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Individual molecules dissolved in a dilute solution Chemical Reactions
are usually considered not to correlate with each other as they

undergo chemical reactions due to the mismatch of the diffusion g /‘JKD
and reaction time scales. Recent studies suggest otherwise,

especially for reactions involving macromolecules. With selenopo- &M
lypeptides as a model system, we used ensemble measurements and

single-molecule direct imaging to investigate the correlation m

progress

between physically constrained chemical reaction sites on a linear time
polymer chain and the coupling effects between conformation

changes and reaction kinetics. We used graphene liquid cells to

encapsulate and image the reaction of selenopolypeptides and observed helix-to-coil transitions as Se atoms are oxidized under
liquid-phase electron microscopy. Three common pathways were identified among three kinds of selenopolypeptides that differ only
in the side groups attached to the Se atoms, which were found to critically determine the observed cooperativity. A more
hydrophobic side group appeared to slow the reaction rate, which allowed us to quantify the reaction kinetics in detail and observe
the correlation between the reaction sites on a single chain.

single-molecule imaging, helix-to-coil transition, macromolecular reaction, liquid-phase electron microscopy,

selenopolypeptide

between neighboring a-helices.” In ring-opening metathesis
polymerization (ROMP), from fluorescence-based single-
molecule experiments, it was observed that the reaction
displayed a range of distinct kinetics, from the first-order to
zero-order reaction and single insertion, when the monomer
concentration was diluted from 107> M to 10~ M.* The local
chemical environment at the reaction site influences the
selectivity of monomer addition, and monomer insertion forms
blocks but not a random distribution.” Using tweezer-based
single-molecule experiments, the rate of monomer insertion
influences the formation of unstable hairball conformations,
and the entropic release during conformational interconversion
produces forces that mutually influence the reaction rate.’
Consequently, molecular diffusion was observed to deviate
from the randomization assumption.” On the other hand,
neighboring sites have been observed to show cooperative
effects in many biochemical reactions, such as protein folding,®
enzymatic reactions,” and protein—nucleic acid interaction.'’
The pioneering fluorescence-based single-molecule enzymol-
ogy experiments showed a correlation between two cholesterol
oxidase catalysis turnover events, suggesting that enzymes can

Macromolecules differ from small molecules in that their
conformations are equilibrated between states upon the
thermal fluctuation of solvent molecules. Understanding the
interplay between conformational dynamics and reaction
kinetics underpins the fundamental chemistry of polymer
synthesis. Classical reaction theories explain the kinetics of
chemical reactions involving small molecules in diluted
solutions. According to the collision theory, reactants collide
at an effective collision angle with enough energy and cross the
activation energy to form reaction products.’ According to the
theory of transition states, reactants undergo a conformational
change along the potential energy surface when they approach
each other, which results in the formation of the transition
state, followed by reactants crossing the potential barrier to
produce products.” Reaction rates are calculated based on the
probability of encounter events and exhibit a broad range of
reaction orders, such as first-order and second-order kinetics,
each shown in distinct reaction curves. Reaction rates are often
measured by ensemble methods, assuming that molecules are
widely separated and that neighboring reaction events are not
mutually influenced. The assumption is reasonable, given the
different time scales between bond formation and molecular October 3, 2024
diffusion. Recent studies observe surprises in reactions November 29, 2024
involving macromolecules.””’ December 3, 2024

For systems involving chemical reactions, cooperativity was December 16, 2024
discovered during polymerization in polypeptide-based brush

macromolecules due to the autocatalysis from macrodipoles
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catalyze a sequential reaction after forming the active state.''

The cooperativity effects observed in these studies arise from
predictable intermolecular interactions. A detailed description
of conformational dynamics and reaction kinetics is yet lacking.

To explore the correlation between chemical reaction sites
that are physically constrained in space, we consider macro-
molecular reactions where the reaction takes place at the side
chain (Figure 1A). Intermolecular reactions require effective
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Figure 1. (A) Comparison of chemical reaction kinetics when
reaction sites are dispersed in dilute solution or aligned on a single
chain. (B) Model system design of selenopolypeptide: polypeptide as
the backbone, Se atoms as reaction sites, and different side groups R
attached to Se atoms. (C) Relative helicity change was plotted as a
function of the reaction time when selenopolypeptides were treated
with excess H,0,:0.5 mg/mL Se-GalNAc in red, 0.25 mg/mL Se-Leu
in blue, and 0.25 mg/mL Se-Phe in green, respectively.

collisions between two molecules as they diffuse; such a
diffusion may be the rate-limiting process. The intramolecular
reaction involves conformational changes and is a better
candidate. The helix—coil transition driven by hydrogen
bonding among amino acid residues is prevalent in folded
proteins; for simplicity and to explore a general mechanism,
polypeptides are often used as model molecules to understand
reaction dynamics.'” The transition is usually triggered by heat
using laser-induced temperature-jump (T-jump) methods."
Transition dynamics are generally followed by ensemble
methods such as circular dichroism spectroscopy (CD),"*
infrared,"> fluorescence,'” Raman,'® and nuclear magnetic
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resonance spectroscopy (NMR)."” Classical theory describes
the helix-to-coil transition as a two-stage process: nucleation
and propagation. T-jump study and molecular dynamics
simulations both showed disagreement with the theoritical
prediction, which led to the development of the conformation
diffusion search model."® The coil-to-helix process is mainly
studied in polypeptide systems, as it simulates the folding of
proteins. The phenomena are qualitatively similar when it
comes to the helix-to-coil process for polymers, ie., in the
trifluoroacetic acid-induced helix-to-coil transition of poly-
norbornene-g-poly(y-benzyl-L-glutamate) (PN-g-PBLG)."”
When hydrogen bonds break up entirely, the macromolecule
becomes a flexible linear chain, exhibiting a random coil. It is
curious to know the role of chain conformation and its
adaptation during the reaction and whether it, in turn, impacts
the reaction kinetics that occur at each monomer unit along
the backbone.

Previous studies mainly rely on ensemble measurements. Fu
et al. developed a two-state helix—to-coil transition kinetic
theories,”” explaining that cooperativity in brush polymer
polymerization reactions arises from intermolecular interac-
tions.”’ Deming et al. developed functional polymers with a
wide range of applications as they undergo helix—coil
transition, used as stimuli-controlled microreactors and
therapeutic delivery.”> We implemented direct imaging of
individual macromolecules to unravel the pathways and
kinetics of the reaction occurring on a single chain and resolve
their entire backbone conformational adaptation during the
reaction. Such experiments are yet lacking, partly because the
direct imaging of individual molecules and resolving their
backbone conformation in solution require spatial resolution at
the nanometer scale and adequate time resolution that could
follow the dynamics of interest. This poses a significant
challenge, especially when the reaction involves a small
molecule: reaction kinetics is too fast to follow, and there is
an important trade-off between image resolution and contrast
with the imaging frame rate. Ideally, we also want to avoid tags
to report the changes of conformation, as the size of tags is
usually larger than the monomer unit and may perturb the
chain dynamics. The method we used is liquid-phase electron
microscopy (LP-EM) with graphene liquid cells, which have
been reported to successfully encapsulate synthetic macro-
molecules,” nucleic acids,”* lipids,””*° protein assembly,””**
and enzymes™ and resolve their intermediate states during
interaction and assembly.

We selected the synthetic selenopolypeptides, which consist
of polyamino acids as the backbone, selenium atoms as the side
chain, and the reaction sites to be oxidized to selenoxides in
the presence of H,0,, to which the attached groups can be
changed to modulate the reactivity (Figure 1B).”” The precise
chemical composition is known, and the ensemble reaction
kinetics of selenides are well-characterized.’”~>* The oxidation
reaction occurs on the selenium (Se) atoms, and there is
precisely one reaction site on each monomer unit with accurate
stoichiometry. As the oxidation reaction of the Se atom
progresses, the conformation of the polymer changes from a
helix to a coil;*” likely due to the shift in hydrophobicity that
disrupts the hydrogen bonds between amino acid residues that
maintain the helix structure. Such a change in conformation
allows us to track the reaction progress in real time by
discriminating the shape changes of the molecule using LP-EM
without the need for labeling. The presence of the Se atom can
also help to increase the image contrast due to its higher
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atomic number than the major elements that typically compose
the polymer backbone: carbon, oxygen, nitrogen, hydrogen,
etc. It is worth noting that selenocysteines are found widely in
proteins, and selenium’s unique reactivity is used to carry out
immunoregulation and antioxidation activities. Studying the
oxidation reaction of Se atoms on polypeptide chains can help
better understand the underlying mechanisms of such
enzymes.””

Since selenopolypeptides transit from a helix to a coil as Se
atoms are oxidized, we performed circular dichroism (CD)
experiments to monitor the change of helicity during the helix-
to-coil transition to quantify the reaction progress. We
synthesized three polymers that differed only in the
neighboring groups from the same polymer precursor while
keeping the chain length unchanged to evaluate the side group
effects on the reaction process. The hydrophilicity of these
three groups decreases in the order of GalNAc-Leu-Phe (Log P
from ChemDraw: —2.13, 0.27, 0.71, Figure S1). The samples
used all have a degree of polymerization of 129, and the
molecular masses of Se-GalNAc, Se-Leu, and Se-Phe are 53
kDa, 46 kDa, and 51 kDa, respectively. The polydispersity
index is 1.13 for all of the polymers, as they are obtained from
chemical modification of the same precursor polymer (Figure
S2).

We calculated the helicity from the a-helix characteristic
peak’ (222 nm) as the oxidation reaction progressed as a
function of time in excess H,O, (Figures S3, 1C). The reaction
of selenides with H,O, in a dilute solution exhibited second-
order (with equivalent H,0,) or pseudo-first-order (with
excess H,0,) reaction kinetics.”’ Usually, it exhibits an
exponential shape obtained from the solution reaction, as
shown in Figure 1A.>> However, all three samples showed S-
shaped reaction curves from CD measurements, indicating the
presence of cooperativity during the reaction progress. Such an
effect was not observed in organic selenide monomers
distributed separately in solution;>> however, when constrained
on a single chain, the cooperativity effect indicated the
important coupling between the association of Se atoms with
the reaction kinetics. The cooperativity is likely not due to the
autocatalysis from the product, which has been ruled out in
previous studies of the reaction of aryl selenides with H,0,.**
Alternatively, the difference suggests the arising of cooperative
effects as the reaction proceeded, similar to the helix—coil
transition triggered by pH changes in the traditional
polypeptide system.'” Ensemble methods such as CD, NMR,
and product analysis using mass spectrometry do not probe
single-chain kinetics. A single-molecule direct imaging experi-
ment is yet to be implemented, which we report to do with LP-
EM to seek answers for reaction pathways and to observe key
intermediates.

With the sample molecules encapsulated in graphene liquid
cells, we used the electron beam to trigger the oxidation
reaction and observe the reaction progress in situ and in real
time. The radiolytic chemistry of water molecules under an
electron beam is well-known: they decompose into several
species, including hydrated (solvated) electron e,~, hydrogen
radical He, hydroxyl radical OHe, H,, O,, and H,O,. At low
electron doses, oxidative species dominate over reducing
species and can reach a steady state, maintaining a
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concentration of H,0, at 0.1 mM.*® Such a concentration is
similar to the reported values for oxidizing selenium peptide
into oxidation form in 1 h.*’ This justifies why we can use the
electron beam to trigger the oxidation reaction of selenium.

The native state of these molecules appears as a slim rod, as
they should when maintaining the helix form. For example, the
Se-GalNAc sample is 22 nm long (Figure S4, Movie S1),
consistent with 19.7 nm calculated from a polymerization
degree of 129 and 0.55 nm per 3.6 residues.”” The width is
about 2.5 nm, which is larger than a typical a-helix diameter.
We attribute the deviation to our molecules’ much bigger side
groups and a relatively loose helical conformation compared to
a tight a-helix in proteins. More importantly, the motion-
induced blurring in solution has been reported to limit the
spatial resolution to 2—3 nm by imaging a double-stranded
DNA molecule.”* Motions can include reversible absorptions
of the Se-Leu molecule in a graphene liquid cell (Figure SS and
Movie S2), where the molecule diffuses around the absorption
sites and jumps between them.

The electron beam creates the oxidizing agent to trigger the
reaction, but it could also damage the structure of the polymer.
Although it has been used to induce radical polymerization of
amphiphilic block copolymers in a liquid environment, and the
LP-EM imaging results confirmed the successful formation of
the spherical micellar phase from assembly;*® the beam effect
can be system-dependent. We evaluated the beam effect and
chose imaging conditions carefully.

Under a 200 kV acceleration voltage, we failed to observe
the helix-to-coil transition under this condition. Instead, we
observed shortening of the slim rod: the total mass and the
length of the molecule decreased over time while the average
scattering per pixel and the width of the molecule remained
stable, indicating an anisotropic degradation of the polymer
(Figure S4). The molecule also appeared to be surface-
attached, likely due to the formation of hotspots on graphene;
as the voltage is higher than its knock-on energy, 80.4 keV,
defects can form on graphene. Therefore, the typical
experimental conditions we used are 80 keV, 3.0—6.1 e -A™>
s71, similar to those used for imagin fragile biomolecules
encapsulated in graphene liquid cells,”””*” We kept a minimal
dose and used reducing agents to slow the oxidation reaction,
including glycerol and dithiothreitol (DTT), to observe the
helix-to-coil transition at its early stage as much as possible.
Experimental conditions are listed in Table S1. Despite being
in the same graphene liquid pocket, individual molecules do
not exhibit similar conformation states even at the beginning of
recording the molecular movie. Partly, it could arise from the
heterogeneity in the graphene surface, liquid pocket shape, and
liquid thickness, which adds to the inherent kinetic
heterogeneity of macromolecules. More importantly, pockets
form randomly on the graphene sheet. Not all pockets are
high-quality pockets containing molecules of interest, so we
have to search for target pockets under low magnification,
which may have already triggered the reaction before the
pocket of interest.”® Given the fast reaction kinetics of Se
oxidation, most of the molecules have already been partially or
fully oxidized into coils, and the success rate of obtaining an
entire pathway is low.

TEM images were captured as a continuous series using the in
situ mode, and representative images were selected to highlight
key intermediates in different pathways. We found three
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Figure 2. Common pathways observed from the Se-GalNac sample. Schematic (A) and (B) LP-EM images of the “head-to-tail” pathway.
Schematic (C,D) LP-EM images of the “ends-to-center” pathway. Schematic (E) and (F) LP-EM images of the “multiple coils” pathway. In
(B,D,F), the top panels are the time-lapsed schematic drawings, the second panels are raw data obtained from LP-EM experiments, the third panels
are the binarized images corresponding to the raw data, and the bottom panel is the raw data with a blue-colored circle outlining the contour of the
helix and a red-colored circle outlining the contour of the coil. Red arrows highlight the coils, cyan arrows highlight the helix, and white arrows

highlight the rotation. Scale bar: S nm.

pathways of helix-to-coil transition among the three samples,
which we describe using data from the Se-GalNAc sample. We
use the morphological changes from helix (native state) to coil
(oxidized state) to indicate the reaction progress. The first
reaction pathway is called “head-to-tail” (Figure 2A,B, Movie
S3), during which the helix is gradually oxidized into a coil
unidirectionally along the polymer backbone. In stage I (0—15
s), Se atoms started to be oxidized, disrupting the hydrogen
bonds that hold up the helix. The molecule appeared as a
hybrid of a coil head, the oxidized portion, with the unoxidized
helix tail (0—15 s). The helix tail is eventually converted to a
coil (after 15 s). Quantification confirmed the swallowing of
the tail by the head, while the total mass of the molecule
remained relatively constant (Figure S6), and the mass per
pixel of the head and tail remained stable during the reaction
(Figure S7). This analysis suggested that the shape change was
due to the helix-to-coil transition rather than the polymer
degradation.

The second reaction pathway is called “ends-to-center”
(Figure 2C,D, Movie S4), wherein both ends of the polymer
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start to react and form coils. The reaction propagates
bidirectionally toward the center to eventually form a single
large coil: the two balls (coils) at both ends swallow the narrow
bridge (helix) connecting them; we attribute it to transition I.
Interestingly, following this helix-to-coil transition (0—17 s),
we observed the reversible changes of the coil into a helix. The
molecule transited from a ball to a short rod and maintained it
until 82 s; this was followed by another helix-to-coil transition,
transition II, which was completed in 6 s (Figure S8). This
indicates that even though the oxidation reaction of Se atoms
had disrupted the hydrogen bonds among amino acid residues,
these hydrogen bonds can reform due to their reversible nature
and flexible conformation of a polymer coil. The transition II is
not triggered by the oxidation of Se atoms; although it
resembles the “head-to-tail” pathway, the underlying driving
forces differ.

The third reaction pathway is called “multiple coils” (Figure
2E,F, Movie S5), which involves the formation of an extra coil
along the polymer backbone and two coils at the ends. The
extra coil usually appears in the central region, generally
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Figure 3. (A) LP-EM images of the “head-to-tail” pathway identified in the Se-Phe sample. Scale bar: S nm. (B) LP-EM images of the “ends-to-
center” pathway identified in the Se-Leu sample. Scale bar: S nm. In (A,B), the top panels are the time-lapsed schematic drawings, the second
panels are raw data obtained from LP-EM experiments, the third panels are the binarized images corresponding to the raw data, and the bottom
panel is the raw data with a blue-colored circle outlining the contour of the helix and a red-colored circle outlining the contour of the coil. Red
arrows highlight the coils, cyan arrows highlight the helix, and white arrows highlight the rotation. Scale bar: S nm. (C) The reaction progress of the
“head-to-tail” pathway identified from the Se-GalNAc sample corresponds to the LP-EM image series in Figure 2B. The red line shows the linear fit
from 6.2 to 15.3 s. (D) The reaction progress of the “head-to-tail” pathway identified from the Se-Phe sample corresponds to the LP-EM image

series in (A). The reaction rate increased from 31 to 53 s.

accompanied by drastic rotations of the entire molecule. It is
possible that some of the free energy released by the oxidation
reaction was transformed into mechanical energy to agitate
molecules to rotate. Such rotation allowed more Se atoms
embedded inside the narrow bridge (the helix) to be exposed
and oxidized with those at the ends.

“Head-to-tail” and “ends-to-center” are also the main
pathways identified from data obtained from Se-Phe and Se-
Leu samples (Figure 3A,B, and Movies S6 and S7), albeit with
slight differences in detailed intermediate conformations. For
example, in the Se-Leu sample, the molecule first appeared as a
ring (0 s), and at 12 s, it transformed into two smaller coil
balls, which then followed the same pathway to produce a
larger coil.

Side chain reaction kinetics can be quantified by the
percentage of the coil and helix that make up the total mass
of the molecule from time-lapsed LP-EM images with image
segmentation and analysis methods.”” The reaction progress is
defined as the ratio of the helix part (marked as blue in TEM
images) and coil part (marked as red in TEM images) versus
the total mass of the molecule (sum of blue and red parts)
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calculated from the gray value in the TEM images. For the
“head-to-tail” pathway, the reaction started at 6 s and ended at
15 s, during which we observed a linear dependence of the
reaction rate on time for the Se-GalNAc sample (Figure 3C),
suggesting the reaction is of zero order. The reaction rate is
2.9% s' from a linear fit. In contrast to the CD results showing
an S-shaped curve indicating the cooperativity between
adjacent reaction sites, the constant reaction rate obtained
from the single-molecule imaging indicates an undetectable
correlation. In contrast, the quantitative analysis of the Se-Phe
molecules taking the same pathway revealed an increase in the
helix—coil conversion rate (Figure 3D). At 30 s, the tail began
to fuse into the head, and the process ceased at 53 s. The
average reaction rate is 1.8% s71, slower than the Se-GalNAc.
Strikingly, the reaction progress plot of Se-Phe is nonlinear and
shows an increasing trend as the reaction progresses, starting at
40 s. Such an increase indicates the presence of a cooperative
effect between neighboring Se atoms residing on a single chain.
The cooperativity effect is consistent with the S shape observed
from CD experiments.

Both LP-EM experiments and CD measurements report the
reaction process from the percentage of the helix. To cross-
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Figure 4. (A) Reaction progress of Se atoms on the peptide backbone when the side group is Phe (Se-Phe) and Leu (Se-Leu70) monitored by
NMR (Figures S9—11). (B) Shown for comparison: a representative curve of selenide oxidation by 3 eq H,0O, in diluted solutions, as reported in
the previous study.’” Reproduced with permission from ref.*> Copyright 2017, John Wiley and Sons. (C) A simple model of selenopolypeptide

molecules. (D) Schematic depiction of the side group effect.

validate this, we performed nuclear magnetic resonance
(NMR) spectroscopy to report the reaction process by
measuring the chemical shift of protons adjacent to the Se
atoms. Consistent with thee CD results, we observed an S-
shaped reaction curve, when the side group is Phe (Se-Phe)
and Leu (Se-Leu70, degree of polymerization = 70) (Figures
4A,B and S9—S11). Se-Phe shows more prominent coopera-
tivity, as one can identify from the shape of the curve, and this
explains why we observe cooperativity only in Se-Phe from
single-molecule imaging experiments.

We also noticed consistency between the average reaction
rate obtained from CD measurements and the single-molecule
LP-EM experiments. Se-GalNac was oxidized faster than Se-
Phe, showing 1.7%-min"! versus 0.56%-min~! from the CD
results, and 2.9%-s™' versus 1.8%-s"! from the LP-EM
experiments.

Why does the reaction not have an equal probability of
occurring on all of the Se atoms on the backbone? In other
words, why does a helix not expand to a coil in an isotropic
manner? Zimm-—Bragg models were proposed 60 years ago
and describe the cooperativity in the coil-to-helix transition for
polypeptides.”"** The model explains that when the coil-to-
helix process is triggered by heating or the solvent composition
change, helix propagation is energetically more favorable than
nucleation such that the coil ultimately converts into an all-
helical conformation. When the degree of polymerization is
high, the helical region can appear separately from the coil
region, as confirmed by experiments.”> This model describes
such a transition arising from molecular interaction. In our
study, we observed a similar phenomenon in the coil
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expanding in an anisotropic manner, which was shown to be
coupled to chemical reactions as the helix travels to the coil.

Despite the difference in the driving force and directionality,
we adapted nucleation and elongation ideas in Zimm—Bragg’s
theory to rationalize the pathways we observed. Note that, as
the helix transits to the coil, the disordered region is produced
rather than forming an ordered region designated as nucleation
for the coil-to-helix process. We designated the coil region as C
and the helix region as H. Unlike natural peptides and nucleic
acids, the difference is that Se atom reactions cause the helix-
to-coil transition in our system. The reaction likely starts from
one end of the polymer, as it has more freedom. Further
reaction to a partially reacted molecule CHHHHHH can lead
to two scenarios: an expansion of the original coil region to
CCHHHHH or a new coil region CHHHHHC isolated from
the original coil position. The former explains the “head-to-
tail” pathway, and the latter describes the “ends-to-center”
pathway. Likewise, further reaction to the polymer that
undergoes the “ends-to-center” pathway can iterate the above
two scenarios, forming a new path when the coil appears at a
different position, CHHCHHC, exhibiting the “multiple coils”
pathway. The fact that we observed all three pathways
confirmed that it is more difficult to react and form a new
coil region than to react with Se atoms near existing coil
regions. This also reassures us that we can use the secondary
structure change, the helix-to-coil transition, to indicate the
reaction’s progress. We also acknowledge that this is not
sensitive enough to capture the reaction at the very initial
stage, where the conformation change is below the spatial
resolution, as shown in Figure 3C,D. The location of the new
coil can be subject to some randomness from the
interchangeable polymer chain conformation, adding extra
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complexity to categorize these pathways and quantify the
reaction kinetics of the “ends-to-center” pathway and “multiple
coils” pathway, especially when the chain length is not too long
and spatial resolution also contributes to the uncertainty.
Interpretation of some transient states can be subject to some
ambiguity. We also want to note that we report the kinetics for
the molecules observed to undergo a helix-to-coil transition.
We do not rule out the possibilities of other pathways for
molecules that already exhibit coil conformation from the
beginning of data acquisition.

Why does the reaction prefer to occur near existing coil
regions rather than in a new position on the helix> Why do
different groups attaching to Se atoms contribute to the overall
reaction kinetics and affect the helix-to-coil transition?
Selenopolypeptide molecules form a helical structure due to
the backbone’s hydrogen bonding, similar to the a-helix in
amino acids. The reaction sites (Se atoms) are connected to
the backbone through two carbon atoms and are somewhat
embedded. The side groups GalNAc, Leu, and Phe residues are
larger than Se atoms and block the outer layer of the molecule,
forming the mask layer between the polymer and the solvent
(Figure 4C). Therefore, their hydrophilicity affects the
diffusion and effective concentration of H,O, at the interface,
which decreases in the order of hydrophilicity: GalNAc > Leu
> Phe. The reaction rates measured from CD follow the same
trend, decreasing from 1.7%-min"" to 0.83%-min"! and 0.56%-
min~"! for GalNAc, Leu, and Phe, respectively. The oxidation of
the Se atoms to Se==O changes the hydrophilicity and allows
them to come into contact with the solvent, thus, disturbing
the helical structure. The breakup of helix structures can
facilitate the exposure of the Se atoms to H,0O, to increase the
reaction rate (Figure 4D). Side-chain charges, polarity, and H-
bonding patterns were observed to modulate secondary
structures of polypeptides; for example, the secondary
structure was observed to be susceptible to the hydrophilicity
of sulfone during the helix-to-coil transition as poly(L-Cys) was
oxidized."*

With a faster reaction rate, the reaction occurs readily as
H,0, molecules arrive at the interface. For a slower reaction,
the degree of exposure of the Se atoms to H,O, contributes
more to the overall reaction rate. Therefore, the coupling
between conformation and reaction is more pronounced with
the more hydrophobic side groups. This was supported by the
different curvature of the S-shaped reaction progress plot
obtained from CD and NMR experiments for our sample
molecules. We can only observe the reaction rate increase on
the single-chain polymer of the Se-Phe sample. The
cooperativity effect resembles those observed in normal
polypeptides. Still, the nature of chemistry is different for
coil-to-helix transition in the normal polypeptides, wherein it is
more likely for hydrogen bonding to occur at the amino acid
residue that already forms a hydrogen bond than that does not
yet have any hydrogen bond due to the smaller entropy cost in
an exothermic process.

Regarding the influence of surface adsorption on the
observed pathway, these polymer molecules are confined in
graphene liquid pockets that are less than 100 nm thick and
subjected to surface-mediated diffusion, as previously re-
ported.”> We did observe surface adsorption under our typical
experimental conditions (80 kV, 3.0—6.1 e -A*s™) as
experiments using the same method; however, the adsorption
does not seem to significantly impact the common pathway we
observe, as reported for other systems.‘q’9 For example, in the
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event shown in Figure 3A, during the first 30 s, the intensity of
the molecule showed a minor increase, likely due to the
increased adsorption since stronger adsorption helps reduce
the molecule motion, reflected in the higher contrast (Figure
S12). After 30 s, reactions took place, causing a conformational
change to follow the “head-to-tail” pathway, with the average
scattering per pixel of the head quickly recovering to the same
level as the tail (Figure S13).

In summary, we employed LP-EM methods with graphene
liquid cells to directly image an intramolecular reaction of a
single-chain macromolecule, resolving conformational changes
as the reaction progresses. Using selenopolypeptides as a
model system, we observed three transition pathways of the
helix-to-coil transition: “head-to-tail,” “ends-to-center,” and
“multiple coils” transition. This observation suggested that Se
atoms do not have equal reaction probabilities when aligned on
the polymer backbone. Quantifying the reaction kinetics, we
observed cooperativity between physically constrained neigh-
boring reaction sites and the coupling of the conformation and
reaction. This cooperative effect was more pronounced in
molecules with more hydrophobic side groups. Our observa-
tion highlights the critical role of coupling conformational
dynamics with reaction kinetics on a single-polymer chain,
offering a new perspective for polymer design, synthesis, and
modification by tuning the dynamics at the single-chain level.

"H NMR spectra were recorded on a 400 MHz Bruker ARX400 FT-
NMR spectrometer. Size exclusion chromatography (SEC) experi-
ments were performed on a system equipped with an isocratic pump
(Model 1100, Agilent Technologies, Santa Clara, CA), a DAWN
HELEOS 9-angle laser light scattering detector (MALLS, Wryatt
Technology, Santa Barbara, CA), and an Optilab rEX refractive index
detector (Wyatt Technology, Santa Barbara, CA). The detection
wavelength of MALLS was 658 nm, and the temperature of both the
refractive index and the MALLS detectors was 25 °C. Dynamic light
scattering (DLS) was measured at 25 °C on a Nanobrook Omni
(Brookhaven Instruments Corp.,, New York, USA), with a laser
operating at 640 nm. Analyses were performed at an angle of 90°,
collecting optics. Circular dichroism (CD) time-dependent spectra
(222 nm) were recorded on a J-815 circular dichroism spectrometer J-
815 (JASCO). LP-EM experiments were performed on a JEM-2100
Plus HC electron microscope with a Gatan One View IS camera.
Deionized water was generated with a Milli-Q system (Merck).

The synthesis of selenopolypeptide PSeO,Na was carried out
following a previously reported procedure.®® The degree of polymer-
ization (DP) of PSeO,Na was determined to be 129 by its precursor
P(pAm-SeHC) using size exclusion chromatography (SEC). Accord-
ing to a previous report, the modified selenopolypeptides Se-GalNAc,
Se-Leu, and Se-Phe were synthesized using a postpolymerization
modification process.

The oxidation processes of selenopolypeptides were monitored by
using in situ CD and 'H NMR spectroscopy. For in situ CD analysis,
solutions of Se-GalNAc, Se-Leu, and Se-Phe (0.25—0.5 mg/mL) were
prepared in phosphate-buffered saline (PBS), and one equivalent of
hydrogen peroxide (H,0,) was added. Changes in the helicity were
tracked over time by monitoring the CD signal at 222 nm. The helical
content is calculated by the signal at 222 nm using the reported
method,* and relative helicity is normalized by the helical content at
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the initial part. For in situ 'H NMR, Se-Leu70 and Se-Phe were
dissolved in deuterium oxide (D,O) at concentrations of 5—10 mg/
mL, followed by adding one equivalent of H,O,. The extent of
oxidation was quantified by integrating the respective peaks, appearing
at 3.75—3.90 ppm for Se-Leu70 and 3.46—3.90 ppm for Se-Phe.

Graphene liquid cells were prepared using a modified method, as
reported before.”® A two-layer CVD graphene grown on copper (ACS
material) was used as the bottom layer on TEM grids (microporous
array carbon film, R1.2/1.3 on 300 mesh gold grids purchased from
Beijing EBO Tech. Ltd.). Three to five layers of CVD graphene grown
on copper (ACS material) were etched in 0.1 M ammonium
persulfate (Sigma-Aldrich) solution and then transferred by glass plate
into deionized water, followed by heating at 37 °C for 2 h to remove
the remaining ammonium persulfate. Sample solutions were prepared
according to the conditions in Table S1. Samples were loaded onto a
JEM-2100 Plus HC electron microscope with a Gatan One View IS
camera. Imaging conditions are also listed in Table S1. The capture
interval (and the frame rate, with no i/o lagging) is set to 0.1594 s per
frame to capture the conformational change as quickly as possible
while maintaining a sufficient signal-to-noise ratio for quantitative
analysis.

LP-EM raw data dm4 files were converted into dm3 files with the
Gatan Microscopy Suite for analysis in Image]. Drift correction was
performed with the “template-matching” plugin in Image]J. Every three
images after drift correction were rolling averaged for better contrast.
Regions of interest were extracted and shown in the main text figure
or used to generate binary masks by UNet++" after brightness/
contrast adjustment. Unadjusted images were used for the
quantitative analysis of electron scattering. Wrongly marked or
incomplete binary masks were manually corrected. From the binarized
images, size and shape changes can be quantified using customized
written codes.

Average background electron transmission I, is the average
intensity of all pixels of a selected region as close as possible to the
molecule of interest. Electron scattering by the molecule I, was
calculated using the total intensity of masked region Iyo; minus the
background electron transmission (pixel counts X I,). The thickness
of the molecule is less than 10 nm; therefore, we consider a linear
relationship between I and the actual molecular mass, and we can use
I, to represent the mass of molecules. The average scattering per pixel
I, .. was calculated by I,/pixel counts of the masked region, reflecting
the molecule’s average thickness or compactness of conformation.
The LP-EM figures shown in the main text are adjusted by brightness
and contrast for a better visual effect. All of the calculations are
accomplished by Python scripts using unadjusted data.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00928.

Sample preparation details and characterization, TEM
parameter setups, detailed TEM image analysis of Se-
GalNAc, Se-Leu, and Se-Phe, time-resolved NMR
spectra of Se-Phe and Se-Leu70 oxidized by 1 eq
H,0, (Table S1 and Figures S1-S13) (PDF)

In situ LP-EM movie of Se-GalNAc showing direct
degradation under 200 kV (AVI)

In situ LP-EM movie of reversibly absorbed Se-Leu
(AVI)

In situ LP-EM movie of the head-to-tail pathway in Se-
GalNAc (AVI)

In situ LP-EM movie of the ends-to-center pathway in
Se-GalNAc (AVI)
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In situ LP-EM movie of the multiple coils pathway in Se-
GalNAc (AVI)

In situ LP-EM movie of the head-to-tail pathway in Se-
Phe (AVI)

In situ LP-EM movie of the ends-to-center pathway in
Se-Leu (AVI)
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