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Electrostatics in the Ribosomal Tunnel Modulate Chain

Elongation Rates
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SUMMARY

Electrostatic potentials along the ribosomal exit tunnel are non-uniform and negative. The
significance of electrostatics in the tunnel remains relatively uninvestigated, yet is likely to play a
role in translation and secondary folding of nascent peptides. To probe the role of nascent peptide
charges in ribosome function, we used a molecular tape measure that was engineered to contain
different numbers of charged amino acids localized to known regions of the tunnel, and measured
chain elongation rates. Positively-charged arginine or lysine sequences produce transient arrest
(pausing) before the nascent peptide is fully elongated. The rate of conversion from transiently
arrested to full-length nascent peptide is faster for peptides containing neutral or negatively-charged
residues than for those containing positively-charged residues. We provide experimental evidence
that extra-ribosomal mechanisms do not account for this charge-specific pausing. We conclude that
pausing is due to charge-specific interactions between the tunnel and the nascent peptide.
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INTRODUCTION

Peptides are made and acquire secondary structure in the ribosomal exit tunnel 1-8 This is not
a unilateral act by the peptide, nor is the ribosomal tunnel an innocent bystander. The tunnel
collaborates as an active participant in translation 9-13 The precise mechanisms for this
teamwork are unknown. Two aspects of this collaboration are implicated by our recent studies:
a tunnel-peptide embrace and dynamic electrostatic potentials of a peptide-bearing tunnel 10,
14 The electrostatic potential inside the tunnel is negative and varies in magnitude along the
length of the tunnel. Moreover, when a charged residue is introduced into the nascent peptide
in the tunnel, its charge can be detected as a change in potential at the adjacent position in the
peptide chain, but no farther away. These findings suggest a new paradigm: a dynamic wave
of electrostatic potential is induced during peptide elongation if the nascent chain contains
charged amino acids. For example, as an arginine approaches and then moves away from a
given tunnel location during chain elongation, it will transiently decrease the negative potential
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of the region. This dynamic wave of electrostatic potentials will depend on the primary
sequence of the nascent peptide.

An electrostatic potential in the tunnel may have pleiotropic consequences. It can determine
the concentration of ions, the induction and stabilization of helical structures, the orientation
and pKa of charged side-chains of both nascent peptides and ribosomal proteins that protrude
into the tunnel, as well as the organization of polar molecules such as water. These
consequences themselves might alter the rates of elongation of nascent peptides. There area
?rowrng number of examples of nascent peptides that pause or arrest in the tunnel 9 -
Most of these so-called arrested peptides contain charged amino acids. Pausing may play
important physiological roles. For example, both slowed and accelerated translation rates affect
protein folding. Aberrantly accelerated rates can lead to misfolding (e.g., for chloramphenicol
acetyltransferase ) It has been suggested that such accelerated rates of translation allow a
particular part of a polypeptide chain to appear earlier in time than usual, which leads to an
interaction of this premature region with the preceding region that has not yet folded properly
20 That is, temporary pausing may permit more efficient domain folding without the
complicating influence of the peptide’s C-terminus. The importance of pausing has also been
demonstrated for the signal recognition particle receptor a-subunit. In this case, pausing
facilitates targeting and binding of the signal recognition particle receptor a-subunit to the
endoplasmic reticulum membrane 21 Here, too, correct folding of the subunit may require
translational pausing. Further support for the hypothesis that misfolding of proteins could start
during protein translatron is the phenomenon of cotranslational ubiquitination and degradation
of proteins 22-24 The signal recognition particle itself, when it binds to eukaryotrc ribosome-
nascent chain complexes, reduces elongation rates of nascent chains 25-2 thereby regulatmg
the efficiency of protein translocation into the endoplasmic reticulum and cell growth
the extreme, severe 2y slowed translation, could result in degradation of the mRNA and/or
nascent peptrde 9 and has been associated with translational frameshrftrng 0 and protein
mrsfoldrng . Even moderately altered rates of translation, due to common versus rare codons,
RNA secondary structures, or peptide transit 32-43 , might control the amounts of a particular
protein and/or regulate its folding.

Here, we test whether, in addition to the aforementioned mechanisms, charged residues alter
the rates of translation of a nascent peptide. We use a well-studied molecular tape measure 2
that has been modified to contain the S4 region of a voltage-gated bacterial potassium channel,
KVAP 44, 54 contains a series of arginines spaced every third amino acid. We varied the number
and location of charged residues, and determined the consequences for nascent chain
elongation rates. We find that positively-charged residues slow translation and produce a
transiently arrested species. This is not a function of size or shape of the side-chain, but rather
of the charge itself. This electrostatic effect is mediated by the ribosomal tunnel and suggests
that electrostatic considerations may influence cotranslational events in the biogenesis of
voltage-gated potassium channels.

We began our studies with the fourth transmembrane segment, S4, of a voltage-gated potassium
(Kv) channel because this segment has up to seven positive charges and has been characterized
with respect to its membrane insertion in the endoplasmic reticulum 45,46 \We substituted the
N-terminal portion of S4 from the bacterial KvAP channel into an all-extended nascent peptide
(Figure 1A), a molecular tape measure that spans the length of the tunnel in 33 residues and
remains attached to tRNA and the ribosome <. We chose to study nascent peptides derived
from DNA that has been truncated with a restriction enzyme (e.g., BstEll-cut) so that the mRNA
lacks a stop codon. The newly synthesized peptide will then remain attached to tRNA and the
ribosome, thus avoiding the complicating issue of multiple rounds of translation. The distance
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of each residue from the peptidyl-transferase center (APTC) in the unsubstituted tape measure
is known 2 and approximated by multiplying the APTC for each position times 3-3.4A /amino
acid 47. This S4-containing construct includes the 4 arginines, referred to as R1, R2, R3, R4,
that contribute to voltage sensing in voltage-gated potassium (Kv) channels 48,49,

A tape measure containing KvAP S4 with four arginines, R1-R4, is denoted as S4 (++++).
The time course of its translation is shown in Figure 1B as protein bands on a NuUPAGE gel.
The protein appears as a full-length peptide (FL, higher band) and a transient shorter peptide
(Ty, late transient (defined below), lower band) that decays exponentially (filled circles, right
plot, Figure 1B). The transient appearance of lower molecular weight bands indicates slowing
of the rate of chain elongation such that the peptide pauses at a shorter length. This is sometimes
referred to as “arrest”. A series of discrete bands (peptide intermediates) suggests that the rate
of translation of a peptide is not constant, but that the rate varies in a stop-and-go fashion 33,
36,37,39,50-5232,53 yjth different dwell times for various intermediates. The T, peptide
appears to be ~1.5 kD shorter than the full-length peptide, however, positive charges alter the
mobility of the peptide in an electrophoretic gel (Supplementary Figure 1A). Thus, we cannot
readily estimate the pause site or relative importance of individual arginines from the gel
migration pattern until we calibrate the relative contributions of peptide mass and charge (see
below, Figure 5). If these four arginines, R1-R4, are neutralized or made negative by
substitution, respectively, with 4 glutamines (denoted S4(0000)) or 4 glutamates(denoted S4
(=), then no pausing is observed (Figure 1B).

Both the fraction of total peptide paused and the kinetics of disappearance of the paused peptide
are dependent on the number of consecutive arginines. Addition of 3 more arginines, two
positioned between R1 and R2, and one upstream and adjacent to R2 (Figure 2A), slows
translation more than the presence of R1-R4 alone and produces more striking pausing
(compare Figure 1B and Figure 2B). Equal amounts of full-length and transient peptide are
present at 5 min in S4(++++), but later, at 10.2 £ 1.7 min (n = 7) for S4-5R, as determined from
the intersection of FL and T, curves (e.g., plot in Figure 2B). Is it the charge or the size/shape
of the side-chain that influences pausing? To discriminate these possibilities, we substituted
lysines for the 5 consecutive arginines and aspartate for the 5 consecutive glutamates as shown
in Figure 2A. The additional gels in the bottom row of Figure 2B demonstrate that charge alone
is sufficient to cause pausing as the guanidium side-chain (arginine) versus the amine side-
chain (lysine) gave similar transient peptide, with similar kinetics of disappearance and
formation of full-length peptide, as shown in the plot to the right. The expected delay in the
full-length curves cannot be observed with the time resolution and sensitivity used in these
experiments (however, see below and Figure 3). The aspartate and glutamate, which differ only
in length, gave similar results.

Two questions arise concerning the T, band. First, does its disappearance reflect conversion of
atransiently paused intermediate or the preferential degradation of an arrested peptide? Second,
does its absence in the case of S4-5Q, S4-5E, and S4-5D reflect a lack of paused intermediate
or a briefer dwell time in the paused state that is not detectable with our current time resolution
and sensitivity? A single experiment addressed both these issues. We monitored conversion of
transient bands into full-length in pulse-chase experiments. To optimize these studies we used
two strategies. First, we introduced a string of consecutive additional methionines to the N-
terminus of the tape measure, as was done previously for a fused polypeptide sequence
containing domains from a-globin, luciferase, and arginine attenuator peptide54. We added
five N-terminal methionines, thus increasing the total number of methionines in the nascent
peptide to seven and consequently increasing the specific radioactivity of the nascent peptide.
This enabled us to detect low levels of protein at short translation times (e.g., within 3 minutes).
The second strategy entailed using 10 consecutive charges to exaggerate the paused phenotype.
We engineered the constructs shown in Figure 3A. Translation was begun and at 3.5 min, non-
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radioactive methionine (1 mM, 103-fold dilution of radioactive methionine) was added and
samples assayed during the next 60 min. Peptide bonds synthesized subsequent to isotopic
dilution of methionine will incorporate few radioactive residues. Hence, as the peptide
elongates, the radioactivity initially manifest as lower bands will appear as a higher band, i.e.,
the lower bands will disappear and convert to higher bands. This indeed is the case, as shown
in the gels in Figure 3B. If simple degradation of the arrested peptide accounted for the
disappearance of the lower bands, then no high molecular weight bands would have appeared.
At 5 min (lane 3, dashed red oval), no full-length S4-M-10R (left gel) has appeared, yet a
significant amount of S4-M710E (right gel) is visible. The rate of formation of full-length S4-
M710R is considerably slower than that of full-length S4- M710E. An internal control is present
in these constructs because S4- M710R and S4- M710E are identical for the first ~80 residues
in the N-terminal portion of the substituted tape measure. When translated, this portion of the
substituted tape measure produces shorter, transient peptides, which we designate as transient
early (Tg) bands (below the horizontal dashed line). The T¢ bands in the two constructs are
virtually identical and serve as internal calibrants common to both S4-M710R and S4-M710E.
Quantification of the full-length (FL) and transient species (T¢ and Tj) are plotted below each
gel. Fits of an exponential decay to the disappearance of the T bands (open diamonds) give
time constants of 4.3 and 4.1 min~1, respectively, for S4-M710R and S4-M-10E. Although the
additional methionines provide the necessary sensitivity, they also appear to prolong the
initiation and formation of T, and T) species (e.g., compare amounts of protein at 5 min to
those shown in Figure 2), but do so equally for S4-M710R and S4-M-10E as indicated by the
similarity of the internal calibration bands. One possible explanation is that the concentration
of methionine in the translation mixture, due to the radioactive methionine, is 20 to 40-fold
lower than each of the other non-radioactive amino acids. A plot of the fraction of each peptide
species present in the total translation mixture indicates a crossover point where full-length
(FL) and late transiently paused species (T)) are equal. We refer to this crossover point as Te.
The average values of T, for duplicate experiments for S4-M710R and S4-M710E are 19.7 +
1.7 and 9.5 = 0.5 min (z average error), respectively. T, occurs at later times for arginine vis-
a-vis glutamate. A comparison of tape measures substituted with 5 arginines, glutamines, or
glutamates similarly confirms our results that positively-charged side-chains underlie transient
pausing. For S4-M75E and S4-M75Q), the fractions of FL and T, are approximately equal at 5
min (T ~ 5 min), whereas T > 5 min for S4-M75R (bar graph, Figure 3B). We conclude that
all constructs pause to yield T, intermediates, but the dwell times in this paused state are
prolonged for the positively-charged S4-containing peptides.

What is responsible for transient pausing and the altered rates? Four candidates may be
considered. First, a decreased rate of translation could be due to a rate-limiting supply of
aminoacylated tRNA. For example, if the level of arginine-tRNA or lysine-tRNA is
substantially lower compared with, for example, glutamine-tRNA, this could account for the
observed pausing for S4 constructs. Second, ternary complex formation (aa-tRNA/elongation
factor/GTP) and/or its binding to the ribosome may be slower and rate-limiting for positively-
charged-tRNA compared to neutral or negatively-charged-tRNA. If this occurred, then
translation would be slowed. Third, either mMRNA secondary structure or rare versus common
codon usage might underlie the apparent pausing. For example, if arginine or lysine codons
present in the S4 constructs were rare and rate-limiting vis-a-vis those encoding glutamine,
glutamate or aspartate, then again the rate of translation would be slowed. Fourth, electrostatic
interactions between nascent peptide and tunnel components may be responsible for
modulating rates of translation.

We attempted to examine the first possibility by measuring the relative levels of arginine-tRNA
and glutamine-tRNA in our rabbit reticulocyte lysate (RRL). Translation reactions were
supplemented with equal molar amounts of either C14-labeled arginine or glutamine followed
by fractionation on a 10% TBE-urea gel. Whereas an aminoacylated tRNA band that was
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sensitive to pre-treatment with RNase (50 pg/ml) was identified for the arginine-tRNA, a
similar band could not be detected for glutamine. This was due to specific interference by the
superabundant hemoglobin, which precluded a direct comparison of aminoacylated tRNAs.
We therefore resorted to an alternative assessment of the aminoacylated tRNA pools. We
supplemented the rabbit reticulocyte lysate with additional tRNAs for all 20 amino acids. A
mixture of calf liver tRNAs (Novagen), which is identical to the mixture already present at a
concentration of 50 pg/ml in the lysate made by Promega, was added at a concentration of
100pg/ml to the lysate to give a total of 150 pg/ml tRNA in the standard translation reaction
monitored with S3° methionine. Translation and fractionation of the S4-5R protein products
showed a pausing phenotype (Figure 4A) virtually identical to the unsupplemented control
S4-5R. Assuming that the rate of aminoacylation of tRNA by the synthetase is fast relative to
the translation reaction, a 3-fold higher pool of aminoacylated-tRNAs would be present and in
excess throughout the translation reaction. Despite this difference in aminoacylated-tRNA
pools, both kinetics and relative amounts of FL and T, remain the same (right plot). Thus,
aminoacylated tRNA is not limiting. Consistent with these observations, we pre-mixed lysate
with free amino acids and S3° methioinine for 5 min at 30°C, transferred the suspension to
22°C for 5 additional minutes, and then added S4-5R mRNA to start the translation. Under
these conditions, we expect a pre-equilibrated pool of aminoacylated-tRNA. A similar pausing
phenotype was still observed (data not shown). We therefore conclude that different levels of
aminoacylated-tRNA are not responsible for transient pausing of positively-charged S4 nascent
peptides and that the rate-limiting step responsible for pausing is downstream from the
formation of aminoacylated tRNA.

The second possibility is that ternary complex formation is limiting in the case of arginine-
tRNA. To test for this, we supplemented the RRL translation reaction with elongation factor
eEF1A derived from two different sources. In both cases, the eEF1A was first assayed to ensure
the eEF1A was fully active 55, Asshown in Figure 4B, both unsupplemented and supplemented
translation reactions showed similar transient pausing, suggesting that ternary complex
formation is not rate-limiting.

A third possible reason for charge-dependent rates of translation could be differences in codon
frequency. For example, if the arginine codons present in our constructs are rare, this could
introduce a rate-limiting step in the elongation process. The codon sequence for S4 constructs
5Q, 5K, 5R, 5E, and 5D differ with respect to the codons in the seven positions indicated in
Figure 4C. We therefore calculated an average fractional frequency of occurrence in each
construct based on the study of Thanaraj and Argos 37 who calculated the frequencies of the
61 sense codons as the fractions of the sum of all codons in mRNAs of highly expressed genes
from E. coli6. They use a database of 9,512 codons from 60 mMRNA sequences. The average
fractional frequency for the 7 codons indicated in Figure 4C (bottom table) in each S4 construct
containing 5Q, 5E, 5D, 5K, and 5R is 0.023, 0.021, 0.026, 0.016, and 0.012, respectively. The
constructs encoding 5R and 5K have an average fractional frequency that is ~60% of the others.
Could this difference account for pausing in the translation of 5R and 5K? Although bacteria
have a large variation in codon usage compared to mammals and a higher level of rarely used
codons than mammals °7, we nevertheless investigated this possibility by changing codons
Agg, cgA, cgc and cgg in the S4-5R construct (Figure 4C) to the commonest arginine codon,
cgT, which produced a construct with an average fractional frequency of 0.045, approximately
3 times more than the frequency in either the 5R or the 5K constructs, and twice the average
fractional frequency for 5Q, 5E, or 5D. Moreover, this common cgT codon has a translation
speed, measured as relative rate of association between the codon and the cognate aminoacyl-
tRNA 33 that is faster than the other substituted arginine codons (ranging over an order of
magnitude: 1.6 to 17.5-fold for cgc and cgg, respectively). This substitution of 6 cgT codons
should accelerate the rate of translation of 5R if the codons themselves contribute to a rate-
limiting step. However, as shown in the gels in Figure 4C, pausing of 5R was the same,

J Mol Biol. Author manuscript; available in PMC 2009 December 5.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lu and Deutsch

Page 6

regardless of the codons, suggesting that altered rate/pausing is due to the peptide side-chains
and not to the mRNA codon. Moreover, these results also eliminate the possibility that RNA
hairpin formation retards translation. The 5K construct is composed of AAg codons, whereas
the 5R construct is composed of cgT codons, yet they produce similar transient pausing, again
suggesting that side-chain charge determines pausing rather than RNA codons. Moreover, we
calculated the free energy of mRNA folding using the m-fold algorithm (developed by Dr.
Michael Zuker http://www.ldtdna.com). The free energies for the strongest potential secondary
structure formation in the last 63 bases of the mRNA coding for the C-terminal 21 amino acids
attached to the PTC of the S4 constructs 5Q, 5E, 5D, 5K, 5R, and 5R(cgT) are —12.09, —25.086,
—19.29, —20.64, —23.3, and —12.79 kcal/mol, respectively. The unsubstituted tape measure
mRNA itself has a free energy of —26.05 kcal/mol and therefore has the most driving force to
fold, whereas 5Q has the least, similar to 5R(cgT). Thus, hairpin formation of the mRNA coding
for positively-charged peptides is not the cause of pausing. We conclude that transient pausing
is not due to extra-ribosomal rate-limiting steps in the elongation process. Rather, charge-
dependent pausing occurs within the ribosome itself, most likely due to electrostatic peptide-
tunnel interactions.

To estimate the ribosomal location of these electrostatic effects, we determined the length of
the T|-paused peptide. Our first task was to evaluate the relative contributions of two factors
that alter the migration pattern of the paused S4-5R peptide (T)). First, the T| peptide has a
smaller mass and will therefore migrate faster. Second, the T, peptide will contain fewer
arginines (because C-terminal codons, which include the 5 arginine codons, are deleted) and
will therefore also migrate faster in the applied electric field (negative pole at the top of the
gel). We constructed calibration standards of known length by deleting 6, 9, 12, or 15 residues
from the C-terminus of the tape measure substituted with S4-5R (Figure 5A) to generate
peptides truncated successively up to, and including, R4, R3, R2, or R1, respectively. This
yields a family of calibration standards ranging in mass from 12.8 to 14.2 kD that migrate as
an ascending ladder with increasing mass and charge (Figure 5B, lanes 1-4). A side-by-side
comparison of the calibrants and the S4-5R construct indicates that the T, peptide (lanes 5-7)
migrates to the same position as the S4-5R(—9) calibrant, as if it were ~ 13.5 kD, suggesting
that the peptide stalled at R3. This places the remaining arginines (R1, R2 and their immediately
adjacent arginines) in the ribosomal tunnel. The precise location depends on the secondary
structure of this segment of the peptide. If this segment is extended, then R1 will reside ~18-
20A from the PTC. If it is an a- helix, then R1 will be ~10A from the PTC. In either case, the
charged residues are lodged within the ribosomal exit tunnel.

DISCUSSION

Chain elongation does not proceed at a constant rate, but rather in fits and stops, é)ausing along
the way and giving rise to a series of intermediate peptides 32,33,36,37,39,50-53 This s
exhibited most strikingly in the protein gels displaying the reaction products containing 7
methionines, which permits sensitive detection at early times during translation. A constant
rate of elongation predicts a more uniform smear of bands rather than discrete bands. The latter
are only observed if the relative rate of appearance of a biogenic intermediate compared to its
disappearance is significantly greater than one. This stop-and-go traffic is regulated by some
or all of the events/participants involved in decoding mMRNA, peptide synthesis, structure of
the nascent chain, and movement of the elongating nascent chain through the tunnel. The latter
two factors will depend on both backbone and side-chain interactions of the nascent peptide
with tunnel components and with chaperones.
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Tunnel electrostatics influence translation rates

Elongation pausing of nascent peptides containing positively-charged motifs suggests that
translation rates depend on electrostatics. What is responsible for this? Two broad categories
may be considered. First, there are events outside the ribosome itself, namely synthesis of
aminoacylated tRNA (aa-tRNA) and ternary complex formation. Second, there are tunnel-
associated events, including events at the PTC (reading of the mRNA codons, A-site entry,
accommodation, peptide bond formation, and translocation), compaction of the nascent chain
in the tunnel, and/or movement of the peptide along the tunnel. We shall discuss the former
category first.

Aminoacylation in extracts, including the RRL cell-free system, is very efficient for all amino
acids. Typically, the concentrations of aa-tRNA, including Arg-tRNA, GIn-tRNA, and Glu-
tRNA, exceed that of the ribosomes by at least 10-fold 58‘60, and the rate of aminoacylation
cannot be resolved by manual pipetting because it is too fast (Rodnina, pers. comm.). Moreover,
the rates of aminoacyl-tRNA formed by purified synthetases in vitro are similar for methionyl,
lysyl, arginyl, leucyl, and isoleucyl-tRNA and ~1.5-2 times faster than glutamyl or glutaminyl-
tRNA 61, Thus, aminoacylation should not be rate-limiting for translation of positively-
charged S4 segments, consistent with the experimental observations reported in this paper:
neither supplementary tRNAs nor pre-equilibration of the rabbit reticulocyte lysate with amino
acid substrates abolished S4-5R pausing. We therefore conclude that aminoacylation is not
limiting and cannot be the direct cause of pausing.

The aminoacylated tRNA enters the ribosome by first binding elongation factor Tu-GTP (EF-
Tu-GTP in prokaryotes and eEF-1 in eukaryotes) to form a ternary complex, which is efficient
for all aa-tRNA 2. In prokaryotic systems, each aa-tRNA has evolved its affinity for EF-Tu
and the ribosome so that binding of ternary complexes to the ribosome and peptide bond
formation seems to be uniformly fast for all natural aa-tRNA 62,63 |t is thus unlikely that
variations in the rates of translation that we observe are related to poor ternary complex
formation. To confirm this conclusion in the RRL system, we supplemented the RRL system
with purified eEF1A and compared translation rates for S4-5R and S4-5Q. Results were
identical to those obtained in the unsupplemented system, indicating that ternary complex
formation is not responsible for the observed pausing.

It is also possible that selection of the correct aa-tRNA is limiting the rate of translation of a
particular codon. Translation will typically be slower at the codons that are read by rare aa-
tRNA. Another related possibility is that natural MRNAs may have a significant secondary and
tertiary structure that the ribosome melts. This may slow translation, particularly at difficult
patches, e.g., at RNA hairpins. Such dependence is manifest in prokaryotic ribosomes as
pausing during mRNA unwinding 32 Both possibilities, rare codons and mRNA structure, are
eliminated by the experiments demonstrating that lysine and arginine each produce similar
pausing phenotypes and that substitution of multiple different arginine-encoding codons does
not eliminate the pausing. Moreover, a calculation of the free energy of folding for mMRNA S4
constructs indicates that secondary RNA structure cannot account for the observed pausing.

We are therefore left with ribosome-associated causes for the dependence of translation rate
on electrostatics. These ribosome-associated causes include PTC events, compaction of the
nascent chain in the tunnel, and/or movement of the peptide along the tunnel. Let us first
consider the role of compaction in pausing. Woolhead et al. 13 propose that in the case of
SecM, translation arrest requires both compaction of the nascent SecM sequence and a tunnel-
peptide interaction, the former serving to orient critical SecM residues at specific locations in
3- dimensional space for optimal interaction with the tunnel to cause pausing. By analogy, one
might speculate that arginine and lysine, with helix propensities of ~ —0.7 kcal/mol compared
to glycine 64, compact more readily than glutamine and glutamate with helix propensities of
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~—0.3 kcal/mol 4, thus orienting positively-charged side-chains for the requisite pause-
inducing interaction with the tunnel. While two lines of evidence, derived from an accessibility
assay previously validated to measure compaction in the tunnel 2,10, are consistent with this
scenario, a third is not. First, a tape measure substituted with ten consecutive alanines (alanine
has the highest helix propensity, —0.77 kcal/mol relative stabilization of a-helical conformation
64) near the PTC forms an a-helix 10 yet has a translation rate that is similar to that of the all-
extended unsubstituted tape measure (data not shown). Second, S4-5R and S4-5K compact
equivalently to a substituted tape measure containing 5 consecutive alanines (7-Alab) in a
similar tunnel location10, whereas S4-5Q, S4-5E, and the unmodified tape measure are each
extended (Supplementary Figure 1B). The polyalanine-containing tape measures compact yet
have T values less than those for S4-5R and S4-5K and similar to T, for S4-5Q. A third line
of evidence, however, is inconsistent with a scenario in which compaction orients key residues
for interaction with the tunnel and consequent pausing: S4(++++) and S4(0000) have similar
extended conformations in the tunnel (data not shown), yet S4(++++) pauses while S4(0000)
does not (Figure 1). Moreover, two considerations suggest that the tunnel interacts with nascent
peptide to influence compaction. S4-5K and S4-5R substituted tape measures differ in overall
helix propensity by a factor of two (as determined from an Agadir helix propensity algorithm

), yet compact similarly and, conversely, S4-5Q and S4-5K tape measures have similar
calculated helix propensities, but the former is extended and the latter is compact. We conclude
from our studies that pausing is not solely a function of compaction (in fact, compaction appears
not to be a prerequisite) but that pausing involves electrostatic interactions in the tunnel.

While we cannot entirely eliminate one or the other of the remaining possibilities, PTC events
versus movement of the peptide along the tunnel, we nonetheless may conclude the following.
The major contribution to pausing occurs in the tunnel, distal to the PTC. This conclusion is
based on our demonstration that the arginine-rich region reaches 10-20 A into the tunnel when
the peptide has paused (T}, Figure 5B). Although there is a minor component (<10 % paused)
that stops just before the first arginine enters the tunnel, the major transient intermediate pauses
inside the tunnel. We conclude that an important determinant of pausing is electrostatic
interactions between the nascent peptide and the tunnel itself.

We can understand the pausing in constructs rich in positively-charged side-chains vis-a-vis
neutral or negatively-charged side-chains by considering the free energy landscape that may
be encountered along the tunnel during chain elongation. Figure 6 schematically illustrates
elongation energies underlying the transition from the T intermediate to the full-length peptide
in the region 10-20 A from the PTC, depending on the charges of particular side-chains. The
rate-limiting step for elongation at this position of the nascent peptide will be determined by
the highest activation free energy barrier, which is side-chain dependent and may be due to
any number/combination of factors, including steric clashes, hydrogen bonding, van der Waals
forces, hydration energies, and electrostatic interactions. In Figure 6 we represent the
hypothetical free energy landscape as two barriers with an energy well between them. We
consider peptide elongation as an irreversible movement to the right along the reaction
coordinate delineated by the abscissa. Three free energy landscapes are superimposed, black
representing the S4-5Q peptide, blue the S4-5R or S4-5K peptides, and red the S4-5E or S4-5D
peptides. Two activation free energies are shown, AG*; and AG*,. For the neutral side-chains,
AG*; > AG*,, making the first barrier rate limiting. We show the effect of side-chain charge
as an effect on the well depth, i.e., the binding energy for a side-chain interacting with putative
negative electrostatic potentials in this region of the tunnel. An acidic side-chain (red) will be
destabilized by this negative potential, raising the energy of the well. Notice that the first barrier
remains rate limiting in this case. However, an arginine or lysine side-chain (blue) will be
stabilized in the well. In the example shown, this will result in pausing, as the second activation
energy barrier becomes larger — and rate limiting — during peptide elongation. This energetic
representation is greatly simplified, but is intended to show how positive charges of certain
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side-chains might create a higher energy barrier that would result in pausing, whereas negative
charges might have little effect on the rate of peptide extension.

Consequences of electrostatic interactions in the tunnel

The introduction of charge into the tunnel will have several immediate consequences. First, as
demonstrated previously, the charge will produce a local change in the electrostatic potential
of the tunnel 14, Second, the interaction of the charge with the local electrostatic potential may
orient the side-chain in the tunnel. Third, the charge may re-orient other dipoles in the tunnel,
e.g., ribosomal proteins, rRNA, and/or water and mobile ions. These physico-chemical
consequences of charge introduction into the tunnel may, in turn, have biogenic consequences.
For example, electrostatic interactions are critical to conformational folding of
macromolecules, kinetics of biochemical reactions, and organizing solvent, ions, and
molecules with monopole, dipole, and quadrupole moments 66_ Given their central role in
biology, such electrostatic interactions are likely to be just as important in fundamental
translation processes such as peptide elongation, folding, and signaling. Consider two possible
effects of electrostatics on secondary foldrn% in the tunnel. First, if some folding takes place
in the tunnel, as has been demonstrated 4 , this may be influenced by interactions between
charged side-chains and the electrostatic potentlal in the tunnel, interactions that could induce
or stabilize helix formation 14. Moreover, if a folding reaction is accompanied by several
charged side-chains moving through a local electrostatic field, this folding reaction will be
highly sensitive to the electric field. Second, intramolecular ion-pair formation between
oppositely charged side-chains can also stabilize helix formation 3. Whereas a role for
electrostatics in signaling in the tunnel has not yet been explored, a role for electrostatics in
peptide elongation is compelling.

Other observations also implicate modulation of translation events by electrostatic interactions.
For example, several arrest sequences contain charged residues that are critical for pausing
events 11,12,15,16,67 , and charge changes of amino acids in ribosomal protein L22 that point
into the tunnel alter arrest 9,11 These results are consistent with electrostatic interactions
modulating translation rates. Moreover, insertion of a polylysrne tract into a nascent peptide
causes cotranslational arrest and degradation of the peptlde

What is the consequence of altered translation rates? Altered rates can lead to misfolding during
translation 20,22-24,68 and/or decreased translational fldellty . In contrast to these
deleterious effects, temporary pausing might lead to efficient domain folding, and/or facilitated
targeting and binding to the endoplasmic reticulum membrane 21 . Thus, translation rates may
need to be regulated carefully within a prescribed range to optimize folding and targeting
reactions and avoid the potentially grievous consequences of misfolding. Moreover, optimal
translation rates may vary at different positions of the nascent peptide within the ribosomal
tunnel. Our results suggest that positively-charged side-chains may be strategically placed
along the emerging peptide chain to insure optimal conditions for folding reactions.

MATERIALS AND METHODS

Constructs and in vitro translation

Standard methods of bacterial transformation, plasmid DNA preparation and restriction
enzyme analysis were used. The nucleotide sequences of all mutants were confirmed by
automated-cycle sequencing performed by the DNA Sequencing Facility at the University of
Pennsylvania School of Medicine on an ABI 377 sequencer using Big dye terminator chemistry
(ABI). All tape measure DNAs (substituted and unsubstituted) were sequenced throughout the
entire coding region.
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In all experiments, we used constructs in a molecular tape measure background. The molecular
tape measure is the C-terminal 44 amino acids of a 95-amino acid long segment of the N-
terminus of Kv1.3 2. Five native cysteines in the tape measure constructs, including Cys71,
were replaced with serines to give a cysteine-free background. Two a-helices, al (from Leu67
to Leu70) and a2 (from Pro81 to Arg83) in the wild-type T1 domain, were deleted and a new
BstEII restriction site was engineered at Arg101 using Stratagene’s QuikChange site-directed
mutagenesis Kit. This new site inserted a serine between Arg101 and the PTC. When a BstElI-
cut tape measure construct (substituted or unsubstituted) is translated, it generates a nascent
peptide of 95 amino acids, which migrates at ~15 kD on NUPAGE gels 2 Al tape measures
(substituted and unsubstituted) were positioned to span the length of the ribosomal exit tunnel
using the BstEII restriction enzyme. E64C was made using the QuikChange mutagenesis kit
and is positioned at the border of the exit tunnel. A stretch of 15 residues, from R (A17) to N
(A2; 2 residues from the PTC) of the E64C tape measure was replaced with KvAP S4
transmembrane residues LFRLVRLLRFLRILL (C-terminus) using a QuikChange
mutagenesis kit. MSLA residues were additional mutations that reinstated the substituted
methionine for increased sensitivity on the gel. The underlined arginines are R1, R2, R3, R4,
starting at the N-terminus, and were mutated to Q, E, D, or K for various experiments using
QuikChange. To further study the effect of the number of charged side-chains, we mutated
RLVRL to RRRRR, KKKKK, EEEEE, or DDDDD (5R, 5K, 5E, 5D, respectively). Similarly,
we mutated RLVRLLRFLR to RRRRRRRRRR or EEEEEEEEEE (10R and 10E,
respectively). To detect low level of signal early in translation during pulse-chase experiments,
we added 5 extra methionines to the starting codon of 10R and 10E constructs using
QuikChange.

To generate a series of truncated calibration standards for the S4-5R construct, we deleted 6,
9, 12, or 15 residues from the C-terminus using PCR methods. All four constructs share a
common 5’ end primer 5’-AgAggATcTggcTAgcgATg-3’, which is situated 250 bp upstream
from the starting codon, whereas the different 3’ end primers were designed appropriately
upstream from the 3’ end of the construct to yield the desired truncated calibration standards.
All PCR fragments were purified and sequenced throughout the entire coding region and used
as templates for transcription.

Capped complementary RNA was synthesized in vitro from linearized templates using Sp6
RNA polymerase (Promega). Linearized templates for all biogenic intermediates were
generated using BstEIl enzyme. Proteins were translated in vitro with [3°S]methionine Express
(2 pl per 25 pl translation mixture; ~10 puCi ul~1; Amersham) for 1 h at 22 °C in rabbit
reticulocyte lysate according to the Promega Protocol and Application Guide. Samples were
taken between zero and 60 minutes and quenched with at least 10x volume of ice cold buffer
containing 20 mM Hepes (USB, free acid, pH 7.3 at 37°C), 4 mM MgCl,, 100 mM NaCl, and
1 mM DTT, pH 7.4-7.5 at room temperature. The quenched translation product was loaded on
a sucrose cushion (120 ul containing 0.5 M sucrose, 100 mM KCI, 5 mM MgCl,, 50 mM
Hepes, 1 mM DTT, pH 7.5 at room temperature) and centrifuged using a TLA100.3 Beckman
rotor at 70,000 rpm for 20 min at 4°C. The supernatant was removed and the pellet resuspended
in 20 pl of buffer (see below).

Gel electrophoresis and fluorography

Pellets for assay were resuspended in buffer containing 50 pug/ml RNase (to remove peptidyl-
tRNA to simplify the number of bands on the gel) and incubated at room temperature for 30
minutes, then mixed with NUPAGE loading buffer (1X) and DTT (50 mM final concentration).
All final samples were heated at 70 °C for 10 min before loading onto the gel. Electrophoresis
was performed using the NUPAGE system and precast Bis-Tris 10% or 12% gels and Mes
running buffer. Gels were soaked in Amplify (Amersham) to enhance 3°S fluorography, dried
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and exposed to Kodak X-AR film at —70 °C. Typical exposure times were 16-30 h.

Quantification of gels was carried out directly using a Molecular Dynamics Phosphorimager.
To compensate for the small amount of protein made at early times after the start of translation,
more reaction volume was loaded at earlier time points. The graphs in Figure 1-Figure 4 plot
the fraction of total in a given lane, which obviates the need for any normalization procedures.

Supplemental eEF1A and aminoacylated tRNA experiments

Rabbit reticulocyte lysate was warmed to room temperature and pre-mixed with amino acid
mixture (minus methionine), 33S-methionine, RNasin ribonuclease inhibitor, and nuclease-free
water according to the Promega protocol. Immediately prior to initiating the translation
reaction, we supplemented the translation reaction with eEF1A obtained either from the
laboratory of W.C. Merrick (lot #3033; 10 pg per 50 pl) or from the laboratory of Tatyana
Pestova (originally from Terri Kinzy; 3.5-4 pg per 50 pl). We then added 0.2 ug mRNA per
50 pl translation volume to start the translation. Five samples were taken between zero and 60
minutes and quenched with at least 10x volume of ice cold buffer containing 20 mM Hepes, 4
mM MgCl,, 100 mM NaCl, and 1 mM DTT, pH 7.3. The quenched translation product was
loaded on a sucrose cushion (120 pl containing 0.5 M sucrose, 100 mM KCI, 5 mM MgCly,
50 mM Hepes, 1 mM DTT, pH 7.5 at room temperature) and centrifuged using a TLA100.3
Beckman rotor at 70,000 rpm for 20 min at 4°C. Experiments were carried out to test whether
the pool of aminoacylated tRNA was limiting. We supplemented the rabbit reticulocyte lysate
with additional tRNA for all 20 amino acids. A mixture of calf liver tRNAs (Novagen), which
is identical to the mixture already present at a concentration of 50 pg/ml in the lysate made by
Promega, was added at a concentration of 100 pg/ml to the lysate to give a total of 150 pg/ml
tRNA in the translation reaction. Translation and isolation of products was carried out as
described above for the eEF1A experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Time course of translation of S4-substituted tape measure transcripts
A. Schematic sequence of S4 (++++), S4(0000), and S4(———) constructs. The substituted tape
measure is a portion of the indicated sequence that resides inside the ribosomal exit tunnel. S4
(++++) is the designation for a substituted tape measure in which 19 residues have been
replaced with a 19-residue sequence from the fourth transmembrane segment (S4) of Kv
channels. The bolded sequence is the proximal portion of the S4 from KvAP, a bacterial Kv
channel. The four arginines that translocate across the membrane electric field in the function
of Kv channels are labeled 1-4. S4(0000) designates an S4-substituted tape measure in which
R1-R4 have been mutated to glutamines (Q1-Q4). S4(———) designates an S4-substituted tape
measure in which R1-R4 have been mutated to glutamates (E1-E4). All sequences extend an
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additional 51 residues (not shown) to the N-terminus. B. Translation rates. Translation was
carried out by standard means and aliquots quenched at the indicated times (min), treated with
RNase, and fractionated on NUPAGE protein gels (Bis-Tris 12%; top gel, lanes 1-5 loaded
with 10, 6, 3, 2, and 1.5 pl, respectively; bottom gels, lanes 1-3 loaded with 6, 3, and 1.5 pl,
respectively) for the constructs shown in A. The higher molecular weight band in the S4(+++
+) gel is the full-length nascent peptide (FL). The lower band in this gel is a transient species
(Ty). The fraction of T peptide, calculated as the intensity of the lower band divided by the
sum of the intensities of the lower and higher bands in a given lane, is plotted as a function of
translation time (top row, right), along with normalized total peptide, calculated as the sum of
both bands divided by the sum at 60 min. The 45-min time point was omitted from the S4(++
++) gel display. The data were fit (solid curve) with a single exponential function and a
sigmoidal function, respectively. The three gels (bottom row) for the unmodified tape measure,
S4(0000), and S4(———) show only one band, the full-length peptide.
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Figure 2. Effect of additional consecutive charges

A. Schematic sequences of S4-substituted tape measures. S4-5R designates a construct with 5
consecutive arginines (highlighted in blue), including R1 and R2, as indicated. S4-5Q, S4- 5E,
S4-5K, and S4-5D designate constructs with 5 consecutive glutamines (green), glutamates
(red), lysines (blue), and aspartates (red), respectively, each including replacement of R1 and
R2. B. Translation time course for the constructs shown in A. as described in Figure 1B (Bis-
Tris 12%; all gels, lanes 1-5 loaded with 20, 10, 5, 3, and 1.5 pl, respectively). For S4-5R and
S4-5K, the fraction of T, transient peptide, calculated as the intensity of the lower band divided
by the sum of the intensities of the lower and higher bands in a given lane, is plotted (lower
right) as a function of translation time, along with fraction of full-length peptide (1-fraction
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Ty). S4-5R (blue) and S4-5K (red) are plotted as circles and triangles, respectively, to give

T values of 10 and 8 min. S4-5Q, S4-5E, and S4-5D displayed only one band at the full-length
molecular weight and therefore were not plotted.
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Figure 3. Pulse-chase studies of S4-substituted tape measures

A. Schematic sequences of methionine-enriched S4-substituted tape measures with 10
consecutive charges. S4-M710R and S4-M710E designate constructs with a total of 7
methionines (bolded) and either 10 consecutive arginines (blue) or 10 consecutive glutamates
(red), which replace R1-R4 and the intervening residues in the original S4-substituted tape
measure. B. Translation time course for the constructs shown in A. Translation was carried out
as described in the Materials and Methods. At the time indicated by the arrow (3.5 min), 1 mM
non-radioactive methionine (103-fold dilution of radioactive methionine) was added and
additional time points sampled. Samples were fractionated on NUPAGE gels (Bis-Tris 12%,
top row; lanes 1-6 loaded with 8, 8, 6, 3, 3, and 3 pl, respectively). The dashed red oval
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highlights the absence and presence, respectively, of a FL band for S4-M710R and S4-M-10E.
The data are plotted as fraction of total peptide at the indicated times (below gels). The fraction
of a specified population (full-length (FL), early transient (Tg), late transient (T)) peptide was
calculated as the intensity of the specified band divided by the sum of the intensities of all the
bands in a given lane. The intensity of T¢ was multiplied by 1.167 to normalize peptide species
containing 6 methionines to the FL containing 7 methionines. The FL data were fit with a
sigmoidal function, the T data with an exponential decay function, and the T, data with a
double exponential (4-parameter) function to give the corresponding solid curves. The vertical
line indicates the T, value, the time at which the fraction of FL equals the fraction of T,. The
bar graph shows results obtained at 5 min from similar experiments using M75R, M-5E, and
M75Q, which were analyzed as described above.
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Figure 4. Potential factors in charge-dependent pausing

A. Addition of supplemental tRNAs. Translation reactions were set up exactly as described in
the Materials and Methods and Figure 2, but calf liver tRNAs (100 pg/ml; Novagen) was added
to give a total of 150 pg/ml tRNAs in the translation reaction. Samples were fractionated on
NUPAGE gels (Bis-Tris 12%; lanes 1-5 loaded with 22, 15, 5, 3, and 3 pl, respectively). Data
are plotted as fraction of T, and FL for the indicated times to give a T, value of ~12 min. B.
Addition of supplemental eEF1A. Translations were carried out as described in the Materials
and Methods and Figure 2, but in the presence of additional purified eEF1A as described in
the text. Samples were fractionated on NUPAGE gels (Bis-Tris 12%; lanes 1-5 loaded with
20, 10, 5, 3, and 1.5 pl, respectively). The data are plotted as fraction of T; and FL for the
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indicated times to give a T value of ~12 min. C. Rare vs common codons. An S4-5R construct
containing 5 consecutive arginines was translated as described in Figure 1. Samples were
fractionated on NUPAGE gels (Bis-Tris 12%; lanes 1-5 loaded with 25, 15, 5, 3, and 2.5 pl,
respectively). The gel on the left derives from a peptide encoded by the 5 consecutive arginine
codons AggcgTcgAcgeegg, some of which are rare codons. The gel on the right derives from
a peptide encoded by 5 consecutive cgT codons plus a sixth cgT (R3), which are common. A
plot of the fraction of T, and FL for the indicated times gives T, values of 10.2 £ 1.8 (n = 2)
and 10.4 min, respectively. Below are the average fractional frequencies of occurrence for the
7 codons in each construct (see Figure 2), based on the study of Thanaraj and Argos 37,
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Figure 5. Identity of T| intermediate

A. Schematic of truncated peptides used as calibration standards. The number in parenthesis
indicates the number of amino acids deleted from the C-terminus of the S4-5R substituted tape
measure. B. Migration of standards. The constructs shown in A. were translated for 60 min
(produces final full-length peptide) as described in Figure 1 and run on a NUPAGE gel (Bis-
Tris 12%; lanes 1-4 loaded with 2, 2, 2, 2 pl, respectively) along with samples from a parallel
translation of S4-5R (lanes 5-7 loaded with 20, 10, and 2.5 pl, respectively) using the same
batch of reticulocyte lysate and identical reagents and conditions. The gel was run for a longer
time to improve resolution of the bands and more accurate assessment of the mass of the paused
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peptide. The standards (lanes 1-4) exhibit an ascending ladder pattern with increasing mass
and charge of the peptide.

J Mol Biol. Author manuscript; available in PMC 2009 December 5.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lu and Deutsch

Free energy

Page 25

v

Transit along tunnel

Figure 6. Energy barrier model

This is a schematic representation of the energetics of transit of S4-substituted tape measures
along the region of the tunnel that is 10-20 A from the PTC. The trajectory for 5R is shown
in blue, for 5Q in green, and 5E in red. The height of the first barrier is AG*; and the second
is AG*5.
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