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Protein synthesis proceeds vectorially in the cell, from N- to

C-terminus. Deciphering the parameters governing formation of folding
autonomous native-like structure as a function of chain elongation

is a fundamental, yet poorly explored, aspect of protein folding.
Due to the slow rates of translation relative to foldingascent
polypeptides belonging to small single-domain proteins are likely \{ﬁ

misfolding polar

to sample all the physically accessible conformational space during
chain elongation. Therefore, the intrinsic conformational trends of
N-terminal chains of different length, in isolation from effects due Figure 1. Cartoon illustrating the burial of nonpolar groups away from
to the complex cellular environment, are a key starting point for Wwater upon protein folding and misfolding. The blue and red colors denote
understanding the forces supporting the generation of independen?®2" and nonpolar surfaces, respectively.
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Shortly after the discovery of the vectorial nature of ribosome-  on

: : oV : exéﬁ:ﬂ‘ed SNase extended chain
assisted translation, Phillips suggested that the N-terminal nascenté“-“ cxtended chain
chains may start folding during biosynthe%is a response to this, ~ 2., o W
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Taniuchi and Anfinsen reported that no native-like conformation ‘gMBWWuo 636”80 166120 o
is detected for the N-terminal fragments of the 149-residue protein g Leham | cham extepded chain | ytandod chain
staphylococcal nuclease (SNase) until the chain extends beyond g o« folded | folded folded
126 residued.In addition to these and other pioneering efforts on ~ **}| cl2 oo Ll I ApoMb
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of chain elongatlon has been carried out f.or.onl.y Fhree other proteins Figure 2. Fraction of nonpolar solvent-accessible surface area (NSASA)
to date, that is, barnase (B&ghymotrypsin inhibitor 2 (CI2§; 3 as a function of chain elongation for extended and native-like folded
and apomyoglobin (ApoMb)* Although N-terminal fragments  conformations of SNase, Bar, CI2, and ApoMb. The circles indicate chain
from the above proteins have significantly different behaviors in lengths previously investigated experimentally. The program SurfaceRacer
terms of short-range order and degree of misfolding, they all display WS used for calculating NSASA values. Coordinate files for extended chains
. . . . . L were created with the software Insightll.
little or no native-like tertiary structure until the chain is nearly
complete. range between 0.61 and 0.64. The folded state, however, displays
The hydrophobic effect 17 leading to the preferential burial  a more rapid decrease in the fraction of NSASA, as chain elongation
of nonpolar surface in aqueous solution, is a major driving force approaches its completion (red shaded areas in Figure 2). This
for chain compaction and folding (Figure 1). We show here that indicates that native-like topology leads to the selective preferential
this effect plays a seminal role in dictating the progressive burial of nonpolar surface at longer chain lengths. This is in
generation of native-like structures at late stages of chain elongation.remarkable agreement with the experimental data, which show that
In case the polypeptide chain were to adopt native-like topology populating compact native-like structures becomes favorable only
at all chain lengths, residues normally buried in the hydrophobic as the last C-terminal residues are incorporated into the polypeptide.
core of a protein would become solvent-exposed as a result of As chain elongates, the relatively flat free energy landscape of
C-terminal amino acid truncations. The hydrophobic effect predicts shorter chains becomes sharply tuned. The above clear-cut trend
that a polypeptide chain with a high degree of solvent-exposed highlights the fact that the last C-terminal residues are very
nonpolar residues acquires a driving force to bury the nonpolar important to channel a protein structure toward its native-like
surface either intra- and/or intermolecularly. This was shown to topology. We carried out the same calculations in the opposite
take place experimentally for N-terminal apoMb fragments of direction, from C- to N-terminus. The rough symmetry between
different chain length$.To what extent are the above hypotheses the N— C and C— N plots (Figure 2) indicates that the optimal
able to predict the experimentally observed chain lengths leading burial of nonpolar surface at late elongation stages has no directional
to formation of native-like structure? To test this, we investigated preference. Therefore, achieving autonomous native-like topology
the effect of chain truncation on the exposure of nonpolar solvent- is unlikely to have been a determinant factor for the development
accessible surface area (NSASA) for two limiting hypothetical of the N— C directionality of ribosome-assisted translation, over
cases: (a) unfolded state, represented as a fully extended chainthe course of evolution.
and (b) native-like folded state. The fractions of NSASA calculated  The ApoMb N-terminal polypeptides have strikingly different
for these two cases are displayed in Figure 2 for the four proteins properties from those of the corresponding incomplete chains of
whose experimental behavior is known. the other three proteins. All the examined ApoMb peptides misfold
For all four proteins, NSASA does not significantly vary with  and self-associate in solution. ApoMb is 10@8elical. Therefore,
chain length in the unfolded state. Values for full-length chains pg-strand formation serves as a convenient probe for misfolding.
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perhaps due to additional structural constraints. It is worth noting

that the rate of formation and detailed molecular structure of

amyloid fibrils are also influenced by parameters such as charge
staté® and shape complementarity. On the other hand, the FBA
parameter appears sufficient, albeit not always necessary, for
predicting misfolding leading to either amorphous or structured

aggregates.

In summary, we have shown that the major hydrophobic driving
forces for native-like structure formation occur preferentially at late
chain lengths. This trend can be effectively predicted, even in the
absence of matching experiments, provided that the structure of
Figure 3. Fraction of surface area buried upon folding per residue (FAB) the full length protein is known. Whlle this proper_ty was demon_
according to Ros#, calculated as a function of chain elongation for the strated here for a small set of proteins whose chain elongation has
amino acid sequences of SNase, Bar, CI2, and ApoMb. The red and greenbeen studied experimentally, this is likely a general phenomenon
symbols denote chain lengths investigated experimentally. The stars applicable to other proteins. At chain lengths bearing no significant
correspond to scores for peptides known to form amyloid-like species. driving forces for native-like structure formation, FBA values

greater than ca. 0.73 support misfolding and aggregation. This
The fraction off5-strand and self-association correlates with the implies that the support machinery of the cell is likely most needed
extent of chain truncation. In contrast, the fragments from the other ¢, solvent-exposed N-terminal segments with FBAD.73. Co-
proteins are soluble and display little or no misfolding. translationally active chaperones are likely to be necessary here,

Nature has devised strategies to assist proper folding and backuio prevent the deadly consequences of co-translational misfold-
methods for peptide degradation in case of misfolding. Just as jq 2122

protein native structure is encoded by amino acid sequence, the
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