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Cleavage of the Amyloid Precursor Protein (APP) by cellular 
proteases gives rise to various peptides, including a set of 38–43 
amino acid peptides (Aβ) that are generated when APP is cleaved 
by the β-site APP cleaving enzyme 1 (BACE1) and γ-secretase.1,2 
Although these peptides are generated normally, different factors 
including elevated BACE1 levels, can lead to increased levels of 
Aβ peptides in brain and have been postulated to cause Alzheimer 
disease pathology.3 Various studies have indicated that increased 
BACE1 levels are not the result of increases in its mRNA lev-
els, but rather involve post-transcriptional mechanisms including 
translation.4

Translation of rat and human BACE1 mRNAs is 5' cap-
dependent and does not appear to involve internal initiation of 
translation.5-7 In addition, although the BACE1 5' leader con-
tains 4 AUG codons, various studies have shown that mutation 
of these codons had either relatively small effects on translation 
or no effect, suggesting that they are not used as translation start 
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sites.5,8 By contrast, other studies reported that translation initia-
tion at upstream AUG codons had significant inhibitory effects 
on translation.6,7 We showed that some of these differences were 
caused by the expression systems.9 Reporter mRNAs initiated 
translation more often at upstream AUG codons when in vitro 
transcripts were transfected into cells, or when mRNAs were 
transcribed in the cytoplasm. However, comparable mRNAs 
initiated translation predominantly at the initiation codon when 
transcribed in the nucleus. We have suggested that these vari-
ous observations are more consistent with a mechanism in which 
ribosomal subunits bypass segments of the 5' leader as they move 
from the cap to the initiation codon. This is inconsistent with a 
scanning-based mechanism of translation initiation.5,9

In this study, we looked for physical evidence of the BACE1 
translation mechanism by using lead(II) acetate to probe the 
structural stability of endogenous BACE1 mRNAs in live 
cells. Pb2+ is cell permeable and induces RNA cleavage that is 
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RNA was chosen as an exemplar inasmuch as it has been studied 
extensively and various data indicate that specific structural fea-
tures in this RNA are universally conserved.14-19 For this analy-
sis, B104 cells were incubated with different concentrations of 
lead(II) acetate. The Pb2+-treated cells excluded trypan blue 
dye in a degree comparable to that of control cells, indicating 
that they remained alive during treatment. RNA was extracted 
from the cells and an indication of the extent of cleavage was 
obtained by monitoring the integrity of the rRNA bands in aga-
rose gels. It was found that the extent of cleavage depends on 
the exposure time and concentration of lead(II) acetate (Fig. 
1A). Primer extension analysis (Fig. 1B, C) revealed a major 
band corresponding to the full-length RNase P RNA in control 
samples for each primer (0 mM Pb2+; see arrow). The lower 
molecular weight bands are likely to correspond to premature 
stops by the reverse transcriptase enzyme or represent extension 
products from fragmented templates. Exposing cells to lead(II) 
acetate led to degradation of the full-length RNase P RNA and 
the appearance of new bands corresponding to cleavage sites. 
To avoid secondary cuts, we sought to cleave target RNAs less 
than once per molecule on average. Suitable conditions were 
obtained by incubating cells with up to 100 mM lead(II) ace-
tate for 15 min at 37°C. Secondary cuts appeared to be mini-
mal or of no consequence because no new bands were observed 
when cells were exposed to the highest Pb2+concentration (100 
mM) as compared with the lowest concentration (25 mM).

essentially sequence non-specific at bulged, looped, or single 
stranded nucleotides. It has been used previously to probe RNA 
structure in vitro and in bacteria.10-12 Pb2+ does not induce cleavage 
of double stranded RNA or RNA stabilized by other interactions 
such as stacking interactions between bases.13 The ability of Pb2+ to 
induce RNA cleavage involves transitions that require conforma-
tional flexibility of the hydrolyzed region.

This chemical is particularly well suited for the present efforts 
inasmuch as the coding region of an actively translated mRNA is 
continuously destabilized by ribosomes and should have sufficient 
conformational flexibility to be an ideal substrate for Pb2+-induced 
cleavage. The extent of cleavage in the 5' leader should therefore 
provide an indication of the translation mechanism. For example, 
ribosomal scanning of the 5' leader from the cap to the initiation 
codon, followed by translation of the coding region should fully 
destabilize both regions with each round of translation. By con-
trast, if segments in the 5' leader are not destabilized compared 
with the coding region, this would suggest that they are bypassed 
as ribosomal subunits move from the cap to the initiation codon.

Results

Assessing feasibility of lead probing in mammalian cells. 
Inasmuch as lead(II) acetate has not been used previously to 
probe RNA structures in mammalian cells, we first assessed the 
feasibility of our methodology by probing RNase P RNA. This 

Figure 1. Lead(II) acetate-induced cleavage of endogenous RNase P RNAs. (A) B104 cells were incubated with control buffer (0 mM Pb(II); first lane 
in each panel) or increasing concentrations of a lead(II) acetate solution (25, 50, or 100 mM; represented by the triangles). RNA was visualized on a 
denaturing agarose gel. Bands corresponding to rRNAs are indicated. (B) Schematic representation of primer extension assay. The black bar repre-
sents the RNase P RNA; the arrows show locations of DNA oligonucleotide primers P1–P4. The graphic below illustrates primer extension products 
as dashed blue lines that extend from the primer to either the 5' end of the RNA or cleavage sites, indicated by red arrowheads. (C) Primer extension 
analysis of endogenous RNase P RNAs using primers P1 to P4. Cells were incubated with 0, 25, 50, or 100 mM lead(II) acetate; represented by the 
triangles. Primer extension products were resolved on denaturing polyacrylamide gels. Primer extension products appear as bands in the autora-
diograms. The arrows indicate the position of full-length RNase P RNAs. Nucleotide positions of various cleavage sites in the RNase P RNA sequence 
are indicated. (D) Cleavage data mapped onto a previously predicted secondary structure of rat RNase P RNA.16 Individual nucleotides are indicated 
schematically as different colored circles (G = closed black, A = closed gray, U = open gray, and C = open black). G-C and A-U base pairs are indicated 
by black bars; G-U base pairs are indicated by 2 black dots. Major cleavage sites identified from different primers are indicated by red arrowheads. 
Nucleotides in CR 1-V, P10/11, and P12 are indicated by blue bars. A pseudoknot between complementary nucleotides in CR1 and CRV is indicated by 
the dashed blue line.
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with several ribosomes, suggesting that this mRNA population 
is relatively uniform in its translation properties. This finding 
is consistent with our earlier finding that the BACE1 5' leader 
mediates relatively efficient translation.5

Lead probing of endogenous BACE1 mRNAs in cells. 
Lead(II) acetate probing of endogenous BACE1 mRNA was 
performed in PC12 and B104 cells using the approach described 
above for RNase P RNA. Due to the low signals obtained with 
B104 cells, it was difficult to achieve complete coverage of the 5' 
leader with at least 2 primers, even when reactions were scaled up. 
We therefore pursued this analysis in PC12 cells. Suitable con-
ditions for Pb2+-induced RNA cleavage in PC12 cells (Fig. 3A) 
were similar to those in B104 cells (Fig. 1A). Primer extension 
reactions were performed using primers complementary to vari-
ous sites in the BACE1 mRNA (Fig. 3B). Data from 3 primers 
which show the Pb2+ cleavage pattern throughout the BACE1 5' 
leader, extending into the coding region, are presented in Figure 
3C. The results reveal two primer extension products containing 
441 or 445-nucleotides that appear to correspond to the 5' end 
of the BACE1 mRNA (indicated by arrows in Figure 3C). These 
bands are respectively 14 and 18-nucleotides longer than the 427-
nt cDNA sequence used in our earlier studies (see asterisk;5,9), 
and are similar in length to human BACE1 5' leader sequences 
that comprise 446–457 nucleotides.21

Cleavage sites that were observed with 2 or more primers were 
plotted on a linear representation of the BACE1 5' leader and 
start of the coding region (Fig. 4A). Nucleotides downstream of 
the 5' end for more than a 100-nucleotide length were highly 
resistant to cleavage. A few cleavage sites were observed further 
downstream, starting in the vicinity of the second upstream 

The results showed that most of the primer P1 exten-
sion products had bands corresponding to those from other 
primers (Fig. 1C), suggesting that the observed extension 
products represented authentic cleavage sites and not prod-
ucts generated from spuriously primed RNA templates. 
Both strong and weak bands were observed within each 
primer extension reaction. In addition, the relative inten-
sities of some bands varied with different primers. These 
differences may be related to the ability of some cleaved 
fragments to adopt altered conformations that allow hybrid-
ization to various primers with different efficiencies. By 
mapping the major sites of cleavage onto a previously pre-
dicted secondary structure of the RNase P RNA, it can be 
seen that the cleavage sites are consistent with various previ-
ously predicted structural features (Fig. 1D). For example, 
cleavage sites provide physical evidence for the occurrence of 
paired regions 10/11 (P10/11), conserved region II (CRII) 
and CRIII, and paired region P12, demonstrating the valid-
ity of this method in vivo.

Subcellular distribution of BACE1 mRNAs in cells. 
Investigations of RNA structural features in vivo may be 
complicated by the fact that RNAs do not necessarily occur 
as homogeneous populations within cells. Indeed, mRNA 
structures in the cytoplasm may differ significantly from 
those in the nucleus, particularly mRNAs that undergo sig-
nificant processing in the nucleus and interact with different 
factors in each location. In the cytoplasm, translation is expected 
to disrupt secondary structures in coding regions. Whether 
translation also occurs in the nucleus remains unresolved; never-
theless, it is important to determine how an mRNA is distributed 
within cells to understand whether the Pb2+-probing results reflect 
cleavage of mRNAs that are primarily localized to the cytoplasm, 
nucleus, or present at a significant level in both compartments. To 
determine the subcellular distribution of BACE1 mRNAs, RNA 
was isolated from the nuclei or cytoplasm of rat PC12 and B104 
cells and RNase protection assays (RPAs) were performed using 
a radiolabeled probe specific to the BACE1 mRNA. We observed 
that BACE1 mRNA levels are significantly lower in B104 than 
PC12 cells, and that this mRNA is found almost exclusively in 
the cytoplasm (Fig. 2A). This finding indicates that any cleavage 
sites mapped in the Pb2+-cleavage experiments are derived from 
cytoplasmic BACE1 mRNAs. To ensure that RNA was present in 
the nuclear fraction, we probed nuclear and cytoplasmic fractions 
for RNase P RNA, and showed that this RNA was present in both 
nuclear and cytoplasmic fractions as previously reported.20

Another potential source of heterogeneity in the BACE1 
mRNA population arises from translation itself. If a subset of 
BACE1 mRNAs is not translated or if some mRNAs are trans-
lated with different efficiencies, then different mRNAs in the 
population may have different structural features. To investigate 
this potential source of heterogeneity, cell lysates were fraction-
ated in sucrose density gradients and individual fractions were 
hybridized with radiolabeled probes for BACE1 mRNA (Fig. 
2B). The polysome profiles show that this mRNA is localized 
in polysomes and is not detected in 80S monosomes or lighter 
fractions. The data indicate that BACE1 mRNAs are associated 

Figure 2. Subcellular distribution and polysome analysis of BACE1 mRNAs. (A) 
Analysis of BACE1 mRNAs by RPA. RNA was isolated from nuclei or cytoplasm 
of rat B104 and PC12 cells. The top panel probes BACE1 mRNA, the bottom 
panel probes RNase P RNA. For both autoradiograms, lane 1 is undigested 
probe (u). Lanes 2–6 are RPAs performed using no cell lysate (lane 2), RNA 
from nuclear lysates (N, lanes 3 and 5) and RNA from cytoplasmic lysate 
(C, lanes 4 and 6). The RPA products indicated in lanes 4 and 6 (BACE1) are 
protected from digestion by the BACE1 probe. The RPA products indicated 
in lanes 3-6 (RNase P) are protected from digestion by the RNase P probe. (B) 
Polysome analysis of BACE1 mRNAs. Cell lysates were fractionated on a linear 
10–50% sucrose gradient. The top of the gradient is on the left. The positions 
of the 40S and 60S ribosomal subunits, 80S monosomes, and polysomes are 
indicated. The A260 absorbance tracing is indicated by the red line. RNA from 
14 fractions was analyzed by RPA using a BACE1 specific probe.
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≈150 nucleotides and extended into the coding region. Cleavage 
sites did not appear to coincide with any of the upstream AUG 
codons. We compared this data to the restricted data obtained 
from B104 cells and found that the cleavage patterns are almost 
identical, particularly when cleavage sites from single primers 
were included for comparison (Fig. S1).

Sequence analysis of BACE1 5' leader. To investigate whether 
the Pb2+ cleavage patterns observed in our experiments might be 
explained partially or fully by inherent differences in the abil-
ity of the BACE1 mRNA to form secondary structures in dif-
ferent parts of the mRNA, we compared the Pb2+ cleavage data 
to predicted stabilities in these regions of the mRNA. Predicted 
stabilities along the mRNA were calculated as minimum free 
energies using the RNA structure prediction program RNAfold 
(Fig. 4B;22). Stabilities were calculated using a sliding window of 
30-nucleotides, walking 5'→3' in 10-nt steps. For reference, the 
minimum free energy of an unstructured segment of RNA is 0 
kcal/mol, and that of a structured segment is a negative number 
that becomes increasingly negative with increased stability. The 
results predict regions of high and low structural stability, but in 
general, the cleavage sites do not correspond to segments in the 
mRNA that have low predicted stability. For example, the region 
upstream of the initiation codon has relatively high predicted 
stability, but is highly susceptible to cleavage, whereas some seg-
ments located further upstream are predicted to be less struc-
tured, but are resistant to cleavage.

To further analyze the BACE1 5' leader, we looked more 
closely at its nucleotide composition (Fig. 4C). We observed that 
both the 5' leader and start of the coding sequence are rich in gua-
nine and cytosine nucleotides (> 60% GC) and that the distribu-
tion of these nucleotides is relatively uniform across this region. 
By contrast, the distribution of adenine and uracil nucleotides is 
less uniform in the region surrounding the initiation codon (the 
arrow indicates the start of the coding region). Adenine nucleo-
tides are more abundant upstream of the initiation codon than 
downstream and U has the opposite distribution. Although this 
nucleotide distribution appears to define a boundary between 
the 5' leader and the coding region, there is no direct correlation 
between this distribution, the pattern of Pb2+-induced cleavage 
(Fig. 4A), or the predicted stabilities (Fig. 4B).

Determining the effects of the eIF4A helicase on BACE1 
structure. Earlier studies indicated that translation initiated 
via the BACE1 5' leader is cap-dependent.5-7 This suggests that 
ribosomal recruitment by this mRNA involves the eIF4F cap-
binding complex. An important component of this complex is 
initiation factor eIF4A, an ATP-dependent non-processive RNA 
helicase.23,24 To investigate whether the extensive lead-induced 
cleavage observed upstream of the initiation codon might be due 
in part to destabilization of this region by the helicase activity 
of this initiation factor, we inhibited eIF4A activity using hip-
puristanol, a small molecule that is a selective and potent inhibi-
tor of eIF4A RNA-binding activity.25 The results of 35S-Met 
labeling revealed that overall protein synthesis was inhibited by 
treating cells with increasing concentrations of hippuristanol. We 
observed that exposure of PC12 cells to 0.5 μM hippuristanol 
for 50 min decreased overall protein synthesis by 90%, and by 

open reading frame (uORF2). However, extensive cleavage 
was only observed upstream of the BACE1 initiation codon for 

Figure 3. Lead(II) acetate-induced cleavage of endogenous BACE1 
mRNAs in cells. (A) PC12 cells were incubated with lead(II) acetate as 
indicated for 10 min and RNA cleavage analyzed as in Figure 1A. (B) 
Primer sites in BACE1 mRNA. The bar represents the BACE1 mRNA, with 
the 5' leader as an open bar and the coding sequence (CDS) as a black 
bar. The locations of oligonucleotide primers are indicated below. (C) 
Primer extension analysis of BACE1 mRNAs with primers P5-P7. Cells 
were incubated with control buffer (0 mM Pb(II); lane 1 in each panel) 
or increasing concentrations of a lead(II) acetate solution (25, 50, or 100 
mM; lanes 2, 3, and 4, respectively). Primer extension products were re-
solved on denaturing polyacrylamide gels. The arrows (5') indicate the 
position of full-length BACE1 mRNAs. Nucleotide positions of uORFs1-3 
and the BACE1 cistron are indicated; upstream AUG codons are high-
lighted with white bars. Sequencing reactions using the same primers 
are indicated to the left. The asterisk corresponds to the length of the 
reported cDNA sequence (NCBI accession #NM_019204).
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mRNAs with 5' leaders of different lengths.28 This estimate is 
not significantly different than the estimated rate of elongation, 
which is ≈9–24-nucleotides/second.29 Another possible scenario 
is that BACE1 mRNAs comprise structurally and functionally 
heterogeneous mRNA populations, and the Pb2+ probing results 
reflect cleavage of subpopulations of BACE1 mRNAs, some of 
which are highly structured and poorly translated. We cannot 
rule out this possibility completely, but it seems unlikely as we 
have shown that most BACE1 mRNAs are located in the cyto-
plasm and reside in large polysomes (Fig. 2). It is possible that 
these large polysomes contain stalled complexes. However, this 
possibility is also considered unlikely as large BACE1 polysomes 
are consistent with previous findings indicating that translation 
mediated by the BACE1 5' leader is relatively efficient as assessed 
by comparison with a highly efficient reference 5' leader.5

The extensive cleavage observed upstream of the BACE1 ini-
tiation codon may be due in part to native secondary structure 
adopted by the 5' leader. This notion seems unlikely at first glance, 
given the high, relatively uniform GC content of this 5' leader 
and its potential to adopt a secondary structure. However, the 
A-U composition upstream of the start site is biased in a way that 
may decrease stability in this region. This bias—toward A and 

95% with 50 μM hippuristanol. To determine whether block-
ing eIF4A activity affects the structure of the BACE1 5' leader, 
we probed endogenous BACE1 mRNAs with lead(II) acetate 
in hippuristanol-treated cells (Fig. S2). Surprisingly, only a few 
minor changes were observed, even after up to 8 h of treatment. 
Changes included the loss of some cleavage sites and the appear-
ance of additional bands in the sample without Pb2+ (0 mM). 
However, the overall cleavage pattern was virtually unchanged 
from that in untreated control cells. This finding suggests that 
the structure of the BACE1 mRNA is largely unaffected by the 
helicase activity of eIF4A.

Discussion

For this work, we investigated the translation mechanism of 
BACE1 mRNA by probing the structural stability of the 5' 
leader of endogenous BACE1 mRNAs in cells using lead(II) 
acetate. The ability of Pb2+ to induce cleavage of single stranded 
RNA with conformational flexibility made it ideal for assessing 
whether the BACE1 5' leader is destabilized in vivo, consistent 
with a scanning mechanism, or whether the 5' leader or parts 
of it remain structured, consistent with a shunting mechanism.

The Pb2+-probing results obtained for BACE1 mRNA indi-
cate that the first ≈280 nucleotides of the 5' leader are resistant 
to Pb2+-induced cleavage. The remainder of the 5' leader (≈150 
nucleotides) and start of the coding region are susceptible to 
cleavage. Cleavage in the coding region was anticipated, as this 
region is destabilized by ribosomes in the elongation phase of 
protein synthesis. However, the cleavage pattern in the 5' leader 
is less obvious. The finding that the 5' end of the mRNA is resis-
tant to cleavage was somewhat unexpected as BACE1 transla-
tion appears to be cap-dependent, and it was thought that the 
helicase activity associated with the eIF4F complex, which is 
bound to the cap-structure, would destabilize RNA structures 
near the cap and render the 5' end of the mRNA susceptible to 
cleavage. This does not appear to be the case indicating that the 
helicase activity of the cap-binding complex does not destabilize 
the BACE1 mRNA near the cap structure.

The non-uniform cleavage of the BACE1 5' leader suggests 
that ribosomal subunits recruited at the 5' cap-structure bypass 
a large segment of the 5' leader to reach the initiation codon. 
Our earlier studies using BACE1/reporter constructs supported a 
similar conclusion.5,9 This cleavage pattern is not consistent with 
the scanning mechanism of initiation26,27 which proposes that 
ribosomal subunits destabilize and inspect the 5' leader, base-by-
base, until they recognize a start site. If each round of elongation 
involves a round of scanning, both 5' leader and coding region 
should be equally destabilized in each round. This reasoning also 
applies to leaky scanning and reinitiation, which are variations of 
the scanning model. Nevertheless, we can imagine several sup-
posable scenarios whereby scanning might explain the data. For 
example, if scanning is significantly faster than elongation, the 
5' leader might restabilize before cleavage can occur. However, 
this possibility seems unlikely as experiments performed in yeast 
have estimated the rate of scanning to be ≈10-nucleotides/
second based on time differences observed for translation of 

Figure 4. Comparison of Pb2+-induced cleavage sites in BACE1 mRNAs 
with predicted structural stabilities and nucleotide composition. (A) Lin-
ear representation of primer extension results. The BACE1 5' leader and 
start of the coding region are indicated schematically. The range of the 
5' leader is indicated by an open bar, and uORF1, uORF2, and uORF3 are 
shown as gray boxes. Within uORF2 there is an AUG codon immediately 
upstream of the stop codon, which is indicated by a vertical line. The 
start of the coding sequence is indicated in black. Sites of Pb2+-induced 
cleavage are shown as red vertical bars and correspond to bands ob-
served in primer extension reactions from at least two different primers 
in cells exposed to Pb2+ and not in control samples. (B) Minimum free 
energy predictions (MFEP) along BACE1 5' leader and 5' coding region. 
Each bar in the histogram is centered on the 15th nucleotide for each 30-
nt window used for the RNAfold calculation. (C) Nucleotide composition 
of BACE1 5' leader and 5' coding region. Each nucleotide in the 5' leader 
is indicated by a vertical bar: G is purple; C is black; A is green; and U is 
blue. The arrow is pointing to the start of the CDS (A1).
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Materials and Methods

Cell culture and lead(II) acetate treatment. Rat pheochromo-
cytoma PC12 and neuroblastoma B104 cells were cultured using 
Dulbecco’s modified minimal essential medium (Gibco BRL, 
Life Technologies) supplemented with 10% fetal bovine serum 
(B104 cells) and 1% penicillin-streptomycin-glutamine in 10 
cm tissue culture plates at 37°C in 5% CO

2
. PC12 cells were 

supplemented  with 5% fetal bovine and 5% horse serum and 
cultured on collagen coated plates. Cells were grown to 60–70% 
confluency and rinsed with phosphate buffered saline (PBS) prior 
to incubation with 3ml control buffer or lead(II) acetate trihy-
drate (Sigma Aldrich) solutions, which contained 10 mM TRIS-
acetate (pH 7.5), 40 mM NaCl, and 5 mM MgCl

2
. Cells were 

incubated at 37°C for up to 30 min as indicated. Reactions were 
quenched with a 1.5 molar excess of EDTA to chelate the lead. 
RNA was extracted using Trizol reagent (Invitrogen).

The extent of Pb2+-induced RNA cleavage was determined by 
extracting total RNA with Trizol reagent, treating with DNase 
(DNAfree kit; Ambion) and analyzing the RNA on denaturing 
agarose gels stained with ethidium bromide. Primer extension 
analyses were performed using cloned AMV reverse transcrip-
tase (Life Technologies). Reactions contained 0.2 pmol of end-
labeled PAGE purified primer added to 40 μg of DNase-treated 
total RNA from cells (final volume 7 μl). RNA/primer mixes 
were incubated at 85°C for 5 min and slowly cooled to 45°C 
prior to addition of other reagents. Extension products were 
RNase digested, purified and resolved on 8% sequencing gels 
(SequaGel-8; National Diagnostics). Positions of cleavage sites 
were determined using sequencing reactions from rat RNase P 
and BACE1 genes that were electrophoresed alongside the primer 
extension reactions.

RNA analysis. For RNA extraction from nuclear and cyto-
plasmic fractions, cell media was aspirated and tissue culture 
plates placed on ice. Nuclear and cytoplasmic fractions were 
prepared according to ref. 35. RNA was extracted using Trizol 
reagent. The nuclear pellet was washed with nuclear resuspen-
sion buffer and centrifuged at 5,000 rpm at 4°C for 5 min. RNA 
was extracted from the pellet using Trizol reagent. Polysome 
analysis using sucrose density gradients and RPAs were per-
formed as previously described.34 

Primer sequences used for primer extension:
P1 [3'-CCA CTC CGT GGA GCG CCC GGA GTA TTG 

GG-5'];
P2 [3'-GTT ACC GAC TCC ACT CCG TGG AGC GCC 

CGG-5'];
P3 [3'-CAA GGG TCT CTC GTC CCG AGG TGC GCA 

CCC G-5']
P4 [3'-GAT TGG CCC GAG AGG GGC TCA CCC CTC 

CAC-5']
P5 [5'-GTC TTC CAG GCG GAC TTT GCA GCG TGA 

G-3'];
P6 [5'-GCT CCC GGC GGT GGA GAG TGG GCA GGA 

G-3'], and
P7 [5'-GAT ACC GAG ATG GGT TCC CTG GGC AGG 

CAG-3'].

against U—is reminiscent of those reported for yeast mRNAs.30 
This yeast study examined mRNAs containing 5' leaders of 100 
or more nucleotides with translation start sites that had been estab-
lished with a high level of confidence. They found that nucleotide 
frequencies are fairly constant throughout 5' leaders, except for the 
region ≈40-nucleotides upstream of initiation codons, where the 
frequency of A increases and that of U decreases. The authors pos-
tulated that this distribution suggests a selection for reduced RNA 
structure inasmuch as the base pairing potential of A (A:U) is less 
than that of U (U:A, U:G). The nucleotide distribution in the 
BACE1 5' leader suggests that the region upstream of the initiation 
codon for ≈80 nucleotides (downstream of uORF3) may be less 
structured than other parts of the 5' leader. However, cleavage con-
tinues for another ≈70 nucleotides upstream of this region.

A possible explanation for why the upstream region is suscep-
tible to cleavage is that it is actively destabilized by the translation 
of a uORF. Although the cleavage pattern does not line up with 
any of the uORFs, it does correspond to a CUG codon in good 
nucleotide context that is located 10-nucleotides downstream of 
where cleavage becomes relatively uniform. The CUG-initiated 
ORF extends 33-nucleotides before it overlaps uORF3 in the same 
reading frame, generating a 54-nt ORF. Initiation at this CUG 
codon might explain the observed cleavage pattern from ≈80–150 
nucleotides upstream of the initiation codon.

In an earlier study, we demonstrated that the relative accessi-
bility of AUG can affect how efficiently it functions as an initia-
tion codon.31 If the intrinsic conformation of the BACE1 5' leader 
predisposes the initiation codon to be more accessible than other 
potential start sites, this may help to determine the site of initia-
tion for the first round of translation. This first round of transla-
tion should dramatically restructure the mRNA by destabilizing 
the coding region and bringing eIF4A to the vicinity of the ini-
tiation codon. We initially expected that the helicase activity of 
eIF4A might contribute to the accessibility observed upstream of 
the start site and increase the likelihood of subsequent initiation 
events. This did not appear to be the case: the cleavage pattern was 
essentially unaffected upon blocking eIF4A with hippuristanol. At 
present we cannot yet rule out the activities of other helicases.24

The present study provides a glimpse of the conformation of 
endogenous BACE1 mRNAs in live cells. The results show that a 
large segment of the 5' leader is not destabilized. This is consistent 
with a ribosomal shunting mechanism of translation initiation. In 
other work, this laboratory has studied ribosomal shunting using 
synthetic constructs32-34 and proposed two initiation mechanisms 
that involve tethering or clustering of the translation machinery.33 
These mechanisms can account for nonlinear ribosomal move-
ment during translation initiation and provide a plausible explana-
tion for the BACE1 data.

We anticipate that improvements in the sensitivity of the Pb2+-
probing method will facilitate future investigations of mRNA 
structure in postmortem human tissues in the future. The ability 
to perform such studies will enable a comparison of structural fea-
tures in BACE1 mRNAs of normal and Alzheimer disease brains 
to determine whether increased BACE1 levels in the disease are 
accompanied by structural alterations in BACE1 mRNAs that may 
affect translation.
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protein precipitation. Protein samples were spotted in duplicate 
on filter discs and left to dry. Filters were then washed with 
room temperature 5% TCA for 3 min, hot 5% TCA for 4 min, 
followed by two washes with room temperature 5% TCA for 
3 min and a 100% ethanol for 2 min. The filters were dried 
prior to scintillation counting. For lead probing experiments, 
cells were incubated with 0.5 μM hippuristanol for 6–8 h at 
37°C prior to treatment with lead(II) acetate trihydrate solu-
tion. Control cells were incubated in media containing 0.5% 
DMSO.
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Predicted stabilities of 5' leader and coding sequences in 
BACE1 mRNA were determined using the RNAfold algorithm 
(Vienna package).22 The minimum free energy was calculated for 
30-nucleotide segments of the mRNA, walking along the mRNA 
from the 5' end, in a 5' to 3' direction in steps of 10-nucleotides. 
For each window of 30-nucleotides, folding was predicted using 
37°C energy parameters36 and unpaired helices were allowed to 
participate in at most one dangling end.

Hippuristanol treatment and analysis. For hippuristanol 
experiments, hippuristanol was dissolved in DMSO prior to use. 
For pulse-labeling experiments, cells were grown to 60–70% 
confluency in a 6-well plate and rinsed with PBS buffer prior to 
a 30 min incubation at 37°C with starvation media (l-methi-
onine/cysteine-free DMEM, 10% FBS and 1X l-glutamine). 
Hippuristanol was then added to cells (0 μM to 50 μM) and 
cells were incubated for an additional 30 min. Control cell cul-
tures received DMSO alone. Labeling was performed using 40 
μCi Trans 35S-Label (MP Bio), which was added to cells, fol-
lowed by a 20 min incubation at 37°C before harvesting. Cells 
were centrifuged at 5,000 rpm for 5 min at 4°C in microfuge 
tubes. Cell pellets were washed with ice-cold PBS buffer and 
lysed in ice-cold RIPA buffer. Cell pellets were kept on ice for 
5 min prior to centrifugation at 14,000 rpm for 15 min at 4°C. 
Supernatants were used directly for trichloroacetic acid (TCA) 
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