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Optimising in situ click chemistry: the screening and
identification of biotin protein ligase inhibitors†
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A ‘leaky mutant’ (SaBPL-R122G) of Staphylococcus aureus biotin protein ligase (SaBPL) is used to enhance

the turnover rate for the reaction of biotin alkyne with an azide to give a triazole. This allows the enzyme to

select the optimum triazole-based inhibitor using a library of such azides in a single experiment with

greatly improved efficiency and sensitivity of detection, difficulties that can restrict the general utility of

a multi-component in situ click approach to ligand optimisation.
Introduction

The Huisgen cycloaddition of an alkyne and an azide can, in
special cases, be catalysed by an enzyme in what is referred to as
in situ click chemistry.1–17 This then provides the basis of an
elegant approach for identifying enzyme inhibitors, where the
target enzyme is used to select the optimum combination of
azide and alkyne pairs from a library of each structure. Once
bound in the active site, they assemble into the corresponding
triazole-based inhibitor.4,15,16 However, the goal of producing
high-affinity inhibitors can be a limitation of this methodology,
since tight binding inhibitors oen remain associated in the
protein's active site, thereby preventing multiple rounds of
catalysis. Here we present an example of in situ click chemistry
that overcomes these inherent limitations, whereby the target
enzyme (biotin protein ligase, BPL) is specically engineered to
promote efficient catalytic turnover and hence Huisgen cyclo-
addition. Such an approach provides an alternative to simply
trying to detect low levels of products by mass spectrometry,
where minor products might simply be formed at or close to
background levels.

Our choice of target enzyme for this study was motivated by
our recent report that triazoles (e.g. 1, see Scheme 1) are potent
and selective inhibitors of BPL from the clinically important
bacterial pathogen Staphylococcus aureus (Sa).18 Importantly,
examples of these triazoles also inhibit the growth of these
bacteria.18 The function of BPL is to catalyses the stepwise
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formation of biotinyl-50-AMP (which the triazoles mimic) from
biotin and ATP,19 see Scheme 1. Biotinyl-50-AMP then enables
biotinylation of enzymes central to fatty acid biosynthesis20 and
Scheme 1 SaBPL catalysed reaction of biotin and ATP (top) and synthesis of
1,4-triazole 1 from biotin alkyne 2 and azide 3 (bottom).

Chem. Sci., 2013, 4, 3533–3537 | 3533



Chemical Science Edge Article
the tricarboxylic acid cycle.21 The triazoles are prepared by
copper catalysed Huisgen cycloaddition of biotin alkyne 2 and
adenosine azide 3 fragments as depicted in Scheme 1.18

We deemed SaBPL to be an ideal candidate for in situ click
chemistry since its active site has two well-dened pockets.
Initial binding of biotin to pocket one denes a biotin-binding
loop, consisting of residues T117–K131, which locks biotin in
place, while also dening a second pocket for the subsequent
binding of ATP. Reaction of the two then gives biotinyl-50-AMP
in what is a stepwise mechanism.18,22 Our X-ray crystal struc-
tures of SaBPL show that the biotin and ATP binding sites are
juxtaposed, with the phosphoanhydride linkage in biotinyl-50-
AMP residing between the two pockets.18 Thus they present an
opportunity to bind appropriate azide and alkyne partners for
subsequent triazole formation.
Results and discussion

An initial in situ experiment was performed using wild-type
SaBPL as a template to bind and catalyse Huisgen cycloaddition
of alkyne 2 (SaBPL Ki ¼ 0.30 � 0.03 mM)23 with azide 3, see
Scheme 1. Analysis of the crude product by reverse phase HPLC
(see Fig. 1a) indicated 1.07 � 0.1 mol of triazole formed per mol
of enzyme (see ESI† for detail). The product formed is presumed
to be the 1,4-triazole 1 (Ki ¼ 1.83 � 0.33 mM),18 given that the
alternative 1,5-isomer is inactive and hence unable to bind. For
comparison, in situ click catalysis by acetylcholinesterase gives a
similarly low conversion (2 � 1 moles of the triazole product for
every mole of active enzyme).2 Encouragingly the triazole 1 was
not evident in the absence of BPL, or using bovine serum
albumin, such that the observed chemical ligation is template
guided (Fig. 1c and d).

Given this preliminary success an in situ experiment was
attempted using the alkyne 2 and a small library of azides 3–7,
see Scheme in Fig. 2. The azide 3 was used as a reference, while
4–7 were designed to probe the importance of the furanose ring
Fig. 1 HPLC traces from the in situ click reactions of 2 and 3 as measured at
254 nm (a) in the presence of wild-type SaBPL, (b) in the presence of SaBPL-
R122G, (c) in the absence of enzyme, (d) in the presence of bovine serum albumin
instead of BPL, (e) in the presence of SaBPL-R122G and biotinol-50-AMP
(Rt 16 min). The arrow indicates the retention time of triazole 1.

Fig. 2 Analysis of BPL templated in situ click reactions of alkyne 2 with azides 3–7.
(a) In the presence ofwild-type SaBPL, HPLC (detection at 254 nm); (b) in the presence
of SaBPL-R122G, HPLC (detection at 254 nm) and (c) overlay of LC/MS-SIM traces for
SaBPL-R122G (black, off scale), SaBPL (blue) and control (red) with detection at m/z
471 for triazole 8 evident at 10.1 min and off scale for SaBPL-R122G.
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and also the length of the azide spacer with regards to potency.
However, in this case triazole products were not detected by
HPLC (see Fig. 2a), nor LC/MS-SIM above the level of back-
ground that was observed on reaction in the absence of enzyme,
see Fig. 2c (compare red and blue traces) for triazole 8. Others
have noted diminished sensitivity of triazole detection in a
multi-component experiments.4 We reasoned that our lack of
success reected a low turnover rate for the native BPL, an
inherent limitation of BPL and presumably other enzymes that
might be considered for use of in situ chemistry.

Attention was thus focussed on improving the catalytic effi-
ciency of the target enzyme, SaBPL. We suspected that the
before mentioned biotin-binding loop might be closing over the
active site to prevent diffusion of the synthesized triazole from
This journal is ª The Royal Society of Chemistry 2013
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the active site and thereby preventing efficient turnover. Of
particular signicance is R122, which is known to stabilise the
‘closed’ conformation through a complex network of interac-
tions with amino acid residues in the SaBPL dimer interface
and the C-terminal domain, as well as a water-mediated
hydrogen bond with D180 (see later and Fig. 4b). We reasoned
that an engineered variant of SaBPL, with R122 substituted by
glycine, would improve production of triazole 1 by increasing
the enzyme's turn-over rate. This proposal is supported by
studies with Escherichia coli BPL that have demonstrated that
mutation of the equivalent residue (R118) results in enhanced
dissociation rates for both biotin and biotinyl-50-AMP.24 The
leaky mutant was cloned and puried as detailed in ESI.†

Encouragingly, SPR and kinetic data (see Table in Fig. 3)
demonstrated that the affinities for both substrates (biotin and
MgATP) were not compromised by the amino acid substitution
(see also ESI Fig. S1, Table S1†). In addition, circular dichroism
spectra for the wild-type and R122G mutant were super-
imposable, demonstrating secondary structural conservation of
the two proteins (ESI Fig. S2†). However, the R122G mutant did
possess unique properties not observed in the wild-type protein
that were favourable for this study. Only SaBPL-R122G was able
to promiscuously biotinylate non-target bacterial proteins when
recombinantly expressed in E. coli, the result of increased
diffusion of the reactive biotinyl-50-AMP intermediate from the
enzyme (ESI Fig. S3†). This “leaky” phenotype was conrmed by
SPR, i.e. while the triazoles 1 and 8 show similar association
rates with the mutant and native enzymes, both clearly disso-
ciated more rapidly from the mutant, see Fig. 3. In particular,
the equilibrium dissociation constants for triazoles 1 and 8 with
SaBPL-R122G were determined to be >40-fold higher than with
the wild-type enzyme (see Table in Fig. 3). Thus, the R122G
mutant is an ideal candidate for the discovery of BPL inhibitors
using in situ click chemistry.

A subsequent in situ click reaction of biotin alkyne 2 (500 mM)
and azide 3 (500 mM) with SaBPL-R122G (2 mM) gave vastly
Fig. 3 Top: SPR profiles of triazole 1 binding to wild-type SaBPL (a) and SaBPL
concentration of triazole 1 and 8 used were: 5 mM (light green), 2.5 mM (purple), 1.25
0.036 mM (dark green), 0 mM (red). Bottom: equilibrium dissociation kinetics for bin
sensorgrams. Data were fitted to either a steady-state affinity model or 1 : 1 ligand
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improved formation of triazole (11.9 � 0.7 moles per mol of
enzyme (n ¼ 3)) by HPLC, see Fig. 1b. Triazole product was not
observed when SaBPL R122G was incubated with 2 and 3 in
the presence of a competitive BPL inhibitor, biotinol-50-AMP
(Ki ¼ 0.03 � 0.01 mM) (Fig. 1e). This clearly demonstrates that
the mutant enzyme SaBPL-R122G provides a template for
cycloaddition, with an increased turnover rate compared to the
wild-type enzyme. The ‘leaky mutant’ thus provides much
improved efficiency of reaction and sensitivity of detection.

The library experiment using biotin alkyne 2 (160 mM) and
azides 3–7 (320 mM each) was repeated using our ‘leaky mutant’
as depicted in Fig. 2. Analysis of the product mixture by HPLC
and LC/MS-SIM revealed efficient formation of 1,4-triazole 8
(see Fig. 2b and black trace in Fig. 2c that shows 8 off scale).
Interestingly, a trace of a second 1,4-triazole 1 (or its 1,5-triazole
regioisomer) was also detected marginally above background by
MS (see ESI Fig. S4f†), but not by HPLC (see Fig. 2b). This
observation is consistent with other multi-component in situ
experiments,4,15 where the higher affinity triazoles are formed to
a greater extent. In our case, there is an overwhelming bias
towards the formation of the more potent triazole 8 (Ki ¼ 0.66�
0.05 mM) over triazole 1 (Ki ¼ 1.83 � 0.33 mM). None of the other
possible triazole products were detected. As expected, control
experiments in the absence of BPL, or with bovine serum
albumin in place of SaBPL-R122G, (ESI, Fig. S4c–e†) failed to
give triazole product. As before, the addition of biotinol-50-AMP,
to the in situ experiment inhibited the formation of triazole
product (see ESI Fig. S4e†).

The 10 possible triazoles from the reaction of biotin alkyne 2
with the azide library (3–7) were independently synthesised and
characterised to conrm that SaBPL-R122G had indeed selected
and synthesised the most potent inhibitors of the wild type
SaBPL, see ESI Table S2.† Each compound was separately
assayed against wild type SaBPL in an in vitro biotinylation assay
to reveal that the 1,4-triazoles 1 and 8 were the only active tri-
azoles, with 8 being the most potent (Ki ¼ 0.66 � 0.05 mM cf.
-R122G (b) and triazole 8 binding to wild-type SaBPL (c) and SaBPL-R122G (d)
mM (grey), 0.625 mM (yellow), 0.31 mM (cyan), 0.15 mM (magenta), 0.075 mM (blue),
ding of biotin, AMP and triazoles to SaBPL and SaBPL-R122G obtained from SPR
binding model (see ESI† for details).

Chem. Sci., 2013, 4, 3533–3537 | 3535



Scheme 2 Mutant R122G-SaBPL templated in situ click formation of triazole 10
from alkyne 2 and azide 9.
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1.83 � 0.33 mM for 1). This potency prole matches the results
from the in situ click experiment, where 8 was the predominant
product formed along with a trace amount of 1. Neither of the
1,5-triazole regioisomers of 1 and 8 were active, highlighting
selectivity of binding to SaBPL and hence in situ synthesis of the
1,4-isomers.

An in situ reaction of biotin alkyne 2 with a new azide 9 was
also undertaken in the presence of both wild-type and leaky
mutant SaBPL in order to further explore its potential, see
Scheme 2 and ESI Fig. S5.† Again the leaky mutant catalysed the
efficient formation of triazole 10, whilst the wild-type was inef-
fective. The product triazole 10 (Ki ¼ 0.09 � 0.01 mM)18 proved to
be more active than the alkyne fragment (Ki ¼ 0.30 � 0.03 mM),
highlighting that this methodology is capable of identifying
important leads for ongoing antibiotic development.18,25

Finally, the X-ray crystal structure of 8 bound to SaBPL
(PDB ¼ 3V7R) was solved to dene its mode of binding,
particularly with regards the role of the key R122 residue, see
Fig. 4. R122 forms a hydrogen bond with N3 of the 1,4-triazole
Fig. 4 X-ray crystal structure of 1,4-triazole 8 bound to wild type SaBPL. (a) A
close up view of the active site with W127 partitioning the two binding pockets.
(b) Detailed hydrogen bonding interactions between SaBPL and the 1,2,3-triazole
ring (black dashes), specifically between R122, H2O, D180 and A319. Distances
summarized in ESI Fig. S6.†
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via a backbone amide, which is conserved in the mutant. This,
together with the kinetic analyses described in the Table in
Fig. 3, suggests that the mutant is a good model for the native
enzyme and hence for screening inhibitors. The guanidinium
group of R122 does hydrogen bond with A319 and through
water with D180 (see Fig. 4b), which are thought to stabilise the
key exible biotin-binding loop. The X-ray structure also reveals
that both the adenine and biotin components of 8 bind into
their respective pockets with a number of key interactions. The
ureido ring of biotin hydrogen bonds with S93, T94 and E116,
where these residues are reported to be instrumental in
anchoring the biotin within the active site. The adenine ring is
ideally positioned in the ATP pocket for p–p stacking interac-
tion with W127 and also hydrogen bonding with N212. The
1,4-triazole ring adopts key hydrogen bonds with R122, R125
and D180 and also an apparent edge to face p–p interaction
with W127 (Fig. 4b). The absence of a ribose group, present in
the natural substrate biotinyl-50-AMP and our lead inhibitor 1,
is clearly accommodated with an appropriate linker length
(n ¼ 3 as in triazole 8 and its precursor azide 6, Scheme 2).
Conclusion

In summary, we use a leaky mutant (SaBPL-R122G) of wild type
SaBPL to enhance the turnover rate for the reaction of biotin
alkyne with an azide to give a triazole. This allows the enzyme to
select the optimum triazole-based inhibitor using a library of
such azides in a single experiment, with improved efficiency
and sensitivity of detection, difficulties in which can restrict the
general utility of a multi-component in situ click approach to
ligand optimisation. The leaky mutant has a 40-fold enhanced
rate of product dissociation relative to the target enzyme
(SaBPL). Importantly, the overwhelming major product (8)
identied in this library-based experiment was the most potent
inhibitor. Our study also clearly shows that the ribose sugar
present in our lead inhibitors (1 and biotinol-50-AMP) and also
the natural intermediate (biotinyl-50-AMP)18,25 is not required for
activity, with incorporation of the appropriate linker length
between the triazole and adenine groups as in 8.

Enhancing the efficiency of a target enzyme is an important
approach for improving the utility of multi-component in situ
click beyond the few examples reported to date. Our method-
ology presents an alternative to simply maximising the sensi-
tivity of product detection. It is important to note that while
mass spectrometry is particularly efficient in this regard, there
is no point in trying to detect products from an in situ experi-
ment that are only present at or close to background levels. An
ability to enhance formation above these levels is an important
addition to the existing methodology. An opportunity thus
exists to target enzymes that do not possess the appropriate
activity prole for in situ click, as highlighted with BPL in the
current study. Beyond this, the methodology also provides an
opportunity for the improved identication of weak inhibitors
that might otherwise be undetectable in an in situ experiment.
This would then provide new leads within extended populations
of inhibitors resulting from the use of a large library of
precursor fragments.
This journal is ª The Royal Society of Chemistry 2013
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