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Trehalose is a disaccharide essential for the survival and virulence
of pathogenic fungi. The biosynthesis of trehalose requires treha-
lose-6-phosphate synthase, Tps1, and trehalose-6-phosphate phos-
phatase, Tps2. Here, we report the structures of the N-terminal
domain of Tps2 (Tps2NTD) from Candida albicans, a transition-state
complex of the Tps2 C-terminal trehalose-6-phosphate phosphatase
domain (Tps2PD) bound to BeF; and trehalose, and catalytically
dead Tps2PD(D24N) from Cryptococcus neoformans bound
to trehalose-6-phosphate (T6P). The Tps2NTD closely resembles
the structure of Tps1 but lacks any catalytic activity. The
Tps2PD-BeFs-trehalose and Tps2PD(D24N)-T6P complex structures
reveal a “closed” conformation that is effected by extensive inter-
actions between each trehalose hydroxyl group and residues of
the cap and core domains of the protein, thereby providing exquisite
substrate specificity. Disruption of any of the direct substrate—protein
residue interactions leads to significant or complete loss of phos-
phatase activity. Notably, the Tps2PD-BeFs-trehalose complex struc-
ture captures an aspartyl-BeF; covalent adduct, which closely mimics
the proposed aspartyl-phosphate intermediate of the phosphatase
catalytic cycle. Structures of substrate-free Tps2PD reveal an “open”
conformation whereby the cap and core domains separate and
visualize the striking conformational changes effected by sub-
strate binding and product release and the role of two hinge re-
gions centered at approximately residues 102-103 and 184-188.
Significantly, tps2A, tps2NTDA, and tps2D705N strains are unable
to grow at elevated temperatures. Combined, these studies pro-
vide a deeper understanding of the substrate recognition and cat-
alytic mechanism of Tps2 and provide a structural basis for the
future design of novel antifungal compounds against a target
found in three major fungal pathogens.
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Fungal infections, both superficial and invasive, have enormous
effects on human health. Superficial infections of skin and
nails infect around 1.7 billion people. Invasive fungal infections,
primarily opportunistic invasive mycoses, lead to substantial morbidity
(more than 2 million cases) and mortality (approximately 50%) (1).
Among the opportunistic invasive mycoses, cryptococcosis, candidia-
sis, and aspergillosis represent by far the most common human in-
fections. The high mortality rate associated with opportunistic invasive
mycoses is largely due to the availability of a limited set of fast-acting
fungicidal drugs, drug toxicities, drug—drug interactions and rapidly
emerging drug resistance (2, 3) combined with serious underlying
diseases. Further hampering drug development efforts is the prob-
lematic identification of novel antifungal drug targets due to
the substantial overlap of essential fungal and mammalian
biosynthetic pathways.

One promising novel antifungal target is the trehalose
biosynthetic pathway, which does not have a mammalian
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counterpart. Computer-aided target selection against fungal infec-
tions rank the trehalose biosynthetic pathway as a top candidate
for antifungal intervention (4). Trehalose, p-glucopyranosyl-(1—1)-
D-glucopyranoside, is a nonreducing disaccharide synthesized in
bacteria, fungi, lower plants, and invertebrates, but has never been
identified in mammals (5). Trehalose levels significantly increase
when fungal cells are exposed to multiple external and internal
stresses, such as dehydration, heat shock, or oxidative stress (6, 7).
Increased production of trehalose has a significant role in protecting
proteins and membranes against these environmental stresses
(8-10), rendering trehalose essential for fungal cell stress re-
sponse and survival during infections.

Trehalose is synthesized in most fungi by a two-step enzymatic
reaction (Fig. 1). The first step, which is catalyzed by trehalose-6-
phosphate synthase (Tpsl), is the condensation of UDP-glucose
and glucose-6-phosphate (G6P) to form trehalose-6-phosphate
(T6P). The second step, which is catalyzed by trehalose-6-phos-
phate phosphatase (Tps2), is the dephosphorylation of T6P to
yield trehalose. Disruption of the tps! gene in Candida albicans
results in impaired hyphae formation and decreased infectivity
(11). Disruption of the tps2 gene in C. albicans leads to the ac-
cumulation of T6P, which is cytotoxic in high concentrations,

Significance

Fungal infections pose a serious threat to human health and result
in several million deaths annually. To survive in their human host,
pathogenic fungi require the disaccharide, trehalose. Significantly,
the enzymes that synthesize trehalose are absent in humans, and
thus serve as potential targets for novel antifungal intervention.
Here, we describe multiple structures of one of the trehalose
biosynthetic enzymes, trehalose-6-phosphate phosphatase (Tps2).
These structures and germane in vivo and biochemical studies
reveal the significance of the Tps2 N-terminal domain in fungal
cellular stress responses and the conformational flexibility of the
Tps2 C-terminal domain that imposes exquisite substrate speci-
ficity and permits efficient catalysis. These structures pave the
way for “rational” inhibitor design against Tps2, facilitating anti-
fungal drug design.

Author contributions: Y.M., J.L.T., D.L.T., J.R.P,, and R.G.B. designed research; Y.M., J.L.T.,
D.L.T., EJ.W., and M.AS. performed research; J.L, W.R.S., and R.E.L. contributed new
reagents/analytic tools; Y.M., M.AS., J.R.P.,, and R.G.B. analyzed data; and Y.M,, J.L.T.,
J.R.P., and R.G.B. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. M.S.G. is a guest editor invited by the Editorial
Board.

Freely available online through the PNAS open access option.

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.pdb.org (PDB ID codes 5DXF, 5DXI, 5DX9, 5DXL, 5DXN, and 5DXO).

To whom correspondence should be addressed. Email: richard.brennan@duke.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1601774113/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas. 1601774113


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1601774113&domain=pdf
http://www.rcsb.org/pdb/explore/explore.do?structureId=5DXF
http://www.rcsb.org/pdb/explore/explore.do?structureId=5DXI
http://www.rcsb.org/pdb/explore/explore.do?structureId=5DX9
http://www.rcsb.org/pdb/explore/explore.do?structureId=5DXL
http://www.rcsb.org/pdb/explore/explore.do?structureId=5DXN
http://www.rcsb.org/pdb/explore/explore.do?structureId=5DXO
mailto:richard.brennan@duke.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601774113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1601774113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1601774113

L T

/

1\

BN AS PN AN D

Tps1
-phosphate ps

ubP OH 0 4 Pi OH
UDP-Glucose HO, 0. 0. s PO N OH =
+ / i j’\)\ 0" - 2 HO OH, OH
Glucose-6 Ho” %o >"~om Tps2 HO \‘.,\(DIOJJOH
HO”~ O OH

Trehalose-6-phosphate Trehalose

Fig. 1. Enzyme scheme of trehalose biosynthesis. Trehalose is synthesized
by the conversion of glucose-6-phosphate and UDP-glucose to trehalose-6-
phosphate (T6P) by Tps1 followed by dephosphorylation of T6P by Tps2.

decreases yeast growth at higher temperatures, and diminishes
infectivity (12, 13). Similarly, the importance of trehalose pro-
duction and, hence, this biosynthetic pathway, in cell survival has
been convincingly demonstrated in other important pathogenic
fungi including Cryptococcus (14, 15) and Aspergillus (16, 17). In
addition to the protective role of trehalose in multiple stress
responses, the trehalose biosynthetic pathway has been recognized
as an integral part of basic fungal and plant cellular metabolism
and energy homeostasis (18, 19). For instance, overexpression of
tps2 in maize decreases TOP concentration and increases maize
yield in drought conditions (20). These results further underscore
Tpsl and Tps2 as important regulatory proteins for maintaining
cellular integrity.

C. albicans Tps2 is an 888-aa residue protein that can be divided
into two structural domains. The N-terminal domain (Tps2NTD)
is 534-aa residues and shares significant sequence similarity to
C. albicans Tps1 and Escherichia coli OtsA (the bacterial Tpsl ho-
molog) but is missing key catalytic residues and, hence, is posited
to be a “pseudo-Tpsl.” Such a large, two domain-containing tre-
halose-6-phosphatase is unlike the bacterial Tps2 proteins, which
are much smaller. For example, the E. coli Tps2 protein (OtsB) is
only 266 aa residues and does not have a comparable Tps2NTD.
Thus, the structure and particularly the function of the Tps2NTD
remain enigmatic. The C-terminal domain of the C. albicans Tps2
protein (Tps2PD) encompasses amino acid residues 535 through
888 and contains the putative phosphatase domain. Indeed, se-
quence comparisons reveal that Tps2PD is a member of the hal-
oacid dehydrogenase superfamily (HADSF) phosphatases (21, 22),
enzymes that recognize a broad spectrum of substrates. To date
only structures of substrate-free Tps2 from Brugia malayi (22, 23)
and the Tps2-related protein from Thermoplasma acidophilum
(24) have been determined, thus leaving the mechanisms of T6P
binding specificity and catalysis by Tps2 enzymes unknown.

Our understanding of the substrate specificity and catalytic
mechanism of any Tps2 has been hindered significantly by the
lack of germane structural data, which consequently has delayed
structure-guided design of novel inhibitors. Here, we report, to
our knowledge, the first structure of any fungal pathogen Tps2
protein and, more important, the first transition-state structure
of the C. albicans Tps2PD in complex with trehalose and BeFs.
We also report here the structure of the “closed” state of the
Cryptococcus neoformans Tps2PD, which has had the conserved
nucleophilic aspartate mutated to asparagine, in complex with
T6P and the substrate-free “open” state of the Aspergillus
fumigatus Tps2PD. Our structural and biochemical analyses
reveal the basis of substrate specificity and conformational
flexibility used by the enzyme for catalysis, and provide key in-
sight into the catalytic mechanism of trehalose-6-phosphate
phosphatases, thus paving the way for the initiation of structure-
guided inhibitor design.

Results and Discussion

Structure of the C. albicans Tps2NTD. The Tps2NTD structure
(residues 1-534) was determined to 2.56 A resolution by mo-
lecular replacement using the structure of E. coli OtsA, a Tpsl
homolog (PDB ID code 1UQU) (25), as a search model. Se-
lected crystallographic data and refinement statistics are listed
in SI Appendix, Table S2. Electron density was poor for the
N-terminal domain, with 58 residues (residues 1-17, 45-61, and
91-114 from chain B) missing from the structure, likely contributing
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to a slightly higher Rg... These disordered regions are consistent
with secondary structure prediction by PSIPRED (26). However,
deletion of these disordered residues renders Tps2NTD insoluble
and necessitated their presence during protein purification and
for crystallization.

The overall structure of the Tps2NTD is similar to that of other
enzymes belonging to the GT-B class of glycosyltransferases (27)
and contains N- and C-terminal Rossmann-fold domains and a
C-terminal helix that crosses and interacts with each Rossmann-fold
domain (Fig. 24). As anticipated, a DALI search (28) revealed that
the structure most similar to the Tps2NTD is that of E. coli OtsA
with a rmsd of 2.2 A for 433 corresponding residues. Structural
superposition of the Tps2NTD and OtsA reveals the highly con-
served Rossmann fold of the C-terminal domain and C-terminal
helix that spans both domains of the Tps2NTD. Compared with
E. coli OtsA, the most notable difference between the structures is
the presence of an antiparallel f-strand in OtsA that is substituted
by a2 in Tps2NTD (SI Appendix, Fig. S1).

Despite the overall structural and sequence similarity of
Tps2NTD and OtsA, alignment of their sequences reveals that
OtsA residues G22, involved in UDP binding, and R9, Y76, and
R300, involved in G6P binding (29), are replaced respectively
with a tyrosine, serine, tryptophan, and a deletion in Tps2NTD
(SI Appendix, Fig. S2). This finding suggested strongly that the
Tps2NTD could not synthesize T6P. Indeed, TpsZNTD has no
detectable glycosyltransferase activity. No T6P phosphatase ac-
tivity was detected as well. At present it is unclear whether Tps2NTD
has any other enzymatic activity, and its role in C. albicans and other
pathogenic fungi thus remains enigmatic. Despite the lack of a tre-
halose biosynthesis function of the Tps2NTD, deletion of this do-
main in C. neoformans resulted in a temperature-sensitive phenotype
at 39 °C (Fig. 2B), suggesting Tps2NTD is functionally essential for
cell survival at elevated temperature.

C. albicans Tps2 is one component of the trehalose biosynthetic
complex, which also consists of Tpsl and the trehalose synthase
regulatory protein (Tps3). The formation of a multiprotein
complex containing Tpsl, Tps2, and a Tps3 homolog has been
demonstrated in Saccharomyces cerevisiae (30), and such complex
formation appears necessary for proper function in fungi because
OtsA, the E. coli Tpsl, which does not form a complex with
OtsB, the E. coli Tps2, is unable to complement a S. cerevisiae
Tps1 deletion strain (31). The presence of the Tps2NTD, which is
structurally similar to OtsA, suggests its potential role in hetero—
protein complex formation as the key residues in the conserved
dimer interface of E. coli OtsA (29) are also present in the C.
albicans Tpsl, Tps2NTD, and Tps3NTD (SI Appendix, Fig. S2).
Although direct interactions among the C. albicans Tps2NTD,

tps2NTDA 30°¢
tps2D705N

WT

tps2D705N|

WT
tps2A

tps2NTDA
tps2D705N

39 °C

Fig. 2. Structure of the C. albicans Tps2NTD and functional importance of
Tps2. (A) Cartoon diagram of the Tps2NTD. The N-terminal and C-terminal
Rossmann-fold domains are depicted as ribbons and colored cyan and pink,
whereas the C-terminal helix that interacts with both domains is colored red.
(B) The phosphatase domain of Tps2 is sufficient to rescue the temperature-
sensitive phenotype of tps24 in C. neoformans at 37 °C but not at 39 °C,
whereas altering a single amino acid residue (D705N), predicted to eliminate
Tps2 activity, failed to restore growth at elevated temperatures. The strains
were incubated for 3 d.
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Tps3NTD, and Tps1 have not yet been reported, the presence of
this conserved interface suggests the potential for the Tps2NTD
and Tps3NTD to bind to Tpsl and, thus, play a role in the for-
mation of the trehalose biosynthetic complex in Candida and
probably in Aspergillus and Cryptococcal species. One of the most
likely roles for the formation of at least a Tps1-Tps2 heterodimer,
but certainly not the only possibility, is substrate sequestration of
T6P and its delivery to the latter enzyme. Beyond its function as
an intermediate in the biosynthesis of trehalose, T6P has been
demonstrated to be an important regulatory molecule in both
yeast and plant (18, 32). Intriguingly, the K;,, of Tps2PD for T6P is
0.87 mM, a surprisingly high concentration in comparison with the
reported cytosolic concentration (100 pM) of T6P (12, 33, 34).
This difference in K,, and cytosolic ToP concentration requires a
mechanism for controlling the free T6P concentration in vivo. The
formation of a trehalose biosynthetic complex, composed of at
least Tps1 and Tps2, would reduce cytosolic T6P concentration
and increase T6P concentrations in proximity to Tps2 by trap-
ping T6P in the complex (34), thereby allowing the efficient de-
phosphorylation of this signaling molecule and cytotoxin, leading
to the production of trehalose.

Structure of the C. albicans Tps2PD. To determine the structure of
the C. albicans Tps2PD, a series of truncated proteins that
encompassed the putative phosphatase domain were created and
purified. Crystals of a Tps2PD construct comprising residues
1-299 of that domain were obtained in the presence of beryllium
fluoride (BeFs) and trehalose and diffracted to 2.0 A resolution.
This Tps2PD truncate is catalytically active and displays a k¢a¢
of 36.8 + 1.5 s and K, of 867.4 + 69.7 uM with specificity for
To6P alone (SI Appendix, Fig. S3 and Table S1). These values are
similar to those reported for the Tps2 from B. malayi (23). The
structure was determined by using single-wavelength anomalous
dispersion (SAD) methods and selenomethionine (SeMet)-
substituted Tps2PD. The model was later refined by using a
higher resolution native dataset (SI Appendix, Table S2). There
are two molecules in the asymmetric unit, which adopt nearly
identical conformations (rmsd = 0.25 A). The Tps2PD structure
and size exclusion chromatography indicate that Tps2PD is
monomeric in solution. All subsequent results and discussion
focus on molecule A.

The Tps2PD structure consists of a core domain (residues
1-105 and 186-299), which is a modified Rossmann fold, and a
cap domain (residues 106-185), which is inserted between the
two halves of the core domain (Fig. 34 and SI Appendix, Fig. S4).
Residues 206-214 were not seen in electron density maps and,
thus, are not included in the structure. The Rossmann fold of the
core domain is formed by six parallel p-strands flanked by seven
a-helices. An additional p-strand, p5, is antiparallel with respect
to the core p-sheet. A loop that is C-terminal to 5 links the core
and cap domains. The cap domain is composed of four anti-
parallel B-strands and two a-helices. The cap domain reconnects
to the core domain by a loop C-terminal of «7. The insertion
position and topology of the cap domain is typically found in
subfamily 2B of HADSF phosphatases (35). Unambiguous elec-
tron density for trehalose, BeF5, which is covalently linked to the
conserved nucleophilic aspartate residue, D25, and a Mg>* ion is
observed (Fig. 3B) and demarcates the active site of this phos-
phatase. Thus, to our knowledge the structure reveals the first
transition-state structure of any T6P-specific phosphatase.

Substrate Binding Pocket of the C. albicans Tps2PD. Similar to other
HADSF phosphatases, the C. albicans Tps2PD reveals four
conserved motifs for nucleophilic catalysis (21, 22, 35). Residue
D25 (motif I) is covalently bonded to the BeF; and, therefore,
presents a visualization of the aspartyl-phosphate intermediate
that is formed during the nucleophilic attack of its carboxylate
side chain (Fig. 3C and SI Appendix, Fig. S5 A and B). Residues
S65 (motif II) and K188 (motif III) make hydrogen bonds and
electrostatic interactions with the BeF3, contributing to the
stabilization of the aspartyl-phosphate intermediate. A Mg”* ion
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Fig. 3. Structure of the C. albicans Tps2PD-BeFs-trehalose transition-state
complex. (A) Two views of the structure of the Tps2PD-BeFs-trehalose
transition-state complex. The core domain and cap domains are shown as
cartoons and colored cyan and pink. The trehalose and BeF; are shown as
sticks and the Mg?* as an orange sphere. (B) A 2F,-F. electron density map of
the bound trehalose and covalently bound BeFs, shown as light blue mesh
and contoured at 1.5 o. Trehalose is shown as pale yellow sticks. The oxygen
atoms are labeled where primed oxygens are found on the glucose ring close
to the catalytic residue D25. The beryllium and fluoride are colored olive and
light cyan, respectively. (C) View of core-domain residues involved in transition-
state stabilization, as depicted by the D25-BeF; covalent link and Mg?* ion
coordination. The cap-domain residues are shown as atom-colored cyan sticks,
and the magnesium ion and waters are depicted as spheres and colored or-
ange and red, respectively. Selected hydrogen bonds are shown by dashed
lines. (D) View of residues and solvent involved in binding the catalytic-residue
proximal glucose moiety of trehalose. Residues from the cap domain are
shown as atom-colored pink sticks and from the core domain as atom-colored
cyan sticks. Hydrogen bonds are shown by dashed lines. (E) View of residues
and solvent involved in binding the catalytic-residue distal glucose moiety of
trehalose. Hydrogen bonds are shown by dashed lines.

also interacts with the BeF; potentially to neutralize the charge
of the covalent intermediate and facilitate the subsequent re-
moval of the phosphate group from D25. The Mg** ion is po-
sitioned in the active site through interactions with the backbone
carbonyl group of residue D27, a motif I residue and the second
aspartate of the characteristic DXD motif of the HADSF
phosphatases, and the side chain of D230 (motif IV). Two water
molecules are also seen in the active site, both of which interact
with the Mg”* ion. These water molecules also interact with the
side chains of residues D230 and D234 (motif IV). These in-
teractions result in the octahedral coordination of the Mg** ion.
In the current structure, these water molecules also make protein-
water-mediated hydrogen bonds to the trehalose, likely in-
creasing the specificity and binding affinity of Tps2PD for T6P.

The two glucose moieties of trehalose engage in multiple in-
teractions with residues of the extensive substrate-binding pocket
of Tps2PD, both directly and indirectly through water-mediated
interactions (Fig. 3 D and E and SI Appendix, Fig. S5 C and D).
To adopt the correct conformation for nucleophilic attack by
residue D25, the trehalose O6’ atom, from which the phosphate
group of T6P is cleaved, makes an extensive hydrogen bond
network with Tps2PD core residues S65, G66, and R67. These
interactions orient the substrate into an ideal position for nu-
cleophilic attack by D25. Additional interactions with this glu-
cose molecule include hydrogen bonds from the side chain of cap
residue K133 to both the O3’ and O4’ hydroxyl groups. O3’ and
O4’ also interact with the side chains of cap residues E131 and
E180, respectively. The O2’ hydroxyl group is positioned in the
active site by its water-mediated interactions with the side chains
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of residues E131 and R67. The ring oxygen of this glucose
moiety, O5’, interacts with carboxylate group of residue D27.
These interactions ensure the proper chemical environment and
orientation of the O6’-phosphate bond for nucleophilic attack by
the D25 carboxylate side chain (Fig. 3 C and D). Additionally,
the proper alignment of the substrate is secured by cation-n
stacking between the side chains of residues R67 and F71
whereby the guanidinium side chain of R67 is locked into place
over the glucose ring by two electrostatic interactions with the
carboxyl group of D27 and the phenylalanine side chain
(Fig. 3D).

The other glucose moiety of trehalose also engages in exten-
sive interactions with the Tsp2PD catalytic pocket (Fig. 3E). Its
O2 hydroxyl group makes hydrogen bonds to the backbone
carbonyl moiety of residue K176, the N178 side chain, and a
water molecule. This water is involved in a hydrogen-bonding
network that links this glucose to residue D231 (motif IV) and a
water molecule that coordinates the Mg?* ion. O3 makes two
hydrogen bonds to the side chain of residue R142 and also in-
teracts with the K176 backbone. Both H140 and A177 co-
ordinate one water molecule to bind to O3 as well. The O4
hydroxyl group forms a hydrogen bond with the V34 backbone
carbonyl group, whereas O6 forms hydrogen bonds to both the
V34 backbone amide group and a water molecule. This water
molecule interacts with P32 and D27 (motif I), again demon-
strating the strong link between key catalytic residues and both
glucose moieties of trehalose. Only the glucosyl ring oxygen
atom OS5 is not engaged in hydrogen bonding to either Tps2PD
or solvent.

Thus, residues belonging to both the cap and core domains
play key roles in substrate binding and specificity. However, the
key catalytic residues, including the nucleophile D25 and those
residues responsible for the direct or indirect stabilization of the
transition state, appear to be found primarily in the core domain.
Two additional contributors to trehalose binding are loop 1
(residues 24-37) and loop 2 (residues 140-146). As noted above,
both loops host residues, P32 and V34 from loop 1 and H140 and
R142 from loop 2, that make hydrogen bonds to the trehalose.
Substrate binding brings the two loops into proximity, which
effectively shields the active site from the bulk solvent (Fig. 34).
Interestingly only one weak interaction, a D36-R143 electro-
static contact, is observed between the loops. A limited number

f “pocket-closing” interactions might facilitate active site
reopening and substrate departure.

Tps2PD Active Site Mutatlons Tps2PD dephosphorylates TOP with a
kear Of 36.8 + 1.5 57! and K,, of 867.4 + 67.9 M, values that are
sumlar to those reported for B. malayi Tps2 (23) (Kcar =24 + 2 s,
= 360 + 60 pM). To assess the impact of the structurally
identified catalytic and substrate-binding residues on Tps2PD
phosphatase activity, a series of mutations were introduced
into C. albicans Tps2PD. Mutation of the Tps2PD nucleophile
aspartate residue, D25, to asparagine completely abolishes Tps2PD
enzymatic activity, highlighting the critical importance of the nu-
cleophile in phosphatase activity (SI Appendix, Table S1). Alanine
substitutions of conserved residues S65 (motif II) and trehalose-
binding residues E131, K133, and E180 showed significantly im-
paired activity with decreases in (k.,/Kp,) of 9.5- to 840-fold
compared with WT. As observed for B. malayi Tps2, the de-
creased activity is attributed to lower k., rather than higher K,,.
Interestingly, mutation of either R67 or E230 to alanine abolished
activity. Together, the high-resolution structure of the Tps2PD
transition state and Tps2PD phosphatase activity assays reveal those
residues critical for T6P binding and Tps2PD catalytic activity.

Closed-Conformation Structure of the C. neoformans Tps2PD(D24N)-
T6P Complex. The C. neoformans Tps2PD (residues 1-306 of that
domain)-T6P complex structure was determined to 2.15 A res-
olution by molecular replacement using the C. albicans Tps2PD
structure as a search model. Selected crystallographic data and
refinement statistics are listed in SI Appendix, Table S3. To
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capture T6P in the binding pocket, the Tps2PD nucleophile as-
partate, D24, was mutated to asparagine. Despite multiple at-
tempts, we were unable to obtain crystals of the C. albicans Tps2PD
(D25N)-T6P complex. As seen for the C. albicans Tps2PD-BeF;—
trehalose complex, the C. neoformans Tps2PD(D24N)-T6P
complex adopts a closed conformation (SI Appendix, Fig. S6)
with the twg proteins, taking essentially identical structures
(rmsd = 1.0 A). Furthermore, clear electron density for T6P was
detected in the binding pocket, providing, to our knowledge, the
first view of a Tps2PD-substrate complex (Fig. 44). In addition
to the overall structural similarity, the high sequence iden-
tity (46%), the complete conservation of all active site residues
(SI Appendix, Fig. S4), and conserved active site interactions
(SI Appendix, Fig. S7) indicate that the C. neoformans Tps2PD
uses the same nucleophilic catalytic mechanism and substrate
binding mechanism as the C. albicans Tps2PD.

Superposition of the C. albicans Tps2PD-BeF;-trehalose and
C. neoformans Tps2PD(D24N)-T6P complexes reveals insight
into the reaction coordinate of these T6P phosphatases (Fig.
44). In the C. albicans Tps2PD transition-state structure, the
BeF; phosphate mimic is covalently bonded to the carboxylate
side chain of residue D25, whereas in the C. neoformans Tps2PD
(D24N)-T6P complex structure, the phosphorus atom of the
T6P hydrogen bonds with the side chain of N24 and is 1.8 A
removed from the Be atom. The two structures thus provide a
visualization of phosphoryl group transfer from T6P to aspar-
tate during the nucleophilic attack, Wthh appears to require
the slight repositioning of the Mg** ion by ~0.5 A. This
nucleophile mutation (D-N) was also introduced into C. neo-
formans (annotated as tps2D705N) and showed a temperature-
sensitive growth phenotype at 37 °C (Fig. 2B) that was comparable
to a tps2A deletion mutant. Interestingly, the tps2D705N
cells had a pronounced defect in cell division and failed to
produce large capsules under capsule-inducing conditions
(SI Appendix, Fig. S8). These findings highlight that Tps2
phosphatase activity is important for virulence traits critical
for Cryptococcus to adapt to the host environment as well as
for proper growth and underscores the significance of T6P
concentration regulation. It also suggests that blocking the
activity of the enzyme has more severe consequences compared
with complete loss of the protein. Temperature in humans
remains a constant host factor that critically affects fungal

)/ C. albicans D25

F71m

Fig. 4. Superpositions reveal key steps in catalysis and substrate specificity
of Tps2. (A) View of T6P in the C. neoformans Tps2PD(D24N) closed con-
formation structure after superposition of the protein onto the Tps2 from
the C. albicans Tps2-BeF;-trehalose transition-state complex. Note the sig-
nificant overlap of the T6P and trehalose sugars. T6P from the C. neoformans
Tps2PD structure is shown as atom-colored yellow sticks. A 2F,-F. electron
density map of T6P bound to the C. neoformans Tps2PD is shown as gray
mesh and contoured at 1.5 6. Trehalose and the D25-BeF; covalent adduct
are shown as atom-colored gray sticks. Mg?* ions from the C. neoformans
and C. albicans Tps2PD structure are shown as orange and gray spheres,
respectively. (B) Superposition of the glucose moieties of trehalose and su-
crose in the C. albicans Tps2PD-BeFs-trehalose-Mg?* transition-state com-
plex structure. Trehalose and sucrose are shown as atom-colored gray and
yellow sticks, respectively. The 6 position of the phosphorylated glucose and
fructose moieties of T6P and S6P is labeled as T6 and S6. The side chains of
residues R67 and F71 are shown as cyan- and atom-colored sticks.
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Fig. 5. Structures Tps2PD in the open conformation and the catalytic cycle
of Tps2. (A) Side view of A. fumigatus Tps2PD structures in the open con-
formation from three different crystal forms. The Tps2PD structures are
depicted as cartoon and displayed after the superposition of their respective
core domains. Crystal forms 1, 2, and 3 are colored in cyan, pink, and wheat,
respectively. (B) “Top” view of the superposition of the three A. fumigatus
Tps2PD structures. (C) Structural superposition of the core domains of
A. fumigatus Tps2PD crystal form 2 and the C. albicans Tps2PD transition-
state complex. The yellow dots depict the locations of the Ca atom of residue
E123 in the closed and open conformations. (D) The Tps2PD catalytic cycle
requires conformational changes: Open/apo enzyme = closed/substrate
bound = transition state/aspartylphosphate formation = open/product re-
lease effected by substrate binding, catalysis, and product release.

pathogen survival; therefore, a Tps2-specific inhibitor would be
predicted to eliminate C. neoformans infections.

Substrate Specificity of Tps2PD. Previous biochemical character-
ization of Mycobacterium smegmatis (36) and B. malayi Tps2
revealed a strong preference for T6P as a substrate. C. albicans
Tps2PD shows similar substrate specificity for T6P and, indeed,
does not dephosphorylate sucrose-6-phosphate (S6P), glucose-
6-phosphate (G6P), or paranitrophenylphosphate (pNPP), the
“universal” phosphatase substrate (SI Appendix, Fig. S3). The
structures of the Tps2PD-transition state and Tps2PD(D24N)-
T6P complexes reveal the underlying molecular basis of the
specificity of this phosphatase for T6P and, particularly, its dis-
crimination against S6P. Superposition of the glucose moiety of
T6P, which does not contain the phosphate that is cleaved, and
the glucose moiety of sucrose places the fructose ring of the
latter sugar proximal to the nucleophilic aspartate (Fig. 4B).
However, the structural differences between the fructose of S6P
and the glucose of T6P would result not only in the loss of several
hydrogen bonds but more critically the steric clash of the fructose
ring with the guanidinium side chain of residue R67. Residue
R67 is unable to avoid this clash because of its stacking inter-
action with residue F71. It should be emphasized that this clash
would be even more significant if the six position of the fructose
sugar were phosphorylated. Furthermore, this phosphate would
be positioned incorrectly for catalysis.

The strict conformational requirements of the Tps2PD bind-
ing pocket eliminate other potential sugar phosphate substrates
for Tps2PD. However, Tps2PD demonstrates no activity against
G6P, which can be positioned into the active site without steric
clash because it can occupy the identical position of the glucose-
6-phosphate moiety of T6P. However, the catalytic pocket is
composed of two glucose-binding sites and the nonphosphorylated
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glucose moiety of T6P is critical for substrate affinity by interacting
extensively with the protein (Fig. 3). Loss of these interactions
would decrease Tps2PD binding affinity for the G6P significantly
and require extremely high G6P concentrations for enzymatic
activity, which are not physiological relevant. Importantly, the
glucose moiety of T6P binds to residues of loop 1 and loop 2 and
contributes to the conformational change necessary for the en-
zyme to take its closed, catalytically competent conformation.

Tps2PD Undergoes a Large Conformational Change Upon Substrate
Binding. Superpositions of the individual core and cap domains of
B. malayi Tps2PD (residues 206492, excluding the N-terminal
domain) onto the corresponding core and cap domains of the
C. albicans Tps2PD reveal rmsd of 3.9 A and 1.9 A, respectively
(SI Appendix, Fig. S9). Superposition of the entire B. malayi
Tps2PD onto the C. albicans Tps2PD reveals an rmsd of 5.6 A
for 277 corresponding C, atoms. This large rmsd is due to a sub-
strate binding-induced conformational change within the protein.
Indeed, such a conformational transition from a substrate-free
“open” conformation to a substrate-bound “closed” conformation
is critical for the exclusion of bulk solvent and catalysis. However,
sequence alignment between C. albicans Tps2PD and B. malayi
Tps2 reveals only 24% sequence identity, and more importantly, no
conservation of the residues involved in substrate recognition,
suggesting a significant evolutionary difference between the two
species. Therefore, we sought to solve the structure of a substrate-
free Tps2PD from a more closely related fungal species to verify
the observed Tps2PD conformational flexibility. Thus, we deter-
mined the substrate-free structure of Tps2PD from the human
pathogenic mold A. fumigatus, which shares 58% sequence iden-
tity to the C. albicans Tps2PD including all residues involved in
T6P binding and catalysis (SI Appendix, Fig. S4). We obtained
three different crystal forms of the A. fumigatus Tps2PD (forms 1,
2, and 3). The structure of form 1 was solved by SAD using a
SeMet-substituted protein crystal, whereas the structures of forms
2 and 3 were determined by molecular replacement using the
structure of crystal form 1 as the search model.

As expected, the A. fumigatus Tps2PD structures exhibit the
conserved overall fold of a HADSF phosphatase with the core
Rossmann-fold domain and cap domain. However, quite differ-
ent from the transition-state-Tps2PD and T6P-bound Tps2PD
(D24N) structures, all three A. fumigatus structures assume
conformations in which the core and cap domains have opened
significantly but to different degrees (Fig. 5 4 and B). Super-
position of the three A. fumigatus core domains (residues 1-106
and 184-270) reveals strong structural conservation (rmsd of
0.3 A). However, a clear difference in the relative positions of
their cap domains is observed, and this superposition reveals 6
of the cap domain, as denoted by F129, is 3.4 A closer to the
core in form 1 than in form 2, hence underscoring a significant
conformational flexibility of Tps2PD in the absence of substrate
(Fig. 5A4). Superposition of the C. albicans Tps2PD transition-state
structure with the open conformation that is observed for
A. fumigatus Tps2PD form 2 visualizes the large conformational
change between the two states (Fig. 5C). Despite the strong
structyral similarity of the core and cap domains (rmsd of 0.88 A and
0.48 A, respectively) when the core domains of the transition-
state structure and form 2 substrate-free structure are overlaid,
the tip of cap_domain, as denoted by E123 of helix 4, is trans-
located 25.2 A. Further analysis of this movement using Dyn-
Dom (37) reveals a 53° rotation upon substrate binding, which is
centered about C. albicans residues 102-103 and 184-188 that
are located on the linker between the core and cap domain and
form a hinge (Fig. 5C). Thus, the structures of the highly re-
lated fungal Tps2PDs support the idea that type 2B HADSF
phosphatases adopt a large conformational change upon sub-
strate binding and dephosphorylation (Fig. 5D), although, in-
terestingly, the extent of the conformational change appears to
vary among different phosphatases. For example, a 28° rotation
is observed for substrate binding by the sucrose-6-phosphate
phosphatase (38).
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In summary, we report here the Tps2NTD structure from
C. albicans and suggest its potential function in the formation of a
trehalose biosynthetic complex. The formation of this complex
would regulate the concentration of free T6P and increase trehalose
production efficiency. Further biochemical and cellular experiments
are required to understand the stereochemistry and function of this
complex. We also report here the structures of Tps2PD in multiple
conformational states. Combined with biochemical and cellular
analyses, we demonstrate the critical roles of key residues in sub-
strate specificity and provide insight into the dephosphorylation
mechanism of this T6P phosphatase. The conformational flexibility
displayed by Tps2PD structures deepens our understanding of Tps2
and other general HADSF phosphatases. Significantly, the highly
specific active site of Tps2PD distinguishes this enzyme from other
mammalian phosphatases and, thus, may alleviate potential off-
target toxicity of Tps2PD-specific inhibitors. Further, sequence
alignment of the C. albicans Tps2PD with those of C. neoformans
and A. fumigatus reveals 46% and 58% sequence identity, respec-
tively. Residues involved in nucleophilic catalysis and critically,
substrate binding, are conserved among these pathogenic fungi
species. The high conservation of these residues in the pathogenic
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fungal Tps2PD suggests that this enzyme is a viable broad-spectrum
antifungal drug target, paving the way for antifungal drug design
targeting the trehalose biosynthetic pathway.

Methods

All proteins were expressed in bacterial systems and purified by Ni**-NTA
affinity column chromatography and size exclusion chromatography.
Crystals were obtained by hanging-drop vapor diffusion, and data were
collected at the Advanced Light Source or Advanced Photon Source
synchrotrons. Detailed protocols can be found in S/ Appendix, Materials
and Methods.
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