
necessary, because of the higher permeability of
such membranes to nucleotide monomers. It is
noteworthy that RNA primer extension occurred
efficiently inside vesicles made of decanoic acid:
decanol:glycerol monodecanoate (4:1:1) (Fig. 3),
because short-chain saturated amphiphilic com-
pounds aremore prebiotically plausible than longer-
chain unsaturated fatty acids such as oleate or
myristoleate. When we encapsulated the RNA
primer-template complex inside POPC vesicles, no
primer extension was observed, because of the im-
permeability of phospholipid vesicles to the 2MeImpG
monomer (even with a heat pulse) (fig. S18).

The efficiency of nonenzymatic RNA repli-
cation can be greatly enhanced by the periodic
addition of fresh portions of activated monomer
to a primer-extension reaction occurring on tem-
plates immobilized by covalent linkage to beads
(8). We sought to reproduce this effect by mimick-
ing the flow of an external solution of fresh mono-
mers over vesicles, by periodic dialysis of model
protocells against a solution of fresh activated
monomers (see the supplementary materials for
a description of the liposome reactor dialyzer).
The control primer-extension reaction in solution
shows that the yield of full-length primer-extension
product from copying a GCCG template is very
low, even if fresh monomers are added to the
reaction periodically (Fig. 3E). In contrast, after
repeated exchanges of external solution by di-
alysis, the proportion of full-length product was
much greater (Fig. 3E).

The high thermal stability of the RNA du-
plex is a major problem for prebiotic RNA rep-
lication (5). Because Mg2+ greatly increases the
melting temperature (Tm) of RNA duplexes, we
asked whether the chelating properties of citrate
would prevent the increase in the Tm of RNA
duplexes caused by the presence of free Mg2+ ions.
We observed a small but reproducible decrease
in Tm in the presence of citrate when compared
to samples containing unchelated Mg2+ (table
S1 and figs. S19 and S20). For example, in the
presence of 50 mM Mg2+ with four equivalents
of citrate, the Tm of the RNA duplex was 71°C,
whereas in the control sample without citrate
the Tm was 75°C.

Citrate also stabilizes RNA by preventing the
Mg2+ catalysis of RNA degradation. Incubating a
13-oligomer oligodeoxynucleotide with one ribo
linkage at 75°C, with and without Mg2+ and citrate,
results in significant strand cleavage at the site of
the single ribo linkage. Four equivalents of citrate,
relative to Mg2+, abolished the Mg2+-catalyzed
degradation (Fig. 4). The observed rate con-
stant (kobs) for cleavage at the ribo linkage, at
75°C in the presence of 50 mM Mg2+ was 0.03
hour−1, whereas in the presence of a fourfold ex-
cess of citrate, the rate decreased to 0.004 hour−1.

The chelation of Mg2+ by citrate exhibits two
protective effects in the context of model proto-
cells: Protocell membranes based on fatty acids
are protected from the disruption caused by the
precipitation of fatty acids as Mg2+ salts, and
single-stranded RNA oligonucleotides are pro-

tected from Mg2+-catalyzed degradation. Based
on the known affinity of citrate for Mg2+ (9, 10),
it is clear that the RNA synthesis observed in
the presence of Mg2+ and citrate cannot be due
to residual free Mg2+ (less than 1 mM) and must
be due to catalysis by the Mg2+-citrate complex.
The crystal structure of Mg2+-citrate (11) shows
that the Mg2+ ion is coordinated by the hydroxyl
and two carboxylates of citrate, so that three of
the six coordination sites of octahedral Mg2+ are
occupied by citrate, while the remaining three are
free to coordinate with water or other ligands. The
clear implication is that coordination of Mg2+ by
at most three sites is sufficient for catalysis of
template-directed RNA synthesis, but not for cat-
alysis of RNA degradation or for the precipita-
tion of fatty acids. In the absence of a prebiotic
citrate synthesis pathway [but see (12) for a re-
cent advance], it is of interest to consider pre-
biotically plausible alternatives to citrate that could
potentially confer similar effects, such as short
acidic peptides. Just such a peptide constitutes the
heart of cellular RNA polymerases, where it binds
and presents the catalytic Mg2+ ion in the active
site of the enzyme.
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Primate Transcript and Protein
Expression Levels Evolve Under
Compensatory Selection Pressures
Zia Khan,1* Michael J. Ford,2 Darren A. Cusanovich,1 Amy Mitrano,1

Jonathan K. Pritchard,1,3*† Yoav Gilad1*

Changes in gene regulation have likely played an important role in the evolution of primates.
Differences in messenger RNA (mRNA) expression levels across primates have often been
documented; however, it is not yet known to what extent measurements of divergence in mRNA
levels reflect divergence in protein expression levels, which are probably more important in
determining phenotypic differences. We used high-resolution, quantitative mass spectrometry to
collect protein expression measurements from human, chimpanzee, and rhesus macaque
lymphoblastoid cell lines and compared them to transcript expression data from the same samples.
We found dozens of genes with significant expression differences between species at the mRNA
level yet little or no difference in protein expression. Overall, our data suggest that protein
expression levels evolve under stronger evolutionary constraint than mRNA levels.

Measurements of mRNA levels have re-
vealed substantial differences across
primate transcriptomes (1–3) and have

led to the identification of putatively adaptive
changes in transcript expression (4). Traditional-
ly, measurements of divergence in mRNA levels
are assumed to be good proxies for divergence
in protein levels. However, there are numerous
mechanisms by which protein expression may be
regulated independently of mRNA levels (5, 6).
If transcript and protein expression levels are of-
ten uncoupled, mRNA levels may evolve under
reduced constraint as changes at the transcript
level could be buffered or compensated for at the
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protein level (7–9). To date, however, genome-
wide studies of protein expression in primates
have been limited (10, 11).

We collected a comparative proteomic data
set with SILAC [stable isotope labeling by amino
acids in cell culture (12)]. Using high-resolution,
quantitativemass spectrometry (13), wemeasured
peptide expression levels in lymphoblastoid cell
lines (LCLs) from five human, five chimpanzee,
and five rhesus macaque individuals (fig. S1 and
table S1). We analyzed the peptide expression
data in the context of orthologous gene models
(14) to obtain comparative protein expression
measurements from all three species (table S2).
We obtained measurements for 4157 proteins in
at least three human and three chimpanzee in-
dividuals, and 3688 proteins were quantified in
at least three individuals from all three species
(table S2 and fig. S1). We also collected RNA-
sequence (RNA-seq) data from the same samples

and estimatedmRNA expression levels using reads
that map to orthologous exons (fig. S1 and table
S3). We thus obtained both mRNA and protein
expression levels for 3390 genes in at least three
individuals from each of the three species (fig. S2
and table S4).

Focusing on differences between human and
chimpanzee, we classified 1151 genes as differ-
entially expressed (DE) between species at the
mRNA and/or protein expression levels, inde-
pendently [likelihood ratio test, false discovery
rate (FDR) = 1%, table S5]. The number of
interspecies DE genes at the mRNA level was
higher (815) than the number ofDEproteins (571;
Fig. 1, A and B). By accounting for incomplete
power to detect interspecies differences in gene
expression (15), we estimated that 266 genes
(33%) are DE between humans and chimpan-
zees at the mRNA level but not at the protein
level. We observed a similar pattern for com-

parisons that include the rhesus macaque data
(table S5).

These observations may reflect a slower rate
of divergence in protein levels or higher levels of
within-species variation in protein than mRNA ex-
pression levels. To distinguish between these pos-
sibilities, we compared estimates of mRNA and
protein divergence (Fig. 1C). Among geneswhose
interspecies mRNA and protein divergence differ
(FDR = 1%), interspecies variation at the mRNA
level is higher than at the protein level much more
often than the reverse pattern (Fig. 1D). This indi-
cates that protein expression levels might evolve
under greater evolutionary constraint than mRNA
expression levels.

The accuracy of SILAC has been established
by biochemical means (16); yet, it is difficult to
exclude all possible technical explanations for our
observations. We thus conducted a large number
of quality-control analyses. First, we observed
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that the consistency of protein measurements is at
least as good as that for mRNA (fig. S3). Ad-
ditionally, biological variation associatedwith the
mRNA and protein measurements, regardless of
species, is comparable (fig. S4). We then pro-
ceeded to demonstrate that the protein measure-
ments have a higher dynamic range than the
mRNAmeasurements, and hence, our results are
conservative with respect to this property of the
data (fig. S5). We also confirmed that the ob-
servation of lower divergence of protein levels
relative tomRNA levels could not be explained by
insufficient quantification of protein expression
(fig. S6) and is robust to differences in the approach
used to summarizemultiple peptidemeasurements
into a single estimate of protein expression level
(fig. S7). Finally, we established that our observa-
tions are robust by restricting our analysis only to
the subset of genes with similar RNA-seq read
depth across orthologous exons; only to geneswith
low interindividual variation both at the mRNA
and protein levels; only to genes whose protein
and mRNA levels were measured in all five indi-
viduals from each species; only to genes whose
protein expression levels were measured by two
peptides ormore; by excluding the top 2%ofmost
highly expressed genes at the transcript level; and
by excluding all genes with RNA-seq reads per
kilobase per million mapped reads (RPKM) of
less than 1. These analyses all produced consist-
ent results (figs. S8 to S13).

To gain further insight into the differences in
evolutionary pressures acting onmRNA and pro-
tein expression in primates, we used data from all
three species to identify genes whose regulation
might have evolved under natural selection. We
applied an empirical approach to identify expres-
sion patterns that are consistent with the action
of stabilizing or directional selection on gene
regulation (2, 17). The rationale of our approach
is similar to that used in empirical scans of selec-
tion on nucleotide sequence data (18). We scanned
for expression patterns on the basis of our ex-
pectations given different evolutionary scenarios.
For example, patterns of low variation in expres-
sion levels, both within and between species,
are consistent with a scenario of stabilizing se-
lection on gene regulation (fig. S14A). In turn,
a lineage-specific shift in expression level as-
sociated with high within-species variation is
consistent with relaxation of evolutionary con-
straint (fig. S14B). A lineage-specific shift in
expression level coupled with low within-species
variation is consistent with directional selection
acting on gene regulation in a particular lineage
(fig. S14C).

We considered the transcript and protein com-
parative expression data independently. Among
the 300 genes with the least varied protein ex-
pression levels within and between species, con-
sistent with the action of stabilizing selection,
we found enrichment of genes involved in con-
served cellular processes including translation,
splicing, and transcriptional regulation (table
S6). Compared to genes not in this set (Fig. 2),

these 300 genes also evolve under stronger evolu-
tionary constraint at the amino acid level (Wilcoxon
rank sum, P < 10−9), have higher expression
levels (P < 10−5), have shorter 3′ untranslated re-
gions (3′UTRs) (P < 10−5), have more reported
protein-protein interactions (P < 10−15), and are
expressed in more tissues (P < 10−8). We found
that these properties are also associated with
the 300 genes with the least variedmRNA levels:
stronger evolutionary constraint on amino acid
sequence (P < 0.003); larger number of protein-
protein interactions (P < 10−4); and higher ab-
solute expression levels (P < 0.02), as has been
noted (1, 19). Yet, all of these associations are
stronger when genes are ranked by conservation
of protein expression than when ranked by con-
servation ofmRNAexpression. Our observations
are robust to arbitrary choices in cutoffs (fig. S15)
and suggest that these regulatory and sequence
properties are more coupled to protein expres-
sion levels.

We next focused on lineage-specific differ-
ences in gene regulation. We found that a subset
of genes with lineage-specific expression differ-
ences were also associated with a lineage-specific
increase in within-species variation in expression
levels; this pattern is consistent with lineage-
specific relaxation of evolutionary constraint on
gene regulation.We classified 85 genes (one-sided
F-test; P < 0.05) with expression patterns con-
sistent with either human- or chimpanzee-specific
relaxation of constraint on transcript expression
levels but only 20 genes with regulatory patterns
consistent with relaxation of constraint on protein
expression levels. This observation provides fur-
ther evidence that protein levels might evolve un-
der greater evolutionary constraint than mRNA
levels. Lineage-specific shifts in protein expres-

sion levels might also be associated with low
within-species variation, consistent with direction-
al selection on gene regulation. We classified 196
and 161 such patterns in human or chimpanzee,
respectively (table S7).

We then considered the protein and mRNA
data jointly. As expected, in most cases, the pat-
terns of mRNA and protein expression levels are
consistent with the same evolutionary scenario.
We found a few genes whose mRNA expression
patterns are consistent with the action of stabi-
lizing selection, whereas the patterns of their protein
expression levels are consistentwith lineage-specific
directional selection in either human (14 genes,
Fig. 3A) or chimpanzee (10 genes). These patterns
can potentially be explained by lineage-specific
changes that specifically affect posttranscriptional
regulation. We also identified 40 and 20 genes
whose mRNA expression patterns are consistent
with the action of lineage-specific directional
selection in human or chimpanzee, respectively,
yet their protein levels are consistent with the
action of stabilizing selection (Fig. 3B). These
observations may indicate that protein expression
levels of these genes are buffered against changes
in mRNA levels (20) or that these genes are evolv-
ing under compensatory selection pressures.Genes
whose mRNA and protein expression levels are
consistent with this pattern have slightly longer
5′UTRs (one-sidedWilcoxon rank sum;P< 0.03),
a greater number of known ubiquitination sites
(P < 0.0002), and, among those with a human-
specific decrease in mRNA levels, more phos-
phorylation sites (P < 0.006). Put together, these
are all properties typically common to genes that
evolve under strong evolutionary constraint.

In summary, our data suggest that protein
expression levels evolve under greater evolution-
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ary constraint than mRNA levels. It seems likely
that for many genes, evolutionary changes in
mRNA levels may be effectively neutral, if buf-
fered or compensated for at the protein level. As
protein levels are presumably more relevant to
understanding how the genotype gives rise to the
phenotype than mRNA levels of protein-coding
genes, insight into the interplay between transcrip-

tional andposttranscriptional regulatory differences
may greatly advance our understanding of human-
specific adaptations.
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Fig. 3. Examples of genes whose mRNA and protein expression levels
are consistent with different evolutionary scenarios. (A) A gene whose
mRNA and protein expression levels are consistent with a lineage-specific
change in posttranscriptional regulation. (B) A gene whose interspecies mRNA
levels are consistent with buffering or compensation at the protein expression

level. In both cases, RNA-seq coverage is standardized to per million mapped
reads and averaged across all five individuals. Protein measurements are
plotted at the starting genomic position of the peptides. The plots on the right
are of mRNA and protein expression levels from all individuals, normalized
relative to the internal standard cell line.
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Phycobilisomes Supply Excitations
to Both Photosystems in a
Megacomplex in Cyanobacteria
Haijun Liu,1,2 Hao Zhang,2,3 Dariusz M. Niedzwiedzki,2 Mindy Prado,1,2 Guannan He,2,3

Michael L. Gross,3 Robert E. Blankenship1,2,3*

In photosynthetic organisms, photons are captured by light-harvesting antenna complexes, and
energy is transferred to reaction centers where photochemical reactions take place. We describe
here the isolation and characterization of a fully functional megacomplex composed of a
phycobilisome antenna complex and photosystems I and II from the cyanobacterium Synechocystis
PCC 6803. A combination of in vivo protein cross-linking, mass spectrometry, and time-resolved
spectroscopy indicates that the megacomplex is organized to facilitate energy transfer but not
intercomplex electron transfer, which requires diffusible intermediates and the cytochrome b6f
complex. The organization provides a basis for understanding how phycobilisomes transfer
excitation energy to reaction centers and how the energy balance of two photosystems is achieved,
allowing the organism to adapt to varying ecophysiological conditions.

Incyanobacteria and red algae, phycobilisomes
(PBSs) (1–3) absorb light and transfer its en-
ergy to chlorophylls in photosystem II (PSII)

and photosystem I (PSI), where charge separation
occurs. This process of light capture by the PBS
greatly expands the natural solar spectrum energy
use under varying and sometimes extreme light
conditions (4). Although spatial orientations of
the chromophores in the PBS and chlorophylls
in the reaction centers (RCs) dictate an efficient
energy transfer, the exact PBS-RCs interactions
are as yet unclear.

To address how the three protein complexes
structurally interact, we examined chemically
cross-linked PBS, PSII, and PSI by using liquid
chromatography and tandem mass spectrome-
try (LC-MS/MS) (5–8) and analyzed the data by
using two different searching methods (9, 10).
Application of membrane-permeable, chemical
cross-linkers to the living cells essentially captures
the weak interactions between these components
(5). This is made possible by the introduction of a

polyhistidine tag on theC terminus of PSII subunit
O (PsbO), in which, without cross-linking reac-
tions, only PSII complexes are isolated (Fig. 1 and
fig. S2).

Several observations are consistent with the
formation of a larger, multicomponent complex.
Key components from both PSII and PSI are
present as per immunological analysis (fig. S4, A
and B); oxygen evolution (PSII) and oxygen con-
sumption (PSI) activities were observed (table
S2); not only PBS but PSII and PSI components
(table S3) are also present, as demonstrated by LC-
MS/MS; additionally, multiple cross-linking oc-
curs between PBS-PSII and PBS-PSI (see below).
PSII isolation using affinity chromatography is
routine and substantially reduces PSI contami-
nation (fig. S5, A and B) (5). The blue-green band
collected from the preparation (fig. S3A) shows
characteristic fluorescence emission peaks from
PBS, PSII (691 nm), and PSI (720 nm) (fig. S5).
Taken together, these observations indicate that we
have isolated a protein complex that contains PBS,
PSII, and PSI. Considering the cumulative mass of
PBS, PSII, and PSI is in the range of several mega-
daltons, we named this complex the PBS-PSII-PSI
megacomplex (MCL).

LC-MS/MS identified all the major compo-
nents from PBS, PSII, and PSI (table S3). System-

atic analysis of the cross-linked MCL identified
26 protein interlinks (table S4). Notably, five in-
terlinks were consistently found between the PSII
components and ApcE (allophycocyanin E), a
key component of the PBS (Fig. 2A and table
S4F). [The PSII and PSI peptide sequence num-
bering used in this study (Synechocystis 6803)
has its basis in the 3ARC and 1JB0 crystal struc-
tures, respectively (11,12).] In PSII, Lys227 is in the
loop D of PsbB (227K:PsbB) and is cross-linked
to 87K:ApcE (Fig. 2A and figs. S6 and S7) (5).
ApcE, is a multidomain protein responsible for
the assembly of the PBS core (13). TheN-terminal
portion of ApcE (phycobilinprotein, or PB do-
main) shares high similarity to ApcA (fig. S8) (14).
The PB domain, however, is interrupted by a dis-
pensable PB-loop insertion (13, 15).We also found
that 23K:PsbD (or D2) is linked to 317K:ApcE (Fig.
2A). Spatial proximity of 23K:PsbD and 227K:PsbB
seems likely (10.4 Å, fig. S9), but the cross-links
were not found. Furthermore, both 457K:PsbC
and 35K:PsbI are cross-linked to 523K:ApcE,which
is located on theArm 2 domain of ApcE (Fig. 2A).
PsbI, a binding partner for PsbA (D1), is known to
play an important role in stabilizing PsbC in the
PSII assembly process (16).

We identified cross-links between 11K:PsaA
(Psa for PSI and Psb for PSII) and 48K:ApcD and
between 49K:ApcD and 76K:PsaD (Fig. 2E, table S4),
in line with the concept that energy absorbed by the
PBS is delivered to PSI as well as to PSII (17, 18).
Our results locate ApcD on the edge area of PSI
through a domain formed by PsaA and PsaD (Fig.
2C). Additionally, LC-MS/MS analysis showed
cross-links between 17K:ApcB and 30K:PsaA and
between 58K:ApcB and 10K:PsaD (Fig. 2, D and
E; fig. S7; and table S4). These data support a
docking model in which 17K:ApcB (b) is from one
monomer (ApcDb), and 58K:ApcB (b) is from
another (ab), instead of from one b subunit (fig.
S10). These chemical cross-linking data in com-
bination with results from protein modeling (fig.
S10B) support a side-on orientation of the PBS
core to PSI through a cove formed by PsaD and
PsaA (Fig. 2D). Our structural model predicts a
closest distance of about 22 Å from PCB (phyco-
cyanobilin) to the cytoplasmic layer of chlorophylls
in the PsaA (fig. S11). Although early studies dem-
onstrated the involvement of ApcD in energy trans-
fer from PBS to PSI (19, 20), the route by which
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