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ABSTRACT

Variation of gene length imposes a challenge on genes requiring coexpression. Using a large human
protein complex data set, we show that genes encoding subunits of the same protein complex tend to have
similar length. The length uniformity is greater for complexes with stronger coexpression. We also show that
the rate of gene length evolution is associated with gene coexpression level within a complex. These results
suggest a new angle in understanding the evolution of protein complexes as well as the regulation of gene
coexpression.

PROTEINS interact with each other in complexes that
serve as functional units. One of the most striking

examples of this is the ribosome, composed of hundreds
of proteins. To achieve economic and efficient assembly
of a protein complex, expression of its different subunits
should be coupled (Warner 1999). Furthermore, the
dosage imbalance caused by uncoordinated expression
of subunitsof acomplex can be toxic tocells in avariety of
ways (Abruzzi et al. 2002; Gehlert et al. 2007; Veitia

et al. 2008). Therefore, evolution is expected to have
shaped the regulation of genes to ensure coexpression of
protein subunits. Indeed, genes encoding subunits of
many protein complexes are coordinately expressed
both spatially and temporally (Walhout et al. 2002; Liu

et al. 2009; van Waveren and Moraes 2008).
Attempts to understand the molecular basis of gene

coexpression have focused mainly on shared sequences
in their regulatory regions (Ihmels et al. 2005; Brown

et al. 2007; Chawade et al. 2007; Etchberger et al. 2007);
many overrepresented motifs with important functional
implications have been computationally identified, and
some were experimentally confirmed to be causal motifs
driving gene coexpression (Ihmels et al. 2005). In ad-
dition, human genes encoding interacted proteins tend
to share micro-RNA target sites (Liang and Li 2007),
suggesting coregulation of the stability of their mRNA.

Furthermore, expression levels can be modified by
varying gene copy number through either gene duplica-
tion or gene deletion, and genes belonging to the same
protein complex tend to duplicate together, revealing
another strategy of maintaining gene coexpression (Papp

et al. 2003; Qian and Zhang 2008).
Eukaryotic genes can be hundreds of kilobase pairs in

length. With a transcription rate of�20 nucleotides per
second (Ucker and Yamamoto 1984; Izban and Luse

1992), the time of completion of transcription can be
significant. In the human genome, the distribution of
gene length is heterogeneous: the average length dif-
ference between two random human genes is 54 6 1 kb,
which means that the time it takes to transcribe them can
differ by�45 min. This may impose a great challenge for
genes requiring coexpression. We hypothesize that nat-
ural selection has acted to reduce the length variation of
human genes encoding subunits of the same protein
complex to achieve their coregulation.

RESULTS

Genes encoding subunits of a protein complex have
similar length: Data on protein complexes in humans
were downloaded from MIPS (Mewes et al. 2008).
Proteins present in more than one complex were
considered only in the largest complex. Small com-
plexes (,10 subunits) were not considered because
previous studies found that the coexpression pattern
(Liu et al. 2009) and the requirement for dosage balance
(Yang et al. 2003) are most important for large protein
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complexes. In addition, we excluded all young dupli-
cates (dS , 1) that are present in the same complexes
because young duplicates tend to interact with each
other (Wagner 2001; He and Zhang 2005) and have
similar gene length (our main results remain largely the
same when all detectable duplicates were excluded; see
supporting information, Figure S1). There are 26 large
protein complexes encoded by 729 genes that were
analyzed. We calculated the combined normalized
length variation (CNLV) for the 26 complexes, using
the formula

CNLV ¼ 1

26

X26

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðLeniÞ

p

MeanðLeniÞ
;

where Leni is a vector storing the length of all genes
encoding complex i. The standard deviation of Len [or
length variation (LV) of a complex] was normalized by
dividing the mean of the vector to make the LVs of dif-
ferent complexes comparable. We then randomly as-
signed the 729 genes to a complex while keeping the size
of each complex unchanged to estimate the CNLV ex-
pected by chance. This simulation was conducted 10,000
times, and the observed CNLV is significantly (P ,

0.0001) smaller than expectations (Figure 1a). The
same is true when small complexes (,10 subunits) were
included in the analysis (data not shown). The signal is
not contributed by only a small proportion of complexes;
it is a general feature for a human protein complex in
which the genes involved tend to have similar length.
Figure 1b shows the observed and expected LV for the 10
largest complexes. In all 10 cases, the observed LV is
smaller than the mean of expected LVs; 6 of 10 show a

significant difference between the observed and ex-
pected LVs (P , 0.0001).

Complexes with smaller LV have stronger coexpres-
sion: We obtained 16 human gene expression data
sets from GEO (http://www.ncbi.nlm.nih.gov/projects/
geo/), from which 59 time-course expression profiles,
each with 3–17 time points, were extracted for further
analyses (details of the 59 expression profiles are in
Table S1). We examined the level of coexpression of a
protein complex by calculating its mean expression
similarity (MES). Specifically, Pearson correlation coef-
ficients (Pcc) of all gene pairs of a complex were
computed using each of the 59 expression profiles.
The mean of 59 average per-gene pair Pcc was taken as
the MES of the complex, as illustrated in the formula

MES ¼
P59

k¼1ð
P

n�1
i¼1

P
n
j¼i11 Rhokði; jÞ=ðnðn � 1Þ=2ÞÞ

59
;

where Rhok(i, j) denotes the Pcc between gene i and
gene j in expression profile k, and n is the total number
of genes in the complex. Consistent with previous
observations (Liu et al. 2009), the average MES of the
26 protein complexes is 0.24, which is significantly (P ,

0.0001) higher than expected (0.15 6 0.01, determined
by randomly reshuffling complex membership of the
729 genes). We discovered a significant negative corre-
lation between the MES of a complex and its LV (Rho¼
�0.42, P , 0.05, n ¼ 26, Spearman’s rank correlation;
Figure 2a), highlighting the potential role of LV in
explaining the variation of coexpression levels between

Figure 1.—Genes encoding subunits of a protein complex
tend to have similar length. (a) The observed combined nor-
malized length variation (CNLV)of the26human proteincom-
plexes is significantly (P , 0.0001) smaller than expected by
chance. (b) Box-and-whiskers plot shows the expected length
variation (LV) of the 10 largest protein complexes, respectively.
For each complex, 10,000 simulations were carried out to esti-
mate the expected LV. The central thick line shows the median
of the 10,000 LVs; the box contains the 50% of data points that
are closest to the median, and the region between two horizon-
tal lines contains the 90% of data points that are closest to the
median. The observed LV of each complex is marked by a solid
triangle.

Figure 2.—Effects of gene length on gene coexpression. (a)
The MES of a protein complex is negatively correlated with its
LV (Rho ¼ �0.42, P , 0.05, n ¼ 26; Spearman’s rank correla-
tion). (b) The relationship of coexpression and length differ-
ence was examined for gene pairs within a protein complex
(results of the 10 largest complexes are shown). For each pro-
tein complex, all gene pairs were equally grouped into two bins
according to their length differences; the bin for gene pairs
with smaller length differences is solid, and the bin grouping
the others is shaded. The Pearson correlation coefficient
(R) was used to measure the level of coexpression of a gene
pair, and R values of two bins were compared using the
Mann–Whitney U-test. * and ** indicate that the difference
between two bins is significant at the levels of P , 0.05
and P , 0.005, respectively.
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complexes. To examine the effect of gene length on
gene coexpression within a complex, we separated gene
pairs within each protein complex equally into two
groups according to their length differences and com-
pared coexpression levels of the two groups. Among the
10 largest complexes, there are 5 in which the group with
smaller length difference shows significantly stronger
coexpression (P , 0.05, Mann–Whitney U-test). This
result further supports our hypothesis that gene length
influences gene coexpression of protein complexes.

Gene coexpression and the evolution of gene length:
Orthologous genes can vary significantly in length. Dif-
ferent genes have different rates of length divergence,
presumably due to different mutation and/or selection
pressures. We speculated that the requirement of gene
coexpression imposes constraints on the evolution of
gene length, so that genes showing a high degree of co-
expression with other complex members have a rela-
tively slow rate of evolution of their length. To test this,
we computed the coexpression index for each individ-
ual gene by averaging its levels of coexpression, mea-
sured by Pearson correlation, with all other members of
the same protein complex. We examined only genes en-
coding the 26 large protein complexes to reduce the
potential confounding effects caused by other types
of functional constraints, and coexpression with genes
encoding proteins not in the same complex was not
considered because it is less likely to be functional.
Consistent with our hypothesis, genes with a higher
coexpression index generally have smaller length diver-
gence between human and mouse (Rho ¼ �0.15, P ¼
5.3 3 10�5, n¼ 687, Spearman’s rank correlation; Figure
3). This observation could also be explained by the
possibility that great length change of a gene can drive
the breakdown of its coexpression with other members.
Separation of these two possibilities requires knowledge
of the ancestral status of both gene length and gene
expression, which, however, is difficult as the mode of
gene length and gene expression evolution is not well
understood.

DISCUSSION

It is not surprising that introns explain the major
effect of the gene length/expression correlation we de-
scribed, as the total intron length of a typical human
gene is�20 times its total exon length. A previous study
showed that genes with quick response to perturbations
have a small number of introns ( Jeffares et al. 2008);
our results strengthen the idea that intron length affects
gene expression tempo. It is worth exploring the con-
tribution of gene length to other types of expression re-
gulation, such as expression level (Castillo-Davis et al.
2002; Ren et al. 2006) or timing mechanisms during
development (Swinburne and Silver 2008). Also worthy
of investigation are other processes that affect mRNA
levels, including mRNA maturation, transport, degra-
dation, translation initiation elongation, and protein
degradation. Indeed, we have observed that proteins of
the same complex tend to be similar in size (data not
shown), suggesting coordinated regulation in transla-
tion elongation. Our results highlight the importance of
gene length in gene expression regulation and inform
the evolution of protein complexes.
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FIGURE S1.—Our main results remain largely the same when all detectable duplicates within a complex were excluded 

from analysis. Note that there are only 25 complexes with ≧10 members after excluding all detectable duplicates. (a) The 

observed combined normalized length variation (CNLV) of  the 25 human protein complexes is significantly (P<0.0001) 

smaller than expected by chance. (b) The MES of  a protein complex is negatively correlated with its LV (Rho=-0.5, P<0.05, 

n=25; Spearman's rank correlation). 
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TABLE S1 

Details of  the 59 time-course human gene expression profiles used in this work 

Dataset (GEO accession) Profile/treatment # of  data points 

GDS1036 IFN-gamma_B18 3 

GDS1036 IFN-gamma_O 3 

GDS1036 IFN-gamma_W 3 

GDS1036 IFN-gamma_Y20 3 

GDS1036 untreated_B18 3 

GDS1036 untreated_O 3 

GDS1036 untreated_W 3 

GDS1036 untreated_Y20 3 

GDS1249 LPS 6 

GDS1249 LPS and R848 6 

GDS1249 R848 6 

GDS1249 untreated 3 

GDS1256 control 9 

GDS1256 dexamethasone 9 

GDS1256 IFN-gamma 9 

GDS1256 IFN-gamma, dexamethasone 9 

GDS1290 anti-CD3 anti-CD28 6 

GDS1290 anti-CD3 anti-CD28 IL-12 6 

GDS1290 anti-CD3 anti-CD28 IL-12 TGFbeta 6 

GDS1290 anti-CD3 anti-CD28 IL-4 6 

GDS1290 anti-CD3 anti-CD28 IL-4 TGFbeta 6 

GDS1290 untreated_control 4 

GDS1348 cigarette smoke 9 

GDS1348 control 9 

GDS1353 control 6 

GDS1353 dexamethasone 6 
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GDS1365 primed restimulated 6 

GDS1365 primed unstimulated 3 

GDS1365 unprimed restimulated 6 

GDS1365 unprimed unstimulated 3 

GDS171 infected 15 

GDS171 uninfected 15 

GDS1902 apratoxin A_10 nM 6 

GDS1902 apratoxin A_2 nM 6 

GDS1902 ethanol 6 

GDS1972 fresh 6 

GDS1972 RNAlater 12 

GDS1972 snap-frozen 6 

GDS2058 control  6 

GDS2058 DHT 6 

GDS2058 RTI-018 6 

GDS2216 CyP 4 

GDS2414 control 9 

GDS2414 trophoblast conditioned medium 5 

GDS2604 A549_asbestos_epithelial 6 

GDS2604 A549_control_epithelial 6 

GDS2604 Beas2B_asbestos_epithelial 5 

GDS2604 Beas2B_control_epithelial 5 

GDS2604 Met5A_asbestos_mesothelial 3 

GDS2733 cytosine arabinoside_2x EC50 9 

GDS2733 cytosine arabinoside_EC50 9 

GDS2733 DMSO_control 17 

GDS2733 doxorubicin_2x EC50 8 

GDS2733 doxorubicin_EC50 9 

GDS2733 puromycin_2x EC50 7 
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GDS2733 puromycin_EC50 9 

GDS988 BJAB_induction 4 

GDS988 BJAB_mock 3 

GDS988 Jurkat_induction 3 

 


