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proaches have been and are being considered. For
example, in Singapore, where 84% of the popu-
lation lives in public housing (35), regulations that
explicitly recognize the role of spatial segregation in
sectarianism specify the percentage of ethnic groups
to occupy housing blocks (36). This legally
compels ethnic mixing at a scale finer than that
which our study finds likely to lead to violence.
Given the natural tendency toward social separa-
tion, maintaining such mixing requires a level of
authoritarianism that might not be entertained in
other locations. Still, despite social tensions (37),
the current absence of violence provides some
support to our analysis. The alternative approach—
aiding in the separation process by establishing
clear boundaries between cultural groups to
prevent violence—has also gained recent atten-
tion (38, 39). Although further studies are
needed, there exist assessments (39) of the impact
of historical partitions in Ireland, Cyprus, the
Indian subcontinent, and the Middle East that
may be consistent with the understanding of type
separation and a critical scale of mixing or
separation presented here.

The insight provided by this study may help
inform policy debates by guiding our understanding
of the consequences of policy alternatives. The
purpose of this paper does not include promoting
specific policy options. Although our work re-
inforces suggestions to consider separation, we are
not diminishing the relevance of concerns about the
desirability of separation or its process. Even where
separation may be indicated as a way of preventing
violence, caution is warranted to ensure that the
goal of preventing violence does not become a
Justification for violence. Moreover, even a peaceful
process of separation is likely to be objectionable.
There may be ways to positively motivate
separation using incentives, as well as to mitigate
negative aspects of separation that often include
displacement of populations and mobility barriers.

Our results for the range of filter diameters that
provide good statistical agreement between
reported and predicted violence in the former
Yugoslavia and India suggest that regions of width
less than 10 km or greater than 100 km may
provide sufficient mixing or isolation to reduce the
chance of violence. These bounds may be affected
by a variety of secondary factors including social
and economic conditions; the simulation resolu-
tion may limit the accuracy of the lower limit; and
boundaries such as rivers, other physical barriers,
or political divisions will surely play a role. Still,
this may provide initial guidance for strategic
planning. Identifying the nature of boundaries to
be established and the means for ensuring their
stability, however, must reflect local issues.

Our approach does not consider the relative
merits of cultures, individual acts, or immediate
causes of violence, but rather the conditions that may
promote violence. It is worth considering whether, in
places where cultural differentiation is taking place,
conflict might be prevented or minimized by political
acts that create appropriate boundaries suited to the
current geocultural regions rather than the existing

historically based state boundaries. Such bounda-
ries need not inhibit trade and commerce and need
not mark the boundaries of states, but should allow
each cultural group to adopt independent behav-
iors in separate domains. Peaceful coexistence
need not require complete integration.
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Crystal Structure of an Ancient
Protein: Evolution by
Conformational Epistasis

Eric A. Ortlund,* Jamie T. Bridgham,?* Matthew R. Redinbo,* Joseph W. Thornton®t

The structural mechanisms by which proteins have evolved new functions are known only indirectly.
We report x-ray crystal structures of a resurrected ancestral protein—the ~450 million-year-old
precursor of vertebrate glucocorticoid (GR) and mineralocorticoid (MR) receptors. Using structural,
phylogenetic, and functional analysis, we identify the specific set of historical mutations that
recapitulate the evolution of GR's hormone specificity from an MR-like ancestor. These
substitutions repositioned crucial residues to create new receptor-ligand and intraprotein contacts.
Strong epistatic interactions occur because one substitution changes the conformational position
of another site. “Permissive” mutations—substitutions of no immediate consequence, which
stabilize specific elements of the protein and allow it to tolerate subsequent function-switching
changes—played a major role in determining GR’s evolutionary trajectory.

central goal in molecular evolution is to
understand the mechanisms and dynam-
ics by which changes in gene sequence
generate shifts in function and therefore pheno-
type (I, 2). A complete understanding of this

process requires analysis of how changes in protein
structure mediate the effects of mutations on
function. Comparative analyses of extant proteins
have provided indirect insights into the diversifi-
cation of protein structure (3—6), and protein
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engineering studies have elucidated structure-
function relations that shape the evolutionary
process (7—11). To directly identify the mecha-
nisms by which historical mutations generated
new functions, however, it is necessary to
compare proteins through evolutionary time.
Here we report the empirical structures of an
ancient protein, which we “resurrected” (/2) by
phylogenetically determining its maximum likeli-
hood sequence from a large database of extant se-
quences, biochemically synthesizing a gene coding
for the inferred ancestral protein, expressing it in
cultured cells, and determining the protein’s
structure by x-ray crystallography. Specifically, we
investigated the mechanistic basis for the functional
evolution of the glucocorticoid receptor (GR), a
hormone-regulated transcription factor present in all
jawed vertebrates (/3). GR and its sister gene, the
mineralocorticoid receptor (MR), descend from the
duplication of a single ancient gene, the ancestral
corticoid receptor (AncCR), deep in the vertebrate
lineage ~450 million years ago (Ma) (Fig. 1A) (13).
GR is activated by the adrenal steroid cortisol and
regulates stress response, glucose homeostasis, and
other functions (/4). MR is activated by aldosterone
in tetrapods and by deoxycorticosterone (DOC) in
teleosts to control electrolyte homeostasis, kidney
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and colon function, and other processes (/4). MR is
also sensitive to cortisol, though considerably less
so than to aldosterone and DOC (I3, 15).
Previously, AncCR was resurrected and found to
have MR-like sensitivity to aldosterone, DOC, and
cortisol, indicating that GR’s cortisol specificity is
evolutionarily derived (13).

To identify the structural mechanisms by
which GR evolved this new function, we used
x-ray crystallography to determine the structures
of the resurrected AncCR ligand-binding domain
(LBD) in complex with aldosterone, DOC, and
cortisol (16) at 1.9, 2.0, and 2.4 A resolution,
respectively (table S1). All structures adopt the
classic active conformation for nuclear receptors
(17), with unambiguous electron density for each
hormone (Fig. 1B and figs. S1 and S2). AncCR’s
structure is extremely similar to the human MR
[root mean square deviation (RMSD) = 0.9 A for
all backbone atoms] and, to a lesser extent, to the
human GR (RMSD = 1.2 A). The network of
hydrogen-bonds supporting activation in the
human MR (/8) is present in AncCR, indicating
that MR’s structural mode of action has been
conserved for >400 million years (fig. S3).

Because aldosterone evolved only in the
tetrapods, tens of millions of years after AncCR,
that receptor’s sensitivity to aldosterone was
surprising (/3). The AncCR-ligand structures
indicate that the receptor’s ancient response to
aldosterone was a structural by-product of its
sensitivity to DOC, the likely ancestral ligand,
which it binds almost identically (Fig. 1C). Key
contacts for binding DOC involve conserved
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with bound aldosterone (green,
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surfaces among the hormones, and no obligate
contacts are made with moieties at C11, C17, and
C18, the only variable positions among the three
hormones. These inferences are robust to uncer-
tainty in the sequence reconstruction: We modeled
each plausible alternate reconstruction [ posterior
probability (PP) > 0.20] into the AncCR crystal
structures and found that none significantly af-
fected the backbone conformation or ligand inter-
actions. The receptor, therefore, had the structural
potential to be fortuitously activated by aldoster-
one when that hormone evolved tens of millions
of years later, providing the mechanism for evo-
lution of the MR-aldosterone partnership by mo-
lecular exploitation, as described (73).

To determine how GR’s preference for cortisol
evolved, we identified substitutions that occurred
during the same period as the shift in GR function.
We used maximum likelihood phylogenetics to de-
termine the sequences of ancestral receptors along
the GR lineage (/6). The reconstructions had strong
support, with mean PP >0.93 and the vast majority
of sites with PP >0.90 (tables S2 and S3). We
synthesized a cDNA for each reconstructed LBD,
expressed it in cultured cells, and experimentally
characterized its hormone sensitivity in a reporter
gene transcription assay (/6). GR from the com-
mon ancestor of all jawed vertebrates (AncGR1 in
Fig. 1A) retained AncCR’s sensitivity to aldoster-
one, DOC, and cortisol. At the next node, however,
GR from the common ancestor of bony vertebrates
(AncGR2) had a phenotype like that of modem
GRs, responding only to cortisol. This inference is
robust to reconstruction uncertainty: We introduced

AncGR2

1110 9 -8 -7 6

AncGR1

:

o=t
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plausible alternative states by mutagenesis, but
none changed function (fig. S4). GR’s specificity
therefore evolved during the interval between these
two speciation events, ~420 to 440 Ma (19, 20).

During this interval, there were 36 substitutions
and one single-codon deletion (figs. S5 and S6).
Four substitutions and the deletion are conserved in
one state in all GRs that descend from AncGR2 and
in another state in all receptors with the ancestral
function. Two of these—S106P and L111Q (2/)—
were previously identified as increasing cortisol
specificity when introduced into AncCR (/3). We
introduced these substitutions into AncGR1 and
found that they recapitulate a large portion of the
functional shift from AncGR1 to AncGR2, radi-
cally reducing aldosterone and DOC response
while maintaining moderate sensitivity to cortisol
(Fig. 2A); the concentrations required for half-
maximal activation (ECsp) by aldosterone and
DOC increased by 169- and 57-fold, respectively,
whereas that for cortisol increased only twofold. A
strong epistatic interaction between substitutions
was apparent: L111Q alone had little effect on
sensitivity to any hormone, but SI06P dramatically
reduced activation by all ligands. Only the
combination switched receptor preference from
aldosterone and DOC to cortisol. Introducing these
historical substitutions into the human MR yielded
a completely nonfunctional receptor, as did
reversing them in the human GR (fig. S7). These
results emphasize the importance of having the
ancestral sequence to reveal the functional impacts
of historical substitutions.

To determine the mechanism by which these
two substitutions shift function, we compared the
structures of AncGR1 and AncGR2, which were
generated by homology modeling and energy
minimization based on the AncCR and human
GR crystal structures, respectively (/6). These
structures are robust to uncertainty in the recon-
struction: Modeling plausible alternate states did
not significantly alter backbone conformation,
interactions with ligand, or intraprotein interactions.
The major structural difference between AncGR1

Fig. 2. Mechanism for switching A
AncGR1's ligand preference from al-

and AncGR2 involves helix 7 and the loop
preceding it, which contain S1I06P and L111Q
and form part of the ligand pocket (Fig. 2B and fig.
S8). In AncGR1 and AncCR, the loop’s position is
stabilized by a hydrogen bond between Ser'® and
the backbone carbonyl of Met'®. Replacing Ser'*
with proline in the derived GRs breaks this bond
and introduces a sharp kink into the backbone,
which pulls the loop downward, repositioning and
partially unwinding helix 7. By destabilizing this
crucial region of the receptor, S106P impairs
activation by all ligands. The movement of helix
7, however, also dramatically repositions site 111,
bringing it close to the ligand. In this conforma-
tional background, L111Q generates a hydrogen
bond with cortisol’s C17-hydroxyl, stabilizing the
receptor-hormone complex. Aldosterone and DOC
lack this hydroxyl, so the new bond is cortisol-
specific. The net effect of these two substitu-
tions is to destabilize the receptor complex with
aldosterone or DOC and restore stability in a
cortisol-specific fashion, switching AncGR2’s pref-
erence to that hormone. We call this mode of
structural evolution conformational epistasis, be-
cause one substitution remodels the protein back-
bone and repositions a second site, changing the
functional effect of substitution at the latter.

Although S106P and L111Q (“group X” for
convenience) recapitulate the evolutionary switch
in preference from aldosterone to cortisol, the
receptor retains some sensitivity to MR’s ligands,
unlike AncGR2 and extant GRs. We hypothesized
that the other three strictly conserved changes that
occurred between AncGR1 and AncGR2 (L29M,
F98I, and deletion S212A) would complete the
functional switch. Surprisingly, introducing these
“group Y changes into the AncGR1 and AncGR1 +
X backgrounds produced completely nonfunc-
tional receptors that cannot activate transcription,
even in the presence of high ligand concentrations
(Fig. 3A). Additional epistatic substitutions must
have modulated the effect of group Y, which pro-
vided a permissive background for their evolution
that was not yet present in AncGRI1.

dosterone to cortisol. (A) Effect of 201 AncGR1+ 20 AncGR1+

substitutions S106P and L111Q on the
resurrected AncGR1's response to hor-
mones. Dashed lines indicate sensitivity 101

C
to aldosterone (green), cortisol (purple), 2 5|
and DOC (orange) as the ECsy for ,g ket 0! o7 i
reporter gene activation. Green arrow g -11 -10 9 -8 -7 -6 -11-10 -9 -8 -7 -6 -5
shows probable pathway through a =
functional intermediate; red arrow, I 207 AncGRf 201 AncGR1+
intermediate with radically reduced 154 15 S106P
sensitivity to all hormones. (B) Struc- 104 . s mmmp 10 3

tural change conferring new ligand
specificity. Backbones of helices 6 and
7 from AncGR1 (green) and AncGR2

[é)]
1

| Li1Q

| s106P, L111Q

The AncCR crystal structure allowed us to
identify these permissive mutations by analyzing
the effects of group Y substitutions (Fig. 3B).
In all steroid receptors, transcriptional activity
depends on the stability of an activation-function
helix (AF-H), which is repositioned when the
ligand binds, generating the interface for tran-
scriptional coactivators. The stability of this
orientation is determined by a network of inter-
actions among three structural elements: the loop
preceding AF-H, the ligand, and helix 3 (/7).
Group Y substitutions compromise activation be-
cause they disrupt this network. S212A eliminates
a hydrogen bond that directly stabilizes the AF-H
loop, and L29M on helix 3 creates a steric clash
and unfavorable interactions with the D-ring of
the hormone. F98I opens up space between helix
3, helix 7, and the ligand; the resulting instability
is transmitted indirectly to AF-H, impairing
activation by all ligands (Fig. 3B). If the protein
could tolerate group Y, however, the structures
predict that these mutations would enhance
cortisol specificity: L29M forms a hydrogen
bond with cortisol’s unique C17-hydroxyl, and
the additional space created by F98I relieves a
steric clash between the repositioned loop and
Met'%, stabilizing the key interaction between
Q111 and the C17-hydroxyl (Fig. 3B).

We hypothesized that historical substitutions
that added stability to the regions destabilized by
group Y might have permitted the evolving pro-
tein to tolerate group Y mutations and to complete
the GR phenotype. Structural analysis suggested
two candidates (group Z): N26T generates a new
hydrogen bond between helix 3 and the AF-H
loop, and Q105L allows helix 7 to pack more
tightly against helix 3, stabilizing the latter and,
indirectly, AF-H (Fig. 3B). As predicted, intro-
ducing group Z into the nonfunctional AncGR1 +
X + Y receptor restored transcriptional activity,
indicating that Z is permissive for Y (Fig. 3A).
Further, AncGR1 + X + Y + Z displays a fully
GR-like phenotype that is unresponsive to
aldosterone and DOC and maintains moderate

(yellow) in complex with cortisol are
superimposed. Substitution S106P
induces a kink in the interhelical loop

of—r
11 10 9 -8 7 -6

Hormone (log M)

0 T
-11-10 -9 -8 -7 -6 -5

of AncGR2, repositioning sites 106 and 111 (arrows). In this background, L111Q forms a new hydrogen bond with cortisol's unique C17-hydroxyl (dotted red line).
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cortisol sensitivity. Both N26T and Q105L are
required for this effect (table S4). Strong epistasis
is again apparent: Adding group Z substitutions
in the absence of Y has little or no effect on ligand-
activated transcription, presumably because the
receptor has not yet been destabilized (Fig. 3A).
Evolutionary trajectories that pass through func-
tional intermediates are more likely than those
involving nonfunctional steps (22), so the only
historically likely pathways to AncGR2 are those
in which the permissive substitutions of group Z
and the large-effect mutations of group X occurred
before group Y was complete (Fig. 3C).

Fig. 3. Permissive substitutions in the

Our discovery of permissive substitutions in the
AncGR1-AncGR2 interval suggested that other
permissive mutations might have evolved even
carlier. We used the structures to predict whether
any of the 25 substitutions between AncCR and
AncGR1 (fig. S5) might be required for the receptor
to tolerate the substitutions that later yieldled GR
function. Only one was predicted to be important:
Y27R, which is conserved in all GRs, stabilizes
helix 3 and the ligand pocket by forming a cation-rt
interaction with Tyr'” (Fig. 4A). When we reversed
Y27R in the GR-like AncGRl + X + Y + Z,
activation by all ligands was indeed abolished (Fig.

REPORTS I

4B). In contrast, introducing Y27R into AncCR
(Fig. 4B) or AncGR1 (fig. S9) had negligible effect
on the receptor’s response to any hormone. By con-
ferring increased stability on a crucial part of the
receptor, Y27R created a permissive sequence envi-
ronment for substitutions that, millions of years later,
remodeled the protein and yielded a new function.
These results shed light on long-standing issues
in evolutionary genetics. One classic question is
whether adaptation proceeds by mutations of large
or small effect (23). Our findings are consistent with
a model of adaptation in which large-effect muta-
tions move a protein from one sequence optimum

g S A " Cc +YZ +XYZ
evolution of receptor specificity. (A) Hormone sensitivity (EC54,nM)
Effects of various combinations of Receptor Aldosterone Cortisol DOC +Z
historical substitutions on AncGR1's AncGR1 1.0 (0.5,1.7) 6.4 (5.0,8.3) 0.5(0.3,1.0)
transcriptional activity and hormone- AncGR1 + X 161.0 (119.2,217.4)  16.0 (8.0,31.9) 30.1 (17.9,50.7)
sensitivity in a reporter gene assay. AncGRT +Y -
Group Y (L29M, F98I, and S212A) abol- AncGR1 + XY - - -
'ishes receptor achv]ty un[ess groups X AncGR1 +Z 0.5(0.2,1.4) 6.7 (4.5,10.0) 0.3 (0.1,0.7)
(S106P, L111Q) and Z (N26T and ANcGR1 +XZ  200.0 (174.4,228.6) 2.9 (1.5,5.7) 22.4 (11.2,44.7)
Q105L) are present; the XYZ combina- ~ AncGR1 +YZ - 657.7 (491.1,880.7) ANCGR1

tion yields complete cortisol-specificity.

AncGR1 + XYZ

308.3 (135.7,700.5)

The 95% confidence interval for each
ECs is in parentheses. Dash, no acti- B
vation. (B) Structural prediction of
permissive substitutions. Models of
AncGR1 (green) and AncGR2 (yellow)
are shown with cortisol. Group X and Y
substitutions (circles and rectangles)
yield new interactions with the C17-
hydroxyl of cortisol (purple) but de-
stabilize receptor regions required for
activation. Group Z (underlined) imparts
additional stability to the destabilized
regions. (C) Restricted evolutionary
paths through sequence space. The
corners of the cube represent states for
residue sets X, Y, and Z. Edges represent
pathways from the ancestral sequence
(AncGR1) to the cortisol-specific combi-

nation (+XY2). Filled circles at vertices show sensitivity to aldosterone (green), DOC (orange), and cortisol (purple); empty circles, no activation. Red octagons, paths
through nonfunctional intermediates; arrows, paths through functional intermediates with no change (white) or switched ligand preference (green).

Fig. 4. Structural identification of ~ A
an ancient permissive substitution.
(A) Comparison of the structures of
AncCR (blue) and AncGR2 (yellow).
Y27R generates a novel cation-t
interaction in AncGR2 (dotted cyan
line), replacing the weaker ances-
tral hydrogen bond (dotted red)
and imparting additional stability
to helix 3. (B) Y27R is permissive
for the substitutions that confer GR
function. Reporter gene activation
by AncGR1 + XYZ (upper right) is
abolished when Y27R is reversed
(lower right). (Left) Y27R has
negligible effect in the AncCR
background (or in AncGR1, fig. S9).
Green, orange, and purple lines
show aldosterone, DOC, and corti-

B
30, AncCR+Y27R 20, ANcGR1+ XYZ
20 (LA ' 15 ,/E
104 I
c 101 —) 7 i
5 51 J
© / 7 ~
R S S 0 x
g 110 -6 8 7 b 1110 -9 -8 -7 6 5
ke]
2 1
301 AncCR 201 AncGR1+XYZ+R27Y
15
10
5 j

sol responses, respectively. Green arrows, likely pathway through functional intermediates.
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to the region of a different function, which smaller-
effect substitutions then fine-tune (24, 25); permis-
sive substitutions of small immediate effect,
however, precede this process. The intrinsic
difficulty of identifying mutations of small effect
creates an ascertainment bias in favor of large-effect
mutations; the ancestral structures allowed us
isolate key combinations of small-effect substitu-
tions from a large set of historical possibilities.

A second contentious issue is whether epistasis
makes evolutionary histories contingent on chance
events (26, 27). We found several examples of
strong epistasis, where substitutions that have very
weak effects in isolation are required for the protein
to tolerate subsequent mutations that yield a new
function. Such permissive mutations create “ridges”
connecting functional sequence combinations and
narrow the range of selectively accessible path-
ways, making evolution more predictable (25).
Whether a ridge is followed, however, may not be a
deterministic outcome. If there are few potentially
permissive substitutions and these are nearly
neutral, then whether they will occur is largely a
matter of chance. If the historical “tape of life”
could be played again (29), the required permissive
changes might not happen, and a ridge leading to a
new function could become an evolutionary road
not taken.

Our results provide insights into the structural
mechanisms of epistasis and the historical evo-
lution of new functions. GR’s functional speci-
ficity evolved by substitutions that destabilized
the receptor structure with all hormones but
compensated with novel interactions specific to
the new ligand. Compensatory mutations have
been thought to occur when a second substitution
restores a lost molecular interaction (30). Our
findings support this notion, but in a reversed
order: Permissive substitutions stabilized specific
structural elements, allowing them to tolerate
later destabilizing mutations that conferred a new
function (9, 10, 31). We also observed a more
striking mechanism: conformational epistasis, by
which one substitution repositions another resi-
due in three-dimensional space and changes the
effects of mutations at that site. It is well known
that mutations may have nonadditive effects on
protein stability (32), and fitness (9, 33), but we
are aware of few cases (11, 34) specifically docu-
menting new functions or epistasis via confor-
mational remodeling. This may be due to the lack
of ancestral structures, which allow evolutionary
shifts in the position of specific residues to be
determined. Conformational epistasis may be an
important theme in structural evolution, playing a
role in many cases where new gene functions
evolve via novel molecular interactions.
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A Common Fold Mediates Vertebrate
Defense and Bacterial Attack
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Proteins containing membrane attack complex/perforin (MACPF) domains play important roles in
vertebrate immunity, embryonic development, and neural-cell migration. In vertebrates, the ninth
component of complement and perforin form oligomeric pores that lyse bacteria and kill virus-
infected cells, respectively. However, the mechanism of MACPF function is unknown. We
determined the crystal structure of a bacterial MACPF protein, Plu-MACPF from Photorhabdus
luminescens, to 2.0 angstrom resolution. The MACPF domain reveals structural similarity with pore-
forming cholesterol-dependent cytolysins (CDCs) from Gram-positive bacteria. This suggests that
lytic MACPF proteins may use a CDC-like mechanism to form pores and disrupt cell membranes.
Sequence similarity between bacterial and vertebrate MACPF domains suggests that the fold of the
CDCs, a family of proteins important for bacterial pathogenesis, is probably used by vertebrates for
defense against infection.

complement proteins (C6, C7, C8a, C8B, and
C9) and perforin (/-3) (fig. S1). These mole-
cules perform critical functions in innate and

(MACPF) domain was originally identi-

The membrane attack complex/perforin
fied and named as being common to five
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