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Amino acid identification via tRNA charging, deacylation, and current blockade in a nanopore
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Abstract. A label-free four-step procedure to identify amino acids (AAs) is described. In Step 1 molecules of
AA, a tRNA, the related tRNA synthetase (AARS), and ATP are confined in a cavity to enable charging of
tRNA. In Step 2 the tRNA, charged or uncharged, is separated from the other reactants (ATP, AARS, and
possibly AMP and free AAs). In Step 3 the separated tRNA is subjected to non-enzymatic deacylation to
dissociate the AA if tRNA is charged. In Step 4 the products are transferred to an electrolytic cell with a
nanopore, where a current blockade occurs if and only if there is a dissociated AA. If a blockade is observed
AA is immediately known, identification is unambiguous because of tRNA superspecificity. The exact
blockade size need not be known (for any AA) in Step 4 so there is no need to distinguish among different
AAs. This is unlike other nanopore-based methods, which are crucially dependent on precise blockade level
measurements. The procedure is done in parallel with N (20 < N < 61) copies of AA, N reservoir-cavities,
and N pairs of e-cells each with a different tRNA, related AARS, and ATP. At least one of the tRNAs gets
charged. Assuming no charging errors, if N; tRNAs get charged in Step 1 and at least one of N, (< N))
charged tRNAs is deacylated in Step 3, then with N;N, tRNA molecules entering Step 1 AA can be identified
with probability 1.
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1. Introduction

Current protein/peptide sequencing is mostly based on one of two bulk methods: 1) Edman degradation of the N-
terminal residue and spectroscopic identification of the latter [1]; and 2) mass spectrometry (MS) [2]. More recently
single molecule methods based on nanopores have emerged as a possible alternative. In nanopore-based polymer
sequencing a single DNA, RNA, or protein molecule translocates electrophoretically through a nano-sized pore in
an electrolytic cell (e-cell) and causes current blockades that are used to identify the sequence of monomers [3,4].
The current (c. 2019) state of protein sequencing research is reviewed in [5].

Related work focuses on recognizing single residues within a peptide or free amino acids; see for example [6] and
[7]. The latter reports that 13 of the 20 standard amino acids (AAs) can be identified solely from their volume as
they translocate through the pore. In [8,9] nanopores are combined with standard MS methods. In a somewhat
different approach a label-free method has been proposed [10] for the identification of single amino acids based on
the superspecificity property of tRNAs [11]. Superspecificity ensures that a tRNA is almost always charged with its
cognate amino acid by a related amino-acyl tRNA synthetase (AARS), with adenosine triphosphate (ATP) providing
the energy. Charging is highly accurate, with in vivo error rates around 1 in 250 [12]. Most recently naphthalene-
based derivatives of 9 of the 20 amino acids have been used as surrogates to increase their variability and thereby
allow their identification from current blockades [13].

1.1 The present work.

Here a modified version of [10] is proposed and analyzed. In [10] molecules of a specific AA, a tRNA and its
cognate AARS, and adenosine triphosphate (ATP) from a reservoir are restricted to a micro-sized cavity to counter
the effects of diffusion. A cognate tRNA in the cavity gets charged with AA and adenosine monophosphate (AMP)
is released. The products are transferred to an electrolytic cell with a nanopore where AA, AMP, and ATP cause
current blockades of different sizes. The occurrence of an AMP-sized blockade means that a tRNA molecule has
been charged with AA, this identifies AA from the tRNA. The procedure is done in parallel with N (20 <N < 61)
copies of AA, N cavities, and N e-cells, each with ATP and a different tRNA and its cognate AARS. At least one of
the tRNAs will get charged with AA. This approach requires being able to discriminate AMP blockades from those
due to any of the AAs or ATP.

In the modified version given here the tRNA molecules (charged or uncharged) in the cavity are separated from the
other reactants and then deacylated to dissociate the AA from a charged tRNA. The products of the deacylation step
are transferred to an e-cell where the dissociated AA causes a current blockade. AA is then known from the identity
of the tRNA. If the tRNA is not charged there can be no blockade and AA is not identified. As before the procedure
is done in parallel with N copies of AA, cavities, e-cells, and reactants; one of the tRNAs gets charged and AA is
identified This approach considerably simplifies the identification procedure because there is no need to distinguish
among blockades due to different analytes (AA, ATP, AMP). Just the occurrence of a blockade distinguishable from
noise is sufficient to identify an amino acid.
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2. A four-step amino acid identification procedure

There are four steps in the modified procedure:

1) charging of tRNA with AA in a confined space (same as Step 1 in [10]);

2) separation of tRNA (charged or uncharged) from other reactants;

3) deacylation of charged tRNA; and

4) identification of AA from current blockade in a nanopore and identity of tRNA (or none if tRNA is uncharged).

Figure 1 shows the four stages, which correspond to (a), (b), (c, ), and (d, f).
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Fig. 1 (a) Reservoir-cavity structure with hydraulic pressure to confine reactants to cavity (1, 2, 3 correspond to three particle
origins used in simulation); (b) Nanopore in electrolytic cell (e-cell) filters charged or uncharged tRNA (and AARS) from other
reactants; (c, d) Filtered tRNA (charged) deacylated non-enzymatically (see text); products (deacylated tRNA, free AA)
transferred to cis chamber of second e-cell, free AA causes blockade; (e, f) Filtered tRNA (uncharged), deacylation has no effect;
tRNA enters second e-cell, no free AA, no blockade. (AARS filtered out, not shown in c, d, e, and f.) Figure not to scale.

Step 1: Charging of tRNA

This step is identical to Step 1 in [10]. AA, tRNA, AARS, and ATP are confined to a small cavity to avoid the
dispersive effects of diffusion. A modified version of the 'cage' in [14] is used. AA, tRNA, AARS, and ATP pass
from a reservoir into a cavity where a cognate tRNA can get charged with AA. The reactants remain inside the
cavity under hydraulic pressure. The latter has been used to study the translocation properties of DNA in a nanopore
[15]. As it is independent of electrical charge it works equally well with all the analyte types involved.

Step 2: Separation of tRNA (charged or uncharged)

After a suitable incubation time in the cavity (to be determined experimentally) the products are largely tRNA, AA,
AARS, ATP, and AMP. They enter Step 2, in which tRNA is separated from the other reactants. (Whether it is
charged or not will be known only in Step 4.) Separation of tRNA can be done into the cis chamber of an e-cell with
a nanopore of appropriate size, which can be determined from the analyte sizes given in Table 1 below. In Figure
1(b) tRNA and AARS are separated from AA, ATP, and AMP, with the latter translocating through the pore to trans.
If desired AARS can be filtered out, although it may not be necessary.

Step 3: Deacylation of charged tRNA
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The tRNA molecules that remain in the cis chamber of the first e-cell (Figure 1b) are deacylated non-enzymatically
(using a reagent like NaOH or by pH control [16]). The products of this step are either tRNA and the dissociated AA
(if tRNA was charged) or only tRNA.

Step 4: Identification of AA from current blockade

The products of the deacylation step are transferred to the cis chamber of a second e-cell (Figure 1d and 1f). If the
tRNA is charged the dissociated AA can pass into frans but not tRNA. In doing so it causes a current blockade. If
tRNA is not charged there is no current blockade because there is no free AA. In the former case AA is immediately
known from the identity of the tRNA. The only requirement is that the blockade level due to the smallest volume
amino acid, Glycine (G), be distinguishable from baseline noise; this is discussed later. This development leads to
the following determination:

Current blockade in 2™ e-cell — tRNA is deacylated — AA known from identity of tRNA 8
Conversely
No current blockade in 2™ e-cell — tRNA not deacylated — tRNA not cognate to AA 2)

The procedure is done in parallel with N (20 < N < 61) copies of AA, N reservoir-cavities, and N pairs of e-cells
each with a different tRNA, related AARS, and ATP. As there is at least one tRNA cognate to AA one of the N
tRNAs gets charged.

As in [10] it is assumed that the size of the current blockade Iy in the second e-cell is roughly proportional to Vax,
the volume excluded when an analyte AN passes through the pore [7]:

Is ~ Van &)
In what follows Vay is used as a proxy for Ig.

As it is only necessary to observe a blockade due to an AA that has been dissociated from a charged tRNA the
observed exclusion volume due to AA will satisfy

Vo <Van<Vyw )

where Vg is the volume of the smallest amino acid Glycine (G), and Vw that of the largest amino acid Tryptophan
(W). See Table 1 below (this is a subset of Table 2 in [10]).

Table 1. Volumes of the standard 20 amino acids from [17], given as mean values in A’ or x 10” nm’.

AA G A S C D T N P v E
Mean (p) 599 | 87.8 | 91.7 | 1054 | 1154 | 1183 | 120.1 | 123.3 | 138.8 | 140.9
AA Q H M 1 L K R F Y W
Mean (p) 145.1 | 156.3 | 165.2 | 166.1 | 168 | 172.7 | 188.2 | 189.7 | 191.2 | 227.9

3. Analysis of the amino acid identification procedure

The following assumptions are made:

1) Superspecificity holds in vitro. The literature on in vitro experiments involving AARSs supports this assumption.
2) With a suitable number of reactant molecules (AARS, ATP, AA) and favorable environmental conditions
(temperature, buffer, stabilizer, etc.) at least some of the tRNA molecules get charged and the charged state lasts
long enough that filtration (Step 2) and deacylation (Step 3) can be performed without any interference from
environmental agents. The results of the extensive in vitro experiments on lysyl-tRNA described in [18] (with
product lifetimes in the tens of minutes) make this a reasonable assumption.

3) Environmental agents (for example, buffer) and other chemicals (such as non-enyzmatic reagents for deacylation)
do not have a confounding effect on the observation of blockades due to any of the 20 amino acids. A perusal of the
literature on nanopore-based methods suggests that buffering and non-enzymatic agents do not cause observable
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blockades.

Conditions for correct identification of an amino acid

The following conditions have to be satisfied in order for the procedure in Section 2 to correctly identify an amino
acid:

1) The reactants necessary for charging of a tRNA must be in close proximity until successful charging occurs.

2) Perfect separation of tRNAs occurs in Step 1.

3) Deacylation of a charged tRNA always occurs.

4) Current blockades due to any AA can always be distinguished from baseline noise.

It is now argued that the above conditions are satisfied in the proposed procedure.

Condition 1. Reactants in the cavity can be brought together with a directed force that can overcome the effects of
diffusion. In Step 1 this is achieved with a hydraulic force. While diffusion is isotropic the directed hydraulic force
biases the movement of particles in the z direction (see Figure 1a) thereby ensuring that they accumulate at the
bottom of the cavity. Such confinement is further reinforced if the cavity has a tapered geometry. In [10] the efficacy
of this arrangement was studied by simulation. The results there show that the particle can remain indefinitely near
the bottom of the cavity, which is just what is desired. This conclusion is further strengthened if one were to
consider the motive force when it is purely diffusive (no hydraulic pressure). Simulation data in [10] show the
particle to be still diffusing in the reservoir at the end of a run, showing that hydraulic pressure is the key to
successful confinement.

Condition 2. The dimensions of the molecules coming out of Step 1, namely tRNA, AARS, AA, AMP, and ATP, can
be approximated with the axes of enclosing ellipsoids, which can be calculated from atomic data. The results are
shown in Table 2 (which is a subset of Table 1 in [10]). Clear dividing lines that separate tRNA from AARS on one
side and from AMP, ATP, and any of the AAs on the other, can be seen. Thus separation of tRNA, charged or not,
from the other reactants can be easily done with a nanopore of an appropriate size obtained from the data in Table 2.

Table 2. Dimensions of reactants involved in tRNA charging. Amino acids represented by smallest (Glycine) and largest

(Tryptophan).
Axes of ellipsoid enclosing reactant Axes of ellipsoid enclosing reactant
Reactant Reactant
Major (nm) | Minor (nm) | Minor (nm) Major (nm) | Minor (nm) | Minor (nm)
AMP'! 1.67 0.95 0.4 Tryptophan (AA) * 1.10 0.7 0.34
ATP? 2.34 1.09 0.44 Phe tRNA® 10.56 6.54 3.64
Glycine (AA)* 0.56 0.35 0.21 Ala AARS ¢ 13.94 9.41 8.46

12346 Atomic coordinate data from files.rcsb.org/ligands/view/AMP_ideal.sdf, files.resb.org/ligands/view/ATP_ideal.sdf,
www.rcsb.org/ligand/GLY, files.rcsb.org/ligands/view/TRP_ideal.sdf, www.rcsb.org/structure/I YFS. (The last is for Ala AARS.)
° Atomic coordinate data from [19].

Condition 3. In the living cell deacylation is done by an enzyme to correct charging errors [11]. Thus if a tRNA is
misacylated an editing AARS deacylates the tRNA and attaches the correct AA to it. A table of Class I and Class 11
AARSs and their AA editing targets is given in [20]. While enzymatic deacylation can be used in Step 3, it adds
unnecessary complexity. Non-enzymatic deacylation is much simpler. The latter may be done with NaOH or by
controlling the pH level of the solution. See [16] for a description of its use in the deacylation of Cysteine-tRNA.

Condition 4.

Consider Equation 4. The blockade Vg of the smallest amino acid, Glycine (G), must be distinguishable from the
volume Vyus corresponding to the baseline noise Irms, which is the rms (root-mean-square) value of the noise around
the quiescent pore current I, the pore current in the absence of an analyte. Writing the signal-to-noise ratio (SNR) as

SNR = Vax / Vius (6))
a sufficiently high SNR can ensure that the blockade current due to G can always be distinguished from Irms. In [21]

the SNR for different kinds of pores, biological and synthetic, is given. It ranges from 4 to nearly 40, which is
adequate for the present purpose. See [10] for a discussion.
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Probability of correct identification

The probability that AA is correctly identified can be estimated by considering the number of molecules of each
reactant in the cavity in Step 1 and the number of charged tRNAs that enter Step 3 for deacylation. Assuming no
charging errors, if N; tRNAs get charged in the first step and at least one of N, (< N) charged tRNAs is deacylated,
then with N;N, tRNA molecules in Step 1, AA can be identified with probability 1. To get an idea of the quantities
of reactants required, consider conservative charging and deacylation rates of 1%, corresponding to N; = N, = 100.
This would require NN, = 10000 molecules of tRNA entering Step 1. This number corresponds to about 15
zeptomoles. With rates of 10% N; N, = 100, which is about 160 yoctomoles.

4. Conclusions

This report shows that amino acids can be identified accurately without labeling by mimicking aspects of the cell's
mRNA-to-protein translation process [22] while retaining the latter's low error rate in charging a tRNA with a
cognate amino acid. This is achieved in two ways: 1) By making amino acid identification a predominantly
chemical rather than physical process limitations such as instrumentation precision and noise no longer have the
importance they do in methods based on electrical, optical, or mass measurements; and 2) By deacylating a charged
tRNA, identification is reduced to observing a current blockade without having to know its exact value. The mere
occurrence of a blockade is sufficient to identify AA from the identity of the tRNA.
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