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Abstract

Protein folding in cells occurs in the presence of high concentrations of endogenous binding
partners, and exogenous binding partners have been exploited as pharmacological chaperones. A
combined mathematical modeling and experimental approach shows that a ligand improves the
folding of a destabilized protein by biasing the kinetic partitioning between folding and alternative
fates (aggregation or degradation). Computationally predicted inhibition of test protein
aggregation and degradation as a function of ligand concentration are validated by experiments in
two disparate cellular systems.

Proteins in a physiological milieu can have many binding partners. Surprisingly, little
attention has been paid to how such ligands affect protein folding, despite the current interest
in in vivo protein folding->. In the intracellular environment, proteins must navigate an
intersecting folding—aggregation landscape to reach their functional states®. In principle,
native ligands as well as pharmacological chaperones—Iligands added to cells as potential
therapeutics’—can influence this landscape. In the present study, we explore how ligand
binding affects folding in the cell by combining mathematical modeling with experiments.

Our model for in vivo protein folding in the presence of ligands is pictured in Fig. 1. In this
model, protein is synthesized in an unfolded state (U), which can fold to the native state (N)
with forward and reverse rate constants ks and k. Alternatively, the unfolded state can be
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degraded (Deg) or aggregate (A). Degradation is irreversible with a rate constant Kgeg. We
also treat aggregation as being irreversible with a rate constant kagg, although intracellular
aggregates can be disaggregated by chaperones or degraded by autophagy®. These and other
effects of the cellular protein folding machinery are subsumed into the rate constants in our
model. The native state can bind to a ligand (L) to form a complex (N:L) with association
and dissociation rate constants k, and ky. Finally, the N or N:L states can be secreted with a
rate constant ksec. We assume that there is a large extracellular reservoir of ligand with a
constant concentration and that the intracellular ([L]i,) and extracellular ([L]qyt) ligand
concentrations are proportional: [L]in = Kio[L]out- The model's rate equations and more
detailed discussion of the model are given in Supplementary Results, Supplementary Note.

The fraction of protein that remains soluble (7.¢., is not degraded and does not aggregate) at
a given time, or F, is experimentally measureable. F, will evolve in two stages during a
protein expression time course when a ligand is present. It rapidly reaches a first “pseudo-
steady state” during which ligand binding is effectively irreversible (ka[N][L] > kq[N:L]J).
The system then gradually approaches a second, more robust pseudo-steady state as ligand
dissociation becomes appreciable. In both of these stages, F; is given by:

[A)+[Degl, !

F.=1— —
T [Ptot]t 1+B1 <

W BB (ows ) (1)

where [Aly, [Degl:, and [Piotlt are the concentrations of aggregated, degraded, and total
protein synthesized at time t, and By = K¢/(Kagg + Kgeg) and By = kgec/ky during both pseudo-
steady states (see Supplementary Note). However, during the first pseudo-steady state Bz =
kaKio/ky, whereas during the second B3 = kaKjo/(Ky(1+kg/Ksec)). When necessary, we will
write the former as B3 1 and the latter as B3 5. The F; vs. [L]oyt curve shifts to higher ligand
concentrations during the second pseudo-steady state because B3 » < B3 1, indicating that
maintaining a given protein level requires more ligand when ligand dissociation is non-
negligible. The time needed to transition from the first to the second pseudo-steady state is
discussed in the Supplementary Note, but we note that it is greater in systems that do not
secrete protein than in systems that do.

Equation (1) predicts that F, increases with [L]oyt until it reaches the following limit:

1, 1
1+B;

F :Fr,male

r|[L]—oo

B Ry
1+ kagg+kdeg (2)

Thus, at very high ligand concentrations, a protein's fate depends on folding kinetics (k) but
not folding thermodynamics. In addition, the fact that F; 5y is determined by the ratio k¢
(Kagg+Kdeg) illustrates that analyzing F vs. [L] curves using our model generally yields
information on rate constant ratios. This circumstance arises because F, measures the
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partitioning of protein molecules among their possible fates at pseudo-steady states, which is
a function of relative, not absolute, rates.

To test the predictions of equation (1), we first studied a mutant of the £. coli protein
dihydrofolate reductase (dADHFR) expressed in £. coliin the presence of trimethoprim
(TMP), a DHFR ligand®. The mutation in question was a -Gly-Gly- insertion between K106
and A107 in a surface loop (Fig. 2a). This mutation destabilizes DHFR and makes it
aggregation-prone but leaves TMP binding largely unperturbed (Ky4 = 37 + 6 nM compared
to 9-15 nM for wild type DHFR?; Supplementary Fig. 1). /nn vitro, ADHFR aggregation is
efficiently, though not completely, inhibited by an equimolar concentration of TMP
(Supplementary Fig. 2).

In the absence of TMP, dDHFR is mostly aggregated (F, = 0.15 £ 0.02) after expression in
E. coliBL21 (DEJ) cells for 1.5 hours at 37 °C (Fig. 2b; Supplementary Fig. 3a), unlike
wild type DHFR, which does not aggregate when overexpressed!?. Titration with TMP
increases F, but dDHFR still partially aggregates even at [TMP] = 100 uM (Fig. 2b;
Supplementary Fig. 3a). This behavior is consistent with equations (1) and (2). In addition,
equation (1) fits well to the data in Fig. 2b, arguing that our model captures the essential
features of the system. Arresting dDHFR synthesis by adding chloramphenicol in the
presence of excess TMP did not change F, after 1 h, consistent with our assumption that
disaggregation is negligible (Supplementary Fig. 4a).

Interpreting the fit of equation (1) to the data in Fig. 2b requires knowing whether the
dDHFR expression system is in the first or second pseudo-steady state, or somewhere in
between. Two experiments suggest that the system is in the first pseudo-steady state. First,
arresting synthesis with chloramphenicol and shifting to medium lacking TMP led to only a
modest change in F; after 1 h, arguing that dDHFR did not rapidly re-equilibrate from the
ligand-bound to the free state (Supplementary Fig. 4b). Second, measurements of F; vs.
ligand concentration at the 0.5 h and 1 h time points were similar to those at the 1.5 h time
point (Supplementary Fig. 4c), consistent with ligand-bound dDHFR accumulating as a
fixed proportion of the total amount of protein synthesized (which increased roughly linearly
with time: [dDHFR] = 1.5 mM, 2.1 mM and 3.3 mM at 0.5, 1 and 1.5 h). Both findings are
consistent with irreversible ligand binding being a reasonable assumption at the 1.5 h time
point. See the Supplementary Note for further discussion.

Of the parameters from the fit of equation (1), By = K¢/(Kagg *+ Kdeg) = Kf/Kagg =2.9 £ 0.8 is
of particular interest because it reveals that folding is about three times faster than
aggregation (£. coliBL21 lack Lon protease, so Kgeg ~ 0). According to equation (2), this
ratio controls the maximum rescue of dDHFR by TMP. No matter how high the
concentration of TMP is, some dDHFR will be diverted to aggregation before TMP binding
can rescue it; for dDHFR, that portion is about 25% (Fig. 2b). See the Supplementary Note
for further discussion of these points.

As a second test of our model, we chose human a-galactosidase A (a-GAL) (Fig. 2c)
expressed in HEK-293T cells in the presence of 1-deoxygalactonojirmycin (DGJ;
migalastat), a galactose mimic that binds in a-GAL's active site. Destabilized a-GAL
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mutants can cause Fabry disease because they are often degraded by ER associated
degradation (ERAD) before they can be exported from the ER1L, leading to a loss-of-
function. DGJ increases the activity of a-GAL mutants despite being an inhibitor because it
stabilizes a-GAL in the ER but is out-competed by natural a-GAL substrates in the
lysosome”:11.12. Note that a-GAL self-associates to form a dimer; in our model the effects
of this process are subsumed into k;, (see Supplementary Note).

We tested the effect of DGJ on the intracellular levels of FLAG-tagged R301Q a-GAL
(which causes a mild form of Fabry disease3) that had been transfected into HEK-293T
cells and expressed for 24 h. To determine the total amount of a-GAL synthesized, we used
the proteasome inhibitor lactacystin to inhibit ERAD in one sample (note that since total
protein levels are of interest in this experiment, any a-GAL aggregation caused by
proteasome inhibition would be immaterial). Since no a-GAL was detected in the media, F,
is the ratio of the protein level at a given DGJ concentration to that of the lactacystin sample.

As before, F, for a-GAL increases with increasing [DGJ] until a plateau is reached. Also,
equation (1) fits the F, vs. [DGJ] data well (Fig. 2d; Supplementary Figure 3b). Since no
R301Q a-GAL aggregation was observed (Kagg = 0), By = K/(Kagg + Kdeg) = Kf/Kgeg. Thus,
the best-fit value of B; = 1.2 + 0.2 indicates that folding and degradation are almost evenly
poised. Furthermore, according to equation (2), the maximal rescue for a-GAL R301Q is
~55% of the protein. See the Supplementary Note for further discussion.

To further probe the role of ligand dissociation in the pharmacological chaperoning of a-
GAL, we measured F; as a function of the concentration of another, weaker binding ligand:
a-homogalactonojirimycin (HGJ)!4. Since the a-GAL expression system is likely in the
second pseudo-steady state (see Supplementary Note), equation (1) predicts that decreases in
k, or increases in kq—either of which could cause the lower affinity of HGJ for a-GAL—
would shift the F, vs. [HGJ] response curve to higher ligand concentrations. Consistent with
this expectation, HGJ did not affect F, over the experimentally accessible concentration
range (Supplementary Fig. 5). We note, however, that this result could be partly due to HGJ
being taken up into cells less efficiently than DGJ.

This study has implications for identifying good candidates for pharmacological
chaperoning. Ligands will always increase productive folding because dF,/d[L] must be
positive. However, equation (2) shows that the upper limit of F, is dictated by the relative
kinetics of folding vs. degradation and/or aggregation. Pharmacological chaperoning is
therefore most effective for thermodynamically unstable but fast folding proteins. For
example, proteins fused to destabilized constructs of the fast-folding protein FKBP1215 are
efficiently rescued by the FKBP ligand Shield-116. Slow folding proteins, however, benefit
less from pharmacological chaperoning, as illustrated by the limited success of
pharmacological chaperones as monotherapies for cystic fibrosisl’. Cystic fibrosis is caused
by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR), a large
slow-folding membrane protein. Many CFTR mutants partition almost exclusively to ERAD
leading to loss of CFTR function®, Treating cells expressing a disease-associated CFTR
mutant (AF508 CFTR) with lumacaftor modestly increased the trafficking of CFTR to the
cell surface (to 14% of wild type levels)1®. Since lumacaftor likely operates as a
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pharmacological chaperone for CFTR29, this “low ceiling” for its efficacy is an unavoidable
consequence of CFTR's slow folding, and it suggests that other strategies could yield better
results. For example, stimulating an alternative secretion pathway—and thereby increasing
ksec—has shown some promise in a mouse model of AF508-CFTR20,

Finally, this study suggests that, like chaperones?1, ligands could be “evolutionary buffers”
in that their ability to stabilize the native state may allow proteins to evolve via otherwise
risky mutations?2. An example of naturally occurring binding partners preventing
aggregation /n vivois the antibody light and heavy chains, each offsetting the aggregation
threat of the other23. However, this protective effect should not extend to mutations that slow
down folding. Such mutations could be devastating if the protein's folding rate was already
marginal because it would invariably diminish F,, perhaps leading to a loss-of-function
phenotype. Based on this reasoning, one would expect residues in a slow-folding protein's
folding nucleus to be strongly conserved.

Online Methods

Cloning, expression, and purification of dihydrofolate reductase

The wild type cysteine-free dihydrofolate reductase (DHFR) gene was a gift from the
Matthews lab (University of Massachusetts Medical School, Worcester MA)28. It was
subcloned into the pET28 expression vector using Ndel and BamHI cut sites. The -Gly-Gly-
insertion between residues K106 and A107 was introduced by site-directed mutagenesis
using a QuikChange protocol (Stratagene) yielding the “dDHFR” mutant. The vector was
transformed into £. co/iBL21 (DE3) cells. Cultures were grown at 37 °C to optical density
at 600 nm (ODgqg) of 0.6, induced with 1 mM final IPTG concentration and expressed at
37 °C for 4 h. The cells were harvested by centrifugation and re-suspended in buffer
containing 20 mM HEPES, pH 7.4. The cells were lysed using a microfluidizer, and the
protein was purified by refolding from inclusion bodies. Inclusion bodies were dissolved in
8 M urea and subsequently dialyzed to refold the protein, which was further purified using
anion exchange chromatography on a DEAE column using a0 M to 1 M sodium chloride
gradient. After elution, the salt was removed by dialysis and the protein was flash frozen and
stored at —80 °C until further use.

In vitro trimethoprim binding assay for dDHFR

The in vitro trimethoprim (TMP) binding assay was performed with 50 nM purified dDHFR
following the protocol from Watson and co-workers?’. Briefly, dDHFR was incubated at

25 °C in phosphate buffer with increasing concentrations of TMP and the degree of
quenching of dDHFR tryptophan fluorescence was monitored at 345 nm. Spectra were
corrected for any contribution to the fluorescence by TMP by running a parallel titration
without protein. Fraction bound (Fpoung) Was calculated by using the formula below.

fluorescence,ax — fluorescencepeasured

Fbound:
fluorescence .« — fluorescencepin
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The Fypound VS TMP concentration data were fit to a single site binding model by using non-
linear regression as implemented by the “NonlinearModelFit” command in Mathematica
10.4.

protein induction and partitioning for dDHFR expression experiments

For all experiments involving partitioning of dDHFR, £. coliBL21(DE3) cells were grown
in LB medium until mid-log phase (ODggg = 0.6). Cells were induced with 1 mM final IPTG
concentration for 0.5, 1, or 1.5 h. All growth and induction was performed at 37 °C. The
cells were harvested after equalization for ODggq by centrifugation at 4,000 x g for 2
minutes, the media was discarded, and the cells were lysed using BPER-II reagent at room
temperature for 10 minutes with 1pg/ml DNase I in the lysis mixture. The sample was then
centrifuged at 18,000 x g for 30 minutes to separate insoluble (pellet) and soluble
(supernatant) components. The samples were subsequently prepared by boiling in SDS
running buffer for 12% SDS-PAGE.

TMP titration in E. coli cultures

TMP was dissolved in 100% methanol and then diluted to the desired concentration in media
immediately after the addition of IPTG. Final methanol concentration did not exceed 7% v/v
at the end of the experiment. Cells were harvested and partitioned as mentioned above.

Chloramphenicol shut off experiments

Protein was induced for 90 minutes in the presence of 80 uM TMP. A fraction of the cells
was harvested before any chloramphenicol was added and a second sample was collected
after an hour of incubation with chloramphenicol at a final concentration of 50 pug/ml. The
partitioning measurements were performed as described above. For the change of media
experiment, a fraction of cells was harvested after the 90 minute induction of DHFR in the
presence of 80 uM TMP. The remaining cells were centrifuged for 10 minutes at 4000 x g,
washed with equal volume LB centrifuged again and resuspended in LB supplemented with
chloramphenicol at 50 pg/ml without any TMP. The second sample was collected after an
hour of incubation with chloramphenicol and processed as described above.

In vitro aggregation of dDHFR in the presence and absence of TMP

A solution of dDHFR (20 uM) was prepared in pH 7.0 buffer and divided into two aliquots.
To one aliquot was added TMP (20 uM) from a stock solution in methanol (the final
methanol concentration was 5% v/v). After incubating the aliquots for 2 days with agitation
the turbidities of the samples were measured as optical density at 400 nm.

Mammalian cell growth, and experiments with a-galactosidase

We seeded 10 cm culture dishes with HEK 293T cells and allowed them to reach ~80%
confluency at 37 °C, 5% CO»,. We then transfected the cells with the R301Q a-galactosidase
pCMV 3XFLAG-14 (R301Q a-GAL) vector using Lipofectamine 2000. At 24 hours post-
transfection we trypsinized the cells, and used the resulting suspension to seed 6-well plates
for the DGJ titration experiment. The cells were allowed to adhere over a 4-hour incubation
period, after which desired amounts of DGJ, HGJ, or lactacystin (20 uM final concentration)
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were added. After 24 hours the cells were washed thoroughly with PBS, then lysed with ice-
cold lysis buffer (1% Triton X-100 in PBS). The lysate was centrifuged at 18,000 x g for 30
minutes and the soluble fraction was used for analysis. The samples were normalized prior
to loading using the BCA protein quantification method to ensure that equal amounts of
protein were loaded in each case. The western blot was performed using as primary a
polyclonal rabbit antibody against human a-galactosidase (GeneTex catalog number GTX
101178).

Gel band quantification

SDS-PAGE gels for dDHFR were stained with Coomassie G-250, scanned and analyzed on
the LI-COR ODYSSEY CLx and quantified using the associated image studio software
(version 4.0)28. Western blots for the a-GAL experiments were similarly analyzed.

Fits of equation (1) to F, vs. ligand concentration data

Equation (1) was fit to the F, vs. ligand concentration data in Figures 2b and 2d by using
non-linear regression as implemented by the “NonlinearModelFit” command in
Mathematica 10.4. The uncorrected R2 values are calculated from fits of equation (1) to all
of the individual F, measurements. The R? values that are corrected for measurement error
are calculated from fits of equation (1) to the F, measurements after averaging the triplicates.
The latter procedure filters out measurement error, but yields exactly the same parameter
estimates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A modé for the partitioning of protein among folding, aggregation, and degradation
pathways

The species in the model are: U, unfolded protein; N, natively folded protein; L, unbound
ligand; N:L, ligand bound natively folded protein; Deg, degraded protein; A, aggregated
protein; Sec, secreted protein. The total protein synthesized, Pyqt, includes all of these states.
The rate constants are: o, protein synthesis rate (uM s™1); kg, folding rate constant (s71); ky,
unfolding rate constant (s™1); k,, protein-ligand association rate constant (UM~1 s71); kg,
protein—ligand dissociation rate constant (s™1); Kgeg, degradation rate constant (sh): Kagg»
aggregation rate constant (s71); keec, secretion rate constant (s71).
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Figure 2. The proteins studied and plots of fraction soluble protein remaining (F,) vs. ligand
concentration

(a) Wild type £. coli DHFR with bound folate (colored by atom) (PDB ID: 7DFR?4). The
site of the -Gly-Gly- insertion in the dDHFR mutant is in magenta. (b) F; vs. [TMP]
(expressed for 1.5 h at 37 °C). The fit of equation (1) to the data is shown (solid curve) with
B1(ke/(Kagg + Kdeg)), = 2.9 £ 0.8, B3 1 = K3Kio/ky = 0.048 + 0.025 M1 and R2 = 0.76 (0.84
after correction for measurement error). (c) Dimeric wild type human a-GAL with bound
DGJ (colored by atom) (PDB ID: 3S5Y2%). The R301Q mutation site is in magenta. (d) F,
vs. [DGJ] (expressed for 24 h at 37 °C). The fit of equation (1) to the data is shown (solid
curve) with By = 1.2 £ 0.2, By (Ksec/ky) = 0.33 £ 0.11, B3 5 = KaKio/ (Ky(1+Kg/Ksec)) = 0.14
+0.10 uM~1, and R? = 0.59 (0.88 after correction for measurement error). In (b) and (d),
data from triplicate measurements are shown as smaller filled circles; the dashed line
represents the maximum value of F, according to equation (2); the value of F, at [ligand] = 0
is shown as a filled red circle; means are shown as open circles; and error bars represent the
standard error of the mean. The consistency of observed standard errors argues for similar
underlying variability. Sample sizes were chosen based on errors observed in previous
studies0.
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