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ABSTRACT: Crowding effect is prevalent in cellular environment due to high concentration of
biomacromolecules. It can alter structures and dynamics of proteins and thus impact protein
functions. Crowding effect is important not only in 3-dimensional cytoplasm but also
2-dimensional (2D) cell surface due to presence of membrane proteins and glycosylation of
membrane proteins and phospholipids. These proteins and phospholipids — with limited
translational degree of freedom along the surface normal — are confined in 2D space. Although
crowding effect at interfaces has been studied by adding crowding agents to bulk solution, 2D
crowding effect remains largely unexplored. This is mostly due to challenges in controlling 2D
crowding and synergetic use of physical methods for in situ protein characterization. To address
these challenges, we applied chiral vibrational sum frequency generation (SFG) spectroscopy to
probe spl zinc finger (ZnF), a 31-amino acid protein, folding into the f-hairpin/co-helix (Sf)
motif upon binding to Zn*". We anchored ZnF at the air/water interface via covalent linkage of
ZnF to palmitic acid and controlled 2D crowding by introducing neutral lipid as a spacer. We
obtained chiral amide I SFG spectra upon addition of Zn*" and/or spacer lipid. The chiral SFG
spectra show that interfacial crowding in the absence of spacer lipid hinders ZnF from folding
into the BB« structure even in the presence of Zn®". The results establish a paradigm for future
quantitative, systematic studies of interfacial crowding effects.
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3> The concentration of

Macromolecular crowding is crucial to cell functions."
macromolecules can be as high as 200-300 g/L in cytoplasm, making cytosolic proteins reside
and function in a crowded environment. This macromolecular crowding can change protein
structures and dynamics. Thus, neglecting molecular crowding can jeopardize biological
relevance of in vitro studies conducted in diluted aqueous solution.** Similar to cytoplasm in
3-dimensional space, cell surface in 2-dimensional (2D) space is also highly crowded with
macromolecules. While phospholipids construct the basic structures of cell membrane, the
protein content of cell membranes can be as high as 1:1 protein:lipid by weight. These proteins
occupy cell surface area from 30 to 80%."* ' These proteins include scaffold proteins that form
signaling complexes on cell surfaces and, peripheral proteins physically adsorbed on membrane
surface. Conventional consideration of crowding effect of call membrane focuses on the crowded
environment of the lipid membrane region, which in principle constitutes a 3D space including
not only 2D cell surface but also an additional dimension of membrane thickness. Here, we
consider the crowding effect at the hypothetically thin interface between the lipid head groups
and aqueous phase. This unconventional and novel consideration of 2D-crowding effect is
important because transmembrane proteins can have extracellular domain that can be as large as
100 kDa and both membrane proteins and phospholipids can be glycosylated with hydrophilic
oligosaccharides.'"* '* Hence, cell surface is not merely the interface between phospholipid head
groups and aqueous phase but with abundant macromolecules. This crowding environment can
change protein structures, dynamics, and orientation at cell surface, and thereby govern protein

13-16

functions. Recent evidence suggests that cells make use of 2D crowding to direct cellular

functions, e.g., modulating curvature to control cell migration.'”'®

Hence, establishing a feasible
platform for probing 2D interfacial crowding will introduce opportunities for quantitative,
systematic studies of interfacial crowding in 2D space, and thus will have implications in

molecular understanding of various cellular functions.
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Crowding effect on protein folding at interfaces has been reported. Grobner and
coworkers studied amyloid proteins on membrane surfaces.'”?* Using a combination of circular
dichorism and infrared reflection-absorption spectroscopy, they examined misfolding of the
proteins at high concentration (<10 g/L) of crowding agents (i.e., inert synthetic polymers) in
bulk aqueous solutions and found that the crowding agents impacted the misfolding behaviors at
interfaces. While these pioneering studies have demonstrated molecular crowding effect on
protein folding at interfaces, the crowding agents undergo 3D translational diffusion in bulk
solution. Interfacial molecular crowding confined in 2D space has remained largely unexplored.
This is mostly due to challenges in controlling 2D crowding environment and synergetic use of

surface-specific methods for in situ protein characterization.

To overcome the challenges, we designed an experiment (Fig. 1) to probe 2D crowding
effect. The overall design involved a lipid-protein construct and application of chiral vibrational
sum frequency generation spectroscopy (SFG) to probe protein structures at the air/water
interfaces.”’ ™ The lipid-protein construct contains a model protein, zinc finger, linked to a
palmitic acid and thus can be anchored at the air/water interface (Fig. 1A). Folding of zinc finger
can be induced by adding Zn*" while 2D crowding can be controlled by adding lipid as spacer at
the interface. Chiral SFG, which is effective in distinguishing protein secondary structures at

24,25
>“” Hence,

interfaces, can be used to monitor the folding of zinc finger at the air/water interface.
the experimental design allows for observing crowding effect on zinc finger folding at the

interface.
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Figure 1. Experimental Design. (A) Zinc finger covalently linked to palmitic acid for
surface anchoring; zinc ion induces folding of the N-terminal domain (blue) from disordered
structure to f-sheet; 1,2-dipalmitoyl-sn-glycerol (DG) is used as spacer to control the 2D
crowding at the air/water interface. (B) Three conditions for probing zinc finger folding at the
air/water interface: (i) in the absence of both Zn*" and the DG spacer lipid; (ii) in the presence of
Zn*" and absence of DG, (iii) in the presnce of both Zn*" and DG. (C) Acqusition of vibrational
SFG spectra of surface-anchored zinc finger in the C-H stretch region to probe structures of the
alkyl chains of the palmityl group and DG, and in the amide I region to probe protein structure of

zinc finger.

We used chiral vibrational SFG to observe ZnF folding at the air/water interface. Chiral
SFG™ " %% % is a special case of vibrational SEG spectroscopy.”’’ Chiral SFG is performed
using selected polarizations of the incident beams and SFG output for measurements of

()

orthogonal second-order susceptibility elements (y; [ where i, j, kK = X, y, or z that are

laboratory coordinates).” 2" % 2 3% Chen’s group reported the first chiral amide I vibrational
spectrum of proteins® while Geiger’s group reported chiral C-H stretch signals from DNA at
interfaces.”’ Petersen and coworkers recently showed that chiral SFG could be used to detect

water molecules in chiral supramolecular structures oriented by the DNA molecules.”” Wang’s
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group demonstrated novel polarization dependent techniques to measure interfering chiral and
achiral contributions to surface nonlinear signals™ and studied the chiral and prochiral
vibrational signatures.** Chiral SFG has also been combined with advanced optical techniques,
such as heterodyne detection® and ultrafast pump-probe techniques.’® Relevant to the current
study of 2D crowding effect is our previous work. We showed that chiral SFG provides
characteristic peptide amide I and N-H stretch vibrational signatures for distinguishing protein

. 24,25, 37-39
secondary structures at interfaces.”” > 7

In particular, the chiral SFG signatures of o~helices
include prominent N-H stretch but muted amide I signals while the chiral SFG signatures of
F-sheets include both N-H stretch and amide I chiral SFG signals. These signatures have been
increasingly used for protein characterization at interfaces.*® ***? They are background-free from
water solvent and other achiral interfacial molecules. More importantly, the chiral amide I
signatures are active for f-sheet but silent for a-helix, thus allowing straightforward spectral

24,25, 37-39

interpretation. In this study, we leveraged these advantages of chiral SFG to study 2D

crowding effect on protein folding at interfaces.

In this study, we chose spl zinc finger (ZnF) as a model system. Containing 31 amino acids,
it is ubiquitous in DNA- or RNA-binding proteins.” Without Zn**, the N-terminal domain is
unfolded in disordered structures while the C-terminal domain is dynamic with a tendency to
form a short o-helical segment (Fig. 1A).** As shown by the NMR structure of ZnF (PDB
1VA2),* upon binding to Zn*", the N-terminal domain (blue, Scheme 1) folds into a S-hairpin
(two antiparallel S-strands and one p-turn) while the C-terminal o-helix is stabilized. The
F-hairpin contributes two cysteine residues and the o~helix contributes two histidine residues to
coordinate a Zn®" ion, resulting in a Sfa-motif (Scheme 1). Because the folded and unfolded
structures of ZnF are known* and ZnF folding can be triggered by addition of Zn*', we used

ZnF as a model system for examining interfacial crowding effect.
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Scheme 1. The SfBa-motif of the spl zinc finger (ZnF) with coordination of Zn*" to two

cysteine residues and two histidine residues.

Here, we provide details in setting up the molecular systems for probing interfacial
crowding effect. We attached spl zinc finger (ZnF) to palmitic acid via an amide linkage. The
palmityl-ZnF construct is amphiphilic, thus situating at the air/water interface. The first two
amino acids of ZnF at the N-terminus are hydrophilic and not part of the f-hairpin structure.
These two amino acids, together with an additional amide group in the covalent linkage, can
provide not only flexibility allowing for f-hairpin formation (as illustrated in chiral SFG results
discussed later) but also situate the ZnF protein into the aqueous phase. With this amphiphilic
construct, ZnF is not likely to expose to the air phase as reported by Weidner’s recent work on
the GALA peptide that has a cell-penetrating function with periodic clusters of hydrophobic
residues along the 30-amino acid sequence.*” *® A neutral lipid, 1,2-dipalmitoyl-sn-glycerol (DG)
was used as the spacer (Fig. 1). Addition of the spacer DG lipid can modulate macromolecular
crowding caused by tightly packed palmityl-ZnF at the air/water interface. The cross section
areas of the molecules are roughly estimated to be palmitic acid (~ 10 A%), DG (~ 50 A?), and
folded palmityl-ZnF (~300 A?) (see the SI). In response to addition of DG, we used chiral SFG
to examine whether Zn>" can induce folding of palmityl-ZnF at the air/water interface. Chiral

SFG is inactive in the amide I region for co~helical and disordered structures but active for
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[-sheets.”* *>37% Hence, unfolded palmityl-ZnF will not provide any chiral amide I signal and
only folded palmityl-ZnF in the Sfa structure will give chiral amide I signals. Therefore, chiral

SFG allowed for straightforward detection of ZnF folding.
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Figure 2. Chiral and achiral SFG spectra of palmityl-ZnF at the air/water interface in the
amide I regions. (A) Three conditions for obtaining the spectra from top to bottom: (1) without
Zn*" and without DG, (2) with Zn*" and without DG, and (3) with Zn*" and with DG. (B) Chiral
and (C) achiral amide I spectra of palmityl-ZnF at the air/water interface under the three
conditions. (Buffer: 10 mM phosphate, pH 7.4, concentration of palmityl-ZnF = 5 uM,
concentration of Zn?" =2 mM, and DG:palmityl-ZnF = 5:1)

We performed the SFG spectroscopic studies of palmityl-ZnF at the air/water interface
under three major conditions (Fig. 2A): (1) in the absence of both Zn*" and DG spacer, (2) in the
presence of Zn®" and absence of DG spacer and (3) in the presence of both Zn*" and DG spacer
at a ratio of 5:1 DG:palmityl-ZnF (Fig. 2). Based on the adsorption free energies of DG and
palmityl-ZnF at the air/water interface (see the SI), the ratio of DG: palmityl-ZnF was estimated

to be ~ 6:1 at the interface under the assumption that the interaction free energy between lipid
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and palmityl-ZnF is the same as that between lipids and that between the palmityl-ZnF
molecules. The ratio of 6:1 is a reasonable estimate because DG contains two carbon chains and
a relatively small head group and thus should have higher tendency to adsorb onto the air/water
interface, whereas palmityl-ZnF has only one carbon chain and should have lower tendency to
adsorb onto the interface. Therefore, the DG lipid should be slightly enriched at the interface,
i.e., the DG:palmityl-ZnF ratio from 5:1 to 6:1. This estimate suggests that DG can introduce
enough space for the surface anchored ZnF to fold in contrast to the conditions of without DG
lipid. In performing the experiments, we used the same samples for the conditions of with and
without Zn** by carefully injecting ZnCl, stock solution to a final concentration of 2 mM using a

micro-syringe and then obtained a spectrum.

Using a scanning SFG spectrometer’’ (EKSPLA, see the SI), we obtained not only chiral
amide I spectra (Fig. 2B), but also achiral amide I spectra (Fig. 2C) and C-H stretch spectra (Fig.
3). The amide I spectra (Fig. 2) provide structural information about ZnF; the C-H stretch spectra
(Fig. 3) provide structural information about alkyl chains of the palmityl group of palmityl-ZnF
and the DG lipid at the air/water interface. We prepared all samples in a circular Teflon beaker
(diameter of 4 cm) consisting of 5.0 ml of aqueous solution (10 mM phosphate, pH 7.4) with
palmityl-ZnF (5 uM). Aside from the above three conditions (Fig. 2A), we also obtained the
amide I spectra in the absence of Zn*" and presence of DG spacer, yielding results that are
similar to the spectra obtained under the first condition (absence of both Zn*" and DG) and thus

only presented in the SI.

We took the chiral SFG spectra (Fig. 2B) using the polarization setting of psp (p-polarized
SFG, s-polarized visible, and p-polarized IR). In the absence of both Zn*" and DG, the spectrum
(red) is silent. In the presence of Zn®" and absence of DG, the spectrum (blue) is also silent. Only
in the presence of both Zn>" and DG does the chiral spectrum (green) show a prominent amide I
signal. These results can be interpreted using a simple molecular picture. Under the first

condition (w/o Zn*" and w/o DG, red), ZnF is in the unfolded state due to the absence of Zn>".
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Thus, it contains a disordered N-terminal domain and a short a-helical segment. The absence of
B-sheet structure leads to a silent chiral amide I spectrum. Under the second condition (w/ Zn*"
and w/o DG, blue, Fig. 2B), palmityl-ZnF (5 uM) is saturated at the air/water interface (see
absorption isotherm in the SI). The tightly packed molecular environment does not allow ZnF to
fully fold into the ff«a structure. Hence, the f-sheet content is low and chiral amide I signal
cannot be detected. Under the third condition (w/ Zn*" and w/ DG, green, Fig. 2B), addition of
DG (DG:palmityl-ZnF = 5:1) spaces out ZnF at the air/water interface and releases the steric
constraint. Hence, ZnF has enough room to fold into the ff« structure at the interface. The two
[F-strands in the structure can then contribute to the chiral amide I signal. The observed amide I
band is fitted to a Lorentzian line shape (see the SI for the equation),centered at 1620.1 + 1.4
cm’™. Indeed, an amide I band at ~1620 cm’! is characteristic of the B1 amide I vibrational mode

of antiparallel S-sheets.*> *

We also obtained achiral SFG amide I spectra (Fig. 2C) using the polarization setting of ssp
(s-polarized SFG, s-polarized visible, and p-polarized IR). The spectra were obtained under the
same three conditions (Fig. 2A). All three spectra show a major peak (Fig. 2C) with some
variations in position, width, and intensity. In general, deconvolution of amide I vibrational
spectra is challenging due to overlapping of contributions from various protein secondary
structures. Here, we aim to provide the simplest interpretation, which is guided by (1) the results
of chiral SFG spectra (Fig. 2B) and (2) previously reported assignments of amide I bands to
secondary structures.**>" The first (red) spectrum (Fig. 2C, w/o Zn*" and w/o DG) shows a
relatively high intensity. The 1740-cm™ band is assigned to carbonyl (C=0) stretch vibrational
band possibly due to the palmityl group and protonated carboxylic acid residues. In the absence
of both Zn*" and DG, palmityl-ZnF is unfolded and tightly packed at the air/water interface, thus
allowing for detection of this carbonyl peak. The major peak is an amide I band centered at 1664
+0.9 cm™ is assigned to disordered and/or o-helical structures. The 1664 cm™ band is at the high

end of standard amide I frequency for a-helices.”® ** However, assignment of amide I bands at
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50-53
In

~1665 cm™ to a-helices is not uncommon, especially for short and distorted o-helices.
Fig. 2C, the second (blue) achiral spectrum (w/ Zn>" and w/o DG) shows a decrease in SFG
intensity (~25% of the first spectrum, see fitting results in the SI) and a narrower peak width.
This narrow peak can be fitted into one amide I band centered at 1664.7 + 1.0 cm™, assigned to
disordered and/or a-helical structures with possible contribution from A-turn.*®* The presence
of Zn®" triggers the propensity of ZnF folding. However, the steric repulsion among the tightly
packed palmityl-ZnF in the 2D environment likely destabilizes and/or disorders the Sfa-fold,
leading to a decrease in the SFG intensity. Relative to the second spectrum, the third (green, Fig.
2C) achiral spectrum (w/ Zn>" and w/ DG) shows higher intensity (~75% of the first spectrum)
and wider peak width (see fitting results in the SI). The peak (green) can be fitted into a single
vibrational band centered at 1655.2 + 1.0 cm™ (see the SI). Although using two vibrational bands
can improve the fitting, we cannot identify a unique set of parameters to define the two peaks.
Guided by the chiral SFG results (Fig. 2B), we fitted the spectrum into two bands (see the SI).

We assigned the 1667-cm” band to o-helix with possible contributions from disordered

structures and S-turn, and the 1682-cm™ band to S-sheet.

Under the same three conditions (Fig. 2A), we also obtained (achiral) C-H stretch spectra to
examine the structures of alkyl chains in the palmityl group and DG lipid. It has been established
that (achiral) SFG spectra in the C-H stretch spectra can reveal structures and orientations of
alkyl chains at interfaces.”*>® Figure 3 presents the ssp and ppp spectra (see the fitting results in
the SI). In the ssp spectra, the peaks at 2850 cm™ and 2870 cm™ were assigned to CH, symmetric
stretch (CH, SS) and CH3 symmetric stretch (CHs SS), respectively. The broad peak at around
2920 cm’' to 2980 c¢cm’' is a combination of CH, Fermi resonance (CH; FR), CH; Fermi
resonance (CH; FR), and CH; asymmetric stretch (CHj AS).54 Under the first condition (red,
without Zn*" and without DG), the CH; SS is very strong compared to CH, SS, which is
characteristic of well-orientated carbon chains at the interface. It is well known that the highly

ordered alkyl chains result in the methyl groups pointing at vertical direction to yield maximum

10
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symmetric stretch signal in the ssp spectrum while the CH, symmetric stretch dipoles pointing up
and down alternatively lead to cancelation. Under the second condition (blue, with of Zn*" and
without DG), the CH; SS is significantly reduced while the CH, SS is enhanced, indicating a
disruption of the alignment of the alkyl chains. Addition of Zn** triggers the tendency of ZnF
folding; however, the 2D crowding environment leads to steric repulsion among ZnF and
disorients the alkyl chains. Under the third condition (green, with Zn*" and with DG), the CH;
SS is significantly enhanced while the CH, SS almost vanishes. This suggests that the DG spacer
releases the steric hindrance and the alkyl chains from both DG and the palmityl group interact to
form an ordered and compact film. In the ppp spectra, only the CH3; AS is predominant. The
decrease in the intensity of CH; AS in the presence of Zn®" but absence of DG (blue), as well as
the increases in the intensity of CH3 AS in the presence of both Zn*" and DG (green) support the
conclusion drawn from the ssp C-H stretch spectra that the folded ZnF cause the carbon chains to
disorient and the DG lipid spacer releases molecular crowding and enable the carbon chains to

regain the alignment and packing, supporting the interpretation of the amide I spectra (Fig. 2).
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Figure 3. SFG spectra of palmityl-ZnF at the air/water interface in the C-H stretch region.
(A) Spectra obtained using the ssp polarization setting and (B) spectra obtained using the ppp
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polarization setting. Three conditions from top to bottom: (red) without Zn*" and without DG,
(blue) with Zn*" and without DG, and (green) with Zn>" and with DG.

In summary, the above SFG studies support the observation of the crowding effect on
protein folding at interfaces. In the presence of DG spacer, addition of Zn*" induces folding of
ZnF into the BB« structure. However, in the absence of DG spacer, additional of Zn*" cannot
induce folding of ZnF into the Sf«a structure due to crowding interfacial environments. In this
crowding environment, the tendency of ZnF folding in the presence of Zn*" disorients the alkyl
chains of the palmityl group and DG lipid at the interface. Addition of DG lipid spacer releases
the interfacial crowding such that the alkyl chains can resume the ordered packing at the

interface while ZnF can fold into the Sf« structure.

In this study, we obtained both chiral and conventional (achiral) SFG spectra in parallel.
The results allow for a direct comparison of the chiral and achiral SFG methods for protein
characterization at interfaces. This comparison has demonstrated the advantage of chiral SFG
particularly for studying proteins that contain multiple secondary structures. The selectivity of
chiral SFG to the amide I modes of [-sheets enables detection of f-sheets without spectral
interference from helical and disordered protein structures. This unique selectivity to f-sheets
overcomes a major challenge of using vibrational methods (not only for achiral SFG but also
general infrared spectroscopy) for studying amide I modes of protein structures due to spectral
overlapping of amide I bands for various protein secondary structures.”* > *">? The distinct
selectivity of chiral SFG to proteins in S-sheet structures has mostly eliminated the need of

spectral deconvolution and thus greatly simplified spectral interpretation.

To conclude, the above experimental studies of surface-anchored proteins using chiral SFG
provides a new approach for investigating 2D crowding effect on proteins at interfaces. This
approach can be modified to enable systematic studies of 2D crowding, e.g., impacts of surface
population, surface roughness, surface viscosity, and electrolyte concentration. The approach can

57,58

also be combined with advanced optical techniques, e.g., heterodyne detection, pump-probe

12
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%% and multi-dimensional spectroscopy.®”®' Implementation of these techniques

ultrafast studies,
will expand the approach to address a wide range of problems related to interfacial crowding,
such as ultrafast dynamics and site-specific protein interactions. These studies will advance our
fundamental understanding of 2D crowding effect at interfaces with implications in revealing

molecular mechanism of life processes on cell membrane surfaces.
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