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Despite an extensive theoretical and numerical background, the translocation ratchet
mechanism, which is fundamental for the transmembrane transport of biomolecules,
has never been experimentally reproduced at the nanoscale. Only the Sec61 and bacterial
type IV pilus pores were experimentally shown to exhibit a translocation ratchet mech-
anism. Here we designed a synthetic translocation ratchet and quantified its efficiency
as a nanopump. We measured the translocation frequency of DNA molecules through
nanoporous membranes and showed that polycations at the trans side accelerated the
translocation in a ratchet-like fashion. We investigated the ratchet efficiency according
to geometrical and kinetic parameters and observed the ratchet to be only dependent
on the size of the DNA molecule with a power law N−0.6. A threshold length of 3 kbp
was observed, below which the ratchet did not operate. We interpreted this threshold in
a DNA looping model, which quantitatively explained our results.

translocation ratchet | zero-mode waveguide | nanopore | polymer translocation | biophysics

The translocation ratchet, as a system with broken symmetry that biases Brownian
fluctuations to achieve transport of macromolecules, is a ubiquitous process in biological
pores, where a chemical gradient induces an asymmetry. This class of motors differs from
other translocation motors like the bacteriophage packaging motor (1, 2) by its use of
binding particles to rectify diffusion of macromolecules and induce a directional transport
through the pore (3, 4). This has been experimentally shown for the complex Sec61 in
its posttranslational pathway with eucaryotic cells, where chaperone proteins called BiP
strongly attach to the translocating protein by ATPase activity (5); in the bacterial type
IV pilus where ComEA chaperones bind to the DNA during its uptake and process its
translocation into the bacterial periplasm in an ATP-independent translocation ratchet
mechanism (6); or, recently, for the pore loops of ClpB, that display an ATP-dependent
ratchet mechanism (7). Although experimental evidence has been provided for these
systems, we lack a mechanistic investigation to describe quantitatively the translocation
ratchet. Theoretical models (8–13) have been proposed since the Peskin and coworkers
(3, 4) model, in which the translocation process of an infinite rod is driven by the binding
equilibrium between the rod and binding particles at the trans side of the pore. Numerical
studies have shown the relevance of such models to account for the experimental observa-
tions on the Sec61 complex and also pointed out a power stroke mechanism as a possible
alternative mechanism to translocation ratchet, without the ability to distinguish between
them (14, 15). In parallel, the influence of physical parameters on the translocation time
of a polymer with a translocation ratchet has been investigated (8, 16–18). The effect of
polymer length has been the main scope of these studies, showing similarities between the
translocation ratchet and forced translocation (17, 18).

Based on this statement, we designed a nanoscale device that induced the direc-
tional transport of DNA through nanoporous membranes. This system has been devel-
oped upon a previous translocation setup (19) in which DNAs were forced through a
6-μm-thick nanoporous membrane with the help of a driving pressure between the cis
and trans sides of the membrane and detected optically with a zero-mode waveguide (20).
Polycations added at the trans side of the membrane prevented DNA backsliding through
electrostatic binding, which created the translocation ratchet mechanism. The number of
translocated DNA over time, called the translocation frequency (defined as the number
of DNA molecules that entirely translocated from the cis to the trans side per unit time
and normalized by the number of nanopores in the field of view) was measured by optical
detection based on the zero-mode waveguide effect (see DNA Preparation for a complete
description of our experimental setup).

Results

Preliminaries. The translocation experiment with an applied pressure was previously
described by a theoretical model called the suction model, which predicts the frequency
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of complete translocation of DNA molecules from the cis to the
trans side of a nanopore as a function of the driving pressure
between the two sides of the membrane (19, 21–23). The suction
model applies to flexible or semiflexible polymers in dilute regime,
with no attraction between the monomers and the nanopores, and
whose radius of gyration is bigger than the radius of the nanopores.
According to this model, the translocation frequency was related
to the applied pressure as follows:

f = k
P

Pc
exp

(
−Pc

P

)
, [1]

with Pc ∝ R−4LkBT a critical pressure (R is the radius of the
nanopore, and L is its length) and k as a proportionality factor
(per second) (see SI Appendix and refs. 19, 21, and 22 for further
development of the suction model).

In the present study, the suction model has been used as the
basis for a more complete model introducing the translocation
ratchet mechanism.

Proof of Principle of the Translocation Ratchet. An increase
of the translocation frequency was observed for all pressures
after addition of polyethyleneimine (PEI), which was one of the
polycations used in this study (see Polycations), with a magnitude
that grew according to the pressure and the concentration of
polycations (Fig. 1B); this concentration was expressed as the
charge ratio ρ+/ρ− between the positive charge density ρ+ of
polycation and the negative charge density ρ− of the DNA (see
Charge Ratio). Measurements of the critical pressurePc from Eq. 1
did not show significant changes by the addition of PEI (107 mbar
with excess of PEI, 85 mbar without PEI) (SI Appendix, Fig. S4),
which indicates that the presence of a ratchet agent at the exit of
the nanopore did not change the energy barrier at the entrance.
In a striking contrast, a quantitative increase of k was observed
(Fig. 1B). The specificity of this increase with PEI has also been
verified by the addition of heparin (negatively charged) in the
trans side as a competitor to DNA for binding to polycations
(24, 25) (SI Appendix, Fig. S3). The addition of heparin with PEI
canceled the translocation enhancement effect of the polycation,
and a significant similarity between the curves without PEI and
with PEI/heparin was observed (SI Appendix, Fig. S3). This re-
sult ensured the polycation-specific enhancement of the DNA
translocation, which cannot be attributed to an osmotic effect
independent of the cationic nature of the species in solution.

We performed a statistical study of the noise on the transloca-
tion frequency measurements. Our results have shown that the
event detection process was limited by Poisson noise coming
from the random process of polymer capture by the nanopores;
specifically, the optical detection was not the limiting process (see
SI Appendix for a complete description of our noise study).

Ratchet Yield Y . According to Eq. 1, the relative frequency in-
crease by ratchet was defined as follows:

Δf

fρ=0
=

fρ+
− fρ=0

fρ=0
, [2]

with fρ+
(P) as the translocation frequency at a given concentra-

tion of polycations and fρ=0(P) as the one without polycations.
Δf /fρ=0 was measured as a function of the charge ratio for
different species of polycations (Fig. 2A). A pressure-independent
linear relation between Δf /fρ=0 and ρ+ was observed for all
polycations (Fig. 2A). The ratchet yield Y was introduced as
Δf /fρ=0 = Y × ρ+/ρ−. Given this definition, we performed
the translocation experiments with constant pressure and variable
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Fig. 1. Polycations accelerate DNA translocation. (A) Schematic representa-
tion of the experimental translocation ratchet observed by the zero-mode
waveguide technique. (B) Frequency of λ DNA translocation as a function
of the applied pressure (normalized by the critical pressure Pc) for variable
concentrations of PEI (expressed as the charge ratio). Data are mean ±95%
SEM fitted with the suction model Eq. 1 (lines); n = 107 (ρ+/ρ− 0), 12 (0.005),
20 (0.05), 12 (0.2), 47 (0.5), and 8 (0.6). (C) Time evolution of a flash caused by
the translocation of a single fluorescently labeled DNA. (Scale bar: 6 μm.)

polycation concentrations (instead of the inverse), which led to a
faster protocol to measure the ratchet yield Y (see SI Appendix for
details and a comparison between the two methods).

The ratchet yield appeared to be constant for all polycations,
with Y � 10, except for PEI (pH 7.6): YPEI � 2.6 (Fig. 2). This
difference was understood by the incomplete protonation of PEI
at physiologic pH (26), since Y (PEI, pH 4.3) was in the range
of the other polycations (Fig. 2).

The dissociation constant Kd between λ DNA and the
polycations was then measured by microscale thermophoresis
(MST) (27, 28) and fluorescence decay methods (29, 30) (see
SI Appendix and SI Appendix, Fig. S6 for complete details on
fluorescence decay/MST experiments). These measurements were
compared to the ratchet yields Y for each ratchet agent (Fig.
2B). From these observations, it appeared that Y did not evolve
significantly with Kd , which implies a kinetic control of the
binding between polycations and DNAs (koff /kon � 1) (31).

Effect of Geometrical Parameters on the Ratchet Yield.
Radius of the nanopore. The influence of the geometrical pa-
rameters on Y was studied. The first one was the radius of the
nanopores R, which is a key parameter in translocation exper-
iments. The translocation frequency of λ DNA was measured
as a function of the applied pressure through nanopores with
variable radii, from 25 nm to 100 nm (Fig. 3). Auger et al. (19)
demonstrated that Pc is highly dependent on R with Pc ∝ R−4,
which we also observed in our experiments both with and without
ratchet in equal manner (Fig. 3C ). The measurements ofΔf /fρ=0

as a function of ρ+ for variable R (Fig. 3 A, B, and D) showed an
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Fig. 2. Translocation ratchet is unspecific of the polycation. (A) Relative
frequency increase by ratchet Δf/fρ=0 of λ DNA translocation as a function
of the charge ratio with different polycations: PLO, PLL, PEI, PLR, and SPD.
Experimental data were fitted by a linear regression model, and a ratchet
yield Y was defined as the slope of the fit. (B) Ratchet yield Y as a function
of the dissociation constant for different polycations. Data are mean ±95%
SEM; n = 47 (PEI, pH 7.6) and 8 (others) for Y measurements; n = 5 (PLO),
4 (PLL), 4 (PEI, pH 4.3), 5 (PLR), and 4 (SPD) for Kd measurements.

increase of the translocation frequency with the addition of PEI
for every size of nanopore, which meant the ratchet mechanism is
valid at least in the range of 25 nm to 100 nm in radii. However,
Y was shown to be independent of R in this range (Fig. 3 D,
Inset), which highlighted that the ratchet agents did not influence
the energy barrier at the entrance.
Length of the DNA molecule. Finally, the dependence of the
ratchet mechanism on the contour length N of the DNAs was
studied. The translocation experiments were realized at fixed
pressure and variable concentrations of PEI with DNAs from 710
bp to 166 kbp. Δf /fρ=0 and Y were measured as a function
of ρ+/ρ− (Fig. 4). No ratchet effect was observed for DNA
smaller than 3 kbp. The ratchet mechanism was activated for
DNAs above 3 kbp according to a scaling law Y ∝ N−α with
α= 0.60± 0.02.

Phenomenological Model of the Translocation Ratchet. An ex-
tension of the suction model has been developed to explain the
scaling observed for the physical parameters of the translocation
ratchet. Given the adsorption rate of polycation on DNA (31)
and the association time of 2 ns to 20 ns between DNA and
polycations (PEI/poly-L-lysine [PLL]) measured from simulations
at charge ratios 0.18 to 0.91 (32, 33), we assumed that the
translocation of the polymer is the limiting step [the translocation
duration was estimated to be around 0.2 s to 1 s from the flash du-
ration (Movie S1) (19)]. The linear dependence betweenΔf /fρ=0

and ρ+ can be explained with a two-step mechanism for the

translocation (Fig. 5A): 1) The DNA is stopped by the nanopore
and confined with a rate given by the suction model fsuc ; 2) in the
presence of ratchet agents, retrodiffusion of DNA will be inhibited
once its extremity exits the nanopore. With typical values of
10−3 s to 10−2 s−1 for the dissociation rate between DNA and
polycations (31), we considered that polycations remain bound to
DNA during the entire translocation. We defined prat ∝ ρ+/ρ−
as the probability for the DNA to find a ratchet agent, and defined
prat as its complementary probability (prat = 1− prat ). We also
defined krat and krat < krat as the exit rates of DNA in the
presence (krat ) or absence (krat ), respectively, of ratchet agents.
According to this two-step model, the linear dependence between
the translocation frequency f and ρ+ (Fig. 2A) was retrieved,

f ∝ fsuc × (prat × krat + prat × krat)

∝ fsuc × krat ×
[
1 + prat ×

(
krat
krat

− 1

)]
.

[3]

In the regime of high efficiency of the ratchet (krat �
krat ), we retrieved our experimental findings f ∝ fρ=0 ×
(1 + Y × ρ+/ρ−), with fρ=0 as the translocation frequency
without polycations and with the ratchet yield as Y ∝ krat/krat .

To explain the results with DNA contour length observed in
our experiments (Fig. 4), we propose that the presence of bound
ratchet agents could stabilize the formation of a DNA loop by
thermal fluctuation, which would lead to a tension propagation
along the DNA chain and a ratcheting process with ratchet step
defined as the loop length (Fig. 5B). This loop model is supported
by the fact that spermidine (SPD) operated as a ratchet while the
molecule was much smaller than the diameter of the nanopores
(Fig. 2A), which was counterintuitive for a translocation ratchet
mechanism. Additionally, with an enthalpic cost of formation
expressed as 2π2Lp/Lloop (in kBT units) (34), with Lp as the
persistence length of DNA and Lloop as the length of the DNA
loop, the minimal length of a DNA loop induced by thermal fluc-
tuation of order kBT would be Lloop = 2π2Lp � 3 kbp, hence
the threshold observed in our experiments. The looping timescale
of an interior loop stabilized by a polycation, of order 10−3 s to
10−2 s, is also in good agreement with a translocation duration
of 0.1 s to 1 s (35). To further test our loop model, we measured
the ratchet yield of 2.7-kbp DNA in buffer with a higher ionic
strength (100 mM KCl, 10×), which decreased the persistence
length of DNA and should decrease the critical length for the
looping process, according to our model (Fig. 4). We observed
that the increase of ionic strength triggered a ratchet effect for the
2.7-kbp DNA with Y = 5.1± 0.1, which supports our loop
model. Above 3 kbp, we assumed that krat is dominated by ten-
sion propagation dynamics (36–38): Given the enthalpic energy
gainΔG from the bond formation between polycation and DNA,
measured by MST, ΔG =−log(Kd)� 14kBT , we assumed a
strongly driven regime, krat = kBT/(N ν+1ηa3), with N as the
number of monomers, η as the viscosity of the fluid, and a as the
monomer size of the DNA. This hypothesis is supported by pre-
vious theoretical (36–38), numerical (17, 18), and experimental
(39, 40) studies. We also measured this condensation force and
the DNA looping by PLL with combined optical tweezers and
confocal setup; specifically, we measured a tension force around
10 pN in the DNA chain during loop formation that supports our
strongly driven regime hypothesis (see SI Appendix and Movie S2
for a complete discussion of our optical tweezers experiments). In
the absence of ratchet, the exit rate of DNA krat is dominated
by diffusion: krat = kBT/(L2N ηa), with L as the length of
the pore. This implies Y � krat/krat ∝ (L/a)2 × N−ν . In the
frame of our loop model to trigger the ratchet (Fig. 5B), with
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a monomer size scaled as a DNA loop length (� 3 kbp), this
scaling argument is in excellent agreement with our results: It
predicts the value of Y (Ytheo = 6.5; Yexp � 10.4, average over
Fig. 2B). It also explains the experimental scaling law Y ∝ N−α,
with α= 0.6 (αtheo � 0.588).
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Fig. 4. Ratchet yield as a function of the DNA contour length. Data above 3
kbp have been fitted (red dashed line) according to a power law: Y ∝ N−0.6

(coefficient of determination, R2 = 0.996), with a Heaviside function centered
at 3 kbp (black dashed line). Blue data point corresponds to 2.7 kbp DNA in
100 mM KCl buffer (10×). (Inset) Log–log plot in the range 5 kbp to 166 kbp.
Data are mean ±95% SEM; n = 8.

Discussion

This study is a proof of principle that ratchet agents can be
used to enhance macromolecular transport through nanopores as
previously proposed theoretically (4, 11). Contrary to previously
reported artificial systems (41, 42), which used an asymmetric
periodic channel or asymmetric periodic forcing, our method-
ology is based on a chemical gradient, which is closer to their
biological counterparts. Our measurements have shown that the
ratchet mechanism did not interfere with the energy barrier at
the entrance of the nanopore in the frame of the suction model
and operated, rather, downstream, which is supported by the
observation of the independence of Pc with regard to the addition
of polycations (SI Appendix, Fig. S4) and the fact that the ratchet
yield Y did not change with the radius of the nanopore (Fig. 3).
Specifically, it emphasizes that the ratchet effect is a stronger phe-
nomenon than the pressure driving; otherwise, the ratchet yield
would have depend on Pc . Moreover, with Y � krat/krat � 10
(Fig. 2B), the addition of polycations at the exit of the nanopores
enhanced the speed of the translocation by a factor of 10, which
would have required an increase by 10 of the driving force in a
purely pressure-driven translocation to get the same speed.

In contrast to voltage-driven setups, which have been the
main translocation system used in recent years (43–46), pressure-
driven translocation setups can generate smooth transitions be-
tween the purely diffusive regime to the strong driven regime of
translocation, that makes it possible to measure a ratchet effect
competing with the energy barrier at the entrance of the nanopore
on an experimental timescale (19). Furthermore, a voltage-driven
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Fig. 5. DNA loops trigger the ratchet effect. (A) Kinetic model for the translocation of DNA with polycations: 1) confinement of the DNA into the nanopore
according to the suction model with rate fsuc; 2) transport of the confined DNA toward the exit with a rate krat if the DNA is caught by a polycation (probability
prat ), or, otherwise, with a rate krat � krat . (B) DNA loop model to trigger the ratchet effect: A spontaneous DNA loop (minimal size 3 kbp) is stabilized by a bound
polycation, which generates a tension along the DNA chain and ratchets the translocation with a step equal to the loop length.

translocation would have inhibited the use of a cationic ratchet
agent, because of the translocation of the polycation through the
nanopore in the opposite direction to that of the DNA, thus
canceling the ratchet effect.

Previous theoretical studies have shown that, in the large ad-
sorption limit kon � koff , the ratchet yield evolves as Y ∝ L/δ,
with L as the length of the polymer and δ as the ratchet step.
In their models, they considered the free diffusion of a stiff
rod through an infinitely thin nanopore. However, numerous
theoretical and numerical studies have observed the relevance of
the tension propagation theory to take into account the out-
of-equilibrium nature of polymer translocation. Specifically, for
translocations driven by binding particles, the Chuang–Kantor–
Kardar (47) limit hypothesized the average translocation dura-
tion 〈τ〉 to scale as 〈τ〉 ∝ N ν+1, which has been numerically
verified for long polymers (N � 106). In our study, the tension
propagation theory successfully led to the experimental scaling
observed between the ratchet yield and the polymer size (Fig. 4),
which could not be explained by models of translocation with
the two sides of the polymer at equilibrium. Since most of the
biological translocation ratchets operate with biopolymers (DNA,
denatured proteins), our study emphasizes the need to take into
account the polymer nature of the transported molecules to
get a more accurate view of their transport through biological
nanopores.

Another major aspect of our study is the evidence of a DNA
length threshold to trigger the ratchet effect (Fig. 4), which
has never been reported, to our knowledge. The clear threshold
around 3 kbp and the fact that SPD enhanced the translocation
despite its size being much smaller than the diameter of the
nanopores (Fig. 2A) provide experimental insights that polyca-
tions generate a DNA complex of minimal size 3 kbp, which
then accelerates the translocation in a ratchet-like mechanism.
Previous studies have shown that polycations can generate DNA
loops (48, 49), which has been extensively used to enhance
DNA transfections (50). Given these experimental observations
and the calculation of the enthalpic cost of a DNA loop as
2π2Lp/Lloop , our DNA loop model can quantitatively explain
our measurements. We assume that the loop regime could possibly
be observed for two-dimensional (2D) or 3D simulations of
semiflexible polymers translocation with multiple bonds ratchet
agents in a low-concentration regime. In this case, the looping
timescale would be shorter than the binding time for the ratchet
agent.

We believe that our work will help to build a more accurate
understanding of the key aspects of macromolecule transport in
the cell. Specifically, this study highlights the influence of the
length of the transported molecule and its mechanical properties.
These parameters have not been investigated yet in biological pores
like the nuclear pore complex, the bacterial type IV pilus, or the

translocon. Finally, the present study paves the way to build new
biomimetic nanopumps, which could be both selective and highly
energy efficient.

Materials and Methods

DNA Preparation. For the translocated biopolymer, several DNAs have been
used: λ DNA (48.5 kbp, ThermoFisher Scientific), λ DNA/HindIII (125 bp to
23,130 bp, average 14.3 kbp, New England Biolabs), T4 GT7 DNA (166 kbp,
NIPPON GENE), Φ X174 RF II DNA (5.4 kbp, New England Biolabs), pNEB206A
linearized (2.7 kbp, New England Biolabs), pCLIPf -H2B (6.2 kbp, circular DNA,
New England Biolabs), pKLAC2 (9.1 kbp, circular DNA, New England Biolabs),
and DNA ladder (100 bp to 1,517 bp, average 710 bp, New England Biolabs).
The concentration of DNA was kept constant at 4.9 nM (in phosphate groups
equivalent) in buffer Tris-KCl (10 mM) and (ethylenedinitrilo)tetraacetic acid
(1 mM) at pH 7.6 (25 ◦C). The DNAs have been fluorescently labeled with YOYO-1
(ThermoFisher Scientific) at 3.0 nM (about one YOYO-1 molecule available per
DNA base).

Polycations. Polycations have been added to the downstream side of the mem-
brane (trans side) at concentrations of a few micromolars (in nitrogen groups
equivalent). We assumed that these ratchet agents bind to the DNAs at the exit of
the nanopores and prevent the retrodiffusion of the transported molecules (Fig.
1A). The polycations used as ratchet agents were PEI (M.n. 60,000 g/mol, ACROS
Organics), PLL (M.w. 150,000 g/mol to 300,000 g/mol, Sigma-Aldrich), poly-L-
ornithine (PLO) (M.w. 147,000 g/mol, Sigma-Aldrich), poly-L-arginine (PLR) (M.w.
146,000 g/mol, Sigma-Aldrich), and SPD (Sigma-Aldrich).

Charge Ratio. The charge ratio ρ+/ρ− was defined as the ratio between
average positive charge density ρ+ from polycations in trans side bulk over
the average negative charge density ρ− in a DNA coil (worm-like chain model,
Lp = 50 nm, two negative charges per base pair). This definition of the charge
ratio was motivated by the assumption that binding between translocated DNA
and polycations at the exit of the nanopores was not affected by the DNA bulk
concentration at the cis side but by the local negative charge density at the exit of
the nanopores (Fig. 1A).

Zero-Mode Waveguide Detection of DNA Translocation. To visualize the
translocation of DNAs through the nanopores, a near-field microscopy technique
based on the zero-mode waveguide effect was designed (Fig. 1A). A 50-nm
gold layer was sputtered onto track-etched membranes (Whatman Nuclepore,
6-μm-thick polycarbonate, pore diameters between 50 and 200 nm) with an
evaporator (EVA 300 Alliance Concept). An evanescent field (typical length:
43 nm) was created in the gold layer when excited by a 473-nm laser (Cobolt
Blues), and the field was enhanced in the nanopores by plasmon resonance
and an antenna effect due to the waveguide geometry of the nanopores. Thus,
the fluorescence of the DNAs was only activated in the vicinity of the edge
of the nanopores by the evanescent field (the cis side of the membrane was
not illuminated, and YOYO-1 molecules were bleached at the trans side by the
intensity of the light). With this experimental setup, the translocation of a DNA
molecule was detected by a flash of light when the molecule crossed the exit of
the nanopore (gold side) (Movie S1).

Image Acquisition. The membrane was glued onto a cap with biocompatible
silicon glue (Silicomet JS 533, Loctite), and the DNAs were forced into the
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nanopores by application of a gradient of pressure between the two sides of
the membrane thanks to a pressure controller connected to the cap (Fluigent
MFCS, 0 mbar to 1,000 mbar with 0.1-mbar resolution). The trans side of
the membrane (where DNAs exit the nanopores through the gold layer) was
visualized with an epifluorescence microscope (Zeiss Axiovert 200, water ob-
jective Zeiss ×63 C-Apochromat, NA 1.2), and images were acquired with an
camera (iXon 897 Andor, −60 ◦C, 512 × 512 px2). Several movies were
recorded at 33 frames per second with 250 frames (see SI Appendix for a com-
plete description of image/data processing, and see Movie S1 for an example
of a typical translocation movie; Fig. 1C shows snapshots of a translocation
event).

The frequency of translocation was measured as a function of the applied pres-
sure with variable concentrations of PEI (50–52) as the ratchet agent, expressed
as the charge ratio ρ+/ρ−.

Image Processing. The background noise was subtracted to enhance the sig-
nal detection (homemade ImageJ script), and the translocation events were

manually counted (typically, around a hundred events for a movie); this process
was repeated at least four times for each experimental condition. The frequency–
pressure curves were processed by a homemade MATLAB (Mathworks) script, and
the Curve Fitting Toolbox was used to fit these experimental curves. CIs of the
fitting parameters were obtained by the Jackknife method (resampling method
without replacement).

Data Availability. Microscopy movies are available in Zenodo (53). All other
data are included in the article and/or supporting information.
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