
chimpanzee canied 11 differences, the fact that 
the extent of variation among the clones remains 
unknown makes any statement about their tax- 
onomic affiliation tenuous. Further complicat- 
ing these analyses is the fact that nuclear inser- 
tions may have inserted before the divergence of 
primate species and may thus be similar or 
identical in different species, even though their 
organellar mtDNAs have diverged (5-7). 

To determine more reliably the species used 
to produce these OPVs, a 141-bp segment (with 
primers) of the nuclear 28s rDNA gene was 
amplified. All samples except the cell culture 
control and one OPV sample (W Ch 25) yielded 
amplification products. These products were 
cloned, and sequences of 10 clones from each 
product contained only one DNA sequence per 
product. In order to compare these DNA se-
quences to the relevant species, the same DNA 
segment was determined from five old-world 
monkeys (Macacafascicularis, Macaca nertzes- 
trina, Colohus guereza, Chlorocehus aethiops, 
Nasalis larvatus), one central chimpanzee (Pan 
troglodvtes troglo&tes), one eastern chimpanze 
(P. t. schweinfurthii), a bonobo (P.paniscus), 
and a human (8) .The CHAT batch grown in 
human cells, as well as the Sabin I vaccine, 
canied a sequence identical to human (Table 1 ) .  
This sequence differs at one position from bo- 
nobo and at two positions fiom the chimpan- 
zees. All other OPV batches, including CHAT 
pool 13, yielded one and the same sequence. 
This sequence is seven nucleotides shorter than 
the chimpanzee and human sequences and dif- 
fers at a minimum of 10 positions from the latter 
species. However, the sequence is identical to 
M. fascicularis and M. nenzestrina as well as the 
macaque and mangabey controls obtained by 
the Wistar Institute from the CDC and included 
in the original set of 14 unidentified samples. 

Because it has been claimed that chimpan- 
zee tissues were cultured at the Wistar Institute 
at the time of the production of CHAT pool 13 
(2 ) ,  it may be argued that the monkey cell 
cultures used to produce the OPV could have 
been deliberately or accidentally combined with 
chimpanzee cells. Such an occurrence would 
mean that DNA fiom two species (monkey and 
chimpanzee) would be present in the OPV sam- 
ples, with any chimpanzee DNA perhaps being 
in relatively low abundance. To investigate this 
possibility, we designed a set of primers that 
were expected to amplify a 128-bp piece (with 
primers) of the internal transcribed spacer 1 in 
the nuclear ribosomal gene cluster of chimpan- 
zees and bonobos. but not from other species. 
As expected, these primers amplified the chim- 
panzee and bonobo gene fragments, but failed 
to amplify the correct fragment from 100 ng of 
DNA from Chlorocehus aethio~~s, lar-~Vasali~ 
~ u t u ~ ,Colohus guerea. Macaca fascicularis, 
or humans. By using a dilution series of chim- 
panzee DNA. it was shown that the primers 
yielded a visible product from as few as 10 to 
50 template DNA copies. Finally, it was tested 

whether low amounts of ch~mpanzee DNA resent only one of maybe four Paccine batchej 
could be masked by the presence of monkey produced by the Wistar Inst~tute and used In the 
DNA To this end, 50 ng of 21 fa~c~cularrc. Congo ( 1 I )  However. the results at present g n e  
DNA was m~xed w ~ t h  200, 100,50, and 5 pg of 
ch~mpanzee DNA In all cases, a strong ampll- 
ficat~on product of the correct slze could be 
v~sual~zed Thus, even In on an agarose gel (Y)  
the presence up to a 10,000-fold excess of 
macaque DNA, chimpanzee DNA was detected 

this assay. When these primers were used to 
amplify' from 5 I L ~of the OPV sam~les,  no 

& -
amplification of the correct siie could 
be detected, ~~~~~i~~ that the ape genome 
contains on the order of 1000 ribosomal genes, 
this result means that any chimpanzee D N A  
present in the vaccines must represent less than 
about one chimpanzee cell per 100 pl  of vac- 
cine. or <0.01% of the total DNA present in 
those samples whose total DNA concentration 
would allow the detection of such a small DNA 
component (e.g., CHAT pool 13 and CDC 
CHAT pool 13). 

In conclusion, most of the DNA present in 
the OPV batches we analvzed is derived from 
old-world monkeys and from chimpanzees 
or bonobos, as stated (10). It is un- 
likely that undetected chimpanzee DNA is 
present, based on the finding that most of the 
OPV pool l 3  from the 
Wistar Institute, contain amounts of amplifiable 
DNA that should make amplifications reproduc- 
ible, ~ ~ ~ t h ~ ~ ofsubstantial 
the used for vaccine production 
bv chimvanzee cells is unlikelv. since chimvan- 
zee DNA would have been detected if it consti- 
tuted >0,0 of the total DNA in the vaccines, 
Obviously, the samples tested in this study rep- 

no support for the hypothesis that ch~mpanzee 
cells were used to produce the OPV a d n ~ ~ n ~ s -  
tered In the Congo In 1958 and 1959 
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Virus Maturation Involving 

Large Subunit Rotations and 


Local Refolding 

J. 	 F. Conway,',' W. R. Wikoffn3N. Cheng,' R. L. D ~ d a , ~  

R. W. H e n d r i ~ , ~  A. C. Steven1* J. E. J~hnson,~ 

Large-scale conformational changes transform viral precursors into infectious 
virions. The structure of bacteriophage HK97 capsid, Head-ll, was recently 
solved by crystallography, revealing a catenated cross-linked topology. We have 
visualized its precursor, Prohead-ll, by cryoelectron microscopy and modeled 
the conformational change by appropriately adapting Head-ll. Rigid-body ro- 
tations (-40 degrees) cause switching to an entirely different set of interac- 
tions; in addition, two motifs undergo refolding. These changes stabilize the 
capsid by increasing the surface area buried at interfaces and bringing the 
cross-link-forming residues, initially -40 angstroms apart, close together. The 
inner surface of Prohead-ll i s  negatively charged, suggesting that the transition 
is triggered electrostatically by DNA packaging. 

A recurring theme in virus assembly is the capsids differ markedly in structure. Procap- 
initial formation of a precursor particle or sids %-ere first observed among the double- 
procapsid that subsequently transforms into stranded DNA (dsDNA) bacteriophage5 ( I .  
the mature capsid. In general, procapsids and 2) .  but h a ~ e  now also been obser\,ed for 
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herpesviruses (3), retroviruses (4), dsRNA 
phages (5), and an insect virus (6). In the 
course of nonnal infections, procapsids ma- 
ture shortly after they are assembled and do 
not accumulate unless maturation is 
blocked-for example, by inhibiting the viral 
protease or the packaging of nucleic acid. 

The consequences of maturation vary 
from system to system, although certain fea- 
tures are common to most procapsids; in 
particular, their hexa~ners show large depar- 
tures from sixfold symmetry, and the procap- 
sid is round, in contrast to the polyhedral 
mature capsid. Possible changes upon matu- 
ration may include the protein composition, 
with scaffolding proteins being expelled and 
accessory proteins binding to newly exposed 
sites; translocation of epitopes between the 
inner and outer surfaces (7, 8); alteration of 
secondary structure (9, 10); and autocatalytic 
formation of covalent cross-links between 
neighboring subunits (1 1). However, these 
changes all reflect the primary underlying 
mechanism-a major conformational change 
of the capsid protein, preceded in many cases 
by the action of a viral protease. 

These transitions are irreversible and their 
energetic basis lies in exothermic switching 
from one local minimum of conformational 
free energy to another, lower-energy, state 
(12). The concomitant structural changes are 
known to be large, but their basis has not 
been determined in any system; in principle, 
they may involve rigid-body motions of sub- 
units, order-disorder transitions, or refolding 
(13). HK97 affords an advantageous system 
to study this phenomenon. The assembly 
pathway of its single 385-residue capsid pro- 
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tein is well characterized (14, 15). Maturation 
begins with proteolysis of the 102-residue 
A-domains on the earliest precursor Prohead- 
I, producing Prohead-11, followed by expan- 
sio11-the major structural change-and 
cross-linking. 

At 12 A resolution, the distinctive shear of 
Prohead-I1 hexamers is less conspicuous than 
at 25 A resolution (16) (compare Fig. I, B 
and C), on account of the abundant detail that 
is now overlaid. Despite the complexity of 
the map, matching features-such as the trip- 
lets of small knobs clustered around the 
threefold axes on the outer surface-are 
found on all subunits. The inner surface, 
whose main feature is the cavities underlying 
each capsomer, is resolved into a complex 
matrix of ridges and crevices (Fig. ID). There 
are small holes at the quasi-threefold posi- 
tions around the pentamers, as well as near- 
tangential channels of about the same diam- 
eter (Fig. ID). Because the A-domains and 
the protease are not present in Prohead-II 
(16), the small dimensions of the observed 
channels-which represent the most likely 
exit routes-imply that they are reduced to 
fragments before release (1 7). 

The most conservative mode of conforma- 
tional change involves rigid-body displace- 
ments of the subunits, which have a core- 
the A and P domains-and two extended 
motifs, the E-loop and the N-arm (Fig. 2A). 
To test this hypothesis, we shifted the sub- 
units from their known positions in Head-I1 
(15) to fit the Prohead-I1 density map. Initial- 
ly, this operation was performed interactive- 
ly, with molecular graphics (18) and visual 
criteria. This fit was then refined automati- 
cally, with each of the seven quasi-equivalent 
subunits treated separately. The resulting fit 
was generally excellent, but discrepancies 
were encountered involving the E-loop and 
the N-arm, which are the motifs that exhibit 
the greatest variation among the seven quasi- 
equivalent subunits of Head-I1 (15). Because 
the discrepancies were observed consistently 
for all seven subunits, we concluded that 
these peptides undergo refolding. 

One discrepancy involved the knobs around 
the threefold axes that accommodate the E- 

Table l .  Subunit movements in the Prohead-ll to  Head-ll transition. 

Sub- Distance (A)* Rotation Cross-link distance Cross-link distance 
unit angle (''It Prohead-ll (A)$, Head-ll (A)$, 

*Distance between the subunit center of mass of Prohead-ll and Head-ll. tThe rotation angle between the Prohead- 
II and Head-ll subunit. $Distance between Ca atoms of Lys16= in the indicated subunit and in the subunit that 
is cross-linked (Head-ll) or will be cross-linked (Prohead-11). 

loops, and was partly resolved by swiveling 
them by - 15" relative to the core domains (Fig. 
2A). These moven~ents are similar to, but larger 
than, E-loop variations between different Head- 
11 subunits. However, the E-loop tips still pro- 
truded ftom the knobs to an extent that was 
significant in view of the absence of similar 
excursions elsewhere (Fig. 2D). We infer that 
either they are folded differently than in Head-I1 
or are disordered. Taking into account both 
rotations, the E-loops in Prohead-11 extend ra- 
dially outward, whereas in Head-11, they are 
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Fig. 1. HK97 Prohead-11 at  12 A resolution, as 
viewed along a twofold axis (33). (A) Diagram 
showing placement of capsomers (hexamers 
and pentamers) on an icosahedral surface Lat- 
tice, triangulation number T = 7 laevo. (B) 
Prohead-11 at  25 A resolution (76). (C) Exterior 
view of Prohead-ll, wi th one hexamer colored in 
red and blue, corresponding t o  its two trimers 
related by a 30 A "shear" dislocation, and the 
pentamer subunit in green t o  complete the 
asymmetric unit. The contour level corresponds 
t o  100% of expected mass. (D) Interior view of 
Prohead-11. The section plane (bottom right 
quadrant) illustrates the Low noise level of the 
map. Bars, 100 A. 



tangential to the capsid surface (compare Fig. 2, 
B and C). In this way, tlie premature formation 
of cross-links is prevented: Lys""s in the 
E-loop knob of Prohead-II,30 to 40 A from the 
AsnMS" of a neighboring subunit with which it 
will cross-link in Head-11 (Table 1). This shift 
also explains why Lys"'", which is also in the 
E-loop, is susceptible to trypsin in Prohead-II 
(Fig. 2A) but not in Head-11 (14). 

The second discrepancy was a steric clash 
involving the N-arms. We were unable to find 
a unique alternative conforn~ation for them, 
and so omitted the first 23 residues from the 
final model. Nevertheless, assuming that the 
protease acts from inside the capsid, their 
NH,-termini, being distal to the cleavage site, 
should be on the inner surface. 

R E P O R T S  

The pseudo-atomic model of Prohead-I1 is 
compared with Head-I1 in Fig. 2B. The hex- 
amer is a dimer of trimers, with subunits 
B-C-D and E-F-A, respectively. The dis- 
placements vary among the quasi-equivalent 
subunits but are typically large, with rotations 
of -40" and radial translations of -50 A 
(Table 1 and Fig. 3A). Although Prohead-I1 
changes radically in size, shape, and surface 
relief as it expands, the structural core of its 
subunits (the A and P domains) is conserved. 
These core elements undergo "tumbling" dis- 
placements, accompanied by refolding of the 
E-loop and the N-arm. The latter effect is 
reminiscent of the different configurations of 
the terminal peptides of SV40 capsid protein 
linking its capsomers (19), and the poliovirus 

cell entry transition in which a terminal pep- 
tide, initially inside the virion, is flipped out- 
side (20). 

The mature capsid must be stable enough 
to resist the pressure imposed by densily 
packaged DNA and other challenges (I). Our 
model of the transition indicates how stabili- 
zation is accomplished. Although the shell 
becomes thinner upon maturation, the surface 
area buried at intermolecular interfaces in- 
creases markedly (Table 2). By this measure, 
intersubunit interactions within a capsomer 
(hexamer or pentamer) increase by -35%, 
and interactions between capsomers by 
-64%. Further stabilization is conferred by 
the cross-links formed between pairs of resi- 
dues, initially up to 40 A apart in Prohead-11 

b 
"% 1 

Domain P 

Fig. 2. Pseudo-atomic model of Prohead-ll. (A) The Head-ll subunit has two 
compact domains, A and P (magenta), with two flexible extensions, the 
N-arm and E-loop (yellow and gray) (75). The gray portion of the N-arm was 
omitted from the Prohead-ll model. Both conformations of the hinged 
E-loop are shown: as in Prohead-ll (semitransparent, with the trypsin- 
sensitive site marked) and as in Head-ll (yellow). and Lys169 engage 
in intermolecular cross-links in Head-ll. (B) Prohead-ll (left) and Head-ll 
(right). Each subunit is represented as a tube, constructed from a 
"smoothed" Ca backbone; pentamen are green and hexamers consist of two 
skewed trimers, blue and red, respectively. During expansion, the hexamer 
skew dislocation is eliminated (76, 28); the hexamers become almost 

perfectly sixfold symmetric; and the angle between hexamer and pentamer 
increases, producing a flatter surface. (C) Stereo view of the asymmetric unit 
of Prohead-ll, consisting of a pentamer subunit and a hexamer, colored as in 
(B); the pseudo-atomic model is enclosed within the density map. The E-loop 
forms a well-defined knob for each subunit; the angle between the loop and 
domain P was adjusted at the "hinge" [yellowlmagenta interface in (A)]. 
The N-arm was adjusted as a rigid-body, hinged about Arg130. (D) Cross 
section of the Prohead-ll model (yellow) and map (cyan). The maximum 
radius is 279 A at the fivefold axes, compared with 330 A in Head-ll. As 
packed in Prohead-ll, the pentamers and hexamers protrude, revealing a 
corrugated outer surface. 
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R E P O R T S  

but brought close together in Head-11. location of T4 epitopes between its inner and 
It appears likely that similar mechanisms outer surfaces (7, 8). The lambda (21) and 

effect maturation for other viruses; for exam- P22 (22) procapsids exhibit similar skewing 
ple, subunit rotations would explain the trans- of their hexamers and structural changes 

Table 2. Buried surface areas per capsomer (A2). 

Prohead-ll 

Pentamer Hexamer 

Head-11% 

Pentamer Hexamer 

Intracapsomer* 15,665 17,694 21,720 23,277 
Intercapsomert 13,385 14,696 21,030 24,950 

*Buried surface areas were calculated between adjacent pairs of subunits within a capsomer. tBuried surface areas 
were calculated between all subunits of a given capsomer and contacting subunits of neighboring capsomers. :By 
this measure, intra- and intercapsomer interactions contribute almost equally to capsid stabilization (33). 

Fig. 3. (A) Stereo view showing 
a comparison of subunit posi- 
tions and orientations in Pro- 
head-ll and Head-ll. The capsid 
asymmetric unit is viewed 
from the exterior. Each subunit 
is represented by two helices 
(a3 and a6). Head-ll is repre- 
sented by semitrans arent 
rods (labeled A' to GI! and 
Prohead-ll by solid rods (la- 
beled A to G). Differences in 
subunit positions (Table 1) av- 
erage -50 A, much of which 
represents outward radial 
movement, especially for pen- 
tamers. Part of a T = 7 lattice 
is superimposed in gray. (B to 
E) GRASP diagrams (32) show- 
ing the distribution of negative 
(red) and positive (blue) charge 
on the surfaces of Prohead-ll (B 
and C) and Head-ll (D and E). 
Shown in each case is an asym- 
metric unit consisting of a hex- 
amer and one pentamer sub- 
unit. (B and D) Outside surfac- 
es; (C and E) inner surfaces. 

Pi- ka?;  4 

&;8 
1 '& 
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upon maturation, despite P22 having a quite 
different topography from HK97. 

More generally, the basic mechanism un- 
derlying HK97 capsid maturation-domain 
rotations-resembles similar phenomena en- 
countered in substrate binding by some en- 
zymes [e.g., (23)] and in the reaction cycles 
of motor proteins (24) and chaperones (25), 
although the concomitant refolding of the 
E-loop and the N-arm appears to represent a 
further elaboration. There is, however, the 
significant distinction that capsid maturations 
are irreversible, not cyclic, events and their 
energy source is transduction of conforma- 
tional free energy, not nucleotide hydrolysis. 

The principle underlying protein self-as- 
sembly is the existence, on opposite sides of 
the same molecule, of surface patches with a 
mutual binding affinity. For polymerization 
into a closed shell, there must be at least two 
such pairs of complementary surfaces per 
subunit. For the nonequivalent 120-subunit 
capsids of dsRNA viruses (26), there should 
be four such pairs. Remarkably, this number 
is even higher for HK97. Proliferation occurs - 
at two levels. First, the pronounced depar- 
tures from equivalence in the sheared Pro- 
head-I1 hexamer place subunits in different 
bonding environments. Second, during ex- 
pansion, the subunits rotate, transferring the 
interactions to different surfaces, both for 
bonding within a capsomer and between cap- 
somers (Fig. 3A). 

Because the interactions engaged in Head- 
I1 should correspond to the lowest free-ener- 
gy state, why are they not adopted at the 
outset? Capsid protein assembles into Pro- 
head-I because association into pentamers 
and hexamers (27) produces building-blocks . . .  - 
with the appropriate interaction surfaces ex- 
posed around their peripheries. We conjec- 
ture that interactions involving the A-do- 
mains contribute decisively to the overall 
bonding energy. In this way, they select the 
particular pair of complementary patches that 
is to be exposed around the capsomer and 
will mate when capsomers assemble into Pro- 
head-I. Upon digestion of the A-domains, 
their contribution to the overall free energy is 
eliminated, and the expanded (Head) confor- 
mation becomes favored. However, the par- 
ticle remains kinetically trapped as Prohead- 
I1 until some external stimulus such as acid- 
ification opens up a transitional pathway, and 
the expansion transformation propagates over 
its surface (28). 

How is the transition triggered? Here, 
the surface charge of Prohead-I1 (Fig. 3, B 
to E) offers a clue. The subunit has a net 
negative charge, and most positive charges 
are buried at subunit interfaces. The inner 
surface of Prohead-I1 is negatively charged 
(Fig. 3C), with pockets lined by Asp'36, 
GluZ'", GIuZ2", G I u ' ~ ~ ,  and Asp34". 
In DNA packaging, the stiffness of incom- 
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ing duplex DNA should coerce it to posi- 
tions of high radius inside Prohead-11, 
where it will impose a repulsive force on 
the negatively charged inner surface. As 
packag~ng proceeds, t h ~ s  force should b u ~ l d  
up and--barring dominant counterion ef- 
fects- eventually overcome the energetic 
barrier to expansion. The inner surface re- 
mains negatively charged after expansion 
(Fig. 3B), so that there is no net electro- 
static attraction to the inner surface of the 
capsid to resist the exit of DNA during 
infection 
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34. Methods: Connectorless Prohead-ll was produced and 

purified as described (77). Vitrified samples were 
imaged on a CM2OO-FEG (FEI, Mahwah, Nj) (28). 
Digitization was performed on a SCAI scanner (211 
Imaging. Huntsviile, AL). Image reconstruction, in- 
cluding contrast transfer correction, was done as 
described (29). Nine focal pairs were analyzed, yield- 
ing 2939 particles, of which 981 were included in the 
final map. This map was calculated to 12 A, its 
resolution as assessed by Fourier Ring Correlation 
(cutoff, 2u), as calculated between reprojections of 

two maps from half data sets. Moreover. the 420 
small knobs (see above) were consistently visualized 
at this resolution. The subunit atomic mode1 (75) was 
hand-fitted into the density map with the program 0 
(78)and refined by X-PLOR 3.0 (Yale University, New 
Haven, CT). Structure factors and phases were calcu- 
lated from the map and used as the experimentai 
data set in refinement. Subunit positions were reflned 
by rigid-body movements. The temperature factor 
for the model, optimized against the data, was de- 
termined to be 350 A2 and was applied throughout 
refinement. To avoid Local minima, refinement was 
first performed to 25 A resolution, then extended to 
18 A, and finally to 12 A. At 25 A, the subunit was 
treated as a single rigid body. At 18 A, the E-loop was 
allowed to move as a separate rigid body, and Van 
der Waals repulsions were added to prevent steric 
clashes. The final model omitted residues 104 to 127 
after an unsuccessful attempt to locate this peptide 
by calculating a difference map (F,,,,, Fmode,) in~ 

reciprocal space. The agreement between the pseu- 
do-atomic model and the cryo-EM map was excellent 
(correlation 0.88, with the model limited to 12 k 
resolution). Buried surface areas were calculated with 
CHARMM (30). The total area buried was calculated 
by identifying all subunit pairs within the icosahedral 
asymmetric unit (seven subunits) and between these 
subunits and all their contact neighbors, calculating 
the buried surface area for each pair, and summing. 
Residues 104 to 127 were omitted from Head-ll, to 
equalize the number of residues for the comparison. 
Electrostatic calculations were performed with DEL- 
PHI (37) and displayed with GRASP (32). 
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