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The nucleotide sequence of the low molecular weight ribosomal RNA (5 s RNA) 
of Escherichia coli has been studied using 3aP-labelled RNA and paper fractiona- 
tion techniques. This is shown to be: pUGCCUGGCGGCCGUAGCGCGGUGGUC- 
CCACCUGACCCCAUGCCGAACUCAGAAGUGAAACGCCGUAGCGCCGAU G G - 
UAGUGUGGGGUCUCCCCAUGCGAGAGUAGGGAACUGCCAGGCAU,,.t 
There arc two major species of 5 s RNA which differ by a base in only one position. 
A new two-dimensional procedure suitable for fractionating oligonucleotides up 
to 25 residues long is described. 

1. Introduction 
Previous work on nucleotide sequences of RNA has been largely con&red to the 
transfer RNA’s and the structure of a number of them has been completely elucidated 
(Holley et al., 1965; Zachau, Diitting & Feldmann, 1966; Madison, Everett & Kung, 
1966; RajBhandary et al., 1967; Bayev et al., 1967). The oligonucleotides were 
fractionated on columns of DEAE-cellulose or DEAE-Sephadex and were detected 
by their ultraviolet absorption. Recently we have described methods for the study of 
sequences in 3aP-labelled nucleotides using methods of fractionation on paper (Sanger, 
Brownlee t Barre& 1965). The greatly increased sensitivity of the isotopic techniques 
makes it possible to obtain sticient material from a two-dimensional paper fractiona- 
tion to determine sequences in the separated oligonucleotides. The method has been 
applied to the low molecular weight ribosomal RNA of Escherichia coli (6 s RNA) 
(Brownlee & Sanger, 1967) and the structures of all the end-products of ribonuclease 
T, and ribonuolease A (pancreatic ribonuclease) digestion have been determined 
(Table 1). These will be referred to as the T, and A end-products, respectively. 

The 6 s RNA was originally described by Rosset & Monier (1963) and appears to 
be an integral structural component of all ribosomes. In contrast to transfer-RNA it 
contains no “minor” bases. Our previous results suggested that it had about 115 
nucleotides of which pU-G was 5’-terminal and G-C-A-U,, 3’-terminal. From the 
structure of the end-products of digestion with the two ribonucleases it was not 
possible to obtain significant overlapping sequences; i.e. the sequence of the A end- 
products could not be used to join together any two T, end-products. Thus it was 

t In this p&per one-letter symbols for the nucleoeides have been used as recommended in 
J. Bid. Chem. (1966), 241,527. Similarly an abbrevicttion such as 7MeG has been used for ‘I-methyl- 
guanosine. We have also followed these recommendations by using hyphens to replace p in short 
known sequences but for reasons of spaoe have omitted the hyphens altogether in known sequences 
of more than six nucleosides. Unless otherwise stated the oligonucleotide fragments mentioned in 
thie paper have a 3’-terminal phosphate group and a free 5’-termind hydroxyl group. 
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acid. After st&unhng at 0°C for 1 hr, the potassium perchlorete was centrifuged off and 
the solution saturated with urea at 0°C. 

(C) .h.dy8is of partial product8 
Spots were marked out, numbered, and cut out of the paper, as described before (Sangei 

et al., 1965). In order to remove the urea, the pieces of paper were washed, with stirring, 
in a large volume of ethanol for about 2 hr at room temperature. After allowing the 
ethanol to evaporate, the nucleotides could then be eluted with 30% triethylamino 
carbonate, pH 9 to 10, as before (Sanger et al., 1965). Normally the material was divided 
into two, one-half for complete digestion with approximately 10 ~1. of ribonuclease Ti 
(0.2 mg/ml.) in 0.01 M-Tris chloride (pH 7.5), 0.01 M-EDTA for 4 hr at 37°C in a capillary 
tube, and the other half for digestion with ribonucleae A (0.2 mg/ml.) in the same buffei 
as above for 2 hr at 37°C. These digests were analysed by ionophoresis on long sheets 
(85 cm) of DEAE-paper using the pH 1.9 system. Most of the end-products (see Table 1) 
could be tentatively identified from their position relative to the products of marker 
ribonuclease digests of 5 s RNA which were always run in parallel (Fig. 2). The bands 
were then eluted and their compositions determined by alkaline hydrolysis. This distin- 
guished between products having similar mobilities on the DEAE-pH 1.9 system. Some 
products occupied positions which did not correspond to bands in the marker digest-for 
example (CU,) and (C&U) which were generated by ribonuclease T1 digests of some partial 
ribonuclease A products. 

A-U + 
cc-c-c 

+A- C 

tU-A-C.9 
WA-U-C, 8 
,-I2 
*1!.14,18 
Z’. -IL, 

16 

Fro. 2. Diagram showing the position of the products of complete ribonuclem TX and A 
digestions of 6 s RNA, fractionated by ionophoresis on DEAE-paper at pH 1.9. The numbered 
sequences are identified in Table 1. 

(d) Partial methylatim u&h dimethyl 8dphUte 

In each experiment 5 s RNA containing 1 to 10 PC 33P was used. Non-radioactive RNA 
was added to give a total of about 20 pg RNA. It was dissolved in 80 & 6% sodium acetate 
adjusted to pH 6.8. 2 ~1. dimethyl sulphate were added and the mixture incubated 
at room temperature with occasional shaking for 20 min. 100 ,ul. water and 20 ~1. 20% 
sodium acetate (pH 5-4) were added and the RNA precipitated with 460 d. ethanol. After 
standing at -20°C for several hours the precipitate was centrifuged, washed with ethanol 
and dried in vacua. A small sample was usually hydrolysed with alkali and the digest 
subjected to ionophoresis at pH 3.5 to determine the extent of methylation of the 
guanosine. N7-Methylguanylic acid is decomposed by alkali to give predominantly 
4-amino-5(N-methyl)-fonnamido-isocytosine ribotide (Lawley & Wallick, 1957), which 
has R, = O-82 (R, = mobility relative to uridine 3’-phosphate) on ionophoresis at 
pH 35 (Sanger et aE., 1066). There is also another degradation product which has an 
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PLATE I and Fro. 5. Radioautograph and diagram of a two-dimensional fractionation of a 
partial ribonuclease T1 (1: 100 for 30 min. at 0°C) digest of 5 s RNA using ionophoresis on cellulose 
acetate at pH 3.5 in 7 Jr-urea in the first dimension; and using mi.&ure a for homochromatography 
in the second dimension (see Materials and Methods). Those spots drawn in full circles are visible 
in the Plate while those in broken circles were isolated in other experiments. Those oligo- 
nucleotides moving fast in the second dimension are end-products of T,-ribonuclease digestion 
and are not included in the diagram. Analyses are given in Table 2. 
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SEQUENCE OF 5s RNA 3x7 

dimethylformamide and incubated in a sealed capillary tube for 8 hr at 37°C in order to 
reduce the ribonuclease. After evaporating down again on polythene the residue was 
dissolved in 10 4. of 0.5 mg/ml. pronase (Calbiochem) and incubated at 37°C for 16 hr in 
order to hydrolyse the ribonucleaae. It was then mixed with an equal volume of concen- 
trated ammonia for 2 hr at room temperature to remove the blocking groups. After 
drying off the ammonia, the residue was ready for fractionation on the stan~l.lr~L tJ\~o- 
dimensional system. 

3. Results 
Table 1 is a summary of previous results of the sequences present in 5 s RNA. 

E. coli strain MREGOO. The experimental yields, which are an average of many 
experiments, compare well with the yield calculated from the final structure (Figs 
14 and 15). 

(a) Partial ribonuclease T, and A digestion 

Plate I shows a two-dimensional fractionation of a partial ribonuclease T, digest 
(1 to 100) and Plate II a less complete ribonuclease A digest (1 to 500) fractionated 
by ionophoresis on cellulose acetate at pH 35 in the first dimension and homo- 
chromatography on DEAE-paper using homomixtiure a in the second dimension. The 
spots near the front are the end-products of digestion and the slower-moving and 
somewhat less sharp spots are the partial products. The numbering scheme for these 
spots and for others isolated in other experiments is shown in Figures 5 and 6, and 
their analysis is given in Tables 2 and 3. In a few cases, indicated by an underlined 
sequence in the Tables, it was possible to deduce the structure of the partial products 
from their analyses. In most cases, however, this was not possible and results from 
other experiments had to be used. For this reason the derivation of the sequences of 
the nucleotides in these Tables is considered, after all the results have been presented, 
in the Discussion. 

TABLE 2 

Analysis of the products of partial ribonucleme T, digestion 

Spot no. Products of further 
(Fig. 5) ribonucleaae digestiont Probable structure of nucleotidesf 

-----___ 
Tl A 

UCUCCCCAUG G-G-G-G-U 
U-G G-U Tl 
G- A-U 

UGUGGGGUCUCCCCAUG 
- 

G 

UCUCCCCAUG G-G-G-G-U 
T4 U-G A-U UGGGGUCUCCCCAUG 

G G = 

UCUCCCCAUG G-G-G-G-U 
U-A-G A-G-U 

T3 U-G G-U UAGUGUGGGGUCUCCCCAUG - 
G A-U - 

G 
- 
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3’ AGCGAGGTACGAATGGAGCTAGGC 5’

5’ TCGCTCCATGCTTACCTCGATCCG 3’

32P radiotracer

ddNTP at low concentration

5’ TCGCTCCA
5’ TCGCTCCATGCTTA
5’ TCGCTCCATGCTTACCTCGA
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a 

b 

COMPUTER 

Polyacrylamide gel 
column 

Sequence A C G T GeT ACT G A 

Fig. I a, Simplified diagram of the automated DNA sequenator. 
b, Idealized output from the automated DNA sequenator. 

transfer of information from gel to film (autoradiography), the 
tedious manual analysis and the need to run several overlapping 
gels; instead, a single gel can be run for as long as resolvable 
sequence is obtained. The second aim is to avoid the use of 
radioisotopes, which are hazardous, costly and unstable. 

With these considerations in mind, we have developed a 
strategy for the automated sequence analysis of DNA which is 
based on two key points (proposed initially in ref. 4). First, 
fluorophores are used for detection rather than radioisotopes. 
Fluorescence provides sufficient sensitivity for real-time optical 
detection of the small amounts of DNA present in DNA 
sequencing gels (_10- 15 mol per band) (see the discussion 
below). Second, four different fluorophores are used, one for 
each of the base-specific reactions. The reaction products are 
combined and co-electrophoresed, and the DNA fragments 
generated in each reaction are detected near the bottom of the 
gel and identified by their colour. These fluorescence data are 
continuously acquired and stored by computer during the elec-
trophoresis. The data may then be analysed by computer to 
yield the DNA sequence. An idealized version of this process 
is depicted in Fig. 1. 

We applied this strategy to Sanger's enzymatic method of 
DNA sequence analysis. We use chemically synthesized fluores-
cent oligonucleotide primers to label the DNA fragments. When 
these fluorescent primers are used instead of the usual underivat-
ized primer in the enzymatic sequencing reactions, the DNA 
fragments generated in the reactions are fluorescent. 

Chemistry 
The first step in implementing this strategy was to develop 
chemistry for the synthesis of the fluorescent oligonucleotide 
primers4

,5. Briefly, we synthesized a derivative of thymidine 
which contains a phosphoramidite moiety at the 3' carbon and 
a protected amino group at the 5' carbon. When this molecule 
is used in the final addition cycle of oligonucleotide synthesis 
by the phosphoramidite method (see ref. 6 for review), the 
product after deprotection and cleavage from the solid phase 
is an oligonucleotide containing a single aliphatic amino group 
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Fig. 2 a, Absorption spectra of the four dyes used in the DNA 
sequenator: --, fluorescein; ...... , NBD; -. - . -, tetramethyl-
rhodamine; - - - -, Texas Red. b, Florescence emission spectra of 
the four dyes; the same line types as in a, are used to denote the 
dyes. c, Chemical structures of the four dyes. X, The moiety to 
which the dye is bound, for example, an oligonucleotide primer. 
Methods. All spectra were obtained in 10 mM sodium carbonate 
buffer, pH 9.0; absorption spectra were taken on an HIP 8451 
spectrophotometer; fluorescence spectra were taken on a Perkin-
Elmer MPF4 spectrofluorimeter (uncorrected). The following dye 
derivatives were used for measurements: fluorescein isothiocyanate 
(FITC), NBD aminohexanoic acid, Texas Red (all from Molecular 
Probes, Junction City, Oregon); and tetramethylrhodamine 

isothiocyanate (Research Organics, Inc., Cleveland, Ohio). 

at the 5' terminus. This material may then be conjugated readily 
to any of various commercially available amino-reactive fluores-
cent dyes to yield the corresponding oligonucleotide derivative. 

The selection of a set of four fluorophores was central to 
development of the DNA sequenator. Several criteria were used 
in the selection of these fluorophores. (1) The absorption and 
emission maxima had to be in the visible region of the spectrum, 
as far to the red end as possible, to minimize scattering and 
fluorescence background. (2) To be able to distinguish between 
the dyes effectively, their emission maxima had to be well 
resolved from one another. (3) The dyes had to be highly 
fluorescent to provide sufficient detection sensitivity. (4) The 
dyes should not significantly impair the hybridization of the 
oligonucleotide primer, as this would also decrease the efficiency 
of synthesis in the sequencing reactions. Finally, the elec-
trophoretic mobility of the DNA fragments should not be distor-
ted unacceptably by the presence of the dyes. The chemical 
structures and absorption and emission spectra of the four dyes 
we have chosen are shown in Fig. 2. Their absorption and 
emission maxima range from 486 nm (4-chloro-7-nitrobenzo-2-
oxa-l-diazole (NBD) absorption maximum) to 604 nm (Texas 
Red emission maximum), well within the visible region of the 
spectrum. The emission maxima are evenly spaced at 30-nm 
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know. I doubt it. I seriously 
doubt it.”
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1 /4  omprenenslve m u m a n  co-workers (6)proposed restr,ct,on frag- 
ment length polymorphisms (RFLPs) as 

Linkage Map with Centimorgan 
Density 

Cooperative Human Linkage Center (CHLC): Jeffrey C. Murray,* 
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Val C. Sheffield, Sara Sunden, Geoffrey M. Duyk; G6n6thon: 
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Rosemarie Plaetke, Shannon Odelberg; Yale University: David Ward; 
Centre d'Etude du Polymorphisme Humain (CEPH): Jean Dausset, 

Daniel Cohen, Howard Cann 

In the last few years there have been rapid advances in developing genetic maps for 
humans, greatly enhancing our ability to localize and identify genes for inherited disorders. 
Through the collaborative efforts of three large groups generating microsatellite markers 
and the efforts of the 110 CEPH collaborators, a comprehensive human linkage map is 
presented here. It consists of 5840 loci, of which 970 are uniquely ordered, covering 4000 
centimorgans on the sex-averaged map. Of these loci, 3617 are polymerase chain re- 
action-formatted short tandem repeat polymorphisms, and another 427 are genes. The 
map has markers at an average density of 0.7 centimorgan, providing a resource for ready 
transference to physical maps and achieving one of the first goals of the Human Genome 
Project--a comprehensive, high-density genetic map. 

For the first time, humans have been 
presented with the capability of under- 
standing their own genetic makeup and 
how it contributes to morbidity of the 
individual and the species. Rapid scientif- 
ic advances have made this possible, and 
developments in molecular biology, ge- 
netics, and computing, coupled with a co- 
operative and interactive biomedical commu- 
nity, have accelerated the progress of inves- 
tigation into human inherited disorders. A 
primary engine driving these advances has 
been the development and use of human 
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genetic maps that allow the rapid positional 
assignment of an inherited disorder as a 
starting point for gene identification and 
characterization. 

Linkage approaches to human disor- 
ders began with the successful identifica- 
tion of X chromosome linkage for color 
blindness and hemophilia by Bell and 
Haldane in the 1930s (1). A key obstacle 
to the routine performance of linkage 
analysis in humans, however, was the 
small number of progeny and outbred na: 
ture of human matings. In the 1950s, 
Morton developed the lod score (loga- 
rithm of the odds ratio for linkage) meth- 
od, which overcame these difficulties and 
made the analysis of human linkage data 
practical (2). This statistical approach 
was successfully applied to the limited 
number of polymorphic blood '~roup and 
serum protein markers to establish the 
first human linkage groups. In the early 
1970s, advances in statistical algorithms 
by Elston and colleagues (3, 4) were im- 
plemented by Ott in efficient computer- 
based analysis tools (5). Although these 
developments made human linkage anal- 
ysis computationally powerful, it was still 
limited by marker availability. 

Few linkages were identified until the 
application of DNA-based polymorphisms 
allowed for a sudden expansion in the 

the solution to the marker problem in 
humans less than 15 years ago, and these 
DNA-based variations, although first dis- 
covered in yeast, were rapidly identified 
in humans as an offshoot of work on 
hemoglobinopathies. 

The 1980s saw the expansion of com- 
puter tools (7, 8) to evaluate linkage for 
multiple markers and dramatic improve- 
ments followed in the numbers and types 
of DNA-based markers. The first markers 
often had low heterozygosity, which lim- 
ited their use in families, but the popular- 
ization of variable number of tandem re- 
peat (VNTR) minisatellites by Jeffreys, 
White, and Nakamura (9, 10) and micro- 
satellites • of dinucleotide repeats by the 
laboratories of Weber and Weiringa pro- 
vided markers of high information con- 
tent (11, 12). 

Genome-wide human linkage maps first 
appeared from the Donis-KeUer (13) and 
White laboratories in the late 1980s and were 
greatly aided by the availability of a set of 61 
families of the CEPH (Centre d'Etude du 
Polymorphisme Humain). The CEPH contri- 
bution allowed investigators around the world 
to pool data from markers developed in indi- 
vidual laboratories but studied on a common 
set of families (14). These maps and markers 
have now been used as the initial steps in a 
number of positional cloning efforts for anal- 
ysis of human diseases that began with the 
Huntington disease linl~_ge to an RFLP mark- 
er in 1983 (•5). 

Currently, comprehensive genome-wide 
human linkage maps and markers are being 
developed by three large groups and the 
continued contributions of many individual 
investigators. The G4n&hon group is work- 
ing on maps based on markers that contain 
the CA repeat motif, which is the most com- 
mon short tandem repeat in the human ge- 
nome (16, 17). The Cooperative Human 
Linkage Center (CHLC) in the United States 
is constructing maps by means of tri- and 
tetranucleotide repeats which, although less 
frequent in number, are easier to genotype 
than CA repeats. The Utah group is develop- 
ing maps based on di-; tri-; and tetranucle- 
otide repeats. Chromosome-specific research 
groups associated with the National Institutes 
of Health (NIH)/CEPH consortium (18) and 
EUROGEM continue to contribute to ge- 
nome-wide efforts, and recent syntheses have 
been published by Matise eta/. (19) and the 
CHLC (20). 

In parallel with the advances in genetic 
mapping have been similar advances in de- 
veloping the physical map of humans. This 
is greatly facilitated by the use of poly- 
merase chain reaction (PCR)-based mark- 
ers, which are fundamental to the sequence- 
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Munich
In contrast to their pre-election promise,
the Social Democrats (SPD) in the German
parliament have declared their opposition
to an all-parliamentary commission of
inquiry on human rights and bioethics.

They argue that such a ‘commission d’en-
quête’, on whose creation parliament is due
to vote next week, could delay the introduc-
tion of rules and legislation in the fields of
biomedicine by producing lengthy debate on
principles that have already been agreed.

Their position is strongly supported by
the Christian Democrat opposition. But the
Greens — the SPD’s junior coalition partner
— complain that refusing to set up the
promised commission would be shirking a
democratic responsibility.

“Advances in pre-implantation diagnos-
tics and reproductive medicine are likely to
shatter our traditional ideas of human
nature,” says Monika Knoche, the Green par-
liamentary group’s expert on medical ethics.
“A democratic parliament has an obligation
to take up such issues.”

Parliamentary commissions d’enquête,
intended to provide broad advice to politi-
cians, are set up only on issues with major
impact on society, such as climate change,
economic globalization or the consequences
of demographic changes. They comprise
members of all political parties, as well as rep-
resentatives of relevant social groups.

But their work can be lengthy and time-
consuming, and sometimes a final report, as
occurred with that on technology assess-
ment (Technikfolgenabschätzung), cannot be
reached within a four-year legislation peri-
od. The wide range of topics discussed, and
the conflicting perspectives of groups and
individuals involved, makes compromise
difficult to achieve. 

Some argue that this makes commissions
d’enquête a useful way of postponing political
action, such as legislation. Furthermore,
given the country’s Nazi past, medical ethics
issues are already highly sensitive in Germany,
and its legislation is the strictest in Europe
(Nature 389, 660; 1997 & 384, 5; 1996).

Germany is still hesitating, for example,
over whether to sign and ratify the Council of

Europe’s Convention on Human Rights and
Biomedicine. It fears that its own laws,
although not directly in conflict with the
convention, could eventually be watered
down by its less restrictive provisions.

For many Germans, the convention’s
main bone of contention is a clause allowing
research on ‘legally incapacitated’ persons
where there is no alternative means of doing
the research.

Such research is forbidden in Germany
under the Nuremberg codex of physicians.
However, it is being carried out in what
experts describe as a legal ‘grey area’ — for
example, clinical research on oxygen supply
during birth complications, with the consent
of the babies’ parents alone.

Ironically, the SPD’s refusal to set up a
commission d’enquête on bioethics reflects
the party’s attempt to prevent similar grey
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areas arising in other areas of biomedicine,
such as germline therapy, genetic testing,
reproduction medicine, organ transplanta-
tion or the cloning of stem cells.

“We should spend our time taking leg-
islative initiatives where they are needed,
rather than engaging in a cumbersome
debate about principles,” says Wolf-Michael
Catenhusen, the SPD’s parliamentary state
secretary in the Ministry of Research.

Catenhusen favours signing the Council
of Europe convention. The convention’s
supplementary agreements on organ trans-
plantation, embryo research, human genet-
ics and medical research are now being dis-
cussed by the council’s bioethics steering
committee. Germany is involved in the dis-
cussions, but Catenhusen is worried about
what may come out of these.

So far, the convention, approved by the
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Washington & Cambridge
Champagne corks were popping on both
sides of the Atlantic on Tuesday (23
November) when participants in the Human
Genome Project celebrated the successful
sequencing of the one-billionth base pair of
human DNA.

The landmark means that researchers are
approximately one third of the way towards
the full sequence of about three billion
nucleotides, which is due to be completed
next spring. According to officials at the
Wellcome Trust in London, the one-billionth
nucleotide, reached on 17 November, was a
‘G’ (guanine).

At a ceremony at the National Academy
of Sciences in Washington, Donna Shalala,
the US Secretary for Health and Human
Services, handed certificates to
representatives of the main US sequencing
centres, each of which was linked by video
to the award ceremony. Shalala paid tribute
to “the brilliance, dedication and ingenuity
of hundreds of scientists throughout the
world. They’ve been doing this quietly,

but at an
astonishing pace,
and their work
promises to fuel
unprecedented
scientific and
medical
advances.”

Francis Collins,
director of the
National Human

Genome Research Institute, which is
supporting the US part of the project with
the energy department, praised participants
for keeping costs down and quality up.

Britain’s science minister, David
Sainsbury, told a simultaneous celebration
at the Sanger Centre outside Cambridge,
where one third of the sequencing is being
carried out, that the speed and skill with
which the one-billionth pair had been
reached was “a remarkable achievement”.
Earlier in the day, Sainsbury presented an
award to John Sulston, the director of the
Sanger Centre. David Dickson & Colin Macilwain

‘It’s a G’: the one-billionth nucleotide
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reproduction medicine, organ transplanta-
tion or the cloning of stem cells.

“We should spend our time taking leg-
islative initiatives where they are needed,
rather than engaging in a cumbersome
debate about principles,” says Wolf-Michael
Catenhusen, the SPD’s parliamentary state
secretary in the Ministry of Research.

Catenhusen favours signing the Council
of Europe convention. The convention’s
supplementary agreements on organ trans-
plantation, embryo research, human genet-
ics and medical research are now being dis-
cussed by the council’s bioethics steering
committee. Germany is involved in the dis-
cussions, but Catenhusen is worried about
what may come out of these.

So far, the convention, approved by the

German bioethics inquiry ‘could
hold up essential rule changes’
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Washington & Cambridge
Champagne corks were popping on both
sides of the Atlantic on Tuesday (23
November) when participants in the Human
Genome Project celebrated the successful
sequencing of the one-billionth base pair of
human DNA.

The landmark means that researchers are
approximately one third of the way towards
the full sequence of about three billion
nucleotides, which is due to be completed
next spring. According to officials at the
Wellcome Trust in London, the one-billionth
nucleotide, reached on 17 November, was a
‘G’ (guanine).

At a ceremony at the National Academy
of Sciences in Washington, Donna Shalala,
the US Secretary for Health and Human
Services, handed certificates to
representatives of the main US sequencing
centres, each of which was linked by video
to the award ceremony. Shalala paid tribute
to “the brilliance, dedication and ingenuity
of hundreds of scientists throughout the
world. They’ve been doing this quietly,

but at an
astonishing pace,
and their work
promises to fuel
unprecedented
scientific and
medical
advances.”

Francis Collins,
director of the
National Human

Genome Research Institute, which is
supporting the US part of the project with
the energy department, praised participants
for keeping costs down and quality up.

Britain’s science minister, David
Sainsbury, told a simultaneous celebration
at the Sanger Centre outside Cambridge,
where one third of the sequencing is being
carried out, that the speed and skill with
which the one-billionth pair had been
reached was “a remarkable achievement”.
Earlier in the day, Sainsbury presented an
award to John Sulston, the director of the
Sanger Centre. David Dickson & Colin Macilwain

‘It’s a G’: the one-billionth nucleotide

!

Sulston: received award
for work on genome.
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Munich
In contrast to their pre-election promise,
the Social Democrats (SPD) in the German
parliament have declared their opposition
to an all-parliamentary commission of
inquiry on human rights and bioethics.

They argue that such a ‘commission d’en-
quête’, on whose creation parliament is due
to vote next week, could delay the introduc-
tion of rules and legislation in the fields of
biomedicine by producing lengthy debate on
principles that have already been agreed.

Their position is strongly supported by
the Christian Democrat opposition. But the
Greens — the SPD’s junior coalition partner
— complain that refusing to set up the
promised commission would be shirking a
democratic responsibility.

“Advances in pre-implantation diagnos-
tics and reproductive medicine are likely to
shatter our traditional ideas of human
nature,” says Monika Knoche, the Green par-
liamentary group’s expert on medical ethics.
“A democratic parliament has an obligation
to take up such issues.”

Parliamentary commissions d’enquête,
intended to provide broad advice to politi-
cians, are set up only on issues with major
impact on society, such as climate change,
economic globalization or the consequences
of demographic changes. They comprise
members of all political parties, as well as rep-
resentatives of relevant social groups.

But their work can be lengthy and time-
consuming, and sometimes a final report, as
occurred with that on technology assess-
ment (Technikfolgenabschätzung), cannot be
reached within a four-year legislation peri-
od. The wide range of topics discussed, and
the conflicting perspectives of groups and
individuals involved, makes compromise
difficult to achieve. 

Some argue that this makes commissions
d’enquête a useful way of postponing political
action, such as legislation. Furthermore,
given the country’s Nazi past, medical ethics
issues are already highly sensitive in Germany,
and its legislation is the strictest in Europe
(Nature 389, 660; 1997 & 384, 5; 1996).

Germany is still hesitating, for example,
over whether to sign and ratify the Council of

Europe’s Convention on Human Rights and
Biomedicine. It fears that its own laws,
although not directly in conflict with the
convention, could eventually be watered
down by its less restrictive provisions.

For many Germans, the convention’s
main bone of contention is a clause allowing
research on ‘legally incapacitated’ persons
where there is no alternative means of doing
the research.

Such research is forbidden in Germany
under the Nuremberg codex of physicians.
However, it is being carried out in what
experts describe as a legal ‘grey area’ — for
example, clinical research on oxygen supply
during birth complications, with the consent
of the babies’ parents alone.

Ironically, the SPD’s refusal to set up a
commission d’enquête on bioethics reflects
the party’s attempt to prevent similar grey
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areas arising in other areas of biomedicine,
such as germline therapy, genetic testing,
reproduction medicine, organ transplanta-
tion or the cloning of stem cells.

“We should spend our time taking leg-
islative initiatives where they are needed,
rather than engaging in a cumbersome
debate about principles,” says Wolf-Michael
Catenhusen, the SPD’s parliamentary state
secretary in the Ministry of Research.

Catenhusen favours signing the Council
of Europe convention. The convention’s
supplementary agreements on organ trans-
plantation, embryo research, human genet-
ics and medical research are now being dis-
cussed by the council’s bioethics steering
committee. Germany is involved in the dis-
cussions, but Catenhusen is worried about
what may come out of these.

So far, the convention, approved by the
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Washington & Cambridge
Champagne corks were popping on both
sides of the Atlantic on Tuesday (23
November) when participants in the Human
Genome Project celebrated the successful
sequencing of the one-billionth base pair of
human DNA.

The landmark means that researchers are
approximately one third of the way towards
the full sequence of about three billion
nucleotides, which is due to be completed
next spring. According to officials at the
Wellcome Trust in London, the one-billionth
nucleotide, reached on 17 November, was a
‘G’ (guanine).

At a ceremony at the National Academy
of Sciences in Washington, Donna Shalala,
the US Secretary for Health and Human
Services, handed certificates to
representatives of the main US sequencing
centres, each of which was linked by video
to the award ceremony. Shalala paid tribute
to “the brilliance, dedication and ingenuity
of hundreds of scientists throughout the
world. They’ve been doing this quietly,

but at an
astonishing pace,
and their work
promises to fuel
unprecedented
scientific and
medical
advances.”

Francis Collins,
director of the
National Human

Genome Research Institute, which is
supporting the US part of the project with
the energy department, praised participants
for keeping costs down and quality up.

Britain’s science minister, David
Sainsbury, told a simultaneous celebration
at the Sanger Centre outside Cambridge,
where one third of the sequencing is being
carried out, that the speed and skill with
which the one-billionth pair had been
reached was “a remarkable achievement”.
Earlier in the day, Sainsbury presented an
award to John Sulston, the director of the
Sanger Centre. David Dickson & Colin Macilwain

‘It’s a G’: the one-billionth nucleotide

!

Sulston: received award
for work on genome.
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Surprise #2 - It’s mostly junk?
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At least 40 different transposable-element families 
are represented by young, recently active elements 
in the pufferfish Takifugu rubripes (formerly known 
as Fugu rubripes), despite its genome being among 
the smallest in vertebrates. But even the most com-
mon type, the LINE element Maui, is present in only 
6,400 copies32. In the second pufferfish to be sequenced, 
Tetraodon nigroviridis, only 4,000 transposable-
element copies are found in total — but this still 
represents 73 different types of element33. Genomes 
that have a higher proportion of DNA transposons, 
such as in Drosophila melanogaster and Arabidopsis 
thaliana, contain elements of more recent origin that 
are derived from more families than in mammals16; 

this is explained by the fact that DNA transposons 
tend to be more short-lived and to spread by hori-
zontal transfer. The genome of D. melanogaster, for 
example, contains about 130 different transposable-
element families (including 25 non-LTR and 28 LTR 
families), all of which are younger than 20 million 
years (Myr) REF. 34.

There is therefore convincing evidence that many 
smaller genomes contain a surprisingly high diversity 
of transposable-element families. It also now seems 
that the diversity of lineages within individual trans-
posable-element families might be higher in some 
smaller genomes. In mammals, the abundant LINE1 
elements tend to be represented by a single lineage, 

Box 3 | The main components of eukaryotic genomes

Protein-coding genes
Although most prokaryotic chromosomes consist almost entirely of protein-coding genes86, such elements 
make up a small fraction of most eukaryotic genomes (see figure). As a prime example, the human genome 
might contain as few as 20,000 genes, comprising less than 1.5% of the total genome sequence16,82.

Introns
Shortly after their discovery, the non-coding intervening sequences within coding genes (introns) were suggested to 
account for the pronounced discrepancy between gene number and genome size7. It has also recently been suggested 
that most non-coding DNA in animals (but not plants) is intronic, which would imply that most of the genome is 
transcribed even though protein-coding regions represent a tiny minority107,108. At the very least, introns were found 
to account for more than a quarter of the draft human sequence16. Over a broad taxonomic scale, intron size and 
genome size are positively correlated109, although within genera a correlation might (for example, Drosophila110) or 
might not (for example, Gossypium111) be observed.

Pseudogenes
Non-functional copies of coding genes, the original meaning of the term ‘junk DNA’, were once thought to explain 
variation in genome size4. However, it is now apparent that even in combination, ‘classical pseudogenes’ (direct 
DNA to DNA duplicates), ‘processed pseudogenes’ (copies that are reverse transcribed back into the genome from 
RNA and therefore lack introns) and ‘Numts’ (nuclear pseudogenes of mitochondrial origin) comprise a relatively 
small portion of mammalian genomes. The human genome is estimated to contain about 19,000 pseudogenes46.

Transposable elements
In eukaryotes, transposable elements are divided into two general classes according to their mode of transposition. 
Class I elements transpose through an RNA intermediate. This class comprises long interspersed nuclear elements 
(LINEs), endogenous retroviruses, short interspersed nuclear elements (SINEs) and long terminal repeat (LTR) 
retrotransposons. Class II elements transpose directly from DNA to DNA, and include DNA transposons and 
miniature inverted repeat transposable elements (MITEs).

Transposable elements (and especially their extinct remnants) make up a large portion of the human genome, with 
some elements (for example, the SINE Alu element) present in more than a million copies. Transposable-element 
evolution involves complex interactions with the host genome and other subgenomic elements, ranging from 
parasitism to mutualism. For a review of transposable-element structure, origins, impacts and evolution see REF. 17.

The figure provides a 
summary of the different 
components of the human 
genome. Less than 1.5% of 
the genome consists of the 
suspected 20,000–25,000 
protein-coding sequences. 
By contrast, a large 
majority is made up of 
non-coding sequences such 
as introns (almost 26%) 
and (mostly defunct) 
transposable elements 
(nearly 45%). Data are 
taken from REF. 16.
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parasitism to mutualism. For a review of transposable-element structure, origins, impacts and evolution see REF. 17.

The figure provides a 
summary of the different 
components of the human 
genome. Less than 1.5% of 
the genome consists of the 
suspected 20,000–25,000 
protein-coding sequences. 
By contrast, a large 
majority is made up of 
non-coding sequences such 
as introns (almost 26%) 
and (mostly defunct) 
transposable elements 
(nearly 45%). Data are 
taken from REF. 16.
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families), all of which are younger than 20 million 
years (Myr) REF. 34.
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smaller genomes. In mammals, the abundant LINE1 
elements tend to be represented by a single lineage, 

Box 3 | The main components of eukaryotic genomes
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retrotransposons. Class II elements transpose directly from DNA to DNA, and include DNA transposons and 
miniature inverted repeat transposable elements (MITEs).

Transposable elements (and especially their extinct remnants) make up a large portion of the human genome, with 
some elements (for example, the SINE Alu element) present in more than a million copies. Transposable-element 
evolution involves complex interactions with the host genome and other subgenomic elements, ranging from 
parasitism to mutualism. For a review of transposable-element structure, origins, impacts and evolution see REF. 17.
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Figure 2 | Impact of retrotransposons on human genome structure. a | Typical insertion of a LINE-1 (L1), Alu or  
SVA retrotransposon (red box) at a new genomic site (dark grey). If the new genomic site is a genic region, the 
retrotransposon may cause insertional mutagenesis. b | The protein product (green oval) of an L1 element may 
create DNA double-strand breaks (broken dark grey area). Alternatively, an existing double-strand break may be 
repaired by non-classical endonuclease-independent insertion of a retrotransposon. c | Microsatellites (for 
example, (TA)

n
) may arise from the homopolymeric tracts that are endogenous to retrotransposons. d | Gene 

conversion may alter the sequence compositions of homologous retrotransposon copies (red and blue boxes).  
e | The insertion of a retrotransposon is sometimes associated with the concomitant deletion of a target genomic 
sequence (light grey box). f | Ectopic recombination (double arrowhead) between non-allelic homologous 
retrotransposons may result in genomic rearrangements, such as deletions (left) or duplications (right) of 
intervening genomic sequences. g | During the duplication of a retrotransposon, the downstream 3′ flanking 
sequence or the upstream 5′ flanking sequence (dark grey boxes) may also be duplicated (known as 3′ or 5′ 
transduction, respectively). This results in the retrotransposition of the 3′ flanking sequence (left) or the 5′ flanking 
sequence (right) along with the retrotransposon.

Homopolymeric tract
A DNA sequence made of the 
same nucleotide repeated in 
tandem.

Microsatellite
A class of repetitive DNA made 
up of tandem repeats that are 
1–8 bp in length.

involvement, so it is possible that a substantial fraction 
of the genomic instability associated with DSBs, which 
are highly mutagenic and prone to recombination, is 
attributable to L1 activity.

L1 and Alu elements have been linked to DSB repair. 
Evidence from L1 retrotransposition assays in cul-
tured cells showed that L1 insertions can occur inde-
pendently of endonuclease in mammalian cell lines 
that cannot perform non-homologous end joining, 
which is a major mechanism of DSB repair63 (FIG. 2b). 
Endonuclease-independent (ENi) L1 insertions lack 
the hallmarks of TPRT (BOX 1), which suggests that L1 
elements can integrate into and repair DSBs63. In addi-
tion, dysfunctional telomeres can serve as substrates 
for ENi L1 retrotransposition, and endonuclease- 
deficient LINE-like (Penelope) elements are present at 
the telomeres of several eukaryotes, which suggests that 
ENi retrotransposition might be an ancestral mecha-
nism of RNA-mediated DNA repair that was used before 
non-LTR retrotransposons acquired an endonuclease 

domain64,65. Recent analyses of the human genome have  
shown that 0.5–0.7% of all L1 and Alu insertions  
have non-canonical structures and might have resulted 
from ENi retrotransposition66,67, which suggests that 
non-LTR retrotransposons in general, not just L1 ele-
ments, might provide an additional mechanism for 
maintaining human genome integrity.

Sources of microsatellites. Because of their abundance 
in the genome and because they contain homopolymeric 
tracts, non-LTR retrotransposons can generate microsat-
ellites at many loci in the genome (FIG. 2c). In particular, 
this has been studied for Alu elements68,69, each new 
copy of which provides two potential sources of micro-
satellites: the linker region in the middle of the element 
and the 3′ oligo(dA)-rich tail (FIG. 1b). These homopoly-
meric repeats can be subject to mutations, such as 
nucleotide substitutions and replication slippage, which 
can produce microsatellites of varying length and com-
plexity. Consequently, it is not surprising that ~20% of 
all microsatellites (including ~50% of mononucleotide 
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Figure 1 | Template immobilization strategies. In emulsion PCR (emPCR) (a), a reaction mixture consisting of  
an oil–aqueous emulsion is created to encapsulate bead–DNA complexes into single aqueous droplets. PCR 
amplification is performed within these droplets to create beads containing several thousand copies of the same 
template sequence. EmPCR beads can be chemically attached to a glass slide or deposited into PicoTiterPlate  
wells (FIG. 3c). Solid-phase amplification (b) is composed of two basic steps: initial priming and extending of the 
single-stranded, single-molecule template, and bridge amplification of the immobilized template with immediately 
adjacent primers to form clusters. Three approaches are shown for immobilizing single-molecule templates to a solid 
support: immobilization by a primer (c); immobilization by a template (d); and immobilization of a polymerase (e).  
dNTP, 2′-deoxyribonucleoside triphosphate.

Mate-pair templates
A genomic library is prepared 
by circularizing sheared DNA 
that has been selected for a 
given size, such as 2 kb, 
therefore bringing the ends 
that were previously distant 
from one another into close 
proximity. Cutting these circles 
into linear DNA fragments 
creates mate-pair templates.

are attached to the solid support15, to which a primed  
template molecule is bound (FIG. 1e). This approach is 
used by Pacific Biosciences15 and is described in patents 
from Life/VisiGen16 and LI-COR Biosciences17. Larger 
DNA molecules (up to tens of thousands of base pairs) 
can be used with this technique and, unlike the first two 
approaches, the third approach can be used with real-time 
methods, resulting in potentially longer read lengths.

Sequencing and imaging
There are fundamental differences in sequencing  
clonally amplified and single-molecule templates. Clonal 
amplification results in a population of identical tem-
plates, each of which has undergone the sequencing 
reaction. Upon imaging, the observed signal is a con-
sensus of the nucleotides or probes added to the iden-
tical templates for a given cycle. This places a greater 
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wells (FIG. 3c). Solid-phase amplification (b) is composed of two basic steps: initial priming and extending of the 
single-stranded, single-molecule template, and bridge amplification of the immobilized template with immediately 
adjacent primers to form clusters. Three approaches are shown for immobilizing single-molecule templates to a solid 
support: immobilization by a primer (c); immobilization by a template (d); and immobilization of a polymerase (e).  
dNTP, 2′-deoxyribonucleoside triphosphate.
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are attached to the solid support15, to which a primed  
template molecule is bound (FIG. 1e). This approach is 
used by Pacific Biosciences15 and is described in patents 
from Life/VisiGen16 and LI-COR Biosciences17. Larger 
DNA molecules (up to tens of thousands of base pairs) 
can be used with this technique and, unlike the first two 
approaches, the third approach can be used with real-time 
methods, resulting in potentially longer read lengths.

Sequencing and imaging
There are fundamental differences in sequencing  
clonally amplified and single-molecule templates. Clonal 
amplification results in a population of identical tem-
plates, each of which has undergone the sequencing 
reaction. Upon imaging, the observed signal is a con-
sensus of the nucleotides or probes added to the iden-
tical templates for a given cycle. This places a greater 
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single-stranded, single-molecule template, and bridge amplification of the immobilized template with immediately 
adjacent primers to form clusters. Three approaches are shown for immobilizing single-molecule templates to a solid 
support: immobilization by a primer (c); immobilization by a template (d); and immobilization of a polymerase (e).  
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into linear DNA fragments 
creates mate-pair templates.

are attached to the solid support15, to which a primed  
template molecule is bound (FIG. 1e). This approach is 
used by Pacific Biosciences15 and is described in patents 
from Life/VisiGen16 and LI-COR Biosciences17. Larger 
DNA molecules (up to tens of thousands of base pairs) 
can be used with this technique and, unlike the first two 
approaches, the third approach can be used with real-time 
methods, resulting in potentially longer read lengths.

Sequencing and imaging
There are fundamental differences in sequencing  
clonally amplified and single-molecule templates. Clonal 
amplification results in a population of identical tem-
plates, each of which has undergone the sequencing 
reaction. Upon imaging, the observed signal is a con-
sensus of the nucleotides or probes added to the iden-
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Figure 2 | Four-colour and one-colour cyclic reversible termination methods. a | The four-colour cyclic reversible 
termination (CRT) method uses Illumina/Solexa’s 3′-O-azidomethyl reversible terminator chemistry23,101 (BOX 1) using 
solid-phase-amplified template clusters (FIG. 1b, shown as single templates for illustrative purposes). Following 
imaging, a cleavage step removes the fluorescent dyes and regenerates the 3′-OH group using the reducing agent 
tris(2-carboxyethyl)phosphine (TCEP)23. b | The four-colour images highlight the sequencing data from two clonally 
amplified templates. c | Unlike Illumina/Solexa’s terminators, the Helicos Virtual Terminators33 are labelled with the 
same dye and dispensed individually in a predetermined order, analogous to a single-nucleotide addition method. 
Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
groups using TCEP to permit the addition of the next Cy5-2′-deoxyribonucleoside triphosphate (dNTP) analogue. The 
free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition33 (step not shown). 
d | The one-colour images highlight the sequencing data from two single-molecule templates.One-base-encoded probe

An oligonucleotide sequence in 
which one interrogation base is 
associated with a particular  
dye (for example, A in the first 
position corresponds to a green 
dye). An example of a one-base 
degenerate probe set is 
‘1-probes’, which indicates  
that the first nucleotide is the 
interrogation base. The 
remaining bases consist of 
either degenerate (four possible 
bases) or universal bases.

Caenorhabditis elegans genome. From a single HeliScope 
run using only 7 of the instrument’s 50 channels, approx-
imately 2.8 Gb of high-quality data were generated in 
8 days from >25-base consensus reads with 0, 1 or 2 
errors. Greater than 99% coverage of the genome was 
reported, and for regions that showed >5-fold coverage, 
the consensus accuracy was 99.999% (J. W. Efcavitch,  
personal communication).

Sequencing by ligation. SBL is another cyclic method 
that differs from CRT in its use of DNA ligase35 and 
either one-base-encoded probes or two-base-encoded 
probes. In its simplest form, a fluorescently labelled 
probe hybridizes to its complementary sequence adja-
cent to the primed template. DNA ligase is then added 
to join the dye-labelled probe to the primer. Non-ligated 
probes are washed away, followed by fluorescence 
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amplified templates. c | Unlike Illumina/Solexa’s terminators, the Helicos Virtual Terminators33 are labelled with the 
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Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
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Caenorhabditis elegans genome. From a single HeliScope 
run using only 7 of the instrument’s 50 channels, approx-
imately 2.8 Gb of high-quality data were generated in 
8 days from >25-base consensus reads with 0, 1 or 2 
errors. Greater than 99% coverage of the genome was 
reported, and for regions that showed >5-fold coverage, 
the consensus accuracy was 99.999% (J. W. Efcavitch,  
personal communication).

Sequencing by ligation. SBL is another cyclic method 
that differs from CRT in its use of DNA ligase35 and 
either one-base-encoded probes or two-base-encoded 
probes. In its simplest form, a fluorescently labelled 
probe hybridizes to its complementary sequence adja-
cent to the primed template. DNA ligase is then added 
to join the dye-labelled probe to the primer. Non-ligated 
probes are washed away, followed by fluorescence 
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tris(2-carboxyethyl)phosphine (TCEP)23. b | The four-colour images highlight the sequencing data from two clonally 
amplified templates. c | Unlike Illumina/Solexa’s terminators, the Helicos Virtual Terminators33 are labelled with the 
same dye and dispensed individually in a predetermined order, analogous to a single-nucleotide addition method. 
Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
groups using TCEP to permit the addition of the next Cy5-2′-deoxyribonucleoside triphosphate (dNTP) analogue. The 
free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition33 (step not shown). 
d | The one-colour images highlight the sequencing data from two single-molecule templates.One-base-encoded probe
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run using only 7 of the instrument’s 50 channels, approx-
imately 2.8 Gb of high-quality data were generated in 
8 days from >25-base consensus reads with 0, 1 or 2 
errors. Greater than 99% coverage of the genome was 
reported, and for regions that showed >5-fold coverage, 
the consensus accuracy was 99.999% (J. W. Efcavitch,  
personal communication).

Sequencing by ligation. SBL is another cyclic method 
that differs from CRT in its use of DNA ligase35 and 
either one-base-encoded probes or two-base-encoded 
probes. In its simplest form, a fluorescently labelled 
probe hybridizes to its complementary sequence adja-
cent to the primed template. DNA ligase is then added 
to join the dye-labelled probe to the primer. Non-ligated 
probes are washed away, followed by fluorescence 
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tris(2-carboxyethyl)phosphine (TCEP)23. b | The four-colour images highlight the sequencing data from two clonally 
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Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
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same dye and dispensed individually in a predetermined order, analogous to a single-nucleotide addition method. 
Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
groups using TCEP to permit the addition of the next Cy5-2′-deoxyribonucleoside triphosphate (dNTP) analogue. The 
free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition33 (step not shown). 
d | The one-colour images highlight the sequencing data from two single-molecule templates.One-base-encoded probe

An oligonucleotide sequence in 
which one interrogation base is 
associated with a particular  
dye (for example, A in the first 
position corresponds to a green 
dye). An example of a one-base 
degenerate probe set is 
‘1-probes’, which indicates  
that the first nucleotide is the 
interrogation base. The 
remaining bases consist of 
either degenerate (four possible 
bases) or universal bases.

Caenorhabditis elegans genome. From a single HeliScope 
run using only 7 of the instrument’s 50 channels, approx-
imately 2.8 Gb of high-quality data were generated in 
8 days from >25-base consensus reads with 0, 1 or 2 
errors. Greater than 99% coverage of the genome was 
reported, and for regions that showed >5-fold coverage, 
the consensus accuracy was 99.999% (J. W. Efcavitch,  
personal communication).

Sequencing by ligation. SBL is another cyclic method 
that differs from CRT in its use of DNA ligase35 and 
either one-base-encoded probes or two-base-encoded 
probes. In its simplest form, a fluorescently labelled 
probe hybridizes to its complementary sequence adja-
cent to the primed template. DNA ligase is then added 
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termination (CRT) method uses Illumina/Solexa’s 3′-O-azidomethyl reversible terminator chemistry23,101 (BOX 1) using 
solid-phase-amplified template clusters (FIG. 1b, shown as single templates for illustrative purposes). Following 
imaging, a cleavage step removes the fluorescent dyes and regenerates the 3′-OH group using the reducing agent 
tris(2-carboxyethyl)phosphine (TCEP)23. b | The four-colour images highlight the sequencing data from two clonally 
amplified templates. c | Unlike Illumina/Solexa’s terminators, the Helicos Virtual Terminators33 are labelled with the 
same dye and dispensed individually in a predetermined order, analogous to a single-nucleotide addition method. 
Following total internal reflection fluorescence imaging, a cleavage step removes the fluorescent dye and inhibitory 
groups using TCEP to permit the addition of the next Cy5-2′-deoxyribonucleoside triphosphate (dNTP) analogue. The 
free sulphhydryl groups are then capped with iodoacetamide before the next nucleotide addition33 (step not shown). 
d | The one-colour images highlight the sequencing data from two single-molecule templates.One-base-encoded probe
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removing rare or monomorphic variants, removing 
variants that are not in Hardy–Weinberg equilibrium, fil-
tering SNPs that are missing from a fraction of individ-
uals in the cohort, identifying and removing genotyping 
errors, and ensuring that phenotypes are well matched 
with genetic data, often by comparing self- reported sex 
versus sex based on the X and Y chromosomes. Software 

tools such as PLINK have been specifically designed to 
analyse genetic data and can be used to conduct many 
of these quality control steps20 (further software for 
quality control analysis and other stages of GWAS are 
summarized in TABLE 1). Once sample and variant qual-
ity control have been performed on GWAS array data, 
variants usually undergo phasing and are imputed using 
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Fig. 1 | Overview of steps for conducting GWAS. a | Data can be collected from study cohorts or available genetic  
and phenotypic information can be used from biobanks or repositories. Confounders need to be carefully considered and 
recruitment strategies must not introduce biases such as collider bias. b | Genotypic data can be collected using 
microarrays to capture common variants, or next- generation sequencing methods for whole- genome sequencing  
(WGS) or whole- exome sequencing (WES). c | Quality control includes steps at the wet- laboratory stage, such as genotype 
calling and DNA switches, and dry- laboratory stages on called genotypes, such as deletion of bad single- nucleotide 
polymorphisms (SNPs) and individuals, detection of population strata in the sample and calculation of principle 
components. Figure depicts clustering of individuals according to genetic substrata. d | Genotypic data can be phased, 
and untyped genotypes imputed using information from matched reference populations from repositories such as  
1000 Genomes Project or TopMed. In this example, genotypes of SNP1 and SNP3 are imputed based on the directly assayed 
genotypes of other SNPs. e | Genetic association tests are run for each genetic variant, using an appropriate model  
(for example, additive, non- additive, linear or logistic regression). Confounders are corrected for, including population 
strata, and multiple testing needs to be controlled. Output is inspected for unusual patterns and summary statistics are 
generated. f | Results from multiple smaller cohorts are combined using standardized statistical pipelines. g | Results can 
be replicated using internal replication or external replication in an independent cohort. For external replication, the 
independent cohort must be ancestrally matched and not share individuals or family members with the discovery cohort. 
h | In silico analysis of genome- wide association studies (GWAS), using information from external resources. This can 
include in silico fine- mapping, SNP to gene mapping, gene to function mapping, pathway analysis, genetic correlation 
analysis, Mendelian randomization and polygenic risk prediction. After GWAS, functional hypotheses can be tested  
using experimental techniques such as CRISPR or massively parallel reporter assays, or results can be validated in a human 
trait/disease model (not shown).

Hardy–Weinberg 
equilibrium
If the frequency of observed 
genotypes of a variant in a 
population can be derived 
from the observed allele 
frequencies, the genetic  
variant is said to be in  
Hardy–Weinberg equilibrium. 
A test for Hardy–Weinberg 
equilibrium is often used in 
quality control of genome- wide 
association studies (GWAS) to 
filter out variants with possible 
genotype calling errors.

Phasing
The process of estimating 
whether genotyped alleles 
derive from the maternal or 
paternal allele.
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Surprise #1 - Most of the Genome is Transcribed
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At least 40 different transposable-element families 
are represented by young, recently active elements 
in the pufferfish Takifugu rubripes (formerly known 
as Fugu rubripes), despite its genome being among 
the smallest in vertebrates. But even the most com-
mon type, the LINE element Maui, is present in only 
6,400 copies32. In the second pufferfish to be sequenced, 
Tetraodon nigroviridis, only 4,000 transposable-
element copies are found in total — but this still 
represents 73 different types of element33. Genomes 
that have a higher proportion of DNA transposons, 
such as in Drosophila melanogaster and Arabidopsis 
thaliana, contain elements of more recent origin that 
are derived from more families than in mammals16; 

this is explained by the fact that DNA transposons 
tend to be more short-lived and to spread by hori-
zontal transfer. The genome of D. melanogaster, for 
example, contains about 130 different transposable-
element families (including 25 non-LTR and 28 LTR 
families), all of which are younger than 20 million 
years (Myr) REF. 34.

There is therefore convincing evidence that many 
smaller genomes contain a surprisingly high diversity 
of transposable-element families. It also now seems 
that the diversity of lineages within individual trans-
posable-element families might be higher in some 
smaller genomes. In mammals, the abundant LINE1 
elements tend to be represented by a single lineage, 

Box 3 | The main components of eukaryotic genomes

Protein-coding genes
Although most prokaryotic chromosomes consist almost entirely of protein-coding genes86, such elements 
make up a small fraction of most eukaryotic genomes (see figure). As a prime example, the human genome 
might contain as few as 20,000 genes, comprising less than 1.5% of the total genome sequence16,82.

Introns
Shortly after their discovery, the non-coding intervening sequences within coding genes (introns) were suggested to 
account for the pronounced discrepancy between gene number and genome size7. It has also recently been suggested 
that most non-coding DNA in animals (but not plants) is intronic, which would imply that most of the genome is 
transcribed even though protein-coding regions represent a tiny minority107,108. At the very least, introns were found 
to account for more than a quarter of the draft human sequence16. Over a broad taxonomic scale, intron size and 
genome size are positively correlated109, although within genera a correlation might (for example, Drosophila110) or 
might not (for example, Gossypium111) be observed.

Pseudogenes
Non-functional copies of coding genes, the original meaning of the term ‘junk DNA’, were once thought to explain 
variation in genome size4. However, it is now apparent that even in combination, ‘classical pseudogenes’ (direct 
DNA to DNA duplicates), ‘processed pseudogenes’ (copies that are reverse transcribed back into the genome from 
RNA and therefore lack introns) and ‘Numts’ (nuclear pseudogenes of mitochondrial origin) comprise a relatively 
small portion of mammalian genomes. The human genome is estimated to contain about 19,000 pseudogenes46.

Transposable elements
In eukaryotes, transposable elements are divided into two general classes according to their mode of transposition. 
Class I elements transpose through an RNA intermediate. This class comprises long interspersed nuclear elements 
(LINEs), endogenous retroviruses, short interspersed nuclear elements (SINEs) and long terminal repeat (LTR) 
retrotransposons. Class II elements transpose directly from DNA to DNA, and include DNA transposons and 
miniature inverted repeat transposable elements (MITEs).

Transposable elements (and especially their extinct remnants) make up a large portion of the human genome, with 
some elements (for example, the SINE Alu element) present in more than a million copies. Transposable-element 
evolution involves complex interactions with the host genome and other subgenomic elements, ranging from 
parasitism to mutualism. For a review of transposable-element structure, origins, impacts and evolution see REF. 17.

The figure provides a 
summary of the different 
components of the human 
genome. Less than 1.5% of 
the genome consists of the 
suspected 20,000–25,000 
protein-coding sequences. 
By contrast, a large 
majority is made up of 
non-coding sequences such 
as introns (almost 26%) 
and (mostly defunct) 
transposable elements 
(nearly 45%). Data are 
taken from REF. 16.
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News

RNA-editing drugs advance into clinical trials

By Asher Mullard

ADAR-based editors that can 
change the mRNA code o!er new 
opportunities in both rare genetic 
diseases and common complex ones.

Oligonucleotide-based drugs already 
come in many flavours. The newest 
of these now aims to edit mRNA one 
base at a time, by harnessing endo-

genous enzymes called adenosine deaminases 
acting on RNA (ADAR).

Wave Life Sciences advanced the first 
ADAR-based RNA editor into healthy vol-
unteers in 2023 for the hereditary disorder 
alpha-1 antitrypsin deficiency (AATD). The 
company is set to start dosing patients with 
the disease shortly. A growing list of biotechs 
are setting their sights on similar RNA-editing  
opportunities (Table 1).

“The whole field hopes these players will 
soon have some success in the clinic,” says 
Thorsten Stafforst, a biochemist at University 
of Tübingen whose work helped to revitalize 
the RNA-editing field. “It would help everyone 
in the boat.” DNA editing has already taken the 
biopharmaceutical sector by storm, but RNA 
editing could be just as powerful — with the 
potential for safer and redosable therapeutics, 
he says. Stafforst recently co-founded AIRNA, 
one of the latest RNA-editing start-ups.

The nascent RNA-editing pipeline builds 
on the learnings of the entire oligonucleotide 
class, adds Wave CEO Paul Bolno. “We are like 
painters working with different colours on a 
palette. You’ve got sugars, bases and proprie-
tary modifications that can be transformative 
in pharmacology”. Wave, as a result, is working 
on silencing and splicing oligonucleotides as 
well. “Being able to think about how you apply 
those different paints to different targets has 
been really fun to watch,” says Bolno.

Large pharmaceutical firms are vying for 
front row seats, with GSK, Lilly and Roche 
already partnering with RNA-editing biotechs 
to get a better view of the opportunities on 
offer. The near-term focus is mostly on mono-
genic diseases, but longer-term goals include 
new drugs for common and complex diseases 
too — and even a way to recreate the effects of 
beneficial genetic mutations in patients.

ProQR is planning first trials of RNA-editing 
drugs in two such settings by early 2025. “I’m 
really looking forward to taking this field 
to the next level,” says ProQR CSO Gerard 
Platenburg.

An endogenous editor
ADAR enzymes are the red pens of choice for 
RNA editing. These molecular editors patrol 
the cells of the human body, binding human 
mRNA and converting the occasional adeno-
sine (A) base into an inosine (I), a non-canonical 
nucleoside for mRNA. Researchers are still 
working to figure out exactly what role these 
ADAR enzymes serve, but they seem to help 
the innate immune system to recognize human 
mRNA as ‘self’ and viral RNA as ‘foreign’.

Scientists have long speculated that these 
molecular editors could be repurposed 
to alter protein production too. When the 
cell’s translational machinery encoun-
ters an inosine, it reads it as a guanosine 
(G). A-to-I edits, consequently, can change 
the interpretation of a given three-letter 
codon code. ‘AAG’ codes for the amino acid 
lysine, for example, but when edited by an 
ADAR to an ‘IAG’ it is read by the ribosome 
as a ‘GAG’ — resulting in the placement 
of a ‘glutamate’ in a growing protein  
strand instead.

The challenge has been in figuring out how 
to turn these ADAR proteins into therapeutic 

tools — a problem that has kept this field out 
of the spotlight. A first paper proposed a role 
for oligonucleotides in 1995. It picked up just 
five citations over the subsequent 20 years.

By 2012, Stafforst had shown that oligo-
nucleotide–ADAR conjugates could repair 
point mutations. Another group, led by Joshua 
Rosenthal at UCSF, showed the same a year 
later, offering a way to repair the CFTR gene 
in cystic fibrosis. But these efforts relied on 
exogenous enzyme to carry out the edits — 
creating delivery and immunogenicity issues 
that looked hard to overcome.

The rise of CRISPR-based therapeutics cre-
ated its own issues. “Editors said it wasn’t inter-
esting: you can edit DNA, why would you want 
to edit RNA?”, recalls Stafforst.

Then in 2019, Stafforst’s group reported that 
naked antisense oligonucleotides could be 
used to redirect endogenous ADAR. As a test 
case his team repaired a mutant alpha-1 anti-
trypsin (AAT) protein in human cells. “That was 
the moment where it became absolutely clear 
that there was a relatively straightforward  
path to the clinic,” says Stafforst.

Endogenous ADAR acts on double-stranded 
RNA, which is typically formed when a long 
RNA strand folds back on itself. But when oligo-
nucleotides are designed just so, Stafforst’s 
work showed, they can create double-stranded  
landing pads for ADARs. These oligonucleo-
tides thereby lure the cell’s enzyme into 
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proximity with an adenosine that it would 
otherwise ignore.

Stafforst launched AIRNA. Rosenthal 
co-founded Korro Bio. Wave Life Sciences, 
with a broader focus on oligonucleotides, 
was poised to pounce early too — publishing 
on their ADAR-editing system in 2022. “It was 
a natural extension of what we were already 
doing,” says Bolno.

Wave’s lead RNA-editing programme WVE-
006, in development in partnership with GSK, 
provides a first clinical test of the approach. 
The drug aims to treat AATD, a genetic lung 
and liver disease that is caused by mutation 
in the SERPINA1 gene, which encodes the AAT 
protein. The most common and severe form 
of AATD is caused by a mutation that changes 
a glutamate into a lysine in AAT. Wave’s oligo-
nucleotide binds the target mRNA to induce an 
edit that reverses the effect of that mutation.

In preclinical models, Wave’s editors can fix 
up to 75% or more of the AAT protein, showed 
their 2022 paper. “We’re able to leverage the 
endogenous ADAR enzyme very efficiently,” 
says Prashant Monian, Principal Scientist at 
Wave Life Sciences. This helps to address the 
deficiencies of AATD in mouse models of 
the disease, he adds.

Clinical questions
Wave’s phase I trial is currently recruit-
ing healthy volunteers, and will soon start 
recruiting people with AATD. The key focus 
is on safety, including the risks of unintended 
editing.

The preclinical data is encouraging, adds 
Bolno. “We’re not seeing off-target editing,” 
he says. The oligonucleotide provides in-built 
specificity for the target mRNA, he explains. 
But even if there are similar mRNA strands that 
can be edited, the majority of any given off- 
target mRNA is likely to be unaffected — leaving 

protein in place to carry out its normal func-
tion. This is different than CRISPR-based 
editing, where the concern is that off-target 
edits will cause irreversible alterations in the 
genome with penetrant consequences.

Another possible concern is ADAR exhaus-
tion: if the therapeutic oligonucleotide uses 
up all the ADAR, then there might not be 
enough enzyme left around to carry out its 
normal physiological function. But here too, 
there is room for optimism.

“We’ve shown that we can actually edit up 
to three targets independently and simultane-
ously without any drop in efficiency, suggest-
ing that the limiting factor is not availability of 
the ADAR enzyme,” says Monian.

“I do not think that ADAR exhaustion will 
be a problem to be honest,” agrees Platen-
burg. “Look at the number of edits that take 
place in every cell with every blink of the eye, 
compared with the one target that we want 
to correct.”

Researchers hope to see signs of activity 
too. “We need a first proof of concept that 
these drugs are not just tolerable but also 
efficient,” says Stafforst.

AATD is a good disease for this first test, 
adds Bolno. The AAT enzyme is largely pro-
duced in the liver, and so can be readily edited 
by liver-loving oligonucleotides. The liver then 
secretes the protein into the blood, and so the 
effects of the drug can be easily measured in 
blood samples.

The biology of the disease also points to 
a likely benefit from even partial correction 
of the AAT protein. Once AAT is in the blood-
stream, it travels to the lung to help tamp down 
inflammation there. In the absence of any 
functional AAT, people with AATD suffer from 
severe breathing-related symptoms including 
shortness of breath and wheezing. But peo-
ple with one functional allele of the gene have 

milder or even asymptomatic effects. Wave’s  
preclinical data suggests that their oligonucleo-
tide achieves a similar effect as a functional  
allele, says Monian. “Being able to recapitulate 
that animal data now in patients is exciting, 
not just for the alpha-1 antitrypsin community 
but also in terms of all of these other unique  
applications of RNA editing,” says Monian.

AATD can be treated with AAT protein 
replacement therapy, but there is a need for 
better drugs (Table 2). Next-generation pro-
tein replacement therapies are farthest along 
for the treatment of the lung manifestations of 
the disease, but do not address the currently 
untreatable toxic buildup of mutated AAT in 
the liver that can lead to the need for organ 
transplantation. AATD silencing approaches 
have been aimed at the liver effects of the dis-
ease, but not the lung ones. RNA editing could 
benefit both organs.

RNA editing should also have a leg up on 
gene replacement strategies, says Bolno. Gene 
therapies can add a functional copy of the AAT-
encoding gene into the genome, but unless the 
gene is placed precisely these approaches can-
not harness the cell’s regulatory control of AAT 
levels. Precise editing strategies, by contrast, 
can make use of the inbuilt feedback cycles of 
human biology.

“When the body needs to amplify AAT levels, 
it can produce more AAT. RNA-editing is really 
about enabling the body to go back to doing 
normal physiology,” says Bolno.

The same is true of CRISPR base editors for 
AATD, which are also in development.

Common ground
A key difference between DNA- and RNA-
editing is the dosing schedule. Whereas 
CRISPR-based drugs aim to provide a one-time 
treatment, the ADAR pipeline is mostly com-
prised of redosable drugs that are given every 

Table 1 | ADAR-based editors in and approaching the clinic

Drug Sponsor Properties Lead indication Status

WVE-006 Wave Life Sciences/GSK SERPINA1/AAT mRNA editor Alpha-1 antitrypsin deficiency Phase I

AX-1412 ProQR B4GALT1 mRNA editor Cardiovascular disease To start late 2024/early 2025

AX-0810 ProQR NTCP mRNA editor Cholestatic diseases To start late 2024/early 2025

KRRO-110 Korro Bio SERPINA1/AAT mRNA editor Alpha-1 antitrypsin deficiency IND in 2024

NA ADARx SERPINA1/AAT mRNA editor Alpha-1 antitrypsin deficiency Preclinical

NA AIRNA SERPINA1/AAT mRNA editor Alpha-1 antitrypsin deficiency Preclinical

NA Vico Therapeutics MECP2-R255X mRNA editor Rett syndrome Preclinical

NA EdiGene Undisclosed Undisclosed Undisclosed

NA ShapeTx Undisclosed Undisclosed Undisclosed
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of magnitude. This is mainly due to the (on average) 
higher translation efficiencies of mRNAs encoding more 
abundant proteins47,58.

The higher dynamic range of proteins leaves a lot of 
room for translational and post-translational regulation. 
It appears that biology takes advantage of this and adjusts 
translation and protein stability in a context-dependent 
manner. For example, the aforementioned LPS stimula-
tion study49 estimated both absolute mRNA and protein 
copy numbers, their changes over time and translation 
and protein degradation rates using dynamic stable iso-
tope labelling by amino acids in cell culture (SILAC) and 

ribosome profiling (see BOX 1) and derived quantitative 
models in an attempt to attribute the contribution of 
different processes to establishing protein abundances. 
Importantly, it was found that the level of ‘housekeeping 
proteins’ significantly changed after LPS stimulation and 
that these changes are mainly due to altered translation 
and degradation49. As housekeeping proteins are typically 
abundant, changes in their amounts should account for 
the largest shifts in the absolute make-up of a proteome. 
Thus, the study authors surmise that post-transcriptional 
regulation contributes substantially more to abso-
lute protein-level changes than mRNA-level changes. 
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Fig. 2 | Across-gene and within-gene correlations between mRNA and 
protein levels. a | Example of an across-gene correlation analysis 
comparing estimates of absolute mRNA abundance (expressed in 
fragments per kilobase of transcript per million mapped reads (FPKM)) to 
protein abundance (expressed as intensity-based absolute quantification 
(iBAQ)) in brain tissue from REF.39. b | Sample of across-gene correlations 
across time. Each column of points is taken from a single study (see 
Supplementary Table 1). Column i demonstrates Pearson correlation 
coefficients taken from early mRNA–protein correlation studies limited  
to a subset of the yeast proteome27. Initial attempts in the late 1990s to 
correlate mRNA and protein abundances were limited in throughput and 
noted distinct biases based on proteome coverage. Column ii shows that 
dividing (upper point) yeast cells display higher mRNA–protein correlation 
than quiescent cells91. Column iii displays correlation coefficients for 
selected proteins quantified via targeted proteomics across a panel of 

tissues28. Column iv displays mRNA–protein correlations during Drosophila 
melanogaster development, with a higher Spearman correlation coefficient 
existing between the mRNA levels at 12 hours and the protein levels at 
16 hours compared with the matched 14-hour time point (upper and lower 
triangles, respectively)57. c | Example of a within-gene correlation analysis 
comparing absolute estimates of mRNA and protein abundance across 
29 tissues from REF.39 for two genes: the genes encoding 60S ribosomal 
protein L12 (RPL12) and sorbitol dehydrogenase (SORD). d | Overview of 
the analysis in part c across all genes. Genes are ranked by increasing 
Pearson correlation coefficient in the upper panel. Two example functional 
gene sets are shown relating to the ribosome (red) or fructose metabolism 
(green) in the lower panel, with coloured vertical lines corresponding to 
member gene ranks in the within-gene correlation analysis. Part a is 
adapted from REF.39, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).
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of magnitude. This is mainly due to the (on average) 
higher translation efficiencies of mRNAs encoding more 
abundant proteins47,58.

The higher dynamic range of proteins leaves a lot of 
room for translational and post-translational regulation. 
It appears that biology takes advantage of this and adjusts 
translation and protein stability in a context-dependent 
manner. For example, the aforementioned LPS stimula-
tion study49 estimated both absolute mRNA and protein 
copy numbers, their changes over time and translation 
and protein degradation rates using dynamic stable iso-
tope labelling by amino acids in cell culture (SILAC) and 

ribosome profiling (see BOX 1) and derived quantitative 
models in an attempt to attribute the contribution of 
different processes to establishing protein abundances. 
Importantly, it was found that the level of ‘housekeeping 
proteins’ significantly changed after LPS stimulation and 
that these changes are mainly due to altered translation 
and degradation49. As housekeeping proteins are typically 
abundant, changes in their amounts should account for 
the largest shifts in the absolute make-up of a proteome. 
Thus, the study authors surmise that post-transcriptional 
regulation contributes substantially more to abso-
lute protein-level changes than mRNA-level changes. 
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Fig. 2 | Across-gene and within-gene correlations between mRNA and 
protein levels. a | Example of an across-gene correlation analysis 
comparing estimates of absolute mRNA abundance (expressed in 
fragments per kilobase of transcript per million mapped reads (FPKM)) to 
protein abundance (expressed as intensity-based absolute quantification 
(iBAQ)) in brain tissue from REF.39. b | Sample of across-gene correlations 
across time. Each column of points is taken from a single study (see 
Supplementary Table 1). Column i demonstrates Pearson correlation 
coefficients taken from early mRNA–protein correlation studies limited  
to a subset of the yeast proteome27. Initial attempts in the late 1990s to 
correlate mRNA and protein abundances were limited in throughput and 
noted distinct biases based on proteome coverage. Column ii shows that 
dividing (upper point) yeast cells display higher mRNA–protein correlation 
than quiescent cells91. Column iii displays correlation coefficients for 
selected proteins quantified via targeted proteomics across a panel of 

tissues28. Column iv displays mRNA–protein correlations during Drosophila 
melanogaster development, with a higher Spearman correlation coefficient 
existing between the mRNA levels at 12 hours and the protein levels at 
16 hours compared with the matched 14-hour time point (upper and lower 
triangles, respectively)57. c | Example of a within-gene correlation analysis 
comparing absolute estimates of mRNA and protein abundance across 
29 tissues from REF.39 for two genes: the genes encoding 60S ribosomal 
protein L12 (RPL12) and sorbitol dehydrogenase (SORD). d | Overview of 
the analysis in part c across all genes. Genes are ranked by increasing 
Pearson correlation coefficient in the upper panel. Two example functional 
gene sets are shown relating to the ribosome (red) or fructose metabolism 
(green) in the lower panel, with coloured vertical lines corresponding to 
member gene ranks in the within-gene correlation analysis. Part a is 
adapted from REF.39, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).
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of magnitude. This is mainly due to the (on average) 
higher translation efficiencies of mRNAs encoding more 
abundant proteins47,58.

The higher dynamic range of proteins leaves a lot of 
room for translational and post-translational regulation. 
It appears that biology takes advantage of this and adjusts 
translation and protein stability in a context-dependent 
manner. For example, the aforementioned LPS stimula-
tion study49 estimated both absolute mRNA and protein 
copy numbers, their changes over time and translation 
and protein degradation rates using dynamic stable iso-
tope labelling by amino acids in cell culture (SILAC) and 

ribosome profiling (see BOX 1) and derived quantitative 
models in an attempt to attribute the contribution of 
different processes to establishing protein abundances. 
Importantly, it was found that the level of ‘housekeeping 
proteins’ significantly changed after LPS stimulation and 
that these changes are mainly due to altered translation 
and degradation49. As housekeeping proteins are typically 
abundant, changes in their amounts should account for 
the largest shifts in the absolute make-up of a proteome. 
Thus, the study authors surmise that post-transcriptional 
regulation contributes substantially more to abso-
lute protein-level changes than mRNA-level changes. 
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Fig. 2 | Across-gene and within-gene correlations between mRNA and 
protein levels. a | Example of an across-gene correlation analysis 
comparing estimates of absolute mRNA abundance (expressed in 
fragments per kilobase of transcript per million mapped reads (FPKM)) to 
protein abundance (expressed as intensity-based absolute quantification 
(iBAQ)) in brain tissue from REF.39. b | Sample of across-gene correlations 
across time. Each column of points is taken from a single study (see 
Supplementary Table 1). Column i demonstrates Pearson correlation 
coefficients taken from early mRNA–protein correlation studies limited  
to a subset of the yeast proteome27. Initial attempts in the late 1990s to 
correlate mRNA and protein abundances were limited in throughput and 
noted distinct biases based on proteome coverage. Column ii shows that 
dividing (upper point) yeast cells display higher mRNA–protein correlation 
than quiescent cells91. Column iii displays correlation coefficients for 
selected proteins quantified via targeted proteomics across a panel of 

tissues28. Column iv displays mRNA–protein correlations during Drosophila 
melanogaster development, with a higher Spearman correlation coefficient 
existing between the mRNA levels at 12 hours and the protein levels at 
16 hours compared with the matched 14-hour time point (upper and lower 
triangles, respectively)57. c | Example of a within-gene correlation analysis 
comparing absolute estimates of mRNA and protein abundance across 
29 tissues from REF.39 for two genes: the genes encoding 60S ribosomal 
protein L12 (RPL12) and sorbitol dehydrogenase (SORD). d | Overview of 
the analysis in part c across all genes. Genes are ranked by increasing 
Pearson correlation coefficient in the upper panel. Two example functional 
gene sets are shown relating to the ribosome (red) or fructose metabolism 
(green) in the lower panel, with coloured vertical lines corresponding to 
member gene ranks in the within-gene correlation analysis. Part a is 
adapted from REF.39, CC BY 4.0 (https://creativecommons.org/licenses/
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of magnitude. This is mainly due to the (on average) 
higher translation efficiencies of mRNAs encoding more 
abundant proteins47,58.

The higher dynamic range of proteins leaves a lot of 
room for translational and post-translational regulation. 
It appears that biology takes advantage of this and adjusts 
translation and protein stability in a context-dependent 
manner. For example, the aforementioned LPS stimula-
tion study49 estimated both absolute mRNA and protein 
copy numbers, their changes over time and translation 
and protein degradation rates using dynamic stable iso-
tope labelling by amino acids in cell culture (SILAC) and 

ribosome profiling (see BOX 1) and derived quantitative 
models in an attempt to attribute the contribution of 
different processes to establishing protein abundances. 
Importantly, it was found that the level of ‘housekeeping 
proteins’ significantly changed after LPS stimulation and 
that these changes are mainly due to altered translation 
and degradation49. As housekeeping proteins are typically 
abundant, changes in their amounts should account for 
the largest shifts in the absolute make-up of a proteome. 
Thus, the study authors surmise that post-transcriptional 
regulation contributes substantially more to abso-
lute protein-level changes than mRNA-level changes. 
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Fig. 2 | Across-gene and within-gene correlations between mRNA and 
protein levels. a | Example of an across-gene correlation analysis 
comparing estimates of absolute mRNA abundance (expressed in 
fragments per kilobase of transcript per million mapped reads (FPKM)) to 
protein abundance (expressed as intensity-based absolute quantification 
(iBAQ)) in brain tissue from REF.39. b | Sample of across-gene correlations 
across time. Each column of points is taken from a single study (see 
Supplementary Table 1). Column i demonstrates Pearson correlation 
coefficients taken from early mRNA–protein correlation studies limited  
to a subset of the yeast proteome27. Initial attempts in the late 1990s to 
correlate mRNA and protein abundances were limited in throughput and 
noted distinct biases based on proteome coverage. Column ii shows that 
dividing (upper point) yeast cells display higher mRNA–protein correlation 
than quiescent cells91. Column iii displays correlation coefficients for 
selected proteins quantified via targeted proteomics across a panel of 

tissues28. Column iv displays mRNA–protein correlations during Drosophila 
melanogaster development, with a higher Spearman correlation coefficient 
existing between the mRNA levels at 12 hours and the protein levels at 
16 hours compared with the matched 14-hour time point (upper and lower 
triangles, respectively)57. c | Example of a within-gene correlation analysis 
comparing absolute estimates of mRNA and protein abundance across 
29 tissues from REF.39 for two genes: the genes encoding 60S ribosomal 
protein L12 (RPL12) and sorbitol dehydrogenase (SORD). d | Overview of 
the analysis in part c across all genes. Genes are ranked by increasing 
Pearson correlation coefficient in the upper panel. Two example functional 
gene sets are shown relating to the ribosome (red) or fructose metabolism 
(green) in the lower panel, with coloured vertical lines corresponding to 
member gene ranks in the within-gene correlation analysis. Part a is 
adapted from REF.39, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).
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of magnitude. This is mainly due to the (on average) 
higher translation efficiencies of mRNAs encoding more 
abundant proteins47,58.

The higher dynamic range of proteins leaves a lot of 
room for translational and post-translational regulation. 
It appears that biology takes advantage of this and adjusts 
translation and protein stability in a context-dependent 
manner. For example, the aforementioned LPS stimula-
tion study49 estimated both absolute mRNA and protein 
copy numbers, their changes over time and translation 
and protein degradation rates using dynamic stable iso-
tope labelling by amino acids in cell culture (SILAC) and 

ribosome profiling (see BOX 1) and derived quantitative 
models in an attempt to attribute the contribution of 
different processes to establishing protein abundances. 
Importantly, it was found that the level of ‘housekeeping 
proteins’ significantly changed after LPS stimulation and 
that these changes are mainly due to altered translation 
and degradation49. As housekeeping proteins are typically 
abundant, changes in their amounts should account for 
the largest shifts in the absolute make-up of a proteome. 
Thus, the study authors surmise that post-transcriptional 
regulation contributes substantially more to abso-
lute protein-level changes than mRNA-level changes. 
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Fig. 2 | Across-gene and within-gene correlations between mRNA and 
protein levels. a | Example of an across-gene correlation analysis 
comparing estimates of absolute mRNA abundance (expressed in 
fragments per kilobase of transcript per million mapped reads (FPKM)) to 
protein abundance (expressed as intensity-based absolute quantification 
(iBAQ)) in brain tissue from REF.39. b | Sample of across-gene correlations 
across time. Each column of points is taken from a single study (see 
Supplementary Table 1). Column i demonstrates Pearson correlation 
coefficients taken from early mRNA–protein correlation studies limited  
to a subset of the yeast proteome27. Initial attempts in the late 1990s to 
correlate mRNA and protein abundances were limited in throughput and 
noted distinct biases based on proteome coverage. Column ii shows that 
dividing (upper point) yeast cells display higher mRNA–protein correlation 
than quiescent cells91. Column iii displays correlation coefficients for 
selected proteins quantified via targeted proteomics across a panel of 

tissues28. Column iv displays mRNA–protein correlations during Drosophila 
melanogaster development, with a higher Spearman correlation coefficient 
existing between the mRNA levels at 12 hours and the protein levels at 
16 hours compared with the matched 14-hour time point (upper and lower 
triangles, respectively)57. c | Example of a within-gene correlation analysis 
comparing absolute estimates of mRNA and protein abundance across 
29 tissues from REF.39 for two genes: the genes encoding 60S ribosomal 
protein L12 (RPL12) and sorbitol dehydrogenase (SORD). d | Overview of 
the analysis in part c across all genes. Genes are ranked by increasing 
Pearson correlation coefficient in the upper panel. Two example functional 
gene sets are shown relating to the ribosome (red) or fructose metabolism 
(green) in the lower panel, with coloured vertical lines corresponding to 
member gene ranks in the within-gene correlation analysis. Part a is 
adapted from REF.39, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).
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how well does mRNA correlate with protein?

of magnitude. This is mainly due to the (on average) 
higher translation efficiencies of mRNAs encoding more 
abundant proteins47,58.

The higher dynamic range of proteins leaves a lot of 
room for translational and post-translational regulation. 
It appears that biology takes advantage of this and adjusts 
translation and protein stability in a context-dependent 
manner. For example, the aforementioned LPS stimula-
tion study49 estimated both absolute mRNA and protein 
copy numbers, their changes over time and translation 
and protein degradation rates using dynamic stable iso-
tope labelling by amino acids in cell culture (SILAC) and 

ribosome profiling (see BOX 1) and derived quantitative 
models in an attempt to attribute the contribution of 
different processes to establishing protein abundances. 
Importantly, it was found that the level of ‘housekeeping 
proteins’ significantly changed after LPS stimulation and 
that these changes are mainly due to altered translation 
and degradation49. As housekeeping proteins are typically 
abundant, changes in their amounts should account for 
the largest shifts in the absolute make-up of a proteome. 
Thus, the study authors surmise that post-transcriptional 
regulation contributes substantially more to abso-
lute protein-level changes than mRNA-level changes. 
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Fig. 2 | Across-gene and within-gene correlations between mRNA and 
protein levels. a | Example of an across-gene correlation analysis 
comparing estimates of absolute mRNA abundance (expressed in 
fragments per kilobase of transcript per million mapped reads (FPKM)) to 
protein abundance (expressed as intensity-based absolute quantification 
(iBAQ)) in brain tissue from REF.39. b | Sample of across-gene correlations 
across time. Each column of points is taken from a single study (see 
Supplementary Table 1). Column i demonstrates Pearson correlation 
coefficients taken from early mRNA–protein correlation studies limited  
to a subset of the yeast proteome27. Initial attempts in the late 1990s to 
correlate mRNA and protein abundances were limited in throughput and 
noted distinct biases based on proteome coverage. Column ii shows that 
dividing (upper point) yeast cells display higher mRNA–protein correlation 
than quiescent cells91. Column iii displays correlation coefficients for 
selected proteins quantified via targeted proteomics across a panel of 

tissues28. Column iv displays mRNA–protein correlations during Drosophila 
melanogaster development, with a higher Spearman correlation coefficient 
existing between the mRNA levels at 12 hours and the protein levels at 
16 hours compared with the matched 14-hour time point (upper and lower 
triangles, respectively)57. c | Example of a within-gene correlation analysis 
comparing absolute estimates of mRNA and protein abundance across 
29 tissues from REF.39 for two genes: the genes encoding 60S ribosomal 
protein L12 (RPL12) and sorbitol dehydrogenase (SORD). d | Overview of 
the analysis in part c across all genes. Genes are ranked by increasing 
Pearson correlation coefficient in the upper panel. Two example functional 
gene sets are shown relating to the ribosome (red) or fructose metabolism 
(green) in the lower panel, with coloured vertical lines corresponding to 
member gene ranks in the within-gene correlation analysis. Part a is 
adapted from REF.39, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).
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of magnitude. This is mainly due to the (on average) 
higher translation efficiencies of mRNAs encoding more 
abundant proteins47,58.

The higher dynamic range of proteins leaves a lot of 
room for translational and post-translational regulation. 
It appears that biology takes advantage of this and adjusts 
translation and protein stability in a context-dependent 
manner. For example, the aforementioned LPS stimula-
tion study49 estimated both absolute mRNA and protein 
copy numbers, their changes over time and translation 
and protein degradation rates using dynamic stable iso-
tope labelling by amino acids in cell culture (SILAC) and 

ribosome profiling (see BOX 1) and derived quantitative 
models in an attempt to attribute the contribution of 
different processes to establishing protein abundances. 
Importantly, it was found that the level of ‘housekeeping 
proteins’ significantly changed after LPS stimulation and 
that these changes are mainly due to altered translation 
and degradation49. As housekeeping proteins are typically 
abundant, changes in their amounts should account for 
the largest shifts in the absolute make-up of a proteome. 
Thus, the study authors surmise that post-transcriptional 
regulation contributes substantially more to abso-
lute protein-level changes than mRNA-level changes. 
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Fig. 2 | Across-gene and within-gene correlations between mRNA and 
protein levels. a | Example of an across-gene correlation analysis 
comparing estimates of absolute mRNA abundance (expressed in 
fragments per kilobase of transcript per million mapped reads (FPKM)) to 
protein abundance (expressed as intensity-based absolute quantification 
(iBAQ)) in brain tissue from REF.39. b | Sample of across-gene correlations 
across time. Each column of points is taken from a single study (see 
Supplementary Table 1). Column i demonstrates Pearson correlation 
coefficients taken from early mRNA–protein correlation studies limited  
to a subset of the yeast proteome27. Initial attempts in the late 1990s to 
correlate mRNA and protein abundances were limited in throughput and 
noted distinct biases based on proteome coverage. Column ii shows that 
dividing (upper point) yeast cells display higher mRNA–protein correlation 
than quiescent cells91. Column iii displays correlation coefficients for 
selected proteins quantified via targeted proteomics across a panel of 

tissues28. Column iv displays mRNA–protein correlations during Drosophila 
melanogaster development, with a higher Spearman correlation coefficient 
existing between the mRNA levels at 12 hours and the protein levels at 
16 hours compared with the matched 14-hour time point (upper and lower 
triangles, respectively)57. c | Example of a within-gene correlation analysis 
comparing absolute estimates of mRNA and protein abundance across 
29 tissues from REF.39 for two genes: the genes encoding 60S ribosomal 
protein L12 (RPL12) and sorbitol dehydrogenase (SORD). d | Overview of 
the analysis in part c across all genes. Genes are ranked by increasing 
Pearson correlation coefficient in the upper panel. Two example functional 
gene sets are shown relating to the ribosome (red) or fructose metabolism 
(green) in the lower panel, with coloured vertical lines corresponding to 
member gene ranks in the within-gene correlation analysis. Part a is 
adapted from REF.39, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).
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of magnitude. This is mainly due to the (on average) 
higher translation efficiencies of mRNAs encoding more 
abundant proteins47,58.

The higher dynamic range of proteins leaves a lot of 
room for translational and post-translational regulation. 
It appears that biology takes advantage of this and adjusts 
translation and protein stability in a context-dependent 
manner. For example, the aforementioned LPS stimula-
tion study49 estimated both absolute mRNA and protein 
copy numbers, their changes over time and translation 
and protein degradation rates using dynamic stable iso-
tope labelling by amino acids in cell culture (SILAC) and 

ribosome profiling (see BOX 1) and derived quantitative 
models in an attempt to attribute the contribution of 
different processes to establishing protein abundances. 
Importantly, it was found that the level of ‘housekeeping 
proteins’ significantly changed after LPS stimulation and 
that these changes are mainly due to altered translation 
and degradation49. As housekeeping proteins are typically 
abundant, changes in their amounts should account for 
the largest shifts in the absolute make-up of a proteome. 
Thus, the study authors surmise that post-transcriptional 
regulation contributes substantially more to abso-
lute protein-level changes than mRNA-level changes. 
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Fig. 2 | Across-gene and within-gene correlations between mRNA and 
protein levels. a | Example of an across-gene correlation analysis 
comparing estimates of absolute mRNA abundance (expressed in 
fragments per kilobase of transcript per million mapped reads (FPKM)) to 
protein abundance (expressed as intensity-based absolute quantification 
(iBAQ)) in brain tissue from REF.39. b | Sample of across-gene correlations 
across time. Each column of points is taken from a single study (see 
Supplementary Table 1). Column i demonstrates Pearson correlation 
coefficients taken from early mRNA–protein correlation studies limited  
to a subset of the yeast proteome27. Initial attempts in the late 1990s to 
correlate mRNA and protein abundances were limited in throughput and 
noted distinct biases based on proteome coverage. Column ii shows that 
dividing (upper point) yeast cells display higher mRNA–protein correlation 
than quiescent cells91. Column iii displays correlation coefficients for 
selected proteins quantified via targeted proteomics across a panel of 

tissues28. Column iv displays mRNA–protein correlations during Drosophila 
melanogaster development, with a higher Spearman correlation coefficient 
existing between the mRNA levels at 12 hours and the protein levels at 
16 hours compared with the matched 14-hour time point (upper and lower 
triangles, respectively)57. c | Example of a within-gene correlation analysis 
comparing absolute estimates of mRNA and protein abundance across 
29 tissues from REF.39 for two genes: the genes encoding 60S ribosomal 
protein L12 (RPL12) and sorbitol dehydrogenase (SORD). d | Overview of 
the analysis in part c across all genes. Genes are ranked by increasing 
Pearson correlation coefficient in the upper panel. Two example functional 
gene sets are shown relating to the ribosome (red) or fructose metabolism 
(green) in the lower panel, with coloured vertical lines corresponding to 
member gene ranks in the within-gene correlation analysis. Part a is 
adapted from REF.39, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).
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how well does mRNA correlate with protein?

the regulation is at the level of mRNA degradation, pro-
tein degradation and importantly translational acti vation 
and repression of maternally imparted mRNAs10,82,83. 
Indeed, many fundamental principles regarding  
translational regulation (for example, promoting cir-
cularization and polyadenylation or preventing 5ʹ cap 
complex formation) come into play at these early devel-
opmental stages. Sperm maturation also involves the 
silencing of the nuclear genome via compaction. Here, 
one study recently found that WNT signalling, which 
traditionally is thought to act mostly through transcrip-
tional regulation, acts through post-transcriptional 
mechanisms to help execute spermatogenesis84. As a fur-
ther example, erythropoiesis involves the entire extrusion 
of the genome at the reticulocyte stage. Reticulocytes 
thereafter must still regulate metabolism and degrade 
their mitochondria and ribosomes in a timed and coor-
dinated fashion as well as simplify their proteome down 
to nearly only haemoglobin without any immediate 

transcriptional oversight85–88. Altogether, these instances 
demonstrate to what extent the proteome may be dra-
matically altered in situations where transcriptional  
regulation is absent or curtailed.

Cell proliferation. Each cycle division involves the loss 
of half of a mother cell’s biomass. Exponentially divid-
ing cells thus have to produce all proteins in proportion 
to their cellular abundance just to keep their cellular 
protein levels constant, which requires the presence of 
corresponding mRNA templates (FIGS 3c,5d). By contrast, 
non-dividing cells need to compensate for protein loss 
only due to degradation, and several proteins in quiescent 
cells are stable with half-lives longer than 20 days89,90. 
With this in mind, the across-gene correlation of 
mRNAs and proteins is expected to be higher in prolif-
erating cells than in quiescent cells. This has indeed been 
observed in yeast, but more experiments are needed to 
address this point in mammalian systems91.

Erythropoiesis
The process involving the 
development and 
differentiation of red blood 
cells (erythrocytes).

Quiescent
Referring to quiescence,  
which is a cellular state 
occurring in most organisms 
that is characterized by a 
temporary exit from the  
cell cycle.
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Fig. 5 | Contextual confounders of mRNA–protein correlations. a | Example of a state transition occurring due to 
the induction of a novel transcriptional programme. mRNA levels increase transiently at the second time point, followed 
by delayed increases in protein levels. b | Example whereby proteins are produced at one position (for example, soma 
of a cell) but accumulate at a different location (for example, an extension of the cell or in the extracellular space). 
c | Example of a cell state transition involving the remodelling of the proteome/transcriptome without the induction of 
novel transcriptional programmes. d | Example of a proliferating cell versus a quiescent cell as well as the corresponding 
mRNA levels required to maintain the same protein levels in both of them.
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the regulation is at the level of mRNA degradation, pro-
tein degradation and importantly translational acti vation 
and repression of maternally imparted mRNAs10,82,83. 
Indeed, many fundamental principles regarding  
translational regulation (for example, promoting cir-
cularization and polyadenylation or preventing 5ʹ cap 
complex formation) come into play at these early devel-
opmental stages. Sperm maturation also involves the 
silencing of the nuclear genome via compaction. Here, 
one study recently found that WNT signalling, which 
traditionally is thought to act mostly through transcrip-
tional regulation, acts through post-transcriptional 
mechanisms to help execute spermatogenesis84. As a fur-
ther example, erythropoiesis involves the entire extrusion 
of the genome at the reticulocyte stage. Reticulocytes 
thereafter must still regulate metabolism and degrade 
their mitochondria and ribosomes in a timed and coor-
dinated fashion as well as simplify their proteome down 
to nearly only haemoglobin without any immediate 

transcriptional oversight85–88. Altogether, these instances 
demonstrate to what extent the proteome may be dra-
matically altered in situations where transcriptional  
regulation is absent or curtailed.

Cell proliferation. Each cycle division involves the loss 
of half of a mother cell’s biomass. Exponentially divid-
ing cells thus have to produce all proteins in proportion 
to their cellular abundance just to keep their cellular 
protein levels constant, which requires the presence of 
corresponding mRNA templates (FIGS 3c,5d). By contrast, 
non-dividing cells need to compensate for protein loss 
only due to degradation, and several proteins in quiescent 
cells are stable with half-lives longer than 20 days89,90. 
With this in mind, the across-gene correlation of 
mRNAs and proteins is expected to be higher in prolif-
erating cells than in quiescent cells. This has indeed been 
observed in yeast, but more experiments are needed to 
address this point in mammalian systems91.
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Fig. 5 | Contextual confounders of mRNA–protein correlations. a | Example of a state transition occurring due to 
the induction of a novel transcriptional programme. mRNA levels increase transiently at the second time point, followed 
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Buffering gene expression between levels
In contrast to the contextual confounders outlined 
already, protein-level buffering is emerging as a general 
principle governing the relationship between mRNAs 
and proteins. Observations across the biological 
sciences have highlighted the capacity of life to buffer 
noise and variation so as to execute biological func-
tions robustly and consistently92. However, steady-state 
mRNA levels differ substantially between different 
species and between different individuals of the same 
species — an observation that can be attributed to 
environmental factors and germline DNA sequence 
variation93,94. In addition, transcription occurs in 
bursts, which results in cell-to-cell variability (that is, 
noise) of mRNA levels in isogenic cell populations95,96. 
Here we outline the emerging principles in gene 
expression control that limit the impact of noise and  
variation.

Evidence for protein-level buffering. How can organ-
isms maintain stable phenotypes despite this variabil-
ity? In the light of the signal amplification involved in 
gene expression, it might be expected that noise at the 
mRNA level would be exacerbated at the protein level. 
However, although information encoded in mRNA 
undergoes an amplification in scale as it passes to the 
protein-level (in terms of the sheer number of mol-
ecules), it does not always undergo an amplification 
in variation. Instead, within-gene correlation studies 
(such as those mentioned previously) as well as stud-
ies specifically interfacing mRNA with protein-level 
variation provided evidence for widespread buffering 
at the protein level (FIG. 6a). For example, only 33% of 
genes differentially expressed between primate species 
display corresponding changes at the protein level36. 
Similarly, only 35% of mRNA quantitative trait loci 
(QTLs) in human lymphoblastoid cell lines are asso-
ciated with protein-level changes37. Additionally, only 
37% of QTL-associated mRNA changes in outbred mice 
are reflected at the protein level38. mRNAs encoded by 
neighbouring genes often covary, presumably due to 
their similar chromatin context. However, this covar-
iation appears to be non-functional and is lost at the 
protein level97. DNA copy number alterations pro-
vide an even more extreme example: initial observa-
tions in yeast strains and mammalian cell lines with 
segmental or whole-chromosome aneuploidy demon-
strated that despite mRNA abundances nearly always 
scaling with DNA gene copy number, the expected 
corresponding protein-level changes did not always 
occur98–100, and this finding was recently extended to 
clinical tumours101 as well as fibroblasts of patients with 
Down syndrome102. In general, only about 20–30% of 
mRNA changes engendered by somatic copy number 
alterations are reflected at the protein level. This is in 
contrast to mRNA levels, which typically follow DNA 
copy number changes103,104. In summary, it appears that 
buffering mechanisms have evolved that make protein 
levels somewhat robust against variability in mRNA 
levels. This makes evolutionary sense given that pro-
tein levels are overall more relevant for phenotypes  
(see later).

Buffering mechanisms. What are the mechanisms 
behind buffering against fluctuations in gene expres-
sion? In general, buffering at any level requires some 
type of feedback mechanism that enables protein pro-
duction or degradation to be upregulated or downreg-
ulated in response to steady-state protein levels. The 
simplest way to achieve this is via autoregulation (FIG. 6b). 
Although it is not expected to lead to protein-level buff-
ering, many transcription factors bind and inhibit their 
own promoters and thus limit the synthesis of their own 
mRNAs105. More relevant to the dependency of protein 
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already, protein-level buffering is emerging as a general 
principle governing the relationship between mRNAs 
and proteins. Observations across the biological 
sciences have highlighted the capacity of life to buffer 
noise and variation so as to execute biological func-
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mRNA levels differ substantially between different 
species and between different individuals of the same 
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Here we outline the emerging principles in gene 
expression control that limit the impact of noise and  
variation.
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However, although information encoded in mRNA 
undergoes an amplification in scale as it passes to the 
protein-level (in terms of the sheer number of mol-
ecules), it does not always undergo an amplification 
in variation. Instead, within-gene correlation studies 
(such as those mentioned previously) as well as stud-
ies specifically interfacing mRNA with protein-level 
variation provided evidence for widespread buffering 
at the protein level (FIG. 6a). For example, only 33% of 
genes differentially expressed between primate species 
display corresponding changes at the protein level36. 
Similarly, only 35% of mRNA quantitative trait loci 
(QTLs) in human lymphoblastoid cell lines are asso-
ciated with protein-level changes37. Additionally, only 
37% of QTL-associated mRNA changes in outbred mice 
are reflected at the protein level38. mRNAs encoded by 
neighbouring genes often covary, presumably due to 
their similar chromatin context. However, this covar-
iation appears to be non-functional and is lost at the 
protein level97. DNA copy number alterations pro-
vide an even more extreme example: initial observa-
tions in yeast strains and mammalian cell lines with 
segmental or whole-chromosome aneuploidy demon-
strated that despite mRNA abundances nearly always 
scaling with DNA gene copy number, the expected 
corresponding protein-level changes did not always 
occur98–100, and this finding was recently extended to 
clinical tumours101 as well as fibroblasts of patients with 
Down syndrome102. In general, only about 20–30% of 
mRNA changes engendered by somatic copy number 
alterations are reflected at the protein level. This is in 
contrast to mRNA levels, which typically follow DNA 
copy number changes103,104. In summary, it appears that 
buffering mechanisms have evolved that make protein 
levels somewhat robust against variability in mRNA 
levels. This makes evolutionary sense given that pro-
tein levels are overall more relevant for phenotypes  
(see later).

Buffering mechanisms. What are the mechanisms 
behind buffering against fluctuations in gene expres-
sion? In general, buffering at any level requires some 
type of feedback mechanism that enables protein pro-
duction or degradation to be upregulated or downreg-
ulated in response to steady-state protein levels. The 
simplest way to achieve this is via autoregulation (FIG. 6b). 
Although it is not expected to lead to protein-level buff-
ering, many transcription factors bind and inhibit their 
own promoters and thus limit the synthesis of their own 
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hormonal dependencies of breast, ovarian and 
endometrial cancers and a common ‘squamous 
cell’ signature across head and neck, lung, cer-
vical and bladder cancers.

Which events actionable in one tumor lineage 
are also actionable in another tumor lineage, 
potentially increasing the range of indications 
for specific targeted therapeutics? A systematic 
evaluation of machine-learning approaches is 
needed to highlight methodological principles 
for predicting patient outcomes using inte-
grated information across tissues (H. Liang, 
personal communication).

Limitations of analysis across tumor types
Several data integration challenges place 
unavoidable limitations on cross-tumor 
analysis at the current time. A key challenge 
is the integration of data that have been gener-
ated on different platforms or updates of the 
same platform, as technologies improve. In 
the Pan-Cancer studies, for example, there 
have been transitions to much higher den-
sity DNA methylation arrays, use of differ-
ent exome capture technologies, addition of 
RNA sequencing to microarray-based RNA  

improve the ability to distinguish driver aber-
rations from passengers? A bird’s-eye view of 
genomic and epigenomic events yields a ‘fate 
map’ of the alternative routes to carcinogenesis 
in a decision tree that spans tissue boundaries37.

Can molecular subtypes be delineated to disen-
tangle tissue-specific from tissue-independent 
components of disease? Analyses of the epi-
genome, transcriptome and proteome show a 
strong influence of tissue on the state of altered 
pathways in tumor cells. For instance, analysis 
of the gene expression landscape reinforces the 
dominant tissue dependence of altered path-
ways and complements simultaneous profil-
ing of over a hundred proteins important in 
cancer38. Using all of the tumor types together 
allows for any tumor-specific signals to be 
subtracted from the data sets. Intriguingly, 
subtracting tissue-specific signal from DNA 
microarray gene expression data sets identifies 
signatures of immune stromal influence that 
transcend tumor type boundaries (R. Verhaak, 
personal communication). Further, events that 
are common across lineages become apparent 
in a cross-tumor analysis38. Examples are the 

Applicable Research to Generate Effective 
Treatments) and adult cancers (ICGC; 
International Cancer Genomics Consortium), 
as well as smaller projects by research teams 
around the world. A critical component of 
such efforts will be the functional validation 
of aberrations in individual genes in team 
science efforts such as CTD2 (Cancer Target 
Discovery and Development) and the eluci-
dation of pathway and network relationships 
in programs such as the US National Cancer 
Institute’s Integrative Cancer Biology Program.

A number of investigations that go beyond 
the single-tumor perspective are being 
addressed in the collection of Pan-Cancer 
manuscripts. Examples of the kinds of ques-
tions addressed by these investigations are 
given below.

Can increases in statistical power help to dis-
tinguish new driver mutations from the back-
ground of passenger mutations as the sample 
size is increased by aggregating the 12 tumor 
types? Assembled Pan-Cancer data have, in 
fact, enabled the identification of new pat-
terns of genomic drivers. New computational 
approaches that leverage cross-tumor princi-
ples of replication timing and gene expression 
correlated with background mutation rates 
now enable the identification of frequently 
mutated genes while eliminating many false-
positive and false-negative calls made in sev-
eral single-tumor-type projects33. Further, the 
power to identify multiple signals of positive 
selection has increased the ability to distin-
guish ‘driver’ from ‘passenger’ aberrations34.

What tissue associations underlie the major 
genomic structural changes in cancer? Improved 
methods for the analysis of structural variation 
of large chromosome segments have refined 
the ability to identify genomic and epigenetic 
regulators in multiple peak regions seen only 
by collating data across different cancer types. 
Tissue-associated patterns have now been 
established for the rate and timing of whole-
genome duplication events35.

What pathways emerge as critical and poten-
tially actionable when all mutational events 
across many tissues are considered together? 
New classes of mutations, such as those in 
chromatin-remodeling genes, are emerging 
as cancer drivers identified only by (i) collect-
ing less frequent events across tumor types, 
(ii) integrating event types such as mutations, 
copy number changes and epigenetic silencing, 
(iii) combining multiple algorithms to identify 
predicted drivers34 and (iv) aggregating genes 
using gene networks and pathways36.

Can an increase in the number of samples 
enhance analysis of the co-occurrence and 
mutual exclusivity of gene aberrations and 
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Temporal dynamics of the multi-omic 
response to endurance exercise training

MoTrPAC Study Group*

Regular exercise promotes whole-body health and prevents disease, but the underlying 
molecular mechanisms are incompletely understood1–3. Here, the Molecular 
Transducers of Physical Activity Consortium4 pro!led the temporal transcriptome, 
proteome, metabolome, lipidome, phosphoproteome, acetylproteome, 
ubiquitylproteome, epigenome and immunome in whole blood, plasma and 18 solid 
tissues in male and female Rattus norvegicus over eight weeks of endurance exercise 
training. The resulting data compendium encompasses 9,466 assays across 19 tissues, 
25 molecular platforms and 4 training time points. Thousands of shared and tissue- 
speci!c molecular alterations were identi!ed, with sex di"erences found in multiple 
tissues. Temporal multi-omic and multi-tissue analyses revealed expansive biological 
insights into the adaptive responses to endurance training, including widespread 
regulation of immune, metabolic, stress response and mitochondrial pathways. Many 
changes were relevant to human health, including non-alcoholic fatty liver disease, 
in#ammatory bowel disease, cardiovascular health and tissue injury and recovery.  
The data and analyses presented in this study will serve as valuable resources for 
understanding and exploring the multi-tissue molecular e"ects of endurance training 
and are provided in a public repository (https://motrpac-data.org/).

Regular exercise provides wide-ranging health benefits, including 
reduced risks of all-cause mortality1,5, cardiometabolic and neuro-
logical diseases, cancer and other pathologies2,6,7. Exercise affects 
nearly all organ systems in either improving health or reducing disease 
risk2,3,6,7, with beneficial effects resulting from cellular and molecular 
adaptations within and across many tissues and organ systems3. Vari-
ous ‘omic’ platforms (‘omes’) including transcriptomics, epigenomics, 
proteomics and metabolomics, have been used to study these events. 
However, work to date typically covers one or two omes at a single time 
point, is biased towards one sex, and often focuses on a single tissue, 
most often skeletal muscle, heart or blood8–12, with few studies consid-
ering other tissues13. Accordingly, a comprehensive, organism-wide, 
multi-omic map of the effects of exercise is needed to understand the 
molecular underpinnings of exercise training-induced adaptations. 
To address this need, the Molecular Transducers of Physical Activity 
Consortium (MoTrPAC) was established with the goal of building a 
molecular map of the exercise response across a broad range of tis-
sues in animal models and in skeletal muscle, adipose and blood in 
humans4. Here we present the first whole-organism molecular map 
of the temporal effects of endurance exercise training in male and 
female rats and provide multiple insights enabled by this MoTrPAC 
multi-omic data resource.

Multi-omic analysis of exercise training
Six-month-old male and female Fischer 344 rats were subjected to 
progressive treadmill endurance exercise training (hereafter referred to 
as endurance training) for 1, 2, 4 or 8 weeks, with tissues collected 48 h 

after the last exercise bout (Fig. 1a). Sex-matched sedentary, untrained 
rats were used as controls. Training resulted in robust phenotypic 
changes (Extended Data Fig. 1a–d), including increased aerobic capacity 
(VO2 max) by 18% and 16% at 8 weeks in males and females, respectively 
(Extended Data Fig. 1a). The percentage of body fat decreased by 5% in 
males at 8 weeks (Extended Data Fig. 1b), without a significant change 
in lean mass (Extended Data Fig. 1c). In females, the body fat percent-
age did not change after 4 or 8 weeks of training, whereas it increased 
by 4% in sedentary controls (Extended Data Fig. 1b). Body weight of 
females increased in all intervention groups, with no change for males 
(Extended Data Fig. 1d).

Whole blood, plasma and 18 solid tissues were analysed using genom-
ics, proteomics, metabolomics and protein immunoassay technologies, 
with most assays performed in a subset of these tissues (Fig. 1b and 
Extended Data Fig. 1e,f). Specific details for each omic analysis are 
provided in Extended Data Fig. 2, Methods, Supplementary Discussion 
and Supplementary Table 1. Molecular assays were prioritized on the 
basis of available tissue quantity and biological relevance, with the 
gastrocnemius, heart, liver and white adipose tissue having the most 
diverse set of molecular assays performed, followed by the kidney, 
lung, brown adipose tissue and hippocampus (Extended Data Fig. 1e). 
Altogether, datasets were generated from 9,466 assays across 211 com-
binations of tissues and molecular platforms, resulting in 681,256 
non-epigenetic and 14,334,496 epigenetic (reduced-representation 
bisulfite sequencing (RRBS) and assay for transposase-accessible chro-
matin using sequencing (ATAC-seq)) measurements, corresponding to 
213,689 and 2,799,307 unique non-epigenetic and epigenetic features, 
respectively.
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Differential analysis was used to characterize the molecular responses 
to endurance training (Methods). We computed the overall signifi-
cance of the training response for each feature, denoted as the training  
P value, where 35,439 features at 5% false discovery rate (FDR) comprise 
the training-regulated differential features (Fig. 1c and Supplementary 
Table 2). Timewise summary statistics quantify the exercise training 
effects for each sex and time point. Training-regulated molecules were 
observed in the vast majority of tissues for all omes, including a rela-
tively large proportion of transcriptomics, proteomics, metabolomics 
and immunoassay features (Fig. 1c). The observed timewise effects were 

modest: 56% of the per-feature maximum fold changes were between 
0.67 and 1.5. Permutation testing showed that permuting the group or 
sex labels resulted in a significant reduction in the number of selected 
analytes in most tissues (Extended Data Fig. 3a–d and Supplementary 
Discussion). For transcriptomics, the hypothalamus, cortex, testes and 
vena cava had the smallest proportion of training-regulated genes, 
whereas the blood, brown and white adipose tissues, adrenal gland 
and colon showed more extensive effects (Fig. 1c). For proteomics, the 
gastrocnemius, heart and liver showed substantial differential regula-
tion in both protein abundance and post-translational modifications 
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Fig. 1 | Summary of the study design and multi-omics dataset. a, Experimental 
design and tissue sample processing. Inbred Fischer 344 rats were subjected  
to a progressive treadmill training protocol. Tissues were collected from male 
and female animals that remained sedentary or completed 1, 2, 4 or 8 weeks  
of endurance exercise training. For trained animals, samples were collected 
48 h after their last exercise bout (red pins). b, Summary of molecular datasets 
included in this study. Up to nine data types (omes) were generated for blood, 
plasma, and 18 solid tissues, per animal: ACETYL: acetylproteomics; protein 
site acetylation; ATAC, chromatin accessibility, ATAC-seq data; IMMUNO, 
multiplexed immunoassays; METAB, metabolomics and lipidomics; METHYL, 
DNA methylation, RRBS data; PHOSPHO, phosphoproteomics; protein site 
phosphorylation; PROT, global proteomics; protein abundance; TRNSCRPT, 
transcriptomics, RNA-seq data; UBIQ, ubiquitylome, protein site ubiquitination. 

Tissue labels indicate the location, colour code, and abbreviation for each 
tissue used throughout this study: ADRNL, adrenal gland; BAT, brown adipose 
tissue; BLOOD, whole blood, blood RNA; COLON, colon; CORTEX, cerebral 
cortex; HEART, heart; HIPPOC, hippocampus; HYPOTH, hypothalamus; 
KIDNEY, kidney; LIVER, liver; LUNG, lung; OVARY, ovaries; PLASMA, plasma; 
SKM-GN, gastrocnemius (skeletal muscle); SKM-VL, vastus lateralis (skeletal 
muscle); SMLINT, small intestine; SPLEEN, spleen; TESTES, testes; VENACV, 
vena cava; WAT-SC, subcutaneous white adipose tissue. Icons next to each 
tissue label indicate the data types generated for that tissue. c, Number of 
training-regulated features at 5% FDR. Each cell represents results for a single 
tissue and data type. Colours indicate the proportion of measured features 
that are differential.

Article https://doi.org/10.1038/s41467-024-49608-z

Amultiomic atlas of the aging hippocampus
reveals molecular changes in response to
environmental enrichment

A list of authors and their affiliations appears at the end of the paper

Aging involves the deterioration of organismal function, leading to the
emergence of multiple pathologies. Environmental stimuli, including lifestyle,
can influence the trajectory of this process and may be used as tools in the
pursuit of healthy aging. To evaluate the role of epigenetic mechanisms in this
context, we have generated bulk tissue and single cell multi-omic maps of
the male mouse dorsal hippocampus in young and old animals exposed to
environmental stimulation in the formof enriched environments.Wepresent a
molecular atlas of the aging process, highlighting two distinct axes, related to
inflammation and to the dysregulation of mRNAmetabolism, at the functional
RNA and protein level. Additionally, we report the alteration of hetero-
chromatin domains, including the loss of bivalent chromatin and the unco-
vering of a heterochromatin-switch phenomenon whereby constitutive
heterochromatin loss is partially mitigated through gains in facultative het-
erochromatin. Notably, weobserved themulti-omic reversal of a great number
of aging-associated alterations in the context of environmental enrichment,
which was particularly linked to glial and oligodendrocyte pathways. In con-
clusion, our work describes the epigenomic landscape of environmental sti-
mulation in the context of aging and reveals how lifestyle intervention can lead
to the multi-layered reversal of aging-associated decline.

The process of aging involves a gradual decline in physiological
functions which occurs throughout lifespan and is associated with a
host of diseases, including cancer and neurodegeneration. Indeed, the
strong link between aging and neurodegenerative pathologies such as
dementia is evidencedby the clear correspondenceof their symptoms,
for instance with regards to cognitive deterioration1. Furthermore, the
trajectories of both aging and neurodegenerative disorders are clearly
impacted by lifestyle factors such as diet and physical and cognitive
activity2,3 such that lifestyle interventions may help ameliorate or even
prevent the appearance of aging-associated diseases involving cogni-
tive decline4,5. Against this backdrop, epigenetic mechanisms, being
well-known mediators between the environment and the genomic
response6,7, may be of help in the design of targeted clinical inter-
ventions for healthy aging—i.e. aging linked to well-being8. However,

undertaking this task necessitates a better comprehension of the role
of epigenetics in both aging and cognition, and the particular inter-
action between these two phenomena.

Epigenetic mechanisms have important roles across a wide
spectrum of brain-related processes, ranging from core biological
events such as neurogenesis9 or neurodegeneration10 to cognitive
processes such as learning, memory and behaviour11,12, many of which
have been associated with physiological responses to external
stimuli13. On the other hand, aging has also been extensively char-
acterized from the epigenetic perspective14,15, and in consequence,
more recent studies have started to link aging-associated epigenetic
changes with neurodegenerative disease molecular mechanisms10.
Nonetheless, there is a lack of systematic studies which suitably inte-
grate the two processes (brain aging and its environmental
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Nonlinear dynamics of multi-omics profiles 
during human aging

Xiaotao Shen    1,2,3,7, Chuchu Wang    4,5,7, Xin Zhou    1,6, Wenyu Zhou1, 
Daniel Hornburg    1, Si Wu1 & Michael P. Snyder    1,6 

Aging is a complex process associated with nearly all diseases. Understanding 
the molecular changes underlying aging and identifying therapeutic targets 
for aging-related diseases are crucial for increasing healthspan. Although 
many studies have explored linear changes during aging, the prevalence 
of aging-related diseases and mortality risk accelerates after speci!c time 
points, indicating the importance of studying nonlinear molecular changes. 
In this study, we performed comprehensive multi-omics pro!ling on a 
longitudinal human cohort of 108 participants, aged between 25 years and 
75 years. The participants resided in California, United States, and were 
tracked for a median period of 1.7 years, with a maximum follow-up duration 
of 6.8 years. The analysis revealed consistent nonlinear patterns in molecular 
markers of aging, with substantial dysregulation occurring at two major 
periods occurring at approximately 44 years and 60 years of chronological 
age. Distinct molecules and functional pathways associated with these 
periods were also identi!ed, such as immune regulation and carbohydrate 
metabolism that shifted during the 60-year transition and cardiovascular 
disease, lipid and alcohol metabolism changes at the 40-year transition. 
Overall, this research demonstrates that functions and risks of aging-related 
diseases change nonlinearly across the human lifespan and provides insights 
into the molecular and biological pathways involved in these changes.

Aging is a complex and multifactorial process of physiological changes 
strongly associated with various human diseases, including cardiovas-
cular diseases (CVDs), diabetes, neurodegeneration and cancer1. The 
alterations of molecules (including transcripts, proteins, metabolites 
and cytokines) are critically important to understand the underlying 
mechanism of aging and discover potential therapeutic targets for 
aging-related diseases. Recently, the development of high-throughput 
omics technologies has enabled researchers to study molecular changes 
at the system level2. A growing number of studies have comprehensively 
explored the molecular changes that occur during aging using omics 
profiling3,4, and most focus on linear changes5. It is widely recognized 

that the occurrence of aging-related diseases does not follow a propor-
tional increase with age. Instead, the risk of these diseases accelerates 
at specific points throughout the human lifespan6. For example, in the 
United States, the prevalence of CVDs (encompassing atherosclerosis, 
stroke and myocardial infarction) is approximately 40% between the 
ages of 40 and 59, increases to about 75% between 60 and 79 and reaches 
approximately 86% in individuals older than 80 years7. Similarly, also 
in the United States, the prevalence of neurodegenerative diseases, 
such as Parkinson’s disease and Alzheimer’s disease, exhibits an upward 
trend as well as human aging progresses, with distinct turning points 
occurring around the ages of 40 and 65, respectively8–10. Some studies 
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Multi-omic applications for understanding and enhancing tropical 
fruit flavour
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Abstract
Consumer trends towards nutrient-rich foods are contributing to global increasing demand for tropical fruit. However, com-
mercial cultivars in the breeding pipeline that are tailored to meet market demand are at risk of possessing reduced fruit 
flavour qualities. This stems from recurrent prioritised selection for superior agronomic traits and not fruit flavour, which may 
in turn reduce consumer satisfaction. There is realisation that fruit quality traits, inclusive of flavour, must be equally selected 
for; but currently, there are limited tools and resources available to select for fruit flavour traits, particularly in tropical fruit 
species. Although sugars, acids, and volatile organic compounds are known to define fruit flavour, the specific combinations 
of these, that result in defined consumer preferences, remain unknown for many tropical fruit species. To define and include 
fruit flavour preferences in selective breeding, it is vital to determine the metabolites that underpin them. Then, objective 
quantitative analysis may be implemented instead of solely relying on human sensory panels. This may lead to the develop-
ment of selective genetic markers through integrated omics approaches that target biosynthetic pathways of flavour active 
compounds. In this review, we explore progress in the development of tools to be able to strategically define and select for 
consumer-preferred flavour profiles in the breeding of new cultivars of tropical fruit species.

Keywords Fruit flavour · Sensory analysis · Metabolomics · Transcriptomics · Proteomics · Genomics

Introduction

Tropical fruit species are evergreen, perennial and can pro-
duce fruit year-round. The global production value of major 
tropical fruit crops (bananas, mango, pineapple, avocado and 
papaya) has steadily increased between 2012 and 2021 by 
approximately 17%, from ~ 209 Mt to ~ 252 Mt (Fig. 1; FAO 
2023) The increase in production is attributed to both grow-
ing consumer demand for nutrient-rich “superfoods” and 
the expanding population, making these fruits lucrative and 
attractive to farmers in tropical regions (OECD/FAO 2022).

To meet increasing demand and maintain yields, there is 
a need to continually improve commercial cultivars, particu-
larly due to the threat of tropical plant pathogens and pests. 
For example, Fusarium oxysporum f. sp cubense tropical 
race 4 is a major threat to ‘Cavendish’ banana cultivation 

(Zakaria 2023). Moreover, the changing climate can signifi-
cantly impact entire growing regions due to factors such as 
unfavourable rain distribution, more frequent heat waves and 
drought. For instance, the production of mango, lychee and 
pineapple is being affected in sub-tropical regions of Aus-
tralia due to the increased severity and frequency of extreme 
weather events (Haque et al. 2020).

Meanwhile, emerging cultivars are generally tailored to 
meet industry demands, including visual appeal for cus-
tomers and suitability for long-distance transportation and 
export. However, fruit flavour has not been included as a 
priority trait in selective breeding programmes because it is 
historically difficult to define and select for (Daubeny 1996). 
The recently developed ‘Goldfinger’ banana is an example 
of an alternative to the threatened ‘Cavendish’ banana that 
is an attractive and disease-resistant variety which generates 
a great yield but has limited improvement for the consumer 
eating experience (Robertson and Daniells 2023). This has 
also been reported in tomato (Klee and Tieman 2018), peach 
(Hancock et al. 2008), blueberry (Gilbert et al. 2014), straw-
berry (Colquhoun et al. 2012) and papaya (Wills and Wid-
janarko 1995).
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 josh.lomax@griffithuni.edu.au
1 Centre for Planetary Health and Food Security, School 
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Not if but when nanopore protein 
sequencing meets single-cell proteomics

Keisuke Motone & Jeff Nivala

The nanopore community is stepping toward 
a new frontier of single-molecule protein 
sequencing. Here, we o!er our opinions on the 
unique potential for this emerging technology, 
with a focus on single-cell proteomics, and 
some challenges that must be overcome to 
realize it.

Compared to sequencing-by-synthesis technologies, the benefits of 
nanopore nucleic acid sequencing include long (or full-length) reads 
of single molecules, the ability to directly sequence epigenetic marks 
and RNA, and the delivery of real-time data streams from inexpensive, 
portable devices1. These features have contributed to impacts ranging 
from ultra-rapid whole-genome diagnostics in the clinic2 and genomic 
epidemiology in the field3 to the first complete, telomere-to-telomere 
sequence of the human genome4. Insights are also extending  
into single-cell biology. For instance, full-length RNA nanopore reads 
have enabled isoform-level characterization of transcripts within indi-
vidual cells5.

Protein nanopore sensors measure the ionic current flowing 
through a nanometer-sized protein channel embedded within an 
insulating membrane separating two electrolyte-filled wells. Pro-
cessive translocation of a biopolymer through a nanopore gener-
ates sequence-dependent current signals that can potentially be 
translated back into the sequence of the strand. A central challenge 
in nanopore sequencing is controlling the translocation of the poly-
mer through the pore. This problem has largely been solved for DNA 
and RNA nanopore sequencing by using a nucleic acid-processive 
motor, such as a polymerase or a helicase, to control the strand’s 
movement through the pore1. Computational approaches, often 
machine learning algorithms, are then used to translate the raw 
current signals into nucleotide sequences. Having overcome the 
major obstacles in nucleic acid sequencing, a growing number of 
researchers in the nanopore field are now working toward nanopore 
sequencing of proteins6.

Inspired by the success of enzyme-mediated nucleic acid sequenc-
ing, we and others have demonstrated that a molecular motor, such 
the protein unfoldase ClpX, can be used to drive full-length pro-
tein strands through a nanopore and sense sequence-dependent 
features7–9. DNA-processive motors have also been used to drive 
oligonucleotide-conjugated peptides through a nanopore, achiev-
ing stepwise resolution of amino acid translocation10–12. Enzyme-free 
methods of controlling linear translocation of full-length proteins 
are making progress as well13. This quickly advancing field makes us 
confident that nanopore-based peptide and even full-length protein 
sequencing are on the horizon.

Mass spectrometry (MS)-based proteomics, the current gold 
standard in large-scale protein characterization, has suffered from 
limited sensitivity and coverage when confronting low-input protein 
samples14. Single-cell proteomics is especially challenging given the 
high dynamic range in protein copy numbers, typically estimated to 
span from 1 to 108 copies per cell in mammalian cells15, and the lack of 
a PCR-like amplification strategy. To meet these hurdles, single-cell 
proteomics will benefit from the development of single-molecule 
protein sensing technologies, including nanopore protein sequencing, 
which could provide higher sensitivity, inherent digital quantification 
through single-molecule counting, and better proteoform characteri-
zation with increased sequence coverage and read lengths16. Ideally, 
these new technologies would also have simpler instrumentation, 
require less expertise, be more cost effective, and be easily compat-
ible with single-cell studies. These features would ultimately increase 
the accessibility of proteomics tools beyond specialized labs and core 
facilities to a broader range of researchers and clinicians. We anticipate 
unique advantages for nanopore protein sequencing for single-cell 
studies compared to both the current state of the art in MS and other 
emerging single-molecule methods, such as fluorosequencing and 
affinity-based methods16.

Paths toward nanopore protein sequencing
Due to the difficulty of fully decoding protein nanopore signals with 
single amino acid resolution, it is likely that some form of nanopore 
fingerprinting will precede de novo sequencing. In most instances, 
the ability to sequence even a small subset of amino acid types or 
peptide motifs along a protein strand would enable unique identifica-
tion given a reference proteome16. Fully de novo protein sequencing 
with nanopores will likely remain challenging for some time, and 
there may even be some who question how much more useful it would 
be compared to fingerprinting, since most MS proteomics today is 
based on reference matching. However, it is interesting to speculate 
how de novo sequencing could reveal as-yet unobserved proteoforms 
hidden within the ‘dark matter’ of proteomics17. It would also likely 
benefit studies in which there is no clear reference set of proteins —  
for example, in the sequencing of neoantigens, antibodies and 
meta-proteomic samples.

To enable comprehensive profiling and quantification of the pro-
teome of a single cell, low-abundance proteoforms (<10 copies) must 
be picked out of a cellular milieu containing highly abundant proteins 
(~108 copies). Nanopore sequencing is a single-molecule technique, 
so it can inherently quantify individual proteoforms by counting. 
Thus, sensitivity is largely dependent on the number of molecules 
that can be analyzed in each experiment (sequencing coverage). Given 
unbiased sampling of a proteomic sample, sensitive single-molecule 
proteomics demands sequencing throughput to be in the billions of 
molecules. Since nanopore sensors can be parallelized within a single 
flow cell, as well as multiple flow cells across a single instrument,  
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Unfolding the path to nanopore protein  
sequencing

Adam Dorey & Stefan Howorka

A modi!ed nanopore enables enzyme-free 
threading of single polypeptides to detect 
post-translational modi!cations

DNA sequencing with nanopores has had a considerable impact 
during the COVID-19 pandemic by identifying SARS-CoV-2 variants 
fast. More generally, nanopores provide step-changing portable and 
long-read sequencing1,2, simply by threading DNA strands through 
ring-like nanopores. Can nanopores also be used for protein sequenc-
ing? This is challenging, as the compactly folded proteins thread less 
easily through a nanopore than elongated DNA. Now writing in Nature 
Nanotechnology, Martin-Baniandres et al.3 describe how protein unrav-
elling and threading helps determine the proteins’ biologically relevant 
post-translational modifications (PTMs) at single-molecule resolution.

In classical nanopore sequencing, individual single-stranded DNA 
molecules of negative charge are electrophoretically transported 
through a 1 nm-wide lumen of a protein pore2,4,5. Transport is addition-
ally controlled with a molecular motor enzyme to feed the DNA strand 
base-by-base into the lumen4. The sequence is read as each base causes a 
distinct electrical blockade in the ionic current flowing across the pore. 
Replicating electrical sequencing for proteins would be a critical scien-
tific and technological advance. But protein sequencing is no easy feat. 
Proteins are not only more compactly folded than DNA; deciphering 20 
amino acids is also more challenging than reading four nucleobases. 
Furthermore, mature proteins contain chemically complex PTMs.

To turn protein sequencing with nanopores into reality, research-
ers must achieve two aims: resolving the 20 amino acid residues and 
their PTMs, and controlling polypeptide unfolding and threading 
through the pore. Regarding the first aim, 20 amino acids could be 
discriminated when single residues were attached to a carrier pep-
tide6. Clearly, nanopores are sensitive enough to distinguish the often 
minuscule differences in residue size and structure.

Relating to the second aim, Martin-Baniandres et al.3 advance the 
field by threading proteins across a nanopore and detecting PTMs 
within the unfolded polypeptide chain (Fig. 1). Crucially, the authors 
use electro-osmosis (EO) to thread proteins. The traditional electro-
phoretic pulling as used for negatively charged DNA does not work for 
polypeptides due to their charge-neutral backbone and the heteroge-
neously charged residues. In alternative EO, an electric field drives the 
flux of buffer solution, which co-transports the protein chain through 
the nanopore.

Martin-Baniandres et al.3 achieve EO with an engineered pro-
tein nanopore carrying a ring of positively charged amino acids at 
its narrowest part. This electrostatic filter causes strong flux of elec-
trolyte anions and the surrounding water, which co-transports the 
polypeptide chain. Protein unfolding and threading is enhanced 
with protein-denaturing agent guanidium hydrochloride (GdHCl), 
which is added to the buffer at a concentration of 0.75 M. The authors 

demonstrate EO-mediated threading with analyte proteins engineered 
to carry multiple interlinked globular repeats (Fig. 1). As threading of 
a single repeat causes a characteristic unfolding signature, multiple 
corresponding signatures can be expected for proteins with 2, 4, 6 and 
8 repeats. Indeed, the read-outs largely show the pattern, even though 
a few repeats are missed.

To determine whether PTMs can also be detected, the authors use 
a protein with a single modification in between two repeats (Fig. 1). 
Three modification types are tested: phosphorylation, glycosylation, 
and glutathionylation, which are among the most common PTMs. Upon 
pore threading, each modification causes a reduction in electrical 
signal proportional to the mass of the PTM. Significantly, the resolu-
tion is high enough to discriminate between a mixture of proteins with 
different PTMs.

How practical is this approach, which is shown for one engineered 
protein, to proteomic analysis? As native proteins vary significantly 
in their resistance to unfolding, universal conditions do not exist to 
capture and thread all proteins within a cell. A potential solution is to 
utilise voltage sweeps in combination with denaturants to cover most 
proteins. Furthermore, insufficient signatures of very small PTMs may 
be amplified with cognate antibodies or chemical binders.

How does the approach relate to other techniques? 
Electro-osmosis has been used previously for polypeptide transport 
through a nanopore lacking the electrostatic filter. In contrast, EO 
was induced with a higher GdHCl concentration of up to 2 M as the 
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Fig. 1 | Protein threading through a nanopore detects post-translational 
modifications. A polypeptide (pink) with globular repeats is driven 
through a protein nanopore (blue) embedded in a bilayer membrane (grey). 
Electro-osmosis drives the threading and helps detect PTMs (orange, yellow 
when in the nanopore) in the polypeptide.
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Knowledge- driven visualization. Single- cell data are 
used by researchers to derive additional biological 
inferences — a process that is often called downstream 
analysis. These downstream analyses result in the pro-
duction of additional visual objects. Common examples 
of these visual objects include violin plots to visualize 
cell- type marker genes, di- graphs to visualize cellular 
interactions or even simple annotation overlay to vis-
ualize a focal subset of cells. Other visual devices that 
focus on particular knowledge- driven assumptions 
include displays of motif enrichment along with the 
expression of corresponding transcription factors14, vis-
ualization of sequence reads along genomic tracks71 and 
other associated annotation data organized by genomic 
coordinates71,72. One important approach to incorporate 
existing knowledge for single- cell data is to associate 
spatiotemporal information with single- cell visualiza-
tion. Temporal trajectories have been visualized using 
many different pseudotime methods; for example, the 
RNA velocity method15 displays estimated displacement 
vectors to extrapolate the ‘flow’ of cell differentiation 
states. Approaches for the visualization of single- cell 

data in the context of anatomical ontology (for exam-
ple, KidneyCellExplorer6) or within detailed 3D mod-
els (for example, the NIH HuBMAP portal73) are under 
development.

Future directions for data visualization. Additional 
visualization tools and frameworks are needed to fully 
appreciate the complexity of multimodal data (FIG. 3). 
Visualization tools with greater flexibility to enable 
the display of multiple and coordinated views that link 
objects in various modalities will aid visual explorations 
of multimodal relationships. However, even multiple 
layers of data visualization will be insufficient to fully 
explore the biological structure of multimodal data if the 
visualizations are static. Complex data are best explored 
with interactive systems that enable dynamic modifica-
tions of views, such as the ability to re- display subsets of 
data or dynamically switch between different modalities. 
One critical consideration is the computational speed 
required for such interactive visualizations and analyses, 
especially for very large datasets (for example, those with 
data for 106 cells4,5). As datasets scale to extremely large 

a  Multi-layer view

c  Multi-scale view d  Visualization with prior knowledge e��1P�VJG�ȯ[�XKGY�IGPGTCVKQP

b  Versatile visualization

Modality 1

Modality 2

Consensus

Spatial
location Data matrix

Violin plot

Cell-type lineage

Embedding plot

Feature plot

Pseudotime

Fig. 3 | Desired properties and functionalities of visualization tools for 
single-cell multi-omics. Visualization of multi- omics data requires 
additional functionalities given the complex data structure; for example, 
the ability to switch the view between different modalities. Some other 
desirable features include multiple layers of data visualization based on data 
obtained for different modalities with mapping between each layer (ideally, 
the mapping between each observation and their spatial location can also 

be displayed as another layer of information) (part a); versatile and dynamic 
visualizations that incorporate downstream analyses or prior knowledge 
(part b); multi- scale views with multiple resolutions to assist the dissection 
of very large datasets (part c); integration of prior knowledge such as 
ontology and anatomy with multi- omics data to help anchor biological 
knowledge to the data (part d); and tools that enable on- the- fly or dynamic 
visualization of data to enable more- flexible data visualization (part e).
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include a differential equation term for proteins, allow-
ing a model- based integration of RNA and protein data, 
such as can be obtained using methods that enable the 
simultaneous measurement of proteins and mRNAs 
in single cells (for example, CITE- seq17 and REAP- 
seq18). A cell systems model- based data integration 
approach is ideal for the integration of multimodal data 
but currently impossible owing to the lack of depend-
able models for most dynamic molecular processes 
in a cell — especially of models that can predict the 
dynamics of small finite numbers of molecules in a sin-
gle cell or in complex processes such as chromosome  
remodelling.

Statistical modelling. In the absence of a causal kinetic 
model, another possible integration approach is to relate 
different measurement modalities to each other with a 
statistical model (FIG. 1b). For example, a statistical rela-
tionship could be modelled between RNA levels and 
protein levels19 or between the location and amount 
of open chromatin around a gene and its RNA levels  
(so- called gene activity models20). Therefore, one possi-
ble class of methods for the integration of different data 
modalities is to create a statistical model between two 
or more modalities such that the value from one data 
type can be mapped to another type. Such models could 
be calibrated (that is, the model parameters estimated) 
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d  Consensus of individual inferences (late integration)
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Fig. 1 | Frameworks for the integration of single-cell multi-omics data. Computational methods enable the 
integration of measured attributes (that is, features) obtained using multi- omics approaches (for example, transcriptome 
and protein data) from single cells. These methods can be classified into four broad categories. a | Integration based  
on quantitative causal models. For example, the rates of RNA synthesis, splicing, translation and degradation might be 
modelled by differential equations and single- cell multi- omics data (for example, gene and protein expression data) can 
be used to fit the model. b | Statistical modelling between features. A statistical function is used to associate data in one 
modality to another modality, such that the two sets of features (again, for example, gene or protein expression data) 
can be harmonized into one modality for downstream analyses. Such models can be calibrated from reference datasets 
or potentially fit to the dataset of interest. c | Latent space modelling. Data from different modalities are assumed to  
be generated from a common latent space and integrated based on the assumption that specific mapping functions  
are able to map the common latent space onto different modalities. The latent space can be viewed as an integrated 
low- dimensional embedding of the multi- omics or multimodal data, and the mapping functions can be regarded as a 
model of the abstract latent space to real observations. d | Consensus of individual inferences (late integration). Analyses 
(such as clustering or dimension reduction) are performed for each individual data modality, after which the results are 
combined to obtain common consensus outputs or complementary evidence.
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