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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | NAMPT is a protein phosphoribosylase.  
a, Phosphoribosyltransferase activity in NAD+ synthesis of NAMPT wildtype 
(WT), H247E and D219A that were purified from bacteria. NAMPT proteins 
purified to high homogeneity were validated by Coomassie staining and shown 
on the left. b, HSV-1 titer in sgNAMPT HeLa cells reconstituted with NAMPT WT, 
H247E and D219A mutants at 24 and 48 h.p.i., n = 3. Statistical significance was 
calculated using two-way ANOVA. Data are presented as mean values±SD.  
c, Quantification of the total phosphoribosylated peptides normalized to the 
total peptides (top panel), the total phosphoribosylated viral peptides 
normalized to the total peptides and total viral peptides (2nd and 3rd panel from 
top) in lysates of HeLa cells stably expressing wildtype NAMPT or the NAMPT-
H247E mutant, and that of the phosphoribosylated viral peptides normalized to 
the total viral peptides of HSV-1 virions produced from HeLa cells expressing 
wildtype NAMPT or NAMPT-H247E (bottom panel). d, A list of identified 
phosphoribosylated and ADP-ribosylated (only in VP22) sites within their 
corresponding peptides, mapped to HSV-1 proteins. Numbers in parentheses 

indicate the corresponding phosphoribosylated residues within HSV-1 proteins. 
Please see Supplementary Fig. 1. e, Two-dimensional gel electrophoresis and 
immunoblotting analysis of VP22 in sgNAMPT 293 T cells and those reconstituted 
with NAMPT expression. f, Coomassie staining of purified GST-VP22, GST-
NAMPT, GST-NAMPT-H247E (top panel) and GST-TARG1 (bottom panel).  
g, Detection of phosphoribose in reactions containing buffer, NAMPT, 
NAMPT-H247E, or TARG1 by LC-MS with GST-VP22 as the substrate. h, Two-
dimensional gel electrophoresis and immunoblotting analysis of VP22-E257A in 
293 T cells transiently expressing the NAMPT-H247E mutant with antibody 
against V5 (VP22). i, Phosphoribose in serial dilutions was determined by LC-MS, 
which serves as a standard for phosphoribose released from the NAMPT 
phosphoribosylase reaction. j, The phosphoribosylase activity of NAMPT H247E 
analyzed by released phosphoribose that is quantitatively determined by liquid 
chromatography-mass spectrometry. Statistical significance was calculated 
using unpaired two-tailed t-tests.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Phosphoribose of structural proteins promotes their 
virion incorporation. a-k, Whole cell lysates of 293 T cells transiently expressing 
the NAMPT-H247E mutant and HSV-1 proteins, including gD (a), gB (b), gH (c), 
UL21(d), UL18 (e), UL38 (f), VP16 (g), UL17 (h), UL19 (i), UL37 ( j), and UL47 (k), 
were analyzed by two-dimensional gel electrophoresis and immunoblotting with 
antibodies to the V5 epitope (HSV-1 proteins) and FLAG (NAMPT).  

l-m, Two-dimensional gel electrophoresis and immunoblotting analysis of 
purified intracellular and extracellular HSV-1 virions (produced from sgNAMPT 
293 T cells) with antibodies to gD (l) and quantification by densitometry of gD 
species (m). Numbers at the bottom (a and l) and on x-axis (m) indicate the gD 
species with distinct charge status.

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-024-01162-0

Extended Data Fig. 8 | Virion incorporation of phosphoribosylation-resistant 
mutants of HSV-1 proteins. a-e, Wild-type and phosphoribosylation-resistant 
mutants of HSV-1 proteins, including UL37 (a), VP16 (b), UL47 (c), UL18 (d), and 
UL32 (e), incorporated in extracellular HSV-1 virions and expressed in HSV-1-

infected cells were analyzed by immunoblotting with indicated antibodies. All 
HSV-1 proteins were tagged with either the V5 epitope (VP16, UL18 AND UL32) or 
FLAG epitope (UL37 and UL47).
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Extended Data Fig. 9 | Functional characterization of phosphoribosylation in 
HSV-1 replication using recombinant HSV-1 carrying phosphoribosylation-
resistant mutations. a, Schematic illustration of engineering recombinant 
HSV-1 using the bacteria artificial chromosome (BAC) system. b, Mutations 
engineered in the HSV-1 genome were validated by sequencing (right panels).  
c, Mutation of gB-D66A and -A66D (revertant) in the HSV-1 genome 
was confirmed by sequencing. d-e, Growth curve of HSV-1 containing 

phosphoribosylation-resistant mutants of UL46 (D439, 440 A), UL47 (E636A) 
(d), VP16 (D6A, E7A, D314A) and UL17 (D339A) (e) in HepG2 cells (MOI = 0.1) 
was determined by plaque assays using Vero cells. f, Growth curve of parental 
wildtype (WT) HSV-1 and recombinant HSV-1 carrying gB-A66D (revertant) 
in HepG2 cells (MOI = 0.1) was determined by plaque assay using Vero cells. 
Statistical significance was calculated using two-way ANOVA.
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Extended Data Fig. 10 | Phosphoribose of structural proteins promotes HSV-1 
entry and replication. a, Entry analysis of HSV-1 virions treated with NAMPT or 
NAMPT-H247E, with or without ATP (2 mM), n = 3. Statistical significance was 
calculated using unpaired two-tailed t-tests, P < 0.0001 ( + ATP, UL37), P = 0.0031 
( + ATP, UL48), P = 0.1455 (-ATP, UL37), P = 0.5709 (-ATP, UL48). b, Two-
dimensional gel electrophoresis and immunoblotting analysis of HSV-1 virions 
treated with wildtype NAMPT (WT), the NAMPT-H247E mutant or TARG1 with 
antibody against gB. Red arrows indicate the new species produced by NAMPT or 
TARG1 treatment. c, Quantification of NAM, NMN and phosphoribose in the 
supernatant of the in vitro phosphoribosylase reactions by mass spectrometry, 

n = 3. Statistical significance was calculated using unpaired two-tailed t-tests, 
P < 0.0001 for NAMPT + HSV-1 group versus NAMPT + PRPP group in NAM and 
phosphoribose analysis. ND, not detected. d, Summary of biochemical and 
functional characterization of the site-specific phosphoribosylation of HSV-1 
proteins. Red arrows indicate the residues whose phosphoribosylation-resistant 
mutations displayed significant effect on HSV-1 infection. Intensity of colour 
indicates the degree of effect and open circles indicate no phenotype. Statistical 
significance was calculated using unpaired two-tailed Student’s t-tests and 
two-way ANOVA analysis. Data in a and c are presented as mean values±SD.
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