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South Asian populations show shared histories
of archaic admixture, we find significant evidence
of differential Neandertal admixture between
some European and East Asian populations (figs.
S15 to S17).

The density of surviving Neandertal sequences
across the genome is heterogeneous (77), and re-
gions that are strongly depleted of Neandertal
ancestry may represent loci where archaic se-
quences were deleterious in hybrid individuals
and were purged from the population. To quantify
how unusual Neandertal depleted regions are
under neutral models, we performed coalescent
simulations (74), focusing on individuals of Euro-
pean and East Asian ancestry whose demographic
histories are known in most detail. Depletions of
Neandertal sequences that extend =8 Mb are sig-
nificantly enriched in the observed compared with
simulated data (permutation P < 0.01) (Fig. 4A and
fig. S18). Neandertal depleted regions that span at
least 8 Mb are also significantly (Kolmogorov-
Smirnov test, P < 10°) depleted of Neandertal
sequences in South Asians and Melanesians (fig.
S19 and table S8).

We find significantly more overlap in regions
depleted of Neandertal and Denisovan lineages
than expected by chance (permutation P = 0.0008)
(fig. S20 and table S9) (14), consistent with recur-
rent selection against deleterious archaic sequences.
Indeed, deserts of archaic sequences tend to ex-
hibit higher levels of background selection (figs.
S21 and S22). Regions depleted of archaic lineages
are significantly enriched for genes expressed in
specific brain regions, particularly in the develop-
ing cortex and adult striatum (permutation P < 0.05)
(table S10). A large region depleted of archaic se-
quences spans 11 Mb on chromosome 7 and con-
tains the FOXP2 gene (Fig. 4B), which has been
associated with speech and language (23). This
region is also significantly enriched for genes as-
sociated with autism spectrum disorders (Fisher’s
exact test, P = 0.008) (14). Although our data show
that large regions depleted of archaic ancestry are
inconsistent with neutral evolution, mechanisms
other than selection, such as structural variation,
could also contribute to the appearance of archaic
deserts, and thus additional work is necessary to
fully understand the origins of such regions.

We identified putative adaptively introgressed
sequences in Melanesians by identifying archaic
haplotypes at unusually high frequencies, as de-
termined by coalescent simulations under a wide
variety of neutral demographic models (74). At a
frequency threshold of 0.56, corresponding to the
99th percentile of simulated data, we identified 21
independent candidate regions for adaptive intro-
gression (Fig. 4C and table S12). Fourteen are of
Neanderthal origin, three are Denisovan, three are
ambiguous, and one segregates both Neanderthal
and Denisovan haplotypes. Six regions do not con-
tain any protein-coding genes, and seven high-
frequency archaic haplotypes span only a single
gene (table S12). High-frequency archaic haplo-
types overlap several metabolism-related genes,
such as GCG (a hormone that increases blood glu-
cose levels) and PLPPI (a membrane protein in-
volved in lipid metabolism). Moreover, five regions
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either span or are adjacent to immune-related
genes, including a haplotype encompassing GBP4
and GBP7 (Fig. 4D), which are induced by inter-
feron as part of the innate immune response.
Substantial amounts of Neandertal and Deni-
sovan DNA can now be robustly identified in the
genomes of present-day Melanesians, allowing
new insights into human evolutionary history. As
genome-scale data from worldwide populations
continue to accumulate, a nearly complete cata-
log of surviving archaic lineages may soon be
within reach. Key challenges remain, including
evaluating the functional and phenotypic conse-
quences of introgressed sequences and refining
estimates on the timing, location, and other char-
acteristics of admixture events. Ultimately, maps
of surviving Neandertal, Denisovan, and poten-
tially other hominin (7) sequences will help us to
interpret patterns of human genomic variation
and understand how archaic admixture influ-
enced the trajectory of human evolution.
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Direct observation of transition paths
during the folding of proteins and

nucleic acids

Krishna Neupane,' Daniel A. N. Foster,! Derek R. Dee,! Hao Yu,!

Feng Wang,” Michael T. Woodside">*

Transition paths, the fleeting trajectories through the transition states that dominate the
dynamics of biomolecular folding reactions, encapsulate the critical information about how
structure forms. Owing to their brief duration, however, they have not previously been observed
directly. We measured transition paths for both nucleic acid and protein folding, using optical
tweezers to observe the microscopic diffusive motion of single molecules traversing energy
barriers. The average transit times and the shapes of the transit-time distributions agreed well
with theoretical expectations for motion over the one-dimensional energy landscapes
reconstructed for the same molecules, validating the physical theory of folding reactions. These
measurements provide a first look at the critical microscopic events that occur during folding,
opening exciting new avenues for investigating folding phenomena.

iomolecular folding is famously complex,
involving a diffusive search over a multi-
dimensional conformational energy land-
scape for the lowest-energy structure (7).
The most critical parts of the folding path-

way, dominating the dynamics, are the transition
states, the unstable intermediates through which
a molecule must pass when changing conforma-
tion (2). A key goal in folding studies has been to
observe molecules as they traverse a particular
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path through the transition states, providing a
direct view of the behavior in the transition states.
Such transition paths (Fig. 1A) are very short-lived,
however, and are moreover inherently a single-
molecule phenomenon, features that make them
very challenging to observe experimentally. As a
result, although transition paths have been studied
in computational simulations (3, 4), folding ex-
periments have primarily used indirect means of
characterizing transition states (2). The inability to
observe transition paths has also limited direct
experimental tests at the microscopic level of the
fundamentally diffusive nature of folding.

Recently, advances in single-molecule methods
have enabled the first glimpses of the transition
paths in folding reactions. By analyzing photon sta-
tistics from high-time-resolution single-molecule
fluorescence spectroscopy measurements, the av-
erage transit time across transition paths, 1,
was found for two small proteins, a;D and a WW
domain (5, 6), and upper bounds were deter-
mined for the protein GB1 (5, 7) and a DNA hair-
pin (8). Average transition path times were also
found indirectly for both protein and nucleic acid
folding from force spectroscopy measurements, in
which single molecules were unfolded and re-
folded under tension applied by optical tweezers
(9), using diffusive theories to determine the value
for 1, expected from the measured energy land-
scape for folding (10-12). Statistical features of the
transition paths, such as the conditional probabil-
ity of being on a transition path as a function
of the reaction coordinate (13), were also in-
vestigated, revealing that the folding was well
described by one-dimensional (1D) diffusion
(14). Despite these advances, however, it has not
been possible to discern directly the properties of
individual transition paths.

Here we describe measurements observing
transition paths directly in the folding of single
molecules, using high-resolution force spectros-
copy. Force spectroscopy is an especially power-
ful tool for studying transition paths, because
many transitions can be measured from a single
molecule, yielding robust statistics. We first studied
the two-state DNA hairpin 30R50/T4 (Fig. 1B,
inset), which has been characterized extensively
in previous work (10, 14, 15), especially through
measurements of the energy landscape underlying
its folding properties (6-19). Folding and unfolding
transitions of single hairpins connected via DNA
handles to beads held in two stiff optical traps
(Fig. 1B) were measured in equilibrium at con-
stant trap separation, at a load close to the force
required to populate the folded and unfolded states
equally, F,, (20). The time resolution of the measure-
ment was improved more than fivefold from pre-
vious studies of ty, (10, 1I), to about 6 to 11 us (fig. SD).

From equilibrium trajectories of the extension
of the molecule (Fig. 1C), individual transitions
(Fig. 1D, red) were identified as those crossing
between boundaries @, and , (Fig. 1D, cyan)
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defining the barrier region separating the folded
and unfolded states (Fig. 1D, orange). Examining
individual transition paths for unfolding (Fig. 2A)
and refolding (Fig. 2B), their duration was found
to vary widely, from less than 10 us to over 100 us.
Moreover, diverse shapes were observed: The
speed often varied greatly along the paths, and
noticeable pauses occurred at one or more points
in the transition. These pauses occurred in the
barrier region, providing the first direct visual-
ization of a host of transient, high-energy transi-
tion intermediates. In many transitions, the hairpin
shuttled back and forth between different exten-
sions, directly demonstrating, at the microscopic
level, the diffusive nature of folding.

To test quantitatively the physical picture of
folding as a diffusive search, we studied the dura-
tion of the transition paths. The transit time for
barrier crossing in each transition, ;, was mea-
sured directly from the extension trajectory as
the time required to cross from one boundary to
the other (Fig. 1D). For consistency, the bounda-
ries were chosen to define the barrier region as
the middle half of the total extension change be-
tween the folded and unfolded states, Axyy (20).
Measuring transit times individually for 24,591
unfolding transitions and 24,600 refolding tran-
sitions, the average value, 1, was found to be 27
+ 2 ps for unfolding and 28 + 2 us for refolding
(errors represent SEM). These average times were
slower than the upper bound for 1, estimated
previously for a much shorter DNA hairpin (8),
but similar to the value for an engineered protein

Extension

A=T

(6). Notably, 1, was roughly 1000-times smaller
than the lifetimes of the unfolded and folded
states. As expected from symmetry under time
reversal (21), 1, was the same for both directions.

These results allowed us to test the theory of
transition paths experimentally. For example, as-
suming 1D diffusive motion over a harmonic bar-
rier in the high-barrier limit (AGI > 2 kgT), 1y, 1S
related to the diffusion coefficient, D, by

Y t
t = ln(ZBeD[iAG ) (1)
b

where AG" is the barrier height, «y, is the stiffness
of the barrier, y is Euler’s constant, and B = 1/kgT
is the inverse thermal energy (7, 2I). Previously,
the measured landscape profile (16) and folding/
unfolding rates (15) for hairpin 30R50/T4 were
used to calculate D from Kramers’ equation for
diffusive barrier crossing (22), in turn enabling
calculation of 1, from Eq. 1. These earlier results,
Typ = 30 + 6 ps for unfolding and 33 + 8 us for
refolding (10), agree very well with those from
the direct measurements, validating Eq. 1. Because
Typ IS in principle a more robust measure than ap-
proaches that estimate D from rates using Kramers’
theory (6, 23), we used Eq. 1 to refine the previous
estimate of D. Using the barrier parameters from
the reconstructed landscape for this hairpin (76),
AG" =9.1 0.1 kgTand «p, = 0.29 + 0.02 kT/nm?,
we found D = 4.4 + 0.4 x 10° nm?/s, which is very
close to the value of 4.6 + 0.5 x 10° nm?%/s es-
timated previously (10).

D

Time

Time

Fig. 1. Transition paths in force spectroscopy measurements. (A) Transition paths represent the brief
portions of a folding trajectory spent in crossing the barrier between states (red), in contrast to the
majority spent fluctuating within one of the potential wells (gray). (B) A DNA hairpin attached to handles
(dark blue) was linked to beads (blue) held in laser traps (pink) applying tension. (Inset) Hairpin sequence.
(C) End-to-end extension of a hairpin fluctuating in equilibrium between folded (F) and unfolded (U) states
under conditions of constant trap separation. (D) Transition paths were identified as the parts of the
trajectories (red) moving between U and F (dashed orange lines). The transit time, ti,, was defined as the
time required to cross between the boundaries x; and x, (dotted cyan lines). Here, the transition shows
variations in the speed of the barrier crossing, including a brief pause near the center of the barrier region.

Fig. 2. Transition paths A
for a DNA hairpin. Se-
lection of transition paths
for (A) unfolding and (B)
refolding. Boundaries x;
and x» (cyan) demark
the barrier region.
Transition paths display a
wide variety of shapes
and transit times.
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We next tested a proposed relationship be-
tween 1y, and Kinetic rates (21, 24)

_ p(TP) _ p(TP)
™ = okoPr  2kpPy )

where ky and ky are the rates for folding and
unfolding, respectively; Pr and Py are the equilib-
rium probabilities to be in the folded or unfolded
states; and p(TP) is the fraction of time spent on
transition paths. Each of these quantities could
be measured directly from the extension trajec-
tories. Comparing the measured Ty, values with
the estimates from Eq. 2 based on folding and
unfolding rates (Fig. 3A), we found excellent
agreement for both folding and unfolding across
a range of forces, from the hairpin being mostly
folded (Py ~ 0.03) to mostly unfolded (Py ~ 0.8).
This agreement validates Eq. 2; furthermore, it
emphasizes that the time-reversal symmetry of
Typ holds across the full range of state occupancies.

Even more interesting than the average transit
time is the distribution of the individual transit
times, because the variability in transit times
reflects the fundamentally statistical nature of

the folding process (7). The distribution of transit
times, Prp(t), for unfolding transitions (Fig. 3B,
black) had the same shape as that for refolding
(Fig. 3B, green), as expected from the time-reversal
symmetry of the problem (21). The transit times
were broadly distributed, with a peak around 10 us
and a long exponential tail (Fig. 3B, inset). This
behavior is similar to that expected for transit
across harmonic barriers in the high-barrier limit
in the Kramers’ regime: Prp(t) is predicted to have
the form

Prp(t) =
og\/PAG*  exp[-BAG* coth(wkt/2)]
1-erf\/BAG* sinh(wgt/2)+/2nsinh(wg?)

where wg = BDxy, sets the time scale for the decay
of the exponential tail (21). The exponential tail of
Prp(t) on its own can also be approximated (21) by

P’I'P(t) = Z(DKBAG*GXD(—(DKI') (4)

Fits of the two distributions to Eq. 3 (Fig. 3B,
solid lines) and Eq. 4 (Fig. 3B, dashed lines) were
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Fig. 3. Transit times for a DNA hairpin. (A) The measured average transition path time (blue) agrees
very well with the values predicted by Eq. 2 for folding (red) and unfolding (black) over a range of forces from
low (hairpin mostly folded) to high (hairpin mostly unfolded). Error bars represent SEM. (B) The distrib-
ution of transit times for barrier crossing is the same for both folding (green) and unfolding (black)
transitions. The full distributions are well fit by Eq. 3 (red, unfolding; cyan, folding) and the tails (inset) are
separately well fit by Eq. 4 (orange, unfolding; blue, folding), with both fits returning the same results
within error.
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Fig. 4. Transition paths and transit times for a protein. (A) Slow folding of dimeric PrP produced transit
times on the milisecond time scale [black, extension trajectories filtered in a 0.4-ms window; gray, unfiltered
trajectories; orange, extensions of folded (x;) and unfolded (x,,) states]. Cyan, boundaries x; and x, defining
the barrier region. (B) The distribution of transit times for barrier crossing is the same for both folding (green)
and unfolding (black) transitions. The full distributions are both well fit by Eq. 3 (red, unfolding; cyan, folding)
and the exponential tails are separately well fit by Eq. 4 (orange, unfolding; blue, folding).
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barely distinguishable, yielding wg = 6 + 3 x 10* s
for both folding and unfolding. This result yields
D=2 +1x10° nm?/s, which is close to the values
calculated from the measured 1, using Eq. 1and
estimated from rates via Kramers’ theory. How-
ever, the barrier height returned by the fit, AG* ~
0.4 kgT, was much lower than that measured
directly from landscape reconstructions (16-19),
reflecting the fact that there were more fast tran-
sitions than would be expected from the theory
for 1D harmonic barriers.

DNA hairpins represent a powerful model
system for exploring the physical basis of folding
phenomena, but their folding is simpler than
that of proteins because they have only secondary
structure. We therefore sought to apply the same
approach to protein folding. To this end, we fo-
cused on a specific structural transition in the
prion protein PrP that occurs during the forma-
tion of non-native structure in PrP dimers (20).
This transition undergoes unusually slow con-
formational diffusion (25), making it much easier
to measure transit times. The transit times were
measured directly from extension trajectories, using
the same criterion as for the hairpins. Here, how-
ever, the transit times were much longer, up to
the millisecond scale (Fig. 4A). Once again, the tran-
sit times for both unfolding and refolding were
broadly distributed with an exponential tail, and
the same distribution was observed for both unfold-
ing (Fig. 4B, black) and refolding (Fig. 4B, green).

As expected, 1, was again the same for un-
folding and refolding: 0.5 + 0.1 ms from 1766 tran-
sitions. These values also matched (within error)
the value expected from Eq. 1, 7y, = 1 x 10°* %% ms,
which was calculated (25) based on the properties
of the energy landscape reconstructed for this tran-
sition (AG' = 4 + 1 kgTand «p, = 2 + 0.5 kp7/nm? at
F,,) and the diffusion coefficient estimated from the
rates using Kramers’ theory (D = 1 x 10* * °® nm?%/s).
Fitting the transit time distributions to Eq. 3 (Fig.
4B, solid lines) and Eq. 4 (Fig. 4B, dashed lines),
wg Was again similar for both folding and unfold-
ing. The result, mg = 3 + 1 x 10* s, implied D =
1.3 + 0.6 x10° nm?/s, in excellent agreement with
the result found from the rates and landscape re-
construction using Kramers’ theory (25). How-
ever, the barrier height returned by the fit, AG =
0.5 + 0.3 kgT, was once again lower than the mea-
sured value, because (as for the hairpin) more short
transit times were observed than would be ex-
pected from the 1D harmonic theory.

For both molecules, the transit time distribu-
tions thus agreed reasonably well with the expec-
tations from 1D harmonic approximations to the
previously measured landscapes. The primary dis-
crepancy was a slight bias in the transit time dis-
tributions toward shorter times, which caused the
fitted barrier height to be lower than the mea-
sured height. This bias might arise from a break-
down in the approximations used to derive Eq. 3
(21), such as anharmonicity in the barriers or the
need to include higher dimensionality in the land-
scape, or it could reflect the influence of the dy-
namics of the beads and handles to which the
molecules are tethered (23, 26-28), which were not
included in the analysis because they are difficult
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to treat (28). The fact that values of the diffusion
coefficient (a fundamental descriptor of the dynam-
ics) obtained from different experimental varia-
bles using 1D theories are similar suggests that
these 1D descriptions of folding (8, 11, 14, 19, 29)
can hold even at the microscopic level, despite
their many simplifying assumptions.

The ability to observe and characterize tran-
sition paths opens up many exciting avenues to
explore in folding studies by allowing more direct
investigation of transition states and the micro-
scopic thermally driven motions that underlie the
conformational search. Previously invisible mi-
crostates along the transition paths may now be
detectable, permitting their properties to be char-
acterized directly. Moreover, it may be possible
to distinguish different classes of transition paths
having different properties, such as barrier heights,
intermediates, or roughness. The potential for
deeper integration of experiment and simulation
through direct comparisons of the transition path
properties found experimentally to the results of
atomistic simulations is also exciting (4). Because
the transit time is so sensitive to the diffusion coef-
ficient D (4, 6, 23), such measurements also hold
great promise for investigating the effects of sol-
vent viscosity and internal friction (4, 6, 30).
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SCS macrophages suppress melanoma
by restricting tumor-derived
vesicle-B cell interactions
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Xandra O. Breakefield,® Thorsten R. Mempel,® Ralph Weissleder,' Mikael J. Pittet't

Tumor-derived extracellular vesicles (tEVs) are important signals in tumor—host cell
communication, yet it remains unclear how endogenously produced tEVs affect the host in
different areas of the body. We combined imaging and genetic analysis to track
melanoma-derived vesicles at organismal, cellular, and molecular scales to show that
endogenous tEVs efficiently disseminate via lymphatics and preferentially bind subcapsular
sinus (SCS) CD169" macrophages in tumor-draining lymph nodes (tdLNs) in mice and
humans. The CD169" macrophage layer physically blocks tEV dissemination but is undermined
during tumor progression and by therapeutic agents. A disrupted SCS macrophage barrier
enables tEVs to enter the lymph node cortex, interact with B cells, and foster tumor-promoting
humoral immunity. Thus, CD169" macrophages may act as tumor suppressors by containing
tEV spread and ensuing cancer-enhancing immunity.

Ithough cancer is driven by tumor cell-
endogenous genetic mutations, it is also
modulated by tumor cell-exogenous inter-
actions with host components, including
immune cells (7). Tumor-induced host im-
mune system activation can occur both within
and away from the tumor stroma and may in-
volve different communication signals, including
soluble factors (2) and tumor-derived extracellular
vesicles (tEVs) (3). tEVs are key candidate convey-
ors of information between cancer and host im-
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mune cells because they can travel long distances
in the body without their contents degrading or
diluting. tEVs may transfer surface receptors or
intracellular material to different host acceptor
cells (4-6); these processes have all been asso-
ciated with altered antitumor immunity and en-
hanced cancer progression (7). Circulating tEVs
also have diagnostic and prognostic potential, as
they can be used to detect early cancer stages (8)
and to predict overall patient survival (4) and
treatment responses (9). Despite increased under-
standing of tEVs’ importance, a critical barrier to
progress in the field has been our limited ability to
assess the impact of vesicles that are produced in
vivo (7). To shift current experimental research on
tEV-host cell interactions, we combined imaging
and genetic approaches to track endogenously
produced tEVs and their targets at different res-
olutions and scales.

We assessed the whole-body biodistribution of
tumor-derived material in mice bearing genetically
modified BI6GF10 melanoma tumors (B16F10-mGLuc),
which produce tEVs carrying membrane-bound
Gaussia luciferase (mGLuc) (10) (fig. S1). Quan-
tification of tEV-bound mGLuc activity in various
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Direct observation of transition paths during the folding of proteins
and nucleic acids
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