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Observation of Solvent Penetration during Cold Denaturation of E. coli
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ABSTRACT Phosphofructokinase-2 is a dimeric enzyme that undergoes cold denaturation following a highly cooperative N <>
21 mechanism with dimer dissociation and formation of an expanded monomeric intermediate. Here, we use intrinsic fluores-
cence of a tryptophan located at the dimer interface to show that dimer dissociation occurs slowly, over several hours. We
then use hydrogen-deuterium exchange mass spectrometry experiments, performed by taking time points over the cold dena-
turation process, to measure amide exchange throughout the protein during approach to the cold denatured state. As expected,
a peptide corresponding to the dimer interface became more solvent exposed over time at 3°C; unexpectedly, amide exchange
increased throughout the protein over time at 3°C. The rate of increase in amide exchange over time at 3°C was the same for
each region and equaled the rate of dimer dissociation measured by tryptophan fluorescence, suggesting that dimer dissociation
and formation of the cold denatured intermediate occur without appreciable buildup of folded monomer. The observation that
throughout the protein amide exchange increases as phosphofructokinase-2 cold denatures provides experimental evidence
for theoretical predictions that cold denaturation primarily occurs by solvent penetration into the hydrophobic core of proteins

in a sequence-independent manner.

INTRODUCTION

Protein stability can be altered via perturbation of several
properties that are required to ensure a properly folded state.
Changes in pH, addition of chaotropic agents, high pressure,
and increase in temperature have been successfully applied
to drive proteins through their global unfolding transitions
(1). Interestingly, it has been shown that the Gibbs free en-
ergy difference between the native and denatured state for a
two-state system reaches zero at two different temperatures,
thus suggesting that thermal unfolding transitions of pro-
teins can be induced both on cooling and heating (2). As
thermal stability of proteins is dominated by the concave
free energy dependence with temperature, it has been pre-
dicted that proteins with large and positive ACp and small
AH values would permit the observation of cold-induced
unfolding/denaturation at temperatures above the freezing
point of water (3,4).

Cold denaturation phenomena in proteins have been stud-
ied by several techniques, including spectroscopy (5), calo-
rimetry (6), NMR (7), and molecular dynamics (8).
However, with the exception of NMR experiments, these
techniques only account for global properties and do not
allow measurement of local changes during cold-induced
denaturation. NMR is still limited by the size of the protein
and requirement for specific labeling. Therefore, a better
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description of the cold denaturation process may be ob-
tained by analysis of local changes in the structure of pro-
teins using amide hydrogen-deuterium (H/D) exchange.
H/D exchange followed by mass spectrometry (HXMS) is
a powerful tool for studying protein-protein interactions
(9), protein dynamics upon binding, and intrinsically disor-
dered regions in proteins (10,11). The extent of exchange
probes the solvent accessibility of amide protons, whereas
the approach in which the exchange reaction is quenched,
the protein is digested with pepsin, and the resulting pep-
tides are analyzed by mass spectrometry, allows sampling
of these changes over local regions of the protein.

Escherichia coli phosphofructokinase-2 (Pfk-2) is a ho-
modimer of 66 kDa and one of the largest proteins that
shows thermal unfolding transitions upon cooling and heat-
ing (12). Reversible thermal unfolding experiments under
equilibrium conditions have shown that the cold-induced
transition of Pfk-2 proceeds above the freezing point of wa-
ter without requiring additional perturbations such as chaot-
ropic agents (13,14), high pressure (15), extreme pH (16), or
point mutations (17,18). Moreover, it has been shown that
cold denaturation of Pfk-2 follows a two-state mechanism
to a populated intermediate state (N2 < 2I) and it has
been suggested that this process is highly cooperative,
occurring concomitantly with dimer dissociation and lead-
ing to an expanded monomeric conformation that shows
striking similarities to the guanidine HCl-induced mono-
meric intermediate (12).

In this work, we first used analytical ultracentrifugation to
determine the amount of dimeric and monomeric species
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under equilibrium conditions spanning temperatures be-
tween 2 and 25°C, followed by intrinsic fluorescence mea-
surements to study the kinetics of the unbiased cold
denaturation of Pfk-2. Finally, we probed the amide ex-
change of the protein along the cold denaturation process
with HXMS. We find that cold denaturation of Pfk-2 is a
slow process that occurs without buildup of folded monomer.
The amide exchange results reveal local increases in amide
exchange that occur throughout Pfk-2 during cold challenge,
leading to the monomeric intermediate state. We show that
amide exchange increases throughout the protein as cold
denaturation proceeds. Because the cold denaturation pro-
cess is slow, the rate at which amide exchange increases at
locations throughout the protein core could be ascertained
by measuring HXMS in samples removed from the denatur-
ation reaction at different times. Remarkably, the rate of in-
crease in amide exchange was the same for all regions of the
protein, and also matched the rate of monomer formation
measured by tryptophan fluorescence. The results provide
experimental validation of recently proposed theories of sol-
vent penetration throughout the folded core of the protein as
the mechanism of cold denaturation (19).

EXPERIMENTAL PROCEDURES
Purification and storage of Pfk-2

Pfk-2 was purified and stored as described by Babul (20). Before perform-
ing kinetic denaturation experiments, the storage buffer was changed to
standard buffer (50 mM Tris pH 8.2, 5 mM MgCl,, and 2 mM DTT) by
centrifugation using a Micro Bio-Spin 6 column (BioRad Laboratories
Inc., Hercules, CA). The enzyme was concentrated using a VivaSpin 3
concentrator (Sartorius Stedim Biotech S.A., Goettingen, Germany) when
required. Protein concentration was determined by Bradford assay (21) us-
ing bovine serum albumin as standard and is expressed in terms of mono-
mer concentration.

Sedimentation analysis by analytical
ultracentrifugation at different temperatures

To ascertain the temperature at which Pfk-2 was completely monomeric,
sedimentation velocity experiments were conducted at different tempera-
tures. A Beckman Optima XL-I analytical ultracentrifuge (Beckman
Coulter, Brea, CA) equipped with an An60Ti rotor was used for the exper-
iments. Pfk-2 was exchanged from its storage buffer to 50 mM Tris pH 8.2,
5 mM MgCl,, and 2 mM TCEP before the experiment. Pfk-2 samples (~38
uM) were incubated for 24 h at each desired temperature (from 2 to 25°C)
to ensure equilibrium conditions and then placed in the analytical cells for
centrifugation at a rotor speed of 42,000 rpm until complete sedimentation
was achieved. The rotor, centrifuge, and analytical cells were equilibrated
at the desired temperature before loading the samples. The moving bound-
ary was monitored by absorbance at 280 nm. The resulting data were
analyzed using different models. First, we used SEDFIT and the two-dimen-
sional model of distribution of sedimentation coefficient and frictional ratio
c(S.ff,) for analysis of the monomeric and dimeric species free from as-
sumptions about the frictional ratio (22). This analysis was only performed
at 4 and 25°C, where single species rather than monomer/dimer mixtures
were expected. Distributions were obtained with equidistant fr-grid values
between 0.8 and 2.2 in 0.1 steps, and linear S-grid values ranging from 0.5
to 6.5 in 0.1 steps. Data are presented in terms of Sy ,, and Ry, where Sy y,
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corresponds to the sedimentation coefficient normalized to 20°C and water,
and Ry, is the Stokes radius. Two other models from SEDPHAT were
then used: i), a simple global analysis of species to obtain the partial con-
centration of each monomer and dimer at each temperature (23), and ii),
a self-association monomer-dimer model to compare the kinetic rates of
dissociation estimated from our different measurements (24).

Rate of change of intrinsic tryptophan
fluorescence over time in the cold

Kinetic denaturation of Pfk-2 was measured by intrinsic fluorescence, using
its single tryptophan (W88) located on the interface between subunits as
probe. Measurements were done in a Shimadzu PC-5031 spectrofluorom-
eter (Shimadzu Europa GmbH, Duisburg, Germany). The change in
intrinsic fluorescence was measured over time at 3°C. The protein was
excited at a wavelength of 295 nm and the change was followed at
346 nm. The protein concentration used was 0.3 uM and the decay in signal
was adjusted to an exponential decay to a minimum corresponding to the
signal of the protein after 24 h at 3°C.

F = Foe " +F; 6))

where F is the fluorescence intensity as a function of time ¢, Fy is the fluo-
rescence at t = 0 h, Fyis the fluorescence intensity recorded after 24 h at
3°C, and k is the rate of decay of the fluorescence signal.

Native state backbone amide exchange at 25°C

Pfk-2 backbone amide exchange was performed as previously described
(10). The enzyme was incubated at room temperature for 2 h in standard
buffer before starting the experiments. The exchange reaction was initiated
when 80 uM of Pfk-2 was diluted 10-fold into D,O. The protein was al-
lowed to exchange at room temperature for 0—10 min. Exchange was
quenched by diluting the sample 10-fold into 0.1% trifluoroacetic acid
(TFA) in H,O. Quenched protein was digested with pepsin as described
and small aliquots of the digested sample were rapidly frozen in liquid
N, and stored at —80°C.

Backbone amide exchange during cold
denaturation

Pfk-2 was cold denatured by incubating the enzyme at 3°C. At several time
points during the 12 h incubation, samples were removed and subjected to
exchange in D,O as described previously, and the exchange rate was
measured between 0 and 40 min. The reaction was quenched into 0.1%
TFA in H,O and samples were digested and stored as described. To
compare the denatured intermediate formed by cold denaturation with
that formed at low guanidine concentrations, experiments were also per-
formed on Pfk-2 diluted in 0.85 M guanidine HCI for 48 h, as in Baez
and Babul (25). These experiments were performed at room temperature
and exchange was monitored for 0—10 min, quenched, digested, and
analyzed as described previously.

Digestion of Pfk-2 and identification of peptic
peptides

After completion of the exchange reaction and quenching of amide ex-
change, Pfk-2 was digested with immobilized pepsin (Pierce Scientific,
Rockford, IL) as previously described (10). Immobilized pepsin slurry
(25 uL) was activated by washing twice with 0.1% TFA at pH 2.2. The pro-
tein was diluted in 0.1% TFA at pH 2.2 before incubation with immobilized
pepsin for 5 min. Peptides were identified by MS/MS using a 4800 Plus
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MALDI-TOF-TOF (AB SCIEX, Framingham, MA) and spectral analysis
using MASCOT (Matrix Science, Boston, MA) and Protein Prospector.

Mass spectrometry

Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF)
mass spectra were acquired on a Voyager DE-STR instrument (Applied
Biosystems, Carlsbad, CA) as previously described (26). The matrix used
was 4.5 mg/mL «-Cyano-4-hydroxycinnamic acid (Sigma-Aldrich, St.
Louis, MO) in a solution of 1:1:1 acetonitrile/ethanol/0.1% TFA. The pH
of the matrix was adjusted to pH 2.2 using 2% TFA. The matrix solution
and MALDI-TOF target plates were equilibrated at 4°C before the experi-
ment as previously described (26).

MALDI-TOF mass spectra were analyzed as previously described (9,10),
correcting for both side-chain contributions due to residual deuterium
(4.5%) and back-exchange loss (50%). Plots were fit to a one-parameter
exponential by using KaleidaGraph version 4.0 (Synergy Software,
Reading, PA).

To calculate the kinetic denaturation rates (k), the maximum extent of ex-
change for each peptide as a function of time of exposure at cold tempera-
ture was fitted to an exponential rise to maximum:

E(f) = Eg+N(1—¢™") )

where E(?) is the maximum extent of exchange upon time, E, is the
maximum extent of exchange at t = 0 h (i.e., extent of exchange for native
state Pfk-2), N is the amplitude of the change in deuterons incorporated
(i.e., the amount of backbone amides that begin to exchange due to changes
in solvent accessibility), and ¢ is the time of incubation at cold temperature.

Some samples were also analyzed on a Synapt G2 mass spectrometer
(Waters, Milford, MA) following protocols described by Engen and
co-workers (27) and these data were analyzed by PLGS and DynamX
software packages.

RESULTS

Sedimentation analysis of Pfk-2 at different
temperatures

To determine the equilibrium distribution of monomer
and dimer species at different temperatures between 25
and 4°C, samples were equilibrated for 24 h and then
analyzed by sedimentation velocity (Fig. 1). The protein
is mainly a dimer at 25°C. Both monomers and dimers
are present at temperatures between 8 and 15°C. At tem-
peratures below 6°C almost all of the protein exists as a
monomer. Furthermore, a Stokes radius larger than ex-
pected for a compact monomer is observed at 4°C
(Fig. 1 A), in agreement with previous dynamic light scat-
tering (DLS) experiments (12). This experiment estab-
lished that cold-dependent dissociation to a monomer
occurs (Fig. 1 B) and that to reach the endpoint of this tran-
sition, it is necessary to incubate the protein at a tempera-
ture of 4°C or lower.

Rate of Pfk-2 dissociation over time at 3°C

Typically, cold denaturation experiments are performed
with the concomitant addition of chaotropic agents to facil-
itate the denaturation process. Because we knew that Pfk-2
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FIGURE 1 (A) Contour plots of the two-dimensional distribution in

terms of Sy, and Stokes radius of Pfk-2 monomers and dimers at 4 and
25°C. Data were obtained by sedimentation velocity experiments and sub-
sequent analysis using a continuous ¢(S,ff;,) model, here represented as
¢(S20,»R1). The magnitude of ¢(S»o,,,R;)is indicated by the color of the con-
tours in equidistant intervals of ¢ from blue (low, outer boundary of each
contour) to red (high, center of each contour). The dotted lines indicate
lines of constant f,. The RMSD resulting from fitting the data is indicated.
(B) Plot of the percent of monomer (solid circles) and dimer (open circles)
at each temperature measured as calculated from the global analysis of spe-
cies using SEDPHAT. The sedimentation coefficient values indicated were
obtained from fitting the data and are similar between the different models
used.

denatures completely to the monomer at 3°C without the
addition of chaotropic agents, we measured the rate of disso-
ciation at 3°C over time taking advantage of the single tryp-
tophan residue (W88) located on the dimer interface
(Fig. 2). The rate of decay of the fluorescence signal over
time of incubation at 3°C was 1.26 x 10~*s!, which cor-
responds to a relatively slow conversion to monomer from
dimer, on the order of hours. Another estimation of the
dissociation rate was obtained from sedimentation velocity
experiments using a monomer-dimer self-association model
(24), which gave k= 0.8 x 107 s™"' + 03 x 107*s7").
The fact that conversion to the cold-denatured intermediate
state is slow, but can be observed without the addition of
chaotropic agents, prompted us to carry out amide exchange
experiments over the cold denaturation process to investi-
gate how the Pfk-2 molecules change as cold denaturation
occurs.
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FIGURE 2 Intrinsic fluorescence measurement of Pfk-2 during cold
denaturation at 3°C. The kinetic constant for dissociation (k) was calculated
by fitting the data to an exponential decay curve.

Native state amide exchange of Pfk-2 at 25°C

To discover whether there were temperature-dependent dif-
ferences in the amide exchange of Pfk-2 at 25 and 3°C, we
performed HXMS experiments. As a control, Pfk-2 was al-
lowed to exchange under native conditions for 10 min at
25°C. The samples were quenched by dilution into ice
cold 0.1% TFA, digested for 5 min with immobilized
pepsin, and analyzed on the MALDI-TOF mass spectrom-
eter. Several peptides could be analyzed quantitatively,
and these represented ~27% coverage of protein sequence
(Table 1, Fig. S1 in the Supporting Material). These peptides
are distributed throughout the protein structure, including a
single peptide spanning residues 104—113 (MH~+ 1124.592)
that corresponds to one of the 3-strands of the interface, thus
working as a reporter of the interface between subunits. At
25°C, Ptk-2 had little solvent accessibility (Fig. S2). Exper-
iments were not carried out to achieve complete exchange,
but rather to measure the more rapidly exchanging amides.
Most regions of Pfk-2, including the interfacial peptide that
reports on association between monomers, exchanged 23%
on average after 5 min in D,0O. Residues 1-7 of the protein
(MH+ = 895.507) exchanged 43% (Fig. S2), suggesting
that the N-terminus of Pfk-2 is more solvent accessible
than the well-packed protein core.
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Native state amide exchange of Pfk-2 at 3°C

As a control for the planned kinetic analysis of amide
exchange during cold denaturation, we performed an exper-
iment in which Pfk-2 was diluted into buffer preequilibrated
at 3°C. This important control accounts for any temperature
effects of the buffer on the amide exchange rates and also
serves as a 0 time point for measuring the rate of change
of the amide exchange over the very slow cold denaturation
process (occurring over 12 h). According to Bai et al., the
exchange is expected to be fourfold slower at 3°C compared
to 25°C, so the HXMS time points were measured over
40 min instead of over 10 min (28).

To compare the HXMS of Pfk-2 at 25°C (Fig. S2) and
immediately after dilution to 3°C (Fig. S3), we compared
the total and backbone solvent accessible surface area
(SASA) from Pfk-2 structure (PDB ID 3CQD) to the extent
of amide exchange at 25°C (10 min time point) and to the
extent of amide exchange of the sample immediately diluted
to 3°C (40 min time point). In this manner, we wanted to
confirm that the conformation of Pfk-2 at the beginning of
the cold denaturation was the same as the conformation at
room temperature.

The extent of amide exchange under both conditions was
highly correlated with the backbone SASA for all covered
regions of Pfk-2 as shown in Fig. 3 for the enzyme at
25°C or immediately diluted into buffer at 3°C (correlation
coefficient 0.92 and 0.85, respectively). The results suggest
that there is no significant change in Pfk-2 conformation af-
ter initial exposure to cold temperature consistent with the
very slow rate of conversion to the cold-denatured interme-
diate observed by tryptophan fluorescence.

Cold-induced denaturation and dissociation of
Pfk-2

Because the kinetics of cold-induced denaturation of Pfk-2
was so slow, we thought it would be possible to monitor
the change in amide exchange at various times during the
denaturation process. The experimental setup involved incu-
bating Pfk-2 at 3°C for 12 h, and at intervals during this cold
incubation, samples were removed and analyzed for the
extent of amide exchange by diluting into deuterated buffer

TABLE 1 List of peptides quantified through MALDI-TOF mass spectrometry

Region of Pfk-2 Peptide mass (m/z) No. amides Relative exchange 4°C/25°C Sequence

1-7 895.507 7 > MVRIYTL

276-285 934.511 10 > VRFGVAAGSA

286294 973.543 9 > ATLNQGTRL

275-285 1065.551 11 > MVRFGVAAGSA

104-113 1124.592 9 > YRFVMPGAAL

118-126 1161.626 9 > FRQLEEQVL

154-164 1174.636 11 > SAAQKQGIRCI

44-69 2445.300 25 > VARAIAHLGGSATAIFPAGGATGEHL
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2258

Deuterons incorporated
w

2
e ——4°C
T ——25°C| T
0 i L L L i L i 1
0 50 100 150 200 250

SASA, backbone (A?)

FIGURE 3 Correlation between backbone SASA calculated from Pfk-2
crystal structure (PDB ID 3CQD) and backbone amide exchange reactions
at room temperature (red) and immediately after the Pfk-2 was exposed to
cold temperature (black).

and monitoring deuterium incorporation into each region of
the protein over 40 min as described previously. This exper-
iment follows the change in amide exchange for each pep-
tide representing different regions of the protein and the
dimer interface over the entire time course of cold denatur-
ation (Fig. 4).

As shown in Fig. 2, Pfk-2 denatures to a monomeric inter-
mediate over hours of incubation at 3°C. Therefore, we ex-
pected (and observed) that the peptide corresponding to
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residues 104-113 (MH+ 1124.592), representing one of
the (-strands that forms the dimer interface, would ex-
change more as the protein denatured to the monomeric
state. To obtain these data, we plotted the maximum ex-
change (i.e., the extent of exchange at 40 min) observed
for samples removed after 2, 4, 8, and 12 h of incubation
of Pfk-2 at 3°C (Figs. S4-S7). The extent of deuteration
for these samples represents the change in amide exchange
of each region of Pfk-2 during the cold denaturation process.
It was not surprising that the dimer interface becomes more
solvent accessible as the protein becomes monomeric dur-
ing the denaturation process, however, the results from the
peptides corresponding to other regions of Pfk-2 were
very much unexpected. Remarkably, all of the regions of
Pfk-2 corresponding to peptides we could analyze by
MALDI-TOF mass spectrometry showed increasing amide
exchange when Pfk-2 was incubated at 3°C over several
hours. The extent of exchange reached a plateau at
<100% backbone amide exchange and longer times of
deuteration were not explored (11,29). The plateauing
amide exchange is consistent with a partially folded state
in agreement with previous data showing that Pfk-2 reaches
an intermediate state and not a completely unfolded state
upon cold denaturation (12). Moreover, the extent of ex-
change of the cold-induced species was less than the ex-
change observed for the chemically induced intermediate
at room temperature in 0.85 M guanidine HCI1 (Fig. 5).
The increase in solvent accessibility over the cold denatur-
ation at 3°C could be fitted to a single exponential rate
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FIGURE 4 Schematic of the experimental approach to monitoring solvent penetration over time during cold denaturation. The protein was equilibrated to
3°C, and samples were removed at times 0, 2, 4, 8, and 12 h. The sampling was based on the slow rate of conversion to the cold-denatured intermediate
measured by fluorescence (Fig. 2). After the sample was removed, it was diluted into deuterated buffer and allowed to exchange over 40 min during which
time samples of this reaction were removed and the extent of exchange was measured for each time point. The plots of exchange over 40 min immediately
after equilibration at 3°C (0 h) are shown in Fig. S3; the plots of exchange after equilibration at 3°C for 2 h are shown in Fig. S4; the plots of exchange after
equilibration at 3°C for 4 h are shown in Fig. S5; the plots of exchange after equilibration at 3°C for 8 h are shown in Fig. S6; and the plots of exchange after
equilibration at 3°C for 12 h are shown in Fig. S7. From these plots, the extent of deuteration (amount of deuteration at 40 min) was determined and plotted
against the time at 3°C in hours. These are the data that are presented in Fig. 5.
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FIGURE 5 Cold denaturation of Pfk-2 followed by backbone amide ex-
change. Each plot represents the change in deuterons incorporated after
40 min for each peptide as a function of time during exposure to cold tem-
perature. The y axis represents the number of exchangeable amides in the
particular peptide. The kinetic constant (k) was calculated by fitting the
data to an exponential curve. Triangles indicate the deuterons incorporated
after 10 min of exchange for Pfk-2 incubated in 0.85 M guanidine HCI. The
results suggest that the cold-induced monomeric intermediate is similar to
the intermediate induced by guanidine HCI however it may be slightly more
compact.

curve, and the rates for each different region of Pfk-2 were
very similar for the different regions, 1.0 x 10~* + 0.25 x
10~* s~ (Fig. 5). The peptide that covered the dimer inter-
face also increased solvent accessibility at the same rate,
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indicating that dissociation and denaturation are concurrent
processes during cold denaturation of the enzyme. The rate
of increase in amide exchange during cold denaturation
was very similar to the rate of cold denaturation estimated
by measuring the decay of the fluorescence signal from
the single tryptophan (W88) located on the interface
between both subunits (Fig. 2) reinforcing the idea that
the dimer dissociation and increased amide exchange
throughout Pfk-2, which both occur upon incubation of
Pfk-2 for several hours at 3°C, likely represent the same
denaturation process. In keeping with the cooperative nature
of the denaturation process, some of the mass envelopes (cf.
Figs. S5 and S6) eventually appeared bimodal indicating
an EX1-type of exchange process that would be expected
if the dimer (less exchanging) converted to the expanded
monomer (more exchanging) without formation of other
intermediates.

The peptides that could be analyzed from the MALDI-
TOF HXMS were distributed throughout the protein, but
only 27% of the protein sequence was covered. The peptides
we analyzed all increased in the extent of deuteration over
time in the cold suggesting that the protein globally
expanded (Fig. S8). To strengthen this conclusion, addi-
tional HXMS data were collected on a Synapt G2 HDX in-
strument. Due to limitations of instrument time, only one
time point of cold denaturation could be studied. The pro-
tein was incubated at either 25 or 4°C for 6 h, and amide ex-
change was measured for time points of 0, 2, 5, and 10 min
after incubation. The peptides that could be analyzed quan-
titatively covered 100% of the protein sequence (Table 2).
All regions of Pfk-2 showed increased deuteration after in-
cubation in the cold, recapitulating the MALDI-TOF data,
except for two peptides that covered the active site catalytic
residues, which showed identical exchange at both temper-
atures. Thus, these additional data suggest that the entire
protein except the catalytic center expands during cold
denaturation.

DISCUSSION

The mechanism of cold denaturation remains controversial.
Some reports suggest the process is noncooperative (30),
whereas other reports suggest that at least for Ythl and
the C-terminal domain of L9, it is highly cooperative
(7,31). Questions also remain as to whether the cold dena-
tured state is compact, and whether it contains only native
structure or also nonnative structure (32,33). These discrep-
ancies arise from several factors: i), commonly, proteins
cold denature at temperatures below the freezing point of
water, a problem that can be circumvented by an additional
perturbation but with the cost of moving away from physi-
ological conditions; ii), the unfolding rate strongly depends
on temperature, being several times slower at temperatures
close to 0°C and thus making the cold-denatured state kinet-
ically inaccessible (34). Recent results from DSC have
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TABLE 2 List of peptides identified through MS® mass spectrometry and relative exchange at 4 and 25°C

Region  Peptide mass Relative exchange Ratio avg. exchange

of Pfk-2 (m/z) No. amides 4°C/25°C 25°C/4°C Sequence

1-13 1477.844 9 > 0.87 MVRIYTLAPSL

2-13 1346.804 8 > 0.88 VRIYTLAPSL

14-69 5514.822 50 > 0.89 DSATITPQIYPEGKLRCTAPVFEPGGGGINVARAIAHL
GGSATAIFPAGGATGEHL

33-69 3469.797 34 > 0.89 PVFEPGGGGINVARAIAHLGGSATAIFPAGGATGEHL

44-69 2445.299 24 > 0.78 VARAIAHLGGSATAIFPAGGATGEHL

44-72 2744.484 27 > 0.87 VARAIAHLGGSATAIFPAGGATGEHLVSL

73-84 1256.636 10 > 0.88 LADENVPVATVE

73-103 3442.698 29 > 0.89 LADENVPVATVEAKDWTRQNLHVHVEASGEQ

73-113 4548.272 38 > 0.88 LADENVPVATVEAKDWTRQNLHVHVEASGEQYRFVMPGAAL

104-113 1124.592 8 > 0.92 YRFVMPGAAL

104-117 1611.747 12 > 0.95 YRFVMPGAALNEDE

118-126 1161.626 8 > 0.59 FRQLEEQVL

119-126 1014.557 7 > 0.57 RQLEEQVL

127-134 831.446 6 > 0.9 EISGAIL

134-163 3147.828 28 0.94 LVISGSLPPGVKLEKLTQLISAAQKQGIRC

135-163 3034.744 27 0.94 VISGSLPPGVKLEKLTQLISAAQKQGIRC

164-175 1119.552 11 = 1.0 IVDSSGEALSAA

164-176 1232.636 12 = 1.05 IVDSSGEALSAAL

177-183 729.414 6 = 1.0 AIGNIEL

183-238 5968.203 52 > 0.95 LVKPNQKELSALVNRELTQPDDVRKAAQEIVNSGKAKRV
VVSLGPQGALGVDSENC

239-260 2153.127 18 = 1.06 IQVVPPPVKSQSTVGAGDSMVG

239-263 2456.252 21 = 1.0 IQVVPPPVKSQSTVGAGDSMVGAMT

239-264 2569.337 22 = 0.96 IQVVPPPVKSQSTVGAGDSMVGAMTL

shown that the unfolding rates are, in fact, highly important
to ensure an adequate definition of the energetic and struc-
tural features of the unfolding process. The slow unfolding
rate at low temperatures due to a high folding/unfolding
free energy barrier can lead to kinetic trapping in the initial
distribution of states and therefore to misleading interpreta-
tions about the cooperativity of the cold denaturation pro-
cess (34). Pfk-2 forms a cold-denatured intermediate that
is monomeric and somewhat expanded at temperatures
below 4°C. Because no nonphysiological perturbants are
required, and because the denaturation process occurs over
several hours (Figs. 2 and 5), Pfk-2 provides an excellent
model system in which to study the cold denaturation
process.

Backbone amide exchange and mass
spectrometry to probe cold-induced protein
denaturation

Backbone amide exchange measured by mass spectrometry
(35) has been used to describe protein dynamics (26,36),
protein-protein interactions (9,37), and intrinsically disor-
dered regions (11,29). Here, we apply this technique to
discover how amide exchange changes over the course of
the slow cold denaturation of Pfk-2 that occurs without
requiring additional perturbation (12). Although HXMS is
a mid-resolution technique, it is not limited by the molecular
weight of a particular protein and, in principle, it can be
applied to study proteins with biased cold-induced denatur-
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ation or proteins that dissociate upon exposure to cold tem-
peratures (38,39). Therefore, HXMS constitutes a powerful
technique to describe changes in protein association and
amide exchange upon denaturation. The combination of
global probes (such as intrinsic fluorescence) with HXMS
to describe local structure changes constitutes a powerful
combined approach to analyze changes in protein associa-
tion and amide exchange upon denaturation.

Rate of monomer formation during cold-induced
protein denaturation

In previous work, the global probes of intrinsic tryptophan
fluorescence and circular dichroism spectroscopy revealed
the formation of an intermediate with residual secondary
structure during kinetic unfolding of Pfk-2 in guanidine
HCI (40). Incubation of Pfk-2 at 3°C resulted in the forma-
tion of a cold denatured species, which according to intrinsic
tryptophan fluorescence, DLS, and circular dichroism
resembled the guanidine HCI-induced unfolding intermedi-
ate (12). DLS revealed that the cold-denatured species was
monomeric. Here, we confirmed by sedimentation velocity
experiments that equilibration of Pfk-2 at 3°C results in com-
plete formation of a monomeric species. The rate of
formation of this cold-induced monomeric species of Pfk-2
as indicated by the global probe of intrinsic tryptophan fluo-
rescence change, was slow; k = 1.26 x 1074 + 0.04 x 1074
st (Fig. 2). Another estimation of the dissociation rate was
obtained from sedimentation velocity experiments using a



Kinetics of Cold Denaturation of Pfk-2

monomer-dimer self-association model, which was similar
to the rate calculated by intrinsic fluorescence (k,p =
0.8 x 107*s™' £ 0.3 x 107* s71) (24). We were able to
monitor the change in amide exchange over time of incuba-
tion of Pfk-2 at 3°C for a peptide representing the dimer
interface, and the rate of increasing amide exchange was
1.0 x 107* + 0.26 x 10~* s™'. Given that this peptide
was at the dimer interface, we can conclude that the
increased exchange is reporting on the monomer formation.
The fact that the rates are within error suggests that the tryp-
tophan at the interface and the change in amide exchange are
monitoring the same phenomenon; monomer formation.

Observation of solvent penetration during cold
denaturation

Because the cold denaturation of Pfk-2 occurs over hours of
incubation at 3°C, we were able to probe changes in amide
exchange throughout the protein during the denaturation
process. As shown in Figs. 5 and 6, all of the peptides
from regions throughout Pfk-2 showed an increase in the
extent of backbone amide exchange as the protein is under-
going the slow process of cold denaturation. Thus, as Pfk-2
cold denatures, it adopts a monomeric, globally expanded
structure. The C-terminal domain of L9 protein also adopts
an expanded structure upon cold denaturation, as indicated

12h

0% EXCHANGE

100%

FIGURE 6 Change in solvent accessibility in the Pfk-2 structure upon
cold denaturation. Peptides are colored according to their maximum ex-
change at room temperature (fop) and after 12 h at cold temperature (bottom).
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by pulse-field gradient NMR diffusion experiments (32).
As pointed out by these authors, this type of protein expan-
sion is most likely due to the weakening of hydrophobic in-
teractions upon cold denaturation (32). Consistent with the
idea that the expanded cold denatured state becomes more
solvent penetrated, we observed more and more amide ex-
change throughout the folded protein core over the course
of Pfk-2 cold denaturation. The fact that all regions of the
protein showed similar rates of increasing amide exchange
is consistent with a model in which monomer formation
and expansion are concurrent. No buildup of a folded mono-
meric species was detected. In addition, the fact that amide
exchange increases throughout the protein suggests that the
increased amide exchange is due to solvent penetration
occurring as the protein cold denatures.

The HXMS experiments allowed us to monitor probes
throughout the Pfk-2 structure over time. Remarkably, for
all of the different regions of the protein covered in the
HXMS experiments, the rate of increased amide exchange
over time in the cold was similar, with an average rate of in-
crease being 1.0 x 107* £ 0.25 x 10~* s~ '. These results
strongly suggest that cold denaturation of this enzyme is
accompanied by solvent penetration that occurs globally
throughout the structure. The only exception to this asser-
tion is the active site, which appears to remain compact ac-
cording to additional HXMS data (Table 2).

Theoretical studies have also suggested that cold denatur-
ation involves destabilization of hydrophobic contacts
within the protein core in favor of solvent-separated config-
urations (41,42). This process is similar to that observed for
pressure-induced unfolding (43). The theoretical studies
reveal that at physiological temperatures, water molecules
close to the protein have at least one nonsaturated H-bond,
which is pointing toward the protein and they form a thin
solvation shell. As the temperature decreases, the energy
of the water H-bonds increases and cages of water mole-
cules are formed, thus increasing the solvation shell.
Coupled with the destabilization of hydrophobic interac-
tions within the protein, hydration of the protein core is pre-
dicted to occur in a sequence-independent manner. Recent
experimental studies on cold denaturation of proteins using
water-'’O magnetic relaxation dispersion to characterize the
single-molecule water dynamics in the hydration layer, pro-
vided information about the number of water molecules that
interact directly with the protein and about their rotational
correlation times. For a destabilized mutant of apomyoglo-
bin and for w«-lactoglobulin in 4 M urea, these authors
concluded that the protein molecules remain “relatively
compact and are better described as solvent-penetrated
than as unfolded” (44).

CONCLUSION

Using HXMS, we have now been able to probe the local sol-
vent accessibility of protein backbone NH groups and for
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the first time, to our knowledge, obtain a view from the
perspective of the protein, of solvent penetration during
cold denaturation in the absence of other perturbants. Our
results show a similar increase in solvent accessibility of
the amides across the entire protein to a state that is appar-
ently solvent penetrated, but still retains some degree of
compaction. The proposed theoretical mechanism does not
involve specific amino acid contacts, but rather appears to
be a phenomenon of weakening of hydrophobic contacts
and mostly a rearrangement of the water structure (45).
One prediction of the theory is therefore that cold denatur-
ation would affect the entire cooperatively folded core of
the protein equally. The fact that local regions of Pfk-2 all
increase solvent accessibility at equal rates during the cold
denaturation process provides strong support for this theo-
retical prediction.
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