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From protein sequence to function

Antoine Danchin

As genome sequences and protein structures are deciphered,
we wish to predict their corresponding functions. Many
functions cannot be told from the sequence, however, although
there has been progress in this quest for an impossible Grail.
Furthermore, a structure and its corresponding sequence
become most interesting when one knows the function.
Inductive reasoning, based on the integration of biological and
sequence knowledge, should enable sequence and functional
data to be combined in a productive way.
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Abbreviations
3D three-dimensional
ABC ATP-binding cassette

DHQS dehydroquinate synthase
GInRS  glutaminyl-tRNA synthetase
PLA2  phospholipase A2
Introduction

This article’s title reads like the title of grand research
programs, which use huge facilities, a large amount of
money and a large number of scientists as well. Is this a
reasonable way to view the relationships among
sequences, structures and functions in living organisms?
The past year has revealed a dozen new genomes
[1-10,11°°] and a very large number of new structures
[12], determined using ecither what is nowadays the
almost standard approach of the X-ray diffraction of crys-
tals (using synchrotron radiation) or a technique that, for
a long time, developed steadily, NMR spectroscopy
(using all kinds of relaxation of nuclear spins
[13,14,15°]), as well as using the still emerging technique
of structural electron microscopy [16]. Can we say that
this led to the discovery of unexpected functions or, at
least, to rules governing the creation of biological func-
tions [17°]? Curiously enough, function prediction from
genomes is still mostly performed using approaches that
combine Blast or Fasta searches, sometimes with elabo-
rate knowledge-organizing engines, without much
investigation into the reality of the underlying biology.
Therefore, rather than dwell on automatic or semi-auto-
matic genome annotation software [18-20], I shall review
here what I think are crucial pieces of information that
show when and why structures and functions are related.
I shall further hint that the best way to use genomic text
and structural biology is to go from the function to the
structure and, sometimes, perhaps, to the sequence.

As a matter of fact, the dialog between structure and func-
tion is often reminiscent of the dialog between
Lamarckian and Darwinian thinking. Reality is not that
heavenly, however, the material objects that evolve to
make life are continuously submitted to the Darwinian
triplet, variation—selection—amplification, and this is what
gives meaning to them. In the course of evolution, interac-
tions between objects create new relationships and this
creates functions. In turn, functions capture pre-existing
structures and both act and evolve together.

Before reviewing some of the structural data from the past
year that have helped us to better understand relationships
between gene sequences and biological functions, perhaps
we should first try to make this concept clearer. A function
is an organized process of actions that cooperate towards a
common goal. One has to add a goal to a structure in order
to understand its function. Of course, this cannot be a
straightforward feature of a structure, even less a feature of
a sequence. In addition, one should consider that a func-
tion is almost never an isolated process, in that it is often
split into a basal function, which is associated with ancillary
functions that converge to its actualization. Understanding
some ancillary functions is not enough to understand the
basal function associated with a structure. As an example,
in cytidylate kinase [21], the function of residues Tyr40,
Arg110 and Asp132 is to bind specifically to cytosine. This
is an ancillary function to making C'TP. We also notice,
however, that a long insert containing a three-stranded
[ sheet, which is not present in other nucleotide kinases
but is specific to cytidylate kinases, has no recognized
function in the enzyme. Remarkably, even ancillary func-
tions are not always revealed by the sequence; conserved
residues sometimes fall into different function types [22].

Some structures that tell their function

When known, the goal of a function can help us to connect
it to the structure (and sometimes to the sequence, when
phylogenetic comparisons with known objects are avail-
able). In many cases, the functions of membrane proteins
can be understood from the fact that membranes connect
the outside to the inside of a cell.

The most fascinating set of recent structural data is that of
the minuscule engine ATP synthase. This enzyme manu-
factures ATP from ADP and phosphate using a vectorial
protonmotive force. From combinations of sequence, bio-
chemical and structural data, it has been suspected for some
time that the enzyme comprises a rotor and a stator. A single
molecule of F;-ATPase, the engine portion of ATP syn-
thase, is a rotary device in which a central y subunit rotates
against a surrounding cylinder composed of 0333 subunits.
Driven by ATP hydrolysis in three catalytic 3 subunits, the
ysubunit makes discrete 120° rotations, occasionally moving
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backwards. Rotation was confirmed after the isolation of F
and its direct visualization by optical fluorescent microscopy
of the actual rotation of the central part of the enzyme with
respect to the rest of the molecule [23]. The work carried
out at each step is constant over a broad range of load. It is
close to the free energy of hydrolysis, transmitted by elastic
strain, of one ATP molecule [24°°,25].

It was, of course, necessary to understand the structural
arrangement of the residues that permit the generation of
the torque that drives the rotor movement of the enzyme
[26]. The corresponding NMR and electron microscopy
data have been reviewed recently [27]. Is this all that can
be said about ATP synthase? It has just been discovered
that, in yeast, the native enzyme is dimerized and that
extra subunits are needed for dimerization. This tells us
something about the enzyme’s function, be it only because
the function must be related to the architecture of the cell
[28]. These subunits were not discovered by analyzing the
yeast genome. One must therefore draw a first important
conclusion — is it possible to find out, just by knowing the
genomic text, whether a gene product will form a protein
complex? This is, of course, even more unlikely than that
an amino acid sequence could tell us exactly the fold of a
protein without knowing pre-existing folds. Pancreatic
RNase should have been known to fold indeed, because
selection isolated it with this behavior (it is secreted in bile
salts), but this should never have been accepted, as it was,
as the paradigm for protein folding. This is still the case,
however, and water is now taken into consideration [29]. In
the same way, some experimental data are taken into
account in order to solve the unsolvable (e.g. see [30]).
Another very promising approach, often called ‘threading’
[31,32], permits one to predict a fold by threading a
sequence into a putative predefined fold (e.g. created
using multi-alignments [33,34°]). Of course, this implicitly
takes into account the selective forces that have, during
phylogeny, led to the actual fold found in 3D protein mod-
els, as is taken into account in more recent genome
annotation systems [35°°,36°*,37°].

The membrane P-type ATPases, a family that includes the
plasma membrane Na+/K+-ATPase and the sarcoplasmic
reticulum CaZ+-ATPase, are functionally related to ATP
synthases. Electron cryocrystallography of two-dimension-
al surface crystals of both the Neurospora H+-ATPase and
the sarcoplasmic reticulum Ca2+-ATPase yielded structure
maps for these ion transporters at a resolution of 8 A Apart
from fitting with the sequence prediction of the membrane
helices, this was not enough to visualize the organization of
the metal-binding channel [38]. Recently, however, the
reality of the metal-binding pores has been explored in
depth. The expected pore type was found in the potassi-
um transporter —a hole in a membrane protein. The
width of the hole and the bordering residues — identified
from multisequence alignments — fit well with the diam-
eter of the potassium ion and explain the gating properties
[39]. Many receptor structures fall into this category,

although the actual binding sites for the substrates could
rarely be predicted from the sequence alone [40-43]. In
line with this structure/function identification being well
connected to sequence data are the results of multi-align-
ment algorithms, combined with phylogenetic and
biochemical data (e.g. see [43,44°]).

A more involved type of permease is the FhuA iron trans-
port channel in Escherichia coli. This protein, which
mediates the transport of iron chelated to a siderophore
through the outer membrane, exhibits a remarkable struc-
ture. The 22 antiparallel  strands of the protein look like
the neck of a bottle, closed by a mobile cork. Analysis of
the protein complex with its substrate reveals how an
allosteric transition, mediated by the energy-transducing
TonB protein, permits the iron chelate to translocate into
the cell [45°°].

The sequence of the Bacillus subtilis genome revealed 77
genes encoding putative ATP-binding cassette (ABC) per-
meases [46]. From eukaryotes to archebacteria, these
proteins perform a variety of transport functions (most of
which are unknown). They comprise two ABC domains
located in the cytoplasm of the cell. These domains are
combined with a couple of transmembrane integral pro-
teins. ATP hydrolysis provides the driving force to
translocate the transported molecules (to the inside or out-
side of the cell, depending on the permease type). The
structure of the ATP-binding domain is now known [47°].
In the permease, two such ABC domains are associated
and cooperate in order to hydrolyze ATP, which is bound at
a site predicted from the sequence, presumably by cou-
pling hydrolysis to some conformational change in the
integral membrane proteins in the permease. In spite of
knowledge of sequences, as well as of the crystal structure,
it is not yet possible to predict how this conformational
change is performed. Knowing the variety of existing ABC
permeases and their importance as multidrug efflux sys-
tems [48], it can be surmised that many different systems
could be energized by ATP hydrolysis. A common mecha-
nism might be that the energy of hydrolysis exposes a
hydrophobic residue at the surface of the ABC domains,
thereby inducing a change in the water molecules bound
to the surface of the protein, as well as in the proteins con-
nected to the surface. An entropy-driven process would
fold the proteins back into their original conformations, as
ADP and phosphate are released into the medium. This
example illustrates how evolution may create a function by
playing variations upon the theme of available structures
once a success has been registered.

Some structures that tell something

about evolution

Evolution proceeds by the recruitment of pre-existing
genes [49]. As a case in point, crystallins are ordinary
enzymes that have been recruited for entirely different
functions [50°]. This is a strong reason for the lack of intu-
itive correlation among sequence, structure and function.



A recent example illustrating this general behavior are
snake venoms that include phospholipase A2 (PLA2). A
number of venoms have been shown to contain a catalyti-
cally inactive PLA2 homolog, in which the highly
conserved aspartic acid at position 49 is substituted by
lysine. These PLLA2s disrupt membranes through a Ca2+-
independent mechanism of action; however, the structural
bases underlying these functional properties do not seem
to be related to phospholipase activity [51].

In an entirely different context (in relation to convergent
evolution), the crystal structure of dehydroquinate syn-
thase (DHQS), which performs the second step in the
shikimate pathway, has revealed entirely unexpected new
folds. These folds explain how the enzyme performs sev-
eral consecutive chemical reactions in one active site [52].
DHQS exhibits a previously unobserved mode of NAD+
binding and an active site organization that is surprisingly
similar to that of alcohol dehydrogenase in a new protein
fold. The structure reveals interactions between the active
site and a substrate analog inhibitor that suggest an expla-
nation for how DHQS performs multistep catalysis without
the formation of unwanted by-products.

Protein—-nucleic acid interaction is a much studied area;
however, new protein structures pertaining to
nucleic-acid-binding domains are continuously discovered.
In fact, it is likely that, especially in bacteria, the impor-
tance of RNA-protein complexes has been entirely
overlooked. RNA-binding protein folds were certainly pre-
sent very early on in the origin of life and they must have
been present at the origin of translation [49]. In this
respect, it seems most interesting that ribosomal protein
LL25 is homologous both to a domain of glutaminyl-tRNA
synthetase (GInRS) and to general stress proteins [53°°].
Indeed, GInRS is an enzyme that is absent in many bacte-
ria, such as Gram positives and archebacteria, which are
considered as descending from an important universal
ancestor of living organisms [54°*]. In the same way, it
seems most probable that several stress proteins are ances-
tral because their function in protein folding must have
been present very early. The RNA-binding fold of cold-
shock proteins [55] has, for example, been found in the
eukaryotic putative translation initiation factor 5A [56°,57].
It can be therefore expected that other RNA-binding pro-
tein folds will be discovered [58] and that the progeny of
these proteins will have been the source of recruitment for
many other types of activities. In this respect, we can
expect that, among the ‘unknown’ genes in genomes (‘y’
genes), many important genes will be associated with
RNA-protein complexes.

Conclusions

At the beginning of 1999, a search in Medline for ‘crystal’
and ‘function’ yielded 11,415 references. If one restricted
the search to ‘cyclase’, 43 references were still present
(among 18,792 references to ‘adenylyl cyclase’). Every new
issue of Science or Nature has its share of crystal structures.
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It is more than a fashion, it is an explosion of new data. Of
course, a structure can only be determined when the cor-
responding polypeptide sequence is also known; genome
sequences match this explosion. What can we tell from the
3D structure of a protein? The long-awaited structure of
the catalytic domain of class I1I [59] adenylyl cyclases was
published in 1997. It revealed a set of interesting features,
including the binding site for the activator forskolin. In the
absence of direct data, however, the catalytic site could not
be immediately visualized [60]. Another structure was
needed to permit the identification of the catalytic site.
This work also led to the proposal of a mechanism for stim-
ulatory G protein o subunit (Gyq) activation of the enzyme
[61] and further work identified the role of metal ions in
the enzyme [62].

"This illustrates the need for the integration of biological
and biochemical knowledge with sequence data in order to
go from a sequence to its function. One must subsequent-
ly proceed using inductive reasoning. One way to do this
efficiently is to organize the data according to their ‘prox-
imity’. This allows one to explore the gene sequence data,
which are related to each other by a variety of themes,
including proximity in the chromosome, phylogenetic kin-
ship, participation in a common metabolic pathway, their
common presence in an article of literature or a similar use
of the genetic code [63°], and therefore to make educated
guesses about the corresponding function(s).

As biological knowledge is integrated with biochemical
and biophysical knowledge, it will become more and more
efficient to predict a structure from its polypeptide
sequence. Despite continuous progress, the function will
remain difficult to predict and will still have to be proved
experimentally. This approach will not only allow better
exploitation of genome sequence data, but will also permit
one to create entirely new proteins de novo [64°°].
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