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We measure the stability and folding rate of a mutant of the
enzyme phosphoglycerate kinase (PGK) inside bone tissue cells
as a function of temperature from 38 to 48 °C. To facilitate measure-
ment in individual living cells, we developed a rapid laser tempera-
ture stepping method capable of measuring complete thermal
melts and kinetic traces in about two min. We find that this method
yields improved thermal melts compared to heating a sample
chamber or microscope stage. By comparing results for six cells
with in vitro data, we show that the protein is stabilized by about
6 kJ/mole in the cytoplasm, but the temperature dependence
of folding kinetics is similar to in vitro. The main difference is a
slightly steeper temperature dependence of the folding rate in
some cells that can be rationalized in terms of temperature-depen-
dent crowding, local viscosity, or hydrophobicity. The observed rate
coefficients can be fitted within measurement uncertainty by an
effective two-state model, even though PGK folds by a multistate
mechanism. We validate the effective two-state model with a
three-state free energy landscape of PGK to illustrate that the
effective fitting parameters can represent a more complex under-
lying free energy landscape.

activation barrier | fluorescence microscopy | Férster resonance energy
transfer (FRET) | green fluorescent protein (GFP) | thermal denaturation

s the ability of molecular dynamics and physics-based force

fields to simulate protein folding kinetics improves (1-3),
folding kinetics in complex environments such as crowding agents
(4-6) or living cells (7) is receiving increased attention. Energy
landscape theory predicts that the free energies of different pro-
tein states are similar, and that the free energy barriers connect-
ing these states are small (8); hence, one might expect that even
small perturbations in vivo (on the order of RT ~ 2.5 kJ/mole)
can have significant effects on folding and function: the relative
population of two pathways is exponentially sensitive to their
free energy difference (Boltzmann factor). In this manner, differ-
ent microenvironments in the cell could exert localized “post-
post-translational” control over protein structure, folding, and
function (9).

Due to their dynamic nature and small folding equilibrium
constant, proteins spontaneously unfold and refold many times
in vivo between translational synthesis and degradation. We re-
cently developed Fast Relaxation Imaging (FRel) to study post-
translational unfolding and refolding kinetics inside cells (10).
The technique applies small temperature upward or downward
jumps to living cells and monitors a target protein that has been
FRET-labeled to distinguish native and unfolded states by fluor-
escence microscopy. As our prototype protein, we chose a FRET-
labeled phosphoglycerate kinase construct (FRET-PGK) for
comparison between in cell and in vitro. This multistate folder
should be particularly sensitive to cellular modulation of its
folding rate and mechanism. We found that unfolding was highly
reversible in the cytoplasm up to 43 °C (10). The local viscosity
experienced by the polypeptide chain is about twice as large as
in aqueous solvent (7). Significant kinetic differences exist
between in vitro, nuclear, and endoplasmic reticulum refolding
environments (11).

www.pnas.org/cgi/doi/10.1073/pnas.1201797109

We now study the temperature dependence of FRET-PGK sta-
bility and relaxation kinetics in bone tissue cancer (U20S) cells
to provide a more stringent comparison with in vitro results. By
developing an automated temperature stepping method, we are
able to complete a series of thermal melts and kinetics within
~2 min compared to the previous ~2 h for such measurements.
This reduces cell damage and propensity for aggregation. We
compared the rate coefficients for six cells with the in vitro result.
The melting curve and rate coefficients could be fitted by an
effective two-state model. A more sophisticated hierarchical
three-state free energy landscape confirms the adequacy of the
two-state model and matches the nonexponential relaxation
kinetics observed by FRel. Consistent with previous measure-
ments (7, 10), we find that FRET-PGK thermal stability increases
by ~6 kJ/mole in the cells, and that relaxation is slightly slower.
Otherwise, the temperature dependence of the rate coefficients
k¢ (folding) and k,, (unfolding) in the cytoplasm closely resembles
the in vitro data. The notable exception is small differences in
curvature or tilt of k; and k,, as a function of temperature. To
rationalize these differences, we offer several hypotheses that
would be interesting to test with coarse-grained crowding simula-
tions of PGK folding.

Results

Fluorescence Detection and Fast Temperature Stepping. Our probe
protein FRET-PGK is a low-melting triple mutant (Y122W/
W308F/W333F) of the ATP-producing enzyme phosphoglycerate
kinase (10). The enzyme is labeled with a green AcGFP1 donor at
the N-terminus and a red mCherry acceptor at the C-terminus
(Fig. 1) so fluorescence switches from red towards green when
the enzyme unfolds. U20S cells expressing the protein adhered
to a glass slide immersed in a 120 pm layer of culture medium.
The donor was excited by a blue LED and green and red fluor-
escence were separately imaged onto a fast CMOS camera to
quantify FRET (see Methods). mCherry, whose quantum yield
decreases linearly by 2.5%/°C between 20 and 60°C (11), was
excited by a yellow LED to serve as a thermometer for in vitro
and in cell measurements (S Appendix, Sec. 1). A thermochromic
dye on microbeads can be substituted to provide a reference for
accurate focusing and temperature calibration on the same slide.

To measure protein thermodynamics in living cells with mini-
mal disruption, we developed a fast temperature stepping method
rather than heating the sample slide only resistively. A 2,200-nm
wavelength infrared diode laser was focused by a 25 mm f.I. lens
to a #1 mm diameter spot on the sample providing uniform heat-
ing over the field of view of a 40 X microscope objective. The
laser was computer-controlled to implement any desired power
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Fig. 1. Fast temperature stepping measurements in vitro. (A) Stepping the
power of the 2,200 nm heating laser and, hence, the temperature (in red,
measured using mCherry), yields donor (AcGFP1, green), and acceptor
(mCherry, red) fluorescence intensity curves upon FRET-PGK unfolding.
Heating to 80°C (reached at 160 s before the temperature was returned
to room temperature) causes some irreversible aggregation even on a
2.5 min time scale. (B) Fast temperature stepping (blue, <2 min) and conven-
tional stage heating (red, 90 min) produce similar melting temperatures, but
fast stepping produces larger donor-acceptor ratios D/A due to reduced
aggregation above 40°C. The insets show ribbon structures of FRET-PGK
folded and unfolded with fluorescent labels symbolized by green and red
cylinders.

profile with ms time resolution for upward and downward jumps
(limited by laser power, sample heat capacity, and sample heat
conductivity). For fast thermodynamics measurements of FRET-
PGK, the temperature profile was stepped with a few seconds of
dwell time after each step to allow equilibration. Fig. 14 (Bottom)
shows the resulting donor and acceptor fluorescence of FRET-
PGK in vitro. Instead of simple steps, spiked power steps pro-
vided even faster settling of the temperature for thermodynamic
and kinetic measurements (SI Appendix, Sec. 1).

Thermal Unfolding and Equilibrium Constant. Fig. 1B shows the re-
sulting donor-acceptor fluorescence intensity ratio D/A in vitro.
The rapid stepping method reached higher D/A ratios upon un-
folding than slow heating of the stage. We attribute this to less
protein aggregation and, therefore, reduced intermolecular
FRET (10) when heat exposure is minimized. Upon heating to
80°C in 160 s (Fig. 14), refolding was not fully reversible (base-
line at 250 s has not returned to initial value). Staying below 50 °C
(relevant in vivo) and using low excitation LED power yielded
nearly reversible thermal scans with minimal chromophore
bleaching (SI Appendix, Sec. 1). A two-state model (see Methods)
fitted the sigmoid thermal unfolding curve within measurement
uncertainty yielding an effective melting temperature T, (SI
Appendix, Table S1) and equilibrium constant K.(T).

Folding and Unfolding Rate Coefficients. Relaxation kinetics was
measured alone or together with thermodynamics using ms
temperature steps of ca. 4 °C followed by a temperature plateau
to allow equilibration. Fig. 2 shows a series of donor-acceptor
fluorescence intensity difference traces D(¢)-aA(t), linear in
protein concentration (11) for FRET-PGK relaxation in a U20S
cell. All kinetic traces were corrected for a small amount of
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Fig. 2. FRET-PGK folding/unfolding relaxation traces from cell (A) in Fig. 4.
The color corresponds to the final temperature after a 4 °C T-jump. At low
and high temperatures (blue and red traces), the kinetic amplitude is small.
Near the thermal denaturation midpoint (yellow, green) the maximum
kinetic amplitude is observed. A stretched exponential fit to this data yields
the observed relaxation rate k.. Chromophore bleaching was subtracted as
a linear baseline fitted to the last 4 s of data.

photobleaching (SI Appendix, Sec. 2) and then fitted to a
stretched exponential function e~%o)" Fig. 3 compares the
observed rate coefficients ks obtained by fitting two different
sets of in vitro data to illustrate measurement reproducibility.
The fitted values of b ranged from 0.7 to 0.9 in vitro and in vivo.

To calculate effective two-state unfolding and refolding rate
coefficients k, and k; from ks and K4, we applied the two-state
assumption K.q = ks/k, and ko, = ks +k, and discarded the
information contained in b. Fig. 3 shows the in vitro rate coeffi-
cients that were also fitted to a two-state model (see Methods and
SI Appendix, Sec. 2). Fig. 4 shows the in vivo rate coefficients
together with two-state fits for six U20S cells (4) through (F).
SI Appendix, Sec. 3 lists all fitted two-state kinetic parameters.
The most notable difference between the in cell and in vitro data
is an upward shift of T, by 2-3 °C and a two-fold decrease of the
rate coefficients. The only other notable feature compared to in
vitro is a slightly steeper slope/higher curvature of k; for cells (4),
(B), (D) and (E). To facilitate comparison, all in vitro and in vivo
data were collected in the same way and fitted to the same model.

Hierarchical Free Energy Landscape. Although an effective two-state
model fits the thermal melts and rate coefficients well, PGK
folding kinetics deviates from simple two-state behavior in vitro
(12-14) and in vivo (10, 11). PGK folds through a hierarchical
sequence of intermediates whose kinetic traces (Fig. 2) can be
fitted within measurement uncertainty only by a stretched expo-
nential function with g # 1. g varies from 0.6 (in vitro) to 1 (in the
endoplasmic reticulum) in the literature (11), and our current

In(kobs)
AV

36 38 40 42 44 46
Temperature (°C)

Fig. 3. Temperature dependence of the in vitro rate coefficients of FRET-
PGK from two series of measurements (open and closed symbols). The solid
lines are fits to the effective two-state model discussed in the text. The loga-
rithm is the natural logarithm here and in Fig. 4.
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Fig. 4. Temperature dependence of the in vivo rate coefficients of FRET-PGK from cells (A) through (F) in black symbols. The solid black curves are fits to the
effective two-state model discussed in the text. The solid red lines are the in vitro fits from Fig. 3 for comparison. The insets show cells (A-D) at room tem-
perature on the same absolute intensity scale illustrating expression level, scale bar: 10 pm.

results fall within that range. The relative free energy of states
populated during folding is thus sensitive to the cellular envir-
onment.

To validate the effective two-state model that yielded T,,,
Keq(T), ke(T), and k, (T), we analyzed a minimalist three-state
free energy landscape (FEL) of PGK. Fig. 5 illustrates the FEL:
The free energy AG(¢) was a linear function of temperature and
of the reaction coordinate ¢ according to the Hammond postu-
late (15). We assumed ¢ = 0 (unfolded state U), 0.25 (1st transi-
tion state), 0.5 (intermediate state I), 0.75 (2nd transition state),
and 1 (native state N). Kinetics and thermodynamics of the FEL
were solved by relaxing the three coupled differential equations
for the concentrations [U], [I], and [N] (see Methods). The free
energies and barrier heights of the FEL were adjusted so the FEL
closely approximated the experimentally observed K, fand k.
We then calculated k; and k,, for the FEL and fitted them to the
same effective two-state model as the experimental data. The
two-state model provides an excellent fit of the FEL rate coeffi-
cients (Fig. 6). In particular, the effective two-state model 7, is
within 0.2 °C of the temperature where AGyy of the three-state
FEL equals zero. We expect that the melting temperature ob-
tained by fitting the experimental data to the two-state model
is also very close to the true melting temperature of FRET-PGK.

The basic FEL did not incorporate solvent viscosity, and en-
forced a linear Hammond postulate for the transition states.
As a result, it produces too deep a “vee” in Ky, and k; and
k,, are not sufficiently curved (compare Figs. 4 and 64). Inclusion
of a viscosity dependence 5(T)~! (Fig. 6B) or of a fractional visc-
osity dependence (S Appendix, Sec. 4) improved the “vee” and
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i 8: ; : T
5 26(9)=6"p(TT,) AG
6 H : :
4 <
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Fig. 5. A three-state model that accounts for hierarchical (5 < 1) folding of
FRET-PGK and is used to validate the effective two-state model. The states
N, I, and U have a linear dependence of free energy on the reaction coordi-
nate j (gray slope) and temperature (arrow indicating tilt) given by the for-
mula AG(p) = GMg(T - T,,). The free energy barriers are referenced to the
average free energy of neighboring states as illustrated for AGJ,.
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curvature but it was not sufficient. T-jump experiments of small
proteins in carbohydrate crowders have shown that folding rates
cannot be understood just in terms of simple bulk viscosities (16).
Inclusion of a quadratic term G®) (T — T,,)%¢ just for the free
energy barriers did produce the correct “vee” and curvature com-
pared to experiment (Fig. 6D). Physically, this corresponds to a
different temperature dependence of the activation heat capacity
AC,T(T) relative to the folding heat capacity AC,(T). As can be
seen in Fig. 6, the effective two-state model fits the data from all
FELs with very good accuracy.

Discussion

Evaluating In(Kq) = In(k¢/k,) = AG/RT for each cell in Fig. 4
at the in vitro melting temperature of 7, ~ 38.9 °C, we obtain
(AAG) = =2.3 RT,, ~ 6 kJ/mole in vivo relative to in vitro. This
is a relatively small modulation of the free energy by the cell, but
it could have significant effects as we discuss later. There are a
few other examples of cells modulating protein folding, structure,
and function in a variety of ways following translation and post-
translational modification. Verkman (17) have shown that glyco-
lytic pathway enzymes such as PGK diffuse much more slowly in
the cell than do similar-sized proteins such as GFP. A possible
explanation is clustering of enzymes for more efficient substrate
processing. Models for such weak association above the quatern-
ary structure level exist (18), but experimental data remains
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Fig. 6. FEL simulated rate coefficients (symbols) fitted to the same effective
two-state model (solid curves) as the experimental data. The FEL calculation
included (y~") or excluded (4°) the solvent viscosity dependence of the rate
prefactor, and the activation free energies strictly obeyed the same Ham-
mond's principle as the U, |, and N state free energies (red free energy slope
in Fig. 5) or had an added quadratic free energy term G?.
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scarce. In cell NMR measurements show that a protein disor-
dered in vitro can gain structure in the cell (19). Simulation,
in-cell measurements and artificial crowder experiments are all
consistent with a large shift of the PGK domain hinge equili-
brium, producing a more compact and enzymatically active state
in crowded solutions or in cells (6) (figure S2 in ref. 11).

The average stabilization of FRET-PGK observed here in the
cytosol of six cells is only AT, = 2.6 °C. This is lower than pre-
dicted by the simplest coarse-grained models for packing frac-
tions around 25-30% (20) but is in line with some crowding
models that represent the protein at an atomistic level (21). NMR
experiments have shown that protein crowders can even destabi-
lize crowded proteins (22) presumably due to intermolecular
interactions (e.g., electrostatics). It is clear that a quantitative
theory of protein stability in the cytosol will have to include sim-
ple crowding and intermolecular interactions.

Viscosity effects are turning out to be equally subtle (16). We
showed here that the standard Kramers viscosity scaling of
h~! helps correct our FEL, but what about the magnitude of the
viscosity? Verkman’s results require a viscosity 20 X higher than
that of bulk water to explain slow spatial diffusion throughout the
cell, whereas the modest decrease of intracellular folding rate
coefficients in Fig. 4 indicates only a factor of two larger viscosity
than in the bulk. (Cell-to-cell studies in ref. 7 propose that a
change of folding activation energies inside the cell cannot ac-
count for the slower rates.) The effective viscosity is sensitive
to the transport property being described (translational diffusion,
formation of secondary structure, local chain diffusion to fold a
protein, etc). Experimental data in cells is still scarce. It remains
to be seen whether more meaningful quantities than viscosity
alone (e.g., hydrodynamic effects) (23) must be developed to
describe diffusion or anomalous diffusion in the interior of the
cell.

The slightly more negative slope and larger curvature of
log(k;) in some cells compared to in vitro (Fig. 4) is consistent
with several hypotheses. Crowding and jamming could become
less efficient when the temperature is raised. As a consequence,
the unfolded state has more room and pays a smaller entropic
penalty. The refolding rate would then decrease towards the in
vitro rate, whereas the unfolding rate would track the in vivo rate.
Cell (D) is a good example. Alternatively, the solvent viscosity
may decrease less rapidly in vivo than in vitro when the tempera-
ture is raised. One then expects k; and k,, to decrease relative to
in vitro (intrinsic protein friction of course also plays a role) (24).
Cell (4) is a good example. This scenario is plausible because the
cytoplasmic viscosity is subject to hydrodynamic effects (23), and
“biological” water has retarded dynamics out to several nm dis-
tances from protein surfaces (25). As a final alternative, hydro-
phobicity may increase more rapidly with temperature in cells
than in vitro. This difference has two counterbalancing effects
on folding. More hydrophobicity means more nonnative contacts
reducing the prefactor k, in the rate constant expression

k = kye2G"/RT (a5 observed in vitro) (24, 26). At the same time,
more hydrophobicity stabilizes the native state and decreases the
activation free energy AGT. The right combination of these two
factors could cause the opposite trend of k; and k,, in vivo relative
to in vitro. Cell (B) is a good example.

Given the range of behaviors observed in our sample of six
cells, we suspect that all of these scenarios play a comparable role
in vivo. It would be very interesting to see what coarse-grained
simulations predict for the relative contributions of viscosity,
hydrodynamics, crowding, and hydrophobicity (landscape rough-
ness) to the folding kinetics temperature dependence. Although
the free energy change of ~2.3 RT that we see from in vitro to in
vivo is small, it is worth reiterating that p, /p, = exp[2.3] ~ 10:
pathway populations could be tuned by a factor of 10 in a
two-state system. For intrinsically disordered or nearly disordered
signaling proteins, or for fine control of enzymatic activity, such

17866 | www.pnas.org/cgi/doi/10.1073/pnas.1201797109

modulation of the free energy landscape could make an adaptive
difference in a living cell. For example, a single Lys—His muta-
tion in the human XPD helicase changes ATPase activity by only
10% and DNA binding affinity by only 50%, sufficient to cause
Trichothiodystrophy (27).

Methods

Protein Expression. The FRET-labeled protein was encoded in the pDream
vector and expressed in E. coli as described previously (28). The His-tagged
protein was purified on a Ni-NTA column and dialyzed against 50 mM phos-
phate buffer at pH 7. All in vitro measurements were performed with protein
concentrations of 5-10 uM.

Live Cell Experiment. The FRET-PGK plasmid was transfected and expressed in
U20S cells. Transfection was performed with lipofectamine for 6 h before the
cells were split and grown on coverslips. Confluency was ~80% before mea-
surements. It is estimated that the in cell protein concentration reaches
100-150 pM at the time of imaging 20-25 h after transfection, typical of med-
ium-abundance proteins in the cytosol (29).

Thermodynamic Fitting. We use the fluorescence intensity ratio D/A, the
scaled difference D-aA, or the FRET efficiency to characterize thermody-
namics and kinetics with the advantages of each outlined in ref. 11. The
thermal melts plotted as D(T)/A(T) were least-squares fitted to an effective
two-state model (30)

RTI[K(T)] = AH — TAS + AC,[T = T,,, + TIn(T,,,/T)]
— AG(T). [1]

Adjustable parameters were the folding enthalpy AH, folding entropy AS,
folding heat capacity ACp, and melting temperature T,,. The constraint
AG(Tp) = AH-T,AS = 0 defined T,, as the melting temperature. K.q was
used to calculate the model's native state fractional population (S/
Appendix, Sec. 2). That fraction was then used to fit the D/A signal as
described in ref. 11. After the fit had converged, the final K.q(T) was further
used for kinetic data analysis.

Temperature-Dependent Kinetics. The in cell relaxation was measured at 16
temperatures from room temperature to 50 °C. The kinetic amplitude as a
function of temperature reaches a maximum near T,, that can be used to
obtain T, directly from kinetics (31). The resulting T,, is similar to that
obtained from fast-step thermodynamics. Only ~8 measurements around
T had enough kinetic amplitudes for data analysis. The normalized differ-
ence D(t)-aA(t) between the donor and acceptor fluorescence intensities
(Fig. 2) was fitted to stretched exponentials at each temperature (11). The
optimal choice of the constant a to yield the highest signal-to-noise ratio
depends on the temperature-dependent relative quantum yields of donor
and acceptor and on the sensitivity of the optical system to the green and
red fluorescence (11), but it does not affect the fitted ks or $ values outside
measurement uncertainty. Ko and Keq were combined to obtain k, and k¢
and fitted to a kinetic two-state model analogous to the thermodynamic
two-state model in Eq. 1 (S/ Appendix, Sec. 2).

Free Energy Landscape Simulation. The FEL kinetics was simulated from 298 K
to 328 K in a range of +15 K around the melting temperature. The barrier
heights had an optional quadratic temperature dependence (S/ Appendix,
Sec. 4). At each temperature simulated, the initial concentrations in the three
states were set to their equilibrium values at 4 K below the simulation
temperature, which is the size of the temperature jump in the experiment.
Relaxation towards the equilibrium state was calculated by solving

4 (U —kuyi kry 0 (U]
7 U ) =1 kvt —kiv—kin  kni 1l . 121
[N] 0 k]N _kNI [N]

Rate coefficients were calculated as kyy = kge (AGxy+4Gxy/2)/RT  gnd
kyx = koe~(AGxy—AGxv/2)/RT ' The prefactor k, was held constant at the pre-
viously measured U < U’ relaxation rate of 10° s—' of wild type yeast PGK
(12) or allowed to vary with viscosity as 77 (S| Appendix, Sec. 4).

To compute kinetic traces from the concentrations, the following FRET
efficiencies £ were used. The measured FRET efficiencies of the N and U states
are ~0.14 and ~0.25. These values are a combination of actual FRET efficiency,

Guo et al.
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quantum yield, and camera response. The FRET efficiency of state | was
assumed to be ~0.195. Relative donor and acceptor intensities D and A can
be calculated from E = A/(A + D). Total FRET intensities D or A were calcu-
lated by summing U, |, and N intensities weighted by their respective concen-
trations. The calculated FRET signals as a function of time were fitted to
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