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Abstract
Proteins approximately behave as molecular clocks, accumulating amino acid replacements at a more or less constant rate. 
Nonetheless, each protein displays a characteristic rate of evolution: whereas some proteins remain largely unaltered over 
large periods of time, others can rapidly accumulate amino acid replacements. An article by Richard Dickerson, published 
in the first issue of the Journal of Molecular Evolution (J Mol Evol 1:26–45, 1971), described the first analysis in which 
the rates of evolution of many proteins were compared, and the differences were interpreted in the light of their function. 
When comparing the sequences of fibrinopeptides, hemoglobin, and cytochrome c of different species, he observed a lin‑
ear relationship between the number of amino acid replacements and divergence time. Remarkably, fibrinopeptides had 
evolved fast, cytochrome c had evolved slowly, and hemoglobin exhibited an intermediate rate of evolution. As the Journal 
of Molecular Evolution celebrates its 50th anniversary, I highlight this landmark article and reflect on its impact on the field 
of Molecular Evolution.
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Introduction

The field of Molecular Evolution came into existence in the 
1960s, when scientists started to gather the first sets of pro‑
tein sequences and structures from different organisms, ena‑
bling comparative studies. In 1971, the Journal of Molecular 
Evolution was created to serve the community of scientists 
working on that emerging field of inquiry. To commemorate 
the 50th anniversary of the Journal, each associate editor has 
been invited to highlight one classical paper from the Journal 
and comment on its Significance and subsequent impact.

The paper that I have chosen, entitled “The structure of 
cytochrome c and the rates of molecular evolution,” was 
published in the very first issue of the Journal (March 1971). 
In this article, Richard Dickerson compares the sequences of 
cytochrome c, hemoglobin, and fibrinopeptides (as well as 
other proteins) from different species to infer their rates of 
evolution and proposes explanations for why some of these 

proteins evolve fast whereas other remain largely unaltered 
during long evolutionary periods (Dickerson 1971).

The Author

Richard E. Dickerson (born 1931) obtained his Bachelor’s 
degree in Chemistry from the Carnegie Institute of Technol‑
ogy (now Carnegie Mellon University) in 1953 and his PhD 
in Physical Chemistry from the University of Minnesota in 
1957. He then was a postdoctoral researcher at Leeds Uni‑
versity and Cambridge University. Subsequently, he was a 
faculty member at the University of Illinois (1959–1963), 
the California Institute of Technology (1963–1981), and the 
University of California, Los Angeles (1981–2004). He was 
elected as a member of the National Academy of Sciences 
and the American Academy of Arts and Sciences in 1985.

He made major contributions to the area of Structural 
Biology. Under the supervision of John C. Kendrew, he 
determined the first atomic structure of a protein (myoglo‑
bin). During his time at the California Institute of Technol‑
ogy, he studied the structure of cytochrome c (the paper 
highlighted here is from that time). At the University of Cali‑
fornia, Los Angeles, he shifted his focus to DNA, determin‑
ing the first atomic structure of the B form of DNA. Since 
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his retirement in 2004, he writes about the history of his 
discipline.

Context: Molecular Clocks

Zuckerkandl and Pauling (1962) proposed that proteins from 
the same family should evolve at a more or less constant 
rate and used this assumption to date the origin of glob‑
ins. The following year, Margoliash made the more formal 
statement that “it appears that the number of residue differ‑
ences between cytochrome c of any two species is mostly 
conditioned by the time elapsed since the lines of evolution 
leading to these two species originally diverged.” (Margo‑
liash 1963), and conducted a first test of the molecular clock 
hypothesis.

One year later, Doolittle and Blombäck (1964) compared 
a few mammalian fibrinopeptide sequences. For each pair 
of species, they computed the percent sequence identity, 
and they obtained the divergence time from the literature. 
They then represented these numbers in a graph: each data 
point corresponded to a species pair, the x-axis represented 
divergence times, and the y-axis represented the percent 
of sequence identity. They found a negative correlation 
between both variables, in support of the molecular clock 
hypothesis. The relationship appeared to be curved, with 
sequence identity approaching a plateau, consistent with 
mutational saturation of nonsynonymous sites.

In the subsequent years, it was debated whether the 
molecular clock hypothesis was indeed correct (for review, 
see Morgan 1998; Kumar 2005). Even though many pro‑
teins do not evolve under a strict molecular clock (protein 
evolution can accelerate in certain lineages or slow down 
in others), proteins tend to evolve at a more or less constant 
rate. Thus, molecular clocks have proven to be a useful tool 
to estimate divergence times or rates of sequence evolution.

The Paper

By 1971, from comparison of the sequences of a few pro‑
teins in a number of species, it had become apparent that 
proteins evolved at different rates (see Zuckerkandl and 
Pauling 1965). However, Dickerson’s work represented the 
first exhaustive analysis that compared the rates of evolution 
of multiple proteins, and tried to explain the reasons for the 
differences.

In his paper, Dickerson elaborated a graph similar to the 
one by Doolittle and Blombäck (1964), but with some dif‑
ferences (I have reproduced Dickerson’s graph in Fig. 1). 
First, he used percent differences rather than percent identi‑
ties. Second, percent differences were converted into percent 
changes by correcting for multiple amino acid replacements 

on the same position. To that end, he used the formula 
m/100 = −ln(1 – n/100), where m is the number of changes 
that occurred per 100 residues and n is the number of dif‑
ferences observed per 100 residues. Third, a higher number 
of species were included. Last, and perhaps most impor‑
tantly, Dickerson analyzed the evolution of not one, but 
three proteins simultaneously: cytochrome c, hemoglobin, 
and fibrinopeptides. An early version of the graph (with the 
axes inverted) had been included in a book 2 years before 
(Dickerson and Geis 1969).

For each protein, he found a linear, positive relation‑
ship between divergence time and the percent of sequence 
differences, in support of the molecular clock hypothesis. 
In addition, the slope of the regression lines was mark‑
edly different for the three proteins: the slope was weak for 
cytochrome c (indicating a slow pace of evolution), steep for 
fibrinopeptides (indicating fast evolution), and intermedi‑
ate for hemoglobin (indicating an intermediate evolutionary 
rate). Following Nolan and Margoliash (1968), he estimated 
the Unit Evolutionary Period (i.e., the time required for the 
accumulation of a 1% difference at the amino acid level) to 
be 20.0 MY, 5.8 MY, and 1.1 MY for cytochrome c, hemo‑
globin, and fibrinopeptides, respectively (i.e., according to 
his calculations, fibrinopeptides evolved ~18 times faster 
than cytochrome c).

The graph represents an excellent tool to illustrate the 
molecular clock concept and how different proteins evolve 
at different rates. Thus, not surprisingly, the graph has been 
reproduced, sometimes with some modifications, in many 
textbooks (e.g., Baum et al. 2013; Hamilton 2009; Pevs‑
ner 2009; Ruse and Travis 2009; Russell 2003). The diver‑
gence times estimates available at the time have since been 
improved. Nonetheless, a recent reassessment of Dickerson’s 
work using current divergence time estimates reached the 
same conclusions (Robinson et al. 2016).

Dickerson attempted to explain the reasons for the dif‑
ferent rates of evolution of the different proteins in the 
light of their functions (see Fig. 2, also borrowed from 
his paper). He proposed that the low rate of evolution of 
cytochrome c (the main focus of the paper) may be due to 
the fact that the protein must interact with its reductase 
and oxidase complexes (these are large complexes, and 
thus, a large fraction of cytochrome c’s surface is used in 
the interaction; see Fig. 2). In addition, he interpreted the 
different degree of conservation of the different parts of 
the protein in the light of the three-dimensional structure 
of the protein in different species, which he and his col‑
leagues had recently determined (Dickerson et al. 1971, 
1972). He also attributed the high rate of evolution of 
fibrinopeptides to the fact that they are not part of mature 
fibrin (they are domains of fibrinogen that are excised as 
fibrinogen is converted into fibrin; Fig. 2), and thus, their 
amino acid sequences are expected to be under weaker 
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selective constraints. The intermediate rate of evolution of 
hemoglobin was attributed to the fact that it interacts with 
O2 and CO2 molecules, which are much smaller than the 
cytochrome c reductase and oxidase complexes (Fig. 2).

He also commented on the rates of evolution of a 
number of other proteins for which much less sequence 
data were available at the time (thus, he considered his 
estimates as preliminary). For instance, he estimated the 
Unit Evolutionary Period of histone H4 to be 500 MY 
(i.e., according to his calculations, histone H4 evolved 25 
times slower than cytochrome c and ~ 450 times slower 
than fibrinopeptides), which he attributed to histone H4’s 
interaction with DNA (Fig. 2). He also noted that the insu‑
lin peptide C (which is excised during insulin maturation 
and thus expected to be under weaker selective constraints 
at the sequence level) evolves much faster than peptides A 
and B (which conform the mature protein).

Dickerson also noted that the internal, often hydropho‑
bic parts of proteins tend to be more conserved than the 
external, often hydrophilic parts. He thus predicted that 
large proteins, by virtue of their lower surface-to-volume 
ratio, would tend to exhibit a low overall rate of evolution.

Fig. 1   Linear relationship 
between divergence time 
(x-axis) and percent of amino 
acid changes (y-axis) for 
fibrinopeptides, hemoglobin, 
and cytochrome c. The figure 
illustrates the molecular clock 
concept and the fact that these 
three proteins evolve at different 
rates. Quantities next to the 
name of each protein cor‑
respond to Unit Evolutionary 
Period estimates. (Figure taken 
from Dickerson 1971)

Fig. 2   Mechanisms of action of four proteins. The purpose of the fig‑
ure was to try to explain the different rates of evolution of each pro‑
tein. Fibrinopeptides are not part of mature fibrin. Globins use only a 
small part of their surface to interact with oxygen. Cytochrome c uses 
a large fraction of its surface to interact with its oxidase and reduc‑
tase complexes. Histone H4 is tightly packaged with DNA. Quanti‑
ties next to the name of each protein correspond to Unit Evolutionary 
Period estimates. (Figure taken from Dickerson 1971)
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Our Understanding of Rates of Protein 
Evolution 50 Years Later

In the last 50 years, advances in sequencing techniques 
have dramatically increased the wealth of protein sequence 
data, and now many studies of rates of protein evolution 
encompass thousands of proteins. As a result, we now 
know that rates of protein evolution vary by orders of 
magnitude. In addition, the availability of other “omics” 
datasets has allowed scientists to identify a substantial list 
of factors that have an impact on rates of protein evolution. 
Due to space constraints, here I will only comment on 
some of these factors. For a more comprehensive review, 
see e Pál et al. (2006), Alvarez-Ponce (2014), and Zhang 
and Yang (2015).

Many of Dickerson’s intuitions have been confirmed. 
For instance, we now know that protein-buried residues 
tend to evolve much slower than those at the surface (e.g., 
Goldman et al. 1998), and that protein–protein interactions 
indeed constrain protein evolution (Fraser et al. 2002; 
Kim et al. 2006; Alvarez-Ponce et al. 2017). However, 
the relationship between protein lengths and their rates of 
evolution appears to be more complex than predicted by 
Dickerson, with some studies finding a positive correla‑
tion, others finding a negative correlation, and yet others 
finding no significant correlation (for review, see Alvarez-
Ponce 2014).

Scientists have also identified trends that were hard to 
foresee 50 years ago. Of note, we now know that a major 
determinant of rates of protein evolution is gene expres‑
sion: highly expressed proteins tend to evolve slowly 
compared with lowly expressed ones (Pál et al. 2001). 
The leading hypotheses to explain this trend propose that 
highly expressed genes may be under increased selection 
to encode proteins that are unlikely to misfold (Drum‑
mond et al. 2005) and to misinteract with other molecules 
(Levy et al. 2012; Yang et al. 2012), and to encode highly 
stable mRNAs (Park et al. 2013). In addition, in multicel‑
lular organisms, another major determinant is expression 
breadth: genes expressed in many tissues/organs tend to be 
more conserved throughout evolution than those expressed 
in fewer tissues/organs (Duret and Mouchiroud 2000).

Other factors affecting rates of protein evolution include 
gene essentiality (essential genes tend to evolve more 
slowly than nonessential ones; Hurst and Smith 1999; 
Alvarez-Ponce et al. 2016), gene duplication (immediately 
after gene duplication, one of the copies tends to undergo 
accelerated evolution for a short period of time; Jordan 
et al. 2004; Pegueroles et al. 2013), chaperone depend‑
ency (proteins that interact with chaperones tend to evolve 
fast, which has been attributed to the fact that chaperones 
can compensate for mutations that would be otherwise 

deleterious; Bogumil and Dagan 2012, Alvarez-Ponce 
et al. 2019), subcellular compartment (rates of protein evo‑
lution are, on average, highest for extracellular proteins, 
high for membrane proteins, low for cytosolic proteins and 
lowest for nuclear proteins; e.g., Julenius and Pedersen 
2006), protein function (certain categories tend to evolve 
faster than others; e.g. Greenberg et al. 2008), and position 
in molecular networks (e.g., Fraser et al. 2002; Alvarez-
Ponce 2012). Acceleration of protein evolution can occur 
by either relaxation of purifying selection or by positive 
selection. Genes often found to be under positive selection 
include secreted and cell membrane proteins, and those 
involved in immunity, host-pathogen interaction, reproduc‑
tion, and sensory perception (Biswas and Akey 2006; van 
der Lee et al. 2017).

Different aspects of the structure of proteins have also 
been linked to their rates of evolution. In general, highly 
“designable” proteins (those for which many protein 
sequences are compatible with the function of the protein) 
are expected to evolve fast. Consistently, proteins with a 
high contact density, with a high stability, or with disulfide 
bonds, tend to evolve fast (Bloom et al. 2006a, b; Feyertag 
and Alvarez-Ponce 2017). Within a protein, amino acids 
involved in many interactions (intramolecular or intermo‑
lecular) tend to evolve slowly (Toft and Fares 2010), whereas 
intrinsically disordered regions tend to evolve fast (Brown 
et al. 2002).

Dickerson’s landmark paper greatly advanced our under‑
standing of the fact that proteins evolve at different rates, 
and of the reasons behind these different rates of evolution. 
Not surprisingly the paper has received a significant number 
of citations (as of November 2020, it has been cited over 
620 times according to Google Scholar and over 480 times 
according to the Web of Science). It can be argued that the 
paper started an important line of inquiry that is still generat‑
ing important results today.
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