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ABSTRACT: Colicin E5 specifically cleaves four tRNAs iEscherichia colithat contain the modified
nucleotide queuosine (Q) at the wobble position, thereby preventing protein synthesis and ultimately
resulting in cell death. Here, the crystal structure of the catalytic domain of colicin E5 (E5-CRDJEfrom

coli was determined at 1.5 A resolution. Unexpectedly, E5-CRD adopts a core folding with a four-stranded
pB-sheet packed against anhelix, seen in the well-studied ribonuclease T1 despite a lack of sequence
similarity. Beyond the core catalytic domain, an N-terminal helix, a C-ternfirgttand and loop, and an
extended internal loop constitute an RNA binding cleft. Mutational analysis identified five amino acids
that were important for tRNA substrate binding and cleavage by E5-CRD. The structure, together with
the mutational study, allows us to propose a model of colicir-tENA interactions, suggesting the
molecular basis of tRNA substrate recognition and the mechanism of tRNA cleavage by colicin E5.

The ribosome is the target for many protein toxins, formation, E group colicins were thought to induce their toxic
including ricin (1), o-sarcin @, 3), and colicin E3 4). Ricin effect by either inhibiting DNA replication via deoxyribo-
carries out its toxic effect by depurinating A26@dstheri- nuclease (DNase) activity or inhibiting protein biosynthesis
chia colinumbering used throughout) of the 23S rRN& (  via ribosomal ribonuclease (RNase) activity. Indeed, E2 and
6), while a-sarcin and colicin E3 cleave a specific phos- E7—E9 have been shown to have DNase activity, and E3,
phodiester bond in rRNA (the bond between G2661 and E4, and E6 have been shown to have ribosomal RNase
A2662 in 23S rRNA fora-sarcin and the bond between activity. In support of the classification of E colicins into
A1493 and G1494 in 16S rRNA for colicin E3J-(9). two subfamilies (DNase or RNase), members of each

Less is known about protein toxins that target another subfamily share sequence homology in the catalytic domain
essential component of protein synthesis, tRNAs. To date,as well as their cognate immunity proteins. The only
three tRNA-specific toxins have been discovera@) (All exception is colicin E5, which shares little sequence homo-
of them are ribonucleases that cleave a phosphodiester bondbgy in the activity domain with members of either the DNase
in the anticodon region of a tRNA, yielding common RNA or RNase subfamily. The target of colicin E5 remained a
termini with a 2,3-cyclic phosphate and a-®H group. mystery until Masaki and co-worker&4) showed that four
PrrC, the first toxin of this class to be discovered, is a suicide tRNAs (tRNAY", tRNAMs, tRNA2*" and tRNAS), all pos-
device acquired by somE. coli strains when infected by  sessing a hypermodified nucleotide Q at the wobble position,
T4 phage, resulting in cleavage of its own tRKA5'-end were cleaved at the phospodiester boreral of Q34 by
of the wobble base)l(l, 12). Subsequently, two colicins from  colicin E5 (14).
somekE. coli strains were also shown to be tRNA-specific ~ Colicin E5 has particular interest based on the following
ribonucleases. Colicin D cleaves the phosphodiester bondobservations. First, the catalytic domain of colicin E5 is
between nucleotides 38 and 39 of tRN13). Colicin E5, unique in that it not only lacks sequence homology with the
the subject of this study, targets four tRNAs containing a E group of colicins discussed above but also lacks sequence
hypermodified nucleotide €at the wobble position (position  similarity with other known ribonucleases. Thus, the evo-
34) and cleaves the phosphodiester bond between Q34 andutionary origin of colicin E5 remains unknown. Second,
U35 (14). colicin E5 is one of the only three tRNA-specific ribonu-

Except for colicin E1, which exerts its toxic effect by cleases discovered to date, and it is the only colicin that
disrupting the membrane of the target cell through channel targets a hypermodified nucleotide. This raises the questions
of why a hypermodified nucleotide was targeted for recogni-
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tRNAs. Thus, the StrUCtural analysis of CP'iCi” ES pr(_)vides Table 1: Statistics of Data Collection and Refinerment
a system for understanding the mechanisms by which two

distinct enzymes recognize the same substrate. : inflection _peak _ remote  native
We report here our biochemical and structural studies of da;apgzgeg:funp P3,
E5-CRD, with an attempt to address some of issues described unit cell 65.22 A,
above. We found that, despite a lack of sequence similarity, ?8'0254&2\
E5-CRD adopted a similar fold seen in the toxin RelE, the 20.00,
catalytic domain of colicin D, and the ribonuclease T1, 90.00,
implying a common evolutionary origin. The structure of resolution (A) 50.6-2.0 50.0-2.0 50.0-2.0 50}&%%0
E5-CRD beyond the core domain, however, formed a unique  wavelength (A) 0.9793 0.9791 0.9537 0.9793
cleft, accounting for its tRNA substrate recognition. Muta-  no. of unique reflections 32043 32018 32141 76577
tional analysis identified a pair of D/R amino acids that are Compleét?nelss (%) o 29.2 . 39.2 . 899.4 2193?.8
likely to be involved in RNA cleavage, indicating that the f‘ggﬁ%aﬂ"c‘y’ 77 77 77 74
presence of a histidine in the active site might not be a Ry (%) 6.5 6.6 7.3 35
prerequisite for RNA cleavage. Structural comparison of E5- refinement
CRD reported here with tRNA guanine transglycosylase L(?Js.oolgtrleof?e((éi)ons (free) 5&'3511'5(6027)
showed different approaches of molecular recognition of the R (. (Ree®) (%) 21.7 (23.4)
same RNA substrate by these two enzymes. rmsd for bonds (A) 0.0042
rmsd for angles (deg) 1.30
MATERIALS AND METHODS aMean figure of merit (FOM) for phasing= 0.61 from SOLVE

and 0.71 after RESOLVRl/o(l) is the mean reflection intensity/
Cloning, Querexpression, and Purification of E5-CRD. estimated errof Rym = 3|l — V31, wherel is the intensity of an
The gene encoding both E5-CRD and its cognate |mmun|ty indi\_/idual reflection andllis the average intensity over symmetry
protein (IMmE5) was amplified by PCR from the ColE5- equivalents’ Raysa = 3 ||Fol — [Fell/3|Fol, whereF, andF are the
. . . observed and calculated structure factor amplitudes, respecthly
0(_)9 plasml_d and Was cloned into _pLM-l usmg Sacl and is equivalent toR.ysw but calculated for a randomly chosen set of
Hindlll restriction sites, thus generating a recombinant pLM- reflections that were omitted from the refinement process.

1-E5-CRD/ImmES plasmid. The gene starts with the 108th

residue from the C-terminus of colicin ES (Glu mutated t0 a5 elevated to 40%. Hexagonal crystals that diffracted to
Met as the starting codon). Therefore, the resulting ES-CRD 1 5 A resolution were obtained in 1 week. To carry out data

protein contains 108 amino acids, seven fewer than the oneqiection at a low temperature, the crystals were first soaked
employed by Masaki and co-worker&4j. The plasmids i, 5 cryo-protecting solution containing all the components
containing E5-CRD mutants were created by the Quick- ot the \well solution and 20% glycerol, mounted in a nylon
Change method using the recombinant pLM-1-ES-CRD/ |65 and then flash-frozen in liquid nitrogen. Both the native
ImmES plasmid as the template. The plasmids were trans-gnq three-wavelength anomalous dispersion (MAD) data
formed intoE. coli strain BL21(DE3). Wild-type and mutant  \yare collected at beamline 14-BMC at Advanced Photon
proteins were overexpressed and purified to homogeneity. g rce (APS). Data were reduced with Denzo and Scalepack
The purification procedures are similar to the ones used by (15 For phase determination, the resolution range from 30
Masaki and co-workers with minor modificatiod4). to 2.0 A was chosen. Four of four expected sites (assuming
RNA Cleaage AssaysAll RNA cleavage experiments  four molecules of E5-CRD in an asymmetric unit) were
were performed at room temperature. RNA was radiolabeled found using SolveX6). Phases were improved, and@5%
with %P using T4 kinase ang/{*’P]ATP (PE Science), and  of the model was automatically built using Resolig)(
the radiolabeled RNA was purified with a Qiagen column. Several rounds of manual building using @8, followed
Unlabeled RNA was then added to the radiolabeled RNA to py refinement with CNSX9), resulted in a final model with
produce a final RNA concentration of L. A mixture of an R-factor of 21.7% Riee = 23.4%). Final refinement
10 nM E5-CRD, 2«M RNA, and RNase inhibitor in 1L statistics are given in Table 1.
of buffer [100 mM NaCl, 20 mM Tris-HCI (pH 7.6), and 5 Creation of E5-CRD Mutants and Assays of RNA Gigge
mM MgCl] was incubated at room temperature for 10 min. py These Mutantd\ineteen E5-CRD mutants (K13A, D15A,
The reaction was stopped by addition of dl0of gel loading K17A, E24A, R25A, D46A, K47A, R48A, K51A, K52A,
buffer and heating at 9C for 5 min. The sample was then D56A, R60A, D62A, R79A, E82A, D8SA, D96A, DI7A,
loaded onto a 20% denaturing polyacrylamide gel. Electro- and R99A) were overexpressed and purified in a manner
phoresis was carried out in axITBE buffer at 400 V for 3 similar to that of wild-type E5-CRD. The initial RNA
h. The gel was dried and exposed to a phosphor screencleavage assays of these mutants were carried out under
(Fisher Scientific). Gel bands were visualized with a phos- conditions identical to those described in RNA Cleavage
phorimager (Amersham Biosciences) and analyzed with Assays. It was found that D46A, R48A, K51A, D97A, and
ImageQuant (Molecular Dynamics, Sunnyvale, CA). R99A mutations resulted in the severe reduction of the
Crystallization, Data Collection, and Structural Determi- enzymatic activity of E5-CRD. Therefore, more detailed
nation.All crystals were obtained by the hanging-drop vapor RNA cleavage assays of these mutants, together with the
diffusion method at 4C. Native crystals were grown against wild-type enzyme, in which the concentrations of the enzyme
a well solution of 30% PEG400, 100 mM MES (pH 6.5), varied from 5 to 2000 nM, were carried out.
100 mM NacCl, and 40 mM Cagl Crystals of seleno- Construction of a Docking Model of the E5-CRBNA
methionine derivatives were grown against the same well Complex.The structure of the anticodon stefiloop motif
solution with an exception that the concentration of PEG400 of tRNAP" (20) was employed to build a docking model.
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RNA cleavage assays were also performed in the presence
or absence of divalent cations, such as?Mgvin?", and
C&". E5-CRD cleaved the stertoop RNA substrate equally
well with or without divalent cations in the reaction mixture
(data not shown), indicating that divalent cations such as
Mg?" are not involved in catalysis.

Structure of E5-CRDThe crystal structure of E5-CRD
was determined using MAD phasing, and the structure was
refined with several rounds of model building and simulated
annealing. The asymmetric unit contains four molecules of
E5-CRD, each consisting of residues—105. No electron

X =G, dG, 2'MeG

b 1 2 3 4 5 6 7 density was observed for 11 and three residues at the N-
RNA: G G dG 2'MeG U33C G34A U35C and C-terminus, respectively, among which the N-terminal
ColE5: - + + + + + + residues are part of a linker between the catalytic and

receptor-binding domains of colicin E5.

The structure of E5-CRD is composed of twehelices
(a1 anda2, colored cyan in Figure 2a) and a five-stranded
p-sheet (colored magenta in Figure 2a). The first four
consecutivgs-strands §1—/4) run antiparallel, adjoined by

Ficure 1: Cleavage of stemloop RNAs with a natural or modified ) ) X
nucleotide at position 34 by E5-CRD. (a) Nucleotide sequence of the fifth and short C-termingg-strand from thef1 side.
stem-loop RNAs employed in this study. The conserved nucle- N-Terminal helixal packs alongsid@4, and the second

otides required to be a substrate of colicin E5 are colored green. Ghelix, a2, packs over part of th@-sheet g2—p4). The

represents guanosine, dG-deoxyguanosine, and'MeG 2-
methoxyguanosine. (b) Denaturing PAGE analysis of the cleavage
reactions. The bands indicated with an arrow are the cleavage
products.

interactions between-helices and thgg-sheet are hydro-
phobic in nature. In addition ta-helices angb-strands, there
are two long loops, located betwegh and2 and between
] ) p4 andp5 (L1 and L2, respectively, Figure 2a). The structure
The nucleotide sequence of the anticodon was mutated fromst E5.CRD presented here is different from those of other
GAA to GUA using O (18). The G34 was then flipped out g group colicins known to be nucleases (RNase or DNase),
from the anticodon loop. The modified stetloop RNA was including E3 @2, 23), E7 (24, 25), and E9 26). A Dali search
then manually docked into the positively charged cleft in (27) revealed no strong structural homology between E5-
ES-CRD using PyMOL 21). It was necessary to adjustthe  crp and any known fold. However, several structures
conformation of U35 to accommodate the RNA molecule geposited in the Protein Data Bank do have weak structural
in the cleft of E5-CRD. homology with E5-CRD despite a lack of sequence similar-
ity. These include the archaeal toxin RelE (PDB entry 1WMI,
RESULTS AND DISCUSSION Z score= 3.7, rmsd= 3.5 A) (28), the catalytic domain of
Assays of RNA Cleage by E5-CRD.To define the colicin D (PDB entry 1V74Z score= 3.5, rmsd= 2.7 A)
elements in the RNA substrate that are required for E5-CRD (29), and nuclease T1 (PDB entry 9RNZ;score= 2.5,

recognition and cleavage, a series of stdoop RNAs,

rmsd= 3.4 A) (30). Interestingly, all three of these proteins

varying in the anticodon sequence, were prepared (Figureare ribonucleases, which may imply a common evolutionary

1a). As it is not possible to prepare a stelmop RNA with
the modified nucleotide Q at position 34, the default stem
loop RNA substrate employed in our in vitro study contains
a G at position 34 (Figure la, ¥ G). The radiolabeled
stem-loop RNAs were incubated with purified E5-CRD, and

origin. The structure in common among these four proteins
is the overall fold that encompasses a four-strargistieet
packed over am-helix (31—f34 and a2 shown in Figure
2a). This is a well-known fold for a superfamily of microbial
ribonucleases, exemplified by nuclease T1 because of its

resulting RNA cleavage products were analyzed by denatur-extensive studies (Figure 2b). Beyond the core folding, the
ing PAGE (Figure 1b). E5-CRD was able to cleave a stem structures differ from one another (Figure 2b). In the case
loop RNA with G at position 34 (Figure 1b, lane 2), of E5-CRD, the N-terminal helix, internal loop (L1) from
consistent with the results reported by Masaki and co-workers extended31 and$2, and the C-terminus (including L2 and
(14). Replacement of G34 with a dG or &V&G, however, B5) constitute a unique cleft (Figure 2a) where the RNA
resulted in resistance to cleavage of these RNAs by E5-CRDsubstrate is predicted to bind (see below).

(lanes 3 and 4), indicating that theQH group in G34 plays Four molecules of E5-CRD are present in the asymmetric
an important role in RNA cleavage by E5-CRD. E5-CRD unit, forming two pairs of tightly packed structures as shown
was able to cleave a stetoop RNA in which U33 was in Figure 2c. The rmsd between these two pairs of packed
replaced with a C, although at slightly lower efficiency (lane structure is 0.1 A, indicating that the structures of these two
5). Replacing G at position 34 with an A, however, pairs are virtually identical. The rmsd between two monomers
significantly reduced or prevented cleavage of RNA by E5- within the packed structure shown in Figure 2c is 1.7 A.
CRD (lane 6). The same finding was observed for the U-to-C The difference is mainly caused by different conformations
mutation at position 35 (lane 7). These results indicate that, of the two C-terminal residues (residues 104 and 105). If
at least for a G34-containing steffoop RNA substrate and  these two residues are excluded during comparison, the rmsd
the catalytic domain of colicin E5, the recognition sequence improves to 1.0 A. These structural comparisons indicate
in the RNA substrate is primarily G34 and U35 and, to a the overall structures of the four molecules in the asymmetric
lesser extent, U33. unit are essentially the same. The packing shown in Figure
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Ficure 2: Structure of E5-CRD. (a) Ribbon representation of the E5-C&Iblelices are colored cyarfi-strands magenta, and coils

grayish blue. (b) @ superposition of E5-CRD (blue) with nuclease T1 (red, PDB entry 9RNT). The structures are in the same orientation

as in panel a. The €atoms of the amino acids proposed to be responsible for RNA cleavage (D46 and R48 in E5-CRD and E58 and R77

in nuclease T1) are depicted as spheres, with the ones from E5-CRD in cyan and the ones from nuclease T1 in magenta. (c) Stereoview of
two closed packed E5-CRD molecules in crystals (blue and red). The two calcium ions that contribute to the packing are depicted as black
spheres.

2c results from the insertion of the negatively charged L2 ment of E5-CRD with nuclease T1 did not reveal the
of one molecule into the positively charged RNA binding remaining equivalent amino acids (E58 and R77) in E5-CRD
cleft of the second molecule. In particular, two acidic residues (Figure 2b). Nevertheless, we reasoned that such a pair of
in L2, D88 and D91, form salt bridges with the two basic amino acids might also be required for colicin E5 to carry
residues, R25 and K17, in the RNA binding cleft, respec- out the RNA cleavage reaction. Therefore, we performed
tively. This interaction may be regarded as a mimic of RNA an alanine scan of all acidic and basic residues (D, E, K,
substrate binding. The packing is reinforced by an additional and R) that are located within or close to the RNA binding
interaction between the N-terminal helices from both mol- cleft, representing a total of 19 mutants. These mutants were
ecules, mediated by the side chains of E24 and T90 throughoverexpressed and purified, and RNA cleavage assays were
two calcium ions. This accounts for the requirement of carried out. Among the 19 mutants, 14 had minimal or no
calcium ions in our crystallization solutions. effect on RNA cleavage (Figure 3 and data not shown). Five
Mutational Analysis of Catalytic Actity. Although the mutants (D46A, R48A, K51A, D97A, and R99A), however,
shape of the cleft and its electrostatic nature (positive charge)experienced significant reductions in their ability to cleave
suggested that the cleft may represent a site of RNA substratehe stem-loop RNA substrate (Figure 3). For example, 8
binding, further mutagenesis studies were conducted tonM wild-type E5-CRD was required to achieve 50% RNA
substantiate this possibility and to yield information about cleavage (Figure 3, top panel), whereas each of these mutants
specific amino acids that may be responsible for recognition at 406-800 nM was required to achieve the same level of
of G34 and U35, as well as catalysis. In deciding which RNA cleavage (Figure 3, panels-B). Therefore, mutation
residues to mutate, we relied on information from extensive of these five amino acid residues resulted in a-500-fold
studies on nuclease T1. It is generally believed that the reduction of the enzymatic activity of E5-CRD.
conserved amino acid residues involved in catalysis in D46 and R48 are located in strafd; K51 is located at
nuclease T1 are H40, E58, R77, and H32)( However, the tip of loop L1, and D97 and R99 are located in loop L2.
E5-CRD does not contain a histidine, and structural align- From a structural perspective, K51 is likely to be at the top
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[CI(hM) O 5 10 50 100 200 500 1000 2000 Possible Recognition of RNA Substrate and Likely Mech-
anism of RNA Clezage by E5-CRDOn the basis of the
crystal structure of E5-CRD, together with the mutational
study, a docking model of the RNAprotein complex was
built (Figure 4b). The structure of the anticodon steloop
portion of tRNAP"®was manually docked into the positively
charged cleft in E5-CRD20). It was necessary to modify
the conformation of G34 and U35, two recognition nucle-
otides, for docking without obvious steric constraints. In
particular, targeted nucleotide G34 was flipped out. Gener-
ally, base flipping is regarded as a required mechanism for
enzymes to catalyze chemical reactions on bases in DNA or
RNA. For example, the most recent case includes RNA-
modifying enzymes that catalyze modification reactions on
nucleotides in the loop region of sterfoop RNAs 32, 33).
More importantly, the cocrystal structure of the restrictexin
RNA complex shows a base flip mechanism for RNA
substrate recognition and cleavagéd)( Therefore, we
believe that the RNA cleavage reaction carried out by E5-
CRD is likely to be similar.

The docking model shows that the RNA substrate sits in
Ficure 3: Efficiency of RNA cleavage by wild-type and mutated a positively charged cleft of ES-CRD (Figure 4b, surface
E5-CRD. The sternloop RNA was incubated with increasing colored blue). The side chain of K51 is in the proximity of

concentrations of the protein (marked on top) for 10 min at@5 the phosphates of nucleptidgs 29 and 30 in RN_A (Figyre
and the resulting samples were analyzed by denaturing PAGE. 4b). Therefore, the contribution of K51 to RNA binding is

likely to be electrostatic. Targeted nucleotide G34 flips into
of the RNA binding cleft, while the D46R48 and D97 a binding pocket. The pocket has sufficient space for the
R99 pairs reside on two sides of the walls that form the cleft nucleotide of the natural substrate, Q, which is bulkier than
(Figure 4a). Therefore, their relative locations within the G. Side chains of one of the criticalHR pairs in E5-CRD,
RNA binding cleft reveal their likely roles in terms of RNA D97 and R99, are near the base of G34, and are likely to be
substrate binding and cleavage, as discussed below. involved in molecular recognition of G34. Side chains of

D46A |

R48A

K51A

D97A

R99A

Ficure 4: Surface representation of the structure of E5-CRD. (a) The data of the mutational analysis were mapped onto the structure of
E5-CRD. The amino acids whose mutation resulted in a substantial reduction in activity are colored magenta, and the amino acids with a
minor effect or no effect are colored green. Six additional mutants that have been mapped cannot be seen from this angle of structural
display. (b) A docking model of the RNAE5-CRD complex. E5-CRD is in the same orientation as in panel a except the surface is colored

on the basis of electrostatic potential, with negative charge in red and positive charge in blue. The RNA is a stick and colored by individual
atoms (white for carbon, blue for nitrogen, red for oxygen and yellow for phosphate). The scissile phosphodiester bond is marked with an
asterisk.
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Ficure 5: Proposed mechanism of RNA cleavage by colicin E5. Two critical amino acids, D46 (red) and R48 (blue), identified by the
mutational study, are likely to be involved in catalysis. Th&® group (green) of Q34 is the nucleophile that attacks the adjacent scissile
phosphodiester bond (magenta), resulting in formation of t/8&&yclic phosphate in Q34 and the departure of th©H group of U35.

the second important BR pair, D46 and R48, are near the involvement of only a D-R pair as proposed here on the
scissile phosphodiester bond between G34 and U35 (markedasis of our mutational analysis. In contrast, nuclease T1 is
with an asterisk in Figure 4b). Therefore, D46 and R48 are involved in RNA metabolism. The transesterification reaction
in positions to be directly involved in catalysis. is only the first step of the reaction, which is followed by
On the basis of these studies, a reasonable mechanism ofiydrolysis of the 23'-cyclic phosphate, in which a histidine
tRNA cleavage by colicin E5 is proposed as shown in Figure appears to be required (H92 in nuclease T1, H102 in barnase,

5. In this mechanism, the side chain of D46 acts as a generadnd H119 in RNase A)3l, 35, 36).

base, activating the'2DH group of the G34 to facilitate its

nucleophilic attack on the adjacent phosphodiester bond. TheACKNOWLEDGMENT

transition state formed in the complex is likely to be
stabilized by the side chain of R48. The roles of the B46
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of the E58-R77 pair in nuclease T1. We recognize that it is
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possible that amino acids other than D46 and R48 may alsoreading of the manuscript.

contribute to catalysis. Further mutational studies of amino
acids surrounding the D46R48 pair should reveal additional
information in that regard. Ultimately, a crystal structure of
the RNA—E5-CRD complex is required for confirmation of
our hypothesis.

Concluding Remark<olicin E5 cleaves four tRNAs that
contain a hypermodified nucleotide at the wobble position
in a sequence-specific manner. The crystal structure of the
catalytic domain of colicin E5 reveals that, although it adopts
a core fold as seen in nuclease T1, it forms a cleft suitable
for its tRNA substrate binding. The cleft is formed through
the contribution of a N-terminad-helix, an internal loop,
and a C-terminalg-strand and a loop. The similar core
folding with other microbial ribonucleases may imply that
it has an evolutionary relationship with a more ancient
microbial nuclease. However, to form a specific cleft for its
strict recognition of Q-containing tRNA substrates, it has
acquired extensive modifications through evolution. This may
explain the fact that the catalytic domain of colicin E5 lacks
sequence similarity with known ribonucleases. The lack of
a histidine in the catalytic domain of colicin E5 seems at
first surprising, considering that at least one histidine is
involved in catalysis by many known ribonucleases that have
been studied. However, as a toxin, colicin E5 only needs to
“break” a tRNA molecule to make it unusable, and the
minimum reaction is a transesterification reaction as depicted
in Figure 5. Such a reaction, although perhaps more efficient
when a histidine is involved, can be carried out with the
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