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ABSTRACT. The contribution of electrostatic interactions to protein folding reaction was studied by using mutant ubiquitin
with lysine to alanine mutation at residue position 29. Based on the three dimensional structure of ubiquitin, lysine 29 is
located close to negatively charged glutamate 16 and aspartate 21 and considered to stabilize the native state of ubiquitin by
electrostatic interactions between these residues. The equilibrium unfolding experiment showed that the native stability was
decreased by about ~20% upon mutation. This observation indicates lysine 29 indeed forms electrostatic interactions with
nearby residues. Folding kinetics measurements using stopped-flow device and quantitative analysis of kinetics data indicate
that ubiquitin folds from unfolded state to native state via intermediate state as observed previously. This intermediate state
was observed to form immediately after the initiation of folding reaction. The folding intermediate was shown to be destabi-
lized considerably upon lysine to alanine mutation. These observations indicate that electrostatic interactions can form early
stage of protein folding and hence lead the folding reaction.
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Figure 1. Structure of human ubiquitin. Peptide backbone is
shown as ribbon. Side-chains of glutamate 16 (E16), aspartate
21 (D21), and lysine 29 (K29) are shown as spheres.
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Figure 2. Urea-induced equilibrium unfolding of WT* and K29A
ubiquitin. Circles and squares represent the unfolding of WT*
and K29A ubiquitin respectively. The lines are the nonlinear
least squares fit of the equilibrium unfolding measurements by
the linear extrapolation method (LEM).
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Table 1. Analysis of urea-induced equilibrium unfolding of WT*
and K29A ubiquitin by linear extrapolation method (LEM)

Proteins mny Cn AG°Ny
WT* ubiquitin 479 +0.18 6.84 +0.04 328+1.4
K29A ubiquitin ~ 4.05 £ 0.09 6.44 £ 0.02 26.1+0.7

The units for myy, Cm, and AG°\y are kJ-mol™"M~!, M, and
kJ-mol ™', respectively.
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Figure 3. Folding kinetics measurements of WT* and K29A
ubiquitin. The rate profiles of WT* and K29A ubiquitin are shown
on panel A and C, respectively, and the amplitude profiles of
WT* and K29A ubiquitin are shown on panel B and D, respec-
tively. In panels A and C, open circles represent the rates mea-
sured in refolding experiments and the closed circles represent
the rates measured in unfolding experiments. Rate constants are
shown in log scale. In panels B and D, open circles represent rel-
ative fluorescence at the long refolding time, closed circles rep-
resent relative fluorescence at the long unfolding time, and open
squares represent the amplitude of the main refolding phase.
Dashed lines in panels B and D represent the baselines for the
native state (lower) and unfolded state (upper). Lines in panel B
and D were drawn by using the parameters in 7able 1 and base-
lines (dashed lines) in these experiments. Rel. Flu. denotes rel-
ative fluorescence. Fluorescence of the native state was set to 1.
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Figure 4. Analysis of folding kinetics of WT* and K29A ubig-
uitin. Panels A and B represent the folding kinetics analysis for
WT* ubiquitin, panels C and D represent folding kinetics anal-
ysis for K29A ubiquitin. Panels A and C illustrate the rates of
main folding phase. Lines represent the calculated folding rate
based on a three-state on-pathway folding model. Panel B and D,
circles represent normalized amplitudes of the main folding
phase and squares represents the normalized signal at long
refolding and unfolding time. Lines represent the calculated
amplitude and signal at long folding time. Dashed line represents
the calculated amplitude of burst phase (missing amplitude).
Norm. signal denotes normalized signal. In the normalized sig-
nal, fluorescence signal for native state was set to 0 and unfolded
state was set to 1.

Table 2. Folding kinetics of WT* and K29A ubiquitin analyzed by
a three-state on-pathway (U==1==N) model.

WT#* ubiquitin K29A ubiquitin

1‘1‘1U[i 0 0

ku® 1.0 x 10* 1.0 x 10*
l'Il[U’+r 3.31 2.93

ko® 3500 8500
mINI 0 0

kN® 670 630

myrt 1.42 1.42

kni® 3.5%x107° 6.5%x107°

The unit for kur®, ki°, ki, and An® is sec™', and the unit for myr,

PR _ _
mlui, mINi, and mng* 18 kJ-mol ! ‘M 1.

: 2 A AEE 24 AG 9}
muEh AFSHE A3k 2l B9 W8-S sopped-flow

A2 2 =23} kinetics A H-2 7} elementary §H-3-2] -5
o] 7] 2} m-valueS 4| B3t 2 ofu]wAbe] Wo) 7} E
§hgo] alel FAolA Lojik 7 BAo] 7] A:

Table 3. Calculated folding free energies and m-values of each conformational transition of WT* and K29A ubiquitins

Proteins AG°® myy AGN° mni AGny° mny
WT#* ubiquitin 2.6 3.31 30.1 1.42 32.7 473
K29A ubiquitin 04 2.93 284 1.42 28.8 435

Apparent equilibrium free energies (25 °C, 0 M urea) were calculated from the rate constants in 7able 2 using the relationship that: AGy°=—

RT 11‘1 (kIUO/kU]O) AG‘N] =-RT ln (kNlo/klNo); AG‘NUO =
energy is kJ-mol™" and the unit for myy, mxy, myy is kJ-mol™-M™.

.
AGr® + AGn®; myy = myut — mur; mg = mng¥ -

mp’; My = myu + my. The unit for free
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