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Abstract: Investigation of protein unfolding kinetics of proteins in crude samples may provide
many exciting opportunities to study protein energetics under unconventional conditions. As an
effort to develop a method with this capability, we employed “pulse proteolysis” to investigate
protein unfolding kinetics. Pulse proteolysis has been shown to be an effective and facile method
to determine global stability of proteins by exploiting the difference in proteolytic susceptibilities
between folded and unfolded proteins. Electrophoretic separation after proteolysis allows
monitoring protein unfolding without protein purification. We employed pulse proteolysis to
determine unfolding kinetics of E. coli maltose binding protein (MBP) and E. coli ribonuclease H
(RNase H). The unfolding kinetic constants determined by pulse proteolysis are in good agreement
with those determined by circular dichroism. We then determined an unfolding kinetic constant of
overexpressed MBP in a cell lysate. An accurate unfolding kinetic constant was successfully
determined with the unpurified MBP. Also, we investigated the effect of ligand binding on unfolding
kinetics of MBP using pulse proteolysis. On the basis of a kinetic model for unfolding of
MBPemaltose complex, we have determined the dissociation equilibrium constant (Ky) of the
complex from unfolding kinetic constants, which is also in good agreement with known Ky values
of the complex. These results clearly demonstrate the feasibility and the accuracy of pulse
proteolysis as a quantitative probe to investigate protein unfolding kinetics.

Keywords: pulse proteolysis; unfolding kinetics; maltose binding protein; ribonuclease H; ligand
binding; dissociation equilibrium constant; folding; stability

Introduction

Kinetics of protein folding and unfolding as well as
global stability are essential information on the ener-
getics of protein structure. The kinetic stability of a
protein, which is commonly defined by its unfolding
kinetics, has a critical role in providing the protein
with longevity and robustness.”® Spectroscopic moni-
toring of conformational changes upon unfolding is
the most preferred way to study unfolding kinetics of
proteins. Typically, protein unfolding is initiated by
chemical denaturants, and the change in conforma-
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tions is observed by circular dichroism (CD) or fluo-
rescence. These methods for unfolding studies require
proteins to be pure. When a mixture of protein is pres-
ent in a cuvette, spectroscopic probes report the sum
of the signals from individual proteins. Although over-
expression and purification have become routine labo-
ratory procedures, a multitude of proteins in all differ-
ent organisms are still challenging to overexpress or to
purify. Membrane proteins are good examples of such.
Therefore, it is desirable to have a structural probe
that can be used to monitor the unfolding of a protein
in a mixture of proteins or to monitor unfolding of
multiple proteins simultaneously.

Proteolysis is an interesting alternative to over-
come the limitation of the conventional spectroscopic
methods. Like spectroscopic probes for protein confor-
mation, proteolysis is quite effective in distinguishing
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unfolded conformations from folded conformations. A
folded protein without any unstructured region is not
a good substrate for proteases, because its amide
bonds are protected by folded structure. However,
when a protein is unfolded (locally or globally), pro-
teases can digest exposed amide bonds efficiently.3~°
Therefore, proteolytic susceptibility of a protein is
quite sensitive to change in its conformation. Pulse
proteolysis is a method to determine fractions of
folded protein under a given condition by exploiting
this difference in proteolytic susceptibilities between
folded and unfolded proteins.”® Typically, an excess
amount of a protease (0.20 mg/mL) is added to a pro-
tein solution and incubated for 1 min. After quenching
the proteolysis reaction, the amount of remaining pro-
tein is determined using SDS PAGE. When digestion
of folded proteins by the pulse of proteolysis is negligi-
ble, the amount of remaining protein reflects the
amount of folded protein in equilibrium. Pulse prote-
olysis has been shown to be a surprisingly simple way
to determine thermodynamic stability of protein. By
determining fractions of folded protein in equilibrium
at varying concentrations of urea, the midpoints of
protein unfolding transition (C,,) in urea were deter-
mined. The results were quite consistent with those
determined by CD. Moreover, because of the use of
SDS PAGE for quantification, unfolding of a protein of
interest can be studied in the presence of other pro-
teins. C,, values of overexpressed proteins could be
determined in cell lysates without purifying the
protein.

Here we report that pulse proteolysis is also an
effective tool to study protein unfolding kinetics. As
model cases, we have determined unfolding kinetic
constants of E. coli maltose binding protein (MBP)
and a cysteine-free variant of E. coli ribonuclease H
(RNase H)? in urea. The accuracy of the experimental
data determined by pulse proteolysis is shown by com-
paring with the values determined by CD. To demon-
strate the feasibility of pulse proteolysis as a tool to
study unfolding kinetics of unpurified proteins, unfold-
ing of MBP in a crude lysate was investigated by pulse
proteolysis without purifying the protein. Also, the
effect of maltose on unfolding kinetics of MBP was
investigated by pulse proteolysis. The dissociation
equilibrium constant of MBP-maltose complex was
determined using the unfolding kinetics data from
pulse proteolysis.

Results

Design of the experimental procedure

The flow chart in Figure 1 shows the procedure for
determination of unfolding kinetic constants by using
pulse proteolysis. Unfolding of a protein is initiated by
adding urea to the protein to a desired concentration.
The reaction is then dispensed into several aliquots. At
designated time points, a protease is added to each ali-
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Figure 1. Unfolding kinetics by pulse proteolysis. After
protein unfolding is initiated by adding urea, aliquots are
dispended into tubes. At each time point, pulse proteolysis
is performed by adding thermolysin into an aliquot and
incubating for a minute. After proteolysis is quenched by
EDTA, remaining intact proteins are quantified by SDS
PAGE. Unfolding kinetic constants are determined by
curve-fitting of the change of band intensities to an
appropriate rate equation.

quot to digest unfolded proteins in the reaction. After
1 min of incubation, the reaction is quenched and ana-
lyzed by SDS PAGE.

The amount of intact proteins after pulse proteol-
ysis is determined by quantifying the band intensities
on an SDS PAGE gel. The band intensity is then plot-
ted against the incubation time, and an unfolding ki-
netic constant is determined by fitting the plot to an
appropriate rate equation. The incubation time for
unfolding is defined by the time point when proteoly-
sis is quenched, not by the time point when proteolysis
is initiated, because proteins unfold further during the
1-min proteolysis.

Determination of unfolding kinetic constants

of MBP and RNase H by pulse proteolysis

To test the feasibility and reliability of pulse proteoly-
sis as a tool to determine unfolding kinetics, we moni-
tored unfolding of MBP as a model case. A representa-
tive result is shown in Figure 2(A). Unfolding of MBP
was initiated by adding urea to the protein to the final
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Figure 2. Determination of unfolding kinetic constants by pulse proteolysis. (A) Unfolding of MBP in 5.5M urea was monitored
by pulse proteolysis. The bands corresponding to MBP and thermolysin are indicated by arrows. The amount of intact MBP
decreases overtime as unfolded MBP is digested by pulse proteolysis. (B) The quantified band intensities from the gel in (A)
are plotted against time. An unfolding kinetic constant (k) of 0.25 =+ 0.01 min~" was determined by curve-fitting of the plot to
a first-order rate equation (> = 0.9989). (C) Unfolding kinetic constants (k.) of MBP were determined with varying
concentrations of urea. The plot of Ink, versus [urea] shows the empirically known linear correlation. By fitting the plot to Eq.
(7), the my, value and kuni(H-0) were determined to be 0.96 + 0.04 kcal/(mol M) and (6.0 & 1.6) x 10~ s, respectively. For

comparison, the linear regression line of unfolding kinetic constants of MBP determined by circular dichroism is shown
(dashed line). (D) Unfolding kinetic constants (k,) of RNase H were determined with varying concentration of urea. By fitting
the plot to Eq. (7), the m, and k,¢(H»0) values were determined to be 0.40 + 0.05 kcal/(mol M) and (2.1 + 0.1) x 10°s~",
respectively. For comparison, the linear regression line of unfolding kinetic constants of RNase H determined by circular

dichroism is shown (dashed line).

concentration of 5.50M. At designated time points,
thermolysin, a bacterial protease, was added to the
final concentration of 0.20 mg/mL. After 1 min of
incubation, the reaction was quenched by EDTA, and
the amounts of the remaining intact MBP were moni-
tored by SDS PAGE. The band intensities of intact
MBP showed a gradual disappearance over time
[Fig. 2(A)]. At 16 min, only a faint band of MBP was
detectable. The unfolding kinetic constant (k,) was
determined to be 0.25 & 0.01 min~"' with good statisti-
cal quality (r* = 0.9989) by fitting the plot of band
intensities versus time to a first-order rate equation
[Fig. 2(B)]. To confirm this result, we also determined
an unfolding kinetic constant of MBP by CD under a
similar condition (0.236 + 0.001 min ' at 5.47M
urea), which is consistent with the k, value deter-
mined by pulse proteolysis.

We further determined unfolding kinetic constants
of MBP by pulse proteolysis in different concentrations
of urea. The logarithms of the k, values were plotted
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against urea concentration [Fig. 2(C)]. As empirically
known, the logarithms of unfolding kinetic constants
showed a linear correlation with urea concentration.*’
We also determined the unfolding kinetic constants of
MBP by CD in different concentrations of urea
[Fig. 2(C)]. The unfolding kinetic constants deter-
mined by pulse proteolysis are consistent with the val-
ues determined by CD. By fitting the plot to Eq. (7),
the m, value and ky,f(H,O) were determined to be
0.96 £ 0.04 kecal/(mol M) and (6.0 & 1.6) x 1077 s7,
respectively. These parameters are also in good agree-
ment with those determined by CD (Table I).

We also investigated unfolding kinetics of RNase
H by pulse proteolysis in different concentrations of
urea. The logarithms of k, values from curve fitting
again showed a linear correlation with urea concentra-
tion as expected [Fig. 2(D)]. From the plot of Ink,
versus [urea], the m, and k,,{(H.O) values were
determined to be 0.40 + 0.03 kcal/(mol M) and (2.1 +
0.1) x 1072 s7', respectively, which are in good

Unfolding Kinetics by Pulse Proteolysis



Table I. Unfolding Kinetic Parameters of MBP, MBPeMaltose Complex, and RNase H Determined

by Pulse Proteolysis and Circular Dichroism in Urea

Protein Method ko (H,0) (s my, (kcal/(mol M))
MBP Pulse proteolysis (6.0 +1.6) x 1077 0.96 + 0.04
CD (12.4 £ 1.1) x 1077 0.87 £ 0.01
MBP + 100 pM maltose Pulse proteolysis (9.4 + 3.2) x 10°° 1.01 £+ 0.03
RNase H Pulse proteolysis (2.1 +£0.1) x 10°° 0.40 £ 0.03
CcDh? (1.69 + 0.04) x 10°° 0.42 4+ 0.03

% From Ref. 11.

agreement with those in literature determined by
CD" (Table I).

The activity of thermolysin is known to decrease
as the urea concentration is increased.®” At higher
concentration of urea, 0.20 mg/mL thermolysin may
not have enough activity to digest unfolded proteins
completely in a minute. Under the experimental condi-
tions used here ([urea] < 7.2M), however, thermolysin
retains enough activity for pulse proteolysis. The com-
plete digestion of unfolded proteins was confirmed by
the complete digestion of MBP and RNase H at later
time points of unfolding experiments when proteins
were mostly unfolded [Fig. 2(A,B)]".

Determination of unfolding kinetic constants

of MBP in a cell lysate

Pulse proteolysis allows us to study protein unfolding
without purifying proteins. Because the amount of
remaining proteins after pulse proteolysis is deter-
mined by SDS PAGE, overexpressed proteins can be
studied without further purification. It has been dem-
onstrated that C,, in urea can be determined reliably
with overexpressed RNase H in a cell lysate.” We
tested to see if unfolding kinetics of MBP can be stud-
ied in a cell lysate without purification.

A lysate of E. coli cells overexpressing MBP was
prepared and mixed with a buffer to final urea concen-
tration of 5.50M. Then, pulse proteolysis was per-
formed with the reaction at designated time points
[Fig. 3(A)]. The unfolding kinetic constant of MBP in
the crude lysate was determined to be 0.23 + 0.01
min ', which is in good agreement with the unfolding
kinetic constant determined with purified MBP (0.25 +
0.01min ") [Fig. 3(B)].

"Even in case that digestion of unfolded proteins is not complete,
pulse proteolysis would still report accurate k¢ values. Because
of remaining unfolded proteins after pulse proteolysis, band inten-
sities would not reflect the amounts of folded proteins directly.
Also, band intensities would converge to a nonzero value at later
time points. However, because the relative ratio of incomplete
digestion at each time point would be identical, the decay rate
would not be affected. When the intensity change is fit to a rate
equation with a nonzero final intensity (/ = lbe ™ + 1), the accurate
kunt Would be determined.
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Determination of unfolding kinetic constants of
MBPemaltose complex by pulse proteolysis
Association with ligands commonly slows down global
unfolding of proteins.”*™** Unfolding of protein-ligand
complex is modeled as:

Kq k,
NLSN + L3U + L,
© _ NIL W
d — [NL} ’

where Ky is the dissociation equilibrium constant of
the complex (NL), and k, is the unfolding kinetic
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Figure 3. Determination of unfolding kinetic constants in a
cell lysate by pulse proteolysis. (A) Unfolding of MBP in a
cell lysate was monitored in 5.50M urea by pulse
proteolysis. The lysate of E. coli overexpressing MBP was
diluted with an unfolding buffer and digested by pulse
proteolysis at the designated time points. (B) Comparison
of unfolding of purified MBP (QO) and MBP in a cell lysate
(®). Unfolding kinetic constant of MBP in a cell lysate was
determined to be 0.23 + 0.01 min~", which is quite
consistent with the unfolding kinetics determined with
purified MBP (0.25 4 0.01 min~").
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constant of the apo-form of the protein (N). Here, we
assume a pre-equilibrium case where ligand associa-
tion is faster than unfolding. When [L] > K,, the
apparent unfolding kinetic constant (k,) is expressed:

(2)

On the basis of this relationship, we investigated
the effect of maltose binding on the unfolding kinetics
of MBP with pulse proteolysis.

First, unfolding of MBP was monitored by pulse
proteolysis at varying concentration of urea (6.0—
7.2M) with 100 pM maltose. The concentration of
MBP in the reaction was 12 uM. Because the concen-
tration of maltose is much greater than Ky of the
MBPemaltose complex (1.2 + 0.2 puM)," most of MBP
is expected to exist in the complex form under this
condition. MBP unfolded significantly slower with 100
pM maltose than in the absence of maltose. The
amounts of remaining MBP on a SDS PAGE gel
showed an apparent exponential decrease overtime
(data not shown). However, the use of a first-order
rate equation with a single kinetic constant may not
be proper under this condition, because the concentra-
tion of free ligands changes upon unfolding of the
complex. To consider this effect, we have derived a
novel equation for unfolding of the MBPemaltose com-
plex:

Py(Le — Py)

NL| = -t — 7Y
N =

3)

where L; and P, are the total ligand concentration and
the total protein concentration, respectively, and k, is
the unfolding kinetic constant of the complex at [L] =
L, (for derivation, see Supp. Info.). The curve-fitting of
the unfolding data to Eq. (3) showed good statistical
correlations (r* > 0.99). From the plot of Ink, versus
[urea], the kinetic m-value and ku,{H,O) of
MBPemaltose complex were determined to be 1.01 +
0.03 kecal/(mol M) and (9.4 + 3.2) x 10 ° s, respec-
tively [Fig. 4(A) and Table I]. Maltose (100 pM)
decreases ky,(H,0) 64-fold, compared with k,{(H,O)
of free MBP. Interestingly, the m, value of MBP mal-
toseecomplex is quite similar to that of free MBP
(0.96 + 0.04 kcal/(mol M)).

We also determined k, of MBP in 6.0M urea with
varying concentrations of maltose (25-200 pM)
[Fig. 4(B)]. The determined k, values were inversely
proportional to the total maltose concentration as pre-
dicted in Eq. (2). By fitting the plot to Eq. (2), Kq of
the MBPemaltose complex was determined to be 2.7 +
0.3 uM, which is slightly greater than the Ky values
determined by fluorescence in the absence of urea
(1.2 £ 0.2 uM)."” We previously demonstrated that
pulse proteolysis can be used to determine Ky of a
complex by measuring the change in global stability of
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Figure 4. Determination of unfolding kinetic constants of
MBPemaltose complex. (A) The effect of urea on unfolding
kinetic constants of MBPemaltose complex (O). The kinetic
m-value and kyn(H-0) of MBPemaltose complex were
determined to be 1.01 + 0.03 kcal/(mol M) and 9.4 x 10~°
s, respectively. Unfolding kinetic constants of MBP in the
absence of maltose (®) is shown for comparison. (B) The
effect of maltose concentration on unfolding kinetic
constants of MBPemaltose complex in 6.0M urea. The
maltose concentration is the total maltose concentration in
the reaction. By fitting the curve to Eqg. (2), the dissociation
equilibrium constant (Ky) of the complex was determined to
be 2.7 +£ 0.3 uM.

the protein upon binding.” We show here that K4 can
also be determined with pulse proteolysis by monitor-
ing the effect of ligand binding on unfolding kinetics.

Discussion

Pulse proteolysis as a probe

for protein unfolding

Conventionally kinetics of protein folding and unfold-
ing is studied by spectroscopic methods, such as CD or
fluorescence. Pulse proteolysis is a facile alternative to
these spectroscopic methods. Most of all, pulse prote-
olysis can be used to monitor protein unfolding in situ
without purification. Overexpressed proteins in cell
lysates usually make discernable bands on SDS PAGE
gels. Therefore, by following the change in band inten-
sities after pulse proteolysis, the fraction of folded pro-
teins under given condition can be determined reliably
in cell lysates. Previously, we have reported that Cp

Unfolding Kinetics by Pulse Proteolysis



values can be determined by pulse proteolysis without
purification.” The result reported here clearly shows
that the same approach with unpurified proteins is
valid in determining unfolding kinetic constants. It is
noteworthy that the use of pulse proteolysis with
unpurified proteins is contingent upon sufficient
expression levels of the protein of interest. If the pro-
tein does not make an intense band, quantification
may be subject to the interference from background
proteins. If antibodies are available, however, unfold-
ing of even minor proteins in cell lysates can be moni-
tored using Western blotting after pulse proteolysis
(Kim and Park, unpublished result). Investigation of
protein unfolding in cell lysates offers a unique oppor-
tunity to study the effects of other cellular proteins on
the conformational energetics of a protein of interest,
which may mimic in vivo conditions to some degree.
Also, pulse proteolysis would be useful for investigat-
ing proteins whose expression and purification are
challenging. Currently, we are attempting to employ
pulse proteolysis in investigating unfolding of mem-
brane proteins.

Pulse proteolysis is an excellent tool to study slow
unfolding. When unfolding of a protein takes hours to
several days, conventional spectroscopic methods are
inconvenient to follow this slow unfolding. On the
contrary, monitoring of slow unfolding by pulse prote-
olysis is quite feasible, because pulse proteolysis is per-
formed in a discontinuous manner. Also, multiple
samples can be analyzed simultaneously. However,
pulse proteolysis is not practical when unfolding takes
less than 1 min, because duration of pulse is 1 min. It
is not feasible to reduce sampling intervals less than a
minute due to the time scale of pulse proteolysis.

Pulse proteolysis monitors the change in proteo-
Iytic susceptibility of proteins upon unfolding. If a ki-
netic intermediate susceptible to proteolysis accumu-
lates during unfolding, pulse proteolysis reports the
kinetics of the transition from the resistant native
form to the susceptible kinetic intermediates. This
specificity of pulse proteolysis for the change in sus-
ceptibility may be useful in deciphering the nature of
kinetic phases of proteins with a complex unfolding
mechanism.

Proteolysis kinetics versus pulse proteolysis

It has been reported that protein unfolding kinetics
can be determined by simply measuring the rate of
proteolysis under certain conditions.® This coupling
between global unfolding and proteolysis can be
explained by a simple kinetic scheme of proteolysis
with two steps: an equilibrium step between a folded
(and resistant) state and a cleavable state, and an irre-
versible proteolysis step from the cleavable states®°:
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Figure 5. Unfolding kinetics by pulse proteolysis versus
proteolysis kinetics. Errors in determining unfolding kinetics
using proteolysis as a probe are demonstrated by
simulation for the case that proteolysis also occurs through
partial unfolding. In this simulation, protein unfolds with a
kinetic constant of 0.01 min™" but is also digested through
partial unfolding with a kinetic constant of 0.05 min~". The
true unfolding kinetics is shown for comparison (solid line).
When unfolding is monitored by proteolysis kinetics (dotted
line), a significant error is introduced. On the contrary, pulse
proteolysis does not introduce any error in the kinetic
constant, even though the apparent amplitude is slightly
smaller due to proteolysis of folded proteins during 1 min of
pulse (dashed line).

where ko, and kg are forward (opening) and reverse
(closing) kinetic constants for conformational change,
and kj,; is the intrinsic kinetic constant for proteolysis
of unstructured peptides. When kj,; > kg, the appa-
rent proteolysis rate constant (k,) is simply deter-
mined by kp:

kp = kop, (5)

which corresponds to the EX1 regime of hydrogen/
deuterium exchange (HX) reactions.'” Under this con-
dition, the overall proteolysis rate is determined by ki-
netic accessibility (k,p) of the cleavable conformation,
which is independent of the protease concentration. If
the cleavable state is actually a globally unfolded state,
kinetics of proteolysis is identical to the kinetics of
global unfolding.

Different from pulse proteolysis, however, this
proteolysis kinetics method requires many conditions
to be satisfied to guarantee the accuracy of the mea-
surement. First, proteolysis should occur only through
global unfolding. If proteolysis through subglobal or
partial unfolding contributes significantly, unfolding
rates will be overestimated. Figure 5 shows this effect
of proteolysis through nonglobal unfolding. We
assume a protein is digested through global unfolding
with a kinetic constant of 0.01 min~"' and through par-
tial unfolding with a kinetic constant of 0.05 min "
Therefore, the overall proteolysis is dominated by par-
tial unfolding (dotted line) and proteolysis kinetics

PROTEIN SCIENCE ‘ VOL 18:268-216 273



does not report unfolding kinetics. On the contrary,
the unfolding kinetic constant determined by pulse
proteolysis is not affected by proteolysis through par-
tial unfolding. The fractions of folded proteins deter-
mined by pulse proteolysis (dashed line) shows a slight
decrease from the actual values (solid line) due to the
digestion of folded proteins during 1 min of pulse.
However, the same kinetic constant is obtained by
curve-fitting because pulse proteolysis digests folded
proteins at each time point by the same ratio. There-
fore, even in case that folded proteins are digested
through partial unfolding, pulse proteolysis reports
accurate global unfolding kinetics.

Second, when proteases are inactivated by self
digestion or inhibited slowly by some compounds in
the reaction, protoeolysis kinetics may not report reli-
able unfolding kinetics. The protease activity in the
reaction may decrease significantly during extended
incubation so that the experimental condition would
not guarantee EXi-type kinetics. However, because
pulse proteolysis is performed only for a minute, slow
inactivation of proteases does not affect the unfolding
kinetics measurement. Therefore, pulse proteolysis is
more versatile method for applications under various
conditions.

Effect of ligand on unfolding kinetics
When a ligand binds to a protein, the complex forma-
tion may slow the unfolding of the protein."*™** For a
ligand to slow the unfolding of a protein, ligand bind-
ing must stabilize the ground state greater than the
transition state so that the barrier to the transition
state is actually increased. Considering that ligand
binding to its binding site requires a well-ordered
native structure of a protein which is likely to be per-
turbed in the transition state, slow unfolding upon
ligand binding seems to be quite general. However,
increases in folding rates by ligand binding are quite
rare. The only well-documented cases are metal bind-
ing proteins, probably because metal binding is fast
and does not require extensively preorganized binding
sites.’® Therefore, we proposed a simple model to
explain the effect of ligand binding on unfolding
kinetics of MBP [Eq. (1)], where maltose dissociates
from the complex before the rate-limiting transition
state for unfolding. Also, to take into account the
change in the free ligand concentration upon unfold-
ing of the complex, we have derived a novel rate equa-
tion [Eq. (3)] based on the proposed kinetic model.
This kinetic model and the derived equation work
well with the unfolding kinetics data of MBP deter-
mined by pulse proteolysis. The apparent unfolding ki-
netic constants show a clear inverse correlation with the
concentration of maltose in the reaction as predicted by
the model [Eq. (2)] [Fig. 4(B)]. This inverse correlation
between unfolding kinetics and ligand concentrations
has been also demonstrated with muscle acylphospha-
tase™* and variant forms of barnase.'* Using Eq. (2), Kq
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of MBPemaltose complex in 6.0M urea was determined
to be 2.7 + 0.3 puM, which is slightly greater than
reported Ky values of 1.2 + 0.2 uM." The slight differ-
ence from the reported Ky values may result from the
effect of urea on Ky, because the Ky value is determined
with unfolding kinetic constants measured in 6.0M
urea. Effects of urea on interactions between protein
and small molecules are not well understood. It has
been reported that the K4 value for the complex of ribo-
nuclease A and cytosine 2’-monophosphate (2’-CMP)
decreases by ~3-fold when urea concentration is
increased from o to 3.0M.'° The sensitivity of K4 on
urea seems to be dependent on the solvation properties
of ligands and proteins. In case of MBPemaltose com-
plex, the effect of urea on K4 seems to be minimal. This
minimal effect of urea on Kg of MBPemaltose complex
is also apparent in the quite similar kinetic m-values for
free MBP [0.96 4 0.04 kcal/(mol M)] and MBPemal-
tose complex [1.01 + 0.03 keal/(mol M)].

Conclusions

We have demonstrated that pulse proteolysis is a versa-
tile tool to study protein unfolding kinetics as well as
equilibrium unfolding. Without using biophysical
instruments, pulse proteolysis generates high quality
unfolding data comparable to conventional methods.
Investigation of the effect of ligand binding on MBP
unfolding clearly demonstrates that pulse proteolysis is
suitable for quantitative analyses of protein unfolding.
Because the assay is discontinuous, pulse proteolysis is
a facile tool to study proteins with slow unfolding
kinetics. Moreover, pulse proteolysis allows monitoring
unfolding of proteins in crude lysates. When Western
blotting is combined with pulse proteolysis, required
amounts of proteins for unfolding kinetics studies would
be significantly reduced, which would eliminate the
need of overexpression and purification for energetic
studies of proteins. When conventional studies are not
readily applicable due to the difficulty of overexpression
and purification as the cases of membrane proteins,
pulse proteolysis would serve as an excellent alternative.

Materials and Methods

Materials

E.coli MBP and RNase H were prepared as described
previously.”" Thermolysin (EC 3.4.24.27) from B.
thermoproteolyticus rokko (Sigma Chemical, St. Louis,
MO) was prepared in 2.5M NaCl containing 10 mM
CaCl,.?° Protein concentration was determined spec-
trophotometrically in 20 mM sodium phosphate buffer
(pH 6.5) containing 6.0M guanidinium chloride at
280 nm using extinction coefficients calculated with
amino acid compositions.®* Urea and guanidinium
chloride were from Shelton Scientific. CaCl, and EDTA
were from J. T. Baker. p-(+)-Maltose monohydrate
was from Sigma-Aldrich.

Unfolding Kinetics by Pulse Proteolysis



Determination of unfolding kinetics

by pulse proteolysis

MBP (12 pM) was unfolded in 20 mM Tris-HCl (pH
8.0) containing 50 mM NaCl, 10 mM CaCl,, and
3.50—5.50M urea at 25°C. RNase H (25 uM) was
unfolded in 20 mM sodium acetate (pH 5.5) contain-
ing 50 mM KCl and 6.20-7.18M urea at 25°C. Typi-
cally, pulse proteolysis is performed with 10 mM CaCl,
in the reaction because thermolysin requires Ca>* for
its structural integrity.**> However, to determine
unfolding kinetics of RNase H under the identical ex-
perimental condition as published in the literature,™
CaCl, was not included in the unfolding buffer. It was
confirmed that thermolysin retains enough activity for
pulse proteolysis (1 min) without 10 mM CaCl, in the
reaction (data not shown).

The basic procedure for unfolding studies by pulse
proteolysis is shown in Figure 1. After unfolding was
initiated, the reaction was dispensed into 100 pL ali-
quots in separate tubes. At each designated time inter-
val, an aliquot was digested with 0.20 mg/mL thermo-
lysin for 1 min. Fifteen microliters of the reaction
mixture was quenched by mixing with 5 uL of 50 mM
EDTA (pH 8.0). The amounts of remaining intact pro-
tein were then determined by SDS-PAGE [Fig. 1(A)].
Gels were stained with Sypro Red fluorescence dye
(Cambrex) and quantified with Typhoon Trio+ imag-
ing system (GE Healthcare). Unfolding kinetic con-
stants (k,) were determined by fitting the band inten-
sities of intact protein (I) to Eq. (6):

I =Ie &t (6)

where I, is the band intensity at t = o [Fig. 2(B)]. The
unfolding kinetic constants in the absence of urea,
ko (H,0), were determined by extrapolating unfolding
kinetic constants measured in varying concentrations
of urea by Eq. (7):

my
Ink, =Ink,(H,0) + RT [urea], ()]

where m, is the dependence of unfolding kinetic con-
stants on urea, R is the ideal gas constant (0.00198
kcal/mol K), and T is temperature in Kelvin [Table I
and Fig. 2(C,D)].

Determination of unfolding kinetic constants

of MBP by circular dichroism

MBP (1.2 uM; 50 ug/mL) was unfolded in 20 mM Tris-
HCI (pH 8.0) containing 50 mM NaCl, 10 mM CaCl,,
and 3.85-6.10M urea at 25°C. Unfolding was moni-
tored by following the change in ellipticity at 222 nm
with an Aviv 62DS circular dichroism spectrometer.
Unfolding kinetic constants were determined by fitting
the change in ellipticity to a first-order rate equation.
The plot of Ink, versus [urea] was fit to Eq. (7) to
determine m, and k,(H,O) [Table I and Fig. 2(C)].

Na and Park

Determination of unfolding kinetic constants

of MBP in a cell lysate

E. coli MBP was overexpressed in E.coli BL21(DE3)-
pLysS under the control of T7 promoter with 1 mM
isopropyl-thio-galactoside. =~ Harvested cells were
washed thoroughly with 20 mM Tris-HCl (pH 8.0)
containing 50 mM NaCl to remove any maltose from
the culture media. Cells were lysed by sonication, and
cell debris was removed by centrifugation at 10,000g
at 4°C for 30 min. The resulting supernatant was used
without further purification.

Unfolding of MBP was initiated by diluting the
cell lysate by 5-fold with a buffer containing urea. The
final solution contained 20 mM Tris-HCl (pH 8.0), 50
mM NaCl, 10 mM CaCl,, and 5.50M urea. The concen-
tration of MBP in the reaction was unknown. To mon-
itor unfolding, pulse proteolysis was performed with
aliquots of the reaction as described earlier [Fig. 3(A)].
Unfolding kinetic constants were also determined as
described earlier [Fig. 3(B)].

Determination of unfolding kinetics of maltose
binding protein with maltose

Unfolding of MBP was monitored by pulse proteolysis
in 20 mM Tris-HCI (pH 8.0) containing 50 mM NaCl,
10 mM CaCl,, 100 pM maltose, and 5.60—7.18M urea
at 25°C. For fitting to the changes in band intensity,
Eq. (3) is modified as:

L — Py
I - IO m ) (8)
The plot of the band intensities versus time was fit
to Eq. (8) with L; = 100 uM and P; = 12 uM. The k, val-
ues determined by curve-fitting are the apparent
unfolding kinetic constants at [L] = L. The log of k, val-
ues were plotted against urea concentrations to deter-
mine m, and k,(H,O) by fitting to Eq. (7) [Fig. 4(A)].
Unfolding kinetics of MBP was also determined
by pulse proteolysis with a fixed urea concentration
and varying concentrations of maltose. Unfolding of
MBP was monitored in 20 mM Tris-HCI (pH 8.0) con-
taining 50 mM NaCl, 10 mM CaCl,, 6.00M urea, and
25-200 pM maltose at 25°C. The concentration of
MBP was 12 uM. The changes in band intensities from
SDS PAGE gels were fit to Eq. (8) with an appropriate
total maltose concentration to determine k,. To deter-
mine Ky, the plot of k, versus total maltose concentra-
tions was fit to Eq. (2) [Fig. 4(B)] with k, of (1.0 +
0.1) x 10”2 s ', which is the unfolding kinetic con-
stant of free MBP in 6.0M urea extrapolated with the
parameters in Table I.
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