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Time-Resolved Molecular Transport across Living Cell Membranes
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ABSTRACT It is shown that the nonlinear optical phenomenon known as second-harmonic generation can be used for label-
free, time-resolved study of the transport of molecules through living cell membranes. The adsorption and transport of a 300-Da
molecular-mass hydrophobic ion at the Escherichia coli membrane is observed. Remarkably, at low ion concentrations, the
second-harmonic generation technique clearly exposes a multistep molecular transport process: Transport of the molecular
ion across the outer and cytoplasmic membranes of the Gram-negative bacteria is recorded, in sequence, in time. Fitting of
the data to a multiprocess kinematic model reveals that the transport of this hydrophobic ion through the outer membrane is
much faster than through the cytoplasmic membrane, likely reflecting the effectiveness of ion transport porins. The observations

illustrate an experimental means for studying the interactions of small molecules with cell membranes.

INTRODUCTION

A fundamental understanding of the transport of small,
druglike molecules into living cells is critical for rational
drug design and pharmacology in general. Elucidation of
these processes requires the development of efficient exper-
imental capabilities to characterize the factors important to
the adsorption and penetration of molecules across cell
membranes. The investigation of the adsorption and trans-
port of small- and medium-size molecules has been con-
ducted for decades through a variety of methods (1-5),
most of which rely on measurements of intracellular and
extracellular concentrations of the molecule of interest for
deducing interfacial activities at the cell membrane. Real-
time measurement of concentrations in the solution phase,
but not at the membrane, can be achieved only under harsh
conditions (4,5). Overall, studies of molecular transport
across intact, living cells have been restricted to measure-
ments of solution characteristics, not membrane characteris-
tics, and without time-resolution.

We report here a method based on the nonlinear optical
phenomenon, second-harmonic generation (SHG), which
can be used for studying molecular transport through living
cell membranes with time-resolution. Some media can
convert a small amount of incoming light into twice the
incoming frequency, and the detection of this SHG can
provide time-resolved structural information, particularly
at interfaces (6-10). Specifically, the ability of a single
molecule to generate a second-harmonic (SH) response
depends on its symmetry: the molecule of interest (i.e.,
a small molecule to be transported across a membrane)
must have a structure without a center of inversion
symmetry such that it possesses a nonlinear hyperpolariz-
ability. The ability of an ensemble of such molecules to
generate a SH response depends on the summation of their
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vectorlike nonlinear polarizations: if the molecules are
randomly oriented such as those in a liquid solution, the
hyperpolarizabilities sum up to zero and no SH signal is
observed. However, if the same molecules are adsorbed
onto the cell membrane and are oriented in similar direc-
tions, they can constructively interfere to give a SH signal.
A key advantage which this symmetry dependent phenom-
enon affords is the possibility of detecting a small number
of molecules adsorbed on cell membranes against a much
larger amount of the same molecules present in the solvent
background.

Since the first detection of SHG from molecules adsorbed
on microcolloidal particles (6), SHG has been well estab-
lished as a versatile technique for probing adsorption of a
variety of molecules, including biopolymers (7), on a wide
range of particles with sizes from nanoscale to tens of
microns in dimension (8,9). Of particular relevance to this
report is the work of Srivastava and Eisenthal (10), which
used SHG to measure, in real-time, molecular transport
through a liposome vesicle membrane. The measurement
is based on the anticipation that the SH light fields generated
from the molecules adsorbed at opposite sides of the
membrane would cancel each other due to their exactly
opposite orientations. During the transport process, as the
molecules adsorb onto the inner side of the membrane, their
polarization cancels that of the molecules adsorbed on the
outside, causing the SHG signal to decrease. The decay of
the SHG intensity in time can thus be related to the transport
rate.

We demonstrate in this report the effectiveness of this
SHG method for probing label-free molecular transport
through living cell membranes by examining the transport
kinetics of the hydrophobic ion, malachite green, through
Escherichia coli in real-time. The malachite green ion
(MG™) represents an ideal candidate for these studies. It
has an electronic transition which is resonant with the SH
frequency at 420 nm and allows for facile detection of
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SHG when the molecules are aligned at an interface.
Furthermore, its structure, hydrophobicity, and molecular
weight all qualify the ion as “druglike” and therefore highly
relevant to pharmacological transport. Our study clearly
elucidates the uptake of the hydrophobic molecular ion
through a multistep process involving transport across
both the outer and cytoplasmic membranes of the living
E. coli.

MATERIALS AND METHODS
Materials and sample flow system

The hydrophobic, positively charged malachite green ion (MG™) has the
molecular formula of Cy3H,sN,* (Fig. 1) and a molecular mass of
329.4 Da. The positive charge is delocalized to the surrounding propeller-
like hydrophobic groups. The oxalate salt form of malachite green (Cat. No.
M9015) was purchased from Sigma-Aldrich (St. Louis, MO) and used
without further purification. Solutions were prepared at the desired concen-
trations in distilled water.

The E. coli MC4100 strain was grown at 37° in Terrific Broth (Cat.
No. T0918; Sigma-Aldrich) until saturation. The cells were centrifuged,
washed, and resuspended in distilled water for use in the SHG experi-
ments, typically with a concentration of 2 ~ 4 x 107 cells/mL. Cell density
was checked in a Burker-type counting chamber before and after
experiments.

The samples for SHG measurements were prepared in a flow system. The
cell suspension was pumped with a small motorized liquid pump to form
a liquid jet through a nozzle made out of pressed stainless-steel tubing
with 1/16 inch inner diameter. The cell suspension in the reservoir was
forced out and collected back through tubing (Nalgene; Nalge Nunc,
Rochester, NY) connected to the nozzle, and was continuously stirred using
a magnetic stirrer. In a typical experiment, a small amount of aqueous
solution of MG* at known high concentration was added into the cell
suspension reservoir at t = 0 to achieve a specific concentration between
0.25 uM and 3.00 uM.

Experimental setup for second-harmonic
generation

The SHG measurements were conducted using the setup reported previ-
ously for monitoring molecular adsorption on solid colloidal particles
(7,8). The fundamental light (840 nm, 50-fs pulse width, 4-nJ pulse energy,
76-MHz repetition rate, 1-mm diameter, 0.4-W averaged power) was
provided by a Ti:Sapphire femtosecond laser pumped by an Ar ion laser.
The operating wavelength was set at 840 nm because its second harmonic
is in resonance with an electronic transition of the malachite green ion
which thus resonantly enhances the SHG signal. MG™ has a fluorescence
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FIGURE 1 Illustration of the malachite green (MG ™) cation structure.
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band peaked at 460 nm and thus the two-photon fluorescence response
from the bulk MG™ at concentrations up to 3 uM has little contribution
to the frequency doubled intensity measured at 420 nm. The femtosecond
laser pulses provide the high-peak power necessary to observe a nonlinear
optical process, while the low-pulse energy-minimized the heating and
photochemical effects from light absorption. A long-pass filter (model
No. RG695; Schott, Mainz, Germany) was placed before a focusing lens
to eliminate any possible second-harmonic generation (SHG) from the
components in the optical path up to the sample (which ensured that the
collected SHG signal was generated entirely from the sample). The focused
fundamental laser beam intercepted the center of the liquid jet perpendicu-
larly and passed through the jet with an ~1-mm path-length and a peak
intensity of 4 x 109 W/cm? inside the sample. The windowless liquid-jet
system prevented SHG from reacting to background materials and
improved the signal/noise.

Given the size of the E. coli cells (typically 2-um long with 1-um diam-
eter), the SH light generated by surface-adsorbed MG*' can be amply
detected in the forward scattering direction, as illustrated by previous
studies of SHG from surfaces of particles of various sizes (8,9). The laser
beam, after exiting the sample, consisted of the fundamental and second
harmonic in the same forward direction and was collected and collimated.
The combination of BG39 band-pass filters and a monochromator (1-mm
entrance and exit slits, set to 420 nm with a 2-nm bandwidth) effectively
eliminated the fundamental light, along with any fluorescence or scattered
light at other wavelengths. The rectangular nature of the monochromator
slit restricted the light collection to within +20° in the vertical direction
and only *2° in the horizontal direction. The signal was then detected
by a photomultiplier (model No. R585; Hamamatsu, Hamamatsu City,
Japan), preamplified with a Stanford amplifier (model No. SR 440; Stanford
Research Systems, Sunnyvale, CA), and then processed through a correlated
photon counting system (model No. SRS SR400; Stanford Research
Systems). The discrimination voltage for suppression of the statistical
random noise was set at —100 mV when the PMT was powered at
—1300 V. The signal collected was averaged over 1 s.

SHG from malachite green adsorbed at colloidal
interfaces

Generally, the second-order polarization of a medium induced by an elec-
tromagnetic field of frequency w and with strength £, is proportional to
the square of E~,. The proportional constant, the macroscopic second-
order susceptibility ', is a sum of the individual molecular polarizabilities
through a statistical average over molecular orientations, and is thus line-
arly proportional to N the number density of MG™ at the interface. The
SH electric field is E™~5,, which is linearly dependent on x® and subse-
quently N. The experimentally recorded SHG intensity therefore is a direct
reflection of the surface density of adsorbed MG ™ ions as

Igy < E2, N7, (1)

Because the MG ions adsorbed on opposite sides of the membrane are ex-
pected to have exactly the opposite orientations, the molecular polarizations
on the inner and outer sides of the membrane are expected to cancel with
each other. Therefore, in the case of molecular transport across a single
membrane, the MG™ ion densities on the outer and inner surfaces, N,
and N, are related to the SH intensity /gy as

Isy = C(No *Ni)z- ()

While this model has successfully described transport across a single lipo-
some vesicle membrane (11), we will demonstrate that modifications are
required to model MG™ transport through E. coli; namely, that we must
explicitly account for transport across both the outer and cytoplasmic
membranes.
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Malachite green ionization and adsorption
equilibriums

In the system of interest here, only the MG™ ions give the SHG signal, not
the MG molecules in the neutral form. The MG ™ ion adsorption isotherm is
therefore quantitatively described by a modified Langmuir model that takes
the ionization equilibrium into account. Because the pH of the experiments
(pH = 7.4 % 0.1) is in close vicinity to the pK, of the MG™ cation (pK, =
6.8), the ionization equilibrium of the MG ™" must be considered in the Lang-
muir model. In this situation, we need to consider both ionization and
adsorption-desorption equilibriums involving MG™ ions in the system:

k
MG + empty cell absorption site ]:5 filled cell surface site,
1

3
MG" + H,0 < MG - OH + H*. 4)

Thus, the surface coverage, 6, of the MG™ ions on a surface can be ex-
pressed as

55.5 55.5\°
Nmax - | Nmax o _4 Nmax
(c+ UK) (c+ UK) c

2Nmax ’
®)

where N, in the case of the outer surface, is the density of adsorbed ions N,;
Nmax 1 the maximum adsorption density; C is the total concentration of the
MG molecules including both those in the bulk (neutral and charged
species) and those adsorbed on the surface (assumed to be MG* only);
and 55.5 is the molarity of water,

and

N
- K, -+ [HY)

Therefore, a nonlinear least-square fitting of the adsorption isotherm will
allow the determination of «, K, and the maximum adsorption density,
N,ax- Finally, K, at the given pH value, is subsequently used to calculate
the adsorption free energy AG = —RT InK.

RESULTS AND DISCUSSION

Time-resolved SHG following addition
of malachite green to E. coli

Based on published studies of SHG from MG™ ions adsorp-
tion at various colloidal surfaces (6—10), we expect that the
addition of MG™ to a suspension of E. coli cells results in
a measureable SH response due to the adsorption of the
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MG ions onto the cells. Fig. 2 is the time-resolved SHG
intensity detected after MG was mixed into the E. coli solu-
tion at # = 0. The E. coli density was 3 x 10’ cells/mL and
the initial MG concentration (representing all MG mole-
cules in both their neutral and cation forms) ranged from
3 uM down to 0.25 uM. As expected, after the rapid initial
rise in the SH signal due to adsorption of MG™ ions onto the
cell, the signal begins to decay. At a MG concentration of
3 uM, this decay appears to be monotonic, which is reminis-
cent of the SH signal due to MG transport across a lipo-
some membrane observed by Srivastava and Eisenthal
(10). As time proceeds, the hydrophobic ions penetrate the
bacteria membrane and bind to its inner leaflet, resulting
in the decay of the signal.

Remarkably, however, lower concentrations of MG
reveal the complexity of the transport phenomena in E. coli.
Instead of a monotonic decay, another rise and decay appear
in the signal which becomes more pronounced as the con-
centration is decreased from 2.00 uM down to 0.25 uM.
Not only does the SHG method monitor real-time transport
through the living membrane, but the SH signal exposes
multiple sequential adsorption and transport processes.

Adsorption at the E. coli outer membrane

The initial maximum SH intensity immediately after r = 0
(when MG was applied to the E. coli containing solution)
is proportional to the square of the coverage of the MG™
ion on the cell membrane before its diffusion into the cell.
By plotting the maximum intensity of the SH signal at
t = 0 as a function of the MG concentration as in Fig. 3,
we obtain the adsorption isotherm which can be quantita-
tively fit with the modified Langmuir model described
above. Langmuir kinetics describes the adsorption as
a reversible reaction between the adsorbates in the bulk
solution and those on the colloidal surface. The model
assumes: adsorption is limited to a monolayer; there is equal
probability of adsorption at each surface site; and there are
no interadsorbate interactions (12). Generally, for colloidal
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FIGURE 2 Time-profiles of the SH intensity (normalized) after addition
of MG™" ions at various concentrations into solutions containing living
E. coli cells. (Red solid lines) Nonlinear least-square fits to the kinetic model.
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FIGURE 3 Adsorption isotherm expressed in SH intensity for MG™ ion
on the E. coli cell. (Solid line) Nonlinear least-square fit of a modified Lang-
muir model. (Error bars) Standard deviations.

microsurfaces, the effective surface area can be very large
and thus no further simplifying assumptions can be made
regarding the magnitude of N in comparison to total concen-
tration, C. The model including the ionization equilibrium
of the MG™ ion is described by Eq. 5. A nonlinear least-
square fit of the adsorption data to the modified Langmuir
model (solid line in Fig. 3) yields a maximum adsorption
density of MG™ ions on the cell of N, = (7.4 = 1.2) x
107/cell or (1.2 + 0.2) x 107/um?* and an adsorption free
energy of AG = —(13.6 = 0.4) kcal/mol.

Kinetic model of molecular transport through
E. coli membranes

Molecular transport into the cytoplasm of E. coli involves
translocation across the two cell membranes of the Gram-
negative bacterium (Fig. 4). The outer membrane is asym-
metric in its bilayer structure with the outer leaflet
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composed of lipopolysaccharides and a phospholipid inner
leaflet. The membrane also contains ion channels—classic
trimeric OmpF porins, with three channels, each with
a7 x 11 A bottleneck that is known to exclude uncharged
hydrophobic solutes but permit passive diffusion of hydro-
philic compounds with molecular masses smaller than
600 Da (13). The inner cytoplasmic membrane is a sym-
metric lipid-bilayer structure.

A kinetic model that incorporates all the adsorption and
transport processes at both membranes is constructed to
quantitatively account for the observed time-resolved SH
intensity. In the model, transport begins with the adsorption
of MG™ to the outermost cell surface. The sharp rise of the
SH signal at r = 0 indicates that this initial adsorption rate of
MG ions is much larger than the translocation rate through
the outer membrane. Following the transport of MG™ ions
across the outer membrane, the adsorption and transport
processes proceed to populate the membrane surfaces as
well as the periplasmic and the cytoplasmic regions. (See
also the Supporting Material.)

The total adsorption/desorption and transport physical
process are depicted in Fig. 5 where M, M,, and M, repre-
sent MG™ molecules in the bulk solution outside the cell
membrane, in the periplasmic space between the two
membranes, and in the cytoplasmic space, respectively.
Ei,, E1i, Es,, and E,; denote the empty adsorption sites on
the outer surface of the outer membrane, on the inner
surface of the outer membrane, on the outer surface of the
cytoplasmic membrane, and on the inner surface of the
cytoplasmic membrane, respectively. The values k;/k_;
(i = 1, 3, 4) are the adsorption/desorption rate constants
on the respective cell membrane surfaces, and k, and ks
are the transport rate constants through the outer membrane
and the cytoplasmic membrane, respectively. In this kinetic
model, we assume equal forward/backward transport rate
constants for both membranes. Due to the symmetry of
the cytoplasmic membrane, it is also reasonable to assume
equal characteristics (rate constants and maximum number
density) for both sides of the cytoplasmic membrane. The
kinetic model allows determination of the surface densities
Nio» Nii, Nao, Noj as a function of time and, therefore, can be
used to simulate the SH intensity using a modified version of
Eq. 2 which now incorporates adsorption and transport at
both the outer and cytoplasmic membranes:

Ly = ¢(Nio — Nyi + Ny — N21)2~ (6)

The transport rate constants, adsorption/desorption rate
constants, and maximum adsorption densities on all four
surfaces, are variables to be determined through nonlinear
least-squares fitting of the experimentally observed SH
intensity as a function of time and the applied MG concen-
tration. In the fitting, the initial conditions at time ¢t = 0 are
set as: M is equal to the total MG added while M, M>, Ny,
Nii, Nyo, and Ny; are all equal to zero.
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Nonlinear least-squares fitting results
of the time-resolved SHG

The model fitting results are represented by the solid lines in
Fig. 2 and key fitting parameters are summarized numeri-
cally in Table 1. Also included in Table 1 is a comparison
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FIGURE 5 Schematic depiction of all adsorption, desorption, and trans-
port processes and their associated rate constants which comprise the
kinetic model. The values M, E, and N represent free MG™, empty surface
adsorption sites, and adsorbed MG™, respectively. The values k. 13 +4
are adsorption/desorption rate constants and k,s are transport rate
constants.
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FIGURE 4 Illustration of the two membranes
of E. coli bacteria. Types of interactions of the
molecular ion with the membranes are listed on
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of the fitting results to those from MG™ transport through
a liposome membrane (11).

As seen in Fig. 2, our kinetic model successfully describes
the time-resolved SH intensity, supporting the interpretation
based on adsorption/transport through the two mem-
branes. Notably, the model accurately predicts that as MG
concentration decreases, the distinct sequential transport
processes become more apparent. In cases where the MG
concentration in solution is low (such as below 2 uM),
depletion of MG™ ions in the bulk solution due to transport
into the cells occurs. This depletion affects N;, and this
effect can be accounted for by applying the modified Lang-
muir adsorption model (see the Supporting Material), which
depicts the relations between the solution MG concentration
and the MG™ density at the outer membrane surface.

As a test to the reliability of the model, the maximum
adsorption density at the outermost cell surface obtained as
a variable in the model fitting, (1.07 + 0.06) x 10’ um >
(Table 1), is in good agreement with that determined inde-
pendently from the adsorption isotherm in Fig. 3, (1.2 *+
0.2) x 107 um 2 Furthermore, N;;, and N>, = Ny; are in
good agreement with the maximum number density deter-
mined for the liposome membrane (11). The adsorption
density, Nj,, is one order-of-magnitude higher than the
adsorption density at any of the other three interfaces Ny;,
Ny, and Ny;. This is consistent with the complexity of the
outer membrane structure, namely the presence of the poly-
saccharide hairs which can contain acidic moieties.

The adsorption equilibrium rate constants, K3 and Ky,
yield adsorption free energies for the outer membrane/inner
surface and the inner membrane of —10.86 * 0.26 and
—11.99 £ 0.56 kcal/mol, respectively. Both values are
lower than the adsorption free energy of MG™ on poly-
styrene sulfate microspheres, which is reported to be
—12.71 kcal/mol and known to be dominated by electrostatic
interactions (7). Our values are significantly higher than

Biophysical Journal 104(1) 139—-145
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Fitting results of the kinetic model to the time-resolved SHG traces at MG concentrations from 0.25 uM to 3.00 uM

Fitting results

[MG] (uM) 0.25 0.50 1.00 2.00 3.00 Average Liposome*
Outer membrane

Nio™ (x 10° um™?) 11.2 = 0.1 11.0 = 0.1 11.0 = 0.1 104 = 0.1 10.1 £ 0.1 10.7 £ 0.6 1.9 = 0.1
Ny™ (x 10® um™2) 1.57 £ 0.09 1.60 = 0.03 1.50 = 0.03 1.47 £ 0.03 1.47 £ 0.03 1.52 + 0.08 1.9 = 0.1
ky (x 1072571 3.88 = 0.04 4.14 = 0.03 345 + 0.03 2.83 = 0.01 3.82 = 0.01 3.62 = 0.79 0.95
K5 (x 10%) 0.52 = 0.06 0.96 = 0.03 1.15 £ 0.11 1.35 = 0.02 1.64 = 0.02 1.12 = 0.42

—AGj; (kcal/mol) 1044 = 0.1 10.80 = 0.03 1091 = 0.10 11.00 = 0.01 11.12 = 0.01 10.86 = 0.26 8.6 £ 0.2
Cytoplasmic membrane

Noo—ai™™ (x 10° um~2) 1.50 = 0.06 1.50 = 0.03 1.54 = 0.03 1.72 = 0.03 1.50 = 0.03 1.55 = 0.10 1.9 £ 0.1
ks (x 107*s7h) 3.63 = 0.05 6.05 = 0.03 7.87 = 0.05 11.0 = 0.1 437 = 0.04 6.58 + 4.41 95

Ky (x 10%) 3.65 £ 041 8.11 = 0.22 214 = 19 2.13 = 0.04 14.1 = 0.1 9.88 = 7.94

—AG, (kcal/mol) 11.59 = 0.11 12.06 = 0.03 12.63 = 0.09 11.27 = 0.02 12.38 = 0.01 11.99 + 0.56 8.6 £ 0.2

The values N, Nii™™, and N,,_;{™" represent the maximum adsorption densities of the exterior of the outer membrane, the interior of the outer

membrane, and the exterior/interior of the cytoplasmic membrane, respectively.
and the cytoplasmic membranes, respectively, as depicted in Fig. 5. The values

The values k, and ks represent the transport rate constants across the outer
K; and K, are the adsorption equilibrium constants (k/k_;) as depicted in

Fig. 5. For comparison, the experimental results from Liu et al. (11) for MG adsorption onto a liposome surface are included.

*From Liu et al. (11).

MG adsorption on the liposome membrane, —8.6 kcal/mol
(11). This is a likely indication that MG™ adsorption at the
E. coli membrane surfaces is driven by charge-charge inter-
actions more than hydrophobic interactions.

The rate constants of transport through the outer
membrane (k,) and inner membrane (ks), are determined
to be (3.62 + 0.79) x 107 s~ and (6.58 * 4.41) x
10~* s, respectively. The transport rate constant of MG ™
ions through the inner membrane is more than one order-
of-magnitude smaller compared to that determined for the
liposome vesicle of 9.5 x 10357t (11). A significant differ-
ence between synthetic liposome membranes and the inner
E. coli membrane is the presence of membrane proteins
in the latter. The incorporation of proteins into a lipid
bilayer is known to produce a more viscous bilayer (14),
which provides justification for the relative transport rate
constants.

Interestingly and importantly, at the outer membrane, the
transport rate constant is more than one order-of-magnitude
larger than that for the liposome and two orders-of-magni-
tude larger than that for the E. coli inner membrane. It is
also two orders-of-magnitude larger than that determined
by Zimmermann and Rosselet (3) for the transport of nega-
tively charged benzylpenicillin through the E. coli outer
membrane (1.9 x 107* s71). Unique to the E. coli outer
membrane (in comparison to the cytoplasmic membrane
or the liposome vesicle) is the presence of porin channels.
While it has been reported that simple diffusion of hydro-
phobic molecules is less favored through the bacterial
outer membrane compared to the inner membrane due to
its tightly packed structure (15), transport through porin
channels may accelerate translocation of the MG™ ions.
Porin channels are known to enable hydrophilic solutes to
transport with permeability inversely proportional to their
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hydrophobicity (13). Although the MG ™ ion is hydrophobic,
it is relatively small and, in contrast to the benzylpenicillin
ion (3), it carries a positive charge. Classic porins reportedly
show a preference for cations over anions presumably due to
the presence of an interior-negative Donnan potential and
a high concentration of negatively charged LPS molecules
on the surface (16,17). Thus, permeation though the porin
channels is a realistic scenario and the large transport rate
constant that is determined for the MG™ ions across the
outer E. coli membrane is justifiable. Considering the
comparable size of benzylpenicillin and MG ™, this compar-
ison illustrates that the ionic nature of a molecule is deter-
ministic for transport through a cell membrane that has
ion transport channels.

CONCLUSION

In summary, we have demonstrated that the nonlinear
optical phenomenon, second-harmonic generation, can be
used to observe the adsorption and transport of molecules
through living cell membranes in real-time. As a first
demonstration, in the case of the E. coli, the adsorption
onto and transport across the two membranes of a hydro-
phobic molecular cation with molecular mass of 329.4 Da
are individually observed in sequence in time and the trans-
port rate constant at each of the membranes has been deter-
mined. It is observed that the transport rate of this molecular
ion through the outer membrane with ion channel porins is
two orders-of-magnitude faster than the transport through
the inner lipid bilayer membrane. This study demonstrates
an experimental capability that can be broadly applied for
studies to establish a fundamental and pharmacological
understanding of the interactions of molecules with the
membranes of living cells.
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SUPPORTING MATERIAL

Models and equations are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(12)05061-8.
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