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12 ABSTRACT

13 Microproteins often derive their functions from context-dependent molecular interactions, yet their
14  small size makes proximity mapping particularly susceptible to perturbation by protein-sized
15  labeling enzymes. Here we develop flavin-mediated peptide-tag proximity labeling (FPPL), which
16  decouples photocatalyst installation from the protein of interest. In FPPL, ApbE covalently installs
17  FMN onto a 12-amino-acid ApbE acceptor peptide (AAP) fused to the target protein, generating a
18  light-responsive photocatalytic center in living cells. AAP fusion largely preserved the localization
19  of microprotein NUPR1 and BANF1 compared with direct TurboID fusion, while supporting
20  spatially selective proteome mapping across distinct subcellular compartments. Applying FPPL to

21 BANFI revealed a functionally connected nuclear homeostatic network, as depletion of multiple
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22 FPPL-identified proteins induced nuclear reporter leakage, focal BANF1 recruitment and local
23 lamina remodeling. FPPL profiling of GNG4 unexpectedly uncovered a virus-associated proximal
24 network and identified GNG4 as a positive regulator of Sendai-virus-induced /FNBI expression
25 and downstream STATI signaling. Several GNG4-proximal proteins further modulated this
26 response, with ARF6 and MTCH2 partially restoring antiviral signaling in GNG4-depleted cells.
27  Together, FPPL establishes enzymatic covalent flavin installation as a distinct architecture for
28  peptide-scale proximity proteomics and enables minimally perturbative discovery of functional

29  microprotein networks in living cells.
30
31  INTRODUCTION

32 Microproteins, broadly defined as proteins of approximately 100 amino acids or fewer, are
33 increasingly recognized as a functionally important component of the proteome!=. Ribosome
34  profiling and proteogenomic analyses have substantially expanded the catalogue of translated short
35  open reading frames*’, while functional studies have revealed roles for individual microproteins

36  in metabolism, stress responses, membrane dynamics and immunity®!3

. Many of these functions
37  are mediated through specific molecular interactions. For example, the 34-amino-acid DWORF
38  regulates the SERCA calcium pump'*#!3, the 56-amino-acid mitoregulin influences mitochondrial
39  respiratory organization and metabolism'®, and the 84-amino-acid myomixer cooperates with
40  myomaker to promote myoblast fusion'’. These studies highlight molecular interactions as an
41  important route to understanding microprotein function'®. However, many translated short open
42 reading frames remain functionally unassigned®'®?’, and experimental approaches that

43 substantially perturb these small proteins may obscure their native localization, molecular

44  interactions and function.
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45 Mapping the molecular environments of microproteins remains technically challenging.
46  Affinity purification and co-immunoprecipitation can fail to preserve weak, transient or
47  membrane-associated interactions, whereas proximity labeling approaches record the local protein
48  environment in living cells without requiring molecular complexes to remain intact during lysis?!-
49 2% Proximity labeling has been applied to microprotein interaction mapping using APEX/APEX2
50 and, more recently, TurbolD, enabling the identification of interaction partners for microproteins
51 including CYREN, C110rf98, MIEF1-MP and FAM229B2’?°. However, these approaches require
52  direct fusion of a protein-sized catalytic enzyme to the microprotein. For microproteins, such
53  fusions can represent a substantial structural addition and may alter localization, sterically interfere
54  with molecular contacts or otherwise perturb native behavior’®*!. A central challenge is therefore
55 to position labeling activity at a microprotein while minimizing the genetically encoded

56  component directly attached to it.

57 We reasoned that this challenge could be addressed by separating photocatalyst installation
58  from the protein of interest. The bacterial flavin transferase ApbE catalyzes covalent transfer of an
59  FMN group from FAD to an acceptor threonine within a defined peptide sequence®***. A 12-
60 amino-acid ApbE acceptor peptide (AAP; GVDGLSGATLTS) have been developed to enable
61  site-specific covalent flavinylation by ApbE, with subsequent studies improving flavin
62  incorporation efficiency and expanding the range of transferable flavin cofactors®**°, Importantly,
63  ApbE-mediated covalent FMN modification has also been demonstrated in living mammalian
64  cells®’. Previous studies have demonstrated that flavin-containing photosensitizers can mediate

3841 We therefore envisioned that

65 light-dependent protein labeling in biological environments
66  ApbE supplied in trans could install a photocatalytic cofactor directly onto AAP fused to the

67  protein of interest. This architecture decouples the protein-sized cofactor-installing enzyme from
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68  the target while positioning the photocatalyst directly on a peptide-scale targeting element. Unlike
69  ASAP-ID, which uses short peptide epitopes to recruit antibody-linked labeling enzymes*?, FPPL
70  does not require persistent recruitment of a protein-sized catalyst to the target. FPPL also differs
71  from compact enzyme-fusion approaches such as ultralD*}, which reduce the size of the labeling

72 enzyme but still rely on a protein-based catalyst directly fused to the target.

73 Here we establish flavin-mediated peptide-tag proximity labeling (FPPL), in which ApbE
74  covalently installs FMN onto AAP to enable blue-light-dependent labeling of nearby proteins in
75  living cells. AAP fusion largely preserves the localization of the microproteins NUPR1 and
76  BANF1 compared with direct TurbolD fusion, while supporting spatially selective proteome
77  mapping across distinct subcellular compartments. Application of FPPL to BANF1 reveals a
78  functionally connected protein network involved in nuclear-envelope integrity, with depletion of
79  multiple FPPL-identified proteins promoting nuclear reporter leakage, focal BANF1 recruitment
80 and local lamina remodeling. FPPL profiling of GNG4 further uncovers an unexpected virus-
81  associated proximal network and identifies GNG4 as a positive regulator of Sendai-virus-induced
82  IFNBI expression and downstream STAT1 signaling. Together, these findings establish enzymatic
83  covalent flavin installation as a distinct design principle for peptide-scale proximity proteomics of

84  microproteins and link their local molecular environments to cellular function.
85
86 RESULTS

87  Decoupling catalyst installation from the target enables peptide-scale proximity labeling.
88  Most proximity-labeling methods require direct fusion of a catalytic enzyme to the protein of
89 interest (POI). Although such fusions are compatible with many proteins, they can represent a

90 substantial structural addition to microproteins and may alter their localization or accessibility to
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91  molecular partners (Fig. 1A). We therefore sought to minimize the genetically encoded component

92  attached to the POI while retaining labeling activity in its immediate molecular environment.

93 The bacterial flavin transferase ApbE catalyzes covalent transfer of FMN from FAD to a
94  short peptide substrate. We used the AAP as a peptide-scale fusion and first asked whether
95 reducing the fusion size could lessen perturbation of microproteins. We selected NUPR1, an 82-
96 amino-acid stress-responsive nuclear protein involved in transcriptional regulation and cellular

4445 as an initial model. Previous studies have demonstrated that NUPR1

97  adaptation to stress

98 predominantly localizes to the nucleus under proliferative conditions and undergoes regulated

99  nuclear translocation mediated by its nuclear localization signal*>**’. Consistent with these findings,
100 NUPRI displayed predominantly nuclear localization, which was largely retained by NUPR1-
101  AAP (Fig. 1B). By contrast, NUPR1-TurbolD displayed more prominent extranuclear localization.
102  Fluorescence intensity profiling across individual cells showed close correspondence between the
103  Flag and Hoechst signals for NUPR1 and NUPR1-AAP, whereas the NUPRI1-TurbolD signal
104  extended beyond the nuclear boundary (Fig. 1C). Consistently, the nuclear-to-cytoplasmic
105  fluorescence ratio was similar between NUPR1 and NUPR1-AAP but markedly reduced for
106 NUPRI1-TurbolD (Fig. 1D). We next examined BANF1, an 89-amino-acid DNA-binding protein
107  with established roles in chromatin organization, nuclear-envelope assembly and repair*®®.
108  Consistent with these nuclear functions, the OpenCell proteome-scale localization atlas identifies
109  BANF]I in nuclear compartments, including the nucleoplasm, chromatin and nuclear membrane>’.,
110  In agreement with this localization profile, BANF1-AAP largely retained the nuclear distribution
111 of BANFI, whereas BANF1-TurbolD exhibited greater extranuclear localization (Supplementary

112 Fig. 1). Thus, for both compact proteins examined, fusion to AAP was associated with less

113 apparent localization perturbation than direct fusion to TurbolD.
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114 These observations motivated a proximity labeling architecture in which the protein-sized
115  cofactor-installing enzyme is physically separated from the POI. We therefore developed flavin-
116  mediated peptide-tag proximity labeling (FPPL; Fig. 1E). In FPPL, the POI is fused only to AAP,
117  whereas ApbE is expressed separately and covalently installs FMN onto the peptide. We reasoned
118  that blue-light excitation of the protein-tethered flavin, in the presence of an alkyne-containing
119  probe, could drive local chemical labeling of proteins surrounding the POI. Probe-labeled proteins
120  could subsequently be conjugated to azide-biotin by click chemistry, enriched and identified by
121 LC-MS/MS. FPPL therefore decouples the protein-sized cofactor-installing enzyme from the

122 target while positioning the photocatalytic cofactor directly on a peptide-scale targeting element.

123
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127  illustrating the potential perturbation caused by direct fusion of a protein-sized proximity-labeling (PL)
128  enzyme (~27-60 kDa) to a microprotein. Such fusions may alter the subcellular localization of the protein
129  of interest (POI) or interfere with its native molecular interactions. B) Representative immunofluorescence
130 images of cells expressing Flag-tagged NUPR1, NUPRI-AAP or NUPRI-TurbolD. Flag
131  immunofluorescence is shown in green and Hoechst-stained nuclei in blue. Dashed lines indicate the
132 regions used for fluorescence intensity profiling. Scale bar, 5 um. C) Normalized Flag and Hoechst
133 fluorescence intensity profiles along the dashed lines indicated in B. D) Nuclear-to-cytoplasmic Flag
134  fluorescence intensity ratios for the indicated NUPR1 constructs. Each point represents one cell; data are

135  presented as mean + s.d. P values are indicated in the figure. Statistical significance was determined by
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136  one-way ANOVA followed by Tukey’s multiple-comparisons test. E) Schematic workflow of FPPL. The
137 POl is fused to a 12-amino-acid AAP, whereas ApbE is expressed separately and covalently transfers FMN
138  from FAD to AAP. Upon blue-light irradiation (~450 nm), the protein-tethered flavin initiates local
139  photochemical labeling of proximal proteins in the presence of an alkyne-containing probe. Labeled
140  proteins are subsequently conjugated to azide-biotin by click chemistry, enriched, digested and identified

141 by LC-MS/MS. Imaging experiments were repeated at least twice with consistent results.
142

143 A peptide-installed flavin enables photocatalytic proximity labeling in cells. Having
144  established AAP as a minimally perturbative targeting element, we next asked whether it could be
145  converted into a functional photocatalytic center. FPPL requires two sequential processes: ApbE-
146  mediated covalent installation of FMN onto AAP, followed by light-dependent activation of the
147  tethered flavin to drive local chemical labeling (Fig. 2A). Using purified MBP-AAP as a model
148  substrate, increasing the ApbE molar ratio progressively increased in-gel FMN fluorescence,
149  approaching maximal incorporation at an enzyme ratio of ~0.5 (Fig. 2B, D). At a 1:1 ratio,
150  substantial FMN incorporation was detected within 2.5 min and approached a plateau around 20
151  min (Fig. 2C, E). ApbE efficiently modified AAP fused to either SUMO or MBP, whereas
152  mutation of the acceptor threonine to alanine (AAP-T9A) markedly reduced FMN fluorescence in
153  both contexts (Fig. 2F), establishing AAP as a compact and transferable substrate for sequence-

154  dependent flavinylation.

155 We next sought to identify a chemical probe suitable for flavin-mediated proximity
156 labeling. In a defined in vitro proximity assay, flavinylated SUMO-AAP-His was positioned
157  adjacent to an anti-His antibody, allowing probe-dependent labeling of a neighboring protein to be

158  evaluated (Supplementary Fig. 2A-D). This screen identified 3-ethynylaniline (3EA) as an
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159  effective alkyne-containing probe. We then evaluated a series of 3EA-related aromatic alkyne
160  derivatives in cells using H2ZB—AAP as a nuclear model substrate. Among the compounds tested,
161  3E-4FA produced the strongest proteome-wide labeling signal following click conjugation to a
162  rhodamine reporter (Fig. 2G; Supplementary Fig. 3A) and was therefore selected for subsequent

163  FPPL experiments.

164 Using H2B—AAP, we next defined the requirements for cellular FPPL. H2B—AAP showed
165 readily detectable flavin fluorescence, whereas untagged H2B did not, confirming AAP-dependent
166  FMN installation in cells (Fig. 2H). In the presence of 3E-4FA, blue-light illumination produced
167  robust rhodamine-detectable protein labeling, whereas omission of either the probe or light
168  markedly reduced the signal. Labeling varied with probe concentration, and 450-nm illumination
169  produced the strongest signal among the wavelengths tested (Supplementary Fig. 3B, C). Several
170  AAP sequence variants substantially reduced or abolished FMN fluorescence (Supplementary Fig.

171 3D, E), further supporting the sequence dependence of cellular flavinylation.

172 We also examined whether increasing AAP copy number could improve labeling. H2B
173  constructs bearing one or two AAP copies showed comparable FMN incorporation and proximity-
174  labeling activity, whereas both signals were reduced with three or four repeats (Fig. 2I). AlphaFold
175 3 modeling of V5-ApbE-3xNLS with H2B bearing one to four AAPs yielded ipTM scores of 0.71,
176  0.69, 0.58 and 0.54, respectively, and the corresponding PAE maps provided no evidence that
177  additional repeats generated progressively more favorable ApbE—substrate arrangements
178  (Supplementary Fig. 4). Although these structural predictions do not directly measure flavin-
179  transfer efficiency, they are consistent with the observation that increasing AAP copy number does

180  not necessarily enhance productive ApbE engagement.
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181 Finally, we examined the photochemical basis of FPPL. Sodium azide and antioxidant
182  reagents abolished labeling, whereas D.O, which prolongs the lifetime of singlet oxygen in
183  aqueous solution®!, enhanced the signal; vitamin C and mannitol also partially attenuated labeling
184  (Supplementary Fig. 5). Together with the strict requirement for blue-light illumination, these
185  results support the involvement of photoinduced reactive oxygen species and are consistent with a
186  substantial contribution from singlet oxygen. Collectively, these findings establish that ApbE-
187 mediated flavinylation converts AAP into a covalently tethered, light-responsive photocatalytic

188  center capable of driving proximity-dependent protein labeling in living cells.

10
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190 Fig. 2 Biochemical characterization and cellular validation of FPPL. A) Schematic of ApbE-mediated
191  covalent FMN installation onto the 12-amino-acid AAP. B) In vitro flavinylation of MBP-AAP at the
192  indicated ApbE-AAP molar ratios. FMN incorporation was detected by in-gel flavin fluorescence; CBB
193  staining shows protein loading. C) Time course of ApbE-mediated FMN incorporation into MBP—AAP. D,
194  E) Quantification of FMN fluorescence in B and C, respectively. Data are presented as mean =+ s.d. from
195  three biologically independent experiments. F) ApbE-mediated flavinylation of AAP fused to SUMO or
196  MBP and the corresponding AAP(T9A) mutants. G) Cellular screening of aromatic alkyne probes using

11
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197 H2B-AAP. Probe labeling was detected by rhodamine fluorescence after click conjugation; flavin
198  fluorescence, anti-Flag immunoblotting and CBB staining are shown as controls. Structures of 3EA and
199  3E-4FA are shown, with the remaining probe structures provided in Supplementary Fig. 2C. H)
200  Dependence of cellular FPPL labeling on AAP, 3E-4FA and blue-light illumination in cells expressing H2B
201  or H2B-AAP with nucleus-targeted ApbE. I) Effect of AAP copy number on FPPL using H2B constructs
202  Dbearing one to four tandem AAPs. Proteome labeling, FMN incorporation and construct expression were
203  monitored by rhodamine fluorescence, flavin fluorescence and anti-Flag immunoblotting, respectively.

204  Experiments were repeated at least twice with consistent results.

205

206 Compartment-targeted FPPL enables spatially resolved proteome mapping. Having
207  established cellular FPPL labeling, we next asked whether the system could preserve spatial
208 information across distinct intracellular compartments. ApbE and AAP-bearing reporters were
209  targeted to mitochondria, the cytosol-facing endoplasmic reticulum membrane (ERM), nucleoli
210  and the nucleus (Fig. 3A). Compartment-targeted AAP reporters supported robust labeling and
211 detectable FMN incorporation in mitochondrial, ERM and nuclear configurations (Supplementary
212 Fig. 6). Fluorescence microscopy further revealed labeling patterns that matched the intended
213 subcellular locations, including mitochondrial and ER-associated reticular structures, discrete
214  nucleolar puncta and broader nuclear labeling (Fig. 3B). Fluorescence intensity profiling showed
215  spatial correspondence between the Cy3 labeling signal, the Flag-tagged reporters and the
216  corresponding compartment markers (Fig. 3C), indicating that FPPL can generate spatially

217  restricted labeling in multiple intracellular environments.

218 We next used mitochondria as a benchmark to assess whether compartment-directed FPPL

219  retained spatial selectivity at the proteome level. Cells expressing mitochondria-targeted ApbE

12
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220  together with the corresponding AAP reporter were compared with matched controls, and labeled
221  proteins were quantified by label-free LC-MS/MS. Mitochondrial reference proteins®? were
222 preferentially enriched relative to non-mitochondrial proteins®, with ROC analysis yielding an
223 AUC of 0.832 (Fig. 3D, E). Applying the ROC-derived enrichment threshold together with P <
224 0.05 identified 424 enriched proteins, of which 286 were annotated as mitochondrial.
225  Mitochondrial proteins therefore constituted 67.5% of the enriched set, compared with 9.3% of the
226 human reference proteome (Fig. 3F). These results indicate that mitochondria-directed FPPL
227  preferentially enriches proteins associated with the targeted organelle environment. We next
228  examined whether this spatial preference was retained at the submitochondrial level. Among the
229 286 enriched mitochondrial proteins, 201 were assigned to the matrix and 48 to the inner
230  mitochondrial membrane, together accounting for 87.1% of the mitochondrial-enriched set
231 (Supplementary Fig. 7F). By contrast, proteins assigned to the intermembrane space or outer
232 mitochondrial membrane were much less represented. These results indicate that mitochondria-

233 directed FPPL preferentially samples proteins within or near the matrix-facing mitochondrial

234  environment.

235 We then extended quantitative proteomic profiling to the ER membrane and nucleus. ROC
236 analysis yielded AUC values of 0.729 and 0.605 for ERM- and nucleus-directed FPPL,
237  respectively (Supplementary Fig. 7D, E). Applying the ROC-derived threshold together with P <
238 0.05 identified 895 ERM-enriched proteins, of which 617 (68.9%) were assigned to the secretory
239  pathway (Fig. 3F). We next characterized the sub-secretory specificity of the ERM-enriched
240  proteome. Among detected proteins with Gene Ontology annotations for the ER, Golgi apparatus
241 or plasma membrane, 41.6% (621 of 1,494) were assigned to the ER. By the same analysis, this

242 proportion increased to 57.5% (227 of 395) in the ERM-enriched proteome (Supplementary Fig.

13
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247

7F), indicating preferential enrichment of ER-associated proteins over Golgi- and plasma
membrane-associated proteins. Similarly, 663 of the 953 nucleus-enriched proteins (69.6%)
carried nuclear annotations, compared with 37.3% in the human reference proteome (Fig. 3F).
Together, these data demonstrate that FPPL reproducibly enriches proteins associated with the

targeted intracellular environment across multiple subcellular compartments.
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249  Fig. 3 Compartment-targeted FPPL enables spatially resolved labeling and proteome enrichment. A)
250  Schematic of FPPL targeted to mitochondria, the cytosolic face of the ER membrane (ERM), nucleoli or
251  the nucleus. Following 3E-4FA treatment and 450 nm illumination, labeled proteins were detected by
252 streptavidin blotting, visualized by fluorescence imaging or enriched for LC-MS/MS analysis. B)
253  Representative confocal images of cells expressing the corresponding compartment-targeted ApbE and
254  AAP reporters. Cy3 labeling is shown in yellow, Flag in green, compartment markers or trackers in red and
255  Hoechst in blue. Dashed lines indicate the paths used for fluorescence intensity profiling. Scale bar, 5 pm.
256  C) Normalized fluorescence intensity profiles along the dashed lines in B. D) Distribution of log. fold
257  changes for MitoCarta-annotated mitochondrial proteins (n = 528) and other detected proteins (n = 3,300)
258  in the mitochondrial FPPL dataset. The dashed line indicates the ROC-derived cutoff (log: FC = 0.429). E)
259  ROC analysis of mitochondrial protein enrichment (AUC = 0.832); the optimal cutoff was determined using
260 the Youden index. F) Fraction of compartment-annotated proteins in the human reference proteome and
261  the corresponding FPPL-enriched sets. Mitochondrial proteins represented 67.5% of the enriched
262  mitochondrial set versus 9.3% of the reference proteome; secretory-pathway proteins represented 68.9% of
263  the ERM-enriched set versus 57.9% of the reference proteome; and nuclear proteins represented 69.6% of
264  the nucleus-enriched set versus 37.3% of the reference proteome. Enriched proteins were defined using the
265  corresponding ROC-derived log: FC cutoffs together with P <0.05. Proteomic measurements were obtained
266  from three biological replicates. Imaging and biochemical experiments were repeated at least twice with

267  consistent results.

268

269  FPPL defines the proximal protein network of BANF1. We next applied FPPL to BANF1, an
270  89-amino-acid DNA-binding protein with established roles in chromatin organization, postmitotic

271 nuclear-envelope assembly and nuclear-envelope rupture repair*®3-*°. Because these functions

272 depend extensively on its local protein environment, BANF1 provided a suitable model for testing
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273  whether peptide-scale proximity labeling could resolve a biologically informative protein network

274  around a compact protein.

275 Both BANF1-AAP and BANFI1-2xAAP supported FMN incorporation and biotin-
276  detectable protein labeling above the untagged BANF1 background (Fig. 4A). We therefore
277  selected BANF1-AAP for quantitative proteomic analysis to retain the minimal peptide fusion and
278  compared it with untagged BANF1 processed under the same labeling and enrichment conditions.
279  Label-free LC-MS/MS identified proteins enriched by more than twofold with P <0.05 (Fig. 4B),
280  defining a set of FPPL-enriched BANF1-proximal candidates for subsequent network analysis and
281  validation. Comparison with curated BANF1 interaction records in BioGRID®’ showed that 12
282  proteins were shared between the two datasets, whereas 71 FPPL-enriched proteins were not
283  represented in the BioGRID dataset used for comparison (Fig. 4C). Functional analysis of the
284  FPPL-enriched proteins highlighted nuclear-envelope reassembly and breakdown, mitotic
285  regulation, chromatin remodeling and pre-mRNA processing (Fig. 4D). These functional
286  categories are consistent with established roles of BANF1 in coordinating chromatin and nuclear-
287  envelope organization, while also extending the proximity-defined network to additional nuclear
288  factors. Because proximity labeling reports the local molecular environment rather than physical
289 interactions, these proteins were considered candidate BANFI-proximal factors for further

290 evaluation.

291 We next examined representative candidates using complementary biochemical assays.
292 Streptavidin enrichment followed by immunoblotting confirmed preferential FPPL labeling of
293  SRSF10 and RBMX, two nuclear RNA-processing proteins, supporting their proximity to BANF1
294  (Fig. 4E). Co-immunoprecipitation further confirmed associations between BANF1 and

295  TMPO/LAP2, NUP58, SP1, MACRODI, NAA25, ATF3, SSRP1 and MLLTI1/ENL, which
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296

297

298

299

participate in nuclear-envelope organization, nuclear transport, transcriptional regulation,
chromatin remodeling and protein modification (Fig. 4F). Together, these analyses define a
BANF1-centered protein network supported by proximity labeling and complementary association

assays and provide a focused set of candidates for subsequent functional interrogation.
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301 Fig. 4 FPPL maps the proximal protein network of BANF1. A) Streptavidin blot of cells expressing
302 BANFI, BANF1-AAP or BANF1-2xAAP. FMN fluorescence and anti-Flag immunoblotting show AAP
303 flavinylation and construct expression, respectively. B) Volcano plot of label-free proteomic enrichment
304  for BANF1-AAP relative to untagged BANF1. Dashed lines indicate twofold enrichment and P = 0.05;
305 representative enriched proteins are labeled. Data are from three biological replicates. C) Comparison of
306  FPPL-enriched proteins with BANF1-associated proteins in BioGRID. Twelve proteins were shared
307  between the datasets, with 71 unique to the FPPL dataset and 215 unique to BioGRID. Representative
308  shared proteins are grouped by the indicated functional categories. D) Reactome analysis of the BANF1-
309  proximal proteome. The alluvial plot links selected enriched proteins to representative pathways; bubble
310  size indicates protein count and color corresponds to the enrichment metric shown. E) NeutrAvidin
311  enrichment followed by immunoblotting for SRSF10 and RBMX in the indicated BANF1 samples. Inputs
312  are shown below. F) Co-immunoprecipitation analysis of selected FPPL-identified BANF1-associated
313  proteins. [gG immunoprecipitation served as a negative control; corresponding input lysates are shown.

314  Experiments were repeated at least twice with consistent results.

315

316  Functional convergence of the BANF1 proximal network on nuclear-envelope integrity. The
317  enrichment of nuclear-envelope and chromatin-associated pathways within the BANF1 proximal
318 proteome suggested that the network captured by FPPL might contain functionally relevant
319  determinants of nuclear-envelope homeostasis. We therefore asked whether perturbing FPPL-
320 identified BANF1-interacting proteins would reveal a shared requirement for maintaining nuclear
321  compartmentalization. To address this, we used RPE-1 reporter cells expressing GFP-BANFI,
322 with or without a nuclear RFP-NLS reporter® (Fig. 5A; Supplementary Figs. 9A and 10A). In
323  cells with an intact nuclear envelope, RFP-NLS remained confined to the nucleus and GFP—

324 BANF1 was predominantly diffuse. Nuclear-envelope disruption was accompanied by
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325 cytoplasmic leakage of RFP-NLS and focal accumulation of GFP-BANFI, providing
326  complementary readouts of loss of nuclear compartmentalization and recruitment of BANF1 to

327  sites of envelope damage.

328 We selected eight FPPL-identified candidates that were supported by co-
329  immunoprecipitation—MLLT1, SP1, SSRP1, ATF3, NUP58, NAA25, TMPO and MACROD1—
330 and depleted each using two independent siRNAs. RT—qPCR confirmed reduced expression of the
331  targeted transcripts (Supplementary Fig. 8). Depletion of MLLT1, SP1, SSRP1, ATF3, NUP5S,
332 NAAZ2S5 or TMPO consistently increased the fraction of cells containing GFP-BANF1 foci relative
333  to siControl (Fig. 5B; Supplementary Fig. 9A—C). Importantly, the same perturbations also
334 increased the proportion of cells displaying both focal GFP-BANFI1 accumulation and
335  cytoplasmic RFP-NLS leakage (Fig. 5C; Supplementary Fig. 10A, B), linking BANF1 recruitment
336  to a measurable breakdown of nuclear compartmentalization. MACRODI1 depletion produced a
337  substantially weaker phenotype under the same conditions. Thus, seven of the eight tested FPPL
338 candidates converged on a common nuclear-envelope integrity phenotype despite representing

339  functionally diverse nuclear processes.

340 We next examined whether this loss of compartmentalization was accompanied by
341  structural remodeling of the nuclear lamina. In cells depleted of MLLT1, NAA25 and SP1, GFP-
342 BANF]1 foci localized to regions showing altered or discontinuous Lamin B1 staining (Fig. 5D;
343  Supplementary Fig. 11). Lamin A/C similarly displayed focal redistribution at GFP-BANF1-
344  positive regions (Fig. SE). Comparable patterns were observed following depletion of SSRPI,
345  NUPSS8, ATF3 and TMPO, whereas MACROD1-depleted cells more closely resembled the control

346  in representative fields (Supplementary Fig. 11). These observations connect the reporter-based
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347  loss of nuclear compartmentalization with local reorganization of the lamina at sites of BANF1

348  accumulation.

349 Together, these results reveal functional convergence within the BANF1 proximal network,
350 as depletion of diverse BANF1-associated factors led to nuclear reporter leakage, focal BANF1
351 recruitment and local lamina remodeling. These findings place BANF1 within a broader nuclear
352  homeostatic network in which multiple molecular processes cooperate to maintain nuclear-

353  envelope integrity.
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355  Fig. 5 Functional interrogation of the BANF1- associated proteins identifies regulators of nuclear-
356  envelope integrity. A) Schematic of the reporter assay in RPE-1 cells expressing GFP-BANF1 and RFP—
357  NLS. Nuclear-envelope disruption is monitored by focal GFP-BANF1 accumulation and cytoplasmic
358  redistribution of RFP-NLS following siRNA-mediated depletion of candidate proteins. B, C)
359  Quantification of cells containing GFP-BANF1 foci (B) or both GFP-BANF1 foci and cytoplasmic RFP—
360  NLS (C) after depletion of the indicated proteins. Data are mean + s.d. from three biologically independent
361  experiments, with >200 cells analyzed per condition. P values were determined by one-way ANOVA
362  followed by Dunnett’s multiple-comparisons test versus siControl. D, E) Representative fluorescence
363  images showing GFP-BANF1 localization together with Lamin B1 (D) or Lamin A/C (E) following
364  depletion of the indicated proteins. GFP-BANF1 foci coincide with local alterations in nuclear-lamina
365  organization. DNA, GFP-BANF1 and lamins are shown in blue, green and red, respectively. Scale bars, 5

366  um. Experiments were repeated three times with consistent results.
367

368 FPPL reveals an unexpected virus-associated protein network around GNG4. We next asked
369  whether FPPL could uncover functional protein networks around a compact signaling protein
370  outside the nuclear context. We selected GNG4, a 75-amino-acid y subunit of heterotrimeric G
371  proteins whose molecular environment remains incompletely defined®. GNG4 fused to intact
372 AAP supported robust light-dependent proximity labeling, whereas the non-flavinylatable
373  AAP(T9A) mutant showed markedly reduced labeling despite comparable protein expression (Fig.
374  6A). We therefore used AAP(T9A) as a sequence-matched reference for quantitative proteomics.
375 Comparison of GNG4-AAP with GNG4-AAP(T9A) identified 83 FPPL-enriched proximal

376  candidates at the defined statistical threshold (Fig. 6B).

377 Functional inspection of this dataset revealed an unexpected enrichment of proteins

378  previously linked to virus—host interactions (Fig. 6C). Literature-based curation identified 27 of
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379  the 83 candidates (32.5%) with reported roles in viral infection or antiviral responses, including
380 12 classified as proviral, 8 as antiviral and 7 with context-dependent or bidirectional functions (Fig.
381 6D). Proviral candidates included VDACI, which enhances infectious bursal disease virus
382  polymerase activity®®, and VTA1, an ESCRT-associated factor involved in HCV assembly and
383  HIV-1 budding®%2. Among antiviral regulators, PPPIR12C promotes RIG-I-like receptor
384  activation®, while EXOC4 (Sec8) enhances antiviral signaling by stabilizing STING1 and RIG-I
385 649 JKBKG (NEMO), a key mediator of antiviral signaling, is targeted by SARS-CoV-2 ORF9b
386  to suppress innate immunity®, whereas MTCH?2 interacts with influenza A virus PA and restricts
387  viral replication®’. Notably, ARF6 exhibits virus-dependent functions, facilitating SARS-CoV-2
388  pseudovirus entry through CD147-associated trafficking®® while restricting coxsackievirus B3
389 infection by directing viral particles into nonproductive endosomal compartments®. Similarly,
390 FANCD?2 supports HSV-1 DNA replication but can restrict HPV genome amplification,
391  highlighting its context-dependent roles in viral infection’®’!. Together, these findings revealed an

392  unexpected host—virus-associated network around GNG4 spanning distinct cellular processes.

393 We next validated representative candidates by co-immunoprecipitation. GNG4
394  reproducibly associated with PPP1R12C, EXOC4, ARF6, IKBKG, MTCH2 and RABEP2 (an
395  endosomal trafficking regulator’?) (Fig. 6E), providing independent support for their identification
396 in the FPPL-defined network. The convergence of several independently implicated antiviral
397  regulators within the GNG4 proximal proteome prompted us to investigate whether GNG4 itself

398  contributes to innate antiviral signaling.

399
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401  Fig. 6 FPPL reveals a virus-associated proximal network of GNG4. A) Evaluation of FPPL labeling

402  using GNG4-AAP and the non-flavinylatable GNG4-AAP(T9A) control. Biotinylated proteins were
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403  detected by streptavidin blotting, whereas FMN fluorescence and anti-Flag immunoblotting were used to
404  monitor AAP flavinylation and construct expression, respectively. B) Volcano plot of quantitative
405  proteomic enrichment in GNG4-AAP relative to GNG4-AAP(T9A). Representative FPPL-enriched
406  proteins, including candidates selected for subsequent validation are labeled. C) Functional annotation of
407  the GNG4 proximal proteome. The alluvial plot links selected enriched proteins to representative functional
408  categories, including cell-cycle regulation, host—virus interactions and protein transport; the accompanying
409  bubble plot summarizes pathway enrichment. D) Classification of virus-associated proteins within the
410 GNG4 proximal proteome. Among 83 FPPL-enriched proteins, 27 (32.5%) had reported roles in virus-
411  related processes and were classified as proviral, antiviral or context-dependent factors. E) Co-
412  immunoprecipitation analysis of selected FPPL-identified GNG4-associated proteins. Cells co-expressing
413  GNG4 and the indicated candidate proteins were subjected to anti-GNG4 immunoprecipitation followed
414 by immunoblotting. IgG served as a negative control and corresponding input lysates are shown.

415  Experiments were repeated at least twice with similar results.
416

417 A GNG4-centered proximal network promotes antiviral signaling. The unexpected
418  representation of virus-associated proteins within the GNG4 proximal proteome prompted us to
419  test whether GNG4 itself participates in innate antiviral signaling. We stimulated cells with Sendai
420  virus (SeV), a commonly used activator of RIG-I-MAVS signaling’”>. GNG4 overexpression
421  enhanced SeV-induced STAT]1 phosphorylation without appreciably altering total STATI levels
422  and further increased induction of /FNBI and the interferon-stimulated gene IFIT] (Fig. 7A-C).
423  Conversely, depletion of GNG4 with two independent siRNAs markedly reduced SeV-induced
424  STATI phosphorylation as well as I/FNBI and IFITI expression (Fig. 7D-F), with efficient
425  knockdown confirmed by RT—qPCR (Supplementary Fig. 12A). These complementary gain- and

426  loss-of-function experiments identify GNG#4 as a previously unrecognized positive regulator of the
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427  antiviral response. Notably, the effect on /FNBI induction places the contribution of GNG4 at or

428  upstream of interferon production rather than solely at the level of downstream STAT1 activation.

429 We next asked whether proteins identified within the GNG4 proximal network were
430  functionally connected to this response. Overexpression of the FPPL-identified candidates
431  MTCH2 or ARF6 enhanced SeV-induced STAT1 phosphorylation (Fig. 7G, H). More importantly,
432  expression of either protein in GNG4-depleted cells partially restored /FNBI and IFIT] induction
433  and rescued STATI phosphorylation following SeV stimulation (Fig. 7I-K). Thus, MTCH2 and
434  ARF6 can partially bypass the signaling defect caused by GNG4 loss, supporting functional

435  convergence between GNG4 and components of its proximal protein network.

436 This relationship extended beyond MTCH2 and ARF6. Immunoblot analysis showed
437  stronger SeV-induced STATI1 phosphorylation upon overexpression of RABEP2, EXOC4 or
438  PPPIRI2C, whereas IKBKG did not appreciably increase the signal (Supplementary Fig. 12B-E).
439  In GNG4-depleted cells, RABEP2, EXOC4 and PPP1R12C increased pSTATI signals to differing
440  extents, while IKBKG showed little effect (Supplementary Fig. 12F-I). RT—-qPCR analyses further
441  showed that overexpression of ARF6, EXOC4, MTCH2, RABEP2 and PPP1R12C enhanced SeV-
442  induced IFNBI and IFIT1 expression, whereas IKBKG did not show comparable enhancement of
443  both transcripts (Supplementary Fig. 13A-L). Together, these results support a GNG4-centered
444  network in which several proximal candidates modulate virus-induced interferon responses,
445  providing functional support for the antiviral signature revealed by FPPL. The convergence of
446  several membrane- and trafficking-associated GNG4-proximal proteins further suggests that
447  GNG4 may couple membrane organization or intracellular trafficking to efficient innate immune

448  signaling, revealing an unexpected signaling function for a heterotrimeric G-protein y subunit.
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Fig. 7 GNG4 and its proximal protein network promote antiviral signaling. A) Immunoblot analysis

of SeV-induced STAT1 phosphorylation in vector-control or GNG4-overexpressing cells. Total STAT1

and actin are shown as controls; relative pPSTAT1/STAT] ratios are indicated. B, C) RT-qPCR analysis of

IFNBI (B) and [FITI (C) expression following GNG4 overexpression and SeV stimulation. D) Immunoblot

analysis of SeV-induced STATI phosphorylation following depletion of GNG4 with two independent

siRNAs. Relative pSTAT1/STAT] ratios are indicated. E, F) RT—qPCR analysis of /FNBI (E) and IFIT1

(F) following GNG4 depletion and SeV stimulation. G, H) Effects of MTCH2 (G) or ARF6 (H)
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457  overexpression on SeV-induced STAT1 phosphorylation. Candidate expression was monitored by anti-V5
458  immunoblotting. I, J) RT-qPCR analysis of /FNBI (1) and IFITI (J) following expression of MTCH?2 or
459  ARF6 in GNG4-depleted cells after SeV stimulation. K) Immunoblot analysis of SeV-induced STAT1
460  phosphorylation in GNG4-depleted cells expressing MTCH2 or ARF6. Relative pSTAT1/STATI ratios are
461  indicated. RT—-qPCR data are presented as mean + s.d. from three biologically independent experiments,
462  with P values indicated above the bars. Immunoblotting experiments were repeated at least twice with

463 similar results.

464

465 DISCUSSION

466 Here we establish the FPPL platform, a proximity-proteomics strategy that decouples
467  photocatalyst installation from the protein of interest. Conventional genetically encoded
468  proximity-labeling systems generally require direct fusion of a protein-sized enzyme to the target,
469  which can impose a substantial structural burden on compact proteins. In FPPL, the target carries
470  only the 12-amino-acid AAP, whereas ApbE is supplied separately to covalently install FMN and
471  generate a protein-tethered photocatalytic center. AAP was rapidly and efficiently flavinylated by
472  ApbE, displaying favorable modification kinetics in vitro and robust FMN incorporation in cells,
473  supporting its use as a compact and readily installed photocatalytic module. Consistent with this
474  design, AAP fusion preserved the localization of NUPR1 and BANF1 substantially better than
475  direct TurbolD fusion, while compartment-targeted FPPL retained spatial information at both
476  imaging and proteomic levels. Thus, the key feature of FPPL is not simply a smaller targeting
477  element, but the physical separation of the cofactor-installation machinery from the target while

478  retaining a covalently anchored photocatalyst at the protein of interest.
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479 This architecture is chemically distinct from other strategies developed to reduce the
480  genetic footprint of proximity labeling. ASAP-ID uses short peptide epitopes to recruit antibody-
481 linked labeling enzymes*?, whereas FPPL installs the photocatalytic cofactor directly onto the
482  target-associated peptide and therefore does not require persistent recruitment of a protein-sized
483  labeling enzyme. FIAsH-ID provides an even closer conceptual comparison because it also
484  converts a short peptide into a photocatalytic labeling site’*”*. However, FIAsH-ID relies on
485  binding of an exogenously supplied biarsenical fluorophore to a tetracysteine motif, whereas FPPL
486  uses ApbE-catalyzed covalent transfer of FMN to a defined acceptor peptide. Biarsenical—
487  tetracysteine systems have long required thiol-blocking or dithiol-washing procedures to suppress
488  nonspecific cellular binding’®%’; FPPL instead relies on enzyme-defined covalent flavin
489 installation and does not depend on equilibrium association of the photocatalyst with the target
490  peptide. Moreover, biarsenical labeling depends on reduced cysteine thiols and can be challenging
491  in oxidizing cellular environments, as demonstrated by the requirement for reducing agents to label
492  tetracysteine-tagged proteins within the Golgi lumen®!. In contrast, FPPL avoids the requirement
493  for a reduced tetracysteine motif and may alleviate redox-dependent constraints on photocatalyst
494  installation. We do not infer from this distinction that FPPL necessarily has lower background
495  without direct comparison, but the two systems provide fundamentally different solutions to
496  peptide-scale photocatalyst installation. Together with previous work showing that ApbE can be

497  repurposed for engineered covalent flavin incorporation’?33

, our results establish enzymatic
498 flavinylation as a programmable route for constructing genetically specified photocatalytic centers

499  in living cells.

500 Application of FPPL to BANF1 illustrates how a proximity-defined protein environment

501 can be connected to cellular function. The BANF1 proximal proteome contained proteins linked
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502 to chromatin organization, nuclear-envelope remodeling and RNA processing, and several
503 candidates were supported by complementary biochemical assays. Functional interrogation further
504 showed that depletion of seven of eight tested candidates increased nuclear reporter leakage, focal
505 BANFI1 accumulation and local lamina remodeling. The convergence of functionally diverse
506  proteins on a common nuclear-envelope phenotype suggests that BANF1 operates within a broader
507 nuclear homeostatic network in which chromatin regulation, nuclear transport and envelope
508  organization collectively preserve nuclear compartmentalization. This network-level view extends
509 the established role of BANF1 in nuclear-envelope repair and illustrates how proximity proteomics

510 can reveal functional organization around compact proteins.

511 The GNG4 study highlights a complementary strength of FPPL: the ability to uncover
512  biological functions that are not readily predicted from the canonical annotation of the target
513  protein. Nearly one-third of the GNG4 proximal proteome consisted of proteins previously linked
514  to virus—host processes, leading us to identify GNG4 as a positive regulator of SeV-induced /FNBI
515  expression, /FIT] induction and STAT1 phosphorylation. The effect on /FNBI indicates that
516  GNG4 influences the antiviral response at or upstream of interferon production rather than acting
517  solely through downstream STATI signaling. Multiple GNG4-proximal proteins, including
518 MTCH2, ARF6, EXOC4 and RABEP2, similarly enhanced antiviral responses, while MTCH2 and
519  ARF6 partially restored signaling in GNG4-depleted cells. These findings support a functionally
520 connected GNG4-centered antiviral network and raise the possibility that GNG4 links membrane-

521  associated or trafficking processes to innate immune signaling.

522 Together, these studies establish FPPL as a peptide-scale strategy for mapping and
523  functionally interrogating the molecular environments of compact proteins. The combination of

524 minimal genetic modification, covalent photocatalyst installation and spatially restricted
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525 proteomic labeling should facilitate applications to endogenous proteins and other systems in
526  which conventional enzyme fusions are difficult to accommodate. Further development of
527  engineered ApbE—AAP pairs, alternative flavin photocatalysts and improved trapping chemistries
528 may extend the efficiency, spatial resolution and cellular scope of the platform. More broadly,
529  FPPL provides a route from minimally perturbative proximity mapping to functional hypothesis
530 generation for proteins whose biology is encoded by their local molecular context.

531

532 Methods

533  Cell culture. HEK293T (ATCC CRL-3216), HeLa (ATCC CRM-CCL-2) and hTERT RPE-1 (ATCC CRL-
534  4000) cells were maintained at 37 °C in a humidified incubator with 5% CO.. HEK293T and HeLa cells
535  were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin.

536  All cell lines tested negative for mycoplasma.
537

538  Chemical probes. The chemical probes used in this study were selected based on previously reported
539  studies of photoactivation-dependent proximity labeling and chemical probe relay labeling®®*, 3-Ethynyl-

540  4-fluoroaniline (3E-4FA; CAS no. 77123-60-5) was purchased from Leyan.
541

542  Plasmid construction. Constructs are described in Supplementary Table 1, and oligonucleotide and siRNA
543  sequences are referenced in Supplementary Table 2. Unless stated otherwise, plasmids were constructed by
544  General Biol. The 12-amino-acid ApbE acceptor sequence GVDGLSGATLTS is referred to throughout as
545 the AAP. The acceptor-site mutant, AAP(T9A), has the sequence GVDGLSGAALTS, in which the
546  threonine at position 9 is replaced by alanine. Histone H2B constructs bearing one to four tandem copies

547  of the AAP were generated to assess the effects of AAP copy number. NUPR1, BANF1 and GNG4 were
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548  fused to the indicated functional or mutant AAP configurations and epitope tags. Corresponding TurbolD

549  fusions were generated for the protein-localization comparisons.

550 Subcellular ApbE targeting used V5—ApbE-3xNLS (nucleus), MITO-V5—ApbE (mitochondria, the
551  mitochondrial matrix targeting sequence derived from the N-terminal 23 amino acids of COX4), ERM—-V5-
552  ApbE (ER membrane; the ERM-targeting module derives from the 27-amino-acid targeting segment of
553  cytochrome P450 2C1 and places the reporter on the cytosolic face of the ER membrane®’), V5-ApbE—
554  3xNIK (nucleolus). Compartment-targeted ApbE was paired with the corresponding 2xXAAP reporter:
555  H2B-2xAAP (Nuc-2xAAP) for the nucleus, MITO-2xAAP for mitochondria, ERM-2xAAP for the ER

556 membrane and 2xAAP-3xNIK for the nucleolus.
557

558  Plasmid and siRNA transfection. Cells were seeded into the indicated culture formats and transfected at
559  approximately 70% confluence using Lipo8000 (Beyotime, C0533). Unless otherwise indicated, plasmid
560 DNA and Lipo8000 were mixed in DMEM, incubated for approximately 10 min at room temperature and
561  added dropwise to cells in fresh complete medium. The medium was replaced after approximately 24 h,

562  and cells were generally analyzed 36—48 h after plasmid transfection.

563 For siRNA-mediated depletion, cells were seeded in antibiotic-free medium and transfected with
564  Lipofectamine RNAIMAX (Thermo Fisher Scientific, 13778150). siRNA and RNAIMAX were diluted
565  separately in Opti-MEM, combined for 20 min at room temperature and added to a final siRNA
566  concentration of approximately 25 nM unless indicated otherwise. Two independent siRNAs per target were
567  used in the BANF1-associated nuclear-envelope assays. In sequential depletion and plasmid-expression
568  experiments, the siRNA transfection preceded plasmid transfection by approximately 24 h. The reported

569  siRNA sequences are referenced in Supplementary Table 2.
570

571  Stable cell line generation. Lentiviral particles were produced in HEK293T cells seeded in 6-cm dishes
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572 by transfection with 4 ng transfer plasmid, 3 pg psPAX2 and 1 pg pMD2.G using Lipo8000. The medium
573  was exchanged approximately 24 h later. Supernatants were harvested after a further 24 h, passed through
574  a 0.45-um filter and used to transduce target cells in the presence of 5 ug/ml polybrene. The medium was
575  replaced the following day, and transduced cells were selected using the corresponding antibiotic until

576  stable expression was established.

577 For compartment-targeted FPPL, HEK293T or HeLa cells expressing the designated ApbE construct
578  were selected with puromycin, generally at 2 pg/ml. Where dual-stable ApbE and AAP reporter lines were
579  generated, puromycin and blasticidin (10 pg/ml, according to cell line and selection stage) were applied.

580  Selection antibiotics were generally omitted during expansion for proteomics experiments.
581

582  Expression and purification of recombinant proteins. His-tagged ApbE, MBP-AAP, SUMO-AAP and
583  the indicated AAP(T9A) counterparts were expressed in Escherichia coli BL21(DE3). Individual colonies
584  were inoculated into LB medium containing the appropriate selection antibiotic and cultured at 37 °C with
585  shaking. At an ODesoo of approximately 0.5, recombinant expression was induced with 0.5 mM IPTG and
586  continued for 7 h at 37 °C. Cells were harvested, resuspended in Tris-based lysis buffer containing protease
587  inhibitors and disrupted by high-pressure homogenization. Lysates were cleared by centrifugation at 4 °C
588 and loaded onto Ni—NTA affinity resin. After washing with imidazole-containing buffer, His-tagged
589  proteins were eluted by increasing the imidazole concentration. Fractions were examined by SDS-PAGE
590 and Coomassie brilliant blue (CBB) staining; protein-containing fractions were pooled, concentrated by
591  centrifugal ultrafiltration, exchanged into Tris—HCI buffer (pH 8.0), quantified, aliquoted and stored at

592 80 °C.

593

594  In vitro ApbE-mediated flavinylation. FMN transfer by ApbE was assayed in Tris—HCI buffer (pH 8.0)

595  containing | mM FAD, | mM EDTA and 10 mM MgClL. For the ApbE titration, MBP-AAP was maintained
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596  at 15 uM in a 40-pl reaction, and ApbE was added at ApbE: MBP—-AAP molar ratios of 0, 0.0625, 0.125,

597 0.25, 0.5, 1 or 2. Samples were incubated at 30 °C with shaking at 1,050 rpm for 1 h.

598 For the time course, ApbE and MBP-AAP were each used at 15 uM, and reactions were sampled
599 after 2.5, 5, 10, 20, 40 or 60 min under the same conditions. Reactions were stopped with SDS sample
600  buffer followed by heating. Covalently attached FMN was assessed by in-gel fluorescence using the 488-
601 nm detection channel, with CBB staining used to visualize protein loading. Substrate selectivity was

602  evaluated using SUMO—-AAP and MBP-AAP together with their AAP(T9A) counterparts.

603

604  In vitro photocatalytic probe screening. SUMO-AAP was first modified with FMN by ApbE under the
605  flavinylation conditions described above for 30 min, placed on ice and purified by chromatography. The
606  resulting SUMO-AAP-FMN was combined with anti-His antibody and each candidate chemical probe at
607 a final probe concentration of 1 mM. Samples were incubated for 1 h at 26 °C with shaking and then
608 illuminated for 10 min. For alkyne probes, labeled proteins were conjugated to azide—rhodamine or azide—
609  biotin by click chemistry for 1 h at 26 °C and analyzed after SDS—PAGE by rhodamine in-gel fluorescence
610 or HRP-streptavidin blotting. FMN installation and total protein input were assessed using 488-nm

611  fluorescence and CBB staining, respectively.

612

613  Immunofluorescence analysis of NUPR1 and BANF1 localization. Cells expressing Flag-tagged
614  NUPRI or BANF1, the corresponding AAP fusion or the TurbolD fusion were replated into imaging dishes
615  and fixed with 4% paraformaldehyde. After 0.25% Triton X-100 permeabilization and BSA blocking, Flag
616  was detected using a 488-conjugated Flag-tag recombinant antibody (Proteintech, cat. no. CL488-80010).
617  Nuclei were stained with Hoechst. Images within a given comparison were collected using matched

618  acquisition settings.

619 For the intensity profiles, Flag and Hoechst fluorescence was sampled along lines crossing
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620  individual cells. Flag fluorescence was also quantified from nuclear and cytoplasmic regions of interest,
621  and the nuclear-to-cytoplasmic fluorescence ratio was calculated for each cell. Image measurements were

622  performed in Fiji/Image].

623

624  Cellular FPPL labeling. HEK293T cells stably expressing the appropriate compartment-targeted ApbE
625  construct were transfected with the indicated AAP-bearing reporter or protein of interest. Unless specified
626  otherwise, cells were washed with prewarmed Hanks' balanced salt solution (HBSS), incubated in HBSS
627  containing 2 mM 3E-4FA for 1 h at 37 °C and illuminated with 450-nm blue light for 10 min. After
628 illumination, cells were washed with ice-cold PBS and processed for fluorescence microscopy, gel-based
629  analysis or proteomics. Depending on the experiment, controls included AAP(T9A) or other non-

630 flavinylatable variants, an untagged target, probe omission or no illumination.

631 Cellular probe screening compared the indicated aromatic alkyne analogues. The AAP-, chemical
632  probe- and light-dependence experiments compared H2B—AAP with untagged H2B using 3E-4FA under
633  the indicated conditions. For concentration optimization, nucleus-targeted ApbE was co-expressed with
634  H2B-2xAAP or untagged H2B, and cells were incubated with the indicated concentrations of 3E-4FA
635  Dbefore illumination. For wavelength testing, cells were illuminated at 365, 450, 560, 625 or 700 nm or kept
636  in the dark. The indicated AAP sequence variants and H2B fusions containing one to four tandem AAPs

637  were tested in the same general labeling workflow.

638 In-gel fluorescence and streptavidin detection. Alkyne-modified proteins were conjugated to azide—
639  rhodamine by copper(I)-catalyzed azide—alkyne cycloaddition (CuAAC), separated by SDS-PAGE and
640  visualized by direct rhodamine in-gel fluorescence. For biotin-based assays, click chemistry was performed
641 by adding Biotin-PEG-Azide, freshly prepared TCEP, TBTA and CuSOa. to the reaction mixture,
642  corresponding to final concentrations of 100 uM, 1 mM, 100 uM and 1 mM, respectively. Biotinylated
643  proteins were detected by streptavidin—-HRP. AAP-bound FMN was detected in the 488-nm fluorescence

644  channel. The relevant epitope-tag immunoblots and CBB-stained gels were used to assess construct
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645  abundance and total protein loading.

646

647  Reactive oxygen species perturbation. Cells expressing H2B-2xAAP or the corresponding control were
648  incubated for 1 h in HBSS containing 2 mM 3E-4FA and the indicated modulators of reactive oxygen
649  species (ROS). Unless otherwise specified, additives were 10 mM sodium azide, 100 mM D-mannitol, 5
650 mM Trolox, 0.5 mM vitamin C or 100 pM H20:; D-O-containing buffer was used in the singlet-oxygen
651  lifetime experiment. Illuminated samples were exposed to 450-nm blue light for 10 min. Reporter
652  incorporation was examined after rhodamine click conjugation, whereas FMN installation, construct
653  expression and sample loading were assessed by 488-nm in-gel fluorescence, anti-Flag immunoblotting and
654  CBB staining, respectively. These chemical additions were used as mechanistic perturbations rather than as

655  species-specific measurements of an individual ROS.

656

657  FPPL sample preparation and LC-MS/MS analysis. BANF1- and GNG4-directed proteomics used
658  HEK293T cells stably expressing nucleus-targeted and cytosol-targeted ApbE, respectively. Cells were
659  grown in 10-cm dishes, with three biological replicates prepared per proteomics condition unless otherwise
660 indicated. After the indicated FPPL labeling procedure, cells were washed with ice-cold PBS containing
661  protease inhibitors, harvested by scraping and lysed by sonication. Lysates were clarified by centrifugation
662 at 4 °C and quantified using a BCA assay (Beyotime, P0009). Protein input was normalized between
663  conditions, with approximately 2 mg total protein used for each sample when sufficient material was

664 available.

665 Probe-labeled proteins were derivatized by CuAAC using 100 uM biotin—azide, 1 mM tris(2-
666  carboxyethyl) phosphine (TCEP), 100 uM tris(benzyltriazolylmethyl)amine (TBTA) and 1 mM CuSO..
667  Reactions proceeded for 2 h at 25 °C with shaking. Where indicated, aliquots were retained for streptavidin

668  blotting. Proteins were precipitated by methanol/chloroform extraction, washed with methanol, air-dried
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669  and dissolved in 8 M urea containing 50 mM ammonium bicarbonate (ABC).

670 Samples were reduced with 10 mM DTT at 55 °C for 40 min, alkylated with 15 mM iodoacetamide
671  for 30 min at room temperature in the dark, and treated with a further 5 mM DTT for 10 min to quench
672  alkylation. After dilution with PBS, biotinylated proteins were enriched using approximately 80 pl
673  prewashed NeutrAvidin agarose (Thermo Fisher Scientific, 29204) for 4 h at room temperature with end-
674  over-end mixing. Beads were washed three times with PBS/0.2% SDS, three times with PBS/1 M urea and

675 twice with PBS.

676 The washed beads were suspended in 300 pl 25 mM ABC containing 1 M urea and 1 mM CaCl.,
677 and 10 pg trypsin was added per sample. On-bead digestion proceeded for approximately 16 h at 37 °C
678  with shaking. Released peptides were recovered, acidified to pH 2-3 with formic acid, desalted on C18
679  material, eluted with 80% acetonitrile, dried under vacuum and reconstituted in 0.1% formic acid for LC—

680 MS/MS.

681 Approximately 500 ng peptide per sample was analyzed using a Q Exactive Plus mass spectrometer
682  with nano-electrospray ionization, controlled by Xcalibur 4.3, coupled to an EASY-nLC 1200 UHPLC.
683  Peptides were separated on a 150-um-inner-diameter x 20-cm capillary column packed with 1.9-um C18
684  resin at 300 nl/min. Solvent A was 0.1% formic acid in water and solvent B was 0.1% formic acid in 80%
685  acetonitrile. The gradient increased solvent B from 8% to 50% over 95 min and then to 98% over 6 min.
686  Data-dependent acquisition comprised full MS scans from m/z 350 to 2,000 at a resolution of 120,000
687  (AGC target, 4 x 10% maximum injection time, 150 ms). The ten most intense precursors were selected for
688  HCD with normalized collision energy of 30%, isolation width 1.6 m/z, MS/MS resolution 30,000, AGC
689  target 5 x 10* and maximum injection time 150 ms. The spray voltage was 2.0 kV, the capillary temperature
690  was 320 °C, and the dynamic exclusion time was 30 s. Precursor ions with charges of 1+ or greater than 7+

691 were excluded from MS/MS selection.

692
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693  Proteomic data analysis. Raw mass spectrometry files were processed in Proteome Discoverer with a
694  label-free quantification workflow. Exported protein abundance values were analyzed in R. For the BANF1
695  dataset, proteins showing more than twofold enrichment for BANF1-AAP relative to untagged BANF1 and
696  a reported P value below 0.05 were included in the candidate set. The analogous comparison for GNG4
697  used functional GNG4—-AAP against GNG4-AAP (T9A). Volcano plots display log. fold changes against

698  —logio(P values).

699 Previously reported BANF1 interaction records were retrieved from BioGRID and compared with
700 the BANFI1-directed FPPL candidate list; identifiers shared by both lists were counted for the overlap
701  analysis. Reactome and indicated Gene Ontology/pathway annotations were used for functional
702  interpretation. For GNG4, proteins previously implicated in virus-related processes were identified by
703  manual review of database entries and the primary literature and grouped as proviral, antiviral or context-

704  dependent according to their reported effects.

705

706  Compartment-specific FPPL proteomics. Compartment-targeted FPPL was performed in HEK293T cells
707  stably expressing the indicated ApbE localization constructs. Cells were transiently transfected with the
708  corresponding 2xAAP reporter: H2B-2xAAP for the nucleus, MITO-2xAAP for mitochondria, ERM—
709  2xAAP for the ER membrane and 2x AAP—3xNIK for the nucleolus. The ERM-targeting module derives
710  from the 27-amino-acid targeting segment of cytochrome P450 2C1 and places the reporter on the cytosolic
711  face of the ER membrane. Following FPPL labeling, samples were processed for CuAAC, NeutrAvidin

712 enrichment, on-bead digestion as detailed above.

713 Dried peptide samples were dissolved in 10 uL. of 0.1% formic acid, and 500 ng of each sample was
714  analyzed using a Thermo Scientific Ultimate 3000 UHPLC system coupled to an Orbitrap Exploris 480
715  mass spectrometer with a Nanospray Flex ion source. Peptides were loaded onto a 75 um x 2 cm precolumn
716  (Thermo Fisher Scientific, 164535) and separated on a 75 pum inner-diameter, 25 cm analytical column

717  (Thermo Fisher Scientific, 164941) packed with 2 um C18 resin. The mobile phases were 0.1% formic acid
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718  in water (buffer A) and 0.1% formic acid in 80% acetonitrile (buffer B). Separation was performed at 300
719  nL/min using a gradient of 10-28% buffer B over 88 min, 30-50% buffer B over 17 min, and 50-99%
720  buffer B over 3 min. Mass spectrometric data were acquired in data-dependent acquisition mode, alternating
721  Dbetween full MS1 and MS2 scans. The spray voltage was 2.1 kV, and the ion-transfer capillary temperature
722 was 320 °C. Full MS1 spectra were acquired from m/z 350—1500 at a resolution of 120,000, with an AGC
723 target of 3 X 10° and a maximum injection time of 100 ms. Precursor ions were selected for higher-energy
724  collisional dissociation using a 2 s cycle, a normalized collision energy of 35% and a quadrupole isolation
725 width of 0.7 m/z. MS2 spectra were acquired at a resolution of 30,000, with an AGC target of 2 x 10° and
726  amaximum injection time of 120 ms. Dynamic exclusion was set to 60 s, and ions with charge states of 2+

727  to 7+ were considered for MS/MS fragmentation.
728

729  Proteomic data analysis and ROC analysis. Raw LC-MS/MS data were processed using Proteome
730  Discoverer with label-free quantification. Protein-level log. fold changes (log2FC) and unadjusted P values
731  were exported for downstream analysis. To evaluate compartment specificity, receiver operating
732 characteristic (ROC) analyses were performed independently for Mito—FPPL, ERM-FPPL, and Nuc—-FPPL
733  using curated positive and negative reference proteins. For Mito—FPPL, mitochondrial proteins from
734  MitoCarta3.0°* (n = 1,136) and non-mitochondrial proteins from a published TurbolID reference dataset (n
735 = 2,410) were used®. For ERM-FPPL, 90 established ERM proteins from a published APEX2 study and
736 7,421 non-secretory proteins were used as positive and negative references, respectively****. For Nuc-FPPL,
737  nuclear-only and non-nuclear proteins from OpenCell were used as the corresponding reference sets™.
738  Proteins were matched using UniProt accessions, with gene-symbol matching as a fallback for Mito—FPPL.
739  The engineered reporter AOA0871234 was manually assigned as a positive reference for each compartment,
740  and positive assignments took precedence over conflicting negative annotations. Only reference proteins

741  with available quantitative measurements were included in ROC analysis.

742 ROC curves and areas under the curve (AUCs) were calculated using Python (scikit-learn), with

41



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.11.14.000388. This version posted November 14, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

743  log.FC as the classification score. Optimal enrichment thresholds were determined by maximizing the
744  Youden index (J = sensitivity + specificity — 1). The resulting AUCs were 0.832, 0.729, and 0.605 for Mito—
745  FPPL, ERM-FPPL, and Nuc—FPPL, respectively, with corresponding log:FC cutoffs of 0.429, 0.633, and
746  0.312. Proteins exceeding the respective ROC-derived thresholds and exhibiting an unadjusted P < 0.05
747  were classified as significantly enriched, yielding 424 mitochondrial, 895 ERM-associated, and 953 nuclear

748  FPPL-enriched proteins.

749 Compartment specificity was further evaluated using independent mitochondrial, secretory-pathway,
750  and nuclear annotations from established protein localization databases. Among the enriched proteins, 286,
751 617, and 663 were annotated as mitochondrial, secretory-pathway, and nuclear proteins, respectively.

752  Subcellular distributions were characterized using MitoCarta3.0 and GO/STRING annotations.

753

754  Fixed-cell visualization of FPPL labeling. Hela cells expressing compartment-targeted ApbE were
755  transiently transfected with the corresponding tagged reporter constructs and subsequently replated into
756  confocal imaging dishes. Cells were washed three times with HBSS, incubated with 3E-4FA for 1 hat 37 °C
757  and illuminated with 450-nm light for 10 min. Following three washes with PBS, cells were fixed with 4%
758  paraformaldehyde for 15 min at room temperature and permeabilized with 0.25% Triton X-100 in PBS for

759 30 min.

760 CuAAC was performed on fixed cells for 30 min at room temperature in PBS containing 50 pM
761  Cy3-azide, 1.3 mM BTTAA, 2.5 mM sodium ascorbate and 667 pM CuSOa. Cells were then washed ten
762  times with PBS containing 0.1% Tween-20 (PBST) and blocked with 3% bovine serum albumin (BSA) in

763  PBST for 30 min at room temperature.

764 For immunofluorescence staining and colocalization analysis, Flag-tagged reporters were detected
765  using a 488-conjugated Flag-tag recombinant antibody (Proteintech, cat. no. CL488-80010) (1:500). Where

766  indicated, cells were incubated overnight at 4 °C with the following primary antibodies: mouse monoclonal
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767  anti-V5 (1:500; Cell Signaling Technology, 80076), rabbit monoclonal anti-HSP60 (1:1,000; ABclonal,
768  A0564), rabbit polyclonal anti-calnexin (1:500; Abcam, ab22595) or anti-FBL (1:1,000; Huabio,
769  HA722842). After three washes with PBST, rabbit primary antibodies were detected using Alexa Fluor
770  647—conjugated goat anti-rabbit secondary antibody (1:500; Beyotime, A0468) for 30 min at room

771 temperature.

772 Cells were subsequently washed three times with PBST, counterstained with DAPI (Thermo Fisher
773  Scientific, D1306) in PBS for 10 min at room temperature and washed three additional times with PBS.
774  Samples were maintained in PBS during imaging. Confocal fluorescence images were acquired using a

775  ZEISS LSM 980 confocal microscope equipped with ZEN 3.5 software.

776

777  FPPL pull-down validation of BANF1-associated proteins. Cells co-expressing nucleus-targeted ApbE
778 and the indicated BANF1 or BANFI-AAP constructs underwent FPPL labeling and biotin—azide
779  conjugation as described above. Biotinylated proteins were isolated on NeutrAvidin beads for 4 h. After
780  washing, retained proteins were eluted directly into SDS loading buffer rather than digested on-bead. Inputs

781  and enriched fractions were probed for SRSF10 and RBMX by immunoblotting.

782

783  Co-immunoprecipitation. Cells expressing the indicated bait and candidate proteins were washed twice
784  with ice-cold PBS and lysed in IP buffer containing 1% NP-40, 150 mM NacCl, and 50 mM HEPES (pH
785  7.6) supplemented with protease inhibitor cocktail. For BANF1 co-immunoprecipitation experiments, cell
786  lysates were additionally treated with nuclease before immunoprecipitation. Lysates were incubated on ice
787  orat4 °C, clarified by centrifugation, and an aliquot was retained as input. Approximately 1 mg total protein
788  was used for each immunoprecipitation. Lysates were incubated overnight at 4 °C with the indicated bait-
789  or epitope-specific antibody, with species-matched IgG used as a negative control. Pre-washed Protein A/G

790  beads were added and incubated for 1 h at 4 °C. Beads were washed four times with NP-40 lysis buffer and
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791  once with RIPA buffer, and bound proteins were eluted in 2% SDS sample buffer by heating.

792 For GNG#4 interaction validation, cells co-expressing GNG4 and the indicated V5-tagged candidate
793  proteins were subjected to immunoprecipitation with anti-GNG4 antibody, followed by immunoblotting for
794  the V5-tagged candidates. For BANF1 interaction validation, epitope-tagged BANF1 and the indicated
795  candidate proteins were analyzed using the same general workflow, with the immunoprecipitation antibody

796  and bait/prey orientation selected according to the corresponding experiment.

797

798  Nuclear-envelope reporter assays. RPE-1 reporter cells stably expressing GFP-BANF1, or dual-reporter
799  cells co-expressing GFP-BANF1 and RFP-NLS, were seeded in 12-well plates and transfected with control
800  or candidate-specific siRNAs using RNAIMAX at a final concentration of approximately 25 nM. Cells
801  were replated at low density approximately 24 h after transfection and analyzed by fluorescence microscopy
802  after attachment. Cells containing one or more discrete GFP-BANF1 foci were scored as positive for
803 BANFI1 recruitment to nuclear-envelope rupture sites. In dual-reporter experiments, cells showing
804  redistribution of RFP-NLS from the nucleus into the cytoplasm together with GFP-BANF1 foci were scored
805 as positive for nuclear-envelope disruption. Imaging quantifications were performed across three
806  independent biological replicates, with >200 cells quantified per field. Where indicated, two independent

807  siRNAs were tested for each candidate protein.

808 Lamin A/C and Lamin B1 immunofluorescence. RPE-1 GFP-BANF1 reporter cells were transfected
809  with control or candidate-specific siRNAs at a final concentration of approximately 25 nM. Twenty-four
810  hours after transfection, cells were replated into confocal dishes at low density. Approximately 36 h later,
811  cells were washed with PBS and fixed with 4% paraformaldehyde for 20 min at room temperature. Cells
812 were permeabilized with 0.5% Triton X-100 in PBS for 10 min, washed, and blocked with 3% BSA in PBS
813  for 1 h. Anti-Lamin A/C or anti-Lamin B1 primary antibodies were diluted in 3% BSA/PBS and incubated
814  overnight at 4 °C. Cells were washed with PBS containing 0.05% Triton X-100 and incubated with the

815  corresponding fluorophore-conjugated secondary antibody at 1:1,000 for 1 h at room temperature in the
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816  dark. Nuclei were stained with Hoechst for 15 min. Images were acquired using a ZEISS LSM 980 confocal

817  microscope with a 63% objective.

818

819 RT-qPCR analysis. Total RNA was isolated using RNAiso Plus/TRIzol and quantified
820  spectrophotometrically. Up to 2 ug RNA was reverse-transcribed with a commercial premix. Quantitative
821  PCR was performed using TB Green/SYBR Green chemistry. A typical 20-pl reaction contained 10 pl 2%
822  master mix, 0.4 pl of each 10 pM primer, approximately 10 ng cDNA and nuclease-free water. Thermal
823  cycling comprised 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for approximately 30 s.
824  Transcript levels were normalized to GAPDH or ACTB, as appropriate. Primer sequences are referenced in
825  Supplementary Table 2. This assay was used to evaluate candidate-gene transcript depletion in the BANF1
826  experiments and to quantify SeV-responsive /FNBI and IFIT] transcripts after GNG4 or candidate-protein

827  perturbation.

828

829  Sendai virus stimulation and GNG4 functional assays. HEK293T cells were used unless otherwise
830  specified. For GNG4 gain-of-function experiments, cells were transfected with a GNG4 expression
831  construct or an empty-vector control. For depletion, cells were transfected with non-targeting siRNA or the
832  indicated independent GNG4-targeting siRNAs. Cells were then challenged with Sendai virus (SeV) for 12
833  hbefore harvest unless otherwise stated. For treatments initiated in serum-free medium, serum was restored

834  approximately 1 h after the addition of SeV.

835 For signaling readouts, cells were washed with ice-cold PBS and lysed in RIPA buffer containing
836  protease and phosphatase inhibitors. SeV-associated signaling was assessed by immunoblotting
837  phosphorylated STAT1 and total STAT1, with actin as a loading reference. For transcriptional readouts,
838  RNA was isolated after SeV challenge and /FNBI and IFIT] transcripts were quantified by RT—-qPCR as

839 described above.
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840

841  Candidate-protein compensation in GNG4-depleted cells. Cells were transfected with control or GNG4-
842  targeting siRNA and, approximately 24 h later, transfected with empty vector or expression plasmids for
843  the indicated FPPL-nominated proteins. After a further approximately 24 h, cells were challenged with SeV

844  for 12 h and then evaluated by phospho-STAT1 immunoblotting or RT—qPCR for /FNB/I and IFIT].

845

846  Western blot analysis. Cells were washed with ice-cold PBS and lysed in PBS or RIPA buffer containing
847  protease inhibitors and, where phosphorylation was assessed, phosphatase inhibitors. Clarified lysates were
848  quantified by BCA assay, and equal protein amounts were denatured in SDS sample buffer, resolved by
849  SDS-PAGE and transferred to PVDF membranes. After blocking, membranes were incubated with the
850 indicated primary antibodies overnight at 4 °C, followed by HRP-conjugated secondary antibodies.
851  Chemiluminescence was used for protein detection; streptavidin—HRP was used for biotin-labeled samples
852  where indicated. Antibody details are referenced in Supplementary Table 3. Band intensities were measured

853  in Fiji/Imagel where indicated, and phosphorylated STAT1 signals were normalized to total STAT1.

854

855  Statistical analysis. All experiments were performed with three biological replicates unless otherwise
856  stated. Statistical analyses were conducted using GraphPad Prism (GraphPad Software) and R and Python.
857  For comparisons between two groups, statistical significance was assessed using a two-sided Student’s t-
858  test. For comparisons among three or more groups, one-way analysis of variance (ANOVA) was performed,
859  followed by Tukey’s multiple-comparisons test for all pairwise comparisons or Dunnett’s multiple-
860  comparisons test for comparisons with a designated control group, as appropriate. Data are presented as
861  mean * standard deviation (s. d.), unless otherwise stated. For proteomics analyses, only proteins identified

862  in at least two biological replicates were included in subsequent statistical analyses.

863
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Data availability

The mass spectrometry data generated in this study have been deposited to the ProteomeXchange

Consortium via the iProX® partner repository with the dataset identifier PXD087070. Source data are

provided with this paper.
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