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Abstract

The NF-κB family of transcriptional activators is responsible for the expression of numerous 

genes that control key functions such as cell development and survival. Subunit p50 has been 

studied extensively and is known to include 13 tyrosines, but the extent and pattern of tyrosine 

phosphorylation that accompanies p50 function has not been defined in the literature, especially 

at the level of selectivity of gene expression. In this study, phosphorylated tyrosine (pTyr) was 

site-selectively incorporated into the p50 subunit using an E. coli in vitro expression system 

containing a modified ribosome. In human T cells, the NF-κBs containing a pTyr at position 60 

or 82 of p50 strongly increased the expression of CD40, which is a potential target for cancer 

or viral immunotherapy. Promoter DNA binding was studied for CD40 promoters, and verified 

two pTyr residues in NF-κB p50/p65 heterodimers that facilitated this process, and that support 

the possible importance of phosphorylation stoichiometry. This study defines a new approach for 

studying tyrosine residues whose phosphorylation alters protein binding to DNA promoters, and 

contributes to the facility of DNA expression.

Graphical Abstract

Phosphorylation of key tyrosines in the NF-κB p50 subunit enhances DNA promoter binding in 

vitro and subsequent protein translation in vivo.
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Nuclear factor-κB (NF-κB) is a family of transcriptional activators that modulate the 

expression of numerous genes in cells. Their key cellular functions include survival, 

development, proliferation and inflammation.1,2 The NF-κB family consists of at least 12 

homo- and heterodimers that are formed by five subunits, namely p50, p52, RelA (p65), 

RelB and c-Rel.1,2 NF-κB plays key roles in the cell cycle, cell proliferation, and cell death 

via regulation of gene expression.3 Diseases such as neurodegeneration and cancer, as well 

as inflammatory diseases including atherosclerosis and autoimmunity, are associated with 

disorder of NF-κB expression.3,4

In the cytoplasm of mammalian cells, the NF-κB complex (e.g., p50/p65) is inhibited by 

binding to an inhibitory protein (IκB-α, IκB-β, or IκB-ε).5 Removal of the inhibitory 

protein enables the NF-κB complex to translocate into the nucleus and activate specific 

DNA sequences.6 It seems likely that the site-specific phosphorylation of NF-κB contributes 

to gene specific regulation via modulation of interactions with target genes or other factors.7

Numerous studies have explored NF-κB activities and function as regulated by 

phosphorylation of serine and threonine residues, which have been studied traditionally 

by either of two methods.7–10 One is the phosphorylation of specific serine or threonine 

residues using a protein kinase which can specifically phosphorylate individual Ser/Thr 

residues. A second method involves the site-directed replacement of Ser or Thr residues 

with alanine, which precludes their phosphorylation. This method generally demonstrates 

the importance of specific serine or threonine residues, but is inferential rather than direct. In 

this context, it is surprising that no site-specific tyrosine phosphorylation in NF-κB subunits 

has been reported to date, although the phosphorylation of p50 and p65 on tyrosine is known 

to modulate NF-κB transcriptional activity.11,12

The N-terminal domain of p50 contains the DNA binding region.13 In the X-ray crystal 

structure of a p50/p65-dsDNA complex (PBD 1VKX), four tyrosine residues (Y44, Y60, 

Y82 and Y90) located toward the N-terminus of p50 were selected for further study. 

Their distances to the bound DNA were measured, in the belief that phosphorylation 
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close spatially to the DNA might well affect DNA binding by NF-κB. These distances 

ranged from 4.5 to 33.0 Å, with two (Tyr60, 4.5 Å; Tyr82, 13.3 Å) being relatively close 

to the DNA (Fig. 1A). To explore how the tyrosine phosphorylation of these residues 

affected the binding capacity of NF-κB to DNA, these were replaced systematically with 

phosphotyrosine. This was accomplished by altering each of these Tyr codons, one at a time, 

to TAG nonsense codons,14 readthrough of which was accomplished by suppression with 

phosphotyrosyl-tRNACUA (vide infra).15

In a previous publication, we demonstrated that wild-type E. coli ribosomes could 

not incorporate phosphotyrosine into protein from a suppressor tRNACUA transcript 

to a significant extent, but could incorporate phosphotyrosine from a suppressor 

tRNA if the phosphate group was fully protected.15 Alternatively, we were able to 

select modified ribosomes capable of incorporating phosphotyrosine by the use of a 

phosphotyrosine derivative of puromycin.15,16 The latter technique was employed to 

introduce phosphotyrosine (pTyr) into position 42 of Iκ-Bα.

Following bacteriophage T4-mediated ligation of a suppressor tRNACUA-COH to 

phosphotyrosyl-pdCpA (Fig. S1, ESI), the full-length protected phosphotyrosyl-tRNACUA 

was obtained (Scheme 1).15 After removing the chemical protecting group,17 the 

phosphotyrosyl-tRNACUA was added into an in vitro protein biosynthesis reaction, which 

contained a modified ribosome.15 Plasmids containing a p50 gene having a TAG codon at 

positions 44, 60, 82 and 90, respectively, produced modified p50 proteins containing pTyr 

at the desired positions in suppression yields ranging from 28 – 41% (Fig. 1B and Scheme 

1). No significant expression was observed in the absence of phosphotyrosyl-tRNACUA, and 

each of the modified p50 proteins (with or without 35S-methionine) was purified on a larger 

scale using a Strep-tactin column (Fig. S2 & S3, ESI).18,19 The wild-type and a modified 

p50 protein containing pTyr at position 60 was characterized using MS/MS analysis, which 

verified the presence of pTyr at position 60 (Fig. S4 & S5, ESI). Two additional full length 

modified p50 proteins containing one pTyr at different positions were analyzed by Q-TOF 

mass spectrometry. Protein 44pY-p50 gave a parent ion at m/z 42362.83, while 90pY-p50 

exhibited m/z 42362.63 (both had calculated m/z 42354.29).

By the same in vitro protein biosynthesis method, a wild-type plasmid containing a p65 gene 

was used to prepare and purify the His-tagged p65 subunit of NF-κB (Fig. S6 & S7, ESI). To 

determine whether a p50/p65 heteroduplex had formed, we prepared 35S-methionine labeled 

p50 and p65 subunits (Fig. S8, ESI) and demonstrated that their admixture resulted in a 

complex that migrated as expected for a p50/p65 heteroduplex. Additionally, heterodimers 

were formed between four different stoichiometrically phosphorylated p50s and wild-type 

p65.

Given that the transcription of >200 genes is regulated by NF-κB, it seems likely that 

only a small number of NF-κB heterodimers are involved in the activation of any single 

gene under physiological conditions. Accordingly, the focus of this study involved the 

possible involvement of the stoichiometry of phosphorylation of the p50 unit of NF-κB 

p50/p65 heterodimer in the mechanism by which selectivity of downstream gene expression 

is achieved. It was reported that 0.17 mM Triton-X100 can be used to deliver ferrocyanide 
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into HeLa cells.20 In this study, it was found that 0.17 mM Triton-X100 could deliver the 

phosphorylated NF-κBs into Jurkat cells to induce protein overexpression (Fig. S9, ESI).

To the Triton-X100 pretreated Jurkat cells, 8 ng of phosphorylated NF-κBs (p50/p65, no 
35S labeling) and 30 μCi of [35S]-L-methionine were added into RPMI-1640 cell culture 

medium. The in vivo expression mixture (10 μL total volume) was incubated at 37 °C for 

1 h. The reaction mixture was treated with 5 μL of loading buffer (250 mM Tris-HCl, pH 

6.8, containing 10% glycerol, 1% SDS, 0.01% bromophenol blue and 80 mM DTT) and 

heated at 90 °C for 2 min. The samples (15 μL each) were analyzed by 15% SDS-PAGE at 

100 V for 2 h. As shown in Fig. 2A, one major protein band was overexpressed abundantly, 

Σ1.3 – 1.6-fold greater than wild-type NF-κB in the presence of phosphorylated NF-κBs 

(pTyr44, pTyr60 and pTyr82) and had a MW of about 40 kDa. To identify which genes 

were overexpressed, we used an RT2 Profiler™ PCR Array (Qiagen) to screen the over-

transcription of 96 human NF-κB signaling pathway genes. These 96 genes were screened 

in the presence of wild-type and four mutant NF-κBs, each of the latter containing one 

stoichiometrically phosphorylated tyrosine at a different position (pTyr44, pTyr60, pTyr82 

and pTyr90). These genes had different transcription levels regulated by each individual 

NF-κB. The transcription of the CD40 gene regulated by individual NF-κBs indicated 

increased transcription for three of the NF-κBs containing modified p50s (Fig. 2C). Western 

blot analysis of the band formed by this overexpressed protein was carried out with a goat 

monoclonal antibody to human CD40. This supported the conclusion that this band was 

due to CD40 (Fig. 2B). The molecular weight of CD40 can range from 32 – 39 kDa due 

to post-translational modifications.21 Interestingly, statistically significant overexpression of 

this protein was observed in the presence of NF-κB phosphorylated on p50 positions 44, 

60, and 82. Among them, tyrosine phosphorylation at positions 60 and 82 generated greater 

overexpression of CD40.

The cluster of differentiation 40 (CD40) is a member of the tumor necrosis factor receptor 

(TNFR) family, which is expressed in many kinds of cells, including T cells, B cells, 

monocytic cells and natural killer cells. 22–25 CD40 is a potential target for cancer 

immunotherapy, since it is essential in mediating a variety of inflammatory and immune 

responses.25–27 There are three NF-κB binding sites at positions upstream of the human 

CD40 gene.28

To explore how the tyrosine phosphorylation of NF-κBs increased the expression of CD40, 

we used all three CD40 DNA promoter sequences as substrates for enhanced binding 

by wild-type p50 and four stoichiometrically phosphorylated p50s, each used to form a 

heterodimer with wild-type p65. In the promoter DNA binding assay, phosphorylation of 

Tyr60 and Tyr82 in p50 enhanced the binding ability of the resulting p50/p65 dimer to 

promoter DNA1 (GGGAATTTCC) ~1.2-fold compared to wild-type p50/p65 dimer (Fig. 

S10, ESI). Comparatively, phosphorylation of Tyr44 and Tyr90 of the p50 subunit did 

not change their binding ability relative to the wild-type p50/p65 dimer. For promoter 

DNA2 (GGGAACTTCC), p50s modified at positions Tyr60 and Tyr82 also formed p50/p65 

heterodimers that led to enhanced DNA binding. Finally, for binding to promoter DNA3 

(GGGAAACTCC), the same two modified p50s (containing pTyr at positions 60 and 82) 

exhibited enhanced binding. Thus, CD40 DNA promoters were bound more extensively by 
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a subset of the modified NF-κBs containing stoichiometrically phosphorylated p50s than 

wild-type NF-κB.

The p50 subunits containing phosphorylated Tyr44, Tyr60 and Tyr82 were studied in 

more detail for their concentration dependent behavior. NF-κB containing phosphorylated 

Tyr44 behaved in very similar fashion as wild type for all three DNA sequences, while 

the NF-κBs phosphorylated on Tyr60 or Tyr82 bound to the DNA more strongly at all 

tested concentrations (Fig. 3, Fig. S11 and Fig. S12, ESI). The aggregate data (for three 

different promoter regions of CD40 whose synthesis is regulated by NF-κB) suggests that 

phosphorylated residues Tyr60 and Tyr82 in the p50 subunit are important for facilitating 

DNA binding and protein expression.

These findings support the proposal that modified NF-κBs phosphorylated at key p50 

subunit tyrosines may enhance DNA promoter binding by NF-κB, as well as transcriptional 

activation and protein synthesis of a subset of cellular genes. While the present system 

lacks complete definition at a number of levels, including all of the amino acids whose 

phosphorylation is required for (selective) gene expression and protein synthesis, the ability 

to effect the selective phosphorylation of key amino acids, and to measure DNA binding and 

protein synthesis in specific assays, should facilitate a better understanding of the function 

of a key gene regulatory system. Plausibly, it may enable a subset of regulated genes to be 

expressed in a coordinated fashion experimentally.

In conclusion, we prepared proteins p50 and p65 in vitro, and also used modified bacterial 

ribosomes to incorporate pTyr stoichiometrically at one of four sites in p50 normally 

occupied by tyrosine. Purified p50 and p65 readily formed p50/p65 heterodimers that 

constitute one form of NF-κB. The modified p50s were introduced into activated Jurkat 

cells, resulting in enhanced transcription of the CD40 gene in the present of some modified 

p50 derivatives, as well as an increase in the expression of CD40 protein. A subset of 

the modified heterodimers was found to enhance DNA promoter binding in comparison 

with wild type, documenting selectivity of action by the modified NF-κBs and supporting 

the model of limited phosphorylation of wild-type NF-κB as a source of selective gene 

activation. Thus, in addition to the sites and order of phosphorylation of individual Tyr 

residues, phosphorylation stoichiometry may also regulate the selectivity, intensity and 

duration of a regulatory signal, and also constitute a useful experimental tool.
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Fig. 1. 
In vitro incorporation of NF-κB into p50 subunit. (A) X-ray crystal structure of NF-κB 

bound to a substrate duplex DNA (pdb 1VKX). Highlighted in the figure are the four 

tyrosine residues (Tyr44, 33.0 Å; Tyr60, 4.5 Å; Tyr82, 13.3 Å; Tyr90, 31.9 Å) closest to 

the DNA substrate. (B) Cell free expression of modified p50 subunits containing pTyr at 

positions 44, 60, 82 or 90, each synthesized by suppression of nonsense codon UAG in an E. 
coli protein biosynthesizing system. The samples were analyzed by 15% SDS-PAGE at 100 

V for 2 h. Visualization was accomplished using the 35S-methionine incorporated into the 

proteins.
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Fig. 2. 
In vivo gene transcription and translation in activated Jurkat cells in the presence of NF-κB 

containing wild-type p65 and mutant p50 subunits. (A) The in vivo protein expression in 

activated Jurkat cells in the presence of [35S]-L-methionine. Lane 1, no external NF-κB was 

added; lane 2, wild-type NF-κB was added; lanes 3 – 6, modified NFκBs containing p50 

subunits having pTyr at positions 44, 60, 82 or 90 were added, respectively. The samples 

were analyzed by 15% SDS-PAGE at 100 V for 2 h. (B) Western blot analysis was carried 

out with a goat monoclonal antibody to human CD40 to verify that the strongest band 
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in panel A co-migrated with human CD40. The value of the desired band in the sample 

containing wild-type NF-κB was defined as 100%. The assays were repeated four times. The 

statistical significance was calculated using Student’s t-test. wt vs pTyr44-p50, p < 0.005; 

wt vs pTyr60-p50, p < 0.001; wt vs pTyr82-p50, p < 0.001. (C) The transcription of the 

CD40 gene in activated Jurkat cells in the presence of NF-κBs in the RT2 Profiler™ PCR 

Array assay. The mRNA levels of CD40 were compared to the reaction containing external 

wild-type NF-κB.
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Fig. 3. 
Concentration-dependent binding of wild-type NF-κB and three modified NF-κBs 

containing a single phosphorylated Tyr moiety to a CD40 promoter (DNA1) flanked by 

two tetranucleotides (CD40–1F, GCATGGGAATTTCCTACG). The underlined nucleotides 

are from the promoter sequence. The samples were analyzed by 5% native PAGE at 100 V 

for 1 h. The relative intensities of 32P-labeled complex were calculated with ImageQuant 

version 5.2 software from Molecular Dynamics based on the 32P signal. The band in the 

sample containing wild-type NF-κB was defined as 100%.
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Scheme 1. 
Strategy for the synthesis of human p50 protein phosphorylated on tyrosine.
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