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Abstract

Histidine is a unique amino acid with an imidazole side chain in which both of the nitrogen atoms
are capable of serving as a proton donor and proton acceptor in hydrogen bonding interactions. In
order to probe the functional role of histidine involved in hydrogen bonding networks, fine-tuning
the hydrogen bonding potential of the imidazole side chain is required but not feasible through
traditional mutagenesis methods. Here, we show that two close mimetics of histidine, 3-methyl-
histidine and thiazole alanine can be genetically encoded using an engineered pyrrolysine
incorporation machinery. Replacement of the three histidine residues predicted to be involved in
an extended charge-relay system in alanine racemase with 3-methyl-histidine or thiazole alanine
shows dramatic loss in the enzyme's catalytic efficiency, implying the role of this extended charge-
relay system in activating the active site residue Y265, a general acid/base catalyst in the enzyme.
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Among the 20 canonical amino acids, histidine is unique in many ways. It is the only amino
acid with an aromatic but hydrophilic side chain. As illustrated in Figure 1, the imidazole
side chain can attain two possible neutral forms, in which either of the two nitrogen atoms
can serve as a hydrogen bond donor or a hydrogen bond acceptor. When protonated, the
positive charge can oscillate between the two nitrogen atoms for initiating favorable charge-
charge/dipole interactions in proteins. Due to this unique feature histidine has been found in
many catalytic charge relay systems in enzymes, coordinating charge or proton transfer
during catalysis, most commonly observed in catalytic triads and catalytic diads in proteases
and other hydrolytic enzymes.(1, 2) To probe the role of histidine in enzymatic reactions, it
is usually mutated to another residue such as alanine, asparagine or phenylalanine. Although
useful for the investigation of histidine functions, none of these amino acids can accurately
imitate the unique characteristics of histidine. Genetic incorporation of structurally similar
histidine analogs can prove to be a very effective tool in studying biological roles of
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histidine residues in enzymes by fine tuning hydrogen bonding potentials of the histidine
side chain. As demonstrated by Hsieh et al. (1979), to ascertain the role of a histidine residue
in a hydrogen-bonding network in an enzyme, substitution of this residue by histidine
derivatives so as to deprive the availability of proton on pyrrole (-NH) nitrogen or to block
the proton acceptor site of pyridine (-N) nitrogen of histidine residue can greatly help in
determining its function as a proton donor/acceptor or a general acid-base in the enzyme.(3)
Besides genetic incorporation of histidine mimetics, techniques such as native chemical
ligation (NCL)(4-6) or the use of auxotrophic bacterial strains(7, 8) can also be utilized for
studying a system involving histidine mimetics. However limitations such as the
modifications possible(9) and the length of the peptide(10) that can be synthesized via NCL,
toxicity of noncanonical amino acid (NCAA) being incorporated in cellular system and
undesirable misincorporation via the use of auxotrophic strains(11) render these techniques
inadequate for studying complex enzymatic systems, consequently directing the use of
genetic incorporation of NCAAs as the preferred technique.

In order to create a mutagenic system that genetically incorporates NCAAs that closely
mimic histidine for fine tuning of histidine-involved hydrogen bonding interactions, we
referred to the engineering of the pyrrolysine incorporation machinery.(12) We set our sights
on the incorporation of histidine analogs such as 3-methyl-histidine (Mh) and thiazole
alanine (Ta), as both are close histidine mimetics. We have previously shown that a
rationally designed pyrrolysyl-tRNA synthetase variant with the mutations N346A/C348A
(PYIRS(N346A/C348A)) can recognize a large number of phenylalanine derivatives and,

together with its cognate tRN AE&’ mediate their incorporation into proteins at amber
(TAG) codons in Escherichia coliand mammalian cells.(13),(14) Given the similarity
between some phenylalanine derivatives and histidine analogs we predicted that this same
enzyme can also recognize these NCAAs and direct their incorporation into proteins at

amber codons. To test this proposition, £. co/i BL21 cells coding PyIRS(N346A/C348A),

tRNAgglA, and superfolder green fluorescent protein (sfGFP) with an amber mutation at the
S2 position were grown in minimal media supplemented with 5 mM Mh or Ta. For both
NCAAs, their presence in the growth media promoted the suppression of the amber mutation
in sfGFP and the subsequent full-length protein expression. Without providing a NCAA, no
full-length sfGFP was expressed (Figure 2A). The electrospray ionization mass spectrometry
(ESI-MS) analysis of the purified proteins detected molecular weights of 27,732 Da for the
Mh-incorporated protein and 27,735 Da for the Ta-incorporated protein that agree well with
the theoretical molecular weights (27,733 and 27,736 Da, respectively), confirming the
selective incorporation of these two NCAAs and the high fidelity of the incorporation

system (Figure 2B). Mh has also been genetically encoded using an alternative system.(15)

We envisioned that the incorporation of both Mh and Ta can be applied to probe
fundamental roles of histidine in charge-relay systems of enzymes. Instead of probing well
studied catalytic triads and diads, we chose to investigate histidine functions in a potentially
extended charge-relay system in alanine racemase (EC 5.1.1.1). Alanine racemase has
become a promising drug target since the discovery of its key role in the formation of
peptidoglycan in bacterial cell walls.(16-20) Mechanistic illustration of this enzyme may
facilitate the identification of inhibitors(21-27) that can serve as novel antibiotics. This
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Pyridoxal 5’-Phosphate (PLP)-dependent enzyme catalyzes the interconversion of L-alanine
to D-alanine.(28-30) Although it is one of the most well studied enzymes, information on
several aspects of its mechanism remains elusive. It is known that alanine racemase employs
a two-base catalytic mechanism in which K39 and Y265 residues act as general acid/base
catalysts(31) (Figure 3A). In the racemization reaction from D-alanine to L-alanine, D-
alanine first reacts with PLP to form an external aldimine. K39 then abstracts the a proton
from this external aldimine to generate a quinonoid intermediate that receives a proton from
Y265 to form a second external aldimine. L-alanine is then released from this external
aldimine as the final product. The whole catalytic process is fully reversible. pH profile
studies have indicated that the phenolic hydroxide of Y265 has a pKa value around 7.1-7.4,
contributing to a very high catalytic rate of wild-type alanine racemase with a &,/ Ky of 1.6
(0.2)x10% M-151,(32) We predicted the existence of an extended charge-relay system and
hydrogen bonding network involving residues E161, H127, H200, R219, H166, and Y265 in
alanine racemase that are potentially involved in bringing down the pKa of the Y265 side
chain hence affecting the catalytic activity of the enzyme (Figure 3B). E161 is solvent
exposed as determined by the active site structure of alanine racemase from Bacillus
stearothermophilus (PDB: 1SFT).(33) There are three histidine residues involved in this
proposed charge-relay system. It has been shown that H166 coordinates the activation of
Y265 by R219.(32) Although H127 and H200 are distal from Y265, they potentially serve
critical roles in the activation of Y265 through this charge-relay system with the extended
hydrogen bonding network. To test this proposition and directly observe how hydrogen
bonding interactions contribute to the final activation of Y265, we decided to substitute these
two residues in addition to H166 with either Mh or Ta using our established system for the
incorporation of these two NCAAs. In total, six alanine racemase mutants containing these
NCAAs were expressed and purified to homogeneity. Circular dichroism analysis of purified
proteins indicates that they all fold like the wild-type enzyme (Figure 4). This is an expected
observation given that both Mh and Ta are highly analogous to histidine with Ta being
almost spatially identical to histidine. Two mutants H166Ta and H166Mh were also
characterized by the mass spectrometry analysis to confirm the incorporation of Ta and Mh
(Supplementary Figures S2 and S3). Catalytic activity of these mutant enzymes along with
wild-type alanine racemase enzyme was characterized according to the methods of Sun et a/.
(32) and the determined values are presented in Table 1.

Substituting any of the three histidines predicted to be involved in the charge-relay system
with either Mh or Ta has a dramatic effect on the enzyme's catalytic activity. All of the
generated mutants displayed diminished activities with more than 100-fold decrease in A4
in comparison to their wild-type counterpart. Given the established role of H166 in the direct
activation of Y265, low activities of mutants H166Mh and H166Ta are expected. However,
H127 and H200 are distal from Y265 with no direct interaction possible between the
tyrosine and histidine residues. Both of these residues are more than 10A away from the
catalytic site and more than 15A away from the phenolic hydroxide group on the side chain
of Y265. Therefore, such a drastic decrease in activity observed for H127 and H200 mutants
strongly suggests that the side chains on these histidine residues are involved in activation of
Y265 residue. Although the methyl group of Mh potentially disrupts the orientation of
vicinal amino acid side chains of H127 and H200 when these two sites are substituted with
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Mh, Ta is spatially similar to histidine and therefore its substitution at H127 and H200 is
expected to have minimal impact on the local protein structure around H127 and H200
residues. Unlike histidine whose two side chain nitrogen atoms can both serve as donor and
acceptor roles in hydrogen bonding interactions, the low pKa (~2) of the thiazole side chain
of Ta dictates that both nitrogen and sulfur in the Ta side chain can only serve as hydrogen
bond acceptors. This implies that the proton transfer chain as suggested by us, where the
phenolic group of Y265 accepts a proton from the side chain of H166 which in turn accepts
a proton from R219 and then extending this charge relay system, the side chain of H200
donates a proton to R219 while accepting a proton from the side chain of H127, would be
interrupted on changing the proton donating ability of all the histidine residues involved.
This is illustrated by the diminished activity of enzyme observed by replacing H127, H200,
and H166 with Ta, suggesting that the hydrogen bonding network in the predicted extended
charge-relay system is disrupted and subsequently prohibits the direct activation of Y265 by
this charge-relay system. All the mutant enzymes retain similar basal level activities possibly
due to the access of Y265 to water molecule which acts as a substitute to the charge-relay
system in activating the Y265 residue.

On the contrary to their dramatic decreased k4 values in comparison to the wild-type
enzyme, H200Ta, H200Mh, H127Ta, and H127Mh have K}, values almost identical to that
of the wild-type enzyme. This is expected since both H200 and H127 are distal to the active
site and their replacement with Ta and Mh minimally affects the active site structure.
However, both H166Ta and H166Mh have K, values 4-fold lower than that of the wild-type
enzyme. In comparison to histidine, both Ta and Mh are more hydrophobic. Their
replacement of H166 may create a more hydrophobic active site environment that favors the
substrate reaction with the bound PLP. For comparison purpose, we also expressed and
determined catalytic activities of HL66A and H166F mutants. Although both mutants show
K¢ values not much lower than H166Ta and H166Mbh, they have much higher K, values,
leading to overall .,/ K,; values more than 10 fold lower than those of H166Ta and
H166Mh. This observation may be because Ta and Mh mimic histidine better than ala and
phe and therefore minimally disrupt the substrate binding when replacing H166. When
H166, H200, and H127 are all replaced with Ala, the afforded mutant has a very low activity
as expected. We also mutated H125, a histidine not part of the potential charge relay system,
to Ta and determined the activity of the afforded H125Ta mutant to serve as a control. As
expected we observe no significant change in k.4 by introducing this mutation, the result
indicates that H125Ta is solvent exposed and does not play any significant role in the
activity of the enzyme as this surfaced exposed residue is far away from the active site of the
enzyme. A similar mutation at H125 to alanine also caused insignificant change to the
catalytic activity of the enzyme. CD spectra of the wild-type enzyme and two H125 mutants
are very similar, indicating no significant structural differences between them (Figure S4).

In summary, we have shown that the two close mimetics of histidine, Mh and Ta, can be
genetically incorporated into proteins at amber codons using an engineered pyrrolysine
incorporation machinery. Given their spatial resemblance and contrasting hydrogen bonding
characteristics, replacing a histidine in a protein with Mh or Ta is expected to introduce
minimal impact on the protein secondary structure, allowing for the fine tuning of the
hydrogen bonding interactions critical in their enzymatic activity. By tweaking the hydrogen
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bonding interactions in a potentially extended charge-relay system by replacement of
histidine residues involved in this system with Mh and Ta, we have demonstrated the
possibility that all the histidine residues in this charge-relay system, H166, H200 and H127,
coordinate the activation of the Y265 residue at the active site for catalysis, therefore
suggesting the existence of this extended charge-relay system. The reported method can be
easily adapted to study functional roles of histidine in many proteins and enzymes and is
expected to have profound impact in the biochemistry research area. One drawback of the
reported method is the disruption of the hydrogen bonding system. An alternative solution is
to the genetically incorporate fluorohistidines that allows fine tune histidine pKa while
maintaining all the hydrogen bonding potential. The engineering of the pyrrolysine
incorporation system for the genetic incorporation of fluorohistidines is currently underway.

E. coli Top10 were co-transformed with a pEVOL-pylT-PyIRS(N346A/C348A) plasmid

containing tRNAgﬁA and two copies of PyIRS N346A/C348A mutant (previously reported)
(34) and a pBAD plasmid containing the gene encoding alanine racemase (AlaR).
QuickChange® mutagenesis was performed to obtain three different alanine racemase
mutants with the following mutations: HI66 TAG, H200TAG and H127TAG (See Supporting
Info). The transformed cells were grown overnight at 37°C, 250 rpm, in auto-induction
media(35) and supplemented with 2 mM of the NCAA to obtain six corresponding mutant
enzymes (Yield and mass spectra data provided in Supporting Info).

To study the activity of the alanine racemase enzyme and its derivatives, the enzyme kinetic
activity assay was employed. The assay consisted of coupled reactions between conversion
of D-alanine to L-alanine and subsequent reaction of L-alanine with L-alanine
dehydrogenase to form NADH which is detectable by its absorbance at 340 nm. All the
reactions were carried out at room temperature in a buffer containing 50 uM PLP (Pyridoxal
Phosphate), 0.1 M KCI, 0.1 M CHES (N-Cyclohexyl-2-aminoethanesulfonic acid) Buffer
(pH 9.0), 10 mM NAD*, and 0.1 — 10 mM D-alanine and 2 units/ml of L-alanine
dehydrogenase.(32) The extinction coefficient of NADH used for calculations was 6220 M1
cm1. The enzyme concentrations were 0.11 nM for WT, 0.09 uM for H166Ta, 0.16 uM for
H166Mh, 0.17 pM for H200Ta, 0.12 uM for H200Mh, 0.17 uM for H127Ta and 0.37 uM for
H127Mh. The calculated kinetic parameters kgt and Agat/ Ky values are shown in Table 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Neutral and charged states of histidine in proteins.
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(A) The selective incorporation of Mh and Ta into sfGFP at its S2 position. (B) ESI-MS
analysis of the two purified proteins incorporated with Mh and Ta.
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Figure 3.
(A) The catalytic mechanism of alanine racemase. (B) The potentially extended charge-relay

system for the activation of Y265 in the alanine racemase active site.
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Circular dichroism spectra of wild-type alanine racemase and its six mutants.
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T 0Tx(0)9T A T (0Tx(T0)G¢E adAy piim
Wiy Y (ESp-IN) M () Wy ®y py (55) ™ awAzug
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