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Summary of thesis contents

The thesis consists of four chapters, Chapter 1. "General introduction,” Chapter 2.

"The wuse of spin desalting columns in DMSO-quenched H/D-exchange NMR
experiments," Chapter 3. "The H/D-exchange kinetics of the FKscherichia coli
co-chaperonin GroES studied by 2D NMR and DMSO-quenched exchange methods,"
and Chapter 4. "Summary and future perspectives."
In Chapter 1, I describe general introduction about protein folding, molecular
chaperones and hydrogen-exchange techniques. For proper biological functions of
proteins, they have to fold into the native three-dimensional (3D) structures. How a
protein folds from its primary structure into the native 3D structure has been a
major research interest in the field of biophysical, biochemical and biomedical
sciences. As the interior of biological cell is very much crowded, the cytoplasm does
not serve as an ideal place for protein folding, and there exist machineries which
assist protein to fold into the native state im vivo, and such machineries are called
“molecular chaperones.” Among all chaperones, the GroEL/GroES complex, found in
Escherichia coli (E. coli), is one of the extensively studied molecular chaperones. The
GroEL/GroES chaperonin complex is very huge with the co-chaperonin G roES of a
molecular weight of 73 kDa (7 subunits) and GroEL of a molecular weight of 800 kDa
(14 subunits), resulting in the megadalton chaperonin machinery. There are a number
of studies on the GroEL/GroES complex, but the structural flexibility and
fluctuations of the chaperonin complex remains to be understood. For free heptameric
GroES and the GroES portion of the GroEL/GroES complex, however, it is quite
feasible to characterize the structural fluctuations by the hydrogen/deuterium
(H/D)-exchange methods combined with two-dimensional (2D) nuclear magnetic
resonance (NMR) spectroscopy, although we still need sophisticated new techniques
to overcome low quality of the GroES spectra taken by the conventional NMR
techniques. The use of the H/D-exchange methods can shed light on the structural
flexibilities and dynamic behavior of the GroEL/GroES complex. In the H/D-exchange
methods, the peptide amide protons are exchanged with solvent deuterons at every
amino-acid residue, and the H/D-exchange reactions can be monitored as
time-dependant changes in the amide-proton signals by NMR spectroscopy. With the
help of observed H/D-exchange rate constants and predicted theoretical H/D-exchange
rate constants, we can easily evaluate protection factors for the individual amino-acid
residues, which wultimately gives us crucial information about the structural
fluctuations and dynamics of the chaperonin complex. Hence, the general
introduction of Chapter 1 gives brief descriptions of these aspects.

In Chapter 2, I describe a new method, which I developed for measurement of
H/D-exchange kinetics, 1.e., the use of spin desalting columns in dimethylsulfoxide
(DMSO)-quenched H/D-exchange NMR experiments. The DMSO-quenched
H/D-exchange (DMSO-QHX) method is a powerful method to characterize the
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H/D-exchange behaviors of proteins and protein assemblies, and it is potentially
useful for investigating non-protected fast-exchanging amide protons in the unfolded
state. However, this method has not been used for studies on fully unfolded proteins
in a concentrated denaturant or protein solutions at high salt concentrations. In all
of the current DMSO-QHX studies of proteins so far reported, lyophilization was used
to remove D20 from the protein solution, and the lyophilized protein was dissolved in
the DMSO solution to quench the H/D-exchange reactions and to measure the amide
proton signals by 2D NMR spectra. The denaturants or salts remaining after
lyophilization;thus, prevent the measurement of good NMR spectra. In this new
method, I found that the use of spin desalting columns is a very effective alternative
to lyophilization for the medium exchange from the D20 buffer to the DMSO solution.
In this method, the medium exchange by a spin desalting column took only about 10
min in contrast to an overnight length of time required for lyophilization, and the use
of spin desalting columns has made it possible to monitor the H/D-exchange behavior
of a fully unfolded protein in a concentrated denaturant. I analyzed H/D-exchange
kinetics of the unfolded ubiquitin in 6.0 M guanidinium chloride and related results
are discussed in Chapter 2.
In Chapter 3, I studied H/D-exchange reactions of peptide amide protons of free
heptameric GroES complex. To map H/D-exchange kinetics, I used two different
techniques: (1) 2D !'H-15N transverse-optimized NMR spectroscopy and (2) the
DMSO-QHX method combined with conventional H-15N heteronuclear single
quantum coherence (HSQC) spectroscopy. By using these techniques together with
direct HSQC experiments, I quantitatively evaluated the exchange rates for 33 out of
the 94 peptide amide protons of GroES and their protection factors, and for the
remaining 61 residues, I obtained the upper and lower limits of the exchange rates.
The protection factors of the most highly protected amide protons were on the order
of 106-107, and the values were comparable in magnitude to those observed in typical
small globular proteins, but the number of the highly protected amide protons with a
protection factor larger than 106 were only 10, significantly smaller than the numbers
reported for small globular proteins, indicating that the significant portions of free
heptameric GroES are flexible and natively unfolded. The highly protected
amino-acid residues with a protection factor larger than 105 were mainly located in
three B-strands that form the hydrophobic core of GroES, while the residues in a
mobile loop (residues 17—34) were not highly protected. The protection factors of the
most highly protected amide protons were orders of magnitude larger than the value
expected from the equilibrium unfolding parameters previously reported, strongly
suggesting that the equilibrium unfolding of GroES is more complicated than a
simple two-state or three-state mechanism and may involve more than a single
intermediate.

In Chapter 4, I summarize the present study and discuss future perspectives.
Development of the spin-column technique was very wuseful to follow the

H/D-exchange kinetics of free GroES and the GroEL/GroES complex, whose solutions
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contained certain amounts of salts, as well as to study fully unfolded ubiquitin in 6.0
M guanidinium chloride. The H/D-exchange protections were mostly observed in
strands B, C and D of free heptameric GroES, but the mobile loop region formed by
residues 17-34 and the reverse turn formed by residues 49-52 were not highly
protected against the H/D-exchange. Hence, these results of Chapters 2 and 3 are
summarized in this chapter. In addition, I also describe preliminary results of the
H/D-exchange kinetics of the GroES complexed with a single ring mutant (SR1) of
GroEL in the presence of ADP. In this preliminary study of the SR1/GroES complex, I
observed significant protections (protection factors of 105—106) for the amide protons
in the mobile loop region (residues 17-34), indicating that the mobile loop is highly
organized and plays a significant role when the co-chaperonin GroES forms a complex
with SR1. Thus, the study in my thesis has overall clarified detailed changes in the
dynamic behaviors of the GroES portion of the GroEL/GroES chaperonin complex.
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