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ABSTRACT

Tryptic digestion was used to obtain an active 41 kDa fragment of NF-kB. The major proteolysis products were
comprised of residues 2-364 (p502.364), 2-362 (p502-362) and 2-366 (p502-366). By site-directed truncation
mutagenesis, overproducers for p502.364 and p502.36¢ were constructed. These vectors direct high level
expression of homogeneous, active protein.

INTRODUCTION

The transcription factor NF-kB is the focus of intense interest because of its central role in controlling
inflammatory, immune, and acute phase responses, and proliferation of viruses including HIV-1,
cytomegalovirus, and adenovirus.! In most resting cell types, NF-xB is anchored in the cytoplasm bound to an
inhibitory protein termed I-xB.? Signals from the cell surface are believed to result in phosphorylation of I-xB,
thereby releasing it from NF-xB, which diffuses into the nucleus and turns on genes. The elucidation of this
series of events is a major triumph for modern biology, as it represents the first case in which the extramembrane,
cytopasmic, and nuclear components of a signalling pathway could be connected via known molecules.

NF-xB has generated interest not only in its biological activities, but has also been the subject of
considerable intrigue with regard to structure. Both subunits of NF-kB - p50 and p65 - possess homology to the
Rel proto-oncoprotein, as do a number of other proteins that appear to play important roles in immune function
and carcinogenesis.3# The common structural feature of these proteins, the Rel homology region (RHR), is a
~280 amino acid domain that permits dimerization and DNA binding. Point mutations and deletions throughout
the RHR abrogate DNA binding, whereas changes outside the RHR have no effect; hence the entire RHR is both
necessary and sufficient for binding.5 This is unlike the situation for most DNA-binding proteins studied to date,
in which the DNA-binding domain can often be localized to a stretch of fewer than 100 contiguous amino acids.5
The large size of the RHR has hampered efforts at characterizing its structure and function by biological
techniques.

In order to gain structural information on the RHR, we have begun a program of overproduction,
crystallization, and biochemical studies of Rel family proteins, focusing on NF-xB. The initial target of our
investigation has been the homodimeric form of p50, the overproduction of which was reported in the previous
paper.” Recombinant pSO was found to be soluble and active for DNA binding, yet was “nibbled” by proteases at
its C-terminal end.8 Qut of concern that this C-terminal homogeneity would adversely affect crystallization, we
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undertook the present study to (i) define a proteolytically stable core DNA-binding domain in p50, and (ii)
overproduce such proteins at high levels in E. coli.

RESULTS

In an attempt to reduce the C-terminal heterogeneity of recombinant p50, we carried out limited proteolytic
digestion using trypsin (Seravac, Maidenhead, England). The pS0 mixture was rapidly reduced to a protein of
~41 kDa which was substantially resistant to further proteolysis (Figure 1).5 The ~41 kDa fragment was then
prepared on a large scale and purified to homogeneity (Figure 2, lane 2).10 This preparation was shown to bind
DNA with a strength and specificity indistinguishable from that of recombinant p50 (Figure 3, lane 3, and
additional data not shown).11.12

The 41 kDa trypsin digestion product was characterized by N-terminal sequencing and electrospray-
ionization mass spectrometry.13 The N-terminus was determined to be AEDDP, 14,15 which corresponds to that
of recombinant p50, thereby revealing that proteolysis had not taken place at the N-terminal end. Electrospray-
ionization mass spectrometry revealed the presence of three predominant tryptic products having molecular
weights 40,558 Da, 40,847 Da, and 41,102 Da (Figure 4, A and B).16 These values correspond well to the
predicted molecular weights of proteins possessing residues 2-362 (p502.362; My 40,562), 2-364 (p502.362; M
40,847), and 2-366 (p502-366; My 41,102). Thus, proteolysis had removed the entire glycine-rich stretch at the C-
terminal end of the protein, leaving fragments that terminated within the nuclear localization signal at the end of the
RHR (Figure 5).

Taking advantage of the ability to generate single-stranded DNA with overproducers derived from pLMI,
we carried out oligonucleotide-directed mutagenesis on the p50 overproducer (pLM1-p50) in order to create new
vectors possessing stop codons at positions 365 and 367 in the p50 coding sequence; a construct having a stop
codon at position 363 was not generated. The resulting vectors, pLM1-p502-364 and pLM1-p502-366, direct
expression of residues 2-364 and 2-366, respectively.l4 Upon induction of protein synthesis, these
overproducers proved to possess outstanding efficiency, with the recombinant protein being expressed at levels
substantially higher than any of the native E. coli proteins (Figure 2, compare lanes 3 and 4). From these cells,
soluble p502.364 was purified to yield ~25 mg/L of cultured cells as determined by Bradford assay; analogous
results were obtained for pS02.366. p502-364 and p502.366 were expressed and purified by the same procedure as
was utilized for p50 in the previous communication.1? N-terminal sequencing and electrospray ionization mass
spectrometry on p502.366 (Figure 4, C and D) and p50;.364 (Figure 4, E and F) confirmed in each case the
expected composition.

Highly purified p50;.366 and p502.3¢4 were homogeneous, formed stable dimers,1? and bound DNA with
Kq’s that were essentially indistinguishable from each other and from p50 (Figure 3 and additional data not
shown).
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Figure 1. Digestion of p50 with trypsin. The purified
p50 mixture (lane 1) was treated with trypsin (protein/
trypsin: lane 2-4, 1000/1; lane 5-7, 100/1; lane 8-11,
1071) at room temperature followed by the addition of
SDS sample buffer after 1 min (lane 8), 5 min (lane 9,
20 min (lane 2, 5, and 10), 60 min (lane 3, 6, and 11},
and 120 min (lane 4 and 7). Samples were analyzed by

SDS-PAGE.
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Figure 2. Induction and purification of

proteins generated in this study, as

analyzed by SDS-PAGE (5-20% gradient

gel). Lane 1, purified pS0; !afne 2, product

of limited tryptic digestion of p50; lanes 3

and 4, respectively, uninduced and induced free probe =
E. coli BL21(DE3) harboring the plasmid

LM1-pS0; 364 lane 5, purified p50;. Figure 3, Specific DNA-binding
?anc 6, gu?izﬁgpsewssp Deno:e% 2,2, fg?t activity of proteins generated in this study.
are mobilities and sizes (in kDa) of molecular Lane 1, no protein {control); lane 2, p50;
mass markers. lane 3, trypsin-digested p50; lane 4,

5302364 lane 5, p5G.366 Competition
binding experiments (not shown)
showed that binding was specific in all cases.
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Figure 4. A, raw m/z spectrum of trypsin-digested p50, and B, deconvoluted relative molecular mass (M) spectrum,
showing three major species; C, raw m/z spectrum of trypsin-digested p502.364, and D, deconvoluted molecular
mass spectrum; E, raw m/z spectrum of p50.366, and F, deconvoluted molecular mass spectrum.
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Figure 5. Schematic depiction of proteins generated by proteolysis and their relationship
to native p50 and its precursor p105. The precise site of cleavage of p105 to produce p50
in human cells is not known. A human HIV protease site is shown.

CONCLUSIONS

One object of this study, which has been achieved, was to generate homogeneous, active fragments of p50
that would be suitable for high-resolution structural analysis. From this and the preceding study we can now
conclude that (i) pS0 can readily be overexpressed in E. coli, but is susceptible to C-terminal proteolysis; (ii) p50
contains a flexible tail consisting of residues ~366 onward, which we suspect would impede crystallization; (iii)
the flexible tail of pSO can be removed cleanly on a preparative scale by limited proteolysis with trypsin; and (iv)
the 41 kDa core proteins containing the entire RHR can be overexpressed and purified to homogeneity on a large
scale. These conclusions lead directly to an entry into crystallography studies. The exceptionally high levels of
precisely engineered protein generated by the pLM1 system, as described in this and the previous communication,
have also allowed us to pursue biochemical studies on the mode of DNA recognition by p50, which will be
reported shortly.

On a related, technical note, this study underscores the power of combined N-terminal sequencing and
EISMS analysis as a simple, rapid manner in which to determine the boundaries of proteolytic fragments.

In studies from these and other laboratories using pLM1 together with ECPCR, this vector system has
shown uniformly excellent performance in overproduction, DNA sequencing, mutagenesis, and other protein
expression applications. 18,19
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