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Since the structure of lysozyme was revealed 50 years ago1, it has 
long been accepted that natural enzymes possess unique evo-
lutionarily conserved three-dimensional structures, the aim of 

which is to stabilize the transition state of the catalysed reaction2. Yet, 
over the years, a wealth of evidences began to question this simplistic 
view of enzyme reactions. It is now accepted that the free-energy 
landscape of folded proteins exists as an ensemble of conformations 
in a fast thermal equilibrium around their energetically stable ground 
state. This collection of conformation plays a crucial role in events 
such as the binding of substrates, preorganization, transition-state 
stabilization, product release or allosteric regulation3. More recently, 
it has been further observed that proteins might adopt more than 
one ground-state folded structure. In such ‘metamorphic’ proteins, 
the backbone interactions spontaneously and reversibly rearrange 
over several seconds4,5. As enzymes work best at the edge of their 
thermal stability where exchanges in conformations are faster6–11, it 
is likely that both fast and slow structural transitions are important 
for the catalytic function of many enzymes. However, the functional 
understanding of the structural heterogeneity in enzymes requires 
measuring the thermodynamics and kinetics of the different enzyme 
populations at the single-molecule level, which remains a daunting 
task, especially for small globular enzymes.

Dihydrofolate reductase (DHFR) catalyses the reduction of 
dihydrofolate (DHF) to tetrahydrofolate (THF) using NADPH 
as cofactor (Fig. 1a). Tetrahydrofolate itself acts as a cofactor 
for the de  novo synthesis of purines, thymidylic acid and certain 
amino acids. Extensive structural characterizations revealed that 
DHFR adopts several different conformations during the catalytic 
cycle12–18. Ensemble kinetic experiments revealed that in a variety 
of species, such as Lactobacillus casei19, Gallus20, Mus musculus21 
and Escherichia coli22–24, DHFR adopts two distinct forms that 
show different kinetic constants. In E. coli DHFR, these two forms 
can be separated by affinity chromatography using a methotrex-
ate (MTX) column, which indicates they have a different affinity 

for this inhibitor25. The two forms slowly interconverted at a rate 
of 0.035 s−1 (ref. 26), which reveals that they represent two different 
ground-state conformers of apo-DHFR. NMR studies from differ-
ent sources later confirmed that the ground-state conformation 
heterogeneity is a common feature in DHFR27–29. Single-molecule 
fluorescence studies also confirmed that DHFR binds to MTX with 
two different affinities15. However, the characterization of the rap-
idly exchanging ligand-induced configurations of DHFR could not 
be observed. Hence, it is unknown how many conformers of DHFR 
exist, whether only one24 or two30 can bind to NADPH, whether the 
affinity for the substrates is the same31 or different15 and what their 
role is in the kinetic cycle of the enzyme.

Over the past decade and a half, ionic currents through individual 
nanopores emerged as powerful tools to study chemical reactions at 
the single-molecule level32–38. Initial efforts to study enzymes used 
small nanopores (diameters less than 2 nm) to monitor the activ-
ity of enzymes binding to the nanopore39, to detect the products of 
enzymatic reactions40–43, or to monitor enzymes operating directly 
above the nanopore39,44–50. The observation of an enzymatic reaction 
inside a nanopore, which would allow monitoring the kinetics of 
single enzymes in real time, required using larger nanopores and 
developing new immobilization techniques. Recently, we reported 
that by using cytolysin A, a nanopore from Salmonella Typhi which 
has been modified for protein analysis51 (ClyA-AS, inner diameter 
~5 nm (Fig. 1b)), globular proteins may enter the lumen of the 
nanopore impelled by the electroosmotic flow and remain confined 
between the larger and narrow openings of the pore from a few sec-
onds, up to hours52–54. Changes in conformations are then observed 
by modulation of the nanopore current52,55–58. For all proteins  
analysed so far, the confinement inside the nanopore had no effect 
on the thermodynamic or kinetics of ligand binding53,56,59. Thus, 
nanopore currents can be used to monitor native proteins for 
an extensive time and with a high sampling frequency, which is  
difficult with other single-molecule techniques.
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In this work we investigated the ligand-induced conformational 
changes of DHFR. We found that the enzyme exists in at least four 
ground-state configurations each having a distinctive affinity for 
different ligands. Remarkably, exchange between the conformers 
was induced by the binding of substrates and was accelerated on 
visiting the transition-state conformation. Our results suggest a 
model in which the folded landscape of DHFR is imprinted with 
multiple ground-state conformations that show different affinities 
for their ligands and exchange along the reaction coordinates. This 
framework might allow tuning the affinity of the enzyme for its 
ligands during the different catalytic steps and might be instrumen-
tal to accelerate product release, which is the rate-limiting step in 
the DHFR reaction.

results
Binding of ligands to nanopore-trapped DHFR. In nanopore 
recordings, a protein enters the nanopore impelled by the elec-
troosmotic flow52,59,60. This process is visualized by the reduction 
of the open pore current (IO) to the blocked pore current (IB). 
The residual current percentage of the blockade is then defined as 
Ires% = IB/IO × 100. Wild-type DHFR (WT-DHFR) escaped the nano-
pore too quickly to be studied52. Hence, to trap DHFR inside the 
ClyA-AS nanopores for tens of seconds, a dipole was engineered 
on the surface of a cysteine-free DHFR by replacing two non- 
conserved amino acids with glutamic acid residues (T68E and 
R71E) and introducing a lysine-rich N-terminal extension polypep-
tide tag (named here as DHFRtag (Fig. 1b))59. The modifications to 
the enzyme surface charge did not alter the properties of the pro-
tein, with the exception of a slightly reduced kcat of about twofold 
(Supplementary Information and Supplementary Table 1). At a 
negatively applied potential (for example, −80 mV), DHFRtag added 
to the cis side of ClyA-AS entered the nanopore, as observed by a 
current blockade IB (Fig. 1c), and remained trapped for up to a few 
minutes (Fig. 1c).

When reduced nicotinamide adenine dinucleotide phosphate 
(NADPH) was also added to the cis chamber, three kinds of DHFRtag 

blockades were observed (Fig. 2a). The majority (65.5 ± 0.8%, 
n = 3 independent nanopores experiments, n = 469 protein block-
ades; each protein blockade includes tens to hundreds of ligand-
binding events) showed reversible current enhancements from the 
E1 apo-enzyme (E1) (Ires% = 75.7 ± 0.3 (Supplementary Table 2))  
to E1:NADPH (E1:NH) (ΔIres% = 1.36 ± 0.04%). Of the pro-
tein blockades, 24.1 ± 3.4% showed reversible current enhance-
ments from a second blocked current level E2 (Ires% = 75.4 ± 0.3) 
to E2:NH (ΔIres% = 1.25 ± 0.03%). The remaining protein block-
ades (10.4 ± 2.9%) showed no additional current events (Fig. 2b). 
Rarely (3.9 ± 1.8%, N = 8, n = 1,598 protein blockades), intercon-
versions between the different kinds of current blockades were 
observed (Supplementary Fig. 1). The percentage distribution of 
DHFRtag blockade types did not depend on the inner surface com-
position of the nanopore (Supplementary Fig. 2), which suggests 
that they are unlikely to reflect an interaction between the protein 
and the nanopore walls. Substrate binding was tested using folate, 
a slow-reacting substrate of DHFR61. Folate also induced three 
different kinds of current enhancements to DHFRtag blockades. 
Of the blockades (N = 4, n = 624 protein blockades), 39.7 ± 8.2% 
showed reversible enhancements from E1 apo-enzyme to E1:folate 
(E1:f) (ΔIres = 0.79 ± 0.02%), 13.0 ± 2.3% showed enhancement 
from an additional blocked level E3 (Ires% = 76.0 ± 0.1%) to E3:f 
(ΔIres% = 0.61 ± 0.05%) and 47.3 ± 6.7% showed no additional cur-
rent levels (Fig. 2c).

The frequency of the current enhancements increased with the 
concentration of the analyte added to the cis chamber, whereas 
their duration remained constant over the analyte concentration 
tested (Supplementary Fig. 3), which indicates that the current 
enhancements reflected the binding of ligands to the three differ-
ent conformers of DHFRtag named here, E1, E2 and E3. DHFRtag 
molecules that showed no ligand-induced blockades are labelled 
as E4. To distinguish whether E2 and E3 are separate conformers 
of DHFR, we measured DHFRtag blockades in the presence of both 
folate (33.6 µM, trans) and NADPH (26.6 µM, cis) (Fig. 3). E1 block-
ades showed four different current levels, which correspond to E1, 
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Fig. 1 | DhFr inside the ClyA-AS nanopore. a, DHFR-catalysed reaction. b, Depiction of a single cysteine-free (C85A and C152S substitutions) DHFR 
molecule extended with a C-terminal polypeptide tag and the two additional mutations (T68E and R71E) inside a ClyA-AS nanopore (brown). c, Typical 
current trace after the addition of ~50 nM DHFRtag to a single ClyA-AS nanopore in cis at −80 mV applied potential (trans). IO is −273.3 ± 3.0 pA. The 
current trace was collected in 250 mM KCl, 15 mM Tris-HCl pH 7.8 at 23 °C. Data were sampled at 10 kHz and a Bessel low-pass filter with a 2 kHz cut-off 
was applied. The trace was then filtered digitally with a Gaussian low-pass filter with a 500 Hz cut-off.
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E1:NH, E1:f and E1 bound to both folate and NADPH (E1:NH:f). 
Such current blockades reflected the ligand-induced conformations 
visited by DHFR during the catalytic cycle, as observed in many 
structural studies12–18. By contrast, E2 and E3 only showed E2:NH 
and E3:f, respectively, whereas E4 showed no additional blockades. 
Hence, E1, E2, E3 and E4 are likely to represent separate DHFR con-
formers, with only E1 being the catalytically competent form, as it 
is the only conformer that is capable of binding both the NADPH 
cofactor and the substrate.

The association rate constants (kon) of the ligands to E1, E2 and 
E3 were determined from the slope of the inverse of the interevent 
times versus the concentration of the ligand tested, whereas the 
ligand dissociation rate constants (koff) were retrieved from the 
inverse of the ligand-induced dwell times (Supplementary Fig. 3 
and Supplementary Table 3). Once the rates were extrapolated to 
a zero applied potential (Supplementary Fig. 3 and Supplementary 
Information), both the dissociation and association binding 
constants for folate and NADPH binding to E1 corresponded 
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Fig. 2 | Binding of NADPh and folate to DhFrtag reveals the different DhFr conformers. a, Current trace showing the capture of the different DHFRtag 
conformers inside ClyA-AS at an applied potential of −80 mV. After adding 26.6 µM NADPH to the cis compartment additional ligand-induced current 
enhancements are observed, which reflect the binding of NADPH to DHFRtag. Three types of DHFRtag protein blockades were observed based on affinity and 
residual current and are categorized here by a blue box (low affinity NADPH binding), a pink box (high affinity NADPH) or a green box (no ligand-induced 
events). Eapo, apo-enzyme current. b, Left, enlargements showing three typical NADPH-induced binding events to confined DHFRtag. NADPH binding is 
reflected by current enhancements from the unliganded enzyme (green dashed line) to the NADPH-bound enzyme (red dashed line) current levels. Right, 
all-point histograms of the shown current trace are depicted to define the different current blockades. c, Left, enlargements of the three typical DHFRtag 
current blockades before and after the addition of 20.0 µM folate to the cis compartment. Folate binding to confined DHFRtag is reflected by the current 
enhancements from the unbound enzyme (green dashed line) to the folate-bound (purple dashed line) current level. Right, all-point histograms of the 
shown current trace to define the different current blockades. Conformer exchange was observed in 3.9 ± 1.8% of the events. The current trace was collected 
in 250 mM KCl, 15 mM Tris-HCl pH 7.8 at 23 °C. Data were sampled at 10 kHz and a Bessel low-pass filter with a 2 kHz cut-off was applied. The traces were 
filtered digitally with a Gaussian low-pass filter with a 100 Hz cut-off.
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reasonably well to the dissociation constants measured in bulk 
(Supplementary Table 3). Hence, as observed before for other  
proteins53,56,59, the confinement inside the nanopore did not have a 
strong effect on DHFRtag.

DHFR conformers. It has been established that DHFR for a variety 
of species exists in at least two ground-state configurations or con-
formers22–25,30,62–67. Hence, a series of experiments were performed 
to prove that E1, E2, E3 and E4 represent a subset of DHFR con-
formers rather than experimental artefacts. It was reported that 
incubation of DHFR with NADPH increased the proportion of 
the conformer with a high affinity for NADPH30,62. We found that 
when NADPH was added to the opposite side of the lipid bilayer 
with respect of DHFRtag (hence no preincubation), E1 was observed 
in only 20.7 ± 6.7% of the blockades (N = 5, n = 865 protein block-
ades) (Fig. 4a, red). Conversely, when NADPH and DHFRtag were 
added to the same side of the nanopore (hence DHFRtag was incu-
bated with NADPH) 65.5 ± 0.8% of the blockades corresponded to 
E1 (Fig. 4a, grey), which confirms the stabilizing effect of NADPH 
towards the active DHFR conformer. The same was observed when 
NADPH was first added to the trans side and then to the cis side 
(Fig. 4b, N = 3, n = 501 protein blockades). Interestingly, although 
co-incubation with folate in the cis chamber also enriched the pro-
portion of E1 (Supplementary Fig. 2), co-incubation with oxidized 
nicotinamide adenine dinucleotide phosphate (NADP+) had no 

effect (Fig. 4c, N = 4, n = 313 protein blockades). The conforma-
tional equilibrium of the conformers was also examined with the 
D27N mutant (D27N-DHFRtag), which was reported to alter the dis-
tribution of conformers towards a catalytically not competent con-
former30. Accordingly, we found that in the presence of NADPH in 
the cis chamber, E1 blockades decreased by about half (33.6 ± 3.3% 
of the total), whereas E4 blockades increased five-fold (50.2 ± 3.4% 
of the total, Fig. 4d, N = 7, n = 740 protein blockades). Finally, it was 
reported that the relative proportions of the more active conformer 
were pH dependent24,25. Again, we found that the percentage of E1 
blockades at pH 9.0 increased compared to that at pH 7.8 (Fig. 4d, 
N = 4, n = 490 protein blockades). These results also indicate that 
E1, E2 and E4 most likely represent three conformers of DHFR, 
with E1 being the catalytically competent form of the enzyme.

Binding of MTX to DHFR conformers. Heterogeneity in the 
DHFR transition-state configuration was sampled using MTX, 
a molecule that is thought to induce DHFR to adopt the pseudo-
Michaelis complex conformation12,68–70. As observed before in 
bulk24,64–66,71, two groups of apo-DHFRtag blockades were distin-
guished, one with a higher (Kd

app(−80 mV) = 45 nM) and one with 
a lower (Kd

app(−80 mV) = 19 µM) affinity for MTX. Interestingly, 
all the DHFRtag molecules could bind to MTX, which confirms 
that all the blockades reflected folded DHFRtag molecules. The 
binding of MTX to either E1 or E2 conformers was sampled by  
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adding NADPH (80 µM) to the cis solution and MTX (1.4 µM) to 
the trans solution. Both E1:NH (ΔIres% = 1.84 ± 0.10%) and E2:NH 
(ΔIres% = 1.99 ± 0.10%) blockades showed MTX binding (Fig. 5a), 
which indicates that both conformers can form the pseudo-Michae-
lis complex. No dissociation of the ternary complex was observed 
during the time window of our experiments. NADP+ showed 
two different binding affinities for the MTX-bound structure 
(Supplementary Fig. 4). Intriguingly, interconversion between dif-
ferent NADP+ binding affinities was observed in 30.2 ± 3.2% of the 
blockades (N = 4, n = 193 protein blockades) (Fig. 5b).

The glycine 121 to valine (G121V) substitution is a well-stud-
ied DHFR mutant in which the catalytic function is reduced by 
~100 fold, and the affinity for NADPH reduced by 40-fold16. At 
−80 mV, the addition of NADPH (80 µM, cis) to G121V-DHFRtag 
did not elicit additional blockades (Supplementary Fig. 5), which 
suggests that the dissociation rate of NADPH from DHFRtag was 
too fast to be experimentally observed here. However, on further 
addition of MTX (1.5 µM, trans), stepwise enhancements of the 
ionic current (ΔIres = 1.8 ± 0.1 pA and 1.9 ± 0.2 pA) were observed, 
which reflected the binding of NADPH to the DHFRtag:MTX 
binary complex. Interestingly, as observed for the ternary complex 
DHFRtag:MTX:NADP+, within the same protein blockade the inter-
conversion between conformers was detected in 26.2 ± 5.9% of the 
blockades (N = 5, n = 142 protein blockades) (Fig. 5c).

Discussion
In this work we investigated the conformational heterogeneity of 
DHFR using ClyA-AS nanopores. Ionic currents allowed us to 
sample the ligand-induced conformational changes of DHFR mole-
cules immobilized inside the nanopore at the single-enzyme level, a 
task that was unattainable using single-molecule Förster resonance 
energy transfer measurements15,71. The association and dissocia-
tion rate constants for the binding of NADPH, folate and MTX to 
DHFR inside the nanopore correspond well to the values measured 
by other ensemble techniques (Supplementary Table 2), which 
indicates that the nanofluidic and electrophoretic forces, and the  

confinement inside the nanopore, have no strong effect on the overall 
thermodynamic properties of the enzyme53,56,59. Nanopore currents 
have the further advantage that the resolution of the measurement is 
not influenced by the photophysical instability of fluorescence dyes, 
and enzymatic processes can be sampled for a long time51,55,72 at high 
sampling frequencies (Supplementary Fig. 6). In turn, this allowed 
us to sample rare events that shape the conformational landscape of 
the enzyme, which cannot be observed by ensemble experiments.

The single-molecule analysis of individual blockades revealed 
that DHFR exists in at least four conformers, each having a differ-
ent affinity for NADPH, NADP+, folate and MTX. These DHFR 
conformers should not be confused with the higher-energy ligand-
bound conformations of DHFR observed by NMR spectroscopy and 
X-ray crystallography that are transiently visited during the enzyme 
catalytic cycle73–75. The latter are observed here as current enhance-
ments (Fig. 2). By contrast, the conformers most probably represent 
four minima of the conformational landscape of the enzyme. As 
observed in metamorphic proteins4,5, they may include alternative 
folds of the DHFR primary structure. We found that in the complex 
with NADPH, the thermodynamically most stable conformer was 
the catalytically active conformer E1. However, when NADP+ was 
bound (or in the absence of ligands), the most stable form of DHFR 
was the low affinity conformer E2. This suggests that the folding 
free-energy difference between E1 and E2 facilitates the flow of the 
reaction from NADPH to NADP+. Interestingly, when MTX and 
nicotinamide cofactors (NADPH or NADP+) were bound, frequent 
interconversions between the conformers of DHFR were observed 
(Fig. 5), which indicates that the energy barrier between conform-
ers was reduced. As MTX is thought to induce the transition-state 
conformation of DHFR12,68–70, this suggests that the most favourable 
crossing between conformers is along the reaction coordinates.

These results suggest an intriguing hypothesis to account for the 
DHFR conformers. It is generally accepted that the catalytic power 
of enzymes arises from their ability to bind transition states more 
tightly than ground states76. However, enzymes must also bind the 
substrates and release the products. The evolution of an active site 
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with such characteristics might be challenging, as epitomized by 
the failure of artificial enzymes selected for their ability to bind 
to transition-state analogues to capture the full catalytic power of 
natural enzymes77. One possible solution would be for enzymes to 
fold into multiple ground-state conformers, each with a different 
affinity for the different steps of the catalytic cycle. If the exchange 
between conformers is only allowed along the reaction coordinates, 
as suggested here for DHFR, then the Gibbs free energy of the reac-
tion could be expended to switch to a conformer with a lower affin-
ity for the product (for example NADP+ in DHFR), facilitating its 
release. The initial reactive configuration would then be restored 
either spontaneously or by expending the free energy available from 
the binding of the substrate. The latter is observed in DHFR where 
the binding of NADPH promotes the release of tetrahydrofolate78. 
Hence, in DHFR the chemical step provides a power stroke to switch 
from the substrate-bound to the product-bound configuration.  

Subsequentially, the binding of the substrate provides a recov-
ery stroke to retrieve the initial configuration. These concerted  
structural rearrangements would be especially valuable in complex 
catalysed reactions with multiple ligands in which product release is 
the rate-limiting step.

Methods
A detailed description of the methodology can be found in the Supplementary 
Information. A short description is given here.

Protein purification. ClyA-AS nanopores were prepared as described in Soskine 
et al.51. DHFRtag was expressed and purified as previously described59.

Steady-state kinetic measurements. Steady-state turnover was monitored 
spectrophotometrically by following the decrease in absorbance at 340 nm (ref. 79).  
Reactions were carried out in 250 mM KCl, 15 mM Tris, pH 7.8 buffer at 25 °C. 
The reactions were performed in a 1 ml quartz cuvette using 75 nM of enzyme 
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preincubated with 0.35 µM NADPH to avoid hysteresis14. The reaction was always 
started by a final addition of DHF.

Single-channel recordings. Single-channel current recordings were performed in a 
planar bilayer set-up as described in detail previously80. In short, a lipid bilayer was 
formed from 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) lipids. Ionic 
current blockades were recorded with an Axopatch 200B patch-clamp amplifier 
(Axon Instruments). Electrical recordings were carried out in 250 mM KCl, 15 mM 
Tris-HCl pH 7.8. in a temperature controlled room (typically 23 °C) using a 2 kHz 
Bessel low-pass filter and a 10 kHz sampling rate. Prior to data analysis, the current 
traces were filtered digitally by applying a Gaussian low-pass filter with a 100 Hz 
cut-off. We used Clampfit (version 10.5, Axon Instruments).

Raw data files are available in the in Supplementary Data 1 and the data in the 
histograms is available in Supplementary Table 4.
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