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Abstract

The functioning of wide variety of charged macromolecules, from DNA to fuel cell
membranes, is dependent on how the counterions surrounding them are arranged. In order to
decrease coulombic repulsion, some of the fixed charges on these molecules are neutralized by a
fraction of the counterions — this phenomenon is called counterion condensation. The nature of
counterion condensation can be only be inferred indirectly from traditional experiments such as

X-ray scattering and modern experiments such as single molecule electrometry. The prevalent
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conclusion in the literature, based on both theory and experiment, is that the distribution of
counterions is peaked right next to the macromolecule, i.e., condensation results in the formation
of contact ion pairs. In this study, cryogenic electron microscopy (cryo-EM) was used to study
the arrangement of condensed halide counterions near a positively charged polypeptoid nanofiber.
The locations of both condensed and fixed charges were determined directly from atomic-scale
images. Our experimentally determined counterion distributions were peaked at distances of
about 5 A away from the fixed positive charge, indicating the presence of a layer of water
molecules between condensed ion pairs. We posit that this distribution is driven by the entropy

of the condensed ions.

Introduction

There has been a long standing interest in the properties of aqueous solutions of charged
macromolecules due to their importance in both natural and synthetic systems(/-3). The
functioning of a diverse array of systems, such as nucleic acids(4-6), polypeptides(7), and
proton-exchange fuel cell membranes(8), is dependent on counterions. For example, structured
DNA complexes collapse into amorphous aggregates when the counterions are removed via
electrodialysis(4). In a pioneering study, Manning recognized that the coulombic repulsion
between fixed charges on the macromolecule can be reduced by the formation of neutralized ion
pairs(/, 9, 10) - the counterions involved in this pairing are referred to as condensed counterions.
Counterion condensation has been studied extensively (35, 6, 9, 11-26). Traditional experimental
approaches for such studies include including osmometry(22), potentiometry(23), scattering(24,
25), and NMR(73, 20). In a recent study, Ruggeri et al. calculated the distribution of condensed

counterions using data obtained by single-molecule electrometry(26). The concentration of



condensed counterions was found to be a monotonically decreasing function of distance,
consistent with numerous other theoretical and experimental studies(/2, 13, 24, 25). In this
paper, we use atomic-scale images to establish the presence of non-monotonic counterion
distribution functions.

Most models of counterion condensation account for the solvent (usually water) using
continuum parameters such as the dielectric constant(/, /7, 12, 19). However, in their study of
the surprising attraction between negatively charged DNA strands, Rau and Parsegian(5)
concluded that the main reason for the attraction was the presence of “structured water
molecules.” In contrast, the theoretical model of Grgnbech-Jensen et al.(/9), which ignores the
molecular nature of the aqueous medium, predicts that the attraction between DNA strands is due
to correlated fluctuations of the condensed counterions on adjacent strands. In principle, direct
atomic-scale imaging may shed light on such controversies.

Figure 1 shows a diagram of a nanofiber with fixed charges, condensed counterions in the
vicinity of the nanofiber, and dissociated counterions further away from the nanofiber. It is
generally assumed that condensed counterions form contact ion pairs as this would effectively
neutralize sections of the charged macromolecule. However, the movement of condensed
counterions parallel to the charged macromolecule, that is often observed in simulations(6, 19),
would be facilitated by the presence of the solvent layer. Entropic driving forces may also result
in the inclusion of solvent molecules. Thus far, there is no direct evidence for solvent-separated

ion pairs in condensed counterion layers.
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Figure 1. Diagram of a highly charged nanofiber. Diagram of a highly charged nanofiber with
fixed positive charges, a layer of condensed counterions near the nanofiber (red), and dissociated
counterions (pink) far away. The dissociated counterions are, on average, located at a distance r >
[y away from the nanofiber.

Cryo-EM has been used to image counterions in the vicinity of charged proteins.
Previous studies have successfully used cryo-EM to determine the position of bound calcium and
chloride ions in the ion cavity(27-29). In these studies, the locations of specific counterions in
well-defined pockets are determined experimentally. In contrast, we seek to determine the
locations of a large collection of counterions. We present images of a charged crystalline
nanofiber composed of polypeptoids. Polypeptoids are a class of synthetic polymers with a
structure similar to peptides but the side chain is appended to the amide nitrogen instead of the
alpha carbon(30-32). Amphiphilic diblock copolypeptoids comprising hydrophilic and
hydrophobic blocks of equal length were dissolved in water. The ionic groups were located at the

ends of the side chains of the hydrophobic block to facilitate the imaging of condensed



counterions. The block copolypeptoids self-assemble into nanofibers. This enables imaging of
both the nanofiber with the fixed charge and condensed counterions in the vicinity of the fiber.
Results and Discussion

Diblock copolypeptoids with a hydrophilic  (N-2-(2-(2-methoxyethoxy)ethoxy)
ethylglycine) (Nte) monomer and a hydrophobic (N-(2-(4-biphenyl)ethyl)glycine) (NBiPe)
monomer were synthesized via a solid-phase synthesis method(32). The hydrophobic core of six
adjacent monomers at the C-terminus was engineered to contain a single ionic group. Thus, at
the ninth monomer from the N-terminus, an aniline-containing monomer N-(2-(4-
aminophenyl)ethyl)glycine was introduced. The polypeptoid was treated with hydrochloric acid to
protonate the amine and form the chloride salt. This polypeptoid is referred to as 9N-Ntes-
NBipes-Cl. The chemical structure of this polypeptoid is shown in Figure 2(A).

To prepare frozen, hydrated samples, the polypeptoid solution was drop cast on a TEM
grid and plunged into liquid ethane(33). At this point, the nanofibers are frozen in amorphous ice
in their solvated state. We used low-dose imaging procedures developed by the structural biology
community to image the nanofibers(32, 34, 35). One of the images thus obtained is shown in
Figure 2(B), where the a and c crystallographic directions of one of the nanofibers are labeled.
These nanofibers are two polypeptoid molecules wide in the c-direction, one polypeptoid
molecule thick in the b-direction, and nearly infinite in the a-direction(32).

Figure 2(C) is a cartoon of a nanofiber viewed along the long axis of the nanofiber (the b-
¢ plane). This view, which is orthogonal to the TEM image, clarifies the overall structure of the
nanofiber. The hydrophobic NBiPe block crystallizes while the hydrophilic Nte block remains

amorphous and extends into the aqueous phase(32). The unbound chloride counterions are shown



in green near the positively charged fixed NH;* groups (Figure 2(C)). In the remainder of the

paper, we focus on the structure of the nanofiber in the a-c plane.

Figure 2. Chemical structure, experimental image and cartoon of nanofibers. The chemical
structure of the 9N-Ntes-NBipeg-Cl polypeptoid is shown in panel A. Panel B is a high resolution
cryo-EM image of the nanofibers in vitreous ice where the a and ¢ crystallographic directions are
labeled. Panel C is a cartoon of the nanofibers. The inset shows an enlarged view of the bound
amine and the unbound chloride counterion. The hydrophilic Nte block (teal) is amorphous and

extends into the solvent while the hydrophobic NBipe block (yellow) crystallizes. The yellow



color shows the biphenyl side chains and the white is the polypeptoid backbone. Panel D is a

cartoon of the nanofibers oriented in the a-c plane, which is the plane seen in the TEM images.

One portion of the self-assembled 9N-Ntes-NBipes-Cl nanofiber solution was treated with
sodium bicarbonate. The pH of the solution increased from 5.5 to 7.5, thereby neutralizing the
amine groups (for reference, the pKa of 4-methylaniline is 5.2(36)). The neutral polypeptoid thus
obtained is called 9N-Ntes-NBipes. A second portion of the self-assembled 9N-Ntegs-NBipes-Cl
nanofiber solution was treated with 100x excess sodium iodide. This procedure exchanges the
counterion from chloride to iodide(37), and we refer to this polypeptoid as IN-Ntes-NBipeg-1.

The 9N-Ntes-NBipeg-Cl solutions were dominated by nanofibers, while the 9N-Ntes-
NBipesand IN-Ntes-NBipes:1I solutions contained both nanosheets and nanofibers. The nanosheet
morphology is found in a wide variety of amphiphilic block copolypeptoids(32, 38, 39). We
focus on the nanofibers in all three systems. The positions of the nanofibers were identified in the
micrographs by Cryosparc(40). Then boxes were extracted at those positions, aligned, and
averaged into 2D classes. Any classes that contained boxes from nanosheets were filtered out.
Figures 3(A), (C), and (E) show the results of this filtering and classification procedure. All three
images, which show the crystalline nanofiber in the a-c plane, contain two rows of parallel V-
shaped motifs. Note that this parallel V-shaped motif in the a-c plane is distinct from but
consistent with the anti-parallel V-shaped motif in the b-c plane. The former shows the
crystalline block structure when viewed along the chain backbone while the later shows the
orthogonal view of the structure. The brightest spot at the apex of the V represents the glycine
backbone while the side chains emanate out to either side. The hydrophobic block of the 9N-

Ntes-NBipeg-Cl polypeptoid is asymmetric (Figure 2(A)). Asymmetry is also seen when one



examines each row in the corresponding image - a band is visible on one side of each row of
polypeptoids in Figure 3(A). We posit that this band represents the chloride counterions and that
the hydrophilic nature of the NH;*Cl" group drives the ionic side chains toward the aqueous
phase. The hydrophobic biphenyl groups without charged groups are driven toward the interior of
the nanofiber. Figure 3(B) is a cartoon of the polypeptoid nanofiber where the unbound chloride
counterions are placed outside the nanofiber. Figure 3(C) shows an image of the neutralized 9N-
Ntes-NBipeg polypeptoid. This image does not show bands surrounding the nanofiber, confirming
the absence of CI counterions. Consistent with this observation, the corresponding cartoon in
Figure 3(D) contains no counterions. Figure 3(E) shows an image of the 9N-Ntes-NBipeg:I
polypeptoid. The bands surrounding the nanofiber confirm the presence of 1" counterions. The
electron density within the nanofiber is much higher than that expected from a layer of condensed
counterions. Consequently, the images in Figure 3 are dominated by the fiber. The insets in Figure
3(A), (C), and (E) focus on the edge of the fiber. The finger-like structures emanating from the
left side represent the edge of the peptoid side chains that form the fiber. A layer of condensed

counterions can clearly be seen in Figures 3(A) and (E).
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Figure 3. Averaged, high resolution cryo-TEM images of the nanofibers with condensed
counterions. Panel A is the experimental cryo-EM image of the 9N-Ntes-NBipeg-Cl nanofibers
and the inset shows an enlarged view of the outside of the nanofiber. Panel B is a cartoon of the
ON-Ntes-NBipes-Cl nanofibers where the chloride ions, in green, are on the outside of the
nanofiber. Panel C is the image of the 9N-Ntes-NBipes nanofibers, with the cartoon of the fibers
is below it in Panel D. Panel E is the image of the 9N-Ntes-NBipes-I nanofibers with the

corresponding cartoon below it. The iodide counterions are shown in purple in Panel F.

While the freezing process does not disrupt the nanofiber, its impact on the location of the
counterions remains to be established. Since the importance of coulombic attraction, relative to
entropy, increases with decreasing temperature, the counterions may move closer to the nanofiber
during the freezing process. In other words, at room temperature the counterions could be further

away from the nanofiber than indicated by the TEM images.



The cores of all three nanofibers have a similar lattice structure. However, the
characteristic distances between atoms are affected by the chemical composition of the
polypeptoid. In Figure 4(A) we show the micrograph of the 9N-Ntes-NBipes-Cl nanofiber and
define three distances — two distances related to the polypeptoid crystalline core and one distance
related to the location of the condensed ions. The distances obtained from all three nanofibers are
listed in Panel B of Figure 4 (see SI for details). The distance between adjacent polypeptoid
molecules along the along the a and c directions are unaffected by chemical details (a-spacing =
46 A +0.1A and c-spacing = 26.4 A 0.5 A across all three samples). The term ion distance,
dion, 1s used to quantify the distance between the center of the positively charged nitrogen atom
on the amine group and the center of the negatively charged halogen counterions in solution
along the c-direction. Details concerning the calculation of are given in the supporting
information (see discussion related to Figure SI3). The ion distances for 9N-Ntes-NBipesCl and

ON-Ntes-NBipes:1 are 4.7 Aand5.5 A, respectively.
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Figure 4. Measured quantities from high resolution images. Panel A shows the micrograph of
ON-Ntes-NBipeg-Cl and defines the measured lengths. Panel B is a table of the measured lengths
of each nanofiber. The error in all distance measurements is + 0.2 A (the standard deviation of
repeated measurements). Panel C is a line profile of the image in Panel A where average intensity
is plotted as a function of distance along the ¢ axis. Panel D plots the image intensity versus r
where r is the distance in the ¢ direction and r = 0 is the position of the positively charged
nitrogen bound to the peptoid. Panel E is the inset from Figure 3(A), where the positively charged
nitrogen, water molecule, and negatively charged chloride counterion are superimposed over the

image. The three species are all drawn to scale.

The distance between fixed charges is 4.6 A (a-spacing) which is less than the Bjerrum
length of water, Iy = 7.1 A(] ). We therefore expect some fraction of the halide counterions, 6, to

be condensed(/, /0). The Manning theory for condensation of univalent ions gives (/0)

0=1-1- (1)

B
which gives ¢ = 0.35.

We used the cryo-EM images to obtain an experimental estimate of 6. Figure 4(C) shows
image intensity, averaged along the a axis versus position along the ¢ axis for 9N-Ntes-NBipeg-Cl.
The outermost set of peaks in this figure represent the condensed Cl° counterions while the
remainder represents the nanofiber core. If all the CI" counterions were condensed and the
peptoid monomers were inflexible and in perfect registry, then the ratio of the areas under the CI-
peaks to the core peaks, the A/ Ao Would be 17/744 = 0.023 (the chloride ion has 17 electrons

while the remainder of the 9N-Ntes-NBipes-Cl has 744 electrons). The measured value of Ac./



Acore 18 0.019. Dividing the two values, we obtain a crude estimate for the fraction of condensed
counterions, 6 = 0.83.

In Figure 4(D), we plot image intensity as a function of position along the c-axis, r. We
define r = 0 as the location of the fixed charge. The measured intensity at r < 2.5 A is dominated
by nanofiber core. The peak between r = 2.5 and 8 A represents the distribution of condensed
counterions. At r = 8 A, a distance that is slightly larger than the Bjerrum length of water, the
measured intensity is negligible. We posit that the non-condensed chloride counterions diffuse
randomly in the neighborhood of the nanofiber and are thus not detected by averaging-based
cryo-EM.

We conducted the same analysis on the 9N-Ntes-NBipegI nanofibers and found results
similar to those for chloride counterions. In this case the fraction of condensed counterions, 0,
was 0.33 (see Figures S4 and S5), significantly lower than that of 9N-Ntes-NBipes-Cl. It is
reasonable to assume that a quantitative theory of counterion condensation would include the
effect of specific interactions between the counterions and the fixed charges. Because I is less
electronegative and larger than Cl, we expect less counterion condensation in the 9N-Ntes-
NBipes-I nanofibers(/6). Given the uncertainties in our quantitative analysis of the cryo-EM data,
the quantitative agreement between the value of ¢ predicted by the Manning theory is probably
fortuitous. Nevertheless, the analysis of the cryo-EM data in terms of 6 establishes that the
contrast between the counterion layers and the polypeptoid nanofiber in Figures 4 and S4 is
consistent with that expected from condensed chloride and iodide ions.

In both charged nanofibers, the distance between the fixed and condensed counterions is
in the vicinity of 5 A. This is similar to the typical range for the separation between halides and

positively charged coordinating atoms in proteins(4/). The radius of hydration shells of



dissociated chloride and iodide ions in aqueous media are about 4 and 5 A, respectively, based
on computer simulations(42, 43); the hydration shell of CI" is shown in Figure 4(E). The
distances reported in Figure 4(B) indicate that the condensed Cl" and I counterions and fixed
NH;* ions form solvent-separated ion pairs.

Most theories of counterion condensation predict that the ion concentration is peaked at
the surface of the charged nanofiber (r = 0)(/2, 13, 24, 25). While we have not found any
predictions of peaks of finite r values for ion pairs with CI" or I', Heyda and Dzubiella found that
solvent-separated pairs were favored in charged peptides with Cs* counterions; contact ion pairs
were obtained in all other cases studied(/6). We hope our results will motivate a detailed

atomistic study of counterion condensation in peptoid nanofibers.

Conclusions

The properties of aqueous solutions of charged macromolecules depend on the
arrangement of condensed counterions. While there have been numerous theories and
simulations that quantify the arrangement of counterions(11, 12, 16), their predictions have not
yet been tested against atomic-scale images. Cryogenic electron microscopy is a powerful tool for
obtaining atomic-scale images of soft materials. However, most of the images in the literature
show atoms connected to each other by covalent bonds(27, 29, 31, 44). The presence of well-
defined distances between atoms is important because many high resolution cryo-EM approaches
require averaging about 10,000 individual images. Prior to our work, it was not clear if condensed
counterions clouds could even be detected by averaging-based cryo-EM. We found that the

distances between fixed NH;* ions and condensed counterions in our polypeptoid nanofibers were



peaked at distances of 4.7 and 5.5 A from the fixed charge for chloride and iodide, respectively,
indicating the presence of solvent-separated ion pairs. Based on energetics alone, one expects
contact ion pairs as they would minimize coulombic repulsion within the charged nanofiber.
However, this would also reduce the entropy of the condensed counterions(45, 46). We
hypothesize that the formation of solvent-separated ion pairs is due to entropic considerations,
and hope that our study will motivate further study of these contributions . Our work opens the
door to direct imaging of more complex systems such as pairs of charged nanofibers wherein
correlations between adjacent layers of condensed counterions can be studied directly.
Supporting Information
Details on polypeptoid synthesis, cryo-TEM data collection and analysis, and additional
polypeptoid characterization information is included.
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