nature chemical biology

Article

https://doi.org/10.1038/s41589-023-01426-y

Directed evolution unlocks oxygenreactivity
foranicotine-degrading flavoenzyme

Received: 6 January 2023

Accepted: 23 August 2023

Published online: 28 September 2023

% Check for updates

Mark Dulchavsky @', Rishav Mitra', Kevin Wu', Joshua Li', Karli Boer?,
Xiaomeng Liu', Zhiyao Zhang?®, Cristian Vasquez®, Christopher T. Clark ®3,
Kaitrin Funckes?, Kokila Shankar®, Selene Bonnet-Zahedi*,

Mohammad Siddiq®?, Yadira Sepulveda®, Raymond T. Suhandynata®”’,
Jeremiah D. Momper®, Antonio N. Calabrese ®3, Olivier George ®*,
Frederick Stull®® & James C. A. Bardwell®'

The flavoenzyme nicotine oxidoreductase (NicA2) is a promising injectable
treatment to aid in the cessation of smoking, abehavior responsible for
oneintendeaths worldwide. NicA2 acts by degrading nicotine in the
bloodstream before it reaches the brain. Clinical use of NicA2 is limited by
its poor catalytic activity in the absence of its natural electron acceptor
CycN. Without CycN, NicA2is instead oxidized slowly by dioxygen (O,),
necessitating unfeasibly large doses in a therapeutic setting. Here, we

reportagenetic selection strategy that directly links CycN-independent
activity of NicA2 to growth of Pseudomonas putida S16. This selection
enabled us to evolve NicA2 variants with substantialimprovement in their
rate of oxidation by O,. The encoded mutations cluster around a putative
0, tunnel, increasing flexibility and accessibility to O, in this region. These
mutations further confer desirable clinical properties. A variant form of
NicA2is tenfold more effective than the wild type at degrading nicotine in

the bloodstream of rats.

The addictive potential of nicotine makes smoking cessation difficult’.
However, when abstinence from tobacco is achieved, the personal
and public health benefits are unparalleled’. Nicotine oxidoreductase
(NicA2) is a flavin-dependent enzyme that catalyzes the degradation
of nicotineinto the non-psychoactive metabolite N-methylmyosmine
(NMM)>. NicA2 has thus garnered interest as an injectable therapeutic
to aid in the cessation of smoking. Several rodent studies have dem-
onstrated the efficacy of NicA2, but the staggeringly large doses of
the enzyme necessary to achieve therapeutic benefit (10-70 mg kg™)
remainamajor caveat*”. Thereason such sizable amounts of NicA2 are
required is the poor oxygen reactivity of this enzyme®’,

NicA2 catalyzes reductionand oxidationreactions by first accept-
ing electrons fromnicotine'. Thisleads to the conversion of its bound
flavin adenine dinucleotide (FAD) to the reduced hydroquinone form
(FADH,). FADH, must be oxidized after this reductive step to complete
the catalytic cycle. Dioxygen (O,) is the canonical electron acceptor
for the enzyme family containing NicA2, the flavin-dependent amine
oxidases™. If O, is the only substrate available to oxidize the flavin of
NicA2, asis likely the casein the bloodstream, the turnover of NicA2 is
extremely slow with a k_, of -0.007 s (ref. 12). In its native organism
Pseudomonas putidaS16,NicA2 achieves arate of catalysis four orders
of magnitude faster than in vitro. The higher in vivo activity of NicA2
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isdue to the presence of acytochrome c, termed CycN, thatacts asan
alternative electron acceptor to O,’. CycN is critical for the ability of
this microorganism to grow using nicotine as a carbon source. How-
ever, supplementing CycN s unlikely to be useful therapeutically due
to theimpracticality of reconstituting electron transfer machineryin
a treatment setting. A more straightforward solution to make NicA2
asuitable therapeutic is to increase its rate of reaction with the most
readily available oxidant in the bloodstream, O,.

Dueto the higher redox potential of the O,/H,0, couple than that of
flavins, allreduced flavins are thermodynamically poised to be oxidized
by O,inanessentially irreversible reaction®. For flavin-containing oxi-
dases, O,isaready reactant, with rate constants of oxidation typically
fallingbetween10®and10° M s (ref. 14). By contrast, flavin-containing
dehydrogenases do not efficiently facilitate a reaction between their
bound flavins and O,, with rate constants for oxidation that can
approach zero®. Despite roughly 100 years of study', the molecular
features that govern O, reactivity remain obscure'". NicA2 provides
anappealing opportunity to investigate how flavoenzymes can control
their reactivity with O, because it can be compared to structurally
similar enzymes that, unlike NicA2, are reactive with O,*****,

Because evolutionarily related flavin-containing amine oxidases
readily use O,, we hypothesized that it should be possible to evolve
NicA2tofavor O,asasubstrate. Others have attempted toincrease the
oxidationrate of NicA2 by making rational substitutions guided by the
currently limited understanding of oxygen control in flavoenzymes.
These have resulted in only modest improvements in the nicotine
degradation rate of NicA2 (refs. 7,8,18). We have observed that a null
mutant of NicA2’s in vivo electron acceptor CycN has asevere growth
defect when P. putida S16 is grown in minimal medium containing
nicotine as the sole carbon source. This phenotype offers us a unique
opportunity to isolate NicA2 variants that can effectively use O, as an
electron acceptor. We isolated variants from this selection with up to
an-189-fold improvement in their rate of nicotine degradation under
ambient conditions and a 10-fold increase in k., /K,,. Our results indi-
catethatthis catalyticimprovement can be at least partly explained by
changes in the conformational dynamics of a putative O,-accessible
tunnelin NicA2.

Although therapeutic proteins have gained widespread clinical
application, challenges including their high cost and adverse effects
associated withimmunogenicity remain. The utility of therapeutic pro-
teins for preventative treatment of chronic conditions such as smoking
cessation hasyettobe established. Regardless, theseimproved NicA2
variantsrequireadose thatis ten times lower than the wild-type enzyme
todeplete nicotineinthe blood of rats, making them better candidates
for future preclinical studies.

Results

P.putidaS16 AcycN as aselection for O,-reactive variants

P. putida S16 exploits the pyrrolidine catabolic pathway to grow
using nicotine as a sole carbon source”. The electrons liberated by
NicA2-catalyzed oxidation of nicotine in the first step of this pathway
are donated to the cytochrome ¢ CycN’. Chromosomal deletion of
the cycN gene arrests the natural pathway for nicotine degradation,
severely impairing the strain’s ability to grow on nicotine (Fig. 1a). This
islikely aconsequence of the poor activity of NicA2 when using O,as an
electronacceptor, asthelimited supply of carbon freed from nicotine
breakdownin the AcycNstrainisinsufficient to sustain rapid growth®’.
P.putidaS16 containing a AcycN mutation thus provides agenetic back-
ground thatlinks bacterial growth directly to the ability of NicA2 tobe
oxidized by O,. We transformed a P. putida S16 AcycN strain withmutant
libraries of nicA2 and isolated variants that demonstrate substantially
better growth on nicotine than wild-type nicA2 (Fig. 1b). Essentially
all variants of NicA2 that exhibited faster growth contained missense
mutations thatimproved their O,-dependent catalytic rates (Supple-
mentary Table1). Multiple rounds of enrichment, random mutagenesis

andreselectionyielded variants withincreasingly higher apparent k.,
values (Fig. 1c). The k., values of the encoded variants were positively
correlated with growth in liquid culture, supporting our hypothesis
that growth of the deletion strain is limited by the activity of NicA2
(Fig.1d). Weisolated variants with k,, values as high as 1.25 s for v417,
a189-fold improvement over the k,, of 0.0066 s of wild-type NicA2.

Improvements in k., of our variants often came at the cost of
increased apparent K, for nicotine (Supplementary Table 1). This is
not surprising, as the 3 mM concentration of nicotine required for
robust growth on the selective plates is well above the 114 nM K, for
nicotine that has been measured for the wild-type enzyme'. Thus, K.,
islikely not under selective pressure. Despite this, the relatively larger
increasesin k., resulting fromour selection led to NicA2 variants with
uptoatenfoldincreasein k,/K,, (Extended Data Fig. 1b).

The majority of sequenced variants contained a mutation at one
or more of the residues F104, A107, D130, H368 and N462 (Fig. 2a).
These frequently mutated residues cluster near the si-flavin region
(Fig.2b). To determine if each of these mutations individually increase
the catalytic activity of NicA2, we introduced the consensus substi-
tution for each position into the background of wild-type NicA2
(Fig. 2c and Extended Data Fig. 2). The two single substitutions of
greatest benefit to enzyme activity were D130S and H368R. These
substitutions appear too distant to directly influence the chemical
environment for the activation of O, near flavin and may instead impact
oxygen access to the proteininterior.

The mostactive variants isolated from the selection require sev-
eral of these common substitutions for robust activity (Extended Data
Fig. 2). For example, NicA2 v320 contains the four mutations F104L,
A107T, D130S and N462S and the less common T3191 and L449V. To
establish which of these substitutions were the most critical for the
increase in turnover rate in this variant, we individually restored the
wild-type amino acids at these positions and assessed the activity of
the resulting variants. Of the six mutations in NicA2 v320, we found
that the four highly enriched mutations proximal to the flavin (F104L,
A107T, D130S and N462S) are most important for activity. The two
more distant mutations (T3191 and L449V) had less of an effect on
enzyme activity (Fig. 2d). We next screened the thermostability of
several of our variants and found that they had melting temperatures
similar to that of wild-type NicA2 (Extended Data Fig. 3)*°. Mutations
are often destabilizing, so this result may seem surprising, but because
our selection demanded increased activity destabilizing mutations
were likely selected against?..

NicA2 variants have markedly higher oxidase activity

NicA2v320 had one of the highest k., values for O,-dependent nicotine
degradation, soweselected it for detailed analysis. NicA2 v320 contains
aspectrumofactivating mutationsin common with many of the other
highest k,, variants (Extended Data Fig. 2), so we reasoned that the
results obtained for it should be representative. Stopped-flow experi-
ments that monitored the reaction of reduced NicA2 v320 with O,
revealed that FADH, oxidation is accelerated 157-fold in this variant
relative to wild-type NicA2, but only when the reaction product NMM
isbound (Fig.3aand Table 1). The bimolecular rate constant for flavin
oxidation by 0, (k92) was 4,400 M™' s for NicA2 v320 in the presence
of NMM, falling within the 10°>-10° M s range typically seen for bona
fide flavin-containing amine oxidases". However, the k22 was only
230 M*sin the absence of NMM (Fig. 3b). This indicates that NMM
binding to NicA2 v320 is necessary for the substantial enhancement
we observe in the rate at which its flavin can be oxidized by O,. The
opposite behavior occurs in wild-type NicA2. Here, the addition of
NMM decreases k22 to 28 M s ' relative to the already low value of
120 M's that is observed in the absence of NMM (Fig. 3c). Reaction
traces for oxidation of NMM-bound reduced NicA2 v320 by O, display
asecond decreaseinabsorbance that occurs following flavin oxidation
(Fig.3band Extended DataFig. 5a). This decrease could be reproduced
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Fig. 1| P. putida S16 AcycN provides a platform for genetic selection. a, Growth
of wild-type P. putida S16 and AcycNinliquid culture with nicotine as the sole
carbonsource. The mean s plotted with error bands that represent the s.d. of
three biological replicates; Ao, absorbance at 600 nm. b, Growth of wild-type
P.putidaS16 in liquid culture with 3 mM nicotine as asole carbon source is shown
insolid black. Growth of P. putida S16 AcycN strains transformed with the wild-
type sequence of nicA2in the same medium is shown by the dashed black, and
the growth of nicA2 variants coming from the selection is shown in the colored
curves with their allele numbers indicated. Note that the color scheme of the
variants carries over between the growth curves and the datain cand d. The mean
is plotted with error bands that represent the s.d. of three biological replicates.

¢, nicA2 variantsisolated from different generations of the selection were
purified and characterized for their encoded mutations and steady-state kinetic
parameters (Supplementary Table 1and Extended Data Fig. 1a). The steady-state
kinetic assays in this study were performed under ambient conditions, meaning
that the k., values discussed here actually represent an apparent k., for nicotine
turnover at an oxygen concentration of roughly 250 pM. Note that the y axis

has alogarithmicscale; WT, wild type. d, The maximum growth rate of variants
transformed in P. putida S16 AcycN tested in b plotted against the determined

k., of eachvariant. The meanis plotted with error bars that represent the 95%
confidence intervals of three replicates for each value; AA, change in absorbance.

by simply mixing oxidized NicA2 v320 with NMM (Extended Data
Fig.5b), indicating that the decrease in absorbance in Fig. 3b is due to
aninteraction between oxidized NicA2v320 and NMM after the flavin
hasbeen oxidized by O,. We previously observed asimilar decreasein
flavin absorbance after mixing oxidized wild-type NicA2 with NMM”.
This change persisted under aerobic conditions, indicating that it is
not due to NMM-triggered reduction of NicA2’s flavin. The decrease is
not observed in the equivalent reaction trace between nicotine and
wild-type NicA2 because flavin oxidation by O, is slow enough to be
rate limiting, and the wild-type enzyme oxidizes directly into the
NMM-bound state with reduced flavin absorbance as a single kinetic
event (Fig. 3c). Spectrophotometric titrations indicate that reduced
wild-type and variant NicA2 bind NMM with nanomolar affinities
(Extended DataFig.5c). We previously determined that NMM formed
dueto nicotine oxidation remains bound to wild-type NicA2 whenitis
oxidized by its natural electron acceptor CycN’. Thisappears tobe the
case for NicA2 v320 oxidation by O, as well because the apparent rate
constant for oxidation of NMM-bound NicA2v320 at 250 pM O, (ambi-
ent concentration) is 1.1s™, which matches the measured k. This

indicatesthat the kg’f value for the NMM-bound enzymeis rate limiting

during turnover, at least for this variant. It also implies that our muta-
tions improve the catalytic rate of the enzyme by increasing the rate
at which NMM-bound NicA2 is oxidized by O,. NicA2 v321, which con-
tains asomewhat different spectrum of activating mutations, yielded
similar results (Supplementary Fig. 2 and Table 1).

Substrate or product binding has been shown to accelerate flavin
oxidation for other amine oxidases'**>. This accelerationis thought to
beduetoapositively charged product acting to stabilize the transient
superoxide intermediate that occurs during flavin oxidation by O,. To
testifthe positive charge on the pyrrolidine nitrogen of NMM s respon-
sible foraccelerating the reaction of NicA2 v320 with O,, we measured
kg,f forreduced NicA2v320in the presence of the uncharged product
analog myosmine. (Fig.3b). The kgj value for myosmine-bound NicA2
v320 was 2,900 M's™, which is comparable to that of NMM-bound
NicA2v320, suggesting that the positive charge of NMM is notimpor-
tant for the enhanced reactivity of NicA2 v320 (Fig. 3b,d).

Oxidation of nicotine is impaired in NicA2 variants

To investigate the reductive half-reaction, we then measured kinetics
for the reaction of oxidized NicA2 v320 with nicotine under anaerobic
conditions. These measurements allowed us to determine the impact
of the mutations in this variant on its reaction with nicotine. The reac-
tion, as monitored by following absorbance changes that accompany
flavinreduction, occurred in two kinetically observable phases (k,.q; and
Kk.cq,), both of which appeared to correspond to flavin reduction based
on the observed changes in absorbance (Extended Data Fig. 5d). We
previously observed a similar biphasic behavior with wild-type NicA2,
whichwe attributed to the two subunits of the NicA2 homodimer react-
ing with different rate constants’. The observed rate constants for both
kinetic eventsin NicA2 v320 were invariant with nicotine concentration,
suggesting that the binding affinity for nicotine is substantially lower
than the lowest nicotine concentration we could use (50 pM) while
maintaining pseudo first-order conditions. The two rate constants for
thisreaction with NicA2 v320 were 42- and 29-fold lower, respectively,
thanthe corresponding values with wild-type NicA2, indicating that the
mutations in NicA2 v320 negatively impacted the enzyme’s ability to
reactrapidly withnicotine (Extended DataFig. Se,f). The rate constant
for the second phase of flavin reduction (4.1s™) of NicA2 v320 was only
fourfold greater than the apparent rate constant for the reaction with
0, atambient O, concentrations. If any additional mutations similarly
compromise the flavin reduction rate, then the reaction of NicA2 vari-
ants with nicotine will become rate limiting rather than the reaction
with O,. This would explain why we did not see major improvementsin
the catalyticactivity of variants from the fourth generation of selection;
additional mutations that may have improved oxidationby O, decreased
reactivity with nicotine to the point where they did not have aselectable
growth advantage. Mutations in NicA2 v320 did not have amajorimpact
onits ability to transfer electrons to CycN, and reduced NicA2 v320
reacted as rapidly with CycN as wild-type NicA2 (Extended DataFig. 5g).

A changeintunnel accessibility enhances catalysis

We next wanted to understand the structural basis for the increased
oxidationrate of NicA2 variants. Genuine flavoenzyme oxidases often
contain tunnels within the protein structure for the guided diffusion
of O, into the protein core that houses the flavin cofactor. These tun-
nels can be a permanent feature evident from crystal structures® or
they can form transiently in the catalytic cycle, making them difficult
to characterize experimentally®. Inspection of the solvent-accessible
surfaceareainthe crystal structure of wild-type NicA2 revealed several
interconnected cavities that extend from the si-side of the FAD isoal-
loxazine moiety to the surface (Extended Data Fig. 6). One such tunnel
isin a region that is rich with the mutations that we discovered that
improve the oxidase activity of NicA2 (Fig. 4a). This led us towonder if
the observed gaininactivity for NicA2 variantsis at least partially due
tostructural perturbations that make this tunnelmore accessible to O,.
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Fig.2|Mutations near FAD are critical for a gainin oxygen reactivity. a, One
hundred and thirty-three variant sequences were isolated from our selection.
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tunnel diameter of -1.4 A identified by CAVER simulation rendered in magenta®.
¢, k., values determined for single mutations in the background of wild-type
NicA2. The dotted line indicates the k., value of wild-type NicA2.d, k., values
determined for variants where mutations were removed from the background of
NicA2v320; each line represents the k,, value corresponding to single mutations
back toward the wild-type NicA2. Note the tenfold difference in scale from

the plot shownin c. The dashed lineindicates the k., value of NicA2 v320. The
location of the amino acid positions L449 and T319 in the crystal structure can be
seenin Extended Data Fig. 4.

We were unable to solve structures of NicA2 v320 but were
fortunate to obtain well-diffracting crystals of NicA2 v321in both
the ligand-free and NMM-bound forms. The ligand-free structures
of the wild-type and v321 enzymes are somewhat different, with
the crystallized conformation of ligand-free v321 closely mimick-
ing the NMM-bound state of both wild-type and variant enzymes
(Extended Data Fig. 7a,b). By contrast, the NMM-bound structures
ofv321 and wild-type NicA2 are very similar with an overall root mean
squared deviation of <0.5 A and no obvious difference that would
explain our observed change in activity with O, (Extended Data
Fig.7c,d).

Enzymes that have aburied active site need to facilitate substrate
migration for catalysis to occur efficiently. The observed increase in
the oxidation rate of NMM-bound NicA2 v321 raises anintriguing pos-
sibility that the mutations in this variant alter the transport pathway
of O,. To assess the presence and dynamicity of oxygen tunnels in
NicA2, we used the label-free method differential hydrogen-deuterium
exchange mass spectrometry (HDX-MS). Differential HDX-MS provides
information on the solvent accessibility and dynamics of backbone
amide protonsin proteins. Analyzing differencesin deuterium uptake
between wild-type NicA2 and v321, we observed anincrease in deute-
rium incorporation in NicA2 v321 compared to wild-type (Extended

Data Figs. 8 and 9) in both the ligand-free and NMM-bound states.
Increased uptake is observed in the area surrounding the putative
tunnelinv321, suggesting thatitis more accessible to solvent (Fig. 4b).
This is consistent with our hypothesis that mutations in this region
facilitate O, transport to the active site.

Mutations in NicA2 shift conformation of a putative O, tunnel
Tofurther elucidate the chemical environment of this tunnel, we used
an NMRssite-specific probe, as thisapproach can provide structural and
kinetic information on transient events in enzyme action®. Given the
large size of the NicA2 homodimer (110 kDa) and the subtle conforma-
tional changes we wish to probe, we decided to use one-dimensional
FNMR. Fluorine serves as an exquisitely sensitive structural probe for
side chaindynamics. Observation of anything other thanasingle sharp
peakinthe ®’FNMR spectrum indicates conformational heterogeneity
inthelocalenvironment of the fluorine nucleus. We used amber codon
suppressionto site-specifically incorporate the unnatural amino acid
4-trifluoromethyl-L-phenylalanine (tfmF)* in place of Y342, aresidue
thatislocated adjacentto the tunnelinthe wild-type protein (Fig. 4a).
Wejudged that this substitutionis unlikely to block the opening of the
tunnel and found that it does not impact enzyme function or stability
(Supplementary Fig. 3).
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Fig.3|NicA2 variants are rapidly oxidized by 0,. a, Schematic of the reaction of
NicA2 with nicotine; Fl,,, oxidized flavin; Fl..4, reduced flavin. b, Example traces
for the stopped-flow reaction of reduced NicA2 v320 with O, at a concentration
of 450 uM. Raw traces for reactions at all concentrations of O, can be seenin
Supplementary Fig.1a-h. The second phase of the reaction of NicA2 v320in the
presence of myosmine likely represents a subpopulation of the enzyme that

isreacting with O, in the ligand-free state (Supplementary Fig. 1i). Also shown

are the chemical structures for NMM and myosmine. ¢, Example traces for the
reaction of reduced wild-type NicA2 with O, at a concentration of 450 pM. d, K,
values for the first phase of oxidation are plotted against O, concentration ([O,])
and fittoaline. The slopes of these lines define the bimolecular rate constants for
oxidation by O,, which are presented in numeric formin Table 1.

Table 1| Kinetic properties of NicA2 enzymes

Enzyme K Ligand-free kK32 NMM-bound k22 Kreas Kreaz
Wildtype 0.0066s" 120M™'s™ 28M7s™ 800s™ 120s™
v320 118 230M7s™ 4,400M7's™ 19s™ 41s™
v321 0.58s™ 230M"s™ 2,000M™s™ 130s"  10s™

We observed asingle broad signalin the F spectrum of wild-type
NicA2 at —59.8 ppm. This could be deconvoluted into two highly
overlapping peaks indicative of conformational motion in the
intermediate-to-slow exchange regime in the interior of the tunnel
(Fig. 4c). The F spectrum of NicA2 v321 was strikingly different and
was composed of a broad upfield-shifted major peak at —-60.2 ppm
and three highly overlapping downfield minor peaks (Fig. 4d). By
contrast, at a control substitution in a position that lies far from the
tunnel region, we observed single narrow peaks in both wild-type
NicA2 and v321 (Supplementary Fig. 4a). Wild-type NicA2 and v321
also demonstrated a nearly identical elution profile in size-exclusion
chromatography (Supplementary Fig. 5). These data suggest that the
multiple peaks we detect with asingle tfmF incorporated at Y342 can-
not be explained by global structural perturbation. In summary, the
FNMR spectraof the two ligand-free NicA2 molecules demonstratea
higher degree of conformational heterogeneity in the proposed oxygen
tunnelin NicA3 v321thanin the wild-type protein.

Our stopped-flow experiments demonstrated that NicA2 v321
hasanincreased rate of oxidation compared to the wild-type enzyme,
but only when it is bound by the reaction product NMM. To explore
the structural basis for this finding, we compared the NMM-bound
state of wild-type NicA2 and that of v321. The addition of NMM did
not cause any notable chemical shift perturbationin wild-type NicA2,
although the peak narrowed, suggesting that ligand binding may
restrict conformational fluctuations in the tunnel (Extended Data
Fig.10a). After addition of NMMto NicA2 v321, we observed a substantial
downfield chemical shift in the major peak of the enzyme, possibly due
to conformational rearrangement in the tunnel region (Extended Data
Fig.10b). We confirmed that these conformational changes are relevant
to catalysis by observing asimilar spectrum after the addition of nico-
tine to the enzyme to achieve the NMM-bound, reduced enzyme state
that was rapidly oxidized by O, in our kinetic experiments (Supplemen-
tary Fig. 4b). Therefore, observations made using the NMM-bound
oxidized enzyme report on the conformation of the enzyme relevant
for the oxidation step.

Paramagnetic relaxation enhancement (PRE) is widely used
to obtain long-range distance restraints in NMR spectroscopy”.
When a soluble paramagnetic reagent, such as 4-hydroxy-2,2,6,6
-tetramethyl-piperidine-1-oxyl (TEMPOL), is added to the solvent, the
extent of paramagnetic broadening depends on solvent accessibility
of fluorine. We decided to use solvent accessibility as a proxy to ascer-
tain access of O, to the proposed tunnel. In the presence of TEMPOL,
we observed line broadening in the major peaks in both the unbound
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Fig. 4| Wild-type NicA2 and mutant v321 populate distinct conformational
landscapes. a, The crystal structure of wild-type NicA2 (PDBID 5TT)) is displayed
withatunnel -1.4 A in diameter identified by CAVER simulation rendered
inmagenta. FAD isrendered inyellow, Y342 is rendered in gray, and labeled
frequently mutated residues are rendered in orange (F104), purple (A107), green
(D130), brown (H368) and turquoise (N462). b, Differential HDX-MS data are
shown on the structure of wild-type NicA2 under either aligand-free or NMM-
bound condition. Sections of the protein backbone that are highlighted in red
demonstrate greater solvent exchange in v321 than in the wild-type protein.
Interestingly, we also observed other areas of deprotection in NicA2 away from

-63

this tunnel region, suggesting that some additional structural rearrangements
arealso occurring. Residues that are mutated in NicA2 v321 are rendered as black
spheres. ¢, ’F NMR spectrum of wild-type NicA2 with the Y342tfmF substitution.
Theblack trace represents the raw data, the colored curves represent fits
deconvoluted using deconld**, and the gray trace represents residuals from the
fit. d,'”’F NMR spectrum of NicA2 v321 with the Y342tfmF substitution. e, PRE
ratios for wild-type NicA2 and v321in both apo- and NMM-bound states. A lower
PREratio indicates increased accessibility to solvent. The mean is plotted with
error bars that represent the s.d. of three replicates. Data were analyzed by one-
way analysis of variance with a Tukey multiple comparisons post hoc test.

wild-type and mutant NicA2 forms (59.8 and 60.2 ppm, respectively),
suggesting that these peaks represent accessible conformations (Sup-
plementary Fig. 6). The major populations of both wild-type NicA2
and NicA2v321appear less accessible to solvent when bound by NMM

than when ligand free (Fig. 4e). However, in both the ligand-free and
NMM-bound states, the predominant conformations of NicA2 v321
have amore accessible tunnel than the respective states of the wild-type
protein, in agreement with the HDX-MS data.
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Fig.5|NicA2v321degrades plasma nicotine in rats. Adult Wistar rats (N =48,
equal numbers of males and females) were exposed to nicotine (free base) ata
concentration of 3.15 mg per kg (body weight) per d to achieve a chronic blood
nicotine level of 50 ng ml™ or were administered 0.9% saline for 7 d via osmotic
minipump. Rats were injected with 0.1 mg per kg (body weight) wild-type
NicA2,1mg per kg (body weight) wild-type NicA2, 0.1 mg per kg (body weight)
NicA2v321or1mg per kg (body weight) NicA2 v321 at the time of minipump
implantation and again every 48 h. Blood was collected from animalsat1and 5d
after minipump implantation, and plasma nicotine levels were analyzed by liquid
chromatography-MS (LC-MS). Because we did not observe differences between
sexes, the data reflect both sexes combined. a, Plasma nicotine levels after1d of
nicotine exposure (24 h after injection of either vehicle or NicA2 treatments);
additional statistical significance values not shown on the figure: for naive versus
vehicle, 0.1 mg per kg (body weight) wild type, 1 mg per kg (body weight) wild
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type and 0.1 mg per kg (body weight) NicA2 v321, all P < 0.0001; for 1 mg per kg
(body weight) NicA2 v321 versus vehicle, 0.1 mg per kg (body weight) wild type,

1 mg per kg (body weight) wild type and 0.1 mg per kg (body weight) NicA2 v321,
P<0.0001; n=8pertreatment group and n =7 for the 1 mg per kg (body weight)
NicA2v321group; ND, s.e. not determined. b, Plasma nicotine levels after 5 d of
nicotine exposure (24 h after injection of either vehicle or NicA2 treatments);
additional statistical significance not shown on the figure: naive versus vehicle,
0.1 mg per kg (body weight) wild type, P < 0.0001; naive versus 1 mg per kg (body
weight) wild type, P= 0.03; naive versus 0.1 mg per kg (body weight) NicA2 v321,
P=0.004;1mg per kg (body weight) NicA2 v321 versus 0.1 mg per kg (body
weight) wild type, P < 0.0001; n = 8 per treatment group and n = 7 for the 1 mg per
kg (body weight) NicA2 v321and 1 mg per kg (body weight) wild type groups. Data
were analyzed by one-way analysis of variance with Tukey’s multiple comparisons
post hoc tests. The mean is plotted with error bars that represent the s.e.

NicA2 v321 effectively degrades plasmanicotinein vivo

To assist in the cessation of smoking, a NicA2 variant must degrade
nicotine effectively in vivo. To compare the efficacy of NicA2 v321to
that of wild-type under clinically relevant conditions, we exposed
rats to chronic nicotine levels similar to those found in smokers and
administered NicA2 enzymes to assess their nicotine degradation capa-
bilities. We conjugated NicA2 v321 and wild-type NicA2 to an albu-
min binding domain (ABD) for enhanced stability in the blood before
injection®. NicA2 v321 and wild-type NicA2 decreased blood nicotine
levels in a dose-dependent manner (Fig. 5). NicA2 v321 was tenfold
more efficacious at degrading nicotine than the wild-type protein, as
demonstrated by the nearidentical performance of 1 mg per kg (body
weight) wild-type enzyme and 0.1 mg per kg (body weight) NicA2 v321.
This finding mirrors the approximately tenfold higher specificity con-
stant (k.,/K,,) of NicA2 v321thanthe wild-type protein (Supplementary
Table 1). The highest dose of NicA2 v321 (1 mg per kg (body weight))
had undetectable plasmanicotine levels.

Discussion

Aunifying framework that defines how flavoproteins suppress or enable
their reactivity with O, has long been sought”. FADH, free in solution
can be oxidized by O, with a bimolecular rate constant of 250 M's™
(ref.13). When FADH, is bound to an enzyme, the oxidation rate may
be profoundly suppressed or accelerated to between 2and 10° M s™*
(ref.15). NicA2is curiously discerning as toits preference for electron
acceptors. Unlike the vast majority of flavin-dependent amine oxidase
family members, NicA2 exhibits avery limited capacity to react with O,.
The other notable exception to this paradigm is the recently charac-
terized pseudooxynicotine amine dehydrogenase, which also uses
CycN as its in vivo electron acceptor?. Donating electrons to CycN
appears to be an evolutionary adaptation by which P. putida S16 can
budget valuable reducing equivalents freed during the catabolism of

nicotine instead of producing H,0, by the reduction of 0,>*, It is not
clearifthisadaptationis widespread in nature. Other organisms such
as Arthrobacter nicotinovorans use the alternative pyridine pathway
for the catabolism of nicotine and contain homologous flavoenzymes
that react readily with 0,”. The structural similarity between NicA2 and
these O,-utilizing flavin-dependent amine oxidases is undeniable',
which makes NicA2 an attractive model withwhich to explore the con-
trol of O, reactivity in flavoenzymes.

Here, we developed ageneticselection strategy thatlinks growth
of P. putidaS16 to the activity of NicA2 in the absence of its physiologic
electron acceptor CycN. We used this selection to isolate variants
of NicA2 with a substantial improvement in their rate constant for
oxidation by O, and a tenfold increase in k_,/K,,. Multiple mutations
are required for the largest increases in activity. A previous study
demonstrated a threefold increase in k.,/K,, from a single substitu-
tionin NicA2-A107R’. This position was also heavily substituted in our
most active variants, although we found A107T to be the predominant
change. The relative bulk of the A107R mutation may impact solvent
accessibility and tunnel dynamics, like we have observedinouractive
variants, explaining its effect on activity.

NicA2 variants only exhibit increased rate constants for oxida-
tionby O, when bound by the reaction product NMM or its uncharged
analog myosmine. That the positive charge on NMM is not required
for this effect is surprising, as the presence of charge itself has previ-
ously been observed to stabilize the transition state for oxidation by
0,, facilitating catalysis'**>. NMM binding may instead shift NicA2
variants toward a catalytically competent conformation. Alterna-
tively, NMM could create a suitable hydrophobic interface near the
flavin for the reaction of O,, as has been demonstrated to be impor-
tant for some other flavoenzymes®** 2. Because NMM remains bound
during CycN-dependent catalysis® and CycN appears to inhabit a
binding site distinct from the location of our mutations®®®, it is
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not surprising that the oxidation rate with CycN is unimpaired in
our variants.

One way by which flavoenzymes may modulate oxidation of
FADH, is by changing the accessibility of the protein interior to O,.
Destabilizing a protein could improve oxygen permeability due to
increased molecular breathing. However, our most effective variants
exhibit remarkably unaltered thermodynamic stability. Dissolved
oxygen may also penetrate enzymes using predefined oxygen chan-
nels?***8, Obstruction or modification of these channels can lead to
adecreasein oxidase activity, which supportsadirect role of channels
inbringing O, to the active site***>**, We observe that compared to the
wild type, NicA2 v321appears to have greater exposure to solventina
mutation-rich region encompassing a putative O, tunnel. Thistunnelis
alsomore conformationally heterogenousin the ligand-free condition
ofv321thanitisinthewild type. After NMM binding, NicA2 v321 under-
goes major rearrangements in the tunnel region, as indicated by the
collapse and substantial downfield shift of fluorine resonances in our
F experiments. We further demonstrate that this new conformational
stateis overallmore solventaccessiblein NicA2 v321thaninwild-type
NicA2. This may indicate that the mutations encoded in NicA2 v321
allow greater diffusion of O, to flavin in this catalytically competent
state. This could, atleast partially, explainits increased oxidationrate.

Nicotine dependence is a major health problem, and smoking is
responsible for onein ten deaths worldwide®. Nicotine is highly addic-
tive, and greater than 95% of people who attempt to quit without
specific medicalintervention relapse within one year (refs.1,40). Even
with currently available therapies, the relapse rate remains stubbornly
high at-80% (ref.41). Treatment with NicA2 provides an exciting direc-
tion to neutralize the psychoactive effect of nicotine. Ideally NicA2
would degrade most of the nicotine absorbed when smoking before
itisabletoreachthetissuesuponwhichitacts. Wheninhalingnicotine,
it takes only about 7 s for it to reach the brain*’. Given the slow
catalytic rate of wild-type NicA2, an extremely large dose of around
10-70 mg kg'is necessary to degrade nicotine in this short time frame.
We have succeeded inisolating variants of NicA2 that are much more
capable of reacting with O, than the wild-type enzyme (kK32 0f 28 M s!
whenbound by NMM). Specifically, our variants, with kg)f values of up
to 4400 M's™, are much closer to the rate constants for oxidation
exhibited by other flavin oxidases. We have thus come a considerable
distanceinrestoring the oxidase activity of this enzyme implied by its
designated enzyme family. NicA2 v321 is active in vivo at a tenfold
higher efficacy than wild-type NicA2 and can maintain blood nicotine
concentrations at undetectable levels. This increase in activity is a
critical stepin the development of an efficacious enzymatic therapy.
Further investigation of these improved activity variants applied
to addiction cessation models will be necessary to evaluate their
clinical potential.
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Methods

Strains and culture conditions

P. putida S16 was obtained from ATCC (BAA-2546). Generation of
P. putida S16 AcycN was detailed in a previous study’. Bacterial cul-
ture was performed in lysogeny broth (LB) medium for general main-
tenance and growth of strains. Antibiotic selection was maintained
using 100 pg ml™ kanamycin or 25 pg ml™ gentamicin for pET28 and
pJN105 plasmids, respectively. Nicotine liquid medium was based on
M9 minimal mediumand included 6 g liter*Na,HPO,, 3 g liter 'KH,PO,,
1gliter ammonium chloride, 1 mM MgSO,, 0.1 mM CaCl,, 1x trace
metals (Teknova, T1001), 1 pg ml™ thiamine and 0.5 g liter ' nicotine.
Nicotine selection plates were made with the samerecipe as the liquid
mediumbutinstead used1g liter ' nicotine, and 15 g liter ' agarose was
added (Thermo Fisher Scientific). Protein expression medium (PEM)
consisted of 12 g liter ' tryptone, 24 g liter ' yeast extract, 50.4 g liter™*
glycerol, 2.13 g liter 'K,HPO, and 12.54 g liter ' KH,PO,. Escherichia coli
BL21 (DE3) cells were used for protein expression.

nicA2variantlibrary production

A high diversity library of nicA2 variants containing ~10® independ-
ent clones with an average mutation density of 8.9 nucleotide muta-
tions per gene was obtained from Genewiz and cloned into the
arabinose-inducible pJN105 vector®. This library was used for the
first generation of selection. Later generations were obtained using
serial error-prone PCR of pooled higher-activity variants from the
previous rounds of selection. Briefly, error-prone PCR was performed
using the Mutazyme Il kit (Agilent) according to the manufacturer’s
guidelines with primers PO1/P02. We routinely used 100 ng of pooled
variants as the template for the reaction. PCR products were run on
an agarose gel, and the nicA2 band was purified with a gel extraction
kit (Macherey-Nagel). This mutagenized band was then used for a
MEGAWHOP reaction onto pJN105-nicA2 template as follows*. We
prepared 400 plof aPhusion PCR (Thermo Fisher) reaction with400 ng
of pJN105-nicA2 wild type as the template and 1,500 ng of mutagenic
PCRproductas the megaprimer. PCR products were digested with Dpnl
for 3 hbefore ethanol precipitation with Pellet Paint (Sigma) additive,
resuspensionin5 plof double-distilled water and transformationinto
MegaX DH10b electrocompetent cells (Thermo Fisher). The 100-pl
cell stocks were splitinto 25-pl volumes, and each was electroporated
at 2,000 Vina 0.1-mm cuvette. Each electroporation reaction was
resuspended in 1 ml of SOC medium and recovered with shaking at
37 °C for 1h. Serial dilutions were plated onto LB-gentamicin plates
to determine the size of the resulting libraries. Recovered cells were
subcultured into LB with gentamicin and grown overnight, and their
encoded plasmids were isolated (QIAprep Spin Miniprep kit, Qiagen)
togenerate the pJN105-nicA2libraries used inthe selection. Homemade
libraries ranged from 10° to 10° unique sequences in size.

Selection of NicA2 variants with enhanced activity

The selection of NicA2 variants was performed using nicotine agar
plates containing 1 g liter ' nicotine. P. putida S16 AcycN was grown
overnight at 30 °C. The next day, 0.25 ml of overnight culture was sub-
cultured into 5 ml of fresh LB and grown for 3-4 h before being spun
down and washed three times with 4 ml of ice-cold 300 mM sucrose.
After these washes, cells were resuspended in 80 plof 300 mM sucrose.
Selectionlibrariesin pJN105were added to this concentrated cell stock
andelectroporatedat2,500 V (Electroporator 2510, Eppendorf). Next,
1mlof SOC medium was added, and the cells were allowed to recover
shakingat30°Cfor1h.

These strains that had been transformed with a mutagenized
library were washed with M9 salts to remove any residual nutrient
sources before being serially diluted and plated onto nicotine agar
plates. Plates were supplemented with 25 pg ml™ gentamicin as well
as arabinose concentrations between 0.01 and 0.001% (wt/vol) as
an inducer for NicA2 expression, with the lower concentrations

inducing less NicA2 expression and thus providing a more stringent
selection for nicotine degrading capability. Nicotine selection plates
wereincubatedat 30 °Cfor2-8 d until colonies appeared. The largest
colonies were picked and restreaked onto nicotine agar plates for
purification. Single colonies were picked from these streakouts and
were then evaluated for activity in a plate reader-based secondary
screen (see ‘Plate reader growth assay’) to determine which variants
hadthe fastest rate of growth. The top performers fromthis secondary
screen were sequenced and subcloned viaa MEGAWHOP reaction*®
into pET28a-His-SUMO for purification and analysis, as detailed below.

Plate reader growth assay

Strains of P. putida S16 were streaked onto LB or nicotine agar plates to
obtainsingle colonies. Strains containing NicA2 variants in the pJN105
plasmid background were maintained under 25 pg ml™ gentamicin
selection. Three distinct colonies were picked as biological replicates
and grownin LB medium withshaking at 30 °C overnight. The next day,
2 ul of stationary-phase culture for each replicate was transferred to
200 pl of nicotine medium supplemented with 0.001% (wt/vol) arab-
inoseina96-well plate. A Breathe-Easy sealing membrane plate cover
(Sigma) was applied. The plate was set to shake with 2-mm amplitude
at 30 °C, and absorbance was monitored at 600 nm in a Tecan M200
plate reader for 4 d. For each replicate, the growth rate for every 12-h
window was estimated from changes in optical density at 600 nm
(ODg) using linear regression, and mean growth rate was estimated
from the replicates for each genotype.

Purification of NicA2 variants for crystallography and
stopped-flow assays

A pET28a-His-SUMO-nicA2 plasmid was transformed into E. coli BL21
(DE3) cells for expression. Overnight cultures were diluted into 2-3 liter
of PEM and grown to an ODy,, of ~0.8 before being transferred to a
20 °C shaker and induced with100 pM IPTG overnight. The following
day, cultures were spun down, and cell pellets were stored at —20 °C
before use. Cells were lysed by sonication at 4 °C in 50 mM Tris-HClI,
400 mMNacCl, 15 mMimidazole and 10% glycerol (pH 8.0; lysis buffer)
with DNase I and cOmplete protease inhibitor cocktail. The lysate
was cleared by spinning twice at 30,000g and 4 °C for 30 min. The
clarified supernatant was thenloaded onto three 5-ml HisTrap columns
preequilibrated in lysis buffer. Columns were washed with 20 ml of lysis
buffer and 20 ml of lysis buffer supplemented to 20 mMimidazole, and
protein was eluted in lysis buffer supplemented to 0.5 M imidazole.
NicA2 was dialyzed into 40 mM Tris-HCI (pH 8.0) and 0.2 M NaClin
the presence of the protease ULP-1to cleave the His-SUMO tag. Dia-
lyzed, cleaved protein was subsequently passed back over the HisTrap
columns to remove the tag. Protein was then diluted into 25 mM Tris
(pH 8.5) and loaded onto three HiTrap Q columns equilibrated in the
same buffer. NicA2 was eluted using a linear salt gradient to 1 M NaCl.
Fractions containing NicA2 were then concentrated before a final gel
filtration over a HiLoad Superdex 200 column equilibrated in 40 mM
HEPES and100 mM NaCl (pH 7.4). Purified protein was supplemented
with glycerol to 10% before being flash-frozen in liquid nitrogen and
stored at —80 °C until use (Supplementary Fig. 7).

Purification of NicA2 variants for steady-state reactions
NicA2 variants were PCR amplified from pJN105 vectorsisolated from
theselection using primers PO1/P02. PCR products were gel extracted
and used as megaprimers in a MEGAWHOP reaction onto template
pET28a-His-SUMO-nicA2 to create expression constructs. The MEG-
AWHOP reaction was digested with Dpnl for 2-4 hbefore being trans-
formed into £. coli 10b to isolate variants, which had their sequences
confirmed by Sanger sequencing.

pET28a-His-SUMO-nicA2 variant plasmids were transformed into
E.coliBL21(DE3) for expression. Overnight cultures were diluted into
1liter of PEM and grown until an OD,, of 0.8 before being transferred
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to a 20 °C shaker and induced with 200 pM IPTG overnight. The next
day, samples were spun down, and the cell pellet was stored at —20 °C
before purification. Cell pellets were resuspended in 50 mM sodium
phosphate (pH 8.0),100 mM NaCland 10% (wt/vol) glycerol lysis buffer
supplemented with phenylmethylsulfonyl fluoride to 1 mM, lysozyme
to1mg ml™and benzonase nuclease to 0.5 U mI™. These samples were
sonicated onice for 5 minand spun at 25,000g for 30 min. The super-
natant was removed and added to 5 ml of Ni-NTA beads equilibrated
in lysis buffer. The supernatant and bead mixture was set to rotate at
4 °Cfor2 hbefore being washed with at least three column volumes of
lysis buffer. Proteins were eluted with lysis buffer supplemented with
imidazole to 500 mM. The eluate was set to dialyze overnight at 4 °C
to dilute imidazole in the presence of ULP-1 protease. The next day,
samples werereloaded onto Ni-NTA beads and passed through. Cleaved
His-SUMO tag and ULP-1protease remained on the column, while NicA2
variants were eluted in dialysis buffer. Proteins were concentrated and
flash-frozen before being stored at —80 °C (Supplementary Fig. 7).

Steady-state kinetic assays

All experiments were performed in 40 mM HEPES (pH 7.4),100 mM
NaCl and 10% (wt/vol) glycerol at 22 °C. The concentration of NicA2
was determined using the absorbance of bound FAD cofactor with an
extinction coefficientat450 nmofe =11,300 M cm™ (ref. 9). Purified
NicA2withaflavinconcentrationbetween100 nMand 2 pM, depending
onthe variant, was mixed 1:1with solutions of nicotine typically ranging
from 5t01,000 pM and transferred to a 1-cm cuvette. The concentra-
tion of the substrate was always at least 50 times greater than that of the
enzyme. Changein absorbance at 280 nmwas monitored over time, and
thelinear portions of the resulting curves corresponding to no greater
than10% of the total reaction were fit to determine the initial velocity of
thereaction. This value was divided by the difference between extinc-
tion coefficients of nicotineand NMM at 280 nm (£=2,914 M cm™, as
determined by measuring pure samples of each substance at aknown
concentration in the reaction buffer) and the enzyme concentration
inthe reaction to obtain V,/E, values. Initial velocities were then fit to
the Michaelis-Menten equation to determine the steady-state kinetic
parameters for each enzyme variant. Point mutants were generated
using the Quikchange method with primer pairs PO3/P24.

Stopped-flow experiments

All stopped-flow experiments were completed in 40 mM HEPES
(pH7.4),100 mM NaCland 10% glycerol at 22 °C using a TgK Scientific
SF-61DX2 KinetAsyst stopped-flow instrument. A sample consisting of
35 uMNicA2 variant (flavin concentration) was placed in a glass tonom-
eter and made anaerobic by cycling between argon and vacuum®.
For experiments monitoring the reaction with O, or CycN, NicA2 was
stoichiometrically reduced by titration with dithionite in bufferina
gas-tight syringe until the visible absorbance spectrum reached that
ofreduced flavin. After flavin reduction, NMM or myosmine (keptin a
tonometer side arm during anaerobic flavin reduction) was mixed with
thereduced enzymetoaconcentration of 2 mM ligand. The tonometer
was thenloaded onthe stopped-flow instrument and mixed with buffer
containing various O, concentrations (prepared by sparging buffer
withvarious N,/O, ratios made using a gas blender) or anaerobic CycN
(prepared in atonometer), and the reaction was monitored using the
instrument’s multiwavelength charge-coupled-device detector. For
experiments monitoring the reaction with nicotine, oxidized anaero-
bic NicA2 was mixed with various concentrations of nicotine (made
anaerobic by sparging with argon), and the reaction was monitored
using the instrument’s single-wavelength photomultiplier tube detec-
torat450 nm.

Stopped-flow data were analyzed using KaleidaGraph. Kinetic
traces at 450 nm for the reaction with O, in the absence of ligand and
the reaction of wild-type NicA2-NMM with O, werefit to asingle expo-
nential function (Eq. 1) to determine the observed rate constant (k)

values for each O, concentration. Kinetic traces for all other experi-
ments were fit to a sum of two exponentials (Eq. 2) to determine &,
values for the first and second kinetic phases. InEqs. 1and 2, AAis the
kinetic amplitude for each phase, k is the apparent first-order rate
constant, and A..is the absorbance at the end of the reaction.

Y = Ae kot + A, (o)

Y = AAjekost + AA e koot + A )

Plots of k,,,; against O, concentration for the flavin oxidation event
were fit to a line, with the slope providing the second-order rate con-
stant for the reaction between reduced enzyme and O, (k%). Plots of
ks against nicotine concentration were invariant for NicA2 v320.
However, the plot of k, versus nicotine concentration for wild-type
and v321NicA2 showed a hyperbolic dependence and was therefore fit
toEq.3todetermine the rate constant for flavin reduction (k.q) for this
reaction phase.

kred [S]

kcbs = K +1S] (3)

NMM binding to reduced NicA2

Samples of 40 pM wild-type NicA2 or NicA2 v320 were placed in an
anaerobic cuvette and made anaerobic by cycling with vacuum and
argon*.NicA2’s flavin was reduced by titration with a dithionite solu-
tioninagas-tight syringe, after which the syringe was replaced witha
gas-tight syringe containing2 mM NMM (made anaerobic by sparging
with argon). The NMM was titrated into reduced NicA2, and absorb-
ance scans were taken after each addition to monitor the development
of charge transfer absorbance after NMM binding. The data for the
change in absorbance at 510 nm (AAg,,) were plotted against NMM
concentration and fit to Eq. 4 using Kaleidagraph to estimate the
binding affinity. In Eq. 4, A¢,,,, is the maximum change in extinction
coefficient, Eyisthe initial enzyme concentration,and L, is the ligand
concentration.

Eo+Lo +Ka =/ (Eo + Lo +Ka)’ — 4Eolo
2

AAsio = Agmax 4)

NicA2 crystallization and structure determination

Purified NicA2 variants and wild-type NicA2 were prepared in PBS.
Initial screening for crystallization conditions was performed using
the National High-Throughput Crystallization Center at the Haupt-
man-Woodward Institute*®. Crystals for NicA2 v321 were obtained
using the hanging-drop vapor diffusion method. Protein solutions from
2.5t0 10 mg ml™ were combined 1:1 with a reservoir solution. NicA2
v321 without added NMM was combined with 100 mM sodium citrate
tribasic dihydrate (pH 5.0) and 18% PEG 6000 and set toincubate at 4 °C.
For the NMM-bound crystals, NicA2 v321 with NMM supplemented to
20 mMwas combined with 80 mMsodium citrate tribasic dihydrate (pH
5.0) and 18% PEG 6000 and incubated at 4 °C. Crystals were collected
using the same buffer as the reservoir solution with ethylene glycol
added to 25% (vol/vol) as a cryoprotectant before being flash-frozen
in liquid nitrogen. For the NMM-bound wild-type crystals, 15 mg ml™
wild-type NicA2 was supplemented with 2.3 mM NMM and combined
1:1with 0.2 M ammonium citrate tribasic (pH 7.0) and 20% PEG 3350
and set to incubate at 4 °C using the hanging-drop method. Crystals
were collected using the same buffer with 15% PEG 3350 added as a
cryoprotectant. Crystal diffraction data were collected at the Life Sci-
ences Collaborative Access Team beamline 21-ID-G at the Advanced
Photon Source, Argonne National Laboratory. Data integration and
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scaling were performed with iMosflm*’ and AIMLESS, respectively.
The space group for NicA2 v321 apo crystal and NMM-bound crystal
was determined to be P4,, and the space group for the NMM-bound
wild-type NicA2 was determined to be P2,2,2,. Anasymmetric unit for all
three crystals contains two molecules, forming a physiological dimer.
All structures were solved by molecular replacement using PHENIX
Phaser-MR*° with the wild-type NicA2 apo structure (PDBID 7C4A) as
an initial searching model. Multiple rounds of structural refinement
and manual model building were performed in the PHENIX Refine
program® and Coot™. Crystallographic data and refinement statistics
are provided in Supplementary Table 3.

Hydrogen-deuterium exchange mass spectrometry

An automated HDX liquid handling system (LEAP Technologies) cou-
pled with an Acquity M-Class LC/HDX manager (Waters) was used
for all experiments. Samples comprised protein (at a concentration
of 8 uM with or without 5 mM NMM) in 10 mM potassium phosphate
(pH 7.6). HDX was initiated by adding 95 pl of deuterated buffer
(10 mM potassium phosphate, pD 7.6) to 5 pl of protein-containing
solution. The resultant mixture was incubated at 4 °C for 0.5, 2 or
5min. Three replicate measurements were performed for each time
point and condition. Quenching of the HDX reaction was achieved by
mixing 50 pl of the labeling reaction with 100 pl of 10 mM potassium
phosphate and 0.05% n-dodecyl 3-D-maltoside (pH 2.2). Proteolysis
was performed by taking 50 pl of the quenched sample and flowing it
through animmobilized pepsin column (Waters; 20 °C). Peptides were
then trapped (Acquity UPLC BEH C18 VanGuard precolumn, 1.7 pm,
2.1 mm x 5 mm; Waters) for 3 min. The peptides were separated by
gradient elution of 0-40% (vol/vol) acetonitrile (0.1% (vol/vol) formic
acid) in water (0.3% (vol/vol) formicacid) over 7 minat 40 pl min™ using
aCl18 column (75 pm x 150 mm; Waters). The eluate was infusedintoa
Synapt G2Si mass spectrometer (Waters) operating in HDMSF mode,
with dynamic range extension enabled. Peptides were separated by
ion mobility before collision-induced dissociation fragmentation in
the transfer cell. Peptides were identified using PLGS (v3.0.2), and
isotopic envelopes of the peptides were interrogated using DynamX
(v3.0.0) software (Waters). The following PLGS search parameters were
used: peptide and fragment tolerances = automatic, min fragment
ion matches =1, digest reagent = non-specific, and false discovery
rate = 4. The following DynamX parameters were used: minimuminten-
sity =1,000, minimum products per amino acid = 0.3, max sequence
length =25, max ppm error =5, and file threshold = 3. Deuteros 2.0
was used to identify peptides with statistically significant increases/
decreases in deuterium uptake and to prepare Woods plots**. A sum-
mary of the HDX-MS data, as recommended by reported guidelines, is
showninSupplementary Table 2.

Circular dichroism of NicA2 variants

Samples of 10 pM NicA2 protein (flavin concentration) were prepared
in10 mM potassium phosphate (pH 7.4) and 2.5% (wt/vol) glycerol for
circular dichroism experiments. Solutions were added to1-mm quartz
cuvettes (Jasco, 0556). Five scans performed at room temperature were
averaged from 260 to 195 nm using a Jasco J-1500 circular dichroism
spectrophotometer.

ThermoFAD melting assay

The ThermoFAD assay was performed as previously established®.
Briefly, theintrinsic fluorescence of FAD is quenched after beingbound
by protein. As the temperature of the protein is raised and it begins to
unfold, thereleased FAD is once again fluorescent. This unfolding sig-
nalis monitored by a quantitative PCR machine. Twenty microliters of
10 pM NicA2 enzymes was pipetted to the bottom of a quantitative PCR
tray and monitored for fluorescence as the temperature was ramped
from15t0100 °Catarate of 0.5 °C s with a30-s hold time per step in
aQuantStudio 3 Real-Time PCR System.

Preparation of 4-trifluoromethyl-L-phenylalanine-labeled
NicA2 for nuclear magnetic resonance

F-labeled proteins were prepared based on protocols described in pre-
vious studies®*. Quikchange mutagenesis was used to place the amber
stop codon (TAG) into desired locations within the nicA2 gene using
primers P25-P28. These genes were thenrestriction cloned into pET21
atNdeland Xholsites with a C-terminal His tag. As such, any unlabeled
proteins prematurely truncated at the amber stop codon will pass in
the flow-through during a His tag purification step. Overnight culture
of E. coliBL21 containing the plasmids pDule-tfmF and pET21-nicA2 was
subcultured into1liter of PEM supplemented with1 mM tfmF (Thermo
Fisher). Antibiotic selection was maintained using 100 pg ml™spectino-
mycin and 200 pg ml™ ampicillin. Cultures were grown to an OD,, of
0.8, transferred to a 20 °C shaking incubator and induced overnight
with 0.1 mMIPTG. The next day, cells were spun down, and pellets were
stored at—20 °Cbefore use. Cell pellets were suspended in 50 ml of lysis
buffer supplemented with phenylmethylsulfonyl fluoride, lysozyme
and benzonase nuclease and sonicated until cleared. Lysates were spun
at25,000g for 30 min and filtered before loading onto a 5-ml HisTrap
column (Cytiva) preequilibrated in lysis buffer. The HisTrap column
was washed with five column volumes of lysis buffer and eluted in lysis
buffer with300 mMimidazole. This eluate was diluted into 25 mM Tris
(pH 8.0) before loading onto a Q-column preequilibrated in the same
buffer. The column was then washed with 25 ml of the equilibration
buffer before elutionin asalt gradient. Purified proteins were dialyzed
into 40 mM HEPES (pH 7.4), 100 mM NaCl and 10% (wt/vol) glycerol,
snap-frozen and stored at -80 °C before use.

Nuclear magnetic resonance sample preparation

Purified NicA2 at a concentration of 100-300 pM in 40 mM HEPES
(pH 7.4),100 mM NaCl and 10% (wt/vol) glycerol buffer was used in all
NMRreactions unless otherwise specified. AWilmad internal reference
tube containing the same buffer with an added 10% heavy water and
1mM trifluoroacetic acid (TFA) was used to reference the apo protein
spectra. NMM and TEMPOL titration experiments included 10% heavy
water withthe sample and were instead referenced to free tfmF atacon-
centration of 5 uM. NMM titrations used 100 pM NicA2 proteins and were
referencedto 5 pPM TFAinthe NMR tube containing anadded 10% heavy
water. TEMPOL was added to an end concentration of 8 mM. Samples
with nicotine added to obtain the reduced product-bound form of the
enzyme were prepared by combining NicA2 proteins at a concentra-
tion of 300 uM with nicotine to 1 mM to fully reduce FAD. The samples
were introduced into NMR tubes and capped with a Chemglass rubber
septum stopper. Reduction of the protein throughout all NMR experi-
ments was confirmed by monitoring the color of the proteinin the tube.

F nuclear magnetic resonance spectroscopy

AlINMR spectrawere acquired at 298 K on a Bruker 600 MHz instru-
mentequipped witha Prodigy ("H/*F)-X broadband cryoprobe oper-
ating atabasic transmitter frequency of 563.6701729 MHz for the *F
nucleus. One-dimensional undecoupled F spectra were recorded
with16,000 data points, a30-kHz sweep width, an acquisition time of
0.288 s, arelaxation delay of 2 sand atotal of 1,000-5,000 transients
accumulated per experiment. The °F chemical shifts were referenced
to either TFA (set at -=75.39 ppm) or tfmF (set at -62.0832 ppm). The
spectra were processed in TopSpin 4.1.4 and deconvoluted using
the Python-based deconld fitting program that assumes Lorentzian
peak shapes*.

Albumin binding domain fusion proteins

nicA2 sequences were fused to the nucleotide sequence of ABD0O35
(ref. 55) in a PCR assembly reaction using a primer pair (P29/P30) in
which the forward primer encoded the entirety of ABDO35 and primed
onthe Nterminus of NicA2 after its signal sequence. This construct was
the same architecture asthat of an earlier study where ABD-NicA2 was
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shown to be stable and active*. The resulting fusion was cloned into
pET28a-His-SUMO via BamHI and Xhol restriction sites. The protein
was purified as detailed above for the crystallography and stopped-flow
purifications. Endotoxin was removed from the samples using the
Toxineraser endotoxin removal kit (Genscript) and confirmed to be
lower than 5 EU ml™ with a Toxinsensor chromogenic LAL endotoxin
assay kit (Genscript). The samples were prepared in 40 mM HEPES
(pH 7.4),100 mM NacCl and 10% (wt/vol) glycerol and flash-frozen in
liquid nitrogen before use.

Plasma collection to determine nicotine levels in rats injected
with NicA2 variants

Adult male and female Wistar rats (N = 24 males and 24 females) were
subcutaneously implanted with osmotic minipumps (Alzet 2ML2,
Braintree Scientific) containing 3.15 mg per kg (body weight) per d nico-
tine (dose expressed as free base) for 7 d, asin our previous work*>°. All
animal experiments were conducted in compliance with the University
of California, San Diego, Institutional Care and Use Committee (IACUC),
and all experimental procedures were approved by the University
of California, San Diego, IACUC. Briefly, rats were anesthetized with
1-5% isoflurane in O,, and an incision was made in the lumbar region.
Minipumps were inserted subcutaneously, the incision was closed
with wound clips and skin glue, and minipumps were removed after
7 d. Atthetime of minipump implantation and every 2 d after, animals
wereintraperitoneally injected with vehicle (1x PBS; naive and vehicle
groups, n =4 males and 4 females per group), 0.1 mg per kg (body
weight) wild-type ABD-NicA2 (n =4 males and 4 females),1 mg per kg
(body weight) wild-type ABD-NicA2 (n = 4 males and 4 females), 0.1 mg
per kg (body weight) ABD-NicA2 v321 (n =4 males and 4 females) or
1mgperkg (body weight) ABD-NicA2v321(n =4 males and 4 females).
At1and 5d after minipump implantation, blood was collected from
each animal via tail vein puncture and immediately mixed with 1:4
volumes of methanol to quench enzyme activity. Samples were spun
at1,000g for 10 min at room temperature, and plasma was extracted
and stored at -80 °C until use.

Determination of plasma nicotine levels by mass
spectrometry

Calibrators and quality control material were prepared from standard
reference material: nicotine (Sigma-Aldrich). Internal standards (ISs)
were prepared from standard reference material: nicotine-d3 (Cayman
Chemical). Calibrationstandards were prepared inrat plasmaand were
used to generate an external calibration curve using linear regression
to plot the peak area ratio versus concentration with 1/x weighting
(r?20.99) over the full analytically reportable range. The analytically
reportable range for this assay was 7.8-250 ng ml ™ for nicotine. Quanti-
tative determination of nicotine in rat plasma was determined by multi-
plereaction monitoring (MRM) MS API14000 LC-MS/MS System-Sciex.
MRM was performed in positive electrospray ionization mode using
column C18-AR (100 x 2.1 mm; 5-um ACE). MRM transition ions were
monitored for nicotine (quantifier: m/z163.0 > 117.0; qualifier: m/z
163.0 >130.0;1S: m/2166.0 >132.0).

Theanalytical quality control materials were prepared at15 ng ml™
and 150 ng ml™ inmouse plasma. Mobile phase A (MPA) was composed
of 0.1% formic acid in water,and mobile phase B (MPB) was composed
of methanol. The flow rate was set at 0.500 ml min™ across the entire
method, and the initial starting conditions were set at 97% MPA and
3% MPB. At 1.00 min, the composition of MPB increased linearly to
97% across the following 2.50 min. MPB was held constant for 1.50 min
before returningto 5% MPB. Equilibration was performed for the final
1.1 min at 5% MPB. Nicotine was extracted from 50 pl of rat plasma
spiked with 20 pl of IS. Proteins were precipitated using 180 pl of metha-
nolandvortexed for 30 s before centrifugation at 21,000g for 10 min at
roomtemperature. Avolume of 20 plwasinjected viathe autosampler
for LC-MRM analysis.

Statistics and reproducibility

Independent replicates were obtained for all experimentsincludedin
the study and are typically presented as mean values or comparisons
of means. Measurements were repeated at least two times, and all were
reproducible. For rat studies, pilot testing was conducted on asmaller
cohort of animals, and results were consistent with data presented in
the manuscript.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Raw data used in the preparation of main and Extended Data figures
are deposited in the public data repository Figshare (https://doi.
org/10.6084/m9.figshare.23635986). Macromolecular structure data
areavailable at the PDB (https://www.wwpdb.org/) with the identifiers
listed in this study. The raw HDX-MS data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD037151. Datasets generated during and/or
analyzed during the current study are available from the corresponding
authoronreasonable request. Source data are provided with this paper.
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Extended DataFig. 1| k ,/Ky is not reliably selected for under plate selection
conditions. a, The top panel is arecreation of Fig. 1c with additional labels for
comparison. Frequently mutated residues interrogated in Fig. 2 are bolded.
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Extended DataFig. 2| Alignment of NicA2 variants tested for steady-state kinetic activity. Red asterisks denote amino acid locations found to be mutated in
greater than 15% of all sequencesisolated from the selection. Sequences are colored for their degree of conservation using the BLOSUM62 score. Figure was prepared
usingJalview”.
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Extended Data Fig. 3| NicA2 wildtype and variants maintain a similar melting temperature. NicA2 proteins as listed in the figure were subject to the ThermoFAD
melting assay to determine the temperature at which they unfolded, releasing their bound FAD. The melting temperature of each variant is displayed inits
corresponding color. Displayed curves are the average of three replicates.
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Extended Data Fig. 4 | Mutations in NicA2 v320. The crystal structure of wildtype NicA2 is displayed with residues highlighted that are mutated in NicA2 v320. Note
F104 in orange, A107 in purple, D130 in green, T319 in salmon, L449 in cornflower blue, and N462 in turquoise.
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Extended DataFig. 5| Binding and stopped flow reactions of NicA2 wildtype
and v320. a, Visible absorbance spectra of select time points for the reaction of
reduced NicA2 v320 in the presence of 1 mM NMM with O, (see Fig. 3b of main
text). b, Stopped-flow absorbance traces for the interaction between oxidized
NicA2v320 and NMM at several NMM concentrations. The inset shows the K
values of the reaction traces plotted against NMM concentration. Note that the
ks value was 0.08 s for the secondary decrease in absorbance observed for the
reaction of reduced NicA2 v320 in the presence of 1mM NMM with O, (Fig. 3b of
main text), which matches the k,, value when oxidized v320 interacts with 1mM
NMM. ¢, Reduced NicA2 wildtype and v320 were titrated with NMM, monitoring
absorbance at 510 nm to determine the binding coefficient. The inset shows the

data points from the titration fit with the tight binding equation. d, Raw traces
for the reactions of NicA2 wildtype and v320 with nicotine, both demonstrating
biphasic traces. Note the logarithmic x-axis. Raw traces for reactions at all
concentrations of nicotine can be seen in Supplementary Fig. 1j-1. e, k,,, values
for the reaction of wildtype NicA2 are plotted against the concentration of
nicotine. k,,, values from first phase was fit to a hyperbola, k, from the second
phase was invariant to nicotine concentration. f, k., values for the reaction of
NicA2v320 are plotted against the concentration of nicotine, both were invariant
to the nicotine concentration. g, The reaction of reduced NicA2 v320 with
oxidized CycN was rapid, finishing in roughly 2 seconds similar to the reaction of
wildtype NicA2°.
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Extended Data Fig. 6 | NicA2 wildtype has solvent exposed channels. a, The crystal structure of wildtype NicA2 (PDB 5TT)) is rendered with the solvent accessible
surface area. The arrow marks a solvent exposed channel into the active site of NicA2. b, A different view of wildtype NicA2. The arrow marks a cavity on the surface of
the protein that approaches the active site.
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Extended DataFig. 7| NicA2 wildtype and v321 have similar structures
whenbound by N-methylmyosmine. We first attempted to crystallize
NicA2v320, but none of our crystals diffracted to adequate resolution for
structure determination. We were fortunate to obtain well diffracting crystals
of NicA2v321linboth the ligand-free and NMM-bound forms. The mutational
changes and kinetic parameters of v320 and v321 are similar, so the structural
perturbations seen for v321 are likely informative for those in v320 and other
variants that contain similar changes. a, Unbound NicA2 wildtype (PDB: 5TTJ)

and v321enzyme structures were overlaid, aligned at their flavin binding
domains. b, Overlay of the active sites of the enzymes with A107T and H368R
mutations rendered. ¢, NicA2 wildtype and v321 enzyme structures bound to
N-methylmyosmine were overlaid, aligned at their flavin binding domains.

d, Overlay of the active sites with A107T and H368R mutations rendered.
Wildtype enzymeis rendered in cyan/blue, v321in orange/salmon, Flavin adenine
dinucleotide in yellow, and N-methylmyosmine in magenta.
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Extended Data Fig. 8 | Differential HDX-MS analysis of NicA2 v321vs wildtype.  timepoints. Peptides that showed statistically significant deprotectionin v321
a, Peptide coverage map, showing the common peptides detected for wild-type are coloredinred. Noregions of protection from exchange were detected.
and NicA2v321. Peptides where the mutations are present are not included in The vertical thin blue lines represent the location of mutations between NicA2
these analyses. b, Woods’ plots showing the difference in deuterium uptake wildtype and v321.

between peptides derived from wild-type or NicA2 v321for the 0.5, 2, 5min
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Extended Data Fig. 9 | Differential HDX-MS analysis of NMM-bound NicA2 bound to NMM for the 0.5, 2, 5 min timepoints. Peptides that showed statistically
v321vswildtype. a, Peptide coverage map, showing the common peptides significant deprotectioninv32lare coloredinred. No regions of protection from
detected for wild-type and NicA2 v321. Peptides where the mutations are present exchange were detected. The vertical thin blue lines represent the location of
arenotincluded in these analyses. b, Woods’ plots showing the difference in mutations between NicA2 wildtype and v321.

deuterium uptake between peptides derived from wild-type or NicA2 v321 when
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Extended Data Fig. 10 | NicA2 wildtype and v321 titrations with NMM.
a, The signal for wildtype NicA2 Y342tmfF titrated with 0, 0.1, 0.5, and 2.5 mM
NMM narrows with increasing NMM, indicating a more restricted sampling
of local conformations. b, NicA2 v321 Y342tmfF titrated with NMM of the
same concentrations as labeled, showing collapse into a single population.
Atincreasing molar ratios, NMM yields a narrow major peak whose intensity
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increases with aconcomitant decrease in the intensity of the apo- state peaks.
Thus, NMM binding ‘pulls’ the distinct apo- state sub-ensembles that are in slow
exchange into a single major conformation, one that presumably resembles
the crystallized conformation of the NMM-bound NicA2 v321 complex. NMM,
N-methylmyosmine.
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