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GRAPHICAL ABSTRACT

» The Hy; region of HIV-1 Vpr protein
forms an antiparallel dimer.

» Protonation of His71 induces a cation-
T interaction between His71 and Trp54.

» The cation-m interaction elongates the
helix and increases the dimer stability.

» The dimeric structure is modified to a
more compact form by the cation-m
interaction.
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Vpr is a multifunctional accessory protein of HIV-1 virus and was previously proposed to assume an antipar-
allel helical dimer with the third helices Hy; of different subunits facing each other. In this study, we have
examined the structure and stability of the antiparallel dimer by using a fragment peptide, Vpr52-80, spanning
the Hyy region. The present analyses of fluorescence, circular dichroism, and UV absorption spectra have shown
that a cation- interaction takes place between protonated His71 and Trp54 located near the opposite ends of
the two antiparallel helices. The cation-m interaction induces a small elongation of the Hyy helix, an increase in
thermal stability of the helical dimer, and a modification of the helix arrangement to produce a more compact
form. The His71-Trp54 cation- interaction may be utilized in stabilizing and tuning the dimeric structure of
Vpr to achieve proper interactions with other proteins.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) is a highly infective
retrovirus that causes acquired immunodeficiency syndrome (AIDS)
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[1]. The genome of HIV-1 encodes several accessory proteins that are
not necessary for in vitro replication of the virus but are required for
in vivo replication, dissemination, and persistence [2-4]. The viral pro-
tein R (Vpr) is one of such accessory proteins and has been implicated
in many processes of the virus life cycle, contributing to the high mor-
bidity and mortality of AIDS [5-7]. The multifunctional nature of Vpr
is believed to arise from its interactions with a variety of viral and
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host cellular proteins [6-9], though the mechanisms of interactions in
individual processes are poorly understood. Investigation of structural
characteristics of Vpr may provide important clues to how Vpr interacts
with other proteins to perform its functions.

Vpr is a relatively small protein composed of 96 amino acid residues
[10,11]. The secondary and higher-order structures of Vpr have been in-
vestigated by nuclear magnetic resonance (NMR), circular dichroism
(CD), and fluorescence spectroscopy [12-19]. According to NMR studies
on the full-length Vpr protein dissolved in acidic aqueous-organic sol-
vents, Vpr folds into three amphiphilic helices (H;, Asp17-Phe34; Hy,
Trp38-Tyr50; Hyy, Thr53-His78) in the central region of the polypeptide
chain (Fig. 1A) [16,18]. Another NMR study on a C-terminal fragment
(Vpr52-96) at pH 3 in the presence of 30% acetonitrile has shown
that the fragment peptide forms a dimer, in which the Hy; helices
(Thr53-Gly75 in this case) of different two peptide molecules face
each other in a nearly antiparallel orientation (Fig. 1B) [19]. The main
part of the dimeric interface is a Leu-zipper-like motif composed of
four hydrophobic residues (Vla57, lle61, Leu64, and Leu68) aligned on
one side of each helix. Near the helical ends, on the other hand, Trp54
of one helix is close to His71 of the other oppositely oriented helix,
suggesting an interaction between them. Trp54 and His71 as well as
the hydrophobic residues involved in the Hy; dimerization are highly
conserved in Vpr mutants found in AIDS patients [20,21], implying bio-
logical relevance of the Hy; dimerization.

The imidazole ring of His can be protonated to be cationic at acidic
pH with an average pK, value of 6.6+ 1.0 in proteins [22]. On the
other hand, the m-electron-rich indole ring of Trp attracts a nearby
cation through the so-called cation-m interaction, which is increasingly
recognized as an important electrostatic interaction in structural forma-
tion and functioning of proteins [23-27]. Thus, the close proximity of
Trp54 and His71 in the NMR dimeric structure of Vpr raises the possibil-
ity that a cation-m interaction occurs between His71 and Trp54, and the
interaction contributes to the dimer formation of Vpr. Dimers and
trimers of Vpr have been found in the cytoplasm and nucleus of
HIV-1-infected cells [28], and oligomerization of Vpr has been proposed
to be an essential feature for its function [29].

In this study, we have investigated the possibility of cation-m
interaction between His71 and Trp54 by using a fragment peptide

Fig. 1. Structures of (A) full-length Vpr and (B) a dimer of Vpr52-90 in water/acetonitrile
(70/30) solution (pH 3.0) determined by NMR spectroscopy [18,19]. The atomic coordinates
were taken from Protein Data Bank (codes 1M8L and 1X9V). The first and last residues of
helices H;, Hy, and Hy; are shown for full-length Vpr. For the dimer of Vpr52-90, residues
located in the interface of two Hy; helices are indicated. The carbon atoms and name
labels of the residues belonging to the helix on the far side are colored in orange.

of Vpr containing the Hy; region. Fluorescence, CD, and UV absorption
spectra of the model peptide were examined in organic solvent-free
aqueous solutions not only at acidic pH but also at neutral pH, and
in some cases, at varied temperatures. Comparison of the spectra at
different pH and temperatures has shown that the cation-m interac-
tion between His71 and Trp54 really occurs at pH<5.5, inducing a lit-
tle elongation of the Hyj; helix, an increase in thermal stability of the
helical dimer structure, and a modification of the helical arrangement.
The His71-Trp54 cation— interaction is likely to play a role in stabi-
lizing and tuning the dimeric structure of Vpr to achieve proper inter-
actions with various kinds of viral and cellular proteins.

2. Materials and methods
2.1. Materials

The 29-mer peptide Vpr52-80 (D>?TW>*TGVEALIRILQQLLFIH”!
FRIGCRHSR®®) and its His71 — Ala (H71A) mutant were synthesized
on an automated peptide synthesizer (Applied Biosystems, model
431A) by using standard Fast Moc chemistry. To cleave any disulfide
bonds involving the Cys76 side-chain, the crude peptide was reduced
with 50 molar equivalent of dithiothreitol at 40 °C and at neutral pH for
1 h. After the reduction, the solution was acidified with trifluoroacetic
acid (TFA) and subjected to HPLC purification on a reversed-phase
column (Cosmosil 5C;g-AR300) using a gradient mobile phase of aque-
ous methanol (30-70%) containing 0.1% (v/v) TFA. The purified peptide
was dissolved in 0.1 M HCl and then lyophilized for conversion to
hydrochloride salt. The N- and C-termini of the synthesized peptides
were capped with acetyl and amide groups, respectively, to mimic the
preceding and following peptide bonds within the full-length protein.

8-Anilino-1-naphthalenesulfonic acid (ANS), which serves as a fluo-
rescent probe of surface hydrophobic regions of peptides and proteins
[30,31], was purchased from Sigma-Aldrich and used as received.

2.2. Fluorescence, CD, and UV absorption spectra

Samples for spectral measurements were prepared as follows.
Lyophilized powder of Vpr52-80 or its H71A mutant was dissolved
in 1 mM glycylglycine and the solution was subjected to fluorescence
and CD spectral analysis. For UV absorption measurements, the peptide
was dissolved in deionized H,O without glycylglycine to avoid interfer-
ence from the buffer UV absorption. For every peptide solution, the
peptide concentration was 20 uM and the pH was adjusted by adding
aliquots of 0.1 M HCl or NaOH. The peptide concentration was deter-
mined from the UV absorption intensity of Trp54 at 280 nm (&,g0 =
5500 M~ ! cm~!) [32]. Binding of the hydrophobic probe ANS to the
peptide was examined by fluorescence spectroscopy for a mixture of
10 uM ANS and 20 pM Vpr52-80 in 1 mM glycylglycine buffer. The
ASN concentration was determined by weight.

Fluorescence spectra were recorded on a Jasco FP-6500 spectrofluo-
rometer with a 3 mmx3 mm quartz cell. The fluorescence emission
from Trp54 was excited at 280 nm and that from ANS was excited at
370 nm. The intensities of fluorescence measured on different days
were calibrated with the Raman scattering from solvent H,0, which
appeared at 309 nm when excited at 280 nm. CD spectra were recorded
on a Jasco J-820 spectropolarimeter with a quartz cell of 1 mm path
length and the spectra were averaged over four scans. The observed
ellipticity was converted to mean residue molar ellipticity. To evaluate
the secondary structure contents from the observed CD spectra, the
computer program CDSSTR in the CDPro package was used [33]. UV ab-
sorption spectra were recorded on a Hitachi U-3300 spectrophotometer
with a 3 mm quartz cell. The background signals due to solvent
were subtracted from the sample fluorescence, CD, and UV absorption
spectra. The temperature of the sample cell was controlled using a
water jacket connected to a constant-temperature circulating bath.
The reproducibility of the spectral data was confirmed by two or more
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independent measurements and the standard deviations of plotted
points were estimated to be less than the sizes of the data point
symbols.

3. Results
3.1. pH-dependence of the Trp54 fluorescence intensity

Fig. 2A shows the fluorescence spectra of wild-type (WT) Vpr52-80
observed at pH 3.5-7.3 with excitation at 280 nm. The fluorescence
band at 345 nm is ascribed to Trp54, the unique Trp residue of Vpr52-
80 [34]. Although the pH of the sample does not significantly affect the
fluorescence peak wavelength, the fluorescence intensity decreases by
about 70% on going from pH 7.3 to 3.5 (Fig. 2A). Analogous quenching
of Trp fluorescence at acidic pH was previously reported for a longer
Vpr peptide, Vpr52-96 [19]. To further examine the pH dependence of
fluorescence intensity, the peak intensity at 345 nm was plotted against
pH in Fig. 2C (circle). Analysis of the sigmoidal intensity change using a
Hill equation gave a pKj, value of 5.5 £ 0.1 and a Hill coefficient close to
unity (1.1£0.1) [35]. The obtained pK, and Hill coefficient suggest that
Trp54 interacts with a nearby chemical group that undergoes proton-
ation at pH 5.5 without mutual interactions among the groups of the
same type. Furthermore, the significantly diminished fluorescence at
pH<5.5 indicates that the chemical group acts as a strong quencher of
Trp fluorescence only in its protonated form.
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Fig. 2. Trp fluorescence spectra of (A) wild-type Vpr52-80 and (B) its H71A mutant at
24 °Cand at varied pH. The peptide concentration was 20 uM and the spectra were excited
at 280 nm. The spectral change associated with the pH change is indicated with an arrow
(pH 7.3-3.5 for A) or a bent arrow (pH 7.3-5.7-3.7 for B). The fluorescence intensity at
345 nmis plotted against pH in C for the wild type (circle) and the H71A mutant (triangle).
The transition at pH 5.5 observed for the wild type is indicated with a dotted vertical
bar. A model of cation-m interaction between protonated His and Trp is depicted in the
inset of C.

Of the amino acid residues composing Vpr52-80, the side-chains of
Asp52, Glu58, His71, Cys76, and His78 can be protonated at acidic pH
[22]. Since the fluorescence of Trp is quenched by amino acids such as
Asp, Glu, His, and Cys [34], all of the residues listed above are candidates
for the quencher of Trp54 fluorescence. Among them, His71 is the most
likely candidate because His71 is located close to Trp54 in the dimeric
structure of Vpr52-96 proposed by NMR [19]. To decide whether
His71 is really the quencher of Trp54 fluorescence, we prepared the
H71A mutant of Vpr52-80 and recorded its fluorescence spectra at
pH 3.7-7.3 (Fig. 2B). In contrast to the WT peptide, the H71A mutant
exhibits little pH dependence and no significant quenching occurs
around pH 5.5 (Fig. 2C, triangle). This observation clearly indicates
that His71 is responsible for the quenching of Trp54 fluorescence of
WT Vpr52-80 at pH<5.5. At pH<5.5, His71 may be protonated at
both nitrogen atoms of the imidazole side-chain and the protonated im-
idazole (cationic imidazolium) ring of His71 quenches the fluorescence
of Trp54. The close link between the His71 protonation and the Trp54
fluorescence quenching is consistent with the literature report that the
cationic form of His quenches Trp fluorescence much more efficiently
than the neutral form if both residues are in close proximity to each
other [36,37]. It is very likely that protonated (cationic) His71 is located
near Trp54 (of the same or a different peptide chain) at pH<5.5, and an
interaction between these two residues causes the fluorescence
quenching as illustrated in Fig. 2C.

3.2. His71-Trp54 cation-m interaction as revealed by UV absorption

To further investigate the nature of interaction between Trp54 and
His71 at pH<5.5, we examined the pH dependence of UV absorption.
In a previous paper [25], we showed that the By, absorption of the Trp
indole ring around 220 nm slightly weakens and shifts to the red
when a K™ ion electrostatically interacts with the m-electrons of the
indole ring. Analogous weakening of the By, absorption accompanied
by a red shift was observed for other cation-Trp pairs and is now
regarded as a decisive marker of cation-m interaction of Trp [26,27].
Fig. 3 compares UV absorption spectra of WT Vpr52-80 below
(pH 4.8) and above (pH 7.3) the transition pH (5.5) of fluorescence
quenching. The difference between the two spectra is small but sig-
nificant as demonstrated in the difference spectrum (pH 4.8 minus
pH 7.3) expanded by a factor of five (bottom trace in Fig. 3). Although
the change of By, absorption is seen on a gently sloping background
reflecting a change in main-chain amide absorption, a weak positive
peak at 231 nm and a stronger negative peak at 222 nm are evident.
The negative—positive peak pair at 222/231 nm is very similar to
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Fig. 3. UV absorption spectra of wild-type Vpr52-80 (20 uM) at pH 4.8 and 7.3. The
difference, pH 4.8 minus pH 7.3, expanded five-fold is also shown in the bottom trace.
The weak absorption in the 260-300 nm region is assigned to the L, and L, transitions of
Trp indole ring. The strong absorption around 220 nm is ascribed to the Trp By, transition,
while a very strong absorption due to the main-chain amide tails up to about 260 nm.
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those reported previously for Trp residues involved in cation-T inter-
actions [26,27]. This observation gives evidence that the His71-Trp54
interaction detected in the form of fluorescence quenching at
pH<5.5 (Fig. 2) is really a cation-m interaction. Although fluorescence
quenching can occur by a number of different mechanisms [38], UV
absorption spectroscopy provides a clue to the identification of the
quenching induced by cation—m interaction.

3.3. Helical structure and its pH-dependent elongation

To obtain further information on the structure of Vpr52-80, the pH
dependence of the secondary structure of this peptide was examined
by CD spectroscopy. Fig. 4 compares the CD spectra of WT Vpr52-80
at pH 4.1, 5.7, and 7.4. These spectra exhibit three isodichroic points
at 198, 210, and 221 nm (crossing points of the spectral curves in
Fig. 4), suggesting the presence of a two-state structural transition be-
tween pH 4.1 and 7.4. To analyze the transition in terms of secondary
structure content, the CD spectra including those recorded at other pH
values were processed with the computer program CDSSTR of the
CDPro package [33]. The percentages of a-helix, p-sheet, turn, and
irregular structure predicted by CDSSTR are plotted against pH in the
inset of Fig. 4. The a-helical content is much higher than those of the
other structures throughout a pH range of 4-7.5, indicating that
Vpr52-80 is predominantly a-helical in nature and serves as a good
model for the Hy; region of Vpr.

According to the dimeric structure of Vpr52-96 determined by NMR
at pH 3.0 [19], the Hy helix is localized in the N-terminal region
(Thr53-Gly75) with the C-terminal tail (Cys76-Ser96) being in irregu-
lar structure (Fig. 1). If the NMR structure of Vpr52-96 applies to
Vpr52-80 at pH<5.5, the Thr53-Gly75 region (23 residues) is folded
into an «a-helix corresponding to Hy;, while the N-terminal Cys76-
Arg80 region assumes an irregular structure. This structural model of
Vpr52-80 contains 23 a-helical residues within 29 total residues
(~80%) and is consistent with the high a-helical content (~85% at
pH<5.5) revealed by CD spectroscopy (Fig. 4). In the highly a-helical
structure of Vpr52-80, Trp54 and His71 of the same peptide molecule
are located far away from each other on one a-helix, and the interaction
between them is impossible to take place. However, if we assume an
antiparallel dimeric structure of Vpr52-80 as proposed by NMR for
Vpr52-96 [19], His71 is enabled to interact with Trp54 of another pep-
tide molecule. In other words, the presence of the His71-Tp54 cation-m
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Fig. 4. CD spectra of wild-type Vpr52-80 (20 uM) at pH 4.1, 5.7, and 7.4. The spectra were
recorded at 24 °C. Three isodichroic points are seen at 198, 210, and 221 nm. The inset
shows the percentage contents of a-helix (circle), B-sheet (cross), turn (triangle), and
irregular structure (square) obtained by using the computer program CDSSTR in the
CDPro package [33].

interaction gives support for an antiparallel helical dimer structure of
Vpr52-80. The antiparallel helical arrangement of two peptide units
may be the fundamental structural feature of Vpr.

The secondary structure of Vpr52-80 shows a small but significant
change at pH 5.5 (inset of Fig. 4). The a-helical content is a little higher
at pH<5.5 than at pH>5.5 with an opposite change of the irregular
structure content at the same pH (Fig. 4, inset), suggesting a conforma-
tional change from irregular to a-helical upon decrease of pH below
5.5. Generally, a conformational transition from irregular to o-helical is
expected to increase the hypochromism of the peptide main-chain UV
absorption [39]. Actually, the UV absorption difference spectrum in
Fig. 3 has revealed a gently sloping negative background ascribable to a
decrease of the peptide main-chain absorption at acidic pH, being consis-
tent with the o-helical elongation. Furthermore, the pH of a-helical
elongation well corresponds to the pH of onset of the His71-Trp54
cation-T interaction revealed by florescence spectroscopy (Fig. 2). The
coincidence of the transition pH may not be accidental but would suggest
a correlation between the a-helical elongation and cation-m interaction.
Probably, a few residues including Trp54 and/or His71 near the C- and/or
N-terminal ends of Hy; are in irregular structure above pH 5.5 but they
fold into a-helical structure below pH 5.5 to elongate the Hy; helix
with the help of cation-m interaction between His71 and Trp54.

3.4. Contribution of the cation—- interaction to the stability of helical dimer

The stability of the antiparallel helical dimer structure of Vpr52-80
was investigated by CD spectral measurements at varied temperatures.
Fig. 5 shows the temperature dependence of the ratio of molar elliptic-
ities at 208/215 nm ([6]08/[0]215), which is sensitive to pH and serves
as a marker of the secondary structure transition (Fig. 4). The [0]z0s/
[0]215 ratio is nearly constant around 1.1 below 30 °C, while it decreases
significantly at higher temperatures. The temperature dependence is
well approximated with a sigmoidal curve as shown in Fig. 5 [40]. The
inflection point of the sigmoidal curve is seen at 49 °C for the sample at
pH 7.3, while it shifts up to 54 °C for the sample at pH 4.8. The elevated
transition temperature at pH 4.8 clearly indicates that the His71-Trp54
cation- interaction between two Hy; helices contributes to the stabili-
zation of the Hyy helical dimer structure. Once the helical dimer struc-
ture is partially destroyed at higher temperatures, positively charged
His71 seems to further destabilize the helical structure because the
drop of the [0],0s/[0]215 ratio above the transition temperature is larger
at pH 4.8 than at pH 7.4. The His71-Trp54 cation-m interaction may be
a key force that enhances thermal stability of the helical dimer at acidic
pH.
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Fig. 5. Temperature dependence of the CD spectrum of wild-type Vpr52-80 (20 pM) at
pH 4.8 and 7.3 as monitored by using the ratio of molar ellipticities at 208 and 215 nm
([6]208/[6]215, see Fig. 4). The solid and dotted vertical bars at 49 and 54 °C indicate the
temperature of transition midpoint for pH 7.3 (closed circle) and 4.8 (open circle),
respectively.
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3.5. Environmental fluctuation of Trp54 diminished by the cation-m
interaction

The intensity of Trp fluorescence generally decreases with in-
crease of temperature as a consequence of non-radiative deactivation
of the excited electronic state by environmental thermal fluctuations
[41]. Such thermal quenching may be used as a probe of the dynam-
ical mobility of protein structures surrounding Trp residues [41,42].
Fig. 6 shows the temperature dependence of Trp fluorescence intensi-
ty for WT (open circle) and H71A (triangle) of Vpr52-80 at pH 3.7.
The data for WT Vpr52-80 at pH 7.3 (closed circle) and amino acid
Trp at pH 3.7 (cross) are also shown for comparison. The fluorescence
peak intensities observed at varied temperatures are normalized to
that at the lowest temperature (5 °C). As seen in the figure, the Trp
fluorescence intensity generally decreases with increase of the tem-
perature and the slope of the decrease is regarded as a measure of
the degree of thermal quenching. The largest quenching slope is
seen for amino acid Trp, which is deactivated by collisions with ther-
mally agitated solvent water molecules. On the other hand, Trp54 of
Vpr52-80 is less quenched than amino acid Trp, reflecting a partially
protected environment within the peptide structure. The smallest
thermal quenching is observed for WT Vpr52-80 at pH 3.7, whereas
the peptide having neutral His71 (WT, pH 7.3) or lacking His71
(H71A, pH 3.7) shows a medium thermal quenching. This observa-
tion clearly indicates that protonated His71 plays an important role
in reducing the fluctuation of the peptide structure around Trp54
through the His71-Trp54 cation-m interaction. The hump around
55 °C in the fluorescence decay curve of WT Vpr52-80 at pH 3.7
may be ascribed to the loss of the cation-m interaction, which is an-
other factor that quenches Trp fluorescence.

3.6. Modification of helical dimer structure by the cation-m interaction

ANS is a small dye molecule that has been widely used as an extrin-
sic fluorescence probe of protein structure [30,31]. The dye is minimally
fluorescent in aqueous solution but exhibits a strong fluorescence when
bound to proteins. The binding of ANS to proteins is driven by hydro-
phobic and electrostatic interactions [31,43]. The hydrophobic interac-
tion occurs between aromatic rings of ANS and hydrophobic regions
of proteins (see Fig. 7A for the molecular structure of ANS). On the
other hand, the electrostatic interaction occurs between the negatively
charged sulfonate group of ANS and positively charged amino acid
side-chains [44]. Although ANS binds to proteins through hydrophobic
and electrostatic interactions, the ANS fluorescence intensity may be
used as a probe of surface-accessible hydrophobic regions of proteins
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Fig. 6. Temperature dependence of the normalized Trp fluorescence intensity for wild-type
Vpr52-80 at pH 3.7 (open circle) and 7.3 (closed circle), the H71A mutant of Vpr52-80 at
pH 3.7 (triangle), and amino acid Trp at pH 3.7 (cross). The intensity was normalized to
that at 5 °C for each sample.

because ANS emits much stronger fluorescence in non-polar hydropho-
bic environment than in polar environment [43].

Fig. 7 shows florescence spectra of ANS (10 uM) in the presence of
20 uM WT Vpr52-80 (A) or its H71A mutant (B) at pH 3.7 and at
5-69 °C. The spectra were recorded at the same pH (3.7) to avoid
the pH-dependent residue ionization that might affect electrostatic
binding of ANS. The peak of the ANS fluorescence is observed at
469 nm in the presence of the H71A mutant, while it decreases to
464 nm in the presence of WT Vpr52-80. The 5-nm blue shift sug-
gests that the environment of ANS is less polar when bound to the
WT peptide than to the H71A peptide [43].

The peak intensity of ANS florescence in the presence of peptide is
plotted against temperature in Fig. 7C together with that of free ANS.
Unbound ANS in polar environment gives negligibly weak fluorescence
and therefore the fluorescence intensity in the presence of peptide
straightforwardly reflects the binding of ANS to hydrophobic regions
of the peptide structure. The ANS fluorescence intensity normalized to
that at 5 °C shows comparable slopes of temperature dependence for
WT and H71A (inset of Fig. 7C). This observation suggests that the ther-
modynamic properties of ANS binding are not much different between
the WT and H71A peptides, and the ANS affinity averaged over individ-
ual binding sites does not significantly differ between the two peptides.
Accordingly, the ANS fluorescence intensity at a given temperature may
be regarded as a measure of the number of ANS biding sites at that
temperature.
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from 5 to 69 °C. The peak intensities of ANS fluorescence in the presence of the peptides
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intensity in the absence of peptide is also plotted for comparison (cross). The inset
compares the temperature dependence of the fluorescence intensity normalized to that
at 5 °Ciin the presence of peptide.
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The ANS florescence intensity is much weaker for WT Vpr52-80
than for the H71A mutant at every temperature (Fig. 7C), even though
the 5-nm blue shift in peak wavelength predicts less polar environment
(and stronger fluorescence) for ANS bound to the WT peptide [43]. The
unexpectedly large reduction of ANS fluorescence in WT Vpr52-80
compared to the H71A mutant may be explained by a significant
decrease of the number of ANS binding sites. Possibly, the His71-
Trp54 cation-m interaction, which links both ends of two antiparallel
helices of WT Vpr52-80, modifies the mutual arrangement of the
helices to a more compact form and prevents ANS molecules from
accessing the Leu-zipper-like hydrophobic region in the dimeric
interface. The increased compactness of the dimeric structure is
consistent with the decreased fluctuation of the Trp54 environment in
the presence of His71-Trp54 cation—m interaction (Fig. 6).

4. Discussion

In this study, we have examined the possibility of a cation- inter-
action between His71 and Trp54 of the HIV-1 Vpr protein by using the
peptide fragment Vpr52-80 containing the Hy; region, which had
been reported to form an antiparallel dimeric interface. Analysis of
fluorescence, CD, and UV absorption spectra has revealed that a
cation-m interaction occurs between His71 and Trp54 at pH<5.5.
The His71-Trp54 cation-m interaction induces a small elongation of
the Hy; helix, an increase in thermal stability of the helical dimer,
and a modification of the helical dimer arrangement to produce a
more compact dimer. Biological relevance of the present novel find-
ings will be discussed below.

The virion of HIV-1 has been believed to enter host cells through
fusion of the viral envelope with the host plasma membrane, followed
by uncoating of the viral capsid that covers the viral genomes and pro-
teins including Vpr [2,6]. In that case, Vpr will be released into cytoplasm
of the host cell without encountering acidic environments, because the
cytoplasmic pH is usually maintained around neutral by homeostasis.
However, accumulating evidence indicates that HIV-1 can also enter
host cells through endocytosis to initiate productive infection [45-47].
After the endocytosis, the viral genomes and proteins including Vpr
will be released within the endosome, whose internal pH can be as low
as 5 [48]. Under such acidic conditions, the His71-Trp54 cation-m inter-
action may occur as revealed here and would affect Vpr-involved pro-
cesses in an early stage of viral life cycle. In other stages of viral life
cycle as well, Vpr is likely to encounter acidic environments. For example,
infectious HIV-1 produced by primary macrophages is assembled in late
endosomes [49,50], implying a role of the His71-Trp54 cation—T interac-
tion in assembling HIV-1 virions within acidic endosomal compartments.

The pK, of His71 is 5.5 as described in the Results section. This pK,
value is lower by one pH unit than that of a His residue exposed to
solvent water [22]. The lowered pK, of His71 may be due to nearby
positive electric charges that disfavor the protonated cationic state
of the imidazole ring of His71. Actually, three positively charged Arg
residues are clustered in the C-terminal vicinity of His71 (Arg73, 77,
and 80), being consistent with the lowered pK, value of His71. If the
positive charges of the Arg cluster are neutralized by exogenous
negative charges, the pK, of His71 would be raised into a neutral
range and the His71-Trp54 cation-m interaction would be possible to
take place even at cytoplasmic pH. Vpr binds to a variety of proteins
of both viral and host cellular origins [6-9], and the Arg cluster may
be involved in such binding through electrostatic interactions with
negatively charged regions of target proteins. Mutational studies have
shown that Trp54 is essential for Vpr to bind uracil DNA glycosylase, a
cellular enzyme involved in base excision repair [51,52], while His71
plays an important role in transport of a viral genome-protein complex
containing Vpr itself to the host cell nucleus [53,54]. Although the
mechanisms of Vpr binding to such proteins and nucleoproteins are
unknown, the pair of Trp54 and His71 may be involved in interactions
with viral and cellar components to perform various functions of Vpr.

5. Conclusion

The Hyy; region of HIV-1 Vpr protein forms an antiparallel helical
dimer not only at acidic pH reported previously but also at neutral
pH. Upon protonation of His71 at pH<5.5, a cation-m interaction
occurs between His71 and Trp54 belonging to different Hy; helices.
The cation-m interaction plays a role in stabilizing and tuning the
dimeric structure of Vpr, at least in the Hy; region. Vpr may utilize the
His71-Trp54 cation-m interaction to achieve its proper interactions
with various kinds of viral and cellular components. The structural
modification by the cation-m interaction is one of the novel findings
of this study and is expected to serve as a clue to structural under-
standing of the roles of Vpr in the virus life cycle and in the pathogen-
esis of AIDS.
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