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Abstract

Phosphorylated proteins play important roles in the regulation of many different cell networks.
However, unlike the preparation of proteins containing unmodiffed proteinogenic amino acids,
which can be altered readily by site-directed mutagenesis and expressed /n vitro and in vivo, the
preparation of proteins phosphorylated at predetermined sites cannot be done easily and in
acceptable yields. To enable the synthesis of phosphorylated proteins for /in vitro studies, we have
explored the use of phosphorylated amino acids in which the phosphate moiety bears a chemical
protecting group, thus eliminating the negative charges that have been shown to have a negative
effect on protein translation. Bis-o-nitrobenzyl protection of tyrosine phosphate enabled its
incorporation into DHFR and | xB-a using wild-type ribosomes, and the elaborated proteins could
subsequently be deprotected by photolysis. Also investigated in parallel was the re-engineering of
the 23S rRNA of Escherichia coli, guided by the use of a phosphorylated puromycin, to identify
modified ribosomes capable of incorporating unprotected phosphotyrosine into proteins from a
phosphotyrosyl-tRNAcya by UAG codon suppression during /n7 vitro translation. Selection of a
library of modified ribosomal clones with phosphorylated puromycin identified six modified
ribosome variants having mutations in nucleotides 2600-2605 of 23S rRNA,; these had enhanced
sensitivity to the phosphorylated puromycin. The six clones demonstrated some sequence
homology in the region 2600-2605 and incorporated unprotected phosphotyrosine into | xB-a
using a modified gene having a TAG codon in the position corresponding to amino acid 42 of the
protein. The purified phosphorylated protein bound to a phosphotyrosine specific antibody and
permitted NF-xB binding to a DNA duplex sequence corresponding to its binding site in the IL-2
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gene promoter. Unexpectedly, phosphorylated | xB-a also mediated the exchange of exogenous
DNA into an NF-xB—cellular DNA complex isolated from the nucleus of activated Jurkat cells.
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INTRODUCTION

Although the phosphorylation of serine and threonine in cellular proteins has been known
since 1954,1 a cellular enzyme capable of protein tyrosine phosphorylation was first
described only in 1979.2 This post-translational modification of tyrosine residues has now
been well characterized as an important part of regulatory networks in both eukaryotic and
prokaryotic systems.3 The later discovery of tyrosine phosphorylation may reflect the
cellular abundance of highly active cellular tyrosine phosphatase activities capable of
removing the phosphate moiety of phosphotyrosine. For example, phosphotyrosine residues
on the EGF receptor have half-lives of only a few seconds and turn over more than 100 times
during the early phase of cellular EGF response.*

Phosphotyrosine is also unique in that the immune system can generate antibodies specific
to this amino acid, but not to phosphoserine or phosphothreonine.® Since 1981, such
antibodies have been used broadly for the assay of proteins containing phosphotyrosine.5’
The availability of phospho-specific antibodies has led to the improvement of traditional
methods as well as the development of new immunoassay techniques. Western blot and
enzyme-linked immunosorbent assay (ELISA) are now common methods used for assessing
the phosphorylation state of a protein.8:9 These augment the classical, labor-intensive
method of direct protein phosphorylation by incubating whole cells with radiolabeled 32P-
orthophosphate, generating cellular extracts, separating the proteins by SDS-PAGE, and
exposing the gel to film.10.11 |n the field of proteomics, the assessment of protein
phosphorylation in complex biological samples, such as cell lysates, can now be realized by

mass spectrometry (MS) techniques,12-15 often combined with innovative new strategies.
12-15

The foregoing methods can be used for functional studies of phosphorylation events, but the
identification of the residues phosphorylated in newly identified phosphoproteins, is still
based on sequence comparison with known proteins by sequence conservation analysis.16
For phosphorylation sites that are not positionally conserved, approaches have been
developed for the direct study of phosphorylated proteins.1’~19 These have included
chemical and enzymatic modification of specific amino acid side chains in the proteins or
the incorporation of photocaged amino acids during translation. Direct honsense codon
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suppression with tRNAs activated with phosphorylated amino acids has been reported 7n
vitro?® in low yields and more recently 7in cellufo.?:

Presently, we describe two complementary approaches for the introduction of
phosphotyrosine into proteins by nonsense codon suppression. Bis-¢g-nitrobenzyl protected
phosphotyrosyl-tRNAcya Was used to introduce the protected phosphotyrosine into two
different proteins in good suppression yields. Photolytic deprotection of the formed proteins
proceeded to completion within several minutes, albeit with some loss of enzyme activity.
Alternatively, by the use of a library of £. coliharboring plasmids with modified 23S
rRNAs, we were able to identify six clones sensitive to phosphorylated puromycin. These
clones incorporated phosphotyrosine itself into position 42 of | xB-a. This parallels the
success we have had in selecting ribosomes able to incorporate g-amino acids?2 and
dipeptides?3 into proteins. These modified ribosomes have allowed us to prepare | xB-a
protein phosphorylated on Tyr42 and to evaluate its activity in activation of NF-xB binding
to its template DNA. The elaborated phosphorylated |1 xB-a was used for the direct study of
the interaction of | xB-a and NF-«B.

Incorporation of Phosphorylated Tyrosine Derivatives into Proteins Using Wild-Type

Ribosomes

As outlined in Scheme 1, a fully protected derivative of bis(o-nitrobenzyl)phosphotyrosine
(4) (Figure 1) was prepared by condensing bis-o-nitrobenzyl N, N-
diisopropylphosphoramidite (5)24 with A-pentenoyl-L-tyrosine cyanomethyl ester (6).
Product 7 was used to esterify the synthetic dinucleotide pdCpA,2° affording 8 in 22% yield.
This aminoacylated pdCpA was then used as a substrate for T4 RNA ligase-mediated
condensation with an in vitro tRNAcya transcript lacking the 3’-terminal CpA sequence of
tRNA (Scheme 1).28 The resulting tRNAa activated with amino acid 4 was employed as a
substrate for incorporation into position 10 of dihydrofolate reductase (DHFR) and position
42 of 1xB-a, as described below. The same suppressor tRNA transcript activated with mono-
(o-nitrobenzyl)phosphotyrosine (3) (Figure 1, Scheme S1) and phosphotyrosine (2) (Scheme
S2) were prepared analogously. The preparation of tyrosyl-tRNAcya has been described
previously.2427

The incorporation of amino acids 1-4 into position 10 of £. co/i DHFR was carried out
using an S-30 preparation containing wild-type ribosomes. This position was chosen
because it is postulated to be a surface accessible and relatively unstructured part of the
protein, tolerant of numerous substitutions.28 As shown (Figure 2A), though the suppression
yield obtained with tyrosyl-tRNAcya was quite high (89%, relative to the yield of wild-type
DHFR produced from unmodified mMRNA), the incorporation of bis(o-
nitrobenzyl)phosphotyrosine (4) was much lower (22%), and the yields of DHFR containing
2 and 3 were 2 and 5%, respectively. A similar result was observed for the incorporation of 2
and 4 into position 42 of | xB-a. The fully protected phosphotyrosine (4) was incorporated
with a 23% suppression yield, whereas unprotected phosphotyrosine (2) was incorporated to
the extent of only 3%.
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The preparation of 1 xB-a containing 4 at position 42 was scaled up to enable the study of
photodeprotection of the phosphate group in the modified | xB-a. Deprotection of the
phosphate group was carried out using a 500 W mercury—xenon lamp, which has been used
routinely for removal of NVOC (6-nitroveratryloxycarbonyl) protecting groups from the
amino acid moiety of aminoacyl-tRNAs prior to protein synthesis.28 As shown in Figure 3A,
following irradiation for 3 min, the modified | xB-a reacted with a rabbit polyclonal IgG
specific for phosphotyrosine, whereas neither the wild-type protein nor 1xB-a containing a
protected phosphotyrosine reacted with the antibody. A study of the time course of
phosphate group deprotection is shown in Figure 3B, and confirmed that deprotection was
complete after 3 min.

The use of this strategy for producing phosphorylated proteins for study requires that the
elaborated proteins exhibit stability under the conditions needed for photodeprotection.
Though phosphorylation of 1 xB-a at position 42 eliminates its ability to bind tightly to NF-
xB,8:29 this property cannot be adapted for the facile quantitative assay of phosphorylated

| xB-a. Accordingly, we employed two model proteins, dihydrofolate reductase (DHFR) and
green fluorescent protein (GFP), neither of which has been reported to be sensitive to
ambient light. As shown in Table 1, both of these proteins retained ~85% of their wild-type
activity following 2 min of irradiation with the 500 W mercury—xenon lamp. As expected,
longer irradiation times caused a further reduction in activity.

In parallel with the foregoing study, we also explored a second strategy for introducing
phosphotyrosine into predetermined sites in proteins. This involved the selection of modified
ribosomes able to recognize and incorporate (unprotected) phosphotyrosine into proteins.

Selection of Modified Ribosomal Clones Able To Recognize Phosphotyrosine and
Incorporate This Amino Acid into Protein

A library of £. coliribosomal clones30 containing modifications in two regions of 23S rRNA
corresponding to key elements of the ribosomal peptidyl-transferase center (PTC) was
screened with phosphopuromycin to identify sensitive clones. The library described
previously was expanded through additional mutations in the regions 2600-2605 and 2606—
2611. The key nucleotide in region 2600-2605 is A2602. This nucleotide has been reported
to exhibit conformational flexibility within the PTC and to play a key role in PTC
rearrangement to accommodate substrate analogues, as well as participating in the catalytic
step.3! Region 2606-2611 of the PTC has at least three interesting nucleotides, including
C2606, C2609, and U2611, which have been shown to participate in structural networks
important for PTC functional architecture.31¢:32 C2606 has been shown to interact with
U2585, leading to stabilization of the P-site of the PTC. Mutations C2609U and U2611C
change the conformation of the PTC, conferring macrolide resistance.

In analogy with the g-puromycins?2:3% and dipeptidylpuromycins?3 studied previously, we
postulated that clones sensitive to phosphopuromycin might contain modified ribosomes
capable of recognizing phosphotyrosine and incorporating that amino acid into proteins. The
short chemical route used for the synthesis of phosphopuromycin is shown in Scheme 2; it
involved condensation of N%-Fmoc protected phosphotyrosine with puromycin
aminonucleoside, followed by removal of the Fmoc protecting group.
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We initially surveyed 972 ribosomal clones for sensitivity to phosphopuromycin at a
concentration of 100 tg/mL, and identified seven promising clones whose cell growth was
inhibited by at least 50% (Table 2). In spite of the general similarity of their sensitivities to
100 pg/mL phosphopuromycin, we observed a larger variation in the 1Cgq values among
these clones using different assay conditions, which ranged from 24 to 97 pg/mL (Figure 4).
The extent of inhibition may reflect differences in the levels of the modified ribosomes as
well as inherent differences in their sensitivity to phosphopuromycin. It should be noted that
these ICgq values were determined in the presence of 2.5 pg/mL of erythromycin, which
largely suppressed the activity of the wild-type ribosomes within the clones. Interestingly,
the six clones modified in the region 2600-2605 were found to be quite G-rich at positions
2600, 2602, 2604, and 2605, although at positions 2600 and 2602 there were clones having
U (Table 3).33

S-30 preparations were obtained from six clones, omitting 040435 which did not grow well.
Four of these six S-30 preparations were able to incorporate phosphotyrosine into position
42 of 1 xB-a by nonsense codon suppression (in yields up to 24%); the results are
summarized in Table 4 and illustrated for two of the clones in comparison with wild type in
Figure 5. The efficiency of translation of | xB-a using S-30 preparations from the clones was
sometimes (e.g., 030405, 030449, and 040412) roughly correlated with the 1Cs values for
inhibition by phosphopuromycin (cf Figure 4). However, the S-30 preparation from clone
030454, which had not been inhibited strongly by phosphopuromycin, also afforded an S-30
preparation that produced efficient incorporation of phosphotyrosine (Table 4). Though S-30
preparations from clones 040424 and 030548 produced | xB-a containing phosphotyrosine
at position 42 poorly, if at all, they also displayed inefficient incorporation of tyrosine into

| xB-a. Because the identification of clones in Table 2 was made based solely on puromycin
sensitivity, it is perhaps unsurprising that some of these proved not to be proficient in in vitro
protein synthesis. The best incorporation yields of phosphotyrosine were achieved using
S-30 preparations from clones 030449 (20%) and 040412 (24%), which had the same
sequence (GUUCGG) in the mutagenized region extending between nucleotides 2600 and
2605.

Purification and Structural Characterization of |xB-a Containing Phosphotyrosine at

Position 42

| xB-a prepared by /n vitrotranslation was purified by Ni-NTA chromatography.34 The
purified protein had the same mobility as (nonphosphorylated) |1 xB-a produced from the
wild-type gene /in vitrowhen analyzed by 4%-12% SDS-polyacrylamide gradient gel
electrophoresis (Figure 6A), albeit not when analyzed on a native gel (vide infra). The
presence of phosphotyrosine at position 42 was verified by immunoblotting analysis using
an anti-phosphorylated |1 xB-a (pTyr42) rabbit polyclonal IgG (Figure 6B), which reacted
exclusively with the putatively phosphorylated | xB-a. Further characterization was achieved
by MS/MS analysis of the tryptic peptides (amino acids 39-47) from wild-type (Figure 7A)
and phosphorylated (Figure 7B) | xB-a samples. Both forward peptide fragment ions (y, (M
— OH)™) and reverse peptide fragment ions (b, (M + H)*) containing phosphorylated tyrosine
at position 42 were identified. Key mass values for the tryptic peptides are summarized in
the Supporting Information, Table S1.
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Biological Characterization of Phosphorylated 1xB-a

| xB-a has been reported to prevent the binding of transcription factor NF-«B to its nuclear
DNA substrate by masking the nuclear localization signal.8-2%:35 Two pathways have been
proposed for the release of NF-xB via phosphorylation of 1xB-a,829:36:37 and both enable
binding of NF-«B to its DNA substrate. In the present study, we employed cultured Jurkat
cells that were studied either without activation (Figure 8A), or following activation with a
combination of PMA (phorbol 12-myristate 13-acetate) and Ca2* ionophore A23187 (Figure
8B). Cell extracts were purified on DEAE-Sepharose CL-6B columns, and individual
fractions were incubated with 32P-labeled double-stranded DNA corresponding to the NF-
xB binding site in the 1L-2 gene promoter.8 The samples were separated by 6% native
polyacrylamide gel electrophoresis and analyzed using a phosphorimager (Figure 8). Lanes
1in Figure 8A,B contained the crude extract and lanes 2 contained the flow through from
the DEAE-Sepharose columns. Lanes 4-6 contained bands postulated to be a complex of
NF-xB bound to its 32P-labeled double-stranded DNA substrate; as anticipated, the bands
were more intense in the extract derived from the activated cells, reflecting the release of
NF-xB from | xB-a upon activation. Quantification of the relative amounts of NF-xB in the
unactivated and activated cells was carried out by analyzing equal portions of the eluates
results from washing with 300 mM NacCl solutions (lanes 5 in Figure 8A,B). As shown in
Figure 8C, the relative densities of the band corresponding to the putative NF-xB-DNA
complexes isolated from the unactivated and activated cells were in the ratio 8:100,
respectively.

In order to determine whether the phosphotyrosine-containing | xB-a, prepared /in vitro
using our modified ribosomes, was capable of interacting with a preincubation complex of
NF-xB and its DNA substrate, we utilized the fractionated nuclear extracts from activated
Jurkat cells. Portions of the purified fraction mixed with 5’-32P-labeled 5’-
GATCCAAGGGACTTTCCATG-3" duplex (Figure 9, lane 2) were also treated with in vitro
synthesized wild-type | xB-a (Figure 9, lane 3), or with 1xB-a expressed with a
phosphotyrosine at position 42 (Figure 9, lane 4). As shown in Figure 9, admixture of
nonphosphorylated | xB-a to the NF-xB-DNA complex sharply diminished the intensity of
the band, consistent with the thesis that | xB-a can replace the DNA substrate and form a
(more stable) NF-xB—-1xB-a complex. This is entirely consistent with detailed kinetic
studies demonstrating that unphosphorylated 1 xB-a can accelerate the rate of dissociation of
NF-xB from the NF-xB-DNA complex.38 Unexpectedly, treatment with phosphorylated

| xB-a substantially increased the intensity of the resulting band (lane 4), whereas further
treatment with NF-«xB (p50) polyclonal rabbit 1gG largely reversed the effects of adding
phosphorylated 1xB-a (lane 5). We postulate that the result observed in lane 4 reflects the
presence in the initial mixture of a preponderance of NF-xB bound to (unlabeled) cellular
DNA. Admixture of 32P-labeled DNA causes limited exchange (as in lane 2, Figure 9) to
afford a mixture of NF-xB, some bound to cellular DNA and some to 32P-labeled DNA.
However, in the presence of phosphorylated | xB-a, this protein can also bind transiently to
NF- B, facilitating the exchange of 32P-labeled DNA for cellular DNA. Further admixture
of an antibody to the p50 subunit of NF-xB partially blocks this exchange by diminishing
available NF-xB.
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In order to test the foregoing hypothesis, two additional experiments were carried out. In the
first, we tested the ability of phosphorylated | xB-a to bind to NF-«xB. This has not
previously been reported, and is contrary to the relief of inhibition of NF-xB binding to its
DNA substrate by phosphorylation of 1xB-a, which has been reported several times.
8,29.36,37 Shown in Figure 10 are the results of an experiment in which we employed 35S-
radiolabeled samples of 1xB-a, with and without a phosphate moiety at position 42, as
substrates for binding to NF-xB without exogenously added DNA. As is clear from Figure
10, unphosphorylated 1 xB-a bound to NF-xB more avidly, but both forms of the enzyme
clearly bound to NF-«B. This supports the possibility that phosphorylated | xB-a can
facilitate the equilibration of cellular and 32P-labeled DNA putatively observed in Figure 9.
It may be noted also in Figure 10 (lanes 4 and 5) that phosphorylated | xB-a migrated to a
lesser extent than | xB-a, on a native gel, consistent with a possible conformational change
in the protein upon phosphorylation. In comparison, the phosphorylated and
nonphosphorylated proteins showed no difference in mobility on a denaturing gel (Figure 6),
as would be expected given the minimal difference in their molecular weights.

A further experiment was carried out under conditions analogous to lane 4 of Figure 9.
Admixture of 32P-labeled DNA and phosphorylated 1xB-a was effected to the purified NF-
xB—cellular DNA complex from activated Jurkat cells; the radiolabeled DNA was in excess
relative to phosphorylated | xB-a. The incorporation of radioactivity into a band containing
NF-xB was monitored as a function of time; a control lacking phosphorylated | xB-a was
run in parallel. As shown in Figure 11, the band containing radiolabeled DNA intensified to
a greater extent after 3 min in the presence of phosphorylated I xB-a than in its absence.
This phenomenon was also shown to be dependent on the concentration of phosphorylated

I xB-a (Figure S1). These findings strongly support the thesis that the 1xB-a phosphorylated
on position 42 mediates the exchange of exogenous 32P-labeled DNA into the NF-xB-
cellular DNA complex.

DISCUSSION

In the present study, we explored two strategies for introducing phosphorylated tyrosine
derivatives into proteins. One of these involved the use of a bis-o-nitrobenzyl protected
derivative of phosphotyrosine (4), which was introduced onto the 3"-end of a suppressor
tRNACcya using a well established methodology (Scheme 1). This protected amino acid
could be introduced into position 10 of DHFR and position 42 of 1 xB-a in ~20-25% yields
(Figure 2) by in vitro protein synthesis in a system employing an S-30 preparation, and then
deprotection of the elaborated protein by irradiation with a 500 W mercury—xenon lamp. The
use of a mono-o-nitrobenzyl protected derivative of phosphotyrosine afforded a suppression
yield of only 5% for DHFR (Figure 2). Irradiation of the bis-o-nitrobenzyl protected protein
seemed complete after 3 min (Figure 3). To determine whether these conditions would be
useable for routine experimentation, we studied the effect of exposing two wild-type
proteins (DHFR and GFP) to analogous irradiation for varying lengths of time up to 5 min
(Table 1). As expected, the activities of these proteins diminished somewhat as a function of
irradiation time, but both retained ~80-85% of their activities after 2—3 min of irradiation.
This strategy has the advantage of providing a caged protein initially, which may be of
utility for mechanistic studies.2°

JAm Chem Soc. Author manuscript; available in PMC 2018 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 8

More satisfactory results were realized using £. coli ribosomes whose 23S rRNA had been
modified. Members of a library of clones containing modified ribosomes were tested for
sensitivity to a puromycin derivative having a phosphorylated tyrosine moiety (Scheme 2),
and seven clones exhibited enhanced sensitivity to this puromycin (Table 2). Analogous to
earlier studies using puromycins containing g-amino acids?? and dipeptides,23 the clones
sensitive to phosphopuromycin recognized a suppressor tRNAcya activated with
phosphotyrosine (Scheme S2). It is interesting that in contrast with the wild-type 23S rRNA,
all seven clones were quite G-rich at positions 2600, 2602, 2604, and 2605 (Table 3), each
having at least four guanosines. This suggests a common geometry for recognition of
phosphotyrosyl-tRNA. Plausibly, the rather basic guanine nucleobases at these positions
may enable enhanced binding to the acidic phosphotyrosine moiety of the activated
suppressor tRNA.

As shown in Table 4 and Figure 5, S-30 preparations from four of six clones studied were
able to facilitate the incorporation of phosphotyrosine into position 42 of | xB-a, giving full
length proteins in yields from 12-24%. The two clones that gave lower yields of
phosphorylated | xB-a also failed to produce wild-type | xB-a efficiently. The purified
phosphorylated |1 xB-a comigrated with authentic |1 xB-a produced /n vitro (Figure 6A) when
analyzed by denaturing PAGE. The presence of a phosphate group at position 42 was
verified, both by the use of an anti-phosphorylated 1xB-a (pTyr42) rabbit polyclonal 1gG
(Figure 6B) and by MS/MS analysis of the tryptic peptides (Figure 7).

Given the importance of protein phosphorylation for numerous biochemical regulatory
mechanisms, it is not surprising that several strategies have focused on the introduction of
this functional group into proteins at specific sites. Nonsense codon suppression 7 vitro with
suppressor tRNAs activated with phosphorylated amino acids has been reported by a few
laboratories, albeit in low yields.20-21.24 Several laboratories have used enzymatic methods
in conjunction with native chemical ligation to produce phosphorylated proteins in vitro,3°
and there have also been modified phosphorylated proteins produced by other combinations
of enzymatic and chemical methods.%0 Recently, the incorporation of phosphotyrosine into a
protein in cellulo has been reported,*! and the incorporation of phosphoserine has also been
reported.#2 It seems reasonable to anticipate that expression in cells containing the modified
ribosomes of the type described here might increase the yield of phosphorylated proteins
elaborated in cells.

In the context of protein phosphorylation, | xB-a is of particular interest as it regulates the
activity of transcription factor NF-«B by inhibiting its binding to its cellular DNA targets.
829,35 Tyo distinct phosphorylation mechanisms involving 1 xB-a have been reported to
relieve its inhibition of NF-xB, enabling it to bind to its DNA substrate in the IL-2 gene
promoter.8:29:36.37 | xB-q phosphorylation at Ser32/Ser36 results in NF-xB release as a
consequence of the ubiquitination of | xB-a and its subsequent proteasomal degradation.
36,3743 Alternatively, phosphorylation of | xB-a at Tyr4d2 putatively activates NF-xB without
degradation of phosphorylated 1 xB-a by eliminating its ability to bind to the transcription
factor.8:29 Studies of both mechanisms provided convincing analyses of the observed
phenomena; most of the experiments involved the analysis of events at a cellular level
following cellular activation with any of several different agents, although an insightful in
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vitro study of NF-xB activation has also appeared.2°¢ It may be noted that many of the
conclusions that support the current models of NF-xB activation were necessarily
inferential, based on the nature of the experiments carried out. Presently, we have explored
the behavior of an authentic sample of | xB-a phosphorylated at position 42.

Cultured Jurkat cells were activated by treatment with a combination of PMA and A23187,
in analogy with the seminal study of | xB-a at position 42, in which the investigators
achieved cell activation by using pervanadate to induce two tyrosine kinases and inhibit
protein tyrosine phosphatases.8 The purified cell lysate enabled isolation of NF-xB bound to
cellular DNA. The complex was visualized by admixture of 32P-end labeled DNA having the
known target sequence for NF-xB within the IL-2 promoter, in the belief that limited
exchange of the cellular and exogenous DNAs would occur over time. In fact, uncomplexed

| xB-a has been reported to be able to enter the nucleus and dissociate NF-xB—-DNA
complexes.® As anticipated, significantly more of the NF-xB-DNA complex was observed
following cell activation (Figure 8) and the difference was quantified (Figure 8C).

Admixture of authentic (unphosphorylated) 1«B-a, prepared by in vitrotranslation, was
found to dissociate the NF-xB-DNA complex, consistent with the reported role of | xB-a as
an inhibitor of NF-xB-mediated DNA binding and transcriptional activation. Based on the
reports that | xB-a phosphorylation diminishes its affinity for NF-xB,8:29:35-37 jt was
surprising to find that admixture of authentic phosphorylated | xB-a, prepared by /in vitro
translation, actually increased the amount of 32P-end labeled DNA present within the NF-
xB-DNA complexes (cf lanes 2 and 4 in Figure 9). That the complex present in the gel
actually included NF-«xB was verified by the use of a polyclonal antibody to the p50 subunit
of NF-xB, which largely reversed the increase induced by phosphorylated | xB-a (cf lanes 4
and 5 in Figure 9).

The foregoing results seemed consistent with the interpretation that the phosphorylated 1 xB-
a was capable of catalyzing the exchange of 32P-end labeled DNA with the isolated NF-xB—
DNA complex. This was studied further, initially by preparing 3°S-radiolabeled | xB-a by /in
vitro translation. As shown in Figure 10, | xB-a lacking pTyr42 bound more avidly to NF-
xB than did the phosphorylated |1 xB-a, but both clearly bound. We next carried out
additional experiments of the type involved in lane 4 of Figure 9. As shown, phosphorylated
| xB-a mediated an increase in the amount of 32P-labeled DNA-NF-xB complex after 3 min
(Figure 11), and the increase was also concentration-dependent (Figure S1).

Though it has been reported that Ser32/Ser36 phosphorylation of 1xB-a, in comparison with
Tyr42 phosphorylation, results in proteasomal degradation of 1xB-a,36:37:42 to the extent
that 1 xB-a phosphorylated at position 42 persists, it seems conceivable that it may serve to
mediate the exchange of NF-xB with cellular DNAs, thus facilitating formation of the
physiologically relevant complexes between NF-xB and its DNA promoter targets.

CONCLUSIONS

Two strategies have been employed for the /n vitro synthesis of proteins containing
phosphorylated tyrosine residues at predetermined positions. The first involved the
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suppression of a UAG codon in the mRNA of the protein of interest, which was realized
using a suppressor tRNAcya transcript that had been activated with a phosphotyrosine, the
latter of which was chemically protected on the phosphate moiety with one or two o
nitrobenzyl groups. The fully protected phosphotyrosine was incorporated with reasonable
(~20-25%) suppression efficiency, and could be deprotected to afford the free phosphate
within a few minutes using a high intensity mercury—xenon lamp.

Alternatively, a phosphorylated analogue of puromycin was used to survey clones from a
large E. colilibrary containing bacteria harboring plasmids with the genes for modified 23S
rRNAs. Several of the clones were found to be sensitive to the phosphorylated puromycin
analogue, implying that the assembled modified ribosomes contained therein had geometries
in their peptidyltransferase centers able to recognize phosphotyrosine. In fact, S-30
preparations derived from some of these clones were able to suppress a UAG codon in the
mRNA corresponding to position 42 of | xB-a, incorporating phosphotyrosine into the
protein from (unprotected) phosphotyrosyl-tRNAcya. The yields of full length protein were
in the range of 20-25% for S-30 preparations from the most efficient clones.

The unphosphorylated and phosphorylated |1 xB-a proteins so prepared were used to study
the previously reported interactions of these proteins with the transcription factor NF-«B. In
agreement with literature reports, unphosphorylated 1 xB-a bound tightly to NF-xB and
could remove NF-xB from the complex with its cellular DNA target. Unexpectedly, it was
found that 1 xB-a phosphorylated at position 42 retained some affinity for NF-xB, and
strongly facilitated the exchange of 32P-end labeled DNA having the same sequence as the
NF-xB target in the IL-2 promoter into the NF-xB—cellular DNA complex.

EXPERIMENTAL SECTION
Biochemical Assays of NF-xB and [xB-a

Preparation of Jurkat Nuclear Fraction—Jurkat cells were cultured at 37 °C in a 5%
CO, atmosphere and grown in Gibco RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS) containing 50 units/mL of penicillin, 50 pg/mL of streptomycin, and 1
mM sodium pyruvate. When the cells grew to a density of 5 x 10° cells/mL, they were
stimulated with PMA (0.3 ¢M) and calcium ionophore A23187 (1.0 M) at 37 °C for 1 h.
The same number of Jurkat cells without PMA and calcium ionophore A23187 was
incubated in parallel as a control.

Jurkat cells with/without stimulation (20 mL each) were harvested by centrifugation at 500g
at room temperature for 5 min and washed once with 5 mL of cold PBS. The cell pellets
were resuspended in 60 L of 10 mM Hepes, pH 7.9, containing 10 mM KCI, 1.5 mM
MgCl,, 0.5 mM DTT, 0.1% Nonidet P40 and incubated at 4 °C for 10 min. After
centrifugation at 1,000g at room temperature for 2 min, supernatants (cytosolic fractions)
were removed and the nuclear pellets were resuspended in 90 zL of 10 mM Hepes, pH 7.9,
containing 420 mM NacCl, 1.5 mM MgCl,, 0.5 mM DTT, 0.2 mM EDTA, 0.5 mM PMSF,
and 25% glycerol. After centrifugation at 10,000g and 4 °C for 10 min, the supernatants
(nuclear fractions) were diluted with 135 £ of 20 mM Hepes, pH 7.9, containing 50 mM
KCI, 0.5 mM DTT, 0.2 mM EDTA, 0.5 mM PMSF in new tubes and stored at —80 °C.
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Purification of NF-xB Using DEAE-Sepharose—Jurkat nuclear fraction (100 /1) was
diluted with 300 £ of 20 mM Hepes, pH 7.9, containing 50 mM KCI, 0.5 mM DTT, 0.2
mM EDTA, and 0.5 mM PMSF, and was then loaded onto a 50 /4. DEAE-Sepharose CL-6B
column. After the crude nuclear fraction had been applied to the column, it was washed with
100 £ of 20 mM Hepes, pH 7.9, containing 50 mM KCI, 0.5 mM DTT, 0.2 mM EDTA, 0.5
mM PMSF, and 5% glycerol containing a step gradient of 100-600 mM NaCl.

NF-xB and IkxB-a Binding Assay—The reaction mixture (10 z1) contained 3 zi of
purified NF-xB fraction (with its associated cellular DNA), 20 ng of 1xB-a, 2 pmol of
double-stranded 32P-labeled NF-xB probe (5"-GATCCAAGGGACTTTCCATG-3"), with or
without 200 ng NF-xB (p50) polyclonal rabbit 1gG, 20 mM Hepes, pH 7.9, 50 mM KClI, 400
mM NaCl, 0.5 mM DTT, 0.2 mM EDTA, 0.5 mM PMSF, and 5% glycerol. The reaction
mixtures were incubated at 37 °C for 20 min. The reactions were analyzed by 6% native
PAGE at 100 V for 80 min.

Binding of Purified Jurkat Cell Lysate with 3°S-Labeled IxB-a. Samples—The
353-labeled 1 xB-a samples (containing Tyr (wild-type) or phosphoTyr (mutant) at position
42) prepared by /n vitrotranslation and dissolved in 50 mM Tris—HCI buffer, pH 7.4, at a
concentration of ~5 ng per £ were used for this experiment. Two £ of fully concentrated,
as well as 2- and 4-fold dilutions of Jurkat cell lysate in the same buffer were mixed with 4
4L of 35S-labeled 1xB-a samples and incubated for 20 min at 37 °C. Two gL of loading dye
(40% glycerol, 0.25% bromophenol blue) was then added, and the samples were analyzed
by 10% native polyacrylamide gel electrophoresis then quantified using a phosphorimager.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of tyrosine (1), phosphotyrosine (2), o-nitrobenzylphosphotyrosine (3), and bis(o-

nitrobenzyl)phosphotyrosine (4).
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Figure2.
(A) Translation of DHFR from wild-type (lane 1) and modified (TAG codon in protein

position 10) genes in the absence (lane 2) and in the presence of tyrosyl-tRNAcya (lane 3),
bis(o-nitrobenzyl)phosphotyrosyl-tRNAcya (lane 4), o-nitrobenzylphosphotyrosyl-
tRNAcua (lane 5), and phosphotyrosyl-tRNAcya (lane 6). (B) Translation of 1xB-a from
wild-type (lane 1) and modified (TAG codon in protein position 42) genes in the absence of
an activated tRNAcya (lane 2) and in the presence of bis(o-nitrobenzyl)-phosphotyrosyl-
tRNAcyua (lane 3) and phosphotyrosyl-tRNAcya (lane 4).
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Figure 3.
(A) Analysis of wild-type 1xB-a (lane 1) and the caged | xB-a protein having a bis-o-

nitrobenzyl protected phosphate group before (lane 2) and after (lane 3) 3 min of UV
irradiation. The samples were analyzed for reactivity to a polyclonal antibody to
phosphotyrosine and for 35S-methionine content. (B) Analysis of the caged | xB-a protein
having a bis-o-nitrobenzy! protected phosphate group before, and as a function of the time of
UV irradiation. Aliquots were taken at predetermined times and analyzed for reactivity to a
polyclonal antibody to phosphotyrosine and for 35S-methionine content.
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Figure 4.
Analysis of the phosphopuromycin sensitivity of BL-21(DE-3) cells having modified

ribosomes. The assays were carried out in the presence of 2.5 zg/mL of erythromycin to
partially block the activity of endogenous wild-type ribosomes.
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Figure5.
Comparison of the /in vitro translation yields of phosphorylated | xB-a obtained using S-30

preparations containing representative modified vs wild-type £. coliribosomes. The IxB-a
samples obtained from wild-type (wt; lanes 1) and modified (TAG codon in protein position
42) genes in the absence (no; lanes 2) and in the presence of phosphotyrosyl-tRNAcya
(pTyr; lanes 3) were analyzed by 12% SDS-polyacrylamide gel electrophoresis.
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Figure®6.

Immunoblotting analysis of | xB-a samples obtained by /n vitro translation from the wild-
type gene and from the modified (TAG codon in protein position 42) gene in the presence of
phosphotyrosyl-tRNAcya (pTyr) and purified by Ni-NTA chromatography. Analysis of
samples by 4%-12% SDS-polyacrylamide gradient gel electrophoresis using (A)
phosphorimager detection of 3°S-methionine and (B) anti-phosphorylated | xB-a (pTyr42)
rabbit polyclonal 1gG.
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Figure7.

a5e Todse 1310

MALDI MS/MS analysis of the tryptic peptides (amino acids 39-47) from (A) wild-type

and (B) phosphorylated | xB-a samples.
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Figure8.
Purification of NF-xB (as a complex with cellular DNA) from extracts of Jurkat cells (A)

without initial cell activation and (B) following cell activation with PMA + A23187. The
extracts were fractionated using DEAE-Sepharose CL-6B. Each fraction was incubated with
32p_|abeled double-stranded DNA corresponding to the NF-«B binding site in the IL-2 gene
promoter.8 Samples were separated by 6% native polyacrylamide gel electrophoresis and
analyzed using a phosphorimager. Lane 1, crude extract; lane 2, flow through from DEAE-
Sepharose CL-6B column; lanes 3-8, eluates resulting from wash with 100, 200, 300, 400,
500, and 600 mM NaCl, respectively. Formation of the NF-xB—32P-labeled DNA complex is
envisioned by (partial) chemical exchange for cellular DNA. (C) Comparison of the amount
of purified NF-«xB isolated from unactivated vs activated Jurkat cells after purification by
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DEAE-Sepharose CL-6B (300 mM NaCl wash). Samples were separated by 6% native
polyacrylamide gel electrophoresis and analyzed using a phosphorimager. Lane 1, purified
NF-«B isolated from extracts of unactivated Jurkat cells; lane 2, purified NF-xB isolated
from extracts of Jurkat cells activated with PMA + A23187.
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Figure9.
(A) Assay of NF-«B (as a complex with cellular DNA) treated with radiolabeled DNA.

Samples were separated by 6% native polyacrylamide gel electrophoresis and analyzed
using a phosphor-imager. Lane 1, binding of DNA to NF-«B purified from unactivated
Jurkat cells; lane 2, binding of DNA to purified NF-xB from Jurkat cells activated with
PMA + A23187; lane 3, binding of DNA to purified NF-xB from Jurkat cells activated with
PMA + A23187 in the additional presence of 20 ng of wild-type 1 xB-a; lane 4, binding of
DNA to purified NF-xB from Jurkat cells activated with PMA + A23187 in the additional
presence of 20 ng of 1xB-a phosphorylated on Tyr42; lane 5, binding of DNA to purified
NF-«xB from Jurkat cells activated with PMA + A23187 in the additional presence of 20 ng
of 1xB-a phosphorylated on Tyr42, and 200 ng of NF-xB (p50) polyclonal rabbit 1gG. (B)
Rationalization of the change in intensity of the observed bands.

JAm Chem Soc. Author manuscript; available in PMC 2018 April 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al. Page 24

A
lxB-a wt IkB-a 42-pTyr
C 1 05 025 1 05 025 C

1 2 3 4 5 6 7 8

A
, «— NF-kB-IxB-a
o «— |kB-a
" ) ?
B
£ . 80 -
3 705
> (i1}
8 60
Quw
gz 50 -
°2 W1
8
x2 30
‘5 2“ -
>3 20
. L] -
& =
- - m —
mo 0
1 0.5 0.25 c
Figure 10.

Binding of nonphosphorylated | xB-a (I xB-a wt) and phosphorylated | xB-a (1 xB-a 42-
pTyr) to NF-xB. (A) Analysis (native 8% polyacrylamide gel) of the purified lysate from
activated Jurkat cells (Figure 8B, lane 5) in complex with 3°S-labeled wild-type and
phosphorylated | xB-a prepared by /n vitro protein synthesis. Lanes 1 and 8, 3°S-labeled
protein not treated with lysate; lanes 2 and 5, 35S-labeled proteins treated with lysate; lanes 3
and 6, 3°S-labeled proteins treated with lysate diluted 2-fold with 50 mM Tris-HCI, pH 7.4;
lanes 4 and 7, 3°S-labeled protein treated with lysate diluted 4-fold with 50 mM Tris—HCI,
pH 7.4. (B) Quantification of the binding illustrated in the gel in panel A for 35S-labeled
wild-type (blue) and phosphorylated (orange) 1xB-a. C, control not treated with lysate; 1,
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purified lysate present at full strength; 0.5, lysate present at 2-fold dilution; 0.25, lysate
present at 4-fold dilution.
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Figure11.
Time-dependent binding of NF-xB and 32P end-labeled DNA. (A) Samples were analyzed

by 6% native polyacrylamide gel electrophoresis and quantified using a phosphorimager.
Upper panel, binding of NF-xB and DNA without phosphorylated | xB-a; lower panel,
binding of NF-xB and DNA in the presence of 20 ng of phosphorylated | xB-a. Lane 1,
incubation for 0 min; lane 2, incubation for 0.5 min; lane 3, incubation for 1 min; lane 4,
incubation for 3 min. (B) Relative intensity of NF-xB—DNA complexes analyzed by 6%
native polyacrylamide gel electrophoresis. The intensity of the NF-xB—-DNA complex in the
reaction of NF-xB and DNA without phosphorylated | xB-a at 0.5 min was defined as
100%.
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Table 1

Study of Wild-Type DHFR and GFP Stability During Irradiation

irradiation time (min)

DHFR (rel. activity) GFP (rel. emission)

a A w N O

100 100
85.1+6.2 83.6 £5.2
79.5+5.6 82.8+6.7
68.3+4.7 82.4+14.1
56.9+£9.6 76.8+16.0
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Table 2

Characterization of rrnB Operon Variants Selected Using Phosphopuromycin

sequence in the mutagenized regions

clone selection data, % inhibition  region 1 region 2
030405 87.5 (78.4)2 2057ATGGTTG2063  2600GAGTGA2605
030449 364 (56.2) 2057ATGGTTG2063  2600GTTCGG2605
030454 57.4(52.9)@ 2057ATGGTTG2063  2600GAGAGC2605
040412 614 (52.2)4 2057AGCGTGA2063 2600 GTTCGG 2605
040424 415 (57.3)2 2057AGCGTGA2063 2600TGGTGG2605
040435 793 (53.1) 2057AGCGTGA2063  2600GAGAGG 2605
030548 758 (66.4) 2057ATGGTTG2063  2606GAAGAT2611
wild type  <10% 2057GAAAGAC2063 2600ACAGTT2601
2606CGGTCC2612

a . ] . .
Data in parentheses are from confirmatory selection experiments.
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Table 4

Page 32

Expression Yields of /xB-a Phosphorylated at Position 42 Using S-30 Preparations Containing Different
Modified Ribosomes

yield of full length | xB-a, % &

Clone pTyr Tyr no activated tRNAcya
wildtype 3+2 68+10 014005
030405 12+2 60+4 0.8+0.3
030449 20+2 93+10 04+0.2
030454 15+1 81+20 0.1£0.06
040412 24+3 78+6 0.15+0.1
040424 5+1 28+6 0.1+0.05
030548 2+08 16%3 02+01

a,. - . . . . .
Yield of modified |1 xB-a was estimated relative to wild-type 1 xB-a synthesis in the same experiment.
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