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Abstract 25 
The composition and organization of the cell surface determine how cells interact with their environment. 26 
Traditionally, glycosylated transmembrane proteins were thought to be the major constituents of the 27 
external surface of the plasma membrane. Here, we provide evidence that a group of RNA binding 28 
proteins (RBPs) are present on the surface of living cells. These cell surface RBPs (csRBPs) precisely 29 
organize into well-defined nanoclusters that are enriched for multiple RBPs, glycoRNAs, and their 30 
clustering can be disrupted by extracellular RNase addition. These glycoRNA-csRBP clusters further 31 
serve as sites of cell surface interaction for the cell penetrating peptide TAT. Removal of RNA from the 32 
cell surface, or loss of RNA binding activity by TAT, causes defects in TAT cell internalization. Together, 33 
we provide evidence of an expanded view of the cell surface by positioning glycoRNA-csRBP clusters as 34 
a regulator of communication between cells and the extracellular environment. 35 
 36 
Introduction 37 
Becoming a cell surface molecule is a highly regulated process, mainly accomplished by classical 38 
secretion through the ER and Golgi. These compartments are also where glycosylation occurs, which 39 
often goes hand in hand with secretion (Varki et al., 2022). While lipids and proteins have long been 40 
studied as glycoconjugates, we recently described RNA as a novel template for modification with complex 41 
glycans of the secretory pathways (Flynn et al., 2021). These “glycoRNAs” are presented on the external 42 
surface of living cells and have the ability to interact with immunomodulatory receptors like Siglec proteins 43 
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(Flynn et al., 2021). The positioning of glycoRNAs on the cell surface raises many questions, including 44 
how these hybrid biopolymers are connected to the plasma membrane.  45 
 46 
Numerous studies have focused on understanding the proteinaceous composition of the cell surface. 47 
Biochemical, enzymatic, and focused protein-sequencing efforts helped to establish the identity of cell 48 
surface receptors. With greater access to higher resolution, higher sensitivity, and lower cost mass 49 
spectrometry-based proteomics (MS), various methods have enabled an “unbiased” view of the cell 50 
surface proteome (Li et al., 2020). While the vast majority of characterized surface proteins harbor the 51 
expected transmembrane domains (or other biophysical connections to the lipid bilayer like GPI-anchor 52 
proteins (Varki et al., 2022)), there are reports of those lacking traditional surface protein signatures, in 53 
particular RNA binding proteins (RBPs). Nucleolin (NCL), a highly expressed nucleolar RBP important 54 
for ribosomal biogenesis, has been reported to be found on the cell surface since at least 1990 55 
(Semenkovich et al., 1990). This observation has been reproduced across numerous biological contexts 56 
(Christian et al., 2003; Hovanessian et al., 2010), with some correlation between the presentation of cell 57 
surface Nucleolin (csNCL) and various cancer states (Brignole et al., 2021; Hovanessian et al., 2010; 58 
Joo et al., 2018). Further, csNCL has been connected to some viral entry mechanisms such as human 59 
respiratory syncytial virus (Tayyari et al., 2011). More recently, there have been other reports of RBPs 60 
as putative cell surface proteins (Didiasova et al., 2019; Yoshimura et al., 2021) however the extent and 61 
generality of this localization is unclear.  62 
 63 
Organization of cell surface molecules can control features such as the biophysics and regulatory 64 
potential of the plasma membrane. Defining the spatial distribution of cell surface molecules and the 65 
relationship between them offers important insights into their mechanisms of action. With the advent of 66 
super resolution microscopy techniques, aspects of how growth factor receptors (Werbin et al., 2017), 67 
cell surface adhesion complex formation (Fischer et al., 2021), membrane protein stoichiometry 68 
(Douglass and Vale, 2005; Fricke et al., 2015), and cell surface protein heterogeneity (Owen et al., 2010) 69 
have been uncovered with unprecedented detail. Changes in the presence or physical configuration of 70 
these cell surface proteins can lead to cell state changes and this can be accomplished by various means: 71 
cell autonomous processes such as secreted proteases (Mentlein, 2004; Salmi and Jalkanen, 2005), 72 
liquid-liquid phase separation (Case et al., 2019; Sánchez and Tampé, 2023), and external factors like 73 
pathogenic enzymatic activity like viral sialidases (McAuley et al., 2019). In addition to state changes, cell 74 
surface remodeling can also modulate the binding of various extracellular molecules for eventual entry 75 
into the target cell.  76 
 77 
Cell penetrating peptides (CPPs) are a class of molecules that interact with the cell surface and as their 78 
name suggests, can enter cells (Langel, 2022). The first CPP identified was a minimal domain of the 79 
Trans-Activator of Transcription (full length TAT) protein from human immunodeficiency virus 1 (HIV1). 80 
Its main function is to directly bind the Trans-activation response element (TAR) RNA to facilitate 81 
transcription of the HIV1 genome (Das et al., 2011; Kao et al., 1987). While other types of CPPs have 82 
been discovered (Langel, 2022), the TAT CPP (herein referred to as TAT) is the prototypical cationic 83 
CPP. TAT can traffic payloads into cells en masse and more broadly, “poly-basic” proteins like the 84 
arginine-rich region of TAT have similar abilities to bind and enter cells (Koren et al., 2011). Various 85 
mechanistic explanations have been proposed (Guo et al., 2016). Given the highly cationic nature of 86 
these domains, sulfated cell surface glycans have been implicated as a mechanism of cell surface 87 
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adhesion (Rusnati et al., 1999; Tyagi et al., 2001; Urbinati et al., 2009). However, it is not yet understood 88 
if TAT may also functionally interface with cell surface sialoglycoRNAs (Flynn et al., 2021), which also 89 
carry negative charges. 90 
 91 
Here we investigate the idea that mammalian cells present RBPs on the cell surface (cell surface RBPs, 92 
csRBPs). We provide evidence that RBPs are common components of the cell surface across a wide 93 
array of cell types. We verified this hypothesis through multiple orthogonal molecular and imaging 94 
strategies. Through super resolution reconstructions we define a tessellated pattern of cell surface 95 
domains of prototypic size. The csRBPs cluster with each other and away from the MHC-I complex. 96 
These domains contain RNA ligands and are in proximity to glycoRNAs. In addition, clustering is in part 97 
dependent on intact cell surface RNA. Finally, we show that the TAT-derived cationic cell penetrating 98 
peptide is functionally dependent on intact cell surface RNAs for their cellular uptake. 99 
 100 
Results 101 
 102 
Many canonical RNA binding proteins are present on the external surface of living cells 103 
A small number of RBPs have been individually characterized as being presented on the surface of living 104 
cells. With proteome-scale datasets defining RBPs and advancements in cell surface enrichment 105 
technologies, we set out to establish the generality of this observation. To generate a database of RBPs, 106 
we aggregated RBPs detected across 48 datasets specifically characterizing RBPs (RBPomes, Table 107 
S1). We defined a protein as a high confidence RBP as one which is present in at least 11 RBP databases 108 
(see Methods). This yielded a list of 1072 RBPs (Table S1). We next defined cell surface localized 109 
proteins by intersecting eight, seven, and six cell-surface proteomes identified by biotinylation of lysines 110 
by sulfo-NHS-SS-biotin, periodate-mediated oxidation of glycans, and other methods, respectively (See 111 
Methods, Table S1, and Figure 1A). This results in a set of 6,237 proteins that have been identified on 112 
the cell surface across various biological conditions and cell types. For both of these analyses, we limited 113 
our datasets to human cells and tissues. We intersected the set of RBPs with the set of cell surface 114 
proteins to define a set of cell surface RBPs (csRBPs). We denote intracellular RBPs with their standard 115 
name (e.g. “DDX21”) and the cell surface presented form with the “cs” prefix (e.g. “csDDX21”). Examining 116 
the overlap, we found that 211 of 1,072 RBPs (19.6%) were identified on the cell surface using all three 117 
chemical approaches for cell surface tagging (Figure 1B, Figure S1A). If we require that an RBP exist 118 
in at least 5 of 21 cell surface proteomes, this results in 187 RBPs (17.4% of all RBPs, Figure 1B). This 119 
set of csRBPs were all found using periodate labeling and enrichment which is often used to capture 120 
sialoglycans (De Bank et al., 2003; Gahmberg and Andersson, 1977), suggesting that they are likely 121 
glycoproteins. Because not all glycans have sialic acids, we expanded our analysis to RBPs that appear 122 
in at least 5 of 21 surfaceomes agnostic to the method of collection and found a set of 293 high confidence 123 
csRBPs (Table S1). Requiring that an RBP only be identified with two of the surface labeling strategies 124 
resulted in 750 of 1,072 RBPs (69.9%) being classified as a more general set of csRBPs (Figure 1B, 125 
Figure S1B). Conversely, even across the large number of cell surface proteomes investigated, 161 126 
RBPs were never found (15.0%, Figure 1B). Taken together, these findings suggest that RBPs are a 127 
significant and diverse component of the cell surface.  128 
 129 
To validate the putative csRBPs identified in the MS databases, we established a framework to these the 130 
hypothesis that each target is on the cell surface: a csRBP should fractionate with membrane organelles 131 
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(e.g. plasma membrane), should be detectable using live cell flow cytometry and microscopy, and should 132 
be biochemically accessible to cell surface labeling reagents. We first performed a crude biochemical 133 
fractionation of cells, separating cytosol from bulk membrane organelles (a mix of ER, Golgi, 134 
mitochondria, and plasma membranes among others (Flynn et al., 2021)). We performed these 135 
experiments in four cell lines, two adherent (HEK293 and A549) and two suspension (K562 and OCI-136 
AML3 (abbreviated AML3)). Western blot analysis of a known endoplasmic reticulum (ER) protein RPN1 137 
and cytosolic RBP (RIOK1, an RBP never found in cell surface proteome datasets) demonstrated 138 
successful fractionation (Figure 1C). Two putative csRBPs DDX21 and hnRNP-U revealed strong signal 139 
in the cytosolic fraction and specific accumulation in the membrane fractions (Figure 1C), except from 140 
the OCI-AML3 cell line, which had no detectable hnRNP-U or DDX21 in the membrane fractions by 141 
Western blotting. Notably, despite RIOK1’s relatively high cytoplasmic abundance, the protein was largely 142 
undetectable in membrane fractions, supporting the predictive power of the csRBP list. To test if the 143 
presence in the membrane fraction could be attributed to cell surface localization, we stained living cells 144 
with commercially available, widely validated antibodies targeting four putative csRBPs (NCL, hnRNP-U, 145 
YBX1, and DDX21) and performed flow cytometry analysis (Figure S1C). All four cell lines exhibited 146 
surface presentation of at least one putative csRBP, and we found that levels of csRBP expression vary 147 
between cell lines (Figure 1D). Consistent with the lack of csRBPs appearing in the OCI-AML3 148 
membrane fraction, OCI-AML3 cells stain weakly above isotype control, suggesting this cell line may 149 
express a different or less diverse suite of csRBPs.  150 
 151 
We next assessed the spatial distribution of putative csRBPs. Cells were fixed and permeabilized 152 
(Methods) prior to staining with antibodies targeting DDX21 and hnRNP-U. By confocal microscopy we 153 
validated that antibodies targeting DDX21 and hnRNP-U generated nucleolar and nucleoplasmic signal, 154 
respectively. This distribution is consistent with the known localization of these proteins (Figure 1E, 155 
Figure S1D). We next performed live-cell staining, again using the anti-DDX21 and anti-hnRNP-U 156 
antibodies. Both DDX21 and hnRNP-U antibody staining manifested as clusters on the surface of cells 157 
(Figure 1E). These clusters were evident on A549 (adherent) and K562 (suspension) cells, although the 158 
clusters on A549 cells appear less densely distributed and more numerous (Figure 1E).  159 
 160 
While these antibody-based and MS datasets (Figure 1A) support the cell surface presentation of RBPs 161 
like DDX21 and hnRNP-U, these experiments fail to assess whether we are detecting peptide fragments 162 
or full-length RBPs on the cell surface. To address this, we took a sequential, biochemical approach. We 163 
selectively biotinylated the cell surface of HeLa cells expressing DDX21 with a C-terminal HA-tag (Calo 164 
et al., 2015) using sulfo-NHS-biotin. We employed the HA-tag to enable higher specificity of detection by 165 
western blot. Crude membrane fractions were isolated as before and from these cells after surface 166 
labeling after which streptavidin capture was performed. Analysis of an anti-HA western blot generated 167 
from the streptavidin IP showed the selective enrichment of full length DDX21 protein (Figure 1F, left). 168 
Detection of biotinylated products also revealed a band at the expected molecular weight of full length 169 
DDX21 (Figure 1F, right). Reversing the capture order (anti-HA immunoprecipitation (IP) first) similarly 170 
demonstrated capture of full length DDX21. A weak but specific biotinylated band was enriched via the 171 
HA antibody at the expected molecular weight of DDX21 (Figure S1E). The overlap of biotin signal with 172 
anti-HA signal at DDX21’s expected molecular weight suggests that, at least in the case of DDX21, full-173 
length csRBPs are able to be presented on the surface of living cells. Finally, to understand if csRBP 174 
deposition on the cell surface occurs in cis or in trans (perhaps from lysed cells or media contamination) 175 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 5, 2023. ; https://doi.org/10.1101/2023.09.04.556039doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?CvfYPB
https://www.zotero.org/google-docs/?T6S8Ga
https://www.zotero.org/google-docs/?T6S8Ga
https://doi.org/10.1101/2023.09.04.556039
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

we performed a co-culture experiment. Growing OMP25-eGFP (mitochondria) tagged HeLa cells with 176 
the DDX21-HA tagged HeLa cells and subsequently staining for cell surface HA signal, we found that 177 
GFP positive cells had little to no surface HA signal while GFP negative cells had clear cell surface HA 178 
puncta (Figure S1F), as we saw when staining with the endogenous anti-DDX21 antibody (Figure 1E). 179 
Taken together, these data support a model where cells expose RBPs to the extracellular environment.  180 
 181 
csRBPs are abundant and common members of cell surface proteomes 182 
Aggregating across labs, species, cell types, processing methods, and Mass Spec methods (Figure 1) 183 
demonstrated the ubiquity of observing csRBPs; however, the heterogeneity of data makes quantitative 184 
comparisons more challenging. To rigorously examine the cell surface proteome and to directly validate 185 
publicly available data, we generated a new set of cell surface proteomics data. To ensure robust 186 
detection of only topologically extracellular proteins, we used a two-step selection process. First we 187 
labeled living cells with sulfo-NHS-SS-biotin (S-S; disulfide link) which should be cell impermeable. 188 
Second, we performed biochemical isolation of crude membranes (plasma membrane, ER, Golgi, 189 
mitochondria, etc) to separate highly abundant nuclear and cytosolic proteins (Figure 2A, Figure S2A). 190 
We performed this on four cell lines: HEK293, A549, OCI-AML3, and K562. We generated datasets of 191 
proteins detectable from bulk cytosol, bulk membrane, biotin-enriched cytosol, and biotin-enriched 192 
membrane (Mem-IP) fractions. After assessing and confirming that the biological triplicates from each 193 
sample type demonstrated strong correlation with each other (Figure S2B), we performed GO term 194 
analysis of proteins from the Mem-IP of the four cell lines. Enriched GO terms for cellular compartment 195 
(CC) indicated isolation of proteins associated with membranes or the cell surface (Figure 2B), 196 
confirming that our paired chemical and biochemical cell surface proteome labeling method targets cell-197 
surface proteins with high specificity. When examining the biological process and molecular function GO 198 
terms, we found strong enrichment for terms related to RNA processes (Figure 2B, S2C).  199 
 200 
To examine the distribution of proteins across cell types, we intersected the high confidence Mem-IP hits 201 
(Figure 2C). We found hundreds of unique proteins (except for A549) identified in the Mem-IP for each 202 
of the four cell lines (Figure 2C). To identify commonly presented csRBPs, we required an RBP to be 203 
present in 3 of 4 of our Mem-IP lists and found over 50.2 % (143 hits) of these proteins are RBPs (Table 204 
S2); even considering the most conserved list of proteins, requiring hits identification in all four cell lines, 205 
57 of 98 (58%) of these proteins are RBPs (Figure 2C). We picked at least 3 cell lines as our criteria 206 
because the set of 4 cell lines span 2 suspension and 2 adherent. These criteria allows for some cell-207 
type specific variation, as expected. There also exist 256 RBPs that were only identified in one of the cell 208 
lines analyzed, and 199 of these were associated with HEK293 cells. Finally, to examine if csRBP hits 209 
were more likely to be found as cell type specific (e.g. “293 unique”) or found in multiple cell surface 210 
proteomes (e.g. HEK293+ >=1 other) we calculated the fraction of RBPs singular vs. combined Mem-IP 211 
datasets. In each of the four cell lines, csRBPs were fractionally more represented across multiple cell 212 
lines compared to uniquely identified in a single cell line (Figure 2D). Together, these data indicate that 213 
many similar csRBPs appear on diverse cell lines.  214 
 215 
To better understand the characteristics of csRBPs relative to the total pool of RBPs, we leveraged 216 
previously annotated RNA-binding domains (RBDs) to classify RBPs from the all-RBP list, the csRBP 217 
candidate list from the data-driven search, and RBPs identified in our cell-surface proteomics (“Mem IP 218 
RBPs”). Both csRBP lists exhibited a greater fraction of RBPs with non-canonical RBDs than the overall 219 
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pool of RBPs, while being somewhat depleted for RBPs with RRM domains (Figure 2E). Moreover, it 220 
seems the set of putative csRBPs obtained from public databases (Figure 1) contains roughly three times 221 
as many ribosomal RBPs as those identified with our stringent cell-surface proteomics method (Figure 222 
2E). Given that ribosomal proteins stand as some of the more highly expressed proteins in the cell and 223 
often appear as background in mass spectrometry experiments, the depletion of ribosomal proteins in 224 
our cell-surface proteomics suggests greater stringency and is consistent with high fidelity of the csRBP 225 
list generated from these experiments. A compiled list of high confidence csRBPs resulted in a total of 226 
179 proteins and is detailed in Table S2. 227 
 228 
We next asked how the apparent abundances of csRBPs compare to those of other cell surface proteins. 229 
Using the peak area detected by the mass spectrometer as a proxy for protein abundance (see 230 
Methods), we compared the average of peak areas of either csRBPs or all proteins identified in the Mem 231 
IP datasets, normalized for the amino acid length of each protein. This analysis showed that the csRBPs 232 
exhibit an average abundance similar to the total collection of cell surface proteins from each cell line 233 
(Figure 2F). The robust detection of peptides from RBPs in the Mem IP relative to the total pool peptides 234 
indicates that csRBPs may be significant components of the cell surface. However, differences in 235 
ionization and post-translational modifications could impact the relative detection across specific proteins. 236 
 237 
To orthogonally assess cell-surface abundance of csRBPs and canonical membrane proteins, we 238 
employed a bead-calibrated live cell flow cytometry method. Canonical cell-surface proteins and csRBPs 239 
identified in our cell-surface proteomics were chosen as targets for immunolabeling and quantification. 240 
Live OCI-AML3 and K562 cells were stained with primary conjugated Alexa Fluor 647 (AF647) antibodies 241 
(NCL, hnRNP-A1, hnRNP-U, DDX21, DNA-PKcs, PRDX1, TFRC, STOM, LAT1, GLUT1, EZR, ꞵ2M, 242 
GYPA) and analyzed by flow cytometry. Quantification was achieved through the generation of a 243 
standard curve using beads bound with defined amounts of AF647 (see Methods). All csRBPs were 244 
detected at greater intensities than isotype controls in at least one cell line tested (Figure 2G). With the 245 
exception of TFRC, antibody binding between these csRBPs and the canonical membrane proteins 246 
tested remained within the same order of magnitude. GYPA, a late-stage erythroid cell surface marker, 247 
was highly expressed and largely restricted to K562 cells (Figure 2G), consistent with their erythroid 248 
state. ꞵ2 microglobulin (ꞵ2M), a major component of the MHC-I peptide presentation complex, was also 249 
highly abundant and poorly expressed on K562 cells (Figure 2G) as previously reported (Garson et al., 250 
1985), confirming the specificity of this assay.  251 
 252 
Cell surface RNA binding proteins form distinct nanometer scale clusters 253 
Like other cell surface protein (Fischer et al., 2021; Owen et al., 2010; Werbin et al., 2017), csRBPs were 254 
found to form clusters on the cell surface using diffraction-limited (DL) confocal imaging in Figure 1. To 255 
better understand the nanoscale organization of these clusters, we performed super-resolution (“SR”) 256 
single-molecule localization microscopy (Figure S3A). Using adherent cells to facilitate analysis, we 257 
collected data using primary conjugated anti-hnRNP-U-AF647 or anti-DDX21-AF647 antibodies applied 258 
to PANC1 or A549 cell lines (Figure 3A-C, S3B). Widefield fluorescence imaging demonstrated signal 259 
accumulating around the periphery of the cells consistent with our previous DL data. Using the imaging, 260 
post-processing, and data analysis steps outlined in Figure S3A (detailed in Methods) we generated SR 261 
reconstructions of three PANC1 cells (hnRNP-U), three A549 (hnRNP-U), and four A549 (DDX21) 262 
stained cells (Figure 3A-C, and Table S3). Examining the SR reconstructions from each of the three 263 
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conditions revealed that the csRBPs formed distinct clusters of apparently uniform size. To measure the 264 
features of the SR reconstructions we implemented a series of quantitative analyses to define the precise 265 
features of the observed clusters. First, we implemented a semi-automated analysis workflow, performing 266 
Ripley’s analysis to determine the most common cluster size, which was then used as input for 267 
subsequent DBSCAN analysis (Nieves et al., 2023). The diameter of cs-hnRNP-U clusters were 139nm 268 
and 164nm on PANC1s and A549s, respectively, while csDDX21 clusters exhibited an average diameter 269 
of 133nm on A549 cells (Figure 3D). The average distance between clusters was most similar between 270 
hnRNP-U on PANC1s and DDX21 on A549s at ~230 nm, while hnRNP-U on A549s had clusters that 271 
were slightly further apart at ~316 nm (Figure 3E). Finally, we calculated the localizations per cluster, a 272 
measure of the number of dyes localized. We found that cs-hnRNP-U had an average of 36 dyes per 273 
PANC1 clusters and 61 dyes per A549 clusters, while csDDX21 had fewer, at an average of 12 dyes per 274 
A549 cluster (Figure 3F). The number of dyes localized is not a direct measure of ligand amount, but is 275 
correlated, suggesting more hnRNP-U antibody binding events on the cell surface as compared to the 276 
DDX21 antibody. While there are quantitative differences observed between these two cell types and two 277 
csRBPs, the overall cluster size is similar - within the diameter of 1 ribosome - raising the question of the 278 
relationship between these surface clusters and csRBP occupants.  279 

 280 
csRBPs Cluster Together on the Cell Surface 281 
Having found that the csRBPs form distinct and well-defined clusters on the cell surface using SR 282 
microscopy, we sought to understand what other protein factors assembled with the csRBPs. Using 283 
proximity labeling (Bar et al., 2018; Rees et al., 2015; Rhee et al., 2013) and adapting our previous 284 
method that enabled cell surface glycoRNA labeling (Flynn et al., 2021) we used biotin-phenol to tag cell 285 
surface proteins in proximity to various csRBP antibodies (Figure 4A). We selected the classically 286 
described csRBP of NCL as well as putative csRBPs DDX21 and PCBP1 for analysis (Figure S4A, S4B). 287 
We compared these csRBP profiles to the well-characterized and highly abundant cell surface protein 288 
ꞵ2M (Figure S4C). On OCI-AML3 there is anti-ꞵ2M labeling over isotype control with (Figure S4C) while 289 
this was not the case on K562 cells, consistent with reported poor expression of the MHC-I complex on 290 
K562s and our molecular counting data (Figure 2G). We also examined the specificity of this method by 291 
comparing the blotting signal after labeling K562 cells with an anti-DDX21 or anti-RIOK1, the latter we 292 
discovered was never identified as a csRBP (Figure 1). Performing proximity labeling on cells with the 293 
anti-RIOK1 antibody generated biotinylation signal similar to that of the isotype control (Figure S4D), 294 
additionally validating that most of our biotin signal was coming from intact cells and RBP antigens on 295 
the surface. After biotin enrichment, trypsin digestion, and MS analysis (Methods), we identified 296 
candidate molecular neighbors by quantifying the enrichment of each respective protein relative to 297 
proximity labeling with an isotype primary antibody (Table S4). From proximity labeling on OCI-AML3 298 
and K562 cells, we identified GO terms consistent with membrane labeling and also many proteins with 299 
terms related to the cytosol, nucleus, and RNA binding (Figure S4E).  300 
 301 
To understand how data compared across surface protein targets, we intersected the molecular 302 
neighborhoods of each target antibody (Figure 4B, S4F). On OCI-AML3, the number of shared proteins 303 
between the three csRBP molecular neighborhoods (highlighted column) is much larger than the sum of 304 
common proteins between the ꞵ2M molecular neighborhood and those of csRBPs (Figure 4B). K562 305 
data demonstrated a similar population, but comparison to ꞵ2M was not possible (Figure S4F). Further 306 
examining the proximity hits of OCI-AML3, we found an enrichment in RBPs in the molecular 307 
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neighborhoods of csRBP anchors (38-51% of neighboring proteins). Conversely, approximately 2% of 308 
neighboring proteins of ꞵ2M were RBPs (Figure 4D). The lack of overlapping hits between ꞵ2M and the 309 
csRBPs suggests that csRBPs occupy distinct physical spaces from protein complexes like the MHC.  310 
 311 
To test this hypothesis at the single-cell level, we employed confocal microscopy. We set up pairwise 312 
colocalization experiments with csRBP hits including DDX21, hnRNP-U, and DNA-PKcs as well as ꞵ2M 313 
as a control. To enable more robust imaging, we focused on the adherent A549 cell line for analysis. As 314 
seen in part in Figure 1 as well as in Figure 3 at much higher resolution, all of the csRBPs formed distinct 315 
puncta on the cell surface (Figure 4D, S4G). Using an object-based strategy to detect binding events, 316 
the pairwise analysis of the csRBPs to each other and ꞵ2M revealed strong colocalization between the 317 
csRBPs and much weaker overlap with ꞵ2M (Figure 4D, 4E, 4F). Most of the csRBP objects were within 318 
the diffraction limit of the confocal while more of the ꞵ2M pairs were not (Figure 4E, carrot at 0.2 µm 319 
denotes diffraction limit of light). Further examination of the cells stained with matched isotype antibodies 320 
does reveal some cell surface staining; however, it is weaker than csRBP or ꞵ2M staining (Figure 4D). 321 
To confirm these background spots did not follow similar colocalization patterns as seen for the csRBPs, 322 
we performed the same nearest neighbor analysis and found neither pairs of isotype antibodies localized 323 
near each other (Figure 4E). We next calculated the fractional overlap of each antibody cluster that 324 
colocalized with the other pair and found that approximately 45% of csRBP antibody spots were shared 325 
(e.g. 44% of all csDDX21 clusters were colocalized with csDNA-PKcs and 45% of all csDNA-PKcs 326 
clusters colocalized with csDDX21). However the fractional overlap was much less with ꞵ2M: 21% of 327 
csDDX21 clusters colocalized with ꞵ2M while only 6.8% of ꞵ2M clusters colocalized with csDDX21 328 
(Figure 4F), suggesting that while some csDDX21 is near ꞵ2M, the vast majority of ꞵ2M exists in distinct 329 
domains on the cell surface. Taken together, these results suggest that RBPs cluster together on the cell 330 
surface. 331 
 332 
Cell surface RNA binding proteins colocalize with RNA, depend on RNA for clustering, and are in 333 
proximity to glycoRNAs 334 
An accumulation of specific RBPs on the cell surface in distinct clusters raises the possibility that these 335 
domains may also contain cell surface glycoRNA, a logical molecular partner for an RBP. To address 336 
this possibility, we took three approaches. First, we assessed the colocalization of csRBPs and RNAs 337 
with confocal microscopy. We visualized both csRBPs by immunolabeling DDX21, hnRNP-U, and DNA-338 
PKcs as well as dsRNA with the anti-dsRNA antibody 9D5 on live A549 cells (Figure 5A). Like other 339 
dsRNA-specific antibodies, 9D5 was initially described to bind RNA virus genomes (Kitagawa et al., 1977; 340 
Son et al., 2015) and like the J2 antibody, we predicted that if used on live cells, it could also detect the 341 
dsRNA regions of cell surface glycoRNAs. The 9D5 signal was organized in puncta around the periphery 342 
of the cell much like that of csRBPs (Figure S5A), revealing that this dsRNA antibody can detect RNA 343 
on the surface and it is also clustered. Examining the co-stains with the three csRBPs showed many of 344 
the 9D5 puncta overlapped with csRBP puncta (Figure 5A, and insets). We next applied object-based 345 
detection to quantify colocalization using nearest neighbors analysis, which demonstrated that many 346 
csRNA puncta lie within the optical diffraction limit of spots associated with all three csRBPs tested 347 
(Figure 5B). This result was similar to what was observed with csRBP imaging (Figure 4). By 348 
quantification, between 20-40% of all 9D5 clusters overlapped with clusters of csDDX21, cs-hnRNP-U, 349 
or csDNA-PKcs (Figure 5C), while the csRBPs clusters had approximately 8 to 23% overlap with 9D5 350 
clusters (Figure 5C). Because anti-dsRNA antibodies like 9D5 have some differential specificity (Störk 351 
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et al., 2021), these overlap data suggest that 9D5 can detect only a subset of the available csRBP 352 
clusters, but that many of the clusters 9D5 targets also contain csRBPs.  353 
 354 
To establish the specificity of 9D5 for targeting cell surface RNAs, we performed the staining of live cells 355 
with and without pre-treatment with RNase A (single stranded RNase) and RNase III (double stranded 356 
RNase), which we predict would robustly remove cell surface RNA molecules. Live cell RNase treatment 357 
led to a > 90% reduction in 9D5 clustering on the cell surface (Figure 5D, left), as measured by total 358 
intensity per spot per cell (Figure 5E) and number of 9D5 spots per cell (Figure S5B). Because 9D5 359 
binds near csRBPs, we also assessed the clustering of csDDX21 upon treatment of live cells with the 360 
RNases. We observed a more modest effect on the clustering of csDDX21 - reducing the clustering 361 
intensity by ~60% (Figure 5E right, S5C) while the number of csDDX21 clusters was not significantly 362 
impacted (Figure S5D). To further investigate the association between csDDX21 and 9D5, we performed 363 
cell-surface proximity labeling for 9D5 on AML3 cells (Figure 4A, S4B). Intersecting 9D5 molecular 364 
neighborhoods with those of the csDDX21 revealed a high degree of intersection between the two 365 
neighborhoods on both cell types, 90% of the csDDX21 proximal proteins were also identified in the 9D5 366 
dataset (Figure 5G, Table S4). Moreover, 32.6% of the 9D5 molecular neighborhood comprises csRBPs. 367 
These data are consistent with the hypothesis that cell-surface dsRNA and csRBPs are associated with 368 
each other. 369 
 370 
Finally, we examined the features of the RNAs in proximity to the 9D5 antibody. We again used the 371 
proximity labeling method (Figure 4A) but employed biotin aniline to preferentially label RNA rather than 372 
proteins (Zhou et al., 2019). We found that a broad biotinylated smear of signal is detected in total RNA 373 
recovered from labeled AML3 cells. This labeling differed in molecular weight and had stronger signal 374 
intensity compared to isotype control labeling (Figure 5H). To determine if this signal could be attributed 375 
to glycoRNA, we repeated the assay but instead digested the isolated RNA in vitro with an RNase cocktail 376 
or, separately, a broad spectrum sialidase. The biotin smear was lost (sensitive to) RNase treatment 377 
while sialidase treatment resulted in a consolidating shift in molecular weight but no loss in signal intensity 378 
(Figure 5I). We previously observed this sialidase-dependent up-shifted signal when labeling cell surface 379 
glycoRNAs with MAAII or WGA lectin anchors (Flynn et al., 2021). Together these data suggest the 380 
presence of cell surface glycoRNA-csRBP clusters.  381 
 382 
Cell binding and entry of TAT-eGFP is dependent on cell surface RNA and RNA binding 383 
The organization of cell surface molecules and complexes can impact the binding, signaling, or 384 
internalization of extracellular molecules as they encounter a target cell. CPPs, of which TAT was the 385 
first discovered, have many proposed mechanisms of cell surface binding and entry (Guo et al., 2016; 386 
Langel, 2022). TAT is a 9 amino acid peptide in the class of cationic CPPs, and its entry mechanisms 387 
have been characterized as dependent on negatively charged biopolymers like heparan sulfate 388 
proteoglycans (HSPG, (Rusnati et al., 1999; Tyagi et al., 2001; Urbinati et al., 2009). Our evidence for 389 
glycoRNA-csRBP clusters provides a new, but yet untested cell surface domain of poly-anions. We 390 
reasoned that processes dependent on glycoRNA-csRBP clusters might be modulated as a consequence 391 
of RNase addition. We therefore set out to assess how various forms of TAT functionally interact with 392 
cells treated with and without RNase. 393 
 394 
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Before entering cells, CPPs must interact with the cell surface. We assessed binding of a recombinant 395 
TAT-WT-eGFP fusion (Figure S6A) by incubating the cells with the protein and then using an anti-GFP 396 
antibody (which will be impermeable to live cells) to detect cell surface TAT-WT-eGFP (Figure 6A). TAT-397 
eGFP forms puncta on the surface of cells, and upon 9D5 co-staining, we observed strong colocalization 398 
(Figure 6B, 6C). A control eGFP protein weakly binds the cell surface and when compared to 9D5 co-399 
staining, there is little colocalization (Figure S6B), suggesting a specific co-binding activity of TAT-WT-400 
eGFP to sites where 9D5 binds. We also assessed the colocalization surface bound TAT-WT-eGFP with 401 
hnRNP-U and DDX21 and found overlapping signals on A549 cells (Figure S6C); we noted that the 402 
median distances between TAT and csRBPs is similar to that between csRBPs and 9D5 (Figure 5B) 403 
suggesting similar biophysical features. To assess the dependence of RNA on TAT-eGFP binding, we 404 
pretreated live cells with a pool of RNases and again monitored the ability for TAT-WT-eGFP or eGFP to 405 
bind the cell surface while on ice. RNase treatment reduced the ability for TAT-WT-eGFP to bind to cells 406 
by ~30% as compared to non-RNase treated cells (Figure 6D, 6E). 407 
 408 
Most work investigating CPPs focuses on their ability to enter cells, resulting in conjugated molecules 409 
gaining access to the intracellular space. We next assessed if pretreatment of cells with RNase could 410 
impact the ability for TAT-WT-eGFP to translocate into live cells in culture media. After adding RNase 411 
and removing it from the live cell cultures, TAT-WT-eGFP or eGFP were added to conditioned culture 412 
media and allowed to incubate with cells for 20 minutes in standard growth conditions. TAT-WT-eGFP 413 
robustly enters the cell, developing cytosolic and nucleolar GFP signal as expected while eGFP has less 414 
potent cell entry capabilities (Figure 6F, 6G, S6D). Examining the RNase-treated cells revealed a 20% 415 
loss of TAT-WT-eGFP internalization, compared to the non-RNase treated cells (Figure 6F, 6G, S6D). 416 
RNase treatment conversely caused a slight increase in eGFP internalization resulting in the TAT-WT-417 
eGFP+RNase levels to be closer to baseline internalization of a non-CPP containing eGFP (Figure 6G). 418 
Normalizing for this effect demonstrates that live cell RNase treatment causes a 47.5% reduction in the 419 
internalization of TAT-WT-eGFP compared to untreated cells (Figure 6G). These data suggest that in 420 
addition to binding, cell internalization of TAT-WT-eGFP may be controlled in part by cell surface 421 
glycoRNA-RNP clusters. To address this possibility without the need for modification of the cells, we took 422 
advantage of a well-described feature of the TAT CPP. Specifically, TAT contains specific arginines that 423 
are critical for transactivation of the HIV1 genome (Calnan et al., 1991a, 1991b) and TAR RNA binding 424 
(Gotora et al., 2023). To explore the possibility that the RNA-binding drives TAT cell binding or 425 
internalization, we mutated R52 (the 5th amino acid in our peptide) to a lysine (K, Figure S6A), which 426 
maintains the same net charge in the mutant peptide while mutating a residue critical for RNA binding. 427 
When we examined the relative ability for eGFP, TAT-WT-eGFP, or TAT-R5K-eGFP to bind the surface 428 
of cells, we found no defect with the R5K mutation compared to the WT TAT sequence (Figure 6H, 6I). 429 
However, our cell entry assay revealed that TAT-R5K-eGFP’s internalization was reduced by nearly 40% 430 
as compared to TAT-WT-eGFP (Figure 6J, 6K). 431 
 432 
Discussion: 433 
Here we explored the composition and organization of the mammalian cell surface in the context of 434 
glycoRNA biology. Employing several orthogonal molecular and imaging tools, we demonstrated that 435 
many RBPs are found clustered on the cell surface in proximity to glycoRNAs. We also find that 436 
exogenous peptides like the CPP TAT can bind glycoRNA-csRBP clusters and that TAT’s ability to bind 437 
and enter cells is dependent on the integrity of these glycoRNA-csRBP clusters. These findings provide 438 
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evidence that clustered glycoRNAs and csRBPs functionally regulate the internalization of extracellular 439 
factors. 440 
 441 
The cell surface as a platform for RNA biology 442 
We were motivated to understand what could anchor cell surface glycoRNAs, and in considering this 443 
question we systematically evaluated the presence of RNA binding proteins on the cell surface. Our 444 
interest in generating a careful inventory of csRBPs was further motivated by several individual reports 445 
of RBPs detectable at the cell surface. As noted, NCL was first discovered as a cell surface protein in 446 
1990’s (Semenkovich et al., 1990), but there have been other reports across the years highlighting this 447 
phenomenon. In our initial work describing glycoRNAs, we highlighted the fact that the RNA transcripts 448 
modified with glycans were correlated with known RNA autoantigens (Flynn et al., 2021). This connection 449 
is further extended in the case of csRBPs as the Ku proteins have been found on the cell surface (Dalziel 450 
et al., 1992; Prabhakar et al., 1990). The concentration of glycoRNAs and csRBPs in the same domains 451 
on the cell surface raise the possibility that these are sites of interaction for immune cells that could 452 
participate in the initiation or maintenance of autoimmune pathologies. Better defining how these 453 
glycoRNA-csRBP clusters are formed and regulated will contextualize their role in cell biology.  454 
 455 
By cataloging various published datasets (Figure 1) we found that the type of chemistry used to enrich 456 
surface proteins had an impact on the number of csRBPs identified. Of specific interest is the periodate-457 
based methods which should have selectively for sialic acid labeling. In this context and using the 458 
conservative need to be found in 5 or more datasets, we found 187 csRBPs enriched in periodate 459 
datasets (Figure 1). This suggests that many csRBPs are glycoproteins and could play roles on the cell 460 
surface like other more well studied glycoprotein ligands in cell-cell communication. In support of our 461 
systemic analysis, previous studies have found both N- and O-glycopeptides from NCL (Carpentier et al., 462 
2005) and other RBPs (Hofmann et al., 2015). More generally, the experimental framework we use can 463 
extend to other unexpected proteins detected in cell surfaceome MS datasets, outside of the RBP family 464 
of proteins. For example, cytosolic metabolic enzymes are reproducibly found in surfaceome datasets 465 
(Tables S1 and S2). Careful validation by orthogonal methodologies such as live-cell staining and 466 
analysis as well as chemical proteomics strategies can provide robust evidence. Extending this past a 467 
binary readout of detection or no-detection, we worked to understand the relative quantity of csRBPs as 468 
compared to other more classically defined cell surface proteins by performing various quantitative 469 
analyses (Figure 2). We demonstrated that by both the number of proteins and their abundance, RBPs 470 
make up a robust portion of the cell surface. Importantly, we can detect full-length proteins by Western 471 
blot, indicating that the csRBP signal we are evaluating is not coming from MHC-presented peptides. 472 
This is further supported by our colocalization analysis which revealed poor overlap between ꞵ2M and 473 
other glycoRNA-csRBP clusters.  474 
 475 
The presentation of full length and possibly folded RBPs opens new hypotheses surrounding how and 476 
what RNAs they directly interact with as well as in what context csRBPs are presented. Much of the MS 477 
data we compiled from published data were from cell culture models (Table S1) as was our NHS-fraction 478 
based surfaceome datasets (Figure 2, Table S2). Beyond this, the efforts here were initially focused on 479 
csRBPs that were found in many datasets, but exploring cell-type or -state specific csRBP expression 480 
could open up a new understanding of how the cell communicates to the extracellular space. When 481 
considering nucleic acids outside of the cell, there is a growing body of literature characterizing 482 
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extracellular, nonvesicular RNAs (exRNAs, (Chai et al., 2023; Hoy and Buck, 2012; Murillo et al., 2019)). 483 
Despite clear evidence for presence of exRNAs across a wide variety of biofluids, little is known about 484 
how or if they specifically interact with the cell surface. The broad scope of our observation of csRBPs 485 
raises the possibility that these cell surface proteins could serve as binding patterns for exRNAs. Future 486 
work will be needed to define this putative interaction.  487 
 488 
Spatial organization of csRBPs and glycoRNAs 489 
The assembly of molecular complexes enables regulation and in the context of the cell surface this 490 
happens both in cis (on the cell of origin) as well as in trans (between two cells). As analytical tools have 491 
evolved, our understanding of the organization of cell surface proteins has dramatically improved. We 492 
examined the physical distribution of csRBPs across a number of cell lines and with both confocal and 493 
super resolution reconstructions. Our diffraction limited studies demonstrated hundreds of puncta of 494 
csRBPs that often co-localize with one another, as well as the anti-RNA antibody 9D5. While 9D5 does 495 
not have glycoRNA specificity per se, proximity labeling demonstrated that 9D5 is molecularly adjacent 496 
to glycoRNA species on the cell surface (Figure 5). Focusing on DDX21 and hnRNP-U, we went below 497 
the diffraction limit of light and obtained nanometer scale reconstructions of these csRBPs (Figure 3). 498 
What was only clear after quantitative analysis of these data were that the csRBPs form highly regular 499 
clusters: both in the size of clusters (120-165nm) and the distance between clusters (230-300nm). These 500 
quantitative features were similar across RBPs and cell lines and prototypical sizes and organization of 501 
clusters could suggest a biologically regulated process giving rise to the observed spatial organization of 502 
the csRBPs and glycoRNAs in these domains. Traditionally, it has been assumed that lipid-lipid 503 
interactions are the driving force in membrane organization at the molecular level. However recent 504 
evidence (Shelby et al., 2023) suggests that the biology is more complex, with proteins and lipids affecting 505 
each other and driving membrane organization. Our data suggests that there is another layer of 506 
complexity, with cell surface tethered glycoRNA and RBPs operating to control the organization of select 507 
nano-clustered domains as well. 508 
 509 
Further, a recently reported method that uses proximity ligation between a sialic acid DNA aptamer and 510 
an antisense RNA probe to probe where specific glycoRNA transcripts (termed Aptamer and RNA in situ 511 
Hybridization-mediated Proximity Ligation Assay, ARPLA) occur at subcellular resolution found that 512 
glycoRNAs form clusters on the cell surface (Ma et al., 2023). This is consistent with our initially proposed 513 
model of glycoRNAs (Flynn et al., 2021) and is further supported by our data here. Our characterization 514 
of glycoRNA-csRBP clusters suggests that these are likely the same domains visualized with this new 515 
technology and that RBPs co-populate glycoRNA clusters seen. Combining these insights to understand 516 
which RBPs are paired with specific glycoRNA transcripts could be accomplished through a similar 517 
strategy.  518 
 519 
RNA-dependency of cell penetrating peptide binding and entry 520 
The ability for CPPs loaded with cargo to enter cells has driven significant interest in discovering new 521 
CPPs, understanding their properties, and engineering them for broad spectrum use as tools and delivery 522 
modalities (Guo et al., 2016; Langel, 2022). A major dependency on heparan sulfate proteoglycans 523 
(HSPGs) has been established to regulate cationic CPPs on the basis of non-specific charge interactions. 524 
Interestingly, while most published mechanisms of TAT cell interactions suggest HSPGs as the main cell 525 
surface ligand, there is some evidence for non-HSPG TAT cell activity (Gump et al., 2010). Because of 526 
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the charge similarity of RNA and HSPGs as well as the known intracellular RNA binding role of TAT, we 527 
explored how our newly characterized glycoRNA-csRBP clusters might impact CPP biology. Our data 528 
demonstrating the RNase dependency of glycoRNA-csRBP clusters, TAT cell surface binding, and TAT 529 
entry suggests that the structure or assembly of these glycoRNA-csRBP clusters is important for the 530 
mechanism of TAT’s interaction with and eventual entry into cells. Since TAT was the first described CPP 531 
and has an important role in the HIV1 life cycle, there are detailed mechanistic insights, down to the 532 
amino acid level, of how the TAT protein operates. We leveraged this, and in particular the knowledge 533 
surrounding a critical arginine residue (R52, (Calnan et al., 1991a, 1991b; Gotora et al., 2023)) to break 534 
its RNA binding while maintaining net positive charge of the peptide. With this mutant form, we found a 535 
selective defect in the cell internalization but not cell binding, suggesting that the ability to form robust 536 
and specific RNA-protein interactions drives the productive association with the cell surface for cell entry.  537 
 538 
Beyond TAT, there are many CPPs, some engineered and others naturally occurring. Among those that 539 
naturally occur, examples such as C9orf72 and the prion protein (PrP) are interesting to consider. C9orf72 540 
can contain pathogenic G4C2 repeats that when translated result in dipeptide-repeats including poly-PR 541 
and GR, which have been shown to cause neuronal cell death in vitro and in vivo (Kwon et al., 2014; 542 
Mizielinska et al., 2014). Upon cell entry poly-arginine motifs can interact with RNA, localize to the 543 
nucleolus, and disrupt translation (Kanekura et al., 2018). In contrast, in the context of neurotoxic 544 
Amyloid-β peptide (negatively charged N-terminus with a hydrophobic C-terminus) aggregation, a signal-545 
peptide derived CPP can act as an anti-prion agent (Löfgren et al., 2008; Söderberg et al., 2014). Here, 546 
the anti-aggregation properties are ascribed to the hydrophobic domain and cell entry to the cationic 547 
domain. The initially described cationic domain was KKRPKP and contains an arginine that could 548 
facilitate RNA binding, however a different motif KKLVFF had similar anti-amyloid effects (Henning-549 
Knechtel et al., 2020). These examples highlight other biological contexts where the RNA-binding feature 550 
of cationic CPPs may regulate their cell association and entry, and could provide new ways to address 551 
neuroprotection or neurotoxicity by considering the role for cell surface glycoRNA-csRBP clusters. 552 
 553 
Taken together we propose the idea of a new mechanistic dependency for cell entry: RNA-dependent 554 
import system (RIS). This pathway leverages these glycoRNA-csRBP clusters, defined here as sites of 555 
initial cell binding, and likely concentrates positively charged proteins or peptides like TAT into these 556 
domains. After cell binding, various mechanisms of internalization would be possible as the captured 557 
molecules could be brought close enough to the membrane for direct internalization or be taken up 558 
through endocytosis. The ability for RNase to destroy the clusters of glycoRNA-csRBPs as well as reduce 559 
the entry of TAT, suggests that their formation is somehow important for either mechanism of entry. 560 
Recently, it was shown that Cas9 RNPs with 4 copies of the SV40 NLS (PKKKRKVEDPYC) which harbor 561 
an arginine in position 5 (similar to TAT), enabled editing of mouse neurons in vivo with low adaptive 562 
immune response (Stahl et al., 2023). Better understanding the composition of the glycoRNA-RBP 563 
clusters, their formation, molecular architecture, and genetic dependencies will more completely define 564 
these new cell surface domains and could have impacts on functional cell delivery.  565 
 566 
Limitations 567 
While we attempt to look broadly at what proteins are presented on the cell surface, we are limited to the 568 
reactivity of the chemical reagents used. Most of the data we analyzed leverages NHS (lysine), periodate 569 
oxidation of diols (glycans and mostly sialic acid), or radicalized phenol (tyrosine) labeling. As such, 570 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 5, 2023. ; https://doi.org/10.1101/2023.09.04.556039doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?1Dw0H4
https://www.zotero.org/google-docs/?xMBI41
https://www.zotero.org/google-docs/?xMBI41
https://www.zotero.org/google-docs/?vAnJXS
https://www.zotero.org/google-docs/?pWs6PS
https://www.zotero.org/google-docs/?yvqzO6
https://www.zotero.org/google-docs/?yvqzO6
https://www.zotero.org/google-docs/?ujMNCK
https://doi.org/10.1101/2023.09.04.556039
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

proteins that are poorly sialylated or have few surface lysines or tyrosines will not be efficiently sampled. 571 
We therefore suspect our data and analysis should serve more as a baseline rather than the full scope 572 
of what is presented on the cell surface. However, we do have confidence in comparing hits across 573 
conditions using the same labeling technology (e.g. looking at proteins in proximity to different RBP 574 
antibody anchors while using biotin-phenol). Expanding accessible chemistries and performing multiple 575 
labelings on the same cell or tissue models to better assess the composition will be important for future 576 
studies. Beyond this, the quality of the peptides, ability to analyze glycopeptides, and the type of MS used 577 
can greatly impact the number of high confidence peptide spectral matches which can modulate the 578 
depth to which any chemical labeling strategy can reveal a complete surface proteome.  579 
 580 
The RNA binding properties of csRBPs lead us to explore the hypothesis of the importance of RNA 581 
binding in the interaction and internalization of the TAT, a cationic CPP. While we characterized a 582 
dependency of TAT’s cell surface binding and evential internalization on glycoRNA-csRBP clusters, we 583 
have not explored the relationship between other CPP classes (hydrophobic or amphipathic) and 584 
glycoRNA-csRBP clusters. Given that some amphipathic CPPs contain polar amino acids it is possible 585 
this class may also colocalize with the glycoRNA-csRBP clusters on the cell surface, however future work 586 
will be needed to define these features.  587 
 588 
Figure Legend 589 
 590 
Figure 1. Expansive presentation of a select group of RNA binding proteins on the surface of 591 
living cells.  592 

A. Schematic of RNA binding proteins (RBPs, left) and methods to interrogate cell surface 593 
proteomes (surfaceome, right).  594 

B. Intersection analysis visualized using an upset plot examining RBPs identified as cell surface 595 
proteins stratified by different cell-surface-pulldown chemistries. The set size of each surfaceome 596 
is displayed as a bar plot at the right end of the intersection table. The right most intersection, 597 
RBPs found in all three classes of surfaceomes (cell surface RBPs, csRBPs), highlights the 598 
number of RBPs found in 5 or more datasets.  599 

C. Western blot analysis of cytosolic (cyto, C) and membrane (M) fractions from HEK293, A549, 600 
K562, and OCI-AML3 (AML3) cells. Equal cell fractions were loaded between C and M, and 601 
normalized across cell lines for the mass of protein in the C fraction. The expected molecular 602 
weight of the four proteins analyzed are noted with arrows and names of each protein and shown 603 
in kilodaltons (kDa). 604 

D. Flow cytometry analysis of the four cell lines in (C) stained live with antibodies targeting NCL, 605 
hnRNP-U, YBX1, DDX21 (yellow histograms), or isotype (gray histograms). 606 

E. Confocal microscopy of A549 and K562 cells. Cells were stain live (“Live Cell”) or after fixation 607 
and and permeabilization (“Fix/Perm”) with antibodies targeting DDX21, hnRNP-U, or isotype 608 
(yellow signal) and nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI, blue). Images 609 
were acquired using a 63x oil objective, a single z-slice is shown, and the scale bars are 10 µm. 610 
Zoomed region is also marked with a 10 µm scale bar and has the bright field signal overlaid to 611 
display the cell border. 612 

F. Cartoon of process to obtain cell surface labeled proteins for isolation and western blot detection 613 
(created with BioRender.com). Western blot analysis of HeLa cells expressing HA-tagged DDX21. 614 
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Cells were labeled with sulfo-NHS-biotin before lysis, membrane organelles isolated, and 615 
biotinylated proteins enriched. Input lysate and enriched material was subjected to anti-HA (left) 616 
or streptavidin (right) blotting. The expected molecular weight for DDX21 is noted with a red 617 
asterisk.  618 

 619 
Figure S1. Validation strategies for establishing RBPs as cell surface proteins. 620 

A. Histogram plotting the number each RBP (y-axis) was found in a given set of cell surface 621 
proteomics experiments (surfaceomes, x-axis). RBPs were only considered for this analysis if 622 
they were identified in the three main classes of surfaceome profiling techniques (“N = 3”, 623 
Methods). 624 

B. Histogram plotting as in (A). Here RBPs were only considered for this analysis if they were 625 
identified in two of the three main classes of surfaceome profiling techniques (“N > 2”). 626 

C. Scatter plots of flow cytometry data. Cell lines are presented as rows and specific gates for cells, 627 
single cells1, single cell2, and live cells are presented as columns. The axes are labeled with the 628 
specific laser channels used for each analysis. Circles and boxes annotated within each scatter 629 
plot represent the population of cells sequentially analyzed and number in the top left indicates 630 
the percent of cells within that circle or box. 631 

D. Brightfield scans of the confocal images presented in Figure 1E. csRBP signal is overlaid to 632 
demonstrate the accumulation of csRBP signal at the periphery of the cells.  633 

E. Western blot analysis of HeLa cells expressing HA-tagged DDX21. Cells were labeled with sulfo-634 
NHS-biotin before lysis, membrane organelles isolated, and HA-tagged proteins enriched. Input 635 
lysate and enriched material was subjected to anti-HA (left) or streptavidin (right) blotting. The 636 
expected molecular weight for DDX21 is noted with a red asterisk.  637 

F. Confocal microscopy images of immunolabeled HA-tag on live-stained DDX21-HA HeLa cells and 638 
OMP25-eGFP HeLa cells grown in coculture. Cells were plated in a 1:1 ratio and grown for 48 639 
hours before being immunolabeled live on ice with anti-HA antibody and visualized with secondary 640 
antibody conjugated with AlexaFluor 568. OMP25-eGFP, HA-tag, and DAPI are displayed in 641 
magenta, yellow, and blue respectively. Images were acquired using a 63x oil objective, a single 642 
z-slice is shown, and the scale bars are 10 µm.  643 

 644 
Figure 2. csRBP presentation is at parity with other canonical surface proteins. 645 

A. Experimental strategy to first label cell surface proteins while they are alive with a biotinylation 646 
reagent that can be cleaved by reduction. Subsequently, nuclei are isolated and discarded, and 647 
soluble cytosolic components are separated from membranous organelles. Input and biotin 648 
enriched proteins are then subjected to trypsin digestion and identification using a high resolution 649 
tims-ToF mass spectrometer (MS). Created with BioRender.com 650 

B. Gene ontology (GO) cellular compartment (CC) analysis of membrane enriched (Mem-IP) 651 
proteins identified by MS from HEK293, A549, K562, and OCI-AML3 (AML3) cells. The top 5 CC 652 
terms across the four cell lines were intersected and the union is displayed with the number of 653 
proteins in each term for each cell line (colors) represented by circle size and plotted on the x-654 
axis by their significance.  655 

C. Intersection analysis visualized using an upset plot examining all Mem-IP hits across the four cell 656 
lines. The set size of each Mem-IP dataset is displayed as a bar plot at the left end of the 657 
intersection table. For each bar, the number of RBPs is overlaid in orange. 658 
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D. Bar plot analysis of fraction of csRBPs found as uniquely present in one of the four cell lines (e.g. 659 
HEK293 unique) as compared to csRBPs found in at least two of the cell lines (e.g. HEK293+ >= 660 
1 other). Statistical differences were evaluated with Chi-squared test. ** p < 0.0001.  661 

E. RNA binding domain (RBD) analysis of all RBPs, csRBPs defined in Figure 1, and csRBPs 662 
identified in the Mem-IP hits (Mem IP RBPs). Each class of RBD is represented with a different 663 
color in the stack bar plot. The sum of each class is > 1 because some RBPs contain more than 664 
1 RBD. Non-canonical is abbreviated “Non-canon.”  665 

F. Bar plot analysis of the peptide peak areas derived from the MS data for csRBPs (orange) and all 666 
membrane proteins (gray) found across the four cell lines in (A). The peak area for each protein 667 
is individually plotted. The number of proteins in each set are annotated as numbers in the middle 668 
of each bar. Statistical differences between the RBPs and all membrane proteins was assessed 669 
with a Mann-Whitney test and p values are displayed on the plot. 670 

G. Flow cytometry analysis of K562 and OCI-AML3 (AML3) stained live with AF647-conjugated 671 
antibodies against the targets listed. Quantitative analysis of binding events was facilitated by 672 
company intensity to predefined AF647-conjugated beads and value converted into binding 673 
events based on the number of dyes per antibody. Binding events calculated from isotype 674 
antibody binding were subtracted from target values and plotted. Experiments were performed in 675 
biological triplicate.  676 

 677 
Figure S2. Biochemical fractionation enables deep cell surface proteomics.  678 

A. Western blot analysis of cytosolic (Cyto) and membrane (Mem) protein lysates isolated from 679 
A599, HEK293, K562, and OCI-AML3 cells after treatment with sulfo-NHS-SS-biotin before lysis. 680 
Biological triplicates are shown numbered 1, 2, and 3. Total protein signal is displayed in the upper 681 
row and biotinylated proteins visualized with Streptavidin-IR800 (Strep) in the bottom row.  682 

B. Table of the correlation analysis of the mass spectrometry input and enriched samples generated 683 
from the Cyto and Mem fractions from the four cell lines in (A). An adjusted multiple coefficients 684 
of determination analysis was performed to examine the pairwise similarity across the biological 685 
triplicates.  686 

C. Gene ontology (GO) biological process (BP) analysis of membrane enriched (Mem-IP) proteins 687 
identified by MS from HEK293, A549, K562, and OCI-AML3 (AML3) cells. The top 5 BP terms 688 
across the four cell lines were intersected and the union is displayed with the number of proteins 689 
in each term for each cell line (colors) represented by circle size and plotted on the x-axis by their 690 
significance.  691 

D. Gene ontology (GO) molecular function (MF) analysis as in (C). 692 
 693 
Figure 3. Super resolution reconstructions reveal clustered organization of csRBPs.  694 

A. PANC1 cells stained live with anti-hnRNP-U antibody, fixed, and then imaged with widefield 695 
microscopy at diffraction limited (DL, top) or super resolution reconstruction (SR, bottom). 696 

B. A549 cells stained and analyzed as in (A). 697 
C. A549 cells stained with anti-DDX21 antibody and analyzed as in (A).  698 
D. Bar plots of the quantification of the cluster size in nanometers (nm) for each cell. Median value 699 

is shown as a horizontal bar. Pairwise t-tests were performed between indicated datasets to 700 
evaluate the significance, p values are displayed.  701 
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E. Bar plots of the quantification of the cluster to cluster distance in nm for each cell, plotted as in 702 
(D).  703 

F. Bar plots of the quantification of the points per cluster for each cell, plotted as in (D). 704 
 705 
Figure S3. ThunderSTORM, Ripleys, and DBSCAN analysis enables super resolution 706 
reconstructions.  707 

A. Cartoon of the experimental, data acquisition, and data analysis pipeline used to collect and 708 
present DL and SR images.  709 

B. Individual DL (top rows, gray scale) and SR (bottom rows, colored scales) images of each 710 
individual cell collected for analysis. Scale bars are noted on each image. For SR panels, 711 
individual color bars are provided to indicate the relative signal intensity. Three cells have orange 712 
asterisk in the bottom left corners indicating these are the cells presented in Figure 3. The cell 713 
type and antibody stain are noted in the top left corner of each panel.  714 

 715 
Figure 4. csRBPs co-assemble on the surface of living cells. 716 

A. Cartoon of HRP-based cell surface proximity labeling. Primary antibodies target specific cell 717 
surface antigens and recruit a secondary antibody conjugated to HRP. Upon addition of hydrogen 718 
peroxide, HRP converts biotin-aniline (for RNA labeling) or biotin-phenol (for protein labeling) into 719 
their radical form which is impermeable to intact cell membranes. Subsequently proteins or RNA 720 
can be analyzed for biotinylation. 721 

B. Intersection analysis visualized using an upset plot examining all hits identified from antibodies 722 
targeting anti-ꞵ2M, anti-NCL, anti-PCBP1, and anti-DDX21 on OCI-AML3 cells. The set size of 723 
each dataset is displayed as a bar plot at the left end of the intersection table. For each bar, the 724 
number of RBPs is overlaid in orange. A dashed box highlights the intersection of the three RBP 725 
datasets. 726 

C. Bar plot of the number (y-axis) and percent (annotated on each bar) of RBPs found in each of the 727 
proximity labeling datasets from (B) and (C).  728 

D. Confocal microscopy of A549 cells stained live and then fixed for analysis. Three color imaging 729 
was performed with target 1, target 2, and DAPI in purple, yellow, and blue, respectively. 730 
Overlapping signal of two target antibodies is displayed in white. Images were acquired using a 731 
63x oil objective, a single z-slice is shown, and the scale bars are 10 µm. Zoomed regions are 732 
also marked with 10 µm scale bars. 733 

E. Nearest neighbor distance analysis of the antibody pairs imaged in (E). For each pair, the distance 734 
(nanometers, nm) from that anchor (left side protein name in the figure key) to the other pair was 735 
calculated across the indicated number of cells. These values were plotted in a density histogram 736 
and the mean distance is annotated with a dashed line. 737 

F. Bar plot analysis of a Manders coefficient calculation for the pairs imaged in (E). The fractional 738 
overlap of each pair, in both directions, were calculated and plotted. 739 

 740 
Figure S4. 741 

A. Western blot analysis of OCI-AML3 (left) and K562 (right) cells after cell surface biotinylation with 742 
biotin-phenol. Mouse host antibody anchors used in each condition are labeled and each lane 743 
represents an independent biological replicate. Biotinylated proteins are visualized with 744 
StrepIR800 and total protein loading assessed using Revert700. 745 
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B. Western blot analysis as in (A), here showing rabbit host antibody anchors.  746 
C. Western blot analysis as in (A), here showing a second set of mouse host antibody anchors. 747 
D. Western blot analysis as in (A), here showing the Rabbit isotype, DDX21, and RIOK1 anchors, 748 

the last of which is an RBP not found as a csRBP in Table S1. 749 
E. Gene ontology (GO) cellular compartment (CC) and molecular function (MF) analysis of csRBP 750 

proximity labeling MS data from OCI-AML3 and K562 cells. The top 5 BP terms across the four 751 
anchor antibodies and two cell lines were intersected and the union is displayed with the number 752 
of proteins in each term for each cell line (colors) represented by circle size and plotted on the x-753 
axis by their significance.  754 

F. Intersection analysis visualized using an upset plot examining all hits identified from antibodies 755 
targeting anti-NCL, anti-PCBP1, and anti-DDX21 on K562 cells. The set size of each dataset is 756 
displayed as a bar plot at the left end of the intersection table. For each bar, the number of RBPs 757 
is overlaid in orange. A dashed box highlights the intersection of the three RBP datasets. 758 

G. Confocal microscopy as shown in Figure 4D, here single-channel panels are shown. Three color 759 
imaging was performed with target 1, target 2, and DAPI in purple, yellow, and blue, respectively. 760 
Overlapping signal of two target antibodies is displayed in white. Images were acquired using a 761 
63x oil objective and the scale bars are 10 µm. 762 

 763 
Figure 5. RBPs colocalize with and are dependent on glycoRNA on surface of living cells  764 

A. Confocal microscopy of A549 cells stained live and then fixed for analysis. Three color imaging 765 
was performed with target 1, target 2, and DAPI in purple, yellow, and blue, respectively. 766 
Overlapping signal of two target antibodies is displayed in white. A single z-slice is shown and 767 
scale bars are 10 µm. 768 

B. Nearest neighbor distance analysis of the antibody pairs imaged in (A). For each pair, the distance 769 
(nm) from that anchor (left side protein name in the figure key) to the other pair was calculated 770 
across the indicated number of cells. These values were plotted in a density histogram and the 771 
mean distance is annotated with a dashed line. 772 

C. Bar plot analysis of a Manders coefficient calculation for the pairs imaged in (B). The fractional 773 
overlap of each pair, in both directions, were calculated and plotted. 774 

D. Confocal microscopy of A549 cells with and without RNase treatment and then stained live with 775 
9D5 and then fixed for analysis. A single z-slice is shown, scale bars are 10 µm. 776 

E. Comparison of the distributions of 9D5 spot fluorescence intensity on A549s treated with or 777 
without RNase. The number of cells (n) quantified is shown for each condition. A p-value was 778 
calculated by assessing the statistical significance of the difference between the medians of the 779 
intensity distributions by using bootstrapping to perform a nonparametric permutation test. 780 

F. Confocal microscopy as in D, here staining with anti-DDX21 Scale bars are 10 µm. 781 
G. Venn diagram overlap of the proximity labeling hits identified using either DDX21 or 9D5 as 782 

antibody anchors on the surface of OCI-AML3 cells. The numbers labeled on the right indicate 783 
the set size for each overlapping region and the Mann-Whitney calculated p value for the overlap 784 
is shown. 785 

H. Cell surface proximity labeling assisted by Protein A-HRP and biotin-aniline to label cell surface 786 
RNAs. Isotype and 9D5 antibodies were used as anchors and the resulting total RNA (Sybrgold 787 
signal, Sybr) was analyzed on a northern blot, detecting biotinylated species (Streptavidin IR800, 788 
Strep). A 9D5-specific smear is highlighted in orange. 789 
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I. In vitro digestion with RNase cocktail or sialidase of RNA isolated from 9D5-proximity labeling as 790 
in (H). 791 

 792 
Figure S5. 793 

A. Confocal microscopy of A549 cells stained live and then fixed for analysis. Only the 9D5 antibody 794 
was used to stain these cells and then DAPI in blue and the bright field channels are overlaid to 795 
give cell surface context for the 9D5 clusters. Scale bar is 10 µm. 796 

B. Bar plot analysis of the number of 9D5 spots detected per cell on untreated or live cell RNase 797 
treated A549 cells. We quantified across 4 independent imaging regions (regions of interest, 798 
ROIs) aggregating the total number of cells indicated for each condition. Standard deviation is 799 
shown and an unpaired t test was used to assess statistical significance, p value shown. 800 

C. Comparison of the distributions of anti-DDX21 spot fluorescence intensity on A549s treated with 801 
or without RNase. The number of cells (n) quantified is shown for each condition. A p value was 802 
calculated by assessing the statistical significance of the difference between the medians of the 803 
intensity distributions by using bootstrapping to perform a nonparametric permutation test. 804 

D. Bar plot analysis as in (B), here quantifying the number of csDDX21 spots We quantified across 805 
3 independent ROIs. Standard deviation is shown and an unpaired t test was used to assess 806 
statistical significance, p value shown. 807 

 808 
Figure 6. The RNA binding and cell penetrating TAT peptide is dependent on RNA for entry into 809 
cells.  810 

A. Cartoon of eGFP conjugate cell treatment and internalization assays. eGFP, TAT-WT-eGFP, or 811 
TAT-R5K-eGFP is added to cells with or without RNase. For cell binding, proteins are added while 812 
cells are on ice whereas for cell internalization the proteins are added to live cells in culture media 813 
at 37℃.  814 

B. Confocal microscopy of A549 cells with eGFP conjugates added on ice, then stained live with 815 
9D5 (yellow) and anti-GFP (magenta) and then fixed for analysis. Overlapping signal is shown in 816 
white. The zoomed region is highlighted and overlapping 9D5-anti-GFP spots are noted with 817 
orange arrows. Scale bars are 10 µm. 818 

C. Nearest neighbor distance analysis of the antibody pairs imaged in (B). For each pair, the distance 819 
(µm) from that anchor (left side protein name in the figure key) to the other pair was calculated 820 
across the indicated number of cells and these values were plotted in a density histogram. 821 

D. Confocal microscopy of A549 cells as in B, here pretreated with or without RNase and stained 822 
only for analysis with anti-GFP (yellow). Nuclei are stained with DAPI (blue), scale bars are 10 823 
µm. 824 

E. Comparison of the distributions of 9D5 spot fluorescence intensity on A549s treated with or 825 
without RNase. The number of cells (n) quantified is shown for each condition. A p value was 826 
calculated by assessing the statistical significance of the difference between the medians of the 827 
intensity distributions by using bootstrapping to perform a nonparametric permutation test. 828 

F. Confocal microscopy of A549 cells with eGFP conjugates added at 37℃, washed, fixed, and 829 
imaged for GFP fluorescence. Average projection images are shown and scale bars are 10 µm. 830 

G. Quantification of the per-cell GFP fluorescence intensity observed in (F). The number of cells 831 
quantified in each condition is shown and p values were calculated by a Mann Whitney test, ****, 832 
p < 0.0001.  833 
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H. Confocal microscopy of A549 cells as in (B), here cells were treated with eGFP, TAT-WT-eGFP, 834 
or TAT-R5K-eGFP and stained only for analysis with anti-GFP (yellow). Nuclei are stained with 835 
DAPI (blue), scale bars are 10 µm. 836 

I. Analysis as in (E) of the cell binding spot intensities from (H). 837 
J. Confocal microscopy of A549 cells as in (F), here cells were treated with eGFP, TAT-WT-eGFP, 838 

or TAT-R5K-eGFP. Nuclei are stained with DAPI (blue), scale bars are 10 µm. 839 
K. Analysis as in (G) of the total internalized eGFP fluorescence intensity from (J). 840 

 841 
Figure S6. Expression and characterization of eGFP fusion proteins.  842 

A. Western blot analysis of expressed proteins eGFP (e), TAT-WT-eGFP (WT), and TAT-R5K-eGFP 843 
(R5K) after HIS-tag capture, before and after TEV protease cleavage. Total protein levels 844 
assessed using Revert700. 845 

B. Confocal microscopy of A549 cells stained live with eGFP fusion proteins (indicated in brown text) 846 
for 20 minutes on ice, washed, and then stained live with anti-GFP (magenta) or 9D5 (yellow), 847 
stained with DAPI (blue) and fixed for analysis. Overlapping signals of anti-GFP and 9D5 appear 848 
white. Scale bar is 10 µm. 849 

C. Confocal microscopy of A549 cells with eGFP conjugates added on ice, then stained live with 850 
anti-hnRNP-U (left, magenta) or anti-DDX21 antibody (right, magenta) and anti-eGFP (yellow) 851 
and then fixed for analysis. Overlapping signal is shown in white. The zoomed region is 852 
highlighted, and scale bars are 10 µm. Nearest neighbor distance analysis of the antibody pairs 853 
imaged in (C). For each pair, the distance (µm) from that anchor (left side protein name in the 854 
figure key) to the other pair was calculated across the indicated number of cells, and these values 855 
were plotted in a density plot. 856 

D. Confocal microscopy of A549 cells treated live with eGFP fusion proteins (indicated in brown text) 857 
for 20 minutes in culture media at 37℃, washed, fixed and stained with DAPI (blue) for analysis. 858 
eGFP fluorescence (no antibody) is shown in yellow. Pairs of images are shown with and without 859 
DAPI overlay.  860 

 861 
Table Legend 862 
 863 
Table S1. RBPome and cell-surface proteome analysis. 864 
 865 
Table S2. Cell-surface proteomics with sulfo-NHS-SS-biotin and subcellular fractionation. 866 
 867 
Table S3. dSTORM image settings and quantitation. 868 
 869 
Table S4. Cell-surface proximity labeling proteomics. 870 
 871 
Table S5. Plasmid sequences for cell-free expression of eGFP and TAT-eGFP fusion proteins. 872 
 873 
 874 
 875 
 876 
 877 
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Methods 878 
 879 
Cell culture 880 
All cells were cultured 5% CO2 and 37℃. Adherent cell lines were maintained by first rinsing cells with 1x 881 
PBS and then treating cells with TrypLE (ThermoFisher Scientific) for a maximum of 5 minutes at 37℃ 882 
before quenching the reaction with complete media. Adherent cell cultures were split when cell density 883 
reached 80-90%. Adherent cells used here included HeLa (ATCC), HeLa-DDX21-HA (Calo et al., 2015), 884 
A549 (ATCC), and HEK293 (ATCC) and were all grown in 1x DMEM based media (ThermoFisher 885 
Scientific) with 1% Penicillin and Streptomycin (Pen/Strep, ThermoFisher Scientific) and 10% Heat 886 
Inactivated Fetal Bovine Serum (FBS, ThermoFisher Scientific). Adherent cells used for SR imaging were 887 
cultured in 1x RPMI-1640 based media (ThermoFisher Scientific) supplemented with 10% FBS (not heat 888 
inactivated, ThermoFisher Scientific), 1% GlutaMAX (ThermoFisher Scientific), and 1% Penicillin-889 
streptomycin antibiotic cocktail (Sigma Aldrich). The Suspension cell lines were maintained by spinning 890 
cells down, removing the medium, and resuspending cells in fresh complete media. Suspension cell 891 
cultures were split when cell density reached 2 million cells per mL. Suspension cells used here included 892 
OCI-AML3 (obtained from the Sanger Institute Cancer Cell Collection) and K562 (ATCC) and were grown 893 
in 1x RPMI-1640 base media (ThermoFisher Scientific) with 1% Pen/Strep and 10% FBS. Cell cultures 894 
were periodically checked for and maintained as mycoplasma negative.  895 
 896 
DDX21-HA HeLa Cell and OMP25-eGFP Cell HeLa Cell Coculture 897 
HeLa cells expressing DDX21-HA or OMP25-eGFP (expressed using pMXs-3XHA-EGFP-OMP25, 898 
Addgene: plasmid #83356) were cultured in 1x DMEM based media (ThermoFisher Scientific) as 899 
described above. These cells were trypsinized in TrypLE (ThermoFisher Scientific) for 5 min, 900 
resuspended in the media used for their culture, and counted. 5000 cells from each line were plated 901 
together, in a 8-chambered coverglass system (Cellvis, C8-1.5H-N), treated with 500 µL fresh media, 902 
and mixed by pipetting up and down five times, and incubated for 48 hours at 37℃. These cells were 903 
then immunolabeled with rabbit anti-HA antibody (Abcam, ab9110) live on ice, fixed, treated with DAPI, 904 
and imaged as described below. 905 
 906 
Flow cytometry and cell staining 907 
Cells were cultured as above and directly counted (suspension cells) or gently lifted with Accutase 908 
(Sigma-Aldrich) for 3 minutes at 37℃, quenched with growth media, and then counted. For each 909 
condition, 50,000 cells were used and blocked with Human TruStain FcX (Fc block, BioLegend) in FACS 910 
buffer (0.5% BSA (Sigma) in 1x PBS) for at least 15 minutes on ice, cells were kept on ice from this point 911 
forward. For flow cytometry in Figure 1, primary unconjugated antibodies including Mouse Isotype (Santa 912 
Cruz Biotechnology, sc-2025), Rabbit Isotype (Novus Biologicals, NB810-56910), anti-NCL (Santa Cruz 913 
Biotechnology, sc-17826), anti-hnRNP-U (Santa Cruz Biotechnology, sc-32315), anti-YBX1 (Santa Cruz 914 
Biotechnology, sc-101198), and anti-DDX21 (Novus Biologicals, NB100-1718) were bound in solution 915 
(precomplexed) to a Goat anti-Mouse AF647 secondary antibody (ThermoFisher Scientific, A32728) or 916 
a Goat anti-Rabbit AF647 secondary antibody (ThermoFisher Scientific, A27040) for at least 30 minutes 917 
on ice before using. The molar ratio was 2:1, primary:secondary. For flow cytometry in Figure 2, primary 918 
conjugated antibodies (AF647) were used directly for cell labeling and included mouse IgG1,k isotype 919 
(BioLegend, 400130), mouse IgG2b isotype (BioLegend, 400330) rabbit isotype (Novus Biologicals, 920 
NBP2-24891AF647), anti-NCL (Santa Cruz Biotechnology, sc-17826 AF647), anti-hnRNP-A1 (Santa 921 
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Cruz Biotechnology, sc-32301 AF647), anti-hnRNP-U (Santa Cruz Biotechnology, sc-32315 AF647), 922 
anti-DDX21 (Novus Biologicals, NB100-1718AF647), anti-DNA-PKcs (Bioss Antibodies, BS-10994R), 923 
anti-PRDX1 (Santa Cruz Biotechnology, sc-137222 AF647), anti-TFRC (BioLegend, 334118 AF647), 924 
anti-STOM (Santa Cruz Biotechnology, sc-376869 AF647), anti-LAT1 (Santa Cruz Biotechnology, sc-925 
374232 AF647), anti-GLUT1 (Santa Cruz Biotechnology, sc-58758 AF647), anti-EZR (Santa Cruz 926 
Biotechnology, sc-58758 AF647), anti-ꞵ2M (Santa Cruz Biotechnology, sc-13565 AF647), anti-GYPA 927 
(Santa Cruz Biotechnology, sc-53905 AF647). To the blocked cells, precomplexed antibody was added 928 
to a final concentration of 1 µg/mL (primary antibody) and allowed to bind to cells for 60 minutes on ice. 929 
After staining cells were spun at 4℃ for 3 minutes at 400x g and the supernatant discarded. All cell spins 930 
took place using these conditions. Cells were washed once with 150 µL of FACS buffer, spun under the 931 
same conditions, and finally resuspended in FACS buffer containing 0.1 µg/mL 4′,6-diamidino-2-932 
phenylindole (DAPI, Sigma). Data collection occurred on a BD Biosciences LSRFortessa 3 and a gating 933 
strategy was used to isolate live, single cells, to examine antibody binding using FlowJo Software (FlowJo 934 
LLC).  935 
 936 
To estimate antibody binding events per cell, we performed two additional measurements. Each of the 937 
AF647 primary conjugated antibodies listed above were analyzed for the protein (IgG) concentration and 938 
AF647 concentration to obtain a dye:IgG ratio. We also analyzed beads from the Quantum Alexa Fluor 939 
647 MESF kit (Bang Labs) which have stocks of beads with specific numbers of AF647 dyes per bead. 940 
By building a standard curve of intensities from the flow cytometer using the beads we then calculated 941 
the number of dyes per cell and converted that to antibodies bound per cell. These measurements were 942 
all performed in biological triplicate. We reported the number of binding events per cell after subtracting 943 
the number of binding events we observed for the isotype antibody. In cases where a target antibody 944 
(e.g. NCL) had fewer binding events than the isotype for a given cell line (e.g. OCI-AML3), the reported 945 
number of binding events per cell was called zero. 946 
 947 
Confocal microscopy sample preparation 948 
For adherent cells, culture conditions were similar to that described above however cells were deposited 949 
on glass coverslips #1.5 (Bioscience Tools, CSHP-No1.5-13) 24 hours before analysis. For suspension 950 
cells, culturing, counting, and Fc blocking were carried out similarly. Samples for “Live Cell” imaging 951 
(Figures 2, 3, 4, and 5) were processed as per the live cell flow cytometry noted above; however after 952 
staining and washing, cells were fixed with 3.7% formaldehyde (37% stock, Sigma) for 30 minutes at 953 
25℃. Samples for “Fix/Perm” (Figure 2) were first fixed with 3.7% formaldehyde for 10 minutes at 25℃, 954 
rinsed once with 1x PBS, then permeabilized with 0.1% Triton X100 (Sigma) for 10 minutes at 25℃ and 955 
finally rinsed once with 1x PBS. Prior to staining, some experiments call for live cell RNase treatment. In 956 
these experiments, RNase A (Sigma) and ShortCut RNase III (New England Biolabs, NEB) would be 957 
added directly to the cell culture media for 2 hours before assay at a final concentration of 18 µM and 958 
100 U/mL, respectively, supplemented with 2 mM MnCl2 (New England Biolabs, NEB). Control treated 959 
cells were incubated with a volume of 50% glycerol equivalent to the volume of RNase III added as well 960 
as 2 mM MnCl2. For staining reactions, primary unconjugated antibodies including Mouse Isotype (Santa 961 
Cruz Biotechnology, sc-2025), Rabbit Isotype (Novus Biologicals, NB810-56910), Goat Isotype 962 
(ThermoFisher Scientific, 02-6202), anti-hnRNP-U (ProteinTech, 14599-1-AP), anti-DDX21 (Novus 963 
Biologicals, NB100-1718), anti-ꞵ2M (Santa Cruz Biotechnology, sc-13565), anti-DNA-PKcs (Bethyl, 964 
A300-518A), and anti-dsRNA 9D5 (Absolute Antibody, Ab00458-23.0) were added to cells at 2.5 µg/mL 965 
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final concentration for 45 minutes on ice. After staining, cells were washed twice with 1x PBS and then 966 
stained with a secondary antibody at a final concentration of 2.5 µg/mL targeting the primary antibody 967 
species with an appropriate fluorophore depending on the experiment: Goat anti-Mouse AF647 968 
(ThermoFisher Scientific, A32728), Goat anti-Rabbit-AF647 (ThermoFisher Scientific, A27040), Donkey 969 
anti-Goat-AF647 (ThermoFisher Scientific, A-21447), Goat anti-Mouse AF568 (ThermoFisher Scientific, 970 
A-11031), and Goat anti-Rabbit-AF568 (ThermoFisher Scientific, A-11036). Secondary stains occurred 971 
for 30 minutes on ice and in the dark, after which cells were washed once with 1x PBS. A final fixation 972 
for the “Fix/Perm” samples was performed in parallel with the “Live Cell” samples with 3.7% formaldehyde 973 
in 1x PBS for 30 minutes at 25℃ in the dark. Nuclei were stained with 0.1 µg/mL DAPI in FACS buffer 974 
for 15 minutes at 25℃. Suspension cells were applied to glass slides using a CytoSpin centrifuge (Fisher 975 
Scientific): this was accomplished by centrifugation at 500x g for 5 minutes on a CytoSpin 1867. Finally, 976 
cells were mounted in ProLong Diamond Antifade Mountant (ThermoFisher Scientific) and a coverglass 977 
was sealed over the sample with nail polish. It should be noted that the incubation of live cells–especially 978 
suspension cells–on ice can result in substantial cell shrinkage relative to cells fixed prior to 979 
immunolabeling. All samples were then imaged on a Leica TCS SP8 STED ONE microscope. 980 
 981 
Confocal microscopy data acquisition and analysis 982 
For all experiments, at least three regions of interest (ROIs) were acquired using a 63x oil immersion 983 
objective across one or more z-slices. Leica’s line-sequential scanning method was used and images 984 
were acquired at 1024 by 1024 resolution with a pinhole size of 1 AU. The DAPI channel was acquired 985 
with a PMT detector while all other channels were imaged using Hybrid detectors.  986 
 987 
For colocalization analysis, ROIs comprising a sum of at least 20 cells were considered. These images 988 
were then processed using Imaris Microscopy Image Analysis software (Oxford Instruments). Here, a 989 
single z-slice from each region of interest was taken, selected to be near the middle of the cells (with 990 
respect to their z-thickness), and the spot-finder function was used to identify spots of roughly 0.5 µm. 991 
In-software background subtraction was used with default settings, and spots were selected by 992 
thresholding spot quality at the elbow of the distribution. This resulted in a series of x- and y-positions for 993 
each spot from each channel, which were then exported for quantitative analysis. Colocalization of spots 994 
from paired channels were analyzed by implementing a custom Python script 995 
(https://github.com/FlynnLab/jonperr) to identify the nearest neighbors of each spot (in nanometers, nm) 996 
with a k-d tree algorithm (scipy.spatial.KDTree). Then, the distances between nearest neighbors were 997 
calculated for each pair of targets across all ROIs and plotted in a histogram. To assess the relative 998 
fraction of each spot type (antibody #1) within the other pair’s spots (antibody #2), we calculated a 999 
Manders' colocalization coefficient (MCC) using the aforementioned Python script. We performed this 1000 
calculation in both directions: spots of Antibody #1 in total Antibody #2 spots, and the reverse.  1001 
 1002 
To quantify and compare the intensities of spots on the cell surface across treatment conditions, Imaris 1003 
was used to identify spots throughout the entire z-stack. Spots were again selected by thresholding for 1004 
spots of quality greater than that associated with the elbow of the spot quality distribution. Then, the mean 1005 
intensities of these distributions were saved as .xls files. Python script 1006 
(https://github.com/FlynnLab/jonperr) was then used to quantitatively compare spot intensities across 1007 
treatment groups. A nonparametric permutation test by bootstrapping was employed to determine the 1008 
statistical significance of differences in spot intensity distributions. In this analysis, our null hypothesis 1009 
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stated that there was a greater than five percent chance that differences in medians between the union 1010 
of two distributions would be greater than the observed difference. The test was performed with 1011 
subsamples of size 100 over 10,000 iterations. 1012 
 1013 
Intracellular fluorescence signal of TAT-eGFP, R5K-TAT-eGFP, and eGFP-treated cells was quantified 1014 
first by using Imaris’ tool for cytoplasm and nucleus detection. The DAPI signal and eGFP signal were 1015 
used to discriminate between the nuclei and cytoplasmic regions of cells. Nuclei of the A549 cells were 1016 
estimated to be 12 um for this analysis. Inclusion of nuclei and cytoplasmic domains was thresholded by 1017 
both thresholding at the elbow the “quality” distribution and excluding cells with nuclei with less than half 1018 
of their total size in the frame. Next, the mean intensities of each cell were downloaded to .xls files. 1019 
Intensities for each cell from replicates were concatenated and plotted in Prism. Prism was then used to 1020 
calculate a Mann-Whitney U-test between cell intensity distributions and assess the statistical 1021 
significance in differences in intensity between treatment conditions. 1022 
 1023 
Super resolution imaging and reconstruction  1024 
An overview of the method and processing can be found in Figure S3A. For single-molecule super-1025 
resolution microscopy we used direct stochastic optical reconstruction microscopy (dSTORM). To 1026 
perform this, the PBS in which the cells were stored was replaced by a reducing oxygen scavenging 1027 
buffer to induce blinking of fluorophores as described in literature (Halpern et al., 2015). The blinking 1028 
buffer consisted of 2 μL/mL catalase (Sigma), 10% (w/v) glucose (BD Biosciences), 100 mM Tris-HCl 1029 
(ThermoFisher Scientific), 560 μg/mL glucose oxidase (Sigma), and 20 mM cysteamine (Sigma). First, 1030 
diffraction-limited images were obtained with low-intensity illumination of few W/cm2. Then, the laser 1031 
power was increased to approximately 3 kW/cm2. Image acquisition was started after a short delay in 1032 
order to ensure that most fluorophores were shelved into a dark state. The exposure time was 50 1033 
milliseconds (ms), and approximately 40000 frames were recorded. 1034 
 1035 
As the data was obtained with a sCMOS camera, which typically exhibit few pixels with deviating 1036 
sensitivity ("hot" and "cold" pixels), the obtained single-molecule data was corrected for individual pixels 1037 
with abnormally high or low sensitivity first (Huang et al., 2011). 4000 frames of a raw data stack were 1038 
averaged. Hot and cold pixels, which are a systematic deviation, persist, in contrast to the random single-1039 
molecule signals. Each pixel was compared to its neighbors, using 8-connectivity. If a deviation of more 1040 
than 3% from the median of the neighboring pixel was observed, a correction factor that set the pixel to 1041 
the median of its neighbors was recorded as previously described (Almahayni et al., 2023). Otherwise, 1042 
the pixel was not considered to be significantly brighter or darker. This yielded a correction mask which 1043 
was applied to all frames of the raw data. Finally, the no-light counts were subtracted from the pixel-1044 
corrected data. 1045 
 1046 
For localization of single molecules, the Fiji plugin ThunderSTORM was used (Ovesný et al., 2014). Each 1047 
camera frame was filtered with a B-spline filter of order 3 and scale 2. Local maxima, corresponding to 1048 
single-molecule signals, were detected with 8-neighborhood connectivity and a threshold of 1.1 or 1.2 1049 
times the standard deviation of the first wavelet level. Detected local maxima were fitted with a 2D-1050 
Gaussian using least squares, and the position was recorded. Next, to account for single-molecule 1051 
signals being active in multiple frames, merging of localizations was performed, using a maximum 1052 
distance of 30 nm and maximum of 5 off frames with no limit regarding on frames. Cross correlation-1053 
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based drift correction (magnification 5, bin size 5) was performed, followed by filtering of the localizations 1054 
(sigma of the point spread function (PSF) between 60 and 270 nm, intensity below 37800 photons, 1055 
localization uncertainty smaller than 30 nm). For visualization the final localizations were reconstructed 1056 
as 2D histograms with magnification of 5 (corresponding to a pixel size of 17.7 nm). 1057 
 1058 
For cluster analysis, an automated pipeline was established, using the raw list of localizations. Frist, 1059 
Ripley’s H-function was calculated on three areas with a large number of well-separated clusters. The 1060 
resulting preferential cluster size from the three areas (which was, notably, always very similar) was 1061 
averaged, multiplied by a correction factor of 0.45, and used as the seed radius for the following DBscan 1062 
analysis. This DBScan script yielded all individual clusters, the total number of clusters, the average 1063 
number of points per cluster and the spatial relation between Clusters. The identified final clusters were 1064 
then analyzed with respect to their spatial relation, size, and number of localizations. This unbiased 1065 
approach follows recommended analysis procedures recently described (Nieves et al., 2023). 1066 
 1067 
Crucially, each dataset was subjected to identical postprocessing and cluster analysis steps with no 1068 
manual intervention, thus avoiding any biases arising from different parameter settings. Custom scripts 1069 
used for this analysis can be shared upon request. 1070 
 1071 
Cell surface biotinylation, subcellular fractionation, and biotin capture and peptide generation 1072 
Cells (A549, HEK293, OCI-AML3, and K562) were cultured above and approximately 20 million cells 1073 
were collected for processing; all in biological triplicate. Suspension cells were able to be processed 1074 
directly in solution, while adherent cells were initially processed on the plates so as not to disturb the cell 1075 
surface composition or plasma membrane integrity. Culture media was washed from cells twice with 1x 1076 
PBS and then cell surface exposed proteins were labeled with sulfo-NHS-SS-biotin (APExBio) at a final 1077 
concentration of 1 mg/mL in 1x PBS at 4℃ for 20 minutes. After labeling was complete, the reaction was 1078 
quenched by adding 100mM Tris-HCl pH 8 (ThermoFisher Scientific) for 2 minutes at 4℃. This buffer 1079 
was removed from cells and cells were washed once in fresh, ice cold 1x PBS. To obtain cytosolic and 1080 
membrane fractions (Flynn et al., 2021), suspension cells were directly resuspended in Membrane 1081 
Isolation Buffer (10mM HEPES (ThermoFisher Scientific), 250mM Sucrose (Sigma), 1mM EDTA) at 5 1082 
million cells per 1 mL. Adherent cells were collected off the plate by scraping in the ice cold PBS, pelleted, 1083 
and then similarly resuspended at 5M cells / 1 mL of Membrane Isolation Buffer. Cells were rested on ice 1084 
for up to 5 minutes, moved to a glass dounce homogenizer (Sigma), and then homogenized using 40-80 1085 
strokes to obtain a resuspension of approximately 50% released nuclei. Over douncing can cause nuclei 1086 
rupture and contamination of the cytosolic fraction. After douncing, unbroken cells and nuclei were 1087 
pelleted by spinning at 4℃ for 10 minutes at 700x g. Supernatants (cytosol and membranes) were 1088 
carefully transferred to a new tube and pellets discarded. The supernatants were again centrifuged at 1089 
4℃ for 30 minutes at 10,000x g. Most (90%) of the supernatant was removed and saved as cytosolic 1090 
fractions. The remaining supernatant was discarded as it was near to the membrane pellet. The 1091 
membrane pellet was gently washed with 500 µL of ice cold 1x PBS (the pellet was not resuspended 1092 
here), the tube spun down briefly, and all supernatant was discarded to leave a cleaned membrane pellet. 1093 
Finally the membrane pellet was resuspended in 500 µL of CLIP lysis buffer (50 mM Tris-HCl pH 7.5, 1094 
200 mM NaCl (Sigma), 1 mM EDTA, 10% glycerol (ThermoFisher Scientific), 0.1% NP-40, 0.2% Triton-1095 
X100, 0.5% N-lauroylsarcosine). Both the cytosolic and membrane lysates were stored at -80℃ for later 1096 
processing. This process was used both for western blotting (Figure 1) and Mass Spectrometry (Figure 1097 
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2). In Figure 1, cytosolic and membrane pairs were loaded on an equivalent cell fraction basis to enable 1098 
comparison on the relative distribution of proteins within a cell line, and normalized to the total mass of 1099 
protein in the cytosolic fraction across cell lines. 1100 
 1101 
For processing cytosolic and membrane fractions from A549, HEK293, OCI-AML3, and K562, lysates 1102 
were first quantified with a BCA assay (ThermoFisher Scientific). A total of 30 µg of total protein from 1103 
each sample was saved as input material. For biotin enrichment a total of 65 µg of the cytosol and 65 µg 1104 
of membrane lysates were used, diluted into 350 µL of CLIP lysis buffer and captured with 33 µL of 1105 
MagReSyn Streptavidin magnetic beads (Resyn Bio). The capture proceeded for 3 hours at 4℃ on 1106 
rotation. After capture, beads were washed stringently using buffers headed to 37℃. The washes were 1107 
all 1 mL per sample, and occurred in series: once with High Stringency buffer (15 mM Tris-HCl pH 7.5, 5 1108 
mM EDTA, 2.5 mM EGTA, 1% Triton-X100, 1% Sodium deoxycholate, 0.001% SDS (ThermoFisher 1109 
Scientific), 1200 mM NaCl, 625 mM KCl), three times with 5% SDS in 0.5x PBS, and then once in 25℃ 1110 
1x PBS. Finally, leveraging the disulfide bond lability built into the sNHS-SS-biotin probe used the label 1111 
the cell surface, biotinylated proteins were selectively eluted by incubating the beads in 100 µL of 5 mM 1112 
dithiothreitol (DTT, Sigma), 5% SDS, in 1x PBS for 30 minutes at 75℃. After this cleavage step, the 1113 
supernatant was moved to a new tube, the beads were rinsed once with pure water, and this water 1114 
supernatant was pooled with the DTT-released proteins. Samples were frozen here for downstream 1115 
processing.  1116 
 1117 
To generate tryptic peptides, the S-trap column system was used (ProtiFi) as per the manufacturer's 1118 
protocol. Briefly, samples (input material and streptavidin enriched material) were thawed and SDS was 1119 
added to a final concentration of 5% and 5 mM DTT was added fresh. Samples were denatured and 1120 
reduced at 75℃ for 30 minutes after which iodoacetamide was added to a final concentration of 25 mM 1121 
and incubated in the dark for 30 minutes at 25℃. Samples were then acidified by adding phosphoric acid 1122 
to a final concentration of 1.2%, mixed by gently vortexing, and then the Bind/Wash Buffer (100 mM 1123 
TEAB in 90% methanol) was added and again mixed by vortexing. Samples were then applied to the S-1124 
trap micro columns with centrifugation (all spins were for 10 seconds and 400x g). Samples were washed 1125 
three times with Bind/Wash Buffer. To the washed, packed column (now loaded with the protein sample) 1126 
20 µL of Trypsin digestion solution (1 µg MS-grade Trypsin (Promega) in 50 mM ammonium bicarbonate) 1127 
was added and samples were incubated at 47℃ for 2 hours. Digested tryptic peptides were spun out of 1128 
the column and residual peptides were eluted by sequentially adding 40 µL of 0.2% formic acid in water 1129 
and then 50% acetonitrile in water. The three elutions were pooled and dried using a SpeedVac and then 1130 
lyophilizer before analyzing via mass spectrometry. The peptides were resuspended in 20% acetonitrile 1131 
in water containing 0.1% formic acid and bath sonicated for 5 minutes. These resuspended peptides 1132 
were centrifuged for 10 minutes at 20,000x g and then transferred to mass spectrometry vials for injection 1133 
and analysis. 1134 
 1135 
Mass spectrometry data generation 1136 
For all peptides generated, we followed the same procedure for mass spectrometry analysis and peptide 1137 
database searching. Specifically, a nanoElute was attached in line to a timsTOF Pro equipped with a 1138 
CaptiveSpray Source (Bruker, Hamburg, Germany). Chromatography was conducted at 40℃ through a 1139 
25 cm reversed-phase C18 column (PepSep) at a constant flow rate of 0.5 µL/minute. Mobile phase A 1140 
was 98/2/0.1% water/acetonitrile/formic acid (v/v/v) and phase B was acetonitrile with 0.1% formic acid 1141 
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(v/v). During a 108 minute method, peptides were separated by a 3-step linear gradient (5% to 30% B 1142 
over 90 minutes, 30% to 35% B over 10 minutes, 35% to 95% B over 4 minutes) followed by a 4 minute 1143 
isocratic flush at 95% for 4 minutes before washing and a return to low organic conditions. Experiments 1144 
were run as data-dependent acquisitions with ion mobility activated in PASEF mode. MS and MS/MS 1145 
spectra were collected with 𝑚/𝓏 100 to 1700 and ions with 𝓏 = +1 were excluded. Raw data files were 1146 
searched using PEAKS Online Xpro 1.7 (Bioinformatics Solutions Inc., Waterloo, Ontario, Canada). The 1147 
precursor mass error tolerance and fragment mass error tolerance were set to 20 ppm and 0.03, 1148 
respectively. The trypsin digest mode was set to semi-specific and missed cleavages was set to 3. The 1149 
human Swiss-Prot reviewed (canonical) database version 2020_05 (downloaded from UniProt) and the 1150 
common repository of adventitious proteins (cRAP v1.0, downloaded from The Global Proteome Machine 1151 
Organization) totaling 20,487 entries were used. Carbamidomethylation was selected as a fixed 1152 
modification. Oxidation (M), Deamidation (NQ) and Acetylation (N-term) were selected as variable 1153 
modifications. Raw data files and searched datasets are available on the Mass Spectrometry Interactive 1154 
Virtual Environment (MassIVE), a full member of the ProteomeXchange consortium under the identifier: 1155 
MSV000092005. The complete searched datasets are also available in our supplementary files. 1156 
 1157 
Mass spectrometry data analysis 1158 
For the analysis of MS database results from cell-surface proteomics performed with sulfo-NHS-SS-1159 
biotin, any proteins detected from species other than human were purged from the dataset in Excel. Then, 1160 
all keratins were removed from the resulting list of proteins to minimize the presence of contaminants 1161 
from desquamation during peptide processing. Hits from replicates of each fraction were concatenated 1162 
in Python, and the peak areas associated with hits in each fraction were plotted against their abundance 1163 
rank as determined by peak area. Scipy’s curve_fit was used to define an exponential line of best fit in 1164 
the form y = b+ a/(x^c). The derivative of the line of best fit was taken, and the hits were thresholded at 1165 
the y-value (peak area) where this derivative is equal to -1. Only proteins with peak areas above the 1166 
designated threshold for all three replicates were retained in the list of candidate hits. Next, proteins with 1167 
fewer than 3 unique peptides were filtered out using the same Python script. The list of proteins obtained 1168 
through this process were defined as hits. 1169 
 1170 
To perform GO-term analysis, all proteins observed across all four fractions from each cell line were 1171 
concatenated, creating a list of background proteins from each of the four cell lines tested. Lists of hits 1172 
from the membrane hits pulldown from each cell line were submitted to DAVID (https://david.ncifcrf.gov/) 1173 
and ran against their respective backgrounds. Then, for each category of GO-term (BP, CC, and MF), 1174 
the union of the top four terms across all cell lines and their associated sizes and Benjamini values was 1175 
plotted for comparison of enrichment across cell lines. 1176 
  1177 
Cell surface proximity labeling of proteins, peptide generation, and data analysis 1178 
Samples were prepared similarly to the flow cytometry workflow as described above however rather than 1179 
dye-conjugated secondaries, here horseradish peroxidase (HRP) conjugates secondaries were used. 1180 
The isotype (control) or anti-RBP (target) primary unconjugated antibody (listed above) was 1181 
precomplexed with an appropriate secondary-HRP antibody at 2:1, primary:secondary for at least 30 1182 
minutes on ice. Cells were grown as biological triplicate cultures and typically 2.5 million cells were used 1183 
per replicate per labeling experiment. Cells were harvested from culture, washed of culture media, and 1184 
resuspended in ice cold FACS buffer to which the Fc blocker was added for at least 15 minutes. After 1185 
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blocking cells were adjusted to 1 million cells per mL of FACS buffer and then the precomplexed 1186 
antibodies were added for staining to a final concentration of 2.5 µg/mL. Staining occurred for 60 minutes 1187 
at 4℃ on rotation, after which cells were pelleted, supernatants discarded and cells washed once in ice 1188 
cold 1x PBS. This wash is important to remove excess BSA in the FACS buffer. Next, cells were gently 1189 
but quickly resuspended in 980 µL of 100 µM biotin-phenol (Iris Biotech) in 1x PBS at 25℃. To this, 10 1190 
µL of 100 mM H2O2 was quickly added, tubes capped and inverted, and the reaction allowed to proceed 1191 
for 2 minutes at 25℃. Precisely after 2 minutes, the samples were quenched by adding sodium azide and 1192 
sodium ascorbate to a final concentration of 5 mM and 10 mM, respectively. Samples were inverted and 1193 
cells pelleted at 4℃. Samples were then washed sequentially once with ice cold FACS buffer and then 1194 
twice ice cold 1x PBS, after which cell pellets were lysed in 500 µL of CLIP lysis buffer, briefly sonicated 1195 
to solubilize chromatin, and frozen at -80℃ for later processing.  1196 
 1197 
Once all the proximity labeling was complete, lysates were thawed in batches to perform the following 1198 
steps in parallel. Total protein amounts were quantified using the BCA assay and labeling efficiency and 1199 
consistent was checked using Western blotting. For biotin enrichment, we used the streptavidin western 1200 
QC to determine the biotin signal across all samples first, then calculated the total µg of lysate that was 1201 
needed from that sample to generate 5,000,000 units of streptavidin-IR800 signal on the LiCor. That µg 1202 
value was then used as input mass for each of the replicates across all of the proximity labeling samples 1203 
for the biotin capture and MS prep. Samples were normalized to a final volume of 500 µL with CLIP lysis 1204 
buffer and to each sample 100 µL of Pierce NeutrAvidin Agarose (ThermoFisher Scientific) was added 1205 
and incubated at 4℃ for 4 hours on rotation. Beads were then washed twice with 1 mL of High Stringency, 1206 
twice with 1 mL of 4 M NaCl in 100 mM HEPES all at 37℃. Salts and detergents were then rinsed from 1207 
the beads by sequentially washing twice with 1 mL 1x PBS, twice with 1 mL of LC-MS grade water (Fisher 1208 
Scientific) and finally with 1 mL of 50 mM ammonium bicarbonate. An on-bead trypsin digestion was then 1209 
set up by adding 200 µL of 50 mM ammonium bicarbonate and 1 µg MS-grade Trypsin to each sample 1210 
and incubating for 16 hours at 37℃ with occasional shaking. After digestion, the samples were acidified 1211 
by adding formic acid to a final concentration of 0.5%. The solution containing released peptides was 1212 
moved to a new tube and the beads were rinsed twice with 300 µL LC-MS grade water to capture any 1213 
remaining peptides. All elution and wash samples for a given replicate were combined and SpeedVac’ed 1214 
to a volume of < 200 µL. Samples were then desalted using a C18 spin column (ThermoFisher Scientific): 1215 
preconditioned with 50% methanol in water, washed twice with 5% acetonitrile, 0.5% formic acid in water, 1216 
the sample bound twice to the column, then the columns washed four times with 0.5% formic acid in 1217 
water. Finally the peptides were eluted into Protein LoBind tubes (Eppendorf) with two applications of 40 1218 
µL of 70% acetonitrile, 0.5% formic acid in water. Organic solvents were removed with a SpeedVac and 1219 
samples were fully dried with a lyophilizer. Resulting peptides were analyzed on the timsTOF Pro as 1220 
described above. 1221 
 1222 
Data generated from proximity labeling samples were searched against the reference proteomes as 1223 
noted above. To identify enriched proteins from these datasets we took an approach that broadly 1224 
compared enrichment in the target antibody experiments (e.g. csRBPs) to that of control antibodies (e.g. 1225 
Isotypes). Results of the database search were first purged of non-human proteins and keratins as 1226 
previously described. All proteins with fewer than two unique peptides were also filtered out of the list. 1227 
Next, Excel was used to calculate the mean spectral count for each of the remaining proteins across 1228 
triplicates. For each protein, the mean spectral counts associated with each antibody probe were divided 1229 
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by the mean spectral counts of the corresponding isotype, creating an enrichment factor of each protein 1230 
in the proximity labeling over the isotype. Python was then used to calculate the ratio of total protein 1231 
isolated from proximity labeling with protein-targeting antibodies divided by that collected with isotype 1232 
antibodies. Proteins from each set of proximity labeling data with enrichments either less than two or the 1233 
previously described ratio were filtered from the dataset. The resultant lists comprise the hits associated 1234 
with each round of proximity labeling. 1235 
 1236 
Cell surface proximity labeling of RNAs and gel analysis  1237 
Samples were prepared here in a similar manner as described above for the proximity label of proteins 1238 
with key differences. The HRP-conjugated secondary antibody was switched for Protein A-HRP (Cell 1239 
Signaling) and used at the same molar ration; 2 primary antibodies per 1 Protein A-HRP molecule. The 1240 
biotinylation reagent used here was biotin-aniline (Iris Biotech), it was used at 200 µM final concentration 1241 
in 1x PBS for the labeling reaction, and the labeling reaction was allowed to proceed for 3 minutes at 1242 
25℃. After pelleting the cells from the quenching reaction, cells were directly lysed and total RNA isolated 1243 
as described before (Hemberger et al., 2023). Briefly, RNAzol RT (Molecular Research Center, Inc.) was 1244 
used to lyse cell pellets by placing the samples at 50℃ and shaking for 5 min. To phase separate the 1245 
RNA, 0.4X volumes of water was added, vortexed, let to stand for 5 minutes at 25℃ and lastly spun at 1246 
12,000x g at 4℃ for 15 min. The aqueous phase was transferred to clean tubes and 1.1X volumes of 1247 
isopropanol was added. The RNA is then purified over a Zymo column (Zymo Research). For all column 1248 
cleanups, we followed the following protocol. First, 350 μL of pure water was added to each column and 1249 
spun at 10,000x g for 30 seconds, and the flowthrough was discarded. Next, precipitated RNA from the 1250 
RNAzol RT extraction (or binding buffer precipitated RNA, below) is added to the columns, spun at 1251 
10,000x g for 10-20 seconds, and the flowthrough is discarded. This step is repeated until all the 1252 
precipitated RNA is passed over the column once. Next, the column is washed three times total: once 1253 
using 400 μL RNA Prep Buffer (3M GuHCl in 80% EtOH), twice with 400 μL 80% ethanol. The first two 1254 
spins are at 10,000x g for 20 seconds, the last for 30 seconds. The RNA is then treated with Proteinase 1255 
K (Ambion) on the column. Proteinase K is diluted 1:19 in water and added directly to the column matrix 1256 
and then allowed to incubate on the column at 37℃ for 45 min. The column top is sealed with either a 1257 
cap or parafilm to avoid evaporation. After the digestion, the columns are brought to room temperature 1258 
for 5 min; lowering the temperature is important before proceeding. Next, eluted RNA is spun out into 1259 
fresh tubes and a second elution with water is performed. To the eluate, 1.5 μg of the mucinase StcE 1260 
(Sigma-Aldrich) is added for every 50 μL of RNA, and placed at 37℃ for 30 minutes to digest. The RNA 1261 
is then cleaned up again using a Zymo column. Here, 2X RNA Binding Buffer (Zymo Research) was 1262 
added and vortexed for 10 seconds, and then 2X (samples + buffer) of 100% ethanol was added and 1263 
vortexed for 10 seconds. The final RNA is quantified using a Nanodrop. In vitro RNase or Sialidase 1264 
digestions took place by digesting 50 μg total RNA with either, nothing, 4 μL RNase Cocktail 1265 
(ThermoFisher Scientific), or 4 μL of α2-3,6,8,9 Neuraminidase A (NEB) in 1x NEB Glyco Buffer #1 (NEB) 1266 
for 60 minutes at 37℃. After digestion, RNA was purified using a Zymo column as noted above and was 1267 
then ready for gel analysis. 1268 
 1269 
In order to visualize the labeled RNA, it is run on a denaturing agarose gel, transferred to a nitrocellulose 1270 
(NC) membrane, and stained with streptavidin (Hemberger et al., 2023). After elution from the column as 1271 
described above, the RNA is combined with 12 μL of Gel Loading Buffer II (GLBII, 95% formamide 1272 
(ThermoFisher Scientific), 18 mM EDTA (ThermoFisher Scientific), 0.025% SDS) with a final 1273 
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concentration of 1X SybrGold (ThermoFisher Scientific) and denatured at 55℃ for 10 minutes. It is 1274 
important to not use GLBII with dyes. Immediately after this incubation, the RNA is placed on ice for at 1275 
least 2 minutes. The samples are then loaded into a 1% agarose, 0.75% formaldehyde, 1.5x MOPS 1276 
Buffer (Lonza) denaturing gel. Precise and consistent pouring of these gels is critical to ensure a similar 1277 
thickness of the gel for accurate transfer conditions; we aim for approximately 1 cm thick of solidified gel. 1278 
RNA is electrophoresed in 1x MOPS at 115V for between 34 or 45 min, depending on the length of the 1279 
gel. Subsequently, the RNA is visualized on a UV gel imager, and excess gel is cut away; leaving ~0.75 1280 
cm of gel around the outer edges of sample lanes will improve transfer accuracy. The RNA is transferred 1281 
with 3M NaCl pH 1 (with HCl) to an NC membrane for 90 minutes at 25℃. Post transfer, the membrane 1282 
is rinsed in 1x PBS and dried on Whatman Paper (GE Healthcare). Dried membranes are rehydrated in 1283 
Intercept Protein-Free Blocking Buffer, TBS (Li-Cor Biosciences), for 30 minutes at 25℃. After the 1284 
blocking, the membranes are stained using streptavidin-IR800 (Li-Cor Biosciences) diluted 1:5,000 in 1285 
Intercept blocking buffer for 30 minutes at 25℃. Excess streptavidin-IR800 was washed from the 1286 
membranes using three washes with 0.1% Tween-20 (Sigma) in 1x PBS for 3 minutes each at 25℃. The 1287 
membranes were then briefly rinsed with PBS to remove the Tween-20 before scanning. Membranes 1288 
were scanned on a Li-Cor Odyssey CLx scanner (Li-Cor Biosciences).  1289 
 1290 
Immunoprecipitation and western blotting 1291 
HeLa cells stably expressing DDX21-HA (Calo et al., 2015) were cultured as above. Cell surface protein 1292 
labeling was accomplished using sulfo-NHS-biotin (APExBio, no disulfide bond) as described above after 1293 
which crude membrane fractions were isolated as described for the adherent cells. After isolation and 1294 
solubilization with CLIP lysis buffer, total protein quantification occurred using the BCA assay. For each 1295 
sample 5 μg of protein was used for input and 20 μg used for either anti-HA coated bead (ThermoFisher 1296 
Scientific) or streptavidin coated bead (MyOne C1 beads, ThermoFisher Scientific) enrichments. In both 1297 
cases, 10 μL bead surrey was added to the membrane lysates in 100 μL of CLIP lysis buffer and binding 1298 
occurred at 4℃ for 16 hours. After binding, the beads were washed three times with High Stringency 1299 
buffer and then twice with 1x PBS. Proteins were released from the beads by heating at 85℃ for 10 1300 
minutes in 20 µL 5 mM DTT and 1x LDS (ThermoFisher Scientific) and 1 mM free biotin (ThermoFisher 1301 
Scientific). Input and enriched proteins were analyzed by Western blot, staining with anti-HA (Santa Cruz 1302 
Biotechnology, sc-7392) and streptavidin-IR800 and finally scanning on Li-Cor Odyssey CLx scanner. 1303 
 1304 
Recombinant protein expression and cell treatments 1305 
To produce eGFP-TEV-6xHIS, TAT-WT-eGFP-TEV-6xHIS, and TAT-R5K-eGFP-TEV-6xHIS proteins we 1306 
used the Juice Bulk E. coli Cell-Free expression kit from Liberum Biotech Inc. as per the manufacturer’s 1307 
protocol. In brief, plasmids for each three proteins were designed (Table S5). Plasmids were subcultured 1308 
with NEB 5-alpha Competent E. coli, High Efficiency, (NEB) with Ampicillin (Sigma) and DNA isolated 1309 
using a Plasmid MiniPrep Kit (Zymo Research). Protein expression runs were performed in 1 mL reaction 1310 
volumes with a final concentration of 15 nM plasmid DNA for each reaction, which were left overnight at 1311 
26℃ in the dark in a Feather cartridge (Liberum Biotech Inc.). After 16 hours, the lysate was spun out of 1312 
the Feather cartridge at 4000x g and added 100 µL of Ni-NTA agarose resin (Qiagen) to capture HIS-1313 
tagged proteins. Lysate was incubated at 25℃ for 30 minutes on rotation, after which the resin was 1314 
washed three times with 250 µL Wash Buffer (250 mM NaCl (Sigma), 20 mM imidazole (Sigma), 5% 1315 
glycerol (Sigma), 50 mM HEPES (Gibco), pH 7.5, 0.5 mM TCEP (Sigma)). HIS-tagged proteins were 1316 
eluted in 2x100 µL of Elution Buffer (250 mM NaCl, 250 mM imidazole, 5% glycerol, 50 mM HEPES, pH 1317 
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7.5, 0.5 mM TCEP). Total protein mass was estimated using the Pierce BCA Protein Assay Kit 1318 
(ThermoFisher Scientific) and subsequently the 6xHIS tag was cleaved using the TEV Protease (NEB) 1319 
by adding TEV enzyme assuming all protein isolate was 6xHIS tagged based on the activity of the TEV 1320 
protease. TEV cleavage was allowed to proceed under the manufacturer’s protocol for 60 minutes at 1321 
30℃. Excess 6xHIS tag and TEV protease enzyme were removed by adding 100 µL of Ni-NTA resin and 1322 
captured as per above. The unbound portion of this capture step was kept as HIS-free eGFP protein and 1323 
conjugates and concentrated once on a 10K Amicon column (Millipore Sigma) by spinning for 6-8 minutes 1324 
at 6000x g. The protein was washed once by adding 400 µL of 1x PBS to the top of the Amicon column 1325 
and spinning again, the finally concentrated protein quantified as above. We observed that TAT-WT and 1326 
TAT-R5K eGFP conjugates (but not eGFP alone) were contaminated with nucleic acids (A260nm signal 1327 
on the Nanodrop (ThermoFisher Scientific) from the expression while eGFP alone was not. To address 1328 
this we performed a nuclease treatment of all three proteins after TEV cleavage to destroy any carry-over 1329 
E. coli RNA or DNA by adding 1 µL RNase Cocktail (ThermoFisher Scientific) and 1U TurboDNase 1330 
(ThermoFisher Scientific) per 200 µg purified protein. These nuclease-digested samples were then 1331 
cleaned using a new 10K Amicon column and quantified as described above. Purity and TEV cleavage 1332 
were assessed using total protein blotting. 1333 
 1334 
To characterize the internalization of eGFP fusion proteins, 10,000 A549 cells were plated in each well 1335 
of a 8-chambered coverglass system (Cellvis, C8-1.5H-N) and cultured as above for 24 hours. Live cell 1336 
RNase treatment was performed as noted above for the appropriate samplesFollowing the 2 hour 1337 
incubation, all cells were washed with conditioned media (RNase-free) before adding conditioned media 1338 
with 20 µg/mL eGFP fusion proteins and allowed to incubate at 37℃ for 20 minutes in the growth 1339 
incubator. After incubating, cells were washed twice with 1x PBS before fixation with 3.7% formaldehyde 1340 
in 1x PBS for 30 minutes at 25℃ in the dark. Nuclei were stained with DAPI as mentioned above, and 1341 
the GFP channel was imaged by confocal microscopy as described above. For assessment of cell surface 1342 
binding, after no treatment or RNase digestion and 1x PBS washing, cells were cooled on ice and 20 1343 
µg/mL eGFP fusion proteins were added in FACS buffer. After binding, cells were washed twice with 1x 1344 
FACS buffer before Fc blocking and anti-GFP staining was performed as per the cell surface staining 1345 
protocol above. A rabbit polyclonal anti-GFP antibody (ThermoFischer, A11122) and AlexaFluor 568-1346 
conjugated goat anti-rabbit antibody (ThermoFischer, A11036) was used to visualize cell surface eGFP 1347 
fusion proteins. 1348 
 1349 
Analysis of publicly available datasets 1350 
RNA binding proteins 1351 
RBPomes were compiled by extracting 48 lists of RBPomes from RBPbase 1352 
(https://rbpbase.shiny.embl.de/). 30 of these RBPomes were sourced from experiments and 18 were 1353 
isolated from lists of gene annotations. An Excel was used to intersect the GENCODE names for genes 1354 
corresponding to RBPs. The RBP ID was plotted in a histogram displaying the number of datasets that 1355 
RBP was identified in, generating values between one and 36 hits. The threshold of 11 (RBP found in 11 1356 
or more datasets) was chosen, as this point represents the elbow of the plot, minimizing the inclusion of 1357 
proteins rarely observed to bind RNA. Thresholding such that a protein defined as an RBP must be 1358 
observed in at least 11 RBPomes yielded a list of 1072 RNA-binding proteins. 1359 
 1360 
Surfaceomes  1361 
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Surfaceomes were collected from 23 publicly available peer-reviewed works and converted into their 1362 
GENCODE names. Datasets were classified by the chemistry used to selectively label cell-surface 1363 
proteins: sulfo-NHS-SS-biotin, periodate, or a collection of miscellaneous methods. Within each of these 1364 
chemistries, Python script was used to count the number of times each RBP appeared. All RBPs 1365 
appearing at least once in a chemistry were added to a list corresponding to sulfo-NHS-SS-biotin, 1366 
periodate, or the group of miscellaneous methods. Each of these lists was intersected to generate a list 1367 
of RBPs identified by all three chemistries. Then, using a histogram of the number of datasets each of 1368 
these RBPs appeared in, a threshold was set near the shoulder of the left tail of the distribution, requiring 1369 
that an RBP to be observed in at least five datasets. This list was defined as the csRBP candidate list. 1370 
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