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ABSTRACT: The highly conserved nucleocapsid protein domain in HIV-1 recognizes and
binds SL3 in genomic RNA. In this work, we used the structure of the NCp7—SL3 RNA
complex to guide the construction of 16 NCp7 mutants to probe the RNA binding surface of
the protein [De Guzman, R. N, et al. (1998) Science 279, 384—388]. Thirteen residues with
functional or structural significance were mutated individually to Ala (Asn®, Phe®, Val,

1.5 Eolfe -
G 1G ", Affinity of SL3-RNA
1 1NC\ M Ipn  for X>A vs. wild-type
LI AN NK Small change
ﬁ 48 (R: o8 >3-fold change
KT V.1 APR

Phe'¢, Asn'/, Gly", Glu*, Tle**, GIn*, Met*, Gly*?, Pro*, and Gly*), and three salt bridge

switch mutants exchanged Lys and Glu (Lys'*—Glu*, Lys**~Glu*, and Lys**~Glu*'). Dissociation constants (K;) determined
by fluorescence titration and isothermal titration calorimetry were used to compare affinities of SL3 for the variant proteins to
that for the wild type. The F16A (Phe'® to Ala) variant showed a 25-fold reduction in affinity, consistent with a loss of organized
structure in f1, the protein’s first zinc finger. 124A, Q45A, and M46A reduced affinity by 2—5-fold; these residues occupy nearly
equivalent positions in f1 and f2. E21A increased affinity by 3-fold, perhaps because of the mutant’s increased net positive charge.
Among the salt bridge switch mutants, only K14E/E21K in f1 caused a substantial change in affinity (5-fold reduction), binding
SL3 with a biphasic binding isotherm. Aside from these six variants, most of the mutations studied have relatively minor effects
on the stability of the complex. We conclude that many side chain interactions in the wild-type complex contribute little to
stability or can be compensated by new contacts in the mutants.

NCp?7 is the mature nucleocapsid protein of HIV-1. This highly
conserved 7 kDa protein consists of 55 amino acid residues and
contains two CCHC-type zinc knuckle structures (Cys-X2-Cys-
X4-His-X4-Cys, where X is a variable amino acid) ,! as shown in
Figure 1. NC domains of Gag-precursor polyproteins bind
specifically to full-length genomic RNA and recruit gRNA
molecules to newly forming virions. In immature HIV-1 virions,
there are 2000—3000 Gag precursors coating the dimeric viral
RNA, equivalent to approximately one NC protein per seven
nucleotides.”™* This histonelike coat protects viral RNA or
proviral DNA from nuclease digestion.® As the virus matures,
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Figure 1. HIV-1 NCp7 protein. Residues carrying a charge at neutral
pH are shown with filled letters (uppercase for positive and lowercase
for negative); Zn,-NCp7(1—55) carries a charge of +9 at neutral pH.*
The sequence for the pNL4-3 isolate is shown. Residues that were
mutated to alanine in this study are denoted with asterisks; residues in
salt bridge switches are denoted with carets, with bridges denoted by
dashed arrows. (The reader may also see Figure S4 of the Supporting
Information and Figure 3 for a comprehensive view of the rationale for
choosing the particular mutants to be tested.)
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the Gag polyprotein is proteolyzed by the viral protease into
several structural proteins, including NCp7.”® The NC protein
is multifunctional in retroviruses and acts in almost every stage
of the virus replication cycle.” "' In the early phase of the
replication cycle, mature NC proteins interact with the viral
RNA genome, primer tRNA, and other viral proteins, e.g,
reverse transcriptase and the accessory protein Vpr,lz_lé to
assist in proviral DNA synthesis and stable integration into the
host genome.'” In the late phase, the NC domain in the Gag
precursor protein recognizes viral genomic RNA, facilitates its
dimerization,"®*™*° and ensures correct packaging of the
virion.”*'** NCp?7 is frequently used as a model for the NC
domain.*®

The NC domain specifically recognizes and binds tightly to a
RNA motif in the 5'-leader of the HIV-1 viral genome, named
stem—loop 3 or SL3, as shown in Figure 2. SL3 is the primary
recognition site for the NC domain and is highly conserved in
sequences among different strains of HIV-1, which makes it of
particular interest to many researchers.”'**’ 7> The NC
protein interacts with RNA via its conserved CCHC zinc
finger motifs.>*™>® The zinc fingers, especially the intact N-
terminal zinc finger (f1), are required for the binding specificity
and target selectivity of the NC domain for viral genomic
RNA.>”*® Mutations in the zinc fingers that render them
incompetent for zinc binding can destroy the NC protein’s
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Figure 2. SL3 RNA. A 20-mer synthetic RNA molecule used in this
study as a model for SL3. The core sequence is shown in bold
uppercase letters. The numbering of the nucleotides is the same as in
the HIV-1 RNA genome.

capacity to recognize and package viral genomic RNA*~*" and
have a negative impact on virion biogenesis and maturation.**
At physiological ionic strengths, NCp7 favors a 1:1 complex
with SL3 RNA,"**** but other ratios have also been observed,
especially at lower salt concentrations.*>*® Electron para-
magnetic resonance (EPR) studies show that the intact zinc
fingers can help maintain the overall structure of NCp7 in the
complex** and are required to immobilize SL3 RNA in R,P,;
complexes in a low-ionic strength solution. NMR and
mutational studies show that the short conserved linker
between the two zinc fingers, *RAPRKKG™, is critical for
virion structure and infectivity.*”** The basic residues in the

NC domain have nonspecific interactions with RNA and can
promote virion assembly without the zinc fingers and viral
genomic RNA.* Mutation of the basic residues in the NC
protein reduces its affinity for RNA proportionally.>>>"
Molecular dynamics studies confirm that the primary
interactions between NCp7 and viral genome are electrostatic
interactions between NCp7’s basic residues and the nucleic
acid. The complex is further stabilized by nonelectrostatic
interactions such as hydrophobic stacking.**

Drugs that target the nucleocapsid have the potential to
interfere with critical functions at many stages of the viral life
cycle.>>>® Many small molecule drug candidates aimed at the
nucleocapsid protein have been developed and investigated as
potential HIV treatments.**"®" Investigation of the details of
interactions between NCp7 and SL3 could shed light on
designing anti-HIV drugs.

In the NMR structure of the NCp7—SL3 complex,' some
residues are of special interest because of their direct side chain
interactions with RNA or other residues in the protein. A
survey of 1700 NCp7 sequences is summarized in Figure 3,
showing the conservation of each residue and their side chain
interactions based on the NMR structure of the complex."*> An
important residue is Trp*’, which stacks on G*'® of SL3 RNA,
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Figure 3. Variation in 1700 NCp7 sequences: X-axis, residue position and name; Y-axis, percentage of variation in each residue position; white bars,
conservative amino acid substitutions; black bars, nonconservative amino acid substitutions. Notation for RNA—protein side chain interactions in the
SL3—NCp7 complex: B for H-bonds or salt bridges and S for steric contacts. Side chain protein—protein contacts are noted as follows: b for H-
bonds or salt bridges and s for steric contacts." The consensus sequence is shown, with different residues in the pNL4-3 isolate used in this work
noted in parentheses.”> CCHC fragments in fingers, f1 and f2, are marked. Residues that were mutated to alanine in this study are denoted with

asterisks; residues in salt bridge switches are denoted with carets.
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leading to nearly full quenching of its fluorescence and allowing
the strai§htforward analysis of binding isotherms used in this
study."?*3>%7% NCp7 has a hydrophobic core consisting of
Val'®, Phe'$, Ile?*, Ala®, Trp¥, GIn®, and Met* *#35¢ \which
extensively interacts with SL3 RNA. Among them, Phe'® and
Trp* are perhaps the most important because of their
interactions with the bases in the SL3 RNA loop." Asn® in
the N-terminal 3,; helix is the only NCp7 residue forming
hydrogen bonds with the SL3 RNA stem. There are also salt
bridges between Lys'* and Glu*' and between Lys* and Glu*!,
which appear to stabilize the zinc fingers, and between Lys®
and Glu*, which helps to stabilize the folding of f2 against the
short linker between the fingers. By substituting alanine for the
residues that have direct side chain interactions with SL3 RNA
or other protein residues, we can probe the key interactions
between NCp7 and SL3 RNA. Our results complement our
previous work that focused on the contribution of individual
SL3 bases to the interaction with NCp7.®

B EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis. The pRD2 construct of the
NCp?7 subclone (HIV-1 strain pNL4-3) was used as a wild-type
NCp7 template®’ (a generous gift from M. Summers of the
University of Maryland, Baltimore County, Baltimore, MD).
Site-directed mutagenesis was conducted using the Stratagene
(now Agilent Genomics) QuikChange or QuikChange II site-
directed mutagenesis kit. Primers were designed using the
Stratagene QuikChange Primer Design Program (http://www.
genomics.agilent.com) or PrimerX online tool (http://
bioinformatics.org/primerx/) and synthesized by Integrated
DNA Technologies, Inc. (Coralville, IA). The mutagenesis
polymerase chain reactions were set up according to the
manufacturer’s instructions. Mutants were made using primers
listed in Table S1 of the Supporting Information. Double
mutants were made through two consecutive site mutagenesis
experiments, mutating one residue at a time and using the
product from the first mutagenesis as the intermediate template
for the second mutagenesis. The mutated plasmids were
transformed into Escherichia coli XL1-Blue cells (Agilent) for
plasmid preservation and propagation. Plasmids prepared from
the XL1-Blue strains were then subjected to Sanger sequencing,
and the confirmed plasmids with desired mutations were
transformed into E. coli BL21-(DE3)pLysS cells (Agilent) for
recombinant protein overexpression.

NCp7 Protein Preparation. The cells were grown and
harvested, and the proteins were 6puriﬁed using a revised
protocol based on that of Lee et al.®” and Shubsda et al.>® A
single colony was used to inoculate a 5 mL starter culture in LB
medium containing 1X M9 salts,68 0.4% glucose, 100 uM
ZnCl,, 100 pug/mL ampicillin, and 34 pg/mL chloramphenicol.
The starter culture was grown at 37 °C overnight and added to
1 L of LB medium containing the same supplements as
described above. The cells were grown at 37 °C to an
absorbance of 0.6—0.8 at 600 nm before being induced with
400 uM IPTG [isopropyl f-p-thiogalactopyranoside (Sigma-
Aldrich)]. The induced cells were grown for an additional 4 h
and harvested by centrifugation at S000 rpm for 15 min
(Beckman Coulter Avanti J-E centrifuge, JLA-10.5 rotor). Cell
pellets from a 1 L culture were resuspended on ice in 30 mL of
lysis buffer {S0 mM Tris-HCI (pH 8.0), 10% (v/v) glycerol, 0.1
M NaCl, 1 uM ZnCl,, S mM TCEP-HCI [tris(2-carboxyethyl)-
phosphine hydrochloride (Thermo Pierce)], 60 ug/mL
lysozyme, 53 uM PMSF [phenylmethanesulfonyl fluoride
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(Sigma-Aldrich)], 1 ug/mL Pepstatin A (Sigma-Aldrich)}; 2.1
mL of 1% (w/v) sodium deoxycholate was added to the
resuspended cells. The mixture was left on ice for 20 min before
4 mL of B-PER II reagent (Thermo Pierce) was added. The
cells were then left on ice for 10 min before being subjected to
sonication for 4 X 25 s at an output power of 20—25 W. Two
milliliters of 4% PEI [polyethyleneimine (Sigma-Aldrich)] was
then added to the mixture to precipitate nucleic acids. The
lysed cells were centrifuged at 17000 rpm for 30 min at 4 °C
(Beckman Coulter Avanti J-E centrifuge, JA-25.5 rotor), and
the supernatant was collected for FPLC purification. Cell
lysates were loaded onto a HiPrep Q FF and a HiPrep SP FF
column (GE Healthcare) connected in series and previously
equilibrated with 200 mL of buffer A [SO mM Tris-HCl (pH
8.0), 10% (v/v) glycerol, 0.1 M NaCl, 1 uM ZnCl,, and 1 mM
TCEP-HCIl]. The NCp7 protein was eluted using a 1 h linear
gradient from 20 to 50% buffer B [SO mM Tris-HCI (pH 8.0),
10% (v/v) glycerol, 1 M NaCl, 1 yM ZnCl,, and 1 mM
TCEP-HCI]. The homogeneity of the eluted protein was
determined by SDS—PAGE. The purified NCp7 protein
fractions were then pooled and concentrated using a
VIVASPIN 15 mL concentrator (5000 molecular weight cutoff)
(GE Healthcare). The NCp7 concentration was determined by
UV absorption as described previously.*® The sample purity
and homogeneity were further confirmed by MALDI-TOF
mass spectrometry and analytical ultracentrifugation. Purified
NCp7 wild-type and mutant proteins were stored at —80 °C in
aliquots.

Mass Spectrometry. Purified and concentrated protein
samples were dialyzed overnight against MS buffer [S mM
sodium phosphate, 0.2 M NaCl, 1 uM ZnCl,, and 1 mM
TCEP-HCl (pH 7.0)]. The concentrations of the dialyzed
samples were determined by UV using MS buffer as a blank.
The samples were then diluted to 20 uM in a 0.1% aqueous
trifluoroacetic acid (TFA) solution. The dilute samples were
then mixed in a 1:1 ratio with a freshly prepared matrix solution
(saturated sinapinic acid in a 1:2 acetonitrile/0.1% aqueous
TFA mixture); 1 yL of each sample mixture was spotted onto a
MALDI sample plate and dried in air. The mass spectra were
measured in reflectron mode on a Bruker Daltonics Autoflex III
Smartbeam MALDI-TOF system. The observed molecular
weight and the calculated molecular weight of purified NCp7
wild-type and mutant proteins are listed in Table S2 of the
Supporting Information.

Analytical Ultracentrifugation. Protein samples were
dialyzed overnight against MS buffer. The concentrations of
the dialyzed samples were determined by UV using MS buffer
as a blank. Samples were then diluted in MS buffer to an
absorbance of 1—1.5 at 280 nm before being loaded onto a
Beckman Coulter ProteomeLab XL-A Protein Characterization
System; 400 pL of the sample was loaded each time.
Sedimentation velocity experiments were conducted at S0000
rpm and 10 °C. Sedimentation data were collected at 280 nm
and analyzed using SEDFIT.%

SL3 RNA. Desalted SL3 RNA (rGrGrArCrUrArGrCrGrG-
rArGrGrCrUrArGrUrCrC) was purchased from IDT and
reconstituted in NCp7 titration buffer [S mM sodium
phosphate, 0.2 M NaCl, 1 uM ZnCl,, 1 mM TCEP-HC], and
0.1% PEG 8000 (pH 7.0)]. The purity of SL3 RNA was
examined by high-performance liquid chromatography and
confirmed to be higher than 90%.”° The concentration of SL3
RNA was determined by UV as described previously.*®

dx.doi.org/10.1021/bi400125z | Biochemistry 2013, 52, 3358—3368
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NCp7-SL3 Trp Titration Assay. NCp7 wild-type and
mutant proteins were titrated with SL3 RNA using assay
conditions similar to those described previously’® in NCp7
titration buffer. Wild-type NCp7 protein was titrated every time
as a positive control along with the mutant proteins. The
fluorescence was measured at 350 nm with a PTI Quanta-
Master QM-4/2003SE fluorometer using a 290 nm excitation
wavelength, a 4 nm excitation band-pass, and a 1.5 nm emission
band-pass. The fluorescence titration curves were fit to a model
assuming a 1:1 stoichiometry for the ratio of NCp7 to bound
SL3 RNA as described by Paoletti et al.*® The titration curves
were fit to the following equation:

(I - 1)/, = {-(R, — R+ K,)

+ [(R, — B+ Ky)* + 4PK,]/*}/(2P) (1)

where R, and P, are the total RNA and protein concentrations,
respectively, I, is the intensity at R, = 0, and I, is the limiting
intensity at saturation. In this work we set I, equal to 0. The
titration data were fit, and Ky values were obtained using Origin
version 7.0 (OriginLab, Northampton, MA) as described
previously.”” The NCp7 concentration was fixed at 0.3 M,
and titrations were extended to an R,/P, value of at least 3.

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) experiments were performed using a
Microcal VP-ITC MicroCalorimeter (Microcal, now GE
Healthcare). Origin version 7.0 (OriginLab) was used for
data collection and analysis. First, 1.4 mL of 5 uM SL3 RNA
dissolved in NCp?7 titration buffer was added to the calorimetric
cell; 300 uL of 45 uM NCp7 protein was used as the titrant in
each titration. Reactions were conducted at 30 °C. The
reference power was set to 20 ucal/s. The first injection was set
to 2 uL over 4 s, followed by 29 injections of 10 uL over 20 s.
The last injection was set to 8 uL over 16 s. The interval
between each injection was set to 240 s. The syringe stirring
speed was set to 295 rpm. The feedback gain was set to high,
and the equilibrium was set to fast, auto. Binding isotherms
were fit to a one-binding site model using the supplied ITC
add-on for Origin version 7.0 from the manufacturer (Microcal,
now GE Healthcare). A baseline was drawn by linear
extrapolation using the data points collected under saturation
conditions and subtracted from the whole data set to correct for
the heat of dilution.”*

B RESULTS

Sixteen mutant proteins were prepared as laid out in Figure S1
and Table S1 of the Supporting Information, including 13
single mutants and three double mutants. All but three mutants
target residues that had been predicted to be involved in side
chain contact with SL3 or in salt bridges." The targeted residues
in the other three mutants, even though they are not predicted
to be involved in any side chain contacts, are highly conserved
and either structurally rigid (Pro®') or flexible (Gly** and Gly*)
(see Figure 3 and Figure S1 of the Supporting Information).
The 13 single mutants were made by substituting alanine for
one non-alanine residue in the wild-type NCp7 sequence. The
other three mutants were introduced with double mutations,
resulting in position switching of two residues in the wild-type
(WT) coding sequence. The switched residues were predicted
to form salt bridges with each other based on their spatial
proximity and opposite charges in their side chains. With a
switch of the position of the two residues, the salt bridge could
still form between them if the rest of the protein structure
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remained undisturbed. If the main function of those residue
pairs in NCp7’s interaction with SL3 RNA can be attributed to
the salt bridges, then the affinity of the resulting double
mutants for SL3 should not be significantly affected.

Mutant proteins were purified and stored at —80 °C for long
periods of time. Gel analysis and affinity assays suggested that
the proteins can stay viable for months without significant
degradation under the storage conditions. SDS—PAGE gels
confirmed that the purified proteins were at least 95% pure.”
Molecular weights of all mutant proteins were measured by
MALDI-TOF mass spectrometry and compared to the
calculated molecular weights. The results are listed in Table
S2 of the Supporting Information.

To further confirm the protein purity and the aggregation
status of NCp7 under assay conditions, we examined the
protein samples by AUC. The results indicated that the protein
samples do not aggregate to form dimers or oligomers under
conditions used in the affinity assays.”

Figure 4 shows several titration curves from the tryptophan
fluorescence titration assay. For a clearer view, only four of the
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Figure 4. Fluorescence titration of NCp7 wild-type and mutant
proteins with SL3 RNA. The total RNA:total protein ratio, R,/P,
increases from left to right. Optimized fits (—) for 1:1 complexes have
K values listed in Table 1 (see Experimental Procedures and Results
for details of the fitting). Data points are as follows: (M) NCp7 wild
type, (O) F16A, (@) 124A, and (A) Q4SA. The dashed line is the

trend line for a 1:1 complex with an infinite binding constant (K;™").

17 protein—SL3 titration curves are shown, representing a wide
range of the Ky values for the binding of SL3 to the WT and
mutant NCp7 proteins (Figure S2 of the Supporting
Information shows three more titration curves; all curves are
included in ref 70). All 17 K, values calculated from the Trp
titration assay are reported in Table 1, ranging from 8.6 to 720
nM. The Ky value for the WT—SL3 complex was calculated to
be 29 nM, which agreed with our previous experimental
data**® and served as a good positive control for the mutant
proteins. Dissociation constants were optimized to obtain the
best fit titration curves, assuming a 1:1 complex. No evidence of
other stoichiometries was indicated by the data at 0.2 M
NaCl*** The binding isotherms for low-affinity complexes
were not extended to saturation because the nature of the
complex may change in the presence of a large excess of
RNA.% We assumed an I, of 0 because in the range of the Ky
values for these titration curves, very little residual fluorescence
was observed.*®?

dx.doi.org/10.1021/bi400125z | Biochemistry 2013, 52, 3358—3368
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Table 1. Tryptophan Fluorescence Titration Results for NC
Proteins Binding SL3 RNA

Kthp (nM)

avg SD @ SD m®
WT 29 +4.5 1.0 +0.15 8
NSA 29 +5.6 1.0 +0.19 5
F6A 33 +3.3 1.1 +0.11 3
VI3A 31 +6.9 1.1 +0.24 3
F16A 720 +26 25 +0.90 3
N17A 32 +1.4 1.1 +0.05 3
GI9A 45 +2.6 LS +0.09 3
E21A 8.6 +2.3 0.3 +0.08 3
G2A 45 +6.7 1.6 +0.23 3
124A 170 +29 5.8 +0.99 s
P31A 23 +5.8 0.8 +0.20 3
G40A 33 +6.5 11 +0.22 3
Q4SA 73 +14 2.5 +0.49 4
M46A 62 +10 2.1 +0.35 3
KI14E/E21K 140 +5.1 4.8 +0.17 7
K33E/E42K 40 +11 1.4 +0.37 3
K38E/ES1K 33 +5.1 1.1 +0.18 3

“F is the factor by which the K; of a mutant NC protein changes from
that of NCp7. F = (K, of mutant)/(K; of WT). F values for each Ky
measurement over the average Ky of WT were determined, and then
the averages of the F values were taken and standard devmtlons of F
values calculated from the replicates and recorded. ®Number of
measurements.

Wild-type NCp7 and eight mutant NC proteins were also
examined using ITC assays. The K; values calculated from the
ITC assays (termed Kyrc) were compared with those
calculated from the tryptophan fluorescence titration assays
(termed KdTrP). Taking into account the fact that ITC
experiments were conducted at 30 °C, we converted the Kj
values calculated from the ITC data to 22 °C using the van’t
Hoff equation as shown in eq 2, assuming that AH® is constant
over this small temperature range. The average number of
binding sites determined by ITC also suggested that NC—SL3
binding follows a 1:1 binding model. The results are compiled
in Table 2. Sample ITC titration curves are shown in Figure S
and Figure S3 of the Supporting Information.

| (Kdl) AH°( 1 )
ol Zdt 1

Kg R\L T )
W DISCUSSION

Figure 6 summarizes the change in the affinity of mutant
proteins for SL3 RNA compared to that of the WT. For the
sake of convenience, the mutants are grouped according to the
change in Ky calculated from the tryptophan titration assay.
The factor, F, by which K4 changes is listed in Table 1 for each
protein. Mutants with F values of <2 are considered as mutants
of little or no change in affinity. The mutants with F values
between 2 and 10 or between 0.1 and 0.5 are considered to
have a moderate change in affinity. Those with F values of >10
are considered as mutants exhibiting a significant change in
affinity. The Ky changes are also charted in Figure S4 of the
Supporting Information.

Single Mutants Exhibiting Little or No Change in
Affinity for NCp7. Most of the tested mutants have a K value
close to that of the WT. These mutants include NSA, F6A,
V13A, N17A, G19A, G22A, P31A, G40A, and two of the
double mutants, K33E/E42K and K38E/ES1K.

Phe® does not participate in any RNA—protein side chain
contacts, but the phenyl side chain packs with Val'* and Tle*.!
This does not appear to contribute much to the stabilization of
the structure of the protein in a complex with the RNA.

Considering the high degree of conservation and the position
and structure of Gly", Gly*, and Gly* (each reside in one of
the two zinc finger motifs), we hypothesized that substitution
of alanine might cause unwanted methyl group contacts
between the NC protein and RNA, or within the protein itself,
protein or reduced flexibility in the zinc fingers. The
observation, however, indicated the opposite, that substitutions
of alanine for glycine on these positions do not cause
unfavorable effects on the affinity of NCp7 for SL3.

Pro®! itself does not have any RNA—protein or protein—
protein side chain contact, but given its unique structural
rigidity and high degree of conservation, we expected that the
P31A mutation might affect its affinity for SL3 RNA. It has
been reported that Pro>! helps determine the spatial proximity
of the two zinc fingers,*” which would be important for viral
RNA dimerization, virion formation, and infectivity. *748 Thus,
the observation that the P31A mutant shows only a slight
change in affinity for SL3 RNA was surprising. It appears that

Table 2. ITC Titration Results for NC Proteins Binding SL3 RNA

Kyre (nM) N°© AH® (kcal/mol)

30 °C RT* SD P avg SD avg SD m?
WT 69 42 +5.0 1.0 1.1 +0.034 -11 x 10° +600 4
NSA 124 80 +26 1.9 (1.0) L1 +0.082 -9.8 x 10° £1500 4
F6A 97 58 +23 14 (1.1) 0.87 +0.041 -12 x 10° +690 3
F16A 1790 1200 +540 28 (25) 14 +0.13 -9.0 x 10° 42500 3
124A 483 310 +130 7.3 (5.8) 14 +0.18 -9.0 x 10° +910 4
P31A 81 46 +5.6 1.1 (0.8) 1.1 +0.044 ~13 x 10° +320 3
Q45A 177 120 £12 2.8 (2.5) 12 +0.087 -82 x 10° +360 3
K14E/E21K 195 150 *14 3.5 (4.8) 0.79 +0.021 —-63 x 10° +430 3
K33E/E42K 75 43 +4.1 1.0 (1.4) 11 +0.049 -12 x 10° +1100 3

“K, values measured at 30 °C were converted to equivalents at room temperature (RT, 22 °C) using the van’t Hoff equation. The K, values at 22 °C
are rounded to two significant digits. bF is the factor by which the K of a mutant NC protein changes from that of NCp7. F = (K of mutant) /(K of
WT). The numbers in parentheses show the F factors from the Trp titrations for easy comparison. “Average number of binding sites determined by

ITC. “Number of measurements.
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the affinity of NCp7 for SL3 RNA does not require Pro*' to
orient the zinc fingers.

Val®? participates in the NCp7—SL3 interaction by forming a
hydrophobic cleft, which interacts with G**° of SL3 RNA along
with f1 residues Phe'é, lle*, and Ala®. In the complex, Val'
also contributes to intraprotein hydrophobic interactions
between the 3, helix and zinc finger 1." Molecular dynamics
studies suggest that Val'® resides within a hydrophobic core
along with Phe'é, Tle?, Ala®, Trp¥, GIn*, and Met*¢ 3566
Substitution of Val'* with alanine shortens the side chain but
maintains a hydrophobicity similar to that of valine. The
observation that the VI3A mutation resulted in a change in
affinity smaller than those seen for the other mutants in the
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hydrophobic core suggests that Val'® contributes little to the
RNA binding function of NCp7, except by maintaining the
hydrophobic core. The fact that Val'® is among the residues
with a higher frequency of natural variations with hydrophobic
residues® also suggests that the specific side chain of Val'* is
less important to maintaining the hydrophobic core than some
of the other residues.

Asn® and Asn'” were thought to play a significant role in the
recognition of SL3 by NCp7." Asn® is part of the 3,, helix that
binds the major groove of SL3 RNA and is also the only NCp7
residue that forms specific hydrogen bonds with the RNA stem
(side chain carbonyl to C322 N4H group). Moreover, Asn® is
one of the most conserved residues in NC. Asn'” is part of the

dx.doi.org/10.1021/bi400125z | Biochemistry 2013, 52, 3358—3368
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f1 knuckle and makes hydrophobic contacts with A319 in the
SL3 tetraloop. It also stabilizes the protein structure through
multiple hydrogen bonding and hydrophobic interactions. The
observation that neither NSA nor N17A displayed a significant
change in affinity for SL3 was unexpected. Either these two
residues are not essential in NCp7—SL3 binding, or other
interactions can compensate for the loss of H-bonds that
should be caused by these mutations. This is in line with a
previous report that virus replication and virion RNA content
were largely retained upon mutation of N17.”>

Single Mutants That Moderately Change Affinity.
124A, Q45A, M46A, and E21A show a moderately lower or
higher affinity with K, values ranging from 2 to 10 (or 0.5 to
0.1) times of that of WT, as does the double mutant, K14E/
E21K.

Tle**, GIn*, and Met* are members of the hydrophobic core
described above. These residues occupy positions on the same
side of the two fingers, with Ile** and GIn* in equivalent
positions. They all show steric interactions with the RNA
molecule in the NMR structure." The loss of affinity caused by
these mutations indicates that these interactions contribute
substantially to stabilization of the complex.

Another interesting single mutant in this group is E21A.
Glu*' is highly conserved and forms a salt bridge with Lys'?,
which appears to stabilize the folding of the fl knuckle.'
Mutating Glu*' to alanine destroys this salt bridge. One would
expect such a change might result in a significant loss in the
mutant protein’s affinity for SL3 RNA. However, the affinity of
E21A for SL3 RNA (K; = 9 nM) turned out to be ~3 times
higher than that of WT (29 nM). Although the mutation from
Glu*' to alanine destroys the salt bridge between Glu®' and
Lys', it also results in an increase of the protein’s net charge
from +9 to +10, which helps the protein to attract the
negatively charged RNA.**%7>"* Also, the fl structure is
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stabilized by many other interactions, so the loss of the salt
bridge may not be especially damaging. The bound RNA might
also play a role in keeping f1 folded correctly.

Mutants That Significantly Change Affinity. F16A has a
much larger K; value than the WT (approximately 25-fold).
[Similar changes are observed by both fluorescence and ITC
(see Table 2).] This large reduction in the stability of the
complex probably has a structural origin. As Phe'® forms a
hydrophobic cleft with several other amino acid residues to
bind G318, this base may lose important contacts in the
complex. It is also possible that substituting Phe' with Ala may
lead to the collapse of the fl1 knuckle, destabilizing both the
protein and the complex. Comparison of 'H—"N HSQC
spectra of SL3 bound to '*N-labeled F16A and WT shows that
there is little interaction between f1 residues and SL3 in F16A
in contrast to the case in the WT, while f2 interacts strongly
with SL3 in both F16A and the WT (L. Yang, W. Ouyang, D.
Kerwood, and P. Borer, unpublished observations). These
observations also agree with previously reported mutational
studies, 24467275

Salt Bridge Flipping Double Mutants. Two of the three
double mutants, K33E/E42K and K38E/ES1K, do not produce
large changes in their affinity for SL3 RNA. However, the other
double mutant, K14E/E21K, which contains mutations within
the f1 knuckle, showed a moderately large change in the affinity
for SL3. The K value of this double mutant for SL3 was
calculated to be 140 nM. Compared to the other two double
mutants, this observation indicated that structure of the f1
knuckle is more susceptible to mutations. The tryptophan
titration curve of K14E/E21K does not fit well with the model
described by eq 1 as shown in Figure 7. The interaction of this
double mutant with SL3 RNA manifests as a biphasic binding
isotherm. This anomalous behavior is echoed in the ITC data
(Table 2 and Figure S3 of the Supporting Information), where

dx.doi.org/10.1021/bi400125z | Biochemistry 2013, 52, 3358—3368
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Figure 7. Tryptophan fluorescence titration curve of the KI4E/E21K
mutant with SL3 RNA. The fitted titration curve does not provide a
good fit for the data points, indicating a different binding model might
play a role in K14E/E21K’s binding with SL3 RNA: (W) K21E/E21K
and () a 1:1 complex with an infinite binding constant (K; ™).

curve fitting provides a low value for the average number of
binding sites on the mutant protein (N = 0.79) and the lowest
enthalpy of interaction (AH® = 6 kcal/mol) of all the mutants
studied here.

The structure of the NCp7—SL3 complex may offer a clearer
explanation of the differences in the affinity of the three salt
bridge switching mutants for SL3. As shown in Figure 8, the

Figure 8. Positions of the three salt bridges in the NCp7-SL3
complex: white ribbon, SL3 RNA; colored ribbon, NCp7 protein; stick
model, side chain atoms of Lys”, Glu?, Lys33, Lys38, Glu*, and Glu®};
magenta, N-terminal 3—10 helix of NCp7; yellow, N-terminal zinc
finger (f1); cyan, linker region; red, C-terminal zinc finger (f2). The
surface of the complex is shown in 50% transparency. Salt bridges are
shown as dashed black lines between the two involved residues. Drawn
from Protein Data Bank entry 1A1T using the UCSF Chimera package
from the Resource for Biocomputing, Visualization, and Informatics at
the University of California, San Francisco (supported by National
Institutes of Health Grant P41 RR001081).””

Lys¥—Glu* and Lys*®—Glu’' salt bridges are both directly
exposed to solvent, while the Lys'*—Glu®' bridge is partially
buried inside the complex, especially residue Lys'*. Salt bridges
exposed to the solvent may not contribute to stabilizing protein
structures because of the interference of the solvent, but
semiburied salt bridges like the Lys'*—Glu*' salt bridge can be a
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strong stabilizing force.”® The moderate change of this double
mutant’s affinity indicates that even though the switched
residues are still close to each other, their ability to form a salt
bridge might be modified.

Comparison of Trp Titration and ITC Titration Results.
The K values calculated from ITC titration data do not match
exactly with those calculated from Trp titration data for the
same mutant, but overall they show the same trends. The
factor, F, which is the K ratio of a mutant to the WT,
calculated from ITC data (see Table 2) shows that the results
can be grouped in exactly the same way as discussed for the Trp
titration results. The overall agreement between the two
methods adds confidence to our interpretation of the relative
contributions of the mutations reported here to the affinity of
SL3 for NCp7.

Some of the differences in the Ky values calculated from the
two methods may be attributed to the different nature of the
assays. Tryptophan fluorescence quenching relies on the
interaction of Trp*’ and the bases in bound RNA, while ITC
experiments directly measure the heat released upon binding.
The ITC experiment can be more accurate than tryptophan
fluorescence titration, but this is true only at higher
concentrations than are practical for NCp7—SL3 titrations.
The ITC data, especially for the weakly bound complexes with
F16A, 124A, and K14E/E21K, have poorly defined slopes at the
ends of the titrations and may be noisy (see Figure S and Figure
S3 of the Supporting Information). This causes more
uncertainty in K N, and AH°. Tryptophan fluorescence
titration has the advantage of being a convenient and
straightforward assay with much higher sensitivity than ITC.
The observation that ITC data follow the same trends as
fluorescence titration data makes it unnecessary to perform
ITC with each of the mutants.

The order of titration in the two assays is also different in this
work. In fluorescence titrations, SL3 RNA is being titrated into
NCp7 protein because it is more convenient to interpret the
decrease in fluorescence than an increase. Our laboratory has
published the conditions and a model to fit tryptophan
fluorescence titrations in which NCp7 protein aliquots are
added into a large excess of the SL3 RNA solution.*® Excellent
agreement in Ky values was found at the nearly physiological
salt concentrations used in this work.

Conclusion. Most of the mutant NCp7 proteins did not
exhibit a significant loss of affinity for SL3 RNA. This indicates
that the side chain contacts of these mutated residues in wild-
type NCp7 either contribute little to the stability of the
complex or can be compensated by new contacts in the
mutants. Strong conservation of many of these residues may
arise from NC’s interactions with other proteins or in other
aspects of its many roles in HIV infection.

The F16A mutant exhibits a profound loss of aflinity for SL3
RNA that is confirmed by both fluorescence titration and the
ITC assay. This observation agrees with previously reported
NMR structure and molecular dynamics analysis."** All of
these indicate that Phe'¢ is a key site in the NCp7—SL3
interaction that warrants further structural and functional study.
Other interesting mutants that exhibit large changes in affinity
include 124A and K14E/E21K; NSA and NI17A may be of
structural interest by virtue of their unchanged affinity even
though key H-bonding and steric interactions are lost.

Tolerance to alanine mutagenesis in some highly conserved
sites, such as Asn®, Gly'?, Pro*, and Gly*, indicates that the key
stabilizing interactions between NCp7 and SL3 might not be
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sensitive to the overall protein structure, yet the high degree of
conservation of these residues suggests that they have
important roles in other functions of NCp7, if not in the
NCp7-SL3 interactions.

Tryptophan fluorescence titration and ITC are complemen-
tary methods, both of which have their own flaws and
advantages. Both assays make reliable measurements of the
K4 value. Both methods produce a mutually consistent picture
of the RNA-—protein interaction and confirm an N = 1
stoichiometry for NCp7—SL3 binding, which is shown in the
complexes used in a previous NMR study."
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Primer list for site-directed mutagenesis (Table S1), observed
molecular masses for NCp7 mutants (Table S2), mutant list
and amino acid sequences (Figure S1), sample fluorescence
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NCp7, SS-amino acid nucleocapsid protein of HIV-1 (human
immunodeficiency virus); SL3, short stem—loop segment of
RNA from the §’-leader region of HIV-1; NC, nucleocapsid;
FPLC, fast protein liquid chromatography; SDS—PAGE,
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sodium dodecyl sulfate—polyacrylamide gel electrophoresis;
ITC, isothermal titration calorimetry; AUC, analytical ultra-
centrifugation; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight; IPTG, isopropyl -p-1-thiogalactopyr-
anoside; TCEP-HC, tris(2-carboxyethyl)phosphine hydro-
chloride; PMSF, phenylmethanesulfonyl fluoride; PEI, poly-
ethyleneimine; avg, average; SD, standard deviation; TFA,
trifluoroacetic acid; Kj, dissociation constant.
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