
Protein Science (1996), 5:1973- 1983. Cambridge University Press. Printed in the USA. 
Copyright 0 1996 The Protein Society 

Protein  secondary  structural  types  are  differentially 
coded  on  messenger RNA 

T.A. THANARAJ',' AND PATRICK ARGOS' 
'European Molecular Biology Laboratory, Meyerhofstrasse 1, Postfach 10.2209, D-69012, Heidelberg, Germany 
'Centre for Cellular & Molecular Biology, Hyderabad, India 

(RECEIVED June 18, 1996; ACCEFTED July 18, 1996) 

Abstract 

Tricodon regions on messenger RNAs corresponding to a set of proteins from Escherichia coli were scrutinized for their 
translation speed.  The fractional frequency values of the individual codons as they occur  in mRNAs of highly expressed 
genes from Escherichia coli were taken as an indicative measure of the translation speed. The tricodons were classified 
by the sum of the frequency values of the constituent codons. Examination of the conformation of the encoded amino 
acid residues in the corresponding protein tertiary structures revealed a correlation between codon usage in mRNA and 
topological features of the encoded proteins. Alpha helices on proteins tend to be preferentially coded by translationally 
fast mRNA regions while the slow segments often code for beta strands and coil regions. Fast regions correspondingly 
avoid coding for beta strands and coil regions while the slow regions similarly move away from encoding alpha helices. 
Structural and mechanistic aspects of the ribosome peptide channel support the relevance of sequence fragment 
translation and subsequent conformation. A discussion is presented relating the observation to the reported kinetic data 
on the formation and stabilization of protein secondary structural types during protein folding. The observed absence of 
such strong positive selection for codons in non-highly expressed genes is compatible with existing theories that 
mutation pressure may well dominate codon selection in non-highly expressed genes. 
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Coding nucleotide sequences carry an integral message containing 
several different types of information for the various molecular 
mechanisms involved in gene expression (Kypr, 1986; Trifonov, 
1989). Degeneracy in the genetic code allows an additional poten- 
tial for messenger RNA to carry structural information regarding 
the encoded protein that can be at the level of a single codon or at 
a contiguous nucleotide region (Brunak  et al., 1994). Existence of 
a correspondence between the physico-chemical characteristics of 
the coded amino  acids and the nucleotide composition of the cor- 
responding codons has been discussed in the literature (Volken- 
stein, 1966; Woese et al., 1966; Taylor and Coates, 1989; Siemion 
and  Siemion, 1994). Translational constraints appear sufficient to 
affect the global amino acid composition of proteins (Lobry and 
Gautier, 1994). The first, second, and third base of the codon have 
been respectively connected to the biosynthetic pathway (Taylor 
and Coates, 1989), residue hydrophobicity (Volkenstein, 1966; 
Woese et al., 1966),  and  the helix or beta strand-forming potential 
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(Siemion and Siemion, 1994) of the coded amino acid. Neural 
network algorithms for protein secondary structure prediction based 
on mRNA sequence rivaled those relying on amino acid represen- 
tation (Brunak  et  al., 1994). It has been suggested that protein 
folding and mRNA sequence patterns may be correlated by the 
differential translation speed caused by the  choice of codons (Sharp 
et al., 1986; Kypr and Mrazek, 1987; Liljenstrom and von Heijne, 
1987; Purvis et al., 1987; Candelas et al., 1989; McNally et al., 
1989; Brunak et al., 1994; Lobry and Gautier, 1994). Rare codon 
clusters have been found at the boundaries of polypeptide chain 
fragments of the same secondary structure type during cotransla- 
tional protein folding (Krasheninnikov et al., 1989, 1991). We 
showed in a previous study (Thanaraj  and Argos, 1996) relying on 
codon usage frequencies and cellular availability of cognate trans- 
fer RNAs that protein domain boundaries are largely encoded by 
translationally slow mRNA regions; such a hypothesis also finds 
support in reported mutagenic data. In the present study, using the 
same codon frequency measures (referred to as codfreqsum in 
[Thanaraj and Argos, 19961) as indices of translation speed, the 
translation rates of mRNA regions corresponding to helix, beta 
strands, and loops on proteins were analyzed. The results show that 
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the protein secondary structural types are differentially coded on 
mRNA. 

Results and discussion 

Rationale 

The rate at which an mRNA region is translated by the ribosome 
depends  on  several  parameters  such  as  codon  usage, codon- 
anticodon interactions (Grosjean and Fiers, 1982), codon context 
(Lipman  and Wilbur, 1983; Yarus and Folley, 1985; Shpaer, 1986; 
Varenne et al., 1989), and  the secondary structure of mRNA re- 
gions (Chaney and Morris, 1979; Tu  et al., 1992). The supposition 
connecting codon usage  and translation rate is  supported by vari- 
ous lines of published experimental  evidence,  as will be sub- 
sequently described. Theoretical models  have  also been developed 
to explain the so-called ribosome 'queue' caused by clusters of 
low-usage codons  and  the overall effect  on translation efficiency 
(Zhang et al., 1994) when such codons are located at different 
regions on the mRNA. Modulation of ribosome 'traffic' on mRNA 
by substituting a string of rare or abundant synonymous codons  in 
E. coli bla and ompA genes  has been used to explain  changes in 
RNase activity on mRNA and subsequent effects on the levels of 
mRNA present (Deana  et al., 1996). 

Cellular  levels of the isoaccepting tRNA molecules for amino 
acid types  are not identical (Ikemura, 1985), and it has been sug- 
gested that these differences control the relative translational rate 
of the cognate  synonymous  codons  (Ikemura and Ozeki, 1983; 
Ikemura, 1985; Sorensen et al., 1989; Sorensen and Pedersen, 
1991). The *As of highly expressed genes, where the encoded 
proteins are synthesized abundantly, preferentially use a subset  of 
codons that promotes the rate of translation (Ikemura  and  Ozeki, 
1983; Ikemura, 1985; Sharp  and  Li, 1987; Anderson and Kurland, 
1990; Lobry and Gautier, 1994). Some  codons  are translated more 
slowly than others, and abundant codons  are mostly translated at a 
higher rate  (Bonekamp et al., 1985; Carter  et al., 1986; Harms and 
Umbarger, 1987; Curran and Yarus, 1989; Sorensen et al., 1989; 
Sorensen and Pedersen, 1991). 

Optimization  has  been suggested also in the selection of amino 
acid types appearing in abundant proteins (Lobry  and Gautier, 
1994); highly expressed genes show a bias towards amino acids 
having abundant  major tRNAs. In order to assess the correspon- 
dence between the  sum of frequencies of the synonymous  codons 
for individual amino  acids and the sum of the cellular contents of 
isoaccepting tRNAs (Ikemura, 1985), the frequencies of the 61 
sense  codons  for  the 20 amino  acids  as they occur in the mRNAs 
of highly expressed genes from Escherichia coli were examined 
using a data base consisting of 9512  codons from 60 mRNA 
sequences of highly expressed genes (Sharp and Li, 1986, 1987). 
Regression to a linear function for the  amino  acids Val, gly, ile, 
lys, glu, asp, gln, asn, tyr, his, and phe (for others tRNA content 
has not been measured) resulted in a correlation coefficient of 
0.94, with a standard error of 0.008. The total amount of tRNA 
for a particular amino acid has been experimentally shown to 
parallel the total usage  of  that  amino  acid  in proteins for Esch- 
erichia coli and Mycoplasma capricolum (Yamao et al., 1991). 
Given this strong correspondence as well as observations on 
correlation between the differential translation speed of synony- 
mous  codons  and  the cellular content of cognate tRNAs, the 
codon frequency values given in Table 1 were used to quantify 
the  slowness in translated mRNA regions. Such values reflect 
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both the synonymous codon and amino acid frequencies as found 
in highly expressed genes. 

Distribution of observed tricodons with translation speed 

The codfreqsum value, a measure of the speed of translation (see 
Materials and methods), was calculated for tricodons starting  at 
each codon of the mRNAs from a data  set containing 40 proteins 
with known tertiary structure (Table 2). We had shown earlier from 
the  same codfreqsum values (Thanaraj  and Argos, 1996) that co- 
don usage in slow regions was consistent with the experimentally 
determined translation rates. The observed minimum codfieqsum 
was  found to  be 0.0004, while 0.1833 represented the maximum. 
Tricodons whose codfreqsum values occurred within an interval of 
0.01 were grouped. The distribution of the observed number of 
tricodons versus codfreqsum values in the range of 0.000 to 0.1900 
with plotted intervals 0.01 showed a gaussian profile (Fig. 1); the 
mean (m) and standard deviation (a) were, respectively, 0.088 and 
0.035. 

DifSerential coding of protein structural types 

The tricodon regions on the mRNA were grouped into  four classes, 
depending on their codfreqsum values: class 1 = tricodons with 
codfreqsum in  the range of 0 to (m - a); class 2 = tricodons with 
codfreqsum in the range of (m - CT) to m; class 3 = tricodons with 
codfreqsum in the range of m to (m + a); and class 4 = tricodons 
with codfreqsum in the range of (m + a) to the maximum value. 

Each range of codfreqsum values in incremental steps of 0.005 
were scrutinized for  the conformation of the encoded residues in 
the  tertiary structure of the corresponding protein. Overlapping 
tricodons with codfreqsum values in a given range were joined. 
The preferencetavoidance (observed minus expected as a number 
of standard deviations ( s d )  as described in Materials and methods) 
of helix and beta strand and coil in the corresponding protein spans 
over  the various increments were calculated (Table 3A and Fig. 2). 

It can be seen from Figure 2 that in moving from translationally 
slow to fast regions, helices (shown by red lines) are preferred on 
mRNA by fast regions and avoided by slow regions; beta  strands 
(shown by black lines) show an opposite trend with preference for 
slow regions and avoidance at fast regions; coil (shown by green 
lines) displays an unbiased behavior, although there is a tendency 
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Fig. 1. Distribution of the  observed  number of tricodons against codfreq- 
sum values follows a  Gaussian profile. 
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Table 1. Codon  fractional  frequency  values as calculated from mRNAs of highly expressed genes 
from Escherichia coli 

~ 

~ 

Frequency 
valuea 

,0197 
,006  1 

,0069 
.0260 
.0055 
,0192 
.0016 
.0030 
.0044 
.0138 
.0046 
.0304 
.0032 
.037 1 
,0600 
.0191 
.O 185 
.0385 
,0542 
.0155 

,0108 
,0475 
.0000 

Amino 
acid 

thr 

ala 

val 

Frequency 
value 

.0038 

.o003 

.0038 

.0264 

.0253 

.0269 
,001 1 
.0034 

,0470 
,0080 
.0272 
.020  1 

.0499 
BO63 
.0227 
.o 120 

.0536 

.0354 

.OW5 

.OO 15 

aCalculation of  these  values  is  described  in  detail  in Thanaraj and  Argos ( 1  996). 

towards  avoidance  in  fast  regions. A deviation  from an expected 
value by 2 3  sd was considered  significant.  Further  classification 
of the  extreme  regions  in  the  Gaussian  profile  (in  terms of 2 4  
yielded  similar  results  (Table 3B). The slowest  regions,  with cod- 
freqsum in  the  range of 0 to (m - 24,  showed  avoidance of helices 
by a  statistical  significance of -5.4 sd and preference for beta 
sheet by 4.2 sd , both  very  significant. The fastest  regions, with 
codfiqsurn in the range of (m + 2 4  to the maximum  value, 
showed  a  clear  preference for helix (4.4 s d )  and  avoidance of coils 
(-4.5 s d )  . The avoidance of beta  sheet  is  shown by fast regions 
with the cod*qsum in  the  range of (m + a) to (m + 2a) with a 
statistical  significance of -3.7. Further  restriction of  slow regions 
to a  range  of codfreqsum from 0.00 to 0.01 revealed  the  preference 
for coil in the  slowest  regions (3.0 s d )  and  avoidance of  helix 
by -3.3 sd. 

To examine the effect of protein  size,  different  data  sets  were 
constructed  from  the  original 54 entries  based on the 1 a profile:  (i) 
all 54 entries, (ii) protein  entries  whose  individual  secondary  struc- 
tural  element  varied  from  the  average of  such proteins by  no  more 
than 25% for  each of the  three  types  (Fig. 3); and  (iii)  protein 
entries  whose  individual  secondary  structural  content  varied by 
no  more than 15% from  the  mean  of such  proteins. The overall 
pattern of preference/avoidance for protein  structural  types  re- 
mained  nearly the  same  irrespective of the  data  set  used (see Fig. 3 
for  exemplary  case  ii).  However,  the  preference of coil by  slow 
regions is not  shown  emphatically by  any  of the  data  sets. To probe 
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Fig. 2. Preference/avoidance pattern for the protein  secondary structural 
types in the data set of 40 entries (see Table 2). The values of  [observed- 
expected] expressed in the units  of  standard deviations (see Materials and 
methods) for each of the three structural types is  shown against the cod- 
fmqsum values of the corresponding tricodon spans on  the  mRNA.  The 
codfreqsum values are divided into four classes (see text). As the codfrq- 
sum values increase, so does the effective mRNA  translation speed. Green 
lines with circles correspond to coil;  red lines with squares to helix, and 
black lines with triangles to beta. Base lines are given for the 2 and 3 sd 
levels. 



1976 T.A. Thanaraj and P. Argos 

Table 2. List of the protein structures used in the study 

PDBlEMBL 
identified 

Percentage of  secondary 
structural content 

CAI 
Coil Helix  Beta valueb 

1,  1 emdIECMDH 1 
2. ldra-AIECFOLX 
3. lrnr-AIECNRDA' 
4. 1 trbIECTRXB 
5. 1 tre-A/ECTPI 
6. 3icdIECICD 
7. ldsb-A/ECDSF 
8. lltp-L/ECLACI 
9. 1aamlECASPC' 

10. lacm-A/ECPYRBIA 
11. lacm-B/ECPYRBIAC 
12. lake-AIECADK 
13. lgla-F/ECPTSHIC 
14. 1pohlECPTSHI 
15.  Igla-GIECGLYK 
16. Ipfk-AIECPFKA 
17. Icdd-AIECPURMN 
18.  3tmsIECTHYA 
19. IkfdIECPOLA 
20.  2pol-AIECDNAAN' 
21. 1 abeIECARAFGH 
22. 2driIECRBSP 
23.  2livIECLIVHMG 
24. lcma-A/ECMETJAC 

26. lfia-AIECFIS' 

28. 1 biaIECBIRA 
29.  2rebIECRECA 
30. 2abk/ECNTHC 
31. IgoaIECQRNH 
32. ImatIECMAP 
33. 1pdalECHEMC 
34.  3eca-AIECANSBA 
35. lalk-AIECPHOAA 
36. 2gltIECGSHII 
37.  3chyIECCHEY 

25. lWrp-R/ECTRPRl' 

27. lcgp-AIECCRP 

38.2trx-AIECRHOA 
39.  256b-AIECCYBC' 
40. IctfIECRPOBC' 
41. 1etulECTGTUFB 
42. 2omf/ECOMPFC 
43.  IphoIECPHOE' 
44. 1piiIECTRPC 
45. IdmblECUW89 
46. 2rsl-AIECTN1000 
47. leip-AIECPPAl 
48.  Ibmt-AIECMETH' 
49. 1 hjr-A/ECRUVC 
50. lger-BIECGOR 
5 1. lqor-AIECDNABA 

53. Iscu-BIECGLTA02 
54. lisa-AIECSODB 

52. 1s~~-AIECGLTAOl 

Average 

34.3 
43.4 
26.2 
42.9 
35.8 
41.8 
36.6 
46.9 
58.1 
41.3 
48.6 
34.1 
50.3 
38.8 
41.7 
34.4 
45.5 
36.7 
32.9 
32.0 
30.5 
32.5 
35.4 
44.2 
23.5 
31.6 
32.5 
38.4 
31.0 
39.3 
37.8 
45.6 
39.2 
43.8 
47.2 
34.8 
37.5 
38.7 
20.8 
17.6 
35.6 
36.2 
41.5 
41.6 
38.6 
28.9 
50.3 
34.6 
34.2 
37.6 
40.2 
40.3 
34.5 
37.5 

47.8 
24.5 
69.7 
28.9 
48.8 
40.1 
52.2 
39.7 
33.1 
43.2 
15.8 
48.6 
11.2 
34.1 
34.8 
46.9 
33.3 
36.7 
53.0 
21.6 
47.5 
45.0 
44.7 
45.2 
76.5 
65.8 
40.1 
32.5 
43.9 
60.7 
34.0 
26.6 
36.8 
32.7 
31.7 
35.1 
45.3 
33.0 
79.2 
55.9 
44.1 
4.4 
2.1 

38.3 
42.7 
51.8 
21.3 
56.5 
41.8 
34.9 
34.7 
37.2 
41.8 
50.5 

17.9 
32.1 
4.1 

28.3 
15.4 
18.1 
11.3 
13.4 
8.8 

15.5 
35.6 
17.3 
38.5 
27.1 
23.5 
18.8 
21.2 
26.5 
14.1 
46.4 
22.0 
22.5 
19.9 
10.6 
0.0 
2.5 

27.4 
29.1 
25.1 
0.0 

28.2 
27.8 
24.0 
23.5 
21.1 
30. I 
17.2 
28.3 
0.0 

26.5 
20.3 
59.4 
56.4 
20.1 
18.6 
19.3 
28.4 

8.9 
24.1 
27.5 
25.2 
22.6 
23.7 
12.0 

0.592 
0.412 
0.542 
0.473 
0.781 
0.592 
0.614 
0.320 
0.503 
0.428 
0.400 
0.697 
0.663 
0.696 
0.500 
0.691 
0.393 
0.469 
0.423 
0.476 
0.489 
0.505 
0.498 
0.427 
0.294 
0.507 
0.529 
0.268 
0.636 
0.376 
0.404 
0.499 
0.350 
0.558 
0.371 
0.465 
0.350 
0.628 
0.491 
0.842 
0.806 
0.689 
0.386 
0.337 
0.586 
0.194 
0.733 
0.435 
0.403 
0.487 
0.335 
0.657 
0.633 
0.603 
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Fig. 3. PreferenceIavoidance  pattern for the  protein  secondary  structural 
types in  the data set containing only  those  proteins  whose coil, helical, or 
beta content do not deviate by more  than  25%  from the respective  averages 
for coil, helical, or beta content of  the data set. The conditions of  Figure  2 
also apply here. 

sensitivity for structural biases in translation speed, a hypothetical 
data set was constructed containing only the mRNA regions that 
code  for coil in those proteins whose coil content is not less than 
the average over  the  entire 54-protein data set; data sets for mRNA 
regions encoding helix and beta structures were also similarly 
constructed. Tricodons from such mRNA regions were classified 
according to their codfreqsum values and statistics were performed 
with the expected frequencies determined from the sum of helix, 
coil, and beta content as  coded by all the above mFWA regions. 
The results of such  an  analysis  are  shown  in  Figure 4. The 
preference/avoidance patterns for all the three protein secondary 
structural  types are significantly  maintained. The preference1 
avoidance pattern of coil regions is now resolved such that coils 
prefer slowly translated mRNA segments. The smooth transition 
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aPDB 4-character file names are followed by chain identifiers. 
bCodon adaptation index  as defined in Materials and  methods. 
'The coil, helix, or beta content exceeds that  of the average by 50% or 

more. 

Fig. 4. PreferenceIavoidance  pattern for the  protein  secondary  structural 
types  in  the data set of proteins whose  respective coil, helical and  beta 
content is equal to or  more  than  that of the average  found in the 54-protein 
data set.  The conditions of  illustration are the  same as those  of  Figure  2. 
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Table 3. Correlation of regions from gaussian distribution with protein structure 

No. of 
participating 

Preference/avoidance of structural elements 
expressed in standard deviations (sd)' 

residuesb Coil Helix Beta 
codfreqsum 
rangea 

A. Classification based on la profile 
- 1. Range: 0 to (m 

0.000 to 0.00 
0.000 to 0.010 
0.000 to 0.015 
0.000 to 0.020 
0.000 to 0.025 
0.000 to 0.030 
0.000 to 0.035 
0.000 to 0.040 
0.000 to 0.045 
0.000 to 0.050 
0.000 to 0.055 

a) 
535 
135 
306 
512 
829 

1220 
1758 
2277 
2827 
3442 
4038 

- 

2.99 
1.79 

-0.60 
-0.92 
-0.67 
-0.32 
-0.3 1 
-0.98 
-0.82 
-0.59 

-3.28 
-5.38 
-2.47 
-2.32 
-3.90 
-3.85 
-2.95 
-3.04 
-2.02 
- 1.42 

- - 
0.37 
4.22 
3.62 
3.82 
5.39 
4.91 
3.84 
4.74 
3.35 
2.38 

2. Range: (m - 
0.055 to 0.060 
0.055 to 0.065 
0.055 to 0.070 
0.055 to 0.075 
0.055 to 0.080 
0.055 to 0.085 
0.055 to 0.090 

a) to m 
1202 
2372 
3529 
4495 
5493 
6483 
722 1 

3.22 
2.25 
1.39 
0.59 
0.45 
1.35 
0.89 

-2.42 
-2.79 
-3.04 
-2.24 
- 1.80 
- 1.62 
- 1.45 

-0.92 
0.65 
1.96 
1.95 
1.60 
0.32 
0.67 

3. Range: m to (m + 
0.090 to 0.095 
0.090 to 0.100 
0.090 to 0.105 
0.090 to 0.1 I O  
0.090 to 0.1 15 
0.090 to 0.120 
0.090 to 0.125 

@ 
1659 
2885 
3966 
4808 
5542 
6030 
6454 

2.28 
2.00 
1.71 
I .49 
1.33 
1.30 
0.95 

-3.00 
-0.57 
-0.18 

0.93 
0.06 
0.10 
0.20 

0.88 
- 1.68 
- 1.79 
-2.84 
- 1.64 
- 1.64 
- 1.35 

4. Range: (m + 
0.125 to 0.130 
0.125 to 0.135 
0.125 to 0.140 
0.125 to 0.145 
0.125 to 0.150 
0.125 to 0.155 
0.125 to 0.160 
0.125 to 0.165 
0.125 to 0.170 
0.125 to 0.175 
0.125 to 0.180 
0.125 to 0.185 

u) to maximum value 
930 

1674 
2058 
2386 
2634 
2727 
2823 
2878 
2922 
2932 
2939 
2944 

0.54 
- 0.64 
-0.91 
-0.97 
- 1.49 
- 1.85 
- 1.77 
- 1.99 
- 1.93 
- 1.96 
-2.06 
- 1.98 

2.63 
3.36 
3.83 
3.80 
4.28 
4.84 
4.87 
4.91 
4.74 
4.81 
4.96 
4.88 

-3.74 
-3.22 
-3.45 
-3.35 
-3.30 
-3.55 
-3.67 
-3.46 
-3.33 
-3.38 
-3.44 
-3.44 

B. Classification  based on 2a profile 

1. Range: 0 to (m - 20 ) 
0.000 to 0.015 306 
2. Range: (m - 20) to (m - a) 
0.015 to 0.050  3357 

3. Range: (m + u) to (m + 20) 
0.125 to 0.160  2823 
4. Range: (m + 20) to maximum value 
0.160 to 0.185  456 

1.79 -5.38 4.21 

-0.95 - 1.74 3.17 

- 1.77 4.87 -3.67 

-4.53 4.39 0.13 

aThe conformation of residues encoded by mRNA tricodon regions with codfreqsum values in the given range. (The symbols m and 

bTotal number of residues encoded by mRNA tricodon regions with codfreqsum values in the given range. 
'Statistical significance of the preference/avoidance of secondary structural types assumed by residues coded by tricodon mRNA 

u refer to the mean and standard deviation of the gaussian profile of Figure 1 (see text for details)). 

regions expressed in number of standard deviations, sd (see Materials and methods). 
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from preference to avoidance on either side of the mean value of 
the gaussian profile is clearly seen. 

Folding of the nascent chain in the peptide channel 

The recently published structure of the E. coli ribosome using 
cryo-electron microscopy (Frank et al., 1995; Stark et al., 1995) 
shows that the peptide channel contains solvent and bifurcates 
toward a site known to bind to cytoplasmic membrane forming 
part of the secretory pathway and toward the cytoplasm. The main 
pathway has a linear length of 85 8, and a diameter of about 20 A. 
Because the average helix diameter and beta sheet thickness is 
almost 10 8, (Robson and Gamier, 1986), and because the radius 
of gyration of a single protein chain averages I6 ? 4 8, (calculated 
from a data set of soluble proteins), smaller folding units have 
sufficient space to adopt conformation in the solvent-filled ribo- 
some channel. 

Protease protection studies (Blobel and Sebatini, 1970), anti- 
body binding studies (Bernabeu and Lake, 1982), and crosslinking 
studies (Brimacombe, 1995; Stade et al., 1995) indicate that 30-40 
residues of the nascent chain are protected inside the peptide chan- 
nel. Given that the rise per helical residue is 1.5 8, and the maximal 
separation of successive main chain C, atoms in extended confor- 
mation is 3.3 8, (Robson and Gamier, 1986), residues in a 40- 
peptide nascent chain could adopt various helical, extended, and 
coil conformations in the 85 8, long ribosome channel. A  40- 
residue segment in an unfolded or fully extended conformation 
would require a length of about 144 A. Other supporting obser- 
vations for nascent chain structure arise from crosslinking studies 
in the large ribosomal subunit (Brimacombe, 1995; Stade et ai., 
1995) where progressively longer peptides were found to crosslink 
to similar ribosomal RNA sites as  shorter peptides, implying a 
peptide channel sufficiently wide to allow the nascent chain to fold 
back upon itself. Further, stereochemical analysis of the transpep- 
tidation event indicate that the ribosome can generate a regular 
alpha helical conformation at the carboxyl end of the nascent pep- 
tide (Lim and Spirin, 1986). Further, Hardesty and co-workers 
(Kudlicki et ai., 1995) observe that reactions directly related to the 
folding of the nascent peptide can influence ribosomal peptidation 
and that a significant part of protein folding process takes place 
within the 50s subunit (Hardesty  et al., 1993). An analogous chan- 
nel that occurs in  in vivo protein folding is that of the central 
channel of the ‘folding cage’ of the chaperonin family that accom- 
modates a partially folded polypeptide in its central cavity and 
promotes folding of the  peptide (Hart1 et al., 1994; Sigler and 
Horwich, 1995; Hunt et al., 1996). 

Kinetic data on protein  folding 

Hydrogen bonding interactions involved in helix formation are 
local and extend over only four residues for each turn of a helix. 
They can form within a low millisecond time scale when unfolded 
proteins are transferred into refolding conditions (Roder  et al., 
1988). Alpha helices often form before other levels of protein 
structure (Anfinsen, 1973; Ptitsyn, 1995). Williams et al. (1996) 
infer a folding rate constant of 6 X IO’ s” ( t l lZ = 16 ns) for helix 
formation in a small 21-residue alanine peptide and further indi- 
cated that such a nanosecond time scale of helix formation is at 
least three orders of magnitude faster than the characteristic time 
scale of intramolecular tertiary contact formation. The folding path- 
way  may well involve states in which part of a native fold has been 

formed in  a compact core, while other parts of the protein remain 
disordered on quite long time scales  (Doniach  et al., 1995) and 
indications are that such a compact domain can be largely helical 
as in the cases of lysozyme (Buck et al., 1993, 1994) and lactal- 
bumin (Chyan et ai., 1993). While a major fraction of partially 
folded states of cytochrome c, a helix protein, fold rapidly to the 
native state on a 15 ms time scale (Sosnick et al., 1994), only a 
minor fraction of the states of lysozyme, a helix + beta protein, 
fold to the native state in -20 ms and certainly have not formed 
within -2 ms (Dobson et al., 1994) in contrast to the cytochrome 
c results. Thus, there is at least a IO-fold difference between the 
folding rates of a helix + beta and a helix protein. Studies on the 
partially folded state of  hen egg white lysozyme, which contains 
two beta sheets and five helices, in trifluoroethanol indicated sig- 
nificant protection from proton/deuterium exchange for 25 back- 
bone amides, the majority of which are located in helical regions 
of the protein (Buck et al., 1993). Experimental observations that 
alpha helical intermediates can accumulate during refolding of 
some beta strand dominated proteins (Thomas and Dill, 1993: Liu 
et al., 1994: Logan et al., 1994: Shiraki et al., 1995) suggest that 
helices can be formed rapidly (Carlsson and Jonsson, 1993, albeit 
not all. Such a suggestion is substantiated by the observation that 
the alpha helical content of 23 different  proteins in their 
trifluoroethanol-induced state (which corresponds to the stable mol- 
ten globule state [Buck et al., 19931) showed better correlation 
with the predicted than the native state (Shiraki et al., 1995). No 
significantly increased density of intrahelical sidechain-sidechain 
contacts were observed for residues separated by more than four 
residues in helices (Walther and Argos, 1996). Narayana and Argos 
(1984) observed that a residue in helical conformation can find 
53.3% of the total number of atoms interacting with it  in the 24 
residue flanks, while a residue in beta conformation completes 
only 32.1% of its interactions with the same flanking residues. 

While helices often utilize local interactions, formation of beta 
sheet involves sequentially distant parts of the protein. The for- 
mation time for the growth of helices has been estimated to be as 
small as lo-’ seconds (Williams et al., 1996), while beta struc- 
tures may require as long as IO”  seconds (Zana, 1975). However, 
recent refolding experiments from denatured polypeptides of ribo- 
nuclease A  (Udgaonkar and Baldwin, 1990), ribonuclease TI (Mul- 
lins et  al., 1993). ubiquitin (Briggs and Roder, 1992), lysozyme 
(Dobson  et al., 1994), and staphylococcal nuclease (Jacobs and 
Fox, 1994) suggested that beta sheets can be formed at a rate 
comparable to that of alpha helices, and sometimes the residues in  
beta sheet are protected from hydrogeddeuterium exchange even 
before protection is observed in helices (Jacobs and Fox, 1994). 
However, the nuclease structures depend on several disulfide bridges 
and the helical domain of lysozyme as well as lactalbumin (Chyan 
et al., 1993) folds first. Theoretical arguments have been put for- 
ward to the effect that beta structure may  be formed rapidly only 
if it is stabilized (Finkelstein, 1991). The data of Udgaonkar and 
Baldwin (1990)  supports this by showing that the beta sheet is only 
moderately stable when it is formed rapidly and only subsequent 
folding events stabilize it, possibly through interactions involving 
hydrophobic side chains. In the cases of all-beta proteins such as 
interleukin-l/3 (Varley et al., 1993) and SH3  (Src homology re- 
gion 3 [Farrow et al., 1995]), stable beta-sheet formation takes 
about one second, indicating that the structural context is impor- 
tant for the kinetics of beta-sheet folding, whereas helix can form 
locally close-packed structures (Yang and Honig, 1995). Fersht 
and co-workers (Prat Gay et al., 1995) find that the conformational 
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pathway of the in vitro growing polypeptide chain of chymotrypsin 
inhibitor-2 parallels the protein folding pathway. They  observe that 
molten globule-like states occur as intermediates in the elongation 
of the polypeptide chain. The structure observed in the fragments 
of different lengths pinpointed the requirements for forming a 
stable folding nucleus, which in the case of chymotrypsin inhibitor-2 
contained helix while the rest of the structure (the beta-sheet) 
formed only weakly. 

Suggestions have also been made that the stabilization of loop 
regions is a later (subsequent) event in protein folding. In the 
partially folded state of hen egg white lysozyme in trifluoroethanol 
(Buck  et al., 1993), only little protection from deuterium/hydrogen 
exchanges could be observed for  the  amides located in a  long loop 
while a majority of the observed protection occurred in helical 
regions. Experiments on the refolding reaction of ubiquitin (Briggs 
and Roder, 1992) indicated that while the amide protons from the 
beta sheet and the alpha helix as well as the protons involved in 
hydrogen bonding at the helixkheet interface become 80% pro- 
tected in an initial 8-ms folding phase, somewhat slower protection 
rates were observed for the residues from a  surface loop. In the 
partially folded species of lactalbumin, native secondary structures 
are largely formed while the loop regions remain disordered (Feng 
et al., 1994; Redfield et  al., 1994). 

Correlation of the secondary structural preference/avoidance 
profile with protein  folding 

The role of ribosomal context in the folding of a protein has been 
discussed both for eukaryotes and prokaryotes (Phillips, 1966; 
Baldwin, 1975; Fedorov et al., 1992; Yonath, 1992; Tsalkova et  al., 
1993; Friguet et al., 1994; Kudlicki et al., 1994, 1995; Wiedmann 
et al., 1994; Tokatlidis et al., 1995). In vivo protein folding on the 
ribosome might be aided by kinetics of translation and also by 
interactions with the ribosome; such an involvement of the ribo- 
some might limit the conformational space to be searched and act 
as a  guide to the final native structure. Since in protein structural 
folding the formation and stabilization of helices probably occurs 
earlier when compared to beta sheets, the observation here that 
helices are avoided by slow regions and preferred by fast regions 
on mRNA and that the opposite is observed for beta strands is 
consistent. The observation that loops exhibit a similar avoidance/ 
preference pattern as that of beta strands also points to general loop 
stabilization as a later event in protein folding. 

Amino acid  propensiw in fast and slow regions 

Different amino  acids possess different intrinsic preferences for 
specific secondary structures, and such preferences are often un- 
derstood on structural grounds. The results presented here indicate 
that peptide regions corresponding to translationally fast codons 
tend to adopt alpha helical conformation while those in slow re- 
gions are often in beta strand conformation. Such correlations 
arose from two independent parameters; namely, the codon fre- 
quency on the mRNA, which is coupled to translational efficiency, 
and  the secondary structural conformational preferences of the 
corresponding residues in the encoded proteins. The independence 
of these  two statistics is  supported by correlation calculations. The 
propensities of the amino  acids to be part of fast and slow trans- 
lated regions were calculated respectively as pr.& = f;/ t i  and ps,  = 
silti, where ti are  the fractional frequencies of the 20 residue types 
in all regions of the 40-protein set, whilef; and s, are, respectively, 

fractional frequencies in fast and slow regions. The propensities of 
amino  acids to form alpha helix ( P h ,  i )  or beta sheet (Pb . i )  were 
taken from Palau et al. (1981), who studied many different protein 
structures from various species. Linear regression analysis on pLi 
and P h ,  j and on ps,  and Pb, i  revealed low correlation coefficients of 
0.24 (for fast regions and helix propensities) and  0.29 (for slow 
regions and beta sheet propensities). Thus, there is not a strong 
coupling for a residue to be preferred in a fast (slow) region and 
also to adopt a helical (strand) conformation in proteins generally. 

Regulated speed of translation and optimization 
of co-translational  folding eficiency 

In the present work we observe that alpha helical regions are 
translated faster than beta sheet regions. Studies by others on re- 
folding kinetics of denatured proteins indicated that alpha helices 
fold more quickly than beta sheets. Thus, it is concluded here that 
speed of translation is regulated to optimize co-translational fold- 
ing efficiency. Such a conclusion gets support from the following 
observation. Komar and Jaenicke (1995) observed that N-terminal 
domain of YB-crystallin is translated faster than C-terminal do- 
main, and such an observation  agreed with the  finding that 
N-terminal domain in natural crystallin is known to fold faster than 
C-terminal domain (Mayr et al., 1994). It has also been reported 
(Komar and Jaenicke, 1995) that the relative frequencies of codons 
in N-terminal domain are about 2.5-fold higher than those in 
C-terminal domain. Thus, the regulated speed of translation through 
codon usage seems to have an effect on the structural events in the 
encoded protein sequence. A discussion on the relative rates of 
translation of synonymous codons is in order here. Curran and 
Yarus (1989) have reported translation speed of synonymous co- 
dons. The reported speeds indicate the relative rates of association 
between the codon and the cognate aminoacyl-tRNA. We had dis- 
cussed this data earlier in relation to codon usage in translationally 
slow mRNA regions (Thanaraj and Argos, 1996). Examination of 
the ratios of these reported values for the slowest translated codon 
with the fastest translated synonymous codon indicated a maxi- 
mum value of 24-fold, while the average value (considering only 
pro, ser, arg, and leu while for other amino acids with more than 
two synonymous codons such values were not available) was 12- 
fold. Such a 12-fold difference in the translation rates of the fastest 
and slowest synonymous codons agrees with a IO-fold difference 
in the folding rates of a typical helix + beta protein and a helix 
protein (see the section on kinetic data on protein folding). Thus, 
the reported correlation between the speed of translation and op- 
timization of co-translational folding efficiency is quite plausible. 

Lowly expressed genes (LEG) versus highly 
expressed genes (HEG) 
Codon usage studies have indicated that the choice of synonymous 
codons in highly expressed genes is to optimize the translation rate 
of the mRNA, whereas in lowly/moderately expressed genes the 
choice is more uniform with clear relaxation of positive selection 
for translation optmization (Sharp and Li, 1986). In very lowly 
expressed genes there is also no preferential selection for rare 
codons such that the pattern of codon usage reflects the mutation 
pattern of the genome (Sharp and Li, 1986; Sharp et al., 1993). It, 
thus, might be expected that the observed differential coding of the 
protein secondary structural types on mRNA may be more prom- 
inent in highly rather than lowly expressed genes. To examine this 
supposition, the following analysis was performed. 
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The  Codon  Adaptation  Index  (CAI, see Materials  and  methods) 
as formulated  by Sharp and  Li (1987). which indicates  the  level of 
expression of genes, was  used to  classify  the  genes in the  data set 
used  here. The  calculated  CAI  values for the 40 entries in  Table 2 
ranged  from 0.194 to 0.805. Accordingly,  these  genes  were  divided 
into  two  sets:  CAI  values I 0.40 (LEG proteins),  and  CAI  val- 
ues > 0.40 (HEG proteins).  The  preference/avoidance  patterns  for 
the  protein  secondary  structural  types  were  determined in the  usual 
manner for the  two sets and the  results are shown in Figure  5A, 
which  clearly  illustrates  that  the  preferencelavoidance  pattern  is 
much  more  prominent  in  HEG  proteins.  As a next step,  five dif- 
ferent  gene  pools of  progressively  higher  CAI  values  were created. 
Set 1 included  genes of CAI  values I 0.35; set 2 with  CAI values 
5 0.40; set 3 with  CAI values 5 0.45; set 4 with  CAI  values 5 
0.50; and set 5 with CAI  values 5 0.60. The  structural  preference/ 
avoidance  pattern  for  slow  regions  in  each of the 5 sets  is  shown 
in  Figure 5B and  that  for  fast  regions in each  of the 5 sets  is  shown 
in Figure 5C. Figure 5B shows  that  the  preference  for  beta  sheets 
by slow  regions  attains 2 3  sd in  the sets 3-5 as compared  to  the 
sets 1-2. Similarly,  Figure  5C  shows  that  the  preference  for  alpha 
helices  and  avoidance  for  beta  sheets by fast  regions  attain 2 3  sd 
in  the sets 3-5 as compared  to  the  sets 1-2. The  results  presented 
so far in this  section  indicate  that  the  preference/avoidance  pattern 

improves as genes of higher CAI values  are  used.  Thus,  the  relax- 
ation  of positive  selection  towards  optimal  codons in lowly ex- 
pressed  genes  is  also  reflected in the  preference/avoidance  pattern 
of  the  encoded  protein structural  types  and  further  supports  the 
proposed  correlation  between  differential  coding of  mRNA  regions 
and  encoded  protein  structure  resulting  in  selection  constraints 
acting on codon  usage in expressed  genes. 

Conclusion 

The  study  has  made  salient an intriguing  correlation between  struc- 
tural  features  on  proteins  and  codon  frequency in the  correspond- 
ing  mRNA molecules;  namely,  that  protein  alpha  helices  are 
preferentially  coded by translationally  fast mRNA  regions  while 
beta strands and coils are  preferentially  coded by slow  mRNA 
regions.  Such  correlations  become  significant in the  context of  the 
differential  kinetics in the  formation  and  stabilization of  helices 
and  beta  sheets  during  the  co-translational  folding of  proteins.  The 
results  imply  that  translational  kinetics  are  important  factors in the 
in vivo structural  organization  of  encoded  proteins.  The  study  should 
also be an  aid in the  design  and  mutation  of  genes  such  that  fast 
(abundant)  codons  are  selected  for  encoding  critical  helices while 
slow (low-usage) codons  are  utilized  for  critical  beta  strands. 
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Fig. 5. Preference/avoidance  pattern  for  the  protein  secondary  structural 
types as a function  of  gene  expressivity  given  by  the  codon  adaptation 
index,  CAI.  The  analysis was  performed  on  the  data  set  containing 40 
proteins  (Table 2). (A) Two  protein sets were  delineated.  Solid  lines cor- 
respond  to  lowly  expressed  genes (LEG) with  CAI C 0.40  and  dashed  lines 
correspond to highly  expressed  genes (HEG) with CAI > 0.40.  Green  lines 
with circles  correspond  to  coil; red  lines with squares  to  helix;  and  black 
lines with triangles  to  beta. (B) Consideration  of  slow mRNA regions  for 
data  sets  that  progressively  include  genes with increasing  CAI  values  from 
the  standard  40-protein  bank  (Table 2). Green  dot-dashed  lines  correspond 
to  coil; red  solid  lines  to  helix;  and  black  dashed  lines  to  beta.  Lines with 
open circles  correspond  to  genes of  CAI 5 0.35; lines with open  squares 
to  genes  of  CAI 5 0.40; lines with closed  circles  to  genes of  CAI 5 0.45: 
dot-dashed  lines  with  closed  squares  to  genes  of  CAI 5 0.50; and  long 
dashed  lines  with  diamonds  to  genes  of  CAI 5 0.60. (C) Consideration of 
fast  mRNA  regions.  The  conditions  of  illustration  are  the  same as those 
of (B). 
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Materials  and  methods 

Data  set  used 

A collection of 54 proteins from Escherichia  coli was utilized. 
Their atomic coordinates (determined through crystallography) were 
taken from the Protein Data Base [PDB (Bernstein et al., 1977)], 
while secondary structural assignments of individual residues are 
available from DSSP  (Kabsch and Sander, 1983) and nucleotide 
sequence data  for the corresponding messenger RNA from the 
EMBL data bank (Rice et al., 1993). The sequences were extracted 
using the SRS information retrieval software (Etzold and Argos, 
1993a, 1993b). The PDBIDSSP and EMBL identifiers of the se- 
lected entries in  this study are given in Table 2. The residues in 
helix conformation are annotated by G or H in the corresponding 
DSSP file, beta structures by E or B, and coil by S, T, or blank. A 
total of 14 (marked by * in Table 2) of the 54 entries available from 
PDB were ignored because they displayed no helix or no beta or no 
coil residues or the content of the three secondary structural types 
deviated from the average calculated from the 54 protein entries by 
more than 50%. Such skewed structures may not utilize normal 
and consistent folding mechanisms (Carlsson and Jonsson, 1995). 

Codon  adaptation  index 

The codon adaptation index (CAI), as formulated by Sharp and Li 
(1987), is an indicative measure of the expression level of a gene. 
The index is based on the codon usage in a reference set of highly 
expressed genes. A score for  a given gene is calculated from codon 
usage in the gene as compared to that in the reference set. A high 
(low) value for the index indicates that the gene is highly (lowly) 
expressed. The indices were determined by using the formalism of 
Sharp and Li ( 1987) and the codon frequency values calculated 
here and in Thanaraj and Argos (1996). 

Recognizing  differential  translation  speeds 

The codon frequency values were used to quantify the speed of 
translation of a codon on the mRNA. In each mRNA sequence, the 
speed of translation of  all individual tricodons starting at each 
codon position was scrutinized by taking the sum (denoted cod- 
freqsurn) of the codon frequency values (Table I ) ,  for the constit- 
uent codons. A tricodon was considered as a unit of nucleotide 
region because three successive residues generally constitute basic 
protein structural motifs; namely, a small beta strand at 3 residues, 
one helical turn at 3.6, and a reverse beta turn at 2-4 amino acids 
(Colloc’h et al., 1993). 

Calculation  of  secondary  structural  preference/avoidance 
within  specific  mRNA  regions 

The fractional content of helix, beta strand, and coil (denoted as 
Fh,  Fh, and F,.) in all the 40 protein structures used here (Table 2) 
represented their expected frequencies. The number of residues 
(corresponding to the codons constituting the mRNA regions of 
interest) with the conformation of helix or beta strand or coil were 
respectively designated as o h ,  ob, and O,, and their sum assigned 
as N such that the expected respective counts ( E )  in the specific 
mRNA regions are E,, = N X Fhr E,, = N X Fb, and E, = N X F,. 
The values for Fh, Fb, and F, were derived from only those pro- 
teins from which the corresponding mRNA spans related to the 
codfreysurn under consideration. The preference/avoidance ( P )  of 

an individual structural feature in the protein spans corresponding 
to the regions of codfreqsum under consideration are given by 
Ph = (oh - Eh)/Sh; Pj, = (0, - Eb)/Sb; and PC = (0, - E , ) / S , ,  

where Sh [E,, x (1 - Fh)] I” ,  Sb = [Eb x ( 1  - Fb)] and S,. = 
[E, X (1 - Fc)]”2. The latter represent standard deviations ( sd ) .  
A positive value for preferencelavoidance indicates the preferential 
coding of that particular structure, while a negative value shows 
avoidance and a zero value points to expected behavior. 

A specific sample calculation is shown below to ensure clarity. 
We consider here the preference/avoidance pattern for the regions 
of codfreqsum range 0.000 to 0.045  (see Table 3). The values of Fh, 
Fb, and F,. are 0.3965,  0.2195, and 0.3839 respectively. The num- 
ber of residues, N, is 2827. The observed numbers of such residues 
with the conformation of helix, beta, and coil are respectively 
o h  = 1042, 0, = 725, and 0, = 1060, while the expected counts 

2827 X 0.2195 = 620.64, and E, = N X F, = 2827 X 0.3839 = 
are Eh = N X Fh = 2827 X 0.3965 = 1121.02, Eb N X Fb = 

1085.34. The standard deviations are Sh = [Eh X (1 -  FA)]"^ = 
26.01, s h  [E,, X ( 1  - Fb)]1’2 = 22.01, and S, = [E,  X ( 1  - 
F,)]”’ = 25.86.  The preferencelavoidance of individual structural 

4.741, and P, = (0, - Ec)Isc = -0.979. 
features is Ph = (oh - Eh)/Sh = -3 .038, Pb = (0, - Eb)/Sb = 
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