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The three-dimensional solution structure of the
matrix protein from the type D retrovirus, the
Mason–Pfizer monkey virus, and implications for the
morphology of retroviral assembly

the processes of retroviral assembly and maturation andMaria R.Conte1, Michaela Klikova2,
the exact roles of the Gag proteins in these events are notEric Hunter3, Tomas Ruml2 and
fully understood. In type C retroviruses [lentiviruses,Stephen Matthews1,4

bovine leukaemia virus (BLV)/human T-lymphotrophic
1Department of Biochemistry, Imperial College of Science, Technology virus (HTLV) group], the MAs are targeted efficiently to
and Medicine, University of London, London SW7 2AY, UK, the plasma membrane, where the particle formation occurs.2Department of Biochemistry and Microbiology, Institute of Chemical On the contrary, in type B and D retroviruses, theTechnology, Prague, Czech Republic and3Department of

Gag protein pre-assembles before association with theMicrobiology, University of Alabama at Birmingham, Birmingham,
AL 35294, USA membrane (Gerderblom, 1991; Wills and Craven, 1991;

Hunter, 1994).4Corresponding author
The Mason–Pfizer monkey virus (M-PMV) is the proto-e-mail: s.j.matthews@ic.ac.uk

type of the type D retroviruses. This virus is one of the
best characterized simian retroviruses (SRV) (Van DerThe Mason–Pfizer monkey virus (M-PMV) is the proto-

type of the type D retroviruses. In type B and D Kuyl et al., 1997) which induces a fatal immmunodefici-
retroviruses, the Gag protein pre-assembles before ency syndrome in rhesus macaques, initially called SAIDS
association with the membrane, whereas in type C for simian AIDS (Marx et al., 1984; Stromberget al.,
retroviruses (lentiviruses, BLV/HTLV group) Gag is 1984). Nevertheless, the SRVs are unrelated to SIV (simian
targeted efficiently to the plasma membrane, where immmunodeficiency virus), which currently is recognized
the particle formation occurs. The N-terminal domain as the simian counterpart of the human immmunodefici-
of Gag, the matrix protein (MA), plays a critical role ency virus.
in determining this morphogenic difference. We have Although M-PMV normally assembles its interior pro-
determined the three-dimensional solution structure of tein shell, the capsid, in the cytoplasm, a single amino
the M-PMV MA by heteronuclear nuclear magnetic acid substitution in the M-PMV MA resulted in virus
resonance. The protein contains fourα-helices that are particle assembly at the plasma membrane rather than
structurally similar to the known type C MA structures. within the cytoplasm, in a similar way to type C retro-
This similarity implies possible common assembly units viruses (Rhee and Hunter, 1990). The mutant, which has
and membrane-binding mechanisms for type C and one amino acid substitution at position 55 (arginine to
B/D retroviruses. In addition to this, the interpretation tryptophan), allowed the identification of a dominant signal
of mutagenesis data has enabled us to identify, for the in the Gag of M-PMV responsible for the intracytoplasmic
first time, the structural basis of a putative intracellular capsid assembly in type D retroviruses. This signal appears
targeting motif. to prevent immediate transport of individual Gag proteins
Keywords: Mason–Pfizer monkey virus/matrix protein/ to the plasma membrane or targets them to an intracellular
NMR/retroviral assembly/solution structure assembly site. This, together with other studies (Yuet al.,

1992; Fäcke et al., 1993;Yuanet al., 1993; Freedet al.,
1994), implies a key role for the MA in the morphogenesis
of retroviruses.

Introduction The sequence homology between MAs of different
mammalian retroviruses is very low, but most of themGag proteins, the major structural components of retro-
show the common feature of a myristate attached at theviruses, play a central role in viral replication at both the
N-terminal glycine (after the removal of the terminalearly and late stages of the virus life cycle (Wills and
methionine). The high resolution three-dimensional struc-Craven, 1991; Hunter, 1994). Thegaggene of mammalian
tures of several MAs of type C retroviruses (HIV, HTLV,retroviruses encodes a precursor protein which is respons-
BLV and SIV) have been solved by both crystallographyible for the assembly and release of the virion particle
and NMR (Massiahet al., 1994; Matthewset al., 1994,from the infected cells. Shortly after budding or in the
1995, 1996; Raoet al., 1995; Christensenet al., 1996;late stage of the budding, the polyprotein precursor is
Hill et al., 1996). Despite the low sequence homology,proteolytically processed by the viral protease into the
the structures of HIV, HTLV, BLV and SIV MAs wereprinciple mature Gag-derived proteins: matrix (MA),
found to be very similar, which could imply a commoncapsid and nucleocapsid. The N-terminal matrix protein
assembly design principle for the MA of type C retro-of the gag gene product has been found associated with
viruses (Matthewset al., 1996).the virus envelope glycoproteins in most mammalian

Here we report the high resolution 3D structure of theretroviruses (Gerderblomet al., 1989; Arnold and Arnold,
MA of the M-PMV, which we believe is the first structural1991; Nermutet al., 1994; Spearmanet al., 1994). Several
insight into an MA from a type D retrovirus. The structurelines of evidence suggest that this protein is involved in

virus particle assembly, transport and budding, even though of M-PMV MA shows fourα-helices closely packed
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together which are topologically related to HIV, SIV, BLV
and HTLV MAs. In addition, M-PMV MA shows the
characteristic localized patch of basic residues, commonly
seen in type C retroviruses, which has been suggested to
be responsible for the efficient targeting to and association
with the membrane (Yuanet al., 1993; Zhouet al., 1994;
Matthewsat al., 1996).

Mutagenesis and specific in-frame deletion analyses
within the MA of M-PMV and HIV have provided basic
information about the role of the MA in Gag stability and
in viral capsid assembly for both types of retroviruses. As
far as M-PMV is concerned, several key modifications
have been identified, some of them affecting the capsid
assembly, others playing crucial roles in capsid transport
and membrane association (Rhee and Hunter, 1990, 1991).
We have been able to provide structural insights that allow
interpretation of these data and we suggest plausible
models for the different morphogenesis between type C
and type B/D retroviruses.

Results and discussion

The M-PMV MA was expressed inEscherichia coli. The
NMR sequence-specific backbone1H assignments were
obtained using 3D15N–1H nuclear Overhauser (NOESY)
heteronuclear multiple quantum coherence (HMQC) and
Hartmann–Hahn (HOHAHA) HMQC spectroscopy
(Marion et al., 1989; Driscollet al., 1990). The secondary
structure elements and1H side-chain assignments sub-
sequently were determined. Figure 1 shows representative
strips taken from 3D NOESY HMQC for the region
between Thr21 and Leu31. The distance restraints used
in the structure calculations were obtained from the
NOESY HMQC experiment and 2D homonuclear NOESY
spectra. The structures were calculated within the program
XPLOR using a dynamic simulated annealing protocol
(Nilges et al., 1988; Brunger, 1993) on the basis of 1069
nuclear Overhauser effect (NOE) distance restraints and

Fig. 1. Strips taken from the 3D15N-1H nuclear Overhauser (NOESY)45 H bond distance restraints. heteronuclear multiple quantum coherence (HMQC) experiment, for
the region spanning residues 21–31. The assigned protons are labelled.

Solution structure of M-PMV MA The 15N chemical shift is indicated for each amide at the bottom of
each strip.A final family of 15 refined structures has been defined

(Figure 2) for M-PMV MA. The overall root-mean-square
deviation (r.m.s.d.) between the family and the mean contacts with helix C. Helices A and B lie approximately

perpendicular to helices C and D, with numerous inter-coordinate position is 0.796 0.1 Å for the backbone
atoms and 1.316 0.1 Å for all the heavy atoms in regions helical contacts defining an extensive hydrophobic core.

The major contacts involve Tyr11, Leu15 and Leu19 fromof secondary structures (0.976 0.1 Å for the backbone
atoms and 1.566 0.1 Å for all the heavy atoms for all helix A, Tyr28, Leu31, Leu32, Phe34, Phe35, Phe37 and

Val38 from helix B, Ile53, Trp56, Val59, Phe63, Tyr66residues between 6 and 94). The structural calculation
statistics are shown in Table I. M-PMV MA shows four and Tyr67 from helix C, and Ala79, Phe80, Tyr82, Trp83,

Leu85, Ile86, Leu89 and Ile90 from helix D.principal α-helices closely packed together (Figure 2),
joined by short loops or regions of extended structure. In M-PMV MA, the four proline residues at positions

43, 46, 72 and 76 provide the structural basis for semi-Helix A runs from residue His6 to Gly23, making very
close hydrophobic contacts with helix B, spanning residues structured loops and the initiation of two 3-10 helices

spanning the regions 42–45 and 72–75 respectively.29–42, which finishes in a well-defined 3-10 helix from
residue Pro42 to Phe45. Helix B is joined to helix C by The structure of M-PMV MA shows two distinct

positively charged regions located on opposite sides ofa semi-structured loop, Gln47–Ile51, forming a tight turn
centred on Gly49, with some evidence ofβ-sheet-like the molecule. The first region is analogous to the

N-terminal basic region seen in the structures of HIV, SIVNOEs across the chains. Helix C, running from Ile53 to
Thr69, ends in a short loop showing NOE evidence for a and BLV MA. More specifically, it contains side chains

of residues from helices A and B and from the loop3-10 helix between residues 72 and 75 that is not well
defined within the family of structures. The C-terminal C–D, namely Arg10, Lys16, Lys20, Arg22, Lys25, Lys27,

Lys33, Lys39 and Lys74. Side chains of residues Lys54,helix, helix D, runs from Val77 to Glu94 and forms close
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Table I. Results from structure calculations for M-PMV MA

Statistic ,SA.a

Restraints (°)

Intra-residue 248 0.0286 0.01
Medium and short range (i to 1,i,5) 612 0.0326 0.01
Long range (i to i.4) 209 0.0566 0.003
Hydrogen bonds 45 0.0166 0.004

R.m.s.d. from restraints and idealized geometry

NOE distances (Å) 0.0366 0.004
Bonds (Å) 0.00376 0.0002
Angles (°) 0.68 6 0.02
Improper angles (°) 0.50 6 0.05

Final experimental energy terms (kJ/mol)

FNOE 78.9 6 8.2
Fangle 203.56 12.0
Fimproper 33.4 6 4.2
Fbond 22.4 6 1.8

R.m.s.d. from coordinate positions

Backbone atom for helices 0.796 0.1b

All atoms for helices 1.316 0.1
Backbone atoms between residues 6 and 94 0.976 0.1
All atoms between residues 6 and 94 1.566 0.1

aThe average r.m.s.d. for the final 15 structures.
bThe average r.m.s.d. from the average structure.

M-PMV MA and HIV MA gave an r.m.s.d. of 3.9 Å over
73 Cα atoms. Theβ-sheet region of HIV and SIV MA,
which contains the nuclear localization signal, is not
present in M-PMV MA. The general helical topology of
M-PMV MA is more reminiscent of that of BLV and
HTLV MAs (Christensenet al., 1996; Matthewset al.,
1996). The major significant differences between these
two structures and that of M-PMV MA are the orientation
of the loop B–C and the length of the helices C and D.

Based upon the similar helical topology and loop
conformation between M-PMV and HIV MAs, we proposeFig. 2. (A) Superimposition of the 15 refined M-PMV MA structures.
that M-PMV MA can form a trimer as a fundamentalThe Cα trace for residues 6–94 in BLV MA. (B) A MOLSCRIPT

(Kraulis, 1991) diagram representing the backbone trace. The start and intermediate of Gag assembly, as observed in the crystal
stop residues of the helices are numbered. structures of HIV and SIV MAs. The putative M-PMV

MA trimer, built by superimposition of M-PMV MA
monomers on the HIV/SIV trimer, shows the interfaceArg55, Arg57, Arg58, Lys87, Lys92 and Lys93 of helices

C and D contribute to the second positively charged loops in the regions around residues 44 and 69 (Figure
4A and B). As with type C MAs,1H and 15N linewidthssurface. This particular feature has not been observed for

type C retroviral MAs. indicate that M-PMV MA is predominantly monomeric
in solution. However, there is some experimental evidence
to suggest that M-PMV MA does weakly associate withStructural similarity with type C MAs and

implications for assembly itself. Significant1H and 15N chemical shift changes of
amides (data not shown) were observed as a function ofAn automatic search of the Brookhaven protein structure

database with the program DALI was used to investigate protein concentration. Moreover, these amides were
located predominantly in the trimer interface regions.the structural similarity of M-PMV MA to other proteins

(Holm and Sander, 1993). The fold of M-PMV MA has The HIV, SIV and BLV trimer models present all the
N-terminal residues implicated in membrane targeting andbeen found to be extremely similar to the MAs from the

type C retroviruses: HIV, SIV, BLV and HTLV MAs binding on the upper surface. This provides a membrane-
interacting site that contains theN-myristate group for(Figure 3). A summary of the superimposition results is

shown in Table II. The first fourα-helices of HIV and burial within the membrane and the basic side chains for
association with the acid phospholipid head groups. TheSIV MA (Matthews et al., 1994, 1995; Raoet al. 1995)

display a similar topology to that of the M-PMV MA membrane-interacting site of the M-PMV MA trimer
appears to be very similar to that of the type C retroviruses,α-helices. In addition, the 3-10 helix at 49–52 in HIV

MA aligns well with that the 42–45 3-10 helix of M-PMV showing the N-terminal basic residues on the upper surface
and the N-terminus appropriately positioned for myristateMA. The superimposition of all the aligned regions of
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Fig. 3. The structural similarity between the MAs from HIV, BLV and M-PMV. Protein worms showing a superimposition of HIV, BLV and M-PMV
MA. For clarity, the molecules are separated.

burial. It is probable that, on the basis of the similarities
Table II. Summary of superimposition statistics for M-PMV MA with

between M-PMV and HIV MA structures, the process of other retroviral matrix proteins
Gag transport and binding to the plasma membrane in

BLVa HTLVb HIVctype C and D retroviruses is highly related, and in
both cases the common feature of a bipartite membrane

R.m.s.d. (Å) 3.3 3.5 3.9association signal appears to be an absolute requirement.No. of Cα atoms 64 68 73
The other basic region observed in M-PMV MA, which Identity/% 9 4 5

is not a feature of type C retroviral MAs, is located on
aResidues 6–13, 15–20, 25–43, 44–47, 59–62, 63–66, 75–93 inthe lower surface of the trimer (Figure 4). The functional
M-PMV MA with 16–23, 24–29, 30–48, 52–55, 60–63, 65–68, 69–87significance of this is unclear, but it may possibly interact
in BLV MA.

with the negative charges of the highly phosphorylated bResidues 5–10, 11–27, 30–43, 48–52, 54–59, 61–64, 77–88, 90–93 in
second Gag protein, pp24, (Bradacet al., 1985), or the M-PMV MA with 16–21, 23–39, 41–54, 62–66, 67–72, 73–76, 78–89,

90–93 in HTLV MA.acidic N-terminus of p12, a Gag domain involved in
cResidues 11–14, 15–23, 27–40, 41–45, 51–64, 66–71 73–93 inintracytoplasmic capsid assembly (Sommerfeltet al.,
M-PMV MA with 7–10, 12–20, 30–43, 45–49, 52–65, 66–71, 72–921992), and absent in HIV. in HIV MA.

Interpretation of mutagenesis data and

implications for membrane targeting is, therefore, highly likely that these modifications would
substantially alter the conformation of the loops. This, inSeveral amino acid substitutions with the M-PMV MA

have been found to affect assembly, transport and mem- turn, would not only affect the stability of the molecule but
also disrupt formation of the proposed trimer intermediate,brane association of capsids (Rhee and Hunter, 1991).

The M-PMV MA appears, therefore, to play key roles in resulting in disturbed particle assembly.
One of these single point mutations, Arg55→Trp, pro-each of these sequential events in the late stages of the

virus life cycle, and mutants defective in these steps vides direct evidence for the key role of MA in the
morphogenesis of retroviruses, since it redirects the assem-have been characterized. In an attempt to rationalize

the phenotypic effects of these mutations on M-PMV bly of capsids from an intracytoplasmic site to the plasma
membrane in a manner similar to that of type C retrovirusesassembly, individual mutations have been analysed with

respect to their locations in the M-PMV MA structure. (Rhee and Hunter, 1990). The fact that a single point
mutation can significantly alter morphogenesis in this wayTable III summarizes the published mutations (Rhee and

Hunter, 1991) and their consequences on the final stages suggests that the difference between type C and type D
retrovirus capsid assembly is very subtle. This is supportedon the virus cycle. Figure 5A and B shows the location

of some of the mutants within the proposed M-PMV MA by the high degree of structural similarly found for the
M-PMV MA and the MAs from viruses exhibiting typetrimer model. Mutants T21I, T41I and R57C have no

effect on assembly. These side chains are highly exposed C morphogenesis. The structure of the M-PMV MA shows
that the arginine residue at position 55 is exposed andand thus, in general, are more tolerant to alteration.

Mutations of prolines 43 and 72 cause a reduction in Gag located towards the end of helix B in an 18 amino acid
region, spanning residues 43–60 (Figure 5C), that is highlystability and particle assembly. These residues are located

in exposed loops within the monomer that form part of conserved only in type D (M-PMV) and type B (mouse
mammary tumor virus; MMTV) retroviruses (Rhee andthe interface in the proposed trimer model (Figure 5A). It
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Fig. 4. Representation of the trimer model for M-PMV MA. (A) Protein worm showing the relative orientation of the monomers of M-PMV MA
within the trimer model. (B) Protein worm showing the relative orientation of the monomers of HIV MA within the trimer model. The regions
structurally similar to M-PMV MA are shown in magenta and the rest in yellow. (C) A GRASP representation (Nichollset al., 1991) of the
electrostatic properties of the M-PMV MA trimer shown from the top. The calculated dipole is perpendicular to the membrane. Blue colour indicates
positive charge and red negative. (D) A GRASP representation (Nichollset al., 1991) of the electrostatic properties of the M-PMV MA trimer
shown from the bottom. The calculated dipole is perpendicular to the membrane. Blue colour indicates positive charge and red negative.

Table III. Summary of mutagenesis data for M-PMV MA

Mutation Side chain location Mutant behaviour

Monomer Trimer WT Stability and Transport Membrane binding Type C
assembly deficient deficient

T(21)→I exposed hydrophilic, exposed, hydrophilic j
T(41)→I exposed, hydrophilic exposed, hydrophilic j
R(57)→C exposed, charged exposed, charged j
P(43)→L exposed, hydrophobic trimer interface j
P(72)→S exposed, hydrophobic trimer interface j
del-Myr unknown unknown j
A(18)→V buried, hydrophobic buried, hydrophobic j
A(79)→V buried, hydrophobic buried, hydrophobic j
T(69)→I exposed, hydrophilic exposed, hydrophilic j
T(78)→I exposed, hydrophilic exposed, hydrophilic j
R(55)→W exposed, hydrophilic exposed, hydrophilic j
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Fig. 5. (A) Location in the M-PMV MA trimer of published (Rhee
and Hunter, 1991) assembly-defective mutants (P43L and P72S).
(B) Location in the M-PMV MA trimer of the published (Rhee and
Hunter, 1991) transport-defective mutants (A18V, A79V and T69I) and
the membrane association-defective mutant (T41I/T78I). (C) Location
of the 18 amino acid region (spanning residues 43–60), shown in blue,
which is highly conserved only in type D (M-PMV) and type B
(MMTV, mouse mammary tumor virus) retroviruses (Rhee and Hunter,
1990). The type C morphogenesis mutant, R55W, is also shown.

Hunter, 1990). Since in the MA of murine leukaemia virus One of the most interesting modifications to MA is the
deletion of the N-terminal myristate group. In HIV and(MuLV), the residues equivalent to 50–55 in M-PMV MA

are deleted, while flanking homologies are conserved, it other type C retroviruses (Freedet al., 1994), this results
in defective membrane binding and abrogation of particleis tempting to speculate that this short stretch of amino

acids represents a targeting signal, which specifically assembly. Zhou and Resh (1996) have proposed that, when
the myristate is exposed, it enables HIV Gag to bind todirects Gag to an intracellular assembly site. Figure 5C

shows that this amino acid domain encompasses the the plasma membrane during assembly, and that cleavage
into the mature MA promotes the burial of the myristatestructured turn centred at residue 49 and protrudes into

the solvent in both monomer and trimer models. This group, which might disrupt the interaction with the mem-
brane and initiate localization to the nucleus. In HIV, theregion would, therefore, be ideally positioned for recogni-

tion by a specific intracellular transport factor. Moreover, myristate group, together with a series of N-terminal basic
amino acids, has been shown to be crucial for plasmathis loop region is shorter and adopts a different conform-

ation in the structures of each of the type C MAs solved membrane targeting (Zhouet al., 1994; Gallayet al.,
1995). In M-PMV, removal of the myristate group doesto date. It is also interesting to point out that the mutation

at position 57 also lies proximal to this loop region. not prevent capsid assembly but blocks the intracellular
transport of assembled capsids to the plasma membraneHowever, mutation of this exposed arginine to the smaller

cysteine is more likely to have a negligible effect on the and results in their accumulation at distinct sites within
the cytoplasm (Rheeet al., 1990). Thus the structureloop conformation. The arginine at position 55 is posi-

tioned closer to the loop and its modification to the larger presented here, which represents the non-myristylated
form of MA, is, in the context of the intact Gag molecule,and more hydrophobic side chain of tryptophan will

probably influence the conformation of the surrounding a transport-defective form of the protein. Similarly, these
data show that while M-PMV MA presents a series ofregion.
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basic residues on the upper surface of the trimer, in an presents a positively charged surface, and a myristate
group for transport and anchorage to the membrane. Inanalogous manner to that observed for HIV MA, in the

absence of myristate this alone is insufficient to mediate addition to this, type B/D MAs present a putative
intracellular targeting motif for recognition.transport to the plasma membrane. It is likely, therefore,

that the myristate moiety of M-PMV Gag modifies the
capsid structure in order to play its integral role in the

Materials and methodscapsid’s progression to the membrane. While it is possible
that this could reflect the exposure of myristate itself, as MPMV MA expression and purification
suggested by Zhou and Resh (1996), in other viruses The vector pG10MA was constructed by deletion of a 1.6 kbpEco57–

SphI fragment from thegag region of the expression vector pG10GAGwhere the structure has been determined, the myristate is
which was described previously (Klikovaet al., 1995). The resultingburied within the capsid (Moscufo and Chow, 1992; Smyth
vector contained the MA sequence followed by the flanking 15 amino

et al., 1995). It will be interesting, therefore, to determine acids from Gag.
whether the myristate of M-PMV Gag might pack within For production of MA, the appropriate plasmid was introduced into

competent cells ofE.coli BL21(DE3). The expression of M-PMVthe hydrophobic core.
proteins inE.coli was induced by addition of isopropyl-β-D-thiogalacto-An indirect role for myristate in intracellular transport
pyranoside to a final concentration of 0.4 mM. The cells were harvestedis consistent with the observation that mutations which 4 h after induction. The cells were lysed with lysosyme in Tris–HCl

do not prevent myristate addition to Gag can nevertheless(pH 8.0, 50 mM) buffer containing 1 mM EDTA and 100 mM NaCl.
block progression from the site of assembly. These mutantsThe cell lysate was incubated for 30 min at 4°C in the presence of

sodium deoxycholate (0.1%). DNase I (1 mg/ml) and RNase Athat have altered transport (A18V, A79V and T69I) pre-
(2 mg/ml) were added and the lysate was incubated for an additionalsumably have a similar effect on myristate accessibility
30 min at room temperature. In order to cleave off the flanking 15 amino

or capsid structure. These mutants are distributed through-acid sequence, protein was incubated for 1 h with recombinant M-PMV
out the M-PMV MA (Figure 5). Mutants A18V and A79V, protease (Pichovaet al., 1997). The debris was pelleted by centrifugation.

MA was precipitated with 75% ammonium sulfate overnight at 4°C andwhich are severely defective for transport and accumulate
subsequently dissolved in 20 ml of 25 mM Tris–HCl pH 7.5 containinglarge inclusions of pre-assembled capsids (Rhee and
1 mM dithiothreitol (DTT). The mixture was dialysed against the sameHunter, 1991), both contain mutations that introduce buffer overnight at 4°C. The precipitate was pelleted and the supernatant

a more bulky hydrophobic residue into the intra-helix was applied on a MonoS column (Pharmacia) equilibrated with 25 mM
hydrophobic core, conceivably affecting myristate access- Tris–HCl, pH 7.5, containing 1 mM DTT. MA was separated in a linear

gradient from 0 to 1 M NaCl. The fractions containing MA wereibility. Mutant T69I, which transports assembled capsids
separated by gel filtration on a Superose 6 column (Pharmacia) in 25 mMmore slowly to the plasma membrane (Rhee and Hunter,
Tris–HCl, pH 7.5. M-PMV MA was pooled, dialysed against H2O and

1991), results from the substitution of a hydrophobic 1 mM DTT at pH 6.0 and freeze-dried. For the preparation of15N-
residue for a polar threonine close to the potential trimer labelled material, the bacteria were grown on minimal medium with

15NH4Cl as the sole nitrogen source.interface. Since capsids are assembled readily, this change
cannot be significantly damaging to the stability or struc-

NMR spectroscopyture of M-PMV MA. However, it is likely to have subtle
For NMR spectroscopy, ~10 mg of freeze-dried protein was dissolvedeffects on the global capsid structure that could be enoughin 0.6 ml of H2O containing 10% D2O. All NMR spectra were recorded

to disrupt the mechanism of transport, whether the myrist- at 500 MHz proton frequency and the temperature was maintained at
303 K throughout the experiments. The sequence-specific backbone1Hate group accessibility is altered or a conformational
assignments were completed using NOESY HMQC and HOHAHAchange prevents recognition.
HMQC spectroscopy (Marionet al., 1989; Driscollet al., 1990). TheOne additional double mutant of M-PMV, T41I/T78I, secondary structure elements and1H side-chain assignments subsequently

has a unique phenotype. This mutant assembles capsidswere determined. This procedure facilitated the interpretation of the D2O
and transports them to the plasma membrane with wild- NOESY (100 ms mixing time) spectra, which enabled the long-distance

restraints to be obtained for the full structure calculation.type kinetics, but is defective in initiating the process of
budding through the membrane. Thus large numbers of

Structure calculationcapsids can be found lining the inner side of the plasma
The NOESY cross-peak intensities were measured at both 100 and

membrane (Rhee and Hunter, 1991). These amino acid150 ms mixing times. The structures were calculated on the basis of
substitutions at the C-terminus of helix B and the 1092 NOE distance constraints and 45 H bond distance restraints using

a dynamical simulated annealing protocol executed within the programN-terminus of helix D introduce hydrophobic residues
X-PLOR (Nilgeset al., 1988; Brunger, 1993). The NOE restraints werethat point into the intra-helix core. If the myristate moiety
composed of 248 intra-residue, 612 sequential (residuei to residuesis sequestered within this core, such changes might 1,i,5) and 209 long-range (residuei to residuesi.4) connectivities.

stabilize the hydrophobic interactions, preventing exposure The distance restraints were categorized into three groups on the basis
of estimated NOE cross-peak intensity: strong 2.7 Å, medium 3.8 Å andof the myristate to the lipid bilayer and, according to the
weak 5.0 Å. The sum weight-averaging term was used for all distancemodel of Zhou and Resh (1996), reduce stable membrane
constraints. Hydrogen-bonded NH groups were identified in helicalbinding. Type D and type B capsids differ from other
regions by the presence of NH resonances at least 2 h after dissolving

retroviruses, in that following transport to the plasma in D2O. The helical hydrogen bonds are characterized by two restraints
membrane (and possible charge interactions with the polarrNH–O 5 2.1–2.3 Å and rN–O 5 2.1–3.3 Å, and were introduced

once they could be assigned unambiguously following initial structurehead groups), they must wrap a pre-formed capsid with
calculations.the lipid bilayer during the process of budding. It is

tempting to speculate that myristate–lipid interactions
might mediate this process and that the T41I/T78I mutant Acknowledgements
is defective in this step.
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