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Theoretical and experimental observations that catalysis enhances
the diffusion of enzymes have generated exciting implications
about nanoscale energy flow, molecular chemotaxis, and self-
powered nanomachines. However, contradictory claims on the or-
igin, magnitude, and consequence of this phenomenon continue
to arise. To date, experimental observations of catalysis-enhanced
enzyme diffusion have relied almost exclusively on fluorescence
correlation spectroscopy (FCS), a technique that provides only in-
direct, ensemble-averaged measurements of diffusion behavior.
Here, using an anti-Brownian electrokinetic (ABEL) trap and in-
solution single-particle tracking, we show that catalysis does not
increase the diffusion of alkaline phosphatase (ALP) at the single-
molecule level, in sharp contrast to the ∼20% enhancement seen
in parallel FCS experiments using p-nitrophenyl phosphate (pNPP)
as substrate. Combining comprehensive FCS controls, ABEL trap,
surface-based single-molecule fluorescence, and Monte Carlo sim-
ulations, we establish that pNPP-induced dye blinking at the ∼10-
ms timescale is responsible for the apparent diffusion enhance-
ment seen in FCS. Our observations urge a crucial revisit of various
experimental findings and theoretical models––including those of
our own––in the field, and indicate that in-solution single-particle
tracking and ABEL trap are more reliable means to investigate
diffusion phenomena at the nanoscale.

enzyme diffusion | fluorescence correlation spectroscopy (FCS) |
anti-Brownian electrokinetic (ABEL) trap | single-molecule diffusometry |
single-particle tracking

At the nanoscale, passive Brownian diffusion dominates the
mobility of molecules. Whether freely diffusing enzymes can

harness chemical energy to generate additional mobility on top
of Brownian motion is not well understood (1–3). Such a pos-
sibility seems to be supported by recent fluorescence correlation
spectroscopy (FCS) measurements, which have shown that a
number of nonmotor enzymes including F1-ATPase (4), urease
(5–7), catalase (6, 8), alkaline phosphatase (ALP) (6), fructose
bisphosphate aldolase (9), acetylcholinesterase (7), and hexoki-
nase (10), enhance their diffusivities in the presence of sub-
strates. Accordingly, various mechanisms, including fluctuations
in pH (5), global temperature increase of the solution (11), force
and charged product generation (5), oligomeric enzyme disso-
ciation (12), and enzyme chemotaxis toward substrates (8), have
been proposed to account for this phenomenon. Using FCS, we
previously proposed a mechanistic link between the enhanced
diffusion of catalase, urease, and ALP, and the heat released
during their exothermic reactions (6). Within the framework of a
stochastic theory, we proposed a “chemoacoustic effect” in which
the heat released during catalytic turnover generates an

asymmetric pressure wave that displaces the center of mass of
the enzyme, manifesting as catalysis-enhanced enzyme diffusion.
Arguing against this hypothesis, Illien et al. (9) reported that
aldolase, an enzyme that catalyzes a slow and endothermic re-
action, also exhibits enhanced diffusion in the presence of its
substrate or a competitive inhibitor, which they show to be in-
dependent of the overall turnover rate of the reaction. These
authors propose that the enhanced diffusion is due to confor-
mational fluctuations that alter the enzyme’s hydrodynamic ra-
dius. More surprisingly, a catalytically inert tracer has also been
reported to diffuse faster in the presence of active enzymes (13),
leading to the suggestion that the energy released during enzyme
catalysis can be transferred to and harnessed by its environment.
Directly contradicting the FCS results by Illien et al. (9), Zhang
et al. (14) and Günther et al. (15) recently reported no diffusion
enhancement of aldolase using dynamic light scattering (14) and
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pulsed field gradient NMR (15), respectively. On the other hand,
theory suggests that the energy required to account for the ex-
perimentally observed diffusion enhancement far exceeds the
chemical power released in enzymatic reactions (11, 16). In ad-
dition, the change in the hydrodynamic radius of the enzyme
needed to rationalize the observed diffusion enhancement is
unlikely (2). To date, no unified theory has been proposed to
rationalize these experimental observations, and publications in
the field, either experimental or theoretical, rely almost exclu-
sively on the validity of diffusion measurements made using
FCS (1).
In FCS, time traces of light emitted while fluorescently labeled

enzymes traverse a diffraction-limited confocal volume are
recorded and analyzed in terms of the intensity autocorrelation
function (17, 18). Because this autocorrelation is calculated over
many molecules diffusing in and out of the focal volume, FCS
only yields ensemble and time-averaged information. To extract
the diffusion coefficient (D, μm2/s), an accurate fitting model is
required but not always available (19). Many factors other than
diffusion contribute to the shape of the autocorrelation function
(20): For example, dye photophysics (18), sample heterogeneity
(e.g., mixture of species with different D values), geometry of the
confocal volume (21), and optical aberrations (22). Failure to
account for these factors could lead to erroneous interpretations
of FCS data, as highlighted in a recent publication (1).
These confounding effects prompted us to reexamine catalysis-

enhanced enzyme diffusion using single-molecule techniques and
performing additional control experiments. Here, in addition to

FCS, we use in-solution single-particle tracking (SPT) and anti-
Brownian electrokinetic (ABEL) trap-based diffusometry to cross-
examine the diffusion of ALP. Our results reveal that the enzyme
substrate p-nitrophenyl phosphate (pNPP) affects the photo-
physics of the dye and introduces artifacts in the FCS measure-
ments. This finding sets the stage necessary for future investigation
of enzyme diffusion at the nanoscale.

Results
Catalysis Is Neither Sufficient nor Necessary for the Apparent
Diffusion Enhancement of ALP in FCS. Among enzymes that have
been reported to exhibit catalysis-enhanced diffusion, ALP
shows the highest diffusion enhancement with its substrate pNPP
(6) (Fig. 1A), the magnitude of which is difficult to reconcile with
theoretical predictions based on energetic coupling between the
enzyme and its environment (2). We therefore sought to inves-
tigate the enhanced diffusion of ALP by performing additional
control experiments in FCS (Fig. 1 B and C), and by using al-
ternative methods to measure diffusion at the single-molecule
level (Fig. 1D). We purified commercial bovine intestinal ALP
by size-exclusion chromatography (SI Appendix, Fig. S1A) and
fluorescently labeled the enzyme with JF646 or Atto647N (SI
Appendix, Fig. S1C). JF646 was chosen for its superior brightness
and photostability (23), as shown in recent SPT and localization
microscopy experiments (24). Using FCS, we recorded fluores-
cence transients of JF646-labeled ALP for 300 s, calculated the
autocorrelation function G(τ) every 10 s, and fitted G(τ) with a
simple model to estimate the diffusion coefficient (D) for each

Fig. 1. Revisiting catalysis enhanced diffusion of ALP. (A) Structure of ALP (Left) and the reaction it catalyzes (Right). The two protomers of ALP are colored in
green and gray. pNPP (red and white) and zinc (black) are shown as spheres. During a reaction, ALP removes the phosphate group from pNPP and it has been
shown previously that catalysis enhances the diffusivity of ALP. (B) Control experiments including pNPP with free dye, pNPP with wrong catalyst, and ALP
reacting with alternative substrates are carried out to examine the role of catalysis on ALP diffusivity. (C) FCS estimates ensemble-averaged diffusion co-
efficients from autocorrelation analysis of fluorescence bursts in a confocal volume. (D) Principles of ABEL trap-based single-molecule diffusometry (see text
for details). The diffusion coefficient of individual molecules can be measured for several seconds.
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10-s window (Fig. 2 A–C). The average D value obtained over the
300-s window is 45.6 ± 2.9 μm2/s (Fig. 2C, data from 0 to 300 s).
We then added 2 mM pNPP substrate to the same solution
during data acquisition.
Interestingly, fluorescence intensity was quenched by ∼50%

immediately after substrate addition (even though the volume
added is negligible) but recovered to 70% of the initial intensity
within 150 s, remaining relatively stable thereafter (Fig. 2 A,
Right). Such pNPP-induced fluorescence quenching effect was
also observed in bulk experiments with the free dye (SI Appendix,
Fig. S2A). Analysis of 300 s of data obtained after pNPP addition
gave a mean D value for the enzyme of 56.1 ± 4.7 μm2/s (Fig. 2C,
data after 300 s), corresponding to a 23% apparent diffusion
enhancement of ALP. Notably, the dispersion in extracted D
values increases after pNPP addition (Fig. 2C, red crosses).
Consistent with previous findings (6), the diffusion enhancement
decreases as pNPP concentration is lowered (Fig. 2D, first four
groups with pNPP). Control experiments adding buffer did not
give rise to any diffusion enhancement, indicating that the effect
observed with pNPP was not due to perturbation of the experi-
mental setup during sample addition (Fig. 2D, buffer group).
Labeling ALP with the previously used Atto647N dye yielded
similar results (SI Appendix, Fig. S2B). In summary, these ex-
periments confirmed previous FCS experiments reporting ALP-
enhanced diffusion in the presence of pNPP.
To test whether the diffusion enhancement of ALP observed

in the presence of 2 mM pNPP originated from enzyme catalysis,

we performed several control experiments. First, we measured
free JF646 dye before and after addition of 2 mM pNPP. As
shown in Fig. 2E, addition of pNPP induced 15% apparent dif-
fusion enhancement of free JF646 dye and a significant increase
in the dispersion of D values (as characterized by the size of the
error bars in Fig. 2E; see free dye group), similar in magnitude to
those seen in experiments with ALP-JF646. Second, we mea-
sured the diffusion coefficient of Atto647N-labeled Streptococcus
gordonii (sg) inorganic pyrophosphatase (25) (sgPP-Atto647N)
(see SI Appendix, Materials and Methods for details) before and
after addition of 2 mM pNPP. Even though pNPP is not a sub-
strate of sgPP, we again observed a 17% apparent D enhance-
ment and increase in the dispersion of D (Fig. 2E, sgPP group).
Third, we measured ALP-JF646 in the presence of other
ALP substrates, including 2 mM AMP (adenosine mono-
phosphate), 4 mM ADP (adenosine diphosphate), and 2 mM
PEP (phosphoenolpyruvate). ALP remains active with these
substrates (SI Appendix, Fig. S1B) but no apparent D enhance-
ment was observed with any of them (Fig. 2D, ADP, AMP, PEP
groups, and SI Appendix, Fig. S2B). Unlike pNPP, these com-
pounds do not quench the fluorescence of JF646 dye in bulk (SI
Appendix, Fig. S2A). Similar results were obtained when ALP
was labeled with Atto647N dye. Collectively, these data indicate
that catalysis is neither sufficient nor necessary for the apparent
D enhancement of ALP in the presence of pNPP in FCS
(Fig. 2 D and E).

Fig. 2. Catalysis is neither sufficient nor necessary for enhanced diffusion of ALP in FCS. (A) FCS time trace of ALP-JF646 before (Left) and after (Right) adding
2 mM pNPP. The slow equilibration of the quenching following initial addition of pNPP might contribute to the partial fluorescence recovery. (B) Normalized
autocorrelation curves of data in black, orange, and red rectangle boxes in A. (C) D values extracted from fitting every 10 s of data in A, with the mean of 30 D
values plotted as dashed lines. (D) pNPP, but not other substrates (saturating concentrations of ADP, AMP, PEP) or buffer control cause apparent diffusion
enhancement of ALP-JF646 (plotted as ratio of D/D0, where D0 and D are the mean diffusion coefficients before and after substrate addition, respectively). D
and D0 are measured and averaged as in C. The red horizontal dashed line indicates where D/D0 = 1. (E) pNPP (blue bars) not only causes apparent diffusion
enhancement of ALP-JF646, but also that of free dye (JF646) and of the wrong catalyst (sgPP-JF646). The apparent diffusion enhancement can be abrogated
with a dye triplet state quencher, Trolox (orange bars). The data are processed and represented similar to D.
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ABEL Trap Experiments Reveal that pNPP Induces Dye Quenching and
Blinking at the Millisecond Timescale. To further investigate the
physical origin of the apparent diffusion enhancement observed
in FCS, we turned to ABEL trap-based single-molecule dif-
fusometry (26), a recently developed technique capable of
measuring the diffusion coefficient of individual molecules in
solution. The ABEL trap senses the molecular position in real
time via fluorescence detection and applies an electric voltage to
exert an electrokinetic feedback control that counteracts the
molecule’s Brownian motion (27). This procedure allows ∼1- to
10-s continuous trapping of individual molecules, an observation
time window three to four orders of magnitude longer than that
in FCS (26, 28–30). The feedback voltages can then be used to

reconstruct the diffusion trajectory and to estimate the diffusion
coefficient of the individual molecules. Unlike FCS, in which the
emitted light intensity fluctuates due to both the number of
molecules transiently traversing the confocal volume and the
photophysics of the dye (e.g., quenching, blinking, and so forth),
in the ABEL trap the signal arises from a single molecule and
variations in dye emission can be directly observed. Accordingly,
the diffusion coefficient values obtained in ABEL trap experi-
ments are not subject to artifacts arising from dye photophysics.
We first trapped single ALP-JF646 molecules without sub-

strate. A typical dataset is shown in Fig. 3A. Here, single mole-
cules of ALP-JF646 diffuse into an ∼3-μm × 3-μm trapping area
and are captured for multiple seconds before escaping (usually

Fig. 3. ABEL trap-based single-molecule diffusometry reveals no catalysis-induced diffusion enhancement of ALP. (A) A representative ABEL trap trace of
ALP-JF646 with no substrate. (Top Left) Brightness plot (fluorescence intensity, photon counts per 5 ms) of the detected fluorescence signal. A single fluo-
rophore corresponds to a brightness level of ∼130 (counts per 5 ms), whereas dual-fluorophore corresponds to ∼260 (counts per 5 ms). Transient spikes in the
brightness trace are caused by brief co-occupancy of two molecules in the trapping region. The orange arrowhead (diffuse in) denotes the start of a successful
trapping event. Magenta arrowheads denote the regions of the data that correspond to one or two dyes per protein molecule. The green arrowhead denotes
the end of a trapping event, due to either photobleaching of the dye or escape of the trapped molecule. (Middle) The corresponding feedback voltages (x in
black, y in red) applied in order to counteract Brownian motion and keep the molecule in trap. The feedback is only plotted when there is a molecule in the
trap. (Bottom) D of each trapped molecule calculated every 100 ms (black trace). The red lines indicate the mean of each identified molecule (see SI Appendix
for details of molecule identification procedure), with the value written under the red lines and denoted with red arrows. The mean D of each molecule is
used to build up the histogram on the Top Right. (Top Right) D histogram of ALP-JF646 without substrate and a Gaussian fit to the data. Mean ± Std of D and
number of single molecules trapped (N) are displayed on the top left corner. (B) A representative ABEL trap intensity trace of ALP-JF646 with 2mM pNPP. (C) A
representative ABEL trap intensity trace (Left) and D histogram (Right) of ALP-JF646 with no substrate in the Trolox + PCA/PCD buffer. (D) A representative
ABEL trap intensity trace (Left) and D histogram (Right) of ALP-JF646 with 2 mM pNPP in the Trolox + PCA/PCD buffer.
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due to photobleaching of the dye). After one molecule leaves,
another one stochastically enters the area and becomes trapped,
giving rise to a brightness trace (Fig. 3 A, Top). Only one

molecule is captured at a time and feedback voltages (Fig. 3 A,
Middle) are applied every time an emitted photon arrives at the
detector to keep the molecule trapped. The feedback voltages

Fig. 4. SPT reveals no catalysis-induced diffusion enhancement of ALP. (A) Representative images of high-speed SPT acquisition and tracking of single
molecules. The red circle denotes the center of the detected molecule in each frame. The blue line denotes the molecule’s diffusion trajectory. (B) Modeling
jump length distribution under free diffusion assumptions. Jump length distribution histograms of molecules with low and high Ds are plotted in blue and
orange, respectively. (C) Jump length distribution histograms of ALP-Atto647N with no substrate (Left) and with 5 mM pNPP (Right). The yellow, green, and
purple histograms are distributions of jump lengths between 3Δt (Δt =1.7 ms), 2Δt and 1Δt, respectively. The calculated D and the number of total jumps are
written on the top of the histograms.

Fig. 5. pNPP-induced dye photophysics is responsible for the apparent diffusion enhancement of ALP in FCS. (A) Summary of all ABEL trap ALP-JF646 ex-
periment buffer conditions with identified oxidizing and reducing agents and blinking outcome, showing consistency with the reducing and oxidizing
framework as depicted in B. (B) A proposed model of pNPP-induced dye photophysics based on the reducing and oxidizing framework. The dye triple state
(T1) can be oxidized (green arrows) or reduced (red arrows) into charge separated states (F•+ and F•−), which are not fluorescent and maybe prone to
photobleaching (P). An oxidizing agent in solution needs to be balanced by the presence of a reducing agent (and vice versa) for blinking suppression,
otherwise, the molecule is trapped in a dark radical state (F•+ or F•−) and blinks off. (C) Extracting pNPP-induced blinking kinetics from ABEL trap data.
Intensity autocorrelation curve of ALP-JF646 with 2 mM pNPP (black circles, from the data represented by Fig. 3B) shows a pronounced decay between 1 ms
and 30 ms and is fitted with a single exponential function (black line) to extract the total rate. The intensity autocorrelation of ALP-JF646 without substrate
(from Fig. 3A) is shown in green for reference (amplitude multiplied by 10 for clarity). (D) Monte Carlo simulation of FCS experiments with a substrate-induced
blinking model (Upper schematic, see text and SI Appendix for details), using the listed parameters constrained by the rate extracted in C. The extracted
apparent diffusion coefficient (averaged over 10 independent simulation runs) is plotted against the substrate concentration and fit with a line. Error bars
represent SD.

21332 | www.pnas.org/cgi/doi/10.1073/pnas.2006900117 Chen et al.
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are used to determine the average diffusion coefficient of the
molecule (Fig. 3 A, Bottom). Enzymes labeled with one or two
JF646 dyes can be easily differentiated by their initial brightness
and the number of discrete photobleaching steps (Fig. 3 A, Top
Left). Due to the nonspecific labeling scheme used here, we
cannot draw any conclusion regarding the oligomerization state
of the enzyme (i.e., monomer or dimer) from molecule bright-
ness. On the other hand, the diffusion coefficient can be used to
infer the oligomerization state of the protein (30). D values
extracted from many single molecules are narrowly distributed
around 54.8 μm2/s (Fig. 3 A, Right histogram). This value
matches well the diffusion coefficient (55.8 μm2/s) predicted
from a hydrodynamic model (31) based on the enzyme’s crystal
structure (PDB ID code 4KJG), suggesting that the enzyme ex-
ists as a stable homodimer within our experimental time window
(1 to 2 h) and enzyme concentration (20 pM).
Next, we attempted to trap ALP-JF646 under catalysis by

adding 2 mM pNPP. Under this condition we could no longer
trap stably individual ALP-JF646 molecules. Instead, only brief
transients with large brightness fluctuations and lasting from
milliseconds to hundreds of milliseconds were observed (Fig.
3B). Because the ABEL trap relies on photon detection to
counteract diffusion, trapping is not stable when the dye enters
frequently (or for a prolonged period of time) a dark state.
Therefore, to characterize these photophysical effects induced by
pNPP, we measured emission from single JF646 dyes attached to
surface immobilized DNA duplexes (SI Appendix, Fig. S3A).
Without pNPP, stable dye emission lasting tens of seconds was
observed (SI Appendix, Fig. S3B). Addition of 2 mM pNPP
resulted in rapid on–off switching (blinking) and a dramatic re-
duction of the on-time of the fluorophore (SI Appendix, Fig.
S3C), confirming the quenching and blinking effects induced by
pNPP seen in the ABEL trap. These observations are also con-
sistent with the quenching observed in FCS and bulk experiments
(Fig. 2A and SI Appendix, Fig. S2A).
Single-molecule fluorophore quenching and blinking have been

studied extensively (32), and several additives are known to rescue
the molecules from the dark state. Indeed, when we included a
commonly used antiblinking reagent (Trolox with oxygen removal
by protocatechuic acid, PCA, and protocatechuic deoxygenase,
PCD) (33, 34) in our trapping buffer, the pNPP-induced dye
blinking effect was completely suppressed, allowing us to trap
single ALP-JF646 molecules in the presence of pNPP (Fig. 3 D,
Left) for multiple seconds in the ABEL trap. Thus, by suppressing
pNPP-induced dye quenching and blinking, we identified the ex-
perimental conditions that allowed us to study the diffusion be-
havior of individual enzyme molecules under catalysis.

ABEL Trap Reveals No Catalysis-Enhanced Diffusion of ALP.Using this
buffer system, we compared the distributions of D values
obtained for ALP-JF646 with and without pNPP. In the presence
of the antiblinking reagent and in the absence of substrate, ALP
molecules showed a narrow distribution (D = 53.3 ± 2.7 μm2/s,
n = 189) (Fig. 3C), similar to the values obtained in the absence
of the reagent (Fig. 3A). With 2 mM pNPP, we saw no difference
in the distribution of the diffusion coefficient (D = 52.3 ± 3.1
μm2/s, n = 198) (Fig. 3D). Notably, the enzyme remains active in
all buffer conditions (SI Appendix, Fig. S1D). Thus, the ABEL
trap data do not agree with the FCS results and instead indicate
that there is no catalysis-induced diffusion enhancement of ALP.

SPT Reveals No Catalysis-Enhanced Diffusion of ALP. To cross-
validate the new single-molecule observation that ALP does
not diffuse faster under catalysis conditions, we performed high-
speed, in-solution SPT experiments of the enzyme with and
without pNPP. SPT has emerged as a powerful approach to track
the movement of individual molecules (23, 35). By imaging
fluorescent molecules at high rate, it is possible to localize their

positions in successive frames (Fig. 4A). The jump-length distri-
bution from these time courses can be used to derive their diffu-
sion coefficients, D (Fig. 4B) (36, 37). Unlike FCS, this method is
less sensitive to dye photophysics, as dark state or blinking fluo-
rophores will not appear in successive images for reconstruction of
diffusion time courses. Using high-speed SPT with stroboscopic
illumination (37) (SI Appendix, Materials and Methods), we vali-
dated the robustness of this method (SI Appendix, Fig. S4) and
imaged ALP-Atto647N at ∼600 Hz (1.7 ms per frame) in buffer
containing 10% glycerol, to slow down the diffusion. The acquired
traces were then analyzed using a population model (36) that
expresses the distribution of jump lengths assuming a Brownian,
free-diffusion model (Fig. 4B). Fitting both histograms of jump
lengths to the model yielded similar diffusion coefficients with and
without substrate (D = 22.5 μm2/s with no substrate, and D = 23.3
μm2/s with 5 mM pNPP) (Fig. 4C), confirming the ABEL trap
finding that catalysis does not enhance the diffusivity of ALP at
the single-molecule level. Consistent with the quenching and
blinking effects of pNPP on the dye, we detected ∼10-fold fewer
particles in the presence than in the absence of pNPP (SI Ap-
pendix, Fig. S5A) and the intensity of the detected spots was also
lower (SI Appendix, Fig. S5B).

The Apparent Diffusion Enhancement of ALP in FCS Is Caused by
pNPP-Induced Photophysics of the Dye. The new single-molecule
results prompted us to reexamine our previous FCS experiments.
Because FCS relies on fitting the decay of the intensity correlation
function in the 0.1- to 50-ms range to extract the diffusion coeffi-
cient, we hypothesize that pNPP-induced dye blinking––which
was observed at the ∼10-ms timescale in the ABEL trap
experiments––is responsible for the apparent diffusion enhance-
ment of ALP in FCS. We note that fluorophore blinking has been
proposed as a possible basis for enhanced enzyme diffusion (38).
To test this hypothesis, we carried out FCS experiments in Trolox-
based antiblinking buffer, which suppresses pNPP-induced dye
blinking (Fig. 3D). Significantly, no pNPP-induced diffusion en-
hancement of ALP-JF646, free JF646 dye, and sgPP-Atto647N was
observed (Fig. 2E, +Trolox groups), confirming the hypothesis that
pNPP-induced dye photophysics is responsible for the apparent
diffusion enhancement of ALP in FCS.
By performing ABEL trap experiments of ALP-JF646 under

different buffer conditions, we were able to elucidate the
mechanism of pNPP-induced dye blinking. First, we found that
not all components in the Trolox-based antiblinking mixture are
needed to suppress blinking in the presence of 2 mM pNPP. A
single component, 2 mM PCA, is sufficient (SI Appendix, Fig.
S6B). However, 2 mM PCA does not prevent blinking of the dye
(SI Appendix, Fig. S6C) in the presence of substoichiometric
quantities of pNPP (200 μM, O2 removed), suggesting that
matching concentrations of pNPP and PCA are needed for stable
emission. All of our observations regarding pNPP-induced JF646
photophysics (Fig. 5A) can be reconciled by the reducing and
oxidizing mechanism of dye quenching proposed by Vogelsang
et al. (39). To achieve a stable emission in the redox framework,
both a reducing and an oxidizing agent are needed in the absence
of oxygen to efficiently depopulate the triplet state (T1), as well
as the radical cation (F•+) or anion states (F•−), which result
from the oxidation and reduction of the triplet state, respectively.
Here, pNPP contains a nitro group, making it a plausible oxi-
dizing agent; PCA is a known reducing agent (40) and Trolox,
when dissolved in solution, contains both reducing and oxidizing
components (41). We thus propose that pNPP quenches JF646
fluorescence by random collision and subsequent oxidization
of JF646 triplet state to create a long-lived, cation state (F•+)
(Fig. 5B). If this cation state is not efficiently scavenged by a
reductant (e.g., PCA and/or Trolox) in solution, the fluorophore
stays dark for extended periods (>10 ms). This mechanism is
quite general and suggests that pNPP-induced quenching is not

Chen et al. PNAS | September 1, 2020 | vol. 117 | no. 35 | 21333

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
28

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006900117/-/DCSupplemental


www.manaraa.com

limited to the JF646 dye. The same mechanism has been shown
to operate with other red dyes of different structural families
(39). Indeed, when we measured the emission of single immo-
bilized DNA duplexes labeled with the Atto647 dye (SI Appen-
dix, Fig. S7 A and B), addition of 2 mM pNPP (SI Appendix, Fig.
S7C) induces rapid blinking of the dye on the timescale of
∼10 ms (SI Appendix, Fig. S7C). On the other hand, addition of
2.5 mM PEP (a redox-inactive substrate of ALP) does not induce
blinking (SI Appendix, Fig. S7D). Recently, Günther et al. (1)
reported quenching of Alexa 488 by pNPP, manifested as a re-
duction of fluorescent lifetime of the dye in the presence of 2 to
4 mM of this substrate.
Finally, to evaluate quantitatively whether pNPP-induced dye

photophysics can give rise to the magnitude (∼20%) of apparent
D enhancement seen in the FCS experiments, we conducted
Monte Carlo simulations of our FCS experiments (see SI Ap-
pendix, Materials and Methods and Fig. S8 for details), where the
dye can switch from an “on” state to an “off” state with a rate
(k1) that depends linearly on substrate concentration and a
constant off-to-on rate (k2) that corresponds to spontaneous
return of the dye to the ground state, S0 (Fig. 5D). The total
switching rate (ktot = k1 + k2 = 116 s−1) at 2 mM pNPP was
directly extracted from ABEL trap data (Fig. 3B) by fitting the
observed intensity autocorrelation function in the range of 0.5 to
20 ms to a single exponential decay (Fig. 5C). Given that it is
difficult to determine k1 and k2 uniquely in our experiments, we
used k1 = k2 = ktot/2 as a rough estimate. The simulated intensity
trace was subjected to autocorrelation analysis and fitted with
the same one-species model without photophysics (SI Appendix,
Fig. S8). The simulation results successfully recapitulate the
magnitude (∼20%) of the apparent D enhancement seen in our
FCS experiments (Fig. 5D).
Taken together, all of the results presented above indicate that

pNPP-induced dye blinking is responsible for the apparent dif-
fusion enhancement of JF646, Atto647N, ALP-Atto647N, sgPP-
Atto647N, and ALP-JF646 observed in FCS.

Discussion
Catalysis-fueled propulsion of biomolecules at the nanoscale is
no doubt a fascinating concept and has potential applications in
the field of nanoscience and medicine (42–49). However, mounting
experimental and theoretical evidence argue against the mecha-
nism, scale, and even the existence of such phenomenon (1, 2, 14,
16, 38, 50). The vast majority of publications documenting en-
hanced enzyme diffusion upon catalysis were performed with FCS,
which is prone to artifacts, such as free dye contamination, disso-
ciation of enzyme quaternary structure, and dye photophysics that
could result in apparent enhanced enzyme diffusion. A deeper
experimental and theoretical investigation of this phenomenon
calls for better tools, and direct single-molecule measurements of
molecular diffusion at the nanoscale could offer the clearest
picture.
Here, we have taken the first steps toward this goal. By directly

measuring the diffusion coefficient of individual enzyme mole-
cules, we uncover an apparent discrepancy between the diffusion
behavior of ALP in the presence of pNPP measured with FCS
(∼20% enhancement) and with single-molecule techniques (no
enhancement). On the basis of several crucial control FCS ex-
periments, single-molecule diffusometry, dye photophysics mea-
surements on the surface, and simulation, we conclude that the
apparent diffusion enhancement of ALP observed in FCS is
caused by pNPP-induced quenching and blinking of the dye. A

transient quenching mechanism has previously been proposed by
Bai and Wolynes (38), and indeed our results here agree well with
that suggestion. We propose that pNPP-induces dye quenching
and blinking through a redox-based electron transfer mechanism.
Notably, dye photophysics, depending on the mechanism, can
have timescales ranging from nanoseconds to seconds. However,
substrate-induced redox blinking, as proposed here, is particularly
detrimental to diffusion estimates in FCS because its timescale
(∼10 ms) may coincide with the diffusion transit timescale of
molecules through the confocal volume. For this reason, we urge
caution in interpreting FCS measurements when adding com-
pounds that have distinct redox properties (e.g., hydrogen peroxide).
Given the results presented here and similar concerns voiced

by others (1), we believe that the experimental evidence for
enhanced enzyme diffusion needs to be critically reevaluated.
We advocate the use of single-molecule techniques such as in-
solution SPT and ABEL trap-based diffusometry. These meth-
ods extend the observation time of molecular diffusion from ∼1 ms
(as in FCS) to several seconds, thus enabling molecule-by-molecule
analysis and more precise characterization of diffusion coefficient
[compared to more modern, information-rich analysis of FCS data
(51)] while decoupling photophysical artifacts from diffusion coef-
ficient estimation. The ability to uncover the full distribution of
diffusive populations from single-molecule analysis will allow us to
test alternative hypotheses of enhanced diffusion, such as redistri-
bution of enzyme oligomerization states associated with substrate
binding or catalysis, which has been suggested for aldolase (14, 52).
As examples of this new measurement capability, single-molecule
diffusometry (by ABEL trapping) recently revealed the nucleotide-
dependent shift of quaternary structure of rubisco activase between
monomers, dimers, and hexamers (30). Here we have confirmed
that ALP molecules remain as dimers under our experimental
conditions.
While our experiments with ALP do not support enhanced

enzyme diffusion, we do not preclude these phenomena to still
hold true for other enzymes. For example, using a different SPT
setup, Xu et al. (53) have recently shown that the diffusion co-
efficient of urease is enhanced by 300% in the presence of its
substrate, although the exact cause of this large diffusion
enhancement remains enigmatic.

Materials and Methods
A detailed description of the materials and methods is given in the SI Ap-
pendix, Materials and Methods. Briefly, ALP from bovine intestinal mucosa
was purchased from Sigma-Aldrich (Cat # P7923), further purified in house,
and fluorescently labeled using amine-NHS chemistry. ABEL trap-based
single-molecule diffusometry was implemented as previously described
(26) and high-speed SPT was carried out according to the recent protocol (36).

Data Availability.All study data are included in themain text and SI Appendix.
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