Fold in Tu-
nicate ��-Crystallin. Kozlyuk, N.; Sengupta, S.; Bierma, J.; Martin, R. W. Biochemistry
2016, 55, 6961-6968.

4. Cyclizing Pentapeptides: Mechanism and Application of Dehydrophenylala-
nine as a Traceless Turn-Inducer. Le, N, D.; Riedel, J., Kozlyuk, N.; Martin, R. W.;
Dong, V. M. Org. Lett. 2016, 19, 114-117.

PRESENTATIONS

Oral Presentations:

xv



1. Calcium Binding Stabilizes an Ancestral Crystallin Fold in Tunicate ��-Crystallin.
251stAmerican Chemical Society National Meeting and Exposition, March 2016.

2. Exploring the Interactions of Divalent Cations with Bicelle Mixtures and Biomolecules.
University of Redlands Chemistry Seminar, November 2015.

3. NMR Studies of DNA Aligned in DMPC/DHPC/CS Bicelle Mixtures. Inter-Continental
Advanced Materials for Photonics Summer School in Cambridge, England, June-July 2013.

4. Syntheses and the Characterization of Schiff-Base Copper Complexes: Reactivity with
BNPP and DNA. Southern California Conference for Undergraduate Research, November
2011.

Poster Presentations:

1. Investigating the Structural and Metal Binding Properties of an Ancestral Eye Lens
Crystallin from the Ciona Intestinalis Tunicate. Experimental Nuclear Magnetic Resonance
Conference and American Chemical Society National Meeting and Exposition, March 2017
and April 2017.

2. In Situ Determination of Free [Mg2+] and [Ca2+] in Biomolecular NMR Samples Using
an Internal dCDP Standard. Experimental Nuclear Magnetic Resonance Conference, April
2015.

3. NMR Studies of DNA Aligned in DMPC/DHPC/CS Bicelle Mixtures. Inter-Continental
Advanced Materials for Photonics Summer School in Cambridge, England, June-July 2013.

4. Synthesis and the Crystal Structures of Schiff-Base Copper Complexes: Hydrolysis of
Phosphodiester Bonds. Southern California Conference for Undergraduate Research, Novem-
ber 2010.

HONORS AND ACTIVITIES

1. Recipient of the Graduate Award for Departmental Service at UC Irvine-June 2016
2. Participant at a Cell-free Protein Synthesis Workshop at University of Gothenburg,
Sweden-October 2014
3. Student Employee of the Year Award at University of Redlands-May 2012
4. Winner of the ACS Analytical Chemistry Award-May 2011
5. Nominee for the Barry Goldwater Scholarship at University of Redlands-November 2010
6. Member of the Chemistry Faculty Search Committee at University of Redlands-September-
December 2010
7. Member of the American Chemical Society-August 2010-Present
8. Athlete of University of Redlands Track and Field Team-October 2009-May 2012
9. President of the University of Redlands Chemistry Club-February 2009-May 2012
10. University of Redlands Dean’s List-January 2009-May 2012

xvi



11. Presidential Scholarship at the University of Redlands-August 2008-May 2012
12. Achievement Award at the University of Redlands-August 2008-May 2012

xvii



ABSTRACT OF THE DISSERTATION

Investigating the Structural and Metal Binding Properties of an Ancestral Eye Lens
Crystallin

By

Natalia Kozlyuk

Doctor of Philosophy in Chemistry

University of California, Irvine, 2017

Associate Professor Rachel W. Martin, Chair

��-crystallins are structural proteins in the eye lens that refract light to produce an image.

These proteins are found at extremely high concentrations in the lens and must remain sol-

uble and transparent. If their solubility is perturbed due to a mutation, chemical damage,

or a disturbance in metal ion homeostasis, then cataract can develop and cloud the eye lens.

In order to understand more about the evolutionary origin of the structure and aggrega-

tion of these proteins in the human eye lens, the structure and metal binding properties

of an ancestral Ca2+ binding ��-crystallin found in the Ciona intestinalis tunicate were

investigated using biophysical characterization techniques such as fluorescence, CD, ITC,

DLS and solution-state NMR. It was found that the tunicate crystallin has a conformational

change upon addition of Ca2+ and other divalent cations. This protein is highly stabilized

both chemically and thermally upon binding to Ca2+ and it binds more strongly than has

been previously reported for other Ca2+ binding ��-crystallins. It was also found that this

crystallin interacts with other divalent cations, all of which thermally stabilize the protein.

Although divalent metal ions raise the melting temperature of the tunicate crystallin, aggre-

gation is induced by the interaction with some of these metal ions well below the melting

temperature. Several solution-state NMR techniques were developed in order to solve the

structure of this tunicate ��-crystallin and other related biomolecules in the presence of

xviii



divalent metal ions. One of the methods uses DLPC/DHPC bicelles, a low-temperature

alignment medium, to obtain long range distance and angular restraints of dynamic and

heat sensitive biomolecules in the presence of divalent metal ions. These restraints are de-

termined via measurement of residual dipolar couplings, where J-couplings of a biomolecule

in isotropic solution are compared with the J+D values for the biomolecule in the presence

of an alignment medium. If there is a change in this peak splitting, then alignment of the

biomolecule is occuring. Another technique involves using a small molecular probe dCDP

and 31P NMR to determine the macromolecule-free and macromolecule-bound divalent metal

ion concentrations in NMR samples out of a total amount of divalent metal ions put into

the system.
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Chapter 1

Calcium binding dramatically stabilizes

an ancestral crystallin fold in tunicate

��-crystallin.

1.1 Background

The ��-crystallin fold is an ancient structural motif found in diverse organisms from all

three domains of life. In organisms without eyes, e.g. archaea [1], bacteria [2], tunicates [3],

and sponges [4], ��-crystallins serve as calcium-binding proteins. In vertebrates, they are

primarily found in the eye lens, where they play an important role in controlling the refractive

index gradient of this specialized tissue. The ubiquitous ��-crystallins of the vertebrate lens

are believed to have descended from an ancestral single-domain Ca2+-binding crystallin by

a process that included gene duplication resulting in two copies of the double Greek key

domain per chain, as well as selection for high refractive index, concomitant with the loss of

Ca2+-binding functionality [5].
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Phylogenetic analysis suggests that the ��-crystallin superfamily, ubiquitous in vertebrates,

evolved from a common ancestor also related to the sponge crystallin [4] and the spherulins

of slime molds [6]. The single-domain ��-crystallin of the tunicate, Ciona intestinalis, (Ci -

��-crystallin), appears to be representative of the single-domain ancestor of the vertebrate

��-crystallin fold. However, the story of ��-crystallin evolution is not a simple progression

from simple to complex; the calcium-binding ��-crystallin from the sponge Geodia cydonium

has two domains linked by an interdomain interface; however the relative orientation of its

its domains is reversed with respect to that of its vertebrate orthologs [7]. Two-domain

crystallins in microbes may have evolved via a different pathway after the divergence of

single-domain ancestors, as evidenced by differences in the arrangement of the �-strands [8],

as well as the absence of the Tyr-corner structures conserved in vertebrate members of the

superfamily [9] and even the Trp corners thought to serve as critical folding nuclei [10].

Many microbial ��-crystallins such as spherulin 3a from the slime mold Physarum poly-

cephalum and protein S from the soil bacterium Myxococcus xanthus increase in stability

upon binding Ca2+ [11, 12]. The C-terminal domain of M-crystallin from the archaeon

Methanosarcina acetivorans binds Ca2+ with only moderate to low affinity (Kd= 35 µM and

200 µM, for two different sites); however ion binding has a profound effect on the protein.

Solution NMR structures reveal that both the apo and holo forms adopt the canonical ��-

crystallin fold, however in the holo form most of the � strands are longer, and a number of

disorganized loops surrounding the metal binding site become much more ordered relative

to the apo form. The protein stability also increases upon Ca2+ binding, with Tm values of

55 �C and 71 �C in the presence and absence of Ca2+, respectively [13]. This behavior is

even more pronounced for some other microbial crystallins; the bacterial crystallin proteins

of Yersinia pestis [10] and Caulobacter crescentus [14], and Hahella chejuensis [15] are fully

or partly unstructured in the absence of calcium ions and adopt the characteristic double

Greek key arrangement only upon binding Ca2+.
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In general, crystallins have been recruited from proteins of diverse function [16], leading to

situations where it is difficult for multiple functions to be selected for simultaneously. This

results in divergence in properties of the lens and non-lens proteins [17], or even of different

isoforms within the lens [18]. It has been suggested that the lack of Ca2+ binding is essential

for vertebrate lens protein function. In a series of mammalian �B-crystallin variants, intro-

ducing features critical for the microbial crystallin Ca2+-binding sites negatively impacted

the protein stability, particularly in the presence of Ca2+ [5]. The conclusions of this study

suggest that loss of Ca2+-binding ability is necessary prior to selection for high stability, due

to Ca2+-induced destabilization, particularly in single-domain proteins that lack the stabi-

lizing influence of the interdomain interface. On the other hand, it has also been shown that

bovine �B-crystallin binds Ca2+ ions, stabilizing its fold and playing a role in maintaining a

homeostatic concentration of Ca2+ in the cell [19]. Clearly, the relationship between Ca2+-

binding and ��-crystallin function in the vertebrate eye lens is not straightforward. Here we

investigate the tunicate Ciona intestinalis ��-crystallin because of its unique evolutionary

position between the microbial crystallins and the vertebrate lens proteins. Although the

tunicate does not have an eye lens, these crystallins are found in organs rich of Ca2+ (ocellus

and otolith) which are responsible for sensing depth and light when the organism swims [16].

We show that the tunicate ��-crystallin binds Ca2+ with a high affinity, and that Ca2+-

binding greatly stabilizes the protein against both thermal and chemical denaturation. We

also compare and contrast structures of the Ca2+ binding site of the tunicate ��-crystallin

with that of other ��-crystallins in order to look more closely as to the structural evolution

of depletion of Ca2+ binding.
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1.2 Materials and Methods

1.2.1 Gene construction, protein expression and purification

A plasmid containing the Ci -��-crystallin gene, codon-optimized for Escherichia coli, was

purchased from Blue Heron Biotechnology (Bothell, WA). Primers for cloning were pur-

chased from Integrated DNA Technologies (Coralville, IA) and used to amplify the crystallin

gene containing restriction sites for NcoI and XhoI. After PCR, the gene was cloned into a

pET28a(+) vector (Novagen, Darmstadt, Germany). Ci -��-crystallin was overexpresed in

a Rosetta Escherichia coli cell line (DE3) using Studier’s auto-induction protocol [20] for

20-24 hours at 25 �C. The cells were lysed, spun down and dialyzed overnight into a buffer

containing 10 mM piperazine (pH 6), 10 mM NaCl, 0.05 % NaN3. The protein was purified

with an anion exchange column, eluting at ⇠ 200 mM NaCl in 10 mM piperazine, EDTA

was added to the samples and size exclusion was performed, eluting into 10 mM Tris-HCl

buffer (pH 7.1), 0.05 % NaN3. SDS PAGE and ES MS were performed to verify the identity

of the purified protein (Figure A.1 and Figure A.2).

A plasmid containing wild-type human �S-crystallin, an N-terminal 6x His tag and a TEV

protease cleavage sequence was amplified by PCR. The PCR product was cloned into a

pET28a(+) vector (Novagen, Darmstadt, Germany). WT human �S-crystallin was overex-

presed similar to Ci -��-crystallin for both 15N labeled and natural abundance expressions

and purified as stated in [21]. After purification, EDTA was added and the protein samples

were dialyzed in 10 mM Tris-HCl (pH 7.1), 0.05 % NaN3.

All buffers were deionized using a Profinity IMAC uncharged resin (Biorad) for all subsequent

experiments.
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1.2.2 Circular dichroism spectroscopy

Purified tunicate ��-crystallin was diluted to 0.075 mg/mL in 10 mM Tris-HCl buffer (pH

7.1) for full circular dichroism spectra and in 10 mM HEPES buffer (pH 7.1) for unfolding

experiments in the presence of either 1 mM EDTA (0 mM Ca2+) or 1 mM CaCl2. Measure-

ments were performed using a J-810 spectropolarimeter (JASCO, Easton, MD) equipped

with a thermal controller. Data were recorded between 260 nm and 190 nm using a 1 nm

bandwidth and a 4 second response for full circular dichroism spectra.

1.2.3 Fluorescence spectroscopy

Tryptophan fluorescence of purified tunicate ��-crystallin was measured at concentrations of

0.1 mg/mL in 10 mM Tris-HCl buffer (pH 7.1), 0.05 % NaN3 in the presence of either 1 mM

EDTA or 1 mM CaCl2 at room temperature. Data were acquired using a Varian Cary Eclipse

fluorescence spectrophotometer with 10 nm excitation slits, and an excitation wavelength of

280 nm. Each spectrum is the average of three scans. The ratio of the signals at 360 nm,

(corresponding to solvent-exposed tryptophans), and at 320 nm (buried tryptophans) were

used to monitor protein unfolding during thermal and chemical denaturation experiments.

Thermal denaturation experiments were performed over a temperature range from 17-100
�C in two degree increments. As for the fluorescence spectra, the buffer used was 10 mM

HEPES (pH 7.1), 0.05 % NaN3. The sample temperatures were increased using a Quantum

Northwest TC 1 temperature controller with a two minute equilibration at every temperature

point. Data were fit to a two-state equilibrium unfolding model in Mathematica to determine

the thermal denaturation temperature (Tm) of each sample. Thermal denaturation experi-

ments using intrinsic tryptophan fluorescence were also verified with DSC experiments in the

absence and presence of 1 mM CaCl2 in 10 mM MES buffer (pH 7.1) (Figure A.3). Chemical

denaturation experiments were performed with increasing concentrations of urea or guani-
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dinium hydrochloride in 10 mM Tris (pH 7.1), 0.05 % NaN3 in the presence of 1 mM EDTA

or 1 mM CaCl2. Samples were allowed to equilibrate for about 24 hours with guanidinium

hydrochloride and for 48 hours with urea before fluorescence spectra were acquired. Each

point in the spectrum is an average of 12 measurements. To determine the Gibbs free energy

at room temperature and the dependence of �G on denaturant concentration (�G�
w and

m, respectively), denaturation data were fit to either a two-state or a three-state model in

Mathematica as performed by Morjana, et al [22] depending on the presence or absence of

an intermediate.

1.2.4 Isothermal titration calorimetry

ITC measurements were performed using a MicroCal VP-ITC microcalorimeter. In all cases,

the protein sample and CaCl2 solutions were degassed prior to titration. A titration consisted

of 3 µL injections of 5 mM CaCl2 to a protein sample in 10 mM Tris-HCl (pH 7.1), 0.05

% NaN3 every 300 seconds. Overall 60 titrations were carried out. To subtract the heat of

dilution, 5 mM CaCl2 was titrated into 10 mM Tris-HCl (pH 7.1), 0.05 % NaN3 and the data

were subtracted from the protein titration data. Two experimental runs were performed; one

with 386 µM and one with 405 µM. The reported fit parameters (Table 1.1) are the mean,

and the error bars are the standard deviations between them. ITC data were analyzed using

Mathematica and the fitting functions are shown in the SI.
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1.3 Results

1.3.1 Unlike human �S-crystallin, Ci-�� binds Ca2+ with strong

affinity.

Isothermal titration calorimetry (ITC) was performed in order to measure the Ca2+-binding

affintity of the tunicate ��-crystallin (Figure 1.1). The data were best fit to a sequential

binding model, and binding at both sites was enthalpically driven (Table 1.1). The binding

constants for the two sites were found to be 5.0 x 107 M �1 and 8.58 x 106 M �1 with an

overall dissociation constant of 0.048 µM (Kd = 1p
K1K2

), indicating a strong affinity for

Ca2+. The flatter portion of the curve is where sequential binding of Ca2+ occurs at the two

sites. When the higher affinity site is saturated, the lower affinity site binds the rest of the

Ca2+, representative of the steep part of the curve. Other thermodynamic parameters were

extrapolated from the best fit model and are tabulated in (Table 1.1). In contrast, the ITC

thermogram of WT human �S-crystallin (Figure A.4) showed no binding of Ca2+, even at a

5 mM concentration, which is consistent with its lack of Ca2+ binding sites [5].
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Figure 1.1: Thermogram demonstrating the binding of Ca2+ to tunicate ��-crystallin. Ca2+
(5 mM) was titrated into 386 µM protein sample in 10 mM Tris-HCl (pH 7.1) and the curve
was best fit to a sequential binding model.

Table 1.1: Thermodynamic parameters for binding of Ca2+ to Ci -��-crystallin.

K (M �1) �H (kcal/mol) �S (cal/mol·K) �G (kcal/mol)

Site 1 5.0 x 107±5.8 x 104 -9.9±0.21 3.7 -11

Site 2 8.6 x 106±5.0 x 105 -6.9±0.29 8.4 -9.4
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1.3.2 Ca2+ binding does not change the secondary structure of Ci-

��-crystallin

Although the protein binds Ca2+ with relatively strong affinity, circular dichroism (CD) and

fluorescence data do not indicate significant changes in protein structure upon addition of

1 mM Ca2+, representing a 100:1 Ca2+: protein stoichiometric ratio. The CD spectra in

the presence and absence of Ca2+ are almost identical, indicating that there is very little

change in the secondary structure of the protein. The strong minimum around 218 nm

under both conditions (Figure 1.2a) is consistent with the protein remaining in a mostly �-

sheet conformation. With the addition of 1 mM Ca2+, the intrinsic tryptophan fluorescence

intensity is slightly increased at its peak maximum compared to the fluorescence spectrum

in the presence of 1 mM EDTA (Figure 1.2b), however the emission wavelength does not

shift, suggesting that the environment of the two tryptophans remains mostly unchanged.

1.3.3 The resistance of Ci-��-crystallin to both thermal and chem-

ical denaturation dramatically increases upon binding Ca2+

Thermal denaturation experiments were performed using the intrinsic tryptophan fluores-

cence over a 17-100 �C temperature range. In globular proteins, the signals from the solvent-

exposed and buried tryptophans appear at approximately 360 and 320 nm, respectively. In

this case, the emission maxiumum of the folded protein appears at 332 nm. Here unfolding

is monitored using the ratio of the 360/330 peak intensities, normalized to plot the fraction

unfolded as a function of temperature (Figure 1.3). Ca2+ binding results in a dramatic in-

crease in resistance to thermal denaturation. In the absence of Ca2+, the protein begins to

unfold at a temperature as low as 35 �C and fully denatures by about 70 �C, with a Tm of

45.8 �C. Upon addition of Ca2+, the temperature at the onset of denaturation rises to about

83 �C, while Tm increases to 94.2 �C. Denaturation of both the apo and the holo forms of
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the protein were reversible upon cooling to the initial temperature.
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Figure 1.2: (a) The CD spectra of both the apo (blue dashed line) and holo (red solid
line) forms of tunicate ��-crystallin display strong minima at 218 nm, indicating primarily
�-sheet secondary structure that does not significantly change upon the addition of Ca2+.
(b) Similarly, the intrinsic tryptophan fluorescence signal displays only a slight increase in
intensity as a result of Ca2+ binding. The wavelength of the emission maximum does not
shift, indicating that the environment of the Trp residues remains mostly unchanged.
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Figure 1.3: Thermal denaturation curves showing the thermal stability of the protein mea-
sured over a range of 17-100 �C. The holo form of the protein shows an increase in thermal
stability compared with the apo form. The Tm increases from 45.8 �C to 94.2 �C upon
addition of Ca2+. Open circles indicate reversibility of the experiment.

Binding to Ca2+ also protected the Ci -��-crystallin against chemical denaturation by both

GndHCl and urea. Protein unfolding in the presence of both denaturants was established

by the observation of that the emission maximum for the intrinsic tryptophan fluorescence

shifts by about 30 nm with the addition of the maximum denaturant concentration (Figure

A.5). In the absence of Ca2+, the protein begins to denature at concentrations of GndHCl

as low as 0.25 M and keeps unfolding until about 3 M GndHCl has been added (Figure 1.4a)

having a [denaturant]1/2 of 1.75 M. In the presence of Ca2+, GndHCl unfolding curves show

gradual unfolding initiated again at 0.25 M, but the steeper unfolding is not initiated until

3 M GndHCl (Figure 1.4a). The same experiment for the holo form indicates the presence

of an intermediate and the data were therefore fit to a three-state model with two transition

points at [denaturant]1/2 of 0.74 and 4.08 M. The overall �G�
w was found to be 5.08 kcal ·

mol�1 for the two unfolding transitions in the presence of Ca2+ as compared to 2.77 kcal ·

mol�1 in the absence of Ca2+. Refolding experiments in the absence of Ca2+ were found to

be reversible but in the presence of this divalent metal, the protein only refolded back to its

intermediate state instead of fully back to its native state. �G�
w, m, and [denaturant]1/2 are

tabulated in Table 1.2 for GndHCl.
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Figure 1.4: The Ci -��-crystallin is resistant to chemical denaturation with (a) GndHCl and
(b) urea upon addition of Ca2+. Open circles indicate the reversibility of the experiment.
Denaturation of the apo form is fully reversible in both denaturing conditions, while the holo
form refolds to the intermediate state in the GndHCl denaturing conditions.

Resistance to unfolding by urea is even more dramatically increased in the presence of Ca2+.

Ca2+ stabilizes Ci -��-crystallin against detectable unfolding even at very high urea con-

centrations approaching saturation. In the absence of Ca2+, the protein begins to unfold

starting at 0.25 M urea and continues to unfold until 5 M urea (Figure 1.4b). Compared

with the GndHCl data for the apo from of the protein, the [denaturant]1/2 was lower (1.26

M) indicating that the protein was not as stable in urea. Refolding experiments showed that

the unfolding curve was reversible upon lowering the denaturant concentration.
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Table 1.2: Thermodynamic parameters for guanidinium hydrochloride denaturation.

[denaturant]1/2 (M) �G�
w (kcal/mol) m (kcal/mol·M�1)

GndHCl (apo) 1.75 2.8 ± 0.095 1.6 ± 0.17
GndHCl (holo N ! I ) 0.74 0.77 ± 0.72 1.0 ± 0.59
GndHCl (holo I ! U) 4.08 4.3 ± 0.37 1.1 ± 0.087

1.4 Discussion

Ci -��-crystallin strongly binds Ca2+, and binding of this divalent metal ion dramatically in-

creases the stability of the protein to denaturation by heat, GndHCl, and urea. The addition

of Ca2+ stabilized the protein structure, where the midpoint of the transition temperature

increased by almost 50 �C, from 45.8 �C to 94.2 �C. Previous studies have shown that the

binding of Ca2+ stabilizes the structures of many non-lens ��-crystallins such as Protein S

and Spherulin 3a, which are microbial proteins produced during stress [10]. The Tm of the

apo form is comparable to those of the microbial ��-crystallins, (i.e. Tm of Flavollin is 47.3
�C, Rhodollin is 45.2 �C, Clostrillin is 44.6 �C [23]), however the increase in the transition

temperature of the holo form is much higher than what has previously been observed for

other proteins. This observation can perhaps be attributed to the tighter binding affinity of

Ci -��-crystallin for Ca2+.

Ci -��-crystallin bound Ca2+ at both of its sites with a higher affinity than previously ob-

served for many non-mammalian ��-crystallins (i.e. overall Kd for M-crystallin is 32 µM,

Clostrillin is 4 µM and for rhodollin crystallin is 370 µM). The data were fit to a sequential

binding model in which one site has a higher Kd than the other; Kd1 is 0.020 µM and Kd2

is 0.12 µM. Despite the high Ca2+ affinity of this protein, CD and intrinsic tryptophan fluo-

rescence spectra did not show dramatic changes in secondary structure, even upon addition

of 100:1 stoichiometric ratio of Ca2+ to protein. This result is consistent with other studies

showing that the binding of Ca2+ does not induce major conformational changes in protein

S and spherulin 3a [19].
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The microbial ��-crystallins act as Ca2+ storage proteins, while most of the vertebrate ��-

crystallins appear to lack functional Ca2+ binding sites. Questions still remain about the

reason the human ��-crystallin evolved to lose its metal ion binding sites, and whether the

high stability of the mammalian proteins, even without binding Ca2+, represents a necessary

tradeoff in function. Disturbance in Ca2+ homeostasis is one way that cataract can develop

in the eye lens [24]. The Ca2+ sites remain functional in some vertebrate ��-crystallins (e.g.

bovine �B), potentially contributing to the regulation of Ca2+ homeostasis in the mammalian

lens. In Figure 1.5, we compare the sequences of M-crystallin, bovine �-crystallin, clostrillin

microbial crystallin, human �S-crystallin, Ci -��-crystallin and the Geodia cydonium sponge

crystallin, for which the binding site is highly similar to that of the Ci -��-crystallin. This

comparison provides insight into the loss of Ca2+ binding sites in some vertebrate crystallins.

Despite their very similar folds, the sequences of the mammalian ��-crystallin family have

diverged from the signature Ca2+ binding sequence of NDXXSS [25] in such a way that the

Ca2+ binding sites have a lower binding affinity for Ca2+ due to the substitution of some

functionally important residues in the signature sequence. Comparing the ��-crystallins from

different organisms shows that there are only seven positions that are strictly conserved, and

nine that are functionally conserved. Of the residues involved in calcium binding, only one

is in a strictly conserved site and another in a functionally conserved site. By comparing

sequences of ��-crystallins with functional calcium binding sites to those that are unable

to bind Ca2+, it can be seen that some structural rearrangement has taken place during

the selection of these proteins to fulfill their role in the lens (Figure 1.5). This structural

rearrangement appears to eliminate the necessary Ca2+ binding contacts, eliminating some

sidechain carbonyls and reorienting other backbone carbonyls that were involved in binding.

Additionally, two positively charged residues at or near the binding site have been added,

leading possibility of forming salt bridges with the negatively charged residues, which would

both disrupt the interactions with Ca2+ and generate an electrostatic repulsion between
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1 22 2 211 1

C. intestinalis βγ M. acetivorans βγ human γS NTD

Asp32Asp32Asp32Asp32

Asp48
Glu76

Ser78Ser78 Asp33Asp33 Ser79

Ser77

Glu49

Arg79

Pro53

Glu51

Ser81

Arg52

B. taurus γB NTD

Arg76Arg76

Arg47
Ser74

Glu46Asp73

C. intestInalis βγ -----GKIIL FEDVEFGGKK LELETSVSDL NV----HGFN DIVSSIIVES -GTWFVFDDE GFSGPSYKLT PGKYPNPGSW GGND--DEL- ------SSVK QQ----

C.beijerInckii βγ ----TKAVTF YEDINYGGAS VSLQPGNYTL SQLNTAKIPN DWMTSLKVPS GWTVDVYEND NFTGTKWTY- ----TSDTPW VGNDANDKM- ------TSVK IYST--

M.acetivorans βγ ---NAAEVIV YEHVNFGGKS FDATSDQPGA G-----DNLN DKISSIKVKS -GTWRFYEYI NYGGRYWDLG PGEYSSVESA GIPD--NSI- ------SSFR QI----

G. cydonium  βγ NTD --MSTAKVTL ---VTSGGSS QDFTSEQTNI TT-------- -DFARVRVTK -GMWIFYQQA NYNDASG--- -----GGSLW IKLDESSHLM DLPFTPRSFR PV----

G. cydonium  βγ CTD -KTFQVGATL YKHVNFGGKE LDLPNSNPRI DI-------- GGVSSALISQ -GQWRLYEQY DYAGPSTRRG PGVYVNAGAL GVAN--DAL- ------KSME REF---

B.taurus γB NTD ----MGKITF YEDRGFQGHC YECSSDCPNL QP----YFS- -RCNSIRVDS -GCWMLYERP NYQGHQYFLR RGDYPDYQQW MGFN--DSI- ------RSCR LIPQ--
B.taurus γB CTD -HTGTFRMRI YERDDFRGQM SEITDDCPSL QD----RFHL TEVHSLNVLE -GSWVLYEMP SYRGRQYLLR PGEYRRYLDW GAMN--AKV- ------GSLR RVMDFY

human γS NTD MSKTGTKITF YEDKNFQGRR YDCDCDCADF HT----YLS- -RCNSIKVEG -GTWAVYERP NFAGYMYILP QGEYPEYQRW MGLN--DRL- ------SSCR AVHLP-

human γS CTD -SGGQYKIQI FEKGDFSGQM YETTEDCPSI ME----QFHM REIHSCKVLE -GVWIFYELP NYRGRQYLLD KKEYRKPIDW GAAS--PAV- ------QSFR RIVE--

Figure 1.5: (Top) Sequence alignment of ��-crystalllins from C. intestinalis, C. beijerinckii,
M. acetivorans, G. cydonium, B. taurus, and H. sapiens. Residues highlighted in green
are strictly conserved, while residues highlighted in cyan are functionally conserved. Boxes
enclose residues involved in calcium binding as determined by polar contacts made in the
structure. Arrows indicate the calcium binding residues of sites 1 and 2. (Bottom) View of
calcium binding site 2 in C. intestinalis ��, M. acetivorans ��, B. taurus �-crystallin and
human �S-crystallin.

the residue and the calcium ion. It is likely that other subtle and complicated nonlinear

binding effects play a role in the loss of Ca2+ binding that has occurred during the evolution

of vertebrate crystallins. More experimental data on related proteins is needed to fully

characterize these effects.

Although the bovine �-crystallin is able to bind Ca2+, it does so with weaker affinity (90 µM)

as compared to the tunicate crystallin. The residues involved in Ca2+ binding are similar

to that of the tunicate (Glu 46, Arg 47, Asp 73, Ser 74) [19], but there is also a positively

charged residue in the binding pocket which might be responsible for the weaker Ca2+ affin-

ity. Overall, the Ca2+ binding affinity decreases for ��-crystallins, and in many cases Ca2+

binding destabilizes the proteins. The presence of the additional domain (CTD) in the cow

and human crystallins has been hypothesized to compensate for the evolutionary decreased

ability for Ca2+ binding and increase the protein’s stability [5].
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As for thermal denaturation, results from the chemical denaturation experiments also showed

that the addition of Ca2+ greatly stabilized Ci -��-crystallin, possibly due to the tighter

packing of the protein in the presence of the divalent ions. When GndHCl was used as the

denaturant, the protein was more stable in the holo form as compared to the apo form.

Unfolding of the holo form, but not the apo form, proceeded via an intermediate. The

[GndHCl]1/2 was 1.8 M in the apo form and 0.74/4.1 M for the two unfolding transitions

respectively, in the holo form. The [GndHCl]1/2 of the apo form were similar to those of

many other ��-crystallins such as those of the microbial crystallins, however, the [GndHCl]1/2

values for the holo form exceeded that which have been previously observed for single domain

��-crystallins (i.e. protein S has a [GndHCl]1/2 of 1.7 M, however, it only increases to 1.9

M in the presence of Ca2+ in contrast to this tunicate crystallin) [26, 27]. The overall free

energy of unfolding was also consistent with the [denaturant]1/2 where the protein was more

stable and more resistant to denaturation in the presence of Ca2+ (5.08 in the holo form

versus 2.77 kcal · mol�1 in the apo form). This observation is also consistent with the result

that the Tm was higher for the tunicate crystallin in the presence of Ca2+ than for these

microbial crystallins.

When urea was added to the tunicate protein in the presence of Ca2+, the protein became

completely resistant to unfolding. Vertebrate �B-crystallin has also been shown to resist

denaturation by urea at pH 7 due to strong interactions between its two domains [12]. In

the apo form, the [urea]1/2 was 1.26 M, which is relatively unstable relative to other similar

crystallins. The large difference in urea denaturation susceptibility between the apo and holo

forms, coupled with the smaller difference in GndHCl sensitivity suggests some hypotheses

about the mechanism of stabilization.GndHCl is an ionic denaturant that could shield the

favorable electrostatic interactions between the positive Ca2+ and the negative residues at

the binding sites, reducing the Ca2+-protein interaction and allowing a loosening of the fold.

On the other hand, urea denaturation has been hypothesized to occur either via direct or

indirect mechanisms. The direct mechanism occurs when urea hydrogen bonds to the polar
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groups of the proteins, which unfolds the protein and exposes the hydrophobic residues to

solvation with the water molecules and urea. The indirect mechanism occurs when urea

disrupts the water structure around the protein which weakens the hydrophobic effect and

exposes those non polar residues to the solvent [28]. The ionic character of GndHCl may

explain the lower resistance against this type of chemical denaturation in the holo form,

as it is competing with the Ca2+ for the residues involved in the Ca2+ binding sites. Its

ionic character could also be responsible for stabilizing an intermediate along the unfolding

pathway of the holo form, however, this is not seen in the apo form. Urea, on the other hand,

has little effect on electrostatics and primarily binds to the protein during denaturation via

polar interactions. Thus, no denaturation is observed in the holo form of Ci -��-crystallin

even at high concentrations, however, the lower [denaturant]1/2 value for the apo form of the

protein with urea as compared to GndHCl makes it seem that urea is a stronger denaturant

for this protein in the absence of the stabilizing metal ions. Follow-up NMR experiments at

varying concentrations presence of urea and GndHCl will be performed to further elucidate

the differences in how the protein is chemically unfolded by these two denaturants.

The Ciona intestinalis ��-crystallin, an ancestor of the vertebrate lens crystallins, binds

Ca2+ with high affinity. In contrast, human �S-crystallin lacks many of the key residues

involved in metal ion binding, and does not bind Ca2+. In the tunicate protein, Ca2+ binding

dramatically increases the protein’s thermal and chemical stability, to a larger degree than

has been previously observed for single domain �� crystallins. This result provides a basis

for future studies of the evolution of vertebrate lens proteins from ancestral Ca2+-storage

proteins.
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Chapter 2

Effects of divalent cations on the

structure of tunicate ��-crystallin.

2.1 Background

The Ca2+-binding ��-crystallins are ancestral to the ubiquitous ��-crystallins that provide

the structure and refractive index increment of the vertebrate eye lens. These proteins

are found in microbes, fungi, and the tunicate Ciona intestinalis, which is part of phylum

Chordata but lacks a fully formed eye lens. Despite this functional legacy, many of the

vertebrate ��-crystallins have evolved to eschew this metal binding property [1, 7, 23]. This

may have happened as part of their selection for a higher refractive index or the duplication

of the double Greek key domain [5], or simply genetic drift due to lack of positive selection.

The addition of Ca2+ to the C. intestinalis ��-crystallin (Ci -��) highly stabilizes the protein

thermally up to 94 �C, and this protein binds Ca2+ with a higher affinity than previously

observed for other ��-crystallins with an overall Kd of 0.05 µM [29].

The otolith where the Ci -��-crystallin is found in the tunicate is composed of a calcium
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carbonate-rich matrix. As in many other biominerals, Sr2+ may substitute for the Ca2+

in that matrix. Depending on the environment that the organism lives in, the otolith can

contain high concentrations of trace metals such as cations of Mn, Fe, Ni, and Zn [30].

These heavy metals can be sequestered by proteins, potentially inhibiting, modifying and

enhancing normal biological activity. Some protein-heavy metal interactions can be toxic,

and it is important to investigate their effects on protein stability [31]. In the human lens,

metal ions can play a role in cataract formation. For example, the presence of copper and

zinc ions can promote nonamyloid aggregation of human �-D crystallin, while Zn2+ decreases

its thermal stability [32]. Binding of these metal ions to ↵-crystallin has shown to increase

its chaperone activity; however, when ↵-crystallin is bound to human �-D crystallin in the

aging cell, binding to metal ions is reduced, resulting in oxidation and cataract [33].

Exploring the relationship between protein thermal denaturation and aggregation is im-

portant in understanding the mechanism of cataract and other diseases caused by protein

conformational changes and aggregate deposition. These two biophysical properties are not

always directly correlated, as aggregates can form at moderate concentrations below the

protein’s unfolding temperature [18]. For example, some of the human prion protein vari-

ants that accumulate and cause neurological diseases are not less thermally stable than their

wild-type counterparts [34, 35]. Aggregation is not always due to protein unfolding or mis-

folding but can also be caused as a result of changes in protein-protein interactions in the

folded state induced by sample conditions (pH, salt type and concentration, ligands, sur-

factants) and residue-solvent contacts. The protein’s native conformation is an ensemble of

substates that expand and compact, and which can cause proteins to aggregate at physiolog-

ical conditions [36]. For example, the immune interferon protein rhIFN-� has an expanded

state with 9 % more solvent-exposed area than the compact state of the protein, and this is

enough to cause aggregation [37, 38, 39]. Also, the human granulocyte colony stimulating

factor rhGCSF aggregates at physiological conditions in its expanded conformation, which

contains 15 % more exposed surface area relative to the native form [40].
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Because the relationship between protein thermal stability and aggregation propensity is

complex, it is crucial to understand the connection between these two biophysical proper-

ties in order to get more insight into the mechanism of protein deposition diseases such as

cataract. The tunicate Ca2+-binding ��-crystallin is a great model system to study the ef-

fects of divalent metal ions on the protein structure and stability as this protein binds Ca2+

in its native form but may also be able to coordinate to a variety of other metal ions. In this

chapter, we investigate the specificity of the tunicate crystallin binding and the ability of

other divalent metal ions to stabilize the protein to thermal denaturation and aggregation.

2.2 Materials and methods

15N labeled and natural abundace tunicate crystallin was expressed and purified using a

protocol previously described in chapter 1.

2.2.1 Thermal denaturation

Thermal denaturation experiments were performed using intrinsic tryptophan fluorescence

at 0.1 mg/mL protein concentrations in 10 mM HEPES (pH 7.1), 0.05 % NaN3 buffer

and in the presence of 1 mM MgCl2, 1 mM NiCl2, 1 mM MnCl2, 1 mM SrCl2, 1 mM

ZnCl2 or 1 mM CoCl2 over a temperature range of 17-99 �C. Data were acquired using

a Varian Cary Eclipse fluorescence spectrophotometer with 10 nm excitation slits, and an

excitation wavelength of 280 nm. Each spectrum is the average of twelve scans. The sample

temperatures were increased using a Quantum Northwest TC 1 temperature controller with a

two minute equilibration at every temperature point. Data were fit to a two-state equilibrium

unfolding model in Mathematica to determine the thermal denaturation temperature (Tm)

of each sample.
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2.2.2 Dynamic light scattering

Dynamic light scattering (DLS) experiments were acquired on a Malvern Zetasizer NS DLS

instrument at concentrations of 3 mg/mL in 10 mM HEPES (pH 7.1), 0.05 % NaN3 buffer

in the presence of 1 mM divalent cation concentration. Experiments were performed over a

20-92 �C temperature range with a 1 �C/min heating rate. At each temperature, samples

were equilibrated for 2 min before measurements were obtained in triplicate.

2.2.3 Isothermal titration calorimetry

ITC measurements were performed using a MicroCal VP-ITC microcalorimeter. A titration

consisted of 3 µL injections of 10 mM divalent cation to a 400 µM protein sample in 10

mM Tris-HCl (pH 7.1), 0.05 % NaN3 every 400 seconds and every 600 seconds with 10 mM

SrCl2. Overall 60 titrations were carried out. To subtract the heat of dilution, 10 mM

divalent cation was titrated into 10 mM Tris-HCl (pH 7.1), 0.05 % NaN3 and the data were

subtracted from the raw protein data. ITC data were analyzed using Mathematica and

the fitting functions are shown in the Appendix for chapter 1. The reported fit parameters

(Table 2.1) are the mean, and the error bars are the standard deviations between them of

three fitting iterations.

2.2.4 NMR experiments

Experiments were performed at 25 �C on a Varian UnityINOVA system operating at 800

MHz equipped with a 1H/13C/15N 5 mm tri-axis PFG triple-resonance probe. 15N-1H HSQC

experiments were acquired with 4 scans in the direct dimension and 64 scans in the indirect

dimension at protein concentrations of 1.7 mM in the presence of 0 equiv, 1 equiv, 2 equiv,

and 6.5 equiv of MgCl2, NiCl2, ZnCl2, or SrCl2.
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2.3 Results and Discussion

In order to explore the selectivity of Ci -��-crystallin for Ca2+ over other divalent cations,

the stability and binding properties of the tunicate crystallin were studied upon addition

of MgCl2, NiCl2, ZnCl2, SrCl2, CoCl2 and MnCl2. In the presence of each divalent cation

tested, the tunicate crystallin was more thermally stable than the apo form, which had a

Tm of 46 �C (Figure 2.1). It was the most thermally stable in the presence of Ca2+, as we

have previously reported, with a Tm � 94 �C. This effect was almost as pronounced in the

presence of Sr2+, with a Tm of 91 �C. Sr2+ is an alkali earth metal with a similar ionic radius

to Ca2+ (0.100 and 0.095 respectively), suggesting that it may be able to directly occupy the

protein’s Ca2+-binding sites [41]. Mn2+ also provided thermal stabilization, although to a

lesser degree. This may again be related to its larger size and lower effective nuclear charge

as compared with the other metal ions tested. The presence of Zn2+ only slightly thermally

stabilized the protein over the apo form, with at Tm of 53 �C, while other transition metals

produced intermediate results.
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Figure 2.1: Thermal denaturation of Ci -�� crystallin in the presence of 1 mM EDTA, MgCl2,
NiCl2, ZnCl2, SrCl2, CoCl2, CaCl2 and MnCl2. The presence of all divalent cations tested
thermally stabilized the protein relative to the apo form; however the degree of stabilization
varied from an increase in Tm of 7 �C (Zn2+) to 48 �C (Ca2+).

Dynamic light scattering (DLS) experiments were performed to test the aggregation propen-

sity of the tunicate crystallin under thermal stress in the presence of the various divalent

metal ions (Figure 2.2). These data indicate that the relationship between aggregation

propensity and thermal stability is not simple for this protein. In the presence of its pre-

ferred metal ion, Ca2+, the protein remained monomeric until around 82 �C. In the presence

of Sr2+ this was increased to 88 �C, consistent with the result that this protein is very ther-

mally stable when bound to both Ca2+ and Sr2+. Although the apo form of the protein was

the most susceptible to thermal denaturation, it was not the most aggregation-prone. The

most aggregation-prone sample contained Ni2+, where small aggregates in the range of 4-30

nm formed around 40-55 �C, and larger 1000 nm aggregates appeared near 78 �C. Zn2+ had

a similar aggregation-inducing effect, with aggregates forming around 48 �C, compared to
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52 �C in the absence of divalent cations. Zn2+ also caused the tunicate crystallin to form

large aggregates around 70 �C, yet in the absence of any metal ion, those same aggregates

did not form until the sample was heated to almost 90 �C. This result is consistent with the

previous observation that Zn2+ causes protein aggregation in human �-D crystallin [32]. Our

DLS and thermal denaturation data suggest that this metal ion might be also unfavorably

impacting the tunicate crystallin structure.
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Figure 2.2: DLS measurements of tunicate crystallin in the presence of 1 mM EDTA, MgCl2,
NiCl2, ZnCl2, SrCl2, CoCl2, CaCl2 and MnCl2. Data were plotted up to the temperature
when the majority of the protein crashed out and caused a reduction in signal intensity. The
presence of Zn2+ and Ni2+ caused the protein to form aggregates at lower temperatures but
the presence of Ca2+ and Sr2+ did not cause protein aggregation until 80-90 �C.

Isothermal titration calorimetry (ITC) data showed that the binding of tunicate crystallin to

Ca2+ and Sr2+ proceeded via an exothermically driven two-site sequential binding mechanism

where one site bound the metal ion tighter than the other site Figure 2.3 and Figure 2.4. Out

of the two alkali earth metal ions, the crystallin bound its native Ca2+ ion with an overall

higher affinity; K1 and K2 were 5.0 x 107 M�1 and 8.6 x 106 M�1, respectively [29]. The K1

and K2 for Sr2+ binding were 3.3 x 107 M�1 and 8.5 x 105 M�1, respectively Figure 2.1. This

similar metal binding interaction can be related to alkali earth metals preferring to interact
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more strongly with oxygens due to their hard Lewis acid properties. The coordination of

Sr2+ with oxygens was shown in the crystal structure of the synaptotagmin I C2B domain,

demonstrating a similar interaction [42]. Like Ca2+, Sr2+ can also tolerate a wide range of

coordination spheres (6-8 ligands), and because of its similar size to Ca2+, it should be able

to fit into the binding sites of Ci -��-crystallin. Sr2+, Ba2+ and trivalent lanthanides have

been shown to replace Ca2+ in three of the four binding sites of thermolysin, a thermostable

metalloproteinase [43, 31].

Compared with the binding mechanism of tunicate crystallin with CaCl2 and SrCl2, ITC data

indicate different binding mechanisms for Ci -��-crystallin with MgCl2, NiCl2, ZnCl2, CoCl2

and MnCl2. The isotherms of tunicate crystallin with the transition metal ions and Mg2+

demonstrated endothermic binding of these metal ions (Figure S1-S5). These endothermic

binding curves might be the result of the release of water molecules, either from the protein

or from the metal ion upon binding, since the reactivity of metal ions with water differs.

For example, the alkali metals and the alkali earth metals (excluding Mg2+) exchange their

coordinated water molecules with bulk solvent on the rates of greater than 108 per second

but the exchange rate decreases to 104-108 per second for Mg2+ and some first-row transition

metals [44]. The binding mechanism of these divalent metal ions might also differ from that of

Ca2+ and Sr2+ because the transition metal ions tested lie somewhere between hard and soft.

As a result, these transition metal ions tend to interact more with sulfur and nitrogen atoms

instead of oxygens which are preferred by Ca2+ and Sr2+, hard Lewis acids. They also prefer

different number of coordinations sites than Ca2+ [45]. For example, Zn2+ prefers a range of

coordination sites that is lower than that of Ca2+, ranging from 4 to 6 and prefers to bind

histidine, cysteine and acidic residues. Ni2+ and Co2+ also prefer to bind similar residues as

Zn2+ but favor an octahedral geometry [46]. Major binders of Mn2+ include oxygen atoms

from carboxyl groups of acidic residues similar to the other metal ions histidine side chains

but not cysteine residues [47].
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Although Mg2+ is also an alkali earth metal, it showed a different mechanism of binding to

tunicate crystallin from Ca2+ and Sr2+; it appears to be similar to the binding mechanism

with the transition metals. Such a difference in binding was also observed in calmodulin,

a Ca2+ binding protein, which binds Sr2+ and Cd2+ much stronger than Mg2+ due to the

coordination similarities and differences of the COO- groups in the side chains of Asp and

Glu residues[41]. This difference in binding can be attributed to several factors. Mg2+ has

shown to bind to more water molecules when bound to biomolecules than Ca2+ (1.5 versus 2.2

water molecules per metal ion site), which could mean that it might prefer to bind to overall

solvent-accessible areas. In addition, this metal ion has a rigid inner coordination sphere

and thus prefers an octahedral geometry around it. If that coordination site is perturbed,

then a significant energy penalty is incurred [48]. Its smaller ionic radius versus that of the

other alkali earth metals can also cause water to water repulsion during binding [45] and can

prevent the metal ion from forming bidentate interactions which are commonly observed in

Ca2+ structures [44]. Binding characteristics of Mn2+ have been shown to be similar to that

of Mg2+ due to its similar size, but Mn2+ does not coordinate to as many water molecules

[44].
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Figure 2.3: ITC binding isotherm of tunicate crystallin titrated with 10 mM SrCl2 showed
a similar binding mechanism to that with CaCl2 (chapter 1).
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Figure 2.4: ITC binding isotherm of tunicate crystallin titrated with 10 mM SrCl2 was fit
to a sequential binding model with Mathematica similar to chapter 1. Molar ratio was cut
off at 2 to obtain a better fit of the data.

Table 2.1: Thermodynamic parameters for binding of Sr2+ to Ci -��-crystallin.

K (M �1) �H (kcal/mol) �S (cal/mol·K) �G (kcal/mol)

Site 1 3.3 x 107±7.7 x 106 -8.9±0.17 4.5 -10

Site 2 8.5 x 105±1.6 x 105 -6.9±0.092 4.0 -8.1

15N HSQC experiments were acquired to investigate whether the same residues were binding

to Sr2+ as to Ca2+, as might be expected from the similarity of their binding isotherms. For

comparison, 15N HSQC experiments were also acquired in the presence of the other divalent

cations. One equiv, 2 equiv and 6.5 equiv of divalent cation were titrated into the protein

and peak shifts from HSQCs (Figure S6) of each sample were calculated using the chemical

shift perturbation equation: ��avg =
q

(��N/5)2+(��H)2

2 . Chemical shift perturbations upon

addition of various equivalents of Sr2+, Mg2+, Ni2+ and Zn2+ are plotted in Figure 2.5 a, c, e,

g, with thresholds for large (> 0.2 ppm) and moderate (0.06 - 0.2 ppm) perturbations shown
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with the dotted lines. Residues for which the shift was less than 0.06 ppm were classified

as unperturbed. These perturbations are represented on the X-ray crystal structures of the

Ca2+-bound protein (PDBID 2BV2) [3] in Figure 2.5 b, d, f, h.

Two regions consistently shifted in all the samples upon addition of divalent cations; residues

31-34 and 73-80. Residues Asp 32, Ile 33, Ser 35, Asp 75, Glu 76 and Ser 78 are responsible

for binding Ca2+ in the native tunicate crystallin. Although the HSQC spectrum of the

tunicate protein in the presence of Ca2+ was the closest to that in the presence of Sr2+ as

compared to the presence of the other metal ions, the residues which shifted upon addition

of Sr2+ were not identical to those responding to the addition of Ca2+ [29]. In the case of

the other metal ions, most of the significant chemical shift perturbations were observed in

the same loop region, which has a negative overall charge (Figure 2.5 b, d, f, h). The Mg2+

sample had the most residues that shifted as a function of metal ion and that could be the

result of more nonspecific protein-metal ion interactions. Binding to more residues could

explain the overall higher endothermic reaction of the Mg2+ ITC data. The Ni2+ sample

had the most perturbed nitrogen-containing residues, which is consistent with Ni preferring

to coordinate nitrogen containing atoms, unlike the alkali earth metals (Mg, Ca and Sr),

which preferentially coordinate oxygen. Because Ni2+ is a paramagnetic ion, saturated Ni2+

concentrations caused peak broadening and thus peak disappearance upon protein binding.

Overall, we can hypothesize that in the presence of Ni2+, the protein thermally unfolds at

a lower temperature as compared to in the presence of Mg2+ and Sr2+ because Ni2+ even

at room temperature promotes the greatest nonnative conformational change due to the

absence of many residues. This conformational change is what favors the room temperature

unfolding and aggregation. Although we observe more peak shifts in the Mg2+ sample, those

peak shifts correspond to conformational changes that are less pronounced.
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Figure 2.5: Chemical shift perturbation for tunicate ��-crystallin with increasing Sr2+ (a),
Mg2+ (c), Ni2+ (e), and Zn2+ (g) calculated from 15N HSQC experiments. The residues
that shift the most fall above the 0.2 cut off and they are represented in the X-ray crystal
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In conclusion, we have shown that Mg2+, Ni2+, Mn2+, Sr2+, Zn2+ and Co2+ all cause thermal

stabilization of tunicate ��-crystallin. In the presence of all the metal ions, we have also

shown that the protein begins to aggregate below its melting temperature. Additionally, the

binding of tunicate crystallin to Sr2+ occurs via a similar mechanism to that of binding to

Ca2+. The residues involved in the binding of tunicate crystallin to Sr2+ are not identical to

that of binding to Ca2+, however, the NMR data shows more of a specificity for the binding

for this metal ion than for the other metal ions.
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Chapter 3

Solution-state NMR structure

determination of tunicate ��-crystallin

in the apo and holo form.

3.1 Background

There are several methods that are currently used to solve structures of biomolecules includ-

ing X-ray crystallography, NMR and cryo-EM. Out of these three, the main ones that are used

in structure determination of small to medium sized biomolecules are X-ray crystallography

and solution-state NMR. Each of these techniques has its own advantages and disadvan-

tages. X-ray crystallography has been widely used as the primary method for biomolecular

structure determination due to the ease of its data collection and analysis over NMR once a

good quality crystal is obtained. Crystallography is also the method of choice when working

with biomolecules over 30 kDa, however, unlike with NMR, very little information about

protein dynamics can be obtained and the crystal-packing forces of multi-domain proteins
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can cause deviations from physiologically relevant domain orientations [49]. Even though

solution-state NMR is mainly used to determine the structures of small biomolecules, it is

powerful in that it enables the study of conformational heterogeneity of macromolecules by

providing high resolution data regarding protein dynamics over ps-s time scales [50]. In ad-

dition, it is useful in characterizing protein folding, stability and function [51]. In the 1970s,

it was shown that, using NMR, it was possible to visualize fast timescale ring flips of amino

acids that were not observed using crystallography [52, 53, 54]. Overall, surface disorder in

NMR structures is more pronounced than in crystal structures, which could be because in

NMR structures many of the residues are solvent-exposed while in the crystal structures, the

surface consists of protein-protein contacts that are similar to the protein core contacts [55].

Some biomolecules are difficult to crystallize because they are highly soluble which is the

reason that NMR is preferred for determining their structures. One example of soluble

biomolecules that are difficult to crystallize are proteins called ��-crystallins, which are

structural proteins found in the human eye lens. Human ��-crystallins are hypothesized

to have evolved from the Ciona intestinalis tunicate. In the tunicates, the ��-crystallins

bind Ca2+ unlike in the human eye lens and it is therefore essential to study the structural

difference between the crystallins in tunicate and in vertebrates in order to develop more

productive hypotheses as to how and why vertebrate ��-crystallins evolved to lose their

Ca2+ binding ability. There is a crystal structure of the tunicate ��-crystallin in the Ca2+-

bound form; however, usable crystals were not obtained for the apo form, making comparison

studies difficult. We set out to solve its apo and holo form structures in order to compare

these structures with the human �S-crystallin structure, which was also solved via solution-

state NMR by Brubaker, et al [21].

NMR structure determination for proteins larger than about 80 amino acids requires the

collection of multidimensional spectra in order to resolve resonance overlap. 3D assignment

experiments are acquired for the backbone and the amino acid side-chain resonances, where
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each cross peak is labeled by three frequencies (15N, 13C and 1H) [56]. For these experiments,

proteins are isotopically labeled with 15N and 13C to enhance both signal to noise ratios and

to obtain correlations among coupled nuclei. After the backbone and side-chain assignments

are complete, distance restraints such as NOEs and residual dipolar couplings are used

to calculate the NMR structure. Lastly, multiple rounds of data collection and structure

calculations are required in order to obtain a final ensemble of high-resolution structures.

The final structure consists of a superposition of a group of conformers that are obtained

either relative to a predetermined conformer or by taking the mean of the atomic coordinates

of structures calculated with different initial conditions [55].

3.2 Materials and Methods

3.2.1 Sample preparation

13C/15N isotopically labeled tunicate crystallin was expressed in minimal media. Briefly,

50 mL of overnight E. coli culture containing the plasmid with Ci -��-crystallin gene was

transferred to 1 L LB media and grown to an OD550 of 1. The cultures were spun down and

resuspended in 1 L of M9 minimal media with 15NH4Cl and 13C-glucose. Afterwards, the

cells were grown for two hours at 37 �C and induced with IPTG to a final concentration of 1

mM. The cells were then grown for an additional 20-25 hours at 25 �C and purified as stated

in chapter 1.

15N isotopically labeled WT-human �S-crystallin was expressed and purified as stated in

chapter 1 and in Brubaker et al. [21].
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3.2.2 NMR experiments

Experiments were performed at 25 �C on a Varian UnityINOVA system operating at 800

MHz equipped with a 1H/13C/15N 5 mm tri-axis PFG triple-resonance probe. 15N-1H HSQC

experiments were acquired with 4 scans in the direct dimension and 64 scans in the indirect

dimension at protein concentrations of 1.7 mM in the presence of 10 mM EDTA or 10 mM

CaCl2. The rest of the parameters for the NMR experiments are detailed below.

3.2.3 Data processing

All data were first processed in NMRPipe and Sparky and assignments were performed in

CcpNMR.

3.3 Results and Discussion

Examination of the crystal structure of the holo form (PDBID 2BV2) [3] reveals that nega-

tively charged residues such as glutamic and aspartic acids participate in binding the divalent

metal ions, along with serine. Specifically, Glu 7, Ile 33, Ser 35 and Asp 75 make up one

of the two Ca2+ binding sites and Asp 32, Asp 48, Glu 76 and Ser 78 make up the other

[3] (Figure 3.1). Although CD and fluorescence do not indicate large changes in protein

secondary structure, solution-state NMR data (chemical shifts measured via 15N-1H HSQC)

do show peak shifts for backbone residues involved in binding Ca2+ upon addition of 10 mM

CaCl2, indicating more subtle, local conformational changes responsible for stabilizing the

protein against denaturation. The HSQC spectra, showing backbone assignments of both

the apo and holo forms of tunicate crystallin are overlaid in Figure 3.2a. The 1H and 15N

chemical shifts for the apo and holo forms have been deposited in the BioMagRes Bank, un-
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der accession numbers 26860 and 26861, respectively. Chemical shift perturbation weighted

averages upon addition of Ca2+ were measured using the chemical shift perturbation equa-

tion: ��avg =
q

(��N/5)2+(��H)2

2 . Chemical shift perturbations upon addition of Ca2+ are

plotted in Figure 3.2b, with thresholds for large (> 0.2 ppm) and moderate (0.06 - 0.2 ppm)

perturbations shown. Residues for which the shift was less than 0.06 ppm were classified as

unperturbed. These perturbations are shown in the context of the structure in Figure 3.2c.

Examination of these data in the context of the protein structure suggest that the slight

change in the fluorescence spectra upon addition of Ca2+ (Figure 1.2b) may be caused by a

change in the local environment of Trp 70. Similarly, in a previous study, several residues

were perturbed in the NMR spectrum upon addition of Ca2+ to M-crystallin, another case

where Ca2+-binding stabilized the protein [13]. In contrast, when Ca2+ was added to WT

human �S-crystallin, no significant peak shifts were observed (Figure A.6), consistent with

the lack of Ca2+ binding suggested by the ITC data.

Asp32

Asp48Glu76

Ser78
Asp75

Ile33 Glu7

Ser35

Site 1 Site 2

Figure 3.1: Residues involved in the calcium binding sites of the tunicate ��-crystallin,
observed in the X-ray crystal structure PDBID 2BV2 [3].
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Figure 3.2: a. 15N-1H HSQC spectra of the tunicate ��-crystallin in the absence (green)
and presence (magenta) of 10 mM CaCl2. Residues that have the same chemical shift under
both conditions are labeled in black. b. Average chemical shift perturbation plot as a
function of residue number, with thresholds for large (> 0.2 ppm) and moderate (0.06-0.2
ppm). Residues for which the shift is < 0.06 ppm upon addition of CaCl2 are classified
as unperturbed. c. The same CSP data represented on the X-ray crystal structure. The
backbone corresponding to amide NHs for which the chemical shift perturbation is large
are shown in purple, while amides that are slightly perturbed are in cyan and those of
unperturbed residues are shown in gray. The two calcium ions are represented in red, while
the side chains of the Ca2+-binding residues are highlighted in green.
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Solution-state NMR experiments that were used in making tunicate crystallin assignments

are described in more detail below. The first step consisted of acquiring a series of triple

resonance experiments that were used in assigning the backbone resonances as seen in the

HSQC spectra in Figure 3.2a. Afterwards, sidechains were assigned using a similar type of

approach to the backbone residues, with the acquisition of 3D experiments. Lastly, short

range and long range distance restraints were measured using 3D NOE and residual dipo-

lar coupling experiments. As an additional parameter, inter- and intramolecular hydrogen

bonds were also determined using amide proton temperature coefficients from 15N-1H HSQC

spectra.

3.4 Backbone Resonance Assignments

3.4.1 HNCO

The HNCO experiment is an out and back experiment that transfers magnetization from the

amide proton through the amide nitrogen of the i residue to the carbonyl of the i-1 (previous)

residue (Figure 3.3) [57, 56]. As a result, it is used in assigning the CO of the i-1 residue.

Figure 3.3: The transfer of magnetization in HNCO [58].
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Table 3.1: HNCO NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 13C 15N

SW (Hz) 12999.68 4000.00 3600.04

Number of scans 4

Number of points 2218 64 48

Transmitter offset (ppm) -306.86

90 time (µs) 8.60 13.25 43.00

Decoupling power 60 41 48

Center frequency (ppm) 4.79 174.03 118.78

Table 3.2: HNCO NMR parameters of tunicate crystallin with 10 mM EDTA

1H 13C 15N

SW (Hz) 12999.68 4000.00 3600.04

Number of scans 4

Number of points 2048 48 36

Transmitter offset (ppm) -305.00

90 time (µs) 10.00 12.40 45.50

Decoupling power 60 41 48

Center frequency (ppm) 4.79 174.26 120.18
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3.4.2 HN(CO)CA

Unlike the HNCO experiment, the HN(CO)CA experiment connects the amide proton of the

i residue to the C↵ of the i-1 residue through the magnetization transfer of the carbonyl of

this preceding amino acid (i-1) [59].

Figure 3.5: The transfer of magnetization in HN(CO)CA [58].
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Table 3.3: HN(CO)CA NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 13C 15N

SW (Hz) 12019.23 6033.64 3600.04

Number of scans 4

Number of points 2048 48 36

Transmitter offset (ppm) -310.80

90 time (µs) 8.70 13.00 42.00

Decoupling power 60 41 48

Center frequency (ppm) 4.79 56.05 118.79

Table 3.4: HN(CO)CA NMR parameters of tunicate crystallin with 10 mM EDTA

1H 13C 15N

SW (Hz) 12999.68 10055.41 3600.04

Number of scans 4

Number of points 2048 48 36

Transmitter offset (ppm) -305.00

90 time (µs) 10.00 12.40 45.50

Decoupling power 60 41 48

Center frequency (ppm) 4.79 56.15 120.18
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3.4.3 HNCA

The HNCA experiment is similar to the HNCO experiment as the magnetization is trans-

ferred from the amide proton through the amide nitrogen of the i residue but it allows for

detection of C↵s of the i and the i-1 residues via coherence transfer of the 2JN�C↵ [57]. Since

the coupling of the directly bonded C↵ of the i residue will be larger, this peak will have a

stronger intensity.

Figure 3.7: The transfer of magnetization in HNCA [58].
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Table 3.5: HNCA NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 13C 15N

SW (Hz) 12019.23 6033.64 2500.00

Number of scans 4

Number of points 2048 64 48

Transmitter offset (ppm) -306.90

90 time (µs) 8.60 14.00 43.00

Decoupling power 60 41 48

Center frequency (ppm) 4.79 56.04 118.78

Table 3.6: HNCA NMR parameters of tunicate crystallin with 10 mM EDTA

1H 13C 15N

SW (Hz) 12999.68 6034.29 3600.04

Number of scans 4

Number of points 2048 48 36

Transmitter offset (ppm) -305.00

90 time (µs) 10.00 12.30 45.50

Decoupling power 60 41 48

Center frequency (ppm) 4.79 56.27 120.18
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3.4.4 HN(CA)CO

Unlike the HNCA experiment, in this experiment the magnetization is transferred via the

amide nitrogen to the C↵ spins using the 2JN�C↵ couplings, and finally to the carbonyls of

the i and the i-1 residues. Again as with the HNCA experiment, the peak intensity will be

stronger of i carbonyl because the JN�C↵ coupling of the i residue will be higher than that

to the i-1 residue [60].

Figure 3.9: The transfer of magnetization in HN(CA)CO [58].
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Figure 3.10: Four zoomed in planes of HN(CA)CO spectra showing sequential (CO)i and
(CO)i�1 residue assignments of tunicate crystallin in the presence of Ca2+ (a) or EDTA (b).
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Table 3.7: HN(CA)CO NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 13C 15N

SW (Hz) 12019.23 4000.00 3600.04

Number of scans 4

Number of points 2048 48 36

Transmitter offset (ppm) -310.76

90 time (µs) 8.70 13.00 42.00

Decoupling power 60 41 48

Center frequency (ppm) 4.79 56.05 118.79

Table 3.8: HN(CA)CO NMR parameters of tunicate crystallin with 10 mM EDTA

1H 13C 15N

SW (Hz) 12999.68 4000.00 3600.04

Number of scans 4

Number of points 2048 48 36

Transmitter offset (ppm) -305.00

90 time (µs) 10.00 12.40 45.50

Decoupling power 60 41 48

Center frequency (ppm) 4.79 56.15 120.18
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3.4.5 CBCA(CO)NH

The CBCA(CO)NH correlates the amide proton chemical shifts of the i residue with the C↵

and the C� of the i-1 residues. Magnetization is first transferred from the H↵ and the H� to

the C↵ and the C� of the i-1 residue and finally transferred via the carbonyl of the i residue

to the amide of the i residue for detection [61].

Figure 3.11: The transfer of magnetization in CBCA(CO)NH [58].
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Figure 3.12: Four zoomed in planes of CBCA(CO)NH spectra showing sequential (Ca)i�1

and (Cb)i�1 residue assignments of tunicate crystallin in the presence of Ca2+ (a) or EDTA
(b).
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Table 3.9: CBCA(CO)NH NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 13C 15N

SW (Hz) 12019.23 16000.00 3600.04

Number of scans 4

Number of points 2048 64 36

Transmitter offset (ppm) -304.90

90 time (µs) 8.70 13.30 42.00

Decoupling power 60 41 48

Center frequency (ppm) 4.79 46.03 118.79

Table 3.10: CBCA(CO)NH NMR parameters of tunicate crystallin with 10 mM EDTA

1H 13C 15N

SW (Hz) 12999.68 16000.00 3600.04

Number of scans 4

Number of points 2048 48 36

Transmitter offset (ppm) -305.00

90 time (µs) 10.10 12.40 45.50

Decoupling power 60 41 48

Center frequency (ppm) 4.79 46.16 120.18
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3.4.6 HNCACB

Unlike in the CBCA(CO)NH experiment, the magnetization in this experiment is transferred

from the H↵ and the H� to the C↵ and the C� of the i-1 residue and the i residue directly to

the amide nitrogen and the amide proton of the i residue for detection [62].

Figure 3.13: The transfer of magnetization in HNCACB [58].

53



 
 

 

 K2NH-K2Ca 

 

 

 
 

 K2NH-G1Ca 

 

 

 

 

 

 

 

 

 

 

 

 

 

  K2NH-K2Cb 
 

 

 

 

 

 

 

 

 

 

 

 

7.58.08.5

 

  
 I3NH-K2Ca 

 
 

 
  

 

 

 

 

 I3NH-I3Ca 

 

 I3NH-I3Cb
 

 

 I3NH-K2Cb  

 

8.08.5

 

 

 I4NH-I4Ca 
 

 

 I4NH-I3Ca  

 

 

 

 

 

 I4NH-I4Cb 

 

 

 

 

 

 
 

 I4NH-I3Cb  

8.59.0

 L5NH-L5Ca 
 

 

 

 

 

 

 

 

 

 L5NH-I4Ca

 

 

 

 L5NH-I4Cb 

 

 

 

 

 

 

 

 

 

 
 

 

 L5NH-L5Cb 
 

 

8.08.5

35

40

45

50

55

60

1
H δ (ppm)

1
3

C
 δ

  
(p

p
m

)

z-plane  (15N δ ) 

120.77 ppm

z-plane  (15N δ ) 

128.87 ppm

z-plane  (15N δ ) 

125.69 ppm

z-plane  (15N δ ) 

125.26 ppm

 

 

 
 

 

 

 

  

 

 

 

 

 

 

  

8

 K2NH-K2Ca 

 K2NH-G1Ca 

 K2NH-K2Cb 

 

 

 

 

    

 

8

 I3NH-I3Ca 

 I3NH-K2Ca 

 I3NH-I3Cb

 I3NH-K2Cb 

 

   

 

 

 

 

 

 

 

 

 

89

40

50

60

H δ (ppm

 L5NH-I4Cb 

 L5NH-L5Cb 

 L5NH-L5Ca 

 L5NH-I4Ca

z-plane  (15N δ ) 

121.53 ppm

z-plane  (15N δ ) 

129.67 ppm

z-plane  (15N δ ) 

126.12 ppm

 
 

 

89

 I4NH-I4Cb 

 I4NH-I3Cb 

 I4NH-I3Ca 

 I4NH-I4Ca 

z-plane  (15N δ ) 

126.47 ppm

1
H δ (ppm)

 

1
3

C
 δ

  
(p

p
m

)

a.

b.

Figure 3.14: Four zoomed in planes of HNCACB spectra showing sequential (Ca)i, (Ca)i�1,
(Cb)i and (Cb)i�1 residue assignments of tunicate crystallin in the presence of Ca2+ (a) or
EDTA (b).
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Table 3.11: HNCACB NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 13C 15N

SW (Hz) 12019.23 16000.00 3600.04

Number of scans 4

Number of points 2048 64 36

Transmitter offset (ppm) -304.90

90 time (µs) 8.70 13.30 42.00

Decoupling power 60 41 48

Center frequency (ppm) 4.79 46.03 118.79

Table 3.12: HNCACB NMR parameters of tunicate crystallin with 10 mM EDTA

1H 13C 15N

SW (Hz) 12999.68 16000.00 3600.04

Number of scans 4

Number of points 2048 48 36

Transmitter offset (ppm) -305.00

90 time (µs) 10.00 12.40 45.50

Decoupling power 60 41 48

Center frequency (ppm) 4.79 46.15 120.18

55



3.5 Side-chain Resonance Assignments

3.5.1 CC(CO)NH

In this experiment, magnetization is transferred from the side chain protons to the side chain

carbons of one residue followed by isotropic 13C mixing time which transfers that magneti-

zation between the carbons after which the magnetization is transferred to the carbonyl of

the i-1 residue and the amide nitrogen and proton of the i residue for detection. With the

help of the CC(CO)NH experiment, the carbon side chain resonances of one residue can be

directly linked with the amides of the preceding residue [63].

Figure 3.15: The transfer of magnetization in CC(CO)NH [58].
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Figure 3.16: Four zoomed in planes of CC(CO)NH spectra showing carbon side chains of
sequential i-1 residue assignments of tunicate crystallin in the presence of Ca2+ (a) or EDTA
(b).

57



Table 3.13: CC(CO)NH NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 13C 15N

SW (Hz) 12019.23 15022.78 3600.04

Number of scans 4

Number of points 1894 64 48

Transmitter offset (ppm) -305.00

90 time (µs) 9.70 13.30 47.00

Decoupling power 60 41 48

Center frequency (ppm) 4.79 51.49 127.88

Table 3.14: CC(CO)NH NMR parameters of tunicate crystallin with 10 mM EDTA

1H 13C 15N

SW (Hz) 12019.23 15022.78 3600.04

Number of scans 8

Number of points 1894 40 25

Transmitter offset (ppm) -296.50

90 time (µs) 10.70 13.30 45.50

Decoupling power 60 41 48

Center frequency (ppm) 4.80 51.55 127.90

3.5.2 H(CCO)NH

The H(CCO)NH is pretty much identical to the CC(CO)NH experiment but directly links

the proton side chain resonances of one residue with the amides of the preceding residue [63].
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Figure 3.17: The transfer of magnetization in H(CCO)NH [58].
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Table 3.15: H(CCO)NH NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 1H 15N

SW (Hz) 12019.23 12000.00 3600.04

Number of scans 8

Number of points 1894 64 48

Transmitter offset (ppm) -305.00

90 time (µs) 9.70 47.00

Decoupling power 60 48

Center frequency (ppm) 4.79 4.79 127.81

3.5.3 HCCH-COSY

The HCCH-COSY experiment is used to assign the aliphatic 1H and 13C of the same residue.

Some assignments are still ambiguous due to substantial peak overlap such as those for

side-chain resonances of Lys and Arg. Magnetization is transferred from the side chain

protons to the side chain carbons using the 1JC�H-couplings followed by an exchange of that

magnetization between the side chain carbons using the larger 1JC�C-couplings. Finally,

magnetization is transferred back to the side chain protons for detection [64, 65].
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Figure 3.19: The transfer of magnetization in HCCH-COSY [58].
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Figure 3.20: A 13C plane of HCCH-COSY spectrum showing several proton and carbon side
chains of the same residue in tunicate crystallin in the presence (a) and absence (b) of Ca2+.
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Table 3.16: HCCH-COSY NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 1H 13C

SW (Hz) 12001.20 10000.00 16090.16

Number of scans 4

Number of points 1024 64 48

Transmitter offset (ppm) -304.90

90 time (µs) 8.70 13.30

Decoupling power 60 41

Center frequency (ppm) 4.80 4.80 35.10

Table 3.17: HCCH-COSY NMR parameters of tunicate crystallin with 10 mM EDTA

1H 1H 13C

SW (Hz) 12001.20 10000.00 16090.16

Number of scans 4

Number of points 1024 64 48

Transmitter offset (ppm) -304.90

90 time (µs) 8.70 13.30

Decoupling power 60 41

Center frequency (ppm) 4.80 4.80 35.10

3.5.4 HCCH-TOCSY

This experiment is used in the assignment of the aliphatic 1H and 13C spin systems of

sequentially assigned residues. Magnetization is transferred from the side chain protons to the

side chain carbons of one residue and through isotropic 13C mixing time, that magnetization

is transferred between carbons similar to the CC(CO)NH and the H(CCO)NH experiments.
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That magnetization is then transferred back to the side chain hydrogens for detection instead

of the amide nitrogen and amide protons for detection [66]. This is why it is advisable

to do this experiment in conjunction with the H(CCO)NH and the 15N-TOCSY-HSQC

experiments in order to be able to link the side chain assignments with the backbone amides.

Figure 3.21: The transfer of magnetization in HCCH-TOCSY [58].
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Figure 3.22: A 13C plane of HCCH-TOCSY spectrum showing several proton and carbon
side chains of the same spin system in tunicate crystallin in the presence (a) and absence
(b) of Ca2+.
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Table 3.18: HCCH-TOCSY NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 1H 13C

SW (Hz) 12999.68 12999.68 16090.11

Number of scans 8

Number of points 2048 34 66

Transmitter offset (ppm) -305.00

90 time (µs) 10.00 12.40

Decoupling power 60 41

Center frequency (ppm) 4.79 4.79 35.14

Table 3.19: HCCH-TOCSY NMR parameters of tunicate crystallin with 10 mM EDTA

1H 1H 13C

SW (Hz) 12999.68 12999.68 16090.11

Number of scans 8

Number of points 2048 34 66

Transmitter offset (ppm) -305.00

90 time (µs) 10.00 12.40

Decoupling power 60 41

Center frequency (ppm) 4.79 4.79 35.14

66



3.5.5 15N-TOCSY-HSQC

The 15N-TOCSY-HSQC experiment helps link side chain protons of the i residue with the

amide backbone proton. This experiment works by transferring magnetization between the

side-chain protons using an isotropic mixing step followed by transfer to the amide nitrogen

and the amide proton for detection.

Figure 3.23: The transfer of magnetization in 15N-TOCSY-HSQC [58].
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Figure 3.24: Four zoomed in planes of 15N-TOCSY-HSQC spectra showing proton side chains
of sequential i residue assignments of tunicate crystallin in the presence (a) and absence (b)
of Ca2+.
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Table 3.20: 15N-TOCSY-HSQC NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 1H 15N

SW (Hz) 12999.68 12999.68 4100.04

Number of scans 8

Number of points 2048 34 42

Transmitter offset (ppm) -305.00

90 time (µs) 9.68 47.00

Decoupling power 60 48

Center frequency (ppm) 4.79 4.79 120.26

Table 3.21: 15N-TOCSY-HSQC NMR parameters of tunicate crystallin with 10 mM EDTA

1H 1H 15N

SW (Hz) 14396.26 14393.67 4100.04

Number of scans 8

Number of points 2268 34 42

Transmitter offset (ppm) -305.00

90 time (µs) 11.50 45.50

Decoupling power 60 48

Center frequency (ppm) 4.79 4.79 120.25
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3.6 Distance Restraints

3.6.1 NOESY-15N-HSQC

Both the NOESY-15N-HSQC and the 13C-NOESY HSQC experiment consists of a 2D NOESY

experiment and a sensitivity enhanced HSQC experiment. Exchange of magnetization among

all hydrogen occurs in this experiment using the NOE and then that magnetization is trans-

ferred to the amide nitrogen and the amide proton for detection [67].

Figure 3.25: The transfer of magnetization in NOESY-15N-HSQC [58].
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Figure 3.26: A 15N plane of 15N-TOCSY-HSQC spectrum showing assignments of protons
and nitrogens connected through space of tunicate crystallin in the presence of Ca2+.
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Table 3.22: NOESY-15N-HSQC NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 1H 15N

SW (Hz) 11990.41 11990.41 3600.04

Number of scans 4

Number of points 2048 48 32

Transmitter offset (ppm) -306.90

90 time (µs) 8.80 45.00

Decoupling power 60 48

Center frequency (ppm) 4.79 4.79 118.78

3.6.2 13C-NOESY HSQC

This experiment is similar to the NOESY-15N-HSQC where the magnetization is exchanged

between all hydrogens using NOEs, afterwards however, that magnetization is transferred

to the 13C nuclei instead of the amide nitrogen and then transferred back to the adjacent

protons for detection.

Figure 3.27: The transfer of magnetization in 13C-NOESY HSQC [58].
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Figure 3.28: A 13C plane of 13C-NOESY HSQC spectrum showing assignments of protons
and carbons connected through space of tunicate crystallin in the presence of Ca2+.
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Table 3.23: 13C-NOESY HSQC NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 1H 13C

SW (Hz) 12019.23 12001.20 18001.80

Number of scans 4

Number of points 2048 48 32

Transmitter offset (ppm) -305.88

90 time (µs) 8.80 13.80

Decoupling power 60 41

Center frequency (ppm) 4.79 4.79 43.04

3.6.3 15N-HSQC IPAP

Long-range distance and angular restraints are calculated using measured residual dipolar

couplings, and they complement the short-range distance constraints found with NOE ex-

periments. When short-range and long-range distance restraints are taken together, they

enable determination of the global structure of the biomolecule. These long-range distance

restraints are measured by comparing the splitting of each amide N-H resonance in the

absence (Figure 3.29) and presence of an alignment medium using a 15N-HSQC in-phase,

anti-phase (IPAP) NMR spectrum. The difference in their splittings corresponds to residual

dipolar couplings, whether that difference is positive or negative. The alignment medium

used in these experiments was a bicelle mixture consisting of 15 % w/v DLPC/DHPC and

13.4 % cholesterol sulfate with respect to moles of DLPC.
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Figure 3.29: 15N-HSQC IPAP spectra in the presence (a) and absence (b) of Ca2+ of tuni-
cate crystallin. Each backbone peak is split, unlike in a regular 15N-HSQC. This splitting
corresponds to a N-H J-coupling of 91-94 Hz in the isotropic samples.
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Table 3.24: 15N-HSQC IPAP NMR parameters of tunicate crystallin with 10 mM Ca2+

1H 15N

SW (Hz) 12999.68 3600.00

Number of scans 32

Number of points 1500 256

Transmitter offset (ppm) -295.00

90 time (µs) 13.00 48.00

Decoupling power 60 48

Center frequency (ppm) 4.78 120.15

Table 3.25: 15N-HSQC IPAP NMR parameters of tunicate crystallin with 10 mM EDTA

1H 15N

SW (Hz) 12999.68 3600.00

Number of scans 32

Number of points 1500 256

Transmitter offset (ppm) -298.90

90 time (µs) 13.50 48.00

Decoupling power 60 48

Center frequency (ppm) 4.80 120.29

3.7 Hydrogen Bonds

Amide proton temperature coefficients were found by acquiring a series of 15N-1H HSQC

experiments over a temperature range of 25-75 �C in the holo form (Figure 3.30a) and 25-50
�C in the apo form (Figure 3.30b). The sample was allowed to equilibrate for several minutes

at each temperature before data acquisition were performed. The amide proton chemical
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shift perturbation of each peak was plotted as a function of temperature (Figure 3.31). If the

slope of the line was above the -4.6 ppb/K threshold, then that residue was hypothesized to

hydrogen bond with the solvent, i.e. solvent-exchange. If the slope of the line was below the

cut-off, then that residue was hypothesized to have a buried hydrogen bond [68]. The amide

proton temperature coefficients are tabulated for each residue of the tunicate crystallin in the

apo and holo forms (Table C.1). The hydrogen bonds from these amide proton temperature

coefficients are superimposed on the X-ray crystal structure in Figure 3.32.
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Figure 3.30: Overlay of a series of temperature 15N-HSQC spectra of tunicate crystallin in
the holo (a) and apo (b) form. The protein remains fully folded even at 75 �C in the holo
form yet denatures at 50 �C in the apo form.
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Figure 3.31: Amide proton temperature coefficient plots of six residues taken from the tem-
perature 15N-HSQC spectrum of tunicate crystallin in the presence of EDTA. Plots shown in
blue have slopes < -4.6 ppb/K and these residues which are hydrogen bonding intramolec-
ularly. Plots shown in red have slopes > -4.6 ppb/K and these residues which are hydrogen
bonding with the solvent.
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Figure 3.32: Hydrogen bonds determined from the amide proton temperature coefficients are
represented on the crystal structure (PDB: 2BV2) [3]. Residues which are hydrogen bonding
with the solvent are shown in red and residues which are hydrogen bonding intramolecularly
are shown in blue. Both the apo and the holo form of the tunicate crystallin shows similar
hydrogen bonding patterns. The main difference between the two structures is that the
loop-like region which typically binds to the Ca2+ ions is hydrogen bonding more with the
solvent in the EDTA structure.
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Chapter 4

Low temperature alignment media for

measuring residual dipolar couplings

during biomolecular NMR structure

determination.

4.1 Background

Biomolecules are essential to every living organism because they express genetic informa-

tion and perform a vast array of functions, such as catalysis of metabolic reactions. DNA

molecules have high backbone flexibility and bending, as well as sugar puckering and base

pair rolling and twisting, all of which crucial for packaging, recognition and regulation in

DNA transcription [69]. RNA structures and proteins are also highly dynamic and must

undergo conformational changes to perform their specific biological functions, such as the

rearrangement of secondary and tertiary structures in response to particular cellular signals.
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As a result of biomolecular structure flexibility, studying them using crystallography is chal-

lenging. In crystallography the structure obtained from a diffraction pattern is static which

gives no information about its structural dynamics. With appropriate attention to sample

preparation, including pH and salt concentrations, solution-state nuclear magnetic resonance

(NMR) offers a more attractive environment for studying dynamic structures.

Nuclear Overhauser Effect-based constraints (NOEs) and J-couplings are the most commonly

used measurements in solution-state NMR structure determination of biomolecules. These

data provide only short-range internuclear distance constraints (NOEs are limited to < 5

Å), as the effect scales as 1
r6

, while J-couplings are inherently short-range because they are

mediated by covalent bonds [70]. Using these two parameters for structure determination

of large biomolecules has limitations, as short distance constraints only allow for the local

structure determination, leaving the remote parts of the structure poorly defined. Com-

plementary measurements yielding long-range distance restraints offer better parameters for

studying biomolecules as they allow for the global structure determination and do not rely

heavily on proton densities. Such restraints can be obtained from dipolar couplings (DCs),

which measure the effect that one nucleus has on the magnetic environment of another nu-

cleus through the direct dipole-dipole interaction. DCs provide spatial information about

internuclear distances and long-range distance constraints using the average orientation of

the internuclear vector Dab= -(�a�bh̄µ0

4⇡⇤r3 )12< 3cos2✓� 1 >, where Dab is the dipolar interaction

between nuclei a and b, �a and �b are the gyromagnetic ratio for a and b, respectively, h̄ is

Planck’s constant/2⇡, µ0 is magnetic permeability, r is the internuclear vector between a and

b, and ✓ is the angle between r and the magnetic field [71, 72]. The 1
r3

term in this equation

allows for long-range internuclear distance measurements compared with the 1
r6

term used

in short-range distance measurements from NOEs.

DCs are impossible to determine using traditional solution-state NMR because most molecules

tumble at a rapid rate, averaging the < 3cos2✓ � 1 > term to zero [71, 73]. An envi-
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ronment consisting of alignment media with magnetic susceptibility anisotropy in solution

constrains the motion of a molecule and incompletely averages out magnetic interactions,

resulting in residual dipolar couplings (RDCs) from which more accurate local and global

structural features can be obtained [74, 75, 76]. The alignment medium most commonly

used in biomolecular NMR structure determination consists of a bicelle mixture comprised

of the long chain phospholipid 1, 2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and the

short chain phospholipid 1, 2- dihexanoyl-sn-glycero-3-phosphocholine (DHPC) [77]. Opti-

mal alignment of DMPC/DHPC occurs at temperatures > 30 �C, above the gel-to-liquid

crystal phase transition [70]. These high alignment temperatures are not ideal for structure

determination of folded nucleic acids and catalytic proteins because the chemical exchange

rate of imino and exocyclic amine hydrogens and other dynamic processes are too fast to

observe on the NMR timescale. Therefore, obtaining bicelle alignment at low temperatures

in order to determine dynamic biomolecular structures is an active area of research.

Previous work by Shapiro et al. demonstrated that cholesterol sulfate (CS), which is found in

mammalian cell membranes, lowered the gel-to-liquid crystal phase transition temperature of

a concentrated bicelle mixture to room temperature [78]. Alignment of the DMPC/DHPC/CS

system was further improved with the addition of Mg2+ and Ca2+, crucial divalent cations

shown to participate in the folding mechanisms of nucleic acids and proteins. The pres-

ence of CS, divalent cations and the high concentration of bicelles offers an environment for

aligning and stabilizing biomolecular structures in solution, however, at room temperature,

imino and amine protons are still susceptible to rapid exchange and the need to optimize

CS/Mg2+-mediated alignment to attain a lower gel-to-liquid phase transition temperature is

desired.

An alignment medium for structure determination of biomolecules in the presence of diva-

lents that has not been explored yet consists of a bicelle mixtures comprised of the long

chain phospholipid 1, 2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and the short chain
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phospholipid 1, 2- dihexanoyl-sn-glycero-3-phosphocholine (DHPC). This choice of an align-

ment medium allows us to have more control over its alignment properties. As a result of the

low gel-to-liquid phase transition temperature (- 2 �C) of DLPC, this alignment medium has

been shown to align in the magnetic field at 4 �C and at - 5 �C in the presence of cholesterol

sulfate (CS) [79]. At this low alignment temperature, the dynamic conformations of nucleic

acids and catalytic proteins. can be more accurately determined which makes this medium a

suitable candidate for its global structure determination using RDC measurements compared

to the widely used alignment medium 1, 2-dimyristoyl-sn-glycero-3-phosphocholine and 1, 2-

dihexanoyl-sn-glycero-3-phosphocholine (DMPC/DHPC). Here we show a proof of concept

that we can use the DLPC/DHPC/CS bicelle system to measure RDCs of two biomolecules

at low temperatures in the presence of their relative divalent cations; Dickerson dodecamer

(DD) DNA in the presence of Mg2+ and a tunicate Ca2+ binding ��-crystallin in the presence

of Ca2+.

4.2 Materials and Methods

4.2.1 Sample preparation

Bicelles: DLPC and DHPC lipids were purchased from Avanti Polar Lipids (Alabaster, AL)

in chloroform. Appropriate volumes of the long chain (DLPC) to short chain (DHPC) were

combined for a q ratio of 3.5 (q = [DLPC]/[DHPC]) and for a 25 % w/v stock concentration.

Afterwards, this mixture was placed under a nitrogen stream for 8-12 hours to remove the

chloroform followed by lyophilization for 24 hours. To the dried lipids, 13.4 % cholesterol

sulfate (CS), with respect to moles of DLPC, was added and the contents were hydrated

with 10 mM Tris buffer (pH 7.1). The hydrated bicelle sample was cycled through heating

(40 �C) and cooling (5 �C) cycles for several days to dissolve the CS and obtain a viscous
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consistency of the sample. The DMPC/DHPC/CS bicelles were prepared in a similar way

as the DLPC/DHPC/CS bicelles.

DNA: Dickerson dodecamer DNA [d(CGCGAATTCGCG)]2 was purchased from Integrated

DNA Technologies (Coralville, IA). The sample was dissolved in a 20 mM KCl buffer (pH

7.4) to a stock concentration of ⇠ 25 mM and the two strands were annealed. Afterwards,

the sample was equilibrated with 10 mM KCl via a Sephadex column.

Protein: Protein expression and purification is described in the Materials and Methods

section of chapter 1.

The final DNA and protein concentrations in bicelle samples were 0.6 mM and 1.5 mM

respectively. The concentration of divalent cations was 10 mM for each experiment.

4.2.2 NMR experiments

2H and 31P spectra of the bicelle samples were acquired using a 600 MHz Avance NMR

spectrometer. Each sample was equilibrated for 15 minutes at each temperature prior to

NMR data acquisition. Forty-eight scans were collected for 2H experiments using the lock

channel and 1024 transients were collected for 31P experiments using the 1H decoupled

sequence.

DQF-COSY NMR spectra of bicelles in the absence of DD were acquired with 96 scans and

128 points in the indirect dimension. The acquisition time was 8 ms in the indirect dimension

and 500 ms in the direct dimension. DMPC/DHPC/CS COSY spectra in the presence of

DD were acquired with 8 scans (5 �C) and 16 scans (25 �C) and 640 points in the indirect

dimension at both temperatures. The acquisition time was 80 ms for the indirect dimension

and 100 ms for the direct dimension. DLPC/DHPC/CS COSY spectra in the presence of DD

were acquired with 40 scans and 256 points in the indirect dimension. The acquisition time
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was 32 ms for the indirect dimension and 100 ms for the direct dimension. All DQF-COSY

data were acquired using a WATERGATE water suppression scheme.

15N IPAP-HSQC spectra were acquired with 1500 points in the direct dimension and 256

points in the indirect dimension with 32 transients and a spectral width of 12999 Hz in the

direction dimension and 3600 Hz in the indirect dimension.

All 2D experiments were acquired on an 800 MHz Varian INOVA system spectrometer.

4.3 Results and Discussion

The appearance and viscosity of DMPC/DHPC/CS (15% w/v DMPC/DHPC containing

13.4% CS with respect to moles of DMPC) showed a liquid crystalline phase transition from

an isotropic to an anisotropic chiral nematic (Figure 4.1) with temperature increase. During

the phase change, molecules transition from discoid fast tumbling micelles (bicelles) (Figure

4.1a), to wormlike micelles that orient in a magnetic field (Figure 4.1b) [80, 81]. The bicelle

sample was a clear liquid below room temperature while at room temperature and above,

the sample was slightly opaque and had a gel-like, viscous consistency.

The isotropic-to-anisotropic phase transition temperature of DMPC/DHPC/CS in the pres-

ence of DD was found to be 20 �C using 2H and 31P NMR experiments. A single HOD peak

at 5-15 �C represented an isotropic unaligned phase and a splitting of that peak above 20
�C corresponded to sample alignment (Figure D.1a). These results were observed because

in an anisotropic environment, an incomplete averaging of residual quadrupolar couplings

occurs. Since 2H nuclei have a spin of 1, alignment is indicated in 2H NMR spectra by the

presence of two peaks, termed quadrupolar splittings. At 5-15 �C, 31P NMR spectra also

showed a single isotropic peak with resonances close to 0 ppm and at 20 �C and above, an

additional resonance was observed upfield, corresponding to a sample phase transition into
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an anisotropic phase. Both DMPC and DHPC are aligned in this phase and are represented

with two separate peaks (Figure D.1b). Addition of 10 mM MgCl2 to the bicelle and DD

sample improved the overall bicelle alignment as shown by the increase in the quadrupolar

couplings (Figure D.1c). Although 2H NMR spectra show alignment of the bicelles at 25
�C upon addition of MgCl2, 31P NMR spectra still show alignment of the bicelles at 20 �C

(Figure D.1d), suggesting that this experiment might be more sensitive to diagnose bicelle

alignment. Overall, these alignment studies show that DMPC/DHPC/CS offers a suitable

alignment medium for DD and potentially other nucleic acids for NMR structure determina-

tion. 2H and 31P NMR spectra for 0.6 mM DD without lipids showed an unaligned isotropic

phase throughout the temperature range (data not shown).

isotropic chiral nematic

a. b.

Figure 4.1: Isotropic (a) to chiral nematic (b) phase transition of DMPC/DHPC/CS.

Quantification of DD alignment at 5 �C and 25 �C in the DMPC/DHPC/CS system with 10

mM Mg2+ was performed via measurement of the H5 and H6 aromatic nucleotide protons of

the four cytidines (C1, C3, C9, C11) in the absence and presence of the alignment medium.

A change in these couplings in the presence of DMPC/DHPC/CS suggests DD alignment.

This change is attributed to observable dipolar couplings during sample alignment, which

either add or subtract from the J-couplings depending on the direction of the alignment

tensor, giving rise to RDCs. Sample alignment is directly proportional to the observable

RDC values. To measure the H5/H6 cytidine couplings, 2D 1H-1H double filtered quantum-

COSY (DQF-COSY) data were acquired. This experiment is an improvement on a standard

87



COSY; it is phase sensitive and suppresses the diagonal peaks, enabling measurements of

small coupling values close to the diagonal (Figure D.2). Slight alignment at 5 �C and strong

alignment at 25 �C of DD was observed with a change in the H5/H6 cytidine couplings in the

presence of DMPC/DHPC/CS (Figure D.3, Table D.1). The absence of H5 and H6 proton

cross peaks from C9 and C11 residues was observed in the spectrum at 25 �C. The absence

of these peaks could have resulted from extreme peak broadening in the gel-like sample due

to the concomitant decrease in T1 and T2 relaxation times or from the residual dipolar

couplings canceling out from the J-couplings causing the splittings to fall below threshold in

the DQF-COSY spectrum.

After successfully aligning DD at 25 �C with DMPC/DHPC/CS in the presence of 10 mM

Mg2+, optimization of the bicelle system was performed for low temperature alignment stud-

ies of nucleic acids. Since Mg2+ improved the overall bicelle alignment, manipulation of diva-

lent cation (Mg2+ and Ca2+) and CS concentrations were performed in an attempt to lower

the temperature of DMPC/DHPC alignment, however, varying these concentrations did not

result in a lower phase transition temperature of the system (Table D.2). As a result of the

high phase transition temperature of the long chain phospholipid, DMPC (24 �C), it was hy-

pothesized that a better way of achieving bicelle alignment at low temperatures was to utilize

an alignment medium consisting of a long chain phospholipid having a low phase transition

temperature, such as 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC). This phospholipid

has a phase transition temperature of -2 �C. In combination with CS, this system has been

shown to align at temperatures as low as -15 �C [82, 79]. As a result of the low gel-to-liquid

phase transition temperature of DLPC/DHPC/CS, the consistency of the bicelle sample (15

% w/v DLPC/DHPC containing 13.4 % CS with respect to moles of DLPC) was a gel-like

viscous consistency at temperatures lower than 10 �C while at temperatures above that, the

sample was more liquid-like.

From 2H NMR experiments, the phase transition temperature of the DLPC/DHPC/CS
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alignment medium was found to be 6 �C and in the presence (Figure 4.2b) and absence

(Figure 4.2a) of DD and 10 mM Mg2+. Upon addition of DD, there was a slight decrease

in the quadrupolar couplings at each temperature as a result of DD binding to Mg2+, which

decreased the metal ion concentration that was used by the bicelles to improve their aligned

phase (Figure 4.2). The alignment of these bicelles was also tested in the presence of tunicate

crystallin and 10 mM Ca2+ and this system was found to align at 8 �C (Figure 4.3). Since this

protein is a Ca2+ binding protein, the addition of it to the bicelles decreased their alignment

because the divalent metal ion concentration that was used by the bicelles to increase their

aligned phase had decreased. These 2H NMR spectra show that the addition of biomolecules

(DD or tunicate crystallin) to the bicelles does not change their aligned phase significantly

and these bicelles can be used to probe the alignment of these biomolecules in the presence

of their relevant divalent metal ions at low temperature.
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Figure 4.3: 2H NMR spectra of DLPC/DHPC/CS in the presence of 10 mM Ca2+ and in
the absence (a) and presence (b) of tunicate crystallin. Alignment of the bicelles occurs at
8 �C in both samples.
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Figure 4.2: 2H NMR spectra of DLPC/DHPC/CS in the presence of 10 mM Mg2+ and in
the absence (a) and presence (b) of DD. There is a liquid crystallin phase transition from
the isotropic to anisotropic phase at 6 �C. Addition of DD decreased the bicelle alignment
slightly as can be seen by the decrease in the deuterium splittings.

To probe the alignment of DD by the DLPC/DHPC/CS bicelles, measurements of H5/H6

cytidine couplings of the dodecamer was performed using DQF-COSY NMR experiments.

Since 2H NMR experiments did not show the best sensitivity to probing bicelle alignment

with the DMPC/DHPC/CS system, we checked DD alignment at temperatures lower than 6
�C. The COSY data indicated a moderate alignment at -5 �C (Figure 4.4 a,c) and a stronger

alignment at 5 �C of the DNA (Figure 4.4 a,b). At 5 �C, the couplings increased from ⇠

11-15 Hz in the absence of the alignment medium to ⇠ 46-57 Hz when the alignment medium

was added. At - 5 �C, the couplings increased to ⇠ 23-41 Hz when the alignment medium

was added. The couplings at - 5 �C were compared to the couplings at 5 �C in the absence

of DLPC/DHPC/CS because at temperatures below zero, the DNA sample would freeze

without the high viscosity from the bicelles. There were several H5/H6 cytidine cross-peaks
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which were missing from the DQF-COSY spectra at both 5 �C and -5 �C (Table 4.1) which

could be attributed to either line broadening of those peaks due to sample viscosity or the

cancelation of the residual dipolar couplings from the J-couplings during alignment.
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Figure 4.4: Small regions of DQF-COSY spectra comparing DD cytidine H5/H6 couplings
in the absence (a) and presence (b, c) of DLPC/DHPC/CS at 5 �C (magenta) and -5 �C
(green). Solid contours represent positive intensities and dashed contours represent negative
intensities. Couplings were measured using only the F2 dimension from the top of a positive
contour to the top of a negative contour.
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Table 4.1: H5/H6 cytidine splittings in Hertz in the presence and absence of
DLPC/DHPC/CS and all in the presence of 10 mM Mg2+ at 5 �C and - 5 �C. X repre-
sents couplings which were not resolved or were absent from the spectrum as a result of
negative dipolar couplings.

DD 5 �C (Hz)
DD + DLPC/DHPC/CS

5 �C (Hz)

DD + DLPC/DHPC/CS

-5 �C (Hz)

C1H6 11.36 46.22 25.93

C9H6 15.60 X X

C11H6 12.08 X 31.35

C3H6 14.88 57.17 41.02

C1H5 12.96 54.48 26.96

C9H5 X X X

C11H5 X X 23.81

C3H5 X 54.39 X

In order to determine if the bicelles were aligning the tunicate crystallin in the presence of 10

mM Ca2+ at low temperatures, 15N-HSQC IPAP NMR experiments were acquired to measure

the N-H couplings of the backbone residues. This experiment reduces spectral crowding and

separates the doublet components that are obtained due to the absence of decoupling during

the t1 and t2 evolution periods, into two separate spectra. One spectrum is recorded with

in-phase doublets and one with anti-phase doublets [83, 84]. The two spectra are then added

and subtracted to obtain the N-H couplings. A typical 1JN�H is approximately 93 Hz and

if that splitting either decreases or increases upon addition of bicelles (depending on the

sign of RDCs), alignment is occurring of that residue. In the presence of the bicelles, this

coupling is referred to as the J+D due to the contribution of residual dipolar couplings to

the N-H splittings. Figure 4.5 shows that upon addition of bicelles, there is a change in the

N-H couplings of the tunicate crystallin at 8 �C. This change in the coupling corresponds to
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alignment of the tunicate crystallin in the magnetic field. Residual dipolar couplings of 37

residues of the tunicate crystallin are tabulated in Table 4.2.
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Figure 4.5: Small region of the 15N-HSQC IPAP of tunicate crystallin with 10 mM Ca2+
taken at 8 �C in the absence (a) and presence (b) of 15 % w/v DLPC/DHPC and 13.4 % CS
with respect to moles of DLPC. There are five residues that are shown in the spectra which
are aligned in the presence of the bicelles as indicated by the change in the N-H couplings.
This change in the couplings is used to calculate residual dipolar couplings of each residue.
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Table 4.2: Residual dipolar couplings of 37 residues of the tunicate ��-crystallin in the
presence of 10 mM Ca2+ at 8 �C.

Residue J (Hz) J+D (Hz) RDC (Hz)

I3 93.78 109.59 15.81

I4 92.60 127.11 34.51

E7 94.07 104.77 10.70

V9 93.97 86.20 -7.77

G12 94.48 101.47 6.99

G13 94.37 66.76 -27.61

L16 92.56 125.10 32.54

E17 93.37 142.98 49.61

S21 93.86 78.91 -14.95

V22 92.39 113.05 20.66

V27 93.27 143.95 50.68

G29 94.84 64.81 -30.03

F30 92.44 66.52 -25.92

D32 95.04 106.80 11.76

I33 91.11 68.20 -22.91

S36 93.18 108.55 15.37

I37 92.08 108.73 16.65

I38 92.77 109.64 16.87

V39 92.71 104.35 11.64

S41 93.82 105.89 12.07

G42 94.08 109.39 15.31

F45 92.65 97.18 4.53

V46 94.13 121.71 27.58

D49 94.63 117.13 22.50
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G51 93.66 100.15 6.49

S53 92.73 112.56 19.83

G54 94.01 84.40 -9.61

S56 92.53 122.57 30.04

L59 93.81 88.83 -4.98

G62 93.45 131.63 38.18

G68 95.24 89.45 -5.79

S69 94.48 145.56 51.08

W70 92.55 113.69 21.14

G72 94.48 73.16 -21.32

D74 94.18 82.80 -11.38

S79 94.13 122.35 28.22

V80 92.25 106.89 14.64

K81 93.32 101.13 7.81

4.4 Conclusions and Future Directions

RDCs are critical for structure determination of biomolecules as they can provide valuable

structure information that NOEs and J-couplings are not able to provide. Since nucleic acids

have many exchangeable protons which are solvent exposed and they are highly dynamic, low

temperature environments are better for their structure determination. DLPC/DHPC/CS

offers a suitable alignment medium for aligning biomolecules at low temperatures in the

presence of their respective divalent metal ions in measuring long range distance restraints.

We have shown that this medium can be used to align Dickerson Dodecamer DNA in the

presence of Mg2+ at 5 �C and a tunicate crystallin protein in the presence of Ca2+ at 8
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�C. Besides measuring RDCs using this bicelle mimetic alignment medium, we want to also

solve structures of membrane proteins using solid-state NMR. One example of such protein

that we are interested in investigating are two plant specific inserts (Droserasin 1 and 2)

that we found in the genome of a carnivorous plant Drosera capensis which are hypothesized

to interact with fungi membranes and kill the fungi as a defense mechanism. Attempts of

expressing and purifying Droserasin 1 are detailed in the appendix.
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Chapter 5

In Situ NMR Measurement of

Macromolecule-Bound Metal Ion

Concentrations.

5.1 Background

Mg2+ and Ca2+ play pivotal roles in biomolecular structure and function. Mg2+ stabilizes

nucleic acid structures and directly participates in the catalytic activity of many ribozymes

and in protein enzymes such as kinases [85, 86, 87]. Ca2+ is involved in cell signaling path-

ways via its interactions with calcium-binding proteins [88]. Membrane mimetics composed

of mixtures of long-chain and short-chain phosphatidylcholine lipids (bicelles) also bind Mg2+

and Ca2+, which in turn modulate their liquid crystalline phases [89, 90] in ways that are

useful for both crystallographic [91] and NMR protein structural studies. In such complex

multi-component samples, the concentration of bound divalent ions can be quite different

from the total amount added: several competing binders may be present and all of the rel-
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evant equilibria can vary with temperature and pH. Understanding the chemical processes

taking place in biomolecular NMR samples requires in situ measurement of the bound di-

valent ion concentrations. Whereas equilibrium dialysis and size-exclusion chromatography

can be used to establish predetermined concentrations of free metal ions, some samples,

e.g. the highly concentrated lipid and surfactant mixtures used for residual dipolar cou-

pling (RDC) measurements in biomolecular structure determination, are difficult to prepare

using these methods. A known amount of divalent metal ions is added to these samples

upon preparation; however the fraction of the ions bound to the macromolecules is usually

unknown.

Although in vivo concentrations of Ca2+ can be measured with fluorescent dyes due to low

µM ranges of this divalent ion, biomolecular NMR samples are usually at mM concentrations

and require higher than µM concentrations of Ca2+ and the use of alternative techniques to

measure concentrations. For example, proteins such as phospholambans [92, 93], annexins

[94, 95] and some ��-crystallins [3, 13] display Ca2+-dependent conformational changes where

the full investigation of requires stoichiometric or higher concentrations of Ca2+. 31P NMR

has previously been used to determine the cytosolic [Mg2+] in vivo in mM ranges using

endogenous probes such as ATP and phosphocreatine [96, 97, 98]. Free [Mg2+] in skeletal

and cardiac muscles was found to be 0.6-0.8 mM [99, 100, 101]. Shulman et al. have used 31P

NMR to measure the binding of divalent cations with AMP and RNA and discovered that

the phosphate groups were involved in this interaction [102]. Changes in the 31P chemical

shift of the chelator binding site (e.g. the �- and �-phosphates in ATP and the ↵- and �-

phosphates in ADP) [103, 104] are straightforwardly related to the binding of divalent ions.

This relationship enables the 31P spectrum to serve as a sensitive reporter of the amount of

divalent ions bound to macromolecules when the total ion concentration in the NMR sample

is known.

In this chapter, a minimally invasive and generally applicable in situ approach is presented
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for determining the concentration of macromolecule- bound Mg2+ or Ca2+ given a known

amount of a single divalent species added to the sample. We chose deoxycytidine diphosphate

(dCDP) as a metal ion chelator over the triphosphate form because its binding constant for

divalent ions (i.e. log K of CDP for Mg2+ is 3.22, versus log K of 4.03 for CTP) [105] allows

concentration measurements in the low millimolar range [106, 107]. Furthermore, dCDP is

more stable than dCTP over the timescales and temperatures used in biomolecular NMR.

Additionally, the characteristic doublet of H5-H6 in the 1H spectrum of dCDP serves as an

internal standard for RDC measurements in the bicelle samples used for structural studies.

By monitoring the ↵- phosphate 31P chemical shift of dCDP as a function of free metal ion

concentration in solution, the concentration of Mg2+ or Ca2+ bound to the biomolecule(s)

of interest may be calculated using standard curves such as these shown in (Figure 5.1) and

Equations 1, 2 and 3. Because pH and temperature can affect the affinity of divalent ions

for biomolecules as well as the phosphate chemical shifts, these variables are considered in

constructing the standard curves. In this case, low temperatures were considered because the

exchange rate of exchangeable protons in nucleic acids is slowed, facilitating NMR structure

determination.

5.2 Materials and Methods

5.2.1 Sample preparation

The DLPC/DHPC/CS bicelles, DD and protein samples were prepared as described in Ma-

terials and Methods sections of chapters 1 and 4.

NMR sample preparation: NMR samples for Mg2+ and Ca2+ titration experiments were

prepared in either 10 mM piperazine (pH 6.05) or 10 mM Tris buffer (pH 7.1, 8) with 0.3

mM dCDP (Sigma Aldrich) and 10 % D2O. Increasing concentrations of MgCl2 and CaCl2
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at the appropriate pH in either 10 mM piperazine or 10 mM Tris with 10 % D2O were added

to the dCDP NMR samples for final concentrations of 0.1 - 50 mM.

DNA, lipid and protein NMR samples (pH 7.1) were prepared to final concentration of 1.5

mM DNA, 15 % w/v lipids and 2 mM protein in 10 mM Tris buffer with 10 % D2O, 6 mM

Mg2+ or 10 mM Mg2+ or 7 mM Ca2+ or 10 mM Ca2+ and 0.3 mM dCDP.

The pH of each sample was measured using an Accumet Cole-Palmer pH probe. The pH at

8 �C was measured by cooling the sample in an ice water bath having a temperature of 8
�C.

5.2.2 NMR experiments

Mg2+ and Ca2+ titration 31P experiments and DNA 31P experiments were collected on a

600 MHz Bruker Avance spectrometer equipped with a TBI probe. 1024 transients were

collected for each experiment.

31P experiments on bicelle and protein samples as well as 15N-1H HSQC experiments were

performed on a Varian INOVA system operating at 800 MHz equipped with a 1H/13C/31P 5

mm tri-axis PFG triple-resonance probe using a Hahn echo sequence to suppress one of the

bicelle peaks which was overlapped with the ↵-phosphate dCDP peak. The DNA spectra

were acquired with 19,000 scans at 25 �C and with 9500 scans at 8 �C. The bicelles + Mg2+

spectra were acquired with 23000 scans and an echo delay of 0.0003 s at 8 �C. The bicelles

+ Ca2+ spectra were acquired with with 25000 scans and an echo delay of 0.0006 s at 8
�C. The protein spectra at 25 �C and 8 �C were acquired with 20000 scans. 15N-1H HSQC

experiments were acquired with 4 scans in the direct dimension and 64 scans in the indirect

dimension. The data were processed using TopSpin, NMRDraw or Sparky. Chemical shift

values were obtained by fitting a Lorenzian line shape to the ↵- phosphate peak in each NMR
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spectrum. Best results are obtained when the sample preparation and data acquisition for

the standards and samples of interest are performed under the same experimental conditions.

5.2.3 Construction of titration curves and error analysis

31P chemical shifts were measured relative to an external standard of phosphoric acid. An

external standard was used instead of measuring the difference between the ↵- and �- phos-

phates as is done in the presence of ATP in vivo, because both the ↵- and �- phosphates

shift with the addition of metal ions. New titration curves must be generated when using

our technique for calculating the bound metal ion concentrations at different NMR fields

because the exchange process is field-dependent.

Titrations at pH 7.05 and 25 �C were performed in triplicate with 0.01, 10 and 50 mM Mg2+

in order to obtain error bars for the ↵-phosphate chemical shift measurements. From these

titrations, this chemical shift error was found to be ± 0.03 ppm, and all other chemical shift

determinations were assumed to have similar errors. The data obtained at pH 7.05 and 25 �C

(including all triplicates) were fit to the sigmoidal equation describing cooperative binding,

and the relative errors of K1/2 and n parameters obtained from this fit were assumed to be

representative of the errors in all data sets as tabulated in Tables 5.1 and E.14.

In order to determine the free divalent metal ion concentrations in the biomolecular samples,

a Monte Carlo simulation was implemented. Using the K1/2 and n values found from the

nonlinear regression curves of each titration, as well as the relative errors associated with

these values, 10000 normally distributed parameter sets (K1/2 and n) were generated using

Mathematica. The mean of these calculated concentrations was reported as the [M2+
Free]

concentration, and the standard deviation was reported as the error in Table 5.2.
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5.3 Results and Discussion

To construct standard titration curves for Mg2+ and Ca2+ at different pHs and temperatures,

increasing concentrations of MgCl2 (Figure 5.1a) and CaCl2 (Figure 5.1b) (0.01-50 mM) were

added to NMR samples containing 0.3 mM of dCDP in either 10 mM piperazine or Tris-

HCl buffer. We chose this relatively low concentration of dCDP to minimize interference

of the probe with our biological systems. If a different concentration of dCDP is desired,

new titration curves must be generated, however doubling the concentrations of dCDP only

minimally changes the free divalent metal concentrations and therefore the macromolecule-

bound concentrations (as shown for 0.6 mM dCDP in Figure E.1). The chemical shift values

for each of the data points are tabulated in Tables E.1- E.13. To verify that negligible

amounts of divalent metal ions were present in the dCDP samples prior to titration of

divalent cations, EDTA was added to a sample of dCDP at pH 7.05 and 31P spectrum was

acquired at 25 � C as a control. The acquired ↵-phosphate chemical shift was within the ±

0.03 ppm error in the chemical shift determination as described in the error analysis section

of the Supplemental Information. The resulting titration curves (Figure 5.1) were fit using

nonlinear regression in Mathematica to a sigmoidal function shown below in Equation 1,

which relates to the Hill equation [108] and describes cooperative binding:

�c = �1 + Span(1� [M2+
Free]

n

K1/2+[M2+
Free]

n ) (1)

where [M2+
Free]

n is the free metal ion concentration assuming that dCDP is in a 1:1 stoichio-

metric ratio with the metal ion, �1 represents the chemical shift at binding saturation, �c

represents the chemical shift corresponding to the [M2+
Free]

n on the titration curve, Span is

the range encompassing the initial (�1) and final (�c) chemical shifts measured during the

titrations, n is the polynomial exponent that determines if the binding of metal ions to the

dCDP ligand is cooperative and K1/2 is the midpoint concentration when the bound dCDP

is in equilibrium with the free dCDP. Values acquired via the nonlinear regression for 31P
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�1, K1/2 and n at several pHs and temperatures are tabulated in Tables 5.1 and E.14.

Our data in Tables 5.1 and E.14 show that the K1/2 values of Ca2+ for dCDP were higher

than those of Mg2+, representing a tighter binding of dCDP to Mg2+ than to Ca2+. The

stronger affinity is due to the smaller ionic radius and larger intermolecular interaction en-

ergy of Mg2+ [109]. Because the pKa of the terminal phosphate is 6.38 [105], it is partially

protonated throughout the range of pH values studied, affecting the chemical shift of both

phosphates. Binding of divalent ions results in displacement of the protons on the phosphate

groups causing the 31P chemical shift to change [96]. We found that the K1/2 values for

the binding of divalent ions to the ↵-phosphate were highly sensitive to pH, which is an

important consideration in measuring the bound concentrations in situ because presumably

binding for other biomolecules is also pH sensitive. The polynomial exponent (n) values were

⇠ 1 for Ca2+ implying the formation of a 1:1 dCDP: metal ion complex, whereas for Mg2+

they became > 1 upon an increase in pH, indicating a cooperative binding process where

binding of dCDP to the metal ions was facilitated by previously bound dCDP (2:1 dCDP:

metal ion complex) as observed by Frey and Stuehr [105].
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Figure 5.1: Titration curves of the ↵-phosphate 31P chemical shift as a function of increasing
(a) [Mg2+Free] and (b) [Ca2+Free] at different pH values and temperatures relative to 85 %
phosphoric acid (external reference). Blue represents titrations at 8 �C and red represents
titrations at 25 �C. At 8 �C, the pH increases by about 0.2 units from the pH values given.
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Table 5.1: Interaction of the dCDP ↵-phosphate with [Mg2+Free].

pH/Temp (�C) �1*(ppm) K1/2⇤(mM) n*

6.05/25.0 9.33±0.03 0.84±0.12 0.77±0.08

6.25/8.0 9.51±0.03 0.79±0.11 1.10±0.12

7.05/25.0 9.28±0.03 0.47±0.07 1.06±0.11

7.25/8.0 9.48±0.03 0.43±0.06 1.51±0.16

8.05/25.0 9.25±0.03 0.25±0.03 1.23±0.13

8.25/8.0 9.44±0.03 0.13±0.02 1.47±0.16

*31P �1, midpoint (K1/2) and polynomial exponent (n) values with their relative uncertainties at different

pH and temperature values.

The line shapes observed in the 31P spectra of dCDP are dominated by the exchange process

between the bound and unbound forms. At concentrations well below saturation, the phos-

phate peak is broad, with substantial narrowing observed near the titration extremes. Even

at low temperatures, broad peaks were observed for the bound versus the unbound state of

the alpha phosphate of dCDP similar to Sontheimer et al. [110] did for ATP.

After acquiring 31P data on a dCDP sample in the presence of a biomolecule and a known

concentration of [Mg2+] or [Ca2+], the ↵-phosphate chemical shift is first used (Figure 5.2a,

E.3-E.6) in determining the [M2+
Free] by following the appropriate pH and temperature titra-

tion curve (Figure 5.2b). This concentration along with the [Mg2+total] and [dCDP] is then

used in Equations 2 and 3 to determine the Fb and the [Mg2+bound] by the biomolecule of

interest:

Fb=1- 1
[M2+

total]
[[M2+

Free] +
�0��c
�0��1

⇤ [dCDP ]] (2)

[M2+
bound]=[M2+

total]*Fb (3)
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where Fb is fraction of metal bound by the biomolecule.
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Figure 5.2: (a) 31P spectra of dCDP in the presence of ��-crystallin and 7 mM Ca2+ showing
differences in the ↵- phosphate chemical shifts at two different temperatures and neutral
pH. The differences in the chemical shifts correspond to differences in the free divalent ion
concentration in solution as interpolated using the method shown in (b) for 8 � C: e.g. 5.7 ±
1.0 mM of free plus bound Ca2+ to dCDP out of 7 mM added in the protein sample (shown
by the arrow) implying that 1.1 ± 1.0 mM was bound by the protein. Using this method,
the DNA bound 2.3 ± 0.7 mM Mg2+, bicelles bound 7.7 ± 0.3 mM Mg2+, and the bicelles
bound 6.0 ± 0.7 mM Ca2+ at 8 � C.

Using the titration curves from (Figure 5.1) and Equations 1, 2 and 3, we determined the

bound concentration of divalent metal ions in a set of model systems. To account for divalent

metals initially present in the biomolecular samples, EDTA was added to each sample prior

to addition of divalent metals and 31P spectra were acquired to compare with spectra in the

absence EDTA. As was the case for the dCDP sample, the change in the 31P chemical shift

was within experimental error, indicating negligible initial concentrations of divalent cations.

EDTA was also added to a protein sample to test for residual divalent metal ions and 15N-1H

HSQC spectra show that there were no peak shifts in the presence and absence of EDTA

(Figure E.2). Additionally, the amount of divalent metal ions initially present in the sample

can be minimized by adding EDTA before protein purification or using EDTA-containing

denaturing conditions for nucleic acid purification and followed by dialysis to ensure that no
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divalent metal ions or EDTA are left in the sample. The Dickerson dodecamer DNA [111],

[d(CGCGAATTCGCG)]2, at a concentration of 1.5 mM bound Mg2+ at slightly more than

a 1:2 stoichiometric ratio (2.3 ± 0.6 mM) at 25 �C, and 2.4 ± 0.6 mM Mg2+ at 8 �C. The

1.5 Mg2+ ions bound to the dodecamer in solution at 25 �C are likely to bind to the major

grooves in agreement with a crystal structure solved at low [Mg2+] [112]. As expected, these

solution measurements at low salt concentration differ from a crystal structure solved in the

presence of higher salt, where 13 Mg2+ ions were bound [113]. A DLPC/DHPC/cholesterol

sulfate bicelle mixture (DLPC/DHPC/CS, q=3.5, 15 % w/v) bound at 8 �C a large fraction

(7.7 ± 0.3 mM) of the 10 mM Mg2+ added to the sample. When 10 mM Ca2+ was added to

a bicelle sample, the sample bound 6.0 ± 0.7 mM Ca2+ at 8 �C, slightly less than the amount

of Mg2+ bound by the same mixture. The differences in binding of DLPC/DHPC/CS to

Mg2+ and Ca2+ at low temperatures are consistent with Mg2+ having a tighter binding to

phosphates as observed from its lower K1/2 value than that of Ca2+ in dCDP. A calcium-

binding ��-crystallin protein from Ciona intestinalis (2 mM) bound 2.8 ± 0.8 mM Ca2+

in the presence of 7 mM total Ca2+ at 25 �C, corresponding to 1.4 divalent metal ions per

protein, and at 8 �C 0.6 Ca2+ ions bound each protein. The X-ray crystal structure of this

tunicate ��-crystallin revealed two Ca2+ binding sites per protein [3]. Our results indicate

that these two binding sites are not fully occupied in solution even at 25 �C at this lower

salt concentration. These results are tabulated in Table 5.2 for Mg2+ and Ca2+.
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Table 5.2: Macromolecule- bound [Mg2+] and [Ca2+] at 25 �C and 8 �C calculated from the
31P chemical shifts of dCDP.

Temp (�C) �31P (ppm)
[M2+

Free] from �31P

of dCDP (mM)
Bound [M2+] (mM)

12 bp DNA

and 6 mM Mg2+
25.0 9.41 3.3±0.07 2.4±0.7

8.0 9.54 3.4±0.6 2.3±0.7

Bicelles

and 10 mM Mg2+
25.0 9.58 2.0±0.3 7.7±0.3

��-crystallin

and 7 mM Ca2+
25.0 9.34 4.0±0.7 2.8±0.8

8.0 9.49 5.7±1.0 1.1±1.0

Bicelles

and 10 mM Ca2+
8.0 9.55 3.8±0.7 6.0±0.7

Some of the plots in (Figure 5.1) plateau at divalent metal ion concentrations > 10 mM,

indicating saturation. In this regime, the error in the concentration measurements is sub-

stantially high, making it difficult to extrapolate the exact concentrations of the bound metal

ions, under these conditions. Similarly, large errors are obtained below 1 mM. Given that

most in situ NMR studies of biological macromolecules focus on metal ion concentrations in

the range of 1 - 10 mM, this is not problematic for typical applications, however, it is useful

to place upper and lower bounds on the utility of dCDP for this application. Errors for

metal concentrations that are the focus of this study are also shown in Table 5.2. In order

to obtain divalent metal ion concentrations below 1 mM, a stronger metal ion chelator must

be used such a fluorescent dye. Similarly a weaker chelating agent could be used above 10

mM if such measurements are desired.
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In conclusion, we have demonstrated a method for determining the bound [Mg2+] and [Ca2+]

in situ within a 1-10 mM concentration range for complex biomolecular NMR samples,

including highly concentrated lipids, using 31P NMR of an internal dCDP standard. This

method is suitable under conditions where the type, and total amount of the metal ion

added to the sample is known. We determined the bound [Mg2+] and [Ca2+] in a DNA

dodecamer, a DLPC/DHPC/CS bicelle mixture and a Ci -��-crystallin protein sample, each

containing a known total concentration of their respective divalent ion. From these findings,

we conclude that the DNA dodecamer binds at least a single Mg2+ per duplex in solution

and that the DLPC/DHPC/CS bicelles bind divalent ions at cold temperatures, consistent

with the observation that ion binding is temperature-dependent [89]. We further show that

at least one of the Ca2+ binding sites in the tunicate ��-crystallin protein appears to be

fully occupied in solution at room temperature. Because this method is minimally invasive

and uses standard NMR instrumentation, it is applicable to a wide range of macromolecular

samples used for NMR structural studies that require divalent metal ions.
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Appendix A

1: Supplementary material for calcium

binding dramatically stabilizes an

ancestral crystallin fold in tunicate

��-crystallin.
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Figure A.1: SDS PAGE of Ci -��-crystallin protein showing the molecular weight marker
and the purified protein in lane 1 of 9.057 kDa.
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Figure A.2: ES MS of Ci -��-crystallin protein (9.057 kDa) shows that there is a mixture
of the protein with and without the N-terminal initiator methionine, which is a common
proteolytic post-translational modification
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Figure A.3: DSC data for ��-crystallin with 1 mM EDTA (blue) or 1 mM Ca2+ (red) in 10
mM MES (pH 7.1) showing transition temperatures of 42.3 and 77 �C respectively.
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Figure A.4: Isotherm of human ��-crystallin with 5 mM Ca2+ does not show any binding
occurring.
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Figure A.5: Intrinsic tryptophan fluorescence spectra in the presence of 1 mM EDTA and
GndHCl (a), 1 mM Ca2+ and GndHCl (b) and 1 mM EDTA and urea (c) show substantial
peak shifts as the maximum concentration of denaturant is added to the protein. This
peak shift of around 30 nm indicates protein unfolding in the presence of these chemical
denaturants.

124



10 9 8 7

130

120

110

1H δ (ppm)

1
5
N

 δ
 (

p
p

m
)

(+) CaCl2
(-) CaCl2

Figure A.6: 15N-1H HSQC spectrum of WT human ��-crystallin in the absence (blue) and
presence (red) of Ca2+ shows the absence of a conformational change occurring in the protein
upon addition of Ca2+.
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A.1 ITC data analysis for sequential binding

A Mathematica R� 9.0 program was written to fit the ITC data for sequential Ca2+ binding

with floating stoichiometric parameters to the tunicate ��-crystallin. The discussion that

follows is adapted from Appendix IV of ITC Data Analysis in Origin R� Tutorial Guide,

Version 5.0, October 1998 provided by MicroCalTM, with necessary modifications.

For two-site sequential binding of ligand X to macromolecule M, the equilibria governing the

binding are given by:

M +X
K1�*)�MX ; �H1 (A.1)

MX +X
K2�*)�MX2 ; �H2 (A.2)

where, K1 and K2 are the two equilibrium constants, and �H1 and �H2 are the molar

enthalpies of the binding events. The two equilibrium constants are expressed as:

K1 =
[MX]

[M ][X]
; K2 =

[MX2]

[MX][X]
(A.3)

where, [M ], [X], [MX], and [MX2] are the concentrations of the free macromolecule, free

ligand, macromolecule bound at one site, and macromolecule bound at two sites respectively.

The fraction of macromolecules that are unbound (F0), bound only at one site (F1), and

bound at both sites (F2) after completion of any injection of ligand can be expressed as:

F0(i) =
1

Pi

, F1(i) =
K1[X]i

Pi

, F2(i) =
K1K2[X]2i

Pi

(A.4)

where, Pi = 1 +K1[X]i +K1K2[X]2i . Here, the index i has been introduced to signify that

the quantities are being calculated after completion of the ith injection.
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If Xt(i) and Mt(i) are the bulk concentrations of ligand and macromolecule respectively

(calculated by Origin R�, see Appendix I of Tutorial Guide) in the active volume (V0) of the

ITC cell after the ith injection, then the concentration of free ligand [X]i, is given by:

Xt(i) = [X]i +Mt(i)(n1F1(i) + n2F2(i)) (A.5)

where, n1 and (n2 � n1) are the number of binding sites of each kind available to the ligand

per macromolecule. Using equation (4), equation (5) may be rearranged to a cubic equation

in [X]i of the form:

[X]3i + pi[X]2i + qi[X]i + ri = 0 (A.6)

where,

pi =
1

K2
�Xt(i) + n2Mt(i)

qi =
n1Mt(i)�Xt(i)

K2
+

1

K1K2

ri = �Xt(i)

K1K2

(A.7)

The normalized heat content of the solution in the active volume (V0) after the completion

of the ith injection is given by:

Q(i) =
Mt(i)V0

X0�V
[n1F1(i)�H1 + F2(i) (n1�H1 + (n2 � n1)�H2)] (A.8)

where, X0 is the concentration of the ligand in the syringe, and �V is the injection volume.

The quantity that is of interest in the ITC fitting however is the change in normalized heat

content from the completion of the (i� 1)th injection to the completion of the ith injection.

A correction is necessary to account for the displaced volume upon injection of the ligand

solution. The liquid in the displaced volume (�V ) contributes about 50% as much heat as
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an equivalent amount remaining in V0. Thus the change in normalized heat content is given

by:

�Q(i) = Q(i) +
�V

V0


Q(i) +Q(i� 1)

2

�
�Q(i� 1) (A.9)

The Mathematica R� fitting procedure involves making initial guesses for K1, K2, n1, and

n2. Using these initial guesses, equation (6) is solved numerically for [X]i using the built-

in Mathematica R� function NSolve with the option Reals for returning only real valued

roots. The [X]i, K1, K2, n1, and n2, along with initial guesses for �H1 and �H2, are used

in equations (4), (8), and (9) to evaluate the �Q(i). Thereafter, non-linear least squares

fitting to the experimental data is performed using the built-in NonlinearModelFit routine

to optimize the parameters K1, K2, n1, n2, �H1, and �H2. The optimized parameters

are used to re-evaluate [X]i and the non-linear least squares fitting is performed again.

This procedure is carried out iteratively until the fit parameters converge. The final �Q(i)

obtained from equation (9) using optimized parameters are plotted against Xt(i)/Mt(i) as

is convention.
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Appendix B

2:Supplementary material for effects of

divalent cations on the structure of

tunicate ��-crystallin.
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Figure B.1: Isotherm of tunicate crystallin with 10 mM MgCl2.
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Figure B.2: Isotherm of tunicate crystallin with 10 mM MnCl2.
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Figure B.3: Isotherm of tunicate crystallin with 10 mM NiCl2.
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Figure B.4: Isotherm of tunicate crystallin with 10 mM ZnCl2.

133



0 100 200 300

Time (min)

0

5

2

0
0.5 1.0 1.5 2.0 2.5 3.0 3.5

Molar Ratio

kc
al

/m
ol

e 
of

 in
je

ct
an

t
µ

ca
l/s

ec

Figure B.5: Isotherm of tunicate crystallin with 10 mM CoCl2.
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Figure B.6: 15N-1H HSQC spectra of tunicate crystallin with various equivalents of Sr2+ (a,
b), Mg2+ (c, d), Ni2+ (e, f), and Zn2+ (g, h).
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Appendix C

3:Supplementary material for

solution-state NMR structure

determination of tunicate ��-crystallin

in the apo and holo form.

136



Table C.1: Amide proton temperature coefficients for tunicate crystallin in the apo and holo
form.

Residue
��/�T (ppb/K)

Apo

��/�T (ppb/K)

Holo

K2 -2.54 ± 0.21

I3 -3.20 ± 0.23 -3.03 ± 0.04

I4 -2.30 ± 0.21 -2.31 ± 0.07

L5 -2.20 ± 0.27 -3.06 ± 0.27

F6 -2.30 ± 0.20 -2.59 ± 0.07

E7 -2.60 ± 0.25 -3.84 ± 0.05

D8 -0.69 ± 0.06

V9 -1.02 ± 0.13 -2.68 ± 0.08

E10 -3.96 ± 0.29 -3.72 ± 0.05

F11 -3.96 ± 0.25 -3.6 ± 0.04

G12 -1.96 ± 0.25 -1.78 ± 0.06

G13 -6.16 ± 0.28 -6.15 ± 0.11

K14 -2.84 ± 0.21 -3.43 ± 0.04

K15 -5.18 ± 0.33 -5.21 ± 0.46

L16 -2.23 ± 0.12 -4.12 ± 0.24

E17 -7.07 ± 0.23 -7.23 ± 0.06

L18 -3.86 ± 0.25 -4.11 ± 0.04

E19 -6.02 ± 0.25 -6.05 ± 0.07

T20 -1.40 ± 0.19 -4.24 ± 0.34

S21 -4.07 ± 0.07

V22 -5.10 ± 0.29 -4.44 ± 0.06

S23 -4.36 ± 0.31

D24 -8.56 ± 0.25 -7.82 ± 0.14
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L25 -3.80 ± 0.27

N26 0.50 ± 0.29 1.17 ± 0.04

V27 -1.52 ± 0.20 -1.47 ± 0.05

H28 -1.14 ± 0.18 -1.96 ± 0.07

G29 -1.30 ± 0.25 -1.52 ± 0.05

F30 -0.76 ± 0.21 -1.54 ± 0.05

N31 -5.24 ± 0.32 -7.63 ± 0.34

D32 -0.88 ± 0.36 -0.85 ± 0.04

I33 -7.84 ± 0.61 -2.38 ± 0.06

V34 -4.86 ± 0.37 -3.07 ± 0.05

S35 -1.21 ± 0.05

S36 -2.36 ± 0.17

I37 -3.20 ± 0.22 -3.37 ± 0.05

I38 -3.78 ± 0.29 -3.27 ± 0.04

V39 -2.76 ± 0.20 -2.95 ± 0.05

S41 -2.50 ± 0.20

G42 -5.44 ± 0.21 -5.90 ± 0.08

T43 -5.04 ± 0.13 -3.68 ± 0.32

W44 -3.80 ± 0.27 -3.78 ± 0.11

F45 -2.44 ± 0.25 -2.35 ± 0.06

V46 -2.94 ± 0.27 -2.27 ± 0.06

F47 -2.50 ± 0.24 -3.21 ± 0.05

D48 -4.23 ± 0.05

D49 0.74 ± 0.26 -0.08 ± 0.11

E50 0.14 ± 0.11 0.42 ± 0.07

G51 -5.10 ± 0.25 -4.90 ± 0.04

F52 -3.58 ± 0.23 -3.41 ± 0.05
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S53 -0.82 ± 0.21 -7.89 ± 0.05

G54 -6.52 ± 0.16 -6.06 ± 0.21

S56 -4.94 ± 0.21 -4.73 ± 0.09

Y57 -1.98 ± 0.14

K58 -6.62 ± 0.28 -6.44 ± 0.27

L59 -4.30 ± 0.25 -2.15 ± 0.28

T60 -3.98 ± 0.16 -3.27 ± 0.09

G62 -3.10 ± 0.21 -2.94 ± 0.05

K63 -7.40 ± 0.28 -7.00 ± 0.06

Y64 -3.42 ± 0.25 -3.20 ± 0.05

G68 -4.26 ± 0.23 -4.09 ± 0.07

S69 -4.30 ± 1.08 -4.38 ± 0.42

W70 -2.96 ± 0.22 -2.72 ± 0.06

G71 -2.40 ± 0.20 -2.49 ± 0.06

G72 -1.94 ± 0.10 -2.84 ± 0.05

N73 -7.32 ± 0.31 -6.42 ± 0.08

D74 -9.73 ± 0.17

D75 -0.76 ± 0.11 -1.06 ± 0.05

E76 -7.32 ± 0.53 -4.80 ± 0.06

L77 -3.38 ± 0.17

S78 -6.02 ± 0.50 -2.79 ± 0.04

S79 -2.10 ± 0.25 -1.68 ± 0.04

V80 -3.60 ± 0.28 -3.50 ± 0.06

K81 -4.30 ± 0.33 -3.46 ± 0.07

Q83 -5.80 ± 0.20 -5.77 ± 0.09
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Appendix D

4:Supplementary material for low

temperature alignment media for

measuring residual dipolar couplings

during biomolecular NMR structure

determination.
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Figure D.1: 2H and 31P NMR spectra of DMPC/DHPC/CS at 5-35 �C in the absence (a,
b) and presence (c, d) of 10 mM MgCl2. Addition of MgCl2 improved the overall bicelle
alignment with the increase in deuterium splittings. Hash marks represent cut off peaks for
space reasons.
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Figure D.2: DQF-COSY regions of four DD cytidines in the absence (a) and presence (b) of
DMPC/DHPC/CS at 25 �C.
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Figure D.3: Small regions of DQF-COSY spectra comparing DD cytidine H5/H6 couplings
in the absence (a, c) and presence (b, d) of DMPC/DHPC/CS at 5 �C (magenta) and 25 �C
(red). Solid contours represent positive intensities and dashed contours represent negative
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Table D.1: H5/H6 cytidine couplings in Hertz in the presence and absence of
DMPC/DHPC/CS and in the presence of 10 mM Mg2+ at 5 �C and 25 �C. Stronger align-
ment of DD was observed at 25 �C compared with at 5 �C as shown by the greater change
in the cytidine splittings upon addition of the alignment medium to DD. X represents cou-
plings, which were not resolved or were absent from the spectra as a result of negative dipolar
couplings.

DD 5 �C (Hz) DD + DMPC/DHPC/CS
5 �C (Hz) DD 25 �C (Hz) DD + DMPC/DHPC/CS

25 �C (Hz)

C1H6 11.36 19.20 9.36 47.20
C9H6 15.60 17.60 10.00 X
C11H6 12.08 15.20 12.72 X
C3H6 14.88 17.60 10.00 64.00
C1H5 12.96 12.80 8.72 38.40
C9H5 X X 9.12 X
C11H5 X X 8.16 X
C3H5 X X 8.08 51.20

Table D.2: 2H splitting data of DMPC/DHPC/CS samples with varying divalent cation
(Mg2+, Ca2+) and CS concentrations at a temperature range of 5-30 �C. All of the divalent
cation samples were prepared from the same batch of stock lipids.

5 �C (Hz) 10 �C (Hz) 15 �C (Hz) 20 �C (Hz) 25 �C (Hz) 30 �C (Hz)
No cation X X X X X 8.94

10 mM Mg2+ X X X X 3.71 15.76
100 mM Mg2+ X X X X X 16.46

10 mM Ca2+ X X X X X 13.58
50 mM Ca2+ X X X X X 11.04
100 mM Ca2+ X X X X X 9.72

6.7 % CS X X X X X 11.37
13.4 % CS X X X X 6.81 16.21
20.1 % CS X X X X 4.20 14.08
26.8 % CS X X X X 5.89 14.01
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D.1 Expression and purification of Droserasin 1, plant

specific insert

Droserasin 1 (D1) is an antifungal peptide found in the carnivorous plant Drosera capen-

sis, which has been hypothesized to inhibit fungal growth via interactions with their lipid

membranes. Discovery of novel antifungal agents is important in preventing mycoses such

as ringworm and athlete?s foot. Attempts of expression and purification of D1 are described

below.

D1 gene: VLSVECKTVVSQYGKTILDMLVAEAQPQKICSQIGLCTFDGERGVSMGIERVVEKED-

GRSSGRLHDATCTACEMAVVWIQNQLRQNETEERILNYANQLCERLPSP (3 disulfide bonds!)

D1 gene was first cloned into a Pet28(a)+ vector with a 6x His tag and NCO1 and XHO1

restriction cut sites on both sides. Expression of D1 with His tag did not work with Studier

auto induction method but worked with induction with IPTG (25 �C for 24 h). The protein

was soluble and did not go into the inclusion bodies. Affinity chromatography seemed to

purify the protein well (buffers used were 50 mM phosphate, 10 mM imidazole (pH 7) for

wash and 50 mM phosphate, 500 mM imidazole (pH 7) for elution). Addition of TEV

protease to remove the His tag was not successful even after 72 h (there was about 25

% . Various conditions were tried to improve the catalytic reaction of TEV such as the

addition of 1.5 M urea, 50 mM Tris buffer (pH 8) and 50 mM NaCl, addition of more TEV

(2 mg of TEV for 100 mg of protein), addition of 3 mM GSH/0.3 mM GSSG and using

SEC chromatography following affinity chromatography prior to addition of TEV in order to

separate the monomers from the multimers. None of these conditions seemed to help. SDS

page gel pictures for these purifications can be found in notebook 2 for Kozlyuk.

In case TEV protease cut site was not accessible to the enzyme due to the interaction of

the His tag with the protein, a longer linker was designed (His tag fused with a thioredoxin
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solubility tag fused with a linker then a TEV cut site then D1 construct). This construct was

transformed into a Shuffle cell line which is better for expression of proteins with disulfide

bonds. Same expression and purification protocols were used as in the absence of thioredoxin.

With the thioredoxin protein, expression was also achieved with the Studier auto induction

protocol. The same problem was encounter with the thioredoxin protein where TEV was

not fully cleaving the His + thioredoxin tag. Mass spec showed that D1 was expressed but

other impurities were present as well as the full thio + D1 construct.

Expression and purification of D1 was repeated with His tag but without the thioredoxin in

Shuffle cells. Incomplete cleavage was achieved once again.

The His tag was removed from the D1 construct and expression and purification of D1 was

attempted in the Shuffle cells. Auto induction was working for the expression of D1. After

a lot of trial and error, the pI of D1 was found around 10.5. With that, the best method

for purifying D1 was running a pH gradient anion exchange column using 10 mM imidazole

pH 7 and 10 mM Hepes pH 10.5 buffers. D1 came out at the end of the run. Running

SEC afterward the anion exchange purification showed that D1 was sticking to three other

proteins which were identified with mass spec to be maltose transporter subunit, arginine

ABC transporter substrate-binding protein, and Dsba.

DO NOT ADD DTT BECAUSE PROTEIN WILL CRASH OUT.
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Appendix E

5:Supplementary material for In Situ

NMR Measurement of

Macromolecule-Bound Metal Ion

Concentrations.
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Table E.1: Titration curve values of dCDP with Mg2+ pH 6.05 25�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.42
0.07 10.30
0.18 10.19
0.39 10.03
0.85 9.91
1.8 9.72
2.8 9.63
4.8 9.57
9.7 9.48
29.7 9.41
49.7 9.38

Table E.2: Titration curve values of dCDP with Mg2+ pH 6.25 8�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.38
0.09 10.34
0.19 10.21
0.41 10.13
0.85 9.94
1.8 9.77
2.8 9.67
4.7 9.64
9.7 9.55
29.7 9.55
49.7 9.50
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Table E.3: Titration curve values of dCDP with Mg2+ pH 7.05 25�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.38
0.06 10.23
0.17 10.10
0.36 9.90
0.82 9.74
1.7 9.48
2.7 9.43
4.7 9.32
9.7 9.28
29.7 9.32
49.7 9.29

Table E.4: Titration curve values of dCDP with Mg2+ pH 7.25 8�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.28
0.07 10.18
0.21 10.13
0.42 9.98
0.85 9.73
1.8 9.61
2.8 9.56
4.8 9.50
9.8 9.47
29.8 9.49
49.8 9.49
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Table E.5: Titration curve values of dCDP with Mg2+ pH 8.05 25�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.02
0.06 9.93
0.15 9.78
0.34 9.64
0.77 9.47
1.7 9.33
2.7 9.28
4.7 9.24
9.7 9.26
29.7 9.26
49.7 9.29

Table E.6: Titration curve values of dCDP with Mg2+ pH 8.25 8�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.28
0.07 10.21
0.15 10.02
0.31 9.78
0.75 9.62
1.7 9.51
2.7 9.44
4.7 9.43
9.7 9.42
29.7 9.43
49.7 9.48
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Table E.7: Titration curve values of 0.6 mM dCDP with Mg2+ pH 7.05 25�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.35
0.03 10.22
0.15 10.18
0.26 9.94
0.64 9.71
1.5 9.50
2.5 9.41
4.4 9.33
9.4 9.31
29.4 9.27
49.7 9.30

Table E.8: Titration curve values of dCDP with Ca2+ pH 6.05 25�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.45
0.07 10.35
0.20 10.29
0.45 10.28
0.92 10.19
1.9 10.10
2.9 10.00
4.8 9.91
9.8 9.71
29.7 9.53
49.7 9.43
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Table E.9: Titration curve values of dCDP with Ca2+ pH 6.25 8�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.42
0.09 10.39
0.23 10.37
0.46 10.29
0.98 10.23
1.9 10.08
2.9 9.99
4.8 9.88
9.8 9.74
29.7 9.56
49.7 9.48

Table E.10: Titration curve values of dCDP with Ca2+ pH 7.05 25�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.25
0.08 10.18
0.18 9.99
0.40 9.87
0.84 9.67
1.8 9.47
2.8 9.42
4.7 9.33
9.7 9.29
29.7 9.18
49.7 9.17
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Table E.11: Titration curve values of dCDP with Ca2+ pH 7.25 8�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.27
0.10 10.25
0.21 10.13
0.43 10.04
0.87 9.88
1.8 9.69
2.8 9.60
4.7 9.53
9.7 9.46
29.7 9.37
49.7 9.35

Table E.12: Titration curve values of dCDP with Ca2+ pH 8.05 25�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.10
0.05 9.91
0.21 9.93
0.41 9.78
0.86 9.61
1.8 9.44
2.8 9.38
4.8 9.33
9.8 9.24
29.7 9.21
49.7 9.07
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Table E.13: Titration curve values of dCDP with Ca2+ pH 8.25 8�C.

Concentration (mM) ↵-phosphate chemical shift (ppm)
0.01 10.29
0.08 10.23
0.19 10.09
0.38 9.91
0.83 9.73
1.8 9.55
2.8 9.48
4.7 9.41
9.7 9.37
29.7 9.30
49.7 9.31

Table E.14: Interaction of the dCDP ↵-phosphate with [Ca2+Free].

pH/Temp (�C) �1*(ppm) K1/2⇤(mM) n*
6.05/25.0 9.13±0.03 4.08±0.54 0.67±0.07
6.25/8.0 9.37±0.03 3.62±0.48 0.87±0.10
7.05/25.0 9.16±0.03 0.70±0.09 0.89±0.10
7.25/8.0 9.34±0.03 1.12±0.15 1.02±0.11
8.05/25.0 9.10±0.03 1.04±0.14 0.90±0.10
8.25/8.0 9.30±0.03 0.58±0.08 1.03±0.12

*31P �1, midpoint (K1/2) and polynomial exponent (n) values with their relative uncertainties at different
pH and temperature values.
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Figure E.1: Titration curves of the ↵-phosphate 31P chemical shift as a function of increasing
[Mg2+] (0.01-10 mM) at pH 7.05 and 25 �C containing 0.6 mM dCDP versus 0.3 mM dCDP.
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Figure E.2: Overlay of 15N-1H HSQC of tunicate ��-crystallin protein with 7 mM Ca2+ in
the presence (red) and absence (purple) of 0.6 mM dCDP at 25 �C showing the absence of
interaction between the protein and the small molecular probe.
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Figure E.3: DNA 31P spectrum in the presence of dCDP and 6 mM Mg2+ at 25 �C.
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Figure E.4: DNA 31P spectrum in the presence of dCDP and 6 mM Mg2+ at 8 �C.
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Figure E.5: Bicelles 31P spectrum in the presence of dCDP and 10 mM Mg2+ at 8 �C.
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Figure E.6: Bicelles 31P spectrum in the presence of dCDP and 10 mM Ca2+ at 8 �C.
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