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ABSTRACT: 3-Lactamase inhibitory protein (BLIP) can effectively inactivate class A B-lactamases, but with very different de-
grees of potency. Understanding different roles of BLIP in class A -lactamases inhibition can provide insights for inhibitor
design. However, this problem was poorly solved based on the static structures obtained by X-ray crystallography. In this work,
ion mobility mass spectrometry, hydrogen deuterium exchange mass spectrometry and molecular dynamics simulation re-
vealed the conformational dynamics of three class A -lactamases with varying inhibition efficiency by BLIP. A more extended
conformation of PC1 were shown compared to TEM1 and SHV1. Localized dynamics differed in several important loop regions,
i.e, the protruding loop, H10 loop, Q loop and SDN loop. Upon binding with BLIP, these loops cooperatively rearranged to
enhance the binding interface and to inactivate the catalytic sites. In particular, unfavorable changes in conformational dy-
namics were found in the protruding loop of SHV1 and PC1 showing less effective binding. Intriguingly, single mutation on
BLIP could compensate the unfavored changes in this region, and thus exhibited enhanced inhibition towards SHV1 and PC1.
Additionally, the H10 region was revealed as an important allosteric site that could modulate the inhibition of class A 8-lac-
tamases. It was suggested that the rigid protruding loop and flexible H10 region might be determinants for the effective inhi-
bition of TEM1. Our findings provided unique and explicit insights into the conformational dynamics of f-lactamases and their
bindings with BLIP. This work can be extended to other 3-lactamases of interest and inspire the design of novel inhibitors.

Introduction resistance towards them by producing inhibitor-re-

Antibiotic resistance has become a global concern sistant B-lactamases. Therefore, it is highly desirable to

during the past decades. Among the various classes of
antibiotics, 3-lactam antibiotics are widely used in clini-
cal practice but severe resistance against them by -lac-
tamase-producing bacteria has emerged. -lactamases
are a group of key enzymes with extremely high effi-
ciency to hydrolyze -lactam antibiotics. To overcome
the antibiotic resistance, several small-molecule inhibi-
tors, e.g., clavulanic acid, sulbactam and tazobactam,
have been developed to suppress the activities of 3-lac-
tamases and are used in combination with antibiotics to
treat bacterial infection. However, due to the extensive
use of these inhibitors, bacteria have been developing

develop alternative strategies to inhibit 3-lactamases. !

Among all classes of B-lactamases, class A f-lac-
tamases are predominantly identified in clinical isolates
for both Gram-negative and Gram-positive bacteria.? The
TEM-type and SHV-type class A -lactamases are most
clinically prevalent and have evolved into hundreds of
variants, some with abilities to confer resistance to in-
hibitors.? In this study, we focused on three parental
class A (-lactamases, i.e., Escherichia coli TEM1,
Klebsiella pneumoniae SHV1, and Staphylococcus aureus
PC1 (see Fig. 1a for their aligned sequences). These en-
zymes share high sequence identity and structure simi-
larity, especially between TEM1 and SHV1 (Fig. 1). B-



Lactamase inhibitory protein (BLIP), which is naturally
produced by soil bacterium Streptomyces clavuligerus, is
a unique inhibitor for B-lactamases and shows particu-
larly high inhibition potency towards TEMI. Intri-
guingly, it inhibits SHV1 and PC1 with much lower effi-
ciency (Fig. 1c). In addition, the inhibition potencies of
BLIP towards SHV1 and PC1 can be considerably im-
proved by point mutations on BLIP, i.e., E73M and K74G,
respectively.*5 Hence, BLIP can be a highly potential in-
hibitor towards various 3-lactamases and offers an unu-
sual and alternative way to overcome inhibitor re-
sistance. In this regard, understanding the properties of
interactions between BLIP and these B-lactamases is
highly important for further development of novel BLIP-
related therapeutic agents.

The crystal structures of B-lactamases TEM1, SHV1
and PC1 have been revealed.t-8 A typical class A (3-lac-
tamase comprises of two domains, including a five-
stranded antiparallel 3-sheet domain, and an entirely a-
helical domain that packs against the (3-sheets from the
first domain (Fig. 1b). The catalytic-site Ser70 serves as
the nucleophilic amino acid, which is located at the in-
terface of these two domains.® The catalytically im-
portant residues, including Ser70, Lys73, Ser130,
Glu166 and Lys234, form an active pocket in catalysis.
The crystal structure of BLIP (PDB ID: 3gmu) has been
solved,'%1! and its complexes with TEM1 (PDB ID: 1jtg)
and SHV1 (PDB ID: 2g2u) have been extensively stud-
ied.1213 Particularly, eight -strands from BLIP pack to-
gether to form a concave surface that accommodates the
protruding loop on the -lactamases and the B-hairpin
loop on BLIP inserts into the active cavity of (-lac-
tamases (Fig. 1b). Structural alignment of TEM1 (PDB
ID: 1btl) and SHV1 (PDBID: 1shv) showed highly similar
structures, with a root mean square deviation (RMSD) in
all-atom positions of 1.5 A, and the RMSD of TEM1 (PDB
ID: 1jtg) and SHV1 (PDB ID: 2g2u) after binding de-
creased to 1.1 A, showing highly similar binding modes
(Fig. 10).

The broad range of inhibition potencies of BLIP to-
wards different -lactamases has attracted considerable
research interests in studying the factors governing
these inhibitory bindings and developing evolutionary
BLIP variants with improved inhibition efficiency.14-18
Regardless of extensive studies on this field, our under-
standings on the interactions between BLIP and (-lac-
tamases have been mainly based on the static picture of
the stable forms of the inhibitory interactions. The con-
formational dynamics,'%2° which could be determinant
to differentiate the binding interactions of these “simi-
lar” B-lactamases, has been seldom explored. lon mobil-
ity mass spectrometry (IM-MS) can sensitively probe the
conformational changes of molecular ions in the gas
phase,?! while hydrogen deuterium exchange-mass
spectrometry (HDX-MS) has been widely applied to
study protein dynamics by examining the exchange of
amide hydrogen with deuterium in solution.??-25> Molec-

ular dynamics (MD) simulation is a powerful tool for ex-
ploring the complexity of protein molecules, especially
in protein dynamics, thus providing complementary in-
formation to experimental studies.?6:27

In this study, we integrated IM-MS and HDX-MS with
MD simulation to synergistically elucidate the mecha-
nism of inhibitory interactions between three repre-
sentative class A B-lactamases and BLIPs. Particularly,
natural variants of class A 3-lactamases here allowed in-
vestigation of the effects of extensive simultaneous mu-
tations and large conformational rearrangements on in-
hibitory binding. Furthermore, BLIP mutants with en-
hanced binding affinity confirmed the changes in confor-
mational dynamics regarding the inhibition of these (3-
lactamases.

Results and discussions

Global conformations of class A B-lactamases re-
vealed by IM-MS and HDX-MS. The (3-lactamases were
characterized by mass spectrometry under denatured
(50% acetonitrile with 0.2% formic acid) and native
(100 mM ammonia acetate) conditions (Fig. S1). The
mass spectra obtained for TEM1/BLIP, SHV1/BLIP and
PC1/BLIP under native conditions confirmed the for-
mation of the complexes with the binding ratio at 1:1
(Fig. 2a). The deconvoluted masses for the complexes
TEM1/BLIP, SHV1/BLIP and PC1/BLIP were
48076.0+1.6 Da, 47910.3£0.5 Da, and 48094.8+0.4 Da,
respectively, which were consistent to the expected val-
ues.

Ion mobility of the free -lactamases was performed
to compare their native conformations. Their arrival
time distributions at charge states 10+ were shown in
Fig. 2b. The drift time of TEM1 and SHV1 was similar but
shorter than that of PC1, indicating that PC1 displayed a
more extended conformation than TEM1 and SHV1 in
the gas phase. After the 3-lactamases bound to BLIP, the
complexes at charge state 14+ displayed little difference
in drift time distribution. Such observation indicated
similar conformations among the class A -lactamases
after binding BLIP. These results are consistent to the
crystal structures (PDB IDs: 1jtg and 2g2u) that show lit-
tle conformational differences among these homologous
protein complexes.

The conformational dynamics was measured for the
free and BLIP-bound states of intact $-lactamases. We
compared the global HDX profiles spanning 10 sec, 60
sec, 10 min and 60 min for the three 3-lactamases in so-
lution (Fig. 3a). The deuterium uptake for TEM1 was
higher than that for SHV1 and PC1. The difference in
global HDX profiles indicated that the flexibility of back-
bone amide hydrogens for TEM1 was higher, reflecting
that the overall structures of SHV1 and PC1 could be
more rigid than that of TEM1. After inhibitory binding by
BLIP, all B-lactamases showed similar HDX profiles that
corresponded to similar flexibility of the bound states.
Interestingly, the conformational changes for TEM1 in-



duced less deuterium uptake, indicating stabilized con-
formations after the binding. These observations might
also indicate that the higher affinity of BLIP for TEM1
than SHV1 and PC1 could result from a more dynamic
unbound state.?8

Unraveling the local flexibility of key regions in
class A B-lactamases. Local HDX was performed by on-
line pepsin digestion of the exchanged proteins followed
by LC-MS analysis, with the sequence coverage as shown in
Fig. S2. The H10 region showed fast deuterium exchange
(indicated in red in Fig. 3b), reflecting very flexible struc-
tures for these class A B-lactamases. The fragment cov-
ering residues 211-225 from TEM1 underwent signifi-
cantly faster deuterium uptake than that from SHV1 (Fig.
3b). From the available crystal structures (PDB IDs: 1btl
and 1shv), it was observed that the H10 region of SHV1
showed the largest deviation (2.5 A) from that of TEM1
compared to the other regions. Comparing the corre-
sponding regions of the three 3-lactamases, in TEM1 res-
idues 211-225 comprise a loop between two helices,
whereas in PC1 three residues 218-220 form a 3/10-he-
lix (PDB ID: 3blm); and in SHV1, seven residues 218-224
form an a-helix. Helix, known as an ordered secondary
structure, can protect amide hydrogen from deuter-
ation.2? The corresponding segment in SHV1 had the
most helical structure and thus gave the slowest deuter-
ium exchange, which was consistent with our HDX-MS
results.

The deuterium uptake of the N-terminus of protrud-
ing loop (residues 92-104) for TEM1 was significantly
less than that for SHV1 and PC1, reflecting a more or-
dered structure for TEM1 (Fig. 3¢). By contrast, this loop
on PC1 was the most flexible. It should be noted that the
residue at position 104 for TEM1, SHV1, and PC1 is Glu,
Asp, and Ala, respectively, with a decreasing size of side
chain. Such variation might explain the difference in flex-
ibility of this loop. Furthermore, it has been reported
that the protruding loop comprises of the major binding
interface with BLIP? thus differentiated flexibility of this
loop could be important for the accommodation onto the
binding interface.

Interestingly, the HDX profiles of SDN loop and C-ter-
minus of Q loop for TEM1 and SHV1 were similar while
those for PC1 were different from TEM1 and SHV1 (Fig.
3c). This is consistent with the similar substrate speci-
ficities for TEM1 and SHV1. In contrast, the results indi-
cated that these loop regions on PC1 show different con-
formational dynamics from those on TEM1 and SHV1.
Such observation supported that PC1 exhibited different
substrate specificity from TEM1 and SHV1.3031 The dif-
ference might also contribute to the varying inhibition
potencies by BLIP since the Q loop plays an important
role in the binding pocket of class A f-lactamases.

Cooperative binding interactions between the
TEM1 -lactamase and BLIP. Briefly, we found that the
protein was considerably protected from deuterium ex-
change after binding with BLIP (Figs. 4a & b).

The protruding loop-covering fragments 82-101 and
101-118 from TEM1 showed around 15% decrement in
deuterium uptake. Such obvious change strongly sup-
ported that this loop could be the predominant binding
interface with BLIP, which has been proven by the crys-
tal structure of TEM1-BLIP complex.’ In this structure
(PDB ID: 1jtg), the protruding loop of TEM1 and the con-
cave sheet of the inhibitor form a concave/convex inter-
face in the complex. Our study supported that this bind-
ing interface includes the protruding loop, and further
analyzed the changes in dynamics at the residue level by
comparing the overlapping fragments.32 By subtracting
the deuteration of these overlapped fragments, it was
shown that residues 102-105 on TEM1 were unpro-
tected from deuterium exchange in the free state while
Val103, Glu104, and Tyr105 were under protection in
the bound state. This protection corresponded to the hy-
drogen bonding network between TEM1 and BLIP as
calculated from the crystal structure.® The protection of
Val103 might be due to the reduced solvent accessibility
since this residue interacted with Trp112 and Trp162
(both from BLIP) via van der Waals forces. By contrast,
Glu104 and Tyr105 were protected mainly because of
both the hydrogen bonding and van der Waals interac-
tion with residues from BLIP. Hence, the protection of
Glu104 and Tyr105 was more considerable than that of
Val103. Previous studies revealed that a single mutation
Asp104Glu for SHV1 could result in a 1000-fold en-
hancement in binding affinity with BLIP, indicating the
important role of Glu104 in this inhibitory interaction.
This enhancement was proposed to be explained by the
restoration of a salt-bridge between Glu104 and BLIP
Lys74.'® Tyr105 was also investigated by mutagenesis,
which showed that substitution of this position could
cause inhibitor resistance due to oxyanion hole distor-
tion.33 Our observations from MD simulation showed
that reduced fluctuation was observed for Glu104 and
Tyr105 but not for Leu102 and Val103 after the inhibi-
tion (Fig. S3). Taking these together, our results revealed
the important role of the dynamics of Glu104 and
Tyr105 in the inhibitory binding.

The H10 region, which was found to be the most flexi-
ble region in free TEM1, showed a remarkably reduction
in deuterium uptake after the binding, indicating that
this region was involved in the binding interaction. Frag-
ment 214-221 showed more than 20% decrement for
both 1 and 10-min exchange upon BLIP binding. This
change was the most significant among all the identified
fragments. Combining the exchange profile of fragments
210-221, 211-221, 212-221 and 214-221, we estimated
the deuterium uptake for residue 211,212 and 213-214,
and found that residues 211-214 were not involved in
the binding (Fig. S4). In contrast, residues 215-221 were
responsible for the inhibitory interaction. Trajectory
analysis of these residues confirmed that Lys215,
Val216, and Ala217 were less flexible upon the inhibi-
tion (Fig. S4). Consistently, Lys215 was identified to form
a hydrogen bond with Glu31 from BLIP in the crystal



structure.®'” This hydrogen bond stabilizes the whole
loop and could account for the decreased exchange rate.
Besides, Val216 contacts with Asp49 and Tyr50 in BLIP
through van der Waals interactions, thus becoming less
flexible after the binding. Since Ala217 has no contacts
with any residues from BLIP, the protection of this resi-
due is probably due to the conformational change in-
duced by the neighborhood. In contrast to our results,
the crystal structure of the TEM1-BLIP complex (PDB ID:
1jtg) showed that TEM1 residues 214-217 (within the
H10 region) are disordered compared to that of TEM1
(PDB ID: 1btl). We further investigated two newer crys-
tal structures of TEM1 with BLIP-Y51A (PDB ID: 3c7u)
and BLIP-Y150A (PDB ID: 3¢7v). They both showed rel-
atively low B-factors (Fig. S5) and excellent electron den-
sities in the H10 region.'” The disorder observed in the
TEM1-BLIP complex (PDB ID: 1jtg) was therefore more
likely to be an experimental artefact under that particu-
lar crystallization conditions. Compared to B-factor that
indicates protein dynamics in crystal state,?* HDX-MS
used in this study reflects protein dynamics in solution
state and thus can reveal dynamics information that
might not be obtained by using B-factors.

Another considerable difference was shown for resi-
dues 230-246, which covers the $7-$8 loop adjacent to
the H10 region. This motif comprises part of the active
cavity that interacts with the B-hairpin loop in BLIP.
Three residues on this motif, i.e., Lys234, Ser235 and
Arg243, forms essential hydrogen bonds with Asp49 in
BLIP? thus these residues could be more protected from
deuterium exchange. Interestingly, we identified resi-
dues 170-177 (C-terminus of Q loop), which showed
slower exchange after formation of the complex, but
there was no hydrogen bond formed in this region. This
helical loop is quite flexible in the free state and is more
rigid in the bound state as indicated by MD simulation
(Fig. 7d). By comparison of the crystal structures of the
free and the bound forms (PDB IDs: 1btl and 1jtg), it was
found that the helix structure is extended in this loop af-
ter the binding, which would protect the amide hydro-
gen from exchange.

Regarding the catalytic sites (Ser70, Ser130, and
Glu166), a fragment (residues 127-137) covering the
SDN loop was found to show decreased HDX. The in-
volvement of the Ser130 in this loop in the binding of
substrate has been reported.> More importantly, hydro-
gen bonding between Ser130 (TEM1) and Asp49 (BLIP)
indicated that the reduced flexibility of this loop could
improve the inhibition potency of BLIP? A fragment (res-
idues 163-169) located at the N-terminus of end of the Q
loop covering Glu166 showed decreased HDX in 1 min,
suggesting minor change in dynamics at this region. In
contrast, several fragments (residues 58-71, 59-71, 60-
71 and 60-72) covering Ser70 maintained low level of
deuterium exchange upon binding, suggesting that this
region was highly protected in both states of TEM1. The
trajectory analysis of Ser70, Ser130 and Glu166 showed

results that were consistent to HDX profiles of fragments
covering these positions (Fig. S6, left panel).

Comparison of conformational changes among
class A B-lactamases upon inhibition. Intriguingly, we
detected an increased exchange at 10-min labelling for
the N-terminus of protruding loop on both SHV1 and
PC1 (Fig. 5), which could be partially involved in the
binding interface from the point of view by crystallog-
raphy.’® Our result indicated that the residues 92-104,
which comprise the N-terminus of the protruding loop
close to the interface, became deprotected upon the
binding. This strongly suggested that the conformational
change of this loop occurred in an unfavorable manner
for tight binding with BLIP. Such unfavored interactions
lead to the loss of a salt-bridge between SHV1 (Asp104)
or PC1 (Ala104) and BLIP (Lys74), which is preserved in
the complex of TEM1 and BLIP. Furthermore, it has been
demonstrated that the single mutation of SHV1 (D104E)
and PC1 (A104E) would significantly enhance the bind-
ing affinity with BLIP>18 highlighting the important role
of residue at position 104 for effective inhibition. As
mentioned before, this loop in TEM1 is more rigid than
that in SHV1 and PC1. The conformational dynamics of
this loop could be crucial to the inhibitory binding, indi-
cating that rigid and convex shape of this loop in class A
B-lactamase could dock better onto the concave inter-
face in BLIP. Assumably, the preference of rigid interface
reduced the entropic penalty of unfavorable conforma-
tional change, thus enhancing the inhibitory binding.

H10 region in SHV1 (211-225) and PC1 (211-228)
showed the most significantly decreased deuterium ex-
change as observed in TEM1, indicating that this region
was stabilized in all the inhibitory interactions under in-
vestigation (Figs. 4 & 5). Based on the crystal structures
of SHV1 and BLIP complex (PDB IDs: 1shv and 2g2u), the
H10 region was displaced to the core of active pocket in
the complex.’® Such conformational change was con-
sistent with our observation. Besides, it has been re-
ported that two novel inhibitors allosterically inacti-
vated TEM1 through destabilization of the H10 region,3¢
which was recently further proven to be an evolutionar-
ily conserved allosteric site unique to class A B-lac-
tamases.3” Our results by HDX-MS revealed the confor-
mational dynamics of this cryptic site among class A (3-
lactamases and the considerable changes induced by
BLIP binding. A recent study on the dynamics of TEM1
upon substrate binding showed a similar HDX change in
the H10 region during catalytic processes.3® By contrast,
our work involved study of different class A B-lactamases
and the inhibitor protein, extending the observation to a
broader and more general scope. From the 10-ns MD tra-
jectory of these enzymes, H10 showed flapping motion
to modulate the binding pocket. This strongly suggested
that the flexibility of the H10 region could be determi-
nant for the effective binding with BLIP. Higher flexibility
of H10 on TEM1 might facilitate the insertion of BLIP
into the binding pocket, causing higher binding affinity
towards the inhibitor. Together, disrupting H10 region



could be an alternative strategy to inactivate the class A
-lactamases.

As one of the highly conserved loops in class A B-lac-
tamases, the SDN loop has been proven to be important
for the structural stability and function by site-directed
mutagenesis.3* After the inhibitory binding, residues
127-137 which refer to the SDN loop in SHV1 showed in-
creased deuterium uptake at 1 min of exchange (Fig. 5).
On the contrary, the SDN loop in TEM1 and PC1 showed
both decreased exchange level at 1 and 10 min upon the
inhibition. MD simulation of Ser130 showed that this re-
gion on SHV1 was more flexible after the binding while
it was less flexible on TEM1 and PC1 (Fig. S6). Besides,
no difference in deuterium exchange was found for the
SDN loops of TEM1 and SHV1 in their free states (Fig.
3c). Comparison of the sequences spanning residues
127-137 of SHV1 (ITMSDNTAANL) with TEM1 (ITMS-
DNSAANL) indicated that only the residue at position
133, a threonine for TEM1 and a serine for SHV1, is dif-
ferent. Since threonine has a bulkier sidechain than ser-
ine, it is reasonable that after the binding the SDN loop
of TEM1 could be less flexible than that of SHV1. Fur-
thermore, according to the crystal models of TEM1 and
SHV1 (PDB IDs: 1btl and 1shv), both Thr133 and Ser133
have contacts with residues Val103 and Ser106 located
on the protruding loop. However, due to the orientation
of the side chain at position 133, the distance of the con-
tact towards Ser106 in TEM1 (2.74) is shorter than that
in SHV1 (3.14), indicating that TEM1 has a tighter struc-
ture than SHV1 in this region. As a result, this region was
less protected after the inhibitory binding for SHV1
while the protection was enhanced for TEM1. Perturba-
tion of SDN loop could be important to suppress the ac-
tivity of the class A B-lactamases.

Specifically, PC1 shares lower sequence and structural
similarity with TEM1 and SHV1, and the crystal model of
the complex PC1/BLIP has not been available yet. We
constructed the complex by homology modeling (see de-
tails in Methods) and equilibrated the structure by MD
simulation. Our HDX data showed that the binding with
BLIP induced some unique changes in PC1 covering the
catalytic sites, Ser70 and Lys73. Decreased deuterium
exchange was observed in fragment 69-80. Together
with the results from the MD simulation, we confirmed
that the fluctuation of Ser70 was obviously reduced after
binding with BLIP (Fig. S6).

Enhanced inhibition by BLIP mutants. To further
explore the role of protruding loop on the binding inter-
face, we introduced two mutations at E73 and K74 on
BLIP, which specifically couple with the residues 104-
106 upon binding with SHV1 and PC1, respectively.’
Strikingly, the inhibition towards SHV1 and PC1 could be
significantly enhanced with K; at nanomolar level by the
single mutation of E73M and K74G on BLIP, respec-
tively.45 Intriguingly, our results showed that BLIPg73um
and BLIPk74¢ reversed the deprotection effect on the N-
terminal of the protruding loop on SHV1 and PC1 caused
by wild-type BLIP, indicating a more stabilized binding

interface of the complexes (Figs. 6b & c). The stabiliza-
tion of the protruding loop could majorly contribute to
the enhanced inhibition potency of BLIP mutants to-
wards SHV1 and PC1 B-lactamases. Previous studies re-
ported that single mutation on the protruding at posi-
tion 104 could also enhance the binding affinity of SHV1
and PC1 towards wild-type BLIP4> Together, it can be
concluded that the interactions between the protruding
loop and BLIP is crucial for novel design of BLIP derived
inhibitors.

BLIPe73m also eliminated the deprotection effect from
wild-type BLIP towards the SDN region of SHV1, which
could facilitate more effective inhibition (Fig. 6b). In con-
trast, BLIPk7sc showed more protection of residues 50-
79 in PC1 including active sites Ser70 and Lys73, which
could severely inactivate the function of these sites (Fig.
6¢). Both BLIP mutants demonstrated predominant pro-
tection in the H10 region of SHV1 and PC1, similarly re-
flected in the inhibition by the wild-type BLIP. Such con-
formational changes indicated a common mechanism of
the bindings between these [3-lactamases and BLIP as
discussed above.

Tyr50 on BLIP forms favorable interactions with sev-
eral key regions on B-lactamases, including Pro107 on
protruding loop, Met129 on SDN region and Val216 on
H10 region.’ Strangely, alanine substitution of this resi-
due can further promote the potency towards TEM1
with K; at picomolar level.3* Although the Ala50 would
lose several contacts with TEM1, presumably it could
eliminate the colliding effect caused by the side-chain of
Tyr50 and allow a more favorable conformation of
Asp49.3° More significant protections from HDX were
observed in SDN loop and 37-$8 in TEM1 upon inhibi-
tion by BLIPysoa (Fig. 6a), suggesting more stabilized
conformations of these regions. Our results could sup-
port that Asp49 might show a more favorable confor-
mation, which interacted more intensively with SDN
loop (Ser130) and B7-B8 (Lys233, Ser234 and Arg244)
in the complex.? This might be the major cause for the
enhanced inhibition of TEM1.

Interestingly, obvious deprotection of the N-terminal
helix, which is far away from the active binding domain,
indicated that relaxation of this region might be favora-
ble in the cases of strong inhibition (Fig. 6a). A recent
study showed that the mutation Q39K on the N-terminal
helix of TEM1 destabilized the protein, revealing that in-
teractions involved in this region could significantly in-
fluence the binding and catalytic properties of the pro-
tein.#! Such observation, which might not be obtained by
other techniques, could support that deprotection of this
region might suppress the activity of -lactamases.

MD simulation revealed protein dynamics at com-
plementary time scale to HDX. Obviously, the devia-
tion of TEM1 was reduced upon binding BLIP while it
was maintained for SHV1 and PC1 (Figs. 7a-c). This re-
sult showed consistency with that obtained with global
HDX (Figs. 3a). Our results confirmed that the global sta-
bilization of TEM1 upon binding was more obvious than



that of the others during the period of simulation. It
should be noted that the simulation was examined at ns
time scale, and thus it might not necessarily be con-
sistent but complementary to some HDX results that re-
flected protein dynamics at s to ms scale.** However, in-
tegration of these two techniques enabled us to dig into
some unique dynamic features of the proteins.

The last 5-ns simulation showed that most regions
across these p-lactamases had similar fluctuations,
strongly indicating similar folding of the proteins. Inter-
estingly, variation was found in the Q loop, where TEM1
showed the much higher fluctuation than PC1 and SHV1
(Fig. 7g). This result was complementary to the result
obtained by HDX-MS, which showed that this loop in PC1
was more flexible than that in TEM1 and SHV1 (Fig. 3c).
This might be explained by the different timescales of
the loop motion reflected by the MD simulation and HDX.
A previous study by NMR demonstrated that the € loop
of TEM1 was highly ordered on the ps-to-ns time scale
while slow motions were observed on the ps-to-ms time
scale, %20 supporting our assumption. Such dynamic du-
ality plays an importantrole in the substrate binding and
catalytic reaction. Taking advantage of our results from
MD simulation and HDX-MS, we infer that the fast mo-
tion of Q loop on TEM1 is faster than that on SHV1 and
PC1, and in contrast, the slow motion of this loop on PC1
is faster than that on TEM1 and SHV1.

More interestingly, significant protection from HDX
was detected in the C-terminus of Q loop on all these
class A B-lactamases after bound with BLIP (Figs. 4 & 5),
indicating that the slow motion of this loop was sup-
pressed. By contrast, the fluctuation of this loop was es-
calated on SHV1 and PC1 while it was attenuated on
TEM1 (Figs. 7d-f). This observation suggested that the
loop might be catalytically more active on SHV1 and PC1
than on TEM1 upon bound with BLIP. Such difference
could explain the lower inhibition potency of BLIP to-
wards SHV1 and PC1. Together, it was strongly suggested
that the motion of Q loop was affected in both fast and
slow fashions upon the inhibition.

Conclusions

Although class A B-lactamases are highly similar with
respect to their sequences and structures, our results re-
vealed that SHV1 exhibited the most compact confor-
mation, while PC1 was most extended. After inhibition
by BLIP, TEM1 was globally more rigid while SHV1 and
PC1 showed no significant change in conformational dy-
namics. The protruding loop on TEM1 showed remarka-
ble change in conformational dynamics upon BLIP bind-
ing. However, the N-terminus of the protruding loop on
SHV1 and PC1 were both deprotected from HDX upon
the binding, indicating the unfavorable interactions in
this region. BLIP mutants, BLIPg7zam and BLIPx7ac, re-
versed this deprotecting effects on SHV1 and PC1 and
stabilized the interfaces of these bindings. Rigid confor-
mation of this interface might be favored to reduce the
entropic penalty of the binding. Unexpectedly, marked

conformational changes in the H10 region were ob-
served upon the inhibition. Although this region is far
away from the binding interface, it could modulate the
plasticity of the binding pocket and enhance the inhibi-
tion of the enzymes. Conformational dynamics of several
functional loops, i.e., SDN loop, $7-$8 loop and Q loop,
provided novel and unique insights into the mechanistic
process of these inhibitory interactions. Cooperative in-
teraction of these loops with BLIP could improve the in-
hibition potency of BLIP towards the class A B-lac-
tamases.

Potent inhibitors such as engineered BLIPs can be ra-
tionally designed to bind -lactamases by disrupting the
flexibility of the loop regions, especially H10 region and
SDN loop. To conclude, our study is the first to provide
comprehensive insights into the conformational dynam-
ics of class A B-lactamases upon inhibitory binding with
BLIP, which implies alternative and unique strategies for
the study of B-lactamases and the design of novel inhib-
itors.

Experimental

The proteins were expressed, purified and character-
ized as described in the Supporting Information. Native
MS, IM-MS and HDX-MS were performed using a Synapt

G2 Si mass spectrometer (Waters, UK). Experimental
details can be found in the Supporting Information.
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Figure captions

Fig. 1 B-Lactamases and their complexes with BLIP. (a) Sequence alignment of TEM1, SHV1 and
PC1. Regions of helix and sheet are labelled. (b) Representative model of the complex of (-
lactamases (i.e., TEM1) and BLIP (PDB ID: 1JTG). Loops of interest are labelled on TEM1. (c) Char-
acteristic properties of TEM1, SHV1 and PC1. The values of inhibition constants and sequence iden-
tity are obtained from literatures.4538 Structures of TEM1 (PDB IDs: 1btl and 1jtg), SHV1 (PDB IDs:
1shv and 2g2u) and PC1 (PDB ID: 3blm) are superimposed using PyMOL.

Fig. 2 Native MS and IM-MS results for the interactions between f3-lactamases and BLIP. (a)
Native mass spectra of 3-lactamases in their free (hollow) and BLIP-bound (filled) states. (b) Arri-
val time distribution of SHV1, PC1 and TEM1 in their free states (left panel) and BLIP bound states
(right panel). Charge states at 10+ in the free states and charge states at 14+ in the bound states
were presented.

Fig. 3 HDX-MS results for free B-lactamases. (a) Global deuterium uptake plots of B-lactamases
in their free (left) and BLIP bound (right) states. (b) Fractional deuterium uptake at 1 and 10 min
is mapped onto the crystal models of TEM1 (PDB ID: 1btl), SHV1 (PDB ID: 1shv) and PC1 (PDB ID:
3blm). Deuterium uptake is labelled as the color bar indicated. (c) Fractional deuterium uptake of
H10 region, SDN loop, N-terminal Protruding loop and C-terminal Q-loop from TEM1 (blue), SHV1
(orange) and PC1 (red) were compared at 1- and 10-min labelling.

Fig. 4 HDX-MS results for TEM1/BLIP interaction. (a) HDX difference (AHDX) for all identified
peptides from TEM1. Key secondary structures are shown on the top. Error bars indicate standard
deviations at 1 and 10 min (n=3, significant AHDX > 0.29 Da). (b) Summed fractional HDX difference
of 1- and 10-min labelling was labelled onto the crystal model of TEM1 (PDB ID: 1BTL). Active sites
are shown as yellow stick.

Fig. 5 HDX-MS results for SHV1/BLIP and PC1/BLIP interactions. (a) HDX difference for all
identified peptides from SHV1 with significant AHDX > 0.26 Da. (b) HDX difference for all identified
peptides from PC1 with significant AHDX > 0.46 Da. Error bars indicate standard deviations for the
time points 1 and 10 min (n=3). Summed fractional HDX difference of 1- and 10-min labelling was
labelled onto the crystal model of (¢) SHV1 and (d) PC1 in HDX after binding with BLIP.

Fig. 6 HDX-MS results for the interactions between f3-lactamases and BLIP mutants. (a)-(c)
HDX difference for peptides from TEM1 (significant AHDX > 0.21 Da), SHV1 (significant AHDX > 0.24
Da) and PC1 (significant AHDX > 0.55 Da) were plotted. Error bars indicate standard deviations for
the time points 1 and 10 min (n=3). (d)-(f) Summed fractional HDX differences of 1- and 10-min
labelling were labelled onto the crystal models of TEM1 (PDB ID: 1BTL), SHV1 (PDB ID: 1SHV) and
PC1 (PDB ID: 3BLM) on the right panel.

Fig. 7 10-ns molecular dynamics simulation of 3-lactamases upon binding BLIP. (a)-(c) Root
mean square deviation (RMSD) as a function of time (ns) for the free (blue) and BLIP-bound (or-
ange) TEM1, SHV1 and PC1 B-lactamases. (d)-(f) Differences in root mean square fluctuation
(RMSF) of individual residue upon BLIP binding during 5-10 ns simulation were mapped onto the
crystal models of TEM1, SHV1 and PC1. (g) RMSF of the B-lactamases is plotted against individual
residue.
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Materials and Methods

Protein expression, purification and characterization. His-tagged TEM1, SHV1 and PCl1
were expressed in E. coli BL21 (DE3) through modified plasmids containing the kanamycin-
resistant gene, as previously described.! Briefly, transformed E. coli BL21 was cultured in Luria
Broth containing kanamycin. Protein overexpression was induced with isopropyl B-D-
Ithiogalactopyranoside (IPTG) when ODeoo of the culture reached 0.8. The bacteria were harvested
by centrifugation at 4 °C followed by resuspension in lysis buffer (50 mM phosphate buffer, pH
7.4). Suspensions were lysed with sonication for 5 min at 15-sec intervals and insoluble debris was
removed by centrifugation. The supernatant was filtered through a 0.45 pm filter and applied to a
HisTrap™ HP affinity column (GE Healthcare) with 5 ml precharged Ni for purification. The
purified proteins were buffer exchanged into 50 mM phosphate buffer. Their concentrations were
determined by Bradford assay and NanoDrop (Thermo Fisher Scientific). Their molecular weights
and purities were characterized by SDS-PAGE and MS. The enzyme activity was measured by the
rate of degradation of nitrocefin, whose absorbance at 486 nm appears upon catalysis by -
lactamases. The initial slope of the reaction at steady state was determined using 2-10 nM enzyme
and 200 uM nitrocefin. Reaction rates were plotted as a function of substrate concentration. The
data were fitted to the Michaelis-Menten equation to determine kc.s and K. BLIP was produced
following the protocol as described in the literature.! BLIP mutants (Y50A, E73M and K74G)
were purchased from GenScript (Nanjing, China).

Native and ion mobility mass spectrometry. The proteins were buffer exchanged into 50 mM
ammonium acetate by an Amicon 10K centrifugal filter before MS analysis. Native mass spectra
were acquired on a Synapt G2Si mass spectrometer (Waters, Milford, MA) with house-made
nanoESI emitters. 3-5 pL protein solution (5-30 pM in 100 mM ammonia acetate) was loaded into
the nanoESI emitter and sprayed under the following conditions: capillary voltage 1.5-2.0 kV,
source temperature 25 °C, trap and transfer collision energy 15 V, trap DC bias 45, trap gas flow
4-8 ml/min. Ion mobility measurements were carried out using the same equipment under the
following conditions: IMS gas flow 30 ml/min, wave velocity 650 m/s, wave height 40 V and
pressure 0.9 mbar. Drift time was extracted manually using MassLynx 4.1 and Microsoft Excel.

Hydrogen deuterium exchange mass spectrometry. For preparation of [-lactamases
complexes with BLIP, 30 uM of B-lactamases was incubated with BLIP at a molar ratio of 1:1,
1:4.3 and 1:2.2 for TEM1/BLIP, SHV1/BLIP and PC1/BLIP, respectively. BLIP mutants with
enhanced binding affinity were incubated with -lactamases at a molar ratio of 1:1 (more than 90%
bound). Percentage of the bound B-lactamases was calculated based on the concentration of -
lactamases bound to BLIP and K. The mixtures were incubated on ice for at least 30 min before
further experiments. Deuterium exchange was initiated by diluting 2 pL protein sample (20-30
uM) into 38 uL D20 (99.9%, Cambridge Isotope Laboratories) buffer (100 mM phosphate buffer,
pD 7.4). The proteins were deuterated for 60 sec and 10 min for local HDX (optimized from global
exchange for 10 sec, 60 sec, 10 min and 60 min) and the exchange reactions were quenched by
addition of a quenching buffer (10 mM phosphate buffer, 6% formic acid) to reach a pH value of
around 2.5. 50 pL quenched solution was injected into a Waters nanoACQUITY UPLC system at
0 °C. After online pepsin digestion (Waters BEH pepsin column, 300A, 5 um, 2.1 mm x 30 mm)
and desalting (Waters BEH C18 trap column, 130 A, 5 um, 300 pm x 50 mm) for 3 min at 100
pL/min, the peptides were eluted through a Waters UPLC BEH C18 column (130A, 1.7 um, 2.1
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mm X% 100 mm) with linear acetonitrile gradient (5-40%, 0.2% formic acid) at 60 uL/min. The
pepsin column was washed 3 times between injections by a denaturing buffer (1.5M guanidine
hydrochloride, 4% acetonitrile, 0.8% formic acid, pH 2.5). Global HDX was determined without
pepsin digestion, and proteins were eluted with constant mobile phase (50% acetonitrile, 0.2%
formic acid). Mass spectra were recorded using the Waters Synapt G2Si mass spectrometer in MS®
mode at 50-2000 Da. Three replicates were performed for each B-lactamase.

Data analysis for HDX-MS. Peptide lists were generated by Waters ProteinLynx Global Server
(PLGS). The peptides fulfilled the following thresholds were processed with Waters DynamX 3.0
followed by manual inspection. Maximum mass errors: 10 ppm; Maximum sequence length: 20;
Minimum PLGS score: 7; The minimum intensity: 10000; Retention time root standard deviation:
5%. Peptides of interest were eluted from 3-8 min with an average length of 13. The average mass
error for all the peptides for analysis was below 3 ppm. The average standard deviation of the
deuterium uptake was below 0.1 Da. Back exchange was estimated to be an average rate of 35%
by analyzing fully deuterated peptides from digested PC1 (Fig. S7) and was not corrected when
doing the comparison. The fractional deuterium uptake was calculated as reference to the
maximum exchangeable amide hydrogens. Difference in deuterium uptake with 95% confidence
interval (CI) was considered as a significant change for differential HDX. Uptake figures were
produced by Microsoft Excel and relative deuterium uptake was mapped onto the crystal model of
proteins using PyMol 2.0.7 (Schrodinger, LLC). Experimental details are summarized in Table S1
as suggested by a recent HDX-MS white paper.’

MD simulation of B-lactamases and of their complexes with BLIP. For the simulation of
TEMI1, SHVI and PCl, the initial structures were directly obtained from protein data bank. The
free and bound TEM1 were constructed from PDB IDs, 1btl and 1jtg, while SHV1 from PDB IDs,
Ishv and 2g2u. The crystal structure of PC1 (PDB ID: 3blm) was used for the protein-only
simulation. The initial structure of the PC1/BLIP complex was prepared by homology modeling
using Modeller version 9. The complex model was constructed using the crystal structures of apo-
PC1 (PDB ID: 3blm) and the TEM1/BLIP (PDB ID: 1jtg), SHV1/BLIP (PDB ID: 2g2u) and
KPC2/BLIP (PDB ID: 3e2l) complexes as templates. The B-lactamase in its free and bound states
were subjected to molecular dynamics simulation at consistent parameters using GROMACS 5.1
series’ with the Charmm?27 all-atom force field. The protein atomic coordinates were encased in
an octahedral or cubic box with a 1 nm-thick wall followed by solvation using the TIP3P water
model. The charges on the protein were neutralized by adding Na™ and CI" to 150 mM. Following
energy minimization and 900 ps of restrained equilibration (100 ps under constant number, volume
and temperature (NVT) and 800 ps under constant number, pressure and temperature (NPT), with
progressively reducing restraints from 1000 to 0.1 kJ mol! nm!, 10 ns of unrestrained molecular
dynamics simulations were performed. The time step was 2 fs and configurations were saved every
10 ps. All trajectories were subjected to evaluation by calculating the root mean square deviation
(RMSD) of Ca positions reference to the energy-minimized structure and further analyzed by
calculating their root mean square fluctuation (RMSF) of backbone positions for the last 5 ns.
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TABLE S1. Summary of the details for the HDX experiments

Data Set

Free TEM1

TEML1 bound with BLIP-

WT

TEML1 bound with BLIP-Y50A

HDX reaction details

100 mM phosphate

buffer in 95% D0,

100 mM phosphate buffer

100 mM phosphate buffer in 90%

i 0,
DH 7.4, RT in 95% D20, pH 7.4, RT D20, pH 7.4, RT
HDX time course (min) 1,10
Number of peptides 84 83 85
Sequence coverage 90% 90% 94%
Average peptide length / 13.2/4.6 132/46 133/45
Redundancy
Replicates (b_lologlcal or 3 3 3
technical)
Repeatability 0.075 Da 0.037 Da 0.032 Da
Significant differences in HDX 0.29 Da (95% Confidence 0 .
(AHDX) NA Interval) 0.21 Da (95% Confidence Interval)

Data Set

Free SHV1

SHV1 bound with BLIP-
WT

SHV1 bound with BLIP-E73M

HDX reaction details

100 mM phosphate

buffer in 95% D0,

100 mM phosphate buffer
in 95% D20, pH 7.4, RT

100 mM phosphate buffer in 90%
D20, pH 7.4, RT

pH 7.4, RT
HDX time course (min) 1,10
Number of peptides 61 28 61
Sequence coverage 89% 89% 90%
Average peptide length / 12/37 12/12 12/32
Redundancy
Replicates (b_lologlcal or 3 3 5
technical)
Repeatability 0.057 Da 0.054 Da 0.028 Da
Significant differences in HDX 0.26 Da (95% Confidence o .
(AHDX) NA Interval) 0.24 Da (95% Confidence Interval)

Data Set

Free PC1

PC1 bound with BLIP-
WT

SHV1 bound with BLIP-K74G

HDX reaction details

100 mM phosphate
buffer in 95% D0,

100 mM phosphate buffer

100 mM phosphate buffer in 90%

i 0,
OH 7.4, RT in 95% D20, pH 7.4, RT D20, pH 7.4, RT
HDX time course (min) 1,10
Number of peptides 56 34 41
Sequence coverage 89% 89% 100%
Average peptide length / 12/29 12/21 12/27
Redundancy
Replicates (b_lologlcal or 3 3 3
technical)
Repeatability 0.047 Da 0.076 Da 0.101 Da
Significant differences in HDX 0.46 Da (95% Confidence 0 .
(AHDX) NA Interval) 0.55 Da (95% Confidence Interval)
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Fig. S1 Mass spectra of B-lactamases under denatured conditions (50% acetonitrile with 0.2%

formic acid, left) and native conditions (100 mM ammonia acetate, right).
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MHPET LVKVKDAEDQLGARVGY | ELDLNSGKI LESFRPEERFPMVET FKVLLCGAVLSRVDAGQEQLGRRIHYSQN
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Total: 71 Peptides, 88.6% Coverage, 3.73 Redundancy

PC1 MHHHHHHVKE LNDLEKKYNAH | GV ALDTKSGKEVKFNSDKRFAY ASTSKAI NSAI LLEQVPYNKLNKKMH I NKDD1 v
30 40 50 60 70 80 a0 10
I | N
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110 120 130 140 150 160 170 180 190 20

KKFLLDLMLNNKSGDTL | KDGVPKDYKVADKSCGOAT TYASRNDVARVYPKGASEP | VLVI FTNKENKSDKPNDKL | SET AKSWIVKEF
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Total: 52 Peptides, 89.1% Coverage, 2 94 Redundancy

Fig. S2 Sequence coverage of identified fragments from TEM1, SHV1 and PCL1.
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Fig. S3 Residue-level dynamics for the protruding loop measured by HDX-MS and MD simulation.
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HDX for H10 region
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Fig. S4 Residue-level dynamics for the H10 region measured by HDX-MS and MD simulation.
Error bars indicate standard deviations for the time points 1 and 10 min (n=3).
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Fig. S5| Normalized B-factors of a-carbon for the bound states of TEM1 with BLIPs. The PDB
IDs for obtaining the B-factors are shown in the parentheses.
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Fig. S6 Residue-level RMSF (nm) for the catalytic sites of TEM1, SHV1 and PC1 measured by
MD simulation.
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