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A Radical Intermediate in Bacillus subtilis QueE During Turnover
With the Substrate Analog 6-Carboxypterin

Jarett Wilcoxenl, Nathan A. Bruender?, Vahe Bandarian?, and R. David Britt!
1.Department of Chemistry, University of California, Davis, Davis, California 95616, United States

2Department of Chemistry and Biochemistry, St. Cloud State University, St. Cloud, Minnesota
56301, United States

3-Department of Chemistry, University of Utah, Salt Lake City, Utah 84112, United States

Abstract

7-Carboxy-7-deazaguanine (CDG) synthase (QueE), a member of the radical S-deoxyadenosyl-L-
methionine (SAM) superfamily of enzymes, catalyzes a radical-mediated ring rearrangement
required to convert 6-carboxy-5,6,7,8-tetrahydropterin (CPH,) into CDG, forming the 7-
dezapurine precursor to all pyrrolopyrimidine metabolites. Members of the radical SAM
superfamily bind SAM to a [4Fe-4S] cluster, leveraging the reductive cleavage of SAM by the
cluster to produce a highly reactive 5”-deoxyadenosyl radical which initiates chemistry by H-atom
abstraction from the substrate. QueE has recently been shown to use 6-carboxypterin (6-CP) as an
alternative substrate, forming 6-deoxyadenosylpterin as the product. This reaction has been
proposed to occur by radical addition between 5’-dAdoe and 6-CP, which upon oxidative
decarboxylation yields the modified pterin. Here, we present spectroscopic evidence for a
kinetically competent 6-CP-dAdo radical. The structure of this intermediate is determined by
characterizing its electronic structure by continuous wave and pulse electron paramagnetic
resonance spectroscopy.
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Introduction:

7-Deazapurine containing natural products are found in a variety of biological motifs,12
including the hypermodified tRNA bases queuosine3 and archaeosine. Queuosine is located
in the wobble position of tRNAs bearing His, Tyr, Asp, and Asn with the 5"-GUN-3’
anticodon.® The 7-deazapurine moiety that is at the core of all pyrrolopyrimidine
nucleosides is derived from GTP in three steps (Scheme 1A).5-° The first two are catalyzed
by GTP cyclohydrolase | (GCH 1) and 6-carboxy-5,6,7,8-tetrahydropterin (CPH,4) synthase
(QueD), which convert GTP to CPHy. In the third step, the radical S-deoxyadenosyl-L-
methionine (SAM) enzyme 7-carboxy-7-deazaguanine (CDG) synthase (QueE) catalyzes a
dramatic and unprecedented heterocyclic rearrangement, converting CPH4 to CDG.10 In the
reaction, H-atom abstraction at the C-6 position of CPHy initiates the reaction where the N
on the pyrazine ring is lost as ammonia, forming a pyrrole ring while maintaining the
exocyclic carboxyl moiety.8 10

The radical SAM superfamily, of which QueE is a member, was originally identified on the
basis of a conserved CX3CX®C motif, in which & is an aromatic residue, and the three
cysteine-thiolate side chains each coordinate an iron atom of a site-differentiated [4Fe-4S]
cluster.11 Recent bioinformatics studies have estimated that there are >100,000 members in
this radical SAM superfamily.12 A common theme of enzymes in the superfamily is the
reductive cleavage of the [4Fe-4S] cluster-bound SAM to generate a highly reactive oxidant,
the 5”-deoxyadenosyl radical (dAdoe) (Scheme 1B), which typically abstracts a H-atom
from the specific enzyme’s substrate as a central key step in the catalysis.13

The X-ray crystal structures of a number of radical SAM enzymes show that they all adopt a
structure reminiscent of either a full (B/a)g or partial (B/a)g triose-phosphate isomerase
(TIM) barrel fold.14-32 X-ray structures of QueE from two organisms, Burkholderia
multivorans and Bacillus subtilis, reveal the modes of substrate (CPH,4) and product (CDG)
binding (Figure 1A). As in other radical SAM enzymes, the SAM binds through the amino
and carboxylate moieties to the unique non-cysteine-ligated iron of the [4Fe-4S] cluster. In
the structure of the CPH,4 complex, the C-6 hydrogen, which deuterium labeling studies have
shown is abstracted by 5”-dAdos to initiate catalysis, is within 3.4 A of the 5’-carbon of
SAM.lO' 33

Recent structural studies with B. subtilishomolog and 6-carboxypterin (6-CP; Figure 1C),
an CPH, analog (Figure 1B) obtained under non-reducing conditions, revealed electron
density that was inconsistent with intact SAM and 6-CP.34 The most reasonable
interpretation of the electron density is that the 5"-position of SAM has undergone a
nucleophilic addition carboxyl moiety of the 6-CP to displace Met forming 6-
carboxypterin-5"-adenosy! ester (6-CP-Ado), Figure 1, D and E. This reaction was also
shown to occur /n vitro using high-resolution mass spectrometry with various isotopically
enriched SAM and 6-CP analogs.3* Interestingly, a different dAdo adduct, 6-
deoxyadenosylpterin (6-dAP), is formed /n vitro under reducing conditions that are required
for catalysis. This unusual product, 6-deoxyadenosylpterin (6-dAP), is proposed to form by
addition of the 5"-dAdo radical to the 6-position of 6-CP followed by oxidative
decarboxylation.34 Herein we describe the characterization of an intermediate in the reaction
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by which QueE produces 6-dAP. The structure of the radical intermediate was determined
through continuous wave (CW) and pulse electron paramagnetic resonance spectroscopy
measurements. Implications of the intermediate to radical SAM enzymology are discussed.

Methods/Materials:

Chemicals:

6-CP and sodium dithionite were purchased from Sigma-Aldrich. [U-1°Ns] GTP and [U-2H]
GTP were from Cambridge Isotope Labs. PIPES was purchased from Research Products
International.

Enzyme Purification:

Hisg-tagged QueE from B. subtilis used in this investigation was cloned, expressed, and
purified as previously described.34

Preparation of isotopologues:

SAM was prepared as previously described.34 [13C¢] SAM and [U-13C-] 6-carboxypterin
were synthesized as previously described.34 [U-15Ns] and [7-2H] 6-carboxypterin were
synthesized in the same manner as previously described for [U-13C;] 6-carboxypterin from
[U-15N5] GTP and [U-2H] GTP in 2H,0 respectively.3* LC-MS analysis showed that
[U-15Ns] 6-carboxypterin was 99% pure and 95% enriched with 15N and [7-2H] 6-
carboxypterin was 98% pure and 96% enriched with 2H (SI Figure 1).

Electron Paramagnetic Resonance (EPR) Sample Preparation and Spectral Simulations:

All EPR samples were prepared in an anaerobic chamber (Coy Labs, 95% N»/5% H,). EPR
samples contained 50 mM PIPESeNaOH (pH 7.4), 10 mM DTT, 10 mM sodium dithionite,
2 MM SAM, 2 mM MgSQy, 0.2 MM B. subtilis QueE, and 1 mM natural abundance or
isotopically enriched 6-CP. For time courses, all components except dithionite and 6-CP
were mixed at room temperature (~20 C). Dithionite was then added to this mixture and
incubated for 10 min, followed by the initiating the reaction with 6-CP. Reaction mixtures
were transferred into 3.8 mm (X-band), 2.0 mm (Q-band) or 1.1 mm (D-band) thin walled
quartz EPR sample tubes (Wilmad Glass or Vitrocom) and quenched by freezing in liquid
nitrogen after 1, 5, 10, 30, or 60 min incubation. Reactions quenched at 10 min were
selected as the standard for samples containing the isotopically enriched 6-CP. In these
reactions, the samples were prepared as described above. Samples were stored in liquid
nitrogen after freezing. Spectral simulations were performed using the EasySpin 4.0 toolbox
in Matlab.3® In order to ensure the greatest accuracy in our simulations, all data of a specific
isotopologue has been simultaneously simulated resulting in simulations for all the
experimental data with a single set of parameters. Uncertainty of the hyperfine values were
determined by multiple least squares fitting of the data.

X band CW EPR measurements:

Samples for X-band (~9.4 GHz) EPR spectroscopy were measured at the CalEPR center at
the University of California, Davis. Continuous wave (CW) spectra were collected using a
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Bruker Instruments EleXsys-11 E500 CW EPR spectrometer (Bruker Corporation, Billerica,
MA) equipped with an Oxford Instruments ESR900 liquid helium cryostat and an Oxford
Instruments ITC503 temperature and gas-flow controller. Samples were measured under
non-saturating slow-passage conditions using a Super-High Q resonator (ER 4122SHQE).
Typical acquisition conditions were: T= 100 K; 9.4 GHz microwave frequency; 3G
modulation amplitude; 1 mW microwave power.

Pulse EPR and ENDOR measurements:

Results:

All Q-band (34 GHz) pulse EPR studies were carried out at the UC Davis CalEPR center,
using a Bruker EleXsys E580 pulse EPR spectrometer equipped with an Oxford-CF935
liquid helium cryostat and an 1TC-503 temperature controller. Q-band pulse EPR and Davies
Electron Nuclear Double Resonance (ENDOR) spectroscopy were performed using the
same E580 EPR spectrometer along with a 1 kW ENI RF amplifier and an R.A. Isaacson-
designed cylindrical TEQ11 resonator3® adapted for pulse EPR in an Oxford Instruments
CF935 cryostat. Davies ENDOR spectra were acquired using the pulse sequence t—trr—Ttrr
—tre—1t/2—-t-1t—echo, where mtre is the optimized RF pulse length and trg is a fixed delay
separating MW and RF pulses.3’ Typical collection conditions were: T=20K, 34.16 GHz
microwave frequency, 2.4 mW microwave power, 48 ns inversion (r) pulse, T =400 ns, RF
pulse length: 30 ps (13C), 16 ps (*H), and 60 ps (1°N). To avoid saturation of the ENDOR
transitions, data were collected using stochastic RF frequency jumping.38 Hyperfine
sublevel-correlation (HYSCORE) spectroscopy was performed using the pulse sequence:
1t/2-t-1/2-T1-n-To-1t/2-t-echo.37 In the HYSCORE experiment, T1 and T are incremented
by 20 ns steps to produce a two dimensional spectrum. D-band (130 GHz) Davies ENDOR
spectra were collected on a laboratory-constructed pulse EPR spectrometer3® using the
Davies pulse sequence. Typical collection conditions were: microwave frequency 129.9
GHz, T=30K; 80 ns inversion () pulse, 50 ps RF pulse, T =400 ns. A field sweepable 8-T
cryogen-free superconducting magnet (Cryogenic Ltd., London) was used to generate the
required magnetic field.

Observation of a 6-CP based radical intermediate:

EPR studies with QueE have shown that upon reduction with dithionite in the presence of
SAM, the [4Fe-4S] cluster presents a rhombic EPR signal and gayg < 2.0, as typical for other
radical SAM enzymes.10 By contrast, when QueE is incubated with 6-CP, SAM, and
dithionite, an entirely different EPR signal is observed (Figure 2i), which consists of a
doublet signal centered at g=2.004 with a ~2 mT peak to peak splitting.1 The g-value and
lack of apparent rhombicity is most consistent with an organic radical, and not a [4Fe-4S]
cluster. The formation of the major doublet signal is slow (Figure 2i); it is visible within 1
min after mixing QueE with 6-CP, SAM, and dithionite, and decaying by 120 min (SI Figure
2)'34

Lin some samples, we note additional features at 329 mT and 341 mT. However, since these features are not always present and do not
change with isotope labeling, we have not investigated these further.
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To investigate if the doublet signal corresponds to the elusive 5’-dAdoe radical, samples
were prepared with isotopically enriched SAM with the deoxyadenosyl moiety labeled with
13C at all carbon positions ([13C1g] SAM). As with natural abundance SAM, a doublet
signal was also observed with the labeled SAM (Figure 2ii). Since SAM was uniformly
labeled with 13C, the absence of substantial changes in the line shape due to hyperfine
coupling to a 13C (/=1/2) rules out that the unpaired spin is localized onto the 5”-dAdo
scaffold. However, comparison of the spectra obtained with isotopically enriched and natural
abundance SAM reveals observable broadening by ~0.3 mT, Sl Figure 3, which presumably
results from weak coupling of the radical to the deoxyadenosyl moiety.

Pulse electron nuclear double resonance (ENDOR) spectroscopy on the intermediate was
carried out to probe for 13C nuclei with couplings too weak to resolve in the CW EPR
spectra. The ENDOR experiment uses radio frequency irradiation to modulate the intensity
of the observed EPR signal at a stationary magnetic field.3? The Davies Q-band pulse
ENDOR spectrum of the 13C SAM labeled sample, which shows the intensity changes of the
EPR signal plotted against the rf excitation frequency (Figure 3A), reveals the presence of a
single 13C nucleus coupling associated with the radical intermediate. The spectrum of the
doublet is centered at the Larmor frequency for 13C (v=13.03 MHz at 1217 mT) with a
splitting of ~13 MHz. The lower frequency branch of the doublet at 6 MHz is much weaker
in intensity than the higher frequency branch due to hyperfine enhancement, an effect which
modulates the effective rf field at the spin center leading to different intensities of the
ENDOR features.3” We can simulate the isotopically enriched spectrum in the EasySpin
simulation package with a 13C hyperfine tensor of A (MHz) = [11.3 11.3 16.0] (Figures 2ii
and 3A, red trace). These simulation parameters also reproduce the observed line broadening
present in the X-band CW spectrum of the samples with 13C labeled SAM compared to
samples with unlabeled SAM, Figure 2ii and Sl Figure 3. The overall coupling arises from
both isotropic Fermi contact term (Ajsg = (A1+A2+A3)/3), and anisotropic (Agzniso)
components that arises from through space coupling (A= Ajso +Aaniso)- Therefore, the strong
isotropic component (Ajs,=12.8 MHz) arises from contact of the 13C nucleus with an orbital
containing unpaired spin density. While these data do not unambiguously establish the
structure of the radical, they point to the dAdo fragment as being part of the radical species.

To further probe the structure of the radical, continuous wave and pulse EPR experiments
were repeated with 2H, 1N, or 13C isotopologues of the 6-CP substrate. When we incubate
QueE with unlabeled SAM, [7-2H]-6-CP, and dithionite, the doublet splitting of the radical
collapses (Figure 2iii) to a single peak centered at a g = 2.004. While 2H is an /=1 nucleus,
the gyromagnetic ratio of deuterium is 6.5-fold smaller than that of protium. Therefore, the
loss of the splitting establishes unambiguously that the coupling observed in the spectrum of
the unlabeled 6-CP arises from the proton at C-7. With unlabeled 6-CP (Figure 3Bi),
ENDOR analysis reveals a broad response from this strongly coupled proton, which is most
evident when compared to the parallel ENDOR spectrum from the [7-2H]-6-CP sample
(Figure 3Bii) collected under the same conditions. The breadth of the peak from the strongly
coupled proton is a result of a high degree of anisotropy in the hyperfine coupling tensor and
indeed, the simulation of the CW and ENDOR spectra requires a rhombic hyperfine
coupling tensor (in MHz) of A= [5 49 80] with a large isotropic coupling constant of Ajsg =
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44.6 MHz, Figure 2i red trace. Additionally, there are a set of peaks centered about the 52
MHz 1H Larmor frequency arising from weakly coupled “matrix” protons that are not
affected by the [7-2H]-6-CP labeling. These features can be simulated with three protons
(Ha, Hp and Hc) having a hyperfine coupling (in MHz) of A(H,) = [5.5 5.5 10], A(Hp) = [5.5
5.52.5], and A(H.)=[3.33.30.3].

The radical species derived from [U-15N5]-6-CP isotopologue has no observable changes in
the line shape or breadth of the CW spectrum compared to natural abundance 6-CP (Figure
2iv) indicating weak coupling to the nitrogens present in the pterin. To resolve the weak
hyperfine couplings to the nitrogens, we used two pulse EPR techniques, ENDOR and
HYSCORE, of the /~1/2 15N nucleus for a more detailed view of this coupling.

Both 14N (/£1) and 1°N (/=1/2) nuclei are suitable candidates for ENDOR and HYSCORE
spectroscopy having a nuclear spin /> 0. However, the nuclear quadrupole of the 14N
nucleus can complicate the spectra. Therefore, we obtained Davies ENDOR and HYSCORE
spectra of samples prepared with the [U-1°N5]-6-CP isotopologue. The Q-band ENDOR
spectrum of the [U-1°N5]-6-CP isotopologue (Figure 3C) exhibits four partially resolved
peaks between 5-10 MHz. The peaks, with a maximal hyperfine coupling of ~10 MHz, are
tentatively assigned to the four in-ring nitrogen atoms present in the pterin. Due to the
overlap of spectral features we sought to verify the couplings and resolve any anisotropy
using HYSCORE. The HYSCORE experiment allows for a two-dimensional analysis of the
hyperfine couplings and is helpful for identifying any anisotropy present as well as report
the sign of Ajs, relative to Agpiso. The elongated ridge present between 1-10 MHz in the
HYSCORE spectrum (SI Figure 4) is due to anisotropy in the coupling originating from the
two more strongly coupled nitrogens. We find good agreement in the simulation parameters
used in both ENDOR and HYSCORE spectra, reported in Table 1.

We next examined the EPR spectra of QueE incubated with SAM, [U-13C]-6-CP, and
dithionite. The CW spectrum (Figure 2Av) exhibits substantial line broadening and is rich in
features as a result of several 13C coupling that cannot be resolved by CW EPR alone. To
resolve the hyperfine coupling values for the carbons in the radical, this sample was
examined by ENDOR spectroscopy at two frequencies, Q-band (~34 GHz) (Figure 4A) and
D-band (~130 GHz) (Figure 4B). This approach allows magnitudes of both strong and
moderate couplings to be determined readily when the ENDOR peaks are overlapping, as is
the case in the sample with [U-13C]-6-CP. The advantage of using two frequencies arises
from the peak positions in a strong vs weak field limit. In the strong field limit (A < 2v13C),
the 13C couplings appear as a doublet, centered at the Larmor frequency (v13C) and split by
the magnitude of the hyperfine coupling. In the weak field limit (A >2v13C) the observed
peaks are centered at A/2 and split by twice the Larmor frequency. Therefore, at Q-band,
where v13C is ~13 MHz, any couplings larger than ~26 MHz will appear shifted (as is the
case with the [U-13C5]-spectrum). In the spectrum at D-band (130 GHz microwave, ~4.6T
magnetic field), all 13C couplings are expected to follow the strong field limit where all
doublets are centered at the Larmor frequency and peaks split by the magnitude of the
hyperfine coupling. Using the two frequencies, we are able to determine if what appears as a
shoulder in one spectrum is due to anisotropy in the hyperfine tensor, or a partially
overlapping peak. We observe five unique carbon couplings by ENDOR and can simulate
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the spectra taken at Q- and D- band with the values reported in Table 1. We note that there is
no observable g-anisotropy at X-, Q-, and D-band. Lack of observable g-anisotropy at the
frequencies examined is not unexpected, and indicates a radical with little spin density
delocalized on atoms other than carbon. Another example of a type of biological radical with
little g-anisotropy is the tryptophan radical, in the Trp radical the small g-anisotropy is only
detected at very high frequency (>285 GHz) and field (>10.2 T).40

While spectral simulations can be made of the observed ENDOR peaks, the CW spectrum is
poorly simulated, SI Figure 5. To simulate the CW, one additional strongly coupled, very
anisotropic, carbon is required having a hyperfine coupling tensor of A (MHz) = [29 92.3
160]. Due to the anisotropy of this tensor, one would expect the resulting ENDOR intensity
to be spread out and difficult to detect, and indeed the resulting ENDOR simulations, Figure
4A and B, show a broad peak near the baseline.

QueE has been shown to turnover with 6-CP under reducing conditions to form 6-
deoxyadenosylpterin (6-dAP).34 The doublet in the spectrum arising from the hyperfine
coupling to the proton at C-7 of 6-CP is significant as addition of the 5"-dAdos to the C-6
position of 6-CP would lead to an adduct with unpaired spin density at C-7. The 6-CP
adduct, however, can exist in large number of tautomeric states, which would differentially
impact the allowed resonance structures and the corresponding spin density distributions.
Nevertheless, one would predict that the large magnitude of the coupling to the C-7 proton
suggests significant spin density (53-80%) resides at the C-7 carbon based on the
McConnell relationship, which relates the isotropic hyperfine coupling of a proton to the
spin density at the carbon to which it is attached.*! In the prototypical methyl radical?, the
unpaired spin is localized entirely to a p, orbital of carbon. This localized spin results in
proton hyperfine coupling values (Ajso) of ~70 MHz and a 13C hyperfine coupling value
(Ajso) of ~100 MHz. Using these values, and our experimentally derived C-7 proton
hyperfine coupling values (Ajso=44.6 MHz, calculated from the tensor [5 49 80]), one would
predict ~63% spin density (Ajso ~ 63 MHz) in the C-7 p, orbital. The measured 13C
hyperfine coupling with a tensor of [44.5 54 57] (Ajso = 51.8 MHZz) agrees well with this
estimate provided by both the calculated values using the McConnell equation and
comparison of the methyl radical. The weaker but measurable coupling to the 5'-Ado clearly
shows that the radical intermediate is covalently attached to the cofactor. Finally, the
substantial couplings to 13C nuclei within the 6-CP ring system are consistent with coupling
to C-6, and potentially other carbon centers where there is significant spin density. A
quantitative description of the structure is difficult because of the large number of tautomeric
states of the radical intermediate, which would have distinct delocalization properties.
Nevertheless, the data permit one to propose that the intermediate being observed forms by
dAdoe addition at C-6, generating a species with substantial spin density at C-7. The
mechanism by which the radical undergoes decarboxylation remains to be determined.

Discussion:

Here we present evidence for a radical intermediate following 5’-dAdoe addition at C-6 of
6-CP. Using isotopologues of 6-CP and the deoxyadenosyl moiety of SAM we have
measured the hyperfine couplings, which report on the localization of the unpaired spin

JAm Chem Soc. Author manuscript; available in PMC 2019 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilcoxen et al.

Page 8

density in the intermediate. Of note is the large hyperfine coupling from the C-7 proton,
small hyperfine couplings to the nitrogens, and the presence of modest hyperfine coupling to
a carbon of the dAdo adduct. In contrast to the 6-CP adduct observed here, the pterin radical
observed in the reaction of (6 /)-5,6,7,8-tetrahydropterin (H4B) in nitric oxide synthase
(NOS) carries delocalized unpaired spin density on the pterin rings resulting in additional
spin density on the in-ring nitrogens.*3 Interestingly, there is some similarity in the radical
intermediate in the radical SAM enzymes Cfr and RImN.#* This intermediate is formed by
addition of a thio-methyl radical to an sp? carbon center. Like the 6-CP-dAdo radical, the
radical intermediate has a majority of the unpaired spin is localized to atom adjacent to the
site of addition.*

The X-ray crystal structures of QueE highlight that the substrate is bound in the active site
such that it places the C-6 hydrogen of CPH, within easy reach of the dAdo formed by
reductive cleavage of SAM.33-34 The resulting radical intermediate is thought to undergo a
radical-mediated ring contraction, resulting in a gem-aminocarboxylate intermediate,
Scheme 2. The mechanism by which this putative intermediate is converted to the CDG
product is not known; however, studies with CPH, isotopologs carrying deuterium at C7 in
either the proSor proR positions have shown that the proton abstraction is stereoselective.10
Interestingly, the pyrimidine ring of the ligands interact through the exocyclic amino and
endocyclic nitrogen with the C-terminal carboxylate of the protein. In the context of the
studies in this paper where the data show that 6-CP radical adduct appears to maximize spin
density at C-7, the interaction could differentially stabilize tautomeric states of 6-CP that
minimize delocalization (see Scheme 2: 6-CP-Ado). Moreover, this interaction may also
play a role in the second half of the catalytic cycle, which has been proposed to be
elimination of the amino group and deprotonation of an intermediate gern-aminocarboxylate
intermediate to form CDG. Studies that probe the role of this and other residues that are in
the vicinity of the putative germ-aminocarboxylate intermediate are currently in progress.

In the absence of a suitable hydrogen atom to abstract, we observe that radical SAM
chemistry in QueE follows a different path. The close proximity of the dAdoe and the 6-CP
would permit radical addition, leading to formation of the observed intermediate. The
mechanism by which the intermediate undergoes decarboxylation to form 6-dAP remains to
be determined.

It is now established that the dAdo radical moiety itself can add to sp? hybridized carbon
centers, such as the reaction catalyzed by MgnE which catalyzes the formation of
aminofutalosine.#>-46 The observation of differential reactivity of QueE with 6-CP in the
presence and absence of reductant underscores the plasticity that must be inherent to radical
SAM enzymes. The X-ray crystal structures of QueE highlight how its active site is finely-
tuned to promote abstraction of the H-atom at C-6 of the substrate. However, in the absence
of a hydrogen atom within van der Waals distance of the 5’-dAdoe, it undergoes radical
addition. This suggests that the catalytic trajectory followed by QueE and other radical SAM
enzymes could include very diverse reactions, whereby proximity dictates the catalytic
course. In QueE, when 6-CP is used under non-reducing conditions, the carboxylate of the
analog is within range of SAM to form an ester adduct — a reaction that has yet to be
documented with the natural substrate. It remains to be seen if all members of the radical
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SAM superfamily catalyze entirely radical-mediated transformations, or perhaps if some
have evolved to take advantage of an activated SAM that can react by polar or radical means.
The recent studies with RImN and Cfr highlight just such a case in a naturally occurring
enzyme and we posit that as additional members of the superfamily are characterized, that
the reaction scope of this superfamily will expand.?8 47 What is becoming clear from studies
of both natural radical SAM reactivity and the promiscuous activities of these proteins is that
the breadth of chemistry is like to be much broader in this large and growing superfamily.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
A): Superimposed crystal structure models of QueE (PDB: 4NJG, 4NJI) with either 6-

carboxy-5,6,7,8-tetrahydropterin (CPH,4; Red) or 6-carboxypterin (6-CP; Grey). Lewis
structure of the native substrate CPH, (B) and the substrate analog 6-CP (C). D) Crystal
structure model of QueE (PDB:5TH5) with the 6-carboxypterin-5’-deoxyadenosyl ester (6-
CP-Ado). E) Lewis structure of the product 6-CP-Ado F) Proposed structure of the 6-
deoxyadenosyl pterin (6-dAP) product following dAdo addition and oxidative
decarboxylation
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f) Continuous-wave (CW) X-band (9.4 GHz) EPR spectra of the 6-CP radical intermediate
(6-CP-dAdoe) formed when QueE is incubated with dithionite,6-CP, and SAM (Black) along
with simulations of the spectra (red). Simulation parameters are reported in Table 1. The
remaining spectra are the same reaction conditions as / but using various isotopologues of
either SAM or 6-CP presented as follows: 7j) Natural abundance ([NA])6-CP, [U-13C1]
dAdo of SAM. /i) [U-2H] 6-CP, [NA] SAM, i) [U-15N5] 6-CP, [NA]-SAM, V) [U-13C] 6-
CP, [NA]-SAM. Simulated hyperfine couplings are reported in Table 1.
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Figure 3:

Davies ENDOR of the 6-CP radical intermediate (6-CP-dAdo) formed when QueE is
incubated with dithionite, 6-CP, and [U-13C10] dAdo SAM, A, (Black) with simulations of
the spectrum (Red). The peaks arising from the [U-13C1o] dAdo fragment are centered at the
Larmor frequency for 13C (13 MHz) and split by ~13 MHz. B) Davies ENDOR spectra of
the 6-CP-dAdo radical when QueE is incubated with dithionite, [NA] SAM and either
[7-1H]-6-CP (/, Black) or [7-2H]-6-CP (/i Black) along with simulations of the protons in
Red. The observed proton couplings are centered at the Larmor frequency for the proton,
~52 MHz and split by the strength of the hyperfine coupling. C) Davies ENDOR spectra of
the 6-CP-Ado radical when QueE is incubated with dithionite, [NA] SAM, and [U-1°N5]-6-
CP (Black) along with simulations of the spectrum in Red. The observed nitrogen couplings
are centered at the Larmor frequency for 1N (~5 MHz) and split by the strength of the
hyperfine coupling, with a maximal splitting of ~10 MHz. Simulation parameters are
reported in Table 1.
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Figure 4:
Davies ENDOR of the radical intermediate formed when QueE is incubated with dithionite,

[NA] SAM, and [U-13C4] 6-CP (Black) with simulation of the spectra (red) collected at Q-
band (A, 34 GHz) and D-band (B; 130 GHz). The Larmor frequency for 13C is ~13 MHz
and ~50 MHz at Q and D band respectively. The peak at ~52 MHz at Q-band is due to
weakly coupled matrix protons, the 3™ and 5" harmonic of the matrix proton peak is visible
at D-band (*).

JAm Chem Soc. Author manuscript; available in PMC 2019 March 05.

90



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wilcoxen et al. Page 15

A 0
QueE 0
NH 0]
2 O OH
PiPiP; <N | g GCHI H H SA';/l
D Ji=H H
QueD L N SNTNTE NHs |, N)\\N
OH OH H 2 H
GTP CPH, CDG
B NH, NH,
NN N N
SAM ¢ ) ¢ | )
N">N7 HO N
HO
0 O  dAdo Radical
HO = HO
°
4811+ —~ —
[4Fe-4S]< .\, S® [4Fe-4SPr. S
o \OW)\) L-Methionine
O 0
Scheme 1:

A) The 7-deazapurine CDG is formed in 3 steps from GTP. The third step, a ring
condensation reaction, is catalyzed by the radical SAM enzyme QueE. B) Typical dAdoe
formation in radical SAM family enzymes where the 5’ C of the deoxyadenosine fragment is
homolytically cleaved from the methionine fragment.
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Scheme 2:

A) In the mechanism of CDG formation by QueE, CPHy is thought to undergo a radical-
mediated ring contraction, resulting in a gem-aminocarboxylate intermediate. B) The
proposed mechanism and intermediate for dAdoe addition to C-6 of 6-carboxypterin. The
product of the reaction (6-deoxyadenosyl pterin) has been identified previously by mass
spectrometry.34
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Table 1:

Hyperfine values * (in MHz) from Experimental simulations

C7-H
Ha
Hyp
He
5’C-dAdo
C
C
C
C
C5
C6
N1
N2
N3
N4

AL
5.0 +/- 3.0
55
25
0.3
11.3
29.0 +/- 1.2
445 +/-15
47.0
24.7
28.0
14
-15
2.7
15
-2.5

Az
49 +/- 1.0
55
55
3.3
11.3
92.3 +/- 2.6
54.0 +/- 1.0
47.0
24.7
28.0
35
-15
2.7
15
-2.5

Az
80 +/- 5.0
10
55
3.3
16.0
160 +/- 9.8
57.0 +/- 1.0
50.5
26.7
28.0
35
3.0
-5.2
-3.0
5.0

*
Unless indicated, all uncertainties of the simulated hyperfine values are < +/- 0.5 MHz
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