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ARTICLE INFO ABSTRACT

Chromohalobacter salixigens contains a uronate dehydrogenase termed CsUDH that can convert uronic acids to
their corresponding C1,C6-dicarboxy aldaric acids, an important enzyme reaction applicable for biotechnological
use of sugar acids. To increase the thermal stability of this enzyme for biotechnological processes, directed evolu-

Keywords:
Uronate dehydrogenase
Directed evolution

PecFi“ tion using gene family shuffling was applied, and the hits selected from 2-tier screening of a shuffled gene family
glﬁi:i?uf fling library contained in total 16 mutations, only some of which when examined individually appreciably increased

thermal stability. Most mutations, while having minimal or no effect on thermal stability when tested in isola-
tion, were found to exhibit synergy when combined; CsUDH-inc containing all 16 mutations had AK % +18°C,
such that k., was unaffected by incubation for 1h at ~70°C. X-ray crystal structure of CsUDH-inc showed tight
packing of the mutated residue side-chains, and comparison of rescaled B-values showed no obvious differences
between wild type and mutant structures. Activity of CSUDH-inc was severely depressed on glucuronic and galac-
turonic acids. Combining select combinations of only three mutations resulted in good or comparable activity on
these uronic acids, while maintaining some improved thermostability with AK >5 ~+ 10°C, indicating potential

Protein thermal stability

to further thermally optimize CsUDH for hyperthermophilic reaction environments.

1. Introduction

The enzymatic conversion of sugars and sugar derivatives from bio-
mass to value added products offers an important route to reducing
the environmental and economic impact of food waste [1]. Increas-
ing use of resources such as sugar acids in materials otherwise con-
sidered food processing waste that are renewable can increase crop
economic value for farmers and processors, as well as being a chem-
ical platform that is non-toxic and readily degraded when released in
wastewater streams, thereby facilitating the protection of community
safe water supplies and aquatic ecosystems as the use of chemicals re-
leased into waste water increases alongside global increases in human
population, lifespan, and living standards [2]. Moreover, production of
bioproducts from food processing waste rather than food crops does
not cause additional land or food use and the concomitant problem of
increased natural resource pressure on our common food and arable
land resources [3]. The world-wide yearly ~1.7 x 10° metric tons pro-
duction of orange juice (https://apps.fas.usda.gov/psdonline/circulars/
citrus.pdf) generates significant food processing waste that can be a
disposal problem, which could be lessened both by generating new

+ Corresponding authors.

products [4] and where applicable increasing its use as a soil amend-
ment [5]. Dried citrus peel contains ~27 % D-galacturonic acid (GalUA),
the main alduronic acid component of pectin [6]. Likewise, the pulp
waste steam from sugar beet refining, with worldwide production es-
timated to be ~ 250 X 10° metric tons, contains ~24 % pectin [7].
Brown algae contain as the major cell wall components the C-5 epimeric
alduronic acids B-D-mannuronic and o-L-guluronic acid [8]. The C-4
epimeric alduronic acids D-glucuronic acid (GluUA) and D-GalUA
(GalUA) can be converted to their respective diacids D-glucaric acid
(saccharic acid) and meso-galactaric acid (mucic acid) by the action
of uronate dehydrogenases (UDH, EC 1.1.1.203), that oxidize the al-
duronic acids to the 1,4-lactone product, which hydrolyzes to the lin-
ear molecule under basic conditions to render the reaction non-re-
versible [9]. Aldaric acids are of commercial interest and are listed
as a top 10 DOE biomass platform chemical [10] that can be used as
chelating agents [11] and in synthetic polymers [12,13]. An engineered
in vivo metabolic pathway incorporating UDH from Psuedomonas sy-
ringae has been developed for the production of D-glucaric acid [14],
and fungal and yeast strains have been engineered for conversion of
D-GalUA to mucic acid [15,16]. Alternatively, in vitro biosyn-
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thetic routes in general can have advantages to their living-cell coun-
terparts [17,18]. Thus, as noted previously for UDH catalyzed oxida-
tion of uronic acids GalUA, GluUA, and C-5 isomer D-mannuronic acid
by related UDH enzymes [19], in vitro production of aldaric acids ob-
viates cellular membrane transport of substrates and products and as-
sociated limitations. Moreover, mucic acid is nearly insoluble in water,
a potential problem for cell viability and optimum in-vivo production
[20], while conversely for in-vitro production and downstream process
development, insolubility provides a basis for readily scaleable product
precipitation and crystallization as isolation and purification processes
[20].

Improved thermal stability of the enzyme catalysts can increase ro-
bustness of industrial processes employing in vitro biosynthetic path-
ways, and accordingly the UDH from Agrobacterium tumefaciens
(AtUDH) has previously been engineered for increased thermal stabil-
ity by a semi-rational approach [21]. Natural selection based on heri-
table expressed material has been exposited as the source of observed
species and individual diversity in whole organisms [22], while enzyme
directed evolution (DE) encompasses mutation of isolated gene DNA se-
quences in-vitro, followed by expression and selection of encoded mu-
tated protein structures with desired properties [23,24]. Enzyme library
diversity can be achieved using error prone PCR and single-gene shuf-
fling [25], and improved upon by gene family shuffling which employs
the power of sexual recombination to explore sequence space using in
vitro recombination by random fragmentation and reassembly of gene
families [26-28]. Directed evolution has previously been used for en-
gineering enzyme thermal stability [29]. We describe DE of the UDH
from Chromohalobacter salixigens (CsUDH, PDB ID 3AY3) using gene
family shuffling with UDH enzymes from Polaromonas naphthalenivorans
CJ2 (PnUDH, NCBI accession ABM36905) and Pseudomonas syringae
(PsUDH, NCBI accession EU377538), and provide X-ray crystal structure
results for the most thermally stabilized mutant termed CsUDH-inc.

2. Materials and methods
2.1. Gene family shuffling DNA library
The DNA sequence alignment of CsUDH, PnUDH, and PsUDH was

previously maximized by inspection to encourage homologous recom-
bination,

Rossmann fold

GxxGxxG motif
CsUDH (1) --=--—=-=--- L =
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AtUDH (1) —--====—-
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with the stipulation that amino acid sequences remain unaltered and
disallowing internal Ndel or Xhol restriction sites (Fig. 1) [30]. The
resulting DNA sequences were synthesized (Genscript USA Inc., Pis-
cataway, NJ) and subcloned into pET29b(+) expression vector (EMD
Millipore, Burlington, MA). DNA shuffling was performed as described
[27,28], with modification as previously described [31]. Gene shuf-
fled libraries were purified on 0.8 % agarose gels, isolated (Zymo Re-
search Corp., Irvine CA), subcloned into Ndel/Xhol restriction sites of
pET29b(+), and transformed into electrocompetent E. coli BL21DE3
cells (Lucigen Corp., Middleton, WI, USA).

2.2. Shuffled library live/dead high throughput screen

Shuffled libraries were plated onto 22 x 22cm Q-trays (Molecu-
lar Devices LLC, Sunnyvale, CA) containing LB agar with 30pg/ml
kanamycin (LBg,,) and grown overnight at 30 °C. Colonies were trans-
ferred using a Q-pix robot (Molecular Devices LLC) to 384-well plates
containing Overnight Express Autoinduction System 2 (EMD Millipore)
supplemented with 25 ng/ml kanamycin, which is a minimal media with
low absorption at 340nm to allow a subsequent 1° live/dead assay
screen to be performed in the same plate. Picked plates were grown
overnight at 30°C and 500 rpm, and a 384-pin replicator (Boekel Scien-
tific, Feasterville, PA) was used to create shuffled library archive plates
using LBy, and 10 % glycerol as cryoprotectant, which were grown
overnight as before and stored at -80°C. Induced cultures in the origi-
nal 384-well plates were lysed and assayed by adding 20 ul of a com-
bined lysis/assay 5x cocktail. Lysis was achieved using final concentra-
tions of 0.25mg/ml Polymyxin B sulfate (Sigma-Aldrich, St. Louis, MO)
and 1 ul/ml Protease Inhibitor III (Pierce Chemical Co., Dallas, TX). As-
say component final concentrations were 3mM NAD, 15mM glucuronic
acid, 50mM Na phosphate, pH 8.0, 1 mg/ml BSA (Sigma-Aldrich). Im-
mediately after adding the combined lysis/assay buffer, plates were
shaken 15s, and 60 min endpoint absorbance measured at 340 nm. Li-
brary clones that showed activity in the 1° screen were re-arrayed by
transferring 10l from 384-well archive plates to create 96-well 1°
screen hit archive plates containing 140 ul LBy, and 8% glycerol, each
with 6 positive (CsSUDHwt) and 6 negative (vector only) control wells.
These were shaken at 500 rpm overnight at 30 °C, and stored at —80 °C.

Fig. 1. Amino acid alignment of CSUDH, PnUDH, PsUDH, and AtUDH.Amino acid sequence alignment after [35]. Black background, identical for all enzymes; grey background, identical
or similar for two or more enzymes; Rossmann fold GxxGxxG motif, grey box; NAD + binding residues, A; catalytic residues TyrxxxLys and Ser, *; substrate binding residues, @; mutations
in thermal stability screening hits (this study), ", T=T113V; A=A172V; M=M175L; D=D246N. CsUDH, Chromohalobacter salixigens uronate dehydrogenase; PnUDH, Polaromonas
naphthalenivorans uronate dehydrogenase; PSUDH, Pseudomonas syringae uronate dehydrogenase; AtUDH, Agrobacterium tumefaciens uronate dehydrogenase.
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2.3. Shuffled library thermal stability high throughput screen

A 2° thermal stability screen was performed by using a 96-pin repli-
cator (Boekel Scientific) to replicate the 1° screen archive hit plates
to 2ml deep well plates containing 1 ml TB media supplemented with
Overnight Express System 1 and 100 ug/ml kanamycin, incubated
overnight at 30 °C, 500 rpm. Induced cultures were pelleted and drained.
Cell pellets were lysed by adding 200 ul of 1 mg/ml Polymyxin B sulfate,
5 U/ml Benzonase (Sigma-Aldrich), 0.5mg/ml hen egg white lysozyme,
10 % glycerol, 50mM Na phosphate, pH 8.0 and 1 ul/ml Protease In-
hibitor IIT and shaking 20 min. The resulting crude enzyme lysate was
clarified by centrifuging 10 min at 2400 x g, transferred to new 96-well
V-bottom polypropylene plates, and stored at —80 °C. The thermal stabil-
ity screen was performed in two parts comprised of a screen performed
at a single elevated temperature followed by evaluation of the survivors
using a temperature gradient. The initial 2° thermal stability challenge
screen at a single temperature was performed in 96-well spectrophoto-
metric assay plates by transferring 10 ul aliquots of the crude enzyme
lysates to 180 ul assay buffer containing 3mM NAD, 15mM glucuronic
acid, 50mM Na phosphate, pH 8.0, 1 mg/ml BSA, and AOD34,, mea-
sured to determine initial activity. 50 ul aliquots were transferred to
PCR strip-tubes for thermal challenge at 68 °C for 1h, followed by12°C
10 min, and 30°C 30min to allow protein refolding. 10 ul of the ther-
mally challenged lysate was assayed as above. Those clones with resid-
ual activity were pursued as potential 2° screen hits, and were individ-
ually evaluated at multiple temperatures to generate thermal denatura-
tion curves for determination of K %5, the temperature at which activ-
ity decreases by 50 % during the thermal challenge. 10 ul aliquots of
selected hits were transferred from an archive plate to 10ml TB,,, in
Overnight Express System 2 in 50ml followed by overnight growth and
expression as before. Induced cultures were pelleted and lysed in 2ml
CelLytic B (Sigma-Aldrich) supplemented with 0.5 mg/ml lysozyme, 0.2
U/ml Benzonase, 1 ul/ml Protease Inhibitor III and 10 mM p-mercap-
toethanol. 25 pl of clarified lysate was diluted in 3mM NAD, 50 mM Na
phosphate, pH 8.0, 0.5mg/ml BSA and added to each of 12 wells of a
PCR plate and subjected to a thermal gradient from 55 °C to 70°C for 1 h,
12°C 10min, and 30°C 30min recovery. 10l of thermally challenged
lysate was assayed in 180 pl assay buffer as above. K %> was determined
from the fraction peptide folded using the Boltzmann distribution equa-
tion in Prism 6 software package (GraphPad Software, San Diego, CA).

2.4. Recombinant protein expression and purification

CsUDHwt, hits from HTP thermal stability screening of the shuf-
fled DNA library (Table 1), and subsequent CsUDH variant enzymes
created using site-specific mutagenesis (Genscript USA, Inc.) contain-
ing indicated single and multiple mutations (Tables 2 and 3) were in-
dividually expressed and purified for determination of relative thermal
stability (AK *°) and Michaelis-Menten steady-state kinetic parameters
(kears K- Glycerol stock stabs were used to inoculate Overnight Ex-
press Autoinduction System 2 100ml TB cultures (30 pl/ml kanamycin),
grown overnight at 30°. Pelleted cells were lysed using a so-

Table 1
Gene shuffled Library thermal stability hits.

Library Hit AK 052 Amino acid mutations (total #)

33F2¢ 3.06 = 0.57 I88L; T113V; 1114 T; Y116 F; CSUDH158 ® (7)
16B3 4 5.49 = 0.59 CsUDH99 ¢, T113V; 1114 T (7)

2F10 4 5.62 = 0.77 I88L; CsUDH99 ¢, T113V; I114T; Y116F (9)
21F3 4 8.00 = 0.55 T113V; D246N (2)

2D11 ¢ 7.67 = 0.35 Q55R; A172V; M1751 (3)

2K 5 = temperature at which ¥ initial activity remains after 1h incubation.
bMutation CSUDH158 = L158A, N159C, and I160V.

¢ Mutation CsUDH99 = N99K, L100H, K102V, P103K, I105V.

d Relative to CSUDH (wild-type) K %5 = 58.86 + 0.55°C.

¢ Relative to CsUDH (wild-type) K 2> = 57.03 + 0.35°C.

Process Biochemistry x3xx¢ (36XX) XXX-XXX

Table 2
Relative thermal stability of mutants from saturation mutagenesis of native Met175 and
Asp246.

M175 AK 05 D246 AK 05
mutation Q) mutation Q)
Lb +1.5 w +7.6
F -9.2 NP +7.5
C -9.3 K +7.4
G -9.8 H +6.9
w -10.6 M +6.1
I -10.7 Y +6.0
T -11.1 Q +5.5
\% -14.2 F +5.4
A -16.6 S +4.8
Y -17.2 R +4.3
S -20.1 A% +4.3
C +4.2
T +4.2
L +4.1
A +3.4
G +3.2
E +0.3
I 0.0

2K %% = temperature at which ¥ initial activity remains after 1h incubation.
> Mutation in thermal stability hits (this study).

lution of 65ml per 5g Cellytic B, supplemented to contain 0.5mg/ml
hen egg white lysozyme, 2mm f-mercaptoethanol, 5 U/ml Benzonase,
and Protease Inhibitor III. Enzyme was recovered from cell lysate and
His-tag affinity chromatography performed using Qiagen Ni-NTA Super-
flow resin according to manufacturer’s instructions (Qiagen, Valencia,
CA). A final size-exclusion chromatography purification step was per-
formed using a Tricorn 10/300G!1 Superdex 200 column (GE Health-
care, Chicago, USA) and running buffer consisting of 50 mM NaHPO, pH
8.0, 150mM NacCl, and 10 % glycerol, with protein concentration deter-
mined spectrophotometrically from absorbance at 280 nm, and aliquots
were frozen and stored at —80°C. SDS-PAGE analysis of CSUDHwt and
mutant proteins (Fig. 2) was performed using Novex Sharp pre-stained
size markers, NuPAGE 4-12 % Bis-Tris 1.0 mm gels, MOPS SDS running
buffer, and Simply Blue staining as described by the manufacturer (all
from Thermo Fisher Scientific, Waltham, MA).

2.5. Engyme thermal stability determination and Michaelis-Menten kinetic
parameters

Reported K5 values (Fig. 3, Tables 2 and 3) were obtained us-
ing a thermal gradient on a PCR machine consisting of 12 tempera-
ture values, ranging from either 46—70°C for less stable enzymes or
58-82°C for more stable enzymes. Triplicate assays were performed in
PCR strip-tubes containing 190 ul enzyme/assay buffer cocktail contain-
ing 100mM NaHPO,, pH 8.0, 4mM NAD, and ~2.5 pM enzyme. These
were thermally challenged for 1h, then refolding was allowed to take
place by cooling to 12°C for 5min, then 30°C for 15min. Aliquots were
tested for residual activity in 96-well flat polycarbonate assay plates
using an assay buffer cocktail consisting of 100mM NaHPO,, pH 8.0,
4mM NAD, and 20 mM GluUA, with NAD™* reduction assessed by mea-
suring AOD 340nm during the ~5min initial reaction. K %> was calcu-
lated by fitting the data from at least two experiments to the Boltzmann
distribution equation within Prism 6 (GraphPad Software). Reported ki-
netic parameters (Table 3) were obtained from at least 2 experiments
performed using 8 different substrate concentrations from 0.078 mM to
50mM, employing triplicate assays at 25°C using 100mM phosphate
buffer pH 8.0, 1 mg/ml bovine serum albumin, 4 mM NAD, and ~ 2.5nM
enzyme such that <10 % GalUA and GIluUA substrate conversion oc-
curred for all tested substrate concentrations during the initial ~3min
portion of the assay. AOD (340nm) was determined using a Spectra-
max M3 plate reader (Molecular Devices), and the data fitted to the
Michaelis-Menten equation v/E, = k.,S/K,+S using Prism 6 (Graph-
Pad Software).
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Table 3
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Thermal stability K %% and Michaelis-Menten kinetic parameter values for enzymes acting on glucuronic acid (GluUA) and galacturonic acid (GalUA) at 25°C.

GluUA GalUA
Kpose AK keat/ Kn
Enzyme Q) Q) Keat 5D K, (mM) (s 'mM1) keat 5D K, (mM) keat/ K
CsUDHwt? 57.1+0.4 0 263 +5 1.6 £ 0.6 161 +23 30.8+1.4 0.18 = 0.04 172+ 35
CsUDH mutation (Abbreviation)
Q55R 57.2+0.3 0.02 +0.4 270 £ 12 1.7 +£0.1 161 =11 28+1.4 0.19 £ 0.03 153 + 24
188L 56.2 0.2 -1.0x04 192 +7 1.5+£0.1 125+ 8 22+1.1 0.20 £ 0.02 112+ 14
CsUDH99¢ 58.0 £ 0.5 0.8+ 0.6 1427 0.9 = 0.02 162+ 9 17 £ 0.97 0.13 +£0.01 125 £10
T113V (T) 60.2 = 0.01 3.1+0.4 192+ 6 1.7 £ 0.05 115+ 4.8 20 +0.81 0.15 +0.01 132+ 10
1114T 57.3+0.4 0.2+ 0.6 155+ 6 32=+11 48 +17 17 +0.33 0.41 +0.13 41 + 14
Y116F (Y) 58.0 £0.3 0.9+0.5 200 =10 2.0 +0.18 101 =11 25+1.0 0.22 +£0.01 111 £8
CsUDH158¢ 56.3 £0.3 -0.9 0.5 219+5 1.2+0.01 186 + 4 27 +1.5 0.14 £ 0.002 187 £ 11
A172V (A) 60.9 £0.3 3.8+0.4 22512 1.7 £0.16 136 =15 27 £1.7 0.18 £0.02 151 £23
M1751 (M) 58.6 £ 0.5 1.5+£0.6 1535 1.03 = 0.02 149+ 6 20+0.4 0.18 £0.02 116 £12
D246N (D) 63.8 0.1 6.7 = 0.4 192+ 6 1.3 +£0.05 146 =7 22+1.1 0.18 £0.03 126 +19
CsUDH mutation combinations
TAM 66.1 £0.1 9.0+ 0.4 119+5 1.1 +£0.02 111 5 19+0.91 0.18 £0.03 104 £ 18
TMD 67.5 0.2 10.4 = 0.4 1793 1.1 £0.07 164 =11 29 +0.74 0.19 £0.01 1559
TAD 68.6 £ 0.1 11.4+0.4 2146 1.5+0.03 139 £5 30 +1.24 0.22 +£0.01 138 £7
TAMD 71.4+£0.4 142+ 0.5 130 =10 0.95 £ 0.05 138 +£13 22 +0.84 0.18 £0.02 125 £17
CsUDH99.Y.TAMD 73.1 £0.03 16.0 = 0.4 50+1 0.43 +0.023 136 +8 20+1.7 0.16 +0.01 126 +15
CsUDH-inc® 75.1 £0.3 179+ 0.5 50 +2 0.65 + 0.045 77 £ 6 17+1.4 0.21 +£0.01 78+7
2K 05 = temperature at which ¥ initial activity remains after 1h incubation.
dCsUDHwt, Wild-type Chromohalobacter salixigens uronate dehydrogenase.
‘Mutation CsUDH99 = N99K, L100H, K102V, P103K, I105V.
dMutation CSUDH158 = L158A, N159C, and 1160V.
¢CsUDH-inc, Chromohalobacter salixigens uronate dehydrogenase containing all mutations in thermal stability screening hits (this study).
— :
=
56 Q @ = 10 e~ CsUDHwt
. -
- ‘q o = M175L
-+ T113V
. - A172V
. Y.oT
- D246N
- TAMD
8 CsUDH-inc
0.0
T Ll L) T
50 60 70 80

Fig. 2. SDS-PAGE analysis of CsUDHwt and mutant proteins.M, size markers (kD); 1,
CsUDHwt (wild-type CsUDH); 2, T113V (T); 3, A172V (A); 4, M1751 (M); 5, D246 N
(D); 6, TAM; 7, TMD; 8, TAD; 9, TAMD; 10,
TAMD + N99K + L100H + K102V + P103K + 1105V + Y116 F; 11, CsUDH-inc (contains
all mutations this study Table 1).

2.6. Protein crystallization and X-ray crystallography

Crystallization trials of CSUDH were initiated with a sample a con-
centration of 11 mgml~ in 40 mM Tris—HCI, pH 8.0, 50 mM NaCl, 1 mM
DTT. The sample was screened with a Phoenix Robot (Art Robbins In-
struments, Sunnyvale, CA) using the following crystallization screens:
Natrix, Crystal Screen, PEG/Ion, Index, PEGRx (Hampton Research, Al-
iso Viejo, CA), and Berkeley Screen [32]. The CsUDH protein crys-
tallized in several different crystal forms depending on crystallization
conditions (Fig.4). The crystals from

T(©)

Fig. 3. Thermal denaturation profiles for CsUDHwt and selected mutants.CsUDHwt,
wild-type Chromohalobacter salixigens uronate dehydrogenase; TAMD contains mutations
T113V, A172V, M175L, and D246N; CsUDH-inc, Chromohalobacter salixigens uronate
dehydrogenase containing all mutations in thermal stability screening hits (this study
Table 1).

Berkeley Screen condition F9 were most suitable for structure deter-
mination and were analyzed further. The crystallization conditions for
this trial were 0.1 M MES pH6.5 and 30 % 2-methyl-2-4-pentanediol
(MPD). Crystals formed after 2 days by the sitting-drop vapor-diffu-
sion method with the drops consisting of a mixture of 0.2pl of pro-
tein solution and 0.2pl of reservoir solution. The crystals were flash
cooled in liquid nitrogen using cryoprotectant buffer matched to the
crystallization reservoir solution. Single wavelength (1.0 A) native X-ray
diffraction data were collected at 100K at Advanced Light Source at
beamline 8.2.2, at Lawrence Berkeley National Laboratory. The mutant
CsUDH-inc was solved from a single crystal that diffracted to 2.04A.
The X-ray data were processed and indexed with xia2 [33]. Free-R flags
were assigned to a random 5% of reflections and this test set was main-
tained throughout all subsequent stages of structure solution and refine-
ment. The X-ray crystal structure of CsUDH was solved by molecular
replacement using the program Phaser [34] using the PDBID:3AY3 as
a starting model [35]. The real space refinement was carried out us-
ing PHENIX [36], and further refinement included translation/libera-
tion/screw (TLS), and non-crystallographic symmetry constraints with
several rounds of manual remodeling in COOT [37] between refine-
ment cycles. B-value statistics for model comparison purposes
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Fig. 4. CsUDH-inc crystals under various conditions.CsUDH-inc, Chromohalobacter salixigens uronate dehydrogenase containing all mutations in thermal stability screening hits (this study
Table 1); E3, 0.1 M Sodium malonate pH 5.0 and 12 % polyethylene glycol (PEG) 3,350; E4, 0.2M Sodium malonate pH 5.0 and 20 % PEG 3,350; G1, 0.1 M Sodium acetate pH 7.0 and
12 % PEG 3,350; G8, 2 % Tacsimate pH 5.0, 0.1 M Sodium citrate pH 5.6 and 16 % PEG 3,350; G9, 2 % Tacsimate pH 5.0, 0.1 M BIS-Tris pH 6.5 and 20 % PEG 3,350.

were computed using the CCP4 software suite [38]. The normalized
B value is defined as B' = (B-<B>)/sig(B) where < B> is the mean
B value in the structure and sig(B) the standard deviation (Fig. 5).
The data collection and refinement statistics are summarized in Table
4. Model geometries were assessed with MolProbity as a part of the
PHENIX validation tools [39]. Ramachandran statistics for the final re-
fined structure are 98.17 % favored and O outliers. The fully refined
structure has been deposited in the Protein Data Bank with the entry
code 6MFH.

3. Results and discussion

Improved thermal stability of the enzyme components in an in vitro
biosystem-based industrial process is important for increasing robust-
ness, and moreover protein stability in general is important in al-
lowing toleration of destabilizing mutations that can result as a pro-
tein structure is optimized for other properties or functions [40,41].
The amino acid sequence of the UDH from Agrobacterium tumefaciens
(AtUDH) is 55 % identical and 67 % identical or similar to that of
CsUDH (Fig. 1). AtUDH has been previously been engineered for im-
proved thermal stability by a semi-rational approach designed to in-
crease enzyme rigidity by focusing in part on mutagenesis of high B-fac-
tor amino acid residues [21]. We had previously characterized sev-
eral UDH’s and optimized the synthesized DNA sequences for homol-
ogy for the DNA gene family shuffling efforts described here [30]. Thus,
a gene family shuffled library was created from PsUDH, PnUDH, and
CsUDH, with PsUDH having the lowest thermal stability and CsUDH
the highest thermal stability, comprising a

gene family with a large AK % span of 23°C with regards to intrin-
sic thermal stability [30]. Of 12,758 colonies in the initial 1° live/dead
screen, 2969 23 %) were active. Retesting of hits from the 2° ther-
mal screen for increased thermal stability resulted in five initial hits:
2F10, 16B3, 21F3, 2D11, and 33F2, with improved thermal stability
AK %5 values in the range 3.06°C-8.00°C (Table 1). Not surprisingly,
the amino acid sequences of these hits are nearly identical (>98 %)
with CsUDH, the parental enzyme with the greatest thermal stability.
While DNA sequencing of randomly selected colonies from the shuf-
fled library showed DNA mutations arising from recombination of all
three gene parents, the initial hits selected by the thermal screening pro-
cedure contained a combined total of 27 DNA mutations arising from
both CsUDH/PnUDH homologous recombination events and potentially
PCR errors, with no codon mutations that could be uniquely ascribed
to PsUDH recombination in any of the hits (data not shown). These 27
codon mutations resulted in 16 unique amino acid changes in total with
respect to CsUDHwt, with the hits each containing from 2 to 9 amino
acid substitutions (Table 1 and Fig.1). There were two areas of the pro-
tein where several mutations were clustered from homologous recombi-
nation with PnUDH that were treated as single mutation events in Table
2, these being denoted as CsUDH99, comprised by a loop between an
a-helix and p-sheet containing 5 amino acid mutations, and CsUDH158,
comprised of 3 amino acid mutations in a p-sheet (Table 1).

The effect of the mutation events both in isolation and in selected
combinations on thermal stability K2, and on kinetic parameters kg,
(25°C) and K, using both GluUA and GalUA as substrates was ex-
plored (Fig. 3, Tables 2 and 3). Of the ten mutation events exam-
ined in isolation, consisting of 8 single
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Fig. 5. X-ray crystal

Table 4

Csal-inc X-ray Crystal Structure Data collection and refinement statistics*.

structure

of CsUDH-inc,
6MFH.CsUDH-inc, Chromohalobacter salixigens uronate dehydrogenase containing all
mutations in thermal stability screening hits (this study Table 1).

Protein Data Bank accession

0.960
Wavelength 1.0A CC (work) (0.758)
Resolution range 69.68 - 2.04 (2.113 CC (free) 0.959
-2.04) (0.791)
Space group 14132 Number of non- 2440
hydrogen atoms
Unit cell 197.098 197.098 Macromolecules 2161
197.098 90 90 90
Total reflections 1855367 (175836) Ligands 34
Unique reflections 41593 (4107) Solvent 245
Multiplicity 44.6 (42.8) Protein residues 275
Completeness (%) 81.80 (81.74) RMS (bonds) 0.005
Mean I/sigma(l) 15.36 (1.64) RMS (angles) 1.03
Wilson B-factor 23.30 Ramachandran 98.17
favored (%)
R-merge 0.4866 (3.457) Ramachandran 1.83
allowed (%)
R-meas 0.4921 (3.499) Ramachandran 0.00
outliers (%)
R-pim 0.0729 (0.5328) Rotamer outliers (%) 0.88
CC1/2 0.997 (0.578) Clash score 4.41
CC* 0.999 (0.856) Average B-factor 33.69
Reflections used in 34023 (3357) Macromolecules 31.99
refinement
Reflections used for 1635 (167) Ligands 65.18
R-free
R-work 0.2060 (0.3285) Solvent 44.35
R-free 0.2314 (0.3136) Number of TLS 9
groups

*Statistics for the highest-resolution shell are shown in parentheses.

amino acid mutations, the CsSUDH99 loop mutation event (5 single
amino acid mutations), and the CsUDH158 region mutation event (3
single amino acid mutations), only four mutations appreciably increased
thermal stability with a AK %5 range from +1.5 to +6.7°C: T113V,
+3.1°C (T), A172V, +3.8°C (A), M175L, +1.5°C (M), and D246N,
+6.7°C (D), (Table 3, Fig.3). Interestingly, while mutations T, M, and
D were from homologous recombination, mutation A appears to have
arisen from a PCR or recombination error during either bulk DNA prepa-
ration or gene shuffling. For these mutated residues resulting in the most
impact on thermal stability, mutations T, A, and M are all in the interior
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of the protein and well packed in the wild-type and mutant structures,
and in fact are immediately adjacent to residues shown previously to be
involved in substrate binding [35](Fig.1), while mutation D is on the
surface near the peptide C-terminal and had the largest individual effect
on thermal stability. The effect of substrate binding site on thermal sta-
bility has previously been observed where NAD*, GluUA and GalUA all
protected CsUDH from thermal denaturation [30]. For these four mu-
tants (T, A, M, and D), k., (GluUA) was found to decrease by 17-42 %
and k., (GluUA) by 12-35 %, while K, values were not significantly af-
fected for either substrate, except K, (GluUA) for the M1751 mutant was
lower, though the large uncertainty in K, for CSUDHwt renders this lat-
ter observation tentative. Mutations CsUDH99 and 1114 T also showed
large decreases in k., for both GluUA and GalUA, and 1114 T was in-
teresting in also doubling K, for either substrate. It should be noted
here that substrate concentrations could be expected to be high for in-
dustrial in vitro application of the enzyme, with reaction velocity being
dependent on k., and thus not affected by an increase in K, since the
enzyme would be operating under saturating substrate concentrations.
Moreover, an increase in K., as seen for the 1114 T mutant may be bene-
ficial since CSUDH was shown to exhibit substrate inhibition, and an in-
crease in K, has been shown to lessen substrate inhibition by simultane-
ously increasing K; the dissociation constant for substrate and enzyme,
in previous directed evolution studies of a xylosidase enzyme [30,42].

Saturation mutagenesis was performed for sites M175 and D246
(Table 2), where for site M175 only 11 of 19 alternative peptides re-
sulted in detectable activity, while for position D246 only mutation to
Pro resulted in no activity being detected. The observed inactivity of
some mutations at these positions is likely due to either absent or pro-
hibitively low catalytic turnover alone, or in combination with reduced
or absent protein expression. Position M175 being in the interior of the
protein adjacent to substrate binding residues thus appears to be more
sensitive to amino acid mutation than position D246 located on the sur-
face near the C-terminus. Also, at position M175 the 11 apparently al-
lowable mutations such that activity could be determined all decreased
AK 25 by at least 9°C and by as much as 20 °C, with the sole exception
of the thermally stabilizing mutation M1751 that was selected, which
arose from CsUDH/PnUDH recombination. For position D246, all muta-
tions except Pro were apparently allowed, with the native Asp residue
being among the three most thermally unstable residues at this position.
Thus, nearly all mutations of D246 increased thermal stability, though
by a smaller ~ 8°C range than seen for position M175 saturation muta-
genesis, with the selected mutation D246 N being one of the most ther-
mally stabilizing residues at this position.

Combining the 4 mutations in enzyme TAMD (Table 3, Fig.3)
showed that the mutations were additive within experimental error
[43,44], resulting in AK>®>= +14.2°C. Mutant TAMD compared to
CsUDHwt showed k,(GluUA) halved and that for GalUA decreased by
~1/3, with K,(GalUA) unchanged and K,,(GluUA) decreased. Adding
mutations CSUDH99 and Y116F to TAMD (Table 3) further increased
thermal stability by 1.8°C, with a 35 % k. (GalUA) and 78 % kcy
(GluUA) reduction, while a ~4-fold reduction in K, (GluUA) was ob-
served and K, (GalUA) was unchanged. Finally, the thermal stability of
enzyme CsUDH-inc, containing all mutations, the majority of which in
isolation are neutral with respect to thermal stability, when combined
increase the thermal stability of TAMD an additional 3.7°C (AK >5=
~+18°C); such an increase in thermal stability with singularly neutral
mutation addition has previously been noted for AtUDH [21]. Thus, for
CsUDH-inc the temperature at which the enzyme begins to denature af-
ter 1h was improved by ~15°C from ~50-55°C to ~ 75°C (Fig. 2), k..
(GluUA) was decreased ~five-fold, and k., (GalUA) was less affected,
being ~ %2 that of CsUDHwt.

For application in an industrial process, increasing or maintain-
ing k., while improving thermal stability is desirable, and to address
the observed k,; reduction with increasing mutation without also se-
lecting for activity, as noted previously for enzyme stability engineer-
ing campaigns [29,45], a series of less-mutated enzymes TMD, TAD,
TAM were constructed containing 3 of the 4 most influential single
mutations for thermal stability. Mutant TAD was appreciably more
thermal stable with AK %= +11.4°C (~69°C), with k., (GluUA) de-
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Thus, for oxidation of GalUA, mutant TAD significantly improves upon
the thermal stability of CsSUDHwt with good activity using GluUA, and
k..(GalUA) was comparable to CsSUDHwt. TAD thermostability is com-
parable to that recently described for the UDH enzyme from the ther-
mophilic organism Thermobispora bispora (amino acid sequence 42 %
identical and 59 % identical or similar to CSUDH), which retains 58 %
of initial activity after 1h at 60 °C [46].

The most thermally stabilized enzyme CsUDH-inc was crystallized
(Fig. 4), and the x-ray crystal structure was determined to 1.9A reso-
lution (PDB = 6MFH; Table 4). Analysis of the crystal structure (Fig. 5)
revealed the molecule crystallized as a hexamer, comprised of a trimer
of dimers, consistent with the quaternary structure observed previously
in solution using size-exclusion chromatography (SEC) based on hydro-
dynamic radius, where a nearly heptameric (6.6) quaternary structure
was observed [30]. The closely related enzyme AtUDH also crystalized
as a trimer of dimers and also existed in solution as a hexamer [47].

In previous gene family shuffling DE studies of xylosidase enzymes
SXA and XylBH43, a L186Ymutation in XylBH43 shown to improve
K %5 derived from homologous recombination with SXA (52 % identi-
cal, 62 % identical or homologous) was further interrogated by satura-
tion mutagenesis, with Lys being optimal at that position for increasing
thermal stability. However, when the native Tyr residue at that position
in SXA was mutagenized to Lys to test the transferability of the effect,
Lys instead diminished K *° by 2.4°C [31]. On the other hand, mutation
W145 G in SXA found to diminish substrate and product inhibition when
tested in XylBH43 [48], had a similar effect in that enzyme [49]. Thus
mutational effects appear to be context dependent, and in the present
study it is not clear that the identification of thermal stability enhancing
mutations in CsSUDH necessarily pertains to analogous positions in ho-
mologous UDH enzymes such as AtUDH.

The B-factors derived from the X-ray crystal structure are considered
temperature factors that correlate with crystalline state electron density
fluctuation due to thermal motion [50]. In ordering amino acid residue
B-factor values previously determined for the crystal structure of CsUD-
Hwt [35], from highest B-factor and greatest thermal motion in the crys-
tal structure = #1 to lowest B-factor = #267, residues TAMD were
ranked 265/267, 130/267, 175/267, and 59/267, respectively. Thus,
indeed residue D246 had a highly ranked B-factor, and moreover its mu-
tation clearly imparted the greatest individual contribution to thermal
stabilization among selected mutations, lending credence to increased
scrutiny of such residues in an enzyme thermal engineering strategy.
However, it should also be noted that here in most cases the B-factor of
the residue appeared to not be of primary importance for thermal sta-
bility selection; T113 has nearly the smallest B-factor in the entire pep-
tide chain, yet when mutated had an appreciable effect on thermal sta-
bility. An analyses of the thermal displacement parameters of the wild
type and the mutant structure do not indicate significant changes in the
stability in cryogenic structure apart from an overall increase in B value
for the wild type which can be ascribed to less optimal crystallization
conditions or cryogenic freezing of the samples (Fig. 6). Future high-res-
olution room temperature studies could provide additional structural in-
sights into the observed stability increase.

4. Conclusion

CsUDH-inc was found have AK % significantly improved by ~18°C
after just one round of gene family shuffling and combination of mu-
tations, with activity being unaffected by incubation for 1h at ~70°C.
While activity of CsUDH-inc was severely reduced, constructs contain-
ing 3 mutations were identified that retained good activity with AK 2>
= +10°. Residues most affecting thermal stability were clustered imme-
diately adjacent to residues thought to be involved in substrate binding.
Interestingly, comparison of rescaled B-factors obtained for the protein
containing all mutations with the values obtained for the wild type en-
zyme showed no obvious differences.
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