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ABSTRACT. The nucleocapsid proteins (NCps) of lentiviruses play a key role during the retroviral replication
cycle. NCps contain one or two highly conserved domains characterized>d{@X4HX4C sequence
which binds zinc with a high affinity. The reasons of the high conservation of zinc fingers of CCHC type
in lentiviruses were investigated by a structural study of mutants in which the zinc-coordinated ligands
were exchanged. The HCHC form was unable to bind zinc tetrahedrally, whereag4fi8ts80)NCp7
corresponding to the CCHH motif, the zinc was tightly complexed. The mutant peptide exists in two
interconverting conformations E and BGpe (293K) = 0.1 kcal/mol] arising from the zinc coordination

of His?8, by either its N2 or its N1, respectively. As compared to the native CCHC zinc finger, the
Cy<?® — His mutation induces structural changes in the finger due to a modification in the coordination
state of Hig® bound to zinc by N2 in the wild-type finger by N1 in both conformers of the mutant.
Introduction of these single mutations within the NCp7 proximal zinc finger in the HIV-1 genome was
very recently shown to result in a loss of viral infection. This supports the hypothesis that structural
changes of the zinc finger domain of NCp7 inhibit the recognition of one or several targets critically
involved in the virus life cycle.

A large number of proteins contain zinc finger domains which have an almost identical folded conformation around
which have structural and/or functional roles in transcription the metal ion§, 14—16). The functional significance of these
factors. They have been shown to be involved in the direct structural parameters has been clearly evidenced in vivo by
recognition of DNA (—4). In these metalloproteins, the size the complete loss of infectivity of viruses in which critical
of the fingers and the sequential nature of the zinc ligands residues of NCp7 have been mutated. These mutations were
are different. Thus, transcription factors are characterized by shown to either disrupt the finger proximity (Pto~ Leu
successive and independent CCHH domaib)s lfut other mutation) (4), to produce a loss of tetrahedral zinc com-
proteins contain one or several identical zinc arrays of CCCC, plexation (Cys— Ala mutation) (7) or to induce a
CCHC, CCCH, or HHCC type2(-5). The CXCXsHX,C conformational rearrangement of the finger domain around
zinc finger present in one or two copies in nucleocapsid the zinc ion (Hig® — Cys mutation) {8). Similar point
proteins (NCps)of lentiviruses, such as the human immu- mutations carried out in the MoMulV NCp10 protein, which
nodeficiency virus HIV-1, seems to be the smallest module contains only one CCHC zinc finger, also resulted in a loss
found yet 6—9). In these highly conserved finger domains, of virus infectivity (19, 20).
the zinc atom is bound tetrahedrally and with a great affinity ¢ \yas therefore interesting to investigate the reasons for
(10 M™) to the highly folded peptide backbon&9). which the CCHC motif has been selected by the lentiviruses.

The HIV-1 NCp7 protein has two successive CCHC \yjt this aim, we have synthesized by solid-phase method
domains (Figure 1A). This protein is crucially involved in o new peptide sequences identical to that of the N-terminal
several key steps of the viral life cycle (RNA packaging, (13-30) zinc finger of NCp7, except that the CCHC

reverse transcription, and integration) through interactions arrangement was replaced by the HCHC or the CCHH ones.
with single-stranded nucleic acids (RNA and DNA) and viral |, the first case, no tetrahedral zinc complexation was

proteins (0-13). The main characteristic of the NCP7 gpserved. In contrast, the CCHH motif in Pig13—30)-
structure is a spatial proximity between both zinc fingers NCp7 binds zinc tightly and the structure of the peptide has
. ~_been investigated both Y4 and heteronucled®N NMR.
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FiGURE 1: (A) Primary sequence of NCp7. The sites of &ys His and Cy3® — His mutations in the isolated (¥80)NCp7 zinc finger

(in bold) are indicated by arrows. (B) Visible spectrum of the!k{3—30)NCp7 and (C) Hi®¥(13—30)NCp7 peptides at 0.25 mM, pH

6.5, and 293K in the presence of €dons at increasing concentrations 0.25-(-), 0.50 (- - -), 0.75 {-+), and 1 ) molar equivalent.
Addition of 2 equiv of C8" led to curves identical to those observed with one equivalent. The spectrum in panel C is characteristic of a
complex formation in which the cobalt atom is tetracoordinated by two cysteine and two histidine regig)ues (

MATERIALS AND METHODS trometer. 1D NMR experiments inJ@/D,0O were performed

Peptide SynthesiZhe Hid513—30)NCp7 (VKHFNCGKE- from 278 to 323 K. Addition of 10% CEDH in the Hig®-
GHTARNCRA) and Hig%(13—30)NCp7 (VKCFNCGKEG- (13—30)NCp7 samples allows a series of 1D spectra from
HTARNHRA) fragments were synthesized on an Automatic 273 t0 263 K to be performed. At these low temperatures,
Applied Biosystems 433 A peptide synthesizer using the the exchange process is lower resulting in signals sharpening.
stepwise solid-phase synthesis method and Fmoc amino acid¢D homonuclear HOHAHA was acquired in the clean mode
as already describe@]). The Hig8(13—-30)NCp7 peptide (75 ms MLEV-17 spinlock duration), using a 3-9-19 pulse
was also synthesized with the two histidines 95% and ~ Sequencel3) with gradients for water suppression at 293
15% 3C enriched. The labeled histidine (Senn Chemicals) K, 278 K, and 268 K. A total of 512 FIDs of 96 scans were
has been protected for Fmoc chemistry as reporBa). ( collected using the TPPI meth(_)?H_). NOESY spectra were
Purification of peptides was carried out by HPLC with C18 recorded with the same acquisition and water suppression
VYDAC column using acetonitrile gradient. Electrospray Mode at 278 and 268 K with mixing times of 300, 200, and
mass spectroscopy measurements: calculated-m2685.80 100 ms. Data were zerofilled to 2K 1K real points and
g/mol, experimental mass 2035.30 g/mol for labeled Hi% apodized using 60phase-shifted cosine-bell function in both
(13-30)NCp7. dimensions before Fourier transformation. Additional base-

UV MeasurementdUV —vis absorption spectra between line correction was performed using the software supplied
190 and 800 nm were obtained with a Perkin-Elmer Py Bruker.
spectrometer (Lambda 3B). The M&3—30)NCp7 and A series of NOESY experiments was carried out at 278
His?8(13—30)NCp7 peptides were dissolved in 50 mM Hepes K using several mixing times (25350 ms) in order to
buffer (pH 7), and the complexation of &oions was carried ~ Measure the exchange rate between the two forms at this
out by adding aliquots of Coguntil 2 equiv. In competition ~ temperature In these experiments, the intensity of the
experiments, incremented fractions of ZpGblution were ~ €xchange cross-peaks increased progressively with the
added to the Co(ll)-peptide (1:1) solution, and the variation €nhancement of the mixing time, allowing discrimination
of absorption was measured at 685 nm. between distance-dependent NOEs and exchange process.

Ellman Test.The possible content in free cysteines for A ROESY experiment (with a spin lock of 100 ms) rein-
both peptides complexed with CaGlas determined using ~ forced these results as the exchange peaks were found nega-
the Ellman reagent [5/&lithiobis(2-nitrobenzoic acid) tive and the ROEs positive (data not shown). Finally, the
(DTNB)]. A 0.5 mM solution of DTNB n 1 M Tris buffer NOESY (at 100 ms) and ROESY experiments at 268 K gave
at pH 7.5 was added to a 0.015 mM solution of Co(ll)- €exactly the same results, excluding spin-diffusion artifacts.
peptide and the intensity of the absorbance at 412 nm due Two *N-histidine-enriched samples of Hi§13—30)NCp7
to the formation of 2-nitro-5-thiobenzoatgsf2nmy= 13 600 were prepared at 2 mM in 90%8/10%D,0 and BO. 2D
M-t cm™] in the presence of the free SH group was *H->N HSQC @5) and HMQC were acquired at pH 68
measured. 0.2 and 278 K. The HMQC spectrum was recorded with a

NMR ExperimentsTwo samples of the H&13—30)- 22 ms dephasing delay to observe long-rangeN-torrela-
NCp7 and Hi(13—30)NCp7 peptides in the presence of tions at the histidine ring levePg). A total of 256 FIDs of
1.5 equiv of zinc were prepared at a concentration of 2 mM 128 scans were collected using the TPPI method.
in 90% H0/10% D,O and DO at pH 6.8+ 0.2. All the Structure CalculationsStructures of Hi¥(13—30)NCp7
NMR spectra were recorded on a Bruker AMX600 spec- complexed to zinc were generated with a simulated annealing
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protocol under NMR distance restraints within the Discover

NMRchitect package from Biosym Technologies. A zinc "u.f a o '*qi: 16
force field obtained from ab initio calculations and param- ! - %, i y i
etrized in the AMBER framework was used4( and | | > b < ﬁ- 3
references therein). Distance restraints were obtained from &5 | | ’ 1T = .
NOESY spectra recorded with mixing times of 100 ms at | | - = =
268 K (see above). The+H distances were classified into | i
three categories: 2-2.5 A, 2.0-3.5 A, and 2.6-5.0 A, 1 17
corresponding to strong, medium, and weak NOEs, respec- | = = - 14
tively. Appropriate pseudoatom corrections were added to sil | 3 ,“E o 120|
the upper limits involving methylene, methyl, or aromatic 1 4 4 " |
groups given by the default values of the softwe2@)( 1 = S x Q;f' ‘L:'n 11 i e [
18 i
| 1= - @ 10 15

RESULTS " a. % “uh ©

Folding of the HCHC and CCHH Fingers of H¥§13— a8 o= 1‘?“ oo
30)NCp7 and Hi¥(13—30)NCp7, Respectely, around the | | =", g I7 A
Zinc Atom.Absorption spectra between 500 and 800 nm IH ) * ) 25~
following the addition of CoGlto a solution of a Hi¥(13— T Migm™ QL'EI 19
30)NCp7 at pH 7, 20C (Figure 1B), did not present the 77 - L 28 -
typical transition bands observed in a cobalt tetracoordinated 15_' = o = Elj = [~ |
complex. Moreover, for a metabeptide ratio of 1.5, the - - o = - (=]
Ellman test showed the presence of one free SH group in 2H |
solution indicating that the HCHC motif is unable to bind 1 o = -
the zinc cation under tetracoordinated form. T 13

In contrast, the addition of CoCI2 to a solution of His28- - ':ﬂ ' -
(13—30)NCp7 (Figure 1C) led to a shape of the absorption 4 g e o=b == -
spectra in the range of 56@00 nm which represented the . L Y
d—d transition bands at 580 and 640 nm, consistent with g
the formation of a stable tetrahedral complex similar to that | e @
observed in other CCHH zinc finger28). From this I S ]
experiment, the affinity of the peptide for Co(ll) ions was A T = :
estimated to be 5 10’ M~ comparable to that of the wild- LO1H 40 P

type zinc finger Kg ~ 10" M%) (29). The immediate and
complete displacement of the cobalt from the complex by 1 FIGURE2: Part of the NOESY spectrum of (30)CCHH recorded
equiv of ZnC} (not shown) reflected the greater affinity of 2t PH 6.8 and 268K with a mixing time of 100 ms showing

S 281 . : . connectivities between NH areH resonances which are distinct
His*(13—30)NCp7 for zinc as previously observed for wild- ¢, each conformation. The black and red assignments refer to the

type zinc motifs of NCps38—30). first and second forms, respectively.
Structural analysis b¥H NMR of the His*(13—30)NCp7
peptide with 1.5 molar equivalent of zinc confirms that the of medium and strong intensity observed particulary from
HCHC arrangement did not form a stable tetracoordinated Phé® to Lys®, and from GIy? to Thr?* (Figure 3). In the
zinc array, since the 1D NMR spectrum exhibited broadened first form, some diN(i,i+2) of medium intensity are found
resonances very likely due to an exchange between severabetween Ly¥—Phé®, CysS—Asn', and Ly2°—Gly%, whereas
unstable zinc coordinated forms. Temperature variations fromweak dxN(i,i+2) NOEs are observed between &luHis?
5 to 50°C did not result in an improvement of the 1Bl and Arg®—His?®. Only one medium intensityodN(i,i+3) and
NMR spectra (data not shown). one dxj(i,i+3) connectivity is observed between Aland
In contrast, the 10H NMR spectrum of the H&(13— His?® (Figure 3). A strong dN(i,i+4) NOE between Gkt
30)NCp7 peptide in the presence of zinc displayed a wide and Al&® and long-range @N(i,i-+4) and ¢N(i,i+5) cross-
chemical shift dispersion characteristic of a folded conforma- peaks of weak intensity between C¥sGly'® and Cy$°—
tion. However, the 2D HOHAHA spectrum at 293 K shows Lys? are observed in the N-terminal part of this E form
the presence of numerous NH cross-peaks for this 18  (Figure 3). In the second formpdi(i,i+2) NOEs are found,
amino acid peptide suggesting an exchange between twotwo of weak intensity between Cifs-Lys?® and Arg%—His?®
folded forms (Figure 1, Supporting Information). and one mediumaN(i,i+2) involving GIt** and Hig3. A
Conformational Exchange between Two Zinc Complexed weak dxN(i,i+3) correlation between PHeand GIy° was
CCHH Forms in Hig¥13—30)NCp7. Sequence-specific  observed. Two weak AN(i,i+2) connectivities and one
assignments of both structures were carried out by standardnedium are evidenced between AspGly®°, Glu?l—His?3,
methods 28) at 268 K. The signals from both species were and Cy3$8—Lys?, respectively (Figure 3). The N-terminal
easily assigned since two well-distinguished sets of cross-fragment of this form is characterized by ongN{i,i+4)
peaks along the entire peptide are observed in the 2Dand gBN(i,i+5) of medium and weak intensity between &ys
HOHAHA and NOESY spectra (Figure 2). and Gly*® and Cy$° and Lys°, respectively. In the C-terminal
The two folded peptides present a similar pattern ofNH  part, only one medium a3(i,i+3) connectivity has been
NH NOEs from Vat® to His®®, with NH—NH connectivities assigned between Hisand Arg®.
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Ficure 3: Summary of sequentiall,i+1), medium and long range
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second form (below). The thickness of the bars is proportional to
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Ficure 4: Long range'H-13N correlation spectrum observed in
the 1H-15N HMQC at pH 6.8 and 293K showing the protonation
states of each histidine ring. The black and red cross-peak patterns
refer to the zinc coordination of Hidand Hig8 in E and D forms,
respectively.

the observed NOE cross-peaks intensity. The streak bars correspond

to NOEs of weak intensities. Asterisks refer to NOES that could
not be unambiguously assigned on account of signal overlap.

The H-1N HSQC spectra at 278 K display clearly two
IH-15N cross-peaks for both Hisand Hig® in the Hig®-
(13—30)NCp7 peptide, confirming the existence of two forms
(data not shown). From th#-1>N HMQC spectra of the
Zn(I1)-His?8(13—30)NCp7 complex, which recorded with a
22 ms dephasing delay to observe only long-rangeNH
correlations at the histidine ring level®), two cross-peaks
patterns for each histidine Hisand Hig® were observed

observed around 198 ppm for this nitrogen atom (Figure 4).
From these experiments, the two forms are designated E and
D on the basis of zinc coordination by theeXNatom and
No1 atom of Hig8, respectively (Figure 6A).

An increase of the temperature from 278 to 313 K induced
a transition from a slow exchange toward an intermediate
exchange between the two forms (Figure 5). The respective
amounts of exchange forms were easily measured at the level
of the two histidine protons such a)Pl of His?® or Hel of
His?2 for which a coalescence was observed at a temperature

which could be assigned from their chemical shifts and around 315 K in DO (Figure 5). From this experiment, a
coupling constants (Figure 4). It has been established thatfree enthalpy of activatiohG™ of 13.4 kcal/mol has been
the chemical shifts of the protonated and unprotonated calculated at 293 K.

histidine nitrogen are around 170 and 200 ppm, respectively From a series of 2BH-*H NOESY spectra recorded at
(32), and that the values of the imidazole coupling constants 278 K with mixing times from 25 to 300 ms (Figure 2a,

2Ins1ker, 2nezrer, and Znernsz are of 10, 8, and 5.6 Hz,
respectively, whereas the three boridgsins. is around 2
Hz (32). From this combined information, obtained from

Supporting Information), a rate constant of 3t61.2 s*
for the overall exchange process has been determinated. The
difference of enthalpy between the two form&pe at 293

measurements of cross-peaks intensities, we can deduce thd{ estimated to 0.092 kcal/molAGpe = RTIn(C3/Cg) does

His?® coordinates zinc atom by its? atom in both forms
[weak N91/H62 cross-peaks of the unprotonated nitrogen
around 196 ppm and two strongeRHO2 and Ne2/Hel
correlations of protonated nitrogen at 172 ppm (Figure 4)].
Concerning Hi&, a pattern with two strong &/Hel and

not vary significantly from 278 to 313 K (Figure 2b,
Supporting Information).

Differences between E and D forms are reinforced by
significant changes in the HN andd proton chemical shifts
from the Cy$8 residue to the C-terminus of the peptide

Ne2/HO2 cross-peaks at the unprotonated nitrogen chemical (Figure 3, Supporting Information). These NMR results

shift indicates that H® coordinates zinc by its & atom
in one form and that, in the second form, Hisoordinates
zinc by its N91 as a weaker Bll/H62 correlation was

suggest that the structural changes are not localized only
around the site of point mutation, but affect all the &ys
His?® sequence.
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residues of the 16 best structures is 029.06 A (Figure
5a, Supporting Information). The final total energy is5
7 kcal/mol. All the structures are characterized by-mrn
involving Cys®, Phé$, and Asi’ followed by the*Gly—
Gly?? sequence which folds in a type Bkturn characterized
by the dihedral angle values of L3/{® ~ —95°, y ~ 45°)
and Gl#* (® ~ —75°, v ~ 62°). Finally the sequence THy
Ala?, and Arg® is involved in ay-turn with the dihedral
angle values® ~ —59, y ~ 98°) for Ala®.

In contrast, the wild-type (:330)NCp?7 is formed of three
successive turns with the CysiBysl8, Gly22-Ala25
sequences generating a type WHurn, a type X3-turn, and
a type I -turn, respectively.

Different combinations of zinc coordination by the nitro-
gen atoms of the two histidines have been tried (without
taking into account the unambiguous assignment of zinc
coordination of the two histidines deduced frdthl NMR
data). Obviously, the zinc finger conformation which did not
correspond to the experimentally observed structures led to
important NOEs violations and structure distortions.

E Conformation of the CCHH Zinc FingelThe 15 best
structures were generated by simulated annealing calculations
with 144 relevant NOEs including 68 intraresidual and 75
interresidual NOEs distributed into 39 sequentigt(1), 18
medium range i(i+2 < j < i+4), and 19 long-range
distancesi(j = i+5) (Table 1, Supporting Information). The
rmsd on the (1528) backbone atoms of the 15 best
structures is 0.48& 0.15 A with a final total energy of 5&

8 kcal/mol (Figure 5b, Supporting Information). The main
characteristics of this structure arg-&urn observed between
Cys'®and Asni’ followed by a secong-turn including Gly?,
Lys?’, and Gl#. The end of the peptide is constituted by a
type V' S-turn from The4 to Asr?’ residues, with dihedral
angle values® ~ 59°, ¢ ~ —80°) for Ala*® and @ ~ —85°,

Y ~ 61°) for Arg?s.

Comparison between the E and D forms of{B®)CCHH
zinc finger shows a 3.05 A pairwise rmsd on the {PB)
backbone atoms. In addition to the modification of the{23
28) sequence which presents a pairwise backbone rmsd of
1.45 A, an important difference in the two folded structures
is observed at the level of L§%and Gli#! increasing the

Besides, the features of the NOEs provide strong evidencermsd value to 1.93 A when the (3&3) backbone atoms

that both E and D species fold in conformations different
from that of the native peptide through all the {130)
peptide sequence (Figure 4, Supporting Information).

E and D Hig%13—30)NCp7 Structure Determination. D
Conformation of the CCHH Zinc FingeBimulated anneal-
ing calculations were performed with 145 relevant distance

are superimposed (Figure 6B). Although the difference
between the two CCHH zinc finger concerns a change in
nitrogen coordination of zinc occurring at the level of His
(Figure 6A), this change also induces important conforma-
tional modifications from Ly% to His?® residues.
Comparison of Natie and Mutant Zinc Finger Structures

restraints distributed into 65 intraresidual and 80 interresidual The wild-type (13-30)CCHC zinc finger is composed of

upper limits. The distribution of the interresidual constraints
was as follows: 45 were sequentigl{1), 18 were medium
range (2< |i — j| < 4), and 17 were long-range interactions
(i,j = i +5). A total of 50 structures characterized by the
lowest restraint energy<(10 kcal mof?!) and no distance
violation greater than 0.3 A were selected. They were

three turns: the Cy&-Cys'€, Gly?>—Ala?, and Al&5—Cys.
Fragments form a type VIB-turn, a type XS-turn, and a
type | 3-turn, respectively. In the case of the CCHH mutant,
the turns found in both conformers are slightly different as
illustrated in Figure 4 (Supporting Information) when a
NOE's diagonal plot shows the differences between the E

generated (see Materials and Methods), and the 16 bestnd D mutated forms and the wild-type zinc finger. The

structures were further minimized with restraints (Table 1,
Supporting Information) and in a final step without restraints.
We currently used a zinc force field derived from ab initio
calculations and parametrized in AMBER framework in order
to account for metal protein interactiorigj. The root-mean-
square deviation (rmsd) on the backbone from€ysHis?®

contribution of the Cy®¥ — His mutation on the entire zinc
finger is estimated in a first step from the difference
evidenced in the NOEs diagonal plot between each mutated
form and the (13-30)wild-type zinc finger (Figure 4,
Supporting Information). Moreover, the superposition of the
(15—28) backbone atoms of the CCHH averaged D and E
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Ficure 6: (A) Substitution of the CCHC wild-type motif onto a CCHH one, leads to two interconverting E and D forms characterized by
Ne2 and N1 of His?® as zinc ligands, respectively. In the CCHH maotif, the first#liggand coordinates zinc by & contrary to N2 in

the CCHC wild-type motif T, 9, 14). (B) Stereoview of the superimposition of the backbone of the average 3D structure of E (in red) and
D (in blue) forms, with a pairwise rmsd of 3.05 A on the 128) backbone atoms.

FiIGure 7: Stereoview of the comparaison between (top) the £(13
30)CCHH (red) and wild-type (£330)CCHC zinc finger (yellow)
and (bottom) the D(1330)CCHH (blue) and wild-type (3330)-
CCHC zinc finger (yellow).

conformations onto the CCHC native one showed rmsd
values of 2.34 and 3.15 A, respectively (Figure 7). The
change of zinc coordination of Hisfrom Ne2 into the native
CCHC motif (7, 14) to No1 into the mutant CCHH motif
(Figure 6A), strongly modifies the N-terminafll§—22)
segment in addition to th8—28) domain (Figure 7) (Table

2, Supporting Information).

DISCUSSION

The aim of this study was to investigate the structural and
functional specificity of the retroviral CCHC zinc finger
which is highly conserved in lentiviruses. This CCHC
domain represents the smallest sequence able to bind zinc
with a high affinity, and its solution structure determined
by 'H NMR spectroscopy is characterized by four successive
well-defined turns T, 9, 14). The two repetitive fingers of
NCp7 have a similar structure, and their relative orientation
was demonstrated to be crucial for the virus infectivity. The
exchange of zinc ligand, which consists of the replacement
of His?® by Cys in NCp7 leading to a CCCC domain was
found to preserve the affinity for the zinc but was shown by
H NMR to induce a different peptide folding around the
metal atom 82), leading to a loss of proximity between both
fingers (8). This single mutation introduced in the retroviral
genome led to a noninfectious virusg( 33).

It was therefore interesting to investigate if other exchanges
in zinc ligands could induce modifications in zinc finger
structure and subsequent loss of biological activity. The first
modification performed in this study was the replacement
of Cyst®in the N-terminal finger of NCp7 by His leading to
a HCHC motif. This motif has never been described as a
potential finger domain in a protein, and we show here that
the sequence HXCX,HX,4C is unable to provide a stable
tetracoordinated zinc or cobalt complex as shown by UV
spectroscopy and biH NMR study of the Hi$>(13—30)-
NCp7 peptide.
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The second modification concerns the last Cys of the finger
Cy<®, which was replaced by His leading to a CCHH
structure which is a classical zinc binding motif found in a
great number of nucleic acid binding proteiris 2). These
motifs, containing in most cases a €4CX;,HX3-sH type

Ramboarina et al.

conformer. These structural changes are very likely respon-
sible for the loss of infectivity induced by the corresponding
mutations within the zinc finger sequence in the genomes
of HIV-1 (35) and MoMuLV viruses 19, 20). These mutants
are essentially defective in reverse transcription, leading to

sequence, have a highly conserved 3D structure consistinga loss of full-length viral DNA synthesisl, 20, 35).

of a -hairpin which encompasses the two cysteine ligands,
followed by ana-helix including the two His 1—4, 34).

The structure of the CCHH motif in the finger domain of
NCp7 is very different to that of the CCHC motif found in
the native protein. First, the CCHH zinc array exists in two
interconverting folded conformations (E and D forms) that
differ by the coordination of the last His side chain to zinc.
Indeed, whereas in both forms, Figoordinates zinc by its
NO1 atom, the metal is coordinated by theZ\atom and by
the No1 atom of Hig® in the E and D forms, respectively
(Figure 6A). An interesting observation is that both com-
plexes are energetically almost equivalent withA&pe
around 0.1 kcal/mol at 293 K.

It can be noticed that mutation of the last Cys ligand into
a histidine does not induce helical folding at the level of the
H—X,4—H sequence as observed in the classical CCHH zinc
finger. It has been generally observed that the helical folding
induces a zinc coordination to the imidazole2Nof the
histidine ligands 4). Our heteronuclear NMR results show
that the zinc binding of the first histidine ligand Figdid
not occur by coordination of & as found in the native zinc
finger but by N91 in the mutated zinc array (Figure 6A).
This is probably due to restraints for zinc binding in the
C-X4-H-X4-H sequence.

The presence of two interconverting structures was previ-
ously observed in the N-termindtHX3zHX3CX,C*® zinc
binding domain of HIV-1 integrasé). NMR studies of this
HHCC domain have shown that Héids coordinated to the
zinc by its No1 atom in both forms, while the metal is
coordinated by th&Ne2 and theNo1 atoms of Hi&? in the
E and D forms, respectively. In the E form, the two histidines
are included in a well-defined helix, while in the D form,
the helical arrangement is broken by a turn at théHevel
(5).

In addition to the discussed differences in zinc coordina-
tion, a comparison of the structure of the wild-type {13
30) zinc finger with that of the H#§(13—30) mutant shows
important structural modifications. Thus, the native zinc
finger is characterized by type | and Il Nt§ tight turns
with numerous internal hydrogen bonds between the sulfur
atom of the cysteine amino acids and the amide proton of
the (+1) and {+2) residuesT, 9). The replacement of C¥%
by His in the mutant results in a large rearrangement of the
peptide backbone from the C§sesidue arising in part from
the zinc coordination of H by its N61 atom. Only one
NH—S hydrogen bond is observed in the #{&3—30)NCp7,
between the sulfur atom of Cysand the amide proton of
His?? in the E form and between the sulfur atom of &ys
and the amide proton of Hisin the D form. Therefore, the
Cy<8— His point mutation provides large structural changes
in all the peptide backbone in the two forms of the mutant.

Thus, it can be noticed that the side chains of amino acids
(vVal®®, Phéé, Thr?4, Ala?®, Arg?®) critically involved in
nucleic acid binding37, 38) or RT recognition 13) are not
found in the same spatial orientation in the WT zinc finger
and in the CCHH mutant especially in the case of the E

In account of these biological data and according to our
NMR results on the isolated H$13—30)NCp7 peptide, we
can assume that the substitution of the N-terminal CCHC
zinc finger to a CCHH one in the entire NCp7 would strongly
affect the structural integrity of the protein. This could result
in a drastic alteration in the recognition by the modified
NCp7 of its biological partners such as nucleic acids as well
as viral or cellular proteins (Vpr, RT, integrase)1{-13,

39) (work in progress in our laboratory).

In conclusion, this structural study of the isolated proximal
CCHH zinc finger mutant of NCp7, associated to that
performed on the CCCC mutantl§ 32), allows the
demonstration of the critical requirement of a CCHC type
structure for the zinc fingers of NCps in lentiviruses.
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