
Article
Charge Influences Substrate Recognition and
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ABSTRACT The nuclear pore complex controls the passage of molecules via hydrophobic phenylalanine-glycine (FG) do-
mains on nucleoporins. Such FG domains consist of repeating units of FxFG, FG, or GLFG sequences, many of which are inter-
spersed with highly charged amino acid sequences. Despite the high density of charge in certain FG domains, if and how charge
influences FG-domain self-assembly and selective binding of nuclear transport receptors is largely unexplored. Using rationally
designed short peptide sequences, we determined that the charge type and identity of amino acids surrounding FG sequences
impact the structure and selectivity of FG-based gels. Moreover, we showed that spatial localization of the charged amino acids
with respect to the FG sequence determines the degree to which charge influences hydrophobic interactions. Taken together,
our study highlights that charge type and placement of amino acids regulate FG-sequence function and are important consid-
erations when studying the mechanism of nuclear pore complex transport in vivo.
INTRODUCTION
The nuclear pore complex (NPC) is a megadalton structure
that controls the exchange of material between the nucleus
and cytoplasm (1–3) through a combination of passive and
facilitated diffusion. Above an �30-kDa cutoff, proteins
require complexation with nuclear transport receptors
(NTRs) to efficiently translocate at rates of nearly 1000 mol-
ecules/s (4–7). This fast translocation rate relies on transient
interactions between hydrophobic phenylalanine-glycine
(FG) domains on intrinsically disordered FG-containing nu-
cleoporins (FG nucleoporins) and hydrophobic patches on
NTRs (1,5,8–20). Without this assistance from NTRs, pro-
teins largely remain excluded from the NPC. Despite the ne-
cessity of FG domains (which contain repeating units of FG
sequences such as FxFG or GLFG) for facilitated diffusion
and self-assembly of the selective matrix, how hydrophobic
FG domains exhibit such selectivity for specific hydropho-
bic domains on NTRs and what parameters tune the molec-
ular recognition necessary for facilitated transport remain
open questions. Sequence analysis and MD simulations pre-
dict that the biochemistry and charge surrounding individual
FG sequences should play an essential role in FG-mediated
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molecular recognition and therefore determine the organiza-
tion and selectivity of the NPC (4,6,21–24). However, due
to the complexity and redundancy of FG nucleoporins
within NPCs, systematic biochemical dissection of the
amino acid space surrounding individual FG sequences
has remained an experimental challenge.

Here, we investigated whether and how electrostatic in-
teractions surrounding FG sequences tailor both the self-as-
sembly of FG sequences and the selective recognition of
hydrophobic substrates. For systematic dissection of how
charge type and localization influence FG-mediated selec-
tivity, full FG domains are too degenerate and complex to
provide insight into how single amino acids contribute to
selectivity. In peptide research, rationally designed peptides
and polypeptides have previously been helpful to identify
individual amino acids or short peptide sequences important
to the function of much larger polymer-based biomaterials
such as extracellular matrices (25), silk proteins (26,27),
and elastinlike polypeptides (28–30). Here, we applied
this approach and created systematically varied peptide se-
quences to identify how amino acids surrounding FG do-
mains in native nucleoporins may contribute to selectivity.
Although peptides may not recapitulate all properties of
the original protein, they are a suitable model system for
this study because they yield insight into the contributions
of individual amino acids and their positioning to overall
protein function, a task not feasible with intact proteins.
Our data demonstrate that the identity and charge of amino
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Charge Affects Selectivity of FG Motifs
acids surrounding FG sequences can impact the structure
and stiffness of FG-based gels. Moreover, we determined
that charged amino acids enable FG-containing peptide
gels to discriminate substrates of varying charge and hydro-
phobicity. Last, we found that the distance at which a
charged amino acid is localized with respect to the FG
sequence determines the degree to which charge influences
hydrophobic interactions. Together, our data suggest that
FG domain function may be determined by the placement
and type of amino acids surrounding FG sequences.
MATERIALS AND METHODS

Sequence analysis

The logo of the consensus sequence was generated using Berkeley’s

WebLogo software (31) by aligning 15 repeats according to FSFG as refer-

ence. Conserved fraction was calculated for positive charges (number of

cationic residues K or R)/(15 repeats) and similarly for negative charges

(number of anionic residue E or D)/(15 repeats) at each position indicated.
NTF2 expression and labeling

pQE30-NTF2-6xHis was a gift from the Görlich lab and transformed into

DH5a cells for cloning. A cysteine (C) was inserted for fluorescent labeling

after the 6� His-tag using standard site-directed mutagenesis with the two

primers (50-CTCAGCTAATTAAGCTTAGCAGTGATGGTGATGGTGAT
GAGATCTG-30 and 50-CAGATCTCATCACCATCACCATCACTGCTAA
GCTTAATTAGCTGAG-30) to form pQE30-NTF2-6xHis-C. The W7A-C

mutant containing the terminal cysteine was created by using pQE30-

NTF2-6xHis-C and applying standard site-directed mutagenesis with

primers 50-TGAGGAGCCAATTTGTTCCGCGATCGGTTTATCACCCA
TG-30 and 50-CATGGGTGATAAACCGATCGCGGAACAAATTGGCT
CCTCA-30. Expression of NTF2-C and W7A was completed in

OverExpress C41(DE3) cells (Lucigen, Middleton, WI) and purified using

standard nickel column purification and ion-exchange columns. Labeling of

NTF2-C and W7A-C was completed using Fluorescein-5-maleimide (cata-

log No. F150; Thermo Fisher Scientific, Waltham, MA) in accordance with

the manufacturer’s protocol; labeled product was gel purified. Labeling ef-

ficiency was�50% (data not shown). The final concentrations of NTF2 and

W7A for transport were adjusted to 10 mM with 10% of the population

labeled.
Peptide and gel preparation

Unless specified otherwise, all chemicals were obtained from Sigma-Al-

drich (St. Louis, MO). Peptides were prepared by the Koch Institute

Biopolymers and Proteomics Facility (Massachusetts Institute of Technol-

ogy, Cambridge, MA) and Boston Open Labs (Cambridge, MA). All pep-

tides were HPLC-purified unless specified otherwise, desalted using

reverse phase HPLC with 0.05% trifluoroacetic acid (TFA), and lyophilized

after synthesis with >95% purity. For fluorescently labeled peptides, a 5-

carboxyfluorescein (Anaspec, Fremont, CA) fluorophore was added to the

N-terminus, and the C terminus was modified to be an amide. The dye la-

beling protocol was as follows: peptide-resin that contained an N-terminal

free amine but was otherwise fully protected was washed six times with di-

methylformamide (DMF) followed by six washes with dichloromethane

(DCM) and dried. The material was subsequently reconstituted with dry

DMF to reswell the resin. The dye-labeling cocktail consisted of a 4�molar

excess over peptide resin of 5-carboxyfluorescein, N,N0-diisopropylcarbo-
diimide (DCM), and hydroxybenzotriazole reconstituted in a minimal vol-

ume of dry DMF and stirred overnight at room temperature in the dark. The
cocktail was allowed to preactivate for 30 min before being added to the

peptide-resin. Dye-labeled peptide resin was washed six times with DMF,

then six times with DCM, and dried in preparation for standard luorenylme-

thyloxycarbonyl chloride cleavage and deprotection. All quality-control

analyses for purity were provided by the Massachusetts Institute of Tech-

nology’s Proteomics facility or by Boston Open Labs (Data S1 in the Sup-

porting Material). Neutral hydrophilic (n) and hydrophobic (n) fluorescent

reporters could not be HPLC-purified due to aggregation and were used as

crude samples.

Fluorescent peptides were diluted into 200 mM NaCl with 20 mM

HEPES [pH 7] at 10 mM final concentration for diffusion experiments.

Gel peptides were all dissolved in 20 mM NaCl, 20 mM HEPES [pH 7]

at 2% (w/v). To facilitate solubilization and gel formation, peptides

were vortexed for 30 s and briefly sonicated in a model No. 2510

Bath Sonicator (Branson Ultrasonics, Danbury, CT) to reduce

aggregation.
Capillary diffusion assay and analysis

Borosilicate square capillaries (1.5 inch) with 9-mm cross-sectional width

(Catalog No. 8290; Vitrocom, Mountain Lakes, NJ) were loaded by

piercing premade hydrogels. Ten-micromolar solutions (200 mM NaCl,

20 mM HEPES [pH 7]) of fluorescent peptides were injected into the

capillary and sealed with a 1:1:1 (by weight) mixture of petroleum jelly,

lanolin, and paraffin. Time lapses of peptide diffusion were taken at

1-min intervals for up to 5 h on a Ti Eclipse inverted microscope using

either a CFI Plan UW 2� or an AxioObserver D.1 with an EC Plan-Neo-

fluar 1.25�/0.03 WD ¼ 3.9 (Nikon, Melville, NY) and a model No.

C11440-22CU camera (Hamamatsu, Hamamatsu City, Japan). All fluores-

cence profiles were obtained by averaging the fluorescence intensities

across the width of the capillary in the software MATLAB (The

MathWorks, Natick, MA). Normalized concentration profiles were ob-

tained by normalizing fluorescence intensities to the bath concentration

of the capillary at the initial time point. The fluorescence signal was linear

up to 50 mM (Fig. S2) when testing FAM alone in FGAK gels. To plot con-

centration profiles, the signal was not adjusted past the saturation point;

data therefore represent the lower bound of the actual concentration of re-

porters accumulating in the gel. All data represent at least three indepen-

dent replicates. Student’s t-test was applied to determine p-values between

experimental conditions.

Effective diffusion rates were fit by minimizing the squared error of a

simulated concentration time course in a region of the capillary on

the gel side of the interface over a 100-min window. To achieve this fit,

we numerically solved the diffusion equation for the concentration of

probe c:

vcðx; tÞ
vt

¼ D
v2cðx; tÞ
vx2

;

using MATLAB’s pdepe function (The MathWorks). The initial condition

c(x,0) was set by the concentration profile at the first timepoint, and the

boundary conditions c(0,t) and c(L,t) (for a fit over length L) were similarly

determined by the concentration profiles at the edges of the region of interest.

The D that minimized the squared difference between the simulated and

actual concentration profiles was the value reported; minimization of error

took place iteratively using a modified gradient descent algorithm. The win-

dow from 150 to 250 min was generally used for fitting, but for particularly

fast-diffusing probes (D > 1000 mm2/min), windows of 50–150 or

30–130 min were used. The earlier time period allowed for the fitting to

take place before steady state or pseudo-steady state was reached, which

was crucial for precise fitting. Fitting was designed to take place away

from the interface to avoid interfacial effects, and the interface was deter-

mined in one of two ways. If there was an interfacial peak, fitting began at

the x value to the right of the peak where the concentration reached 0.5 times

the maximum concentration. If there was no interfacial peak (generally
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with a hydrophilic probe and a charge-matched gel), the interface was iden-

tified as the main inflection point of the initial concentration profile, because

the bufferwas initially loadedwith peptide and the gelwas not. The inflection

point was identified as the minimum (most negative value) of the numerical

first derivative. Fittingwas started 20 pixels to the right of the interface. Each

fit region was also manually inspected to confirm that it was located at the

approximately correct location. Examples of the diffusion-coefficient anal-

ysis across the time series as well as the general fit appear in Fig. S3.
Nile Red fluorescence assay

Using the diffusion methods mentioned above, Nile Red dye (N1142;

Thermo Fisher Scientific) was loaded into capillaries at 10 mg/mL in

200 mM NaCl, 20 mM HEPES [pH 7].
Rheological testing

Rheological tests were performed on a model No. MCR 302 Rheometer

(Anton Paar, Graz, Austria) in a cone-plate geometry with a 25-mm diam-

eter, 1� cone angle, and 51-mm truncation. The temperature was maintained

at 25�C and evaporation was controlled with an H2O-filled solvent trap. To

identify the linear regime, amplitude sweeps were conducted at u ¼
10 rad/s from g0 ¼ 0.01–100% strain. In the linear regime, frequency

sweeps were conducted using the previously determined strain amplitude

from u ¼ 100 rad/s to 0.1 rad/s.
Transmission electron microscopy

Images were taken with a JEOL-1200 transmission electron microscope

(JEOL, Akishima, Tokyo, Japan). Gels were formed as described above

and spotted onto glow-discharged carbon-coated copper Formvar grids

(Ted Pella, Redding, CA). Excess liquid and gel were removed with paper

or parafilm (Whatman,Maidstone,UnitedKingdom).Gridswere submerged

in 1% uranyl acetate, then blotted and air dried for 15 min before imaging.

Images of gels are representative of at least four images of each gel type.
Phenyl-sepharose chromatography

Fluorescent reporters were dissolved in 200 mM NaCl, 20 mM HEPES

[pH 7] and loaded into high-prep phenyl FF 1 mL-capacity phenyl-sephar-
three amino acids away (FGA2K) from FSFG domains to test how the spatial lo

of peptides in which K is substituted with R and E is substituted with D to determ
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ose columns (GE Healthcare Lifesciences, Pittsburgh, PA) equilibrated with

three volumes of 200 mM NaCl, 20 mM HEPES [pH 7]. For elution, flow

rates were set to 1 mL/min with 0.5 mL fraction volumes. Fraction concen-

trations are representative traces of elution profiles.
RESULTS

To determine the relevance of charged amino acids in FG
domains, we chose the yeast nucleoporin Nsp1 as a model
system because it is essential in Saccharomyces cerevisiae
(32) and contains a repeating subsequence (284–553) with
a high density of charge (Fig. 1 A). Sequence analysis
of 15 repeats of FG domains in Nsp1284–553 revealed a
nonuniform distribution of charge in the sequence space
separating FG sequences (Fig. 1 B). Cationic residues
appear near the center and edges of the repeat, whereas
anionic amino acids reside at least three positions away
from FSFG sequences. Moreover, several highly conserved
lysine (K) residues are situated 2–3 amino acids away
from the FG sequence, at positions 6 and 17, and
a conserved glutamic acid (E) appears at position 9
(Fig. 1 A). The nonuniformity in conserved charge distri-
butions and amino acid identity suggests that the charge
and biochemical properties of amino acid side chains
may play a role in governing how neighboring FG se-
quences respond to environmental substrates.

To test how the type and placement of charge as well as
side-chain chemistry of neighboring amino acids affect
FG function, we synthesized the consensus Nsp1 peptide
sequence and rationally designed 14-amino acid variations
of it. All engineered peptides consisted of two terminal
FSFG sequences with neighboring charged or neutral amino
acids. To establish how the presence of charge affects FG-
mediated selectivity, we designed the peptide sequence
FSFGAXAAXAFSFG, where X is K, E, or a neutral serine
(S) (Fig. 1 C). Because K is the most conserved residue in
FIGURE 1 Identification of conserved repeat se-

quences and design of simplified FG self-assem-

bling peptides. (A) Shown here is a conserved

sequence identification of the C-terminal end of

the essential yeast nucleoporin Nsp1. The letters

in the top position indicate the most conserved res-

idue at each location and represent the consensus

sequence. (B) Shown here is conservation of charge

between FG sequences in Nsp1 repeats. Positive or

negative values refer to the presence of cationic or

anionic residues, respectively. Amino acid numbers

correspond to position in the consensus repeats, as

in Fig. 1 A. (C) Depicted here are designed peptides

consisting of 14 amino acids with the sequence

structure FSFGAXAAXAFSFG, where X repre-

sents the substituted amino acids K, E, or S. These

peptides were used to determine how the presence

of charge affects FG-mediated selectivity. (D) De-

picted here are designed peptides in which K is

moved immediately adjacent to (FGK) or placed

calization of charge influences FG selectivity. (E) Depicted here is a class

ine how biochemistry affects FG-mediated selectivity and self-assembly.
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this wild-type Nsp1 subsequence, we use the K-containing
peptide (the FGAK peptide) as the reference for all other
experimental comparisons. To determine whether the sub-
strate-binding properties of FG domains depend upon the
type of neighboring charge, we synthesized the anionic pep-
tide FGAE, and as a control the neutral FGAS peptide in
which each K was converted to S. To test how the posi-
tioning of K relative to the FG sequence affects FG function,
we designed two variants of FGAK in which the K was
placed directly adjacent to the FG domain or separated by
two alanine (A) residues (peptides FGK and FGA2K,
respectively; Fig. 1 D). Last, because only certain charged
amino acids such as K and E exhibit 100% conservation
at positions 6, 9, and 17 (Fig. 1 A), we hypothesized that
amino acid biochemistries may also regulate FG-based mo-
lecular recognition. To test how the chemical structures of
amino acid side chains affect the structure and function of
FG domains, we designed a third class of peptides in which
K was replaced with cationic arginine (R; FGAR) and E was
replaced with anionic aspartic acid (D; FGAD) (Fig. 1 E).
With these 14-amino acid nucleoporin-based peptides, we
evaluated how single amino acid substitutions alter the se-
lective binding and self-assembling capabilities of individ-
ual FG domains.
Characterizing the effect of charge on FG-
mediated self-assembly

Before studying selective recognition by FG-based pep-
tides, we first tested whether they form gels. We used a con-
centration of 2% (w/v) for each of the peptides, which
corresponds to 28 mM FG sequence, a value that is well
within the range estimated for densely packed NPCs
(18,33,34). To quantify gelation, we measured the stiffness
of the resulting material using small amplitude oscillatory
frequency sweeps. We report the storage (G0) and loss
(G00) moduli of the peptide solution (Fig. 2). A gel forms
when G0 > G00, which indicates successful self-assembly
FIGURE 2 FGAK and FGAE self-assembly. Frequency sweeps of (A) FGAK g

(w/v). (Insets) Shown is transmission electron microscopy of self-assembled pe

indicating gel formation. The replacement of K with E alters the self-assembly p

stiffness.
of a stable network of peptides. The consensus peptide
sequence of Nsp1 (Fig. 1 A) was unable to form a gel and
flowed when inverted (data not shown), so it was not suit-
able for further analysis.

For the engineered FG sequences, we established that
the reference peptide FGAK forms a hydrogel with a stiff-
ness of 104 Pa across the frequencies tested (Fig. 2 A). To
ensure that the FG sequences were responsible for the self-
assembly process, rather than the high density of A resi-
dues, which can promote stable self-assembly (35), we
converted F to S (SGAK). With this substitution, the
peptide remained in the aqueous phase and no longer ex-
hibited a dominant storage modulus (Fig. S4 A), suggest-
ing that the F within the designed peptides provides the
necessary hydrophobic interactions for gelation, as for
intact FG nucleoporins (9,10). Reversing the charge via
an E (FGAE peptides) revealed that the gel-forming prop-
erties are maintained with stiffness 5–9 KPa at the fre-
quencies tested (Fig. 2 B). To determine whether the
charge is responsible for maintaining the hydration of
the gel, we compared the material to the solution of
neutral FGAS peptides. Without the charge, FGAS precip-
itated out of solution (Fig. S4 B), indicating that the
presence of charge is essential in maintaining a hydrated
network of FG sequences. However, it appeared that
too much charge could prevent gelation, presumably by
increasing the solubility, as with the consensus sequence
peptide. Without electrostatic repulsion in the gels, the
network collapses and forms a precipitate. Taken together,
our results suggest that the sequence adjacent to the FG
sequence encodes information that impacts self-assembly
and substrate binding by FG domains.
Binding of NTF2 is asymmetric in cationic and
anionic FG-based gels

To determine whether FG-based peptide gels reconstitute
the selective binding properties of native FG nucleoporins,
el and (B) FGAE gel, withG0 (storage) andG00 (loss) moduli reported at 2%

ptides and macroscopic gel. For both FGAK and FGAE peptides, G0 > G00,
roperties of FG sequences to form different structures and gels with varying
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we selected NTF2 as a model receptor because it contains an
essential tryptophan (W7) that is required for binding FG
domains. We replaced W with an A (NTF2W7A) to ablate
FG-binding capabilities (14), enabling us to test whether
the FG domains are available in the gel for NTR binding.
As cationic native and engineered nucleoporin gels are pre-
dicted to bind and facilitate the selective transport of native
NTRs such as NTF2 (21,22), we first determined whether
the positively charged FGAK gel preferentially selected
for NTF2 compared to the NTF2W7A mutant. To prepare
gels for selective transport assays, we dissolved FGAK pep-
tides at 2% (w/v) as before and loaded the material into cap-
illaries. Fluorescently labeled NTF2 or NTF2W7A was then
injected into the capillary and sealed to create a 1D diffusion
chamber; the diffusion profile was monitored for up to 5 h at
1-min intervals (Fig. 3 A).

To quantify the extent to which the gels differentiated be-
tween NTF2 and NTF2W7A, we determined the maximum
accumulation of the transport receptors at the gel interface
and their effective diffusion coefficients inside the gel using
time-evolving fluorescence profiles. Lower effective diffu-
sivities and higher accumulation indicate stronger interac-
tions with the gel. For a detailed description of diffusion
coefficient analysis for these time series, refer to the Mate-
rials and Methods and Fig. S3. NTF2 accumulated at higher
concentrations (mean 5 SD: 96.2 5 15.2 mM) at the gel
interface than did the NTF2W7A mutant (63.9 5 8.8 mM)
(Fig. 3, B and D). Thus, the FGAK peptide has a binding
preference for NTF2 over the NTF2W7A mutant, and appears
capable of recognizing a single hydrophobic amino acid
difference. Although NTF2 displayed increased enrichment
at the FGAK gel interface (Fig. 3 D), its effective diffusivity
did not significantly differ from that of the NTF2W7A

mutant (NTF2, 10.6 5 6.5 mm2/min; NTF2W7A 9.9 5
4.9 mm2/min). This experiment illustrates that the minimal
in vitro system does not fully reconstitute the selective trans-
port observed in the NPC in vivo, but it enables the charac-
FIGURE 3 Molecular selectivity of the native transport receptor NTF2 in FGA

a sealed capillary, which provides no flux boundary conditions during the diffu

flected by the increase in fluorescence signal between the buffer and hydrogel.

NTF2 and NTF2W7A proteins into FGAK and FGAE gels at 5 h. FGAK is able to

are unable to. (D) Left, shown here is maximum concentration of labeled prote

labeled proteins. Error bars are SDs of at least three independent replicates. *p
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terization of the first step of selective transport in native
NPCs, namely, the requirements for the initial selective
binding to FG-based gels, which is the focus of this work.

To test whether NTF2 binding is sensitive to charged res-
idues neighboring the FG domain, we determined whether
NTF2’s interaction with FGAE recapitulated the selective
properties of FGAK, despite the reversal of charge.
Fig. 3, C and D, shows that FGAE selects for NTF2
(69.95 27.1 mM) and NTF2W7A (59.55 36.0 mM) equally
at the interface, with no significant difference in diffusion
coefficients (NTF2 266.5 5 71.1 mm2/min and NTF2W7A

342.7 5 91.0 mm2/min). These results indicate that the
FGAE gel is less effective than the FGAK gel at differenti-
ating between the native and mutant forms of NTF2. The
FGAK and FGAE gels exhibit structural differences at
the microscopic level (sheets versus fibers; Fig. 2, A and
B) and the macroscopic level (insets to Fig. 2, A and B).
Therefore, it is possible that due to structural differences,
the FG sequences are not exposed and are unavailable for
binding by NTF2 in the FGAE gel. To test this hypothesis,
we determined that Nile Red dye, which fluoresces within
hydrophobic environments, was detected in both FGAK
and FGAE gels (Fig. S5): the uncharged hydrophobic dye
interacted with the FG domains within the peptide-based
gels despite the structural variation, showing that hydro-
phobic domains are available for binding by small mole-
cules such as Nile Red. These results suggest that K and
E may regulate the selective properties of the FG sequences
from a charge interaction perspective for specific classes of
molecules, as opposed to simply altering the microstructure
of the gel.
Presence of charge regulates selective
recognition by FG domains

Although NTRs such as importin b (Impb) and NTF2
have well-characterized specificity for particular FG-nup
K and FGAE gels. (A) Top, a schematic of a slab 1D transport system within

sion of fluorescent molecules (stars). Bottom, the interface of the gel is re-

(B and C) Depicted here is transport of representative fluorescently labeled

preferentially recognize NTF2 over NTF2W7A mutant whereas FGAE gels

ins at the interface. Right, shown here is effective diffusion coefficients of

< 0.05, unpaired Student’s t-test. To see this figure in color, go online.



FIGURE 4 Charge affects hydrophobic molecular recognition in cationic FGAK gels. (A) Shown here is a schematic of the four fluorescent reporters with a

charged domain and a hydrophilic (N) or hydrophobic (F) tail. (B) Given here are representative fluorescence images of hydrophobic (�) and hydrophilic (�)

reporters in the FGAK gel, showing the increased selectivity for hydrophobic (�) reporters over hydrophilic (�) reporters. (C) Depicted here are represen-

tative fluorescence images of hydrophobic (þ) and hydrophilic (þ) reporters, which contain a cationic tail, into FGAK gel showing the increased selectivity

for hydrophobic (þ) reporters over hydrophilic (�) reporters. A low-salt condition (20 mM NaCl) was added for the hydrophobic (þ) reporters to show how

electrostatic screening modulates hydrophobic interactions for hydrophobic (þ) reporters. For (B and C), error bars are SDs of at least three independent

replicates. *p < 0.05 and **p < 0.01, unpaired Student’s t-test. To see this figure in color, go online.
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sequences, intact receptors contain multiple binding
pockets with varying affinities and charge distribution,
or require dimerization for function. These factors
complicate the systematic analysis of how charge contrib-
utes to FG function. Hence, as a replacement for complex
NTRs in our minimal in vitro model, we designed
fluorescent peptide reporters with defined spatial arrange-
ments of charged and nonpolar amino acids to systemati-
cally test the contribution of charge in hydrophobic
selectivity (Fig. 4 A). The first two reporter peptides
harbored three F residues, creating a hydrophobic tail
for binding to FG sequences, but one contained an adja-
cent anionic sequence composed of E residues (termed
hydrophobic (�)), whereas the other contained cationic
K residues (hydrophobic (þ)). As controls, we engineered
two more reporters in which F residues were converted
to hydrophilic asparagine (N) residues, termed hydrophilic
(� or þ); these control peptides should not interact with
FG domains. To confirm that the synthetic hydrophobic
reporters interacted with the aromatic phenyl group in
FG domains in the gels independently of their charged
domains, we used phenyl-sepharose columns to assay
hydrophobic interactions. This assay was previously em-
ployed to isolate intact NTRs from cell lysates (12).
Both hydrophobic reporters displayed longer retention
times than their hydrophilic counterparts (Fig. S6), indi-
cating that the hydrophobic reporters interact with the
phenyl groups on the sepharose independent of the dis-
played charge.

We used the FGAK gels to investigate whether the two
hydrophobic fluorescent reporters underwent differential
uptake into the gel. The cationic FGAK gel interacted
with the hydrophobic (�) reporters, and accumulated in-
side the gel. The maximum concentration of peptide at
the interface was approximately threefold higher for the
hydrophobic (�) reporter (64.6 5 12.1 mM) than the hy-
drophilic (�) reporter (207.6 5 57.2 mM) (Fig. 4 B), which
does not contain a hydrophobic tail, suggesting that FG se-
quences in FGAK recognize reporter F residues when the
reporter is negatively charged. The contribution of hydro-
phobic interactions is further corroborated by the strong
reduction in the effective diffusion coefficient from
7 mm2/min for hydrophilic (�) to <1 mm2/min for
hydrophobic (�) (Fig. 4 B), indicating that the hydrophobic
interactions induce tighter binding in the context of electro-
static attraction. We note that the interactions are so strong
that the hydrophobic (�) reporters essentially do not
diffuse over the 5-h period analyzed, suggesting that the
binding is irreversible. In contrast, when the reporters
contained a cationic tail (Fig. 4 C), the hydrophobic (þ)
and hydrophilic (þ) reporters diffused into the gel
with coefficients of 381.0 5 57 mm2/min and 2038.0 5
211.8 mm2/min, respectively. The hydrophobic (þ) re-
porters bound 1.5 times above the original bath concentra-
tion at the interface (14.81 5 0.5 mM), whereas the
hydrophilic (þ) reporters equilibrated (3.6 5 0.3 mM)
with no discernible partitioning (Fig. 4 C). Thus, hydro-
phobic interactions can occur in electrostatically repelling
environments, but the interactions are much weaker than
those detected with the hydrophobic (�) reporters. More-
over, lowering the salt concentrations from 200 mM
NaCl to 20 mM (to decrease electrostatic screening
Biophysical Journal 113, 2088–2099, November 7, 2017 2093
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and to increase electrostatic repulsion) decreased the
accumulation of hydrophilic (þ) reporter at the interface
(11.9 5 1.1 mM), whereas the diffusion coefficient
(732 5 317.7 mm2/min) trended upward (Fig. 4 C), indi-
cating that repulsion weakens the overall strength of the
hydrophobic interactions with the FG domains. These re-
sults show that the K residues in FGAK gels distinguish be-
tween two substrates that contain the same hydrophobic
domain but with different surrounding charge types. In
particular, K allows for increased binding to hydrophobic
domains with neighboring anionic residues.
Spatial localization of lysine affects FG-mediated
self-assembly and binding selectivity

Our analysis of the Nsp1 repeat consensus sequence
(Fig. 1, A and B) suggests that the conserved location of
K within 2–3 amino acids of the FG sequence may be rele-
vant for FG-mediated molecular recognition. To charac-
terize this relationship, we tested whether placing a K
immediately adjacent to the FG sequence (FGK) or moving
it three amino acids away (FGA2K) affected the sequence’s
selectivity compared to the original arrangement in the
FGAK peptide. Whereas FGA2K peptides readily formed
a stiff material and could be tested for selective uptake,
the FGK peptide gel was two orders-of-magnitude less stiff
(Fig. 5, A and B), flowed when inverted, and dispersed
when fluorescent reporters were loaded (data not shown).
We therefore focused our comparison on diffusion and
accumulation in FGAK and FGA2K gels. The FGAK gel
FIGURE 5 Effects of spatial localization of charge on FG-mediated self-ass

with G0 (storage) and G00 (loss) moduli are reported at 2% (w/v). (C) Shown he

philic (�) reporters in a FGA2K gel, showing the similarities between the sele

cence images of hydrophobic (þ) and hydrophilic (þ) reporters, which contain

for hydrophobic (þ) reporters independent of electrostatic repulsion. Error ba

Student’s t-test.
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selectively enriched for the hydrophobic (�) reporter but
failed to uptake the hydrophobic (þ) reporter to the same
degree (Fig. 4, B and C). The effective diffusivity of the
hydrophobic (�) (0.5 5 0.14 mm2/min) reporter in the
FGA2K gel was an order-of-magnitude lower than that of
the hydrophilic (�) reporter (7.9 5 1.7 mm2/min) (Fig. 5 C),
showing that the combination of hydrophobic and elec-
trostatic attraction synergizes for strong binding. However,
the maximum accumulation at the interface of the two
anionic reporters was similar (153. 6 5 29.6 mM for hy-
drophobic (�) versus 205.7 5 12.2 mM for hydrophilic
(�)) (Fig. 5 C), indicating that the FGA2K gel is unable
to differentiate between the two reporters to the same de-
gree as the original FGAK gel. For cationic reporters, the
hydrophobic (þ) peptide accumulated within the gel
(25.8 5 0.8 mM) and displayed an order-of-magnitude
lower effective diffusivity (444.3 5 267.7 mm2/min) than
the hydrophilic (þ) reporter (6.5 5 1.3 mM and 2902 5
719.8 mm2/min, respectively) (Fig. 5 D). In addition,
more hydrophobic (þ) reporter accumulates in FGA2K
gels than in FGAK gels (Fig. 5 D). These data show that
placing K within two amino acids of an FG domain,
approximately corresponding to the 1 nm Debye length
at physiologically relevant salt concentrations, enables hy-
drophobic selection of substrates with opposite charge,
whereas placing K three amino acids away reduces the
contribution of electrostatic interactions to hydrophobic
FG-mediated selectivity. As a result, by increasing the dis-
tance between charged residues and FG sequences, the FG
sequences become less dependent on the electrostatic
embly and selectivity. Frequency sweeps of (A) FGA2K and (B) FGK gels

re are representative fluorescence images of hydrophobic (�) and hydro-

ctivity of the two reporters. (D) Depicted here are representative fluores-

a cationic tail, in a FGA2K gel showing the ability of FGA2K gels to select

rs are SDs of at least three independent replicates. **p < 0.01, unpaired
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profile surrounding the hydrophobic substrate during selec-
tive transport.
Glutamic acid reverses the selectivity of FG
domains

Because the K residues in the FGAK gel help FG sequences
differentiate between reporters containing anionic or cationic
hydrophobic domains, we next asked whether FG-mediated
recognition could be reversed by substituting anionic E resi-
dues. The selectivity of FGAE gels for the same class of fluo-
rescent reporters was indeed reversed from that of FGAK
gels (Fig. 6, A–D). Selectivity was a function of both
hydrophobic and electrostatic interactions, as the hydrophilic
(þ) reporters accumulated threefold less at the interface
(41.8 5 7.1 mM) than did the hydrophobic (þ) reporters
(123.2 5 29.32 mM) (Fig. 6 D). Moreover, the diffusion
coefficient of the hydrophobic (þ) reporter (6.6 5
2.6 mm2/min) was an order-of-magnitude lower than that of
FIGURE 6 Substituting K with E reverses selectivity of FGAK gels, whereas

Shown here are representative (A) hydrophobic (�) and (B) hydrophobic (þ) fl

rescence images of hydrophobic (�) and hydrophilic (�) reporters in an FGAE

selective recognition when compared to FGAK gels with the same reporters. In

here are representative fluorescence images of hydrophobic (þ) and hydrophilic

when compared to FGAK gels. In FGAE gels, the hydrophobic (þ) reporter

reporter. (E) Depicted here are representative fluorescence images of hydrophobi

of selective recognition to that of FGAK gels. (F) Given here are representative fl

FGAR gel, showing the similarity of selective recognition to that of FGAK gels

**p < 0.01, unpaired Student’s t-test.
the hydrophilic (þ) reporter (160.8 5 32.7 mm2/min)
(Fig. 6 D). Conversely, neither the hydrophobic (�)
nor the hydrophilic (�) reporter interacted significantly
with the gel; their similar effective diffusion coefficients
(1381.0 5 282.0 and 1451.0 5 223.0 mm2/min, respec-
tively) (Fig. 6 C) show that electrostatic repulsion minimizes
hydrophobic interactions with FG sequences.

One general concern in synthesizing anionic peptides is
residual TFA protonating anionic groups such as E. To
ensure that the reporters were not neutralized in our buff-
ering conditions, we synthesized neutral reporter peptides
hydrophilic (n) and hydrophobic (n) (Fig. S7). In diffusion
experiments with FGAK and FGAE gels, the neutrally
charged reporters aggregated in solution and interacted
minimally with the gels (Fig. S7), indicating that the anionic
peptides are not neutralized by the residual TFA and indeed
carry a net negative charge. Taken together, the data in Fig. 6
and Fig. S7 suggest that charge proximal to FG sequences
can tune hydrophobic selectivity, and that charge is essential
replacement of K with R maintains selectivity similar to that of FGAK gels.

uorescence images in FGAK gels. (C) Shown here are representative fluo-

gel with the corresponding concentration profiles showing the reversal of

FGAE gels, anionic reporters do not interact at the gel interface. (D) Shown

(þ) reporters in an FGAE gel, showing the reversal of selective recognition

binds more significantly at the interface compared to the hydrophilic (þ)

c (�) and hydrophilic (�) reporters in an FGAR gel, showing the similarity

uorescence images of hydrophobic (þ) and hydrophilic (þ) reporters in an

. Error bars are SDs of at least three independent replicates. *p < 0.05 and
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in determining the hydrophobic moieties recognized by FG
sequences.
Amino acid side-chain chemistry is an additional
regulator of FG function

Last, we tested how the side-chain chemistry of charged
amino acids affects the self-assembly and molecular
recognition of FG sequences. In Nsp1, the predominant
cation is K rather than R (Fig. 1 A), suggesting that the
two cations may not function equally. Similarly, E is
highly conserved at position 9, whereas D is not as well
conserved throughout the repeats (Fig. 1 A). To test the
importance of side-chain chemistry, we determined in
the diffusion assay that FGAR gels have uptake properties
similar to those of FGAK gels (Fig. 6, A and E). The hy-
drophobic (�) reporter accumulated (561.1 5 247.7 mM)
and interacted with the interface of the FGAR gels (0.6 5
0.3 mm2/min), whereas the hydrophobic (þ) reporter did
not (7.1 5 1.1 mM and 403.7 5 90.2 mm2/min, respec-
tively) (Fig. 6, E and F). These data suggest that from
an electrostatic standpoint, R is just as capable as K in
helping an FG sequence differentiate between hydropho-
bic substrates. However, mechanically, FGAR forms gels
with an approximate stiffness of 2000 Pa throughout the
frequency sweep (Fig. S8 A), fourfold more compliant
than FGAK gels (Fig. 2 A). The differences in the me-
chanical properties of the FGAK and FGAR gels suggest
that the K and R residues may predominantly affect
the structural self-assembly of FG domains. Transmis-
sion electron microscopy revealed that FGAR peptides
(Fig. S8 B) form different structures than FGAK peptides
(Fig. 2 A).

FGAD did not form a gel at the standard 2% (w/v),
formed no repeating structures (Fig. S8, C and D), and in-
verted when flowed (data not shown), suggesting that the
small chemical differences between E and D transition the
FIGURE 7 Electrostatic interactions modify hydrophobic recognition of W-co

isons between (A) hydrophobic (�F) and hydrophobic (�W) reporters and (B) h

replacing F with W does not alter hydrophobic molecular recognition for FGAK

profiles are shown. Error bars are SDs of at least three independent replicates.
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material from a selective gel to a viscous solution. Taken
together, these data show that in addition to net charge,
amino acid side-chain properties such as their inherent hy-
drophobicity, side-chain sterics, and charge distribution all
may be important parameters that determine hydrophobic
FG-mediated interactions.
Tryptophan interactions are similarly modulated
by electrostatics

An essential question in the selectivity of FG domains is
how generalizable the tunability of hydrophobic selectivity
is to natural aromatic amino acids other than F. In native
NTRs such as NTF2 and other transport receptors, trypto-
phan (W) is commonly used for the transient hydrophobic
interactions required for transport. To test whether an elec-
trostatic dependence persists when F is converted to W, we
constructed the reporters hydrophobic (þW) and hydropho-
bic (�W) from the original hydrophobic F reporters
(termed þF and �F, respectively, for the remainder of the
article). The W-containing reporters were modulated by
electrostatic interactions in a similar manner to F-containing
reporters. The maximum accumulated fluorescence at the
interface and diffusion did not significantly differ between
the hydrophobic �F and �W reporters (Fig. 7 A). The
cationic reporters exhibited similar maximum interface
properties, but the þW reporter showed a slight and nonsig-
nificant trend toward slower diffusion than the þF reporter
(þF: 479.95 217.2 mm2/min;þW: 210.55 24.6 mm2/min)
(Fig. 7 B), indicating that although both aromatic residues
can be modulated by electrostatic interactions, the identity
of the hydrophobic residue has a small effect on transport
in the gel. These results reveal that in the NPC, the phenom-
enon of electrostatic interactions regulating hydrophobic in-
teractions may be generalizable to aromatic residues other
than F; moreover, selective transport may also be tuned by
the identity of the nonpolar amino acid.
ntaining reporters similar to F-containing reporters in FGAK gels. Compar-

ydrophobic (þF) and hydrophobic (þW) reporters in FGAK gels show that

gels. Representative fluorescence images and corresponding concentration

No significant differences were detected via Student’s t-test.
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DISCUSSION

This investigation demonstrates how the environment sur-
rounding FG sequences tunes the hydrophobic interac-
tions necessary for correct molecular recognition of
hydrophobic substrates. Here, we have explicitly shown
how the presence, placement, and type of charged amino
acid are all essential parameters for FG function in gels.
Translating concepts that are well established in the
peptide field enabled us to establish how even simplified
variants of the Nsp1 consensus sequence can encode com-
plex molecular recognition. The data reported here sup-
port previous theoretical predictions that electrostatic
interactions may be an important regulator of NPC selec-
tivity (22) and sequence observations that the bias in the
net charge of NTRs may be important in transport through
the NPC (21). Moreover, recent reports on how charge in-
fluences interactions with hydrophobic surfaces (8,36)
emphasize that the interplay between electrostatics and
hydrophobicity may be fundamental for various biolog-
ical functions such as molecular recognition and DNA
packing (37,38).

For the nuclear pore field, this investigation shifts the
spotlight from how hydrophobic effects determine NPC
selectivity to how electrostatics contribute to this selectivity
(9,11,12,39). The results described here provide insight into
how individual hydrophobic FG sequences may distinguish
a particular subset of hydrophobic substrates using a com-
bination of electrostatic and hydrophobic domains that are
in close proximity to each other (Fig. 8). The closer the
FG
+

~ 1 nm

FG +

~ 1 nm

increasing electrostatic influence

A

B

FG +

F/W
+

FG +

F/W -

FIGURE 8 Schematic of the influence of electrostatics on hydrophobic

interactions mediated by FG domains. (A) At physiologically relevant salt

concentrations, electrostatic interactions typically have a range of �1 nm

(Debye length, dotted lines), which determines howmuch a charged residue

influences the FG sequence’s recognition of and binding to hydrophobic

substrates. When charged residues are moved further away from the FG

sequence, electrostatic interactions become less significant for FG-mediated

self-assembly and selective transport. (B) Complementary charge and hydro-

phobic interactions enable the strongest interactions between a substrate and

FG domains. Modulating charge types and the presence of hydrophobic do-

mains can tune interactions from strong binding to free diffusion within the

gel and in in vivo systems. To see this figure in color, go online.
charged residues are to FG sequences, the greater the influ-
ence of charge on FG self-assembly (Fig. 8 A) and recog-
nition of diffusing substrates (Fig. 8 B). As the charged
residue is situated greater than the theoretical Debye length
at physiological conditions, the hydrophobic and electro-
static motifs are able to act independently for molecular
recognition.

We recognize that although the study of engineered pep-
tides can answer questions on how hydrophobic interac-
tions are affected by the precise placement of charged
amino acids, short-peptide gels do not recapitulate all of
the unique facilitated diffusion properties of intact FG nu-
cleoporins. This disconnect likely arises from structural
differences, as short peptides form fibers and rods
(Fig. 2 and Fig. S8) that are not the dominant structures
observed or predicted in the native nuclear pore (7,40).
Moreover, the interactions between diffusing reporter pep-
tides and the self-assembled gel may cause structural
changes in the gel and also alter the diffusivity of the re-
porter, which has also been reported for Impb in native
NPCs (41). Nevertheless, this investigation of peptides
provides strong evidence (Figs. 4, 5, and 6) that charge
is an essential regulator of transport through the NPC by
tuning the essential first step of recognizing specific hy-
drophobic substrates. Moreover, engineered FG-containing
peptides do capture the interplay between hydrophobic and
electrostatic interactions at single amino acid resolution
(Fig. 5), which is not possible with currently available
in vivo techniques.

Our results build on previous studies of intact nucleo-
porins containing multiple repeats of FG domains where
charge primarily plays a structural role in the cohesion
of the self-assembled matrix (40). Our results also support
recent work in which Impb was recognized to have vary-
ing binding capacities with synthetic FG-containing poly-
acrylamide gels depending on the charged state of the
material (42). We believe that our strategy, which was
inspired and informed by peptide engineering, comple-
ments other well-established methods used to understand
the selective transport mechanism of NPCs, such as the
in vivo minimal NPC (18,19), gel and selectivity analysis
of individual nucleoporins (9–11,43), and binding interac-
tions with surface-grafted nucleoporin films (40,44–46).
We expect that this rational approach from the peptide
field, which focuses on conserved repeating sequences,
can be extended to other biological gel systems such as
mucus, byssal threads, and cartilage, where complex disor-
dered proteins based on repeat units and reversible cross
linking constitute a significant proportion of the material
and dictate its function (47–49).
SUPPORTING MATERIAL
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