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ABSTRACT Escherichia coli phosphofructokinase-2 (Pfk-2) is an obligate homodimer that follows a highly cooperative three-
state folding mechanism N, < 2| < 2U. The strong coupling between dissociation and unfolding is a consequence of the
structural features of its interface: a bimolecular domain formed by intertwining of the small domain of each subunit into a flat-
tened B-barrel. Although isolated monomers of E. coli Pfk-2 have been observed by modification of the environment (changes in
temperature, addition of chaotropic agents), no isolated subunits in native conditions have been obtained. Based on in silico
estimations of the change in free energy and the local energetic frustration upon binding, we engineered a single-point mutant
to destabilize the interface of Pfk-2. This mutant, L93A, is an inactive monomer at protein concentrations below 30 uM, as deter-
mined by analytical ultracentrifugation, dynamic light scattering, size exclusion chromatography, small-angle x-ray scattering,
and enzyme kinetics. Active dimer formation can be induced by increasing the protein concentration and by addition of its sub-
strate fructose-6-phosphate. Chemical and thermal unfolding of the L93A monomer followed by circular dichroism and dynamic
light scattering suggest that it unfolds noncooperatively and that the isolated subunit is partially unstructured and marginally sta-
ble. The detailed structural features of the L93A monomer and the F6P-induced dimer were ascertained by high-resolution
hydrogen/deuterium exchange mass spectrometry. Our results show that the isolated subunit has overall higher solvent acces-
sibility than the native dimer, with the exception of residues 240-309. These residues correspond to most of the 3-meander mod-
ule and show the same extent of deuterium uptake as the native dimer. Our results support the idea that the hydrophobic core of
the isolated monomer of Pfk-2 is solvent-penetrated in native conditions and that the 8-meander module is not affected by mono-

merizing mutations.

INTRODUCTION

Proteins must fold into unique three-dimensional structures
that are suitable to perform their functional tasks in vivo (1).
The high accuracy of the folding process has been robustly
preserved during evolution by optimizing protein sequences
to accumulate stabilizing interactions, which mutually sup-
port the low free energy of the native structure (2). In this
scenario, topology (i.e., the packing and connectivity of
the polypeptide chain in a protein domain (3)) becomes
the key factor determining the folding (4) and binding (5)
mechanism of monomers and oligomers.

Although folding information is encoded within the pro-
tein sequence (6), the success of folding a given polypeptide
chain into its proper native state often relies also on the
interaction with other biomolecules. Such is the case for
obligate oligomers, where subunit stability and protein-pro-
tein association are strongly coupled (7.8). This is of great
importance, because encounter between two or more poly-
peptide chains after being synthesized by the ribosome
must occur to enable folding into the native oligomer. In en-
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zymes, these obligate complexes also constitute their active
forms. Taking into account that in Escherichia coli 81% of
its proteome is constituted by oligomers and 36.6% of it
corresponding to dimers (9), determining how folding of
obligate oligomers proceeds becomes a key aspect to fully
understand their function.

E. coli phosphofructokinase-2 (Pfk-2) is an obligate ho-
modimer of 66 kDa that constitutes one of the largest pro-
teins for which thermal unfolding upon cooling and
heating has been observed (10). The protein-protein inter-
face of Pfk-2 is formed by association between the four-
stranded (-sheets from each subunit, the so-called small
domain (Fig. 1 A), and resembles a flattened B-barrel, thus
mimicking a compact bimolecular domain (11,12). This
small domain emerges as a result of a topological disconti-
nuity of the polypeptide chain (13), thus having four chain
crossings with the Rossmann module of the major domain
but not with the C-terminal 3-meander module (Fig. 1 B).
Both guanidine-HCl1 (14) and cold-induced denaturation
(10) lead to observation of an expanded monomeric species
that constitutes an intermediate state of its three-state
folding mechanism N, <> 2I < 2U, where the first unfold-
ing transition is highly cooperative and occurs concurrently
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FIGURE 1 In silico analysis of interfacial residues responsible for the

stability of the quaternary structure of Pfk-2. (A) Cartoon representation
of the structure of the native dimer of Pfk-2 (PDB ID 3N1C), with its inter-
facial bimolecular domain in white, the Rossmann module of the major
domain in light gray, and the §-meander module of the major domain in
black. The residue L93 is shown inside the core of the bimolecular domain
as spheres in gray and dark gray for each protein chain. (B) Topology of the
structure of Pfk-2. Arrows represent strands, helices are represented as rect-
angles, and lines represent loops. The color scheme is the same as in (A).
Chain crossings between domains are indicated with dashed lines. (C) Esti-
mation of changes in the free energy of formation of the complex upon sin-
gle-point substitutions of interfacial residues by alanine determined using
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with dimer dissociation (10). We recently analyzed the local
structural changes experienced by Pfk-2 during cold-dena-
turation using backbone amide hydrogen/deuterium ex-
change mass spectrometry (HDXMS) (15), demonstrating
that the expanded monomer species is reached by concur-
rent dissociation and overall solvent penetration of its hy-
drophobic core (16), in line with theoretical predictions
(17). Nevertheless, recent simulations in other proteins
that include water-mediated interactions to describe pres-
sure denaturation have shown that these swollen states un-
fold further in a noncooperative fashion (18), suggesting
that the structural features of these intermediates are highly
sensitive to changes in the solvent properties and marginally
stable. The fact that the guanidine-HCIl and cold-induced
intermediate states of Pfk-2 are stabilized by 1.7 and
2.8 kcal/mol, respectively (10), strongly suggests that this
is the case for the isolated monomer of Pfk-2.

In an attempt to describe the structural features of the iso-
lated monomer of Pfk-2 in native conditions (i.e., without
modifying the temperature or the composition of the sol-
vent), we have generated and biophysically characterized
a single-point mutant in which the interaction between sub-
units is destabilized. This mutant, .93 A, exists as a mono-
mer at high protein concentrations when compared to the
wild-type (WT) protein, as seen by analytical ultracentrifu-
gation, size-exclusion chromatography (SEC), dynamic
light scattering (DLS), and small-angle x-ray scattering
(SAXS), and it is more compact than the guanidine-HCI
or cold-induced monomeric species. The mutant monomer
is also fully compatible with the catalytic dimer of the
WT protein, as shown by the positive dependence between
protein concentration and specific activity and by the induc-
tion of dimer formation as a result of the addition of its sub-
strate fructose-6-phosphate (F6P). Chemical and thermal
unfolding of this monomeric mutant measured by circular
dichroism (CD) demonstrates little or no cooperativity of
its transition toward the unfolded state. Finally, we ascer-
tained the local structural features of this mutant by high-
resolution HDXMS, showing that this species is overall
more solvent-accessible than the subunits forming the
dimer, being qualitatively similar to the cold-denatured
monomeric ensemble, with the exception of the C-terminal
residues 240-309 of the 3-meander module, which remain
unperturbed in L93A. Our results suggest that the isolated

Robetta. (D) Changes per residue in the fraction of minimally frustrated
(black symbols and lines) and highly frustrated (gray symbols and lines)
contacts, over the total number of contacts within 5 A of each residue,
upon formation of the dimer of Pfk-2 after randomization of the residue
identity (rmutational effect). (E) Changes per residue in the fraction of mini-
mally frustrated (black symbols and lines) and highly frustrated (gray sym-
bols and lines) contacts, over the total number of contacts within 5 A of
each residue, upon formation of the dimer of Pfk-2 after randomization
of the structural environment where these residues are located (configura-
tional effect).
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subunit of L93A is reminiscent of the first structural changes
occurring upon dissociation of the native dimer of Pfk-2,
and that a large portion of the $-meander module is unaf-
fected by dissociation.

MATERIALS AND METHODS

In silico interface alanine scanning and local
energetic frustration analysis

The crystal structure of the obligate dimer of E. coli Pfk-2 (PDB ID 3N1C
(19)) was submitted to the Robetta server (http://robetta.bakerlab.org) to
perform a computational interface alanine scanning (20), and to the Frustra-
tometer (http://www.frustratometer.tk) for analysis of local energetic frus-
tration (21) of the native dimer and of the isolated subunit extracted from
the same crystal structure. Analysis of local energetic frustration, which
is largely inspired by the principle of minimal frustration (22), addresses
how a given residue or pair of residues in contact in the native state
contribute to the stabilizing energy of that structure compared with a sce-
nario where either the identity of the residues (mutational frustration) or
the environmental and structural features of the ensemble where the given
interaction is established (configurational frustration) are randomized (23),
which can be calculated as described elsewhere (24). Minimally frustrated
interactions are evolved to be strongly supportive of the native structure,
and substitutions at these contacts weaken the energy of the folded state.
In contrast, highly frustrated interactions actually destabilize the native
state and substitutions result in more favorable energies than those of the
contact in the native structure. We first analyze the localized frustration
of the individual binding partners and then of the native dimer to examine
whether a given residue contributes to the stability of the monomer or also
to the stability of the dimer (24). Our goal was to find residues that specif-
ically destabilized the dimer structure without stabilizing or destabilizing
the monomeric structure.

Purification and storage of Pfk-2

WT Pfk-2 and L93A mutant were purified and stored as in Babul (25).
Before the experiments, the protein was buffer exchanged by centrifugation
using a Micro Bio-Spin 6 column (Bio-Rad Laboratories, Hercules, CA)
with standard buffer (50 mM Tris pH 8.2, 5 mM MgCl,, and 1 mM DTT,
or 2 mM TCEP). The enzyme was concentrated using either an Amicon Ul-
tra 15 (EMD Millipore, Billerica, MA) or a Vivaspin 500 concentrator
(Sartorius, Gottingen, Germany) when required. Protein concentration
was determined by Bradford assay (26) using bovine serum albumin as
standard and is expressed in terms of monomer concentration.

Enzymatic measurements

Phosphofructokinase activity was determined spectrophotometrically
through coupling of the fructose-1,6-bisP production to the oxidation of
NADH as in Babul (25). To evaluate the dependence on the protein concen-
tration, different starting protein concentrations, ranging from 0.3—-150 uM,
were used. The enzymatic reaction was started by addition of the enzyme.
The aliquots used to measure the enzyme activity were adjusted such that
the protein concentration in the kinetic assays equaled 4.3 x 10~ uM irre-
spective of the original concentration of the protein.

SEC

SEC experiments were performed on a Waters Breeze HPLC system (Wa-
ters Corporation, Milford, MA) using a Bio-Sil SEC 250 gel filtration col-
umn (Bio-Rad Laboratories) as in Baez and Babul (14). Briefly, the column
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was equilibrated with 60 ml of the mobile phase containing 0.2 M KCI in
standard buffer and set to a temperature of 25°C using a water jacket. Cali-
bration was performed using the proteins provided by the manufacturer of
the column (Vitamin B-12, 1.35 kDa, 8.5 A Stokes radius (Rs); horse
myoglobin, 17 kDa, 19 A Rs; chicken ovalbumin, 44 kDa, 30.5 A Rs;
bovine gamma globulin, 158 kDa, 41.8 A Rs; and bovine thyroglobulin
670 kDa, 85 A Rs). Protein elution volumes were converted to Rs values
using the linear relationship obtained with the molecular-mass markers.
Protein elution was followed by absorbance at 220 and 295 nm. Protein con-
centration ranged from 0.3 to 50 uM to evaluate the dependence of the hy-
drodynamic radius on the protein concentration. The hydrodynamic radius
of the L93A monomer was calculated by extrapolation to infinite dilution
by fitting the data to a sigmoidal curve as a function of the protein concen-
tration, with the maximum value constrained at the estimated hydrody-
namic radius of the native dimer (3.5 nm).

Sedimentation velocity experiments

Sedimentation velocity experiments were performed as in Ramirez-Sar-
miento et al (16), using a Beckman Optima XL-I analytical ultracentrifuge
(Beckman Coulter, Brea, CA) equipped with an An60Ti rotor. For these ex-
periments, TCEP was used as a reducing agent. Protein samples were
centrifuged in the analytical cells at 41,000 rpm and 25°C until complete
sedimentation was achieved. The moving boundary was followed by absor-
bance at 280 nm. The collected data were analyzed using the continuous
size-distribution model available in the SEDFIT program (27). The protein
concentration for WT Pfk-2 and L93A without F6P were 20 uM. The pro-
tein concentration of L93A with 1 mM F6P was 17 uM and was incubated
for 2 h at room temperature before its sedimentation.

DLS

DLS measurements were performed at room temperature on a Malvern Ze-
tasizer uV (Malvern Instruments, Worcestershire, UK) using a 2 ul cuvette
cell. Protein samples were centrifuged for 10 min at 14,000 rpm in an Ep-
pendorf microfuge to remove any particulate matter. The hydrodynamic
radius was calculated using the manufacturer’s software via the Stokes-Ein-
stein relationship from the diffusion coefficient. Protein concentration
ranged from 30 to 120 uM.

For DLS measurements of the chemical unfolding of L93A, measure-
ments were performed after incubation of L93A under several concentra-
tions of guanidine hydrochloride (GndHCI) for 24 h at room temperature.
The protein concentration was 30 uM.

CD spectroscopy

Far ultraviolet CD spectra were recorded on a Jasco J-810 spectrophotom-
eter (Jasco, Easton, MD) using a 1 mm cuvette cell. Each collected spec-
trum corresponds to the average of 4 scans between 210 and 250 nm.

Thermal and chemical unfolding and refolding
of L93A

The L93 A mutant of Pfk-2 was thermally unfolded in the absence or presence
of 1 mM F6P, using the Peltier temperature controller JWJTC-484 equipped
within the Jasco J-810 spectrophotometer (Jasco). Samples were heated be-
tween 25°C and 80°C at a rate of 3°C/h; every data point corresponds to the
average of 4 scans. The protein concentration was 4 uM for all samples.
For the chemical unfolding, L93A was diluted against several concentra-
tions of GndHCl in standard buffer to a final protein concentration of 3 uM,
and incubated for 24 h at room temperature. For the refolding experiments,
an initial stock of concentrated enzyme was first unfolded by exposure to
3 M GndHCI for 24 h at room temperature; the unfolded protein was


http://robetta.bakerlab.org
http://www.frustratometer.tk

Folding of a Monomeric Mutant of Pfk-2

then diluted against several GndHCI concentrations in standard buffer to a
final protein concentration of 3 uM. The refolded protein was measured af-
ter incubation for 6 h at room temperature.

SAXS experiments and data processing

All SAXS data were collected on the D11A-SAXS1 beamline (28) at the
National Synchrotron Light Laboratory (Campinas, SP, Brazil). A wave-
length A of 1.55 A and a sample-to-detector distance of 902.1 mm were
used. The scattering data were recorded on a Pilatus photon-counting detec-
tor, with the magnitude of the scattering vector g = 4msinf/A within the
range 0.01 A< g <04 A~'. The sample composition was 0.5 mg/ml
(~15 uM) of L93A Pfk-2 in standard buffer, with or without 1 mM F6P,
and was equilibrated at 25°C for 2 h before SAXS measurements. The tem-
perature of the sample holder was kept constant at 25°C using a thermal
bath during measurements. Spectra were collected for each sample after
several times of exposure to irradiation, ranging from 5 s to 4 min, to
monitor possible radiation damage and protein aggregation. Buffer scat-
tering was subtracted prior to data analysis. Radii of gyration (Rg) were
estimated using the Guinier linear approximation for ¢ < 1.3/Rg and also
through the pair-distribution function analysis p(r) after indirect Fourier
transformation using GNOM (29). Absolute scattering of the intensities
was achieved using water as standard (30).The intercept of the y axis esti-
mated from the linear approximation, which corresponds to the zero inten-
sity in absolute scale (Ip), was used to calculate the molecular mass of the
sample. The resulting p(r) distributions were used for rapid ab initio shape
modeling using DAMMIF (31) and 1 out of 10 different models was
selected. For the selection procedure, the structural similarity between the
generated models of L93A with and without F6P against the crystal struc-
ture of the native dimer of E. coli Pfk-2 (PDB ID 3N1C) and of an isolated
monomer extracted from the same structure, respectively, were determined
through minimization of the normalized spatial discrepancy (NSD), a prox-
imity measure that is defined as the normalized average of the minimum
distance between the carbon alpha atoms of the solved structure and the
dummy atoms of the built models, using SUPCOMB (32). The NSD pro-
vides a quantitative estimate of the similarity between tridimensional ob-
jects and tends to O for ideally superimposed objects.

HDXMS measurements

HDXMS was performed as previously described (33,34) with some modi-
fications, using a Waters Synapt G2Si system with H/DX technology (Wa-
ters Corporation). Exchange reactions were prepared using a LEAP H/DX
PAL autosampler (Leap Technologies, Carrboro, NC). The exchange reac-
tion was initiated when 5 ul of protein (initial concentration of WT Pfk-2 =
30 uM and 90 uM, L93A = 20 uM) were mixed with 55 ul of deuterated
standard buffer. For the experiments in the presence of substrate, an excess
of 15 mM F6P was added to the initial protein samples to ensure the pres-
ence of 1.25 mM F6P after dilution. The proteins were allowed to exchange
at 25°C for 0-5 min. The exchange reaction was then quenched for 2 min at
1°C using an equal volume of a solution containing 100 mM phosphate
buffer pH 2.66, 2 M GndHCI. The quenched sample was injected into a
50 ul sample loop, followed by rapid online pepsin digestion at 15°C using
a custom-built column made with pepsin-agarose (Thermo Fischer Scienti-
fic, Rockford, IL). Peptic peptides were captured on a BEH C18 Vanguard
Pre-column (Waters Corporation), separated by analytical chromatography
at 1°C (ACQUITY UPLC BEH C18, 1.7 um, 1.0 x 50 mm, Waters Corpo-
ration) with a gradient of 7-95% acetonitrile in 7 min, where both mobile
phases contained 0.2% formic acid. The analytes were electrosprayed into a
Synapt G2-Si quadrupole time-of-flight (TOF) mass spectrometer (Waters
Corporation). The mass spectrometer was set in MS-ESI+ mode to collect
H/DX data in the mass range 50.000-2,000.000 (m/z), scanning every 0.4 s.
Infusion and scanning every 30.0 s of leu-enkephalin (m/z = 556.277) was
used for continuous lock mass correction. For peptide identification, the
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mass spectrometer was set in MS®-ESI+ mode instead. Peptides were iden-
tified and the tandem mass spectrometry fragments were scored using the
PLGS 3.0 software (Waters Corporation). Peptides with a score over eight
were selected for analysis if their mass accuracy was at least 2 ppm and
were present in three independent runs. Deuterium uptake was determined
by calculating the shift in the centroids of the mass envelopes for each pep-
tide compared with the undeuterated controls, using the DynamX 2.0 soft-
ware (Waters Corporation).

RESULTS

The L93A mutant of Pfk-2 shifts the dimer-
monomer equilibrium toward higher protein
concentrations and experiences substrate-
induced dimerization

Observation of an isolated monomer of E. coli Pfk-2 has been
achieved by modification of the environment (changes in
temperature, addition of GndHCl), stepping away from con-
ditions that ensure its protein stability (10,14). Here, our pur-
pose is to look at the isolated subunit in native conditions
through a single-point mutation on the interface, thus leading
to destabilization of the quaternary structure of Pfk-2. We
performed in silico estimations of the change in free energy
due to substitutions of interfacial residues by alanine using
the Robetta server (20), accompanied by analysis of local en-
ergetic frustration using the Frustratometer (21). Local frus-
tration analysis determines whether a given contact between
a pair of residues in the native structure supports or conflicts
with robust folding, when compared to the same interaction
being established by other residues or by the same residues
but in other structural environments (24). We hypothesized
that by comparing the local frustration analysis of the dimer
to that of the isolated monomer of Pfk-2 (PDB 3N1C), it
would be possible to ascertain which interface residues could
be mutated without affecting monomer stability but which
contributed significantly to dimer stability. The goal then
was to identify an interface mutation located in a region
with low probability of causing local structure rearrange-
ments, such that the folding stability of the monomeric
version of this mutant would remain as similar as possible
to the WT protein. As shown in Fig. 1 C, only a few residues
from the four-stranded (-sheet that constitute the interface
(Fig. 1, A and B), are predicted to have an effect on the stabil-
ity of the protein-protein interaction, mainly located on
strands 36 and B7 (residues 93-107). Although the largest
changes in free energy are predicted by alanine substitution
of residues 103-108, the local frustration of this region and
of strands (62 and (3 (residues 12-38) appears to be highly
dependent on contacts made to an adjacent subunit (Fig. 1,
D and E), thus suggesting that mutation of this region would
affect both monomer and dimer stability. Therefore, we
chose to mutate residue L93 (Fig. 1 A), whose substitution
by alanine is predicted to cause a destabilization of the inter-
face of ~1 kcal/mol and it is located on a region where local
frustration is not dependent on subunit binding.

Biophysical Journal 108(9) 2350-2361
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We engineered and purified the L93A Pfk-2 protein and
performed sedimentation velocity experiments, using WT
Pfk-2 as a control. As shown in Fig. 2 A, WT Pfk-2 at a
protein concentration of 20 uM is a dimer in solution
with a Syg,, value of 4.25 S, whereas the L93A mutant
is a monomer (Sypw = 2.8 S). From the analysis of the
sedimentation curves, we obtained the hydrodynamic
radius of the observed species, being 3.5 = 0.1 nm for

Ramirez-Sarmiento et al.

values match the hydrodynamic properties of the L93A
mutant determined by SEC after extrapolation to infinite
dilution (Fig. 2, B and C). We also mutated residue V95,
to corroborate the validity of the computational strategy
being used, demonstrating by SEC that this protein is
also monomeric at low protein concentrations (Fig. S1 in
the Supporting Material). However, we chose not to
work with VO95A due to its very low yield and complex

the WT dimer and 2.9 = 0.1 nm for the monomer. These  purification.
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FIGURE 2 Hydrodynamic properties of the L93A mutant of Pfk-2. (A) Sedimentation velocity experiments show that the L93A mutant (black circles) is a
monomer at low protein concentration. Addition of FOP leads to substrate-induced dimerization of the L93A mutant (black triangles) with a sedimentation
coefficient close to the native dimer of Pfk-2 (open squares). (B) Analytical SEC of L93A Pfk-2 showing that the L93A mutant is a monomer (black circles)
with a hydrodynamic radius of 2.9 nm, which can be guided toward formation of a dimer with a hydrodynamic radius of 3.5 nm upon addition of F6P (black
triangles). This value is close to the hydrodynamic radius estimated for the native dimer (open squares). (C) Dependence of the hydrodynamic properties and
enzyme activity of L93A Pfk-2 on the protein concentration, measured by SEC and DLS. The hydrodynamic radius of the L93A mutant (black circles and
triangles) becomes larger upon increasing protein concentrations, suggesting a shift in the monomer-dimer equilibrium, whereas the value of 3.5 nm esti-
mated for the native dimer (white squares) remains constant at all protein concentrations assayed. The increase in hydrodynamic radius of L93A is accom-
panied by an increase in enzyme activity (open circles), having a k., that is about threefold lower than the WT enzyme (black crosses) at the highest protein
concentration assayed (150 uM). (D) SAXS data of L93A in the absence (open circles) and presence (gray circles) of FOP. The inset shows the linear fitting of
g values <1.3/Rg according to the Guinier approximation. The difference in I between both samples is about twofold, consistent with a change in the olig-
omeric state of L93A. (E) Interatomic distance distribution function p(r) of L93A in the absence (open circles) and presence (gray circles) of FOP. The esti-
mated radius of gyration of the substrate-induced dimer of L93A in the presence of FOP is larger than the monomer, in agreement with SEC and sedimentation
velocity experiments. (F) Ab initio shape models of L93A with and without F6P superimposed to the crystal structure of the native dimer and the compact
monomer of Pfk-2 (PDB ID 3N1C), respectively.
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To further validate the results obtained for L93A, we per-
formed intrinsic fluorescence measurements of the trypto-
phan residue W88 from Pfk-2, the only tryptophan residue
of this enzyme, which is located on the interface between
subunits and accounts for subunit dissociation, showing
that the fluorescence intensity of the L93A mutant is lower
than the WT protein (Fig. S2), thus corroborating that the
L93A mutant of Pfk-2 is a monomer at micromolar protein
concentrations. It is worth noting that the hydrodynamic
radius of the L93A Pfk-2 monomer is smaller than the radius
of the expanded monomeric intermediate induced by chem-
ical unfolding and by cooling, which are 3.8 = 0.1 nm and
4.6 = 0.3 nm, respectively (14,16), but larger than the theo-
retical value of 2.6 nm calculated for a compact isolated
monomer from the crystal structure of WT Pfk-2 (PDB ID
3NI1C) using the software HYDROPRO (35), suggesting
that the L93A monomer is somewhat expanded.

Based on the principle of mass action of a bimolecular
system at dynamic equilibrium, the L93A mutant should
be compatible with the folding-upon-binding phenomenon
experienced by Pfk-2 but at higher protein concentrations.
To validate this, we performed SEC and DLS experiments
at several protein concentrations, ranging from 0.3 to 120
uM (Fig. S3). DLS measurements were performed in the
same conditions as the sedimentation velocity experiments,
i.e., without adding salt, whereas SEC was performed using
0.2 M KClI as recommended by the column’s manufacturers.
According to these measurements (Fig. 2 C), the L93A
mutant iS a monomer at protein concentrations below 30
uM, with an estimated Stokes radius from DLS measure-
ments of 3.1 = 0.3 nm that is within error of the estimated
hydrodynamic radius from sedimentation velocity experi-
ments at 20 uM, whereas the WT protein remains as a dimer
even at protein concentrations of 0.3 uM according to SEC.
Although the estimated radius from SEC at protein concen-
trations of 35 uM is larger than the value obtained from DLS
measurements at 30 uM (Fig. 2 C), this could be due to the
presence of potassium, which is known to bind, stabilize,
and enhance the activity of WT Pfk-2 (36). At protein con-
centrations above 30 uM, the hydrodynamic radius of L93A
Pfk-2 is considerably larger, being 3.4 = 0.2 nm at 120 uM
according to DLS measurements (Fig. 2 C). The closeness
of this value to the one estimated for the WT Pfk-2 suggest
that increasing the protein concentration of L93A Pfk-2
leads to subunit association into the dimer form that corre-
sponds to the native state of Pfk-2. Furthermore, the contin-
uous shift of the SEC profiles upon increasing protein
concentrations of the L93A mutant (Fig. S3) suggest a rapid
monomer-dimer equilibrium.

Further proof of the formation of a functional dimer upon
increasing protein concentration of L93A comes from enzy-
matic activity assays. Previous work has shown that refold-
ing from the GndHCl-induced monomeric intermediate into
the native dimer is accompanied by the recovery of the
enzymatic activity (14). Therefore, we performed kinetic as-

2355

says where the final protein concentration used to start the
enzymatic reaction was the same (4.3 x 10> uM), irrespec-
tive of the original protein concentration. As expected,
L93A Pfk-2 has marginal F6P phosphorylation activity
when incubated at a protein concentration of ~3 uM
(Fig. 2 C; Table 1). The catalytic constant of L93A at a pro-
tein concentration of 15 uM, which is close to the concen-
tration we used for the SEC and SAXS experiments, is 12
s~! (Table 1), which is consistent with L93A largely being
a monomer. The enzyme becomes more active as the protein
concentration increases and dimer is formed, reaching a
maximum K., of ~23 s~ when the protein concentration
is 150 uM (Fig. 2 C). At this concentration, the turnover
number is still about threefold lower than that for the wild
type Pfk-2 at all assayed protein concentrations, 68 s '
(Fig. 2 O).

We then examined whether the enzyme’s substrate FO6P is
capable of inducing dimer formation of L93A Pfk-2,
because substrates are known to protect enzymes from ther-
mal and chemical unfolding (37) and, in cases where pro-
tein-ligand and protein-protein interactions are strongly
linked, substrate binding can also induce dimerization
(38,39). As shown in Fig. 2, A and B, the sedimentation co-
efficient and the hydrodynamic radius of L93A Pfk-2 in-
crease upon addition of 1 mM F6P, suggesting that this
substrate does lead to dimerization of the L93A mutant.
The hydrodynamic radius of the F6P-induced dimer of
L93A Pfk-2 is 3.5 = 0.2 nm as ascertained by sedimenta-
tion velocity experiments, which matches the hydrodynamic
radius estimated for the native dimer of WT Pfk-2. Sub-
strate-induced dimerization of L93A is also accompanied
by an increase in the activity of the enzyme, reaching k.,
values approaching that of the WT enzyme (Table 1).

Further demonstration of the F6P-induced dimerization
of L93A Ptk-2 comes from SAXS measurements. The scat-
tering data shown in Fig. 2 D corresponds to the absolute in-
tensity of L93A Pfk-2 after being irradiated for 30 s in the
absence and presence of its substrate F6P. First, the zero in-
tensity I, for the protein in the presence of 1 mM F6P is
around twofold higher than when the protein is irradiated
without substrate, which is consistent with the formation
of a dimer upon addition of F6P. The I calculated through
the Guinier linearization is 0.013 = 0.001 cm™" for L93A
without F6P and 0.023 + 0.001 cm™' with F6P (inset,

TABLE 1 Kinetic parameters for WT and L93A Pfk-2

Pfk-2 Ky (uM) MgATP Ky (uM) F6P  keye 571
WT (3 uM) 14 + 4 45 £ 5 65+ 5
L93A (3.3 uM) ND ND ~2
L93A (15 uM) 20 + 4 34 +3 12+2
L93A+F6P" (3.3 uM) 19 = 4 43 =5 40 = 3

ND, not determined.
“The protein was preincubated with 1 mM F6P for 40 min at 20°C before
kinetic measurements.
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Fig. 2 D), whereas the I, estimated after indirect Fourier
transforming the scattering data to obtain the interatomic
distance distribution function p(r) for each sample (Fig. 2
E)is0.011 = 0.001 and 0.021 =+ 0.001 cm ™! in the absence
and presence of FOP, respectively. From the I values in ab-
solute scale, we calculated the molecular mass of L93A with
and without F6P as described elsewhere (40,41), being
63.7 kDa (58.2 KDa from p(r)) and 36.0 kDa (30.5 kDa
from p(r)) for L93A Pfk-2 with and without F6P, thus
demonstrating that F6P induces dimerization of this mutant.

From the pair distribution function p(r), both the radii of
gyration and an ab initio shape model of the monomer and
the substrate-induced dimer were obtained. The radii of gy-
ration were 2.80 £ 0.02 nm for the monomer and 3.27 =+
0.01 nm for the dimer (Fig. 2 E). These values are in excel-
lent agreement with the hydrodynamic properties of the
L93A mutant and of the native dimer of Pfk-2. Although
the protein concentration of the scattered sample was low
and the scattering intensity for ¢ values larger than 0.2 over-
laps the buffer scattering intensities (data not shown), the
ab initio shape generated for the dimer fits well with the
crystal structure of the native dimer of Pfk-2 (PDB ID
3NI1C), having a NSD of 0.94 when superimposed. In the
case of L93A without F6P, the shape generated for the
monomer is more elongated than the compact monomer ex-
tracted from the crystal structure, although its NSD is 0.97.
Thus, the hydrodynamic properties and overall shape of the
isolated monomer of the L93 A mutant suggest that its struc-
ture is somewhat compromised, which is covered in the next
section.

The L93A Pfk-2 monomer is partially unstructured
and unfolds noncooperatively

The interface of the native dimer of Pfk-2 corresponds to a
flattened (-barrel formed by intertwining the four-stranded
B-sheets from the small domain of each subunit, thus consti-
tuting a bimolecular domain with its own hydrophobic core
(12), as shown in Fig. 1 A. Cold-induced dissociation of this
domain leads to the accumulation of an expanded isolated
subunit with lesser secondary structure content that is
marginally stable (10,16). Because the hydrodynamic radius
of the isolated monomer of the L93A mutant is smaller
than the expanded monomeric intermediate observed upon
chemical denaturation or cooling (10,14), we wondered if
there was a compromise in the integrity and stability of its
structure as well.

To address these questions, we performed CD measure-
ments of the L93A mutant at low protein concentration
with and without F6P, showing that its secondary structure
content increases upon dimerization (Fig. 3 A).

We then proceeded to further unfold the protein using
GndHCI, and we measured the secondary structure content
and hydrodynamic properties by CD and DLS, respectively.
As shown in Fig. 3 B, the ellipticity measured for the L93A
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FIGURE 3 Structural features of the L93A mutant of Pfk-2 in the
absence and presence of FOP. (A) Mean residue ellipticity of L93A Pfk-2
before (open circles) and after addition of FOP at a final concentration of
1 mM (black circles). (B) Change in the hydrodynamic radius (black trian-
gles) and the mean-residue molar ellipticity of L93A Pfk-2 at a wavelength
of 220 nm upon unfolding (open circles) and refolding (gray circles) as a
function of the concentration of GndHCI. The protein concentration used
was 3 uM for the CD measurements, and 30 uM for the DLS measure-
ments. (C) Change in the ellipticity of WT Pfk-2 (triangles) and L93A (cir-
cles) upon increasing the temperature in the absence (open symbols) and
presence (black symbols) of 1 mM F6P. The dotted lines represent the
CD signal measured after the high-tension transition for each sample.
The protein was incubated with FOP for at least 40 min at 20°C before
the experiments.
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mutant decreases almost linearly upon increasing the con-
centration of GndHCI. This change in secondary structure
somewhat resembles the chemical unfolding of the cold-
induced intermediate state of Pfk-2, which has a marginal
stabilization free energy of 2.8 kcal/mol (10), although a
sigmoidal transition was observed in that case. The linear
change in the secondary structure content of L93A as a func-
tion of GndHCl is also observed when the protein is refolded
by dilution (Fig. 3 B). This change in secondary structure is
accompanied by an almost linear increase in the hydrody-
namic radius of the protein, from 3.3 + 0.2 nm in the
absence of chaotropic agent to 5.9 * 0.1 nm at 1.5 M
GndHCI, according to DLS measurements, which is slightly
higher than the predicted value of ~5.3 nm for a fully
unfolded chain of 33 KDa (42). Altogether, this evidence
suggests that the chemical unfolding of L93A Pfk-2 pro-
ceeds noncooperatively and that the isolated subunit is
marginally stable.

To confirm the noncooperativity of the unfolding of the
L93A mutant, we proceeded to thermally unfold the protein
in the absence and presence of FO6P. As shown in Fig. 3 C,
the ellipticity of the L93A mutant in the absence of F6P
changes linearly upon increasing temperature, whereas the
WT Pfk-2 unfolds cooperatively, as demonstrated by the
sigmoidal transition with its midpoint around 42°C. Once
L93A Pfk-2 is incubated with 1 mM F6P and substrate-
induced dimerization occurs, the thermal unfolding shows
a sigmoidal transition that overlaps with the unfolding tran-
sition of the WT Pfk-2 without F6P and exhibits the same
temperature midpoint (Fig. 3 C). Addition of F6P to the
WT Pfk-2 further stabilizes the enzyme, increasing the
melting temperature by ~20°C.

Altogether, these results show that the L93A mutant is
partially unstructured, unfolds in a noncooperative fashion
and is marginally stable even in native conditions. The final
section aims to describe which parts of the protein structure
are mainly affected as a consequence of the dissociation
induced through destabilization of the protein-protein
interaction.

The isolated monomer of L93A Pfk-2 has overall
higher solvent accessibility

Spectroscopic techniques such as CD or intrinsic/extrinsic
fluorescence are useful indicators of global changes in sec-
ondary and tertiary structure of a given protein upon folding/
unfolding and binding to other biomolecules, giving useful
insights about their biophysical features. However, they
lack the ability to accurately determine which local regions
of the protein are responsible for the global change ac-
counted through these experimental measures.

Our results suggest that L93A Pfk-2 is an isolated mono-
mer that is partially unstructured and larger than a compact
monomer. In addition, binding of L93A Pfk-2 to its substrate
F6P induces formation of a dimer that resembles the native
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oligomer of WT Pfk-2. To further characterize the structural
features of this mutant, we performed HDXMS measure-
ments of the isolated monomer of L93A Pfk-2 and of the
F6P-induced dimer. HDXMS allows determination of the
exchangeability of backbone amide hydrogens with solvent
deuterium after incubation in D,0, thus accounting for the
solvent accessibility of the protein structure (43). When
the exchange reaction is followed by proteolytic cleavage,
HDXMS allows localization of the protein regions that are
exchanging (15). Furthermore, recent development of online
pepsin digestion coupled to analytical chromatography and
last-generation mass spectrometry allows separation, identi-
fication, and analysis of many sequentially overlapping pep-
tides, thus achieving high structural resolution and high
protein coverage (33,44).

We were able to describe the extent of hydrogen/deute-
rium exchange of a total of 82 peptides from L93A Pfk-2,
representing 98.7% of the total sequence coverage and a
redundancy of 4.23 (Fig. S4). Fig. 4 gathers the main find-
ings from the analysis of the hydrogen/deuterium exchange
data. As shown in Fig. 4 A, WT Pfk-2 shows little solvent
accessibility when the enzyme is allowed to exchange under
native conditions for up to 5 min (Fig. S5), in agreement
with our previous report using MALDI-TOF HDXMS
(16). The highest difference in deuterium uptake is 59% in
residues 276288 (MH+ = 1,219.679), which corresponds
to an a-helix that is exposed on the surface of the protein.
The lowest difference in deuterium uptake is 24% in resi-
dues 44-72 (MH+ = 2,744.484), a part of the Rossmann
fold of the N-terminus of Pfk-2 that is connected to the
interfacial bimolecular domain through the discontinuous
topology of the polypeptide chain (Fig. 1, A and B), in which
several crossings of the protein chain occur between the
major domain and the small domain that constitutes the
interface (13).

In contrast, the isolated subunit obtained through the
L93A substitution has overall higher deuterium uptake
(Figs. 4 A and S6), in good agreement with its larger hydro-
dynamic radius and lesser secondary structure content.

When compared with WT Ptk-2 (Figs. 4 B and S7), the
L93A mutant exhibits a large difference in deuterium uptake
in residues 118-126 (MH+ = 1161.626), which corre-
sponds to an a-helix that is also connected to the interface
of the dimer of Pfk-2 through the reentrant topology, and
residues 152-163 (MH+ = 1287.720), corresponding to
an a-helix and part of a strand of the central 3-sheet from
the Rossmann fold of Pfk-2, which is packed against resi-
dues 118-126 on the bottom of the four-stranded (@-sheet
that constitutes the interface of the native dimer (Fig. 4 A).

Peptide fragments covering residues 14-28 (MH+ =
1632.848) and 29-43 (MH+ = 1471.711), representing
strands 32 and (3 and corresponding to the first topological
discontinuity of the small domain (Fig. 1 B) show an ex-
change difference of 12% and 5% between the isolated
subunit and the native dimer, respectively. The second
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FIGURE 4 Comparison of the solvent accessibility of L93A and WT
Pfk-2 under native conditions. (A) Visualization of the extent of exchange
over local regions of each subunit for WT Pfk-2 (top), L93A Pfk-2 (bottom
left), and L93A Pfk-2 with F6P (bottom right). The coloring scheme goes
from no exchange (blue) to 68% uptake (red), which is the maximum up-
take observed for the N-terminal residues 1-7 from the L93A Pfk-2 mutant.
(B) Difference in deuterium uptake of the L93A mutant when compared
with the WT protein (fop) and with the L93A Pfk-2 incubated with F6P
to induce dimerization (bottom). The secondary structure content per resi-
due (SS) is indicated with the color bar on top of the exchange plots, being
red for strands, blue for helices, and black for loops.

topological discontinuity, constituted by strands 36 and 37
and represented by peptide fragments 94-103 (MH+ =
1090.507) and 104-113 (MH+ = 1124.532), have an ex-
change difference of 1% and 9% when comparing the
L93A mutant with the native dimer, respectively. Hence,
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the difference in deuterium uptake of peptide fragments
that cover the small domain is consistent with the predicted
local stability from the analysis of the change in energetic
frustration of this interfacial domain upon binding (Fig. 1).

The peptide fragment 118-126 (sequence FRQLEEQVL)
was also shown to exhibit a large structural change upon
cold-denaturation, whereas residues 152—-163 (sequence
LISAAQKQGIRC) did not show significant changes in sol-
vent accessibility (16). Remarkably, the C-terminus of the
L93A mutant (residues 240-309) showed little difference
in deuterium uptake when compared with WT Pfk-2
(Fig. 4 B). This region largely represents what has been
structurally identified as the (-meander, a module from
the major domain of Pfk-2 that is separate from the Ross-
mann fold and where most of the residues that participate
in establishing ATP-enzyme interactions are located (12).

Finally, once the L93A mutant is incubated with F6P
(Fig. S8), the protein reestablishes the dimer seen for the
WT Pfk-2, as shown in Fig. 4 B, when comparing the deute-
rium uptake of L93A versus the F6P-induced dimer
(Fig. S9) and the WT Pfk-2 (Fig. S7). Therefore, we can
conclude that the substrate-induced dimerization of L93A
Pfk-2 leads to protein folding and binding into the native
dimer seen for the WT enzyme.

DISCUSSION

The cooperative unit of Pfk-2 does not include a
large portion of the 3-meander module

We recently described the reversible cold-denaturation pro-
cess of Pfk-2, which is possible due to the large size of the
folding cooperative unit, corresponding to almost the entire
dimer, and follows a two-state mechanism resembling the
N, < 2I transition where dissociation and partial unfolding
occur (10). The resulting monomeric intermediate therein
was characterized as expanded and solvent-penetrated
throughout the protein structure (16). Our results presented
here show that destabilization of the interface between sub-
units through the L93A mutation also leads to a monomeric
species with larger hydrodynamic radius than expected for a
compact subunit (Fig. 2), lesser secondary structure (Fig. 3),
and higher solvent-accessibility than the well-folded native
dimer, thus resembling many of the structural features of the
cold-induced intermediate state (Fig. 4). The concurrence
between the cold-induced intermediate state and the L93A
monomer provide further evidence that the interface domain
and the major domain of Pfk-2 are clearly linked in their
folding/unfolding. Moreover, we propose that this coupling
between domains is a consequence of the reentrant chain to-
pology of Pfk-2. The small domain of Pfk-2, which associ-
ates with the adjacent subunit to constitute the bimolecular
interface of the native dimer, emerges as a topological
discontinuity (13), thus reentering and interrupting the chain
topology of the Rossmann module of the major domain
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through many chain crossings (12) (Fig. 1, A and B). It is
known that these chain topologies have emerged during evo-
lution to introduce mutual constraints that promote cooper-
ativity (45). A beautiful example of how chain topology
controls cooperativity corresponds to T4 lysozyme, where
folding of an a-helical N-terminal domain and the C-termi-
nal domain are coupled due to the discontinuous chain con-
nectivity (46). The release of this chain topology constraint
through circular permutation leads to energetic decoupling
of both domains, allowing the C-terminal domain to fold
independently (45,47).

Although the L93A monomer is remarkably similar to
the cold-induced expanded monomer and overall more sol-
vent accessible than the WT Pfk-2, residues 240-309 that
largely represent the last three a-helices of the f-meander
module of the major domain of Pfk-2 (Fig. 1 B) remain as
folded as in the WT native dimer (Fig. 4 B). According
to HDXMS, the C-terminal region of the L93A mutant
shows small changes in deuterium uptake under native
conditions, in comparison to the same region in WT
Pfk-2 (Fig. 4 B), whereas MALDI-TOF HDXMS analysis
of peptide fragments that covered a large portion of the
C-terminus of the (-meander of WT Pfk-2 (residues
275-294) showed a significant increase in their extent of
exchange as a consequence of cold-denaturation (16).
Therefore, we conclude that the dissociation of the
dimer of Pfk-2 in native conditions mainly affects the
Rossmann module of the major domain and the small
domain, which is linked to the Rossmann module by the
reentrant topology of the polypeptide chain (12,13), and
not the (-meander module, suggesting that the latter
does not belong to the folding cooperative unit of Pfk-2.
Structurally, this idea is consistent with the fact that
none of the chain crossings between the major domain
and the interface domain interrupt the chain topology of
the 8-meander.

Several considerations support the idea that the g-
meander module is not part of the folding cooperative
unit of Pfk-2. First, deletion of up to 10 residues of the
C-terminus of WT Pfk-2, covering the totality of the last
C-terminal helix, does not affect folding or function of
the dimer of Pfk2, only impeding quaternary packing into
the allosterically induced tetramer (48). Second, the kinetic
unfolding of Pfk-2 followed by CD shows a biphasic
behavior, which has been argued to correspond to a
sequential unfolding mechanism (49). Although the slow
phase has been related to the dissociation and unfolding
of the native dimer, because it matches the kinetic un-
folding rate determined by intrinsic fluorescence, the fast
phase has been associated with structural changes of a re-
gion of the protein that is not related to the folding cooper-
ative unit, namely the B-meander. Third, comparative
analysis of Pfk-2 and several ADP-dependent archaeal en-
zymes from the ribokinase superfamily has demonstrated
that the B-meander module experiences a topological reor-
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dering through a noncyclic permutation (50). The plasticity
of the topology of the B-meander along the evolution of this
kinase superfamily would be expected if the stability of the
folding cooperative unit does not depend on this structural
module.

The noncooperativity of L93A is largely explained
by the hydration of its hydrophobic core

As demonstrated through chemical unfolding and cold
denaturation, most of the protein stability of Pfk-2 is lost
during the dissociation step N, «> 2I, corresponding to a
free energy change of ~12 kcal/mol (10,14). The resulting
monomeric ensembles after applying these perturbations
are marginally stable and apparently similar, but exhibit
different hydrodynamic radii (10). In the case of the L93A
mutant, the isolated monomer is more compact than the
cold-denatured and GndHCl-denatured ensembles. The
marginal stability of the isolated subunit, along with the
different sizes of these ensembles upon the applied perturba-
tions, suggests that the hydrodynamic features of the iso-
lated subunit of Pfk-2 are strongly dependent on solvent
conditions, as demonstrated for the unfolded states of other
proteins, such as the C-terminal domain of the ribosomal
protein L9 (51).

Nevertheless, both HDXMS analysis of the cold-dena-
tured state of WT Pfk-2 (16) and this study of L93A Pfk-2
demonstrate that these isolated monomers have increased
amide exchange throughout the hydrophobic core, which
can be interpreted as an increase in water-mediated interac-
tions despite the direct native contacts that stabilize the hy-
drophobic core. In fact, most of the central §-sheet that
constitutes the core of the structure of Pfk-2 is solvent acces-
sible in the L93A mutant (Fig. 4). Experimentally, these sol-
vent-penetrated ensembles are usually seen as a result of
cold (52) and pressure denaturation (53), although denatur-
ants are also generally considered to facilitate solvation of
hydrophobic regions of proteins (54). Theoretical ap-
proaches have been able to evaluate the unfolding of such
solvent-penetrated or swelling structures. Recent simula-
tions, where protein native contacts are allowed to be wa-
ter-mediated to resemble the effect of pressure in proteins,
have shown that these ensembles unfold noncooperatively,
with a consequent increase in their radius of gyration
and loss of compactness (18). Hence, the noncooperative
behavior of the chemical and thermal unfolding of the
L93A mutant of Pfk-2 can be understood as a process where
a protein, whose hydrophobic core has been already largely
penetrated by water molecules, gradually becomes fully
unfolded and solvated.

SUPPORTING MATERIAL

Nine figures are available at
supplemental/S0006-3495(15)00346-X.
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