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Abstract. We previously showed that GAU codons
are preferred (relative to synonymous GAC codons)
for encoding aspartates specifically at the N-termini
of a-helices in human, but not in E. coli, proteins. To
test if this difference reflected a general difference
between eucaryotes and procaryotes, we now ex-
tended the analysis to include the proteins and coding
sequences of mammals, vertebrates, S. cerevisiae, and
plants. We found that the GAU-a-helix correlation is
also strong in non-human mammalian and vertebrate
proteins but is much weaker or insignificant in
S. cerevisiae and plants. The vertebrate correlations
are of sufficient strength to enhance o-helix N-ter-
minus prediction. Additional results, including the
observation that the correlation is significantly en-
hanced when proteins that are known to be correctly
expressed in recombinant procaryotic systems are
excluded, suggest that the correlation is induced at
the level of protein translation and folding and not at
the nucleic acid level. To the best of our knowledge, it
is not explicable by the canonical picture of protein
expression and folding, suggesting the existence of a
novel evolutionary selection mechanism. One possi-
ble explanation is that some a-helix N-terminal GAU
codons may facilitate correct co-translational folding
in vertebrates.
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Introduction

Synonymous codon (SC) usage is generally assumed
to passively reflect influences such as mutational bi-
ases and selection for translational rate and accuracy
(Ikemura 1985; Sharp and Matassi 1994). However,
the redundancy of the genetic code means that a gene
sequence could embed biological information beyond
the amino acid sequence. One possibility is that some
excess coding capacity may be used to assist co-
translational protein folding (Oresi¢ and Shalloway
1998). A signature of such effects would be specific
correlations between synonymous codon (SC) usage
and protein structure. While several searches for
these have been conducted (Thanaraj and Argos
1996a, b; Adzhubei et al. 1996; Brunak and Enge-
Ibrecht 1996; Oresic and Shalloway 1998; Tao and
Dafu 1998; Gupta et al. 2000), in most cases the
methods used were flawed (see Oresi¢ and Shalloway
1998) and further investigation is required.

We previously used contingency table analysis to
rigorously investigate the correlations between rela-
tive SC usage (RSCU) and protein secondary struc-
ture in human and E. coli proteins (Oresi¢ and
Shalloway 1998). SC choice could, in principle, affect
secondary structure away from the codon position, so
we compared SC choice with secondary structure at
“offset” positions. The chi-square statistic y> was
used to look for violations of the null hypothesis, Hy,
that RSCU and secondary structure are uncorrelated.
Monte Carlo simulations were performed to compute
confidence levels that accounted for the simultaneous
consideration of multiple contingency tables. We
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found a highly significant preference for E. coli Asn
AAC codons downstream from B-sheet segments and
for human Asp GAU codons at the N termini of
o-helices. Additional tests excluded the possibilities
that the correlations resulted from nucleotide base
composition variations, nucleotide context effects, or
correlations with intron—exon boundaries or the po-
sition of secondary structure elements within the
protein (Oresi¢ and Shalloway 1998).

The E. coli AAC-B correlation can be explained by
selection for translational accuracy: In this species the
Asn (non-wobble) AAC codon is translated an order-
of-magnitude more accurately than the Asn (wobble)
AAU, which has the highest known basal mistrans-
lation frequency, 5 x 10> (Parker 1992). The corre-
lation is strongest near inter-strand B-turns (Oresic
and Shalloway 1998), and Asn is commonly used in
type II B-turns to stabilize B-sheets (Creighton 1993).
This suggests that the enhanced use of AAC codons
downstream of B-sheet segments could result from
selection against misreading in combination with an
important role for Asn in B-sheet formation. This
extends the demonstration by Akashi (1994), that
more-accurately translated SCs can be selected
during evolution specifically at functionally impor-
tant locations, to demonstrate that selection can also
occur at locations that are important for folding. The
fact that the AAC-B-sheet segment correlation is not
evident in human proteins is explained by the fact
that Asn translation is two orders-of-magnitude more
accurate in mammals (Harley et al. 1981), so selection
against inaccuracy would not be important in this
taxon.

On the other hand, selection for translational fi-
delity cannot explain the strong human Asp GAU-o-
helix correlation: GAU is the wobble codon and
binds less tightly to tRNA®P than GAG (Singhal
and Kopper 1981; Steinberg et al. 1995), so it is ex-
pected to have the higher mistranslation rate. Evi-
dence that effects at the level of protein expression (in
contrast to effects at the nucleotide level) were in-
volved came from considering the sources of the
protein crystals used for structure determination: If
human proteins require structure-specific GAUs for
correct expression and folding, they would not be
correctly produced in recombinant expression Sys-
tems that do not support the taxon-specific mecha-
nism. We tested this hypothesis indirectly using the
assumption that (for cost and efficiency) there is a
strong de facto bias for experimentalists to prepare
crystals of human proteins using protein expressed in
procaryotic recombinant expression systems. Thus,
the use of protein from human tissue to prepare a
crystal may provide some evidence that it was difficult
to express and fold it in a recombinant system.
Therefore, if the GAU-a correlation is important for
this, we would expect it to be stronger within the

“native” subset of human proteins whose crystals had
been prepared using natively-expressed protein. This
unusual prediction was verified, suggesting that a
novel protein-level effect is involved (Oresi¢ and
Shalloway 1998).

We do not know why the correlation is species-
specific. Some experimental data suggests that eu-
caryotes and procaryotes use different protein folding
mechanisms (Netzer and Hartl 1997; Netzer and
Hartl 1998; Ellis and Hartl 1999). This could explain
the specificity if the correlation were related to pro-
tein folding. In any case, examination of the corre-
lation in multiple taxa is needed to evaluate this and
other potential hypotheses. Towards this end we ex-
amined the GAU-a (and also the AAC-) correlation
in all taxa for which there is sufficient structural data
for statistically significant analysis: mammals, verte-
brates, S. cerevisiae, and plants.

Materials and Methods
Datasets

Non-homologous (£25% sequence similarity) datasets of coding
sequences (from GenBank) and matching secondary structures
[from the Protein Data Bank (PDB) and Ras-Mol program (Sayle
and Milner-White 1995)] were assembled as described (Oresi¢ and
Shalloway 1998). Since codon-structure correlations may be spe-
cies-specific, and to avoid complications from interspecies differ-
ences in SC usages, data should ideally be pooled only within a
single species. The only species having enough non-homologous
structures in the PDB for statistically significant analysis are E. coli
(31 proteins), S. cerevisiae (34 proteins, 20 natively expressed), and
human (35 proteins, 17 native). However, the variation in RSCU
between most mammalian and vertebrate species represented in the
databank is small (<4% and < 8%, respectively), so we pooled the
non-homologous data from mammals (71 proteins, 42 native) and
vertebrates (85 proteins, 51 native) into datasets. Mammalian-ex-
cluding-human (36 proteins, 25 native) and vertebrate-excluding-
human (54 proteins, 37 native) datasets were also tested. A dataset
containing all non-homologous plant protein structures (48 pro-
teins, 33 native) was also assembled. However, inter-plant species
RSCU variations are large (>45%), so the plant results must
be considered with caution. Dataset proteins are listed in the
Appendix.

p-Value, ps-Value, and Ps(ps) Overall Likelihood

These were computed from contingency table y* statistics by
Monte Carlo analysis as previously described (Oresic and Shallo-
way 1998) using Nyc = 200,000 simulated datasets. Each simu-
lated dataset had the experimental amino acid sequences and
secondary structure maps, but had pseudo-random coding se-
quences generated according to the dataset RSCUs. Contingency
tables and chi-square values Xﬁ/IC were calculated for each amino
acid and offset for each Monte Carlo dataset. The p-value for a
contingency table was calculated as the number of Monte Carlo
datasets having y3,c greater than the corresponding experimental
x> ps-values were calculated similarly using contingency tables
summed over five adjacent offsets (i.e., including two on each side
of the indexed offset). Ps(ps) likelihoods were computed as the
fraction of Monte Carlo datasets that had at least one of their ps-
values less than the experimental ps.



As a control, p-values, ps-values, and Ps(ps) likelihoods were
computed using Wilks” G? statistic (Agresti 1990) in lieu of the x>
statistic. Almost identical values were obtained.

Statistical power. The power of the ps[Asp(2)] statistic was
computed as described in Agresti 1990 (p. 241) using a log-linear
model to compute the maximum likelihood windowed Asp(2)
contingency tables for a specified strength of Asp(2)-a-helix cor-
relation. The correlation strength was parameterized by the win-
dowed a:not-o (o:&) odds-ratio p*[Asp(2)]:

nyP*(GAU, ) n?Sp‘z(GAC, o)

%9 Asp(2)] = 1
e Ve S
where né\sp,z(a s) is the number of events in the windowed Asp(2)

contingency table for codon ¢ and secondary structure s. The log-
linear model maximum likelihood contingency table occupancy
numbers were

n(GAU, o) = n(GAU)n(a)e™ /n

n(GAC,a) = n(a) — n(GAU, a)

n(GAU, B) = [n(GAU) — n(GAU, 0)]n(B)/[n(B) + n(o)]

n(GAC, B) = [1(GAC) — n(GAC, 9)ln(B)/[n(B) + (o))

n(GAU,0) = [1(GAU) — n(GAU, 3)[n(0)/[n(B) + n(o)]

n(GAC, 0) = [n(GAC) — n(GAC, )]n(o)/[n(B) + n(o)],
(2)

where n = n?sr"z. The model is parameterized by the experimen-

tal contingency table margins [n2 (o), n2P2(B), P2 (0),
n3*P*(GAC), and n?Sp (GAU)] and A, which provides an alterna-
tlve measure of the correlation strength. Its relationship to p%® is
obtained by substituting Egs. (2) into Eq. (1). H corresponds to A
=0, pau =1.

Statistical confidence of native-expression enhancement. One
hundred subsets (each having the same number of members as the
native-expression subset) were randomly selected from the human
and vertebrate subsets. For each random subset we calculated the
overall likelihood Ps(ps) for Asp(A = 3) (the furthest outlier in the
native-expression human subset) and compared it to the corre-
sponding Ps(ps) occurring in the experimental native-expression
subset (0.0001 for human and 0.0006 for vertebrates). Only 4 out of
100 random human subsets had Ps(ps) < 0.0001 and only 3 out of
100 random vertebrate subsets had Ps(ps) < 0.0006.

GCJAU-adjusted, Chi-square analysis. The elements of the
simulated contingency table for gene i, n****(i; c, 5), were generated
holding the number of o and not-a residues fixed while randomly
assigning GACs and GAUs in proportion to the third-base GC/
AU usage ratio of the gene. A log-linear adjustment ¢ was included
so that the expected numbers of GACs and GAUs for the entire
dataset were equal to the observed numbers. That is, the gene-
specific SC-assignment probabilities, p(i; GAC) and p(i; GAU),
were fixed by

p(i;GAU)  “n(i;AU3)’
= p(i; GAU) + p(i; GAC), 4)
n*P2(GAC) Z P2 (i)p(i; GAC), (5)
nAP2(GAU) ZnAspZ (i; GAU), (6)
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where n(i; GC;) and n(i; AU3) are the numbers of GCs or AUs in
the third-base positions of gene i, ”****(GAC) and n*P*(GAU)
are the experimental dataset contingency table margins, and
nP2(j) is the total number of events in the experimental contin-
gency table of gene i. & was determined (equivalently) by either Eq.
5 or 6. The individual gene Monte Carlo tables were then summed
to generate a total Monte Carlo dataset table. The p**-value for
the experimental Asp(2) contingency table was then computed by
comparing its x> with the 33, of 1,000,000 Monte Carlo tables.

Results

The Prior Statistical Analysis: Development of the
Pre-Experimental Hypothesis

The prior analysis, which identified the GAU-a cor-
relation in the human dataset, has been described
(Oresi¢ and Shalloway 1998). To summarize, protein
secondary structure was classified into three catego-
ries: o-helix, B-sheet segment, and “other.” For each
multi-codon amino acid, a contingency table that
confronted these structural categories with RSCU
was constructed (e.g., see Fig. 1 of Oresi¢ and Shal-
loway 1998). Contingency tables were also con-
structed that compared the SC at position i with the
structure at an offset position i + A, with A covering
the “structural range,” —10<A < + 10. Outlier
analysis was performed using the x> value of each
table as a statistic to test Hy, the null hypothesis of no
SC-structure correlations. The corresponding p-value
gives the likelihood that an individual contingency
table would have the observed or greater y° if H,
were true. Biologically significant correlations will
generate clusters of outliers at adjacent offsets while
random fluctuations will not be clustered. Therefore,
to increase statistical power we summed contingency
tables over five adjacent offsets and computed their
“windowed” ps-values by Monte Carlo simulation.

It is necessary to account for the fact that there are
378 (=18 multi-codon amino acids x 21 offsets)
quasi-independent ps-values when computing overall
confidence levels under H, For this purpose Monte
Carlo simulation was used to determine the proba-
bility distribution under H, of the smallest ps-value
among all the 378 contingency tables. This distribu-
tion was then used in a single-sided test with the ex-
perimental ps-values to compute the overall
likelihood, Ps(ps), for each amino acid and offset.
The smallest Ps(ps) for the dataset measures the
likelihood that H is true.

Analysis of the human and E. coli datasets (some
data reprinted in Table 1 here) identified a cluster of
outliers in the 2 x 3 (GAU:GAC x o:p:other) Asp
contingency tables in the offset range 2 < A < 5 in the
human, but not E. coli, dataset. (The cluster of E. coli
Asn outliers discussed in the Introduction is also
evident in Table 1.) Ps(ps) was <0.01 at offsets —2
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Fig. 1.

and -3 indicating that H is violated at the 1% con-
fidence level, even after accounting for the multi-
plicity of tests.

To identify the contrast that violated H, the 2 x 3
human Asp contingency tables were projected onto
three 2 x 2 tables in which the structural categories
were collapsed to either o or not-a (&), B and not-f
(B), or other and not-other (other). Comparing the p-
values of the projected tables showed that the viola-
tion results from a GAU-a-helix correlation, and
examining the spatial variation of the GAC/GAU
usage ratio showed that this preference is concen-
trated near o-helix N-termini.

Isochore effects (Bernardi 1995) can bias SC usage
between genes (Karlin and Mrazek 1996) and could
possibly induce an apparent SC-structure correlation
if there were a complementary correlation between
the structure of a protein and the GC/AU composi-
tion of its gene. We tested this possibility by testing
for correlation between gene GC content and a-helix
content. We also tested for correlations between GC
content and the magnitude of the GAU-a-helix cor-
relation. Both tests showed that isochore effects were
not responsible for the SC-structure correlation.

Focused Versus Non-Focused Statistical Analyses

Two different statistical approaches can be used to
identify the evolutionary conservation of the GAU-o-
helix correlation: (1) Test the pre-experimental, fo-
cused null hypothesis hf)“p’z that the Asp at A = 2
[Asp(2)] correlation does not exist in the non-human
taxa. (2) Perform an unfocused analysis that ignores
the prior study and replicates the full multiple con-

Offset

tingency table test in the non-human taxa. These
approaches are complementary: Since the focused
analysis tests only one contingency table, it has
stronger power to protect against type II errors
(missing a violation of /)*"?). Conversely, the unfo-
cused analysis provides stronger protection again
type I errors (falsely concluding that Hj is violated).
Both approaches were used so that conservative
conclusions, protected against both types of errors,
could be made. We first present the unfocused anal-
ysis.

Statistical Analysis Without a Pre-Experimental
Hypothesis

The mammalian, mammalian-excluding-human, ver-
tebrate, vertebrate-excluding-human, S. cerevisiae,
and plant datasets were analyzed using the full con-
tingency table analysis. The outliers having the
smallest p-values are listed in Table 1 along with the
previous human and E. coli results. We see that the
human, mammalian, mammalian-excluding-human,
vertebrate, and vertebrate-excluding-human datasets
all contain clusters of Asp outliers in the offset range
2 < A< 5. The Asp contingency tables at A = 2 or
A = 3 are the furthest outliers in all five datasets.The
strong correlations found in the mammalian-exclud-
ing-human and vertebrate-excluding-human datasets
demonstrate that the strong violations of Hj in the
mammalian and vertebrate datasets do not result just
from the included human proteins. The spatial con-
centration of these outliers is visible in Fig. 1, which
displays the p-values of Asp contingency tables as a
function of offset within the structural range. The
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Table 1. Contingency table outliers

Residue Offset —log(p) —log(ps) Ps(ps) Ps(ps) [native]
H. sapiens

Asp 2 3.70 4.12 0.008 0.0006

Gly -6 2.89 1.91 0.207 0.2078

Asp 10 2.76 1.19 0.612 0.3891

Asp 3 2.76 4.03 0.009 0.0001

Asp 5 2.64 3.10 0.021 0.0013

Asp 8 2.63 1.68 0.228 0.0749
Mammals

Asp 2 3.04 4.20 0.006 0.0007

Asp 3 3.12 3.94 0.007 0.0005

Glu 3 2.74 2.05 0.103 0.0927

Asp 1 2.68 3.86 0.007 0.0008

Gly -6 2.53 1.51 0.328 0.3410

Mammals-excluding-H. sapiens

Asp 3 3.46 3.37 0.010 0.0012

Asp 4 3.17 2.98 0.013 0.0015

Asp 2 3.12 2.76 0.014 0.0015

Glu 4 2.65 1.49 0.347 0.3239
Vertebrates

Asp 2 3.43 3.57 0.008 0.0009

Asp 3 2.97 3.75 0.006 0.0006

Asp 4 2.89 3.88 0.005 0.0007

Asp 5 2.56 3.02 0.010 0.0013

Vertebrates-excluding-H. sapiens

Asp 3 3.60 3.90 0.008 0.0011

Asp 4 3.21 3.87 0.009 0.0013

Asp 2 2.97 2.94 0.012 0.0019

Glu 4 2.82 1.79 0.263 0.2955

Asp 5 2.67 2.15 0.056 0.0284
S. cerevisiae

Gly -4 3.74 1.38 0.304 0.319

Glu 2 2.85 2.13 0.142 0.082

Cys 5 2.68 1.86 0.276 0.245

Asp 3 1.88 2.10 0.151 0.126

Plants

Gly -8 2.73 1.47 0.329 0.297

Asn 3 2.61 1.74 0.250 0.233

Asp 4 1.68 1.52 0.301 0.267

E. coli

Asn -6 5.34 2.94 0.005

Asn -5 3.86 2.92 0.007

Asn -7 3.69 2.85 0.007

Asn -3 3.20 2.04 0.042

Asp 0 0.99 0.17 1.000

All outliers with log(p) < -2.5 are included, as well as the smallest Asp outlier for each dataset regardless of p-value. H. sapiens and E. coli
values were previously reported in Oresi¢ and Shalloway 1998. The smallest Ps(ps) and Ps(ps) [native] (in boldface) give confidence levels for
violations of H, (accounting for the use of multiple statistics) in the full and native-expression datasets, respectively.

human, mammalian, and vertebrate Asp plots each
have a large peak of very small (107°=10"%) p-values
within this range. Much smaller peaks are observed in
the S. cerevisiae and plant datasets, and no peak is
observed in the E. coli dataset.

To test the statistical significance of these outliers,
their Ps(ps) overall likelihoods were computed as
described above. The lowest Ps(ps) for any amino
acid and offset in the human, mammalian, mamma-
lian-excluding-human, vertebrate, and vertebrate-ex-
cluding-human datasets are all for Asp at A = 2, 3,

or 4 and are all £0.01 (Table 1 and Fig. 2), indicating
strong violations of H,. In contrast, there are no
statistically significant outliers in the S. cerevisiae and
plant datasets.

SC-structure correlations in the plant dataset
could have been missed by this analysis because of the
significant RSCU variations between the different
included species. To at least partially correct for this,
we also performed a Monte Carlo analysis in which
the pseudo-random coding sequences were generated
separately for proteins of each plant species using its
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Fig. 2.  Opverall likelihoods Ps (ps) for the strongest Asp outliers
within the structural range. Shaded and white bars indicate the
Ps (ps) for the complete and native-expression datasets, respectively.

RSCU as reported in the Codon Usage Database
(Nakamura et al. 1998). This analysis also found no
additional far outliers (data not shown).

Following the procedures previously used to
demonstrate that the violation of H, in the human
Asp contingency tables resulted from a GAU-a-helix
correlation (Oresic and Shalloway 1998), we com-
pared the p-values of the projected 2 x 2 o::a, B:p, and
other:other against the p-values of the full 2 x 3 table
as functions of A. In all the eucaryotic datasets, the
a-a p-values coincided with those of the full table p-
values within the range 2 < A < 5 (data not shown),
indicating that this contrast dominates the correla-
tion.

To explore the spatial structure of the correlation,
we aligned the N-termini of all a-helices in each da-
taset and plotted histograms of Asp GAC and GAU
codon usage relative to the N-termini (Fig. 3). In the
human, mammalian, and vertebrate datasets GAU
usage is highly favored at the position of the “Ngup,”
(the residue just upstream of the first residue of the
helix) and at the second residue in the helix. Much
weaker, but similar, patterns are observed in S. ce-
revisiae and plants. No such bias is observed in
E. coli.

Statistical Analysis with the Pre-Experimental
Hypothesis

The unfocused analysis provides strong evidence for
the GAU-a correlation in the human, mammalian,
and vertebrate taxa, but it is necessary to test for
differences in statistical power before concluding that
the correlation is insignificant or much weaker in the
other taxa (i.e., to control for type II errors). It is not
possible to assess the statistical power of the Ps test
because H, represents an entire family of null state-

ments, one for each amino acid and offset, each
governed by an independent correlation-strength
parameter (Miller 1981). Instead, to permit power
comparisons, we tested the focused null hypothesis
h(/)“p’z, which specifically states that there are no Asp-
a-helix SC-structure correlations at offset 2 (the fur-
thest outlier in the prior human study). This was done
by analyzing the collapsed 2 x 2 oo windowed
Asp(2) contingency tables using their p%®-values as
statistics. We emphasize that these single-table sta-
tistics are valid for the non-human taxa because the
prior (human-only) analysis had already provided a
basis for restricting focus.

These pZ*[Asp(2)]-values are listed in Table 2.
Even more strongly than the unfocused Ps test, they
indicate that the correlation discovered in human
proteins and sequences is also present in vertebrates
(i.e., at the 0.0005 confidence level). The S. cerevisiae
and plant GAU-a correlations are again much
weaker, but this more powerful test provides some
indication of a weak correlation (i.e., at the 0.05
confidence level). The strength of the correlations can
be assessed by the deviation from 1 of the odds-ratio
p¥* of the GAU:GAC x o.a windowed Asp(2)
contingency table. We see that the significant differ-
ences between the p¥*-values reflect large differences
in the odds-ratios (Table 2).

The statistical power of this test was evaluated as
described in Materials and Methods. The power
curves for confidence level o = 0.05 are plotted in
Fig. 4. They display the probability that the p¥®*-value
will be <0.05 if there is an underlying correlation
having strength p%* (or 1/p%®, since the test has this
symmetry). Except for vertebrates-excluding-human
(which has higher power because of the large dataset
size), the power curves are similar. The E. coli and
plant tests are at least as powerful as the human test,
confirming that the observed correlation differences
are not artifacts. Although the S. cerevisiae test is
slightly weaker than the human test, the decrease in
sensitivity to changes in p%* is only 0.014. This is
~30 x less than the difference in p¥* between these
datasets, and thus is insignificant. We conclude that
the GAU-a correlation is much weaker in S. cerevi-
siae and plants than in vertebrates and humans.

Enhanced SC-Structure Correlations in
Native-Expression Subsets

As discussed in the Introduction, if the GAU-a cor-
relation were important for correct expression and
folding, we would expect it to be stronger in the na-
tive-expression data subset. We tested this prediction
for each of the eucaryotic datasets. The native-ex-
pression subsets contain approximately 50% (hu-
man), 60% (mammals, vertebrates, and S. cerevisiae),
or 70% (plants) of the total number of proteins. As
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Fig. 3.  Occurrences of Asp SCs near a-helix boundaries. Within
each dataset, the N-termini of all o-helices were aligned and the
numbers of Asp SCs at each position, N, were counted. To account
for the different overall Asp RSCUs in each dataset, the adjusted
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where ¢ = [(Ngau/Naau (total))/(Ngac/Neac (tota)]. Ngap+
Ngac at each position equals the total number of Asps at that
position, and Ng,y/Ngac equals the RSCU-adjusted SC usage
ratio, c. “Ng,," identifies the residue that is just upstream of the
first residue of the helix.

Table 2. Statistical significance with pre-experimental hypothesis
Asp (2) Asp (3), native

Dataset —log(p¥*) e —log(p¥™) pre
H. sapiens 4.03 1.93 5.86 2.55
Vertebrates-excluding-H. sapiens 3.87 1.65 491 1.96
S. cerevisiae 1.79 1.19 2.35 1.21
Plants 1.51 1.12 1.68 1.09
E. coli 0.83 0.95 0.22 0.81

p¥®-values and p%* for the GAU:GAC X a:& contingency tables for the specified offsets and datasets are listed. The Asp(2) [or Asp(3)] o : &
contrast was the strongest violator of Hy in the prior study of the full (or native-expression) H. sapiens dataset. Thus, their p¥*-values are the

best statistics for the focused tests of the non-human taxa.

shown in Table 1 and Fig. 2, this restriction enhances
the significance of the violations of H [i.e., reduces
the values of the Ps(ps)] by an order-of-magnitude in
the human, mammalian, and vertebrate taxa. When
only the natively-expressed proteins are included, the
position of the furthest outlier in the native-expres-
sion human subset is shifted slightly to Asp(3), the
odds-ratios for the human, mammalian, and verte-
brate taxa strongly increase, and their ps-values de-
crease to even more significant levels of ~107°~107°
(Table 2). In contrast, only small changes are ob-
served when the S. cerevisiae and plant datasets are
restricted to natively-expressed proteins. (However,

since fewer plant proteins are excluded in going from
the total to the native-expression subset, the relative
lack of change may not be meaningful in this case.)
The net effect is that restriction to the native-ex-
pression subsets further increases the differences
between the correlation significance and strength in
vertebrates relative to S. cerevisiae and plants.

The GC contents of the human, human (native),
vertebrate-excluding-human, and vertebrate-exclud-
ing-human (native) datasets were all 0.53 £ 0.01, so
the expression system-dependent changes could not
have been induced by differences in GC/AU usages.
To check whether these enhancements could have
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Fig. 4.  Statistical power curves. Statistical power for detecting
correlations in the windowed Asp(2) contingency tables were
computed at the o = 0.05 confidence level. The power is the
probability that the dataset will have ps < 0.05 when the GAU-a
correlation has strength p%®. The experimental p%® for the E. coli,
plant, and S. cerevisiae datasets are indicated with dots; the p%® for
H. sapiens and vertebrates-excluding-H. sapiens are off-scale to the
right.

been random artifacts of subpartitioning, statistical
confidence levels for the enhancements were deter-
mined by Monte Carlo analysis. These were 0.04 and
0.03 for the human and vertebrate enhancements,
respectively. The confidence levels may be limited by
the limited sizes of the datasets; studies with signifi-
cantly larger datasets, when they become available,
may improve the power of the analysis.

Potential Effects of Varying Gene-Specific GC/AU
Usage

It is a priori possible that the SC-structure correla-
tions could have been indirectly induced by the
combined effects of an SC-isochore correlation and
an isochore-structure correlation. We previously
showed that there are no isochore-structure correla-
tions for the human dataset (Oresic and Shalloway
1998), suggesting that this is not the case. To test
whether isochore effects were responsible for the
vertebrate correlation, we contrasted the GC/AU
composition of each gene with the extent of its con-
tribution to the observed Asp(A = 3) SC-structure
correlation. The extent of contribution of protein i to
the correlation was measured by its d log p;-value, the
difference between the Asp(3) log p-value of the total
vertebrate dataset and the log p-value with protein i
excluded. If isochore effects had induced the observed
correlation, we would expect that the genes having
GC/AU content ratios (GC/AU); farthest from 1
would have the largest values of -9 log p,. However,
there is no correlation between | log (GC/AU); | and
-0 log p; (Fig. 5); the Spearman correlation coefficient
is r = —0.027 (p = 0.80). Similar results were ob-
tained with S. cerevisiae; r = —0.013 (p = 0.94).

Vertebrates
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Fig. 5. Scatter plot contrasting log(GC/AU),) with -4 log p; for

the Asp(3) vertebrate contingency tables. GC/AU; is the nucleotide
content ratio for gene i and —d log p; measures the decrease in the
Asp (A = 3) vertebrate p-value when protein/gene i is deleted from
the dataset.

In principle, another way to test for isochore ef-
fects would be to generate Monte Carlo contingency
tables for each gene using the RSCU from the gene
alone (rather than using the dataset RSCU as in the
analyses above). However, the individual genes are
not long enough for this. For example, the average
gene length in the human dataset is ~180 codons, so
there are many amino acids that are present only a
few times within each gene. Thus, simulation with the
individual gene RSCUs would, for many genes, force
the simulated SC choices to be almost identical to the
actual ones, and would severely reduce statistical
power. Instead, we performed an alternative test in
which the observed Asp(2) GAU:GAC x o:a con-
tingency tables were compared against Monte Carlo
tables that were pseudo-randomly generated for each
gene separately using a GAC/GAU probability ratio
that was proportional to the GC/AU nucleotide-
usage ratio for third bases of the codons in each gene
alone (see Materials and Methods). Thus, the Monte
Carlo tables for genes having higher GC content
tended to have proportionately higher fractions of
GAC codons. p¥*-values computed in this way are
displayed in Table 3. Including this bias only causes
factor-of-two corrections that do not alter the con-
clusions that hOASp’2 is significantly violated, that the
violation is much stronger in the native-expressed
dataset, and that it is not observed in E. coli.

Predictive Power

The Asp SC-a-helix correlation is, for vertebrate
proteins, strong enough to contribute additional
predictive power to secondary structure prediction.
For example, the probability that an arbitrary residue



Table. 3.  Effect of gene-specific GC/AU bias on significance le-
vels
—log[p** (Asp, 2)]
Dataset Uniform ]‘: ((Zle/)) Gene-specific f: ((gjg))
H. sapiens 34 3.0
H. sapiens (native) 4.1 4.0
H. sapiens (non-native)  0.27 0.24
E. coli 0.01 0.007

p**-values were computed for the x> of the GAU:GAC x o:&
Asp(2) contingency tables of the specified datasets by Monte Carlo
analysis. The left column lists the —log(p**) obtained when all the
Asp codons were simulated according to the dataset GAC/GAU
usage ratio. The right column lists the values obtained when the
codons for each gene were generated in proportion to the GC/AU
usage ratio of the third bases of the codons in that gene alone.

in the vertebrate database lies at a Ng, is
P(Neap) = 0.028 (Table 4). When the residue is an
Asp, this is doubled to p(Nupldsp) = 0.068, and,
when the codon is a GAU, it is increased an addi-
tional 30% to p(Ncap|GAU) = 0.089. The probability
that a GAU-encoded residue lies within the region
including N, plus two downstream positions is even
higher: p(Ncap...No|GAU) = 0.187. Similar results
were observed with the mammalian and vertebrate
subsets.

Discussion

We have extended a previous study (OresSic and
Shalloway 1998), which discovered a surprising SC-
secondary structure correlation in human (but not
E. coli) coding sequences and proteins, to all other
eucaryotic taxa having sufficient data for statistical
analysis: mammals, vertebrates, S. cerevisiae, and
plants. Using an unfocused statistical test we found
significant evidence [Ps(ps) < 0.01] that Asp GAU
codons are preferred at the N-termini of a-helices in
human, mammalian, and vertebrate proteins, and no
evidence for this preference in S. cerevisiae, plant,
and E. coli proteins. To protect against type II er-
rors, we also tested the non-human taxa using a pre-
experimental hypothesis that focused specifically on
the Asp GAU-a-helix correlation at offset +2, the
farthest human outlier. This provided very strong
confirmation of the correlation in mammals and
vertebrates (ps < 0.0005) and some indication
(»s < 0.05) of a much weaker correlation in S. ce-
revisiae and plants. These differences did not result
from differences in statistical power between the
taxa, and two tests indicated that the correlations
were not related to overall GC/AU usage ratios. The
plant results must be interpreted with caution due to
the unavoidable pooling of multiple species with
different RSCUs, but their correspondence with the
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rigorous S. cerevisiae results provides some reas-
surance.

It is notable that the statistical significance of the
human, mammalian, and vertebrate correlations is
increased by at least an order-of-magnitude when
recombinant-expressed proteins are excluded. This
strongly suggests that the correlation depends on
influences at the level of protein expression and/or
folding. One possibility is that it is strongest in
proteins that are highly expressed in human placenta
and vertebrate tissue sources, a factor that would
increase the likelihood that native rather than re-
combinant proteins would be purified for crystalli-
zation. This  hypothesis must be tested
experimentally, since (unlike some procaryotes,
Sharp and Li 1987) vertebrate protein expression
levels can vary widely between different cell types
and cannot be determined from RSCUs alone.
However, even if it were true, it could not account
for the existence of the SC-structure correlation,
since the GC and o-helical contents of the full and
native-expression datasets were the same to within a
few percent.

Mutational preferences are major determinants of
species-specific RSCUs (Li 1997), but could only in-
duce an SC-structure correlation if they were some-
how coupled to protein structure. Dinucleotide
mutational preferences that spanned codons could, in
principle, do this, but we previously showed that this
was not so for the human dataset. In fact, including
the codon-spanning (“3—4"") dinucleotide preferences
increased the statistical significance of the correlation
(Oresic and Shalloway 1998). The possibilities that
correlations with intron—exon boundaries or intra-
genic position might be involved were also eliminat-
ed. Thus, it is most likely that the SC-structure
correlation results from a novel form of selection.
The possibility that the selection is experimental (e.g.,
related to the types of proteins that are selected for
structural studies) must be kept in mind. However,
we do not know of any experimental selective pres-
sure that could explain the observed structure-aligned
correlations.

As previously suggested (Oresi¢c and Shalloway
1998), an intriguing possibility that could explain
both the correlation and its enhancement in the na-
tive-expression data subsets is that Asp SC choice
plays a role in co-translational folding (Hardesty et
al. 1999). Netzer and Hartl have suggested that co-
translational folding is important in eucaryotes, but
not in procaryotes (Netzer and Hartl 1997, 1998; Ellis
and Hartl 1999). However, their experiments only
contrasted mammals with E. coli, and there is no
experimental basis for the generalization from
mammals to all eucaryotes. If their “folding shift
hypothesis” were modified to focus on vertebrates
(and possibly some other higher eucaryotic taxa), it
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would match the evolutionary pattern of the GAU-a-
helix correlation.

One possible way for a SC to influence folding is
pausing: Wobble codons (such as GAU) are generally
translated more slowly (Thomas et al. 1988; Kato
et al. 1990), and some evidence suggests that trans-
lational pauses caused by slowly translated SCs can
be important for folding (Purvis et al. 1987; Crombie
et al. 1992). Asp is commonly found at the N-termini
of a-helices (Presta and Rose 1988; Richardson and
Richardson 1988), and a GAU-induced pause might
provide time for previously-translated residues to
fold before a-helix synthesis. To speculate further,
since o-helices are often found at the N-termini of
folding domains, this might facilitate sequential do-
main folding. In principle, this hypothesis could be
tested by looking for SC-folding domain correlations,
with offsets measured relative to domain boundaries.
Unfortunately, it is difficult to unambiguously define
such boundaries at this time, but it may become
possible in the future.

We cannot exclude the possibility that structure-
specific SC selection also acts (albeit more weakly) on
amino acids other than Asp, but that these effects are
below the current threshold of statistical detectabili-
ty. Thus, as the non-homologous taxon-specific
structural datasets grow, it will be important to retest
them for additional SC-structure correlations that
may help edify the underlying mechanism. Larger
datasets may also reveal if the correlation is concen-
trated in specific classes of genes/proteins. And, as
data becomes available, tests on individual inverte-
brate and plant species can further eclucidate the
evolutionary emergence of the correlations.

New experimental tests may also be possible:
Structural genomics projects that attempt automated
expression of large numbers of eucaryotic proteins
can provide well-controlled, direct information about
individual vertebrate protein expression and folding
in recombinant systems. This would permit a direct
test of the relationship between the GAU-a correla-
tion and recombinant expression/folding that would
supersede the indirect (native-expression subset)
analysis used here. Most interesting would be mea-
surements of the effect of ““silent” a-helix N-terminal
GAU — GAC substitutions on the rate and extent of
correct vertebrate protein folding. However, even
effects that are strong enough for evolutionary se-
lection may not be detectable in a direct experimental
test.

Conversely, the GAU-a correlation, whatever its
cause, may have practical applications: As shown in
Table 4, the codon sequences possess more structural
predictive power than the amino acid sequences
alone, and algorithms can be developed that utilize
this power for improved secondary structure predic-
tion. In addition, it would be practically valuable for

Table.4. Enhanced structure predictive power using the GAU-a-
helix correlation

Ncap Ncap---NZ
P (x) 0.028 0.084
p (x| Asp) 0.068 0.142
p (x| GAU) 0.089 0.187

p(x) is the probability that an amino acid is an a-helix N, (left
column) or lies within the region including the N, and two
downstream residues (right column). The second and third rows
give the probabilities conditional upon the amino acid being an
Asp or a GAU-encoded Asp, respectively.

structural genomics if the SC-structure correlation, in
combination with a secondary structure prediction
algorithm, were able to increase the ability to predict
the success of recombinant protein expression and
folding.

Although it was not the focus of this investigation,
we note that the preference for Asn AAC codons
downstream from f-sheet segments, previously found
in E. coli but not human proteins (Oresi¢ and Shal-
loway 1998), was absent in the other eucaryotic taxa
as well (Table 1). We have suggested that the E. coli-
specific correlation is a consequence of the E. coli-
specific high mistranslation rate of AAU (the other
Asn SC) (Parker 1992) combined with the importance
of Asn in inter-strand type II B-turns (Creighton
1993). While (as far as we are aware) AAU mis-
translation rates have not yet been measured in eu-
caryotic taxa other than mammals, this hypothesis
and the new data suggest that the mistranslation rates
are relatively low in all eucaryotes. We predict that
the AAC-B correlation will be an indicator of high
AAU mistranslation rates in procaryotic species
other than E. coli.

Acknowledgments. We thank Bruce Church, Jason Gans, and
Chip Aquadro for helpful discussions, Rina Gendelman for help
preparing the manuscript, the Intel Corporation for computing
equipment. This study was supported in part by NSF Grant CCR-
9988519 and by NIH Training Grant T32GM 08267 (to DK).

Appendix
Dataset Proteins

PDB and GenBank (in parentheses) identifiers are
included for each protein. Proteins that were crys-
tallized from material prepared using recombinant
expression systems are marked with an asterisk. The
human and E. coli datasets are described in (OreSi¢
and Shalloway 1998).

Mammalian. In addition to human proteins,
the following were included: latn (OCRNAASMA),
Ibar* (BTFGFAR), lbet (MUSNGFBA), Ibtn



(MUSSPNA), lecms* (BOVCHYMOB), 1dla
(SSU46065), 1fkk (RABFKBP12A), 1lib* (MUS-
LBPA), Imah (MMACHE), Imdy* (MUS-
MYODI1A), Imup (MUSMUPE), Imyg* (PIGMQG),
Imyp (S56200), Inhm* (CHHMGI1), Iphr (BO-
VPPTPPC), 1psp (SSPSPAA), 1rbb (S81740), 1rec*
(BOVRECVR), 1rhd (BOVRHOD), Irro* (RA-
TOM), Irtp (RATPALB), Isxc (BOVCZSD), ltag
(BOVTRNAM), 1tfd (OCTRNFNM), 2cts (PIG-
CITSYN), 2ifb* (RATFABPX), 2ohx (HRSADHE),
2pld (BTPLCII), 2pnb* (BOVPS5AA), 2tma
(S78854), 3b5c (BOVCYTBO1), 3dni (SYNDNA-
SEI), 4gcr (BOVCRYGBA), 5gst* (RNGSTYBR),
6acn (PIGACON), and 6est (PIGELSI).

Vertebrate. In addition to all the mammalian
proteins listed above, the following were used: latl
(CRLPREHTD), lave (CHKAVID), lcew (CHK-
CYS), l1gat* (CHKRERYF1), lhst* (GGHIO03),
lkba (BMKAPBUNG), lovt (GGCONR), Isrl*
(CHKSRC), Itar (CHKASPATM), Itim (LSERA-
BUB), ltnx* (CHKTNC), Ixso* (XLXSODBG),
2ace (TCACER), and 2crt (NAU42585).

Vertebrate-excluding-human. This group also
includes these vertebrate proteins that were excluded
from the vertebrate dataset because of similarity to
a human protein: 1bpd* (RNU38801), 1cid (RAT-
CD4A), lepi (MMEGF1), and 2ran (RATLCS).

S. cerevisiae. This group includes: lapl* (YSC-
MATA), lasz (SCAPSG), lcca* (SCCCP1), lcpy
(YSCPRCCPY), lcsn* (SPU06929), 1d66* (YSC-
GAL4), leag (YSACPA), lebg (YSCENOA), 1fcb
(SCCYTB2), 1gcb (YSCYCP1X), 1gky (YSCGUKI),
1Ibt (CALIPASB), loya* (SCOYELE), Ilplg*
(SCPOL30), 1pxt (SCPOT1), 1pyd (SCPDC1A), 1pyi
(SCPPRI1), 1gpg (YSCPGK), l1sce* (YSPSUCI),
Isdy (YSCCUZNSD), 1tkb (SCTKL1), lukz* (YS-
CURAG6), lyat* (YSCFKBI), lygp* (SCPHOSG),
lypi (YSCTPI), lypp (SCPPAG), lysa* (YS-
CGCN4), lyte* (YSCCYCTA), 2aky (YSCADKI1),
2csm (YSCARO7A), 2cyp (SCCCP1), 2uce*
(SCUBC4), 3pgm (SCGPM), and 3ypi* (YSCTPI).

Plant. This group includes: 1la6o* (ZMACK?2),
labr (APAACI1), lafr* (RCCSACPD), lahc
(MCAMQ), lair* (ERWPELC), lamy (BLYAMY 1),
laok* (S82691), laoz (CSASOX), lapx* (PSAPX]I),
laq0 (BLYGLB2), laun (TOBOLP), 1ba7 (SOYCI-
IPIB), 1bbg (AMBAMBT), 1bgp (BLYPRXS5A),
Ibhp (AF004018), 1bvl* (BVZ80104), Ibya
(GMAMYB), lenv (CECONB), 1dhk* (PHVLECT),
leno* (S60064), lgnw* (ATHGLUGREFS), lgox
(SPIGLO), 1hpc (PEAGDC), 1hss (AB003682), 1jac
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(ARPJACD), ljpc (GAAL2A), 1kbp (PVPA-
PHOSP), 1mzl (MZEPLTP), 1nar (VNNAN2INB),
Inls (CBLECTIN), 1pag (PAPAP), 1pcl (ERWPEL),
Iplc (PNPCAMR), 1ppn (CPAPAP), Ismp*
(SMMESMO6), 1srd (SPICZD), 1thv (TDATHAU?2),
lvok* (ATTFIIDB), 1who* (PPPHLPII), 1yge (SO-
YLOX), lyve* (SOAHRI), 2aai* (RCRICIN), 2aak*
(ATHUCPIB), 2baa (BLYCHI26A), 2Itn (PSL-
LECTIN), 2phl (PVPHASBR), 2wbc (S96732), and
9wga (WHTAGGTDD).
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