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 34 

ABSTRACT: Bright monomeric near-infrared fluorescent proteins (NIR-FPs) are 35 

useful as markers for labeling proteins and cells, and as sensors for reporting molecular 36 
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activities in living cells and organisms. However, current monomeric NIR-FPs are dim 37 

under excitation with common 633/635/640-nm lasers, limiting their broad use in 38 

cellular/subcellular level imaging. Here, we report a bright monomeric NIR-FP with 39 

maximum excitation at 633 nm, named mIFP663, engineered from Xanthomonas 40 

campestris pv. Campestris phytochrome (XccBphP). mIFP663 has high molecular 41 

brightness with a large extinction coefficient (86,600 M-1cm-1) and a decent quantum 42 

yield (19.4%), and high cellular brightness that is 3-6 times greater than those of 43 

spectrally similar NIR-FPs in HEK293T cells in the presence of exogenous BV. 44 

Moreover, we demonstrate that mIFP663 is able to label critical cellular and viral 45 

proteins without perturbing subcellular localization and virus replication, respectively. 46 

Finally, with mIFP663, we engineer improved bimolecular fluorescence 47 

complementation (BiFC) and new bioluminescent resonance energy transfer (BRET) 48 

systems to detect protein-protein interactions in living cells. 49 
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 54 

Fluorescent proteins (FPs) with various colors have revolutionized molecular 55 

tagging and cell labeling. Of these, near-infrared FPs (NIR-FPs), whose excitation 56 

peaks are greater than 630 nm,1-3 are particularly attractive because the long-57 

wavelength light enables optical imaging with low photocytotoxicity and deep 58 

penetration and is spectrally compatible with GFP-like FPs and blue-green optogenetic 59 

tools. Previous studies have mainly focused on the development of red-shifted NIR-60 

FPs (excitation peak > 670 nm) and in vivo applications.2-4 However, they are not ideal 61 

for live-cell imaging in vitro because they exhibit low molecular brightness with 62 

quantum yields less than 9%2 and are poorly excited by standard 633/635/640-nm red 63 

lasers in commercial microscopes. Furthermore, most of red-shifted NIR-FPs are 64 

dimeric,4, 5 which would interfere with the function or localization of protein of interest 65 

when used as a fusion tag. 66 

The majority of current NIR-FPs are engineered from non-fluorescent bacterial 67 

phytochromes (BphPs) and cyanobacteriophytochromes (CBCRs) that utilize 68 

endogenous biliverdin IXα (BV) in mammalian cells and exogenous phycocyanobilin 69 

(PCB) as chromophore, respectively. Specifically, monomeric NIR-FPs with excitation 70 

peaks at 630-645 nm are composed of either the PAS-GAF module of BphP 71 

(miRFP6706 and emiRFP6703) or the GAF domain of CBCR (miRFP670nano1) with 72 



BV covalently bound to a cysteine residue in the GAF domain. However, these NIR-73 

FPs exhibit moderate molecular brightness and poor subcellular localization when 74 

fused to critical cellular proteins (Table 1, Figure 5). Therefore, it is highly desirable to 75 

engineer new bright monomeric NIR-FPs with improved biophysical and biochemical 76 

properties.  77 

To address these problems, we engineered a bright monomeric NIR-FP mIFP663 78 

from Xanthomonas campestris pv. Campestris phytochrome (XccBphP). mIFP663 is 79 

maximally excited at 633 nm and exhibits 3-6 times brighter fluorescence than other 80 

spectrally similar NIR-FPs in mammalian cells in the presence of exogenous BV. We 81 

demonstrate that mIFP663 not only is a great protein fusion tag for critical proteins but 82 

also enables the detection of protein-protein interactions (PPIs) with high sensitivity 83 

when engineered into bioluminescence resonance energy transfer (BRET) and 84 

bimolecular fluorescence complementation (BiFC) systems. 85 

 86 

RESULTS AND DISCUSSION 87 

Development of A Bright Monomeric NIR-FP mIFP663. An extensive 88 

literature search has revealed that the XccBphP would be a good starting point owing 89 

to three reasons. First, the PAS-GAF module (Met1-Glu320) of XccBphP shares a low 90 

amino acid sequence identity with previously reported NIR-FPs (Figure S1), raising 91 

the possibility that NIR-FPs with different biophysical properties can be engineered. 92 

Second, the crystal structure of XccBphP is available, making structure-guided directed 93 

evolution possible. Third, the PAS-GAF module of XccBphP may be naturally 94 

monomeric because it lacks strong hydrophobic interactions at the putative dimer 95 

interface, which is the case in the monomeric PAS-GAF module of Bradyrhizobium 96 

phytochrome (BrBphP) (Figure S2). 97 

The human-codon optimized PAS-GAF module (named XFP0.1) of XccBphP 98 

(GenBank accession No. A0A0H2XCS3) was co-expressed with heme oxygenase 1 99 

(HO-1) that produces BV in bacteria. However, the XFP0.1/BV complex was non-100 

fluorescent. To make it fluorescent, we performed site-directed saturation mutagenesis 101 

of aspartic acid at position 199 in the DIP motif, which is crucial for ‘initial 102 

fluorescence’ in all BphP-based NIR-FPs.7 As a result, a weakly fluorescent variant 103 

XFP0.2 with the D199L mutation was obtained. To blue-shift the excitation, we 104 

replaced valine at position 251 in the GAF domain with cysteine that is supposed to 105 

covalently attach to BV.7, 8 The resultant mutant XFP0.3 was bluer by 31 nm in 106 

excitation. To improve quantum yield, we performed site-directed mutagenesis on 107 

residues near BV to reduce excited-state vibrations by tightly packing BV. Three 108 



rounds of screening resulted in identifying a bright variant XFP0.5 with five mutations 109 

Y195F, I200T, V248M, Y255F, and S280V.  110 

We next attempted to improve brightness by enhancing protein stability and 111 

folding. A close examination of the XccBphP structure identified several positions with 112 

destabilizing residues. Two rounds of screening led to the identification of a brighter 113 

variant XFP0.7 with five (I33V, Q93R, W102Y, M117I, and F195Y) mutations from 114 

the PAS domain and six mutations (H287R, M293L, D295A, R302K, G306A, and 115 

G309S) from the GAF domain. To optimize the folding, we screened libraries of 116 

XFP0.7 as C-terminal fusions to oligomeric Aβ42 that is known to render bright FP 117 

with poor folding weakly fluorescent.9, 10 After 4 rounds of random mutagenesis and 118 

screening, we identified a bright fluorescent variant, dubbed mIFP663, that possesses 119 

13 mutations: N6D, V29A, R120G, V127T, T128V, M133L, Q203L, V230M, M259I, 120 

T262S, V296L, S309G and V314E (Figure S3).  121 

 122 

Characterization of mIFP663 in vitro and in Cells. mIFP663 has two absorption 123 

bands in a visible range: the Soret band at 388 nm and the Q-band at 633 nm (Figure 124 

1a). The excitation and emission peaks are at 633 nm and 663 nm, respectively (Figure 125 

1b and Table 1). Like miRFP670, mIFP663 behaved as a monomer at a high 126 

concentration of 10 mg/mL (Figure 1c). The peak extinction coefficient (EC) and 127 

quantum yield (QY) are 86,600 M-1cm-1 and 19.4%, respectively, resulting in a 128 

calculated molecular brightness (EC × QY) 2.5-fold and 1.6-fold brighter than 129 

miRFP670 and miRFP670nano, respectively (Table 1).  130 

 131 

 132 

Figure 1. In vitro characterization of mIFP663. (a) Absorbance spectrum of mIFP663. 133 

(b) Fluorescence excitation (dashed line) and emission (solid line) spectra of mIFP663. 134 



(c) Gel filtration of mIFP663 at a loading concentration of 10 mg/mL. miRFP670 and 135 

iRFP713 are monomer and dimer, respectively. (d) pH dependence of mIFP663 and 136 

miRFP670 fluorescence. (e) Photobleaching kinetics of mIFP663 and miRFP670 in 137 

living HeLa cells under arc lamp illumination with a 628/32-nm excitation filter. 138 

mIFP663 and miRFP670 photobleaching is single-exponential and multi-exponential 139 

fluorescence decay, respectively (insert).  (f) BV binding to the purified mIFP663 and 140 

miRFP670. 2 μM of the apo form of mIFP663 or miRFP670 was mixed with different 141 

concentrations of free BV in PBS buffer at 37 ℃, and fluorescence intensity at the 142 

emission peak was measured after 1 h incubation. All data in (d-f) are presented as 143 

mean ± standard deviation (SD) (n = 3).  144 

 145 

Table 1 Properties of NIR-FPs with emission peak shorter than 670 nm 146 

NIR-FP Photoreceptor 
Exa 

(nm)  

Emb 

(nm) 
ECc  QYd  BRe 

Oligomeric 

state 
Ref. 

mIFP663 XccBphP 633 663 86600g 19.4g 100 Monomer 
This 

work 

miRFP670 RpBphP1 640 670 
48300g 

(87400f) 
14 

40 

(73f) 
Monomer 6 

miRFP670nano NpR3784 645 670 95000f 10.8f 61 Monomer 1 

emiRFP670 RpBphP1 642 670 87400f 14f 73 Monomer 3 

miRFP670-2 RpBphP6 643 670 103000f 13.6f 83 Monomer 3 

GAF-FP RpBphP1 635 670 50000f 7.3f 22 Monomer 11 

iRFP670 RpBphP6 643 670 114000f 12.2f 83 Dimer 12 

aExcitation peak 147 

bEmission peak 148 

cExtinction coefficient (M-1cm-1) 149 

dQuantum yield (%) 150 

eNormalized molecular brightness (EC × QY) to that of mIFP663 151 

fValues from the original papers1, 3, 6, 9, 10 152 

g
Values from this study 153 

 154 

The fluorescence of mIFP663 was stable at a pH range of 4.5-9.0 with a pKa of 155 

3.8 (Figure 1d). To measure the binding affinity of mIFP663 to BV, we titrated purified 156 

mIFP663 and miRFP670 apoproteins with different concentrations of free BV in vitro. 157 

The BV dissociation constant (Kd) for mIFP663 was approximately 2-times higher than 158 

that of miRFP670 (0.49 μM vs 0.24 μM) (Figure 1f), but lower than that of IFP1.4 159 



(0.49 µM vs 4.2 µM).13 mIFP663 exhibited a single-exponential fluorescence decay 160 

while the fluorescence of miRFP670 decayed multi-exponentially under arc lamp 161 

illumination (Figure 1e). Compared to miRFP670, mIFP663 is more photostable in the 162 

first 169 seconds but then less photostable. 163 

mIFP663 was 2.9 times brighter than miRFP670 in bacteria (Figure S4a-b), which 164 

is consistent with in vitro result. However, the fusion protein Aβ42-mIFP663 was 8.4 165 

times brighter than Aβ42-miRFP670 in bacteria (Figure S4a-b). Similarly, Aβ42-166 

mIFP663 was 5 and 4.8 times brighter than Aβ42-miRFP670 in HEK293T and HeLa 167 

cells, respectively (Figure S4c-f). Taken together, these data suggest mIFP663 has 168 

higher folding efficiency than miRFP670.    169 

We next examined cellular brightness and localization of mIFP663 in mammalian 170 

cells. The cellular brightness depends on molecular brightness, protein expression level 171 

and intracellular stability, the affinity for BV, and BV amount inside the cell.14, 15 When 172 

expressed in HEK293T and HeLa cells, mIFP663 exhibited comparable brightness to 173 

miRFP670 without exogenous BV (Figure 2a-b), which is consistent with the fact that 174 

mIFP663 is higher in molecular brightness while the lower binding affinity for BV than 175 

miRFP670. Meanwhile, the brightness of mIFP663 and miRFP670 significantly 176 

increased after the addition of BV (Figure 2a-b), with the former being ~2.6-fold 177 

brighter under 18 h incubation with BV (Figure 2c-d). Moreover, mIFP663 was 6.2-178 

fold and 2.1-fold brighter than miRFP670nano and emiRFP670 in the presence of 179 

exogenous BV, respectively (Figure S5). mIFP663, like miRFP670, was evenly 180 

distributed in the cytoplasm and nucleus (Figure 2a-b), indicating that it is monomeric 181 

in living cells.  182 

 183 

 184 



Figure 2. Brightness comparison of mIFP663 and miRFP670 in mammalian cells. (a, 185 

b) Representative fluorescence images of mIFP663 and miRFP670 in HEK293T (a) 186 

and HeLa (b) cells in the presence or absence of 25 μM exogenous BV. Cells expressing 187 

NIR-FP were incubated with BV and imaged at 46 h and 48 h after transfection, 188 

respectively. Scale bars, 10 μm. (c, d) Quantitative analysis of brightness of mIFP663 189 

and miRFP670 in HEK293T (c) and HeLa (d) cells in the presence or absence of 25 190 

μM exogenous BV. Cells co-expressing NIR-FP and the green FP mNeonGreen were 191 

incubated with BV at 30 h or 46 h after transfection. The fluorescence intensity was 192 

recorded on a plate reader at 48 h after transfection, respectively. All NIR fluorescence 193 

was normalized to green fluorescence from mNeonGreen. All data in (c) and (d) are 194 

presented as mean ± SD (n=3 independent experiments). Two-tailed Student’s t-test 195 

was performed. N.S., non-significant (P ＞ 0.05), ***P < 0.001, ****P < 0.0001. 196 

 197 

We finally asked whether mIFP663 can label primary cells. mIFP663 was 198 

expressed in rat hippocampal neurons and imaged in the presence of exogenous BV. 199 

Again, whole neurons including somas, neurites (axons and dendrites) and even 200 

postsynaptic structures (dendritic spines) were filled with bright fluorescence (Figure 201 

S6), suggesting the great folding and solubility of mIFP663, which is the case for newly 202 

developed green FP mGreenlantern.16 Taken together, mIFP663 is a good cell marker 203 

not only for cell lines but also for primary cells.  204 

 205 

mIFP663 is an Excellent Protein Fusion Tag in Mammalian Cells. Monomeric 206 

FPs are considered to be great protein tags without perturbing subcellular localization 207 

or function of fused proteins. However, some studies have shown that monomeric or 208 

fast-folding FPs can cause severe protein mislocalization when fused to cellular 209 

proteins,17, 18 suggesting that the monomericity or fast folding does not always correlate 210 

well with fusion performance in cells. Therefore, a systematic evaluation of different 211 

mIFP663 fusion proteins is needed. 212 

We first examined whether mIFP663 can label subcellular targeting domains 213 

without perturbing their localizations. As expected, mIFP663-tagged proteins localized 214 

properly to common targets including actin, tubulin, plasma membrane, endoplasmic 215 

reticulum, Golgi, endosome and mitochondria (Figure 3a). In addition, the fusion of 216 

mIFP663 to histone H2B (mIFP663-H2B) did not perturb the progression of mitosis 217 

(Figure 3b). Furthermore, mIFP663-H2B, when combined with GFP-COX8A (green 218 

mitochondria) and mScarlet-I-Lifeact (red actin microfilaments), allowed 3-color 219 

imaging of three organelles in a single HeLa cell (Figure 3c).  220 

 221 



 222 

Figure 3. Confocal imaging of HeLa cells expressing mIFP663 fused to various 223 

subcellular targeting domains. (a) Fluorescence images of cellular organelles labelled 224 

with mIFP663. For each fusion, the linker amino acid (aa) length is indicated in 225 

between the two domains, and the origin of the fusion partner and its normal subcellular 226 

location, respectively, are indicated in parentheses: I mIFP663-18aa-actin (β-actin, 227 

actin cytoskeleton); II mIFP663-5aa-CAAX (human c-Ha-Ras 20-aa farnesylation 228 

signal, plasma membrane); III Calnexin-14aa-mIFP663 (human calnexin, endoplasmic 229 

reticulum); IV mIFP663-18aa-tubulin (human α-tubulin, microtubules); V B4GALT1-230 

7aa-mIFP663 (β-1,4-galactosyltransferase 1 aa1-82, Golgi apparatus); VI mIFP663-231 

14aa-RhoB (human RhoB, endosomes); VII COX8A-14aa-mIFP663 (human 232 

cytochrome C oxidase subunit VIIIA, mitochondria). (b) Fluorescence images of 233 

mIFP663-10aa-H2B (human histone 2B). I interphase; II prophase; III telophase; IV 234 

metaphase. (c) Three-color imaging of COX8A-(G4S)9-mEGFP, Lifeact-(G4S)2-235 

mScarlet-I and mIFP663-10aa-H2B in the same HeLa cell. Transfected cells were 236 

incubated with BV and imaged at 24 h and 48 h after transfection, respectively. Scale 237 

bars, 10 μM. 238 

 239 

Organelle-targeting fusion proteins along with super-resolution imaging 240 

techniques enable visualization of the complex dynamic of organelle with high 241 



resolution.19, 20 The grazing incidence structured illumination microscopy (GI-SIM) is 242 

capable of high-speed, long-term, super-resolution imaging of dynamic intracellular 243 

processes. To demonstrate the utility of mIFP663 in GI-SIM, we expressed mIFP663-244 

COX8A in COS-7 cells and imaged them with GI-SIM microscopy.19 mIFP663-245 

COX8A enabled visualization of mitochondrial fine structures with high spatial 246 

resolution under 633 nm excitation (Figure 4a), suggesting that mIFP663 is bright 247 

enough for super-resolution imaging. In addition, two-color SIM imaging of GFP-248 

tubulin and mIFP663-COX8A was achieved in the same cell (Figure 4b). 249 

 250 

 251 

Figure 4. Wide-field and structured illumination microscopy (SIM) imaging of HeLa 252 

cells expressing FPs fused with subcellular targeting domains. (a) Wide-field and SIM 253 

imaging of live HeLa cells expressing COX8A-mIFP663. (b) Two-color SIM imaging 254 

of live HeLa cells expressing GFP-tubulin and COX8A-mIFP663. Transfected cells 255 

were incubated with BV and imaged at 24 h and 48 h after transfection, respectively. 256 

Scale bars, 5 μm. 257 

 258 

We next explored the possibility of labeling critical proteins with mIFP663, 259 

miRFP670 and miRFP670nano. To that end, the calcium channel Orai1 and the 260 

intracellular domain of mouse Notch1 receptor (mNotch1-IC), which localize in the 261 

plasma membrane and nucleus, respectively, were used. We observed that all Orai1 262 

fusion proteins localized correctly to the plasma membrane while mIFP663-Orai1 had 263 

less intracellular dotted structures (Figure 5), suggesting mIFP663 is more efficiently 264 

exported from Golgi and transported onto the plasma membrane. The fusion mIFP663-265 

mNotch1-IC was evenly distributed in the nucleus in HeLa cells (Figure 5). However, 266 



to our surprise, miRFP670-mNotch1-IC was very toxic to cells because no viable cells 267 

were found (Figure 5), and miRFP670nano-mNotch1-IC formed vesicle-like structures 268 

in the nucleus (Figure 5). 269 

 270 

 271 

Figure 5. Confocal imaging of HeLa cells expressing mIFP663 fused to Orai1 and 272 

mNotch1-IC. Transfected cells were incubated with BV and imaged at 24 h and 48 h 273 

after transfection, respectively. Scale bars, 10 μM. 274 

 275 

Lastly, we attempted to utilize mIFP663 as an internal tag to label cellular proteins. 276 

Some signaling proteins (e.g. Gα, α subunits of G protein) do not tolerate an FP fusion 277 

to either end, leaving only the choice of inserting FP onto highly flexible loops or 278 

disordered regions.21, 22 A previous study has shown that the Gα13 subunit localizes on 279 

the plasma membrane without loss of biological function when internally (Arg128-280 

Ala129) inserted with GFP.22 Similarly, insertion of mIFP663 into Gα13 did not alter 281 

membrane localization of Gα13 (Figure S7), indicating that mIFP663 is a great protein 282 

fusion tag.1 283 

  284 

mIFP663 is an Excellent Fusion Tag in HSV-2 Virion. Herpes simplex virus 285 

type 2 (HSV-2) is a prevalent human pathogen that is neurotropic and capable of 286 

establishing latent infection in host nerve ganglia.23 It has been reported that the green 287 

FP mNeonGreen can be fused to the C-terminus of HSV-2 capsid protein VP26 (12 kD 288 

in molecular weight) to track viral infection without perturbing the virus replication 289 

efficiency.24 However, mNeonGreen-labelled HSV-2 is not well suitable for in vivo 290 

imaging and is not compatible with transgenic mice expressing EGFP or EGFP-based 291 

indicators. Thus, we asked whether mIFP663 has a similar performance as 292 

mNeonGreen in labeling HSV-2 virion. 293 



To simultaneously track virus infection and HSV-2 virion production, we 294 

constructed a dual-color labeled HSV-2 variants using the bacterial artificial 295 

chromosome (BAC). Briefly, EGFP was inserted between two unique long (UL) genes 296 

of the HSV-2 genome as previously described to indicate infected host cells,25 while 297 

mIFP663, miRFP670, or miRFP670nano was fused to the C-terminus of VP26 to 298 

highlight HSV-2 virion (Figure 6a, Figure S8). Vero cells were transfected with BAC 299 

plasmids to produce recombinant HSV-2 variants (mIFP663 HSV-2/EGFP, miRFP670 300 

HSV-2/EGFP, and miRFP670nano HSV-2/EGFP) and then infected with HSV-2 301 

variants at a multiplicity of infection (MOI) of 1. As expected, green fluorescence was 302 

evenly distributed between the nucleus and cytoplasm, indicating that cells were 303 

infected by the virus, while NIR fluorescence was observed in virion clusters (red dots) 304 

(Figure 6b). However, the number of virion clusters for the mIFP663 HSV-2/EGFP 305 

variant was significantly greater than those of the other two HSV-2 variants, suggesting 306 

the great ability of mIFP663 to label viral proteins. 307 

 308 



 309 

Figure 6. Performance of mIFP663 in labeling the HSV-2 virion. (a) Schematic 310 

diagram of the genome structure of the recombinant HSV-2 virus. (b) Fluorescence 311 

images of HSV-2 virus-infected Vero cells. Vero cells were infected with HSV-2/EGFP 312 

(EGFP), mIFP663 HSV-2/EGFP (mIFP663/EGFP), miRFP670 HSV-2/EGFP 313 

(miRFP670/EGFP) and miRFP670nano HSV-2/EGFP (miRFP670nano/EGFP), 314 

treated with 25 µM BV for 0.5 h at 24 h post-infection (h.p.i), and then imaged by 315 

fluorescence microscopy using a 60 × objective. Scale bars, 25 μm. (c) Transmission 316 

electron microscopic images of mIFP663 HSV-2 in Vero cells fixed with glutaric 317 



dialdehyde. Black arrows from top to bottom indicate envelope, tegument, DNA core 318 

respectively, in mIFP663 HSV-2 particles. Scale bar, 500 nm.  319 

 320 

 A single intact HSV-2 virion should be spherical and consists of the 321 

nucleoprotein core, capsid shell, tegument and envelope. The core contains a linear, 322 

double-stranded DNA (dsDNA) genome, and the capsid is icosahedral and 323 

approximately 150-200 nm in diameter. Correspondingly, the electron microscopy 324 

results showed that the mIFP663 HSV-2 particle was normal in shape and size. 325 

Moreover, normal viral envelope, tegument and nucleic acid could be observed (Figure 326 

6c), suggesting negligible cytotoxicity of mIFP663 in HSV-2 virion. Taken together, 327 

these data strongly indicate that mIFP663 is a great NIR marker for single virus 328 

tracking without compromising the virus replication efficiency. 329 

 330 

An mIFP663-Based BiFC System for Detecting Protein-Protein Interaction 331 

in Mammalian Cells. Bimolecular fluorescence complementation (BiFC) is a 332 

technique to visualize protein-protein interactions (PPIs) in living cells, and has been 333 

widely used in various model organisms.6, 26-29 In BiFC, a fluorescence signal is 334 

generated only when nonfluorescent fragments of FPs are brought together by 335 

interacting proteins. To date, four NIR-FPs including miRFP670 have been engineered 336 

into NIR BiFC systems.6, 26-29 However, those BiFC systems likely have low signal-to-337 

noise ratios because their parental NIR-FPs are dim. Given its high brightness and great 338 

folding, mIFP663 would be a good starting point to engineer an improved NIR BiFC 339 

system. 340 

Based on structure alignments of mIFP663 and other NIR-FPs, six sites within the 341 

unstructured loop between PAS and GAF domains were selected to split mIFP663 342 

(Figure S9a). To perform a fast screening, we fused fragments of mIFP663 to two 343 

interacting peptides K-coil and E-coil (positive control) or K-coil only (negative 344 

control), co-expressed them in bacteria, and examined fluorescence and fluorescence 345 

contrast. As a result, a NIR BiFC system with the split site between Thr127 and Val128, 346 

designated miSplit663, exhibited the highest NIR fluorescence and fluorescence 347 

contrast (Figure S9b). Notably, the reconstituted miSplit663 is ~70% dimmer than 348 

intact mIFP663, which is comparable to other NIR BiFC systems (50%-90% dimmer 349 

than their intact versions).6, 26, 27 350 

We next compared the performance of miSplit663 and miRFP670-based 351 

miSplit670. FRB and FKBP proteins are engaged in the mammalian targets of 352 

rapamycin (mTOR) signaling and strongly interact with each other in the presence of 353 

rapamycin.30 The N- and C-terminal fragments of mIFP663 or miRFP670 were fused 354 



to the C-terminus of FKBP and FRB, respectively (Figure 7a). We expressed BiFC 355 

constructs from a tricistronic vector allowing co-expression with the green FP 356 

mNeonGreen, and used the green signal to normalize for differences in mRNA levels. 357 

We observed that, in HeLa cells, the fluorescence of miSplit663 and miSplit670 was 358 

negligible at the resting state and significantly increased after the addition of rapamycin 359 

(Figure 7b and 7c). Compared to miSplit670, miSplit663 had a 1.5-fold improvement 360 

in both fluorescence and BiFC contrast (Figure 7c), indicating that miSplit663 is an 361 

alternative and better choice for the detection of PPIs in living cells. 362 

 363 

 364 

Figure 7. Visualization of protein-protein interactions with mIFP663-based NIR BiFC 365 

system in mammalian cells. (a) Schematics of NIR BiFC reporters for FKBP/FRB 366 

interaction. The N-terminal (NT) and C-terminal (CT) of mIFP663 or miRFP670 are 367 

fused to FKBP and FRB, respectively. P2A: 2A self-cleaving peptide from porcine 368 

teschovirus-1. pvIRES: internal ribosome entry site from poliovirus. (b) Fluorescence 369 

images of HEK293T cells expressing BiFC reporters. Rap is short for rapamycin. Insets 370 

with white border for the -Rap NIR channels are 10× brightened. (c) Fluorescence 371 



contrast of BiFC sensors before and after the addition of rapamycin in HeLa cells. All 372 

NIR fluorescence was normalized to green fluorescence from mNeonGreen. All data 373 

are presented as mean ± SD (n=3 independent experiments). Two-tailed Student’s t-374 

test was performed. *P < 0.05，****P < 0.0001. (d) Three-color imaging of three pairs 375 

of protein-protein interactions in the same live HeLa cell with three spectrally distinct 376 

BiFC systems. The BiFC fragments of mVenus, mScarlet-I, mIFP663 are 377 

VN173/VC173, SN159/SC160 and IN127/IC128. Scale bars, 10 μM.  378 

 379 

NIR fluorescence of miSplit663 should provide an additional color for 380 

simultaneous imaging of multiple PPIs. As a proof of concept, we fused bZIP domains 381 

of Jun and Fos (bJun and bFos) with two fragments of the yellow FP mVenus, and 382 

tagged Lifeact with two fragments of the red FP mScarlet-I. These two BiFC systems 383 

along with miSpit663 allowed to specifically visualize dimerization of bJun/bFos, 384 

Lifeact/Lifeact and K-coil/E-coil in the same live HeLa cells (Figure 7d), thus 385 

providing a means to decipher complex signaling pathways. 386 

 387 

An mIFP663-Based BRET System for Detecting Protein-Protein Interaction 388 

in Mammalian Cells. Besides BiFC, bioluminescence resonance energy transfer 389 

(BRET) is another way to detect PPIs in mammalian cells. BRET is a transfer of energy 390 

between a bioluminescent luciferase and an FP when their distance is shorter than 10 391 

nm.31 Two previous studies have demonstrated that BRET can occur in the tandem 392 

fusion of dimeric NIR-FPs and the blue light-emitting luciferase Rluc owing to decent 393 

spectra overlap between the emission spectrum of Rluc and the Soret band of NIR-394 

FP.32, 33 However, these NIR BRET pairs are dimeric and have short Förster distances, 395 

thus not being optimal for detecting weak PPIs. To overcome these drawbacks, a BRET 396 

pair with mIFP663 and an orange-red light-emitting luciferase, in which BRET occurs 397 

via the Q band of mIFP663, is highly demanded.  398 

The red-shifted luciferase RedFLuc with emission peak 617 nm from Luciola 399 

Italica34 is a great BRET donor to mIFP663 because of significant spectral overlap 400 

between the emission spectrum of RedFluc and the Q band of mIFP663 (Figure 8b). 401 

As a demonstration, we fused FRB and FKBP to mIFP663 and RedFLuc, respectively 402 

(Figure 8a), and co-expressed them from a bicistronic vector harboring a self-cleaving 403 

viral 2A peptide. As expected, an emission shoulder around 663 nm showed up when 404 

transfected cells were treated with 100 nM of rapamycin, indicating a significant BRET 405 

signal (Figure 8c).  406 

 407 



 408 

Figure 8. Detection of PPIs with mIFP663-based NIR BRET system in mammalian 409 

cells. (a) Schematics of NIR BRET reporter for FKBP/FRB interaction. (b) 410 

Bioluminescence and fluorescence spectra of RedFluc and mIFP663, respectively. (c) 411 

Bioluminescence spectra of NIR BRET reporter before and after the addition of 412 

rapamycin. HEK293T cells expressing NIR BRET reporter were incubated with 413 

rapamycin (final concentration of 100 nM) for 6 h prior to recording on a plate reader. 414 

 415 

CONCLUSIONS 416 

In this study, we describe a bright and monomeric NIR-FP mIFP663 with an 417 

excitation peak at 633 nm, engineered from the bacteriophytochrome XccBphP. To our 418 

knowledge, mIFP663 is the brightest monomeric NIR-FP in terms of molecular 419 

brightness in the presence of exogenous BV, enabling fluorescence imaging with high 420 

signal-to-background ratio. With mIFP663, cellular or viral proteins can be highlighted 421 

without the interference of subcellular location and function. Moreover, mIFP663-422 

based BiFC and BRET systems provide powerful tools for PPI detection in living cells. 423 

Similar to other NIR-FPs, mIFP663 requires exogenous BV to emit strong 424 

fluorescence. However, BV passes the cell membrane poorly and is easily cleared by 425 

organs in vivo,5 limiting its use in deep tissue imaging. To overcome this drawback, the 426 

exogenous HO-1 can be co-expressed with NIR-FP in cells to produce a large amount 427 

of BV to generate enough fluorescent mIFP663/BV complexes.35, 36 Alternatively, 428 

mIFP663 variants with higher binding affinity to BV could be obtained using cell-line-429 

based screening methods in mammalian cells in the absence of exogenous BV.37 430 

In conclusion, mIFP663 provides a substantial improvement over existing NIR-431 

FPs. The applications of mIFP663 may include but are not limited to visualization of 432 

subcellular localization of proteins and PPIs at the cell level. mIFP663-based sensors 433 

could also detect protein conformation change and kinase activities, which have been 434 

realized in non-NIR sensors.38, 39 Compared to green FPs, the potential capabilities of 435 



mIFP663 are only beginning to be realized and will be fully explored in the future.  436 

 437 

METHODS 438 

Mutagenesis and Screening of Libraries. The PAS-GAF module (Met1-Glu320, 439 

Genbank accession No. A0A0H2XCS3) of XccBphP from Xanthomonas campestris 440 

pv.campestris was codon-optimized for expression in mammalian cells and 441 

synthesized by GenScript (Nanjing, China). Site-directed mutagenesis was performed 442 

by overlap-extension PCR using PrimeSTAR Max DNA Polymerase (Takara). All PCR 443 

products were ligated into a constitutive bacterial double expression vector pJC using 444 

In-Fusion HD enzyme (Takara). In the pJC vector, the expression of NIR-FP and 445 

Synechocystis HO-1 were driven by T7 and EM7 promoters, respectively. The Stellar 446 

competent cells (Clontech) were used for cloning and protein expression. Libraries of 447 

mutants including NIR-FP and Aβ42-NIR-FP fusion were incubated overnight at 34 ℃ 448 

on LB agar plate and maintained thereafter at room temperature. Fluorescence was 449 

imaged on plates. Colonies expressing mutants were screened for fluorescence in a 450 

dark enclosure with a white Mi-LED fiber-optic light source (Edmund, USA), 610/13-451 

nm excitation and 687/75-nm emission filters (THORLABS), and an MDK 41 BU02 452 

CCD camera controlled with Micro-Manager 1.4.21 (NIH). Bacterial colonies of 453 

interest were patched on LB agar plates and incubated overnight at 34 ℃. The brightest 454 

FP in each round was chosen for the subsequent round of mutagenesis.  455 

Protein Expression in Bacteria and Characterization in vitro. cDNAs of NIR-456 

FPs were cloned into the pJC vector with a polyhistidine tag on the N terminus and 457 

expressed in Stellar cells. Proteins were purified using cobalt-chelating affinity 458 

chromatography (Pierce), eluted with PBS containing 100 mM imidazole, and desalted 459 

using Econo-Pac 10 DG desalting columns (Bio-Rad).  460 

Excitation, emission and absorbance spectra of recombinant proteins were 461 

measured with the Infinite M1000 PRO microplate reader (Tecan). For determination 462 

of extinction coefficient, a ratio of maximum absorbance values of Q and Soret bands 463 

was calculated, assuming the latter to have extinction coefficient of the free BV, which 464 

is 39900 M-1cm-1. Quantum yields were determined by integration of emission curves 465 

corrected for detector sensitivity, using miRFP670 as a standard (quantum yield 0.14). 466 

pH titrations were performed using a series of buffers (1 M HOAc, 1 M NaOAc, 5 M 467 

NaCl for pH 3.0-4.5; 1 M NaH2PO4, 1 M Na2HPO4, 5 M NaCl for pH 5.0-9.0; 100 mM 468 

glycine for pH 9.5 and 10). 5 μL of purified protein was diluted in 195 μL buffer with 469 

different pH values, and the fluorescence intensity was measured. 470 

To perform size exclusion liquid chromatography, 200 μL volumes of the purified 471 

mIFP663, miRFP670 or iRFP713 samples were applied on the Superdex 2000 Increase 472 



10/300 GL column (GE Healthcare) equilibrated with PBS buffer pH 7.0. A 1 mL min-473 

1 flow rate was used. The concentration of proteins is 10 mg mL-1. 474 

Cell Culture and Transfection. Human HEK293T, HeLa, and Vero cells were 475 

grown in a DMEM medium (Hyclone) supplemented with 10% fetal bovine serum 476 

(Hyclone) and 1% penicillin-streptomycin (Thermo Fisher Scientific). For transient 477 

transfection with a plasmid, HEK293T or HeLa cells were transfected in a 24-well cell 478 

culture plate (Corning) using Lipofectamine 2000 (Invitrogen) following the 479 

manufacturer’s protocol.  480 

Brightness Comparison of NIR-FPs in Mammalian Cells. DNA fragmen481 

ts mNeonGreen-P2A-mIFP663, mNeonGreen-P2A-miRFP670 and mNeonGreen-P482 

2A-miRFP670nano, were PCR amplified using PrimeSTAR Max DNA Polymer483 

ase (Takara) with primers containing 5’ KpnI and 3’ EcoRI restriction enzyme 484 

sites. PCR fragments were gel purified (OMEGA Gel Extraction Kit) and were485 

 ligated into a KpnI/EcoRI double digested pcDNA3.1 vector using In-Fusion 486 

HD enzyme to make pC3.1-mNeonGreen-P2A-NIR-FP constructs.  487 

For fluorescence measurement, HEK293T or HeLa cells were transfected with 488 

pC3.1-mNeonGreen-P2A-NIR-FP constructs, transferred into 96-well plates after 24 h 489 

transfection, and then cultured for another 24 h before recording. BV molecule (5 mM 490 

in DMSO) was added to growth media with a final concentration of 25 µM at 2 h and 491 

18 h prior to measurement. The fluorescence intensity was recorded on the Infinite 492 

M1000 PRO microplate reader (Tecan) with the excitation and emission wavelength at 493 

630/20 nm and 675/20 nm, respectively.  494 

For fluorescence imaging, HEK293T or HeLa cells were transfected with pC3.1-495 

mNeonGreen-P2A-NIR-FP constructs, transferred into 20 mm glass-bottom dishes (In 496 

Vitro Scientific) after 24 h transfection, and then cultured for another 24 h before 497 

imaging. Transfected cells were incubated with 25 µM BV molecule for 24 h prior to 498 

imaging. Transfected cells were washed twice with 1 mL imaging solution (Invitrogen), 499 

and imaged in 2 mL imaging solution. Fluorescence imaging was performed on 500 

Olympus IX83 inverted microscope with a 40 × 1.2 numerical aperture (NA) oil 501 

immersion objective lens. The excitation and emission filters are 628/32 nm and 649 502 

nm long pass, respectively.  503 

Confocal imaging of mIFP66 in neurons. All coverslips for hippocampal neuron 504 

cultures were coated with 0.1 mg/mL poly-d-lysine 24 h before dissection. Hippocampi 505 

from E18.5 rat embryos were digested with 0.25% trypsin for 15 min at 37 °C, followed 506 

by trituration with pipettes in the plating medium (DMEM with 10% FBS and 10% 507 

F12). After culturing for 24 h, media were changed into neuronal culture media 508 

(neurobasal media containing 1% glutamate and 2% B27). 509 



Dissociated neurons were transfected by Lipofectamine 2000 Reagent 510 

(ThermoFisher Scientific) according to the manufacture’s instruction. Transfected 511 

neurons were incubated with 25 uM of BV for 12 h and imaged at 48 h after transfection. 512 

Immediately before imaging, neurons were changed from the culture medium to the 513 

imaging medium (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1.5 mM MgCl2, 10 mM 514 

glucose, and 25 mM Hepes, pH 7.4), and were warmed to 37 °C in a heating chamber. 515 

Live images were taken using a confocal microscope (Carl Zeiss LSM 700) with an oil 516 

63× objective (NA = 1.4, Plan-Apo) and a 633 nm laser. The same acquisition settings 517 

(laser power, pinhole size, gain, etc.) were applied to all cells. 518 

 519 

Fusion Gene Construction and Fluorescence Imaging. For the creation of 520 

mIFP663 fusion proteins, the cDNA of mIFP663 was PCR amplified with a 5’ primer 521 

encoding an AgeI site and 3’ primer encoding either a BglII (C1) or NotI (N1) site, and 522 

the PCR products were purified (OMEGA Gel Extraction Kit) and ligated into similarly 523 

digested pEGFP-C1 or pEGFP-N1 vector backbones using In-Fusion HD enzyme. The 524 

resulting plasmids were named pmIFP663-N1 and pmIFP663-C1. In order to construct 525 

plasmids encoding mIFP663 fusions, fragments encoding various protein domains 526 

were excised from existing plasmids encoding mEmerald fusions using available 527 

restriction sites and ligated into similarly digested pmIFP663-N1 and pmIFP663-C1 528 

vector backbones. Domains or fusion proteins were derived from the following sources: 529 

human β-actin, P60709; c-Ha-Ras, NM_001130442.1; human Golgi, NM_173216.2; 530 

human calnexin, NM_001024649; human RhoB, NM_004040.2; human H2B, 531 

NM_021058.3. To label mNotch1-IC (Mus musculus, BAC77038.1) and Orail1 (Homo 532 

sapiens, NM_032790.3) with mIFP663, miRFP670 and miRFP670nano, DNA 533 

fragments of mNotch1-IC-mIFP663, mNotch1-IC-miRFP670, mNotch1-IC-534 

miRFP670nano, mIFP663-Orail1, miRFP670-Orail1 and miRFP670nano-Orail1 were 535 

PCR amplified and ligated into pcDNA3.1 vector using KpnI and EcoRI. HeLa cells 536 

were grown and transfected with constructs as mentioned above. For the creation of 537 

fusion proteins for three-color imaging, the DNA fragments of COX8A-mEGFP, 538 

Lifeact-mScarlet-I and H2B-mIFP663 were amplified and inserted into pcDNA3.1 539 

using KpnI and EcoRI sites.  540 

For confocal imaging, HeLa cells were transfected with fusion gene constructs, 541 

transferred into 20-mm glass-bottom dishes (In Vitro Scientific) after 24 h transfection, 542 

and then cultured for another 24 h before imaging. Transfected cells were incubated 543 

with 25 µM BV molecule for 24 h prior to imaging, washed twice with 1 mL imaging 544 

solution (Invitrogen), and imaged in 2 mL imaging solution. Fluorescence imaging was 545 

performed on Leica TCS SP5 confocal microscope with a 63 × 1.4 NA oil immersion 546 



objective. The excitation laser and emission filters are 633 nm and 650-730 nm. 547 

For grazing incidence structured illumination microscopy (GI-SIM) imaging548 

, COS-7 cells were grown in DMEM media (GIBCO) supplemented with 10% 549 

fetal bovine serum (GIBCO) and 1% penicillin/streptomycin at 37°C and 5% 550 

CO2 until 60% to 80% confluency was reached. 35 mm coverslips were pre-c551 

oated with 50 mg/mL collagen for 1 hour, and cells were then seeded onto th552 

e coverslips to achieve ~70% confluence prior to transfection. Transfections we553 

re executed using Lipofectamine 3000 (Invitrogen) according to the manufactur554 

er’s protocol. Cells were imaged 16-36 hours post-transfection in a microscope 555 

stage top micro-incubator (OKO Lab) maintained at 37°C and 5% CO2. GI-SI556 

M system at the Institute of Biophysics, Chinese Academy of Sciences was pr557 

eviously described.19 All images were acquired with the Olympus 1.7-NA objec558 

tive under the physiological conditions of 37°C and 5% CO2.  559 

Photobleaching of NIR-FP in Mammalian Cells. To determine photostability, 560 

HeLa cells were transfected with pmIFP663-10aa-H2B and pmiRFP670-10aa-H2B 561 

constructs. BV molecule was added to growth media with a final concentration of 25 562 

µM at 24 h before imaging. Photobleaching was performed on Olympus IX83 inverted 563 

microscope with a 40 × 1.2 NA oil immersion objective. Fluorescence intensity was 564 

corrected to absorbance spectra, extinction coefficient, the power spectrum of 3.45 mW 565 

metal halide lamp and the transmission of emission filter (649 LP nm). 566 

Engineering of mIFP663-based BiFC System. The mIFP663 protein was split 567 

at six positions: 124/125, 127/128, 128/129, 130/131, 131/132 and 119/122 (the 568 

tetrapeptide 119Pro-120Gly-121Asp-122Ala are present in both fragments). To screen 569 

the best split position in bacteria, the PAS or GAF domain in the ‘pWa PAS-E BAD K-570 

GAFm’ plasmid (Addgene no. 39866) was replaced by corresponding split fragments 571 

of mIFP663. The negative control plasmids were constructed by removing the E-coil 572 

fragment. All split plasmids were expressed in E. coli, and proteins were induced when 573 

OD600 reached 0.4-0.6 using 0.02% arabinose and 0.2% rhamnose. After 24 h induction, 574 

the fluorescent intensity of E. coli cells was measured using the Infinite M1000 PRO 575 

microplate reader (Tecan). The fluorescence intensity was normalized to OD600. 576 

BiFC Imaging of Protein-Protein Interaction. The fragments of FKBP-CT, 577 

NIR-FP-P2A-FRB-NT, and NIR-FP-pvIRES-mNeonGreen were generated by overlap 578 

PCR using primers containing BamHI and EcoRI and was ligated into a similarly 579 

digested pcDNA3.1 vector using In-Fusion HD enzyme.  580 

To determine the complementation contrast in mammalian cells, HEK293T cells 581 

were transfected, transferred into 20-mm glass-bottom dishes (In Vitro Scientific) after 582 

24 h transfection, and then transferred from 6-well plate into 96-well plate. BV and 583 



rapamycin were added to growth media with a final concentration of 25 µM and 100 584 

nM, respectively, and were incubated for 24 h prior to measurement. The fluorescence 585 

intensity was recorded on the Infinite M1000 PRO microplate reader (Tecan) with the 586 

excitation and emission wavelengths at 630/20 nm and 675/20 nm, respectively.  587 

For fluorescence imaging, HEK293T cells were transfected with miSplit663 and 588 

miSplit670 reporter plasmids and transferred onto 20-mm glass-bottom dishes (In Vitro 589 

Scientific) after 12 h transfection. After 24 h transfection, BV and rapamycin were 590 

added to the culture medium at final concentrations of 25 µM and 100 nM, respectively. 591 

Fluorescence cells were changed culture medium with imaging buffer and then imaged 592 

at 48 h post-transfection. Fluorescence imaging was performed on Olympus IX83 593 

inverted microscope with a 40 × 1.2 NA oil immersion objective. The excitation and 594 

emission filters are 628/32 nm and 649 LP nm, respectively.  595 

For three-color BiFC imaging, BiFC reporters of mVenus, mScarlet-I, mIFP663 596 

were constructed as follows: the fragments of bJun-(G4S)2-mVenus-C173-P2AT2A-597 

bFos-(G4S)2-mVenus-N155, Lifeact-(G4S)2-mScarlet-I-N159-P2AT2A-Lifeact-598 

(G4S)2-mScarlet-I-C160 and K-Coil-GGS-mIFP663-N127-P2AT2A-mIFP663-C128-599 

GGSAS-E-Coil were amplified and inserted into pcDNA3.1 using KpnI and EcoRI 600 

sites. HeLa cells were co-transfected with BiFC reporters at a ratio of 1:1:1:1, 601 

transferred onto 20-mm glass-bottom dishes (In Vitro Scientific) after 24 h transfection, 602 

and then cultured for another 24 h before imaging. Transfected cells were incubated 603 

with 25 µM BV molecule for 24 h prior to imaging, washed twice with 1 mL imaging 604 

solution (Invitrogen), and imaged in 2 mL imaging solution. Fluorescence imaging was 605 

performed on Leica TCS SP5 confocal microscope with a 63 × 1.4 NA oil immersion 606 

objective. The excitation laser and emission filters are 633 nm and 650-730 nm, 607 

respectively. 608 

BRET Detection of Protein-Protein Interaction. FKBP and FRB were 609 

amplified from CFP-FRB (MA) and Lyn-FKBP plasmids provided by Dr. Michael Z. 610 

Lin at Stanford University. The fragment of FKBP12-GSGT-mIFP663-P2A-FRP-611 

GSRS-RedFluc was generated by overlap PCR using primers containing BamHI and 612 

EcoRI and was ligated into a similarly digested pcDNA3.1 vector using In-Fusion HD 613 

enzyme.  614 

HEK293T cells were transfected with the above BRET plasmid using 615 

Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. Cells were 616 

transferred from 6-well cell plate to 96-well plate after 24 h transfection and cultured 617 

for another 24 h. 25 µM BV and 100 nM rapamycin were added at 12 h and 24 h prior 618 

to bioluminescence detection, respectively. Bioluminescence spectrum was recorded 619 

on the Infinite M1000 PRO microplate reader (Tecan).  620 



Virus Propagation. Wild-type HSV-2/EGFP, carrying the complete genome of 621 

HSV-2 with EGFP tag was kindly provided by Dr. Yasushi Kawaguchi (University of 622 

Tokyo, Tokyo, Japan). The virus was grown and titered on Vero cells. The virus stock 623 

was stored at − 80 °C before use infection. 624 

Construction of NIR-FP HSV-2 Variants and Fluorescence Imaging. Th625 

e E.coli strain DY380 containing λ-Red recombination system was kindly provi626 

ded by Dr. Minhua Luo (Wuhan Institute of Virology, Chinese Academy of Sc627 

iences, Wuhan, China) and served as the parental strain for construction of NI628 

R-FP HSV-2/EGFP BAC plasmids. Overlap PCR was used to obtain the fragm629 

ents containing the NIR-FP gene, kanamycin (Kan) resistance gene and 50 bp 630 

upstream and 50 bp downstream extension homologous to HSV-2 UL35 gene. 631 

The overlapping primers used were as follows: Kan (Forward: TCAGAAGAAC632 

TCGTCAAGA, Reverse: GGGGGAAAGGGGGGCAACGAGAGACGGCCGCGG633 

AGGGACCCGCCGAGGACGTTCAGGTGGCACTTTTCGG); HSV-2 UL35 upst634 

ream and downstream region (Forward: TTTGGGGGTGGAGCGGAC, Reverse: 635 

GCTGGTGGTGGTTTCCACG), miRFP670 (Forward: GCACGTATTCCCCCTTT636 

GTCGTTCGCGACCCCAAGACCCCCAGCACCCCGAACTCGAGCGTAGCAGG637 

TCATGCCTCT, Reverse: TCTTGACGAGTTCTTCTGATCAGCTCTCAAGCGC638 

GGT), miRFP670nano (Forward: GCACGTATTCCCCCTTTGTCGTTCGCGACC639 

CCAAGACCCCCAGCACCCCGAACTCGAGCGCAAACCTGGACAAGATG, Re640 

verse: TCTTGACGAGTTCTTCTGATCAGCTCTGCTGGATGGC). mIFP663 (Fo641 

rward: GCACGTATTCCCCCTTTGTCGTTCGCGACCCCAAGACCCCCAGCAC642 

CCCGAACTCGAGCGTGAGCACCGCTACCGAT, Reverse: TCTTGACGAGTTC643 

TTCTGATCACTCCAGCCTGGCTCT). 5 mg purified PCR products were electr644 

oporated into 50 μL of competent DY380 cells containing HSV-2/EGFP BAC, 645 

with the settings of 1.8 kv, 25 mF, and 200 V. 1 mL LB medium was added 646 

and the transformed cells were then incubated at 32˚C for 2 h with shaking. 647 

Subsequently, 100 μL cultures were plated onto an agar plate containing 50 m648 

g/mL kanamycin (Kan) and 34 mg/mL chloramphenicol (Cam). NIR-FP HSV-2/649 

EGFP variants were confirmed by PCR detection and DNA sequencing. The N650 

IR-FP HSV-2/EGFP BAC was extracted using Plasmid DNA purification kit (N651 

ucleoBond XtraMidi/Maxi). The NIR-FP HSV-2 BAC plasmid was then transfe652 

cted into Vero cells using Lipofectamine 3000 (Invitrogen) following the manuf653 

acturer’s protocol to produce viruses. 654 

Vero cells were seeded in 35-mm glass-bottom dishes and infected with wild-type 655 

HSV-2 or NIR-FP HSV-2 variants. At 24 h post-infection, cells were treated with 25 656 

µM BV for 0.5 h, and then fixed with 4% paraformaldehyde at room temperature for 657 



10 min. After washes, cells were imaged under a fluorescence microscope (Nikon 658 

A1R/MP). The excitation laser and emission filters are 640 nm and 663-738 nm, 659 

respectively. 660 

Transmission Electron Microscopy. Vero cells were seeded in 10-cm dishes and 661 

infected with mIFP663 HSV-2. At 24 h post-infection, cells were treated with glutaric 662 

dialdehyde and fixed overnight before collected for electron microscopy. After 663 

sectioning and staining, the virus particles were observed under a 200 kV transmission 664 

electron microscope. 665 

Statistics. The statistical significances between groups were determined using 666 

two-tailed Student’s t-tests in Excel. N.S., non-significant (P ＞ 0.05)，*P < 0.05, **P 667 

< 0.01, ***P < 0.001, ****P < 0.0001. 668 
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