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Formation of the First Peptide Bond:
The Structure of EF-P Bound to the

70S Ribosome

Gregor Blaha,** Robin E. Stanley,™* Thomas A. Steitz%3t

Elongation factor P (EF-P) is an essential protein that stimulates the formation of the first peptide
bond in protein synthesis. Here we report the crystal structure of EF-P bound to the Thermus
thermophilus 70S ribosome along with the initiator transfer RNA N-formyl-methionyl-tRNA;
(fMet-tRNA;™Y and a short piece of messenger RNA (mRNA) at a resolution of 3.5 angstroms.
EF-P binds to a site located between the binding site for the peptidyl tRNA (P site) and the exiting
tRNA (E site). It spans both ribosomal subunits with its amino terminal domain positioned adjacent
to the aminoacyl acceptor stem and its carboxyl terminal domain positioned next to the anticodon
stem-loop of the P site—bound initiator tRNA. Domain Il of EF-P interacts with the ribosomal
protein L1, which results in the largest movement of the L1 stalk that has been observed in the
absence of ratcheting of the ribosomal subunits. EF-P facilitates the proper positioning of the
fMet-tRNA;™Mt for the formation of the first peptide bond during translation initiation.

the efp gene in Escherichia coli (1) and is
conserved in all eubacteria (2, 3). Previous
studies suggest that EF-P is essential for cell via-
bility in E. coli (). Despite its stimulatory effects
on peptide bond formation between ribosome-
bound initiator transfer RNA N-formyl-methionyl-
tRNA; (Met-tRNA;™*) and puromycin (4) and
N-acetyl-Phe tRNA"—primed poly(U)-directed
poly(Phe) synthesis (5), EF-P is not a required
component of minimal in vitro translation sys-
tems (6). EF-P is present in the cell at about 0.1
copies per ribosome, a ratio similar to that of the
initiation factors (7, &). EF-P binds stoichiomet-
rically to each of the ribosomal subunits and to
the 70S ribosome. The ratio of bound EF-P to
polysomes declines with the size of polysomes,
consistent with its involvement in the initial stages
of protein synthesis (9). The crystal structure of
EF-P revealed that the protein is composed of
three B-barrel domains and has an overall L shape,
reminiscent of a tRNA (/0). The only known
function of EF-P is a stimulatory effect in vitro
on the formation of the first peptide bond.
Archaea and eukarya have a factor, known
as eukaryotic translation initiation factor 5A
(eIFSA, previously called elF4D), that shares
sequence and structural similarity with the first
two domains of EF-P (/0). Like EF-P, eIFSA
stimulates the formation of peptide bonds be-
tween initiator tRNA and puromycin in vitro but
has no effect on the rate of poly(U)—dependent
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poly(Phe) synthesis (/7). elF5A is the only pro-
tein known to contain hypusine, an amino acid
derived from lysine through posttranslational
modification by deoxyhypusine synthase and de-
oxyhypusine hydroxylase (/2). The hypusine
modification has been identified in all analyzed
archaea and eukarya but not in any eubacteria (2).
However, a recent mass spectrometric analysis of
endogenous EF-P from E. coli indicates a pos-
sible modification with a molecular mass of 143
daltons (9). Putative deoxyhypusine synthase—
related genes have also been identified in several
eubacterial species, although not in E. coli or
Thermus thermophilus (13).

Alignments of the sequences of elF5A from
several species reveal that the residues surround-
ing the lysine residue that is modified to hypusine
are extremely well conserved (/2). In yeast, a
K51R mutation in elF5A, in which lysine at
position 51 is replaced by arginine (/4), not only
inhibits hypusine formation but also cannot
rescue elFSA knockouts (/5) and has reduced
affinity for the ribosome (/6). In addition, both
elF5A and deoxyhypusine synthase are essential
in yeast (/2). Like EF-Ps, the in vivo role of
elF5A in translation is still poorly understood;
however, elFSA has been linked to many other
roles in the cell [reviewed in (/2)].

Here, we present the crystal structure of EF-P
bound to the 70S ribosome along with the initiator
tRNA and a short fragment of mRNA. EF-P binds
to the 70S ribosome at a site located between the
binding sites for the peptidyl tRNA (P site) and
the exiting tRNA (E site) and appears to stabilize
the positioning of the fMet-tRNA;™ in the P site.

Overview of the structure. Crystals of the
T thermophilus 70S ribosome with bound
mRNA, initiator tRNA, and EF-P diffracted to
3.5 A resolution (/7). The structure was deter-
mined by molecular replacement by using a pub-

lished model of the 70S ribosome with the tRNA
and mRNA ligands removed (/8). A difference
electron density map calculated with the use of
Fops — Feae amplitudes showed density for the
initiator tRNA, mRNA, and EF-P, as well as den-
sity arising from movement of the L1 stalk. The
initiator tRNA, mRNA, EF-P, and the reposi-
tioned L1 stalk were built, and the model was
refined to an Ry,qn/Ree 0F 25.2/30.2%.
Contrary to recent biochemical studies that
were interpreted to suggest that EF-P binds to the
aminoacyl tRNA-binding site (A site) (9), and
despite its resemblance to a tRNA, EF-P does not
bind to the ribosome in a classical tRNA-binding
site, but rather binds at a distinct position that is
adjacent to the P-site tRNA, between the P and E
sites. The L1 stalk also undergoes a major con-
formational change that positions the ribosomal
protein L1 in the E site to interact with EF-P
(Fig. 1). EF-P spans both ribosomal subunits and
contacts the initiator tRNA near the anticodon
stem-loop on the 308 subunit, the D-loop, and the
acceptor stem on the 50S subunit (Fig. 1).
Domain I of EF-P binds next to the acceptor stem
of the initiator tRNA in the P site, and domain I1I
of EF-P binds adjacent to the anticodon stem-
loop of the P-site tRNA and partially overlaps
the E site. Domain II of EF-P is sandwiched
between domains I and II of the ribosomal pro-
tein L1. As previously noted, domain II of EF-P
has an OB fold, which is characteristic for many
oligonucleotide-binding proteins (/0). However,
the majority of its surface is negatively charged
and does not interact with tRNA, but rather fits
into a positively charged pocket of L1 (Fig. 2).
The initiator tRNA bound in the P site dis-
plays the same conformation as that observed in
the P-site tRNA of the 2.8 A resolution structure
of the T. thermophilus 70S ribosome with bound
mRNA and tRNAs, which is distorted when com-
pared with that of the crystal structure of un-
liganded yeast tRNAP™ (78). The superposition of
the P-site tRNA from our structure onto that of the
2.8 A resolution structure yields a root mean
square deviation of less than 1.0 A for the entire
phosphate backbone; thus, even though EF-P
binds adjacent to the tRNA, it does not induce
any significant conformational changes.
Interactions near the peptidyl transferase
center (PTC). A loop of domain I of EF-P makes
numerous interactions with the CCA end of the
acceptor stem of the initiator tRNA. The con-
served arginine-lysine (R32) residue that is mod-
ified to hypusine in eukaryotes lies at the tip of
this positively charged loop, and residues Q26
and K29 are within hydrogen-bonding distance
of the 2’ hydroxyl groups of the G70 and A72
(Fig. 3). There are also additional likely hydrogen
bonds between the amide nitrogens of G31 and
R32 to the phosphate of A73 and the sugar of
C74, respectively (Fig. 3). R32 is close to the
PTC, and in one copy of the asymmetric unit, it
interacts with C75 of the tRNA and the phos-
phates of C2064 and C2065 of the 23S ribosomal
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RNA (rRNA) (Fig. 4). Another residue in this
loop, K29, which is well conserved in both EF-P
and elF5A, is within hydrogen-bonding distance
of the ribose of G2253 in the P-loop of the 23S
rRNA (Fig. 4). Residues Q28, K36, and H27 of
EF-P are also within possible hydrogen-bonding
distances of 2594, 2597, and 2254 of the 23S
rRNA, respectively. All these interactions sug-
gest that EF-P may play a role in correctly posi-
tioning the P-site tRNA or providing additional
stabilization of the initiator tRNA in the P site. It
appears that EF-P has an indirect, rather than direct,
effect on peptide bond formation, because neither
the initiator tRNA in the P site nor the PTC has its
conformation altered by the presence of EF-P.
Even though residue R32 in 7. thermophilus
is close to the PTC, it is still too distant to par-

ticipate directly in peptide bond formation. How-
ever, in eukaryotes, the corresponding hypusine
residue has a much longer side chain than either
arginine or lysine and, therefore, could extend closer
to the active site (Fig. 4). It was previously suggested
that the hypusine modification could stabilize the
initiator tRNA in the P site (2). Because initiator
tRNAs in eukaryotes are not formylated, perhaps
the hypusine modification replaces the function
of the formy! group of the aminoacylated initiator
tRNA (19). This is further supported by in vitro
experiments that show that elFSA lacking hypusine
does not stimulate methionyl-puromycin synthesis,
but after in vitro modification to hypusine, the
stimulatory effect is fully restored (20). Aside
from its recognition by initiation factor IF2, the
role of formylation of the initiator tRNA in

Fig. 1. The structure of EF-P bound to the ribosome. (A) Overview of the E- and P-site tRNAs bound to the
70S ribosome [coordinates were taken from the Protein DataBank (PDB) ID 2j00 and 2j01]. The 50S
subunit is colored gray, the 30S subunit is colored yellow, the E-site tRNA is shown in red, and the P-site
tRNA is shown in green as a surface representation. Portions of the 70S ribosome were omitted for clarity.
(B) Overview of EF-P and P-site tRNA—binding in the 70S ribosome. The 508, 30S, and P-site tRNA are
colored as in (A), and EF-P is shown as a surface representation in shades of magenta to indicate the
different domains (1, I, and 111) of the protein. (C) Same as (A), but the ribosomal protein L1 is also shown
as a surface representation in gold. (D) Same as (B), but L1 is also shown as a surface representation in
gold, illustrating the large movement of L1 from its location in (C).

RESEARCH ARTICLE I

eubacteria is unclear, as not all eubacteria require
the formylase gene to support growth (27).

Interactions of domain Ill with the 30S sub-
unit at the P- or E-site gate. Domain III of EF-P
is well conserved in eubacteria, binds next to the
anticodon stem-loop of the initiator tRNA, and
partially occupies the E site of the small ribo-
somal subunit (Fig. 1). A loop of domain III ex-
tends toward the mRNA; however, its tip is
disordered in both complexes of the asymmetric
unit, which prevented us from drawing any con-
clusions about possible interactions between
EF-P and the mRNA. Because domain III con-
tacts only the small ribosomal subunit and is
missing from elF5A, eIFSA must bind specif-
ically to the 60S subunit and does not span both
ribosomal subunits.

The interactions made by domain III may
help to prevent premature movement of the ini-
tiator tRNA to the E site. Residues Y180 and
R183 of domain III stabilize the A-minor
interactions between two G-C base pairs in the
anticodon stem-loop of the initiator tRNA and
the bases of residues A1339 and G1338 of the
16S rRNA (Fig. 5). Because these A-minor inter-
actions have to break during translocation, A1339
and G1338 have been proposed to function as a
“gate” between the P and E sites (/8). These inter-
actions of EF-P may enhance this gate and sta-
bilize the fMet-tRNA;™ in the P site. Although
domain III is missing from elF5A, we cannot ex-
clude the possibility that its function is provided
by another protein in eukaryotes.

Movement of the L1 stalk. The L1 stalk is a
highly dynamic component of the 50S subunit
and consists of three helices from the 235 rRNA
(H76 to H78) and the ribosomal protein L1.
Although E. coli lacking L1 is viable, ribosomes
lacking L1 display only about 50% of the activity
of wild-type ribosomes in vitro (22), which can
be fully restored by adding purified L1 (23).
The flexibility of the L1 stalk presumably ac-
counts for its being disordered in most high-
resolution structures of the ribosome. Only in
the 7. thermophilus 70S structures with bound
tRNAs is the majority of the stalk ordered,
seemingly because its interaction with the tRNA
bound in the E site fixes the position of the IRNA
of the L1 stalk (/8, 24, 25). The superposition
of the 235 rRNA from the E site-bound 705
structures of 7. thermophilus with the 23§
rRNA of both the Deinococcus radiodurans
large ribosomal subunit and the E. coli 708
reveals a 30° rotation of the L1 stalk toward the
E site upon binding of a tRNA into the E site
[reviewed in (26)].

An even larger movement of the L1 stalk has
been observed by cryo—electron microscopy
(cryo-EM) studies of ribosomes with stalled
EF-G or eEF2. These complexes capture the ri-
bosome in a ratcheted state, in which the small
ribosomal subunit is rotated counterclockwise
with respect to the large ribosomal subunit. The
guanosine triphosphatase—associated center of
the large ribosomal subunit changes its confor-
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mation, and the L1 stalk dramatically moves
toward the E site. The L1 stalk movement is
larger than the 30° motion observed between the
different crystal structures. The additional motion,
about the base of helix H76 of the 235 rRNA,
enables the L1 stalk to interact with a tRNA bound
in the hybrid P/E position, which suggests an
active role for the L1 stalk in tRNA translocation
and release of the E site-bound tRNA (27-29).

The structure of the 70S ribosome with
EF-P bound exhibits the largest movement of
the L1 stalk seen in a crystal structure (Fig. 6
and movie S1). Its movement into the E site in
the presence of EF-P is even larger than that
observed in the structure of 7. thermophilus
70S ribosome with a tRNA bound in the E site.
Without any disruption of the protein-RNA inter-
face, the L1 stalk is bent and rotated at helix H76
to reposition the ribosomal protein L1 into the
E site. With the exception of the repositioning of
the L1 stalk, no other major conformational
change is observed within the ribosome. The
slight differences in the orientation of the sub-
units compared with the 2.8 A structure of the
T. thermophilus 708 ribosome with bound
mRNA and tRNA (/8) are within the varia-
tions seen between the two structures of the
708 ribosome in the asymmetric unit.

The observed movement of the L1 stalk in the
EF-P complex with the 70S ribosome appears
relevant to the stalk movement associated with
translocation. Both cryo-EM and single-molecule
studies suggest that the L1 stalk reaches all the
way to the P-site tRNA in its P/E hybrid state
before translocation concurrent with the counter-
clockwise rotation of the small ribosomal subunit
(28, 30-32). This interaction between the stalk
and the P-site tRNA persists through translocation
of the tRNA to the E site until its release from the
ribosome. The rRNA of the L1 stalk interacts
with bases at the ends of the T- and D-loops of
the E-site tRNA (/8). If the same interactions
exist between the stalk and the P-site tRNA, the
stalk would have to move even farther into the
E site than is observed in our EF-P-bound 708
ribosome structure in order to reach the P site
or hybrid P/E site tRNA, which may only be
achievable with the ratchet motion. The motion
of the L1 stalk toward the E site seen in our
structure clearly is not coupled to the counter-
clockwise rotation of the small subunit, as has
been observed during translocation, perhaps be-
cause the distance it moves is less and it interacts
through protein L1, rather than the stalk rRNA.

Because EF-P is completely buried within the
ribosome, the L1 stalk must move to allow its
dissociation and to make the E site accessible for
the translocation of the initiator tRNA. Previous
biochemical experiments have demonstrated that
the initiator tRNA has a lower propensity to
move into the P/E hybrid state than deacylated
clongator tRNAs and that the rate of EF-G
catalyzed translocation of the initiator tRNA™<
is slower (by several factors) than with the
clongator tRNAM®' (31, 33). Release of EF-P

Fig. 2. The interaction
interfaces between EF-P,
L1, and the initiator tRNA.
(A) Ribosomal protein L1
(gold), the P-site tRNA
(green), and the mRNA
(cyan) are shown as car-
toon representations, and
EF-P is illustrated as an
electrostatic surface, with
negatively charged patches
displayed in red and pos-
itively charged patches
within contact of the P-site tRNA displayed in blue. (B) Same as in (A) but rotated 240° with EF-P (magenta)
shown as a cartoon representation and the ribosomal protein L1 shown as an electrostatic surface, illus-
trating the charge complementarity between the interface of EF-P and L1.

Fig. 3. Interactions near A
the PTC. (A) Overview of
the N-terminal domain
(NTD) of EF-P and its in-
teractions near the PTC of
the large ribosomal sub-
unit. The 23S rRNA is col-
ored gray, with the
exception of the P-loop
(bluish green) and resi-
dues making up the PTC
(orange). EF-P is colored
magenta, and the accep-
tor arm of the P-site tRNA
is shown in green. EF-P
approaches the PTC of
the 50S subunit but is
too distant to participate
directly in catalysis. (B)
Unbiased difference Fourier map showing the density for the acceptor arm of the P-site tRNA (green) and
the loop of the NTD of EF-P containing the R32 residue. Potential hydrogen bonds between the side chains
of EF-P and the tRNA are shown as black dashes.

-y X
N

U2506

U2585

A72 A72

Fig. 4. Hypusine homology model. (A) Close-up view of the interactions between R32 and K29 of
EF-P (magenta) with the CCA end of the tRNA (green) and the 23S rRNA (light blue). Putative
hydrogen bonds of R32 with the ribose of C75 and the phosphate of C2064, as well as of K29 with
the ribose of G2253, are shown as black dashes. Hydrogen bonds of C74 with G2552 and of C75
with G2251 are also shown. (B) R32 was replaced by a hypothetical model structure of hypusine
(light brown). In an elongated conformation, the hypusine side chain could reach into the PTC.

from the ribosome could be before or coupled
with the EF-G catalyzed translocation of the de-
acylated initiator tRNA into the E site.

Correct positioning of the initiator tRNA.
The 3.5 A resolution structure of EF-P bound
to the 70S ribosome in complex with the initiator

tRNA provides a structural basis for understand-
ing the role that EF-P plays in promoting the
formation of the first peptide bond, the final step
in the initiation phase of protein synthesis. During
initiation, only the initiator tRNA, which is dis-
tinctly different from elongator tRNAs [reviewed
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Fig. 5. Interactions between EF-P and the 30S subunit. (A) Overview of the interactions made by
the P-site tRNA (green) and C-terminal domain of EF-P (magenta) with the small ribosomal subunit
(rRNA, yellow; S7 protein, brown). The two key bases of the small ribosomal subunit that act as a
gate between the P and E sites are colored orange. (B) Unbiased difference Fourier map showing
the density for the terminal residues of EF-P and C39-C41 of the initiator tRNA. Potential hydrogen
bonds between R183 and Y180 and the tRNA are illustrated as black dashes. (C) R138 of EF-P
stabilizes the type Il A-minor interaction between G1338 and the C41-G29 base pair of the tRNA.
Putative hydrogen bonds are shown as black dashes.

in (34)], occupies the P site and no deacylated
tRNA is bound in the E-site tRNA. All the inter-
actions between EF-P and the fMet-tRNA;™M
are not specific for the initiator tRNA; this sug-
gests that EF-P binding to the ribosome is not
restricted to the initiator tRNA, consistent with
previous biochemical data (5). A recent publica-
tion concludes that eIF5A also forms nonspecific
contacts with tRNAs in yeast, because it stim-
ulates the first, as well as subsequent, peptidyl-
transfer reactions during protein synthesis (20).
In our current structure, the positions of the do-
mains 1 and 2 of EF-P that are homologous to
e[F5A exclude the simultaneous binding of e[F5A
and a tRNA in the E site.

The structure presented here suggests that
a major role of EF-P is to help correctly orient
the entire P-site tRNA and to restrict the mobility
of the aminoacyl arm in order to facilitate peptide
bond formation. Similar functions have been at-
tributed to ribosomal proteins L16 and L27 for
the correct positioning of the A-site tRNA (35).
Although ribosomes lacking L16 are severely
impaired in peptide bond formation (36), the first
peptide bond formation can still be stimulated by
EF-P (37). The interactions observed between
L16 and the A-site tRNA suggest that it stabilizes
the binding of the A-site tRNA (35). The pres-
ence of L27 stimulates the reaction of puromycin
with fMet-tRNA;™ by the same magnitude as
EF-P (38); however, in contrast to EF-P, L27 also
affects all subsequent peptidyl transfer reactions.
Ribosomes lacking L27 are impaired in binding
of the A-site tRNA (38), and removal of even just
the first three amino acids reduces the rate of
peptide bond formation (39). The high-resolution
structure of the 70S ribosome with tRNAs bound
in the A and P sites reveals interactions between

the N terminus of L27 and the CCA tail of both
the P- and A-site tRNAs (35). The N-terminal
residues of L27 are disordered in the structure
presented here, perhaps because of the absence
of an A-site tRNA. The stabilization of the CCA
tail of the A-site tRNA by the N terminus of L27
could explain the increased affinity of the A site
for aminoacylated tRNA in the presence of L27,
as well as the stimulatory effect of L27 on protein
synthesis (38). Similarly, the stabilization of the
CCA tail of the P-site tRNA by EF-P could ex-
plain the increased puromycin reactivity of fMet-
tRNA;™. Whether this stabilization function is
subsequently taken up by the nascent polypeptide
chain is unknown.

The initiation of translation in eubacteria is a
multistep process that involves the formation of
several intermediate complexes with different
compositions and conformations (40). Structures
of initiation complexes derived from cryo-EM
studies have revealed that, during the process of
initiation, the Met-tRNA; ™Mt adopts several dif-
ferent conformations on both the 30S subunit and
the 708 ribosome before finally reaching its proper
position in the P/P state (40—42). By stabilizing the
P/P state of the initiator tRNA, EF-P could shift
initiation toward the first elongation step of protein
translation.

Conclusions. The structure of the EF-P com-
plex with the 70S ribosome reveals the detailed
interactions between EF-P and the 70S ribosome,
initiator tRNA, and the ribosomal protein L1.
The essential role of EF-P in the cell may be to
correctly position the fMet-tRNA;™M in the P site
for the first step of peptide bond formation by
making several interactions with the backbone
of the tRNA. Because elF5A shows high struc-
tural similarity to EF-P, the conclusions drawn for
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Fig. 6. Movement of the L1 stalk. The L1 stalk
from the structure of the 70S ribosome with bound
EF-P is shown in gold, and the 70S structure from
T. thermophilus 70S ribosome with a bound E-site
tRNA (PDB ID 2j01) is shown in green. The super-
position was based on the entire 23S rRNA be-
tween the 708 structures, excluding the L1 stalk. The
large ribosomal subunit (gray) and EF-P (magenta)
are shown as surface representations. CP indicates the
central protuberance of the large ribosomal subunit.

EF-P likely also apply to e[F5A’s role in the rate
enhancement of the formation of the first peptide
bond in eukarya.
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Exploring Dark Matter with
Milky Way Substructure

Michael Kuhlen,** Piero Madau,? Joseph Silk®

The unambiguous detection of dark matter annihilation in our Galaxy would unravel one of the
most outstanding puzzles in particle physics and cosmology. Recent observations have motivated
models in which the annihilation rate is boosted by the Sommerfeld effect, a nonperturbative
enhancement arising from a long-range attractive force. We applied the Sommerfeld correction to
Via Lactea Il, a high-resolution N-body simulation of a Milky Way—sized galaxy, to investigate the
phase-space structure of the galactic halo. We found that the annihilation luminosity from
kinematically cold substructure could be enhanced by orders of magnitude relative to previous
calculations, leading to the prediction of gamma-ray fluxes from as many as several hundred
dark clumps that should be detectable by the Fermi satellite.

adigm of structure formation, a weakly in-

teracting massive particle (WIMP) with a
mass n, of 100 GeV to 10 TeV ceases to anni-
hilate when the universe cools to a temperature of
Tt ~ m,/20, about 1 ns after the Big Bang. A
thermally averaged cross section at freeze-out of
(V) =3 x 102 cm® s results in a relic abun-
dance consistent with observations (7). Perturbations
in the dark matter density are amplified by gravity
after the universe becomes matter-dominated,
around 10,000 years after the Big Bang; the smallest
structures (“halos”) collapse early, when the uni-
verse is very dense, and merge to form larger and
larger systems over time. Today, galaxies like our
own Milky Way are embedded in massive, ex-
tended halos of dark matter that are very lumpy,
teeming with self-bound substructure (“subhalos™)
that survived this hierarchical assembly process
(2—4). Indirect detection of high-energy antipar-

In the standard cold dark matter (CDM) par-
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ticles and gamma rays from dark matter halos
provides a potential “smoking gun” signature of
WIMP annihilation (5). The usual assumption—
that WIMP annihilation proceeds at a rate that
does not depend, in the nonrelativistic v/c << 1
limit, on the particle relative velocities—implies
that the primary astrophysical quantity determin-
ing the annihilation luminosity today is the local
density squared. WIMP annihilations still occur
in the cores of individual substructures, but with
fluxes that are expected to be dauntingly small.
The latest calculations show that only a handful
of the most massive galactic subhalos may, in the
best case, be detectable in gamma rays by the
Fermi satellite (6, 7).

The Sommerfeld enhancement, a velocity-
dependent mechanism that boosts the dark matter
annihilation cross section over the standard (ov),
value (8—11), may provide an explanation for the
experimental results of the PAMELA satellite
reporting an increasing positron fraction in the
local cosmic ray flux at energies between 10 and
100 GeV (12), as well as for the surprisingly large
total electron and positron flux measured by the
ATIC and PPB-BETS balloon-borne experiments
(13, 14). Very recent Fermi (/5) and HESS (/6)
data appear to be inconsistent with the ATIC and

PPB-BETS measurements, but still exhibit depar-
tures with respect to standard expectations from
cosmic ray propagation models. Although conven-
tional astrophysical sources of high-energy cosmic
rays, such as nearby pulsars or supernova rem-
nants, may provide a viable explanation (/7-19),
the possibility of galactic dark matter annihilation
as a source remains intriguing (20-22). In this case,
cross sections a few orders of magnitude above what
is expected for a thermal WIMP are required (23).

The Sommerfeld nonperturbative increase in
the annihilation cross section at low velocities is
the result of a generic attractive force between the
incident dark matter particles that effectively fo-
cuses incident plane-wave wave functions. The
force carrier may be the W or Z boson of the
weak interaction (/0), m, = 80 to 90 GeV/c?, ora
lighter boson, n2, ~ 1 GeV/c?, mediating a new
interaction in the dark sector (1/, 24). Upon
introduction of a force with coupling strength o,
the annihilation cross section is shifted to (cv) =
S(ov)o, where the Sommerfeld correction S dis-
appears (S = 1) in the limit v/c — 1 (thus leaving
unchanged the weak-scale annihilation cross sec-
tion during WIMP freeze-out in the early universe).
When vic << 0, § = nac/v (“1/v enhancement),
but Slevels off to Sy = 601, /my, at vie = 0.5 my/m,
because of the finite range of the interaction. For
specific parameter combinations—that is, when
my/my = n?/o, (where n is an integer)—the Yukawa
potential develops bound states, and these give rise to
large, resonant cross-section enhancements where S
grows approximately as 117 before saturating (25).

The Sommerfeld effect connects dynamically
the dark sector and the astrophysically observable
sector. Because the typical velocities of dark
matter particles in the Milky Way today are on
the order of v/ic ~ 107>, the resulting boost in the
annihilation rate may provide an explanation for
the puzzling galactic signals. Relative to particles
in the smooth halo component, the Sommerfeld
correction preferentially enhances the annihilation
luminosity of cold, lower-velocity dispersion sub-
structure, as emphasized in (10, 26, 27). Detailed
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