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Abstract

Formylglycine (fGly) is a catalytically essential residue found almost exclusively in the active
sites of type | sulfatases. Formed by post-translational oxidation of cysteine or serine side chains,
this aldehyde-functionalized residue participates in a unique and highly efficient catalytic
mechanism for sulfate ester hydrolysis. The enzymes that produce fGly, formylglycine-generating
enzyme (FGE) and anaerobic sulfatase-maturating enzyme (anSME), are as unique and specialized
as fGly itself. FGE especially is structurally and mechanistically distinct, and serves the sole
function of activating type | sulfatase targets. This review summarizes the current state of
knowledge regarding the mechanism by which fGly contributes to sulfate ester hydrolysis, the
molecular details of fGly biogenesis by FGE and anSME, and finally, recent biotechnology
applications of fGly beyond its natural catalytic function.
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INTRODUCTION

Post-translational modification (PTM) of canonical amino acid side chains is a mechanism
for augmenting the chemical diversity of enzymatic catalysis. Many cofactors involved in
fundamental metabolic transformations derive from protein backbone or side chain
modifications.? The novel functionalities created—redox moieties, electrophiles, or metal
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chelators, for example—allow for catalytic mechanisms unattainable with canonical protein
chemical groups. A relative newcomer to the family of PTM-derived catalytic cofactors is
C-formylglycine (fGly, Figure 1A), a modification of Cys or Ser side chains that is
essential for the activity of type I sulfatases.? Unlike the complex pathways for generating
many of the peptide-derived quinocofactors, the biosynthesis of fGly is accomplished by
only one enzymatic step. Astoundingly, type | sulfatases achieve rate enhancements (Kea/
kuncat) Of 1026 for alkylsulfate substrates, making them among the most efficient enzymes
ever measured, and this can be attributed in part to the unique catalytic properties of fGly.*

Ubiquitous across all domains of life, sulfatases catalyze the hydrolysis of a vast array of
natural and synthetic aryl- and alkylsulfate ester substrates. Three divergent classes of
sulfatases have been identified, but the type | family members are the most common and the
only class found in eukaryotes. In aerobic organisms, type | sulfatases become active when
the formylglycine-generating enzyme (FGE) (also referred to as sulfatase-modifying factor
1, or SUMF1)>6 catalyzes the oxidation of cysteine to fGly. In humans, 17 sulfatases have
been identified, of which 14 have been assigned specific activities in catabolism, signaling,
and development.27 Human sulfatases are initially translated into the endoplasmic reticulum
(ER); some are retained there, while others are targeted to the lysosome, the Golgi, or the
cell surface.” Lysosomal sulfatases act on sulfated glycolipids (sulfatides) and
glycosaminoglycans, and their activities are necessary for proper degradation of these
glycosides. ER-resident sulfatases, most notably steroid sulfatase (STS; arylsulfatase C,
ASC), regulate hormone levels by desulfation of inactive precursors such as
dehydroepiandroster-one 3-sulfate and iodothyronine sulfate.? Secreted sulfatases (Sulf1,
Sulf2) modulate the sulfation level of cell-surface heparan sufate, thereby regulating
signaling events critical for development and tumor progression.8 The disruption of
individual sulfatases causes at least eight pathologies in humans, including six lysosomal
storage disorders (e.g., mucopolysaccaridoses, metachromatic leukodystrophy), the bone
disease chondrodys-plasia punctate type 1, and skin disorder X-linked ichthyosis.®
Deficiency in FGE causes multiple sulfatase deficiency (MSD), a fatal disorder marked by
decreased activity of all sulfatases.10 Microbial sulfatases were historically thought to be
utilized for scavenging environmental sulfur, but a growing body of work over the past
decade has revealed a much more elaborate role in modulating endosymbiont and host-
pathogen interactions by remodeling host sulfation.1 Given the breadth of research on
sulfatase biology, we defer to a number of reviews for a thorough appraisal of sulfatase
biochemistry and physiology,212-14 the genetic basis of FGE and sulfatase disorders in
humans,?1516 and the pursuit of novel sulfatases for bioengineering applications.’

This review will focus the catalytic function of fGly and mechanisms by which enzymes
from various organisms are thought to produce this PTM. Finally, we discuss the use of
fGly’s aldehyde functionality as a chemical handle for site-specific protein chemical
modification, a biotechnology application of fGly that has undergone recent commercial
translation.
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FGLY IS AN ESSENTIAL POSTTRANSLATION MODIFICATION OF TYPE |
SULFATASES

Type | sulfatases are the predominant mediators of sulfate ester hydrolysis in all domains of
life. They are abundant, highly conserved, and require the fGly PTM for catalysis.? Some
sulfatases have been assigned defined biological substrates (e.g., sulfatases that act on the
glycosaminoglycans chondroitin and heparan sulfate),16 while most, particularly from
microbial sources, have not been characterized at this level of biochemical detail. Thus,
many type | sulfatases are annotated as arylsulfatases, simply because they catalyze the
hydrolysis of colorimetric arylsulfate substrates in vitro.2

fGly is generated from a cysteine or serine residue embedded in a conserved active site-
localized sequence motif, (C/ S)XPXRXXXLTGR; cysteine predominates as the
modification target in eukaryotes and aerobic microbes whereas cysteine or serine is found
in anaerobes.1>18 The original discovery of fGly was made during biochemical analysis of
the fatal congenital illness Multiple Sulfatase Deficiency (MSD).1° The severe physiological
defects associated with this condition reflected a combination of those associated with single
sulfatase deficiencies.19 Analysis of MSD-derived cell lines revealed diminished activity
across the type | sulfatase family, despite the fact that protein levels of specific sulfatases
appeared unaltered.10:20 This observation led to speculation that MSD patients lacked a
regulatory component or catalytic cofactor required for sulfatase activity. Importantly, cell-
fusion complementation of MSD cells with those deficient in a single-sulfatase could restore
activity of the deficient sulfatase, confirming the competence of individual MSD sulfatase
genes.2! The inability of MSD cells to produce active recombinant sulfatases likewise
suggested a defect in a factor required for activity of several sulfatase gene products.2?

Direct biochemical characterization of human arylsulfatases A and B (ASA and ASB)
revealed a tryptic peptide carrying an unknown modification. At the site where a cysteine
residue was predicted, mass spectrometry analysis indicated a novel amino acid that formed
an adduct with glycerol and, when treated with NaBH,, yielded a serine residue. fGly was
thus identified for the first time as a PTM.19 Subsequently, MSD-derived sulfatases were
shown to contain significantly lower amounts of fGly, but the complete loss of sulfatase
activity is likely embryonic-lethal in humans.23

FGLY PARTICIPATES DIRECTLY IN SULFATE ESTER HYDROLYSIS

The correlation of fGly deficiency with a loss of sulfatase activity implied a direct role for
fGly in enzymatic activity. Absent further information, several modes of reactivity were
proposed based on known chemistries of the aldehyde group its electrophilicity as well as
the nucleophilicity of the geminal diol formed by aldehyde hydration (Figure 1A). Clarity
came from the analysis of several sulfatase crystal structures which support a role for fGly in
covalent catalysis.2* The first sulfatase structure, that of human ASB, was solved by Guss
and co-workers in 1997, and one year later the structure of ASA was solved by von Figura
and coworkers.2526 A third human sulfatase structure, that of steroid sulfatase (ASC, STS),
was later reported by Ghosh and coworkers.2” Notably, despite relatively low sequence
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homology, these sulfatases adopt a similar fold to alkaline phosphatases, consistent with
their related catalytic functions.

The sulfatase structures resolved several uncertainties regarding fGly. First, the fGly
geminal diol (fGly-diol) was detected in ASA, suggesting a role as a catalytic nucleophile.
Electron density consistent with a sulfated fGly-diol, a putative intermediate in a covalent
catalysis mechanism, was observed in both ASB and ASC.25:27 However, it is important to
note that the presence of an artifactual phosphate ester instead could not be ruled out.
Further evidence came from the 1.3 A resolution structure of the P. aeruginosa arylsulfatase
(PAS), which clearly showed electron density for the fGly-diol at full occupancy (Figure
1B).28 An earlier observation that fGly within native folded ASA and ASB is refractory to
NaBH, reduction is consistent with the presence of the fGly-diol rather than the fGly-
aldehyde in the resting enzyme.1? In addition to fGly, the active sites of type | sulfatases
contain a divalent cation, usually Ca2* but also Mg2*, and a side-chain hydrogen bonding
network which coordinates fGly and substrate. The metal helps to bind and polarize the
substrate, and the fGly-centered hydrogen bonding network provides for general acid—base
catalysis. Three aspartates, one of which H-bonds with an fGly-diol hydroxyl, and a
glutamine/asparagine constitute the metal-binding residues, leaving two open coordination
sites for binding of sulfate and the second fGly-diol hydroxyl. Several acidic residues bind
the substrate, and a histidine base is predicted to assist in catalysis. A concise comparison of
the corresponding active site residues for seven (of eight total) fGly enzyme crystal
structures is provided by Steinfeld and co-workers (Figure 1C).24 The first structure of
human sulfamidase (N-sulfoglucosamine sulfohy-drolase, SGSH) was recently reported and
overlays closely with previous sulfatases, especially in the active site region, despite low
overall sequence identity (between 19 and 25% across fGly enzymes that have been
structurally characterized).24

The presence of an active site fGly-diol suggested possible catalytic mechanisms (Figure
1D). Guss (ASB)2° and von Figura (ASA)26 both proposed that one of the hydroxyls of the
fGly-diol acts as a nucleophile for initial attack at the substrate sulfur atom, releasing the
alcohol coproduct and forming a sulfoenzyme intermediate. The details of their proposed
pathways diverge thereafter, though both emphasize acid-base catalysis. In the latter case,
deprotonation of the free remaining fGly-diol hydroxy! group by a conserved histidine
would allow E2 elimination of sulfate, generating a transient fGly-aldehyde in a scheme
abbreviated “Sy2-E2.726 Guss and co-workers proposed instead that Sy2 substitution at
sulfur by hydroxide or water was responsible for the breakdown of the sulfoenzyme
intermediate, which can be designated as the “Sy2-Sn2” pathway (Figure 1D).2% Consistent
with the unequal roles of each hydroxyl group in the geminal diol in either proposed
mechanism, only the Sstereoisomer of the transesterified enzyme has been observed in
crystal structures of ASB and PAS.25:29

Intuitively, one may suppose that the biosynthetic cost of installing the unusual fGly PTM is
more than repaid because fGly enables a mechanism unavailable to Ser/Cys/Thr
nucleophiles. Replacing cysteine with serine in recombinant sulfatases prevents the
conversion to fGly by eukaryotic FGEs and has provided an instructive probe to compare
the two proposed mechanisms. In the case of ASA and ASB, the Cys-to-Ser mutant sulfatase
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will bind substrate and perform the initial S-O cleavage to form the serine sulfoenzyme and
release the alcohol coproduct. But, this adduct is a dead-end product that will not release
sulfate even after extended time periods.3 If the wild-type a-hydroxy sulfate ester
intermediate was resolved by an Sy2-type attack of water at sulfur, and not by E2
eliminaton, the serine mutant would be expected to retain at least partial activity. Thus, the
E2 pathway is presently favored. Sulfoenzyme formation is detected in only about 20% of
the Cys-to-Ser sufatase mutant, however, and this complex is unable to form in crystals.
These facts suggest that the fGly-diol contributes to accelerated enzyme sulfation as well,
either by the enhanced nucleophilicity of the diol hydroxyl group compared to a primary
alcohol or by specific hydrogen bonding features of the active site that are not replicated in
the serine mutant.3! Since the serine mutant affects both breakdown and formation of the
sulfoenzyme intermediate, its behavior alone is not sufficient to prove the elimination
mechanism.

Further chemical and theoretical analysis has yielded a framework for understanding the
significance of fGly and its likely reaction pathway. First, the uncatalyzed hydrolysis of the
S-0 bond of sulfate esters proceeds 108-fold slower than spontaneous hydrolysis of the P-O
bond of phosphate esters.# The high barrier for the uncatalyzed reaction, with a ty, = 1018
years,* may explain the evolutionary significance of fGly’s novel catalytic strategy. Alkaline
phosphatase hydrolyzes phosphate esters through a phosphoserine intermediate that releases
inorganic phosphate by attack of a Zn*-activated hydroxide.32 This catalytic paradigm may
be inadequate for sulfate ester S-O cleavage, or was otherwise impractical or unavailable to
sulfatases during evolution, thus requiring the specialized functionality of fGly. Of the two
proposed fGly catalyzed pathways, the Sy2-E2 mechanism requires only one high energy
barrier S-O bond cleavage. The rate of the initial Sy2 step may be accelerated by the
decreased pKj, of the geminal diol hydroxyl group (e.g., acetaldehyde hydrate has a pKj, of
13.5733) compared to a conventional hydroxyl group (e.g., 15.9334). A recent theoretical
study has suggested that the initial nucleophilic attack of fGly-diol on substrate may be rate-
determining, and not the subsequent elimination.3> Perhaps inconsistent with this prediction,
a measured S g of 0 for Vinax but —0.86 for Vinax/ Km for PAS suggests that the alkoxide
leaving group is not involved in the rate-determining step but only the first irreversible
chemical step.36 For the desulfation step, hydrolysis of the sulfoenzyme intermediate by
water in the Sy2 pathway may be quite slow compared to E2, again for the reason for S-O
bond cleavage. Experimentally, pre-steady-state kinetics of the wild-type enzyme may
permit the comparison of the relative sulfation/desulfation rates. Stereochemical
characterization of reaction products can also provide valuable clues to the mechanism. In
principle, the Sn2-E2 mechanism would result in net inversion at sulfate while Sy2-Sy2
would result in net retention. In an early study, prior to the discovery of fGly, interception of
the sulfoenzyme intermediate generated using a chiral sulfate ester with an exogenous
nucleophile produced a new sulfate ester with net retention of configuration.3” This
observation is consistent with an initial Sn2-like step in the sulfatase mechanism but does
not inform the course of desulfation.

Other determinants of reactivity may explain the proposed preference of sulfatases for an E2
release pathway, and the differential specificity of sulfatases and phosphatases in general. A
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recent experimental and theoretical study by Krenske and coworkers affirms earlier
theoretical studies,3> which predict a much lower transition state barrier for E2 elimination
compared to S\2 substitution to release sulfate (estimated AAH* of 26.5 kcal/mol).36 This
study estimates a AAH¥ of only 12 kcal/mol for the corresponding phosphoenzyme
intermediate, which may account for why fGly is found mostly in sulfatases, and not in
alkaline phosphatase. Wild-type ASA is also inhibited by a prohibitively slow rate of
elimination/hydrolysis of the corresponding phosphoenzyme intermediate at fGly.2° This is
not an inherit characteristic of fGly enzymes, however. PAS can catalyze arylphosphate
hydrolysis at a lower catalytic efficiency (kea/Ky) compared to arylsulfates (7.9 x 102 M1
s71vs 4.9 x 10 M1 s71), but with dramatic rate acceleration (Keat/Kuncat) @nd catalytic
proficiency ((Keat/Km)/Kuncat) COmpared to the uncatalyzed hydrolysis of arylphosphates;
PAS is predicted to release phosphate by elimination as with sulfate.35:38:39 |n the opposing
case of promiscuous sulfatase activity in alkaline phosphatase, the source of large catalytic
discrimination for phosphate esters over sulfate esters appears to be complex and only
partially related to the difference in formal charge between the two substrates.? Notably, a
family of type | sulfatase/alkaline phosphatase related fGly-dependent enzymes has been
recently discovered and structurally characterized. It includes a phosphatase/phosphonatase
from Rhizobium leguminosarum termed RIPMH*! and an orthologous but highly
promiscuous phosphate/phosphonate/sulfate/sulfonate ester hydrolase from Burkholderia
caryophilli (BcPMH).#2 RIPMH has a >103-fold preference for phosphonate monoesters/
phosphate diesters over sulfate esters and displays burst-phase kinetics, indicating that
formation of the phosphoenzyme intermediate is not rate-limiting.4! This enzyme family
reflects the apparent catalytic versatility of fGly as tuned by protein context, as well as the
shared ancestry of type | sulfatases and alkaline phosphatases.

It is important to note that two other unrelated sulfatase families exist in some prokaryotes,
but unlike type I, they proceed with concomitant oxidation of the alcohol coproduct to an
aldehyde (type I1), or stereochemical inversion of the alcohol coproduct (type 111).17 It is
clear that such changes would not be suitable for the signaling or catabolic roles of
eukaryotic sulfatases. Though further experimental evidence is needed to clarify remaining
mechanistic uncertainties, it is clear that type | sulfatases are among the most extraordinary
biological catalysts known, with rate enhancements (Keat/kuncat) @s high as 1026, and
undoubtedly warrant further studies.*

FGE CATALYZES FGLY FORMATION AND IS DYSFUNCTIONAL IN MSD

In 2003, the gene encoding FGE (also termed sulfatase-modifying factor 1 or SUMF1) was
identified as responsible for MSD by Ballabio et al.® and von Figura et al.,> using genetic
and biochemical approaches, respectively. VVon Figura and coworkers exploited FGE’s
ability to bind tightly but not turn over a peptide containing its recognition motif with serine
substituted for cysteine (SXPXR). By affinity enrichment of bovine testis extract, FGE was
thus purified for the first time.> Investigation of human and bacterial FGEs has revealed a
new enzyme family defined by both a novel catalytic mechanism and protein fold. Mapping
the mutations in SUMF1 alleles from MSD patients onto the hFGE crystal structure, as well
as invivo and in vitro dissection of mutant phenotypes, has provided a rationale for their
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deleterious effects. MSD mutations result in structural, catalytic, and intracellular stability
defects.43-45

Prior to isolation of FGE, fGly formation was studied using intact microsomes and later with
reticuloplasm, using an in vitro transcription/translation system.#6:47 These studies indicated
that fGly generation occurs cotranslationally, and prior to folding. These initial efforts
suggested a dependence on thiol reductants, Ca* ions, and an alkaline pH optimum.*8
Subsequently, it was observed that FGE activity is dependent on O, presumably as a
terminal electron acceptor (cf. Figure 3C).49 Interestingly, O, availability can limit sulfatase
activity in vivo by decreasing FGE activity, and the decrease of sulfatase activity levels can
mediate hypoxic response.>0

MAMMALIAN FGE ACTIVITY IS REGULATED BY PROTEIN PARTNERS

Regulation of mammalian FGE activity occurs spatially and is mediated by protein—protein
interactions in the ER and Golgi. Recent work has identified functional interactions with
several proteins in the ER and along the secretory pathway including ERp44, PDI,
ERGIC-53, and pFGE among others.?1~>4 FGE lacks a canonical ER retention sequence;
instead, the N-terminal region of FGE (residues 34-88 following signal peptide cleavage)
forms both noncovalent interactions and a disulfide linkage with ERp44, a trafficking
protein that is the primary means for retrieval of FGE from the Golgi to the ER. In fact, this
N-terminal region is also involved in activation of sulfatases by an unknown (ER-retention-
independent) mechanism. The region contains a cysteine pair (Cys50 and Cys52) that forms
intermolecular disulfide bonds both with Erp44 and with other FGE molecules. Only Cys52
is necessary for FGE activity in vivo, but not in vitro,>* while both cysteines are dispensable
for retrieval by ERp44 through noncovalent complex formation,>! though an alternate
mutational study disputes this finding (Figure 2).52

Protein disulfide isomerase (PDI) is a well-known ER-resident chaperone that allows
nascent polypeptides to reach their preferred disulfide configuration by catalyzing fast
exchange with its own redox active disulfide.>® PDI appears to be involved both in retaining
FGE in the ER and in promoting activity, and these functions are dependent on catalytically
active PDI (Figure 2B).52 ERGIC-53 is an anterograde cargo binding protein which cycles
between the ER and the Golgi.>? It functions to traffic FGE from the ER to the cis-Golgi and
also seems to protect it from proteasomal degradation (Figure 2C). Once in the cis-Golgi,
most FGE is retrieved to the ER via ERp44, with the remaining fraction secreted from the
cell.52 It is possible that competition with other ERp44 substrates may regulate FGE
secretion by this process. Downstream in the secretory pathway, a fraction of FGE is N-
terminally truncated and inactivated by furin and furin-like proteases (Figure 2D).
Approximately 20-30% of secreted FGE avoids proteolytic cleavage and remains active.>8
Secreted FGE can traffic back to the ER from the cell surface. Indeed, tissue-specific
expression of FGE in FGE-null mice has been shown to activate sulfatases in nontransduced
tissues, in this way acting as a paracrine agent. Uptake is dependent in part on the mannose
receptor and FGE N-glycosylation (Figure 2D-F).57 Taken together, a model for the
localization and activity of FGE has emerged (Figure 2). However, it remains of great
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interest to understand the significance of FGE secretion and reuptake to the ER, as this
offers a route for enzyme replacement therapy for treatment of MSD.

Finally, the paralog of FGE (pFGE, encoded by the gene SUMF2) was identified by
homology shortly after SUMF1 was identified, and its precise role is the subject of ongoing
investigation.6 pFGE displays strong sequence and structural conservation (48% identity)
with hFGE, is localized to the ER, and is transcribed at comparable levels to FGE in human
tissues, but pFGE lacks FGE activity and is different by several features.58-60 pFGE lacks
the active site cysteine pair and functionally critical N-terminal region of FGE. Instead,
pFGE has a C-terminal PGEL sequence, which is a noncanonical variant of the ER retention
signal KDEL. Based on coimmunoprecipitation data, pFGE forms heterodimers and higher
order oligomers with FGE and also interacts with sulfatases, though direct physical evidence
for pFGE interactions has remained elusive (Figure 2G). Curiously, pFGE overexpression
decreases sulfatase activation in vivo in a dose-dependent manner but does not increase FGE
retention in the ER. The meaning of these results is unclear, but it is possible that in
appropriate stoichiometry, pFGE may act as a sulfatase-specific chaperone or otherwise
mediate the interaction of FGE with sulfatases.>8:60

FGE DEFINES A NOVEL PROTEIN FOLD

The first series of crystal structures of human FGE were reported in 2005 by Dierks et al.,
and FGE was shown to adopt a novel fold, the FGE-fold (Figure 3A).43:61 Subsequently, the
crystal structure of the S coelicolor FGE (scFGE) was solved in our laboratory and overlays
closely with hFGE, with an rmsd of 0.65 A.4% The FGE fold is defined by one domain of
low secondary structure content, approximately 30% combined f-sheet and a-helix in both
orthologs. hFGE binds two Ca2* ions and scFGE just one; two structural disulfides and an
N-glycosite are particular to the human enzyme. A cysteine pair (C336 and C341), shown to
be catalytically essential and separated by four residues in a loop, exists in a distribution of
the reduced (dithiol, FGE¢q) and oxidized (disulfide, FGEy) forms based on both crystal
structures and by mass spectrometry (Figure 3A).5243 A cocrystal structure of hFGE C336S
with LCTPSRA substrate was obtained by Roeser et al. in 2006 and defined a shallow
substrate binding channel which can bind up to six substrate residues in the consensus
peptide sequence in an extended conformation (Figure 3B).63 Additional structures support
the existence of a probable O, binding pocket adjacent to the active site cysteines. The use
of halide bound hFGE crystal structures to define the size and environment of this pocket
predict that it could accommodate a negatively charged oxidative intermediate in complex
with substrate.54 Homologues of FGE have been found in a class of bacteria and
bacteriophage diversity-generating retroelement (DGR) variable proteins, which generate
adaptive protein variation through an RNA intermediate.55 With an rmsd of 0.98 A between
the catalytic region of FGE and the Treponema denticola TvpA variable region, the FGE-
fold has since been classified as a subtype of the C-type lectin fold.56

FGE IS A UNIQUE CYSTEINE-DEPENDENT OXIDASE/OXYGENASE

Many biochemical transformations in both primary and secondary metabolism across
aerobic organisms harness the reduction potential of O,. Reduction of molecular oxygen is
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thermodynamically favorable, but there is a high barrier to its reaction with singlet state
organic compounds due to its triplet ground state.8” Most oxidases/oxygenases require
reductants of sufficient strength, typically paramagnetic transition metals (mainly FeZ* and
Cu2*), and/or organic cofactors (flavins, pterins, quinones) which generate a stabilized
radical following single electron transfer.6® Subsequent one or two electron transfer events
are very favorable and rapid, producing potent O,-derived oxidants that may add in to
substrate (oxygenase) or become further reduced to H,O or H,0, (oxidase). Cofactorless
oxidases/oxygenases have also been identified. They typically promote the direct oxidation
of substrates, without the intermediacy of a metal or cofactor, by targeting O, to a stabilized
carbanion at a specific position of an aryl substrate in a manner comparable to flavin
reactivity.59

FGE does not possess a canonical metal or organic redox cofactor and thus has been
categorized as a cofactorless oxidase/ oxygenase. But, there is no evidence that FGE utilizes
any variation of the strategies above to catalyze reaction with O,. Instead, mechanistic
proposals center on the essential redox-active C336/C341 pair located in the active site. The
lability of these cysteines to irreversible oxidation by air or H,O5, creating cysteine sulfonic
acids, suggests that they may mediate reaction of O, with the substrate cysteine side
chain.#943 Mutation of either of these cysteines abrogates activity, and they are positioned
closely to the substrate cysteine in a cocrystal structure where Cys336 (hFGE) is mutated to
serine (Figure 3B).53 The isolation of this complex, and the observation of partially oxidized
cysteine side chains in various crystal structures, formed the basis of the proposed
mechanism shown in Figure 3D. This scheme invokes a disulfide bonded form of FGE
(FGE,y) as the enzyme’s resting state. Substrate binding is then followed by disulfide
exchange, forming a covalent mixed disulfide bond between enzyme and substrate. Direct
reaction of a free cysteine side chain at C336 with O, is proposed to generate a reactive
intermediate, a cysteine oxoform presumably, that then targets the substrate cysteine side
chain.

In both the hFGE and scFGE apo crystal structures, Cys336 (hFGE numbering) displays
additional electron density that can be modeled as a sulfenic acid, peroxysulfenic acid, free
peroxide, or water. Ser333 is likely critical for catalysis due to its role in coordinating such
an intermediate. A substrate cysteine sulfenic acid may be generated through the transfer of
oxidative species from one of the above reactive derivatives. Elimination of H,O from
sulfenic acid would then generate a thioaldehyde intermediate, which would hydrolyze to
generate fGly and H,S (Figure 3D). Notably, in vitro biochemical studies have shown that
an external reductant is required to achieve high substrate turnover (e.g., GSH or DTT).48
Thus, although FGE activates O, in a cofactor-independent manner, a reductant may be
required to regenerate the enzyme’s active state during each catalytic cycle, or at an
intermediate stage.59 It is possible that hFGE relies on PDI as a reducing agent in vivo, but
there is no direct evidence for this.>2
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ANSME CATALYZES O,-INDEPENDENT FGLY FORMATION ON SER/CYS
SULFATASES IN ANAEROBIC MICROBES

Given fGly’s impressive catalytic capability, it is not surprising that an O,-independent fGly
generating system also exists in anaerobic and facultative anaerobic microbes. A family of
radical S-adenosylmethione (RS)-dependent dehydrogenases has been identified to fill this
role. AtsB from Klebsiella pneumoniae was identified as an fGly generating enzyme by
Dierks and coworkers in 1999 and was previously shown to be required for high activity of
recombinant Klebsiella sulfatase in E. coli.”%71 Curiously, the native substrate of this
enzyme contains Ser and not Cys in a recognition motif that is otherwise identical to the
FGE-dependent sulfatase sequences. Based on biochemical and taxonomic evidence, the
discovery of a Cys-sulfatase-specific ortholog from Clostridium perf ringens (cpe) led to the
designation of a new enzyme family, the anaerobic sulfatase-maturating enzymes
(anSME).18 anSMEcpe can also oxidize Ser-type substrates,’2 suggesting a similar reaction
pathway for both targeted side chains.”® AtsB, whose native substrates are Ser-type, is 4-
fold more active with cysteine-based substrates in vitro. This preference for Cys may
originate from increased thiol compared to alcohol reactivity at one or more proposed
elementary steps. Spectroscopic characterization revealed that anSME, in addition to the
canonical RS [4Fe-4S] cluster, contains two auxiliary [4Fe-4S] clusters as well (Aux I and
Aux 11).7* Drennan and coworkers recently reported the first crystal structure of anSMEcpe
with and without bound substrate (1.6-1.8 A resolution), showing both Aux clusters in the
C-terminal SPASM domain with fully occupied coordination sites, unlike the RS cluster
which contains an open Fe-binding site for substrate.”

Mechanistic investigation of anSMESs has revealed many details of this reaction (Figure 4).
As with all RS enzymes, a canonical [4Fe-4S]* cluster reductively cleaves S-adenosylme-
thionine (SAM) to generate Met and the 5’-deoxyadenosine radical (5’-dA°). Initial H*
abstraction by 5'-dA*, as evidenced by substrate deuterium labeling and stereospecific C4
methyl substitution, is performed at the pro-SC-H of Cys/Ser in the consensus
sequence.’376 Deprotonation of the thiol/alcohol Cyradical by an asparate side chain and
charge donation into the radical promotes the second substrate oxidation step. The second
one-electron oxidation would yield a thioaldehyde intermediate in the case of cysteine,
which would hydrolyze to fGly, or would yield fGly directly in the case of serine. Based on
the orientation of Aux I and Aux Il in relation to the RS cluster, Aux I is the likely electron
acceptor for the second oxidation step. Aux Il is proximal to bulk solvent and may receive
this electron from Aux | and donate it to a soluble carrier. This pathway accounts for the
multiple turnover ability of anSME in the presence of flavodoxin without external
reductants, meaning that recycling of the second substrate electron to reduce the RS cluster
cannot occur directly from AuxI/11.7° Further experimentation will clarify the role of each
Aux cluster. Despite the strong conservation between substrates of anSME and FGE, the
way each enzyme binds substrate is distinct. FGE-substrate interaction hinges on a
hydrophobic pocket for Pro binding and several hydrogen bond partners to Arg (in
CXPXR), with only 4 of 12 H-bonds to the substrate backbone.83 However, anSME binds
substrate primarily through the substrate backbone, accounting for 14 of 17 H-bonds; this
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explains the existence of alternative native anSME substrates containing CXAXR without
Pro, though Arg side-chain binding is maintained.”

SOME ORGANISMS HAVE AS YET UNIDENTIFIED FGLY PRODUCING

SYSTEMS

Yet a third means for producing fGly has been observed, with the responsible enzyme(s)
remaining elusive. Recombinant expression of type | sulfatases in E. coli has been shown to
produce active enzymes with varying proportions of fGly modification.”’ Berteau and co-
workers have shown that a putative E. coli anSME ortholog was unnecessary for the
conversion of recombinant sulfatases, and that an unidentified, O2-dependent, Cys-type
fGly-generating enzyme must be responsible for installing the aldehyde. According to
sequence data available at the time, as of 2007, approximately 10% of bacterial genomes
were predicted to encode arylsulfatase genes without the co-occurrence of obvious FGE or
anSME orthologs.”® This is also true for several fungi, and even for the metazoan
Caenorhabditis elegans, which contains three sulfatase genes.12.79 C. elegans has been
shown to utilize sulfatases for heparan sulfate remodeling, as in humans.8% Thus, it is likely
that these organisms all carry a related system for fGly production with important functional
consequences. We believe that identification of the putative third type of fGly-generating
enzyme may reveal new aspects of fGly biology.

FGLY PROVIDES A GENETICALLY ENCODED, SITE-SPECIFIC PROTEIN
BIOCONJUGATION HANDLE

During characterization of the sequence determinants of cotranslational FGE activity, it was
reported that the minimal five-residue motif, CXPXR, is efficiently converted when
embedded in an otherwise nonnative sequence.8! This observation led us to speculate that
the CXPXR sequence could be exploited as a means to genetically encode fGly residues in
various proteins of interest. The aldehyde group, in addition to its unique catalytic nature
within sulfatases, is also a reactive electrophile with orthogonal reactivity to canonical
protein side chain functionalities. We proposed that classical carbonyl-based bioconjugation
chemistries, such as oxime and hydrazine formation, could be used to covalently attach
various cargo to such “aldehyde tagged” proteins in a site-specific manner. The use of FGE
and its five-residue motif to arm recombinant proteins with aldehyde “chemical handles”
was first reduced to practice in E. coli expression systems.82 The limited endogenous FGE-
like activity in E. coli was found to be saturated by overexpressed proteins, necessitating
coexpression of ectopic FGE along with the protein of interest in order to achieve high
yields of Cys-to-fGly conversion. The M. tuberculosis FGE was particularly useful in this
regard, as the enzyme was found to have relaxed sequence specificity and tolerated single
alanine substitutions within the CXPXR motif.83 Subsequently, the method was used to
produce aldehyde tagged recombinant proteins in mammalian cell expression systems. As
eukaryotic FGE is naturally ER localized, membrane-associated and secreted proteins, both
of which traffic through the secretory pathway, were found to be viable targets for aldehyde
tagging.84.85
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As a site-specific protein modification method, the aldehyde tag has many advantages
compared to other options.86:87 It is operationally simple, requiring simple cloning of the
CXPXR motif at the desired modification site and expression of the protein of interest in
FGE-expressing cells. Once installed, the aldehyde can be reacted with aminooxy or
hydrazide reagents to form the corresponding oxime and hydrazone conjugates, respectively
(Figure 5A). This straightforward process has been used to site-specifically PEGylate
proteins,82 to introduce biophysical probes at discrete locations for single molecule studies
of protein dynamics,38:89 to immobilize proteins and phage on solid materials,%%-92 to
construct artificially glycosy-lated proteins,?3:94 and to generate DNA—-protein conjugates.?®
The aldehyde tag method has also been used in conjunction with other bioconjugation
reactions to generate chemically fused protein heterodimers (Figure 5B).96

The biopharma industry has a growing interest in chemically modified protein therapeutics.
Antibody-drug conjugates (ADCs) in particular are highly represented in biopharma
pipelines, largely for cancer indications.” There is increasing awareness of the benefits of
generating such constructs via site-specific attachment of drug molecules to the antibody
scaffold.?8:99 This trend presents an opportunity for clinical applications of fGly-
functionalized proteins. However, critical to the therapeutic performance of such constructs
is stability of the drug—protein linkage. Oximes and hydrazones can undergo reversible
hydrolysis at physiologically relevant pHs, an inherent liability to their use in ADCs. To
address this issue, we developed a new C—C bond forming reaction of protein-associated
fGly residues with alkoxyamine-functionalized indoles (1, Figure 5A), an adaptation of the
classic Pictet-Spengler reaction that we termed the Pictet-Spengler ligation.1%0 A second-
generation version, the hydrazino Pictet-Spengler ligation (2, Figure 5A) proceeds readily at
neutral pH to give stable fGly conjugates.191 This chemistry has recently been employed to
construct homogeneous ADCs comprising the antimitotic natural product maytansine linked
to the anti-Her2 antibody trastuzumab (Figure 5C).192 The use of fGly as a chemical handle
for these ADCs enabled precise control over the site and stoichiometry of drug conjugation,
thereby facilitating drug optimization.

CONCLUSION

Many questions remain regarding the molecular details of fGly biogenesis and its role in
catalysis. But in the two decades since fGly was first discovered, sulfatases and the enzymes
that activate them have become widely appreciated as lessons in enzyme evolution and
catalytic strategy. As well, the orthogonal reactivity of the aldehyde group with respect to
canonical protein functionality has enabled biotechnology applications of fGly that are
approaching clinical translation. The scope of FGE as a tool for protein engineering has yet
to be fully explored. Interesting questions abound, such as the amenability of the enzyme to
targeted engineering for enhanced performance or altered substrate specificity. As well, the
intriguing discovery of fGly outside the type | sulfatase family as required for the
phosphatase/phosphonatase RIPMH and multisubstrate hydro-lase BcPMH hints that fGly
could be more widespread across microbial proteomes. And the search for additional FGE-
like enzymes is far from over. Organisms as familiar as E. coli and C. elegans generate fGly
on recombinant proteins and produce fGly-dependent sulfatases respectively, but their FGE-
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like machineries remain undefined. We anticipate a rich future for fundamental and applied
studies of this small but powerful PTM.
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Figure 1.
Hydration of fGly to fGly-diol, Pseudomonas aeruginosa arylsulfatase structure and active

site architecture (PAS, PDB: 1HDH), and proposed catalytic mechanisms of type | sulfatase.
(A) fGly is rapidly hydrated to a geminal diol, fGly-diol, and this form predominates in the
sulfatase resting state. (B) fGly diol, yellow; Ca2*, green. (C) Highlighted features: Ca?*,
green; metal binding, magenta; substrate binding and catalytic, gray. (D) Following the
binding of sulfate ester substrate, fGly-diol is activated for nucleophilic attack at sulfur by
aspartate (Asp317). The sulfoenzyme is formed, and desulfation may proceed by one of two
pathways, hydrolysis by sulfur (Sy2) or, more probable, elimination from the remaining
fGly-diol hydroxyl (E2), catalyzed by a histidine base (His115). Catalytic mechanism
scheme adapted with alteration from ref 28.
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Figure2.
Regulation and trafficking of mammalian FGE by protein partners. (A) ERp44 binds the N-

terminal extension of FGE and delivers it back to the ER. (B) Protein disulfide isomerase
(PDI) retains FGE in the ER through binding and increases catalytic activity, perhaps by
acting as a disulfide reductant. (C) ERGIC-53 transports FGE to the Golgi and prevents
degradation by the proteasome. (D) A portion of FGE is trafficked to the cell surface and
secreted through the secretory pathway; furin and other proteases cleave and thereby
inactivate 70-80% of secreted FGE. (E) Secreted FGE binds mannose receptor (MR)
through its N-glycan. (F) Extracellular FGE can be trafficked back to the ER in an active
state. (G) pFGE interacts with FGE for an unknown purpose, but may chaperone unfolded
sulfatases or mediate their interaction with FGE.
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FGE structure, overall reaction, and speculative mechanistic proposal. (A) Crystal structure

of human FGE (PDB: 1Y1E), with active site cysteines (Cys336, Cys341; engaged in partial
disulfide bond), the essential serine (Ser333), and Ca2* ions (green) highlighted. (B) Close-

up of human FGE Cys336S (PDB: 2AFY) in complex with substrate as Cys341-LCTPSRA

mixed disulfide, with substrate binding residues highlighted. (C) Overall reaction catalyzed

by FGE on generic CTPSR substrate. Given the 2e~ oxidation of cysteine to formylglycine,

05 is reduced to H,0,. However, as has been proposed, the concomitant input of an
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additional 2e~ and protons would result in the production of 2 H,O instead. (D) Abbreviated
summary of proposed mechanism provided by Roeser et al.83 FGE,, binds substrate through
thiol-disulfide exchange with substrate at Cys341. Cys336 then reacts with O, to generate a
peroxysulfenic acid. Decomposition of this intermediate, and perhaps the input of two
external electrons, would regenerate FGE,y, release 1 H,O, and form a substrate cysteine
sulfenic acid. Base-catalyzed elimination of H,O from substrate sulfenic acid produces a
transient thioaldehyde, which gives fGly upon hydrolysis.
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Figure 4.
Mechanism of fGly biosynthesis by the anaerobic sulfatase maturing enzyme (anSME). The

reduced radical S-adenosylmethionine (RS) [4Fe-4S]* cluster first binds and reductively
cleaves SAM to produce methionine (Met) and 5’-deoxyadenosyl radical (5’-dA®). The 5'-
dA* abstracts the pro-SCgzhydrogen from the conserved substrate cysteine or serine residue.
Thiol deprotonation by an active site aspartyl side chain generates a transient radical anion,
which is thought to be oxidized by auxiliary [4Fe-4S]%* cluster | (Aux I). Auxiliary cluster 1
may oxidize Aux | and transfer the second substrate electron to a soluble carrier for
regeneration of the reduced RS cluster.
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Principle and application of aldehyde tag engineering. (A) fGly is installed on a protein
target and used as a bioconjugation handle with aminooxy, or modified Pictet-Spengler
reagent functionalized molecules. (B) Bifunctional protein fusion of human growth hormone
(hGH) and human IgG (hlgG) synthesized by aldehyde tagging each followed by Cu-free
azide-alkyne cycloaddition (reproduced with permission from ref 96, copyright Wiley-VCH,
2012). (C) ADC produced site-specifically and with precise drug/antibody ratio, shown with
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hydrazino Pictet-Spengler ligation product, for recent example of trastuzumab and
maytansine.102
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