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ABSTRACT. The nucleocapsid protein (NC) of HIV-1 is 55 amino acids in length and possesses two CCHC-
type zinc fingers. Finger oneNfterminal) contributes significantly more to helix destabilizing activity
than finger two C-terminal). Five amino acids differ between the two zinc fingers. To determine at the
amino acid level the reason for the apparent distinction between the fingers, each different residue in
finger one was incrementally replaced by the one at the corresponding location in finger two. Mutants
were analyzed in annealing assays with unstructured and structured substrates. Three groupings emerged:
(1) those similar to wild-type levels (N17K, A25M), (2) those with diminished activity (124Q, N27D),
and (3) mutant F16W, which had substantially greater helix destabilizing activity than that of the wild
type. Unlike 124Q and the other mutants, N27D was defective in DNA binding. Only 124Q and N27D
showed reduced strand transferirinvitro assays. Double and triple mutants F16W/124Q, F16W/N27D,
and F16W/124Q/N27D all showed defects in DNA binding, strand transfer, and helix destabilization,
suggesting that the 124Q and N27D mutations have a dominant negative effect and abolish the positive
influence of F16W. Results show that amino acid differences at positions 24 and 27 contribute significantly
to finger one’s helix destabilizing activity.

Human immunodeficiency virus belongs to the lentivirus of which is bound to a zinc ion with high affinity (Figure
genus of retroviruses. The mature virion has two copies of 1). The two zinc fingers of NC are connected by a highly
the RNA genome, which are coated by a 55 amino acid, basic linker (RAPRKKG) {—3).

as a result of proteolytic cleavage of the Gag polyprotein {5 pycleic acids, it can transiently break base pairs and
upon maturation of the virion. Because of its high lysine catalyze their reformation, thereby enabling them to assume
and arginine content (15 total), NC has a net positive chargeoptima| conformations with the maximum number of base
of 13 and a pl between 10.0 and 11.0. All known orthoret- pairs ). Results indicate that NC is involved at multiple
roviruses contain one or two -Cys,;XCys-Xe-His-X4-Cys- steps in the viral life cycle and has several functions,
(CCHC) motifs. HIV NC contains two CCHC motifs, each  jncluding coating and protecting the viral genome, recogni-
tion and packaging of the genomé—11) and enhancing
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kK E Gy kK E Gy (I'to Q), alanine to methionine (A to M), and asparagine to

G / L G / Qs aspartic acid (N to D) at positions 16, 17, 24, 25, and 27 of

F1—" C——7Z7n Q” C~——7n 1‘;‘6 - finger one, respectively. Presumably, these differences
Nl’;w / \ Nor K;;,ﬂ/ \ Da F2 underlie the much stronger helix destabilizing activity of

C o C C finger one. To understand this at the amino acid level, we

NHIQRGNFRNQRKIVE RAPRKKG TERQAN-COOH replaced residues in finger one with those at the correspond-
FiGure 1: Schematic diagram of the HIV-1 NL4-3 nucleocapsid ing locations in finger two. Each mutant was analyzed in

protein. Shown here is the amino acid sequence of the HIV-1 NL4-3 : :
NC protein. The five amino acids that differ between the two fingers annealing assays with unstructured and structured substrates

are italicized and numbered. NC point mutants were constructed @nd in strand transfer and nucleic acid binding assays. To
by incrementally replacing the amino acid residues in finger one our surprise, replacing the phenylalanine in finger one with
with those at the corresponding locations in finger two. NC double tryptophan from finger two (F16W) actually enhanced helix
fwg ;rr']%'/%rpt%'r“éemnffﬁgtt% e fﬁ:zzrcgr’]‘:”“ded' which contained yegiapilizing activity. Two changes were essentially neutral
' (N17K and A25M), whereas two others (N27D and 124Q)
showed strongly negative effects. Combining the F16W
|mutation with one or both of the negative mutations also
produced a protein with little unwinding activity. Results

in enhancing tRNA annealing to the PBS5]. However,
recent studies suggest that this may result from the mutua

cancellation of two factors: SSHS NC is less effective than , _ " :
wild-type NC as a duplex destabilizer but more effective as show that the isoleucine at position 24 and asparagine at 27

a duplex nucleating agent because of increased flexibility Contribute most significantly to the difference between the
(36). Many zinc finger mutants also retain most of the two fingers with respect to helix destabilizing activity.
nonspecific nucleic acid binding ability of wild-type NG7).
Specific finger mutants with little apparent helix destabilizing
activity can also promote the annealing of non-structured

. ; Materials. DNA oligonucleotides for the fluorescence
nucleic acid complementary strands, presumably because
T ) . . .~ Tesonance energy transfer (FRET) assay were purchased from
they retain wild-type NC’s ability to aggregate nucleic acids

(38). In contrast,n vitro analysis indicates that the fingers :mg%r;tizg l?rlrle@eT:rfgnlkg)ll\logslffr(ecéolir)?\ll\ggg,| Ivf/\c)alreT;oFr)r?ll)\/l-ew
are involved in specific recognition of the viral genomic RNA

- : : ; England Biolabs (Ipswich, MA). Tag polymerase was from
1 signal element 39, 40) and other functions including .
minus strand strong-stop transfer and recombination in Eppendorf North America (Westbury, NY). SP6 polymera;e,
general 41, 42). Cellular infections with NC mutants have dN.TPS’ and I?Nase—free RNase were.fro.m. Roche Applied
also demonstrated the pivotal role of both fingers in Science (Indlanapol_ls, IN). RNa_lse inhibitor was from
packaging, dimer formation, and general viabilit§3). Promega Corp. (Madison Wl_)' RgdlolabelQeGEP] ATP was
Despite this, NC can apparently tolerate significant changes 2Ptained from Amersham Biosciences (Piscataway, NJ) and
at the amino acid level without drastic effects on function. S€Phadex G-25 spin columns were from Harvard Apparatus
A recent study revealed that six of the seven zinc fingers (Holliston, MA). PCR primers for the strand transfer assay
found in a family of human cellular nucleic acid binding Were purchased from Integrated DNA Technologies. DE-81
proteins can replace the first zinc finger of HIV-1 NC with filters and cellulose nitrate membrane fllte(s were from
very little loss in replication 44). Whatman, Inc. (Florham Park, NJ). Recombinant HIV-RT
was purchased from Worthington Biochemical Corp. (Lake-
wood, NJ). Aliquots of HIV-RT were stored at80 °C, and
a fresh aliquot was used for each experiment. All other

copies of finger one, where finger two is replaced byasecondchem'cals_ were frqm Sigma Aldrich (St. Louis, MO) or
copy of finger one (termed 1.1) or with an inactivated finger Fisher Scientific (Pittsburgh, PA).

two where the CCHC motif is replaced by SSHS, retain helix ~ Preparation of wt and Mutant HIV-1 Nucleocapsid
destabilizing activity. In contrast, mutants with two copies Protein.Wild-type HIV-1 NC from the MN strain (GenBank

of finger two (2.2) or a replacement of finger one CCHC accession number: M17449), the ARV strain, or pNL4-3
with SSHS have little unwinding activity3@). A finger was used in this study. Wild-type MN NC was expressed
switch mutant with the sequences of the fingers reversedand purified as described®). The construct that expresses
(termed 2.1) also retained partial helix destabilizing activity wild-type ARV NC (GenBank accession number: K02007)
suggesting that both context and the finger amino acid was graciously provided by Dr. Charles McHenry (University
composition play important role8®). Interestingly, virus of Colorado), and this protein was prepared as described
clones with the 1.1 mutation, though clearly defective, previously 47). Wild-type and mutant NC proteins from the
packaged RNA at near wt levels and reverted over time pNL4-3 sequence (GenBank accession number AF324493)
to a virus with wt phenotype. Viral clones with 2.2 or were prepared essentially as describ@®).(For the mutant
1.2 mutations were highly defective in packaging and NC proteins, the following sequence changes were made in
showed no reversio4g). Overall, the results show that the gene coding for NC (at the nucleotide level of the pNL4-3
finger one but not two is pivotal to NC’s helix destabilizing sequence): F16W (t11967g/c1968g), N17K (t1971a), 124Q

MATERIALS AND METHODS

The ability of NC to destabilize strong helix structures
also requires zinc fingers, in particular finger or@B)(
Assaysin vitro showed that mutant NC proteins with two

activity. (@1990c/t1991a), A25M (g1993a/c1994t/c1995g), and N27D
Of the 14 amino acids that compose each finger, 5 differ (21999g/t2001c), and mutants with multiple changes were
between the 2 zinc fingers (in the pNi34clone of HIV-1): made with combinations of the above listed changes. The

(finger one to finger two): phenylalanine to tryptophan (F three wild-type NC proteins differ by no more than five
to W), asparagine to lysine (N to K), isoleucine to glutamine amino acids, which are all functionally conserved. NC
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aliquots were stored at80 °C in 50 mM Tris-HCI (pH 7.5), PCR Amplification of DNA Substrates for Strand Transfer
10% glycerol, and 5 mM 2-mercaptoethanol. AssaysTwo sets of primers (5gatttaggtgacactatagtata-
FRET Assay to Detect DNA/DNA Annealifidne 8 end gaaatgtggaaagga-and S3-ttgttgtctctaccccagac-3for the
of DNA oligonucleotides were tagged with a fluorescein-6- donor and 5gatttaggtgacactatagatatcccctaggaaaaagggctgt-
carboxamidohexyl (FAM) label. The complementary DNAs 3' and 3-ctgaagctctcttctggtgg-3for the acceptor) were
were obtained with a 4-[[(4-dimethylamino) phenyl]-azo]- designed to generate the donor and acceptor RNAs derived
benzenesulfonicamino (DABCYL) moiety at theethds. The from the pNL4-3 plasmid (obtained from NIH AIDS
annealing experiments were carried out using a Cary EclipseResearch and Reference Reagent Program). An SP6 promoter
fluorescence spectrophotometer (Varian, Inc., Palo Alto, CA). sequence (in bold type above) was added to the forward
The final concentrations of the FAM and DABCYL DNAs primer along with five additional hon-homologous nucle-
were 5 and 10 nM, respectively. FAM and DABCYL otides (in italic type) to prevent the transfer of DNA products
complements in the presence or absence a2 (unless from the end of the donor to the acceptor. One hundred
otherwise indicated) wt/mutant NC protein were separately picomoles of each primer was used in the PCR reactions in
preincubated in 3%L of buffer containing 50 mM Tris- a volume of 10QuL, including 0.1ug of plasmid DNA, 5
HCI (pH 8.0), 1 mM DTT, 1 or 6 mM MgGCl(as indicated), units of Taq polymerase, 10 mM Tris-HCI (pH 8.3 @ 25
80 mM KCI, and 25uM ZnCl, for 5 min at 30°C. The °C), 50 mM KCI, and 1.5 mM MgOAc. The cycling
solutions were then mixed in a quartz cuvette to start the parameters used were as follows: 35 cycles of successive
time course reaction. The time course was monitored over 4denaturation, annealing, and extension reactions were carried
min for the unstructured (0.0dna) and the 5.8dna substratesout for 1 min each at 94, 50, and 72, respectively. This
(Figure 2). With the 9.0dna significant annealing could be was followed by one 5 min extension cycle at ®2. The
observed only by 16 min. The FAM molecule was excited PCR products were then resolved on an 8% native poly-
at 494 nm and fluorescence emissions were observed at 52@&crylamide gel48). Excised gel slices containing DNA were
nm. Recordings were made every 10 s for the 4 min and eluted overnight in 55@L of 10 mM Tris-HCI (pH 7.5)
every minute for the 16 min time course. The intensity ratio and 1 mM EDTA (pH 8.0). The eluate was filtered through
(I,) was obtained by dividing the peak intensity at every time a 0.45um cellulose acetate syringe filter, and DNA was
point (I) by the peak intensity observed at time zekg). ( precipitated with two volumes of ethanol and 1/10 volume
Plots of I, versus time were then constructed. Annealing of 3 M NaOAc (pH 7.0) and resuspended in water.
assays with wt NC and NC mutants were performed at least Preparation of RNA SubstrateBNA products obtained
three times, and an average of the results was used forby the PCR described above were used to generate donor
constructing the plots. and acceptor RNA transcripts with SP6 RNA polymerase
0.0dna End Labeling for the Filter Binding Assdifty (Roche Applied Science) using the manufacturer’s protocol.
picomoles of the 0.0dna was labeled at therid with [r-*2P] Approximately 2ug of the purified PCR DNAs were used.
ATP using T4 polynucleotide kinase according to the The transcription products were digested with 20 units of
manufacturer’s protocol. The labeled DNA was then passed RNase free DNase | for 15 min to remove any remaining
over a hydrated Sephadex G-25 spin column to remove anytemplate DNA. Reactions were then extracted with phenol/
random dNTPs, processed according to the manufacturer’'schloroform/isoamyl alcohol (25:24:1) and precipitated with
protocol, and then stored at20 °C. ethanol. The pellet was resuspended inuZOof water and
Nitrocellulose Filter Binding Assay to Monitor the Binding centrifuged through two successive hydrated G-25 spin
of Wild-Type and Mutant NC Proteins to Nucleic Acids. columns according to the manufacturer’s protocol. The RNA
Whatman nitrocellulose membrane filters with a pore size was then quantified by measuring absorbance at 260 nm in
of 0.2 um were presoaked for 15 min in nitrocellulose a Pharmacia Biotech Gene Quant Il RNA/DNA spectropho-
binding buffer (NB buffer: 50 mM Tris-HCI (pH 8.0), 1  tometer (Piscataway, NJ). The integrity of the RNAs was
mM DTT, 6 mM MgCl, 80 mM KCI, and 25«M ZnCly). analyzed to ensure that it was comprised of predominately
NC (0.0472 uM) was mixed with 0.0dna (1 nM) in 10L fully extended RNAs by running approximately 40 pmol on
of NB buffer and 0.1ug/uL BSA and incubated for 5 min  an 8% denaturing polyacrylamide gel and staining with
at room temperature. The entire reaction was spotted ontoethidium bromide.
the center of a freshly presoaked nitrocellulose membrane Preparation of RNA/DNA HybridsDNA primers were
filter. The filter was then subjected to vacuum and washed labeled at the 'send withy-P3?ATP as described above. The
three times with 1 mL of wash buffer consisting of 10 mM donor RNA and the labeled primer DNA were mixed in 10
Tris-HCI (pH 8.0) and 10 mM KCI. The filters were then uL of 50 mM Tris-HCI (pH 8.0), 1 mM DTT, and 80 mM
air dried. The dried filters were counted using a LKB Wallac KCI. The donor/primer ratio used was 1:5. The donor/primer
1209 Rackbeta liquid scintillation counter. The fraction of reaction was heated to 650 °C for 5 min and then slow
the total substrate that bound to the nitrocellulose filter was cooled to room temperature.
then calculated as follows. The counts obtained for each Strand Transfer Assay and NC Time Course Reaction.
concentration of NC used was initially subtracted from Hybrids from above were preincubated with acceptor RNA
background (determined using a reaction without NC). This in the presence/absence of wt or mutant NC proteins for 1
value was then divided by the total counts added to the min in 42 uL of reaction buffer (described below). HIV-1
reaction (calculated by counting a reaction applied to a DE81 RT (8 uL at 0.5 pm/L) was added to start the time course.
filter that was not presoaked or washed) to obtain the fraction Final concentrations of reagents in the reactions were 80 nM
of the total substrate bound. A plot of fraction substrate RT, 2 nM donor-10 nM primer, 10 nM acceptor, 2V NC,
bound versus NC concentration in the reaction was then50 mM Tris-HCI (pH 8.0), 80 mM KCI, 6 mM MgGl
constructed for each NC protein. 5 mM AMP (pH 7.0), 1 mM DTT, 25M ZnCl,, 100uM
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FiIGURe 2: Assays to detect the helix destabilizing activity of NC. (A) DNA substrates used in annealing assays. The DNA substrates used
were 42 nucleotides in length but differed in their sequence composition. Structures were predicted using mfold with 80 ard 6la

mM Mg?+at 30°C. The Gibbs free energy of unfolding in kcal/mol is indicated next to the corresponding structure. The structures were
also named in accordance to thAiG of unfolding. The binding strength of the stem was increased from one structure to the next: 0.0dna
did not possess any predicted base pairs; 5.8dna has-T4base pairs and no-€C base pairs; and 9.0dna has 1+ RAbase pairs and

4 G—C base pairs. ThAG values for the complementary sequences wele8,—1.2, and—6.6 for 0.0dna, 5.8dna, and 9.0dna, respectively.

In cases where more than one structure was predicted\@ier the most stable structure is reported—B) FRET assays conducted with
0.0dna (B), 5.8dna (C), or 9.0dna (D and E) were carried out 4C3@ the absence or presence of wt or mutant NC proteins as described

in Materials and Methods. Thé-5AM-derivatized DNA (5 nM final) substrates ant¢BABCYL-derivatized (10 nM final) complements

were separately preincubated in the presence of wt or finger mutant NC proteiNsf{@al concentration). These were mixed to start the
annealing reaction. Fluorescence was monitored over time using a fluorescence spectrophotometer. The Interigit{flcatiescence
intensity at each time point divided by fluorescence intensity at time zetg))is plotted versus time (see “Materials and Methods”).

The duration of the time course was varied depending upon the substrate used. A control reaction in which no complementary DABCYL
DNA was present was also performed. The lines show a representative experiment. At least three independent experiments were used to
determine the rates shown in Tables 1 and 2. (F) Semilog plot of the reaction with wild type and N27D NC constructed from the trace
shown in Figure 2D. Thé value from the graph was plotted on a log scale vs time and the data points were fit to a straight line using linear
regression analysis (Sigma Plot). The slope of the line was used to determing va&ie of the reaction, and the equatior 0.693t,,,

was used to calculate the rate consta(®0). At least threek values were obtained for each mutant on each substrate. Rate constant values
for this particular experiment are shown next to each line. The average valst&ndard deviations are shown in Tables 1 and 2.

dNTPs, and 0.4 unitgsL RNasin. Aliquots (6ulL) were addition of 4uL of 25 mM EDTA (pH 8.0) and 5 ng of
taken out at 2, 4, 8, 16, 32 and 64 min and stopped by the DNase-free RNase and incubated for an additional 15 min
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Table 1: Rate Constank)Calculation for NC Proteins for DNA Substrates

5.8dna
namé 0.0dna 5.8dna (2 mM Mg?") 9.0dna

-NC 0.5494 0.04@ ND ND ND

wt NC 1.16+ 0.05 0.161+ 0.005 0.733+ 0.019 0.024+ 0.001
SSHS2 1.18:0.11 0.149+ 0.023 ND 0.01A 0.001
SSHS1 1.06t 0.05 0.048+ 0.001 ND 0.012+ 0.001
SSHSd 0.862: 0.111 0.026+ 0.002 ND 0.005+ 0.001
1.1 1.11+ 0.05 0.097+ 0.020 ND 0.018+ 0.002
2.2 1.11+ 0.13 0.038+ 0.002 ND 0.006t+ 0.001
F16W 1.02+ 0.03 0.191+ 0.029 ND 0.102+ 0.009
N17K 1.184 0.02 0.162+ 0.021 0.566+ 0.049 0.025+ 0.002
124Q 1.154+ 0.03 0.069+ 0.008 0.28H-0.010 0.012+ 0.001
A25M 0.957+ 0.149 0.109t+ 0.035 ND 0.019+ 0.001
N27D 0.928+ 0.135 0.049t+ 0.002 0.170G+ 0.022 0.012+ 0.001
F16WI124Q 0.792+ 0.010 0.05#A 0.012 ND 0.006t+ 0.001
F16WN27D 0.838: 0.171 0.058t+ 0.022 ND 0.006+ 0.001
F16WI124QN27D 0.949% 0.102 0.058+ 0.036 ND 0.005+ 0.001

aHIV strain pNL4-3 NC was used as the backbone for making NC mutants. The SSHS mutants replace the CCHC zinc binding motif with SSHS
in finger 2 (SSHS2), finger 1 (SSHS1), or both (SSHSd). 1.1 and 2.2 are mutants with two copies of finger 1 or finger 2, respettie&l(rate
constant) values were calculated from the values by dividing 0.693 by, as described in ref 3B(). The results are an average of 3 to 4
experimentst standard deviations. Experiments were performed wig2NC, 6 mM MgCl, and 80 mM KCI in standard buffer except for the
5.8dna (1 mM M§") column. For the 0.0dna substrate, although experiments were performed over 4 min, only values from the first min were used
in calculations because of the rapid kinetics resulting in saturatiblC values were only determined for 0.0dna because no significant hybridization
was observed for the other substrates in the absence of NC. ND, not determined.

at 37°C. Then 2uL of proteinase-K solution (2 mg/mL  tion activity of NC is presumably responsible for the
proteinase-K, 10 mM Tris-HCI (pH 8), 15 mM EDTA (pH observed rate increasag).
8), and 1.25% SDS) was added to all of the samples, which  Annealing Assays Performed with wt and NC Finger
were incubated at 6% for 45 min to digest protein. Twelve  Mutants.Work previously done in this and other laboratories
microliters of 2X formamide dye (90% formamide, 10 MM has shown that the first zinc finger of NC is primarily
EDTA (pH 8.0), 0.1% xylene cyanol, and 0.1% bromophenol responsible for unwinding nucleic acid secondary structures
blue) was then added to each sample. The samples werghelix destabilizing activity), whereas the second finger plays
electrophoresed on 8% denaturing polyacrylamide gl ( an accessory role (see Introduction). We wanted to determine
Dried gels were imaged and quantified using a Bio Rad FX what residues in finger one were responsible for its unwind-
Pro Plus molecular imager with Quantity One software ing advantage over finger two. Figure 1 shows a schematic
(Hercules, CA). diagram of HIV-1 pNL4-3 NC protein. There are five amino
acids that differ between the two finger sequences. These

RESULTS include (finger one to finger two): Fto W, Nto K, I to Q,
] A to M, and N to D at positions 16, 17, 24, 25, and 27 of
Structure of DNA Substrates for Annealing Assaly of finger one, respectively. NC point mutants were constructed,

the DNA substrates were 42 nucleotides in length but differed \yhere the amino acid residues in finger one were incremen-

in sequence composition. Structures were designed usingally replaced by those at the corresponding locations in
mfold. RNA versions of the substrates had been used infinger two. Double and triple NC mutants were also
earlier experiments3@). The predicted folded structures are  constructed, which contained two or three mutations in finger
shown in Figure 2A. Only one of the two complementary one (see Materials and Methods). Finger mutants in which
strands is shown for each substrate. The Gibbs free energythe CCHC zinc coordinating amino acids in the fingers were
of unfolding (AG) is indicated next to the corresponding replaced by SSHS were also tested for their unwinding
structure, and each structure is referred to throughout theactivities. Three SSHS mutants were used; SSHS1 had the
text by the energy value followed by dna (for example, three cysteines in finger one replaced by three serine residues,
9.0dna).AG values for the complementary DNA strands SSHS2 had the three cysteines in its second zinc finger
were also determined using mfold and are indicated in the replaced with serine residues, and SSHSd had the cysteines
legend. All of the substrates formed a stem-loop except in both fingers replaced with serines. These SSHS finger
0.0dna, which was predicted by mfold analysis to have no mutants allowed us to confirm previous findings about the
structure. The binding strength of the stem in the substratesroles of the fingers with respect to annealing and helix
was increased from one substrate to the next. Successive GTestabilization. In addition, NC finger mutants 1.1 and 2.2
repeats were avoided because NC has been shown to have were also tested (see Introduction). Annealing was detected
preference for GT repeatdq). Because of the stem-loop by FRET as described in Materials and Methods. Assays
structure of the substrate, the complementary strands mustvere performed with mutant and wt NC proteins using the
be unwound before they can completely hybridize. The assayvarious substrates.

essentially tests the ability of NC protein to facilitate  The role of the two zinc fingers of NC was previously
annealing by aiding in the unwinding process. Substrate investigated in our laboratory on an rna/dna hybrid gel shift
0.0dna tests the ability of NC to accelerate annealing in the annealing assa8). However, we decided to test them using
absence of structure. In this case, the aggregation/condensahe dna/dna FRET-based system. The effect of the NC finger
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mutants with the 0.0dna, 5.8dna, and 9.0dna substrates iSI'abIe 2. Rate ConstankCalculation Using Varied [NC] on

shown Table 1. For each NC proteing® final concentra-

5.8dna Substrate

tion) and DNA substrate, a rate constant for complement

annealing was calculated by fitting the intensity profile data (,m)  wild type N17K 124Q N27D

to a seml_logarlthmlc plot30). Thls_ls |I_Iustrated for_ one 03831 0.206 0.268L 0.012 01785 0.028 0.184L 0.097

of the point mutants and wt NC in Figure 2F. With the 4 0.335+ 0.055 0.356- 0.025 0.091- 0.003 0.078: 0.041

unstructured substrate (0.0dna), the complementary nucleic 2 0.161+0.005 0.162: 0.021 0.069+ 0.008 0.049+ 0.002

acids annealed very rapidly even in the absence of NC, and 1 0.082+0.027 0.069£ 0.016 0.032- 0.008 0.034+ 0.007
0.043+ 0.001 0.053+ 0.005 0.034+ 0.001 0.019 0.011

wild-type NC clearly enhanced annealing even further,
resulting in about a 2-fold increase in the rate constant (Table
1 and Figure 2B). This demonstrates NC'’s ability to enhance
annealing even in the absence of secondary structuresmall reduction in activity. Mutants N27D and 124Q showed
presumably by aggregation/condensation. All of the finger reduced stimulation with about 50% of the rate of the wild
mutants enhanced annealing with this substrate in comparisortype. Interestingly, the F16W mutant annealed much better
to reactions without NC. There were some small differences than wt NC (Figure 2E), showing about a 4-fold increase in
with SSHSd showing the least stimulation; however, all of annealing rate. This was also the case for an even stronger
the mutants appeared to retain aggregation/condensationi2 nucleotide DNA substrate that folded withA% value
activity based on this assay. This is consistent with the ideaof —15.8 kcal/mol (15.8dna). On this substrate, wt NC
that this activity results mostly from the highly positively stimulated annealing less than half as well as F16W (data
charged NC backbone amino acid$ that act to neutralize  not shown).
negative charges on the phosphate backbone of the nucleic Optimal magnesium concentrations (6 mM) for reverse
acids. transcriptase assays were used in the above-described experi-
The structured DNA substrates (5.8 and 9.0dna) showedments. However, the concentration of non-complexed mag-
much slower annealing rates than 0.0dna, presumablynesium in cells may be much lowes(@), and results have
because they require helix destabilization in order to anneal. shown that NC is more active with lower ionic strengti)(
Clear groupings emerged with these substrates. Very little Wild-type, N17K, 124Q, and N27D NC proteins were also
annealing was observed in reactions without NC, and no ratetested using 1 mM magnesium on 5.8dna (Table 1). As
values were obtained. All the finger mutants showed some expected, the annealing rates increased abedtf®ld with
stimulation. In general, the annealing rates were abett-4  the lower magnesium concentration. Differences between wt
fold slower on 9.0dna than on 5.8dna, reflecting the greater and mutant proteins remained consistent at both concentra-
stability of the former. Consistent with previous results, NC tions, indicating that the magnesium concentration was not
mutants without an active finger one (2.2, SSHS1, and a factor in this observation.
SSHSd) were clearly more defective in helix destabilization.  An NC titration was also performed using 5.8dna and each
These mutants showed an annealing rate abot82% of of the above mutants (Table 2). For wt NC, the rate of
the wild-type level. Results support earlier findings indicating annealing was proportional to the [NC] up tou NC.
that the first zinc finger of NC is required for the unwinding Increasing to 8M had little effect. This was also observed
of strong secondary structures. Further, the various SSHSwith N17K. The more defective mutants (124Q and N27D)
mutants behave in a manner very similar to that of the also showed proportional increases but did not saturate at 4
corresponding finger mutants that contain only one of the uM NC. For both mutants, rate values at a given NC
two zinc finger sequences (1.1 and 2.2). concentration were always significantly lower than those of
Effect of NC Point Mutants on Annealing of Structured wt NC.
and Unstructured DNAgFigure 2B and Table 1 show the Effect of Double and Triple Mutants on Annealing of
effects of various NC point mutants on the annealing of the Structured and Unstructured DNA Substrat&be results
unstructured 0.0dna detected by FRET. As with the finger from the single point mutants in annealing assays showed
mutants, a clear distinction was observed between reactionghat two of the mutants, N17K and A25M, were comparable
with and without NC; NC clearly enhanced annealing. There to the wt with the latter being slightly less stimulatory. In
was no obvious difference between the point mutants. This contrast, 124Q and N27D mutants were inhibitory, whereas
was expected, given that the more highly mutated finger FI6W showed enhanced activity on highly structured
mutants showed no strong differences with this substrate.substrates. Therefore, of the five different amino acids
Figure 2C and Table 1 show the effect observed with the between fingers one and two, only two (124 and N27) seemed
point mutants on 5.8dna. On this substrate, clear groupingsto be important to finger one’s advantage in helix destabi-
emerged. Mutants N17K and F16W were able to stimulate lization. One change (F16W) actually indicated that finger
annealing as well as wt NC did. Mutant A25M showed some two has a more effective amino acid for helix destabilization
reduction in annealing in comparison to that of N17K and at that position. It is important to note that single point
F16W but was clearly better than that of N27D and 124Q. mutations ignore the possibility of context effects in con-
The latter two showed about a 6@0% rate reduction in  tributing to the activities of the fingers. A particular amino
comparison to that of wt NC. acid could function differently in the context of one group
The same general pattern was observed with the strongesbf amino acids versus another. Testing all combinations of
structure, 9.0dna (Figure 2D and Table 1). This assay wasmutations in which amino acids in finger one are replaced
performed over 16 min rather than 4 min as with 0.0dna by corresponding ones from finger two, would require 30
and 5.8dna because of the much slower annealing rateseparate mutants, many of which would yield little informa-
Once again, N17K was similar to wt and A25M showed a tion. We took a directed approach on the basis of the results

aRefer to Table 1 for details.
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from the single mutants. Our working hypothesis was that 0.8
the changes at positions 24 and 27 cause finger one to lose
helix destabilizing activity, and these would have dominant
negative effects with respect to the apparent gain in activity
from the F16W change. This would explain why finger two
(as judged from mutants 2.2 and SSHS1) shows little

0.6 1

0.4 -

Fraction total substrate bound

destabilizing activity. To test this, two double mutants —e— wtNC
(F16W/124Q and F16W/N27D) containing the positive —o— F16W
change along with each negative change and a triple mutant 0.2 91 —v— A25M
(F16W/124Q/N27D), which combined the positive mutant | e EZ}K
with both negatives, were constructed. 00 ‘ ‘ ‘ ‘

On the non-structured 0.0dna substrate (Table 1), the 0 500 1000 1500 2000 2500
double and the triple mutants displayed a similar annealing [NC] (nM)

pattern with a slightly slower rate than that of the wt but a

clear increase over reactions without NC. Again, the results
suggest that the mutants retain most of the aggregation/
condensation activity of NC. In contrast, these mutants were
all highly defective on the structured substrates and were
comparable to 2.2 and SSHSd (Table 1). Overall, the results
support the hypothesis and suggest that 124 and N27 are

—eo— wtNC
—v— F16WI24Q
N27D
—=— FI6WI24Q
—o— F16WN27D

Fraction total substrate bound

pivotal to the helix destabilizing function of finger one. —— N27D

Changes in either position to the corresponding amino acid

in finger two essentially mimic replacing finger one with 00 | ‘ . . ‘

finger two (2.2) or deactivating finger one (SSHS1). These o 500 1000 1500 2000 2500

changes also completely mask the strong destabilizing [NC] (nM)

acti\_/i_ty of the _phenylalanine to tryptophan mutation at Ficure 3: Binding of NC mutants to nucleic acid substrates
position 16 of finger one (F16W). detected by nitrocellulose filter binding assatrocellulose filter

Fr ; : binding assays were carried out to monitor the binding affinities
Binding of .NC Mutants_ to I_\luc_:lelc Acid Subsf[rates of each of the NC mutants to DNA. The unstructured 0.0dna without
Detected by Nitrocellulose Filter Binding Ass@ne possible 3 FAM group was 5P-32-end-labeled and used as substrate (final

reason for the observed defects in some of the mutants coulctoncentration 1 nM). The final concentration of wt NC and mutant
be reduced binding affinity for the substrate nucleic acid. NC proteins ranged between 0.047 angd. The 0.0dna was

P ; . separately preincubated with each of the NC dilutions in reaction
To determine if any of the mutations affected the affinity of buffer and applied to nitrocellulose filters that were subsequently

NC for DNA, filter binding assays were pgrformed. Fi_gure washed. The amount of substrate that remained bound to the filter
3A and B shows graphs obtained by plotting the fraction of was determined using a liquid scintillation counter. A plot of the

total amount of substrate in the assay that bound to fra(;tion of total the sybstrate bound to nitrocellulose fjlters Vs
nitrocellulose filters at various NC concentrations. The FAM- ‘rﬁg'not”; 2%0(;82?2%&222?1 V;?;ﬁ,ecve;;?t?gp :a{ggrgﬁggft'vgniﬁ?e(np:)
derivatized complement of 0.0dna made without the FAM Bijnding of F16W, N17K, 124Q, and A25M NC mutants; (B)
group but 5-end labeled with P-32 was used for the assays. binding of N27D, F16W/124Q, F16W/N27D, and F16W/I124Q/
The three mutants that are comparable to wt in the annealingN27D NC mutants.

assays (F16W, N17K, and A25M) also show similar levels ) o ) )

of DNA binding. In contrast, of the mutants that showed détérmined by binding because 124Q binds in a manner
reduced activity in the annealing assays (124Q, N27D, F16W/ similar to wt but is defective in helix destabilization.

124Q, F16W/N27D, and F16WI/I24Q/N27D), only 124Q Effect of NC Mutants on Strand Transfekn in vitro
(Figure 3A) was comparable to wt NC in binding. The other strand transfer assay has previously been used in our
four showed significantly lower affinities than that of wt laboratory to investigate recombination in different regions
(Figure 3B). Consistent with these results, finger mutant 2.2 of the genome&1). Figure 4A shows a schematic model of
but not 1.1 showed reduced binding in the assay (data notthe system. The donor and acceptor RNA templates represent
shown). It was interesting that the double mutant F16W/ the two RNA strands of the viral genome. For these
124Q showed reduced binding despite the fact that neither experiments, the templates were derived from a highly
of the single mutants showed reductions. Mutants 124Q and structured region of the HIV genome that included gjasy-
N27D were also compared to wt for binding to 9.0dna in pol frameshift sequence4). DNA synthesis is primed at
filter binding assays. The apparent binding affinity to this the 5 end of the donor by a'f&end labeled DNA primer.
structured substrate was lower for all of the NC proteins The donor and acceptor RNA strands are designed to have
because more NC was required to retain a comparablea 150 base pair region of homology, where strand transfer
amount of substrate on the filters. Consistent with binding can potentially occur. The transfer zone is indicated by a
to 0.0dna, only N27D showed reduced binding in comparison box. Full length DNA products from DNA synthesis directed
to wt. Overall, the results indicate that mutations that reduce by the donor would be 175 nucleotides in length. Products
NC binding lead to an apparent reduction in helix destabiliz- made after transfer and extension on the acceptor would be
ing activity as expected. However, this activity is not solely 197 nucleotides in length. This assay tests for internal strand
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Ficure 4: Strand transfer assay. (A) Schematic model of the strand transfer system. The donor and acceptor RNAs were derived by PCR
amplification of thegag-polframeshift region. The'5end of the 20 nucleotide primer (complementary to the donor) was radio labeled with
P-32 and is indicated by an asterisk. The donor and acceptor RNAs were 175 and 177 nucleotides (nt) in length, respectively. They are
homologous only in the boxed region, which spans 150 nucleotides. Full length DNA synthesized on the donor RNA template is indicated
by dotted lines. Transfer DNA synthesized on the acceptor RNA template is indicated by dasheddieetbat the donor-directed DNA

product is shorter in length in comparison to that of the transfer DNA product. (B) Autoradiogram obtained from a strand transfer assay
carried out on thegag-pol substrate using the F16W/I24Q/N27D and F16W/N27D mutants. The assay was performed as described in
Materials and Methods. The four sets of assays shown from left to right were reactions carried out without NC, with wt NC, and those with
F16WI/124Q/N27D and F16W/N27D mutants. Aliquots from each reaction were stopped at 2, 4, 8, 16, 32, and 64 min and analyzed on a
8% denaturing polyacrylamide gel. The positions of the donor-directed and transfer products and the primer are indicated by D, T, and P
respectively. (E-E), Graphs of the efficiency of strand transfer vs time for different NC mutants. The graphs were made from the quantification
of experiments as shown in 4B. The % efficiency of strand transfer was obtained using the following formula: transfer DNA products
(T){transfer DNA products (T full length donor-directed DNA products (P) 100, or ([T/(T+D)]*100). It was then plotted against

time in min. (C) Graph obtained for the double and triple NC mutants. (D) Graph obtained for the N17K, A25M, and F16W mutants. (E)
Graph obtained for the N27D and 124Q mutants. Each graph also shows the results with wt NC and without NC. A representative experiment
is shown, and each experiment was repeated 1 to 2 times.

transfers because transfers from the end of the donor wereF16W/I24Q/N27D and F16W/N27D mutants. The positions
prevented by addma 5 nucleotide non-homologous region of transfer (T) and donor-directed products (D) are indicated,
to the 5 end of the donor template. Transfer could also occur as is the primer position (P). The four sets of assays show
between two donor templates. However, this would be reactions (from left to right) without NC, those with wt NC,
negligible because the amount of acceptor RNA used wasand those with F16W/I24Q/N27D and F16W/N27D. The six
five times in excess over that of the donor RNA. The percent |anes for each set were reactions stopped after 2, 4, 8, 16,
of transfer efficiency was calculated bitransfer DNA 32 and 64 min from left to right. Strand transfer was greatly
products/(transfer DNA products full length donor-directed  enhanced upon the addition of wt NC. A graph of % transfer
DNA)} x 100. efficiency versus time for the double and triple mutants, and
Figure 4B shows an autoradiogram obtained from a strandwild type is shown in Figure 4C. All of the mutants enhanced
transfer assay performed with tlyag-pol substrate using  transfer considerably compared to the reactions without NC.
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However there was clearly less enhancement, especially abinding and helix destabilizing activity on TAR, implying
early time points, in comparison to wt NC. Graphs for the that the aromatic nature of the amino acids rather than a
other single point mutants are shown in Figure 4D and E. specific residue at a specific position are important to activity
Mutants N17K, A25M, and F16W were comparable to wt (52). This is further supported by the high activity of NC
NC with N17K showing slightly more stimulation. Mutants 1.1, which has a phenylalanine at positions 16 and 37.
124Q and N27D were less stimulatory than wt with N27D  The genetic flexibility of NC is further illustrated by cell
showing the lowest stimulation. Again, the differences were culture experiments using mutated viruses. In one article,
more evident at the early time points. The results indicated the replacement of finger one with seven different zinc
that even the mutants that show low helix destabilizing fingers from a family of human cellular nucleic acid binding
activity enhance strand transfer considerably on this highly proteins (CNBPs) resulted in infectious viruses in six of the
structured substrate. However, those with near wt levels of seven cases4). In another article, alanine scanning mu-

unwinding activity showed more stimulation. tagenesis was performed on finger oB&)( excluding F16
and the four amino acids that are part of the zinc binding
DISCUSSION motif (C15, C18, H23, and C28), alanine mutagenesis of the

In this article, we attempt to understand at an amino acid other nine amino acids (in one case alanine 25 was changed
level why zinc finger one is more important than finger two to glycine) produced viruses with essentially wt infectivity,
to the helix destabilizing activity of HIV-1 NC (see Introduc- which in some cases showed mild to moderate RNA
tion). The approach used was to make mutations in finger packaging defects. Although F16A was defective, an F16W
one using the corresponding amino acids in finger two mutant was comparable to wt virus, a result that correlated
(Figure 1). Five of the 14 total amino acids in each finger with our finding that F16W is as good or better than the wt
are different. Of the five changes, three of them represent ain helix destabilization and strand transfer. Also interesting
significant chemical alteration including two neutral to charge with respect to our results was the finding that N27 could
changes: (finger one to two) N17 to K38 and N27 to D48, be changed to alanine with little effect on infectivity.
and a hydrophobic to polar change: 124 to Q45. The other Although this position is fairly highly conserved, HIV
two are amino acids of similar hydrophobicity with those in isolated with serine, histidine, isoleucine, and tyrosine at this
finger 2 being more bulky: F16 to W37 and A24 to M46. position have been reported (HIV genome sequence informa-
Overall, the five changes result in finger one being consider- tion was obtained from the HIV sequence database provided
ably more hydrophobic than two. The results showed that by Los Alamos National Laboratory (http://hiv-web.lanl.gov/
only 124Q and N27D mutations significantly decreased NC'’s content/hiv-db/mainpage.html)). The N27D mutant in our
helix destabilizing activity, whereas A25M caused a small studies was quite defective in DNA binding and helix
reduction. The N17K mutation had no measurable effect, destabilization, but this is a much more drastic change than
whereas F16W imparted greater helix destabilizing activity those changes noted above. The NC protein of the virus used
on NC. Double and triple mutant combinations with F16W in the above study had a threonine at position 24 rather than
combined with 124Q and N27D showed that the latter two isoleucine as is present in the strain we used, but the fact
were dominant negatives in that all of the combination that it could be changed to alanine without loss of infectivity
mutants were highly defective in both binding DNA and helix suggests some flexibility at this position. This position is
destabilization. not as strongly conserved as the other four examined in our

The simple approach of drawing conclusions from altering assays. Many HIV isolates have leucine at this position, and
just these five amino acids partly ignores potentially impor- some have threonine and valine. The 124Q and an [24E
tant context effects. For example, NMR studies have shown (glutamic acid) mutants that we also tested (data not shown)
that several interactions occur between finger one aminowere quite defective in helix destabilization, and the latter
acids and other parts of the NC protein during binding to poorly bound DNA. Perhaps there is a limit to how polar
specific HIV stem-loop structure$<{8, 11). These include  the amino acid at this position can be. Isoleucine 24 along
F16 and N17 interacting with W37, 124 with valine and with V13, F16, and A25 have been implicated as part of an
phenylalanine residues at positions 13 and 6, respectively,important hydrophobic cleft in finger one that is required
and N17 interacting with proline and lysine at positions 31 for binding and destabilizing nucleic acid47j. The fact
and 33. Also, recent results implicate finger two in helix that some virus strains have threonine at position 24 and
destabilizing because a W37 to leucine mutation in finger that alanine can be substituted without loss of viability
two greatly decreased NC binding to nucleic acids and helix suggests that the amino acid at this position need not be
destabilizing activity on the HIV TAR regiorb@). Clearly, highly hydrophobic. It is also possible that NC proteins with
several interactions between finger one and two and finger reduced helix destabilizing activity may be functional during
one and non-finger amino acids in NC are important to its infection. The NC protein of Moloney murine leukemia virus
biological functions; however, results suggest that they may (M-MuLV) has very little helix destabilizing activity in
be less important to chaperone and helix destabilizing assaysin vitro (54), and it seems unlikely that the six
activities. Experiments show that finger mutants without an functional fingers from the human CNBP proteins (see
active finger two (1.1 or SSHS2) are still potent chaperone above) would all have high destabilizing activity. Therefore,
proteinsin zitro and retain nearly wild-type helix destabiliz- it is possible that HIV-1 NC could get by with less, as long
ing activity (see Introduction). In addition, truncated NC as other important NC functions were not compromised. We
proteins missing the first 1Rl-terminal non-finger amino  are in the process of testing the mutants made in these
acids (NC 12-55) showed strong helix destabilizing activity. experiments in the context of cellular infections. Preliminary
A double switch mutant in which F16 is replaced by experiments suggest that there is no defect in replication with
tryptophan and W37 by phenylalanine retained most of its N27D mutant viruses in H9 cells (data not shown), support-
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ing the hypothesis that reduced helix destabilizing activity consistent with the previously proposed role of the hydro-
is not detrimental to virus fitness. It would also be interesting phobic pocket of finger one (see above and ref 52)(

to test the helix destabilizing activity of viable mutations at
position 24 as well. ACKNOWLEDGMENT
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