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The twenty-nine amino acid C-terminal
cytoplasmic domain of poliovirus 3AB is critical
for nucleic acid chaperone activity
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Poliovirus 3AB protein is the first picornavirus protein demonstrated to have nucleic acid chaperone activity. Further
characterization of 3AB demonstrates that the C-terminal 22 amino acids (3B region (also referred to as VPg), amino acid
88-109) of the protein is required for chaperone activity, as mutations in this region abrogate nucleic acid binding and
chaperone function. Protein 3B alone has no chaperone activity as determined by established assays that include the
ability to stimulate nucleic acid hybridization in a primer-template annealing assay, helix-destabilization in a nucleic
acid unwinding assay or aggregation of nucleic acids. In contrast, the putative 3AB C-terminal cytoplasmic domain (C
terminal amino acids 81-109, 3B + the last 7 C-terminal amino acids of 3A, termed 3B+7 in this report) possesses strong
activity in these assays, albeit at much higher concentrations than 3AB. The characteristics of several mutations in 3B+7
are described here, as well as a model proposing that 3B+7 is the site of the “intrinsic” chaperone activity of 3AB while
the 3A N-terminal region (amino acids 1-58) and/or membrane anchor domain (amino acids 59-80) serve to increase the
effective concentration of the 3B+7 region leading to the potent chaperone activity of 3AB.

Viral Chaperone Proteins and the Role of 3AB
in Poliovirus Replication

Nucleic acid chaperones are proteins that facilitate RNA rear-
rangements leading to thermodynamically more stable and bio-
logically active conformations. They possess helix destabilizing
(unwinding) and aggregation activity."* The list of chaperone
proteins among viruses has been growing rapidly and includes
several retroviral proteins (nucleocapsid protein (NC),* Viral
infectivity factor (Vif),” Trans-activator of transcription (Tat)®
and Gag’), hepatitis C virus core protein,®’ coronavirus nucleo-
capsid protein,' hantavirus N protein,' hepatitis delta virus D
antigen'? and finally, poliovirus 3AB,"® which is the subject of
this report. Exactly how chaperones function to enhance virus
replication in vivo remains unclear. Development of in vivo/
in situ assays is complicated by the ubiquitous nature of viral
chaperones, all of which appear to have multiple functions at
various steps in the virus life-cycle. Still, several functions con-
sistent with activities observed in vitro have been postulated and
include among others, facilitating the folding of genomic RNA
to biologically functional conformations, promoting the transi-
tion between genome replication, mRNA synthesis and packag-
ing through a structural switch and enhancing recombination
by accelerating binding of complementary nucleic acids (see

below).
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Protein 3AB is an integral part of the viral replication machin-
ery. It anchors replication complexes to internal cellular mem-
branes, interacts with several proteins required for genome
replication and stimulates the viral polymerase (3D"') in vitro
(see below). Details of the mechanism by which 3AB accom-
plishes these functions remain unclear. Protein 3AB is derived
from the P3 genome region of poliovirus, which also codes for
the viral polymerase (3D, referred to as 3D and viral prote-
ases (3C, referred to as 3CP)." The 84 kDa P3 precursor is first
cleaved to produce two relatively stable intermediates, 3AB and
3CD (denoted 3CDP™), the latter possessing protease activity.
Ultimately four proteins, 3A, 3B, 3CP® and 3DP! can be pro-
duced from the precursor. These individual proteins, as well as
3AB and 3CDr® play important roles in the synthesis of viral
nucleic acids.

The ~12 kDa and 109 aa 3AB protein consists of two domains
(see Fig. 2A). The N-terminal domain (3A) is ~10 kDa and the
C-terminal domain (3B/VPg) is -2 kDa. Evidence suggests that
3A, which contains a 22 amino acid membrane anchor domain,
attaches 3AB to vesicles produced during viral infection that
are the site of viral RNA synthesis.” Protein 3AB also associ-
ates with itself, 3CDP™, 3D and proteins from the P2 genome
region.'*?? Although 3AB normally associates non-specifically
with RNA,?>% binding to 3CD produces a complex that associ-
ates strongly with the 5' cloverleaf structure of the viral genome
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Activity in Replication

As described above, 3AB and its cleavage
product 3B are putatively involved in several
steps related to replication. The mechanistic
details for many of these processes remain to
be determined. The chaperone activity of 3AB
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Figure 1. Possible roles for chaperone activity in poliovirus/picornavirus replication. A sche-
matic representation of the poliovirus genome along with important secondary structures
in the non-translated regions (NTRs) is shown (from De Jesus NH, Virol J 2007; 4:70). Possible
roles of 3AB or other chaperones are noted in boxed areas. See text for details.

3' and central regions of the genome are criti-
cal for genome replication (most notably the 5'
cloverleaf structure,”?*4° and CRE in the 2C

central region of the genome (see above)) and

(Fig. 1) in vitro and may be involved with anchoring the genome
to the vesicles.??

Protein 3B is covalently attached to all newly synthesized viral
plus and minus strands.?*® This protein serves as the “primer”
for RNA synthesis by 3D!. Uridylylation of 3B is required for
the protein to prime RNA synthesis. Two uridine residues are
covalently attached to 3B by 3Dr°!. The template for the addition
is a cis-acting replication element (CRE) located near the center
of the genome.?®?' Association of 3B (or precursors containing
3B) and 3D in this region results in template-directed addition
of U residues to a tyrosine residue on 3B.%

Mutational analysis using purified proteins and yeast two-
hybrid systems indicates that the 3AB-3D' complex is teth-
ered mostly by interactions with amino acids in 3B as several
mutations in this domain decrease binding.'¢2*?"% Both yeast
two-hybrid and in vitro binding assays demonstrate that 3AB
binds tightly to itself forming strongly associated dimers and
more complex multimers.”*"3 Dimerization maps to the 3A
portion of the protein, notably, the hydrophobic membrane
insertion domain (amino acids 59-80). However, this domain
may not be required for dimerization as others have shown that
when expressed by itself, the 1-58 region of 3A forms dimers.**
The ability of the 3AB to dimerize/multimerize could be piv-
otal to chaperone activity, especially in aggregation of nucleic
acids.

In vitro, 3AB strongly stimulates the synthetic activity of
3Dr°, especially when low concentrations of the polymerase are
used.”?>3537 The mechanism of stimulation has not been fully
clarified but several possibilities have been put forth, including:
stabilizing 3D binding to primer-template and decreasing the
dissociation rate constant (k_);”’ stabilizing the enzymatic activ-
ity of 3D and enhancing primer binding to the template rather
than direct 3D stimulation.*® Whether the chaperone activity
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translation (the internal ribosome entry site
(IRES) in the 5' leader region®#?). Chaperones
could also be involved in promoting “structural switches” that
lead to plus strands being shuffled into different pathways like
translation, minus sense RNA synthesis or genome packaging.
In addition, 3AB may also be involved in recombination which
occurs with high frequency in polio and other plus sense RNA
viruses.*>> Copy-choice type recombination occurs by a mecha-
nism that involves transfer (often referred to as “strand transfer”
or “template-switching”) of an RNA being synthesized on one
viral genome (generally during synthesis of the minus strand in
polio®®) to another where synthesis continues. Chaperone pro-
teins like HIV-NC can stimulate copy-choice recombination in
reconstituted in vitro systems through accelerating binding of

complementary nucleic acids.’*®

Discovery of 3AB as a Chaperone Protein
and Summary of Recent Advances

In an earlier report, we showed that bacterially expressed
purified 3AB protein possessed helix destabilizing activity
and was able to promote the hybridization of complemen-
tary nucleic acids in the absence of nucleotides (as an energy
source).”” Enhancement of annealing occurred for both RNA
and DNA and even highly structured nucleic acids. Hybrid
formation was concentration-dependent and required enough
3AB to completely or partially coat the nucleic acid strands.
Conditions for optimal activity were established and included
low divalent cation (1 mM Mg?*) and salt concentrations (20
mM KCI). In the current report we show that the 3B region
of 3AB is necessary but not sufficient for chaperone activity as
specific mutations in this domain abolish chaperone activity
while 3B alone has no chaperone activity even at very high con-
centrations. Interestingly, the putative C-terminal cytoplasmic
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repeated at least once and typically several times.

Figure 2. (A-D) Depiction of 3AB sequence and results from FRET unwinding assay. (A) Amino acid sequence of poliovirus 3AB. Regions: 3A, 1-87: 3B
(VPg), 88-109 (boxed); C-terminal cytoplasmic domain, 81-109 (referred to as 3B+7 in this proposal); membrane anchor domain, amino acids 59-80
(in bold italics). (B) Substrates for FRET unwinding assay. Complementary stem-loop forming oligos with 5' fluorescing (FAM) or quenching DABCYL
groups are shown. Hybridization leads to quenching of FAM fluorescence. Structures and AG values of -7.2 kcal/mol are as predicted from DNA fold.”
(C) FRET unwinding time course assay with wild type 3AB, 3AB-R104E, 3AB-Y90A, 3AB-R104E/Y90A, VPg (3B) and HIV NC, all at 2 M. (D) FRET un-
winding time course assay with wild type 3AB (2 M) or 2, 8 and 100 uM 3B+7. Representative results are shown for all experiments and assays were

domain of 3AB, consisting of 3B and the last 7 amino acids at
the C-terminal end of 3A (termed 3B+7 in this report), does
have chaperone activity at high concentrations. These results
form the basis of the working model of 3AB chaperone func-
tion presented in this report.

Results

Assays used to examine 3AB chaperone activity. The chaperone
activity of 3AB was evaluated using three different assays that
measure annealing of complementary nucleic acids and aggre-
gation. The primer-template annealing assay indirectly measures
helix destabilization and aggregation activities by testing the abil-
ity of a chaperone to stimulate annealing of a primer to a larger
template and causing it to gel-shift.”” Chaperone proteins pre-
sumably accelerate annealing in the assay through aggregation
and partial unwinding of the large template. The aggregation
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assay tests the chaperone’s ability to induce aggregate forma-
tion, a common, though not exclusive property of chaperones.
Incubation of chaperones with nucleic acid can result in the for-
mation of large aggregates consisting of the chaperone and nucleic
acid (which is generally labeled with radioactivity in the assay).
Aggregated material can be isolated by slow speed centrifuga-
tion in a microfuge.® The fluorescence resonance energy transfer
(FRET) unwinding assay measures unwinding and annealing
stimulation. The assay illustrated in Figures 2 was developed in
the DeStefano lab for examining nucleic acid chaperones.!**4¢¢ It
is rapid and produces immediate results which typically correlate
well with the primer-template annealing assay. Complementary
nucleic acid strands that have little structure or form stem-loops
are used in the assay. One complement has a fluorescing group
(FAM) at the 5" end and the second has a quenching group
(DABCYL) at the 3" end. The thermodynamic stability of the
strands can be varied by changing the G-C content of the stem.*
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Table 1. Results for 3AB, 3B+7, 3B, and various mutants in chaperone
assays

*Protein and °FRET . bdp-T °FRET rate
concentration assay Ann.  constant (k)
3AB (2 pM) +4+4 +4+4 +++ 0.79 £0.21
3AB-Y90 > A (2 uM) F = = ND
3AB-R104 > E (2 pM) = ND = ND
3AB-Y90A/R104E (2 M) = = = ND
3B (100 pM) o o = 0.030 + 0.001
f3B+7 (100 M) +++ ++ ++ 0.59 + 0.07
3B+7-K81A (100 M) o ND ND 0.13 £0.02
3B+7-F83A (100 M) + ND ND 0.095 £ 0.049
3B+7-H86A (100 M) it 4 4F 0.21 £0.06
3B+7-Y90 > A (100 pM) + - - 0.15 £ 0.02
3B+7-R104A (100 M) = ND ND ND
3B+7-R104 > E (100 M) - - - 0.031 £0.016

23B and 3B+7 proteins were made by chemical synthesis. All others
were expressed and purified from E. coli. +++, ~75-100%; ++, ~25-74%;
+, ~5-24%; -, <5%; ND, Not Determined. All relative to 3AB wild type.
See Figure 2 for FRET unwinding assay. ‘Aggregation, determined by
formation of a nucleic acid pellet using slow speed centrifugation (see
Methods). Primer-template annealing (see Figs. 3 and 4). °Rate constant
(k) for FRET assays was determined as described in Methods. Results are
an average of two or more experiments +/- standard deviation. fin FRET
assays, 2 uM 3B+7 showed little stimulation while 8 uM showed some
stimulation (+).

When the individual complements form stem-loops, they hybrid-
ize poorly at low temperature (30-37°C is typically used). In the
presence of a chaperone, partial unwinding of the stem struc-
tures enhances annealing by exposing complementary regions.
Annealing is measured by the quenching of the fluorescence sig-
nal that occurs when the FAM and DABCYL groups become
juxtaposed upon hybrid formation. In assays using complements
with highly stable stem regions (as in the current report), the
major parameter tested is the ability of the chaperone to unwind
the stem. Gel-shift assays were used to evaluate the affinity of the
mutated and wild type proteins for nucleic acids.

Mutations in the 3B region of 3AB inhibit chaperone activity
while 3B by itself shows no chaperone activity. Amino acids in
the 3B region of 3AB are known to be pivotal for 3AB binding to
nucleic acids and complex formation with 3D, Previous results
showed that the R104E (arginine to glutamate) mutation severely
disrupts binding to nucleic acid.?* The effect of this mutation on
chaperone activity was tested using the FRET unwinding assay
and, as expected, no significant chaperone activity was detected
(Fig. 2C and Table 1). A second mutation, YO0A (tyrosine to
alanine), was also tested. Tyrosine 90 is the amino acid that is uri-
dylylated by 3D! during replication (see Introduction). In addi-
tion, aromatic amino acids are pivotal to the chaperone activity
of HIV nucleocapsid protein (NC) and are presumed important
in the disruption of secondary strucutures. The Y90A mutation
also decreased chaperone activity although a low level of activity
was detected. A double mutant with R104E and Y90A (Y90A/
R104E) was also tested and found to be similar to R104E.

www.landesbioscience.com
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Figure 3. Primer-template annealing assay with wild type 3AB. A 25
nucleotide 5' end-labeled RNA primer that was complementary to a

230 nucleotide RNA template was used in the assay. The primer and
template were incubated with decreasing amounts of wild type 3AB (I-r:
2,1,0.5,0.25,0.013, 0.0063 or 0.0031 wM). Samples were processed and
run on a 6% native polyacrylamide gel as described under Methods.
The positions of the primer and annealed primer-template hybrid are
indicated. Three controls (A-C) are as described below the panel. Rep-
resentative results are shown and the assay was repeated several times.

It was clear from the above results that the 3B region of 3AB
was pivotal to chaperone acitivity. To test its role further, the 22
amino acid 3B protein was chemically synthesized and tested for
chaperone activity. No activity was observed, even at very high
concentrations that were ~50 times greater than the concentra-
tion where 3AB showed maximal activity (Table 1). Based on
these results, we concluded that the 3B region of 3AB was neces-
sary but not sufficient for chaperone activity.

Further attempts to determine which region(s) of 3AB is
required for chaperone activity using deletion mutagenesis have
thus far been unsuccessful due to severe aggregate formation dur-
ing protein expression. Protein 3AB is notoriously difficult to
work with because of this tendency. Our lab is currently testing
different expression systems to try and increase the solubility of
3AB and 3AB mutations during purification. In the meantime we
have pursued an interesting finding which showed that a protein
consisting of 3B plus the last 7 amino acids at the C-termiuns of
3A (termed 3B +7 in this report) possess chaperone activivity (see
below).

The putative C-terminal cytoplasmic domain of 3AB pos-
sess chaperone activity at hgh concentrations. Since 3AB is a
membrane protein, it is likely that the intrinsic chaperone activity
resides in a portion of the protein that is cyctoplasmic allowing
direct intereaction with nucleic acids. Models for 3AB interactions
with membranes suggest that the both the first 58 amino acid in
the N-terminus and the last 29 amino acids in the C-terminus
are cytoplasmic (see Fig. 6). Since interactions with nucleic acids
map mostly to the C-terminus, this was clearly the region most
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Figure 4. Primer-template annealing assay with wild type 3B+7. The
amount of 3B+7 protein used was: I-r, 200, 100, 50, 25, 12.5, 6.3 or 3.1
WM. See Figure 3 for details.

likely to contain intrinsic chaperone activity, although none was
detected in 3B alone (see above). The last 7 amino acids of 3A are
proposed to lie just outside the membrane and are connected to
the membrane insertion domain. These 7 amino acids and the 22
of 3B compose the C-terminal cytoplasmic domain. Chemically
synthesized 3B+7 was tested in the FRET unwinding assay at
various concentrations. Although very low chaperone activity
was detected at concentrations where 3AB showed high activity
(2 pM), activity increased at higher concentrations (8 wM) and
high activity was observed with 100 wM 3B+7 (Fig. 2D).

Several 3B+7 proteins containing mutations were chemically
synthesized and tested in the FRET unwinding assay (Table 1).
Proteins containing the same mutation as those tested in 3AB
were tested first (3B+7 R104E and Y90A, as well as R104A) to
see if they had a similar affect on the activity of 3B+7. Similar
to what was observed with 3AB, R104E dramatically reduced
the chaperone activity of 3B+7 while Y90A was inhibitory but
to a lesser extent. An R104A mutation was also strongly inhibi-
tory. Additional mutations including F83A (phenylalanine to
alanine) and K81A (lysine to alanine) showed results similar to
Y90A while H86A (histidine to alanine) showed greater chap-
erone activity than those mutants but slighlty less than wild
type. From the limited number of mutations that were tested,
3B+7 appeared to mimic wild type 3AB’s behavior, albeit at
the much higher concentration than was required to observe
activity.

Wild type 3AB is much more potent than 3B+7 in the
primer-template annealing assay. Proteins were next compared
in the primer-template annealing assay using a fixed time point
protein titration. Wild type 3AB stimulated annealing strongly
as the concentration of the protein was increased (Fig. 3). Peak
activity occurred at -1 wM under the conditions used, similar
to what was previously observed.”® In contrast, the YO0A and
Y90A/R104E mutants showed no annealing activity in this
assay (Table 1). Protein 3B+7 showed some annealing activity in
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Figure 5. Gel-shift assay to test protein-nucleic acid binding. Proteins
(type and amount as indicated) were incubated with a 40 nucleotide 5'
end-labeled RNA and run on a 6% native polyacrylamide as described
in Methods. The positions of the unshifted 40-mer and shifted material
are indicated. Two controls are as described below the part. Represen-
tative results are shown and the assays were repeated twice with similar
results.

the assay though reduced compared to wild type protein, even
when very high concentrations were used (Fig. 4). The H86A
mutation in 3B+7 resulted in annealing that was detectable but
lower than non-mutated 3B+7, consistent with the modestly
lower level of activity in the FRET unwinding assay for these
proteins (Table 1). Other tested mutations in 3B+7 including
Y90A and R104E and Y90A/R104E, showed no activity in the
assay as did 3B (Table 1).

Wild type 3AB and 3B+7 induce aggregate formation while
mutated versions of these proteins with low unwinding and
primer-template annealing activity do not. Large aggregates
that can form in the presence of chaperone proteins and nucleic
acids can help to induce the formation of hybrids.®* An aggre-
gation assay was performed with wild type 3AB, YO0A, Y90A/
R104E, 3B+7 (and various mutations) and 3B. Wild type 3AB
induced aggregate formation in a concentration-dependent man-
ner (data not shown), similar to what was observed in the primer-
template annealing assay. Full-length proteins were tested at 2
uM and 3B or 3B+7 at 100 M. Of those proteins tested wild
type 3AB showed the highest level of aggregation (Table 1) and
was essentially equal to HIV NC, a protein known to aggregate
efficiently (NC data not shown). In addtion, 3B+7 showed aggre-
gation activity that was slighlty lower than 3AB while 3B+7-
HB86A showed some activity. All other tested proteins did not
aggregate the RNA template.
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Figure 6. Model for in vitro 3AB chaperone activity. See text for descrip-
tion. MA, membrane anchor domain.

Affinity of 3AB and mutated proteins for nucleic acid. Gel-
shift assays can be used to estimate the binding affinity of 3AB
for nucleic acids. Although this method does not yield an accu-
rate equilibrium binding constant, it is useful for comparing
various 3AB mutations.”? A simpler nitrocellulose filter binding
assay proved unreliable in our hands as the amount of nucleic
acid retained on the filters in the presence of 3AB was low and
variable. Wild type 3AB was able to gel shift nucleic acid in this
assay consistent with previous reports (Fig. 5, note: the major
band of shifted nucleic acid runs slightly below the wells in the
assay). In contrast, mutations Y90A, R104E and Y90A/R104E
did not shift any nucleic acid indicating that they have lower
affinity for nucleic acid (Fig. 5). The result is completely expected
for R104E and Y90A/R104E as the R104E mutation was previ-
ously shown to abrogate nucleic acid binding.?* Since the YO0A
mutation showed low but measurable activity in the unwinding
assay it would be expected that nucleic acid binding would occur,
however, it was not detected by gel shift, perhaps because binding
was too weak (see Discussion). Protein 3B+7 was unable to shift
nucleic acids in the gel shift assay or reliably retain nucleic acid on
nitrocellulose filters (data not shown).

Discussion

This report presents the most recent advances in the understand-
ing of how poliovirus 3AB functions as a nucleic acid chaper-
one. This work has been hampered by difficulties encountered
while making and expressing mutated 3AB proteins, especially
truncations and deletions. Despite this, the importance of the 3B
region of the protein in chaperone activity has been clearly dem-
onstrated as mutations in this region severely weaken or abol-
ish chaperone activity (Table 1). Thus far all of the 3B region
mutations tested in the context of the full-length protein (Y90A,
R104E and Y90A/R104E) showed highly reduced nucleic acid
binding which explains the low chaperone acitivity. The 3B
region of 3AB is known to be pivotal for nucleic acid binding so
the results are not surprising.? For single point mutations to have
such a dramatic effect on nucleic acid binding it is likely that they
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disrupt the structure of the 3B region. Both Y90A and R104E
make additional contacts with other amino acids in the 3B (VPg)
solution structure and the mutations tested would likely disrupt
some or all of the interactions.®®*® In fact, R104 interacts with
nearly every amino acid residue in the C-terminal end of 3B in
the proposed solution structure. Both R104 and Y90 lie on the
same face of 3B along with several other amino residues that are
conserved among picornavirues (G88, G92, K96, K97, P101 and
Q109). We are currently evaluating the affect of mutations in
these other conserved residues on chaperone activity.

The most interesting result from this work was the finding
that the putative C-terminal cytoplasmic domain of 3AB (termed
3B+7 in this work), but not 3B by itself, possessed chaperone
activity. In the FRET unwinding assay, which measures mostly
the ability of a chaperone to unwind nucleic acids, 3B+7 showed
activity that was approximately 50-fold lower than 3AB on a per
mole basis. This was based on saturation of the rate of annealing
in the FRET unwinding assay requiring -2 pM 3AB and ~100
wM 3B +7. Still, each protein was able to stimulate unwinding to
about the same maximal rate. Mutations in 3B+7 behaved simi-
lar to the same mutations in the wild type protein for the few that
were examined including R104E, Y90A and YO0A/R104E, with
the R104E and the double mutant showing essentially no activity
in the FRET unwinding assay and Y90A, a low level of activity.
This suggests that 3B+7 may be a reliable though incomplete (see
below) model for examining the chaperone activity of 3AB. A
R104A mutation in 3B +7 also showed very little activity indicat-
ing that the additional negative charge of R104E was not respon-
sible for the loss of activity.

Since 3B+7 showed chaperone activity while 3B did not, it
was clear that the 7 additional amino acids from the C-terminal
end of 3A were pivotal. Three mutations were made in this region
and tested in the context of 3B+7. Two of them, K81A and F83A,
showed reduced activity similar to the Y90A mutation in 3B+7.
In contrast, H86A showed more activity but still less than wild
type 3B+7. The results reiterates the importance of postiviely
charged and aromatic amino acid in chaperone acitivity. We are
currently in the process of placing the K81A, F83A and H86A
mutations in the full-length protein to determine if they have the
same effect on chaperone activity.

It is also interesting that the 29 amino acids of 3B+7 com-
prise the entire putative C-terminal cytoplasmic domain of 3AB.
This means that intrisic chaperone activity in vitro requires only
that part of the C-terminal region of the protein that would be
available for nucleic acid binding in vivo. The membrane anchor
domain (amino acid 59-80) would presumably be embeded in
membranes in vivo and this would prevent direct access to nucleic
acid. The N-terminal 58 amino acids of 3A are also predicted to
be cytoplasmic and could therefore be involved with direct con-
tacts to nucleic acids. However, judging from the limited affect of
mutation in this region on nucleic acid binding,** a direct role in
chaperone activity seems less likely, although an indirect role that
enhances activity is possible for this region and the membrane
anchor domain (see below).

At this poin, it is difficult to speculate precisely what roles
the 3B and +7 regions play in chaperone acitivity or how these
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region interact. One possible explanation is that 3B+7 simply
binds nucleic acid better than 3B. While this remains possible,
we were unable to detect binding in gel-shift or filter binding
assays with either protein and 3B did not aggregate nucleic acids.
Still, it is clear that 3B+7 does interact with nucleic acids as it
would not show activity in the FRET unwinding and primer-
template annealing assays if it did not. Possible explanations for
the lack of binding in gel-shift assays are that 3B+7 is too small
to produce a reliable shift, the binding is too weak to survive this
assay or the protein simply does not work in this type of assay, as
is the case for many other nucleic acid binding proteins. As for
the filter binding assay, even full-length 3AB did not work well
in this assay, so it was not surprising that 3B+7 did not. We are
currently working on assays that use fluorescently labled nucleic
acid to test binding. These assays should help in analyzing differ-
ences in binding between various mutants and wild type protein.

Another possible explanation of why both 3B and the addi-
tional 7 amino acids are required for activity is that they form
a folded complex together that has intrisic chaperone activity.
Although possible, this explanation is weakened by the fact
that 3B by itself forms a defined structure in solution that has
been solved using NMR.®*¢ In addition, chemically synthe-
sized 3B is active in uridylylation assays in which two UMP
residues are added to tyrosine 90 by 3D in the presence of
poly(rA) or the CRE genome region, the natural template
for uridylylation (see Introduction). These findings suggest
3B forms an active complex, at least for uridylylation, in the
absence of the 7 amino acid from 3A and that chemically syn-
thesized 3B folds correctly.

It was interesting that the various assays used to test chaperone
activity gave different results with certain 3AB mutations. Wild
type 3AB showed high activity in the FRET unwinding assay
while 3AB-Y90A showed low but measurable activity. The same
senario was observed with 3B+7 and 3B+7-Y90A, albeit at higher
protein concentrations. In contrast, only wild type 3AB gel-
shifted nucleic acid and only 3AB, 3B+7 and 3B+7-H86A aggre-
gated RNA template. In the primer-template annealing assay
wild type 3AB was most active and 3B+7 also showed modest
activity and 3B+7-H86A low activity. None of the other mutated
proteins, even those that showed some activity in the FRET
unwinding assay, were able to anneal primer-template. This may
be due to the primer-template annealing assay requiring both
unwinding and aggregation activity while the FRET unwinding
assay requires mostly the former. Both wild type 3AB and 3B+7
unwind and aggregate well based on the FRET unwinding and
aggregation assays, respectively. This leads to greater annealing
in the primer-template assay which is dependent on both activi-
ties. The only other mutated protein to show some activity in the
primer-template annealing assay was 3B+7-H86A. This protein
had low but measurable aggregation activity and reasonably high
activity in the FRET-unwinding assay. This may have resulted
in the low level of primer-template annealing that was observed.
These results also point out the importance of measuring chap-
erone activity in more than one type of assay and using assays
that focus on particular aspects of that activity (i.e., unwinding,
aggregation or both).
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The current results and previous results from others have
allowed us to formulate a working model to explain the in vitro
chaperone activity of 3AB (Fig. 6). We hypothesize that the
intrinsic chaperone activity of 3AB resides in the 3B+7 region
based on the chaperone activity of this protein at high concentra-
tions (Table 1). The membrane anchor domain of the 3A region
(amino acid 59-80) serves to “concentrate” the 3B+7 region by
stacking on itself. This leads to an increase in the effective con-
centration of the 3B+7 region such that a lower concentration of
the full-length protein, in comparison to 3B+7 alone, is required
to obtain high chaperone activity. In Figure 6, the membrane
anchor domain is shown as the major stacking agent, although
the N-terminal cytoplasmic domain (amino acids 1-58, labeled
in Fig. 3A) could also be involved. This region has been shown by
NMR to dimerize when expressed in the absence of the rest of the
protein so interactions leading to multimer formation are plau-
sible. In addition to being consistent with the current results,
the proposed model is also consistent with 3AB’s ability to form
homomultimeric complexes.””?! Note that no membranes are
required for the proposed stacking as the assays were conducted in
the absence of phospholipids. Still, cellular membranes may help
catalyze stacking and this will be examined in the future using
membranes in in vitro reactions. We are currently testing this
model by making point mutations in the membrane anchor and
N-terminal region of 3AB. Truncations and deletions will also
be tested permitting that these proteins are able to be produced.

Ultimately we hope to find point mutations in 3AB that abro-
gate or weaken chaperone activity but have little affect on nucleic
acid binding or uridylylation. These mutations can be tested in
live virus to determine what steps in the replication cycle they
effect. This would help to establish a clear role for chaperone
activity at particular steps in viral replication, something that has
been very difficult to do for most chaperones.

Materials and Methods

Materials. T3 RNA polymerase, calf intestinal phosphatase
(CIP), DNase I (RNase free) and ribonucleotides, were obtained
from Roche Applied Science. RNasin was obtained from
Promega, restriction enzymes and T4 polynucleotide kinase from
New England Biolabs and proteinase K from Stratagene. All
synthetic oligonucleotides were custom-ordered from Integrated
DNA technologies Inc. Chemically synthesized proteins includ-
ing 3B, 3B+7 and all 3B+7 proteins with mutations were from
GenScript Inc., and were of 90% purity or greater. Sephadex
G-25 spin columns were from Harvard Apparatus. RNeasy mini
kits were from Qiagen Inc., Radiolabeled compounds were from
Perkin Elmer. All other chemicals were obtained from Sigma
Chemical Co., Fisher Scientific or VWR scientific.

Methods. Preparation of recombinant proteins poliovirus 3AB
and HIV-1 NC by expression in Escherichia coli. Protein 3AB
of poliovirus type 1 (Mahoney strain) was expressed in E. coli
using plasmid pGEX-3AB, kindly provided by Dr. Stephen
Plotch (formerly of Wyeth-Ayerst Research). Expression and
purification were performed as described previously.”” Purified
3AB was stored at -70°C in buffer containing 50 mM Tris-HCI
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(pH = 8), 1 mM DTT, 0.05% Triton X-100 and 10% glycerol
(3AB buffer). HIV-1 NC protein was produced using a vector
kindly provided by Dr. Charles McHenry (Univ. of Colorado).
The protein was expressed in E. coli and purified as previously
described.”®

5" end-labeling of oligonucleotides. Reactions for primer label-
ing were done in a 50 pl volume containing 70 mM Tris-HCl,
pH = 7.6, 10 mM MgCL, 5 mM DTT, 10 pl of y-*P ATP
(3,000 Ci/mmol, 10 pCi/pl) and 2 pl (20 units) of T4 poly-
nucleotide kinase. The reaction mixture was incubated for 30
minutes at 37°C and then the T4 polynucleotide kinase was heat
inactivated for 10 minutes at 70°C according to the manufac-
turer’s recommendation. The material was then passed through
a Sephadex G-25 spin column to eliminate free nucleotides and
exchange buffer.

Preparation of RNA templates. Run-off transcripts with T3
RNA polymerase were synthesized using the manufacturer’s pro-
tocol. Plasmid pBSM13* was cleaved with B¢/ I and T3 poly-
merase was used to prepare run-off transcripts ~230 nucleotides
in length. After transcription for 2 hours, 15 units of DNase I
(RNase-free) was added and incubation was continued for 20
min. Reactions were then processed with a RNeasy mini kit
according to the manufactures’ protocol. The length and purity
of the RNA was evaluated by gel electrophoresis to assure that it
was full-length (data not shown). The RNA was then quantified
by spectrophotometric analysis. The equation used to calculate
the molecular weight was: ([A x 382.2] + [G x 344.2] + [C x
304.2] + [U x 305]). The molecular weight was used to calculate
the molar concentration of RNA using the standard conversion
of 1 OD,,, ~ 40 pg/ml for single stranded RNA.

Fluorescence resonance energy transfer (FRET) unwinding assay.
Two complementary 42 nucleotide DNAs, one with a 5' fluores-
cein-6-carboxamidohexyl (FAM) (FAM-CAT TAT CGG ATA
GTG GAA CCT AGC TTC GAC TAT CGG ATA ATC-3")
group and the second with a 3'4-[[(4-dimethylamino)phenyl]-
azo] benzenesulfonicamino (DABCYL) group (5-GAT TAT
CCG ATA GTC GAA GCT AGG TTC CAC TAT CCG ATA
ATG-3-DABCYL) were used in the assays. Using mfold” and
conditions of 20 mM KCI, 1 mM MgCl, and 30°C, each strand
was predicted to form a stem-loop structure with a AG value
of -7.2 kcal/mol (Fig. 2B). Annealing assays were completed
at 30°C using a Cary Eclipse fluorescent spectrophotometer
(Varian). FAM and DABCYL DNAs (10 and 20 nM, resp.) were
separately incubated for 5 min at 30°C in the presence or absence
of 3AB or other proteins (concentration as indicated) in 35 pl of
buffer containing 50 mM HEPES (pH = 7), 20 mM KCl, 5 mM
DTT, 1 mM MgClz, 6 mM Tris-HCI (pH = 8), 0.014% Triton
X-100 and 2.9% glycerol. The reactions were started by mixing
the FAM and DABCYL samples in a quartz cuvette (final con-
centrations 5 and 10 nM, for FAM and DABCYL DNAs, respec-
tively). The excitation wavelength was 494 nm with a bandwidth
of 5 nm. The emission bandwidth was 10 nm and the spectrum
was observed at 520 nm. The emission spectrum was taken every
15 seconds for up to 16 minutes. An intensity ratio (I) was deter-
mined by dividing the peak intensity at a given time (I) by the
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peak intensity at time zero (I)) (I = 1/I ). This value was plot-
ted versus time for the different concentrations of protein used.
For some proteins rate constant values (£) describing the rate of
annealing for the complementary strands were calculated. These
values were calculated from the t,, values by dividing 0.693 by
t,,, as described.”

Primer-template annealing assay. The 230 nucleotide RNA
transcript (10 nM final concentration) (described above) and a
25 nucleotide complementary 5' #P-labeled RNA oligonucle-
otide (10 nM final concentration, 5-CCU CUU CGC UAU
UAC GCC AG-3") that hybridized to based 155-179 from the
5" end of the transcript were incubated in 50 mM HEPES (pH =
7), 5 mM DTT, 1.4 mM MgCl, and 28.5 mM KCI. This mate-
rial was pre-incubated for 3 mins at 30°C in 7 pl total volume.
Three 1 of 3AB or other derivatives (concentration as indicated)
or 3AB buffer (see above) was added after the pre-incubation to
start the reaction which was continued for 15 minutes. One pl of
proteinase K (final concentration 1 wg/pl) in 10 mM Tris-HCI
pH =8, 50 mM EDTA pH = 8 was then added to each sample
and incubation was continued for 10 minutes at 37°C. After this,
5 wl of stop mix (20% glycerol, 20 mM EDTA pH = 8, 0.2%
SDS, 0.4 pg/pl (RNA, 0.1% bromophenol blue) was added.
There were also two controls. One control contained the pre-
incubated reaction and 3AB buffer and was heated at 65°C for 5
mins and then slow cooled. This control was used to show where
the hybrid migrated on the gel. A second control contained BSA
(final concentration 0.1 pg/wl) in 3AB buffer instead of 3AB.
All controls were processed as above. Products were analyzed on
a 6% native polyacrylamide gel as describe below. Dried gels were
exposed to an imaging screen and visualized and quantified using
a Fujifilm FLA-7000.

Gel-shift assay to test nucleic acid binding. A 40 nucleotide 5'
32P-labeled RNA (2 nM final concentration, 5-GAG UGC ACC
AUA UGC CAU UCA GGC UAC GCA ACU GUU GGG A-3")
was mixed with different amounts of 3AB or other proteins (see
Fig. 5) in 10 pl of a buffer containing 10 mM HEPES pH = 7,
5 mM KCl and 5 mM DTT. Two pl of 6X loading buffer (40%
sucrose, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cya-
nol) was added and the samples were loaded onto a 6% native gel
prepared in 0.5x Tris-borate-EDTA buffer.”? Samples were elec-
trophoresed at 15 mA for approximately 1.5 hours and gels were
processed as described above.

Polyacrylamide gel electrophoresis. Six % (w/v) native polyacryl-
amide (29:1 acrylamide:bisacrylamide) gels were prepared and
electrophoresis was performed as described.”
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