or subsequent (possibly parent body) process-
ing is indicated.
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Structure of a yo T Cell
Receptor in Complex with
the Nonclassical MHC T22

Erin J. Adams,”?? Yueh-Hsiu Chien,"? K. Christopher Garcia'?3*

v T cell receptors (TCRs), aB TCRs, and antibodies are the three lineages of
somatically recombined antigen receptors. The structural basis for ligand rec-
ognition is well defined for aff TCR and antibodies but is lacking for y5 TCRs.
We present the 3.4 A structure of the murine y3 TCR G8 bound to its major
histocompatibility complex (MHC) class Ib ligand, T22. G8 predominantly uses
germline-encoded residues of its & chain complementarity-determining region 3
(CDR3) loop to bind T22 in an orientation substantially different from that seen
in aff TCR/peptide-MHC. That junctionally encoded G8 residues play an ancillary
role in binding suggests a fusion of innate and adaptive recognition strategies.

vd T cells, like af T cells and B cells, generate
a diverse repertoire of antigen-recognition re-
ceptors through somatic rearrangement of V,
D, and J gene segments. This process gen-
erates a heterodimeric receptor composed of
two chains, each encoding a variable (V) and
constant (C) domain. It has been convincingly
demonstrated that off and yd T cells have
different functional roles in the immune sys-
tem (/), yet the identity of endogenous ligands
for y8 T cells is unclear and little is known
about the molecular basis of ligand recog-
nition through their specific yd TCRs. From
the few defined y3 TCR ligands, it is apparent
that Y3 TCRs recognize a diverse array of an-
tigens and that, like antibodies, they appear to
recognize these antigens directly, distin-
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guishing them from aff TCRs that require anti-
gen presentation by MHC [reviewed in (2)].

Early immunogenetic studies of of TCR
and antibodies gave strong clues into the struc-
tural properties by which they would recognize
ligand (3). In afy TCR there is a concentration
of diversity in the CDR3 (10! unique junc-
tions), relative to germline-encoded CDR1 and
CDR2 derived from V-domain pairing (2500
pairs). In contrast, antibodies exhibit less CDR3
junctional diversity (10!! unique junctions) rel-
ative to the germline-encoded diversity of their
CDRI1 and CDR2 loops (90,000 pairs). Con-
sistent with this, structural studies showed that
the of TCR CDR3 primarily contact antigenic
peptide, while CDR1 and CDR2 loops contact
conserved helical portions of the MHC surface
(4). Antibodies, although predominantly using
CDR3, also make substantial use of CDR1
and CDR?2 in recognizing a diverse antigenic
repertoire.

A similar analysis of the Y8 TCR repertoire
indicates that they have the highest potential
CDR3 diversity (10'®) but limited diversity
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conferred by pairing of germline-encoded V
domains, with only ~7 Vys and ~10 V3ds in
the mouse (70 potential pairs) (3, 5). CDR3
length distribution in Y3 TCRs is more sim-
ilar to antibodies than to af§ TCRs in that the
CDR36 loops are long and variable, and the
CDR3y loops are short and constrained (35).
Given the long and potentially diverse CDR36
of y8 TCR, it would seem likely that this loop
is used directly for antigen recognition. How-
ever, many infection models involving y& T
cells show restricted V-gene usage (6), which
suggests that y§ TCR specificity is determined
by germline-derived V domains alone.

We have determined a 3.4 A crystal struc-
ture of the yd TCR G8 in complex with the
nonclassical MHC Ib protein T22 (7, &). The
G8 yd heterodimer binds protein products of
the T22 and T10 loci (95% homology), as do
0.09 to 0.6% of yd T cells in the spleen and
intraepithelial lymphocytes (IELs) of unstimu-
lated mice (9, 10). Both T22 and T10 have
a canonical class I fold, except that the C
terminus of the 02 helix is unraveled, disrupt-
ing the peptide-binding groove and expos-
ing the underlying B-sheet platform (71, 12).
Binding measurements with refolded T22 (9)
and the lack of a bound ligand in the structures
of T10 (12) and T22 (/1) confirm that G8 rec-
ognition of T10/T22 is direct and not depen-
dent on antigen processing. The structure shows
that the CDR loops, predominantly germline-
encoded residues of the junctionally recom-
bined CDR34, are directly used in y§ TCR
recognition of an MHC ligand, resulting in a
binding mode distinct from either antibody/
antigen or af TCR/pMHC interactions.

Expression and structure determination
of the 8 TCR and its ligand. The soluble
G8 yd TCR and its MHC ligand, T22, were
expressed from baculovirus-infected insect
cells, which produced a glycosylated G8 yd
TCR containing the canonical interchain di-
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sulfide (/3). We confirmed binding of G§ to
T22 by native gel shift and surface plasmon
resonance (SPR). We crystallized the G8/T22
complex, collected a complete x-ray data set
(Table 1), and determined a molecular re-

Fig. 1. Structure of the G8/T22
complex and comparison with
ligand-recognition modes seen
in apTCR/pMHC and antibody/
antigen complexes. (A) Ribbon
diagram showing the overall back-
bone structure of the G8/T22
complex (only one of the two
complexes in the asymmetric
unit of the crystal is shown).
The G8 y3TCR is shown in purple
(v chain) and yellow (8 chain),
and T22 is shown in salmon
(heavy chain) and magenta
(B,m). G8 binds T22 at a tilted
angle, with an extended CDR3
loop from the & chain forming
extensive contact with T22's f-
sheet platform and o1 helix. (B)
The 2C offTCR (o chain shownin A
yellow, B chain in purple)

complexed with H2-K°-dEV8

placement solution using the human yd TCR
G115 (I4) and the unliganded structure of
T22 (11) as search models. We subsequently
refined the complex structure to 3.4 A reso-
lution (Table 1). There are two complexes in

«pTCR

antigen

(heavy chain in salmon, B,m in fuschia) (25). (C) Structure of the complex between the Fab of
antibody HyHEL (heavy chain in purple, light chain in yellow) and hen egg-white lysozyme (shown
in salmon) (32). All figures were produced with the Pymol software (33).

2C ufTCR/KE-MHC

HyHEL Antibody/lysozyme

Fig. 2. Recognition footprints and location of CDR loops for YSTCR/MHC Ib, oTCR/peptide-MHC,
and an antibody/lysozyme complex. (Left) The CDR13 (yellow), CDR25 (orange), CDR33 (red), HV43
(hot pink), and CDR3y (blue) loops of the G8 ySTCR are superimposed on a molecular surface of T22,
with the ribbon backbone visible through the transparent surface. The remaining CDR loops of G8 do
not participate in binding and therefore are not shown. The footprint of the G8 y& TCR on T22 is
shown as a black outline and occludes only a small portion of the T22 platform in comparison with
that seen in ofTCR/pMHC (middle) (25) and antibody/antigen (right) (32). The black outlines of the
three antigen receptors were traced around the perimeters of the respective molecular surfaces.

Table 1. Crystallographic statistics.

Data collection

Space group

Unit cell (A) (a, b, c)
Source .

Resolution (A) (last shell)
Unique reflections
Redundancy
Completeness (%)

I/o (1)

Rmerge (%)

P2,2,2,
110.53, 113.05, 167.97
ALS, 8.2.1

20-3.4 (3.52-3.40)
28,542

59 (3.1)

96.9 (88.4)

23.9 (2.6)

5.2 (37.6)

Refinement statistics

Resolution range
Rfree

cryst
Average B factor (T22-1, T22-2, G8-1, G8-2)
RMSD from ideality
Bond lengths (A)
Bond angles (°)

Ramachandran plot (%) (favored, additional allowed,

generously allowed, disallowed)

20-3.4 (3.52-3.40)
32.8 (43.2)

26.9 (34.1)

91.4, 116.0, 87.7, 1136

0.0105
1.80
729, 243,28, 0
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the asymmetric unit, forming a dimer along a
V3 interface (fig. S1). The Cy and C8 domains
of one G8 yd TCR (complex #2) exhibited
partial disorder, and the electron-density map
for these domains was poor, as reflected in ele-
vated B values (Table 1) (13). All other parts of
the structure are well resolved. The TCRs in
the two respective complexes show a slight dif-
ference in orientation due to movement around
a pivot point formed by the contact patch be-
tween CDR38 and T22. This shift results in
some minor variations in contact between the
CDRI16, CDR28, HV46, and CDR3y loops and
T22 between the two complexes. Because the
individual components in the two complexes
are identical to within the limits of our reso-
lution [root mean square deviations (RMSD)
of Co individual G8 V domains and T22/f,m
are each 0.9 A], we discuss complex #1 below
and separately discuss the pivot and its impli-
cations in a later section.

Overall structure. The G8 y8 TCR is
composed of four immunoglobulin (Ig) do-
mains: two V domains, which encode the CDR
loops, and two C domains, which are assembled
into a quaternary structure similar to the pre-
viously published human y3 TCR heterodimer
(14). T22 does not deviate appreciably from the
previously described unliganded structure (/7).

The structure shows that G8 uses its CDR
loops to directly contact T22. Thus, the yd
TCR is not interacting with antigen through
the germline-encoded framework regions of
the V domains, as suggested by some func-
tional studies (6, 15), analogous to superanti-
gen binding to aff TCR (76). Rather, the yd
TCR engages ligand though its predicted anti-
gen binding site. G8 binds T22 at a tilted
angle that contrasts with the essentially par-
allel alignments of the long axes of the aff
TCR and pMHC when in complex (17, 18).
The length (12 residues) of the CDR3d pre-
vents a straight-on approach to T22 that would
allow simultaneous close apposition of the
CDR1 and CDR2 loops. This results in an
almost side-on interaction mode primarily me-
diated by the o chain (Figs. 1 and 2). Whereas
af TCRs and antibodies often use all CDR
loops in their recognition of peptide-MHC
(pMHC) and protein antigen (Fig. 1, B and C,
and Fig. 2) (4, 19), the G8 y3 TCR uses the &
chain as the foundation of the interface with
T22, with minor contact by CDR3y (Figs. 1A
and 2). The majority of G8 contact residues
are contributed from a CDR38 loop that
binds in a cavity formed by T22’s exposed [3-
sheet platform and al helix (Fig. 2).

The G8 v TCR interface with T22. The
interface between G8 and T22 buries a total
of 1936.1 A2 of surface area (Fig. 3A), com-
parable to the buried surface area (BSA) ob-
served in most aff TCR/pMHC and antibody/
antigen interfaces (19). G8 contributes 996 A2
to the G8/T22 interface, with the overwhelm-
ing majority from the V& chain (886 A2 or

SCIENCE www.sciencemag.org



88.9%), and in particular, the CDR36 (668 A2
or 67.1%) (Fig. 3B and table S1). CDR13,
CDR26, HV43, and CDR3y also make small
contributions (Fig. 3B and table S1).

The region of buried surface in T22
(940.0 Az) is almost entirely within a cavity ex-
posed by the absence of the H1 segment of the
02 helix and bordered by the intact o1 helix
and the exposed al/o2 B sheet (Fig. 3B).
This cavity is in a similar location to where
classical MHC molecules bind peptide. How-
ever, in T22, a 3—amino acid deletion, a di-
sulphide bond between Cys!!® and Cys!33,
and the absence of peptide result in a partial
unwinding of the 02 helix into a flexible loop
(11), similar to that seen in the unliganded
structure of the human MHC-like molecule,
MIC-A (20). However, when MIC-A binds to
its receptor NKG2D, the disordered segment
refolds back into an o helix (27). In contrast,
G8 binding does not engage the unwound
portion of the a2 helix and instead targets the
exposed groove (Fig. 3A).

The binding interface of G8’s long CDR36
loop spans from the edge of T22’s al/a2 B-
sheet platform to the middle of the B sheet
(Fig. 3A). The sideways binding orientation
of G8 allows full extension of the CDR38
loop into this cavity. The CDR38 BSA is
dominated by residues encoded by the two
germline D§ segments used in G8 receptor
rearrangement (Fig. 3C), which suggests that
the recognition of T22 by yd TCRs (/0) is
mediated predominantly by restricted com-
ponents of the CDR38 loop. The amount of
the buried surface area contributed by the
CDR35 loop alone (668 AZ) is comparable to
the entire BSA of some antibody/antigen and
off TCR/pMHC complexes (table S5).

The bias of CDR3§ in the G8 binding
mode contrasts with the majority of known
off TCR/pMHC and antibody/antigen struc-
ture interfaces. There are examples of anti-
bodies that have long CDR3 loops, such as
those in the uncomplexed structure of the
b12 neutralizing immunoglobulin G antibody
against HIV-1 (22) and the recent structure
of the shark single-domain antibody (IgNAR)
in complex with its antigen, lysozyme (23).
The long CDR3 of the shark I[gNAR antibody,
instead of extending away from the immuno-
globulin domain, is pinned to the core by two
disulfide bonds. This constraint reduces the
effective length of the CDR loop, resulting in
two smaller loops that, combined with the
CDRI1, compose the binding interface of the
IgNAR receptor for lysozyme.

Interface residues. The G8/T22 inter-
face was a well-resolved region of the com-
plex structure, showing clear electron density
for the majority of the contacting side chains
(Fig. 4A). The CDR38 loop interacts exten-
sively with the B-sheet platform and truncated
ol helix of T22, undergoing an approximate-
ly 180° twist such that the C-terminal region of
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the loop contacts the a1 helix of T22 while the
N-terminal side contacts primarily the B-sheet
residues (Fig. 4B). The interface between the
CDR loops of G8 and T22 is mediated mostly
by hydrophobic interactions, with 84% of T22’s
contacts and 72% of G8’s contacts being
apolar residues (table S2 and Fig. 4B).

The primary contact residues in the CDR38
loop are Thr®2, Trp®3, 1le®3, Gly®8, Tyr®,
Glu'%, and Leu'! (Fig. 4B and table S2).
Thr2 is the result of N-nucleotide addition;
Trp?? and Ile®s are encoded by the second
reading frame of the D1 segment; Gly®8, Tyr,
and GlIu!% are encoded by the second read-
ing frame of the D2 segment; and Leu!¢! is
the result of P-nucleotide addition. Shin and
co-workers have found that the majority of
T22 tetramer-positive Y8 TCRs characterized
have both the Trp®® encoded by the germline
D381 segment and the repeating motif EGYEL
encoded by the D32 segment (/0). However,
they have also observed considerable flexibil-
ity in CDR34 loop length, with G8 having an
intermediate length compared with the CDR38

Fig. 3. Distribution of
contact surfaces in the
interface between the
G8 8 TCR and its MHC
ligand T22. (A) Shape
complementarity be-
tween the molecular
surfaces of the G8 3
TCR/T22 interface. The
G8 y8 TCR is shown in
purple (y chain) and yel-
low (8 chain), and the
T22 surface (shown in
salmon) is transparent
to show the ribbon dia-
gram of the a helices
and B sheet under it.
Much of the interface
involves the burying of
G8's CDR33 loop in a
cavity over T22's 3-sheet
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loops of the T22 tetramer-positive Yo TCRs
characterized. Our structure suggests that there
are anchor residues in the CDR36 loop contact
interface, in particular Trp? at the N-terminal
end of the CDR3 loop, which is part of the
extensive aromatic environment on the T22 ex-
posed platform (Fig. 4B) and forms a hydrogen
bond with Pro'?* of T22 (table S3). Residues
Gly®8, Tyr*, Glu!%, Leu'°!, and Thr'%3 appear
to anchor the loop at its C-terminal end, rein-
forced by three G8/T22 hydrogen bonds (table
S3 and Fig. 4B). How T22’s cavity can accom-
modate longer CDR36 loops in the context
of these anchor positions (perhaps additional
residues will loop out of the groove) awaits
additional structure determinations.

Eight residues in T22 are within van der
Waals contact distance to multiple (three or
more) residues of G8, which suggests that
they are potentially important interactions in the
complex interface. Pro!?* is the most prom-
inent, with six interresidue contacts in the
interface (Fig. 4C). Supporting the importance
of Pro'?* in this interface is the finding that an

platform. (B) Breakdown of contacting surfaces between G8 and T22 colored by CDR loop. (Top)
The CDR15 (yellow), CDR23 (orange), HV43 (hot pink), and CDR3y (blue) constitute a minority of
the BSA of the G8 y3 TCR interface. The majority of the BSA of the binding interface is contributed
by the CDR33 loop (red). (Bottom) Molecular surface representation of the T22 molecule, with the
respective contact sites of the CDR loops mapped onto the surface, color-coded by CDR contact
as in the top panel. (C) Breakdown of the same contact surface between G8 and T22 colored by
germline-encoded (shown in hot pink) versus junctionally generated amino acid residues (blue).

Fig. 4. G8 CDR loop interactions
with T22. (A) Electron density of
the G8/T22 interface showing the
insertion of the CDR3§ loop in
the T22 cavity (sigmaA-weighted
2F -F ). (B) Contacting amino acid
residues within the G8 y3 TCR/T22
interface. The backbone of the

CDR33 loop (shown in red) un-
dergoes a 180° twist. The contact
residues of the CDR13 (yellow),
CDR23 (orange), HV43 (hot pink),
and CDR3y (blue) loops are also
shown. (C) Side view showing the
central location of the polymor-
phic T22 residue Pro124 in the

G8 interface.
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allelic form of the T10 molecule, T104, does
not stimulate G8 (24). One of three allelic dif-
ferences between T109 and T22 is a histidine
instead of a proline at residue 124. This non-
conservative substitution likely reduces binding
stability and thus inhibits G8 stimulation. One
of the Pro'?* contact residues in the G8§ CDR33
loop, Thr®? (Fig. 4C), is encoded by a codon
derived from junctional recombination. In other
T22 reactive y& TCRs, the amino acid(s) en-
coded by this junction vary (10), suggesting that
the nature of the amino acid at the junction
between the V and D81 segment could modulate
reactivity between T22 and T10 allelic forms.

Docking flexibility of G8 onto T22. The
two G8/T22 complexes in the asymmetric
unit have similar contact residues at the in-
terface of the CDR38/T22 B sheet. However,
extending outward from this interface, the
two complexes differ by a relative rotation
between the G8 TCRs (~5° rotation for V3,
~13° rotation for Vy), resulting in a transla-
tion of approximately 2.4 A for the & chain
and 6.4 A for the y chain when the distances
between equivalent carbon-o atoms are mea-
sured (Fig. 5) (13). This shift alters the con-
tacts formed between CDR 16, CDR26, HV43,
and CDR3y loops and T22 in each TCR (table
S2 and Fig. 5), suggesting that the CDR33
loop acts as an anchored pivot point for G8
binding, with some flexibility in the interac-
tion between the other CDR loops and T22.

This binding flexibility between G8 and
T22, centered around anchored CDR34, is sup-
ported by the results of Shin and co-workers
(10). These results demonstrate promiscui-
ty of V& and Vy chain usage in T22-specific
vd TCRs but conservation of the germline-
encoded W...EGYEL motif in the CDR33
chain. The commonality of this CDR38 chain
motif in T224 tetramer-stained cells, despite
usage of alternate Vo and Vy chains, sup-
ports the importance of the CDR38 loop in
ligand binding and further suggests that there
is degeneracy in the perimeter contacts by the
remaining CDR loops to T22. The hingelike
flexibility around the pivot point stands in

Fig. 5. Hingelike
docking flexibility of
the G8 TCR on T22.
Superimposing the two
G8/T22 complexes in
the asymmetric unit on
the T22 molecules re-
veals differences in G8
binding orientation cen-
tered around the CDR35
pivot point. (Left) The
two overall complexes
superimposed. Com-
plex 1is shown as G8
in purple (y chain) and

stark contrast to the fixed interactions seen
in antibody/antigen and aff TCR/pMHC com-
plexes. In those cases, the relatively straight-
on docking mode results in multipoint (i.e.,
multi-CDR) attachment of the receptor to the
ligand, essentially rigidifying the intermolec-
ular orientations between the two binding part-
ners. In most cases, the ap TCR CDR1 and
CDR2 loops provide a perimeter of contacts
with the MHC helices surrounding the CDR3
loops, and so far no variation has been seen
in the docking angle of TCR to MHC in cases
where multiple complexes exist in the asym-
metric unit (25, 26). Thus, the CDR38 motif
of G8 and other Y3 TCRs (/0) may be thought
of as a somewhat autonomous binding enti-
ty that is presented by a variety of germline-
encoded variable domain scaffolds without
strong preference for particular CDR1 and
2 sequences.

Dimerization of G8. The two complexes
in the asymmetric unit are dimerized through
an extensive hydrogen-bonding network that
involves the “a” strands of the V§ domains
(Fig. 6 and tables S4 and S5). The orientation
of the two TCRs in the asymmetric unit is
consistent with a biologically relevant dimer,
where the membrane-bound complexes are on
opposing cell surfaces. a3 T cells have been
shown to require, minimally, oligomerization
of their TCRs for activation (27); however,
there is no crystallographic evidence of bio-
logically relevant off TCR dimers. Activation of
of T cells is also dependent on the expression
of appropriate coreceptors such as CD4 or
CDS8. Some y§ T cells express the CD4 or
CDS8 coreceptors, yet it is unclear what role
they play in y8 T cell activation (28). T10/
T22-specific y§ T cells, including GS8, are
CD47/CD8, and therefore their activation ap-
pears to be coreceptor independent (9).

Dimerization of G8 on the cell surface
during ligand binding could circumvent the
need for coreceptor involvement and directly
facilitate receptor oligomerization and subse-
quent T cell stimulation (27, 29). However, we
have not seen biochemical evidence of oligo-

yellow (8 chain), T22 in salmon (heavy chain) and fuschia (B,m); complex 2 is shown as G8 in
green (y chain) and orange (3 chain), T22 in light blue (heavy chain) and steel blue (B,m). (Right)
Close-up of the Vy and V3 domain shifts of the G8 y3 TCR, The cores of the two V& domains shift
by only 2.4 A, whereas the two Vy domains shift by 6.4 A. For the displacement measurements,
the distances between identical TCR residues in the superimposed complexes were measured (73).

merization of the soluble G8 TCR, although
the dimerization affinity constant is likely
very weak. The high concentration of G8 in
the crystallization solution may exceed the
dimerization affinity constant in a fashion sim-
ilar to the elevation in effective concentration
achieved by the two-dimensional restriction
of the molecules on the cell surface.
Conclusion. The molecular basis of yd
TCR recognition has remained an enigma, as
has the immunobiology of y& T cells. Many
characteristics of Yy T cells suggest that they
participate early in the immune response,
similar to other members of the innate im-
mune system. These features include direct
recognition of antigen and immediate effec-
tor outcomes such as cytokine release (30)
and cytotoxicity (37). This contrasts with off T
cells and B cells, both members of the adapt-
ive arm of the immune system, which require
a lengthier process of intracellular processing
and presentation of antigen for initiation and
maintenance of their effector functions. Yet,
if y& TCRs are part of the innate immune
system, how do they use their combinatorial
diversity in antigen recognition? The structure
of G8 yd TCR in complex with the MHC Ib

Complex

Complex

Fig. 6. A dimer of two G8 y3 TCR/T22 com-
plexes. (A) Surface representation of the G8/T22
dimer present in the asymmetric unit. Complex
1 shows G8 in purple (y chain) and yellow (5 chain)
complexed to T22 in salmon (heavy chain) and
fuschia (B,m). Complex 2 shows G8 in green
(y chain) and orange (8 chain) complexed to T22
in light blue (heavy chain) and steel blue (B,m).
(B) The dimeric interface. The view in (A) is ro-
tated 90° to show the dimer interface along the
V38 domains. The box highlights the location of
the two "“a” strands involved in the hydrogen-
bonding network that constitutes the dimer; see
fig. S1 for electron density of this interface.
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molecule T22 suggests a convergence of in-
nate and adaptive recognition strategies. G8,
like o TCRs and antibodies, uses its CDR
loops to bind its ligand, T22. However, G8
almost exclusively uses its genetically recom-
bined CDR33 loop to bind T22 from the side
with degenerate contacts for the remaining
CDRG& and CDR3y loops, suggesting that the
CDR35 loop is the primary docking anchor
in this recognition strategy. Moreover, the resi-
dues involved in the recognition interface are
derived predominantly from germline-encoded
Do segments, suggesting that there is, as pre-
viously hypothesized, a germline-encoded ba-
sis for T10/T22 recognition. The additional
use of junctionally diverse residues in the
interface allows for rapid coevolution of yd
TCRs with their ligands. This is an ideal strat-
egy for an innate receptor, because there can
be not only a long-term coevolution of the
v8 TCR and its ligand over the lifetime of a
species but also an immediate fine-tuning of
the recognition of its particular ligand within
an individual. In this way, the chemistry of the
recognition interface between G8 and T22 can
be thought of as a hybrid between innate and
adaptive recognition solutions.
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Evolution of Sakurai's Object
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After a hot white dwarf ceases its nuclear burning, its helium may briefly and
explosively reignite. This causes the star to evolve back into a cool giant,
whereupon it experiences renewed mass ejection before reheating. A reigni-
tion event of this kind was observed in 1996 in V4334 Sgr (Sakurai’s object).
Its temperature decrease was 100 times the predicted rate. To understand its
unexpectedly fast evolution, we have developed a model in which convective
mixing is strongly suppressed under the influence of flash burning. The model
predicts equally rapid reheating of the star. Radio emission from freshly ion-
ized matter now shows that this reheating has begun. Such events may be an
important source of carbon and carbonaceous dust in the Galaxy.

Helium-shell flashes play a vital role in the
production of chemical elements in stars (/).
They occur in all stars with initial masses
between 1 and 8 times the mass of the Sun,
during their asymptotic giant branch (AGB)
phase. This phase ends with a drastic and
rather sudden episode during which up to
90% of the star’s mass is ejected into space.
The remnant star evolves through a hot state
toward the white dwarf cooling track, where
nuclear burning ceases. Its radiation ionizes
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the ejected material and a planetary nebula
forms. About one-quarter of these stars will
undergo one final, very late He flash as a
white dwarf, after nuclear hydrogen burning
has ceased (/-3), in a unique event of nuclear
flash—driven stellar evolution. The reincar-
nated star retraces its evolution and experi-
ences renewed mass ejection.

The discovery of Sakurai’s object (V4334
Sgr) in 1996 provided the first modern obser-
vations of this so-called very late thermal pulse
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(4). Its real-time evolution (possibly the fastest
ever observed) provides a once-in-a-lifetime
observational handle on the physics of convec-
tion and rapid nuclear burning. V4334 Sgr was
the hot (105 K) central star of a hitherto un-
detected planetary nebula (5). Shortly before
1995, the helium layer reignited and V4334
Sgr was reincarnated as a “born-again” giant.

In our Galaxy, such an event is expected
to occur once per decade (6). But V4334 Sgr
was only the third observed case, after V605
Aql in 1918 (7) and possibly CK Vul in 1670
(8). Other events, such as the eruption of
FG Sge (9), may have been missed in the
crowded regions of the Milky Way. Hydrogen-
poor [WC] central stars of planetary nebulae
and the cooler hydrogen-deficient and carbon-
rich R CrB stars (/0) may be descendants of
the born-again stars.

Computer simulations of the very late
He-shell flash show that the small remaining
H-rich envelope is convectively ingested into
the He shell, resulting in an additional rapid
H-driven nuclear flash burning. Initial models
predicted that the stellar luminosity would
increase, and temperature decrease, over a
few hundred years (7, 2). However, V4334
Sgr evolved at 100 times the predicted rate,
suggesting neglected physics in the simulations
(11, 12). During 1998, increasing opacity by a
dusty wind (/3) rendered V4334 Sgr all but
unobservable in the visual region. The mass
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