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Reactivity and Chemical Synthesis of L-Pyrrolysine—
the 22nd Genetically Encoded Amino Acid

manuscript is for pyrrolines (Figure 1). For prolines, the
ring numbering scheme is reversed. Based on its chemi-
cal composition, we named this amino acid L-pyrrolysine.
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and Michael K. Chan1,2,3,* The codiscovery of amber tRNA downstream of the
mtmB gene that recognizes the UAG codon, and an1Department of Biochemistry

2 Department of Chemistry aminoacyl-tRNA synthetase specific for L-pyrrolysine
has allowed us to propose that L-pyrrolysine is the 22nd3 Ohio State University Biochemistry Program

4 Department of Microbiology genetically encoded amino acid found in nature [9–11]—
the 21st being the UGA-encoded selenocysteine [12].The Ohio State University

Columbus, Ohio 43210 Despite our assignment of L-pyrrolysine from the two
structures of the MtmB protein, several questions re-
mained to be addressed. One issue we wished to verify
was the basic structure of L-pyrrolysine, particularly theSummary
presence of the pyrroline N1-C2 imine bond. Interest in
obtaining additional support for this assignment stemmedL-pyrrolysine, the 22nd genetically encoded amino acid,

was previously deduced to be (4R, 5R)-4-substituted- from the fact that while the two previous structures of
MtmB were determined to high resolution [1.55 Å forpyrroline-5-carboxylate attached to the �-nitrogen of

lysine based on the crystal structure of the M. barkeri the NaCl crystal form; and 1.7 Å for the (NH4)2SO4 crystal
form], in each case, the electron density for the five-monomethylamine methyltransferase (MtmB). To con-

firm L-pyrrolysine’s identity, structures of MtmB have membered ring of L-pyrrolysine required fitting as a
combination of two different orientations. For example,been determined following treatment with hydroxyl-

amine, N-methylhydroxylamine, or dithionite. Analysis while the presence of the five-membered ring was
readily apparent in the NaCl crystal form, in order toof these structures has provided additional support

for the presence of the pyrroline ring and, together completely remove the surrounding difference density,
a disordered model having 85% occupancy in one orien-with previous mass spectroscopy data, has led us to

assign the C4-substituent to a methyl group. Based on tation (orientation 1), and 15% occupancy in the other
(orientation 2), was required [9].this assignment, synthetic L-pyrrolysine was prepared

by chemical methods. Detailed study of this chemically The electron density of the five-membered ring for the
(NH4)2SO4 crystal form could be fit to a disordered modelsynthesized L-pyrrolysine has allowed us to character-

ize its physical properties, to study its chemical stabil- that had the same two orientations as the NaCl crystal
form, but with different occupancies: 40% in orientationity, and to elucidate the role of its C4 substituent. Future

applications of this synthetic L-pyrrolysine include its 1, and 60% in orientation 2 (Figure 1). One distinct fea-
ture observed in orientation 2 of the (NH4)2SO4 crystalin vivo incorporation into recombinant proteins.
form was the presence of electron density consistent
with an additional atom attached to the C2 position ofIntroduction
the five-membered ring. This atom was assigned to an
NH2 group since the (NH4)2SO4 precipitant was the onlyThe first step in the growth of methanogens on methyl-

amines (mono-, di-, and trimethylamine) is catalyzed by species not present in the NaCl crystal form. The appar-
ent addition of amine to the C2 carbon of five-memberedone of three classes of methylamine methyltransferases

whose role is to position and activate the methyl group of ring in the (NH4)2SO4 crystal form was significant because
it provided the key evidence for the N1-C2 imine bondthe methylamine substrate for transfer to an associated

corrinoid protein [1–7]. While the methanogen methyl- of the pyrroline ring and insight into the putative site of
methylamine binding and activation. This assignmenttransferases that act on different methylamine sub-

strates exhibit no sequence homology, one surprising was also consistent with the observation that the side
chains of Glu 229 and Glu 259 are perfectly positionedfeature is the common presence of an in-frame amber
to serve as proton donors to the N1 ring nitrogen. Proton-(UAG) codon in each of their genes [3, 6, 8].
ation of the N1 nitrogen would activate the C2 carbonRecently, based on the structure of the Methanosar-
for nucleophilic attack [9].cina barkeri monomethylamine methyltransferase (MtmB),

Our recent efforts, described herein, have focused onwe have determined that translation of the UAG codon
strengthening the evidence for the identity of L-pyrroly-in these methyltransferases leads to insertion of a novel
sine, particularly the functionally critical imine bond, andamino acid [9]. Analysis of electron density maps for
toward synthesizing L-pyrrolysine to facilitate relatedtwo different crystal forms of the enzyme allowed us to
functional studies. To address the first of these issues,suggest that this UAG-encoded amino acid is comprised
we undertook the structure determination of complexesof a 4-substituted pyrroline-5-carboxylate in amide link-
formed by reaction of MtmB with strong nucleophiles.age to the �-nitrogen of lysine. It should be noted that
It was predicted that the complexes formed with thesefor consistency, the ring numbering scheme used in this
substrates might exhibit more complete addition than
ammonia, and thus greater uniformity, enabling a more*Correspondence: chan@chemistry.ohio-state.edu

5 These authors contributed equally to this work. definitive assignment of L-pyrrolysine’s features. Alter-



Chemistry & Biology
1318

Figure 1. Simplified Stick Diagram of L-pyrrolysine

Left, orientation 1 in the absence of bound ligand; right, orientation
2 and bound to ammonia.

Figure 2. Overall Fold of MtmB Methyl-hydroxylamine Complex
natively, it was hoped that nucleophiles containing a with � Helices in Red, and � Sheets in Yellow
large atom, such as sulfur, could be used to provide

The L-pyrrolysine amino acid bound to methyl-hydroxylamine is
additional support for the presence of two distinct orien- shown in stick form with carbons colored in gray, oxygens in red,
tations of the five-membered ring. and nitrogens in blue.

Toward this end, MtmB crystals were treated with
hydroxylamine, N-methyl-hydroxylamine, or dithionite, Cys 428 in each of the three MtmB complex structures.
and the structures of the resultant complexes were de- This disulfide bond was not present in the original 1.55 Å
termined. In each case, nearly complete addition of the native MtmB structure (NaCl crystal form). Based on
nucleophile to the C2 carbon of L-pyrrolysine’s five- the observation that the ratio of dithiol/disulfide species
membered ring was observed, providing strong support varies in different samples, we speculate that the disul-
for the presence of the imine bond. Both hydroxylamine fide bond arises via slow air oxidation. Whether the close
MtmB complexes were notable in that hydrogen bond- proximity of the cysteine residues and their ability to
ing interactions between the added nucleophile and the form a disulfide bond is functionally relevant, or is simply
protein side chains appeared to lock the pyrroline ring coincidental, remains to be determined.
of L-pyrrolysine into a single conformation. Occupancy
refinement of the C4-substituent as a methyl, hydroxyl, or Structure of the MtmB Sulfite Complex: Support
amino group for these hydroxylamine MtmB complexes, for Two Distinct Orientations of L-Pyrrolysine’s
combined with electrospray MS measurements on the Pyrroline Ring
full-length MtmB protein [9], have led us to assign the The first MtmB ligand complex was obtained by treat-
C4-substituent of L-pyrrolysine to a methyl group. ment of native MtmB crystals (NaCl crystal form) with

Having deduced the identity of the amino acid, we dithionite [9]. Structural analysis of the resulting com-
then prepared it by traditional chemical methods. Char- plex at 1.8 Å resolution revealed the presence of a sulfite
acterization of this synthesized L-pyrrolysine has pro- group attached via its sulfur atom to the C2 carbon of
vided potential insight into the role of its C4-substituent, the pyrroline ring (Figure 3). The site and face of sulfite
and has facilitated the study of its chemical stability.
This synthesized L-pyrrolysine has also recently been
shown to exhibit biological activity in that it promotes
readthrough of the mtmB1 UAG codon in E. coli coex-
pressing the genes encoding the L-pyrrolysine tRNA
and aminoacyl-tRNA synthetase [11]—presumably due
to ribosomal incorporation of the chemically synthe-
sized L-pyrrolysine into the recombinant MtmB protein.

Results and Discussion

Overall Fold of MtmB Ligand Complexes
The overall fold of the three MtmB complexes is nearly
identical to the native structures reported previously
(Figure 2) [9]. The protein consists of a D3 symmetric �6-
hexamer with the fold of each monomer consistent with

Figure 3. MtmB Sulfite Complex Active Site
a TIM barrel. Surface potential diagrams reveal that the

Left, Fo � Fc omit map (blue, 2�; red, 6�) with fit to orientation 2,barrel forms a negatively charged cavity at the bottom
and (middle) Fo � Fc omit map (green, 4�; purple 12�) with fit to

of which lies the L-pyrrolysine amino acid. orientation 2. Carbons are colored in tan, oxygens in red, and nitro-
One feature worth noting is the appearance of a par- gens in cyan. Right, overlap of orientation 1 (tan) and orientation 2

(blue).tially occupied disulfide bridge formed by Cys 341 and
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addition are similar to that observed for ammonia addi- rium to a state that is more like orientation 1. The origin
of this preference likely stems from the fact that in thistion in the (NH4)2SO4 crystal form, as is the presence of

the two distinct orientations of the pyrroline ring. One orientation, the hydroxylamine adduct is stabilized by
hydrogen bonding interactions between the oxygen ofmajor difference, however, is that while ammonia addi-

tion was only observed in orientation 2 of the (NH4)2SO4 hydroxylamine and the amide NH that links the pyrroline
ring to the �-nitrogen of lysine of L-pyrrolysine, and ioniccrystal form, in the structure of the MtmB dithionite

product, both conformations contain bound sulfite. This interactions between the added hydroxylamine and car-
boxylate side chain of Glu 205 (Figure 4).observation is supported by the presence of two peaks

in the 2Fo � Fc electron density map corresponding to The adduct formed from hydroxylamine addition to
L-pyrrolysine was modeled with the hydroxylamine ni-the positions of the sulfur atoms in the two pyrroline

ring orientations. Given that ammonia addition appeared trogen atom bound to the imine carbon of the pyrroline
ring. This ligation was predicted based on the greaterto stabilize the 2nd conformation, one might predict that

the 2nd conformation would also be preferred in the nucleophilicity of the amine nitrogen over the hydroxyl
oxygen. Further support for this orientation could beMtmB sulfite complex. This is indeed the case (orienta-

tion 1:orientation 2 � 30%:70%), with the MtmB sulfite obtained by comparing this model to that with the hy-
droxyl group attached to the pyrroline ring. While thecomplex being the form with the highest occupancy of

orientation 2 characterized to date. As in the previous electron density maps with hydroxylamine bound through
its nitrogen appeared reasonable, Fo � Fc maps for theMtmB structures, the dual conformations of the pyrroline

ring are reflected in the disorder of the surrounding pro- model with the hydroxylamine bound through its oxygen
exhibited negative 3� density.tein residues in a fashion that can be modeled [9].

The significance of the MtmB sulfite complex struc- To obtain a definitive assignment for the mode of
hydroxylamine addition, however, the structure of theture is that it provides additional evidence for a reactive

site at the C2 position of the five-membered ring, and N-methyl-hydroxylamine MtmB complex was deter-
mined (Figure 4). The binding of N-methyl-hydroxyl-further supports the inherent ability of L-pyrrolysine to

adopt different conformations in both ligated and unli- amine in this 2.2 Å resolution structure is similar to that
of the hydroxylamine adduct except for the presence ofgated states. These results also provide a rationale for

excluding dithionite from the purification of proteins an additional methyl group. The location of the extra
electron density on the hydroxylamine atom attachedcontaining the L-pyrrolysine amino acid.
to the pyrroline ring provides additional support that
nucleophilic addition of hydroxylamines occurs via their

Structures of Two MtmB Hydroxylamine amine nitrogen.
Complexes: Probing the Identity Perhaps the most important feature of the two hydrox-
of the C4 Substituent ylamine MtmB complexes is the fact that hydroxylamine
As mentioned previously, another major goal has been addition stabilizes the L-pyrrolysine five-membered ring
to obtain structures of MtmB with the pyrroline ring of in a single conformation. This assertion is based on the
L-pyrrolysine locked into a single orientation. In light of absence of difference electron density around the ring,
the apparent ability of ammonia to alter the orientation and from results obtained by occupancy refinement of
of this ring from orientation 1 to orientation 2, one of the pyrroline ring both as a group and as individual
the first approaches explored was the use of hydroxyl- atoms (Supplemental Table S1, available online at http://
amines to promote complete conversion to the second www.chembiol.com/cgi/content/full/11/9/1317/DC1).
form. Since hydroxylamines are known to be better nu- The uniformity in these hydroxylamine structures is sig-
cleophiles than amines due to the � effect [13, 14], it was nificant given the inherent difficulties that the dual con-
expected that they would add rapidly with the activated formation creates in characterizing the amino acid.
imine bond of L-pyrrolysine upon soaking. Moreover, it In particular, while the magnitude of the electron den-
was thought that hydroxylamines would exhibit faster sity for the C4-substituent of the pyrroline ring in the
“on” rates than amines, resulting in a shift of the equilib- previous native and ammonia bound structures was
rium to the bound state potentially leading to its com- consistent with a methyl, hydroxyl, or amino group, due
plete addition. to the disorder, we were unable to make a more definitive

The structure of the hydroxylamine MtmB complex at assignment [9]. Taking advantage of the single pyrroline
2.0 Å resolution (Figure 4) reveals that, like ammonia, conformation for both the hydroxylamine and N-hydrox-
hydroxylamine can add to the imine carbon. As pre- ylamine MtmB complexes, occupancy refinement for
dicted, the hydroxylamine-bound L-pyrrolysine adopts the atoms of their L-pyrrolysine pyrroline rings was per-
a much more ordered conformation that provides clear formed with the C4 substituent as a methyl, hydroxyl, or
electron density for both the added hydroxylamine sub- amino group [9]. In both cases, a methyl group provided
strate and also the C4 substituent. There are unexpected the best fit for the identity of the C4-substituent.
differences in the mode of addition, however, with hy- For the hydroxylamine MtmB complex, for example,
droxylamine adding more to the opposite face of the group occupancy refinement of the five-membered ring
pyrroline ring than ammonia (Figure 4). This feature re- as a 4-methyl-pyrroline yielded a value of 1.01, consis-
sults in a different mode of interaction with the protein tent with full occupancy of the ring. Subsequent occu-
pocket. While in the previous structure of MtmB deter- pancy refinement as individual atoms gave an occupancy
mined in the presence of (NH4)2SO4, ammonia addition of 0.87 for the C4-methyl substituent (Supplemental Table
appeared to shift the equilibrium toward orientation 2; S7). Conversely, occupancy refinement as a 4-hydroxy-

pyrroline resulted in a much lower occupancy (occu-in this case, hydroxylamine addition shifts the equilib-
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Figure 4. MtmB Active Site Following Reaction with Hydroxylamines

Left product, 2Fo � Fc electron density map (1.5�) of MtmB hydroxylamine complex. Middle, Stick diagram of L-pyrrolysine bound to
hydroxylamine. Right, 2Fo � Fc electron density map (1.5�) of MtmB methyl-hydroxylamine complex. Carbons are colored in tan, oxygens in
red, and nitrogens in cyan.

pancy � 0.58) for the oxygen atom of the hydroxyl ress toward this objective, with the first chemical synthe-
sis of L-pyrrolysine.group - indicating that the fitted atom was too large for

the experimental electron density. Similar refinements The main challenge in the chemical synthesis of
L-pyrrolysine was the preparation of the (4R, 5R)-4-with an amine as the C4-substituent were slightly better,

but the occupancy of the amine nitrogen (occupancy � methyl-pyrroline-5-carboxylic acid. While proline deriv-
atives would appear to be ideal precursors for preparing0.69) was still significantly lower than the other atoms

of the pyrroline ring. Nearly the same results are ob- the pyrroline ring, we were unable to identify a method
by which to specifically oxidize it to give a pyrroline withtained from analysis of the MtmB methyl-hydroxylamine

complex. Together, these occupancy refinement studies the desired N1-C2 double bond (Figure 1). One route that
might initially be considered is the Shono oxidation [15].support a methyl group as the identity of the C4-substi-

tutent, with only a slight possibility of it being an amino The Shono oxidation can be used to oxidize N-acety-
lated prolines to give an eneamide that upon deprotec-group.

In order to explore the possibility of an amino group tion yields an enamine with a C2-C3 pyrroline double
bond. In contrast, the pyrroline in L-pyrrolysine containsmore critically, we examined the potential hydrogen

bonding interactions of the C4-substituent with the pro- an imine with an N1-C2 double bond (Figure 1). This
tendency to form a C2-C3 double bond is a general prob-tein. If the C4-substituent was an amine, it should be

protonated and should prefer to interact with carboxyl- lem for most of the nonenzymatic methods for con-
verting prolines to pyrrolines [16]. For those transforma-ate side chains that lie near the active site. Analysis of

the various MtmB structures revealed no evidence for tions of proline that do form an imine bond, the problem
is that these methods generally lead to an imine bonda salt bridge in any the conformations of L-pyrrolysine.

While we initially considered the possibility of a potential between the N1-C5 bond, not the N1-C2 bond [17, 18].
Thus these approaches to generate the desired pyrrolinehydrogen-bonding interaction of the pyrroline C4-sub-

stituent in orientation 1 with the hydroxyl of Tyr 335, ring from proline are nontractable, since they lead to
the wrong regioisomers.further examination revealed these interactions to be

long, �3.1 Å, and the position of Tyr 335 to be generally A viable strategy, however, appeared to be via synthe-
sis of the 4-Me-substituted glutamate �-semialdehyde,unaffected by the different pyrroline ring orientations.
which upon cyclization, would give the desired pyrrolineThus we were unable to find evidence for the C4-subsi-
ring. Following the methodologies developed by Belo-tuent being a protonated amino group. These data com-
kon et al. (Figure 5) [19–22], asymmetric Michael additionbined with the electrospray MS data of the full-length
of (E )-2-butenal to the glycine moiety of the nickel com-protein, 50,105 � 2 Da (methyl group [50,107 Da], amino
plex 4 gave the nickel-associated glutamate �-semialde-group [50,108 Da], hydroxyl group [50,109 Da]) [9], have
hyde 5 with the desired stereochemistry as confirmedled us to assign to a 4-methyl-pyrroline-5-carboxylate
by single crystal X-ray analysis. Degradation of 5 inattached to the �-nitrogen of lysine.
acidic methanol yielded the 4-methyl-pyrroline methyl
ester 6. Hydrolysis and subsequent amide coupling of

Chemical Synthesis of L-Pyrrolysine the generated carboxylate with amine 2 gave the trifluo-
With L-pyrrolysine chemically identified, we wished to roacetate-protected L-pyrrolysine 7. Deprotection of 7
isolate it in order to characterize its properties and to following treatement with LiOH gave L-pyrrolysine 8 as
enable studies directed toward elucidating its mecha- the lithium salt. The detailed experimental procedures
nism of incorporation into proteins. Since L-pyrrolysine are provided as supplemental data (see http://www.
had not been previously obtained by either biochemical chembiol.com/cgi/content/full/11/9/1317/DC1).
or synthetic methods, it was necessary to develop a As the carbanion intermediate generated by removal

of the C5 proton would be stabilized by conjugation withstrategy by which to prepare it. We report here our prog-
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Figure 5. Synthetic Scheme Used to Synthesize L-Pyrrolysine

Reagents and conditions: (a) TFAA, Et3N, CH2Cl2 rt, 85%; (b) H2, Pd/C, MeOH, rt, 99%; (c) iPrOH, KOH, BnCl, rt, 83%; (d) SOCl2, CH2Cl2, then
o-aminobenzophenone, rt, 89%; (e) glycine, Ni(NO3)2, KOH, MeOH, reflux, 96%; (f) DBU, CH2Cl2, crotonaldehyde, rt, 97%; (g) HCl (concd.),
MeOH, reflux, then TMSCl, MeOH, rt, 43%; (h) LiOH, THF:H2O (3:1), rt, �100%; (i) 2, DPPA, Et3N, DMF, rt, 31%; (j) LiOH, THF-MeOH-H2O
(2:2:1), rt, 98%.

the imine and amide pi-bonds, we were concerned that These findings have important implications for the role
and presence of the C4-substituent in L-pyrrolysine. Inthe likely acidity of the C5 proton could lead to deproto-
addition to the likely role of the C4-substituent in main-nation and subsequent epimerization during the base
taining the stereointegrity at the otherwise chirally labiledeprotection step (Scheme 1, step j). Molecular mechan-
C5 site, the greater stability of the trans geometry sug-ics calculations using MOPAC (Cambridge Soft: Chem3D
gests one plausible route for the biosynthesis of thePRO), however, predict that the form of L-pyrrolysine
4-substituted (4R, 5R )-pyrroline-5-carboxylate compo-with a trans geometry for the C4-methyl and C5-amide
nent from natural (S )-configured amino acids. For exam-substituents has a 5 kcal/mol lower heat of formation
ple, enantioselective replacement of a methyl groupthan the corresponding cis isomer. Thus one might ex-
onto C4 of L-pyrroline-5-carboxylate, an intermediatepect that the greater thermostability of the trans geome-
in the interconversion between proline and glutamate,try could hinder epimerization—a result that would be
followed by epimerization at C5 would yield the 4-substi-significant in that it would provide a potential role and
tuted (4R, 5R )-pyrroline-5-carboxylate component inexplanation for the presence of the C4-substituent in
two steps, as would epimerization followed by replace-L-pyrrolysine.
ment (Figure 6). While the brevity of this route would beThe expected lability of the C5 proton was verified by
consistent with the limited number of proteins encodeddissolving compound 7 in CD3OD, and monitoring the
in the gene cluster associated with L-pyrrolysine biosyn-loss of the C5 proton resonance in the presence of cata-
thesis [10], it should be emphasized that there are otherlytic NaOD, and its reappearance following a 1-day
precursors and pathways that nature could use to syn-MeOH incubation (Figure 6). To test whether the obligate
thesize L-pyrrolysine.carbanion intermediate leads to epimerization, COSY

With successful synthesis of L-pyrrolysine confirmed,and NOESY experiments were carried out on the purified
the next step was to characterize its physical properties.L-pyrrolysine lithium salt 8. These studies revealed that
While most amino acids have no absorption at 280 nm,while the C5 proton did undergo exchange, the trans
Trp and Phe absorb in this range due to 	-	* transitionsgeometry of the C4-methyl substituent and the C5-car-
of their aromatic rings, and thus one might expectboxylate was maintained—thus no epimerization took
L-pyrrolysine to have similar absorptions due to theplace.
Schiff base moiety. Indeed, in methanol, 8 exhibited a
shoulder at 310 nm (�, 35.4 M�1cm�1). In water, however,
no major absorptions above 220 nm were observed.

Another issue of interest was the chemical stability of
L-pyrrolysine. Given the presence of the imine and am-
ide bonds in L-pyrrolysine, it might be expected to be
susceptible to extremes of pH. Additionally, previous
attempts to isolate MtmB peptide fragments containing
the UAG-encoded amino acid found only lysine [8]. Thus,
insight into chemical stability of L-pyrrolysine was
thought to be of importance to guide attempts to isolate
it from biological sources.Figure 6. Potential Insight into the Role of the C4-Substituent

One observation made during the synthesis of L-pyr-Top, treatment of L-pyrrolysine with NaOD in MeOH leads to depro-
rolysine was the inherent instability of the pyrroline ring.tonation, but no epimerization. Bottom, one possible pathway for
Purified compound 6 decomposed within one week atL-pyrrolysine biosynthesis based on the chiral stability provided by

the C4-substituent. 4
C to give a complex mixture. The pyrroline ring was
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Table 1. Data Processing and Refinement Statistics

Data set Dithionite NH2(OH) Me-NH(OH)

Space group P6322 P6322 P6322
Cell parameters (Å) a � b � 158.82, a � b � 158.17, a � b � 157.99,

c � 136.33 c � 136.21 c � 136.91
Wavelength (Å) 0.8270 0.9920 1.0800
Resolution range (Å) 20.0–1.8 20.0–2.0 20.0–2.2
Observations/unique 515,977/92,028 481,711/67,189 313,011/51,381
Completeness (%)a 98.3 (95.9) 98.9 (99.6) 99.9 (100.0)
Rsym (%)b 6.5 (34.7) 17.7 (59.3) 10.6 (33.5)
No. of protein (additive) atoms 3491 (12) 3491 (10) 3491 (11)
No. of solvent molecules 471 462 461
Rcrystal

c (Rfree)d (%) 17.4 (18.6) 16.5 (18.2) 14.5 (16.7)
B factor of protein (Å2) 19.5 21.7 25.4
B factor of pyrrolysine (Å2) 21.4 (24.2)e 24.1 26.4
Rmsd of bond distance (Å) 0.005 0.005 0.005
Rmsd of bond angles (
) 1.187 1.172 1.171

a The numbers in parentheses are for the highest resolution shell.
b Rsym (I) � �h�i|Ii � I|/�h�i I, where I is the mean intensity of the i observations of reflection h.
c Rcrystal � 100 � �|Fobs � Fcalc|/�|Fobs|, where Fobs and Fcalc are the observed and calculated structure factors, respectively.
d Rfree is the same as Rcrystal, and was calculated using 10% of the data excluded from refinement.
e The number in parentheses is for the 2nd conformation of pyrrolysine.

stabilized, however, upon amide linkage to lysine. Pro- characterization of the peptide fragment containing the
UAG encoded amino acid gave MS and Edman degrada-tected 7 and deprotected forms of L -pyrrolysine 8 were

much more stable at 4
C and neutral pH, although over tion data consistent with lysine, one fundamental ques-
tion was whether loss of the pyrroline component wastime, decomposition was still observed.

As amide bonds are base sensitive, it appeared likely due to this TFA exposure [8].
To evaluate apparent instability of L-pyrrolysine tothat L-pyrrolysine would degrade at high pH. To examine

these issues, the synthetic L-pyrrolysine was treated TFA, the chemically synthesized L-pyrrolysine 8 was
placed in a 10% v/v TFA/MeOH solution and monitoredwith either NaOH or LiOH and TLC was used to monitor

its stability. While the stability of L-pyrrolysine was fairly by TLC. Under these conditions, L-pyrrolysine was
found to undergo rapid conversion to give a new, morestable under weakly basic conditions, at high pHs partial

degradation of the amino acid could be slowly observed polar band. Purification and characterization of this
band by MS and NMR suggested that, while the majorover a period of days. In the presence of 1 M NaOH, a

new band formed over time with an Rf corresponding product contained both the lysine and pyrroline compo-
nents, its pyrroline ring was modified—possibly due toto free lysine. Treatment of 8 with 1 M LiOH also led to

degradation, although here two bands were observed tautomerization of the N1-C2 imine to either the C2-C3

enamine or N1-C5 imine. Thus while TFA treatment doeson the TLC plate. One band was determined to be a
mixture of products by NMR, while the other band was not appear to lead to separation of L-pyrrolysine’s lysine

and pyrroline components, it does result in the decom-confirmed to be lysine by its Rf, MS, and NMR. Although
free pyrroline-5-carboxylate could not be detected, the position of L-pyrrolysine to a new species.

These results have important implications on theappearance of lysine demonstrates that amide cleavage
of L-pyrrolysine occurs at high pH. Based on the slow study of L-pyrrolysine. For example, electrospray MS

data of peptides are collected in the presence of a smallrate of this degradation, however, L-pyrrolysine appears
to be able to tolerate short-term exposure to even amount of a weak organic acid to generate the positively

charged ion. In light of the extreme acid sensitivity ofstrongly basic conditions.
L-Pyrrolysine was found to be extremely sensitive to L-pyrrolysine, these results suggest that while acid

treatment may not necessarily alter the measured mass,acid. This instability was initially suggested during at-
tempts to prepare the amino acid using Boc-protected the species being measured following such acid expo-

sure may not in fact be L-pyrrolysine. While the TFAlysine (Supplemental Figure S1, available at http://www.
chembiol.com/cgi/content/full/11/9/1317/DC1). While concentrations used to study the stability of L-pyr-

rolysine are higher than typical MS experiments, theyamide coupling of the pyrroline carboxylate to the Boc-
protected lysine could be achieved, Boc deprotection nevertheless highlight the importance of maintaining

neutral pH conditions when attempting to study thisunder standard acidic conditions (TFA in CH2Cl2) failed,
leading to a mixture of decomposition products. amino acid.

Perhaps the most exciting finding that resulted fromThis observation was significant, since previous at-
tempts to isolate fragments of the MtmB to identify the the chemical synthesis of L-pyrrolysine, however, was

the demonstration that its presence could promoteUAG amino acid used a TFA/CH3CN gradient as the
eluent [8]. Importantly, following purification of the target readthrough of the mtmB UAG codon in E. coli. coex-

pressing the genes encoding the L-pyrrolysine tRNApeptide fragments, the TFA/CH3CN eluent was removed
by evaporation, meaning that these fragments were ex- and pyrrolysyl-tRNA synthetase [11]. Together with the

previously reported mass spectroscopic measurementsposed to fairly high concentrations of TFA. Given that
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and SBC 19BM beamlines at the Advance Photon Source (APS) at[9] and the crystallographic data presented within this
Argonne National Laboratory. Data processing and reduction weremanuscript, these findings build a strong case for
performed by either using the program HKL2000, or the relatedL-pyrrolysine’s correct identification.
programs DENZO and SCALEPACK (Table 1) [23]. The structure of
each additive-bound complex was determined using the native
MtmB structure (PDB entry: 1NTH [9]) as the starting model. ModelSignificance
building and refinement were performed using the programs O [24]
and CNS [25], respectively (Table 1). The additives were modeledThe 22nd genetically encoded amino acid, L-pyrroly-
based on the resulting 2Fo � Fc and Fo � Fc electron density maps.sine was first identified based on the electron density
The figures depicting the protein molecule and its electron density

from two different crystal forms of a methanogen were prepared with the programs PyMOL [26], Xtalview [27], and
monomethylamine methyltransferase (MtmB). While Raster 3D [28].

Occupancy refinement of the pyrroline ring both as a group andL-pyrrolysine was disordered in both crystal forms,
as individual atoms was performed using the program CNS [25].the electron density could be modeled as two distinct
The occupancies of the C4-substituent as a methyl, amino, andconformations of a 4-substituted-(4R, 5R)-pyrroline-
hydroxyl group were determined by two methods. The first method5-carboxylate attached to the �-nitrogen of lysine. The
involved refining the coordinates and thermal values with three dif-

key evidence for the presence of the pyrroline imine ferent substituents followed by occupancy refinement. While this
bond was based on the observed partial (60%) addition method was effective, it was found that some of the occupancy

differences were masked by increased thermal parameters. Thusof ammonia to the pyrroline C2 carbon in one of the
for the second method, the MtmB coordinates with a methyl groupcrystal forms. The work detailed in this manuscript
C4-substituent was used as the starting model. Following alterationprovides additional support for its current assignment
of the substituent to either an amino or hydroxyl group, the coordi-as determined from structures of MtmB following re-
nates were refined, but no refinement of the thermal factors was

action with hydroxylamine, N-methyl-hydroxylamine, performed prior to the individual occupancy analysis. These data,
or dithionite. In each case, nearly complete addition which are reported in Supplemental Table S1, clearly support a

methyl group as the identity of the C4-substituent.of the substrate to the C2 position pyrroline ring is
observed. Importantly, in the structures of both hy-

Supplemental Datadroxylamine MtmB complexes, the L-pyrrolysine’s
Supplemental Data for this article is available online at http://pyrroline ring adopts a single conformation. Occu-
www.chembiol.com/cgi/content/full/11/9/1317/DC1.

pancy refinement of the C4-substituent for these com-
plexes as either a methyl, amino, or hydroxyl group, Acknowledgments
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