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The Mason—Pfizer monkey virus (M-PMV) is the proto-
type of the type D retroviruses. In type B and D
retroviruses, the Gag protein pre-assembles before
association with the membrane, whereas in type C
retroviruses (lentiviruses, BLV/HTLV group) Gag is
targeted efficiently to the plasma membrane, where
the particle formation occurs. The N-terminal domain
of Gag, the matrix protein (MA), plays a critical role
in determining this morphogenic difference. We have
determined the three-dimensional solution structure of
the M-PMV MA by heteronuclear nuclear magnetic
resonance. The protein contains foun-helices that are
structurally similar to the known type C MA structures.
This similarity implies possible common assembly units
and membrane-binding mechanisms for type C and
B/D retroviruses. In addition to this, the interpretation
of mutagenesis data has enabled us to identify, for the
first time, the structural basis of a putative intracellular
targeting motif.
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Introduction

Gag proteins, the major structural components of retro-
viruses, play a central role in viral replication at both the
early and late stages of the virus life cycle (Wills and
Craven, 1991; Hunter, 1994). Tigaggene of mammalian

the processes of retroviral assembly and maturation and
the exact roles of the Gag proteins in these events are not
fully understood. In type C retroviruses [lentiviruses,
bovine leukaemia virus (BLV)/human T-lymphotrophic
virus (HTLV) group], the MAs are targeted efficiently to
the plasma membrane, where the particle formation occurs.
On the contrary, in type B and D retroviruses, the
Gag protein pre-assembles before association with the
membrane (Gerderblom, 1991; Wills and Craven, 1991;
Hunter, 1994).

The Mason—Pfizer monkey virus (M-PMV) is the proto-
type of the type D retroviruses. This virus is one of the
best characterized simian retroviruses (SRV) (Van Der
Kuyl et al, 1997) which induces a fatal immmunodefici-
ency syndrome in rhesus macaques, initially called SAIDS
for simian AIDS (Marxet al, 1984; Stromberget al,
1984). Nevertheless, the SRVs are unrelated to SIV (simian
immmunodeficiency virus), which currently is recognized
as the simian counterpart of the human immmunodefici-
ency virus.

Although M-PMV normally assembles its interior pro-
tein shell, the capsid, in the cytoplasm, a single amino
acid substitution in the M-PMV MA resulted in virus
particle assembly at the plasma membrane rather than
within the cytoplasm, in a similar way to type C retro-
viruses (Rhee and Hunter, 1990). The mutant, which has
one amino acid substitution at position 55 (arginine to
tryptophan), allowed the identification of a dominant signal
in the Gag of M-PMV responsible for the intracytoplasmic
capsid assembly in type D retroviruses. This signal appears
to prevent immediate transport of individual Gag proteins
to the plasma membrane or targets them to an intracellular
assembly site. This, together with other studies ¢Yal,,
1992; Fake et al, 1993;Yuanet al, 1993; Freecet al,
1994), implies a key role for the MA in the morphogenesis
of retroviruses.

The sequence homology between MAs of different
mammalian retroviruses is very low, but most of them
show the common feature of a myristate attached at the
N-terminal glycine (after the removal of the terminal
methionine). The high resolution three-dimensional struc-

retroviruses encodes a precursor protein which is responsures of several MAs of type C retroviruses (HIV, HTLYV,

ible for the assembly and release of the virion particle
from the infected cells. Shortly after budding or in the
late stage of the budding, the polyprotein precursor is
proteolytically processed by the viral protease into the
principle mature Gag-derived proteins: matrix (MA),
capsid and nucleocapsid. The N-terminal matrix protein
of the gag gene product has been found associated with
the virus envelope glycoproteins in most mammalian
retroviruses (Gerderblomt al., 1989; Arnold and Arnold,
1991; Nermuet al, 1994; Spearmaet al., 1994). Several
lines of evidence suggest that this protein is involved in

virus particle assembly, transport and budding, even though

© Oxford University Press

BLV and SIV) have been solved by both crystallography
and NMR (Massialet al, 1994; Matthewset al, 1994,
1995, 1996; Racet al, 1995; Christenseet al., 1996;
Hill et al, 1996). Despite the low sequence homology,
the structures of HIV, HTLV, BLV and SIV MAs were
found to be very similar, which could imply a common
assembly design principle for the MA of type C retro-
viruses (Matthewt al., 1996).

Here we report the high resolution 3D structure of the
MA of the M-PMV, which we believe is the first structural
insight into an MA from a type D retrovirus. The structure

of M-PMV MA shows delelices closely packed
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together which are topologically related to HIV, SIV, BLV 71| ro2 | 23] voa | ko5 | voo | ko7 | vos | A29 | D30 31| 'H PPM
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 tc
be responsible for the efficient targeting to and association
with the membrane (Yuaat 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 iBscherichia coli The
NMR sequence-specific backbodE assignments were
obtained using 33°N—'H 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 antH side-chain assignments sub- < ' ﬁ e < =1
sequently were determined. Figure 1 shows representative st (1Y

strips taken from 3D NOESY HMQC for the region
between Thr21 and Leu3l. The distance restraints used
in the structure calculations were obtained from the .
NOESY HMQC experiment and 2D homonuclear NOESY - - 10.00
spectra. The structures were calculated within the program
XPLOR using a dynamic simulated annealing protocol | = 1 =~ vora7 | 12195 128,72 121,08 2420
(Nilges et al,, 1988; Brunger, 1993) on the basis of 1069 B B i I il i
nuclear Overhauser effect (NOE) distance restraints and
45 H bond distance restraints.

- 7.50

117.56{117.171115.90 |122.84

Fig. 1. Strips taken from the 3B°N-1H nuclear Overhauser (NOESY)
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 13N chemical shift is indicated for each amide at the bottom of

A final family of 15 refined structures has been defined each strip.

(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
coordinate position is 0.7% 0.1 A for the backbone  perpendicular to helices C and D, with numerous inter-
atoms and 1.3% 0.1 A for all the heavy atoms in regions helical contacts defining an extensive hydrophobic core.
of secondary structures (0.97 0.1 A for the backbone  The major contacts involve Tyrll, Leul5 and Leul9 from
atoms and 1.56- 0.1 A for all the heavy atoms for all helix A, Tyr28, Leu31l, Leu32, Phe34, Phe35, Phe37 and

residues between 6 and 94). The structural calculationVal38 from helix B, lle53, Trp56, Val59, Phe63, Tyr66
statistics are shown in Table I. M-PMV MA shows four and Tyr67 from helix C, and Ala79, Phe80, Tyr82, Trp83,
principal a-helices closely packed together (Figure 2), Leu85, 11e86, Leu89 and Ile90 from helix D.

joined by short loops or regions of extended structure. In M-PMV MA, the four proline residues at positions
Helix A runs from residue His6 to Gly23, making very 43, 46, 72 and 76 provide the structural basis for semi-
close hydrophobic contacts with helix B, spanning residues structured loops and the initiation of two 3-10 helices
29-42, which finishes in a well-defined 3-10 helix from spanning the regions 42—-45 and 72—75 respectively.

residue Pro42 to Phe45. Helix B is joined to helix C by The structure of M-PMV MA shows two distinct

a semi-structured loop, GIn47-lle51, forming a tight turn positively charged regions located on opposite sides of
centred on Gly49, with some evidence Pfsheet-like the molecule. The first region is analogous to the
NOEs across the chains. Helix C, running from 1le53 to N-terminal basic region seen in the structures of HIV, SIV
Thr69, ends in a short loop showing NOE evidence for a and BLV MA. More specifically, it contains side chains

3-10 helix between residues 72 and 75 that is not well of residues from helices A and B and from the loop
defined within the family of structures. The C-terminal C-D, namely Arg10, Lys16, Lys20, Arg22, Lys25, Lys27,
helix, helix D, runs from Val77 to Glu94 and forms close Lys33, Lys39 and Lys74. Side chains of residues Lys54,
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Fig. 2. (A) Superimposition of the 15 refined M-PMV MA structures.
The Qx trace for residues 6-94 in BLV MAB) A MOLSCRIPT

3D structure of M-PMV matrix protein

Table I. Results from structure calculations for M-PMV MA

Statistic <SA>?@
Restraints (°)
Intra-residue 248 0.02& 0.01
Medium and short range fo 1<i<5) 612 0.032+ 0.01
Long range i(to i>4) 209 0.056+ 0.003
Hydrogen bonds 45 0.016 0.004
R.m.s.d. from restraints and idealized geometry
NOE distances (A) 0.036+ 0.004
Bonds (A) 0.0037+ 0.0002
Angles (°) 0.68 = 0.02
Improper angles (°) 0.50 = 0.05
Final experimental energy terms (kJ/mol)

FnoE 789+ 8.2
Fangle 203.5* 12.0
improper 334+ 4.2
Fpond 224+ 1.8

R.m.s.d. from coordinate positions
Backbone atom for helices 0.79 0.1°
All atoms for helices 1.3%* 0.1
Backbone atoms between residues 6 and 94 691
All atoms between residues 6 and 94 158.1

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 A over
73 Co atoms. TheB-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 propose
that M-PMV MA can form a trimer as a fundamental

(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

Arg55, Arg57, Arg58, Lys87, Lys92 and Lys93 of helices monomers on the HIV/SIV trimer, shows the interface

C and D contribute to the second positively charged

loops in the regions around residues 44 and 69 (Figure

surface. This particular feature has not been observed for4A and B). As with type C MAs!H and >N linewidths

type C retroviral MAs.

Structural similarity with type C MAs and
implications for assembly

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 with
itself. Significant'H and 1°N chemical shift changes of

An automatic search of the Brookhaven protein structure amides (data not shown) were observed as a function of

database with the program DALI was used to investigate
the structural similarity of M-PMV MA to other proteins
(Holm and Sander, 1993). The fold of M-PMV MA has

protein concentration. Moreover, these amides were
located predominantly in the trimer interface regions.
The HIV, SIV and BLV trimer models present all the

been found to be extremely similar to the MAs from the N-terminal residues implicated in membrane targeting and

type C retroviruses: HIV, SIV, BLV and HTLV MAs

binding on the upper surface. This provides a membrane-

(Figure 3). A summary of the superimposition results is interacting site that contains th¥-myristate group for

shown in Table Il. The first foun-helices of HIV and
SIV MA (Matthewset al, 1994, 1995; Raet al. 1995)

burial within the membrane and the basic side chains for
association with the acid phospholipid head groups. The
membrane-interacting site of the M-PMV MA trimer

display a similar topology to that of the M-PMV MA
a-helices. In addition, the 3-10 helix at 49-52 in HIV appears to be very similar to that of the type C retroviruses,
MA aligns well with that the 42—45 3-10 helix of M-PMV showing the N-terminal basic residues on the upper surface
MA. The superimposition of all the aligned regions of and the N-terminus appropriately positioned for myristate
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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 Il. Summary of superimposition statistics for M-PMV MA with
between M-PMV and HIV MA structures, the process of e retroviral matrix proteins
Gag transport and binding to the plasma membrane in

type C and D retroviruses is highly related, and in BLV? HTLVP HIV®
both cases the common feature of a bipartite membrane
I : . R.m.s.d. (A) 33 35 3.9
association signal appears to be an absolute requirementy = -t'5 i 64 68 73
The other basic region observed in M-PMV MA, which |de'ntity/% 9 4 5

is not a feature of type C retroviral MAs, is located on
the lower surface of the trimer (Figure 4). The functional °Residues 6-13, 15-20, 25-43, 44-47, 59-62, 63-66, 75-93 in

significance of this is unclear, but it may possibly interact i"r’]"gK/VM'\"LA with 16-23, 24-29, 30-48, 52-55, 60-63, 65-68, 69-87

with the negative charges of the highly phosphorylated bregidues 5-10, 11-27, 30-43, 48-52, 54-59, 6164, 77-88, 90-93 in
second Gag protein, pp24, (Bradetal, 1985), or the  M-PMV MA with 16-21, 23-39, 41-54, 6266, 67—72, 73-76, 78-89,
acidic N-terminus of pl2, a Gag domain involved in 90-93in HTLV MA.

1992) and absent in HIV. M-PMV MA with 7-10, 12-20, 30-43, 45-49, 52-65, 6671, 72-92

in HIV MA.

Interpretation of mutagenesis data and

implications for membrane targeting is, therefore, highly likely that these modifications would
Several amino acid substitutions with the M-PMV MA substantially alter the conformation of the loops. This, in
have been found to affect assembly, transport and mem- turn, would not only affect the stability of the molecule but
brane association of capsids (Rhee and Hunter, 1991).also disrupt formation of the proposed trimer intermediate,
The M-PMV MA appears, therefore, to play key roles in resulting in disturbed particle assembly.

each of these sequential events in the late stages of the One of these single point mutations, Arg53rp, pro-

virus life cycle, and mutants defective in these steps vides direct evidence for the key role of MA in the
have been characterized. In an attempt to rationalize morphogenesis of retroviruses, since it redirects the assem-
the phenotypic effects of these mutations on M-PMV bly of capsids from an intracytoplasmic site to the plasma
assembly, individual mutations have been analysed with membrane in a manner similar to that of type C retroviruses
respect to their locations in the M-PMV MA structure. (Rhee and Hunter, 1990). The fact that a single point
Table 11l summarizes the published mutations (Rhee and mutation can significantly alter morphogenesis in this way
Hunter, 1991) and their consequences on the final stages suggests that the difference between type C and type D
on the virus cycle. Figure 5A and B shows the location retrovirus capsid assembly is very subtle. This is supported

of some of the mutants within the proposed M-PMV MA by the high degree of structural similarly found for the
trimer model. Mutants T21l, T41l and R57C have no M-PMV MA and the MAs from viruses exhibiting type
effect on assembly. These side chains are highly exposed C morphogenesis. The structure of the M-PMV MA shows
and thus, in general, are more tolerant to alteration. that the arginine residue at position 55 is exposed and
Mutations of prolines 43 and 72 cause a reduction in Gag located towards the end of helix B in an 18 amino acid
stability and particle assembly. These residues are locatedregion, spanning residues 43-60 (Figure 5C), that is highly

in exposed loops within the monomer that form part of conserved only in type D (M-PMV) and type B (mouse
the interface in the proposed trimer model (Figure 5A). It mammary tumor virus; MMTYV) retroviruses (Rhee and
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Fig. 4. Representation of the trimer model for M-PMV MAAY 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 yell@y.A GRASP representation (Nicholkt 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 negativ®)(A GRASP representation (Nicholkt 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 Ill. 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)-1 exposed hydrophilic, exposed, hydrophilic |
T(41)-1 exposed, hydrophilic exposed, hydrophilic |
R(57)-C exposed, charged exposed, charged |
P(43)-L exposed, hydrophobic trimer interface |
P(72)-S exposed, hydrophobic trimer interface |
dekMyr unknown unknown |
A(18)-V buried, hydrophobic buried, hydrophobic |
A(79)-V buried, hydrophobic buried, hydrophobic |
T(69)-1 exposed, hydrophilic exposed, hydrophilic ]
T(78)-1 exposed, hydrophilic exposed, hydrophilic |
R(55)-W exposed, hydrophilic exposed, hydrophilic |
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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 (T41l/T78l).L(ocation

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
(MuLV), the residues equivalent to 50-55 in M-PMV MA  deletion of the N-terminal myristate group. In HIV and

are deleted, while flanking homologies are conserved, it other type C retroviruses éFraded 994), this results

is tempting to speculate that this short stretch of amino in defective membrane binding and abrogation of particle
acids represents a targeting signal, which specifically assembly. Zhou and Resh (1996) have proposed that, when
directs Gag to an intracellular assembly site. Figure 5C the myristate is exposed, it enables HIV Gag to bind to
shows that this amino acid domain encompasses the the plasma membrane during assembly, and that cleavage
structured turn centred at residue 49 and protrudes intointo the mature MA promotes the burial of the myristate

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

tion by a specific intracellular transport factor. Moreover, myristate group, together with a series of N-terminal basic
this loop region is shorter and adopts a different conform- amino acids, has been shown to be crucial for plasma
ation in the structures of each of the type C MAs solved membrane targeting @hal, 1994; Gallayet al,

to date. It is also interesting to point out that the mutation 1995). In M-PMV, removal of the myristate group does

at position 57 also lies proximal to this loop region. not prevent capsid assembly but blocks the intracellular
However, mutation of this exposed arginine to the smaller transport of assembled capsids to the plasma membrane
cysteine is more likely to have a negligible effect on the and results in their accumulation at distinct sites within
loop conformation. The arginine at position 55 is posi- the cytoplasm (Rheet al, 1990). Thus the structure
tioned closer to the loop and its modification to the larger presented here, which represents the non-myristylated
and more hydrophobic side chain of tryptophan will form of MA, is, in the context of the intact Gag molecule,
probably influence the conformation of the surrounding a transport-defective form of the protein. Similarly, these
region. data show that while M-PMV MA presents a series of
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basic residues on the upper surface of the trimer, in an presents a positively charged surface, and a myristate
analogous manner to that observed for HIV MA, in the group for transport and anchorage to the membrane. In
absence of myristate this alone is insufficient to mediate addition to this, type B/D MAs present a putative

transport to the plasma membrane. It is likely, therefore, intracellular targeting motif for recognition.
that the myristate moiety of M-PMV Gag modifies the
capsid structure in order to play its integral role in the .
capsid's progression to the membrane. While it is possible Materials and methods
that this could reflect the exposure of myristate itself, as ypmv mMa expression and purification
suggested by Zhou and Resh (1996), in other virusesThe vector pG10MA was constructed by deletion of a 1.6 Kop57—
where the structure has been determined, the myristate isSph fragment from thegag region of the expression vector pG10GAG
buried within the capsid (MOSCUfO and Chow. 1992: Smyth which was described previously (Klikovet al, 1995). The resulting
et al 1995) It will be interesting therefore ,tO det’ermine vector contained the MA sequence followed by the flanking 15 amino
" : h ) Al o acids from Gag.
whether the myristate of M-PMV Gag might pack within For production of MA, the appropriate plasmid was introduced into
the hydrophobic core. competent cells ofE.coli BL21(DE3). The expression of M-PMV
An indirect role for myristate in intracellular transport ~ Proteins L”E-CO”])N&S; induced by add]i}ig” of iSOpLOF’B“ﬁ'thiOQa'ﬁCtO' g
: ; : ; : : pyranoside to a final concentration of 0.4 mM. The cells were harveste
is consistent with Fhe ObserY.atlon that mutations which 4 h after induction. The cells were lysed with lysosyme in Tris—HCI
do not prevent myristate adqmon 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
that have altered transport (A18V, A79V and T69Il) pre- sodium deoxycholate (0.1%). DNase | (1 mg/ml) and RNase A
sumably have a similar effect on myristate accessibility (2 mg/ml) were added and the lysate was incubated for an additional
id struct Th tant distributed th h 30 min at room temperature. In order to cleave off the flanking 15 amino
Or capsid structure. _ese mutants are distribute rougn-gcig sequence, protein was incubated for 1 h with recombinant M-PMV
out the M-PMV MA (Figure 5). Mutants A18V and A79V,  protease (Pichovet al, 1997). The debris was pelleted by centrifugation.
which are severely defective for transport and accumulate MA was precipitated with 75% ammonium sulfate overnight at 4°C and
i i - i subsequently dissolved in 20 ml of 25 mM Tris—HCI pH 7.5 containing
large inclusions of pre-assembled capsids (Rhee and

: : : 1 mM dithiothreitol (DTT). The mixture was dialysed against the same
Hunter, 1991), both contain mutations that introduce buffer overnight at 4°C. The precipitate was pelleted and the supernatant

a more bL_"ky hydmpho_bic residue _ into th_e intra-heliX \as applied on a MonoS column (Pharmacia) equilibrated with 25 mM
hydrophobic core, conceivably affecting myristate access- Tris-HCI, pH 7.5, containing 1 mM DTT. MA was separated in a linear
ibility. Mutant T69I, which transports assembled capsids gradient dffgm 0| f¢!>| 1M NaCl-S The fra%tionls Cor(ltarining M%,Wgre
separated by gel filtration on a Superose 6 column (Pharmacia) in 25 mM

?I_n909"$ S|OW|y|ttO :che pl?ﬁma rgembtr_ane (]Bhei etjnd T}urk])t.er’ Tris—HCI, pH 7.5. M-PMV MA was pooled, dialysed agains@®and

’ ) results from € _Su stitution of a hy! r_Op (_) IC 1 mM DTT at pH 6.0 and freeze-dried. For the preparationt¥-
!‘eSIdue for a polar th_feonlne close to the pqtentlé_ll trimer |abelled material, the bacteria were grown on minimal medium with
interface. Since capsids are assembled readily, this changé®NH,CI as the sole nitrogen source.
cannot be significantly damaging to the stability or struc-
ture of M-PMV MA. However, it is likely to have subtle II:\:)Ar/”:ll\s/Iﬁ’?egggcst(r:ggcyopy ~10 mg of freeze-dried protein was dissolved
effe,CtS on the global C'apSId structure that could be eno!"ghin 0.6 ml of H,0 containying 10% BO. All NMR spectra were recorded
to disrupt the mecha_n_|5m_0f transport, whether the MyrISt- at 500 MHz proton frequency and the temperature was maintained at
ate group accessibility is altered or a conformational 303 K throughout the experiments. The sequence-specific backbbne
change prevents recognition. assignments were completed using NOESY HMQC and HOHAHA

. . HMQC spectroscopy (Marioet al, 1989; Driscollet al, 1990). The
One additional double mutant of M-PMV, T41I/T78l, secondary structure elements ahidside-chain assignments subsequently

has a unique phenotype. This mutant assemble$ Cap.Sid%ere determined. This procedure facilitated the interpretation of §@& D
and transports them to the plasma membrane with wild- NOESY (100 ms mixing time) spectra, which enabled the long-distance

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

; e : ; ructure calculation
CapSIdS can be found “nmg the inner side of the .plasma The NOESY cross-peak intensities were measured at both 100 and
membrane (Rhee and Hunter, 1991). These amino acid;sy 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
N-terminus of helix D introduce hydrophobic residues a dynamical simulated annealing protocol executed within the program
that point into the intra-helix core. If the myristate moiety *-PLOR (Nilgeset al, 1988; Brunger, 1993). The NOE restraints were

. s . . composed of 248 intra-residue, 612 sequential (residte residues
1S SequeStered within this core, such changes might 1<i<5) and 209 long-range (residueo residues>4) connectivities.

stabilize th? hydmphObi? i_mer_aCtionS, preVeming EXPOSUre The distance restraints were categorized into three groups on the basis
of the myristate to the lipid bilayer and, according to the of estimated NOE cross-peak intensity: strong 2.7 A, medium 3.8 A and

model of Zhou and Resh (1996), reduce stable membraneweak 5.0 A. The sum weight-averaging term was used for all distance

o ; ; constraints. Hydrogen-bonded NH groups were identified in helical
bmdmg' Type D and type B CapSIdS differ from other regions by the presence of NH resonances at [Bds after dissolving

retroviruses, in that following transport to the plasma j;'p,o. The helical hydrogen bonds are characterized by two restraints
membrane (and possible charge interactions with the polarr, o = 2.1-2.3 A ‘and yo = 2.1-3.3 A, and were introduced

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