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Abstract

Puromycin is a protein synthesis inhibitor that acts as a structural analog of an
aminoacyl-tRNA. The ribosome mistakenly inserts puromycin in place of aminoacyl-
tRNA resulting in truncated proteins containing the drug at their C-terminus. Herein,
the puromycin reaction is re-examined in a cell-free eukaryotic translation extract and
in live cells. The framework for puromycin reactivity in terms of potency, product
distribution, and mechanism is studied in vitro. These insights are used to develop a
series of fluorescent puromycin-based reagents to detect protein expression in living
cells that does not require transfection, radiolabeling, or the prior choice of a candidate
gene. Further, puromycin is used to examine the stereo- and regiochemical nature of
protein synthesis both in vitro and in vivo. These data indicate that the ribosome
tolerates a broader range of substrates than previously recognized, including D-amino
acids. Overall, these studies yield a series of insights about protein synthesis and the
ribosome, including mechanistic observations, the development of reagents to explore

the proteome, and a theory about the evolution of amino acid homochirality.
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Chapter 1

Background and Perspective

Protein synthesis is one of the fundamental events in every living cell. The central
dogma of biology (Figure 1.1) shows that our genetic material, encoding ~30,000
genes (1, 2), can be transformed into protein through RNA. A specialized type of
RNA called mRNA is deciphered with the aid of several translation factors on ri-
bosomes, the molecular decoding machinery of the cell. Ribosomes are RNA and
protein complexes that make up more than 25% of the total mass of Escherichia coli
cells and carry a M, of 3 million daltons. In an E. coli cell, 3 x 10* ribosomes select
the correct amino acid from over 41 aminoacyl-tRNAs containing a unique anticodon
sequence and assemble amino acids into protein at a rate of 10 — 20 sec™! (3). Yet

the macromolecular concentration of an E. coli cell is 340 mg/mL, which in terms of

DNA~+— RNA—— protein

retroviruses

Figure 1.1: Central dogma of biology.



Figure 1.2: The macromolecular concentration of the E.coli cell is equivalent to pack-

ing 70 humans into this small tent.

volume is equivalent to packing more than 70 humans into a space of a small tent
with volume 500 ft3 (Figure 1.2) (4)! So how can protein synthesis proceed at a rate
necessary to sustain life with an error of only 1 in 10 thousand amino acids? This
question is one of many that remain unanswered in the area of protein synthesis.
My Ph.D. tenure has overlapped with several spectacular achievements in the area
of protein translation. On August 11, 2000, Tom Steitz and co-workers published an
atomic resolution crystal structure of the large ribosomal subunit (5). This work
unambiguously assigned the location of peptide bond formation to be completely
within a region of RNA. This confirmed a theory backed by biochemical evidence
(6) that the ribosome is a ribozyme (4). Soon thereafter, a 5.5 A map of the entire
ribosome assembled with mRNA and aa-tRNAs was published by Harry Noller and
colleagues. This account yielded a snapshot of protein synthesis that continues to

stand at the structural forefront of biology. In addition to structural insights, kinetic



and equilibrium measurements of ribosomes at discrete steps during translation were
published (7). These structural and biochemical data presented in just the last few
years have advanced our understanding of translation beyond what could even be
imagined just 10 years ago. What lies ahead in this field is the development of tools
and reagents to elucidate the proteome at the molecular level within the cell.

In the pages that follow, I describe the design and characterization of compounds
to directly study protein synthesis both in vitro and in live cells. Much of what we
know about translation has been derived from the study of prokaryotic organisms,
such as E. coli. The lack of comparable insight about translation in higher organisms
was the impetus behind the work presented in this thesis.

Chapter 2 reviews the historical use of reagents to probe protein synthesis and ex-
amines their drawbacks for understanding protein translation in the context of cells.
A re-evaluation of puromycin action using a reticulocyte lysate cell-free translation
system is presented, which takes into account the potency, product distribution, and
mechanism of various puromycin-oligonucleotide conjugates. Insights derived from
these studies lay the framework for the design of reagents to study translation in
live cells. Chapter 3 describes the implementation of these reagents to study protein
synthesis in vivo. Fluorescent puromycin derivatives (of the form X-dC-puromycin)
enable direct monitoring of protein expression and provide the potential for both spa-
tial and temporal resolution in living cells and tissues. Chapter 4 revisits the issues
surrounding the stereo- and regiochemistry of protein translation and presents a set
of data that show the specificity of the ribosome (compared to typical enzymes) to
be more relaxed than previously recognized. These new observations support the no-
tion that the ribosome could synthesize peptides and proteins using D- and f—amino
acids. Chapter 5 continues to examine the specificity of the ribosome and highlights
the sensitivity of translation to substitution of the reactive amine. Chapter 6 is an in
vivo analysis of ribosome specificity using the number of live cells as a measurement

of ribosome specificity. Further, the effect of sidechain identity on ribosome stereos-



electivity is analyzed in live cells. These results extend the theory that the protein
synthesis machinery should be capable of generating polymers that differ substantially
from natural peptides and proteins. Finally, in Chapter 7, data is presented that pro-
vides prebiotic evidence for the evolution of amino acid homochirality. In summation,
these data offer new insights into the chemical nature of eukaryotic protein synthesis

and advance our understanding of the proteome.
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Chapter 2

Puromycin Oligonucleotides Reveal Steric
Restrictions For Ribosome Entry and

Multiple Modes of Translation Inhibition

This chapter has previously appeared as: S.R. Starck and R.W. Roberts. Puromycin
oligonucleotides reveal steric restrictions for ribosome entry and multiple modes of

translation inhibition. RNA 8:890-903, 2002.

Abstract

Peptidyl transferase inhibitors have generally been studied using simple systems and
remain largely unexamined in in vitro translation extracts. Here, we investigate the
potency, product distribution, and mechanism of various puromycin-oligonucleotide
conjugates (1 to 44 nucleotides with 3’-puromycin) in a reticulocyte lysate cell-free
translation system. Surprisingly, the potency decreases as the chain length of the
oligonucleotide is increased in this series, and only very short puromycin conjugates
function efficiently (IC5y < 50 uM). This observation stands in contrast with work
on isolated large ribosomal subunits which indicates that many of the puromycin-

oligonucleotide conjugates we studied should have higher affinity for the peptidyl



transferase center than puromyein itself. Two tRNA*? derived minihelices contain-
ing puromycin provide an exception to the size trend, and are the only constructs
longer than four nucleotides with any appreciable potency (ICso = 40 — 56 uM).
However, the puromycin minihelices inhibit translation by sequestering one or more
soluble translation factors, and do not appear to participate in detectable peptide
bond formation with the nascent chain. In contrast, puromycin and other short
derivatives act in a factor-independent fashion at the peptidyl transferase center and
readily become conjugated to the nascent protein chain. However, even for the short
derivatives, much of the translation inhibition occurs without peptide bond forma-
tion between puromycin and the nascent chain, a revision of the classical model for
puromycin function. This peptide bond-independent mode is likely a combination
of multiple effects including inhibition of initiation and failure to properly recycle

translation complexes that have reacted with puromycin.

2.1 Introduction

Puromycin has played an important role in our understanding of the ribosome and
protein synthesis. It has been known for more than 40 years that the molecule is a
universal protein synthesis inhibitor that acts as a structural analog of an aminoacyl-
tRNA (aa-tRNA) (Figure 2.1) (1). Nathans went on to demonstrate that the ribo-
some mistakenly inserts puromycin in place of aminoacyl-tRNA resulting in truncated
proteins containing the drug at their C-terminus (2). A later examination of this
mechanism concluded that puromycin inhibits translation solely through C-terminal
labeling of peptides and not through additional pathways (3). This classic model for
puromycin supports only a single mode of action, covalent attachment to the nascent
chain.

In vitro studies with the drug have largely utilized the ‘fragment reaction,’ in which

peptidyl transferase activity of isolated 50S subunits is measured by the formation of
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Figure 2.1: Puromycin versus aminoacyl-tRNA.

N-formyl-[*S]Met-puromycin (f-Met-puromycin) from a fragment of N-formyl-Met-
tRNAMet and puromycin (4). Much of what we know about the catalytic activity of
the ribosome has been derived from this simple assay (5, 6). However, the reaction
is conducted under conditions that are relatively non-physiological (30% ethanol,
400 mM K%, and 0 — 4 °C incubation temperature) and the effect of other critical
components such as the template, small ribosomal subunit, and soluble translation
factors cannot be measured, as they are absent. Thus, the potency of puromycin may
not be accurately reflected by its activity under fragment reaction conditions.

To account for these shortcomings, some modifications have been made to more
fully recapitulate the protein synthesis machinery. Addition of the small subunit and
poly(U)-mRNA followed by P-site charging with N-acetyl-Phe-tRNA"™ (Ac-Phe-
tRN Aphe) pushes the equilibrium towards subunit association, which allows peptidyl
transferase to be carried out in the absence of alcohol (7). However, these adap-
tations still require salt-washed ribosomes, relatively high concentrations of NH4Cl
and MgCl, to promote subunit assembly in the absence of initiation factors (7), and
fail to yield long polypeptide-puromycin complexes (>12-15 amino acids in the E.

coli cell-free poly(A) system) (3). Thus even these modifications result in systems



that are biochemically removed from the complete translation apparatus. To date,
the majority of studies with translation inhibitors have been conducted using either
the classical fragment reaction or a version of the f-Met-tRNA-A-U-G-70S or Ac-Phe-
tRNA-poly(U)-70S system (8, 9, 10, 11).

Interest in puromycin and puromycin conjugates has recently increased due to new
methods for synthesizing molecular libraries (12, 13), photo-crosslinking reagents for
the ribosome (8), peptidyl transferase inhibitors (11, 14), and in vitro synthesis of
proteins containing specific labels or tags (15). Optimization of each of these pro-
cesses requires that we understand how puromycin conjugates enter the ribosome in
cis (when they are tethered to the mRNA in the decoding site) or in trans when these
molecules enter the ribosome from solution. Considerable effort has recently gone into
understanding the cis reaction to facilitate the synthesis of the mRNA-peptide fu-
sions for mRNA-display selection experiments (16). Interestingly, the trans reaction
between puromycin conjugates and the ribosome remains relatively uncharacterized
in complete translation systems, and basic features, such as elongation factor de-
pendence, remain unexplored. We were therefore curious to examine the ability of
trans substrates to enter the ribosome and inhibit protein synthesis in a complete
translation system. A deeper understanding of the trans reaction would be helpful
in 1) synthesizing more efficient translation inhibitors, 2) creating better ribosome
crosslinking reagents, and 3) using the ribosome to generate a protein tagged at its
C-terminus.

Here, we have examined the effect of puromycin and puromycin-oligonucleotide
conjugates on translation by constructing a series of oligonucleotides bearing puro-
mycin at their 3’-end. We then assayed their ability to inhibit translation of rabbit
globin mRNA in rabbit reticulocyte translation extracts. Our results differ markedly
from previous work with isolated large subunits or whole ribosomes charged with
artificial templates. The data provide new insights into the action of puromycin and

identify constraints on the design of puromycin-based translation inhibitors that can
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function in a physiologically relevant context.

2.2 Results and Discussion

2.2.1 Puromycin versus 30P

We began our experiments by comparing translation inhibition by two substrates,
puromycin and 30P (p(dA)9;dCdC-P), a 30mer DNA oligonucleotide containing puro-
mycin at the 3’-end. Previously, we had used 30P to tether puromycin to mRNAs
for the synthesis of mRNA-peptide fusions (13). When attached to the mRNA tem-
plate, 30P can act as an efficient peptide acceptor (13, 16). The design of 30P was
based on previous work with isolated large subunits, which indicated that molecules
containing a penultimate cytidine nucleotide adjacent to the aminoacyl nucleotide
should be better acceptors than puromycin alone (reviewed in (? )). For example,
2'(3’)- O-glycyladenosine (A-Gly) has little acceptor activity, whereas 1) addition of
ribocytidine (C-A-Gly) gives a compound with similar activity to puromycin (17)
and 2) CA-Phe has a lower K,, than A-Phe (18). Under fragment conditions, 4-thio-
dT-C-puromycin has a lower K, (10 pM) (8) than puromycin itself (K, = 740 uM)
(11). Taken together, these data support the notion that an oligonucleotide with dC-
puromycin at its 3’-end should have higher acceptor activity than puromycin alone.
However, preliminary experiments indicated that 30P showed little ability to inhibit
translation or act as an acceptor when co-incubated with fusion templates (R.W.R.,

unpublished observation).

2.2.2 Potency of Puromycin and Puromycin Oligonucleotides

We developed an in vitro translation assay to quantify the potency of puromycin and
other putative inhibitors such as 30P. In the assay, a translation reaction is performed

for one hour using rabbit globin mRNA at ~60 nM (total template concentration; the
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template is a mixture of - and -globin mRNAs) in rabbit reticulocyte lysate. Each
reaction differs only in the amount of inhibitor that is added at the beginning of the
reaction. We then assay the reactions by tricine-SDS PAGE (19), TCA precipitation,
or other methods to determine the amount of globin translation product. This anal-
ysis results in a sigmoidal curve and we term the midpoint (the concentration of drug
required to give a 50% decrease in globin synthesis relative to a no-inhibitor control)
the 1Csxp.

IC5q determinations for puromycin and for 30P are shown in Figure 2.2. Several
features can be seen in the gel analysis. First, globin synthesis decreases as the
amount of puromycin is increased from 25 nM to 75 puM, resulting in an ICsq of 1.8
uM (Figure 2.2A,C). Our value agrees reasonably well with previous work showing
an 1Csy value of 2.8 uM in rabbit reticulocyte lysate (20). Our ICsq is ~10- to 50-fold
lower than the published K; or K, values for puromycin measured with mammalian
ribosomes (21, 22). For example, Lorsch and Herschlag measured a K, of 60—100 M
for puromycin with rabbit reticulocyte ribosomes (22). Our lower apparent value is
consistent with entry of puromycin at multiple sites in the protein chain, for example
any one of the 144 or 148 codons (including stop) in rabbit a- or [-globin (23).
The published K, values thus provide support that we are measuring a composite of
multiple mechanistic steps in our 1Cs5q experiments.

A second feature observed for both inhibitors is the apparent lack of low molecular
weight, truncated protein as the drug concentration is increased, even at the highest
puromycin concentrations in this assay. As the puromycin concentration is increased,
a gradual decrease in the amount of the globin band is seen with most of the remain-
ing protein appearing as full-length globin. The fact that puromycin does not chase
the protein into lower molecular weight species implies two possible mechanisms for
its action: 1) that puromycin entry and peptide bond formation occur only at the
termination step and not during elongation or 2) that puromycin entry results in frag-

ments too small to be resolved by PAGE techniques (e.g., Met-puromycin). Analysis
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Figure 2.2: IC5y determinations for puromycin and 30P. (A) Translation of globin
with puromycin: lane 1, no template; lane 2, globin alone; lanes 3 —17, concentrations
from 0.025 to 75 uM. (B) Translation of globin with 30P: lane 1, no template; lane
2, globin alone; lanes 3 — 16, 0.5 to 750 uM. (C) Percent of globin translation relative
to a no-drug control for puromycin (e) and 30P (o). (D) Effect of chain length on

IC5q values for puromycin and simple puromycin-oligonucleotide conjugates.
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Inhibitor ICs0 (uM)

Linear Conjugates

Puromycin (P) 1.8
2P (prC-P) 9
2P (pdC-P) 10
3P (dCdC-P) 11
4P (dAdCdC-P) 33
5P [(dA)2dCdC-P] 130
10P [(dA);dCdC-P] 230
15P [(dA)12dCdC-P] 150
30P [p(dA)e7dCdC-P] 94
tRNA Mimics

RNA 12-P 56
Ala-minihelix-P 40
Oligonucleotides

5A [(dA)2dCdCdA] >400
10A [(dA)7dCdCdA] 1100
30A [(dA)2;dCACdA] >200
Ala-minihelix 83

Puromycin Derivatives

biotin-puromycin 54
biotin-2P [biotin-dC-puromycin] 11
fluorescein-puromycin 120
N-trifluoroacetyl-puromycin >250

Table 2.1: IC5q values for puromycin and puromycin oligonucleotide conjugates.
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of the longer 30P oligonucleotide showed very weak inhibition with an IC5q ~100 M,
more than 50-fold weaker than puromycin (Figure 2.2B,C). In these experiments, the
oligonucleotide phosphate concentration is significant compared to the divalent cation
concentration in the translation extract (3 mM PO, versus 0.5 mM Mg*?). Indeed,
the ICsq for an identical oligonucleotide lacking puromycin (30A; Table 2.1) was found
to be >200 uM. Therefore, it appears that inhibition from 30P occurs from a combi-
nation of the action of puromycin as well as the high concentration of oligonucleotide
in the translation reaction. This result indicates that the trans reaction is likely to
be insignificant for mRNA-puromycin conjugates, as these are typically used at 100
nM to 1 uM concentrations (16). Comparing puromycin to 30P suggested that in-
creasing the size of the puromycin conjugate decreases its potency. Further, addition
of the -dAdCdC- sequence adjacent to puromycin did not enhance its efficacy as an
inhibitor.

We therefore constructed a series of puromycin conjugates ranging from 1 to 44
nucleotides to examine these issues in more detail. Regarding size, we constructed
a series of puromycin-DNA oligonucleotides with chain lengths of 2 (2P), 3 (3P), 4
(4P), 5 (5P), 10 (10P), and 15 (15P) nucleotides, in addition to puromycin and 30P
(Table 2.1). Regarding compatibility with the acceptor site, we constructed a ribo-
version of 2P (prC-P = r2P) and two puromycin-RNA mimics of aa-tRNA. None
of these molecules inhibited translation as effectively as puromycin. Generally, the
ICs values increase as the chain length is increased (Table 2.1 and Figure 2.2D). For
example, addition of one nucleotide decreases the 1C5y of puromycin by 5-fold (com-
pare puromycin versus 2P or r2P; Table 2.1). The sugar moiety at the penultimate
nucleotide makes little difference as the potency of r2P and 2P are nearly identi-
cal, in line with previous work on the Ac-Phe-tRNA-poly(U)-70S translation system
(18). The ICs values increase steadily from chains of one to five nucleotides. Above

five nucleotides, puromycin conjugates give similar weak inhibition, with 1Csy values

ranging from 90 to 230 uM. The worst inhibitor is (dA)7dCdC-P (10P), which has an
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ICsy value of 230 uM, similar to some oligonucleotides that lack puromycin entirely.

The data present a puzzle as to why the larger oligonucleotides are unable to act
as effective inhibitors. The functional portion of all the molecules in the series is
identical, the 3’-puromycin moiety. However, the potency of each ranges over more
than 100-fold. Generally, the data support a model where size is a critical feature,
suggesting that larger molecules are poor inhibitors due to difficulty entering the
ribosome. Large molecules such as 30P are thus unable to enter the ribosome readily
in a passive fashion. This hypothesis poses a problem since aa-tRNAs ranging from
75 to 90 nucleotides efficiently act as substrates in protein synthesis. However, aa-
tRNAs enter the ribosome as a ternary complex with elongation factor (EF-Tu in
bacteria and eEF1A in eukaryotes) and GTP.

We therefore tested whether puromycin conjugates that resembled aa-tRNAs
would have greater efficacy as inhibitors. Previously, two alanylated tRNA*?-derived
RNAs (denoted RNA 12 and Ala-minihelix) have been shown to bind bacterial EF-Tu
with nanomolar affinity (K; = 4.5 — 29 nM) (24). In addition, the Ala-minihelix has
been shown to be as effective as Ala-tRNA™® as an acceptor substrate in the bacterial
fragment reaction (25). We constructed two puromycin-minihelix analogs of these se-
quences, RNA 12-P and Ala-minihelix-P (Figure 2.5), and examined their activity in
our translation assay. Both RNA 12-P and Ala-minihelix-P are modest inhibitors of
translation with ICsy values of 56 and 40 uM, respectively (Table 2.1). These values
are more than 20-fold weaker than puromycin, but they are better than the longer
oligonucleotide conjugates 10P and 30P by 2- to 4-fold, respectively. Interestingly,
an Ala-minihelix lacking puromycin entirely (Ala-minihelix with 3’-adenosine), (Table
2.1) gave an ICj5q of 83 uM, much better than any of the other simple oligonucleotides
tested.
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Figure 2.4: Effect of ribosome-depleted lysate on puromycin oligonucleotide-inhibited
translation reactions. Addition of ribosome-depleted lysate does not change the
amount of globin product significantly for reactions inhibited by puromycin, 5P, or
30P, but restores translation for both RNA 12-P and Ala-minihelix-P. The percent
enrichment is given by the ratio of ribosome-depleted lysate to native lysate used
in the reaction. The drug concentrations for each reaction are puromycin (3.8 M),
5P (76 uM), 30P (56 uM), RNA 12-P (46 uM), and Ala-minihelix-P (46 uM). The

values (mean + S.E.) are the percent of translation compared to an untreated control.
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2.2.3 Elongation Factor Dependence

The relatively strong inhibition by the puromycin-free Ala-minihelix implied that
these compounds might inhibit translation by sequestering soluble translation fac-
tors. We generated a ribosome-depleted lysate (see Experimental Procedures) to test
the role of soluble translation factors on the function of RNA 12-P, Ala-minihelix-P,
and other puromycin conjugates. We added this ribosome-depleted fraction back to
our normal translation reactions and assayed the translation of globin. If inhibitors
act by sequestering soluble translation factors, then translation should be at least
partially restored if more factors are added to the lysate. Inhibitors that work in a
factor-independent fashion should be unaffected and inhibitors that require transla-
tion factors should become more potent.

Increasing amounts of ribosome-free lysate (relative to the amount of native lysate)
had little or no effect on puromycin, 5P, or the 30P conjugates within experimental
error (Figure 2.4). However, the added extract helped to recover translation in the
presence of RNA 12-P and Ala-minihelix-P (Figure 2.4). At the highest level of en-
richment (80%), translation was restored 34% and 50% in the presence of RNA 12-P
and Ala-minihelix-P, respectively. This is a notable response since the extent of trans-
lation was fairly constant for puromycin, 5P, and 30P despite the increasing amounts
of ribosome-depleted lysate. These results are consistent with a model where RNA
12-P and Ala-minihelix-P act by sequestering translation factors. These data also
present the first clear evidence that puromycin and simple puromycin conjugates func-
tion in a translation factor-independent fashion in an intact translation system. The
most likely candidate for interaction with the aminoacyl-tRNA® mimics, RNA 12-P
and Ala-minihelix-P, is elongation factor 1A (eEF1A). Both Ala-tRNA*®_derivatives,
RNA 12 and Ala-minihelix, bind eEF1A with low nanomolar affinity (K; = 29 and 84
nM, respectively). The three differences between these compounds and our analogs
are 1) the amide linkage attaching the amino acid to the ribose, 2) the O-methyl ty-
rosine sidechain, and 3) the N6-dimethyl moiety. The sidechain likely has little effect
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on elongation factor binding as many unnatural hydrophobic amino acids may be in-
serted into proteins in both bacteria (26) and in eukaryotes (27). The amide linkage
and N6-dimethyl adenosine in our tRNA mimics may result in somewhat reduced
affinity for the elongation factor (28).

We presently favor a model where RNA 12-P and Ala-minihelix-P act by seques-
tering eEF1A for two reasons: 1) inhibition occurs as the concentration of RNA-12-
P or Ala-minihelix-P becomes comparable to the endogenous eEF1A concentration
(~20 puM) and 2) this concentration is approximately 1000-fold higher than the re-
ported Kys for the Ala-RNA 12 and Ala-minihelix with eEF1A (29, 24). In this
scenario, addition of minihelix titrates away the available pool of elongation factor

until translation is entirely shutdown.

2.2.4 Product Distribution

The IC5q analysis using short tricine-SDS-PAGE gels revealed a lack of low molecular
weight protein products for puromycin or any of the puromycin derivatives (Figure
2.2). These observations were somewhat unexpected, as it seemed puromycin should
be able to enter the ribosome and become attached to the nascent chain at any time
during elongation (2, 3). We were therefore curious 1) if puromycin entry occurred to
a significant extent and 2) if our various conjugates differed in their ability to enter
the ribosome.

We first analyzed the extent and distribution of products by constructing biotin-
ylated versions of several puromycin conjugates. The four biotinylated puromycin
conjugates tested include 1) biotin-puromycin, 2) biotin-dC-P (biotin-2P), 3) biotin-
RNA 12-P (biotin-dT at position 11; see Figure 2.5) and 4) biotin-Ala-minihelix-P
(biotin-dT at position 13; see Figure 2.5). We reasoned that any [**S]Met-labeled pep-
tide that became attached to these analogs, from one amino acid (initiator [**S]Met)
to full-length globin, could be easily detected by purification on streptavidin or

monomeric avidin (see Experimental Procedures) followed by scintillation counting
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or SDS-PAGE analysis.

Two of the derivatives, biotin-2P (Figure 2.5A,B) and biotin-RNA 12-P (data
not shown), retain essentially the same ICjy as their parent compounds. However,
these two biotin conjugates appear to act in decidedly different ways. Purification
on streptavidin showed that [**S]Met is not incorporated into biotin-RNA 12-P, in-
dicating that this compound does not participate in peptide bond formation despite
the fact that it can act as an inhibitor (data not shown). Our assay does not address
whether the RNA 12-P-eEF1A-GTP ternary complex makes its way to the ribosome
and is subsequently rejected during ribosomal substrate proofreading.

Biotin-2P is attached to significant amounts of nascent peptide (Figure 2.5C). This
attachment occurs in a concentration dependent fashion, with a maximum at 35 M of
the conjugate. Even under optimal conditions, the amount of protein that is attached
to puromycin is less than 40% of the total amount of protein made in the absence
of drug (TCA precipitated globin) (Figure 2.5C). High-resolution tricine-SDS-PAGE
analysis further supports these observations as lower molecular weight products are
observed with puromycin and 5P, but not with RNA 12-P despite nearly complete
inhibition of globin synthesis (data not shown).

The attachment of biotin-2P to the nascent peptide provided an excellent means
to determine where puromycin entered the ribosome during elongation. After trans-
lation in the presence of biotin-2P, we purified the [**S]Met-adducts using monomeric
avidin-agarose (Pierce) (Ky, biotin = 10~® M), released the products, and analyzed
the fragments by tricine-SDS-PAGE. This gel identifies three discrete product bands
(Figure 2.6). The highest molecular weight band is close to the full-length material
(a-globin = 15.5 kDa and (-globin = 16 kDa), whereas the lower molecular weight
bands appear to correspond to globin fragments of approximately 6 and 13 kDa (Fig-
ure 2.6). Biotin-2P concentrations up to 35 uM provide a concomitant increase in
the amount of globin-biotin-2P complex (Figure 2.6A). Increasing concentrations also

shift the product distributions of the three protein bands. Between 0.7 and 35 uM,
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Figure 2.5: Translation inhibition and product formation for biotin-2P. (A) Structure
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labeled fragments linked to biotin-2P from reactions in (B) assayed by monoavidin

capture.
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the amount of the 6 and 13 kDa bands increases relative to the full-length product
(Figure 2.6B). At 0.7 uM biotin-2P, the full-length product constitutes ~50% of the
total counts, whereas at 35 uM, the 6, 13, and full-length bands have nearly equal
intensity. The shift to lower molecular weight biotin-2P-globin fragments is fully
consistent with increased ribosome entry at high drug concentrations.

It is important to note that quantification of protein-puromycin complexes in our
assay is dependent on the presence of the [*S]Met-label within the complex. How-
ever, initiator [**S]Met is readily removed by a methionine aminopeptidase (MetAP)
(30). Therefore, short peptide-puromycin complexes without the internal methionine
(internal methionine is residue 32 in a-globin and 55 in (-globin) may not be de-
tected in our radioassays. An exception to this is [**S]Met-puromycin, which is not
recognized by degradation machinery in reticulocyte lysate. Other than MetAP, no
other degradation activity is expected to occur with our products (30).

Interestingly, neither biotin-puromycin (IC5y = 54 pM; Table 2.1) nor biotin-Ala-
minihelix-P (data not shown) function efficiently as translation inhibitors, indicat-
ing that attachment of biotin interferes with their function. Addition of biotin to
Ala-minihelix-P may block elongation factor binding and relieve eEF1A-mediated
inhibition. The poor function for biotin-puromycin is more puzzling. Addition of
the 5’-biotin-phosphate moiety to puromycin may interfere with A-site binding. In
line with this observation, fluorescein-puromycin (5’-fluorescein-phosphate moiety)
also functions very poorly as a translation inhibitor, with an ICsq of 120 uM (Table
2.1). Whatever the origin, the poor potency of 5’-biotin-puromycin and 5’-fluorescein-
puromycin provide a clear design constraint, namely that fluorescent and affinity tag
labels should be appended to 5-end of a dC-P or rC-P dinucleotide to maximize

their incorporation into nascent chains.
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Figure 2.6: Analysis and quantitation of globin fragments attached to biotin-2P after
translation. (A) High-resolution tricine-SDS-PAGE analysis of fragments bound to
biotin-2P. Fragments were captured after translation with monomeric avidin, released
and analyzed (see Experimental Procedures). Three distinct globin products are seen
with approximate molecular weights of 6, 13, and 16 kDa. Increasing concentrations
of drug results in an increasing amount of biotin-2P-bound product. (B) Ratio of
[¥3S]Met counts in 6, 13 and 16 kDa bands. As the biotin-2P concentration is in-
creased, the product distribution shifts toward the lower molecular weight fragments.
Fragments ~32 (a-globin) and ~55 amino acids (-globin) may not be seen since the

[¥3S]Met-label is not present (see Conclusions).
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2.2.5 Puromycin Entry At Ribosome Pause Sites

The monomeric avidin capture experiments demonstrate that three [*S]Met-puromycin-
containing protein fragments are generated using biotin-2P. These data indicate that
puromycin entry occurs preferentially at relatively few positions. Mechanistically,
these preferences could occur if 1) ribosomes were paused at these sites or 2) these
positions were hyper-reactive to puromycin. Our results cannot distinguish these two
models, but there is presently no data to indicate that certain codons are hyper-
reactive to puromycin.

In contrast, there is support for pausing at discrete locations within the message
(31). Wolin and Walter found that eukaryotic ribosomes (wheat or rabbit) pause at
two internal positions (on glycine residues 77 and 159) and at the start and terminus of
the preprolactin mRNA (31). In our sequences, (3-globin contains glycines at positions
47 and 120, and a-globin contains glycine at position 52 and 60. These glycines could
be the source of pausing in our templates. It is not clear why pausing would occur
at these positions as opposed to other glycines in the open reading frames, in line
with Wolin’s and Walter’s observations. We note that in 3-globin mRNA Gly47 and
Gly120 occur in the same sequence context, directly after a phenylalanine residue.
Our biotin-capture assay may therefore provide a technically straightforward way to

assay discrete ribosome pause sites.

2.2.6 Preincubation and Carboxypeptidase Analysis

Puromycin added at the start of the reaction (at concentrations several-fold higher
than the ribosome concentration) may inhibit the formation of an initiation complex
by binding in the A- or P-sites and perturb the assembly of an initiation complex.
Formation of Met-puromycin or short peptide-puromycin fragments (not bearing the
internal [**S]Met) would also be an explanation for the complete loss of translation at

high puromycin concentrations. Both of these predictions could not be resolved simply
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by SDS-PAGE analysis as carried out in Figure 2.2. Instead, preincubation of lysate
reactions with template prior to addition of puromycin could indicate whether A- or
P-site binding or some other binding mode predominates. Further, the examination of
puromycin potency with template preincubation could clarify whether the production
of Met-puromycin or short protein-puromycin complexes is the principal action of
puromycin.

We therefore preincubated our translation reactions for 30 seconds, 1 minute, or
5 minutes prior to addition of biotin-2P, and determined the IC5y and product dis-
tributions. Reaction products were purified on streptavidin-agarose and quantitated
by scintillation counting (see Experimental Procedures). Reactions with biotin-2P
concentrations <35 uM for all preincubation times indicate that the amount of both
free and bound globin remains nearly unchanged (compare no preincubation with
1 min preincubation, Figure 2.7A,B). We observe nearly equivalent ICs, values for
biotin-2P whether biotin-2P is added at the beginning of translation (IC5y = 11 M)
or after translation has had time to commence on all templates (IC59 = 16 p¢M). This
suggests that inhibition results from biotin-2P occupation of regions not sensitive to
initiation complex formation and/or a mechanism that inhibits ribosome recycling.
The observation that maximum complex formation occurs at ~35 puM concentra-
tion is qualitatively similar to the concentration optimum of 20 M for crosslinking,
obtained with 4-thioT-rC-puromycin on bacterial ribosomes (8).

At very high drug concentrations (e.g., 140 uM), one and five minute preincuba-
tions result in a 4- to 5-fold increase in the amount of globin attached to biotin-2P,
respectively (Figure 2.7B, 5 min preincubation not shown). The increase in biotin-
2P-globin products likely represents the fraction of templates that initiate transla-
tion in the first 1 to 5 minutes. The large excess of biotin-2P present then results
in attachment of the drug to the majority of the nascent chains. Further rounds of
translation are possibly arrested by biotin-2P blocking initiation, inhibition of ribo-

some recycling, or inactivation of 60S subunits from obstruction of the exit tunnel
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Figure 2.7: Analysis of puromycin-conjugated globin 1) by streptavidin-capture of
biotin-2P and 2) carboxypeptidase Y treatment. Translation reactions were prein-
cubated at 30 °C for (A) 0 min and (B) 1 min prior to addition of biotin-2P. The
inhibition profiles for all cases, given by the globin translation (black bar), are the
same within experimental error. The amount of globin fragment attached to biotin-2P
(grey bar) increases only for the high concentration sample (140 pM). (C) Globin frag-
ments containing a C-terminal puromycin are carboxypeptidase Y-resistant. Graph
of the total globin made (black bar) and carboxypeptidase Y-resistant globin (grey
bar) as a function of puromycin concentrations. The synthesis of puromycin-reacted

globin products show an optimum at ~2 M of puromycin.
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with peptide-puromycin- oligonucleotide conjugates.

Our data do not support the notion that the majority of inhibition results from
production of Met-puromycin, since preincubation has little effect on the amount
of [33S]Met material isolated. Additionally, no Met-puromycin is detected in lysate
reactions using the cation-exchange TLC assay developed previously to study the for-
mation of Met-puromycin (22) (data not shown). Finally, we observe no significant
shift in the 1C5¢ value with preincubation, as would be expected if the majority of
puromycin entry occurred in the first few codons. Overall, these analyses are consis-
tent with the conclusion that short peptide-puromycin conjugates are not produced
in significant quantity in our reactions.

Another method to identify puromycin-labeled protein is carboxypeptidase anal-
ysis, which was originally used to demonstrate puromycin attachment to nascent
protein chains (2). After carboxypeptidase Y (CPY) digestion of puromycin-treated
translation reactions, very little CPY-resistant protein was detected (Figure 2.7C).
Indeed, CPY-resistant protein is detected above the no-drug control only when the
drug concentration approaches the ICsq value of the compound (2 uM for puromycin).
This data confirms that puromycin is able to enter the ribosome and become attached
to the nascent protein. However, the amount of CPY-resistant product (12% of the
no-drug control) is minimal (Figure 2.7C) and resembles the fraction of globin that
becomes attached to biotin-2P (Figure 2.7A,B). These experiments further support
the multiple-mode hypothesis for puromycin action 1) bonding to the C-terminus
of a nascent protein and 2) through a mechanism that does not result in covalent

attachment to protein.

2.2.7 Role of the Free Amine

Puromycin is produced by Streptomyces alboniger despite its sensitivity to the drug
(32). S. alboniger inhibits the lethality of the drug by N-acetylation of the reactive

amino group, thereby eliminating its acceptor activity in protein synthesis (33). We
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constructed an N-acetylated version of puromycin (N-trifluoroacetyl-puromycin) and
measured the [Csy value to see if this modification eliminated activity of the drug. For
example, if the acetylated version could bind the P-site, it might inhibit translation
at high concentrations. Our results demonstrate that the N-acetylated puromycin
molecule is virtually inactive in blocking protein synthesis in reticulocyte lysate (ICso
>250 uM) (Table 2.1). The free amine group on puromycin is thus essential for both
the peptide-bond dependent and peptide bond-independent action of puromycin.

2.2.8 Revised Model for Puromycin Action: Multiple Modes
of Inhibition

Broadly, we observe two modes of puromycin action: 1) a covalent attachment mode
and 2) a non-covalent mode. The covalent mode represents the classical activity of
puromycin, peptide bonding to the C-terminus of the nascent chain (2, 3). This model
implies that the number of moles of globin made in the absence of drug should equal
the total moles of free globin plus puromycin-bound globin when the drug is present.
Our observations differ from this prediction (Figures 2.5 — 2.8). The non-covalent
mode is evident from the summation of free [*’S]Met-globin and [**S]Met-globin
bound to biotin-2P, which does not nearly equal the amount of protein synthesis
in a no-drug control at drug concentrations >35 uM (Figure 2.8). The non-covalent
mode can be broken down into a combination of multiple effects including 1) inhi-
bition of ribosome recycling, 2) inhibition of an initiation or translation-competent
complex, and 3) sequestration of soluble factors (tRNA mimics only) (Figure 2.9).
Inhibition of ribosome recycling could result from a combination of events including
1) failure of puromycin-reacted ribosomes to be recognized by the normal recycling
apparatus or 2) inactivation of the large subunit from congestion in the exit tunnel /P-
site with a peptide-puromycin-oligonucleotide conjugate, preventing further rounds

of translation.
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Figure 2.8: Quantitation of free globin, biotin-2P conjugated globin, and amount
of protein synthesis inhibition. Plot of the amount of globin (black bar), biotin-2P
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equal 100% above 7 uM of biotin-2P.
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Figure 2.9: Revised model for the action of puromycin-oligonucleotides. Puromycin-
oligonucleotides may function in a peptide bond-dependent mode, attaching to the
nascent peptide to give puromycin-bound protein products. These same puromycin-
oligonucleotides may also act in a peptide bond-independent fashion that represents a
composite of different mechanisms including 1) inhibition of translation initiation by
binding in the A- or P-sites, 2) inhibition of ribosome recycling, and 3) sequestering

soluble translation factors (tRNA mimics only).
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2.2.9 Size, Rather than Affinity, Determines Potency of Puro-
mycin Conjugates

We observe that the efficacy of our puromycin conjugates depends primarily on their
size, rather than their affinity for the ribosome. Overall, larger derivatives show
weaker potency as inhibitors, with some functioning only a few-fold better than olio-
gonucleotides lacking puromycin. This finding is in stark contrast to studies on iso-
lated bacterial 50S subunits. For example, the overall affinity of 2’-(3’)- O-aminoacyl
derivatives of CA is considerably greater than that of the analogous adenosine deriva-
tives. Previous work demonstrates that 4-thio-dT-rC-P has a K, value of 10 uM with
bacterial ribosomes (8) as compared with a K, of 740 uM for puromycin itself (11)
under the fragment assay conditions. However, our data show that the 2P conjugates
(prC-P and pdC-P) are five times less potent than puromycin (Table 2.1). Certainly
this result is not intuitive since the dC (analogous to the penultimate C in tRNA) is
expected to Watson-Crick base pair in the A-loop (8, 14) and is therefore expected to
be a better acceptor than puromycin alone. The presence of yet another base should
contribute to the free energy of stabilization through base stacking in the A-loop (14).
Our results demonstrate that addition of another dC to make dCdC-P (3P) decreases
rather than improves the potency of the inhibitor (Table 2.1). Thus, the efficacy of
our puromycin conjugates does not show correlation with expected A-site affinity.

The present literature would also predict that adding nucleotides to the 5-end of
our conjugates would have no effect on acceptor activity. This prediction also differs
from our observations. For example, CCA-Phe and CACCA-Phe bind equivalently to
bacterial ribosomes (34, 35). In contrast, we observe that adding nucleotides beyond
dCdC-P diminishes the ICsq for the conjugates significantly (Table 2.1). For example,
addition of dA to give dAdCdC-P (4P) results in a 3-fold loss of activity relative to
3P and a compound that is 18-fold worse than puromycin (Table 2.1).

Our results lead us to conclude that entry into the A-site, rather than affinity
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for the ribosome, is the primary determinant of activity in the series of molecules we
have investigated. Puromycin-conjugate function apparently is determined by how
efficiently they are able to enter or leak into the ribosome. The path puromycin
conjugates must traverse to act as substrates appears to allow only relatively small

molecules to enter in a factor-independent fashion.

2.3 Conclusions

Our experiments demonstrate that puromycin and its derivatives may inhibit transla-
tion in multiple ways. First, small puromycin derivatives can enter the peptidyl trans-
ferase center and become attached to the nascent protein chain in a factor-independent
fashion. Derivatives that resemble tRNA can inhibit translation by sequestering sol-
uble factors, likely eEF1A. Puromycin attachment occurs predominantly at discrete
locations within the template and near the end of the open reading frame. Second, our
data indicate that puromycin can function in a peptide bond-independent mode. This
inhibition is likely due to a combination of puromycin binding that blocks initiation,
failure of ribosomes to recycle properly, or some other non-productive mode.

Our results have both practical and broader implications. First, these data should
aid in the design and testing of efficient peptidyl transferase inhibitors as well as the
synthesis of protein-puromycin conjugates in vitro. Entry of biotin-2P at discrete
locations along the message may provide a fast, simple means to assay translational
pausing within a particular template. Biotin-2P may also find use in cellular la-
beling experiments, to tag portions of cells that are actively synthesizing proteins
for fluorescence in situ detection (B. Hay, personal communication). Finally, our
data demonstrate striking differences in peptidyl transferase inhibitor potency when
minimal translation systems are compared to those that are physiologically more

complete.
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2.4 Experimental Procedures

2.4.1 Reagents

Puromycin hydrochloride and d-biotin were obtained from Sigma Chemical Co. (St.
Louis, MO). Rabbit reticulocyte Red Nova lysate was purchased from Novagen (Madi-
son, WI). Rabbit globin mRNA was obtained from Life Technologies Gibco BRL
(Rockville, MD) and Novagen (Madison, WI). L-[*’S]methionine ([**S]Met) (1175
Ci/mmol) was obtained from NEN Life Science Products (Boston, MA). Carboxypep-
tidase Y and Immunopure immobilized monomeric avidin and streptavidin-agarose
were from Pierce (Rockford, IL). GF/A glass microfiber filters were from Whatman.
Polygram IONEX-25 SA-Na cation exchange TLC plates were purchased from All-
tech (Deerfield, IL). Microcon YM-3 (3,000 MW cutoff) centrifugal filter columns
were obtained from Millipore (Bedford, MA).

2.4.2 Oligonucleotides

RNA and DNA oligonucleotides and puromycin-oligonucleotide conjugates were syn-
thesized using standard phosphoramidite chemistry at the California Institute of Tech-
nology oligonucleotide synthesis facility. Puromycin-CPG was obtained from Glen
Research (Sterling, VA). Oligonucleotides were synthesized with the 5’-trityl intact,
desalted via OPC cartridge chromatography (Glen Research) (DNA oligonucleotides
only), cleaved, and evaporated to dryness. 5-Biotin phosphoramidite and biotin-dT
(Glen Research) were used to make the biotin-puromycin conjugates. The dried sam-
ples were resuspended and desalted by sephadex chromatography. The puromycin-
oligonucleotides pC-P (r2P), pdC-P (2P), biotin-dC-P (biotin-2P), dCdC-P (3P),
dAdCdC-P (4P), and (dA),dCdC-P (5P) were desalted on Sephadex G-10 (Sigma),
all others were desalted on Sephadex G-25 (Sigma). Urea PAGE analysis con-
firmed that each oligonucleotide was a single species. Short oligonucleotides display

anomalously slow electrophoretic mobility due to the positively charged puromycin.
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The RNA 2P was deprotected with 1 M tetrabutylammonium fluoride (TBAF) in
tetrahydrofuran (THF) (Aldrich) according to the method described in (36) and pu-
rified to homogeneity using HPLC with a Dionex DNAPac PA-100 semi-preparative
column (9 x 250 mm) with buffer A (10 mM NH,OAc (pH 5.5) + 10% acetonitrile)
and buffer B (200 mM NH,OAc (pH 5.5) + 10% acetonitrile); a linear gradient of
90% buffer B in 20 min was used with a flow rate of 1.5 mL/min. The RNAs Ala-
minihelix-P and RNA 12-P (including biotinylated-derivatives) were deprotected with
N-methylpyrrolidinone (Aldrich), anhydrous triethylamine (Aldrich), and anhydrous
triethylamine-hydrogen fluoride (Aldrich) as described in (37) and purified by 20%
denaturing PAGE. Puromycin and puromycin-oligonucleotides concentrations were
determined with the following extinction coefficients (M~'em™!) at 260 nm: puro-
mycin (e = 11,790), r2P (e = 18,920), d2P (e = 19,100), 3P (e = 26,210), 4P (e =
41,200), 5P (e = 52,200), 10P (e = 112,200), 15P (e = 172,200), 30P (¢ = 352,200),
Ala-minihelix-P (e = 324,100), and RNA 12-P (e = 409,700).

2.4.3 1Cs¢9 Determination

Translation reactions containing [**S]Met were mixed in batch on ice and added in
aliquots to microcentrifuge tubes containing an appropriate amount of puromycin,
puromycin-conjugate, or oligonucleotide dried in vacuo. Typically, a 20 ul translation
mixture consisted of 0.8 pL of 2.5 M KCI, 0.4 uL of 25 mM MgOAc, 1.6 uL of
12.5X translation mixture without methionine, (25 mM dithiothreitol (DTT), 250
mM HEPES (pH 7.6), 100 mM creatine phosphate, and 312.5 M of 19 amino acids,
except methionine) (Novagen), 3.6 puL of nuclease-free water, 0.6 puL (6.1 pCi) of
[33S]Met (1175 Ci/mmol), 8 uL of Red Nova nuclease-treated lysate (Novagen), and
5 pL of 0.05 ug/pL globin mRNA (Gibco). Inhibitor, lysate preparation (including
all components except template), and globin mRNA were mixed simultaneously and
incubated at 30 °C for 60 min. For some assays (e.g., detection of small protein

fragments and biotin-capture experiments, see below) the amount of [**S|Met (1175



35

Ci/mmol) in a 20 pL reaction was increased to 4.2 pL (43 Ci) and no nuclease-free
water was added. Then 2 ul of each reaction was combined with 8 pli of tricine
loading buffer (80 mM Tris-Cl (pH 6.8), 200 mM DTT, 24% (v/v) glycerol, 8%
sodium dodecyl sulfate (SDS), and 0.02% (w/v) Coomassie blue G-250), heated to
90 °C for 5 min, and applied entirely to a 4% stacking portion of a 16% tricine-SDS-
polyacrylamide gel containing 20% (v/v) glycerol (19) (30 mA for 1h, 30 min). Gels
were fixed in 10% acetic acid (v/v) and 50% (v/v) methanol, dried, exposed overnight
on a Phosphorlmager screen, and analyzed using a Storm Phosphorlmager (Molecular
Dynamics). ICsq determination for N-trifluoroacetyl-puromycin was conducted as
above except the inhibitor was initially dissolved in dimethyl sulfoxide (DMSO) and
the final DMSO concentration in each translation reaction was 5% (v/v). Fluorescein-
puromycin (dissolved in 3 mM NayCO3/NaHCO3) was added in aliquots to lysate
preparations as described above, except 1 pL of 0.25 pg/uL globin mRNA (Novagen)

and additional nuclease-treated water was used in each 20 pL reaction.

2.4.4 Lysate Enrichment Assay

Ribosome-depleted rabbit reticulocyte lysate was prepared by ultracentrifugation of
80 pL/rotor tube of Red Nova lysate at 95,000 RPM for 30 min at 4 °C in a Beckman
Airfuge Ultracentrifuge (A-100 rotor with 5 x 20 mm tubes). Lysate preparation (15
pL) and template (5 pl of 0.05 pug/uL globin mRNA) were mixed simultaneously
in microcentrifuge tubes containing puromycin and puromycin-oligonucleotides dried
in vacuo. A typical 20 pL reaction mixture contained the following: 0.8 pL of 2.5
M KCI, 0.4 uL of 25 mM MgOAc, 1.6 ul of 12.5X Translation Mixture without
methionine, 0.6 L of [**S]Met (1175 Ci/mmol), 6.8 uL of Red Nova nuclease-treated
lysate plus 0, 1.4, 2.7, or 5.3 uL of ribosome-depleted lysate and 5.3, 4.0, 2.6, or 0 L
of nuclease-free water for 0, 20, 40, and ~ 80% enrichment (relative to the amount of
native lysate/reaction), respectively. The samples were analyzed as described above

for ICsq determination.
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2.4.5 TLC Assay for Detection of Met-puromycin

The standard assay as described for ICs5q determination was carried out except 45 puCi
of [*S]Met was used in each translation mix. After incubation, aliquots (1 uL) were
spotted onto Polygram IONEX-25 SA-Na cation exchange TLC plates (9 X 11 cm)
and developed in 2 M ammonium acetate (pH 5.2) plus 10% acetonitrile as described
in (22). The plates were dried, exposed overnight on a Phosphorlmager screen, and
analyzed on a Storm Phospholmager. The position of 4P was determined through
UV-shadow of the sample TLC plate and the position of [33S]Met-tRNA is assumed

from an equivalent experiment described in (22).

2.4.6 Monomeric Avidin- and Streptavidin-capture of Bio-

tinylated Puromycin Conjugates

Biotin-RNA 12-P (biotin-dT at position 11 in Figure 2.4), biotin-Ala-minihelix-P
(biotin-dT at position 13 in Figure 2.4), or biotin-2P were evaporated to dryness in
microcentrifuge tubes followed by simultaneous addition of 15 uL of lysate prepa-
ration (components are the same as for ICsy determination, but with 43 uCi of
[33S]Met /reaction) and 5 pL of 0.05 pg/uL globin mRNA. The reactions were incu-
bated at 30 °C for 60 minutes. For the monoavidin-agarose experiments [50% slurry
(v/v)], the high affinity biotin-binding sites were blocked with a solution of 2 mM
D-biotin in phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCI, 4.3 mM
Na,HPO, -7H,0, 1.4 mM KH,PO,, and 0.1% Triton X-100) followed by removal of D-
biotin from low affinity biotin-binding sites using 0.1 M glycine (pH 2.8) (0.1% Triton
X-100) according to manufacturer instructions. Typically, 0.6 mL of the monoavidin-
agarose 50% slurry (v/v) was pre-blocked as described above, washed 3 times with
PBS, and resuspended in 1 mL of PBS. Aliquots of this suspension (125 uL) were
combined with 7.5 puLi of the reaction lysate mixture and 0.575 mL of PBS for each

reaction. The samples were rotated at 4 °C for 1.5 h and then washed with PBS un-
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til the CPM of [**S]Met were < 1000 in the wash. The biotin-immobilized molecules
were eluted with 2 mM D-biotin in PBS and concentrated to < 20 uL in YM-3 Micro-
con centrifugal filters. Tricine loading buffer (20 L) was added to the concentrated
samples and applied entirely to a 4/16% tricine-SDS-polyacrylamide gel (30 mA, 5
h). For streptavidin-capture experiments, 0.6 mL of streptavidin-agarose [50% slurry
(v/v)] was washed 3 times with PBS and resuspended in 1 mL of PBS. To 100 uL
of this suspension, 3 uL of the reaction lysate and 0.4 mL of PBS were added. The
samples were rotated at 4 °C for 3 h and washed with PBS until the CPM of [**S]Met
were <500 in the wash. The amount of immobilized [**S]Met-protein-puromycin con-
jugate was determined by scintillation counting of the streptavidin-agarose beads. An
incorporation assay was used to determine the amount of globin synthesized (no in-
hibitor control) in an equivalent volume of lysate. After incubation, 3 uL of the lysate
reaction was mixed with 150 puL of 1 N NaOH /2% H505 and incubated at 37 °C for
10 min to hydrolyze the charged tRNAs. Then 1.35 mL of 25% trichloroacetic acid
(TCA)/2% casamino acids was added to the samples, vortexed, and put on ice for 10
min. The samples were filtered on GF/A filters (pre-soaked in 5% TCA), washed 3
times with 4.5 mL of cold 5% TCA, dried under high heat, and scintillation counted

to determine the amount of [**S]Met-globin.

2.4.7 Preincubation Assay with Biotin-2P

Lysate preparation (15 uL, prepared as described above with 43 pCi [33S]Met /reaction)
and globin mRNA (1 uL of 0.25 pug/uL, Novagen) were preincubated at 30 °C for
0, 1, or 5 min. After addition of biotin-2P (3 pL aliquots) and nuclease-free water
(1 pL), the reactions were incubated at 30 °C for an additional 60 min. Analysis of
the translation reactions via streptavidin-agarose capture was carried out exactly as

described above.



38

2.4.8 Carboxypeptidase Y Assay

Translation reactions were prepared and treated as described for IC5y determination
(43 uCi [**S]Met/reaction). A portion of each lysate reaction (2.5 uL) was resus-
pended in 23 pL of 0.1 M sodium acetate (pH 5.0) and carboxypeptidase Y [15 uL
of 1 mg/mL in 0.05 M sodium citrate (pH 5.3)] was added followed by incubation
at 37 °C for 14 h. After incubation, the samples were concentrated to <5 ul and
10 pL of tricine loading buffer was added. The samples were analyzed using 4/16%
tricine-SDS-PAGE as described above.
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Chapter 3

A General Approach to Detect Protein
Expression In Vivo Using Fluorescent

Puromycin Conjugates

This chapter has previously appeared as: S.R. Starck, H.M. Green, J. Alberola-Ila,
R.W. Roberts. A General Approach to Detect Protein Expression In Vivo using

fluorescent puromycin conjugates. Chem. Biol. In press.

Abstract

Understanding the expression of known and unknown gene products represents one
of the key challenges in the post-genomic world. Here, we have developed a new class
of reagents to examine protein expression in vivo that does not require transfection,
radiolabeling, or the prior choice of a candidate gene. To do this, we constructed a
series of puromycin conjugates bearing various fluorescent and biotin moieties. These
compounds are readily incorporated into expressed protein products in cell lysates
in vitro and efficiently cross cell membranes to function in protein synthesis in vivo
as indicated by flow cytometry, selective enrichment studies, and western analysis.

Overall, this work demonstrates that fluorescent-puromycin conjugates offer a general
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means to examine protein expression n vivo.

3.1 Introduction

Complete sequencing of the human genome (1, 2) shows that less than 50% of the
putative gene transcripts correspond to known proteins. A complete understanding of
the proteome awaits the identification of thousands of unassigned gene products and
assignment of their role in signaling cascades (3), membrane trafficking (4), apoptosis
(5), and other cellular processes. Currently, there are large-scale techniques to study
cellular protein levels indirectly using DNA and mRNA arrays (6). However, these
techniques do not directly monitor the level of protein synthesis. Methods to directly
monitor protein expression in vivo are extremely useful, particularly in the study of
higher organisms with many different cell and tissue types.

Currently, protein expression is studied using pulse-labeling with a radioactive
tracer or by transformation with fluorescent reporters based on the green fluorescent
protein (GFP) and mutants (BFP, CFP, and YFP) (7). Pulse-labeling experiments
typically require the cell(s) to be destroyed and are not amenable to microscopy
experiments with simultaneous protein synthesis detection. Genetically encoded GFP
mutants and fusion proteins have seen broad biological applications including study of
Ca?" localization (8) protein tyrosine kinase activity (9), and mRNA trafficking and
protein synthesis localization in cultured neurons (10, 11). However, the use of GFP-
based constructs is limited to cells that can be efficiently transfected. Additionally,
DNA transfection protocols often require several days to produce cells yielding robust
GFP-based fluorescent signals and also inundate the protein synthesis machinery
with a non-native transcript due to the use of strong upstream promoters. Finally,
transfection-based strategies generally require choice of a particular candidate gene
product.

We reasoned that puromycin-based reagents might provide a general means to ex-
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Figure 3.1: (A) Puromycin (P) participates in peptide bond formation with the
nascent polypeptide chain. (B) Puromycin-dye conjugates, of the form X-dC-
puromycin where X = fluorescein (F), are also active in translation and become

covalently linked to protein.

amine protein expression. Puromyecin is a structural analogue of aminoacylated-tRNA
(aa-tRNA) and participates in peptide-bond formation with the nascent polypeptide
chain (Figure 3.1A) (12, 13). Previously, various puromycin derivatives of the form
X-dC-puromycin have been examined and shown to be functional during in witro
translation experiments (14, 15, 16, 17). In principle, a fluorescent or biotinylated
variant of puromycin should be functional in protein synthesis in vivo if it is able to
enter cells in a non-destructive fashion (Figure 3.1B). In this way, selective labeling

of newly synthesized proteins would enable direct monitoring of protein expression
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and provide the potential for both spatial and temporal resolution.

Here, we demonstrate that a variety of puromycin conjugates can be used as
detectors of protein synthesis in live cells. This work shows that puromycin conjugates
can easily enter cells and covalently label newly synthesized proteins, enabling direct

detection of protein expression in vivo.

3.2 Results

3.2.1 Design of Puromycin Conjugates

To label newly synthesized proteins, our puromycin conjugates would have to satisfy
three general criteria: 1) functionality in peptide bond formation, 2) cell permeabil-
ity, and 3) ready detection in a cellular or biochemical context. In addressing the
first issue, it had been previously shown that puromycin derivatives bearing sub-
stitutions directly off the 5’-OH functioned poorly in vitro (e.g., biotin-puromycin
ICs0 = 54 uM) (17), whereas conjugates with the general form X-dC-puromycin (e.g.,
biotin-dC-puromycin) were substantially more effective (IC50 = 11 uM) (17). We
therefore chose to design molecules by varying the substituents appended to dC-
puromycin (Figure 3.2A).

In order to facilitate cellular entry and detection, we considered a number of
factors including 1) type and position of the label, 2) the linker between the label and
dC-puromycin, 3) background fluorescence properties, and 4) membrane permeability
including net charge and hydrophobicity. We then designed and synthesized various
dC-puromycin conjugates to address these issues systematically. The first series of
puromycin conjugates (1, 3, 4, 6, 8; Figure 3.2A) either contain fluorescent dyes
(compounds 1 and 4), biotin (compound 6), or both (compounds 3 and 8). Two
different fluorescent dyes were utilized (Cys and fluorescein) to provide detection at
a range of emissions. Biotin labels were introduced to enable detection via western

blot analysis or affinity purification. We also prepared a series of compounds ( 2, 5,
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7, 9; Figure 3.2A), which lack the 3’-amino acid moiety to serve as negative controls.

A second series of conjugates with a phosphonate linkage between dC and puro-
mycin were prepared to examine whether reduction of charge would enhance cell
membrane solubility and facilitate cellular entry (Figure 3.2B). Three compounds
(10, 11, 12; Figure 3.2B) were constructed bearing fluorescein (10, F2P-Me), biotin
(11, B2P-Me), or the hydrophobic dimethoxytrityl group (DMT) and fluorescein
(12, DMT-F2P-Me). A DMT bearing fluorescein-dC-dA conjugate (DMT-F2A-Me)
served as a negative control (13; Figure 3.2B). The DMT group was added to gauge

whether the addition of a hydrophobic group would further enhance entry into cells.

3.2.2 Analysis of Puromycin-conjugate Activity In Vitro

We began our analysis by examining the activity of each of our conjugates in vitro for
their ability to inhibit protein translation. Previously, we had used this activity assay
to measure the 1C5y for various puromycin conjugates (17) and analogs (18), as well
as demonstrate a direct relationship between the 1C;y and the efficiency of protein
labeling (17). Using this approach, we measured ICsy values for the compounds in
Figure 3.2A and 3.2B (Figure 3.3A). High resolution SDS-tricine gel data correspond-
ing to a typical IC5q determination is shown for Cy;2P (1) and Cys2A (2) (Figure
3.3B). Generally, the activity of conjugates with the form X-dC-puromycin falls over
a fairly narrow range in vitro, with ICsy values ranging from ~4 to ~30 uM (Table
3.1). Also, control conjugates that lack the amino acid moiety, e.g., Cys2A (2) and
BF2A (9), show little ability to inhibit protein synthesis even at high concentrations.

We next wished to confirm that our puromycin conjugates could become covalently
attached to protein in vitro. To do this, we translated globin mRNA in the presence of
increasing concentrations of FB2P (3), a conjugate containing fluorescein and biotin
moieties (Figure 3.4A). Next, the concentration-dependent incorporation of FB2P
was analyzed using neutravidin affinity chromatography of these same translation

reactions (Figure 3.4B). These data indicate that puromycin conjugates are incorpo-
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Conjugate ICs0 (M)
(1) Cys2P 3.8
(2) Cy;2A >100
(3) FB2P 24
(4) F2P 22
(5) F2P-Me 25
(6) DMT-F2P 29
(7) BF2P 5.8
(8) B2P 15
(9) B2P-Me 16

Table 3.1: The concentration of puromycin conjugate required for 50% inhibition of

globin translation (ICs). In replicate experiments, the standard error is <5%).

rated efficiently over a broad concentration range ranging from 2- to 3-fold below the
ICsp to well above it. Thus labeling is possible even at concentrations where protein
synthesis is not greatly inhibited.

These observations support the development of a broad range of puromycin-based
reagents for two reasons. First, compounds of the form X-dC-puromycin appear tol-
erant to a wide variety of substitutions, including molecules containing more than
one detection handle (e.g., BF2P and FB2P). Interestingly, even the methyl phos-
phonate versions (F2P-Me, 10; B2P-Me, 11; DMT-F2P-Me, 12) showed good levels
of in wvitro activity. Second, the 1Csy values indicate that even modest concentrations
of each of these reagents in the low micromolar range will be sufficient to achieve good
levels of protein labeling. This is because our data here (Table 3.1; Figures 3.3 and
3.4) as well as previous data (17, 18), demonstrate that protein labeling is achieved at
or below the ICsy value. Thus, these in vitro translation and protein labeling assays

provide a starting concentration range for analysis in live cells.
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3.2.3 Analysis of Puromycin-conjugate Activity In Vivo

In order to analyze the activity of puromycin conjugates in vivo, we needed to choose
both an appropriate cell line and an appropriate quantitation and detection scheme.
While microscopy is a powerful means to analyze individual cells and small sections
of tissue, we wished to perform experiments where thousands to millions of cells could
be examined for protein labeling. We therefore chose flow cytometry as our primary
means to analyze uptake and incorporation of our conjugates. In addition to providing
a quantitative measure of fluorescence and cell size, flow cytometry methods enable
live cells and dead cells to be readily distinguished (19). We chose the mammalian
thymocyte D9 cell line (16610D9) (20) for our experiment for four reasons: 1) they
have relatively uniform size and shape, 2) they do not aggregate, making single cell
detection possible, 3) they are suspension cells, which allows for ready growth in
culture with subsequent acquisition of a large number of single cell readings using
flow cytometry and 4) they are amenable to routine infection techniques to introduce
selectable markers and GFP-based tags.

We began by comparing the concentration and time dependence of labeling with
F2P (4) and the negative control conjugate F2A (5) (Figure 3.5A,B). For F2P,
progressively increased fluorescence is seen with increasing time (Figure 3.5A,B) and
the greatest enhancement is seen after the 24 h incubation at both 5 uM and 25
uM of the conjugate. At both concentrations, a substantial population of live cells
is detected and demonstrates up to 4-fold enhanced fluorescence relative to the F2A
control molecule. Longer incubation (48 hours) in the presence of F2P eventually
kills the majority of cells at both concentrations tested. In contrast, the background
fluorescence from F2A reaches a maximum of ~10' units after a 7 h incubation for
both 5 and 25 pM incubations (Figure 3.5A,B) and F2A has no apparent effect
on cell viability. The fluorescence enhancement beyond 10! units for cells treated
with F2P is consistent with C-terminal protein labeling by the fluorescein-puromycin

conjugate. These experiments also suggest that there is an optimum concentration
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Figure 3.5: Analysis of puromycin conjugate activity in D9 thymocyte cells. Dose-
response analysis of D9 thymocyte cells treated with F2P or F2A at (A) 5 uM and
(B) 25 puM. Incubation times are 1 (H), 7 (), 24 (H), and 48 h (H). Untreated cells
incubated for 1h are indicated with (B). Cells were analyzed using a flow cytome-
ter and gated on a live cell population according to forward and side scatter plots.
(C) Flow cytometry analysis of untreated cells (l); Fluorescein-puromycin, FP (l);
F2P, 4 (H); F2P-Me, 10 (3); FB2P, 3 (O); BF2P, 8 (H); DMT-F2P-Me, 12 (W).
Cells were incubated for 24 h with puromycin conjugates at 50 pM. Analysis was per-
formed using flow cytometry using a live cell gate as in A and B. (D) Epi-fluorescence

microcopy of D9 cells treated with DMT-F2P-Me (25 uM) with 200 X magnification.
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and incubation time for labeling expressed proteins without killing the cells.

We next wanted to examine the relative level of fluorescence enhancement for
a series of conjugates. To do this, a uniform population of D9 cells was split into
separate containers, each containing identical concentrations of a different puromycin
conjugate, incubated for 24 hours, and analyzed by flow cytometry with a live-cell
gate as before (Figure 3.5C). In this series, DMT-F2P-Me (12) gives the strongest
enhancement and the rank order of compounds follows DMT-F2P-Me (12) > FB2P
(3) ~ BF2P (8) > F2P (4) ~ F2P-Me (10) > FP. The IC;, values for all the
compounds with the exception of FP (IC59 = 120 uM (17)) are relatively similar, while
addition of the DMT group in compound (12) would be expected to confer increased
hydrophobicity and membrane permeability. Compounds containing a phosphate
(F2P (4)) or a methylphosphonate (F2P-Me (10)) bridging the puromycin and dC
residue show little difference in IC5y (Figure 3.3 and Table 3.1) and in vivo labeling
(Figure 3.5C), arguing that charge at this position does not play a key role in either
the activity as a substrate or entry into the cell. The poor ICsy for FP in vitro (17)
correlates with the small fluorescence enhancement seen for this compound in vivo
(Figure 3.5C). Epi-fluorescence microscopy confirms that the conjugate DMT-F2P-
Me (12) readily enters and labels D9 cells brightly (Figure 3.5D).

Following these experiments, we next wished to confirm that two of the best
compounds, BF2P (8) and DMT-F2P-Me (12) also showed fluorescence enhancement
in vivo relative to control molecules containing only a terminal adenosine. Indeed,
comparison of cells treated with BF2P (8) versus BF2A (9) (Figure 3.6A) and DMT-
F2P-Me (12) versus DMT-F2A-Me (13) (Figure 3.6B), indicates that compounds
bearing the terminal puromycin moiety show a 3- to 4-fold fluorescence enhancement
as compared with the control molecules.

This shift in fluorescence is consistent with labeling protein during rounds of
translation. Overall, the combination of our in wvitro and in wvivo observations is

consistent with the notion that the overall fluorescence enhancement reflects both
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the efficacy and the cellular permeability of the compounds.

3.2.4 Mechanism of Puromycin Conjugate Activity In Vivo

We next wished to demonstrate that the puromycin conjugates we had constructed
were acting in vivo by the same mechanism as puromycin itself. Puromycin can
be used as a selection agent in mammalian cell culture to kill cells that lack the
resistance gene encoding puromycin N-acetyl-transferase (PAC) (21). This enzyme
N-acetylates the reactive amine on puromycin and blocks its ability to participate
in peptide bond formation (22, 23). In a mixed population of cells, those that lack
a vector expressing PAC can be selectively killed by long incubations (>48 hours)
with puromycin, leaving only vector-containing cells alive. Previously, we showed
that chemical acylation inactivates puromycin-mediated translation inhibition in vitro
(17). Thus, we wished to see if the D9 cells bearing PAC would be resistant to killing
(and thus enriched in the mixed population) by long incubations with puromycin
itself or our puromycin conjugates in vivo.

Foreign genes can be inserted into D9 cells by infection with a viral vector (see Ex-
perimental Procedures). Vectors that express GFP provide a straightforward means
to measure the fraction of cells that become infected and a direct means to monitor
any vector-mediated enrichment. We infected D9 cells with a viral vector driven by
a mouse stem cell virus promoter (MSCV) containing an internal ribosome entry site
(IRES) upstream from enhanced green fluorescent protein (EGEFP) referred to as MIG
(MIG = MSCV-IRES-GFP; Figure 3.7A) (24). MIG expresses GFP so that infection
efficiency can be monitored by GFP fluorescence (Figure 3.7A). A second vector con-
taining the PAC gene was also constructed (MIGpac; Figure 3.7B) and results in a
bicistronic mRNA in which both PAC and GFP can be translated (Figure 3.7B).

Flow cytometry was used to examine both the infection efficiency and confirm
the ability to perform puromycin-based enrichment. After infection with the MIG
or MIGpac vectors, 5.0% and 4.3% of the D9 cells were infected and alive based
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Figure 3.7: Mechanism of action of puromycin in D9 thymocyte cells infected with
MIG (A) and MIGpac (B) constructs. Cells infected with MIG are sensitive (C) and

MIGpac are resistant (D) to puromycin action.

on GFP expression, respectively (Figure 3.7C,D; upper panels). In both cases, the
other 95% of the cells showed no GFP-based signal. Puromycin was then added
to both MIG and MIGpa¢ infected cells followed by incubation for 48 h at 37 °C.
For MIG infected cells, puromycin results in almost complete killing of both GFP-
positive and GFP-negative cells (Figure 3.7C; lower panel). For MIGpa¢ infected
cells, puromycin selectively kills only those cells lacking GFP, such that after 48
hours the population is completely dominated by GFP-positive cells (94%) (Figure
3.7D; lower panel). Enrichment of GFP-positive cells occurs because they express
the PAC resistance protein that acylates puromycin, rendering it inactive. These
experiments demonstrate that puromycin acylation is sufficient to rescue cells from
puromycin toxicity and that N-blocked puromycin is non-toxic to D9 cells. The
selective enrichment of PAC-expressing cells argues that puromycin exerts its effect

on D9 cells by acting on the translation apparatus in vivo.
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Figure 3.8: Mechanism of action of puromycin conjugates in D9 thymocyte cells.
Cells infected with (A) MIG or (B) MIGpac were treated with biotinylated-puromycin
conjugates B2A (7) and B2P (6), both at 25 pM.

We next wished to examine if B2P (6) could act in a biochemically similar fashion
as puromycin itself. As with puromycin, flow cytometry indicated that long expo-
sures of B2P (6) kills the vast majority of the cells infected with MIG (Figure 3.8A;
bottom panel), while B2A (7), a control molecule lacking the amino acid, had no
effect (Figure 3.8A; middle panel). Importantly, cells infected with MIGpac show se-
lective enrichment when incubated with B2P (6) (Figure 3.8B; bottom panel), while
B2A shows no change in GFP-positive and negative populations (Figure 3.8B; middle

panel). These experiments are fully consistent with B2P (6) acting by the same mech-
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anism as puromycin itself. Further, these data also provide the first demonstration
that PAC can act on puromycin conjugates bearing 5’-extensions in vivo.

In line with this conclusion, two other puromycin conjugates show similar activity
with B2P. We examined a Cys-bearing conjugate Cys2P (1) and compared its action
with an analogous control molecule, Cy;2A (2), using both MIG and MIGpac infected
cells. Cys provides a useful spectroscopic handle in this context because its red-shifted
fluorescence allows the emission of the conjugate to be unambiguously separated from
that of GFP. As with B2P versus B2A, MIG-infected cells were insensitive to Cy52A,
while long exposure of Cy;2P killed both GFP-positive and negative populations,
since they lacked the PAC resistance determinant (data not shown). Cy;2P also
selectively enriched MIGpac infected cells from 4.3% to 90% (data not shown). Addi-
tionally, B2P-Me (11) also resulted in selective enrichment of MIGPAC-bearing cells
and had similar potency with B2P (6) (data not shown). Taken together, these data
support the idea that our various X-dC-puromycin conjugates act by the same mech-
anism as puromycin n vivo and that conjugates lacking the 3’-amino acid moiety

have no effect.

3.2.5 Western Blot Analysis of Puromycin Conjugate Label-
ing in Live Cells

Action of puromycin and our conjugates should result in proteins bearing these com-
pounds at their C-terminus in vivo. We chose to use Western blot analysis of cellular
lysates to examine if incorporation occurred in vivo and compare the resulting signal
with our control conjugates. Cells were incubated with either BF2P (8) or the control
molecule BF2A (9), washed, and a whole-cell lysate was prepared for each sample (see
Experimental Procedures). Proteins were run on a SDS-PAGE gel and transferred
to nitrocellulose. Equal protein loading was confirmed in each lane using Ponceau S
(data not shown). The Ponceau S stain was rinsed away and the blot was probed with

an anti-fluorescein antibody to detect any fluorescein-conjugated protein containing
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Figure 3.9: Western blot analysis of D9 thymocyte cells treated with a puromycin
conjugate and analyzed using an a-fluorescein antibody: Lane 1, untreated cells; lane
2, BF2P, 8 (25 uM); lane 3, BF2A, 9 (25 uM); and anisomycin (250 ng/mL). Ponceau
S stain was used to confirm equal protein loading. BF2P-conjugated protein is seen
at many molecular weights indicating that the conjugate could target all translating

ribosomes.
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BF2P or BF2A. Cells treated with BF2P (Figure 3.9; lane 2) show good levels of
incorporation in this assay, while lanes with cells alone (lane 1), cells treated with
BF2A (lane 3), or anisomycin (lane 4) show essentially no signal (Figure 3.9). The
Western-blot analysis of BF2P thus shows good correlation with flow cytometry data
and is consistent with a model where puromycin conjugates are stably incorporated

into proteins in vivo during protein synthesis.

3.2.6 Imaging of NIH 3T3 Cells Treated with Fluorescent

Puromycin Conjugates

Adherent cells, such as NIH 3T3 cells, allow for spatial resolution of fluorescent
molecule localization using fluorescent confocal microscopy. NIH 3T3 cells were
treated with various fluorescent puromycin conjugates and imaged to ascertain the
regions of conjugate localization (Figure 3.10). Cells were preincubated with ani-
somycin to inhibit translation and then incubated with either FB2P (3) or BF2P
(8). Fluorescent confocal images clearly show that samples preincubated with ani-
somycin followed by incubation with either FB2P or BF2P (Figure 3.10A,C) have
lower levels of fluorescence relative to samples not preincubated with anisomycin (Fig-
ure 3.10B,D). The images indicate that fluorescent puromycin conjugates localize in
the cytoplasm, predominantly outside the nuclear membrane. NIH 3T3 cells were
also treated with Cy32P (1) and imaged using fluorescent confocal microscopy (Fig-
ure 3.11). This shows the same pattern of conjugate localization as seen with FB2P
and BF2P above. These results confirm that fluorescent puromycin conjugates enter

cells and label protein during rounds of translation.

3.3 Discussion

In the present study, we developed a technique to detect protein synthesis in live cells

that does not require gene transfection or radiolabeling. Our strategy thus provides
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Figure 3.10: Fluorescent confocal microscopy of NIH 3T3 cells treated with 25 uM
FB2P (3) and 25 uM BF2P (8)with (A and C) and without (B and D) anisomycin

preincubated.
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Figure 3.11: Fluorescent confocal microscopy of NIH 3T3 cells treated with Cy32P

(1 at 7.5 uM). Panel B is higher magnification of a cell in panel A.
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an important potential alternative to these methods for studying protein expression
in vivo. Generally, a great diversity of reagents of the class X-dC-puromycin, where
X can be one or two fluorescent or affinity tags, can be constructed and show good
activity in protein synthesis in vitro and in vivo. These reagents all appear to act
by the same basic mechanism, entering the ribosomal peptidyl transferase site during
translation, followed by covalent attachment to proteins being actively synthesized.
Ribosome entry and attachment occurs predominantly at a few discrete sites in the
open reading frame including the stop codon, rather than at every position in the
chain (25). Previous work also demonstrates that over a 50-fold concentration range
that brackets the ICsg, the length of truncated products is the same and that shorter
products are favored as the conjugate concentration is increased substantially.

Despite the intermediate size of these molecules (1163 — 1730 Da), all the conju-
gates appear to be competent to enter the D9 suspension tissue culture cells used here
and act at modest concentrations (5 — 25 uM). Experiments with other mammalian
and insect cell types support the idea that the ability of these compounds to cross
membranes and act in protein synthesis is a general phenomenon (W. B. Smith, E.
Schuman, B. Hay, unpublished observations). All of the conjugates we have exam-
ined show a significant and measurable shift in the fluorescence intensity of live cells
as compared to the control conjugates. Western analysis and selective enrichment
studies support the idea that this shift is due to the specific covalent attachment of
the conjugates to nascent proteins during translation. Demonstration that affinity
tags may be inserted into expressed proteins in vivo provides the future opportunity
to examine protein expression in response to various cellular stimuli and subsequent
identification of the individual polypeptides through a combination of affinity purifi-
cation and mass spectrometry-based sequence analysis.

In the short term (~24 hours), these compounds are non-toxic based on the pro-
portion of live cells seen in our flow cytometry experiments. The robust labeling and

signal to noise we observe thus makes these compounds useful for a great diversity of
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cell, tissue, and organism-level experiments. The long-term toxicity of the present set
of compounds may provide some limitations for their use. In that context, non-toxic
variants that can be photoactivated or presented as pro-drugs may provide useful
paths for future conjugate development. The general class of compounds described
here should therefore serve as useful cell biology tools to evaluate in wvivo protein
synthesis in areas such as nuclear protein synthesis (26, 27), neuron dentritic protein
synthesis (10), dendritic cell aggresome-like induced structures (DALIS) (28), and

other novel proteome functions.

3.4 Significance

Existing methods to study un vivo protein synthesis generally require choice of a can-
didate gene, radioactivity, or the destruction of cells. To overcome these limitations,
we have developed a new class of reagents that enable detection of protein synthesis
in live cells using fluorescent and biotinylated puromycin conjugates. These reagents,
of the general form X-dC-puromycin, are active in vitro and in vivo and provide a
non-toxic alternative for the study of protein synthesis in live cells. A wide variety of
detection moieties appear to be accommodated at the X-position allowing for facile
custom reagent design and development. Initial in vitro studies correlate the function
of our compounds in peptide bond formation during protein synthesis. Subsequent
in vivo experiments in a mouse thymocyte cell line demonstrate the usefulness of
these molecules as indicators of protein synthesis in live cells. Selective enrichment
studies with several conjugates as well as Western analysis demonstrate that these
compounds all label protein in cells by the same general mechanism, attachment to
nascent proteins during translation. The present results thus provide evidence that
puromycin conjugates may serve as an alternative to existing tools to elucidate the

proteome.
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3.5 Experimental Procedures

3.5.1 Reagents and Materials

L-Puromycin hydrochloride, rabbit globin mRNA, and carboxypeptidase Y (CPY)
were obtained from Sigma Chemical Co. (St. Louis, MO). Rabbit reticulocyte Red
Nova lysate was purchased from Novagen (Madison, WI). L-[*S]methionine ([**S]Met)
(1175 Ci/mmol) was obtained from NEN Life Science Products (Boston, MA). Im-
munopure immobilized Neutravidin-agarose was from Pierce (Rockford, IL). GF/A
glass microfiber filters were from Whatman. The PAC gene was a kind gift from Joel

Pomerantz and David Baltimore.

3.5.2 Puromycin Conjugates

Puromycin conjugates were synthesized using standard phosphoramidite chemistry at
the California Institute of Technology oligonucleotide synthesis facility. Puromycin-
CPG was obtained from Glen Research (Sterling, VA). Oligonucleotides were synthe-
sized with the 5-trityl intact, desalted via OPC cartridge chromatography (Glen
Research) (DNA oligonucleotides only), cleaved, and evaporated to dryness. 5-
Biotin phosphoramidite, Biotin phosphoramidite, 5-Fluorescein phosphoramidite, 6-
Fluorescein phosphoramidite (Glen Research) were used to make the biotin- and
dye-puromycin conjugates. Ac-dC-Me-phosphonamidite (Glen Research) was used to
prepare the phosphonate puromycin conjugates. The dried samples were resuspended
and desalted on Sephadex G-25 (Sigma). Puromycin, puromycin-conjugate, and con-
trol molecule concentrations were determined with the following extinction coefficients
(M~tem™!): puromycin (e60 = 11,790; in HyO); B2P and B2P-Me (ey60= 19,100; in
H,0); F2P, F2P-Me, DMT-F2P-Me, FB2P, BF2P, F2A, and BF2A (e47; = 66, 000;
in 1X PBS); Cy32P €g50 = 150, 000; in 1X PBS), Cy52P and Cy52A (eg50 = 250, 000;
in 1X PBS).
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3.5.3 In Vitro Potency Determination for Puromycin Con-
jugates

Translation reactions containing [*S]Met were mixed in batch on ice and added in
aliquots to microcentrifuge tubes containing an appropriate amount of puromycin-
conjugate (or control molecule) dried in vacuo. Typically, a 20 ul translation mixture
consisted of 0.8 uL of 2.5 M KCI, 0.4 uL of 25 mM MgOAc, 1.6 uL of 12.5X translation
mixture without methionine, (25 mM dithiothreitol (DTT), 250 mM HEPES (pH 7.6),
100 mM creatine phosphate, and 312.5 uM of 19 amino acids, except methionine),
3.6 uL of nuclease-free water, 0.6 uL (6.1 uCi) of [*S]Met (1175 Ci/mmol), 8 uL of
Red Nova nuclease-treated lysate, and 5 uL of 0.05 pg/uL globin mRNA. Inhibitor,
lysate preparation (including all components except template), and globin mRNA
were mixed simultaneously and incubated at 30 °C for 60 min. Each reaction (2
pL) was combined with 8 ul of tricine loading buffer (80 mM Tris-Cl (pH 6.8),
200 mM DTT, 24% (v/v) glycerol, 8% sodium dodecyl sulfate (SDS), and 0.02%
(w/v) Coomassie blue G-250), heated to 90 °C for 5 min, and applied entirely to a
4% stacking portion of a 16% tricine-SDS-polyacrylamide gel containing 20% (v/v)
glycerol (29)(30 mA for 1h, 30 min). Gels were fixed in 10% acetic acid (v/v) and 50%
(v/v) methanol, dried, exposed overnight on a Phosphorlmager screen, and analyzed

using a Storm Phosphorlmager (Molecular Dynamics).

3.5.4 Neutravidin Capture of In Vitro Translated Protein-

puromycin-conjugate Products

Neutravidin-agarose [50% slurry (v/v)] was washed 3 times with 1X PBS + 0.1%
Tween-20 and resuspended in 1 mL of 1X PBS + 0.1% Tween-20. To 200 pL of this
suspension, 12 uL of the reaction lysate and 0.8 mL of 1X PBS + Tween-20 were
added. The samples were rotated at 4 °C for 3 h and washed with 1X PBS + Tween-
20 until the CPM of [**S]Met were < 500 in the wash. The amount of immobilized
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[33S]Met-protein-puromycin conjugate was determined by scintillation counting of the

Neutravidin-agarose beads.

3.5.5 Preparation of MIGpac Infected 16610D9 Cells

The PAC gene was cloned into MIG using Bgll and EcoRI restriction sites to yield
MIGpac. 293T-HEK fibroblasts (American Tissue Culture Collection) were co-trans-
fected with pECL-Eco (30) and MIG or MIGpa¢ by calcium phosphate precipitation.
After 12 hours, the precipitate was removed, cells were washed once with PBS, and
4 mL of fresh complete Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal calf serum (FCS). Viral supernatant was removed 24 hours later and
used in infection of 16610D9 cells. One million D9 cells were spin-infected with 0.4
mL of viral supernatant suplemented with 5 pg/ml Polybrene (Sigma-Aldrich).

3.5.6 Enrichment of GFP(+4) 16610D9 Cells using Puromy-

cin and Puromycin Conjugates

16610D9 cells infected with either MIG of MIGpac were cultured in RPMI media
with 10% FBS and grown at 37 °C in a humidified atmosphere with 5% COs. For
each experiment, 16610D9 cells (0.25 x 10%/well) were added to 24-well microtiter
plates along with puromycin, puromycin-conjugate, and control molecules dissolved
in the minimum amount of either media or PBS. After a 48 h incubation, the cells
were washed twice in 2 mL PBS + 4% FCS and resuspended in PBS + 4% FCS
supplemented with 2% formaldehyde along with incubation at 37 °C for 10 min.

Flow cytometry was carried out on a Beckman FACScabilur Flow Cytometer.
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3.5.7 Detection of Protein Synthesis Events In wvivo using

Flow Cytometry

16610D9 cells (0.5 million mL~') were combined with the various puromycin conju-
gates and control molecules resuspended in the minimum volume of PBS or media
as described above. After a 24 h incubation, the cells were washed twice in 2 mL
PBS + 4% FCS and resuspended in PBS + 4% FCS supplemented with 2% formalde-
hyde followed by incubation at 37 °C for 10 min or used directly after washing for

immediate flow cytometry analysis.

3.5.8 Western Blot Analysis of 16610D9 Cells Treated with

Puromycin Conjugates

Cells were prepared as described above except as indicated anisomycin was added to
a final concentration of 250 ug mL~! and washed twice in PBS. Live cell number was
determined using trypan blue exclusion dye and each sample was adjusted to contain
an equal number of live cells. Cell pellets were resuspended in 2X lysis buffer (100 mM
[—glycerophosphate, 3 mM EGTA, 2 mM EDTA, 0.2 mM sodium-orthovanadate, 2
mM DTT, 20 ug/ml aprotinin, 20 ug/ml leupeptin, 50 ug/ml trypsin inhibitor, and
4 pg/ml pepstatin, and 1% Triton X-100) and incubated on ice for 30 min. Cell
debris was removed by centrifugation at 20,000 x g for 30 min. Cell lysate was
combined with SDS loading buffer (0.12 M Tris-Cl (pH 6.8), 20% glycerol, 4% (w/v)
SDS, 2% (v/v) f—mercaptoethanol, and 0.001% bromophenol blue) and heated at
90 °C for 10 min. Samples were applied entirely to a 4% stacking portion of a 10%
glycine-SDS-polyacrylamide gel (30 mA for 1h, 30 min). Protein was transferred
using standard Western transfer transfer techniques and the blot was probed with an
anti-fluorescein antibody followed by an anti-rabbit-horseradish peroxidase conjugate
(Pierce chemicals). The chemiluminescence reaction was carried out using the ECL

PLUS Western Blotting Detection System (Amersham Biosciences).
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3.5.9 Confocal Microscopy of NIH 3T3 cells Treated with

Fluorescent Puromycin Conjugates

NIH 3T3 cells were plated (50,000 cells/slide) on glass bottom cell culture imaging
chambers. After 24 h, cells were preincubated with anisomycin in a total volume of
400 pL (50 puM) for 4 h. The cells were incubated with the fluorescent puromycin
conjugates in a total volume of 400 pL (resuspended in media) for 7 h. After washing
the cells 4 times with 1X PBS and adding a HEPES-buffered solution, images were
collected on a Zeiss LSM 510-META confocal microscope using a 63X oil immersion

lens.
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Chapter 4

The Puromycin Route to Assess Stereo-
and Regiochemical Constraints on Peptide

Bond Formation in Eukaryotic Ribosomes

This chapter has previously appeared as: S.R. Starck, X. Qi, B.N. Olsen, R.W.
Roberts. The puromycin route to assess stereo- and regiochemical constraints on
peptide bond formation in eukaryotic ribosomes. J. Am. Chem. Soc. 125:8090-8091,
2003.

4.1 Introduction

The protein synthesis machinery can be used to incorporate unnatural amino acids
into peptides (1, 2, 3) proteins (4, 5), and molecular libraries (6, 7) (see references
(8,9, 10, 11, 12) for reviews). These studies indicate that the ribosome displays a
broad ability to utilize residues beyond the 20 naturally occurring amino acids. Chem-
ically misacylated-tRNA fragments and tRNAs have provided one route to probe the
stereo- and regiospecificity of isolated ribosomes (13, 14, 15, 16) and intact transla-
tion systems (10, 17). This approach has expanded our understanding of the range

of residues incorporated by the ribosome (18, 19, 20, 21). However, entry of both -
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and D-amino acids has proved challenging (2, 4, 13, 14, 15, 16). Analysis of these
residues would deepen our understanding of the stereo- and regiochemical constraints
of ribosome-mediated peptide bond formation. Here, we have used a series of syn-
thetic puromycin analogs to measure the activity of both (- and D-amino acids in
an intact eukaryotic translation system. Puromycin is a small-molecule mimic of
aminoacyl-tRNA (aa-tRNA), and acts as a universal translation inhibitor by entering
the ribosomal A site and participating in peptide bond formation with the nascent
peptidyl chain (22). Puromycin and puromycin analogs have been very useful in ex-
ploring the activity of nucleophiles (-OH versus -NH, versus -SH) in peptide bond
formation and the structural requirements for inhibition of translation (23, 24, 25, 26).
Unlike aa-tRNA, puromycin is able to enter the ribosome independently, does not in-
duce EF-Tu-GTPase activiy (27), and does not require soluble translation factors for
function (28). Puromycin and related compounds therefore provide a direct means
to address ribosome-mediated peptide bond formation in the context of a fully com-

petent translation extract.

4.2 Results and Discussion

We synthesized a series of puromycin derivatives (Figure 4.1) that differ in the 1)
amino acid moiety, 2) amino acid stereochemistry, and 3) number of carbon units in
the amino acid backbone. We then measured the activity of each compound (Figure
4.2 and Table 4.1) in a high dynamic-range IC5y potency assay using the rabbit
reticulocyte protein synthesis system (Figure 4.2A) (28). The naturally occurring
compound, L-puromycin (1a), inhibits globin mRNA translation with an ICs of 1.8
puM (Figure 4.2B). Surprisingly, D-puromycin (1b) also inhibited translation giving an
ICs0 of 280 uM (Figure 4.2B), a difference of 150-fold (Table 4.1). We reasoned that
stereoselectivity should be a function of the sidechain size and geometry. To test this,

we constructed compounds where the puromycin sidechain was altered to bear either
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and D-puromycin (1b): Lane 1, no template; lane 2, globin alone; lanes 3 — 10,
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Percent globin translation relative to the globin only control for L-puromycin (1a)

and D-puromycin (1b).
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Puromycin analog ICs0 (M)
1la, L-puromycin 1.8
1b, D-puromycin 280
2a, L-(4-Me)-Phe-PANS 1.0
2b, D-(4-Me)-Phe-PANS 2400
2c, D-[3-(4-Me)-Phe-PANS 600
3a, L-Ala-PANS 730
3b, D-Ala-PANS 1900
3c, L-5-Ala-PANS 1700

Table 4.1: IC5q values for puromycin analogs.

a bulky (L- or D-4-methyl-phenylalanine; 2a and 2b) or a small substituent (L- or D-
alanine; 3a and 3b). Compound 2a inhibits translation better than puromycin itself
(ICs50 = 1.0 uM; Table 4.1) and is the most potent compound we constructed. The
D-amino acid variant (2b) shows much lower activity (IC5 = 2400 uM), is ~9-fold
lower than D-puromycin (1b), and is 2400-fold less potent than the L-isomer. The
alanine analogs (R = CHj) show only 3-fold selectivity for the L- versus D- isomers
(3a versus 3b; Table 4.1).

These observations argue that ribosomal stereoselectivity falls over a broad range
and is primarily dictated by the size and geometry of the pendant sidechain. Within
the L-amino acid series (1a, 2a, and 3a), marked variation is also seen based solely
on sidechain identity. Larger, hydrophobic sidechains provide improved function,
consistent with previous observations (14, 25). In the D-amino acid series, the 4-
O-methyltyrosine derivative (1b) functions the best overall, and has ~3-fold better
activity than the natural L-alanine variant (3a).

We next examined puromycin derivatives bearing [f-amino acids. (-amino acids
have been previously incorporated at low levels using nonsense suppression techniques

(2, 4). In our experiments, both L-3-(4-Me)-Phe-PANS (2c) and L-/3-Ala-PANS (3c)
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were able to fully inhibit translation (ICs5o = 600 and 1700 M, respectively; Table
4.1).

Finally, we wished to confirm that our puromycin analogs participated in pep-
tide bond formation within the ribosome. Incorporation of puromycin blocks the
C-terminus, rendering the protein carboxypeptidase resistant (22). Previous work
in our laboratory demonstrated that covalent puromycin incorporation is most effi-
cient near the ICsy value (28). Consistent with this observation, protein synthesis
performed in the presence of our puromycin derivatives near the 1Csy resulted in a
12- to 16-fold increase in carboxypeptidase Y (CPY)-resistant protein compared with
the no drug control (Figures 4.3A,B). All derivatives also produce truncated protein
fragments, consistent with entry and attachment both internally and at the end of
the template (Figure 4.4) (28).

The structural basis for stereoselectivity in rabbit ribosomes cannot be addressed
presently, as there are no high-resolution structures available. However, modeling D-
puromycin (1b) into the active site of the Haloarcula marismortui 50S subunit (29)
is consistent with the idea that steric effects play a role in chiral discrimination. In
the atomic resolution structure, U2620 (U2585 E. coli) is the closest nucleotide to
the D-sidechain (Figure 4.5). Also, while many of the ribosome active site nucleotides
are highly conserved, the fact that critical residues can be mutated (30), implies that

construction of ribosomes with altered stereo- and regiospecificity may be possible.

4.3 Conclusions

Our data lead us to conclude that L-, D-, and (-amino acids can participate in
ribosome-mediated peptide bond formation when constructed as analogs of puro-
mycin. This route allows us to rank both natural and unnatural residues as substrates
in a physiologically complete protein-synthesizing system. Analysis using intact sys-

tems is important as reconstituted or purified systems that are incapable of synthe-
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plexes from A.
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D-puromycin

L-puromycin

Figure 4.5: Model for D-puromycin (red) placement in the large 50S ribosome-
CCdA-p-L-puromycin (blue) complex (29). U2620 is the closest nucleotide to the
D-puromycin side chain which may cause steric clash. A2486 (yellow), the base
originally identified as involved in peptidyl transferase catalysis, is also shown for

reference.
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sizing proteins can produce markedly different results (9, 28, 31, 32). The data here
provide one metric of the chiral and regiospecificity of mammalian ribosomes. We are
hopeful that this approach, along with other information such as the ability to opti-
mize tRNA affinity for elongation factor Tu (EF-Tu) (33, 34) (EF1A in eukaryotes),
will facilitate the incorporation of desirable but recalcitrant unnatural residues into

peptides and proteins.

4.4 Experimental Procedures

4.4.1 General Information

'H and '3C NMR spectra were recorded on a Varian, Inc. UNITY INOVA instru-
ment operating at 500 MHz using DO or DMSO-d6 as the solvent. 'H NMR data
are reported as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br
s, broad singlet; dd, doublet of doublets. High-resolution mass spectra (FAB) were
recorded on a JMS-600H double-focusing, high-resolution, magnetic sector mass spec-
trometer at the Mass Spectrometry Laboratory, Division of Chemistry and Chemical
Engineering, California Institute of Technology. Column chromatography was carried
out on silica gel (40 — 63 um, EM Science). Analytical HPLC was performed using
a Vydac C18 column (5 mm, 4.5 x 250 mm) with buffer A (5 mM NH,OAc, pH 5.5
with 10% acetonitrile) and buffer B (5 mM NH4OAc, pH 5.5 with 90% acetonitrile);
a linear gradient of 100% buffer B in 50 min was used with a flow rate of 1 mL/min.
All reagents were of highest available commercial quality and were used without
further purification. Puromycin aminonucleoside (3’-amino-3’-deoxy- N, N’-dimethyl-
adenosine) (PANS) was purchased from Sigma Chemical Co. FMOC-(4-methoxy-
D-phenylalanine) and FMOC-(D-alanine) were purchased from Bachem. FMOC-
(4-methyl-L-phenylalanine), FMOC-(L-alanine), and FMOC-(L-3-homoalanine) were
purchased from Fluka. FMOC-(4-methyl-D-phenylalanine) and FMOC-(4-methyl-L-

B-phenylalanine) were from Peptech. Puromycin and puromycin analog concentra-
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tions were determined with the following extinction coefficients (M~tem™') at 260
nm: L- and D-puromycin (la and 1b) [¢ = 11,790] in H,O; L-(4-Me)-Phe-PANS,
D-(4-Me)-Phe-PANS, and L-(-(4-Me)-Phe-PANS (2a — 2¢) [e = 10,500] in H,O; and
L-Ala-PANS, D-Ala-PANS, and L-3-Ala-PANS (3a — 3c) [¢ = 11,000] in phosphate
buffered saline (pH 7.3). Rabbit reticulocyte lysate was purchased from Novagen.
Rabbit globin mRNA was obtained from Life Technologies Gibco BRL. L-Puromycin
(1a) was purchased from Sigma Chemical Co. Ras mRNA was prepared by using two
DNA primers complementary to the 5’- and 3’-ends of the coding region for H-Ras
(pProEX HTb vector, a kind gift from Dafna Bar-Sagi) (35) to amplify the gene using
PCR. mRNA was produced by T7 runoff transcription (36) of the H-Ras DNA in the
presence of RNAsecure (Ambion) followed by gel purification via denaturing urea-
PAGE and ‘crush and soak’ RNA isolation. L-[*S]methionine (1,175 Ci/mmol) was
purchased from NEN Life Science Products. Carboxypeptidase Y was obtained from
Pierce. GF/A glass microfiber filters were from Whatman. Scintillation counting was

carried out using a Beckman LS-6500 liquid scintillation counter.

4.4.2 General Procedure for Preparation of Puromycin Ana-
logs

N, N’-dicyclohexylcarbodiimide (DCC) (0.0539 mmol) was added to a cold (0 °C)
solution of PANS (0.0520 mmol), FMOC-protected amino acid (0.0541 mmol), and N-
hydroxysuccinimide (NHS) (0.0556 mmol) in dried N,N’-dimethylformamide (DMF)
(0.900 mL). The solution was stirred for 30 min in an ice-water bath and then for 25
h at ambient temperature. N,N’-dicyclohexylurea was filtered and washed (EtOAc, 4
mL), and the filtrate was concentrated in vacuo. For 1b, the residue was resuspended
in EtOAc, sonicated, and the mixture was filtered and then dried. The material was
purified by gradient flash chromatography using CHCl3 — MeOH/CHCl3 (4:96) for
1b or MeOH/CHCI; (7:93) for 2a — 2c¢ and 3a — 3c. Homogenous product fractions

were dried in vacuo to yield the FMOC-protected product. FMOC-deprotection was
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carried out in 20% (v/v) piperidine in DMF (5mL) with stirring for 30 min at ambient
temperature. The solvent was removed in vacuo and the residue was subjected to
gradient flash chromatography using CHCl; — MeOH/CHCI3 (8:92) for 1b, 2a, and
2b and TEA/MeOH/CHCI; (2:10:88) for 2c and 3a—3c to afford the titled products.
Confirmation of purity was assessed using analytical HPLC.
9-3’-Deoxy-3’-[(4-methoxy-D-phenylalanyl)aminol-3-D-ribofuranosyl-6-( N,
N’-dimethylamino)purine (D-puromycin) (1b) (37) White solid (31.5 mg, 87.3%):
'H (DMSO-d6) § 1.85 (br s, 2H), 2.58-2.63 (m, 1H), 2.93 (dd, J = 4.5, 14 Hz, 1H),
3.42 (dd, J = 4.5, 8.5 Hz, 2H), 3.51-3.56 (m, 2H), 3.72 (s, 6H), 3.93-3.96 (m, 1H),
4.47-4.51 (m, 4H), 5.17 (t, J = 5.5 Hz, 1H), 5.97 (d, J = 2.0 Hz, 1H), 6.17 (d, J
= 5.0, 1H), 6.85 (d, J = 9.0 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 8.08 (br s, 1H),
8.24 (s, 1H), 8.45 (s, 1H); 13C (DMSO-d6) § 25.4, 50.6, 56.0, 56.8, 61.7, 73.8, 84.4,
00.2, 114.3, 131.0, 138.7, 150.4, 152.6, 158.0, 175.5; HRMS (FAB), m/z calculated for
CaoHyoN;05 (M+H)* 472.2311, found 472.2307.
9-3’-Deoxy-3’-[(4-methyl-L-phenylalanyl)amino|-5-D-ribofuranosyl-6-( V,
N’-dimethylamino)purine [L-(4-Me)-Phe-PANS] (2a) Pale white solid (18.8 mg, 80.8%):
I NMR (DMSO-d6) § 1.84 (br s, 2H), 2.26 (s, 6H), 2.52-2.57 (m, 1H), 2.94 (dd, J
= 4.5, 14 Hz, 1H), 3.44-3.52 (m, 2H), 3.67-3.70 (m, 2H), 3.92-3.95 (m, 1H), 4.44-4.50
(m, 4H), 5.14 (t, J = 5.5 Hz, 1H), 5.98 (d, J = 3.0 Hz, 1H), 6.14 (d, J = 4.0 Hz,
1H), 7.10 (dd, J = 8.0, 18 Hz, 4H), 8.07 (d, J = 5.5 Hz, 1H), 8.24 (s, 1H), 8.45
(s, 1H); 13C (DMSO-d6) § 21.3, 41.2, 50.7, 56.9, 61.7, 73.9, 84.3, 90.2, 120.3, 129.4,
129.8, 135.7, 136.3, 138.7, 150.4, 152.6, 155.0, 175.5; HRMS (FAB), m/z calculated
for CooHzoN;O4 (M+H)T 456.2362, found 456.2367.
9-3’-Deoxy-3’-[(4-methyl-D-phenylalanyl)amino]-3-D-ribofuranosyl-6-( N,
N’-dimethylamino)purine [D-(4-Me)-Phe-PANS] (2b) Pale white solid (20.7 mg, 88.8%):
'H NMR (DMSO-d6) § 1.85 (br s, 2H), 2.26 (s, 6H), 2.61 (dd, J = 8.0, 13 Hz, 1H)
2.96 (dd, J = 4.5, 14 Hz, 1H), 3.42-3.45 (m, 1H), 3.51-3.56 (m, 1H), 3.71-3.73 (m,
9H), 3.94-3.96 (m, 1H), 4.40-4.49 (m, 4H), 4.48 (d, J = 12 Hz, 1H), 5.17 (t, J = 5.5
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Hz, 1H), 5.97 (d, J = 2.5 Hz, 1H), 6.19 (br s, 1H), 7.11 (dd, J = 8.0, 16 Hz, 4H), 8.10
(br s, 1H), 8.23 (s, 1H), 8.45 (s, 1H); *C (DMSO-d6) & 21.4, 41.0, 50.6, 56.8, 61.7,
73.8, 84.4, 90.2, 120.3, 129.4, 129.9, 135.8, 136.1, 138.7, 150.4, 152.6, 155.0, 175.5:
HRMS (FAB), m/z calculated for CooH3oN7;O4 (M+H)™ 456.2362, found 456.2360.

9-3’-Deoxy-3-[(4-methyl-L--phenylalanyl)amino|- 3-D-ribofuranosyl-6-( N,
N’-dimethylamino)purine [L-(3-(4-Me)-Phe-PANS] (2¢) Pale white solid (17.8 mg,
73.0%): 'H NMR (Ds0) § 2.06 (s, 6H), 2.45-2.49 (m, 1H), 2.67 (d, J = 6.5 Hz, 1H),
3.18 (t, J = 6.0 Hz, 1H), 3.28 (br s, 3H), 3.37-3.39 (m, 1H), 3.49-3.50 (m, 1H), 3.59-
3.62 (m, 1H), 3.80 (dd, J = 2.0, 13 Hz, 1H), 4.08-4.10 (m, 1H), 4.35 (dd, J = 6.0, 8.5
Hz, 1H), 4.46 (dd, J = 3.0, 5.5 Hz, 1H), 5.94 (d, J = 2.5 Hz, 1H), 7.03 (s, 4H), 8.03
(s, 1H), 8.15 (s, 1H); 3C NMR (D50) § 19.1, 26.0, 40.5, 49.8, 50.5, 54.5, 60.8, 73.6,
82.7, 89.7, 111.0, 120.0, 129.4, 129.6, 134.0, 137.2, 138.0, 148.8, 152.3, 173.6; HRMS
(FAB), m/z calculated for Co3H3oN7O, (M+H)* 470.2519, found 470.2508.

9-3’-Deoxy-3’-[(L-alanine)aminol- 3-D-ribofuranosyl-6-( N,
N’-dimethylamino)purine (L-Ala-PANS) (3a) Pale yellow solid (5.7 mg, 30.2%): 'H
NMR (D;0) ¢ 1.41 (d, J = 7.0 Hz, 3H), 3.28 (br s, 6H), 3.63 (dd, J = 3.5, 13 Hz,
1H), 3.82 (dd, J = 2.5, 13 Hz, 1H), 3.97 (q, J = 7.0 Hz, 1H), 4.17-4.18 (m, 1H),
4.55-4.58 (m, 2H), 4.62-4.64 (m, 1H), 5.98 (d, J = 3.0 Hz, 1H), 8.03 (s, 1H), 8.17
(s, 1H); 3C NMR (D,0) § 17.3, 39.0, 49.4, 51.0, 60.7, 73.5, 82.7, 89.6, 119.5, 138.0,
148.8, 152.2, 154.6, 172.4; HRMS (FAB), m/z calculated for Ci5HauN7O, (M+H)*
366.1892, found 366.1889.

9-3’-Deoxy-3’-[(D-alanine)amino|-3-D-ribofuranosyl-6- (N,
N’-dimethylamino)purine (D-Ala-PANS) (3b) Pale yellow solid (8.6 mg, 45.4%): 'H
NMR (D50) 61.43 (d, J = 7.5 Hz, 3H), 3.28 (br s, 6H), 3.65 (dd, J = 4.0, 13 Hz,
1H), 3.83 (dd, J = 2.5, 13 Hz, 1H), 4.02 (q, J = 7.5 Hz, 1H), 4.14-4.17 (m, 1H),
4.55-4.58 (m, 2H), 4.64-4.66 (m, 1H), 5.98 (d, J = 3.0 Hz, 1H), 8.04 (s, 1H), 8.17
(s, 1H); *C NMR (D20) ¢ 17.0, 39.0, 49.3, 50.9, 60.8, 73.3, 82.8, 89.6, 106.0, 119.6,
138.1, 152.3, 154.8, 172.0; HRMS (FAB), m/z calculated for C;5Hs4N;O, (M+H)™"
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366.1892, found 366.1898.
9-3’-Deoxy-3’-[(L-3-homoalanine)aminol-3-D-ribofuranosyl-6-( N,

N’-dimethylamino)purine (L-3-Ala-PANS) (3c) Pale yellow solid (4.6 mg, 25.6%):
'H NMR (D0) 6 1.16 (d, J = 6.5 Hz, 3H), 1.74 (s, 1H), 2.52 (d, J = 3.5 Hz, 2H),
3.24 (br's, 6H), 3.52-3.61 (m, 2H), 3.78 (d, J = 13 Hz, 1H), 4.11 (d, J = 5.5 Hz, 1H),
4.62-4.64 (m, 2H), 5.93 (s, 1H), 7.99 (s, 1H), 8.13 (s, 1H); *C NMR (D»0) § 18.2,
39.0, 39.5, 45.0, 50.7, 60.7, 73.5, 82.7, 89.6, 119.5, 138.0, 148.8, 152.2, 172.7; HRMS
(FAB), m/z calculated for Ci6HysN;O4 (M+H)™ 380.2049, found 380.2054.

4.4.3 1C59 Determination

Translation reactions containing [**S]Met were made up in batch on ice and added
in aliquots to microcentrifuge tubes containing an appropriate amount puromycin or
puromycin analog dried in vacuo. Typically, a 20 ul translation mixture consisted of
0.8 uL of 2.5 M KCl, 0.4 pL of 25 mM MgOAc, 1.6 uL of 12.5X Translation Mixture
without methionine (25 mM dithiothreitol (DTT), 250 mM HEPES (pH 7.6), 100
mM creatine phosphate, and 312.5 uM of 19 amino acids, except methionine), 3.6
pL of nuclease-free water, 0.6 pL (6.1 uCi) of [3S]Met (1175 Ci/mmol), 8 uL of Red
Nova nuclease-treated lysate, and 5 uL of 0.05 ug/uL globin mRNA. Inhibitor, lysate
preparation (include all components except template), and globin mRNA were mixed
simultaneously and incubated at 30 °C for 60 min. Then 2 pL of each reaction was
combined with 8 pL of tricine loading buffer (80 mM Tris-Cl (pH 6.8), 200 mM DTT,
24% (v/v) glycerol, 8% sodium dodecyl sulfate (SDS), and 0.02 % (w/v) Coomassie
blue G-250), heated to 90 °C for 5 min, and applied entirely to a 4% stacking portion
of a 16% tricine SDS-polyacrylamide gel containing 20% (v/v) glycerol (38) (30 mA
for 1.5h). Gels were fixed in 10% acetic acid (v/v) and 50% (v/v) methanol, dried,
exposed overnight on a Phosphorlmager screen, and analyzed using a Storm Phos-
phorlmager (Molecular Dynamics). Analysis in Figure 4 was carried out as described

above except 6 ul of each reaction and 24 ul of tricine loading buffer were loaded
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(1.5-fold increase in stacking and resolving portion of gel; 30mA for 7 h).

4.4.4 Carboxypeptidase Assay

Translation reactions were prepared as described for IC5y determination except re-
actions (50 uL) contained 2 ul of 2.5 M KOAc, 1 uL of 25 mM MgOAc, 4 uL of
12.5X Translation Mixture without methionine (25 mM dithiothreitol (DTT), 250
mM HEPES (pH 7.6), 100 mM creatine phosphate, and 312.5 M of 19 amino acids,
except methionine), 16 uL (163 pCi) of [*°S]Met (1175 Ci/mmol), 20 uL of Red Nova
nuclease-treated lysate, and 6.96 uL of 230 pg/mL Ras mRNA (35). Inhibitor, lysate
components, and Ras mRNA were mixed simultaneously and incubated at 30 °C for
60 min. Then 2 pL of reaction was combined with 150 puL of 0.1 M sodium acetate
(pH 5.0) and 17 uL carboxypeptidase Y (CPY) (1 mg/mL in 0.05 M sodium citrate
(pH 5.3) Pierce), and incubated at 37 °C for 18 h. After incubation, reactions were
mixed with 100 uL of 1 N NaOH/2% H,0, (hydrolyzes charged tRNAs and removes
the red color that may quench scintillation counting) and incubated at 37 °C for
10 min to hydrolyze the charged tRNAs. Then 0.9 mL of 25% trichloroacetic acid
(TCA)/2% casamino acids was added to the samples, vortexed, and put on ice for
10 min. The samples were filtered on GF/A filters (pre-soaked in 5% TCA), washed
3 times with 3-mL portions of cold 5% TCA, and scintillation counted to determine
the amount of [**S]Met-Ras. For the no CPY-treated samples, [**S]Met-Ras (2 uL of

reaction) was TCA precipitated without CPY treatment as described above.
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Chapter 5

The Puromycin Route to Assess Amine
Substitution Constraints on Peptide Bond

Formation

Abstract

The use of puromycin analogs to probe the stereo- and regiospecificity of the ribo-
some shows that our protein synthesis machinery tolerates a wide range of unnatural
residues (e.g., D-residues and (-amino acids). This approach offers a direct means
to study the allowances of translation without the drawbacks of using chemically
misacylated-tRNAs. Here, the limits of translation are studied with respect to substi-
tution of the primary amine (e.g., secondary amine or N-methyl amine). Surprisingly,
the amine is extremely sensitive to substitution since the activity of N-substituted
analogs are dramatically lower than analogues with primary amines (7- to 500-fold
loss in activity relative to the unsubstituted counterpart). The loss in activity upon
primary amine substitution is thought to result in part from a change in the rate-
determining step of peptide bond formation or from altered basicity of the substituted

amine.
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5.1 Background

N-substituted amino acids are a class of residues that show potential utility in the
area of peptide- or protein-based therapeutics. Several properties render these un-
natural amino acids useful for such therapies because they are 1) less polar than
normal c-amino acids, which increases their bioavailability and 2) resistant to com-
mon human proteases. Nature appears to already utilize substituted amino acids
such as proline and hydroxyproline in type I collagen to insure conformational rigid-
ity in the collagen triple helix (1, 2). Further, substitution of an N-substituted amino
acid (N-methyl-glycine) for proline in Src homology 3 (SH3) ligands maintains the
high-specificity recognition and affinity for the SH3 scaffold (3). Recently, the utility
of N-substituted amino acids in therapeutics led to the discovery that N-methyl-
N-pyrimidin-2-yl glycine derivatives have antiphlogistic activity (4). In addition,
N-substituted peptide antagonists of the Bradykinin receptor, a receptor directly in-
volved with several inflammatory disease states, prove to be therapeutic leads (5). For
these reasons, incorporation of N-substituted amino acids into peptides and proteins
has been an area of intense research.

There are a diverse set of N-substituted amino acids that have been incorporated
into peptides and proteins through aminoacyl-tRNA delivery (Figure 5.1). These
experiments show that incorporation of the N-substituted residues is measurable,
with a ~5 to ~70 suppression efficiency (Figure 5.1) (6, 7). This result is encouraging
but is convoluted by the necessity for an elongation factor (EF-Tu in prokaryotes
and EF1A in eukaryotes) to escort the N-substituted amino acid-tRNA (aa-tRNA)
complex into the ribosome. Improper interactions between the aa-tRNA complex and
elongation factor are expected to decrease the efficiency amino acid incorporation.
Amino acids that bind to EF-Tu too tightly or too weakly may offset the optimum
affinity balance (8, 9). Although, the optimal affinity may be generated by using a
tRNA body that compensates for the amino acid affinity. This is a solution inferred

from data showing that affinity for EF-Tu is a function of the amino acid identity
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Figure 5.1: N-substituted amino acids inserted into (A) peptides (6) and (B) protein
(7). Percent values indicate the extent of nonsense codon suppression using chemically

misacylated-tRNAs
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and the tRNA body sequence (8, 9).

Identification of N-substituted residues that are recognized by the ribosome and
participate in peptidyl transferase is important for preparation of peptide-based li-
braries, such as those used in mRNA display (10, 11). Unnatural amino acid sup-
pression techniques offer an excellent means to decipher those variants incorporated
into protein. However, this strategy is labor intensive, burdened by low yields of un-
natural aa-tRNA product, and costly. Further, extrapolation of ribosome toleration
for N-substituted amino acids can not be directly assessed using this technique. In
contrast, a direct means to examine the peptidyl transferase activity of N-substituted
amino acids is to use puromycin analogs bearing N-methyl or other primary amine
substitutions (12). Once the N-substituted amino acid is shown to participate in
peptide-bond formation, use of an appropriate tRNA body to thermodynamically
compensate for the unnatural amino acid, may yield an aa-tRNA complex readily
recognized by EF-Tu or EF1A (8, 9). In this chapter, the peptidyl transferase activ-

ity of various N-substituted puromycin analogs is investigated.

5.2 Results and Discussion

Proline is the only naturally occurring substituted amino acid, bearing a secondary
amine. Proline should be called an imino acid since the side chain is continuous within
the backbone yielding a five-member ring. Proline is present 5.1% in proteins (13) and
collagen is comprised from 25% of proline and hydroxyproline (14), its incorporation
is thought to be readily accommodation by the ribosome. Therefore, it was of interest
whether a puromycin analog of proline, called L-Pro-PANS (1) (Figure 5.2), would be
recognized by the ribosome. The literature already had demonstrated that small, non-
aromatic amino acids such as proline or alanine function poorly in translation (15).
But this is thought to result from poor interactions within the A-site, which could be

favorable between aromatic rings such as phenylalanine and tyrosine with the RNA
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Figure 5.3: 1C5q determination for L-Pro-PANS (1). Globin mRNA was translated
with increasing amounts of 1, resolved using tricine-SDS-PAGE, and quantitated by
detection of [**S]Met-globin. (A) Translation of globin with 1: lane 1, no template;
lane 2, globin alone; lanes 3 — 17, concentrations from 0.01 to 20 mM. (B) Percent of

globin translation relative to a no-drug control.

bases. But how does L-Pro-PANS compare with previously tested small puromycin
analogs (e.g., L-Ala-PANS and L-3-Ala-PANS)? Surprisingly, L-Pro-PANS inhibited
translation of globin with an ICs, of 2.6 mM (Figure 5.3 and Table 5.1). This is nearly
4-fold less active than L-Ala-PANS (2) and 2-fold less potent than the unnatural
amino acid analog L-3-Ala-PANS (IC5p = 0.73 and 1.7 mM, respectively) (Table 5.1
and reference (12)). This significant difference in activity between L-Pro-PANS (1)
and L-Ala-PANS (2) is not expected to result from side chain size since L-Pro-PANS
is actually larger than L-Ala-PANS (MW = 391 and 365 g/mol, respectively). Since
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Puromycin analog ICs50 (M)
1, L-Pro-PANS 2600

2, L-Phe-PANS 5.9

3, L-Ala-PANS 730*

4, N-methyl-L-Phe-PANS 2900
5, N-methyl-L-Ala-PANS 4800
6, PANS 3800

Table 5.1: ICsy values for N-substituted puromycin analogs (*Data from (12))

they are both non-polar, hydrophobic amino acid analogs, other conclusions based on
hydrophobicity or charge-charge interactions do not apply. However, this dramatic
lack of activity puts into question whether other N-substituted amino acid analogs
would also show a significant loss in activity compared to the primary amino acid
counterpart.

To address this question, a series of analogs with and without N-methylation
were prepared and tested for inhibition of translation (Figure 5.2B). Once again, the
presence of a N-methyl group appears to abolish the potency of the analog, even a
highly active analog, such as L-phenylalanine-PANS (L-Phe-PANS, 3). For example,
L-Phe-PANS inhibits translation with an 1Csy of 5.9 puM, while N-methyl-L-Phe-
PANS (4) shows ~500-fold loss in activity (Table 5.1). This trend is seen further
with N-methyl-L-Ala-PANS (5) which is ~7-fold less potent than L-Ala-PANS (2)
(Table 5.1). The ICsq for puromycin aminonucleoside (PANS, 6) (Figure 5.2C) was
determined to be 3.8 mM (Table 5.1). Not only did addition of a methyl group on
L-Ala-PANS diminish its potency, but to the extent that the analog was less active
than PANS itself, which does not even bear a reactive amine. Although, it is unknown
exactly why PANS inhibits translation, biochemical and structural data show that the

equivalent base in aa-tRNA does make interactions with the ribosomal RNA within
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the A-site (16, 17).

These results directly implicate the presence of a methyl group as responsible
for activity loss. Apparently, substitution on the reactive nucleophile of puromycin
analogs severely inhibits activity in the peptidyl transferase reaction. However, why
does the addition of a methyl group or a natural amino acid analog such as L-Pro-
PANS lack the expected level of potency?

Peptide bond formation is simply attack of an amine on an activated carbon
through a tetrahedral intermediate (Figure 5.4). Depending on the natures of the
ester and the amine, the breakdown of the intermediate or the attack of the amine on
the carbonyl carbon of the ester can be the rate-limiting step in solution (19). Further
insights may be inferred from experiments where the aminolysis of methyl formate is
measured using various N-substituted amines (20). In this study, the rate of amine
attack and the rate of the tetrahedral intermediate breakdown are determined using
primary, secondary, and tertiary amines (20). The rate of amine attack (K5) appeared
to correlate positively with the basicity or pKa of the molecule (Figure 5.5A). More
basic amines tended to attack methyl formate faster than less basic amines, which
is expected. However, the rate of tetrahedral breakdown (K4) showed that there is
negative correlation between pKa and rate (Figure 5.5A). The increased basicity of
the amine actually stabilizes the tetrahedral intermediate considerably.

The loss in activity with N-substitution, either with addition of a methyl group
or with L-Pro-PANS, could reflect the stability of the tetrahedral intermediate with
the P-site held aa-tRNA. While the IC5y determination assays are under multiple
turnover conditions where the rate of the tetrahedral intermediate breakdown can
not be derived, the effect of a more stable intermediate may decrease the inhibitory
potential of the analog (Figure 5.5B). The stability of the intermediate may allow
incoming aa-tRNAs to compete more effectively and exclude the N-substituted analog
from the peptidyl transferase reaction.

Ab initio calculations of amino acids with and without N-substitution reveal that
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Aminolysis of Methyl Formate at 25 °C

Amine pK, K,(M2min?) K,(min?) Analog IC,, (mM)
1 n-propylamine 10.9 180 0.0099 <+— N-Me-L-Phe-PANS 29
2 Morpholine 8.8 3.9 0.54 <— L-Pro-PANS 2.6
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Figure 5.5: Comparison of amine attack rate on methyl formate [data from 19] to ICsg
values for the N-substituted amino acid analogs N-Me-L-Phe-PANS (4), L-proline-
PANS (1), and L-Ala-PANS (2) (Figure 5.2).
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Amino acid ON

L-Phe -1.023
N-methyl-L-Phe -0.761
N-ethyl-L-Phe -0.941

N-isopropyl-L-Phe -0.950
N-phenyl-L-Phe -0.819

Table 5.2: Partial negative charge of N-substitutetd phenylalanine amino acids (cal-
culations made using SPARTAN ESSENTIAL Copyright 1991-2001 by Wavefunction

Inc. Hartree-Frock minimizations with a 6-31G* basis minimization set employed.)

the partial negative charge of the amine decreases with increased substitution (Ta-
ble 5.2). This is a counterintuitive result based on the gas-phase basicity of amines
where NH3 < CH3CH,NH, < (CH3CH,),NH < (CH3CH,)3N. However, the basicity
of amines in solution follows a different pattern where NH; < RNH, ~ R3N < RoNH.
This discontinuity results from the balance between electron release from alkyl groups
(and dispersion of positive charge) and solvation effects from hydrogen bonding (Fig-
ure 5.6).

The SPARTAN calculation identifies the partial coulombic charge on the nitro-
gen. This calculation takes into account the electronic environment surrounding the
nitrogen atom and depicts the change in bond polarity with different N-substituents.
The decreased activity of N-substituted analogs may indicate that the optimum bal-
ance between positive charge dispersion and solvation through hydrogen bonding is
seen with L-Phe-PANS (similar to A in Figure 5.6) instead of N-methyl-L-Phe-PANS
(similar to B in Figure 5.6). While this calculation was carried out only with the
amino acid group, not the entire amino acid-PANS derivative, there may be some
validity with this analysis. As such, the presence of a larger N-substituent such as

an ethyl or isopropyl group may preserve the nucleophilicity of the amine (greater
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Figure 5.6: Schematic of hydrogen bonding potential for a A) primary amine with
three protons on nitrogen available for H-bonding, B) secondary amine with two
protons on nitrogen available for H-bonding, and C) tertiary amine with one proton

on nitrogen available for H-bonding.

positive charge dispersion than by a methyl group) as evidenced by the higher Jy
values (Table 5.2). More N-substituted puromycin derivatives will need to prepared

and tested for activity to assess the validity of these theories.

5.3 Conclusions

The peptidyl transferase reaction appears to be sensitive to substitution on the reac-
tive amine in puromycin analogs. Even small substituents, such as a methyl group,
diminish the potency of the amino acid analog. This is supported by data using
puromycin analogs with N-substitution which shows that even a naturally occurring
amino acid such as proline becomes a poor substrate when presented to the ribosome
in the context of L-Pro-PANS (1), which is an effect that may also be seen with L-
proline-tRNA at proline codons. Perhaps the kinetics of peptide bond formation vary
with different amino acids even in tRNA-mediated peptidyl transferase. These studies
may allow the unnatural amino acid incorporation data to be evaluated further since
an amino acid bearing a substitution may still be active in peptide bond formation if
the substituent does not increase the basicity (and the stability of the tetrahedral in-

termediate) of the amine dramatically. For example, a -CF3 group on the a-nitrogen
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would still inhibit protease activity, but not enhance the stability of the tetrahedral
intermediate. However, the electronegativity of fluorine may reduce the reactivity of
nitrogen or compete with nitrogen as a peptide bond acceptor. Nevertheless, these
data provide a framework for the design of an N-substituted-unnatural amino acid
that maintains high therapeutic value as well as reactivity in the peptidyl transferase

reaction.

5.4 Experimental Procedures

5.4.1 General Information

Low-resolution mass spectra were recorded on a PE SCIEX API 365 triple quadruple
electrospray mass spectrometer at the Beckman Institute Mass Spectrometry Labo-
ratory, California Institute of Technology. High-resolution mass spectra (FAB) were
recorded on a JMS-600H double-focusing, high-resolution, magnetic sector mass spec-
trometer at the Mass Spectrometry Laboratory, Division of Chemistry and Chemical
Engineering, California Institute of Technology. Column chromatography was carried
out on silica gel (40 — 63 um, EM Science). Analytical HPLC was performed using
a Vydac C18 column (5 mm, 4.5 x 250 mm) with buffer A (5 mM NH;OAc, pH
5.5 with 10% acetonitrile) and buffer B (5 mM NH,OAc, pH 5.5 with 90% acetoni-
trile); a linear gradient of 100% buffer B in 50 min was used with a flow rate of 1
mL/min. All reagents were of highest available commercial quality and were used
without further purification. Puromycin aminonucleoside (3’-amino-3’-deoxy-N,N’-
dimethyl-adenosine) (PANS) was purchased from Sigma Chemical Co. FMOC-(L-
phenylalanine) and FMOC-(L-alanine) were obtained from Novabiochem and Fluka,
respectively. FMOC-(L-proline), FMOC-N-methyl-L-(phenylalanine), FMOC- N-methyl-
L-(alanine) were purchased from Novabiochem. Puromycin analog concentrations
were determined with the following extinction coefficients (M~'em™!) at 260 nm: Non-

aromatic puromycin analogs such as L-Pro-PANS (1), L-Ala-PANS (2), N-methyl-
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L-Ala-PANS (5) and PANS (6) [¢ = 11,000] in phosphate buffered saline (pH 7.3);
aromatic puromycin analogs such as L-Phe-PANS (3) and N-methyl-L-Phe-PANS (4)
[e = 10,500] in HO. Rabbit reticulocyte lysate was purchased from Novagen. Rabbit
globin mRNA was obtained from Life Technologies Gibco BRL.

5.4.2 General Procedure for Preparation of Puromycin Ana-
logs

N, N’-dicyclohexylcarbodiimide (DCC) (0.0539 mmol) was added to a cold (0 °C)
solution of PANS (0.0520 mmol), FMOC-protected amino acid (0.0541 mmol), and N-
hydroxysuccinimide (NHS) (0.0556 mmol) in dried N,N’-dimethylformamide (DMF)
(0.900 mL). The solution was stirred for 30 min in an ice-water bath and then for 25
h at ambient temperature. N,N’-dicyclohexylurea was filtered and washed (EtOAc, 4
mL), and the filtrate was concentrated in vacuo. The material was purified by gradient
flash chromatography using MeOH/CHCI; (7:93). Homogenous product fractions
were dried in vacuo to yield the FMOC-protected product. FMOC-deprotection was
carried out in 20% (v/v) piperidine in DMF (5mL) with stirring for 30 min at ambient
temperature. The solvent was removed in vacuo and the residue was subjected to
gradient flash chromatography using CHCl; — TEA/MeOH/CHCIl; (7:10:83) for 1;
CHCl3; — TEA/MeOH/CHCl3 (2:10:88) for 2

5.4.3 1Cs¢ Determination

Translation reactions containing [**S]Met were made up in batch on ice and added
in aliquots to microcentrifuge tubes containing an appropriate amount puromycin or
puromycin analog dried in vacuo. Typically, a 20ul translation mixture consisted of
0.8 pL of 2.5 M KCI, 0.4 uL of 25 mM MgOAc, 1.6 pL of 12.5X Translation Mix-
ture without methionine (25 mM dithiothreitol (DTT), 250 mM HEPES (pH 7.6),
100 mM creatine phosphate, and 312.5 uM of 19 amino acids, pexcept methionine),
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3.6 uL of nuclease-free water, 0.6 uL (6.1 uCi) of [**S]Met (1175 Ci/mmol), 8 uL of
Red Nova nuclease-treated lysate, and 5 uL of 0.05 pg/uL globin mRNA. Inhibitor,
lysate preparation (all components except template), and globin mRNA were mixed
simultaneously and incubated at 30 °C for 60 min. Then 2 pL of each reaction was
combined with 8 pL of tricine loading buffer (80 mM Tris-Cl (pH 6.8), 200 mM DTT,
24% (v/v) glycerol, 8% sodium dodecyl sulfate (SDS), and 0.02 % (w/v) Coomassie
blue G-250), heated to 90 °C for 5 min, and applied entirely to a 4% stacking por-
tion of a 16% tricine SDS-polyacrylamide gel containing 20% (v/v) glycerol (21)(30
mA for 1.5h). Gels were fixed in 10% acetic acid (v/v) and 50% (v/v) methanol,
dried, exposed overnight on a Phosphorlmager screen, and analyzed using a Storm

Phosphorlmager (Molecular Dynamics).
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Chapter 6

Stereoselectivity of Translation in Live

Cells

Abstract

Translation fidelity in living cells is attained through several steps during protein
synthesis. For example, the elongation factor 1A (EF1A) preferentially delivers L-
amino acids versus D-amino acids (via aminoacyl-tRNA) to the ribosome. However,
D-residues can be introduced into protein by puromycin analogs since they act in an
elongation-factor independent mode. Here, various puromycin analogs with L- and
D- stereochemistry are used to test the effect on cell viability. D-amino acid analogs
are toxic to cells but it appears that ribosomal stereospecificity is variable and a
function of amino acid side chain identity. For a flexible side chain (biocytin), there
appears to be negligible selectivity for the L- versus D-analog. These data have broad
implications for the in vivo synthesis of peptides or proteins bearing stereochemically

altered residues.
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6.1 Background

Proteins synthesized on the ribosome are comprised entirely of L-amino acids. Several
proofreading steps ensure that only L-amino acids are incorporated into protein. For
example, EF-Tu which escorts aminoacyl-tRNA (aa-tRNA) into the ribosome, prefer-
entially binds L-aa-tRNA over D-aa-tRNA (1). In addition, the peptidyl transferase
reaction was not previously recognized to accommodate D-residues since a puromycin
analog with a D-configuration (D-phenylalanine-PANS) did not inhibit translation in
an E. coli extract and in rabbit reticulocyte lysate (2). In addition, incorporation
of D-residues was unsuccessful using the chemically misacylated-tRNA strategy with
D-residues (3, 4). Based on these data, the toxicity of D-amino acids in live cells
is expected to be insignificant. However, in wvitro analysis of L- and D-puromycin
analogs (1 and 2, respectively; Figure 6.1) suggested that D-residues are active in
translation (5). But whether D-puromycin would also function in live cells remained
unexamined.

There is utility in determining whether D-residues are incorporated into protein
in live cells and what influences there potency. D-residues are fundamental residues
in many cyclic peptides, some of which are antibiotics such as gramicidin A or baci-
tracin. However, these peptides are synthesized by nonribosomal peptide synthetases
(NRPS), which can utilize both L- and D-amino acids (6). These enormous protein
complexes are highly specialized for the sequence to be synthesized, yet require large
individual protein complexes for each amino acid to be coupled. Therefore, reconsti-
tution of biosynthetic pathways (7) for novel peptides or peptide libraries remains a
challenge. However, the discovery that ribosomes do utilize D-residues in vitro may
allow peptide libraries (8, 9) to be screened for novel antibiotics, immunosuppressants,

or even D-peptide-based drugs that are amenable to oral administration.
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Figure 6.1: L- and D-amino acid analogs used in live cell assays.

6.2 Results and Discussion

The first experiment was to determine the cell sensitivity to to L- (1) and D-puromycin
(2) (Figure 6.1). L-puromycin is known to be toxic to cells, but the concentration
varies according to the cell line. The cell line used for these studies was a stable
mammalian thymocyte 16610D9 cell line (D9) (10) which was used previously to
test the labeling of protein by fluorescent puromycin conjugates (11). D9 cells were
incubated with an L-puromycin concentration (10 pM) shown to be highly toxic to
mammalian cells (optimal working concentration for L-puromycin varies from 2 — 20
M for mammalian cell lines). A D-puromycin concentration 100-fold greater (1000
uM) was used since in vitro analysis showed D-puromycin to have ~150-fold reduced
potency for inhibition of translation (5). Indeed, D-puromycin was also toxic to
cells (24 h) and at a concentration that was only 100-fold greater than L-puromycin
(Figure 6.2A). After a 48 h incubation with increasing amounts of D-puromycin, the
concentration that killed 50% of the cells (ECsp) was 580 uM (Figure 6.2B).

These data establish for the first time that a D-amino acid analog is toxic to
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Figure 6.2: (A) Toxicity of L- (10xM) and D-puromycin (1000 pM) to live cells during
a 24 h incubation. (B) D-puromycin concentration required to kill 50 percent of cells

(ECj5) relative to an untreated control after a 48 h incubation.

mammalian cells. The concentration required for killing is rather high but reflects the
fold discrimination (L- versus D-) obtained from in vitro translation experiments (5).
L-puromycin toxicity is thought to result from participation in peptidyl transferase.
This suggests that D-puromycin toxicity is also related to inhibition of translation
through a similar mechanism.

The purity of the D-puromycin preparation is important in these experiments since
any contaminating L-puromycin would cause the cells to die. Therefore, purity of the
D-puromycin synthesis was assessed using HPLC chromatography. Isolated L- and
D-amino acids are enantiomers and are expected to have identical chromatography
profiles. But L- and D-puromycin derivatives are diastereomers and have unique
physical properties which should be detectable from HPLC. Indeed, HPLC analysis
of L- and D-puromycin shows that the D-puromycin sample is highly pure (Figure
6.3). This suggests that the effect observed results from D-puromycin toxicity, not

from L-analog contamination.
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Figure 6.3: HPLC analysis of (A) L- and (B) D-puromycin and (C) L- and D-

puromycin co-injection.

Another strategy to ensure the purity of the D-analog sample is to carry out
selective enrichment experiments of cells containing puromycin N-acetyl-transferase
(PAC) (12). This enzyme N-acetylates the reactive amine on L-puromycin and blocks
its ability to participate in peptide bond formation (13, 14). In a mixed population of
cells, those that lack a vector expressing PAC can be selectively killed by long incu-
bations (>48 hours) with puromycin, leaving only vector-containing cells alive. The
marker for PAC activity in these experiments was GFP from the construct (MIGpac)
used previously to confirm the chemical activity of puromycin-dye conjugates in vivo
(Figure 6.4) (11). Cells infected with MIGpac should be enriched by only L-puromycin
since PAC is a typical, highly stereospecific enzyme. If the D-puromycin synthesis
contains any contaminating L-puromycin, then selective enrichment of GFP(+) cells
should also be detected. Incubation of D9 cells infected with MIGpac with either L-
or D-puromycin showed that L-puromycin (5 pM) enriched for 98% of MIGpac cells
(Figure 6.5A). However, D-puromycin did not yield MIGpac cell enrichment, even up
to a 1 mM D-puromycin concentration (Figure 6.5B).

A 0.05% L-puromycin contamination in the D-sample is equivalent to 0.5 uM of the
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Figure 6.4: Constructs used to infect 16610D9 thymocyte cells. (A) MIG contains
GFP and (B)MIGpac contains GFP and PAC rendering cells insensitive to puromycin

action.

the L-species. Even this low level of L- contamination would yield detectable GFP(+)
population enrichment, which is observed in the L-puromycin enrichment experiment
(Figure 6.5A). This is strong evidence to support a highly pure D-puromycin prepa-
ration (<0.05%). Therefore, the toxic effect observed in the presence of D-puromycin
results solely from the activity of the D-analog.

The stereoselectivity of ribosomes in mammalian cells (inferred from the toxicity
of the analogs) showed ~100-fold discrimination between L- and D-puromycin (Figure
6.2). Previously, it was shown that in vitro ribosomal stereoselectivity falls over a
broad range and is dictated by the size and geometry of the pendant side chain
(5). Therefore, it was of interest to test the level of discrimination of other L- and
D-amino acid analog pairs. The next pair tested was L-biocytin-PANS (3) and D-
biocytin-PANS (4) (Figure 6.1).

The viability of D9 cells was determined after incubation with both L- and D-

analogs. The % live cells in the presence of L- and D-puromycin at identical con-
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Figure 6.6: Viability of D9 thymocyte cells in the presence of L- and D-amino acid
analogs. Cells are sensitive to the stereochemistry of (A) L- and D-puromycin but
not (B) L- and D-biocytin-PANS. The mean + standard error is calculated from
three independent experiments except for *samples which were obtained from two

independent experiments with minor changes (See Experimental Procedures).

centrations varies considerably (Figure 6.6A). However, for L- and D-biocytin-PANS
at the same concentrations the % live cells is not dissimilar at each concentration
tested (Figure 6.6B). In fact, the in vitro ICs, values for L- and D-biocytin-PANS are
identical (Figure 6.7).

These data suggest that the side chain affects the level of discrimination the ri-
bosome can make for the L-amino acid analog versus the D-analog (Figure 6.6).
Assuming the loss in cell viability results from inhibition of translation, ribosomes
in live cells also show a range of stereoselectivity. This reduced selectivity suggests
that incorporation of D-residues may be possible with certain amino acids, given the

ribosome shows little or no preference for the L- versus the D-variant.
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Figure 6.7: In wvitro activity analysis (ICs0) for L- and D-biocytin-PANS. Globin
mRNA was translated with increasing amounts of analog, resolved using tricine-SDS-
PAGE, and quantitated by detection of [3S]Met-globin as described (see Experimen-
tal Procedures). (A) Translation of globin with L-biocytin-PANS and D-biocytin-
PANS: lane 1, no template; lane 2, globin alone; lanes 3 — 17, concentrations from

0.01 to 10 mM. (B) % Translation of globin mRNA (of untreated control).
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L- and D-alanine are also expected to be discriminated poorly by the ribosome in
eukaryotic cells (yet this has yet to be tested) since there is a ~3-fold discrimination
of L- and D-Ala-PANS by ribosomes in vitro (5). This low level of peptidyl transferase
selectivity may allow D-alanine to be readily incorporated into protein. The following
analysis demonstrates how measures can be taken to increase the recognition of D-
amino acids via aa-tRNA-mediated protein synthesis.

Based on an analysis by Hopfield and co-workers partial selectivity at each stage
of protein synthesis should exclude D-tyrosine from being incorporated into protein
(1). For example, the EF-Tu-aa-tRNA complex of L-tyrosine-tRNA™" is bound ~20
times more tightly than D-tyrosine-tRNA™" (1). In addition, binding to ribosomes
and subsequent peptide bond formation are favored for L-tyrosine-tRNA™T by 3-
and ~30-fold, respectively (1). Taken together the selectivity for L-tyrosine-tRNATY
versus D-tyrosine-tRNAT™ is 10 (Figure 6.8; column T).

However, aminoacylation by a cognate synthetase is not required since a D-aa-
tRNA could be prepared using the chemical misacylation strategy (15, 16). This
decreases the discrimination of a D-aa-tRNA to 103-fold (Figure 6.8; column II).
Further, the identification of an optimal tRNA body to use with D-amino acids to
provide favorable thermodynamic compensation for EF-Tu or EF1A affinity would
allow the tertiary complex to effectively compete with other naturally occurring aa-
tRNA-EF-Tu complexes (17, 18). This improvement should further decrease the
discrimination to <10%-fold (Figure 6.8; column IIT).

Peptidyl transferase discrimination for an aminoacylated-tRNA with 4- O-methyl-
tyrosine is expected to be 5-fold (1). This assumes that the discrimination between
L- and D-tyrosine-tRNA and L- and D-4- O-methyl-tyrosine-tRNA in peptidyl trans-
ferase is equivalent, at 5-fold (1). Next, the stereoselectivity of peptidyl transferase
between L- and D-alanine-tRNA can be calculated. The ~ 150-fold peptidyl trans-
ferase selectivity for L- and D-puromycin and the ~3-fold selectivity for L- and D-

alanine-PANS (5) can be used to calculate the fold selectivity for peptidyl transferase
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Figure 6.8: Analysis of ribosomal selectivity for D-alanine using an optimized tRNA

body starting with the (I) maximal selectivity of L- versus D-tyrosine from (1).

activity in the ribosome for L- versus D-alanine-tRNAA? using the following equation:

[4- O-methyl-tyrosine-t RNA-fold selectivity (1)] " 1
[puromycin-fold selectivity (5)] [alanine-PANS-fold selectivity (5)]
5) 1
— X — =
150 3

Replacing the 5-fold discrimination for peptidyl transferase between L- and D-tyrosine-
tRNA (1) with that for L- and D-alanine-tRNA from this calculation changes the
overall discrimination of D-residues from protein synthesis to ~1 (Figure 6.8; column
IV). This calculation virtually eliminates the stereoselectivity of translation for in-
corporation of D-alanine-tRNA. This argument predicts that steps can be taken to
reduce the stereoselectivity of protein synthesis at several levels: 1) supply excess of
chemically misacylated-tRNA, 2) use a tRNA body that optimizes association with
the elongation factor (EF-Tu or EF1A), and 3) use a D-residue that shows little

peptidyl transferase selectivity, such as D-biocytin or D-alanine.
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6.3 Conclusions

Until recently, D-amino acids were not considered to be important in the biology of
higher organisms. The discovery that small peptides with D-amino acids are involved
in development, hormone synthesis, and neurotransmission, as well as in age-related
conditions such as Alzheimer’s has challenged theories about the utility of D-amino
acids. (reviewed in (19)). The data presented here highlight the possibility that
D-amino acids do have biological relevance in live cells. This examination should
facilitate the conception and design of experiments to elucidate the role that D-amino
acids play both in normal and disease states in vivo as well as aid in construction of

D-based peptide libraries for mRNA display selections (8).

6.4 Experimental Procedures

6.4.1 General information

Low-resolution mass spectra were recorded on a PE SCIEX API 365 triple quadruple
electrospray mass spectrometer at the Beckman Institute Mass Spectrometry Labora-
tory, California Institute of Technology. Column chromatography was carried out on
silica gel (40 — 63 pm, EM Science). Analytical HPLC was performed using a Vydac
C18 column (5 mm, 4.5 x 250 mm) with buffer A (5 mM NH,OAc, pH 5.5 with 10%
acetonitrile) and buffer B (5 mM NH,OAc, pH 5.5 with 90% acetonitrile); a linear
gradient of 100% buffer B in 50 min was used with a flow rate of 1 mL/min. All
reagents were of highest available commercial quality and were used without further
purification. L-puromycin and puromycin aminonucleoside (3’-amino-3’-deoxy-N,N’-
dimethyl-adenosine) (PANS) were purchased from Sigma Chemical Co. D-puromycin
was prepared as described in (5). FMOC-L-biocytin was obtained from Novabiochem.
FMOC-D-biocytin was prepared from coupling FMOC-D-lysine (Bachem) and D-

biotin (>99.9%; Sigma Chemical Co.) as described below. Immobilized piperidine
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beads (3-4 mmol/g) were purchased from Aldrich. Puromycin analog concentrations
were determined with the following extinction coefficients (M~'em™) at 260 nm:
Aromatic puromycin analogs such as L- and D-puromycin (1 and 2, respectively)
[e = 10,500] in water; non-aromatic puromycin analogs such as L- and D-biocytin
(3 and 4, respectively) [e = 11,000] in phosphate buffered saline (pH 7.3). Rabbit
reticulocyte lysate was purchased from Novagen. Rabbit globin mRNA was obtained

from Life Technologies Gibco BRL.

6.4.2 Procedure for Preparation of FMOC-D-biocytin

FMOC-D-lysine (0.204 mmol) was dissolved in dried N,N-a-dimethylformamide (DMF)
(0.700 mL) at room temperature. To this solution was added 1-H-benzotriazolium
(HBTU) (0.204 mmol) and 6-chloro-1-hydroxy-1H-benzotriazole (HOBT) (0.204 mmol)
and stirred for 10 min. FMOC-D-lysine (0.204 mmol) dissolved in diisopropylethy-
lamine (DIEA) (2.55 mL) was added slowly with stirring. The solution was stirred
at ambient temperature overnight and then dried in vacuo. The product was resus-
pended in MeOH/CH3COOH/CHCI3 (7:13:80) and purified by flash chromatography
using MeOH/CH3COOH/CHC]; (7:10:83). Homogenous product fractions were dried
in vacuo to yield FMOC-D-biocytin as a yellow-brown oil (120 mg, 99.0%). LRMS,
m/z (M+H)T= 595.2.

6.4.3 General Procedure for Preparation of Puromycin Ana-
logs

N, N’-dicyclohexylcarbodiimide (DCC) (0.0539 mmol) was added to a cold (0 °C) so-
lution of PANS (0.0520 mmol), FMOC-protected amino acid (0.0541 mmol), and N-
hydroxysuccinimide (NHS) (0.0556 mmol) in dried N, N-a-dimethylformamide (DMF)
(0.900 mL). The solution was stirred for 30 min in an ice-water bath and then for 42

h at ambient temperature. N,N’-dicyclohexylurea was filtered and washed (EtOAc,
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4 mL), and the filtrate was concentrated in vacuo. The material was resuspended
in triethylamine/MeOH/CHCl3 (2:8:90) and purified by flash chromatography using
triethylamine/MeOH/CHCI; (2:8:90). Homogenous product fractions were dried in
vacuo to yield the FMOC-protected products. FMOC-deprotection was carried out
using immobilized piperidine in DMF (5mL) with stirring overnight at ambient tem-
perature for L- and D-biocytin-PANS (3 and 4, respectively). The beads were filtered
and the solvent was removed in vacuo. The residue was purified using HPLC to af-
ford the products L- and D-biocytin-PANS. LRMS, m/z (M+H)"= 649.4. L- and

D-puromycin (1 and 2, respectively) were prepared as described previously (5).

6.4.4 In vivo Analysis of Puromycin Analogs

16610D9 thymocyte cells (D9 cells; 25,000 cells) were combined with puromycin ana-
logs (dried initially and dissolved in RPMI media with 10% FBS) in total volume
of 100 pL in 48-well microtiter plates. After incubation at 37°C in a humidified
atmosphere with 5% CO2 for 24 h, cells were analyzed directly using a Beckman
FACScabilur flow cytometer to collect forward and side scatter measurements, which
shows a characteristic plot for viable cells. A slight modification of the procedure
as indicated in Figure 6.6 was using a total volume of 300 uM in 24-well microtiter

plates in a separate experiment.

6.4.5 Preparation of MIGpac Infected 16610D9 Cells

The PAC gene was cloned into MIG using Bgll and EcoRI restriction sites to yield
MIGpac. 293T-HEK fibroblasts (American Tissue Culture Collection) were cotrans-
fected with pECL-Eco and MIG or MIGpac by calcium phosphate precipitation [see
reference (11)]. After 12 hours, the precipitate was removed, cells were washed once
with PBS, and 4 mL of fresh complete Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal calf serum (FCS) was added. Viral supernatant was
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removed 24 hours later and used for infection of D9 cells. One million D9 cells were
spin-infected with 0.4 mL of viral supernatant suplemented with 5 pg/ml Polybrene
(Sigma-Aldrich).

6.4.6 Enrichment of GFP(4) 16610D9 Cells using Puromycin

and Puromycin Conjugates

D9 cells infected with either MIG of MIGpac were cultured in RPMI media with
10% FBS and grown at 37 °C in a humidified atmosphere with 5% CO,. For each
experiment, D9 cells (0.25 x 10%/well) were added to 24-well microtiter plates along
with puromycin and puromycin analog dissolved in the minimum amount of media.
After a 48 h incubation, the cells were washed twice in 2 mL PBS + 4% FCS and
resuspended in PBS + 4% FCS supplemented with 2% formaldehyde along with

incubation at 37 °C for 10 min and analyzed using flow cytometery.

6.4.7 1Cs59 Determination

Translation reactions containing [**S]Met were mixed in batch on ice and added in
aliquots to microcentrifuge tubes containing an appropriate amount of puromycin,
puromycin-conjugate, or oligonucleotide dried in vacuo. Typically, a 20 ul translation
mixture consisted of 0.8 ul of 2.5 M KCI, 0.4 uL of 25 mM MgOAc, 1.6 uL of
12.5X translation mixture without methionine, (25 mM dithiothreitol (DTT), 250 mM
HEPES (pH 7.6), 100 mM creatine phosphate, and 312.5 uM of 19 amino acids, except
methionine) (Novagen), 3.6 uL of nuclease-free water, 0.6 uL (6.1 pCi) of [**S|Met
(1175 Ci/mmol), 8 uL of Red Nova nuclease-treated lysate (Novagen), and 5 uL of 0.05
pg/ul globin mRNA (Gibceo). Inhibitor, lysate preparation (all components except
template), and globin mRNA were mixed simultaneously and incubated at 30 °C for
60 min. Then 2 uL of each reaction was combined with 8 uL of tricine loading buffer

(80 mM Tris-Cl (pH 6.8), 200 mM DTT, 24% (v/v) glycerol, 8% sodium dodecyl
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sulfate (SDS), and 0.02 % (w/v) Coomassie blue G-250), heated to 90 °C for 5 min,
and applied entirely to a 4% stacking portion of a 16% tricine-SDS-polyacrylamide
gel containing 20% (v/v) (20) (30 mA for 1h, 30 min). Gels were fixed in 10% acetic
acid (v/v) and 50% (v/v) methanol, dried, exposed overnight on a Phosphorlmager

screen, and analyzed using a Storm Phosphorlmager (Molecular Dynamics).
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Chapter 7

Puromycin Analogs and the

Homochirality of Life

Abstract

How nature evolved to use L-amino acids instead of the D-enantiomers to synthesize
proteins remains an unanswered question. The physical basis for evolution of amino
acid homochirality is proposed based on the physical properties of puromycin analogs
bearing L- and D-amino acid residues. While L- and D-amino acids are enantiomers
with similar physical properties, L- and D-puromycin analogs are diastereomers with
unique physical properties as assessed by liquid chromatography and solubility deter-
mination. These data indicate that selection of L-amino acids could be made based

on the different physical properties of aminoacyl-adenosine derivatives.

7.1 Introduction

The origin for homochirality of life continues to be a source of intense debate. Since
Louis Pasteur first discovered the chirality of molecules in the 19 century, scientists
are divided on where and how enantiomer excess first originated. Enantiomer selection

evolving on earth is supported by data that shows the surface of calcite crystals, a
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widely present molecule on early earth, separate L- and D-amino acids on different
faces of the crystal (1). Others speculate that sunlight, which shows a predominant
direction of circular polarized light at dusk, directed enantiomer selection through
light-induced reactions on early earth. Other data support models where molecular
handedness was directed from events in space. One theory is that Earth formed
from accretion of primordial dust containing an excess of left-handed amino acids
(2). Further, enantiomer excess is thought to have originated from meteorites, which
now have been shown to have L-enantiomeric excesses (3). A significant drawback for
this theory is that L-enantiomer excesses were not found to exceed 3% for naturally
occuring amino acids (4).

Biochemical experiments have also been carried out showing that while aminoa-
cylation of RNA by amino acids is not stereoselective, RNA that is surface-bound
(thought to mimic prebiotic surface monolayers) is aminoacylated specifically with L-
residues (5). Another terrestrial process thought to play a role in homochirality is the
observation that L- and D-enantiomers do not have exactly the same energy (6). How-
ever, this energy difference equates to an enantiomer excess of merely 107 —10716%
(7).

How amino acid enantiomer excess evolved remains one of many ‘origin of life’
questions. Data collection can be gained not only from astrochemisty laboratories
but also from chemistry and biochemistry experiments. Evaluating and understand-
ing biological systems, such as ribosome-mediated protein synthesis (eukaryotes) or
nonribosomal peptide synthesis (prokaryotes), could provide evidence for why hand-
edness is a fundamental law of biology. Pushing the limits of such systems could
yield results that support or refute existing models for enantiomeric selection. De-
velopment of reagents and assays to thoroughly elucidate the mechanism of protein
synthesis, for example, is the starting point for drawing conclusions about how and

why biological systems are stereospecific.
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7.2 Results and Discussion

L- and D-amino acid pairs are enantiomers and have similar physical properties.
This physical similarity puts into question how the L-enantiomer was selected to be
used instead of the D-enantiomer. Current theories about enantiomer selection argue
that this event occurred prior to the evolution of biological systems. However, the
following data argue that selection of L-amino acids may have been possible based
on the distinct physical properties of aminoacyl-nucleotides, such as puromycin. The
theory presented assumes that the evolution of homochirality occurred at stages, i.e.,
D-sugars and then L-amino acids. Several pieces of data should be reviewed first in
order to provide a framework for this argument.

A seminal discovery in 1967 showed that peptidyl transferase was carried out on
isolated ribosomes in a reaction called the ‘fragment reaction” where a peptide bond
can be formed on isolated large 50S ribosomal subunits between a P-site held ter-
minal hexanucleotide with a 3’-formylmethionine (CAACCA-Met-f) and puromycin
(Figure 7.1) (8). Soon thereafter, peptidyl transferase activity under fragment assay
conditions persisted despite the removal of most ribosomal protein (9).

This discovery led Francis Crick and Leslie Orgel to argue that the primitive
ribosome may have consisted entirely of RNA (11). In their discussion, Crick and
Orgel suggested that while the primordial ribosome may have been entirely RNA,
present day ribosomes evolved to contain protein to ‘do the job with greater precision’
(12). Then tandem discoveries of catalytic RNA in 1980 (13) and experiments showing
that stripping protein from 23S rRNA in 50S ribosomal subunits showed continued
peptidyl transferase activity (14) further bolstered the theory of a primitive RNA only
ribosome. Finally, in August 2000 Tom Steitz and co-workers published an atomic
resolution crystal structure of the large ribosomal subunit with a transition state
analog (10). This work unambiguously assigned the peptidyl transferase center (PTC)
to be completely within a region of RNA (Figure 7.1). In fact, the closest amino
acid side chain is more than 18 A removed from the PTC (10). This confirmed the
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C, P-site A-site

Figure 7.1: The fragment reaction between a P-site held CAACCA-Met-f and puro-
mycin (RNA = red and protein = blue). Cystral structure of the 50S subunit from

H. marismortui adapted from (10).
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theory that the ribosome is a ribozyme (10). Taken together, these data are evidence
that a primordial system for protein synthesis may have evolved from an RNA world
where an RNA-only ribosome performed dipeptide bond formation between aa-tRNA
fragments (15, 16).

At one point in evolution, prebiotic life had selected D-sugars, mastered RNA
polymer synthesis, and the identification of the optimal RNA sequence and structure
for basic ligation and cleavage reactions. However, the presence of amino acids in
the prebiotic environment and pressure to search for alternative polymers prompted
RNA to react with amino acids. In a scenario where the ‘fragment reaction” was the
progenitor of current day protein synthesis, the presence of puromycin-like molecules
(e.g., 3-N- and O-aminoacyl adenosine derivatives) would be expected. In fact,
RNA catalysts have been selected that perform aminoacyl group transfer (17, 18).
Therefore, primitive aminoacylation reactions may have yielded a variety of amino
acid-nucleoside molecules. The current existence of puromycin, modified nucleosides,
and co-factors such as S-adenosyl methionine (Figure 7.2) may be primordial remnants
of the first amino acid-ribonucleoside compounds (19, 20, 21).

A primordial peptidyl transferase system may not have been stereospecific ad-
mist a racemic mixture of L- and D-amino acids. This phenomena is still apparent
in current day aminoacylation reactions (for review see (22)). In this theory, both
L- and D-amino acids became covalently linked to 2’-N- and 2’(3’)- O-adenosine ri-
bonucleosides by an RNA-based system yielding a series of 3’-N- and 2’(3’)-O-L- and
D-aminoacylnucleosides. These compounds recapitulate the 3’-end of every aa-tRNA
molecule where the terminal nucleoside is an adenosine. Now, a series of dipeptides
may have been coupled by the peptidyl transferase reaction of a primordial RNA-
only ribosomal subunit. Since aminoacylation is not stereochemically controlled in
this theory, the primitive ribosome would equally incorporate 3’-N- and -O-L- and
D-aminoacylnucleosides (Figure 7.3).

As such, the homochirality of proteins may have resulted from a primordial RNA-
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Figure 7.2: Current day ribonucleoside adenosine compounds with amino acid moi-

eties.

only ribosome evolving to preferentially select L-amino acids. The data presented
herein suggest that based on chemical differences between 3’-N- and L- and D-
aminoacylnucleosides the ribosome was able to differentiate the L-isomer from the
D-isomer. Two pieces of data are presented: 1) HPLC analysis of L- and D-puromycin
analogs and 2) Solubility data for L- and D-analogs.

HPLC analysis shows the retention times for L- and D-puromycin analogs are dif-
ferent for each diastereomer (Figure 7.4A). This pattern is also observed for L- and
D-Phe-PANS, N-methyl-L- and D-Phe-PANS, and L- and D-biocytin-PANS (Figure
7.4B-D). One interesting result is that D-analogs consistently elute before their L-
counterparts (Figure 7.4). L- and D-amino acid pairs are expected to have identical
chromatographic behavior, but when linked to puromycin aminonucleoside (PANS)
the molecules are diastereomers with different physical properties. Overall, the pres-
ence of a D-side chain changes the solubility of the molecule, independent of the
side chain identity (e.g., 4-O-methyl-tyrosine or biocytin side chains) or amine sub-

stitution (e.g., N-methyl-Phe-PANS) (Figure 7.4). The solubility of several L- and
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Figure 7.3: A primordial RNA-only ribosome may have generated dipeptides by cou-
pling CAACCA-Met-f and 3’-N- and 2’-(3’)-O-L- and D-aminoacylnucleosides.
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Analog Solubility (Ksp, pM)  AKjy,
L-puromycin 48.0

D-puromycin 0.45 ~100-fold
L-Phe-PANS 23.2

D-Phe-PANS 4.44 ~5-fold
L-Ala-PANS 1120

D-Ala-PANS 10.4 ~100-fold
PANS 147

Table 7.1: Solubility determination for puromycin analogs.

D-puromycin analog pairs was also determined (Table 7.1).

The solubility of the L-analogs is consistently greater than their D-counterparts.
In fact, the D-variants were all less soluble than any one L-variant (Table 7.1). Once
the amino acid is coupled to PANS (Ky, = 147 mM) the analog solubility decreases
for each molecule except L-Ala-PANS which becomes more soluble (Table 7.1). This
observation may be related to the high solubility (g/100g, 25 °C) of free alanine
which is 16.65 (6th most soluble amino acid) while free phenylalanine is 2.965 (23,
24). Perhaps, the presence of an L-alanine moiety increased the solubility of the L-
Ala-PANS derivative relative to PANS alone (Table 7.1). The solubility data shows
a consistent pattern for the D-analogs tested since they were all were less soluble
than their L-counterparts. This pattern is comparable to that seen from the HPLC
data where D-analogs consistently eluted before their L-counterparts (Figure 7.4).
However, there does not appear to be a direct relationship between the potency of
the analogs and their solubility. A problem with attempting to make this correlation
stems from the effect of the amino acid side chain for affinity within the A-site of the
ribosome. This variation was first noted by Nathans and Neidle which showed that

hydrophobic, aromatic side chains produce the most potent puromycin derivatives
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while smaller side chains lead to a less active analog (25).

The HPLC and water solubility data identify physical differences between L- and
D-puromycin analogs. While this property can not be reconciled with the absolute
potency of the analogs, the consistently low solubility of the D-variants is a property
that primitive ribosomes may have been able to discern. Previous observations that
D-puromycin analogs are incorporated into protein (26) may represent a residual
activity that has not yet been lost through evolution. It should be noted that the
significant physical difference between L- and D-analogs may not have required such an
evolutionarly mature selective step, such as peptidyl transferase. Simply, the solubilty
differences between 3’-N- and 2’(3’) O-L- and D-aminoacylnucleosides dictated the

concentrations available for subsequent reactions.

7.3 Conclusions

The RNA world hypothesis argues that an RNA-only ribosome (the progenitor of the
current day large 508 or 60S subunits) may have carried out reactions analogous to the
‘fragment reaction’ to yield dipeptides. Assuming that 3’-N- and 2’(3”) O-L- and D-
aminoacylnucleosides were present in this primordial reaction, the primitive ribosome
would be poised to discriminate between L- and D-molecules based on their distinct
physical differences. The solubility data presented here reflect the unique properties
of L- and D-puromycin analogs. The primordial ribosome may have initially been
able to accommodate L- and D-variants equally and evolved to use only L-variants.
This theory is specifically supported by the identification of mutations in RNA of the
peptidyl transferase center of E. coli. 23S RNA that allow for enhanced incorporation
of D-amino acids into protein (27). The confirmation that a primitive ribosome
evolved to preferentially select L-residues instead of D-residues would stand as the

first terrestrial process known to break the parity of racemic mixtures.
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7.4 Experimental Procedures

7.4.1 General Information

Low-resolution mass spectra were recorded on a PE SCIEX API 365 triple quadruple
electrospray mass spectrometer at the Beckman Institute Mass Spectrometry Labo-
ratory, California Institute of Technology. High-resolution mass spectra (FAB) were
recorded on a JMS-600H double-focusing, high-resolution, magnetic sector mass spec-
trometer at the Mass Spectrometry Laboratory, Division of Chemistry and Chemical
Engineering, California Institute of Technology. All reagents were of highest avail-
able commercial quality and were used without further purification. L-puromycin and
puromycin aminonucleoside (3'—amino-3'—deoxy- N, N’-dimethyl-adenosine) (PANS)
were purchased from Sigma Chemical Co. D-puromycin and L- and D-alanine-PANS
were prepared as described in (26). L- and D-phenylalanine-PANS and N-methyl-L-
and D-phenylalanine-PANS were prepared as described in Chapter 5. L- and D-
biocytin-PANS were prepared as described in Chapter 6. Puromycin analog con-
centrations were determined with the following extinction coefficients (M~!'em™)
at 260 nm: Aromatic puromycin analogs such as L- and D-puromycin, L- and D-
phenylalanine, and N-methyl-L- and D-phenylalanine-PANS [e = 10,500] in H,O.
Non-aromatic puromycin analogs, such as L-and D-biocytin-PANS and L- and D-
Ala-PANS [e = 11,000] in phosphate buffered saline (pH 7.3). Rabbit reticulocyte
lysate was purchased from Novagen. Rabbit globin mRNA was obtained from Life

Technologies Gibco BRL.

7.4.2 HPLC Analysis

Column chromatography was carried out on silica gel (40 — 63 pm, EM Science).
Analytical HPLC was performed using a Vydac C18 column (5 mm, 4.5 x 250 mm)
with buffer A (5 mM NH4OAc, pH 5.5 with 10% acetonitrile) and buffer B (5 mM
NH40Ac, pH 5.5 with 90% acetonitrile); a linear gradient of 100% buffer B in 50 min
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was used with a flow rate of 1 mL/min.

7.4.3 Solubility (K,,) Determination

Saturated solutions were prepared by dissolving the analytes in 0.75 mL of water in
1.5-mL eppendorf tubes. The samples were shaken for 3 days at 25 °C and then
filtered. The resulting saturated solution was quantified as described in General

Information and K, = [analyte].
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