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an unexpected folding of the C-terminus residues crucial
for thermostability under physiological conditions
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Abstract Bacillus fastidious uricase (BF uricase) containing
322 amino acid residues exhibited high stability under physio-
logical conditions. Its crystal structure was solved to 1.4-Å
resolution, showing homotetramer containing two
homodimers. After the intersubunit antiparallel β-sheet in its
homodimer, each subunit had a total of 18 C-terminus residues
forming an α-helix (Q305-A313) and random coil (S314-
L322) on surface to bury other two α-helices (I227-T238 and
I244-R258). In comparison, reported crystal structures of
Arthrobacter globiformis and Aspergillus flavus uricases had
atomic coordinates of only some C-terminus residues, while
the crystal structures of all the other uricases accessible before
September 2014 missed atomic coordinates of all their C-
terminus residues, after the intersubunit antiparallel β-sheets.
In each homodimer of BF uricase, H-bonds were found be-
tween E311 and Y249 and between Y319 and D257; electro-
static interaction networks were found to surround D307 plus

R310 and intersubunit R3, K312 plus D257, E318 plus K242,
and L322 plus R258. Amino acid mutations that disrupted
those interactions when R3 and D307 were reserved caused
moderate decreases of activity at pH 9.2 while negligible de-
creases of activity at pH 7.4, but destroyed stability at pH 7.4
while slightly decreased stability at pH 9.2. Such structural
information guided the fusion of 6His-tag to the C-terminus
of the mutant L322D with SNSNSN as a linker to reserve the
activity and stability. Hence, the folding of the C-terminus res-
idues is crucial for thermal stability of BF uricase under phys-
iological conditions; these new structural insights are valuable
for molecular engineering of uricases.
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Introduction

Uricase (E.C. 3.1.2.4) is currently used as an important tool
for serum uric acid assay in clinical laboratories (Zhao et al.
2009a; Huang et al. 2015), a biodrug for therapeutic treatment
of diseases associated with acute hyperuricemia and the sole
drug to handle refractory gout associated with persistent hy-
peruricemia (Crittenden and Pillinger 2013; Ea et al. 2011;
Schlesinger et al. 2011; Yang et al. 2012). To facilitate large-
scale production via recombinant expression, microbial
uricases are preferable over mammalian ones (Alvares et al.
1992). For applications of any uricase, it is highly desirable to
have an activity and stability as high as possible (Feng et al.
2010; Sarkissian et al. 2008). However, most microbial
uricases reported to date exhibit limited enzyme activities/
stability under physiological conditions (Huang et al. 2015;
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Liu et al. 2009; Liu et al. 2011). For example, Aspergillus
flavus uricase as a biodrug to treat acute hyperuricemia has
favorable thermal stability at 4 °C, but unsatisfactory stability
under physiological conditions besides a low activity (Liu
et al. 2009). Arthrobacter globiformis uricase has significantly
higher thermal stability under physiological conditions, but
still a low activity (Huang et al. 2015). Hence, it is necessary
to improve enzyme activities and thermal stability of uricases
through molecular engineering via directed evolution and/or
rational design of mutants (Chica et al. 2005; Turner 2009). In
practice, the lack of suitable uricases as starting materials has
limited directed evolution of uricases. Three-dimensional crys-
tal structures are available for quite a few uricases (Colloc’h
et al. 1997; Juan et al. 2008; Oksanen et al. 2014), but the
insufficient understanding of the action mechanism of uricases
and/or relationship between sequences and activities/stability
has limited rational design of uricase mutants (Colloc’h et al.
1997; Gabison et al. 2008, 2010; Kahn and Tipton 1997;
Retailleau et al. 2004, 2005). Therefore, it is pivotal to discov-
er uricases of high activity/stability and reveal mechanistic and
structural determinants of their enzyme activities/stability.

The putative active form of uricase is homotetramer that
contains two homodimers; each homodimer is a closed tunnel
bearing 2-fold rotation symmetry. There is an intersubunit
antiparallel β-sheet between residues near the N-terminus of
one subunit and those near the C-terminus of the other subunit
of a homodimer (Colloc’h et al. 1997; Colloc’h et al. 2008;
Gabison et al. 2008; Juan et al. 2008; Oksanen et al. 2014;
Retailleau et al. 2004). Interestingly, truncation of C-terminus
decreases stability of Bacillus sp. TB-90 uricase (Hibi et al.
2014; Yamamoto et al. 1996); uricase stability is associated
with the number of C-terminus residues after each intersubunit
antiparallel β-sheet in homodimer (Hibi et al. 2014; Liu et al.
2009; Suzuki et al. 2004; Yamamoto et al. 1996). Folding of
C-terminus may thus play some roles in thermal stability of
uricases. According to crystal structures of all microbial
uricases accessible in the Protein Data Bank before September
2014, there are some C-terminus residues in each subunit after
the intersubunit antiparallel β-sheet. In crystal structures,
however, only some of the C-terminus residues in subunits
of Arthrobacter globiformis and Aspergillus flavus uricases
have coordinates (Colloc’h et al. 1997; Colloc’h et al. 2008;
Gabison et al. 2008; Juan et al. 2008; Oksanen et al. 2014),
while no coordinates are available for any of these C-terminus
residues in the other microbial uricases (Kahn and Tipton
1997; Retailleau et al. 2004). These facts prevent analysis of
the possible roles of C-terminus folding in thermal stability of
uricases. On the other hand, fusion of a six-histidine (6His)-
tag to N- or C-terminus is preferred for purification of recom-
binant proteins, but few uricases are expressed via fusion of
6His-tag (Pfrimer et al. 2010; Wu et al. 2009; Zhang et al.
2012), potentially due to negative impacts of 6His-tag on
activities/stability of uricases. Structure-guided fusion of

6His-tag to a protein is promising to alleviate negative impact
of 6His-tag on the activity/stability of the 6His-tagged protein
but requires coordinates of all residues at one terminus. Hence,
for elucidation of potential roles of C-terminus residues fold-
ing in stability/activity and structure-guided fusion of 6His-tag
to the C-terminus, the atomic coordinates of all residues in the
C-terminus of uricases are needed.

The pharmaceutical value of a uricase as a biodrug depends
on its activity and thermal stability under physiological condi-
tions. The activities of most microbial uricases show strong
susceptibility to the reaction pH as their activities at pH 7.4
are usually less than 50 % of the corresponding maximum ac-
tivities that usually occur at pH ~9.2. In addition, microbial
uricases usually have a lower thermal stability at pH 7.4 com-
pared to those at pH 9.2 (Huang et al. 2015). An intracellular
uricase from Bacillus fastidious A.T.C.C. 29604 (BF uricase) is
a promising candidate of biodrug for the treatment of hyperuri-
cemia (Feng et al. 2010; Schiavon et al. 2000; Tan et al. 2012;
Zhang et al. 2010; Zhang et al. 2014) and a practical tool for
serum uric acid assay (Huang et al. 2015; Liao et al. 2006; Zhao
et al. 2006). Predominantly, the half-life of BF uricase under
physiological conditions reached 3 weeks (Huang et al. 2015).
Crystal structure of BF uricase was thus determined by X-ray
diffraction. Surprisingly, our newly solved crystal structure
contained the atomic coordinates for all of a total of 18 C-
terminus residues in each subunit after the intersubunit antipar-
allel β-sheet. This report thus presented for the first time a
crystal structure of uricase containing the coordinates for all of
the C-terminus residues after each intersubunit antiparallel β-
sheet. More importantly, these 18 C-terminus residues and their
folding were found to be main determinants of its thermal sta-
bility, but minor factors of its enzyme activity, under physiolog-
ical conditions; such structural information has guided success-
ful fusion of 6His-tag to the C-terminus of the mutant L322D.

Materials and methods

Chemicals and materials

DEAE-cellulose was fromWhatman. Diethyltraminepentaacetic
acid and uric acid were from Alfa Aesar. Poly-(ethylene glycol)
(PEG)-3350 was from Sigma-Aldrich. Bacillus fastidious
A.T.C.C 29604 was that we reserved (Zhao et al. 2006).
Superdex 200 16/60 size exclusion column was from GE
Healthcare. Ni2+-NTA superflow sepharose was purchased from
QIAGEN. Restriction enzymes on DNA, competent cells of
Escherichia coli DH5a and BL21 (DE3), and isopropyl-β-D-
thiogalactoside (IPTG) were from Takara Ltd. (Dalian, China)
or Sangon Biotechnology (Shanghai, China). Syntheses of
primers and sequencing of DNA fragments were performed by
these two companies. Sodium borate, boric acid, and other
chemicals were domestic products of analytical or better grade.
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Recombinant expression of BF uricase and mutants

The coding sequence of BF uricase as recorded in GenBank
(accession no. FJ393559.1) was cloned from the genomic
DNA of Bacillus fastidious A.T.C.C 29604 via PCR (Huang
et al. 2015; Zhang et al. 2010; Zhao et al. 2006). To have the
N-terminus of AERTMFYGKGDV as suggested by Edman
degradation of the corresponding wild-type uricase (Zhao
et al. 2006), the forward primer of 5′-CAGGATGGTAAA
GGCGACGTATA-3′ and the reversed primer of 5′-GTCA
ACGCCATAGTCGATTTTAAC-3′ were used. Mutants were
generated via site-directed mutagenesis or replacement of
DNA fragments with reagent kits from Taihe Biotechnology,
Co., Ltd. (Beijing, China). An engineered pET28a vector was
used to construct expression vectors of mutants with carefully
designed primers carrying on sites for digestion by NcoI and
Hind III. Competent Escherichia coli DH5α cells were trans-
formed to amplify each vector, and then E. coli BL21 cells
(DE3) were transformed for induced expression. Each active
uricase in cell lysates was purified as described previously
(Huang et al. 2015; Zhang et al. 2010; Zhang et al. 2014).
To estimate the highest specific activity and reflect catalytic
capacity for each uricase, a small amount of enzyme after
purification at 4 °C was further purified by using polyacryl-
amide gel electrophoresis (PAGE) (Zhao et al. 2006). To con-
firm sequences of resulting uricase/mutant, molecular weights
of uricase/mutant and fragments after digestion with trypsin
and V8 protease were determined by matrix-assisted-laser-
desorption-ionization time-of-flight mass-spectrometry and
tandem mass spectrometry (Analytical Center of Proteomics,
Shanghai Institution of Biological Sciences, Chinese Acade-
my of Sciences, Shanghai, China). Results confirmed that the
first residue methionine was eliminated in BF uricase and
tested mutants. Hence, positions of residues in polypeptides
were counted after the elimination of the first residue
methionine.

Analysis of kinetic properties of uricase

Tomeasure initial rates as index of catalytic capacity, final uric
acid was 75.0 μM in 200-mM sodium borate buffer plus
0.10 mM diethylenetriaminepentaacetic acid at pH 9.2 or 7.4
(Feng et al. 2013; Liao et al. 2005). The buffer was preheated
to 25 °C by incubation for no less than 10 min prior to use.
Unless stated otherwise, reaction was initiated by the addition
of uricase sample. Absorbance of reaction mixture at 293 nm
was recorded on MAPADA UV 1600 PC spectrophotometer
linked to a computer in an isolated small room air-conditioned
at 25 °C. The Bradford method was used to quantify proteins
with BSA as the reference (Bradford 1976). As usual, one unit
of uricase oxidizes one micromole uric acid per min; the ab-
sorptivity of uric acid at 293 nm was fixed at 11.5 mM−1 cm−1

for calculation of substrate concentrations. Michaelis-Menten

constant (Km) was determined by Lineweaver-Burk plot anal-
ysis of initial reaction rates at uric acid levels from 80 to
400 μM in borate buffers; reaction was monitored by absor-
bance at 308 nm (Feng et al. 2013; Zhao et al. 2006).

Analysis of homotetramer structure and activity
of resolved component

Purified BF uricase and mutants were analyzed by both
nondenatured PAGE to resolve oligomers and sodium dodecyl
sulfate-PAGE (SDS-PAGE) to detect potential contaminated
polypeptides and/or degradation. BF uricase had molecular
weight of about 36 kDa for each polypeptide and an isoelectric
point of about 4.7, close to those of serum albumins. For
PAGE, bovine serum albumin (BSA, molecular weight of
about 68 kDa) and ovarian serum albumin (OVA, molecular
weight of about 45 kDa) after purification via preparative
PAGE were used as references to differentiate homodimers
from homotetramers and subunits. To check activities of olig-
omers, uricase in gel after PAGE was stained with uric acid
plus peroxidase and its chromogenic substrate (Zhao et al.
2009b).

Characterization of thermo-inactivation of BF uricase
and mutants

Sodium borate and boric acid buffer at 200mM for pH at 7.4 or
9.2 were used. Final concentrations of kanamycin C at 1.25 g/
L, ampicillin at 1.25 g/L, 4-aminobenzamidine at 2.0 mM, and
EDTA at 0.1 mM were added to prevent protein degradation.
For thermo-inactivation, solutions of uricases in 5.0-mL
Ependorf tubes sealed with Parafilm were incubated in an in-
cubator thermo-stated at 37 °C (Shanghai Yuejin Medical In-
struments, Shanghai, China). After being kept for an indicated
time, aliquots were withdrawn under sterile environment to
measure the activity with 75.0μMuric acid in 200-mM sodium
borate buffer at pH 9.2 as described above. Half-life was esti-
mated for 50% residual activity according to single-component
exponential decrease model. Meanwhile, amino groups were
determined by 2,4,6-trinitrobenzenesulfonic acid (TNBS) as-
say with glycine as the reference, following those described
previously (Zhang et al. 2010; Zhang et al. 2014).

Crystallization of two uricases, collection, and analysis
of X-ray diffraction data

Crystal structures of BF uricase, and a fusion expression of
six-histidine (6His) via a linker (KLAAALK) to the C-
terminus of BF uricase (BFU-6His), were determined as de-
scribed below. To obtain protein material of the highest pos-
sible purity, BF uricase in cell lysates after induced expression
as described above was purified over two consecutive DEAE-
cellulose chromatography via elution with 0.10M Tris-HCl at
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pH 8.0 plus a linear gradient of NaCl from 0 to 0.40M (Huang
et al. 2015; Zhang et al. 2010; Zhang et al. 2014; Zhao et al.
2006). Only fractions with specific enzyme activity over
11 kU/g were pooled for further processing. BFU-6His was
purified using Ni2+-NTA superflow sepharose, with 20 mM
Tris-HCl at pH 8.0 plus 150 mM NaCl and 30 mM imidazole
as the buffer for binding of tagged proteins and washing of
untagged proteins; elution buffer was 300 mM imidazole in
the same binding/washing buffer. Pooled protein of BF uricase
or BFU-6His was concentrated via ultrafiltration and further
purified through a Superdex 200 16/60 size exclusion column
in 20 mM Tris-HCl at pH 8.0 plus 150 mMNaCl; the resulted
preparation of either uricase had negligible contaminated
proteins.

BF uricase and BFU-6His were further concentrated via
ultrafiltration to 20 g/L. Crystals of each uricase were grown
with sitting drop vapor diffusion method by mixing 1 μL of
protein sample with 1-μL well solution at 4 °C. BF uricase
was crystallized in 0.2 M sodium citrate plus 20% (w/v) PEG-
3350 (final pHwas about 7.0), and BFU-6His was crystallized
in 0.1MTris-HCl at pH 8.5 plus 0.2M ammonium sulfate and
25 % (w/v) PEG-3350 (final pH was about 7.5). Crystals ap-
peared and grew to full sizes in 2 weeks and were flash-frozen
with liquid nitrogen in mother liquid after the addition of final
15 % (w/v) glycerol. All diffraction data sets were collected at
Shanghai Synchrotron Radiation Facility (SSRF) beamline
BL17U at 100 K. Data were indexed, integrated, and proc-
essed with DENZO and SCALEPACK as implemented in
HKL2000 (Adams et al. 2010). BF uricase structure was
solved by molecular replacement with the program PHAS
ER (McCoy et al. 2007), using PDB accession ID 1j2g as
the search model. Then, BFU-6His structure was solved sim-
ilarly using BF uricase as the search model.

Structure refinement was done with PHENIX (Zwart et al.
2008). The overall quality of each model was assessed by
MolProbity (Chen et al. 2010; Davis et al. 2007). Results
showed that S243 in chain A, V174 in chain B and D of BF
uricase, while S177 in chain A, V174 in chain B, and T194
and D195 in chain D of BFU-6His, had disallowed phi/psi
angles. Electron densities of those residues bearing disallowed
phi/psi angles were thus carefully examined one-by-one and
compared against those of the nearbywell-defined residues. In
fact, as for BFU-6His, except for V174 in chain B and D195 in
chain D, there were insufficient reflections of both S177 of
chain A and T194 of chain D in comparison to nearby residues
in the same chains. As a result, the coordinates of those two
residues in BFU-6His were deleted to avoid misleading infor-
mation (Supplementary material Fig. S1). After deletions of
the coordinates of those two residues, the structure of BFU-
6His was refined again with PHENIX (Zwart et al. 2008). As
for BF uricase, however, electron densities of those three res-
idues indicated that there were sufficient reflections in com-
parison to nearby residues in the same chains, and thus, their

coordinates were reserved (Supplementary material Fig. S2).
Data collection and structure refinement statistics are given in
Table 1. The structures of BF uricase and BFU-6His had been
submitted to Protein Data Bank with IDs of 4r8X and 4r99.

Analysis of conformation of uricase

PyMol (v11.0) (http://www.pymol.org/) was used for
conformational analysis. For simplicity to analyze
interactions, only residues within 1.0 nm for electrostatic
interactions and within 0.60 nm for other noncovalent
interactions were considered. Unless otherwise stated,
labeled distances were measured for carbon atoms in
carboxyl groups, carbon atoms in guanidine groups, and
nitrogen atoms in side chains of lysine and histidine.
Hydrophobicity and charges were calculated with DNAM
AN (v5.0, Lynnon Corp., Quebec, Canada). Folding of the
C-terminus of BF uricase was compared with those of
Arthrobacter globiformis uricase (AG uricase) and Aspergil-
lus flavus uricase (AF uricase).

Results

Overall structure of BF uricase

Crystal structure of BF uricase had a resolution of 1.4 Å (pdb
ID 4r8x). For each subunit of the BF uricase, β-sheets clus-
tered on one side while α-helices clustered on the other side;
both sides were mainly hydrophilic (Fig. 1a, supplementary
material Fig. S3); M5-G10 of subunit A interacted with F296-
H304 of subunit C via an intersubunit antiparallel β-sheet to
form a homodimer (Fig. 1b, c). Moreover, in a homodimer as
a tightly closed tunnel, residues Y180–T194 on surface from
subunit C formed a large loop to contact three α-helices of
subunit A (E52-E60, T69-A81, and L88-K102) (Supplemen-
tary material Fig. S4). In each homodimer, the other
intersubunit antiparallel β-sheet and the other large contacting
loop on surface were located according to the 2-fold rotation
symmetry. Putatively, in the bottom of a homodimer, there
was a large cleft as the active site, involving residues near
K9 of subunit A in the intersubunit antiparallel β-sheet, resi-
dues nearby T69 in the α-helix of A68-S82 and most residues
in the medium linking loop of G61-A68 of subunit A, residues
nearby I244 in theα-helix of I244-R258, and some residues in
the large contacting loop of Y180-T194 of subunit C on sur-
face of the homodimer. The other active site was located ac-
cording to the 2-fold rotation symmetry. For making
homotetramer, Y116-E142 and T273-P295 in each subunit
of a homodimer formed two large extending loops to interact
with the counterparts of the other homodimer (Fig. 1c, d;
Supplementary material Fig. S4).
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Folding of the C-terminus residues of BF uricase
and the associated interactions

In AG uricase (pdb ID 2yzb), only the first 12 residues (E286-
N297) in a total of 17 C-terminus residues after each
intersubunit antiparallel β-sheet had accessible coordinates;
I294-N297 formed an α-helix while E286-P293 folded as a
loop to drive the α-helix into the closed tunnel (Supplemen-
tary material Fig. S5). In AF uricase (pdb ID 1ws3), only six
residues in subunit C among a total of eight C-terminus resi-
dues after the intersubunit antiparallel β-sheet had accessible
coordinates while coordinates of the last five C-terminus res-
idues after the intersubunit antiparallel β-sheets in other sub-
units were missed; those six C-terminus residues of subunit C
formed random coli and stretched away from the closed tunnel
(Supplementary material Fig. S6). Fortunately, in BF uricase,
all of the 18 C-terminus residues (Q305 to L322) after each
intersubunit antiparallel β-sheet had accessible coordinates.
Much unexpectedly, Q305-A313 in theC-terminus of BF uricase

folded into an α-helix while S314-L322 was random coil, and
they turned away from the closed tunnel to spread out on homo-
dimer surface and contact spatially near residues (Fig. 1c, d).
Structural alignment of subunit C of those three uricases depicted
the differences in the folding of their C-terminus residues after
the intersubunit antiparallel β-sheets (Fig. 1e).

To simplify analysis of the conformation of the 18 C-
terminus residues of BF uricase, the α-helix (Q305-A313) is
denoted as the first region, and the random coil (S314-L322) is
designated as the second region (Fig. 2a). To elaborate inter-
actions associated with those 18 C-terminus residues (Q305 to
L322) after each intersubunit antiparallel β-sheet in homodi-
mer of BF uricase, residues in subunit A were considered,
unless otherwise stated.

The α-helix (Q305-A313) as the first region had two inter-
action centers. One center was located on D307 plus R310 of
subunit A while R3 of subunit C, both of which were within
0.35 nm from D307. This center was surrounded by E306,
E311, and E318 of subunit A and E2, E52, E60, and D62 of

Table 1 Crystallographic data
and refinement statistics BF uricase BFU-6His

PDB id 4R8X 4R99

Chains A, B, C, D A, B, C, D

Data collection

Space group P1 P1

Unit cell dimensions (Å)

a, b, c (Å) 71.1, 77.4, 77.2 71.1, 77.4, 77.7

α, β, γ (°) 68.7, 65.0, 90.3 111.2, 90.5, 114.8

Z Value 4 4

Wavelength (Å) 0.9793 0.9793

Unique reflections 256186 (25075) 122119 (12323)

Completeness (%) 95.2 (93.1) 95.2 (95.6)

Multiplicity 1.9 (1.9) 2.3 (2.3)

<I/σI> 9.3 (2.3) 20.8 (2.4)

Rmerge
a(%) 7.9 (34.3) 6.0 (38.1)

Refinement statistics

Resolution (Å) 50.0-1.4 (1.45-1.40)c 50.0-1.8 (1.86-1.80)c

Rcryst/Rfree
b (%) 16.4/21.2 22.7/25.3

R.m.s deviations

Bond lengths (Å) 0.008 0.003

Bond angles (°) 1.202 0.910

Ramachandran plot

Most favored (%) 97.8 97.8

Additional allowed (%) 1.9 2.1

Disallowed (%) 0.2 0.08

a Rmerge=Σ|Ii - Im|/ΣIi, where Ii is the intensity of the measured reflection and Im is the mean intensity of all
symmetry-related reflections
b Rcryst=Σ||Fobs| - |Fcalc||/Σ|Fobs|, where Fobs and Fcalc are observed and calculated structure factors.
Rfree=ΣT||Fobs| - |Fcalc||/ΣT|Fobs|, where T is a test data set of about 5 % of the total reflections randomly chosen
and set aside prior to refinement.
c Numbers in parentheses represent the value for the highest resolution shell
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subunit C (Fig. 2b). These residues thus formed a network that
was connected to the second region via electrostatic interac-
tions with E60 and D62 of subunit C. Additionally, E311 in
this center formed H-bond with Y249. The other center was
located on K312 and D257 at a distance within 0.34 nm and
connected with the second region via a charge-relay network
(Fig. 2b). Those two interaction centers fixed the α-helix
(Q305-A313) on the surface to bury the long α-helix (I244-
R258) of subunit A (Fig. 2b). In the buried long α-helix, I244
was included in active site, and only L253 and L256 had
hydrophobic side chains that were away from the side chain
of L308 by about 0.60 nm.

The random coil (S314-L322) of those 18 C-terminus res-
idues as the second region had three interaction centers. The
first center was located on E318 and K242 at a distance within
0.50 nm and included H246 and H250 within 0.55 nm from
E318, D240 within 0.80 m from K242 of subunit A, and E60
and D62 of subunit C to form a network. The second center
was located on L322 and R258 at a distance within 0.33 nm
(Fig. 2c), involving D257 and K312 in subunit Awhile D126
and K127 in subunit B of the other homodimer to exert
interhomodimer electrostatic interactions. Via interactions
with K312 and D257 of subunit A, and interactions with
E60 and D62 of subunit C, there was an integrated interaction
network involving residues in the first and second regions of
those 18 C-terminus after each intersubunit antiparallel β-

sheet. The third center involved a hydrophobic surface formed
by side chains of the last four residues and H-bond between
Y319 and D257 (Fig. 2d); the main chains of the last four
residues isolated solvent water from a large hydrophobic
groove generated by two buried α-helices of subunit A
(Q227-T238 and I244-R258).

Roles of folding of those C-terminus residues in thermal
stability and catalytic activity

During storage at 37 °C and pH 9.2 or 7.4, there were no
significant changes of total amino groups in solution detected
with TNBS before the loss of more than 90 % activity. Activ-
ities of BF uricase and mutants followed single-component ex-
ponential decreases (Fig. 3). During storage at 37 °C, half-lives
of the BF uricase were about 3 weeks at pH 7.4 and 6 weeks at
pH 9.2 (Huang et al. 2015). At 65 °C, the half-lives of the BF
uricase were about 8.0 min at pH 9.2 (Supplementary material
Fig. S7), but too short to be quantified at pH 7.4.

When R3 was reserved, mutations of the second residue
slightly reduced mutant activities at pH 9.2 while hardly
affected the stability at pH 7.4 or 9.2 (Table 2). When pos-
itive charge on R3 was eliminated, the mutants became in-
active dimers (Fig. 3a). However, the ratios of activities at
pH 9.2 to those at pH 7.4 remained consistent after such
mutations (Table 2).

Fig. 1 Overall structure of BF
uricase. Cartoon in blue
represented the 18 C-terminus
residues after an intersubunit
antiparallel β-sheet. a Side view
of subunit inside a closed tunnel
of BF uricase; b one intersubunit
antiparallel β-sheet in a closed
tunnel of BF uricase; c side view
of a closed tunnel of BF uricase,
those in cyan represented the
extending arms; d top view of BF
uricase homotetramer; e structural
alignment of subunits of BF
uricase (cyan), AF uricase
(green), and AG uricase
(magenta) to demonstrate
differences in folds of the C-
terminus residues after their
intersubunit antiparallel β-sheets
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Mutant D307R or the deletion of residues after D307 gave
an inactive homotetramer of lower solubility (Table 2). The
deletion of residues after S314 gave a homotetramer bearing
about 25 % activity, 5 % half-life at pH 7.4 but 100 % half-life
at pH 9.2 (Table 2). Mutant E318R exhibited enzyme activity

and thermal stability comparable to the mutant after the dele-
tion of residues since S314 (Fig. 3b). Thermal stability of
mutant Y319F was reduced by one magnitude at pH 7.4, but
by just 2-fold at pH 9.2 (Fig. 3c). Interestingly, the mutant
Y249F showed the reduction of thermal stability by more than

Fig. 2 Interactions associated
with C-terminus residues after
each intersubunit antiparallel β-
sheet. Residues within 1.0 nm
from the two regions were
displayed. Cartoons in magentas,
green, and cyan indicated
residues from different subunits.
Distances were measured for
carbon atom in carboxyl group,
carbon atom in guanidine group,
and nitrogen atom in amino
group. Residues for involved
interactions were labeled. a Two
regions in blue of the last 18
residues in the C-terminus of a
subunit; b electrostatic
interactions and H-bonding with
residues in the first region; c
electrostatic interaction and H-
bonding with residues in the
second region; d hydrophobicity
of the 18 C-terminus residues
predicted with DNAMAN 5.0

Fig. 3 Characterization of some
mutants. a SDS-PAGE (the left
part) and PAGE (the right part)
analysis of BF uricase (lane A)
and mutant (lane B) bearing the
N-terminus of
AEDTMFYGKGDV (mutant
R3D); b stability of mutant
E318R at pH 7.4 and 9.2; c
stability of mutant Y249F at pH
7.4 and 9.2; d stability of mutant
R310E at pH 7.4 and 9.2
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50-fold at pH 7.4 while by just about 7-fold at pH 9.2. More
importantly, double mutant Y319F/Y249F was an inactive
homotetramer. Disruption of interactions with E311 also
greatly destabilized the mutant at pH 7.4, but slightly weak-
ened its thermal stability at pH 9.2. Most notably, mutant
R310E exhibited reasonable activity, but the lowest stability
at pH 7.4 or 9.2 among testedmutants and the strongest effects
of pH values on thermal stability (Fig. 3d). The mutant L322D
had an activity and thermal stability at pH 9.2 or 7.4 compa-
rable to BF uricase (Table 2). The electrostatic repulsion in-
teraction between side chains of R258 and R322 in the mutant
L322R reduced activity and thermal stability at pH 7.4, but
enhanced stability at pH 9.2.

The amino acid mutations that disrupted the interactions
associated with those 18 C-terminus residues observed in
crystal structure of BF uricase reduced susceptibility of en-
zyme activity to variations of reaction pH while produced
consistent affinity for the substrate. In particular, enzyme ac-
tivities of all such mutants at pH 7.4 were comparable to those
of BF uricase at pH 7.4, but their activities at pH 9.2 were
sometimes reduced by more than 3-fold in comparison with
that of BF uricase at pH 9.2. For the mutant R310E bearing a
half-life of only about 0.4 % of that of BF uricase at pH 7.4, its
activity was still >70 % of that of BF uricase at pH 7.4. Inter-
estingly, within all of the mutants tested, the mutant L322D
exhibited the highest activity at pH 9.2 (about 80 % of BF
uricase), and its activity exhibited the susceptibility to reaction
pH comparable to BF uricase (Table 2).

Structure-guided fusion of 6His-tag to the C-terminus
of BF uricase

The mutant after the direct fusion of 6His-tag to the C-terminus
of BF uricase was unable to be effectively bound by Ni2+-NTA
at pH 8.0. The use of KLAAALK as a linker for fusion of 6His-
tag to the C-terminus of BF uricase gave BFU-6His that was
successfully purified with Ni2+-NTA and had moderate activity
at pH 9.2. Moreover, it exhibited stability at pH 7.4 or 9.2
comparable to BF uricase under the same conditions
(Table 3). The use of EAAAR as a linker for the fusion of
6His-tag to the C-terminus of BF uricase produced comparable
alterations of stability and activity at pH 7.4 or 9.2.

In crystal structure of BFU-6His (pdb ID 4r99), atomic
coordinates of most residues in the linker (KLAAALK) and
all those of 6His-tag were missed, but those 18 C-terminus
residues (Q305-L322) had their atomic coordinates and the
unchanged folding and interaction networks (Supplementary
material Fig. S8). For convenience, D62 and T69 of subunit C,
and I244 and Y180 of subunit A in the active sites of BF
uricase and BFU-6His were selected as points to reflect the
size of the active site. By structural alignment of BF uricase
and BFU-6His, there were no significant differences in the
folding of main chains of residues in ordered secondary

structures within 1.0 nm from those four residues (Fig. 4a),
and in the conformation of side chains of residues within
1.0 nm from those four residues (Fig. 4b).

Fusion of the neutral peptide SNSNSN alone to the C-
terminus of BF uricase gave a mutant bearing a ~2-fold im-
proved activity at pH 9.2 over BFU-6His while thermal sta-
bility at pH 7.4 or 9.2 comparable to BF uricase (Table 3). The
mutant after fusion of 6His-tag to the C-terminus of mutant
L322D via linker SNSNSN was denoted as L322D-SN-6His,
for convenience. The mutant L322D showed the closest activ-
ity at pH 9.2 to that of BF uricase. In comparison to the mutant
after the fusion of SNSNSN alone to the C-terminus of BF
uricase, the mutant after the fusion of SNSNSN alone to the C-
terminus of mutant L322D showed even higher activity to
account for nearly 85 % activity of the mutant L322D. Inter-
estingly, L322D-SN-6His had activity for about 70 % of BF
uricase, while the stability was close to that of BF uricase at
pH 7.4 or 9.2 (Table 3).Moreover, BFU-6His and L322D-SN-
6His after purification via affinity to Ni2+-NTA had specific
activities comparable to those after DEAE-cellulose chroma-
tography, but the purification with once Ni2+-NTA needed
only 10 % of the time required for single DEAE-cellulose
chromatography.

The fusion of any of such peptides directly to the C-terminus
of BF uricase did not significantly alter susceptibility of the en-
zyme activity to reaction pH; the ratios of activities of such fusion
mutants at pH 7.4 were comparable to those at pH 9.2. More
importantly, by the same site-directed mutagenesis, relationship
of sequence and activity or stability, at pH 7.4 or 9.2, of L322D-
SN-6His was consistent with that of BF uricase (Table 3).

Discussion

Distinctive folding of the C-terminus residues of BF
uricase

Apparently, overall structure of homotetramer of BF uricase
had few differences from those of other uricases that had lower
stability. For the first time, however, the atomic coordinates
were available for all of the 18 C-terminus residues (Q305 to
L322) after the intersubunit antiparallel β-sheet in each subunit
of BF uricase homotetramer. As for subunit C of AG uricase at
1.9-Å resolution in pdb ID 2yzb, and AF uricase at 3.2-Å res-
olution in pdb ID 1ws3, there were coordinates for only some
C-terminus residues after the intersubunit antiparallel β-sheets.
AG uricase had much more atomic coordinates of the C-
terminus residues after the intersubunit antiparallel β-sheet in
each subunit than AF uricase; the C-terminus residues of AG
uricase turned into the closed tunnel of a homodimer (Fig. 1e).
Differently, the 18 C-terminus residues after the intersubunit
antiparallel β-sheet in each subunit of BF uricase had an unex-
pected folding (Fig. 1e). For the first time, thus, potential roles
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of the unexpected folding of all those 18 C-terminus residues of
BF uricase and their associated interactions in thermal stability
and enzyme activity were investigated.

Roles of folding and associated interactions in stability
and activity of BF uricase

No degradation of proteins under stated conditions, the single-
component exponential decreases of activities and significant
susceptibility of thermal stability to temperatures suggested
that the inactivation of BF uricase and its mutants was attrib-
uted to noncovalent structural change of the homotetramer,
rather than chemical degradation.

The change in the charge on the second residue slightly
decreased the enzyme activity, but did not significantly
change thermal stability of mutants at pH 7.4 or 9.2
(Table 2). The elimination of positive charge on the third res-
idue essentially inactivated the mutants and sometimes gener-
ated inactive homodimers. Hence, the intersubunit electrostat-
ic attraction between side chains of R3 and D307 in a homo-
dimer was essential for homotetramer integrity and the activity
of BF uricase. K9 was essential for activity of BF uricase (data
unpublished); it was included in the nearby active site and the
intersubunit antiparallel β-sheet. Side chain of R3 easily
exerted long-distance electrostatic interaction with side chain
of K9; altered electrostatic interaction with R3 was prone to

distort conformation of side chain of K9 in the active site and
thus decreased enzyme activity of mutants. It was unknown
why and how the mutation disrupting the interaction networks
involving R3 produced the inactive homodimer. R3 of subunit
C and D307 of subunit A were far away from interfaces of
homodimers in homotetramer (Fig. 1c); R3 and D307 should
be connected via networks with interactions essential for the
association of homodimers into homotetramer.

Two H-bonds with tyrosine residues were found to be asso-
ciated with the unexpected folding of those 18 C-terminus res-
idues of BF uricase (Fig. 2b, c). Mutation of tyrosine into phe-
nylalanine eliminated such H-bonds and caused significant de-
creases of thermal stability at pH 7.4, but resulted in slight
decreases of thermal stability at pH 9.2. Meanwhile, such mu-
tations decreased enzyme activities at pH 9.2; the double mu-
tant Y319F/Y249F was even inactive. Hence, H-bonds from
E311-Y249 and Y319-D257 are determinants of thermal sta-
bility of BF uricase under physiological conditions and positive
factors of BF uricase activity at pH 9.2. There may be the
disruption of the localization of the α-helix (Q305-A313) to
alter the localization of the last four residues in mutants
Y249F and Y319F. Such domino effects of mutation may ac-
count primarily for the significant reduction of thermal stability
of mutants at pH 7.4 after the loss of any of those two H-bonds.

The decrease of thermal stability of the mutant R310E at pH
7.4 was the most manifest; mutants E311R and E318R

Table 3 Effects of fusion of peptides on enzyme activity and thermal stability of BF uricase

Sequences of N-terminus and C-terminus Specific activity (kU/g) Km (mM) Half-life time at 37 °C (days)

pH 9.2 pH 7.4 Ratio a pH 9.2 pH 7.4 pH 9.2 Ratio b

AERTMFYGK……..........SANSEYVAL 11.5±0.6 2.0±0.1 5.7 0.31 22±2 43±3 2.0

AERTMFYGK……………SANSEYVALKLAAALKHHHHHH 4.1±0.3 0.8±0.1 5.1 0.49 18±2 40±4 2.2

AERTMFYGK……………SANSEYVALEAAARHHHHHH 4.7±0.3 1.0±0.1 4.7 0.29 16±2 36±2 2.1

AERTMFYGK……………SANSEYVALSNSNSN 8.2±0.4 1.7±0.1 4.9 0.33 22±2 43±3 2.0

AERTMFYGK..(L322D)…SANSEYVAD 9.4±0.4 2.1±0.1 4.4 0.29 23±2 45±4 2.0

AERTMFYGK……………SANSEYVADSNSNSN 9.0±0.5 1.8±0.1 5.2 0.32 20±2 40±3 2.0

AERTMFYGK……...........SANSEYVADSNSNSNHHHHH 7.6±0.5 1.4±0.1 5.4 0.32 18±2 38±3 2.0

ARRTMFYGK… (E2R).....SANSEYVADSNSNSNHHHHHc 4.1±0.3 0.8±0.1 5.2 0.31 23±2 42±3 2.0

AERTMFYGK…(F301L)..SANSEYVADSNSNSNHHHHHd 1.8±0.2 0.43±0.04 4.2 0.32 2.2±0.3 20±3 9.1

AERTMFYGK…(F301L)..SANSEYVALe 2.6±0.2 0.60±0.05 4.4 0.36 2.5±0.2 23±3 9.2

ARRTMFYGK…(E2R)…SANSEYVALf 6.3±0.5 1.1±0.1 5.5 0.28 24±2 46±3 1.9

Specific activitywasmeasured after purification via preparative PAGE and expressed in unit for per gram of the purified protein. Data were determined in
duplicate with two independent preparations of BF uricase and each fusion mutant. BF uricase and all fusion mutants were homotetramer (Zhao et al.
2009b)
a Ratio of specific activity at pH 9.2 to that at pH 7.4
b Ratio of half-life at pH 9.2 to that at pH 7.4
c Ratio of specific activity at pH 9.2 of the mutant versus that of L322D-SN-6His was about 1.9
d Ratio of specific activity at pH 9.2 of the mutant versus that of L322D-SN-6His was about 4.2
e Ratio of specific activity at pH 9.2 of the mutant versus that of BF uricase was about 4.4
f Ratio of specific activity at pH 9.2 of the mutant versus that of BF uricase was about 1.8
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exhibited moderate decreases of thermal stability at pH 7.4, but
consistent stability at pH 9.2. R310 participated in electrostatic
interaction centers involving R3, D307, and E311 (Fig. 2b, c).
Significant alterations of electrostatic interactionswith such cen-
tral residues may cause reformation of electrostatic interaction
networks on homodimer surface and alteration of localization of
residues in the first and second regions of the C-terminus to
destabilize the mutants; such effects of mutations may account
for the lowered thermal stability of R310E andY249F (Table 2).
On the other hand, electrostatic attraction between α-carboxylic
group of L322 and side chain of R258 was a determinant of the
stability at pH 7.4, but was a minor factor of both the activity
and thermal stability at pH 9.2. However, it was unusual that the
reversal of the electrostatic attraction between side chain of
R258 and α-carboxylic group of L322 into electrostatic repul-
sion enhanced thermal stability of the mutant L322R at pH 9.2
(Table 2). Taken together, interactions associated with those 18
C-terminus residues were minor factors of both the stability at
pH 9.2 and the activity at pH 9.2 or 7.4, but were crucial deter-
minants of thermal stability at pH 7.4.

As discussed above, the disruption of the interactions asso-
ciated with the 18 C-terminus residues of BF uricase

dramatically decreased the thermal stability at pH 7.4 and
moderately decreased catalytic activity at pH 9.2 but did not
significantly change catalytic activity at pH 7.4 and thermal
stability at pH 9.2. These differential effects of the mutations
on catalytic activity and thermal stability of BF uricase at pH
7.4 and 9.2 are interesting and support that structural factors
crucial for thermal stability are not necessarily the same as
those crucial for the catalytic activity of BF uricase. BF uricase
had pI of about 4.8, and all of the mutants had pI below 6.0.
BF uricase, and the mutants are all expected to have more net
negative charges on surface at pH 9.2 compared to those at pH
7.4 according to the ionization properties of side chains of
amino acid residues in proteins. With the increase of the net
negative charges on surface, the conformation of BF uricase or
mutant is expected to be more dynamic at pH 9.2 due to
electrostatic repulsion. Engineering of optimally distributed
residues bearing charged side chains on surface is recognized
as a plausible way to enhance thermal stability of proteins
(Chan et al. 2012; Der et al. 2013; Raghunathan et al. 2013).
Thus, the stability of BF uricase and mutants at pH 9.2 might
be at least partially associated with the increase in the net
negative charges on surface. Further efforts are needed to clar-
ify the actual mechanism of the effects of pH on thermal
stability and catalytic activity of BF uricase.

Structure-guided fusion of 6His tag to the C-terminus
of BF uricase

For molecular engineering via rational design of mutants, in
principle, many mutants may be generated and characterized
at considerable cost. The use of 6His-tag for fusion expression
and affinity purification will greatly facilitate characterization
of mutants. On the other hand, if 6His-tag has negligible or
small negative impact on enzyme activity/stability, or such
impacts are independent of the designed mutations for molec-
ular engineering, a new technique based on affinity of a fusion
tag to an immobilized adsorbent may be applicable for rapid
comparison of specific activities of tagged mutants in cell
lysates, which thus may greatly accelerate the screening of
mutant libraries during directed evolution and the elucidation
of relationship between sequences and activity/stability of
tagged enzymes (Li et al. 2014; Li et al. 2015). When the
fused 6His-tag has a sufficiently high affinity to Ni2+-NTA
but negligible negative impact on the enzyme activity/stabili-
ty, a 6His-tagged fusion mutant bearing favorable properties
may be utilized directly for large-scale recombinant produc-
tion. The 6His-tag and its linker may be removed in coding
sequence of the vector before large-scale recombinant produc-
tion if they have significant negative impact(s) on the activity
and/or thermal stability of the enzyme, or be removed after
affinity purification at some cost. Thus, 6His-tag fused to ei-
ther terminus of an enzyme should have sufficient affinity for
Ni2+-NTA to facilitate purification and negligible negative

Fig. 4 Conformation of residues around active site of BF uricase and
BFU-6His. a Structural alignment of main chains of ordered secondary
structures within 1.0 nm from residues involved in catalysis of those two
uricases. b Structural alignment of side chains of residues within 1.0 nm
from four indicated residues (D62 and T69 of subunit C, and I244 and
Y180 of subunit A) in active sites of those two uricases
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impacts on thermal stability and activity of the enzyme.
Namely, the fused 6His-tag at either terminus should cause
negligible alterations of interaction networks in space of the
untagged protein.

In BF uricase, residues of the N-terminus were involved in
active site via the intersubunit antiparallel β-sheet; the end of
the C-terminus was much farther away from active site than
the end of the N-terminus as revealed by the high-resolution
crystal structure (Fig. 1c). Indeed, the fusion of 6His-tag to the
N-terminus of BF uricase decreased both the stability and
activity at pH 7.4 (data not shown), but the fusion of 6His-
tag to the C-terminus of BF uricase only decreased enzyme
activity (Table 3). Low affinity of the mutant after direct fu-
sion of 6His-tag to the C-terminus may be due to attraction of
6His-tag by spatially near residues bearing negatively charged
side chains. The last four residues of BF uricase formed a
hydrophobic region to bury a large hydrophobic groove inside
(Fig. 2c); alteration of localization of the last four residues
may cause partial exposure of the buried large hydrophobic
groove to destabilize mutants. As a result, KLAAALK was
tested as a linker. In this linker, two lysine residues were in-
cluded to alleviate attraction of 6His-tag by negatively
charged side chains of spatially near residues; the sequence
of LAAAL was used to drive the linker to the vicinity of the
last four residues via hydrophobic interactions to mask the
large hydrophobic groove. Indeed, BFU-6His had reasonable
affinity to Ni2+-NTA and exhibited thermal stability at pH 7.4
or 9.2 comparable to BF uricase, but a lower activity.

Clearly, the reconstruction of all complicated interaction
networks with those C-terminus residues may restore effec-
tively the activity of BF uricase. To consider potential roles of
the lost negative charge of the α-carboxyl group of L322 after
the fusion of KLAAALK, EAAAR was tested as another
linker, but the use of this linker produced no improvement
on the catalytic activity of the fusion mutant even its thermal
stability at both pH 7.4 and 9.2 was reserved. There were no
significant differences in conformation of residues involved in
catalysis between BF uricase and BFU-6His (Fig. 4a, b). Elec-
trostatic interactions are effective at long distances. At pH 9.2,
side chain of lysine is still ionized even residues in the 6His-
tag are not. To alleviate long-distance interactions with resi-
dues involved in catalysis, a neutral hydrophilic linker was
tested. Indeed, the fusion of SNSNSN to the C-terminus of
BF uricase gave a fusion mutant bearing ~2-fold improved
activity compared to BFU-6His and thermal stability compa-
rable to BF uricase.

Residues near I244 in the long α-helix of I244-R258 were
included in the nearby active site. Distortion of electrostatic
interactions with R258 was prone to alter conformation of res-
idues near I244 and thus the enzyme activity of the fusion
mutant. To further restore the enzyme activity of fusion mutant
of BF uricase, reconstruction of electrostatic interaction be-
tween α-carboxylic group of L322 and side chain of R258

was elaborated based on the unexpected folding of those C-
terminus residues. According to the crystal structure of BFU-
6His, there may be improper orientation in space of the δ-
carboxylic group of E323 from the linker EAAAR in the ob-
tained 6His-tagged mutant to exert electrostatic interaction with
side chain of R258. The size of side chain of aspartic acid was
close to that of α-carboxylic group of L322, in comparison to
that of glutamic acid; the substitution of L322 with aspartic acid
may reconstruct electrostatic interaction with side chain of
R258. Indeed, L322D-SN-6His after the fusion of 6His-tag to
the mutant L322D via the linker SNSNSN showed an activity
much higher than that of BFU-6His while thermal stability
comparable to BF uricase. Interestingly, L322D-SN-6His re-
served nearly 85 % activity of that after the fusion of SNSN
SN alone to the mutant L322D. More importantly, by site-
directed mutagenesis, the similar relationships between the se-
quences and activity/stability, as well as the effects of reaction
pH on catalytic activities, were observed with L322D-SN-6His
and BF uricase. Hence, L322D-SN-6His may be an alternative
for molecular engineering of BF uricase.

The pivotal roles of enzyme activity and thermal stability
of uricases under physiological conditions in its pharmaceuti-
cal value as biodrugs to handle hyperuricemia support struc-
tural insights of the C-terminus residues of BF uricase re-
vealed in this report should be valuable for molecular engi-
neering of uricases. Clearly, folding of the C-terminus resi-
dues after each intersubunit antiparallel β-sheet of BF uricase
is crucial for the design of L322D-SN-6His, which is an active
example of molecular engineering of BF uricase. Engineering
of C-terminus on surface to enhance interactions with spatially
near residues may improve thermal stability of other microbial
uricases under physiological conditions.
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